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All-solid-state batteries (ASSBs) offer next-generation energy storage solutions with high energy density and
enhanced safety. A central challenge remains the solid-solid interfacial contact between electrodes and solid
electrolytes. While external pressure improves contact and ionic conductivity, excessive pressure induces
cracking and mechanical degradation. This review discusses the interplay of mechanical factors in sulfide, oxide,
and polymer electrolytes, as well as lithium metal and alloy anodes and layered oxide cathodes. We assess the
material-specific pressure requirements and their impact on structural integrity and electrochemical perfor-

mance. Strategies for optimizing fabrication and operational pressure are discussed to enable robust, scalable

ASSB designs.

1. Introduction

The global challenges associated with energy shortages and envi-
ronmental pollution are enormous, driven primarily by a heavy reliance
on fossil fuels, which account for >40 % of the global energy mix [1-5].
This urgent situation necessitates a shift towards a more environmen-
tally friendly and low-carbon energy landscape [6]. One critical area of
focus is to develop strategies to advance the electric vehicle industry
while reducing energy consumption and emissions [6,7]. Despite a sig-
nificant increase in global battery sales, scientific and technological
advancements have slowed, affecting all types of battery technologies,
including nickel-cadmium, nickel-metal hydride, and lithium-ion bat-
teries [8-10].

Lithium-ion batteries, due to their enhanced power density, superior
energy efficiency, and extended cycle life, have become prevalent in
modern society. They power a diverse range of devices, from smart-
phones and laptops to electric vehicles and renewable energy storage

systems. To mitigate the risk of battery-related fires and explosions, non-
flammable solid-state electrolytes have emerged as substitutes for
flammable liquid electrolytes in conventional lithium-ion batteries. The
demand for improved safety, increased energy density, longer cycle life,
broader operating temperature ranges, and greater sustainability is
driving the shift from conventional Li-ion batteries to solid-state batte-
ries. Solid electrolytes (SEs) with high ionic conductivity hold the po-
tential to eliminate bottlenecks and provide a safer solution for durable
lithium batteries [11,12].

By employing high-capacity lithium (Li) metal anodes instead of
traditional graphite anodes, all-solid-state batteries (ASSBs) can sub-
stantially improve the gravimetric and volumetric energy densities of
lithium-ion batteries. ASSBs typically comprise a solid electrolyte, a
negative electrode (anode), and a positive electrode (cathode) [13].
These batteries require external pressure to function at their maximum
potential because, unlike liquid electrolytes, they facilitate ion con-
duction only in restricted regions of solid-solid contacts [14,15]. For
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instance, Zhang et al. [16] discussed "solid-solid" contact models and
explored the impact of external and internal stresses on the interfacial
behavior of ASSBs. There are two primary categories of external pres-
sure: fabrication pressure and stacking pressure (Fig. 1). Fabrication
pressure refers to the externally applied force during the manufacturing
process of the electrode and solid-state electrolyte (SSE), such as com-
pressing, pelletizing, densifying, and calendaring (Fig. 1a), while
stacking pressure denotes the continuous external force exerted
throughout the operational lifespan of the battery (Fig. 1b). The inter-
action between these pressures and the microstructure of battery com-
ponents is pivotal for overall performance. Moderate pressures can
enhance electrochemical performance by improving contact between
active materials and solid electrolytes, whereas excessively high pres-
sures can have detrimental effects, such as material extrusion and
compromised electrode integrity. The fabrication or preparation pres-
sure typically ranges from dozens to several MPa/GPa and affects the
electrolyte and composite electrode’s porosity, charge transport, and
mechanical properties. The operation pressure (or stack pressure) is
normally below 10 MPa for soft electrolytes, which affects the contact
between the electrode and the solid electrolyte (SE).

External pressure plays a crucial role in ASSBs, enabling elastic solid
electrolytes (SEs) to adapt to volume changes in electrode materials
during charge and discharge cycles, which helps mitigate problems like
charge-transfer resistance stemming from voids and cracks. A discrete
element model incorporating plastic deformation and cold stamping has
been developed, providing important insights into ionic conductivity
relationships informed by percolation theory by analyzing the weak
connectivity of SE aggregates. Simulation studies were conducted using
various solid electrolyte layers and electrodes, as well as different mold
pressures and active material ratios, which allowed for a thorough un-
derstanding of the cold pressing process. It has been observed that
increased applied pressure improves the contact and relative density
between solid sulfide electrolytes and active materials. Moreover,
localized stresses may concentrate the forces between the active mate-
rial particles by causing the solid sulfide electrolyte particles to deform
more easily. The correlation between applied pressure, relative density,
and ionic conductivity has also been studied experimentally. Prior
research demonstrated that the absence of external pressure resulted in
localized plating, which has detrimental effects on battery performance
[17].
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Regulating stack pressure during alkali metal stripping and plating is
essential for reducing interfacial resistance and promoting uniform
current distribution [28,29]. This enhances ASSB efficiency. Optimal
stack pressure also prevents the formation of voids at the Li metal
electrode interface by inducing permanent deformation in the malleable
alkali metal [30]. However, excessive pressure can damage ASSB per-
formance, potentially causing electrode material fracture and
short-circuiting [31,32]. Non-uniform external pressure strongly affects
the stability of solid-solid interfaces in ASSBs, with internal and external
stressors at the electrode/electrolyte interface playing a critical role [33,
34]. These investigations reveal the complex interplay of chemical and
thermal stresses at these interfaces. The powder compaction process
in electrolytes or electrodes typically involves aggregate breaking,
nanoparticle rearrangement, and particle consolidation due to plastic
deformation. Applied pressure significantly influences the interfacial
contacts between electrode and SE particles during composite
electrode formation experimentally [35]. A study using a customized
cellular system with X-ray CT, pressure monitoring, and electrochemical
analysis examined a 3D configuration of composite electrodes in
ASSBs [36], revealing insufficient contact perpendicular to the pressure
axis between the active material and SEs. Additionally, an
electrochemical-mechanical model explored the effects of compressive
pressures up to 10 MPa, focusing on variables like concentration gra-
dients, local electrode potentials, and current density distribution, all
indicating a tendency for lithium plating. Experimental validation using
locally compressed pouch cells cycled at 1 C confirmed the model’s
predictions, with lithium being deposited under varying pressure con-
ditions [36], (Fig. 2).

The selection of appropriate preparation processes and stack pres-
sure is contingent upon the physical properties of solid electrolytes (SEs)
and electrodes, playing a pivotal role in determining the optimal elec-
trochemical performance of all-solid-state batteries (ASSBs). It has been
observed that the distinct stiffness, flexibility, and creep properties of
SEs and electrodes significantly influence the integrity and operational
efficiency of the battery system [18-20]. The correlation between ca-
pacity fading in ASSBs and critical physical parameters, such as Young’s
modulus, shear modulus, and bulk modulus, in commonly used SEs have
been investigated [21]. This was studied in positive and negative
electrodes.

Achieving a uniform and optimal applied external pressure across
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Fig. 1. Schematic of the two main forms and pressure-related problems in all-solid-state batteries: (a) Fabrication pressure is the pressure used in compressing,
densifying, calendaring, and pelletizing. (b) Stack pressure is the external pressure applied during the battery cycling (Adapted from Zhang et al.) [22].
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Fig. 2. (a) A 3D particle distribution chart showing that an anode electrode comprises 50 % AM particles. The anode layer experiences increased compression as
pressure rises, and the electrode shows slight expansion upon release. (b) The relative conduction coefficient and its relationship with the volume fraction of the SE

(Adapted from So et al.) [23].

all-solid-state batteries is challenging due to the close connection be-
tween the ideal external pressure and the physical characteristics of the
electrode/electrolyte materials. Nonetheless, a comprehensive under-
standing of the interdependencies between the applied external pres-
sure, electrode/electrolyte properties, and the electrochemical
performance of solid-state batteries (SSBs) is imperative.

This review systematically examines the impact of external pressure
on the electrochemical properties of electrolytes and electrode mate-
rials, the interfacial contact between electrodes and electrolytes, and the
overall electrochemical performance of ASSBs. The analysis provides
essential insights for determining the optimal external pressure levels
required during the fabrication and operation of ASSBs. The review also
outlines potential methods for reducing both fabrication and operation
pressures by understanding the underlying electro-chemo-mechanical
failure mechanisms, aiming to guide the development of low-
operation-pressure ASSBs.

2. External pressure and structural integrity of ASSBs

The external pressure and structural integrity are critical for the
design of ASSBs. Generally, the benefits of applying external pressure
depend on various materials and design parameters. The main advan-
tages associated with external pressure include enhancement of the
energy density, improvement in the conductivity of the electrolyte,
enhanced mechanical stability, and improved safety of the ASSBs. The
enhancement in the energy density induced by the external pressure
promoted high packing densities in the cell. This is due to the reduction
in defects that are in the form of interparticle gaps, contributing to the
increased contact between the electrodes and the solid electrolyte. For
optimized battery storage capacity and performance, a more compact
structure and design are desired.

Controlling the external pressure enables the effective transportation
of the ions required to induce conductivity in the battery. This improves
the electrolyte conductivity, leading to faster charging and discharging
rates. The effects of applying moderate pressure can enhance the me-
chanical stability of the battery. This reduces internal defects such as
porosity, cracks, and voids that might be present in the solid electrolyte.
Thus, it enhances structural integrity and contributes to longevity.

