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Reducing External Pressure Demands in Solid-State Lithium
Metal Batteries: Multi-Scale Strategies and Future Pathways

Pan Xu, Chen-Zi Zhao,* Xue-Yan Huang, Wei-Jin Kong, Zong-Yao Shuang, Yu-Xin Huang,
Liang Shen, Jun-Dong Zhang, Jiang-Kui Hu, and Qiang Zhang*

Solid-state lithium metal batteries (SSLMBs) are poised to revolutionize
energy storage technologies by combining exceptional energy density with
inherent safety. Yet, their commercialization faces fundamental challenges:
poor solid—solid interfacial contacts, lithium dendrite proliferation, and
electro-chemo-mechanical failure. This perspective presents a comprehensive
analysis of external pressure as a multi-scale engineering lever for SSLMBs,
bridging atomic-level ion transport, interfacial stabilization, and
industrial-scale device integration with particular emphasis on its dynamic
interplay with internal stress. At the atomic scale, applied pressure densifies
electrode/electrolyte architectures, optimizes ion-transport pathways, and
mitigates lattice distortion-induced stresses. Microscopically, it enables
intimate interfacial contacts, homogenizes Li deposition stresses to suppress
dendrites, and stabilizes interphases. Macro-scale strategies demonstrate
how dynamic pressure coupling through in(ex) situ monitoring and roll-to-roll
compaction can sustain interfacial integrity in large-area cells by
counterbalancing internal stress evolution. External pressure is positioned as
a tunable design parameter that synergizes materials innovation with process
engineering to simultaneously enhance electrochemical performance and
mechanical resilience. Looking ahead, intelligent pressure-management
systems integrating machine learning-driven adaptive control,
stress-responsive materials, and operando characterization tools is proposed.
These advancements will be pivotal for realizing pressure-optimized SSLMBs
that meet the energy density (>500 Wh kg~") and cycling stability demands of
electric aviation and grid storage, which will accelerate the global transition to

1. Introduction

The worldwide push toward sustainable
energy systems has spurred intensive
research into advanced energy stor-
age technologies capable of meeting
the escalating demands for high en-
ergy density, safety, and durability.!]
Solid-state lithium metal batteries
(SSLMBs) mark a revolutionary change
in battery technology,?! offering trans-
formative advantages in comparison to
lithium-ion batteries (LIBs) that can re-
define performance benchmarks across
industries.’! The routine LIBs utilizing
organic carbonate-based electrolytes
exhibit inherent susceptibility to thermal
runaway,*! which culminates in destruc-
tive outcomes including combustion or
detonation.®! Notably, a critical inno-
vation addressing longstanding safety
concerns at the heart of SSLMBs lies
the substitution of combustible liquid
electrolytesi®®]  with  non-flammable
solid-state electrolytes (SSEs).[> 1% For
instance, sulfide-based SSEs such as
Li,PS;CI"] remain stable at tempera-
tures exceeding 200°C, while oxide-based
SSEs such as Li,La;Zr,0,, (LLZO)!

sustainable energy.

demonstrate negligible degradation even
under extreme operational stress.!]
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The intrinsic safety of solid electrolytes renders SSLMBs
indispensable for practical applications where reliability is
paramount,!'* 1! including electric vehicles (EVs), aerospace sys-
tems, and grid-scale energy storage.['®! Beyond safety, SSLMBs
unlock unprecedented energy density by leveraging metallic
lithium (Li: theoretical specific capacity of 3860 mAh g?) as the
anode,!'”] when integrated with high-voltage cathodes such as
LiNi, ¢Mn,,Co,,0, (NMC811), SSLMBs achieve energy densi-
ties exceeding 500 Wh kg[8l a critical threshold that remains
infeasible for routine liquid electrolyte systems owing to irre-
versible parasitic reactions and dendrite formation."’! Besides,
SSEs mitigate the side reactions of electrode—electrolyte by form-
ing stable interfaces in SSLMBs.[?] For instance, polymer-based
SSEs!?! like polyethylene oxide (PEO) paired with Li salts exhibit
minimal interfacial degradation, enabling over 1000 cycles with
>80% capacity retention,!?”) this durability is particularly advan-
tageous for practical applications requiring long-term reliability.
In addition, the environmental impact of SSLMBs also aligns
with global sustainability goals. Liquid LIBs rely on toxic solvents
and pose recycling challenges due to their complex chemistry.!?3]
SSLMBs, however, utilize inorganic!?*! or polymer!®] SSEs that
are easier to reclaim. The SSLMBs represent a convergence of
safety, energy density, and sustainability, positioning them as the
cornerstone of next-generation energy storage.!?’! Despite these
advantages, however, SSLMBs face hurdles that delay widespread
adoption.

Specifically, key challenges include inferior interfacial contacts
between electrode particles and electrode/electrolyte interface,?’]
Li dendrite penetration through SSEs, and chemo-mechanical
degradation during cycling.?®] To tackle these problems, exter-
nal pressure has risen as a transformative regulation parame-
ter, which acts across multiple-scales to optimize performance.
Among them, the external pressurel?° in SSLMBs is categorized
into two regimes: (I) preparation pressure (10-500 MPa), applied
to densify microstructures during the fabrication of electrode
materials and SSEs,[*) and (I1)3" stack pressure (0.1-10 MPa),
maintained to stabilize dynamic interfaces during operation.l*]
Notably, the external pressure is often a passive compensation
strategy to mitigate inherent material limitations, rather than an
ideal active design principle. Additionally, it is critical to distin-
guish external pressure from internal stress when analyzing their
roles in SSLMBs,**] as their distinct origins and action scales di-
rectly influence battery performance. External pressure refers to
macro-scale mechanical forces applied to the entire battery sys-
tem (e.g., stack pressure from fixtures or isostatic holders), pri-
marily regulating overall compaction, eliminating macroscopic
voids, and ensuring large-area electrode-electrolyte contact. In
contrast, internal stress arises from localized chemo-mechanical
interactions within the battery, driven by electrochemical reac-
tions (e.g., volume expansion of anode or cathode particles dur-
ing lithiation, Li plating/stripping in metal anode) or structural
inhomogeneities (e.g., grain boundary mismatch in SSEs). This
internal stress acts at multi-scales, concentrating at interfaces,
particle contacts, or defect sites, and can induce microcracking,
interfacial delamination, or dendrite nucleation if unmanaged.
The interplay between external pressure and internal stress is piv-
otal: external pressure can alleviate harmful internal stress (e.g.,
suppressing cracks via compaction) but may exacerbate it if mis-
matched (e.g., excessive pressure amplifying stress at cathode
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particle edges), while tailored internal stress (e.g., via gradient
material design) can reduce reliance on external pressure.

In light of this, the integration of external pressure into
SSLMBs transcends mere mechanical intervention, which con-
stitutes a multiscale coordination framework for harmonizing
atomic-, micro-, and macro-scale interactions across electrode
components and internal battery architectures. To comprehen-
sively illustrate the evolution and milestones of external pressure
application in SSLMBs, Figure 1 presents a detailed roadmap,
highlighting key breakthroughs and advancements that have pro-
pelled the field from fundamental understanding to practical
implementation.?%l Specifically, in 2013, Tatsumisago et al. ex-
plores sulfide SSE pressure responsiveness—cold pressing en-
ables room-temperature densification, boosts ionic conductivity
by reducing grain boundary resistance, and provides mechani-
cal parameters;34l In 2019, Harris et al. proposes contact me-
chanics model breaks “conformal contact” assumption, clarify-
ing local asperity stress (far higher than macro-pressure) sup-
presses dendrites;**! In 2021, Zhang et al. presents mechano-
electrochemical phase field model elucidates pressure’s dual
effects and establishes “electrolyte modulus-critical pressure”
phase diagram;*%! In 2023, Hatzell et al. validates high-pressure
efficacy—pressure and elevated temperature fills stripping voids
to inhibit interface failure;3’! In 2024, Meng et al. develops a de-
vice that can uniformly and controllably regulate the pressure
during the cycle process;*®! Furthermore, in 2025, Wang et al.
adopts in situ TEM testing to analyze the lithium deposition be-
havior mechanism under different external pressures,*! and the
aforementioned representative advancements have laid the foun-
dation for the future realization of low/non-external pressure-
dominated for >500 Wh kg~!, >1000 cycles and high-safety solid-
state lithium metal batteries.