In laboratory settings, high fabrication pressures for all-solid-state
batteries (ASSBs) are produced using uniaxial or isostatic pressure de-
vices, limiting production efficiency and cost improvements. While hy-
draulic presses are employed to create operational pressure in labs, they
introduce difficulties when scaling up for industrial use, particularly
with larger pouch cells. As the area of these cells expands, the force
required to maintain uniform pressure can surpass the strength of the
materials used in peripheral components, making it challenging to

ensure consistent pressure distribution. This inconsistency can result in
problems such as uneven lithium-ion flux and increased degradation.
Therefore, it is crucial to lower the operational pressure to facilitate
commercialization, with the acceptable threshold for original equip-
ment manufacturers generally set at a maximum of 2 MPa, although this
can vary significantly among different original equipment manufac-
turers. A lower operating pressure is generally preferred.

2.1. Residual stress-induced by pressure

Fabrication pressure plays a crucial role in inducing stress changes
within the electrode and solid-state electrolyte (SSE) materials, which
subsequently impact the electrochemical performance of all-solid-state
batteries (ASSBs) (Table 1). Various surface treatment methods apply
different pressures, leading to distinct stress distributions. For instance,
Bo et al. [24] found that untreated LLZTO samples exhibited significant
compressive stress, measured at 26 MPa, with one-quarter of the surface
displaying this stress state. However, after polishing the samples, the
average stress increased to 143 MPa, causing many areas to shift from
compressive to tensile stress and creating a more uniform stress distri-
bution, which could enhance lithium deposition consistency. Addition-
ally, molecular dynamics simulations suggested that SSE surfaces under
residual stress could effectively resist lithium dendrite penetration by
reducing the likelihood of surface cracks due to high compressive stress.
Despite these insights into the interplay between stress and electro-
chemical behavior in ASSBs, a notable lack of solid experimental evi-
dence remains regarding how internal stress affects lithium-ion diffusion
dynamics and dendrite growth processes.

2.2. Impact of operation pressure in ASSLMBs

Reducing the operational (stack) pressure in all-solid-state lithium
metal batteries (ASSLMBs) is essential for their commercial viability.
While high pressures are often employed in laboratory settings to ensure
strong interfacial contact and to suppress dendrite growth, there is a
significant gap between research conditions and industrial re-
quirements. Many laboratory studies utilize stack pressures exceeding
50 MPa, whereas the industry seeks operational pressures below 10
MPa, ideally under 1 MPa [25]. This reduction is imperative because
excessive pressure can lead to severe mechanical degradation and cell
performance limitations. For instance, high pressures can damage the
porous structure of the electrode materials, reduce porosity, and hinder
crucial lithium-ion transport, which may lead to a complete breakdown
of the electrode structure [25]. Furthermore, lithium metal, with a
relatively low yield stress of ~ 0.8 MPa, is highly susceptible to plastic
deformation and creep under excess external pressure [26]. This
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Table 1
Summary of fabrication, stack pressures, and associated physicochemical properties of selected SSEs.

Electrolyte Material Fabrication Pressure Stack Pressure Phutk; (Prer) 8/Cm E/GPa G/ v 6/mS/cm Refs.

type (MPa) (MPa) (%) GPa

Sulfide Li»S-P5S3 50 - 300 1-10 - 18-25 6.8 0.29 ~1073 [29]
Li;oGeP2S12 100 - 400 5-10 - 37.2 14.4 0.28 ~1.9x1073 [29]
LigPSsCl 100 - 300 5-10 - 25 9.8 0.28 ~6.8x107% [29]
25Li2S0.75P2Ss glass 270 - 2.00(99) 13 5.0 0.30 - [30]
50Li3S0.50P2Ss glass 360 - 1.89(96) 18 6.9 0.27 - [31]
70Li3So.30P2S5 glass 360 - 1.91(99) 22 8.3 0.31 - [31]
70LiS0.30P2Ss 360 - 1.67 14 5.5 0.29 - [31]
75Li2S0.25P2Ss (LisPS4) glass 360 - 1.88(100) 23 8.7 0.32 [31]
75Li5S0.25P2Ss 180 - 1.45 8.8 3.4 0.28 - [31]
75LiS0.25P2S5 360 - 1.68 15 5.9 0.30 - [31]
75Li2S0.25P2Ss 360 - 1.86 20 7.4 0.32 - [31]
75Li2S0.25P2Ss 360 - 1.89 21 8.0 0.32 - [31]
75Li3S0.25P2Ss 360 - 1.88 23 8.7 0.32 - [31]
80Li2S0.20P2Ss glass 360 - 1.85(100) 25 9.5 0.31 - [31]
50Na5So.50P2Ss glass 270 - 2.05(99) 15 5.5 0.33 - [31]
67Na,S.33P2Ss glass 360 - 2.01(99) 19 7.0 0.35 - [31]
75NayS¢.25P2Ss glass 360 - 1.98(99) 19 7.1 0.34 - [31]
75NaySg.25P2Ss glass 170 - 2.00 18 6.6 0.34 - [31]
80Li3S0.20P2Ss glass 190 - 1.85 25 9.5 0.31 - [31]
LigPSsCl 250 - 97.8 - - - - [32]
(Li2S)70(P2S5)30 200 _ 98 _ _ _ _
Li10SnP2S12 125 - 91.3 - - - 1.90/RT [32]
(Li2S)60(SiS)28(P2S3)12 - 0.1 - - - 1.80/RT [33]

Halide Li3InClg ~370-500 ~10-20 - ~20-30 ~8 - ~0.2-0.30 ~1.0x1073 [34]

12

LisYClg ~400 ~5-10 - ~25 ~10 ~0.28 ~1.2x10°3 [34]
LizScClg ~350-450 ~5-15 - ~22 ~9 ~0.26 ~1.5x 1073 [34]
LisYBrg ~300-400 ~10 - ~18 ~7 ~0.29 ~2.0x1073 [34]
LigPSsCl - 2.0 - - - - [35]
LigPSsClo 5Bro s - 0.1 - - - - [36]
Li7.xPSe.xCly - 3.0 - - - - [371
LigPSeCl - 0.1 - - - - [36]
LigPSsCl 50 - 370 5-70 - - - 0.22-3.02 [38]

Oxide LLZO 300 - 500 10- 30 150 57.7 0.26 - [39]
LATP 200 - 400 10-20 115 45 0.26 - [39]
LLTO 300 - 500 10 - 30 200 79 0.25 - [39]
Al-doped Li;LazZr;012 63 - 5.08(>98) 146 60 0.22 - [40]
90Li3B03.10Li»S04 360 - 1.92(92) 53 19 0.37 - [29]
33Li3B03.33Li2504.33Li2CO3 360 - 0(97) 51 19 0.31 - [41]
Li;LazZry045 200 - 94 - - - 0.635/RT [42]
Li;LasZr,012 132 - 99 - - - 0.12/RT [42]
Liz 44La3Zr,012 300 - 95 - - - 0.167/RT [42]
Li; 3Alg 3Ti; 7(PO4)3 504 - 90 - - - 0.052/RT [42]
Al-doped LLZO 150 - 95 - - - 0.071/RT [42]
Liy 3Alg 3Ti; 7(PO4)3 504 - 94.2 - - - 0.30/RT [42]
Lig.»Gag sLaz 95sRbg 05Zr201 2 250 - 95 - - - 1.62/RT [42]
Li; 4Alp 4Ti; 6(PO4)3 200 - 93-94 - - - 0.183/RT [42]
Li;LasZr,01,Li3BO3 300 - 86.4 - - - 0.0194/RT [42]
Lig 4LasZr; 4Tag 6012 200 - 95 - - - 0.35/RT [42]
Naz 4Mgo.1Z11.9Si2.2P0.8012 200 - 98.17 - - - 3.60/RT [42]
NayZn;TeOg 300 - 83-85 - - - 0.40/RT [42]
NASICON 200 - 97 - 98 - - - 1.10/RT [42]
Lis/gSr7,16-3x/2LaxZry s4Tas, 200 - 95 - - - 0.39/RT [42]
403
h-BN-LLZTO - 0.1 93 - - - 0.13/RT [43]
LLZTO - 2.4 - - - - [44]
LLZTO-Au - 3.3 - - - - [45]
LBO-LLZO - 0.4 - - - - - [46]
LLZO/LAGP/LATP - 0.1 - - - - - [47]
LLZTO@ZnO - 0.1 - - - - - [48]
LLZO - 1.0 - - - - - [49]
PVDF-BaTiO-LLTO - 4.9 - - - - - [50]
Al-LLZO 150 0.26 97.26 ~9.0 - 0.26 ~2.0 [51]

Polymer PEO 5-20 01-1 0.07 0.026 0.35 104-102 ~107- [36]

~107°

PMMA 10 - 30 1 4 1.48 0.35 107 ~1077 [35]
LEO-LiTFSI 10 - 30 1 0.07 0.026 0.35 1.5x102  ~1.5x107°
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phenomenon can result in the penetration of lithium through the grain
boundaries of the ceramic electrolyte. This can potentially pose a sig-
nificant risk of internal short circuits and catastrophic cell failure [25,
26]. For example, silicon-based Li-ion batteries exhibit optimal cycling
performance at 0.2 MPa, with capacity retention dropping from ~70 %
(at 0.2 MPa) to around 47 % (at 0.4 MPa) after 50 cycles [25]. Similarly,
a Li-In/LigInClg/NCM-83 cell experienced rapid capacity degradation,
retaining only 65 % after 50 cycles when operated under 2 MPa [25].

Consequently, the need to reduce stack pressure drives the devel-
opment of halide solid electrolytes and battery designs capable of
functioning reliably under low-pressure conditions. Recent advance-
ments in halide-based all-solid-state lithium-metal batteries (ASSLMBs)
indicate that high performance can be attained at pressures significantly
lower than typical laboratory standards. For instance, the halide-based
LigYBryCly solid electrolyte has demonstrated successful operation at
pressures as low as 0.1 MPa when paired with a Li-In anode, showing
minimal capacity loss even when the pressure was decreased from 5 MPa
to 0.1 MPa [27]. Another study by Gao et al. [28] confirmed reliable
operation down to 0.1 MPa against a Li-In alloy and 0.2 MPa against a Li
metal anode. This shows that pressure below 5 MPa did not impede rate
capabilities, with 70 % of the C/20 capacity retained even at 1C
discharge rate [28]. These results highlight that the mechanical char-
acteristics, especially the hardness of the halide solid electrolyte, may
play a more significant role than ionic conductivity in influencing gal-
vanostatic cycling performance under low-pressure conditions [27].
Future R&D efforts should prioritize the development of advanced ma-
terials and interfaces designed to facilitate stable and efficient perfor-
mance at low stack pressures that are relevant to industrial applications.
This shift is essential to reduce dependency on mechanical compaction
techniques and enhance operational reliability.

2.3. Effects of external pressure on electrolyte properties

The structural integrity of bulk solid-state electrolytes (SSEs) is
fundamentally influenced by manufacturing parameters, which play a
crucial role in determining their ion transport efficiency. High ionic
conductivities are attained through the processing of inorganic SSEs,
such as LiyLazZry012 (LLZO) and amorphous sulfides (LiyS-P2Ss), at
elevated temperatures and pressures. These conditions effectively
reduce internal defects and minimize porosity [29,38,52].

LLZO demonstrates optimal performance when subjected to several
hundred MPa during sintering and cold isostatic pressing, as this
approach facilitates densification and lowers porosity [53,54]. Simi-
larly, amorphous sulfides such as LiyS-P2Ss benefit from pressures
exceeding 350 MPa [29], which not only enhances their density but also
increases their Young’s moduli, thereby improving ionic con-
ductivity—from 0.99 to 2.06 mS/cm, for example.

The pressure applied during the fabrication of solid-state electrolytes
(SSEs) is a critical factor that affects their electrochemical and physi-
cochemical properties, including compact density and ionic conductiv-
ity at room temperature. Variations in ionic conductivity for similar
types of SSEs can often be attributed to differences in the fabrication or
operational pressures used [55,56]. For instance, sulfide SSEs can be
classified into amorphous, glass-ceramic, or microcrystalline types, each
responding differently to fabrication pressure. Amorphous and
glass-ceramic SSEs experience enhanced ionic conductivity with
increasing fabrication pressure, which improves particle contact and
facilitates ion transport. As the fabrication pressure rises from 100 MPa
to 500 MPa, their compact density increases from 1.45 g cm > t0 1.8 g
em 3. In contrast, microcrystalline SSEs maintain a consistent ionic
conductivity beyond 300 MPa and are more affected by operational
pressure to close gaps between grains effectively [55]. Pellet annealing
is essential to achieve high ionic conductivity in microcrystalline SSEs.
Furthermore, applying high fabrication pressures can result in plastic
deformation, influencing the amorphous phase ratio in glass-ceramic
structures. Studies have shown that a fabrication pressure of
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approximately 0.5 GPa is ideal for reducing interfacial resistance and
maximizing ionic conductivity in glass-ceramic thiophosphates. The
porosity of SSEs is also closely tied to fabrication pressure; when lower
pressures (~ 50 MPa) are used, increased porosity can lead to higher
grain boundary impedance, adversely affecting battery performance
[38]. In contrast, applying higher pressures, such as 370 MPa, has been
shown to significantly enhance both capacity retention and rate per-
formance in assembled all-solid-state batteries (ASSBs).

2.3.1. Garnet-type solid electrolytes

Oxide solid electrolytes (SEs) are gaining attention because of their
high ionic conductivities, wide voltage ranges, and wide electro-
chemical stability windows [57-60]. Compared to sulfide solid elec-
trolytes (SSEs), oxide solid electrolytes (SEs) exhibit high grain
boundary resistance, resulting in decreased ionic conductivity [61].
Garnet-type, LiyLasZry012 (LLZO) is an oxide solid electrolyte with a
substantial Young’s modulus of 150 GPa, signifying restricted elastic
deformation under applied pressures. LLZO is a ceramic oxide material
with high brittleness [62]. The conventional method for fabricating
LLZO typically involves an initial pre-pressing step to ensure sufficient
contact, followed by sintering under conditions of several hundred MPa
and temperatures around 1000 °C [63,64].

LLZO exists as two crystal polymorphs: tetragonal and cubic. The
cubic phase exhibits higher ionic conductivity compared to the tetrag-
onal phase. This variation in ionic conductivity is attributed to differ-
ences in lattice structure, which influence the mobility of lithium ions
within the material [58,65,66]. Achieving optimal ionic conductivity
involves maintaining an appropriate bulk density, as lower densities
lead to increased grain boundary resistance. Although high external
pressure can enhance LLZO bulk density, research has shown that the
relative density only reaches 73 % even when the cold-pressed pressure
is raised to 800 GPa [67,68].

According to Zhao et al. [69], tetragonal LLZO (t-LLZO) with up to 93
% density can be achieved through the auto-consolidation of molten
LioO without applying pressure during calcination at 1150 °C, and
applying external pressure during sintering is advantageous for obtain-
ing high-density cubic LLZO (c-LLZO) and minimizing Li source loss.
However, higher temperatures and pressure accelerate lithium loss
during LLZO preparation. High-density and high-purity c-LLZO bulk
materials are difficult to synthesize. In the study of the pressure behavior
of LLZO, Hirose et al. [70] observed phase transitions and the formation
of denser phases under high-pressure conditions using X-ray diffraction
and Raman spectroscopy. Monismith et al.’s [66,71] revealed that the
application of uniaxial loading results in a cubic-to-tetragonal phase
transition in the crystal structure, attributable to mechanical distortion
(Fig. 3a and b).

A field-assisted sintering approach was used by Zhang et al. [72] to
alter the surface-to-volume ratio and sintering pressure to analyze the
phase composition and microstructural changes in LLZO. Their findings
identified the optimal conditions for achieving a high-purity cubic phase
and demonstrated the influence of pressure on the phase formation
(Fig. 3c and d). In contrast to conventionally hot-pressed sintered sam-
ples, solid electrolytes (SEs) sintered using oscillating pressure sintering
exhibit increased density and a more refined grain structure, leading to
enhanced mechanical characteristics and elevated ionic conductivity.
The density of the cubic LLZO phase material approached the theoretical
value after it was sintered for 1 hour at 114 °C and 30 MPa of constant
pressure, with pressure fluctuations of +5 applied at 1 Hz.

Fig. 3 illustrates how the alternating pressure phenomenon leads to
rapid compaction and regulated grain growth, which enhances the
mechanical and electrical conductivity of the LLZO electrolyte manu-
factured using the oscillation pressure sintering (uses pressure that
varies regularly when sintering, which helps to increase the densifica-
tion of ceramic materials) [73]. The density and ionic conductivity of the
oxide solid electrolyte (SE) are influenced by preparation pressure,
which is a crucial factor in the sintering of SE pellets. Although stack
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Fig. 3. (a) A potential phase diagram illustrating the behavior of LLZO under uniaxial stress and temperature, (b) The projected room temperature c-LLZO con-
ductivity under hydrostatic (blue line) and uniaxial (green line) stresses. It was impossible to determine the conductivity under uniaxial compression for ¢-LLZO due
to its phase-change behavior (Adapted from Monismith et al.) [71] (c) shows X-ray diffraction patterns of LLZO at different sintering pressures from 0 to 20 MPa (*
denotes LayZrO,, @ denotes La;O3, and® denotes cubic LLZO). (d) Nyquist plots show frequency ranges from 10 Hz to 1 MHz for samples sintered at 1150 °C with
various pressures at 30 °C (Adapted from Zhang et al.) [78]. (e) The measured interfacial resistances (Rip) and the interface capacity values are dependent on the
external pressure. (f) Estimating the interface resistances by considering a Vickers hardness for lithium varying from 2 to 8 (Adapted from Krauskopf et al.) MPa [79].

pressure helps lower the electrolyte’s interfacial impedance, the
intrinsic brittleness of oxide SEs limits its impact on bulk resistance.
Preparation pressure plays a critical role in the sintering of oxide solid
electrolyte (SE) pellets because it affects the electrolyte’s density and
ionic conductivity [74-77].

2.3.2. Solid polymer electrolytes (SPEs)

Solid polymer electrolytes (SPEs) have garnered attention owing to
their favorable attributes. These include moderate toughness, ease of
processing, and cost-effectiveness, making them well-suited for all-solid-
state batteries (ASSBs) [80-82]. However, their mechanical and elec-
trochemical qualities are insufficient, which limits their potential. The
mechanical characteristics, such as tensile strength, modulus, elonga-
tion at fracture, fracture toughness, and elasticity, of the solid polymer
were obtained from the stress-strain curve. Furthermore, owing to the
cross-linking network formation of the polymer chain, the mechanical
stability was improved [83-86].

PEO has garnered attention due to its broad electrochemical range
and significant ion mobility, leading it to be one of the most researched
solid polymer electrolytes (SPEs) [87-89]. The polyethylene oxide
(PEO) exhibits a significant shear modulus of up to 200 MPa. However,
the presence of rigid polymer chains within PEO inhibits ion trans-
portation when complexed with lithium salts, thereby resulting in
reduced ionic conductivity. In contrast to inorganic solid electrolytes,
PEO exhibits an exceptionally lower Young’s modulus and displays
contrasting behavior under pressure [88-90].