Synchronously, it elucidated how research efforts have pro-
gressively refined pressure strategies to optimize battery perfor-
mance. The external pressure reconfigures ion transport path-
ways by compressing lattice structures and reducing activation
energy barriers at the atomic scale. For instance, the prepara-
tion pressure densifies SSEs by collapsing voids between par-
ticles, a process critical for sulfide-based SSEs like Li PS:Cl,
where ionic conductivity scales nonlinearly with applied force
due to enhanced particle-particle contacts.l*!! The stack pressure,
meanwhile, dynamically adjusts interfacial atomistic arrange-
ments. When lithium ions traverse the Li||SSEs interface under
applied pressure, compressive stress rectifies surface irregulari-
ties and suppresses electron leakage, consequently lowering en-
ergy dissipation.[*? This mechanism, analogous to “mechanical
doping”, effectively optimizes charge transfer kinetics through
coordinated physicochemical regulation.[*}] On the micro-scale,
the external pressure governs interfacial morphology and sta-
bility. Among them, the preparation pressure ensures uniform
electrode-electrolyte adhesion by embedding active particles into
the SSEs matrix, a process vital for high-voltage cathodes such
as LiNij4Mn,;Co,,0, (NMC811). However, insufficient prepa-
ration pressure induces protrusion of micron-sized cathode par-
ticles, creating localized stress concentrations that fracture SSEs
during cycling.[** Therefore, the stack pressure counteracts these
effects by inducing creep deformation in metallic Li, which
adaptively fills interfacial gaps formed during volume changes.
Notably, this self-healing mechanism is particularly crucial for
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2013
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Li* conductive behavior
of sulfide electrolytes
under external pressure

2021
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pressure fabrication conditions
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Sakuda et al.

Figure 1. The critical development history of external pressure on SSLMBs from 2013s to the future. Reproduced with permission.[34 Reproduced with
permission.[“] Copyright 2017, The Ceramic Society of Japan; Reproduced with permission.[3° Copyright 2019, The Electrochemical Society; Repro-
duced with permission.[3¢] Copyright 2021, Wiley-VCH; Reproduced with permission.[3”] Copyright 2023, American Chemical Society; Reproduced with
permission.[38] Copyright 2024, Wiley-VCH; Reproduced with permission.[**] Copyright 2025, American Association for the Advancement of Science.

alloy anodes (e.g., Si, Sn, etc.), where pressure inhibits Li dendrite
growth by redistributing stress gradients.*’] At the macro-scale,
the external pressure governs the transition from material char-
acteristics to production viability. The preparation pressure de-
termines the scalability of SSEs, among them, the thick, porous
architectures require higher pressures to achieve target ionic con-
ductivities, escalating manufacturing costs.[*! Conversely, the
stack pressure introduces practical challenges: maintaining uni-
form pressure across industrial-scale cells demands innovative
cell designs, such as spring-loaded fixtures or pneumatic sys-
tems, which add complexity to battery packs.[*’] Collectively,
while external pressure optimizes the performance of SSLMBs,
its effects are material- and scale-dependent.*¥! Sulfide-based
SSEs, with their ductile nature, achieve near-theoretical ionic
conductivity under high preparation pressures (100-400 MPa).
However, excessive pressure (>500 MPa) fractures brittle oxide-
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based SSEs such as Li,La;Zr,0,, (LLZO), creating short-circuit
pathways.[*) Similarly, the stack pressures (>10 MPa) suppress
Li dendrites growth in sulfide-based SSLMBs but accelerate Li
creep into the defect of SSE.[®) Moreover, polymer SSEs present
unique challenges, which viscoelasticity allows moderate stack
pressures (1-5 MPa) to enhance interfacial contacts, but pro-
longed pressure induces irreversible chain entanglement, reduc-
ing ionic mobility.’!) Hence, optimizing interfacial stability while
maintaining ionic transport necessitates hybrid pressure strate-
gies, such as combining high initial preparation pressure with
adaptive stack pressure modulation. Advancing such strategies,
the future of SSLMBs lies in smart pressure control systems
capable of dynamically adjusting force profiles based on opera-
tional states. For instance, machine learning algorithms can op-
timize stack pressure in real-time by correlating impedance data
with mechanical response, thereby mitigating dendrite growth

© 2025 Wiley-VCH GmbH
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The External Pressure on Solid-State Lithium Metal Batteries
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{l Preparation Pressure (10-500 MPa): Applied during material fabrication to densify structures.

@ Stack Pressure (0.1—10 MPa): Maintained during battery operation to stabilize dynamic interfaces.

Figure 2. The schematic representation of the multi-scale effects of external pressure on SSLMBs.

during fast charging.®¥l Furthermore, material-by-design ap-
proaches, such as solid-state electrolytes with graded mechan-
ical properties, can decouple preparation and operational pres-
sure requirements, ultimately enabling a controlled pressure-
dominated SSLMB architectures.

In this perspective, the multi-scale role of external pressure
in SSLMBs is systematically elucidated from atomistic ion trans-
port mechanisms to working devices (Figure 2). The external
pressure modifies ion/electron transport mechanisms at partic-
ulate interfaces at atomic-scale, altering electrode structures. On
the micro-scale, the external pressure impacts interfacial con-
tacts and Li plating/stripping behavior, influencing the forma-
tion of the solid-state electrolyte interphase (SEI) and dendrite
suppression. At the macro-scale, the external pressure is vital
for building a robust pouch cell and pack. By understanding
these effects, this perspective aims to afford valuable insights into
the role of external pressure in SSLMBs, guiding both academic
research and industrial development toward the realization of
high-performance, pressure-optimized, and even pressure-free
SSLMBs.

2. Atomic-Scale Insights: The Pressure-Induced
lon/Electron Transport Mechanisms at Particulate
Interfaces

The efficient transport of ions and electrons at the particulate in-
terfaces of SSLMBs is fundamentally governed by atomic-scale

Adv. Energy Mater. 2025, 04613

04613 (4 of 19)

interactions, where external pressure emerges as a pivotal reg-
ulator of structural and chemical dynamics.’3] At this scale,
pressure-induced modifications in lattice geometry, defect con-
centration, and interfacial bonding profoundly determine the
electrochemical performance of cathode particles,>*! anode par-
ticles, and solid-state electrolytes (SSEs).>! By dissecting these
mechanisms, we uncover how external pressure reshapes the en-
ergy landscapes for ion migration, electron transfer, and phase
stability, thereby dictating the overall kinetics and durability of
SSLMBs. Notably, these effects are primarily mediated through
improved interfacial contacts rather than direct alteration of in-
trinsic material properties.

2.1. Cathode Particles

The external pressure profoundly influences the ion and elec-
tron transport mechanisms within cathode particles, primarily by
modulating interfacial contacts, particle morphology, and lattice
dynamics. These effects are critical for optimizing the electro-
chemical performance of SSLMBs, where solid-solid interfaces
inherently suffer from high resistance and poor wetting com-
pared to liquid electrolyte systems.

In composite cathodes, the external pressure is applied dur-
ing fabrication and operation, i.e. preparation/stack pressure
(Figure 3a). This directly impacts the packing density and cath-
ode particle-particle contacts. Mukherjee et al. demonstrated that

© 2025 Wiley-VCH GmbH
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Figure 3. The atomic-scale of cathode particles. a) The schematic of mixing the composite cathode with/without the external pressure. b) The stack
pressure (12 MPa) enhances ion transport across solid-solid interfaces in SSLMBs. Reproduced with permission.[44] Copyright 2021, Wiley-VCH.