The application of external pressure has been observed to enhance
surface contact and bulk ionic conductivity in inorganic solid electro-
lytes. However, its impact on polymer solid electrolytes appears to be
counterintuitive. Chen et al. [91] employed molecular dynamics to
explore the correlation between ionic conductivity and pressure using a
PEO/LiTFSI SPE as a model. The research offers new perspectives on

how Li+ is transported within PEO/LiTFSI SPEs. In the simulation, the
PEO/LiTFSI system was kept at a constant temperature of 393 K and was
subjected to different pressures (0 MPa, 50 MPa, 100 MPa, and 150
MPa). The results indicated a steady decrease in the radius of gyration of
the PEO polymer chain as pressure increased from 0 to 150 MPa, as
shown in Fig. 4a-c [87-89]. Microscopic analysis revealed that the
increased pressure twists and folds the PEO chains, which hinders the
mobility of Li+ ions. Additionally, to evaluate the Li+ ions in solid
PEO/LiTFSI polymer electrolytes, a total mean square displacement
measurement was conducted as part of the study (Fig. 4d). Additionally,
heightened concentrations of the lithium salt LiTFSI intensify the
adverse effects of increased pressure on Li+ transport in PEO/LiTFSI
solid polymer electrolytes (SPEs) due to the augmented binding energy
between Li+ and TFSI— ions.

Nonetheless, the established correlation between pressure, lithium
salt concentration, and ionic conductivity furnishes a theoretical foun-
dation for the practical implementation of SPEs in high-pressure set-
tings. Improving the mechanical properties and ionic conductivity of
PEO requires addressing its low Young’s modulus and increased elastic
deformation through the combination of different materials [87-89,92].
Wang et al. [93] improved the mechanical properties of PEO by adding
the solid plasticizer succinonitrile (SN) and creating blended solid
electrolytes (SEs) with PEO, PVDF, LiClO4, and SN, using a microporous
PVDF membrane as a buffer. A sample with 15 % LiClO4 and 15 % PEO
showed significantly better tensile strength, achieving a peak stress of
3.37 MPa, which is ten times higher than that of the solid polymer
electrolyte without the PVDF film.

2.3.3. Sulfide solid electrolyte (SSE)

The Young’s modulus of sulfide solid electrolytes (SSEs) is relatively
low (18-25 GPa), making them highly compressible at room tempera-
ture and desirable for their straightforward synthesis and efficient
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Fig. 4. (a) shows the correlation between the radius of gyration of PEO at 393 K and external pressure. The relation between the radial distribution of PEO polymer
chains and the ions in LiTFSI is illustrated as follows: (b) displays the Li-O radial distribution under pressure, and (c) shows the Li-F radial distribution under
pressure. The (d) illustrates the connection between the total mean square displacement of Li-ion in the system and the external pressure (Adapted from Chen et al.)
[94] and (e) presents the ASPE stress-strain curve for different concentrations of LiClO4 (Adapted from Wang et al.) [95].

lithium-ion conductivity (Fig. 5) [96-99]. SSEs like LisPSa, Li1oGeP2S12,
LisPSsCls, and Li=S-P2Ss5,Ss can be produced using a simple cold pressing
method without the need for annealing [100,101]. These sulfides are
sensitive to atmospheric air and require processing in dry environments.

The response of highly microcrystalline solid electrolyte (uC-SSE) to
preparation and stack pressure [105] exhibits significant variation, as
presented in Fig. 6. At lower stack pressures, the ionic conductivity of
pC-SSE decreases due to inadequate contact between the SSE and the
electrode. However, as the stack pressure increases and stabilizes around
50 MPa, both nanocrystal-containing glass-ceramic solid sulfide elec-
trolytes and amorphous sulfide solid electrolytes exhibit enhanced ionic
conductivity. This illustrates how the solid electrolyte preparation
pressure influences the results.

The implication is that higher preparation pressure causes the sam-
ple to become denser, which in turn decreases the number of voids in
solid electrolytes and the ion transport barriers at grain boundaries. The
correlation between ionic conductivity and pressure has a less apparent
association at very high preparation pressures (400-500 MPa), sug-
gesting a limit to bulk densification. In contrast to glass-ceramic sulfide
solid electrolytes and amorphous sulfide solid electrolytes, microcrys-
talline solid electrolytes only reach a plateau in ionic conductivity at a
high stack pressure of 250 MPa (Fig. 6a) [103,106]. This is because the
particles’ surface energy is decreased in these electrolytes due to
pressure-induced sintering. The constancy of ionic conductivity is pro-
jected to persist amidst escalating stack pressures, provided that the
stack pressure remains below the external pressure, due to the irre-
versibility of pressure-induced sintering (Fig. 6b).

Zeier et al. [104] reported that applying pressure to Li6PS5Br in-
duces significant microstructural changes, primarily the formation of
internal strain and dislocations within the material’s lattice. These dis-
locations act as additional pathways that facilitate lithium ion move-
ment, thereby enhancing ionic conductivity (Fig. 6d). The pressure

causes broadening of diffraction reflections and a decrease in coherence
length, indicating increased strain and defect density without causing
phase transitions or amorphization (Fig. 6e-f).

Importantly, even after releasing the pressure (ex-situ), the induced
strain and dislocation structures remain, leading to a sustained increase
in ionic transport properties. This is evidenced by impedance spectros-
copy, which shows higher ionic conductivity and the unchanged acti-
vation energy for Li+ hopping in strained samples. In essence, pressure
introduces microstructural defects that promote faster ion migration,
thereby improving the overall ionic transport in the electrolyte and
battery electrodes [104].

Nevertheless, achieving irreversible sintering with preparation
pressure alone for highly crystalline microcrystalline solid electrolytes
with larger particle sizes is difficult, which leads to a different response
to external pressure. Kodama et al. [108] used high-pressure X-ray
computed tomography to observe the fragmentation of solid electrolyte
particles and pressure-induced sintering at room temperature. The
increased pressure led to improved ionic conductivity and facilitated
sintering by fragmenting solid electrolyte particles and filling gaps be-
tween them (Fig. 7) [96,107]. This was validated by the experimentally
obtained impedance measurements, which closely corresponded to nu-
merical simulations based on computed tomography images.

Enhancing the density and reducing porosity of sulfide solid elec-
trolytes optimizes their ionic conductivity, thereby increasing the effi-
ciency of all-solid-state batteries (ASSBs). While a high preparation
pressure is effective in boosting SSE ionic conductivity without altering
their fundamental properties, it necessitates larger mold requirements,
leading to increased ASSB costs. Employing cost-effective methods to
manufacture SSEs and enhance their characteristics is a practical strat-
egy, exemplified by Wang et al. [109] who utilized hot pressing to create
SSE pellets. By preheating to 150 °C before pressing, degradation of
Lil10GeP2S12 (LGPS) is prevented, enhancing block density and
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Fig. 5. Provides a summary of the specific characteristics of oxide, sulfide, and nitride solid electrolytes in terms of transport properties, electrochemical charac-
teristics, mechanical stability, and processing temperature (Adapted from Kim et al.) [102].

mechanical strength, thereby further improving ionic conductivity.

Fitzhugh et al. [110] investigated how external pressure impacts
both the ionic conductivity and electrochemical stability of solid-state
electrolytes. Their study focused on the impact of mechanical con-
straints on solid-state electrolytes, which create energy barriers to pre-
vent bulk and interfacial disintegration. This research aims to enhance
the operational capacity of sulfide-based all-solid-state batteries. How-
ever, even at low stack pressures, large stresses may still form at the
interface, which may impact the electrochemical deposition of Li metal
and heighten its electro-chemo-mechanical degradation over cycling
[111]. As such, increased stack pressure does not necessarily translate
into improved battery performance.

The external pressure applied during the preparation of sulfide solid
electrolytes (SSEs) significantly influences their densification and con-
ductivity, which are critical for the electrochemical performance of all-
solid-state batteries (ASSBs) [112-114]

Fig. 7f illustrates the relationship between the conductivity of the
Li6PS5CI electrolyte and the operating stack pressure, utilizing either
titanium plungers or carbon powder as current collectors. The study
reveals that when titanium is employed, low stack pressures result in
high contact impedance and reduced ionic conductivity. Additionally,
hysteresis is observed when pressure is reduced from 70 MPa. In
contrast, using carbon powder renders ionic conductivity nearly inde-
pendent of stack pressure, facilitating more reliable measurements. The
choice of the current collector and the applied stack pressure account for
the inconsistencies observed in the reported conductivity values for the
argyrodite LPSCI electrolyte. Fig. 7g illustrates the room-temperature
cycling stability of two comparable all-solid-state batteries, featuring a
Li-In|LPSCI|LNO-coated NCA structure. The NCA cathode was coated
with LNO to prevent reactions with the electrolyte during cycling. One
battery was cycled under a consistent stack pressure of 25 MPa, while
the other underwent alternating stack pressures ranging from 5 to 125

MPa every five cycles. As expected, the variation in stack pressure had
little impact on cycling stability, which can be attributed to the flexible
nature of the electrode materials. The experiments demonstrated that a
uniform stack pressure of 25 MPa is appropriate for further investigation
into the effects of fabrication pressure.

Fig. 7h presents the correlation between the relative density and
ionic conductivity of Li6PS5Cl pellets and the fabrication pressure
applied to densify them. Increasing the fabrication pressure from 50 to
250 MPa raised the relative density from 68.3 % to 75.4 % and improved
the ionic conductivity from 0.99 mS cm-1 to 2.06 mS cm-1. Additional
pressure increases yielded diminishing returns, with a conductivity of
2.28 mS cm-1 achieved at 370 MPa. These findings confirm that the
relative density and porosity of the solid-state electrolyte significantly
impact its ionic conductivity. Nyquist diagrams (Fig. 7i) reveal that at
lower fabrication pressures, a semicircle appears at high frequencies,
indicating grain boundary impedance. This effect diminishes as fabri-
cation pressure rises and is no longer observed beyond 250 MPa. Oxide
solid-state electrolytes exhibit similar behaviour; sintering enhances
relative density, reduces grain boundary effects, and increases ionic
conductivity. Notably, sulfide electrolytes maintain high ionic conduc-
tivity even with porosity levels exceeding 30 %, with LPSCI surpassing 1
mS cm-1. In contrast, oxide electrolytes require over 90 % relative
density due to their higher grain boundary impedance, where a mere 10
% increase in porosity can significantly diminish ionic conductivity.

2.3.4. Halide-based solid electrolytes (HSEs)

External pressure plays a critical and multifaceted role in optimizing
the performance of halide-based solid-state electrolytes (HSEs) within
all-solid-state lithium metal batteries (ASSLMBs). A primary challenge
in ASSLMBs is achieving intimate *’solid-solid’’ contact between the
electrodes and the solid electrolyte, which is crucial for efficient inter-
facial charge transfer and minimizing cell resistance [115]. Unlike liquid
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Fig. 6. (a) and (b) illustrate how the architectures of microcrystalline and amorphous solid electrolytes vary under different pressure settings, and how stack pressure
influences ionic conductivity at various fabrication pressures (Adapted from Doux et al.) [38]. (c) SEM images of LigPSsCl electrolyte pellets produced at pressures of
50 MPa and 370 MPa are presented, and the respective relative densities are determined through physical examinations. The emphasis is placed on the FIB
cross-sections. The Focused Ion Beam (FIB) reconstructions of the 50 MPa pellet and 370 MPa pellet reveal porosity highlighted in blue (Adapted from Cronau et al.)
[103]. Strain as a function of structural dislocations. (d) Dislocation densities derived from Williamson-Hall analysis and effect on ionic conductivity. (e) Ex-situ
diffraction exhibits a widening of reflections with increasing pressure. (f) In-situ diffraction showed the rise in strain and the corresponding Q-shift as a function

of increasing pressure (Adapted from Zeier et al.) [104].

electrolytes, solid electrolytes often suffer from inherent rigidity, lead-
ing to undesirable pores and cracks that reduce contact area and nega-
tively impact performance [116]. Uniform external pressure directly
addresses this by deforming solid components, ensuring closer contact at
interfaces, and significantly reducing interfacial resistance and porosity,
thereby boosting ion and electron transfer efficiency [115]. Further-
more, external pressure is instrumental in suppressing lithium dendrite
growth, a major safety and longevity concern. By evenly distributing
pressure, it prevents localized stress concentration and the preferential
growth of dendrites, directly counteracting the formation of voids at the
lithium-electrolyte interface that precede dendrite formation [117]. For
instance, increasing external pressure on a sulfide electrolyte (Li6PS5Cl)
from 3 MPa to 7 MPa significantly increased the critical current density
for dendrite formation from 0.2 to 1mAcm'1, demonstrating pressure’s
ability to enhance power density [117]. More advanced mechanical
constriction techniques, applying 100-250 MPa, can induce
materials-level mechanical constriction on order on the order of GPa,
controlling localized current densities and physical growth pathways
[117].

Beyond interfacial effects, external pressure can profoundly influ-
ence the intrinsic bulk properties and phase stability of halide solid
electrolytes. The impact on ionic conductivity can be investigated

through activation volumes, which reflect atomic volume changes dur-
ing ion jumps and are derived from pressure-dependent conductivity
measurements [118,119]. For example, in lithium argyrodite such as
LigPSsBr, activation volumes for Li+ migration were observed to in-
crease with greater Br/S% site disorder and more diffuse Li-ion distri-
butions under pressure, indicating a direct influence on Li-ion diffusion
pathway [118]. Moreover, high external pressure can induce structural
phase transitions in halide materials, leading to new polymorphs with
altered properties. A notable instance is the high-pressure synthesis of
y — LigScClg from its ambient pressure @ — phase at ~3.7 GPa [120]. This
transition involves a conversion from cubic close-packing (CCP) to
hexagonal close-packing (HCP) of anion, influenced by the cation/anion
radius ratio and differential compressibility [120]. Crucially, electro-
chemical tests of this high-pressure y — Li3ScCl6 polymorph demon-
strated improved electrochemical reduction stability, highlighting
pressure as a powerful tool for materials synthesis and property tuning
beyond compositional engineering [120].

Despite these benefits, the chemical stability of halide solid elec-
trolytes, particularly with the Li metal anode, remains a distinct chal-
lenge that external pressure does not directly resolve. Many halide solid
electrolytes, such as Li3ClBr, are susceptible to spontaneous decompo-
sition reactions at low operation potentials, forming resistive
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Fig. 7. Illustrates the variation in ionic conductivity with applied pressure: (a) initially, it increases from 0 MPa, and (b) subsequently decreases from 103.0 MPa. The
ionic conductivity of different solid electrolytes under applied pressure increased from 0 MPa. (c) LigPSsCl, (d) LPS glass ceramic, (e) LPS glass (Adapted from
Kodama et al.) [107]. (f) Shows the conductivity of LisPSsCl as it varies with the stack pressure when using titanium plungers or compressed carbon powder as
electrodes. The stack pressure was raised to 70 MPa and then lowered to 5 MPa (as indicated by the arrows). The error bars illustrate the standard deviation
calculated from 4 samples. (g) shows the impact of stack pressure on the cycling stability (at room temperature) of Liln|LPSCI|NCA solid-state batteries. Every
electrolyte and battery was fabricated under a fabrication pressure of 370 MPa. (h) displays the conductivity and relative density of the LigPSsCl electrolyte against
fabrication pressure, and (i) shows the Nyquist plots of the electrochemical impedance spectra at those pressures. All measurements were taken at a stack pressure of
25 MPa, with error bars representing the standard deviation of 4 samples (Adapted from Doux et al.) [38].

interphases such as LiCl, LiBr, and metallic Y, which increase cell
resistance and lead to premature failure [121]. Ab initio molecular dy-
namics simulations confirm significant instability at the Li/Li3YCI5Br
interface, with chemical reactions propagating into the bulk electrolyte
[121]. While external pressure is vital for improving physical contact
and mechanical stability, research does not explicitly detail its direct
influence on these chemical degradation reactions [6]. Therefore,
complementary strategies such as fluorine substitution (e.g., in
LisZrCle.xFy) or protective coatings (e.g., LisN, LiCl, LisP, or self-limiting
layers of InFg/LizZrClg) are often employed to suppress these chemical
side reactions and mitigate dendrite growth [26,121,122]. This high-
lights the need for an optimal pressure range, as both insufficient and
excessive pressures are detrimental. While inadequate pressure leads to
poor contact, excessive pressure can damage electrode porous struc-
tures, hinder lithium-ion transport, and potentially cause short circuits
or plastic deformation and creep in lithium metal anodes [27,28]. The
industry consensus targets operational pressures below 10 MPa, ideally
below 1 MPa, a significant gap from the >50 MPa often used in labo-
ratory testing [25]. However, advancements are being made with
halide-based LigYBr,Cl, demonstrating successful operation at pressures

as low as 0.1 MPa against a Li-In anode with minimal capacity loss,
underscoring the importance of mechanical properties such as hardness
over just ionic conductivity for low-pressure performance.

Recent studies indicate that halide-based solid electrolytes exhibit
significantly higher fracture toughness and ductility compared to
traditional oxide and sulfide electrolytes [123,124]. This improved
mechanical performance allows these electrolytes to withstand the
mechanical stresses encountered during battery assembly and operation,
thereby reducing the risk of failure. The enhanced ductility of
halide-based solid electrolytes can be attributed to their unique crystal
structures and bonding characteristics [34,123-126]. Additionally,
certain processes involving mobile ions facilitate plastic deformation,
while the halide lattice demonstrates a remarkable ability to accom-
modate strain without fracturing. Consequently, the ductile nature of
these electrolytes fosters better interfacial contact with electrode ma-
terials, which in turn minimizes interfacial resistance and promotes
more efficient ion transport.
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2.3.5. Ductile and viscoelastic Ga- and Al-based mixed-halide solid
electrolytes in external pressure reduction

Gallium (Ga) and aluminum (Al)-based solid electrolytes exhibit
intrinsic ductile and viscoelastic mechanical properties, offering a sig-
nificant advancement in reducing the fabrication and operational pres-
sures associated with all-solid-state batteries (ASSBs). Traditional rigid
ceramic oxide electrolytes required high-temperature sintering, typi-
cally ranging from 800 °C to 1200 °C, to achieve requisite densification
and particle interaction [127,128]. This energy-intensive process often
proves incompatible with thermally sensitive electrode materials, thus
constituting a substantial manufacturing bottleneck. In contrast, ductile
inorganic solid electrolytes exhibit superior ion transport capabilities
post-cold pressing, marking a pivotal transition from thermally driven
densification to mechanically driven processing or low-temperature
phase transitions, which are fundamentally more energy-efficient and
scalable for large-scale production [129].