low pressure (1.0 MPa) leads to limited cathode-active-material
(CAM)/SSE contacts, causing prolonged Li* diffusion paths and
localized reactions within single-crystal NMC532 particles, which
increases interfacial resistance and polarization. However, en-
hanced contact homogenizes Li* distribution (Figure 3b) and im-
proves capacity utilization under higher pressures (12 MPa).>¢]
For this, systematic exploration of how fabrication pressure af-
fects composite cathodes by using LiNi, ;Co; ;Mn, ;0, (NCM)
and sulfide-based solid-state electrolytes, finding that moder-
ate fabrication pressure (37 MPa) improved particle densifica-
tion and reduced interfacial voids, thereby enhancing ionic con-
ductivity through increased solid-solid interface contact. How-
ever, excessive fabrication pressure (>100 MPa) caused NCM
particle fracturing, creating isolated regions that disrupt ion
transport and raise interfacial resistance.l*) Such findings high-
lighted the critical need to balance densification and particle in-
tegrity, with optimal external pressure ensuring both percolat-
ing ion pathways and structural stability. Notably, cathode par-
ticles generate internal stress during cycling due to lattice expan-
sion/contraction, which concentrates at grain boundaries and in-
terfaces. This internal stress can exacerbate crack formation in
poly-crystal (PC) NCM under pressure, whereas the structural
homogeneity of single-crystal (SC) NCM reduces internal stress
accumulation, explaining their superior mechanical resilience
and stable ion transport. For instance, SC-NCM particles coated
with LiNbO, maintained intimate contacts with Li;PS;Cl elec-
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trolytes even at low stack pressures (2.5 MPa), achieving a high
discharge capacity of 210 mAh g=! and >99% Coulombic effi-
ciency after the initial cycle. The uniform deformation of SC
particles under pressure suppressed intergranular cracking, un-
like PC-NCM, which suffered from particle fragmentation and
contact loss at grain boundaries. This structural homogeneity
reduced charge transfer resistance, as evidenced by impedance
spectra showing smaller interfacial resistance (Rp;~40 Q cm?)
compared to PC-NCM (R,;~80 Q cm?).’”I Further comparison
the electro-chemo-mechanical behavior of SC and PC NCM811
in Li;,SnP,S,,-based SSLMBs, revealing that SC-NCM retained
higher capacity retention (64.5% after 100 cycles at 4.35 V)
due to the reduced anisotropic volume change and pressure-
induced grain boundary stabilization.[*¥] The external pressure
facilitated the construction of a more uniform SEI, minimizing
interfacial degradation and maintaining continuous ion trans-
port pathways. In contrast, PC-NCM undergoes rapid capac-
ity fade due to pressure-induced microcracks and SEI insta-
bility, underscoring the synergy between particle microstruc-
ture and pressure effects. Beyond contact and structural effects,
the external pressure also modifies lattice parameters and de-
fect formation in cathode particles, influencing ion migration
barriers. For LiNijg¢;Mny .Co,,,0, cathodes in Li;InCl, elec-
trolytes, increased pressure reduces lattice spacing and enhanced
Li* diffusion by suppressing oxygen vacancy formation.[®! The
pressure-dependent conductivity revealed that higher pressure

© 2025 Wiley-VCH GmbH
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(10 vs 2 MPa) reduced the charge transfer resistance, attributed
to improved crystallographic alignment and reduced tortuosity
of ion pathways. Notably, the increase in charge transfer resis-
tance caused by low stack pressure (2 MPa) can be alleviated by
elevating the operating temperature, which increasing the tem-
perature from 30 to 80 °C enhances the ionic conductivity of the
sulfide electrolyte (e.g., Li,PSsCl) by reducing the Li* migration
barrier, thereby compensating for the insufficient interfacial con-
tact induced by low pressure and restoring the charge transfer
kinetics.l*®)

2.2. Anode Particles

External pressure has a significant impact on the electrochemi-
cal and mechanical behavior of anode particles in SSLMBs, par-
ticularly governing the stability of Li plating/stripping, interfa-
cial contacts, and structural integrity during cycling, and a key
aspect is its interaction with the internal stress inherently gen-
erated by anode materials during operation. For lithium metal
anodes, plating induces compressive internal stress at the an-
ode/SSE interface that concentrates at defect sites and drives den-
drite nucleation if unregulated, while alloy anodes like Si un-
dergo massive volume expansion during lithiation, generating
tensile internal stress that leads to particle fracturing and con-
tact loss without mechanical constraint, and external pressure
acts as a targeted countermeasure by applying tailored magni-
tudes to balance these internal stress effects. Unlike cathodes,
anode particles including graphite, metallic Li and alloy-based
materials such as Si, Sn, In, etc. exhibit unique responses to pres-
sure due to their distinct deformation mechanisms and volume
change characteristics.>?! These effects are critical for mitigating
dendrite formation, enhancing interfacial ion transport, and en-
suring reversible capacity retention.

Based on this, the external pressure addresses these issues by
modulating the plastic deformation of Li and grain boundary dy-
namics. Greer et al. demonstrated that Li pillars exhibit a strong
size-dependent yield strength, reaching 105 MPa at room tem-
perature, an order of magnitude greater than bulk Li.l% This
size effect arises from dislocation confinement in small-scale
structures, enhancing resistance to dendritic penetration into
SSEs. Mechanistically, the external pressure influences the elas-
tic anisotropy of Li and creep behavior: measurements the shear
modulus of polycrystalline Li as 2.83 GPa, a key parameter for
predicting dendrite suppression via SSE stiffness.[®*] Under high
external pressure, the grain boundaries of Li act as sinks for
dislocations, reducing stress concentrations and delaying void
nucleation, as supported by in situ X-ray microscopy showing
pressure-induced densification minimizes interfacial cracks even
during repeated stripping/plating cycles.[**] Moreover, alloy an-
odes such as Si, Sn, and Sb undergo significant volume expan-
sions (200-300%) during lithiation, leading to pulverization and
contact loss without mechanical constraint. The external pres-
sure exerts a dual effect in such systems: suppressing poros-
ity formation and enhancing ion transport kinetics. In Sb-based
composite anodes, the high stack pressure densifies active ma-
terials, reducing interfacial resistance and improving capacity
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retention.l®?] Although alloy anodes exhibit severe volume ex-
pansion during lithiation, moderate to low stack pressure (0.1-
5 MPa) can mitigate this challenge by two key mechanisms: 1)
suppressing the formation of internal pores caused by volume
expansion via plastic deformation of the anode matrix; 2) main-
taining intimate contact between anode particles and SSEs to
avoid contact loss. For Si anodes, 0.6 MPa external pressure
optimizes particle packing, achieving superior electrical contact
during cycling while avoiding electrolyte compaction-induced
ion blockage.[**] Additionally, designs incorporating a Mg sac-
rificial layer beneath Si—graphite composites leverage pressure-
induced Li-Mg alloying at the interface to reduce nucleation over-
potential, enabling stable cycling at 3 MPa.[®¥] Similarly, MoS,
nanosheets forming a Li,S/Mo interlayer enhance Li wettability
and suppress dendrites growth under low external pressure.!%
For sulfide-based SSEs, the external pressure modulates ion con-
ductivity and interfacial reaction kinetics. Sakamoto et al. em-
ployed in situ galvanostatic electrochemical impedance spec-
troscopy (GEIS) and distribution of relaxation times (DRT) analy-
sis to reveal the pressure-dependent evolution of interfacial voids
during Li stripping. As shown in Figure 4a, at low pressures (<3
MPa), the deep voids emerged rapidly, indicating rapid degra-
dation of interfacial contacts. In contrast, the deep void signals
were delayed at high pressures (3-10 MPa) dominated by shal-
low voids, suggesting external pressure suppresses deep void for-
mation via enhanced Li creep, maintaining interfacial contact
stability.[®] To address practical constraints of high-pressure op-
eration, nanostructured anodes and interfacial regulation have
been explored. McDowell et al. conducted a systematic study on
how stack pressure on Li dealloying behavior in solid-state and
liquid electrolyte batteries using Li-Al, Li-Sn, Li-In, and Li-Si
alloys. The dealloying induced bicontinuous porosity in metals
such as metallic In, enhancing Li diffusion while maintaining
mechanical integrity at low pressures (0.5-2 MPa). While higher
pressures (10-30 MPa) promoted densification via plastic col-
lapse and solid-state diffusion, suppressing deep voids formation
(Figure 4b).1%1

This mechanistic understanding of pressure-driven densifica-
tion and porosity control inspired subsequent efforts to replicate
such effects through structural design rather than external force.
Notably, Jung et al. proposed a Si anode design for low-pressure
ASSBs, integrating a thin Ag interlayer and Si prelithiation. The
Ag interlayer lithiates in situ to form Li Ag, maintaining Si-
SSEs interfacial contact and suppressing SE-CNT side reactions.
Prelithiation offsets cycling Li loss, boosting stability. Ag-coated
Si anodes outperform bare ones under low pressure, offering
a practical framework for high-energy ASSBs.l%) Furthermore,
Chen et al. proposed a Li,, Si;/Si-Li,, Sis bilayer anode, in which
the bottom Si-Li,, Sis layer establishes a 3D continuous conduc-
tive network, the top Li,, Sis layer acts as a mixed ionic/electronic
conductor to homogenize interfacial electric fields, facilitating a
twofold increase in lithium-ion flux. This design enables inte-
grated ion-electron co-transport, eliminating reliance on external
pressure while achieving stable cycling (Figure 4c),[%”) offering
an innovative framework for pressure-free all solid-state batteries
and illustrating how architectural design can optimize transport
mechanisms and mechanical stability simultaneously.
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Figure 4. The atomic-scale of anode particles. a) The illustrating stack pressure-dependent Li interface changes during stripping at low stack pressures
(<3 MPa) and high stack pressures (3—10 MPa).[%°] b) The schematics of dealloying of metallic In at low stack pressures (1 MPa) and high stack pressures
(10 MPa).I%] ¢) The schematics of pressure-free Li, Sis/Si-Li,; Sis-ASSBs with stable cycling.[67]