For instance, aluminum-based viscoelastic inorganic glasses (VIG-
LAS), such as LiAlCl4_ox0x (LACO) and NaAlCls 24Oy (NACO) mixed
halides, demonstrate their ability to enable pressure-less solid-state
batteries (< 0.1 MPa) [129]. This is due to their polymer-like visco-
elasticity, which allows for deformation without cracking. This "clay--
like" physical property allows for excellent interfacial contact even
under low-pressure or pressure-less conditions, mimicking the infiltra-
tion capabilities of liquid electrolytes. This process ensures complete
ionic contact without requiring high external pressures during the as-
sembly process. This capability, which mimics liquid infiltration, rep-
resents a crucial innovation that enhances the interfacial area for ion
transport while maintaining the inherent safety and stability of solid
electrolytes. Furthermore, Ga-based mixed-halide solid electrolytes have
demonstrated high ionic conductivity and physical flexibility, allowing
ASSBs to function without significant stack pressure to maintain
conformal cathode-electrolyte interfaces over extended cycling periods
[130-132].

During fabrication, the deformability of these ductile electrolytes
significantly simplifies the manufacturing process. Traditional brittle
solid electrolytes often require high-pressure pressing or hot-pressing
techniques to achieve good interfacial contact and minimize voids,
which can be energy-intensive and limit scalability. In contrast, the
pliable nature of Ga- and Al-based viscoelastic electrolytes allows for
easier processing, such as rolling to produce thin films, similar to
polymer electrolytes. This inherent flexibility reduces the need for
extreme pressures during cell assembly, thereby lowering
manufacturing costs and complexity. The ability of these materials to fill
porous regions of electrodes, as observed with Ga and Cl signals in
energy-dispersive spectroscopy (EDS) mapping, further confirms their
capacity to achieve intimate contact without high external forces [130,
131].

In terms of operation, the ductile nature of these electrolytes is
crucial for maintaining mechanical stability and long-term performance.
All-solid-state batteries experience significant volume changes in their
electrodes during charge and discharge cycles. Brittle solid electrolytes
are prone to fracturing and delamination under these stresses, leading to
loss of contact, increased interfacial resistance, and ultimately, battery
failure [129,133]. However, ductile viscoelastic electrolytes can
accommodate these dimensional changes by deforming rather than
cracking. This intrinsic stress-relief mechanism prevents the formation
of voids and maintains a stable interface, thereby reducing the need for
high applied stack pressure during battery operation. This ability to
withstand mechanical deformation ensures consistent ionic transport
and prolonged cycle life, making Ga- and Al-based viscoelastic solid
electrolytes highly promising for the development of robust and
high-performing ASSBs [129,133].

Moreover, the viscoelastic properties of Ga- and Al-based electrolytes
are particularly relevant for high-capacity electrode materials, such as
silicon anodes, which are subject to substantial volumetric changes (up
to 400 %). Rigid inorganic electrolytes frequently fail to accommodate
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these volumetric fluctuations, resulting in contact loss, void formation,
impeded lithium-ion transport, and potential electrode disintegration
[129]. In contrast, Al-based VIGLAS electrolytes, characterized by their
polymer-like viscoelasticity, low elastic moduli (e.g., LACO: 1.5 GPa,
NACO: 3.2 GPa at 30 °C), and glass transition temperatures below room
temperature, exhibit the capacity for deformation and superplasticity,
enabling viscous flow under stress (Table 2). This inherent deformability
ensures sustained interfacial contact under low-pressure operating
conditions, typically below 0.1 MPa, effectively buffering stresses
associated with electrode expansion and contraction [129,132-134].
Furthermore, the integration of elastic solid electrolytes engineered
with soft-rigid dual monomer copolymers exemplifies these advantages,
demonstrating exceptional stretchability (1160 % break elongation),
high fracture strength (1.7 MPa), and notable shape memory charac-
teristics [135]. These materials can encapsulate active material particles
and facilitate rapid ion transport while dissipating considerable me-
chanical energy through reversible fracture and restoration of non-
covalent bonds during cycling. Consequently, this mechanism helps
prevent electrode disintegration and enables stable operation under
minimal built-in cell pressure (e.g., 52 kPa for pouch cells) [129,131,
133]. Finite element simulations further corroborate that such elastic
electrolytes yield lower and more uniformly distributed stress within

Table 2

Summarizes the critical mechanical properties of viscoelastic solid electrolytes
and their impact on the fabrication and operational pressures of all-solid-state
batteries [129,131-135].

Property Metric/Value Impact on Impact on
Fabrication Operation Pressure
Pressure
Ductility/ Polymer-like Enables cold Accommodates
Viscoelasticity behavior, pressing, melt electrode volume
Superplasticity, infiltration, and  changes, maintains

Viscous flow co-rolling,
replacing high-

temp sintering

intimate contact,
buffers stress,
enables pressure-
less operation
(<0.1 MPa)

Low Elastic/Shear LACO: 1.5 GPa, Facilitates Reduces stress
Modulus NACO: 3.2 GPa (at  contact with concentration at
30 °C); Clay-like: porous interfaces, prevents
<1 MPa electrodes crack propagation,
without high enables stable
external force cycling under low
during or built-in pressure
assembly
Low Melting/ VIGLAS: <160 °C; Allows efficient Enables
Glass Transition = Ga-based: < —50 melt infiltration ~ "superplasticity" at
Temperature °C into electrode operating
structures, akin ~ temperatures,
to liquid allowing the
electrolytes, electrolyte to
ensuring deform and self-
complete ionic heal, maintaining
contact contact during
volume changes
High Elastic electrolyte: Facilitates Buffers large
Stretchability 1160 % break flexible volumetric changes
/Deformability elongation, >77.8 processing of electrodes (e.g.,
% strain methods like Si anodes),
rolling for thin preventing contact
film production  loss and electrode
disintegration
Energy Elastic electrolyte: N/A Actively absorbs
Dissipation 1.4 MJ m~® with 82 and neutralizes
Capability % loss coefficient mechanical energy
(at 400 % tensile from electrode
strain) expansion/
contraction,
preventing
destructive stress
accumulation
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anodes compared to rigid solid-state electrolytes, underscoring their MPa at room temperature and 35 MPa at 90 °C, while sub-micrometer
superior stress management capabilities and enhancing the overall lithium dendrites can achieve compression yield strengths of up to
performance and reliability of ASSBs [129,133]. 250 MPa, greatly exceeding the strength of bulk lithium [139].
In line with the trend of increasing strength in smaller entities, these
2.4. Influence of external pressure on electrode properties groundbreaking discoveries underscore the significant influence of size
on the mechanical properties of lithium. When stack pressure is applied
2.4.1. Lithium metal anode during cell operation, the contact resistance between the lithium anode
Utilizing lithium (Li) metal in Li metal batteries is driven by its low and the electrolyte is decreased. Conversely, if an excessive amount of
reduction potential (—3.04 V vs. standard hydrogen electrode) and the pressure is applied, short circuits may form either right away or soon
substantial theoretical capacity of lithium, crucial for high-energy- after deposition. This issue is linked to the fact that lithium metal can
density storage systems [136]. Lithium metal exhibits notable leak through the cracks in the electrolyte due to its inherent ductility, or
ductility, allowing it to experience deformation through elastic, plastic, poor yield strength [72,140]. Although the metal is subjected to forces
and creep mechanisms [137]. Irreversible plastic deformation, resulting lower than its yield strength, external pressure affects the creep behavior
from dislocation slip exceeding the critical stress (yield strength), leads of lithium metal more than internal stress. Grain boundaries, voids, and
to strain hardening. Masias et al. [138] investigated the elastic proper- fractures are considered defects in solid electrolytes.
ties of Li through acoustic methods, specifically pulse-echo techniques In the study, stack pressures of 5, 25, and 75 MPa were applied to the
(Fig. 8a-c). The materials’ respective Young’s modulus, shear modulus, solid sulfide electrolyte in three lithium batteries (Fig. 8d). At 5 MPa,
and Poisson’s ratios were found to be 7.82 GPa, 2.83 GPa, and 0.381. where the pressure is insufficient for lithium penetration into the pores,
The stress-strain response of lithium metal under tension and electroplating occurs solely on the particle surfaces, making it the ideal
compression was studied in an inert atmosphere, with yield strengths pressure for the prolonged cycling of lithium batteries (Fig. 8d(iv))
ranging from 0.73 to 0.81 MPa (Fig. 8a-c). During tension and [105]. At 25 MPa (Fig. 8d(v)), lithium successfully penetrated the pores
compression, there were apparent variations in the deformation prop- without triggering a short circuit, and at 75 MPa (Fig. 8d(vi)), lithium
erties. Dislocation increasing proved to be the dominant ingredient in infiltrated through the interconnected pores, creating electron path-
power-law creep in tension, as indicated by the stress exponent of 6.56 ways. Throughout the charge and discharge cycles, the additional

[78]. In situ SEM revealed that nanoscale lithium has strengths of 105 pressure from the plated lithium expanded the dendrites within the

—— i — e —— — — — — — — — — — — — — — — — — — —

(@) Tension creep  (b)Compression deformation(c):s

domn roed mroe)
ll“’
= 25
= - %
9 o £
Q
o i z % B g 20
g . ¢ 3
E - StrainRatd-4-| & ¢ -- Strain Rate e 1.5
Jd — Force ! £ — Force
& ',' &
1.0
]
'II \,\~\~~
B 0.5 = = Compression (True)
——Compression (Engineering)
. 0.0
(d )(l) Cell ?Er_ltiillon - Plating start Plating end 0.00 0.10 0.20 0.30 0.40 0.50
\"’ N (IV) Strain (&)

25 MPa
Contact increase

Before pressing

(iii),.

H

Release back to 5 MPa

g

Cel Impedance (@)
H

10 15 20 25 o8

0h: Mechanically induced
short-circuit

Pressure (MPa)

I Time (sec) Time (sec) I

Fig. 8. (a, b) shows the response of lithium (12.3 mm height, 12.7 mm diameter) to compressive pressure and deformation at ambient temperature. (c) illustrates the
compressive stress-strain characteristics of lithium at room temperature, with a sample size of 12.3 mm in height and 12.7 mm in diameter (Adapted from Masias
et al.) [142]. (d) A schematic illustrating how the short-circuit behavior of lithium metal solid-state batteries is influenced by stack pressure. (i) Insufficient contact
was made between the electrolyte and lithium metal during cell assembly, which occurred before the lithium was pressed onto the electrolyte pellet. (ii) Although the
pressure was lowered to 5 MPa, the application of 25 MPa pressure improved the electrolyte’s wetting, which resulted in (iii) a significant reduction in the cell
impedance. (iv) Electroplating and removal occurred at a stack pressure of 5 MPa, preventing lithium from penetrating the solid-state electrolyte (SSE) pellet and
allowing the cell to function for over 1000 h. (v) After 48 h, dendrites formed, and the cell short-circuited due to lithium’s slow migration between the SSE grains
below 25 MPa. (vi) A mechanical short circuit was produced by dendrites that were created by lithium seeping into the electrolyte because of excessive stack
pressure. (e) presents the configuration for X-ray tomography and X-ray diffraction of a Li | LigPSsCl | Li symmetric cell cycled at a stack pressure of 25 MPa. (i) Only
LigPSsCl is observed in the electrolyte before plating and stripping, with lithium metal on both sides and no lithium detected in the electrolyte. (ii) shows the state
after shorting, where new phases such as Li»S, LiCl, P4, and Li3P; are identified in the electrolyte, indicating the formation of a solid electrolyte interphase (SEI) from
lithium’s interaction with LisPSsCl. Additionally, the tomography images indicate a considerable presence of low-density dendrites in the electrolyte (Adapted from
Doux et al.) [52].
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particles, eventually leading to a short circuit. However, cold pressing
the sulfide solid electrolyte block at 370 MPa is not expected to affect the
short-circuit mechanism. Although creep may be more prevalent, the
formation of a dense interfacial layer prevents short circuits in sodium
metal electrodes, setting them apart from lithium metal electrodes
[141].

2.4.2. Alloy and nonlithium metal anodes

The reversibility of lithium’s interactions with different metals such
as Mg, Al, Si, and Sn has attracted much interest for their potential
application in lithium batteries [63,64,143-147]. This is because
lithium can form intermetallic compounds with these metals. Never-
theless, the substantial volume change inherent in the alloying process
between lithium and metals significantly impacts the stability of mate-
rial cycling, often causing cracking, detachment of the active material,
and rapid deterioration in battery capacity [148]. Recent research has
emphasized the importance of pressure as a critical factor in the per-
formance of alloy anode materials. Silicon, a promising material for
future lithium-ion batteries, offers advantages such as abundance and
high specific capacity [148,149]. Silicon can expand by about 300 %,
allowing it to accommodate 3.75 mol of lithium per mole and form
Li;5Si4 at room temperature. However, this expansion-contraction cycle
makes silicon particles susceptible to cracking and fragmentation,
leading to reduced efficiency [150].

Han et al. [151] studied stress dynamics in all-solid-state batteries
with composite anodes and found that reducing particle size alleviates
stress during charge and discharge cycles. Piper et al. [152] also showed
that higher external pressures (3, 150, 230 MPa) on silicon anodes
reduce discharge capacity due to restricted volume expansion. However,
they also decrease particle cracking, thereby improving cycle life. Cui
et al. [153] determined that maintaining a pressure of around 0.6 MPa
lowers interfacial resistance and enhances performance, but pressures
above 1.0 MPa can lead to overcharging and short circuits. An optimal
pressure of 0.6 MPa prevents electrode cracking and promotes lithium
deposition, though excessive pressure can cause uneven deposition and
fractures in alloy-negative electrodes due to their fragility (Fig. 9).

Prior research has explored various approaches, including size
reduction and structural design, to counteract the negative impacts of
undesired volume expansion. Wang et al. [154] introduced a Si structure
resistant to pressure by encapsulating secondary microparticles with a
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dense Si shell, each comprising multiple Si nanoparticles. To maintain
structural integrity after calendaring, the design incorporated a silicon
skin layer for increased mechanical stability and a porous interior
structure for volume expansion. This allows for increased capacity and
initial Coulombic performance under pressures above 100 MPa. How-
ever, challenges with mechanical stability and volumetric energy den-
sity persist during electrode calendaring. In traditional liquid electrolyte
lithium-ion batteries (LIBs), silicon anodes experience significant vol-
ume expansion (300 %) during lithiation, but a critical particle size of
about 150 nm helps prevent breakage or pulverization. Nevertheless,
during lithiation, silicon particles bigger than 150 nm tend to fracture
and break, a characteristic that has been verified in real-world battery
applications [155,156].

All-solid-state batteries (ASSBs) have shown effective performance
with micron-sized silicon anodes. A study by Tan et al. [157] demon-
strated that silicon anodes sized 2 to 5 pm could successfully cycle for
500 cycles, achieving an area capacity exceeding 5 mAhem™2 in a
Si/LSPSCl/NMC ASSB. This raises the question of whether the size effect
seen in liquid electrolyte lithium-ion batteries (LIBs) is less significant in
ASSBs. Tan et al. discovered that micro-sized silicon is effective in
ASSBs, but additional research on anode type, structure, and doping is
necessary. If confirmed, this could allow for using high-energy density
alloy anodes such as aluminum and tin in ASSBs [112].

Alloy anodes that form lithium-based compounds tend to undergo
significant volume changes, which can weaken their structure and cause
damage over time [158]. Higher pressure is usually required to maintain
a good connection between the anode and solid electrolytes (SSEs). For
example, silicon anodes have a very high capacity of 3579 mAh/g and
can accommodate 3.75 mol of lithium per mole of silicon. However, they
expand by about 300 % during charging, leading to cracking and
breakdown of the material [159-164].

Studies using tiny lithium-silicon (p-LixSi) electrodes have shown
that during cycling, the internal pressure fluctuates. For instance, a
battery with a p-LixSi anode and a stable electrode (LisTisO12) experi-
enced approximately 0.7 MPa pressure changes during cycling, with
pressure decreasing during discharging and increasing when charging.
These variations depend on the lithium content in the material, but other
factors such as gaps between electrodes and elastic deformation can also
influence the stress. Thicker electrolytes help reduce strain, and initial
stress hysteresis (lag) may occur but generally stabilizes over time !
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Fig. 9. Illustration of Si anodes at three different pressure conditions: (a) insufficient, (b) suitable, and (c) excessive (Adapted from Cu et al.) [171].
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[160,165-169].

Likewise, the indium (In) anode also expands when forming lithium
alloys, causing stress and deformation. Imaging techniques revealed that
the battery bent considerably during charging at the interface between
the electrode and electrolyte. Increasing pressure during charging den-
sifies the electrolyte but also causes cracks at the edges, which could
lead to failure if external pressure isn’t maintained. During cycling, in-
ternal pressure fluctuated, reaching around 2.25 MPa after several cy-
cles [38,52].

Conversely, metals forming solid solutions with lithium, such as Li-
Mg and Li-Ag alloys, are more stable and better suited for low-
pressure batteries. For example, using Li-Mg alloys allowed batteries
to operate at higher speeds with less pressure. A porous structure formed
after lithium stripping, helping to sustain good contact and prevent
voids [170]. Li-Ag alloys also demonstrate stability over many cycles.
The addition of reduced graphene oxide (rGO) to produce rGO/Li-Ag
composites helps maintain a consistent connection between the elec-
trolyte and anode, even under very low pressures of about 4.9 MPa
[163], enhancing the durability and reliability of these batteries during
operation.

2.4.3. Transition metal oxide layered cathode

LiNixMnyCol-x-yOy (NMC) is one of the most widely used and
highly promising cathode materials for electric vehicles because of its
high specific capacity and operational voltage. However, NMC has a
Young’s modulus of approximately 200 GPa, which makes it resistant to
deformation but susceptible to fracture under certain pressures
(Fig. 10a) [172-174]. There are two crystalline forms of NMC: poly-
crystalline (PC-NMC) and single crystal (SC-NMC). Whereas
single-crystal NMC is made up of homogeneous primary particles that
are a few microns in size, polycrystalline NMC is created by several
particle aggregations, each of which is about 100 nm in size. NMC and
sulfide solid electrolytes (SE) are frequently used to generate composite
electrodes used in the fabrication of solid-state batteries. Li* transport
mainly occurs within these electrodes through the "solid-solid" contact.
Initially, the particles remain disconnected, resulting in inadequate

Pressure (MPa)

| I
| I
| |
: (a) 250 — . . . . (b) Pressure . :
Pl 5 H |
| > |
| G 200} 4 After o I
: P W Pressed ~~«cyc||ng = S
32 - Pressure
| § 150 F N o IV 4 |
| S lntoa e G |
| K 8= VASP (supercel) ' pellet ;' ' t |
' S 100 Thnren S — !
: >C:3 ¥ Experiment ":::" e — :
I I
I 50 R |
! c V\‘,‘oﬁ “‘p“ o‘> RC N !
. (c) |
| -5 1.0 (d)A |
| ‘e [[OLpscis T jo-a] T POWSLPSC . |
I 5 4}|owscrte 92> § + polylB LPSC . |
B N e T A 6 B .
Es o Y088 >

2z ° i <
| 22 o 07 2 g 3t |
| E o o © > 2105 s |
: §1 8 o [ 06 v S 2 - e :
' o 05 g * I
: 0 100 200 300 400 500 2 @ :
| 0 1 2 3 4 5 |

|

Energy Storage Materials 81 (2025) 104461

pathways for lithium ion and electron transport. The introduction of
sulfide composite cathodes can enhance battery performance by mini-
mizing the interfacial resistance between particles through the appli-
cation of significant external pressure. Single-crystal NMC demonstrated
superior structural integrity compared to polycrystalline NMC before
and after cycling.