2.3. Solid-State Electrolytes

Solid-state electrolytes (SSEs) in SSLMBs require precise control
of stacking pressure to balance ionic conductivity, mechanical sta-
bility, and interfacial contacts.®! Unlike liquid electrolytes, SSEs
rely on external pressure to eliminate voids and ensure intimate
electrode-electrolyte contact, directly influencing Li* transport
and dendrite suppression. The effects of external pressure on
SSEs are multifaceted; they primarily enhance ionic conductiv-
ity through improved particle-to-particle contact within the SSE
layer. This mechanism operates without altering the intrinsic ion
conduction mechanisms or modifying the fundamental trans-
port properties of the material itself. This improvement stems
largely from the reduction of contact resistance through void
elimination and particle rearrangement. Simultaneously, the ex-
ternal pressure introduces internal stress within the SSE, which
can originate from fabrication-induced particle packing hetero-
geneity or operational chemo-mechanical mismatches with elec-
trodes. While lattice compression under pressure may slightly
increase intrinsic migration barriers, this effect is typically out-
weighed by the significant gains in contact uniformity and in-
terfacial stability. If unmanaged, however, such internal stress
can disrupt ion transport pathways and impair battery perfor-
mance. Thus, pressure management is critical not only for en-
hancing interfacial contact but also for mitigating detrimental
stress buildup.[>® 38 70.71]

As we all know, SSE densification via applied external pres-
sure directly impacts ionic conductivity by reducing porosity and
enhancing particle-to-particle contact. For instance, studies on
1-undecanethiol-coated Li,PS;Cl (LPSC) SSEs demonstrate that
the combination of external pressure and surface lubrication can

Adv. Energy Mater. 2025, 04613
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significantly alter ion transportation: the coating reduces inter-
particle friction through strong S-S bonding at 375 MPa, thereby
enabling particle rearrangement to form a densified structure
with 1.7% porosity (vs 10.9% for pristine LPSC). This densifi-
cation shortens Li* pathways, boosting ionic conductivity from
2.61 to 2.93 mS cm~2. Meanwhile, the electronic conductivity
remains negligibly low (=1071° S cm™!), indicating excellent
electronic insulation.”? These results collectively highlight that
pressure-induced densification via molecular coatings can sup-
press dendrite penetration by optimizing both ion transport ki-
netics and mechanical stability. Building on this experimental
foundation, Inoue et al. employed a discrete element model that
accounts for plastic deformation to simulate cold pressing of
SSEs. Specifically, particle compaction during plastic deforma-
tion proceeded through three sequential stages: aggregate break-
age, particle rearrangement, and particle consolidation. Notably,
higher mold pressure enhanced the relative density while in-
creasing the contact area between active materials and SSEs,
with simulation results strongly aligning with experimental ob-
servations (Figure 5a)."!! Significantly, localized stresses prefer-
entially deformed SSE particles, leading to force concentration
at active-material interfaces, a mechanistic insight that theoreti-
cally supports the role of particle rearrangement in enhancing ion
conduction. Their percolation theory-based conductivity model
further highlighted that ball-milled SSE aggregates introduce a
critical threshold for continuous ion transport networks, bridg-
ing microstructural changes with macroscopic conductivity im-
provements. Extending the pressure-structure-property relation-
ship, systematic studies on LPSC SSEs reveal distinct morpholog-
ical and conductive behaviors: low stack pressure leads to sparse
contacts and abundant voids between LPSC particles, forming
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right 2020, Royal Society of Chemistry.

discontinuous Li* transport pathways. While increasing stack
pressure promotes particle rearrangement and consolidation,
gradually eliminating voids to establish continuous conductive
networks (Figure 5a).73] This trend corroborates the compaction
stage model and provides a practical benchmark for optimizing
industrial pressure parameters. Further research differentiates
preparation pressure and stack pressure, uncovering dual effects
on SSE performance: higher preparation pressure (370 MPa)
reduced the porosity of SSEs, with increased relative density
correlating to enhance ionic conductivity by minimizing grain
boundary impedance (Figure 5b,c). The hard titanium plungers
cause poor contact at low preparation pressure, but soft car-
bon powder as current collectors stabilize electrical conductiv-
ity regardless of external pressure. Notably, lower preparation
pressure (50 MPa) leads to significantly degraded rate perfor-
mance at high current density (Figure 5d), whereas higher prepa-
ration pressure samples maintain capacity, indicating that op-
timized preparation pressure enhances ion transport efficiency
in SSEs, directly impacting battery rate capability.*!! Beyond
cold-pressing approaches, hot-pressing methods leverage com-
bined pressure and temperature to fabricate composite SSEs
with unique interfacial structures: the process forms uniform
high-modulus vermiculite sheet layers on SSE surfaces (un-
like the porous, low-modulus surface of non-hot-pressed elec-
trolytes). The external pressure contributes to a smooth sur-
face for close contact with Li anodes, while suspended ver-
miculite sheets in the PVDF matrix promote Li salt dissocia-
tion and establish efficient Li* transport channels.”*! Conse-
quently, demonstrating pressure regulation can extend beyond
densification to include interfacial modification, offering versa-
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tile strategies for SSE optimization across different processing
techniques.

3. Micro-Scale Dynamics: Pressure-Dependent
Interfacial Contacts and Li Plating/Stripping
Behavior

The atomic-scale pressure effects on ion/electron transport trans-
late to micro-scale dynamics governing electrode/electrolyte in-
terfacial stability and Li plating/stripping behavior. The me-
chanical pressure dictates the quality of solid—solid interfacial
contacts,!”®! the evolution of interfacial phases, and the morpho-
logical stability of deposited Li during cycling at this scale.”®
In this session, we focus on interfacial contact mechanics and
dendrite suppression strategies under external pressure, with
particular attention to how external pressure modulates inter-
nal stress.[”” 78] This internal stress is the localized force arising
from electrochemical reactions, material deformation, or struc-
tural mismatches at interfaces and directly influences contact in-
tegrity and reaction kinetics.

3.1. Electrode/Electrolyte Interfaces

The interaction dynamics at electrode/SSE interfaces in SSLMBs
are profoundly governed by external pressure, which dic-
tates the mechanical coupling, ionic transport, and chemical
stability.””) The pressure-induced densification of composite
cathodes modulates the contact area and stress distribution at
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Figure 6. The micro-scale of electrode/electrolyte interfaces. a) The schematic representation of cathode/SEEs interface and anode/SEE interface under
external pressure. b) The stack pressure effects on SSLMB interfaces. c) Pressure-induced electrolyte strain distribution. Reproduced with permission.[81]
Copyright 2022, Elsevier B. V. d) The behavior of Li creep at Li/solid-state electrolyte (SE) interfaces. e) Li stress distribution at 4.5 MPa (0/1/5 h). Non-
contact (blue), stressed regions (red/yellow/green). Reproduced with permission.[82] Copyright 2020, Cell Press.

cathode/SSE interfaces,®! thereby determining the formation of
interphase layers and ion transport pathways in a working battery
(Figure 6a). Elevated pressures (>100 MPa) enhance mechanical
interlocking between cathode particles (NMC, LCO) and sulfide-
based SSEs (LPSC), reducing interfacial voids and minimizing
charge transfer resistance by counteracting internal stress from
cathode volume expansion during cycling. Conversely, excessive
pressure can induce microstructural damage in rigid oxide-based
cathodes, such as lattice distortion or particle fragmentation,
which exacerbates interfacial reactions with oxide-based SSEs
(LLZO) and promotes the irreversible decomposition of SSEs.
These effects are often driven by amplified internal stress at par-
ticle edges where external pressure concentrates.”>78]

The interplay between pressure and cathode/SSE interfaces is
multifaceted, by comparing the effects of single-crystal and poly-
crystal NMC cathodes under different pressures demonstrates
tailored pressure strategies can optimize interfacial contacts and
mitigate stress-induced degradation in composite cathodes; high
pressure may reduce voids but cause irreversible CEI formation
and capacity loss during the initial charge, partly due to internal
stress-driven chemical reactions at the interface where mechani-
cal force accelerates side reactions.l” 83 Based on this, Soboyejo
et al. further explored the pressure-strain relationship in LiBH,-
LiNH, systems reveals moderate pressure (0.26 MPa) optimizes
interfacial contact with minimal strain, boosting ionic conduc-
tivity to 9 x 107> S cm™!. In contrast, high pressure (1 MPa) in-
duces excessive axial/shear strains, leading to SSE microcrack-
ing and conductivity decline (Figure 6b,c).[®!] To mitigate strain-
induced contact loss at low pressures, material design strate-
gies have emerged, including surface and bulk modifications that
suppress volumetric shrinkage to maintain interfacial continu-
ity, combining low pressure with reduced cutoff voltage to min-
imize stress-induced voids, and mechanical reinforcement via
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crosslinked binders that act as scaffolds to sustain contact under
cyclic stress, which collectively highlighting the need to synergize
densification with chemical stability and strain-resilient materi-
als capable of accommodating internal stress.[% 84 8]

For Lianode/SSE interfaces, external pressure exhibits dual ef-
fects to moderate stack pressures and promote mechanical wet-
ting as well as uniform Li deposition by minimizing interfa-
cial gaps, thereby relieving internal stress concentration at defect
sites where dendrites typically nucleate, while high pressure can
induce Li creep through the porosity of SSEs, leading to short-
circuit risks (Figure 6a). Recent studies highlight that external
pressure also dictates the chemical composition and mechani-
cal properties of the solid-state electrolyte interphase (SEI), with
higher pressures favoring the formation of dense, inorganic-rich
SEI layers (e.g., LiF/Li,0O) that suppress Li dendrite propagation,
whereas low pressure can result in organic-rich, mechanically
unstable SEI structures. The interplay between pressure, SSE
types (e.g., sulfide vs oxide), and electrode material properties re-
mains a key determinant of interfacial stability, requiring tailored
pressure strategies for different systems. For instance, the high
stack pressure enhances Li-LLZO adhesion and reduces interfa-
cial resistance by counteracting internal stress from Li volume
changes, while low pressure leads to poor contacts with high re-
sistance and weak adhesion. This highlights the role of mechani-
cal compaction in forming robust interfaces where failure occurs
within Li metal rather than at the working interface.l®! Subse-
quently, a “critical stack pressure” balances stripping and creep-
driven recovery in Li-LLZO cells, inducing void and resistance
growth. Above this threshold, dynamic equilibrium between elec-
trochemical kinetics and mechanical deformation maintains sta-
ble contact, underscoring pressure’s dual role in balancing ion
flux and interfacial mechanics.®”] Building on these findings,
a multi-scale model shows that sufficient pressure suppresses
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voids via conformal contact, homogenizing stress to mitigate Ost-
wald ripening, while low pressure exacerbates current crowd-
ing by allowing internal stress to drive interfacial separation
(Figure 6d,e).[82] Furthermore, SSEs exhibit distinct responses to
pressure that demand tailored optimization. In LSPS, the mod-
erate stack pressure reduces voids but accelerates interphase for-
mation, whereas the low stack pressure enables Li filaments to
grow through pores and cause short circuits.!®! This variability
underscores the need to align pressure strategies with SSE type,
whether oxide or sulfide, and their inherent stability against Li.
Importantly, even high pressure cannot fully eliminate irrecov-
erable voids from initial stripping cycles in Li-LLZO, revealing
fundamental limits to pressure-driven recovery.*”] These limi-
tations highlight the value of material-engineering approaches.
Buffer layers form ion-conductive interlayers under moderate
pressure to dissipate stress, and carbon interlayers use lami-
nation pressure to tune interfacial toughness, offering effective
complements to pressure-based strategies.[8-1]

3.2. Mechanistic Suppression of Dendrites
The inhibition of Li dendrite growth in SSLMBs relies on

pressure-induced regulation of mechanical constraints and elec-
trochemical kinetics.[®?) The Monroe-Newman criterion sug-
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gests SSEs with sufficient shear modulus (exceeding twice that
of metallic Li) can theoretically suppress dendrite penetration,
but practical limitations arise from the microstructural defects
of SSEs (e.g., grain boundaries, pores) that act as preferen-
tial growth pathways.[** External pressure addresses this chal-
lenge by homogenizing interfacial stress through elastic de-
formation of SSEs, thereby reducing localized internal stress
concentrations that drive dendrite nucleation. For instance, dy-
namic pressure coupling during cycling further compensates
for volume expansion, minimizing interfacial delamination and
crack propagation by relieving cyclic internal stress from Li plat-
ing/stripping. The external pressure also modulates Li electrode-
position kinetics!*® % %I by enhancing ion transport efficiency
in compacted SSEs, which mitigates the “tip effect” (where con-
centrated Li* flux amplifies internal stress at dendrite tips) and
promotes uniform Li plating (Figure 7a). An additional fatigue-
driven failure mechanism is prosed in Li anodes, where cyclic
mechanical loading from repeated Li plating/stripping induces
microcrack formation and accelerates dendrite growth by con-
centrating internal stress at crack tips. This insight underscores
the request for pressure regulation that not only suppress ini-
tial dendrite nucleation but also mitigate long-term mechanical
degradation by balancing external pressure and internal stress
evolution. Emerging approaches, such as nanostructured SSE
coatings and adaptive pressure systems aim to optimize stress

© 2025 Wiley-VCH GmbH

85UB017 SUOWIWOD 8A1Ie81D) 8|edl|dde 8y A paunob afe Ssoile O ‘8Sn 4O S3|N1 10} Akeid18UlUQ AB]1/ UO (SUOIPUOD-PUe-SWBH W00 A8 1M AeIq U1 UO//:SANY) SUORIPUOD pue SWwie | 841 88S *[G202/0T/0z] Uo ARiqiaulluo A8|im ‘Ariqi Aisenunenybuss | Aq £T9¥0SZ0Z WUSe/Z00T 0T/I0p/W0D A8 | im AeIq Ul uo"peoueAe//Sdiy Wwoiy papeojumod ‘0 ‘0v89rTIT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED
SCIENCE NEWS

ADVANCED
ENERGY
MATERIALS

www.advancedsciencenews.com

distribution while mitigating SSE degradation, offering new
pathways for dendrite-resistant design of SSLMBs.

Specific experimental studies further confirm the critical role
in dendrite suppression. For Li metal anodes with Li,PS;Cl SSE,
low stack pressure (5 MPa) maintains stable Li plating/stripping
by minimizing interfacial voids, while high pressure (75 MPa)
triggers short circuits via Li creep through SSE pores. At mod-
erate pressure (25 MPa), dendrites form gradually during cy-
cling due to localized stress from Li creep into electrolyte grains,
highlighting the critical role of pressure in balancing mechanical
stability and electrochemical kinetics to suppress dendrites.!*?!
Building on this experimental framework, Harris et al. devel-
oped a 3D contact mechanics model to quantify stress homoge-
nization at Li/SSE interfaces, revealing that external pressure ho-
mogenizes stress distribution by conforming rough Li surfaces
to SSEs, suppressing “tip effect”-induced dendrite nucleation.**!
Complementary in situ observations by Steingart et al. employed
operando acoustic transmission and ’Li MRI to reveal that low
stack pressure (2 MPa) induces rapid interfacial void formation
and dendrite growth at Li/LLZO interfaces, while moderate stack
pressure (7.4 MPa) suppresses voids via Li creep but promotes
lateral Li penetration into electrolyte grain boundaries due to
uneven internal stress distribution. At high stack pressure (13
MPa), mechanical failure occurs due to electrolyte cracking, high-
lighting a critical pressure threshold for balancing contact sta-
bility and SSE integrity (Figure 7b).52 Morphological control
mechanisms were further elucidated by Zhang et al. employ-
ing a electro-chem- mechanics!®® *’] phase field model to reveal
that external pressure reshapes Li dendrites from branched to
smooth and dense structures by suppressing tip growth and pro-
moting lateral expansion (Figure 7c,d). However, excessive exter-
nal pressure (>14 MPa) induces root fractures and dead Li for-
mation due to concentrated von Mises internal stress at dendrite
bases (Figure 7e). A pressure-modulus phase diagram is pro-
posed to direct customized strategy formulation, demonstrating
low-modulus electrolytes such as 0.5 GPa PP separators neces-
sitate lower critical pressures (6 MPa) to avoid amplifying inter-
nal stress, whereas stiffer garnet-type SSEs require elevated pres-
sures to achieve effective dendrite suppression.[3¢ % 9]

While the above experimental and modeling insights under-
score the pivotal role of external pressure in dendrite suppres-
sion, they also reveal its inherent limitations as a standalone
strategy, including gradual dendrite growth under moderate ex-
ternal pressure, mechanical failure at high external pressure,
and SSE-type dependent efficacy. In response, researchers are
increasingly pursuing integrated approaches that combine pres-
sure with multi-physical field modulation and interfacial engi-
neering to improve suppression efficacy. The influence of pres-
sure on metallic lithium deposition morphology follows a well-
defined mechanistic relationship. Below a critical stack pressure
(CSP), heterogeneous stress distribution promotes large, irregu-
lar dendrites with wide diameter variations due to localized cur-
rent focusing. Within the optimal pressure range, uniform com-
pressive stress promotes dense, fine-grained lithium deposits
with narrower diameter distribution. Exceeding CSP triggers
lithium creep, leading to smaller but fragmented deposits that
risk short circuits. This dynamic is consistent across electrolyte
types, with CSP values varying by SSE mechanical properties
(e.g., lower for ductile sulfides vs higher for rigid oxides).[*?] No-
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tably, the multi-physical field effects also play a role, as coupled
pressure-temperature conditions synergistically suppress den-
drites by homogenizing internal stress and enhancing ion trans-
port, though excessive pressure risks stress concentration at den-
drite roots, causing fracture and “dead Li” to unbalanced internal
stress.[93 190101 Moreover, the interfacial regulation synergizes
with pressure regulation by tailoring interfacial properties to am-
plify pressure’s dendrite-suppressing effects while easing its lim-
itations. Such enhancing wettability, blocking electron leakage,
stabilizing SEI, or buffering stress, enabling stable cycling under
moderate or low external pressure.[** 102103 They create a feed-
back loop with material engineering boosts pressure’s efficacy,
while pressure lessens demands on material performance. This
synergy expands viable pressure ranges across SSE systems, re-
solves trade-offs like stress concentration, and strengthens paths
to dendrite-resistant SSLMBs.

4. Macro-Scale Engineering and Industrial
Application: Dynamic Pressure Coupling
Mechanisms and Implementation Advantages

The preceding sections have delved into the foundational role
of external pressure in modulating ion/electron transport at the
atomic scale and governing interfacial dynamics at the micro-
scale in SSLMBs.[1%*1%] These mechanistic insights form the
basis for translating pressure regulation into macro-scale indus-
trial applications. As we shift focus to characterization of dy-
namic pressure coupling and industrial implementation strate-
gies, the emphasis transitions from detailed mechanistic analy-
ses to broader technological frameworks that account for how ex-
ternal pressure mitigates or exacerbates internal stress at the pack
level. The following sections synthesize these concepts, high-
lighting how advanced characterization and scalable pressure
protocols bridge fundamental science and commercialization.

4.1. Dynamic Pressure Coupling Mechanisms

The integration of in situ and ex situ characterization tech-
niques has been pivotal in decoding the macro-scale interplay
between pressure and electrochemical processes in SSLMBs, in-
cluding their combined effects on internal stress distribution.[*%°]
In situ imaging modalities, including X-ray computed tomogra-
phy (XCT) and transmission electron microscopy (TEM), have
revealed pressure-induced morphological evolutions. These in-
clude SSE densification, particle rearrangement, and interfa-
cial behavior evolution, which collectively optimize ion trans-
port pathways while redistributing internal stress from electrode
volume changes.['””] Ex situ methods, such as scanning elec-
tron microscopy combined with focused ion beam (SEM/FIB)
and atomic force microscopy (AFM), have further characterized
pressure-dependent microstructural features, such as composite
electrode porosity, electrode/SEE dynamic evolution and interfa-
cial stress distributions, providing quantitative insights into how
external pressure balances internal stress to maintain contact me-
chanics (Figure 8a). Spectroscopic tools such as X-ray photoelec-
tron spectroscopy (XPS) and nuclear magnetic resonance (NMR)
have complemented these by unraveling pressure-induced
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Figure 8. The macro-scale of in (ex) situ dynamic pressure coupling mechanisms. a) The schematic representation of pressure-induced SSLMBs ob-
served via various of characterization techniques. b) Pressure-dependent NCM particle contacts in orthogonal planes at 0/6/12/50/100 MPa. The
contacted interfaces of NCM/LGPS (green) and NCM/void (blue). Reproduced with permission.l'%] Copyright 2022, Royal Society of Chemistry. c)
Pressure-dependent crack propagation in pellets post-short-circuit. Reproduced with permission.[1%°] Copyright 2025, American Chemical Society. d)
The in situ TEM images of stack-pressure-assisted void removal at Li/LLZO interfaces. e) The schematic of void elimination through layer-by-layer
stripping. Reproduced with permission.[3°! Copyright 2025, American Association for the Advancement of Science.

chemical transformations, including the formation of stable
solid-electrolyte interphases (SEIs) that act as internal stress
buffers, and enhanced ion dissociation in polymer electrolytes.
Together, these techniques have established a multi-scale under-
standing of how external pressure modulates both the physical
structure and chemical reactivity of battery components while
managing internal stress, laying the groundwork for rational de-
sign of pressure protocol.

Specifically, such characterization approaches have revealed
key pressure-related phenomena across studies. In situ XCT and
XRD, for instance, visualizes dendritic formations under higher
pressures and identifies SEI components, linking morphologi-
cal and chemical evolutions at the macro-scale.l'3! Moreover, ex
situ SEM/FIB analysis of electrolytes prepared under varying
fabrication pressures shows that lower pressure leads to inter-
connected voids and smaller grains, while higher pressure re-
sults in denser, larger-grain structures.[*!] Complementing these
findings, integrating in situ pressure monitoring with electro-
chemical impedance spectroscopy (EIS) and SEM helps distin-
guish degradation mechanisms such as interphase growth ver-
sus filament penetration, providing a macro-scale framework for
pressure optimization in SSLMBs.!®8] Further focusing on elec-
trode microstructure, Orikasa et al. employed in situ XCT to an-
alyze the 3D structure of composite electrodes in all-solid-state
batteries under varying pressures. They revealed that uniaxial
pressure induced anisotropic contact between active materials
(NCM) and solid-state electrolytes (LGPS), with better contact
along the pressure direction (Z-axis) but insufficient horizon-
tal contact. The XCT results showed that higher pressure (up
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to 100 MPa) reduced porosity in composite electrodes, though
tortuosity increased due to particle rearrangement, indicating a
trade-off between contact area and ion transport efficiency medi-
ated by internal stress redistribution (Figure 8b).['%! Building on
this, operando pressure measurement paired with XCT decodes
micro-short circuit occurrences in sulfide-based ASSLMBs, iden-
tifying two failure modes: minor soft short-circuits (voltage drop
with overcharge) and major soft short-circuits (severe voltage
fluctuations), correlated with internal stress levels and current
densities, and defining a “safety zone” for Li anodes under low
stress and current.'! For a deeper understanding of short-
circuit mechanisms, operando neutron imaging combined with
ex situ XCT further clarifies “soft short-circuit” and “hard short-
circuit” mechanisms by tracking real-time Li creep (driven by in-
ternal stress gradients), plating-induced stress, and 3D dendrite
structures, linking pressure-induced structural changes to fail-
ure mechanisms.l'': 2] [n addition, Hatzell et al. employed 3D
synchrotron imaging and mesoscale modeling to examine solid-
state batteries without a lithium reservoir under different lev-
els of stack pressure, which indicated that low stack pressure (2
MPa) leads to irregular Li plating and early failure due to un-
mitigated internal stress from uneven deposition, while higher
stack pressure (20 MPa) induces SSE fractures from tensile
stress at surface notches where internal stress exceeds material
strength (Figure 8c).'®! Embedded optical fiber sensors moni-
tored interfacial stress dynamics under low stack pressure,/'!]
and in situ transmission electron microscopy (TEM) visual-
ized void evolution at the Li/LLZO interface with low pres-
sure inducing preferential void nucleation at grain boundaries,

© 2025 Wiley-VCH GmbH
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correlated with voltage fluctuations, while higher pressure pro-
motes homogeneous layer-by-layer stripping, suppressing void
growth via enhanced mechanical contact and reduced adatom
diffusion (Figure 8d,e).3% 114 Collectively, these characterization
efforts bridge pressure-induced structural and chemical changes
to battery performance, guiding optimized pressure strategies for
stable operation.

4.2. Advantages of External Pressure Implementation in Working
Devices

The industrial viability of external pressure application stems
from its ability to address three critical challenges in solid-
state battery manufacturing: interfacial contact inhomogeneity,
dendritic Li growth,'>] and process scalability.'® Standard-
ized pressure protocols have emerged as a universal strategy to
enhance “solid-solid” interface contact quality, leveraging me-
chanical compaction to reduce voids and create continuous ion-
conductive networks in composite electrodes, and mitigate in-
ternal stress concentrations that arise from material mismatches
during fabrication.l”] Dynamic pressure modulation techniques,
such as pulsed or oscillatory pressure, further suppress Li den-
drites by disrupting preferential growth kinetics at defect sites,
aligning with mechanistic models of stress-driven deposition
uniformity. Beyond performance improvements, such pressure-
based strategies integrate seamlessly with existing manufactur-
ing infrastructure, including roll-to-roll (R2R) lamination and
high-throughput compaction systems, enabling controlled dis-
tribution of external force to counteract internal stress across
large-area electrodes. These scalable approaches enable the inte-
gration of solid electrolytes and electrodes under controlled me-
chanical conditions, minimizing reliance on high-temperature
or solvent-based processes that could exacerbate internal stress
through thermal expansion mismatches. From an electric vehi-
cle (EV) industry perspective, pressure regulation supports key
performance targets: 1) Enhancing energy density by optimiz-
ing interfacial contact to approach 500 Wh kg~?; 2) Extending cy-
cle lifetime through dendrite suppression and stress-induced SEI
stabilization; 3) Improving safety by mitigating thermal runaway
risks through dynamic pressure modulation that releases excess
stress. These benefits are amplified in large-format cells, where
uniform pressure distribution addresses scalability challenges
unique to EV battery packs.[*?! By optimizing pressure parame-
ters, manufacturers can balance electrode material densification
with mechanical integrity, reducing internal stress-induced de-
fects such as microcracks and delamination, and paving the way
for cost-effective and scalable production of solid-state batteries
suitable for EV applications.

The applications of external pressure have been widely em-
ployed in SSLMB research to advance industrial adaptability
by managing internal stress. Lindstrém et al. established foun-
dational pressure optimization logic via single-layer pouch cell
studies, identifying that moderate external pressure reduces ac-
tive Li loss and extends cycling lifetime by mitigating internal
stress from uneven Li plating (Figure 9a,b), providing a criti-
cal baseline for standardized protocols.[''®! Building on this, re-
searchers focused on material-level pressure adaptability, design-
ing a 3D crosslinked network to achieve superior performance
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under low stack pressure, shifting pressure dependence from
equipment to internal electrode architecture and laying the foun-
dation for low-pressure processes.®>] Furthermore, Brunklaus
etal. revealed the pressure sensitivity differences in polymer elec-
trolytes: crosslinked polyethylene oxide (xPEO) balances rate per-
formance and mechanical deformation at <0.43 MPa by accom-
modating internal stress through chain flexibility, while softer
xGCD-PCL required pressure-free operation, highlighting the
need to match material mechanical strength with pressure re-
quirements for industrial material selection.''”! Device-level in-
novations have further boosted the scalability of external pressure
utilization in solid-state batteries. To ensure meaningful compar-
ison and effective technology transfer from laboratory research
to industrial production, a standardized framework for report-
ing pressure parameters is essential. This framework should in-
clude: (1) Clear differentiation between preparation pressure and
stack pressure maintained during cycling; (2) Specification of
measurement locations (e.g., electrode-electrolyte interfaces) and
uniformity metrics across the cell area; (3) Systematic reporting
of critical stack pressure (CSP) as a system-specific benchmark,
enabling reliable cross-study comparability.*?] To provide practi-
cal guidance for researchers and engineers optimizing SSLMB
design and operation under external pressure, we have compiled
comparative data from multiple studies (Table 1). This compi-
lation reveals that polymer-based systems generally function ef-
fectively at relatively lower external pressures, while sulfide and
oxide-based electrolytes typically require higher pressure ranges.
Such systematic pressure characterization and reporting will fa-
cilitate the rational selection of pressure parameters tailored to
specific material systems and accelerate the development of com-
mercially viable SSLMBs.

For instance, Meng et al. introduced isostatic pouch
cell holders (IPCHs) that use air as the pressurizing
medium enable uniform pressure control. Testing on
LiNi, 3Co,;Mn, ; O,||Li;PS;Cl||Si pouch cells across 1-5 MPa
showed optimal performance at 2 MPa, with 83.6% capacity re-
tention after 100 cycles. Notably, bilayer pouch cell under 5 MPa
are not only cycle stable but can even power an incandescent bulb
at 3 C, highlighting how IPCHs facilitate industrial scalability
through uniform pressure distribution and compatibility with
existing infrastructure (Figure 9c,d).[¥! Parallel advancements
include the design of lithiophilic Mg-SiGr anodes, which direct
Li deposition to achieve uniform Li-Mg alloying under 3 MPa,
suppressing dendrites without aggressive mechanical loading
and opening new avenues for high-energy-density systems.[®]
Additionally, continuous application of 0.3 MPa pressure has
been shown to recover 57% capacity in aged cells by relieving
internal stress-induced voids at interfaces, revealing pressure’s
untapped potential in battery refurbishment, particularly for
second-life applications.['?)  Furthermore, the material and
process innovations have further expanded the practicality of ex-
ternal pressure application by tuning internal stress responses.
A selfllimiting multifunctional composite sulfide electrolyte
allows sulfide-based all-solid-state lithium-metal pouch cells
to operate stably at ~2 MPa. with 95.04% capacity retention
after 500 cycles. Notably, 3D-printed pouch cells with M-CSE
achieve an energy density of 219 Wh kg~! under low pressure,
demonstrating that rational electrolyte design can optimize
stress distribution and mitigate dendrite growth, paving the way
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Figure 9. The advantages of external pressure implementation in industrial systems. a-d) The operating pressure application strategies for working
devices. a) The precision pressure application via spring-loaded assembly. b) The EIS spectra under varying compressive loads. Reproduced with
permission.!®] Copyright 2018, Elsevier B. V. c) The structure of isostatic pouch cell holders (IPCHs). d) The bilayer solid-state cell driving 2.5 V/300
mA load under 5 MPa isostatic pressure. Reproduced with permission.[38] Copyright 2024, Wiley-VCH. e-f) The electrode fabrication methods and their
effects. The schematic illustrating of e) co-rolling dry-process and f) practical cell design under low stack pressure. Reproduced with permission.['18]

Copyright 2025, Nature Publication Group.

for low-pressure ASSLMB applications.'3®] On the industrial
application front, Chen et al. developed a co-rolling dry-process
that integrates thin SSE layers (50 um) with high-loading NCM
electrodes (5 mAh cm~2) via shear-induced particle interlocking.
The co-rolling dry-process enhances volumetric energy density
by 20% compared to “non-co-rolled processes” (note: “non-
co-rolled” refers to processes without shear-induced particle
interlocking during electrode-SSE lamination, not absolute
pressure-free. The non-co-rolled cells still underwent a final low-
pressure compaction, while the co-rolled cells combined shear
lamination with a final pressurization step to achieve denser
microstructures (Figure 9e,f). Both types of cells were tested
under moderate stack pressure (5-10 MPa) during cycling.[118]
The facts above reveal that, the advantages of external pressure
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are closely tied to its regulatory effects across different scales—
from stabilizing microscale electrode-electrolyte interfaces to
facilitating macroscale manufacturing. To systematically clarify
these multi-scale mechanisms, Table 2 summarizes the core
findings and highlights how preparation and stack pressure
modulate structure and electrochemical performance at atomic,
micro, and macro levels.

Taken together, these advancements reflect a clear transition
in the role of external pressure: from a laboratory-based opti-
mization parameter to an integrated industrial solution. Lead-
ing battery manufacturers now recognize pressure management
as a critical enabling technology, incorporating dynamic pres-
sure control directly into battery pack designs to balance electro-
chemical performance with practical constraints. This includes

© 2025 Wiley-VCH GmbH

95UB01 7 SUOWILLIOD AIIERID B|qedl[dde ay) Aq peusenob a1e ssjoie O ‘8sn J0 Sa[ni Joj Akeiqi 18Ul UO /811 UO (SUONIPUCD-PUe-SLUISYWO0D A8 1M Ae1q 1[BUl UO//STIY) SUONIPUOD Pue SWe | 8y} 985 *[5202/0T/0z] uo Akeiqiauliuo Ao im ‘Ariqi Aiseaiunenybuss L Aq £T9v0GZ02 Wuse/zZ00T OT/I0p/L00™ 8] im Ale.q1puljuo psouepe//sdiy wouy papeojumod ‘0 ‘0v8arToT


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED “INERCY
SCIENCE NEWS MATERIALS
www.advancedsciencenews.com www.advenergymat.de
Table 1. The stack pressure requirements for different types of SSLMBs based on electrolyte materials.

Battery type Electrolyte material Full cell and stack pressure Refs.
Polymer-based elastic electrolyte Lif|jum-Si & 0 MPa [107]
xPEO/xGCD-PCL composite Li||[NMC622 & < 0.43 MPa [106]
CPS-6 electrolyte Li[[INCM811 & 1 MPa [70]
PVDF-HFP; PVCA —80.1-0.5 MPa [108]
PTF-PE-SPE Li||LRMO & 1 MPa 132]
Sulfide-based LigPSsCl (LPSC) Li-In||um-Si & 10 MPa [107]
g-C;N, @LigPSsCl Li[|LiNig gMng ,Coq,0, & 30 MPa [109]
LigPS5Cl thin film Lil|LiyTisOy, & 2-5 MPa [110]
Li-In||S & 2-5 MPa
LigPS,Cl Li-In||NCA & 25 MPa 136]
LigPSsCl Li|[NCM811 & 5-20 MPa 69]
UDSH®@LPSC Li||NCM & 30 MPa 68]
Lig 545i174P1.44511.7Clos Li[|LTO & 12.7 MPa [99]
Oxide-based LLZO — & 30-40 MPa [108]
xLi,0-MCl, (M=Ta or Hf, 0.8 <x<2,y=5 or 4) Li-In||Nig g3 Cog 11Mng 0O, (NCM-83) & 80 MPa N
Liy 55 Z¢Cl, 750p3s Li-In||LiCoO, (LCO) & 190 MPa 112]
Liy ;Alo5Tip; (PO,); (LATP) LiFePO,-PILG||LATP-PILG|PILG||Li & 20 MPa [113]
Liy3Al3Tiy ; (PO,); (LATP) Li||LATP-Li; InClg-nDMF||Li & 500 MPa [114]
Ceramic-based thiophosphate or argyrodite electrolyte Li[|[NMC622 & > 5 MPa [106]
Halide-based LizInClg 10Li—Ag,||10Li—Ag, & 27 MPa [115]
Li;_,Iny_,Zr,Clg n-type OEMs|[NCM83 & 7 MPa [116]

the adoption of adaptive pressure apparatuses (e.g., pneumatic
actuators, spring-loaded fixtures) and process optimization (e.g.,
R2R lamination with controlled pressure profiles) to reduce re-
liance on high static pressure, aligning with the shift toward
low-pressure or pressure-free systems advocated in academic
research.[*> 18] By prioritizing compatibility with existing pro-
duction infrastructure while intelligently exploiting pressure-
stress coupling mechanisms, industry efforts are enhancing
manufacturing scalability and end-product reliability, thereby
bridging the gap between fundamental research and commercial
application.

5. Conclusion and Perspectives

External pressure has evolved from a simple processing param-
eter to a sophisticated design tool for solid-state lithium-metal
batteries (SSLMBs), offering multi-scale control over ion trans-
port, interfacial stability, and mechanical integrity. At the atomic
scale, applied pressure densifies solid-state electrolytes (SSEs)

Table 2. The multi-scale effects of external pressure on SSLMBs.

microstructures and enhances electrode particle contact while
mitigating lattice mismatch-induced internal stresses, which is
critical for achieving high active material utilization in compos-
ite cathodes. Microscopically, pressure-mediated interfacial engi-
neering promotes the formation of stress-dissipative inorganic-
rich interphases that simultaneously suppress Li dendrite prop-
agation and accommodate electrode volume changes. Crucially,
macro-scale implementation through roll-to-roll manufacturing
and dynamic pressure coupling demonstrates the industrial vi-
ability of these principles, enabling interfacial integrity dur-
ing cycling by actively counterbalancing internal stress evolu-
tion. These multi-scale effects collectively demonstrate that ex-
ternal pressure is not merely a mechanical intervention but a
versatile tool to harmonize electrochemical kinetics and me-
chanical stability by managing internal stress, unlocking the
potential of SSLMBs for high-energy-density and safe energy
storage.

The future roadmap for intelligent pressure engineering is ex-
plained in the following aspects:

Scale Pressure type

Key effects on structure

Key effects on electrochemical performance

Atomic-scale Preparation pressure

Stack pressure

Micro-scale Preparation pressure
Stack pressure
Macro-scale Preparation pressure

Stack pressure

Densifies SSE lattices; reduces particle porosity
Optimizes interfacial atom arrangement
Ensures electrode/SSE interfacial contact

Suppresses Li dendrite growth; stabilizes SEI
Enables large-area electrode/SSE fabrication

Maintains pack-level interfacial integrity

Enhances ionic conductivity
Lowers charge transfer resistance
Reduces initial polarization
Extends cycling lifetime
Improves batch consistency

Enhances volumetric energy density
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1) Mechanistic Decoding: The emerging operando high-
resolution spectroscopy (NMR/XPS) coupled with nanoscale
stress mapping will unravel the dynamic relationship be-
tween pressure-modulated interfacial chemistry and internal
stress redistribution during cycling.

2) Adaptive Control Systems: Closed-loop pressure regulation
systems integrating machine learning algorithms with real-
time impedance monitoring will enable dynamic pressure ad-
justments (+5% precision) to counteract stress fluctuations
induced by fast charging or thermal transients.

3) Multiscale Modeling: Synergistic 4D visualization combin-
ing synchrotron X-ray tomography (50 nm resolution) with
phase-field simulations will decode stress-driven failure
mechanisms by tracking dendrite nucleation and SSE frac-
ture propagation across cycling conditions.

4) Material-Centric Solutions: Next-generation materials will
leverage gradient SSE architectures with spatially tuned me-
chanical properties (1-10 GPa modulus gradients), dynamic
covalent polymer networks enabling 90% self-healing effi-
ciency in composite electrodes, and 3D lithiophilic scaffolds
engineered with submicron pore geometries to redistribute
interfacial stresses.

5) Sustainable Manufacturing: Dry electrode processing tech-
nologies will achieve <100 MPa compaction pressures while
maintaining electrode integrity, seamlessly integrating with
existing roll-to-roll production lines for gigawatt-scale deploy-
ment.

6) Interdisciplinary Integration: Future efforts should focus on
merging pressure engineering with smart sensing and Al-
driven predictive control, enabling real-time stress compensa-
tion and self-adaptive interfacial stabilization without relying
on constant external pressure.

7) Material-Process Co-Design: Developing next-generation
solid electrolytes and electrode architectures that intrinsically
minimize internal stress and pressure dependency through
tailored mechanical properties and self-regulating interfaces
will be essential for truly pressure-free SSLMBs.

8) Sustainable and Scalable Strategies: Emphasis should be
placed on eco-friendly manufacturing processes that integrate
pressure optimization with recyclable cell designs, support-
ing circular economy principles while maintaining high per-
formance under minimal external pressure.

The coming decade will witness a paradigm shift from static
“high-pressure fixes” to intelligent pressure management sys-
tems that autonomously regulate interfacial stresses. By harmo-
nizing these advances with materials innovation, SSLMBs can
achieve the trifecta of energy density (>500 Wh kg™'), cycle
life (>1000 cycles), and safety required for electric aviation and
grid storage, which ultimately accelerates the post-lithium-ion
era.
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