Liu et al. [175] found that compressing cathode powders into pellets
at pressures of 510 and 1020 MPa indicated that the single-crystal type
of NMC is ideal for use in all-solid-state batteries (ASSBs). While
SP-NMC811 maintained its structure at 1020 MPa, both LP-NMC811 and
SP-NMC811, which are polycrystalline types, experienced significant
deformation and cracking at 510 MPa (Fig. 10b). Doerrer et al. [176]
found that smaller LPSCI particles exhibited lower ionic conductivity
compared to larger ones, emphasizing the importance of the size ratio
between solid and active electrolyte powders for effective consolidation
and mixing (Fig. 10c, d). Structurally sound composite cathodes were
obtained by pressing particles at 500 MPa; however, PC-NMC broke at
grain boundaries and only recovered at 50 MPa of pressure. The research
discovered that SC-NMC/LPSCl cathodes that were cold-pressed
exhibited a discharge capacity of 205 mAh-g~* and a Coulombic effi-
ciency of over 85 %. However, because of lithium metal creep, higher
stack pressures led to battery short circuits. Although pulverization of
NMC, problems with solid-state electrolytes, and electrode cracking can
result from pre-compressing positive electrode pellets, they can also
improve performance and densification [172,177].

Bruce et al. [178] introduced an approach to maintain high capacity
under low external pressure and high rates. These findings highlight the
close relationship between cathode capacity and ion transport through
the solid electrolyte within the composite. Achieving highly conductive
solid electrolytes (SEs) is essential for realizing maximum capacity
under realistic current densities and lower stack pressures, such as below
2 MPa for specific applications. The use of LigInClg as a solid electrolyte
with high ionic conductivity is recommended. Capacity fading is the
result of cathode material volumetric changes induced by electro-
chemical cycling. To improve binding within the active composite ma-
terial and minimize these volumetric changes, a novel approach

Fig. 10. (a) For five NMC compositions, a comparison of Young’s modulus values obtained from the virtual crystal simulation model (CASTEP and ABINIT) and the
supercell model (VASP) is shown together with experimental data (Adapted from Sun et al.) [172] (b) During the electrode pressing procedure and electrochemical
cycling, the single-crystal and polycrystalline NCM811 composite cathode’s cross-section showed morphological alterations (Adapted from Liu et al.) [155] (c) For
two distinct solid electrolyte composites, the relationship between ionic conductivity and applied stack pressure is displayed (Adapted from Martin et al.) [92] (d) A
diagram showing how LPSCI’s ionic conductivity changes in response to various pressure settings (Adapted from Doerrer et al.) [176].
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incorporating a buffer layer can be adopted [17,179].

2.4.4. Interfacial delamination in cathode composites

The interfacial contact between the cathode active material and solid
electrolyte is a critical bottleneck in all-solid-state batteries (ASSBs),
distinguishing them from liquid-electrolyte batteries. The performance
limitations of ASSBs are increasingly attributed to interfacial issues,
particularly interfacial delamination, which reduces cycle life and bat-
tery efficiency by decreasing the active interface area and increasing
internal resistance [180]. To enhance the durability and performance of
ASSBs, it is essential to understand the mechanisms driving delamina-
tion, especially the electrochemical reactions and
electrochemo-mechanical interactions involved. Electrochemical re-
actions at the interface between cathode active materials and solid
electrolytes can lead to the formation of resistive layers, such as the
cathode electrolyte interphase (CEI), which compromises the integrity
of the interface. This effect is particularly pronounced with high-voltage
cathodes, such as LiNiggCog 15Alp.05s02 (NCA), in contact with sulfide
solid electrolytes, like LigPSsCl (LPSCl). As LPSCl may decompose,
hindering ion transport and promoting mechanical failure in the battery
[129,133].

The formation of these highly resistive interphases significantly in-
creases the interfacial resistance, impeding both Li-ion diffusion and
charge transfer kinetics at the interface. This increase in resistance
translates directly into increased cell polarization, reduced initial
discharge capacity, and poor capacity retention over cycling [181]. For
instance, solid-state batteries utilizing uncoated NCA with LPSCl
demonstrated a substantial increase in interfacial resistance after
cycling, reaching approximately 4813 Q after 100 cycles, in stark
contrast to 267 Q for cells with coated NCA. This resistive layer directly
correlated with significantly lower discharge capacity and retention
[182-184]. Beyond electronic and ionic impedance, the formation of
these interphases contributes to the physical separation of components
due to accompanying morphological changes. Initially, compact cathode
particles can fracture and disperse into the solid electrolyte matrix,
leading to significant contact loss and a reduction in accessible capacity.

Solid electrolytes, while generally more stable than their liquid
counterparts, can still exhibit electrochemical instability, particularly at
high cathode operating voltages. For example, the garnet-type
LiyLagZry012 (LLZO), a promising SSE, is susceptible to oxidation at
high voltages (e.g., 4.3 V vs Li/Li+). This inherent instability can lead to
the decomposition of the solid electrolyte itself and the formation of
undesirable secondary phases [185].

Research on NMC622|LLZO interfaces that have been annealed at
high temperatures (for instance, 700 °C) has uncovered the creation of
resistive decomposition byproducts, including Li;COs, LagZr,07, and La
(Ni, Co)Os. Performing electrochemical cycling at higher temperatures
(like 80 °C) can also lead to the reduction of cathode materials, such as
Ni in NMC622, resulting in the emergence of reduced phases (Ni2*,
Co%"). The presence of these decomposition byproducts and reduced
phases collectively raises interfacial resistance and polarization, causing
a noticeable reduction in battery capacity. It is important to note that
electrochemical degradation at the interface, such as the reduction of Ni
in NMC622, was not detected during cycling at room temperature,
indicating that these reactions can be kinetically restrained by operating
at lower temperatures or by using a lower charge voltage limit
[182-184].

The heterogeneity introduced by the formation of resistive in-
terphases and morphological changes, such as particle fracturing, can
lead to a non-uniform current distribution across the interface, creating
localized "current hotspots". These hotspots, when combined with ki-
netic limitations inherent in the cathode active material, can induce
local overcharging [186]. This localized overcharging, in turn, generates
high-stress states within the particles, ultimately contributing to their
fracturing and further void formation. This fracturing directly contrib-
utes to delamination by weakening the physical integrity of the cathode
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composite [182]. This sequence illustrates a critical feedback loop,
where electrochemical non-uniformity initiates mechanical damage,
which then further impairs electrochemical performance, creating a
self-accelerating degradation cycle (Table 3).

2.4.4.1. Effects of volume changes of cathode active materials. During
charge (delithiation) and discharge (lithiation) cycles, cathode active
materials (CAMs) undergo significant volumetric changes due to lithium
ion insertion and extraction, which is inherent to their structure. For
instance, graphite anodes experience about 10 % volume change, while
silicon anodes can expand up to 400 %. Even small changes, around 7.5
%, can cause delamination [182]. Nickel-rich LiNixMnyCozO, (NMC)
cathodes also exhibit considerable volume fluctuations related to
lithium content, creating internal stresses. In the absence of a liquid
electrolyte, these volume changes result in strong mechanical in-
teractions that can impact interfacial integrity due to spatial variations
in lithium-ion concentration during cycling.

Volumetric changes in cathode active materials (CAMs) during
lithiation and delithiation cause tensile and compressive stresses within
the composite cathode and at the CAM/solid-state electrolyte interface.
Delithiation leads to shrinkage, creating tensile stresses, while lithiation
causes expansion and compressive stresses. Under tensile stress, adhe-
sion loss between components can occur, impairing electronic and ionic
conduction pathways and reducing battery performance. Stress con-
centrations can trigger cracks within CAM particles or along interfaces,
leading to delamination [182,187,189,191]. This is particularly con-
cerning in high-voltage cathodes like nickel manganese cobalt (NMC),
where anisotropic changes in the lattice parameter can create significant
stresses among grains, potentially disrupting lithium-ion transfer path-
ways and isolating sections of the cathode (Table 4).

Traditional inorganic solid electrolytes such as garnets and oxides
tend to be rigid and brittle, restricting their capacity to manage volume
changes in electrode materials during cycling. This often causes stress
buildup, cracks, and weak interfacial contact. The key challenge lies in
balancing mechanical strength with the ability to adapt to dynamic
volumetric shifts. A promising approach is to develop compliant,
ductile, or viscoelastic solid electrolytes that can more effectively
accommodate these fluctuations.

e Viscoelastic Inorganic Glasses (VIGLAS), such as LiAlCl4 2,04
(LACO) and NaAlCly 2,05 (NACO), exhibit polymer-like viscoelas-
ticity and superplasticity. These materials are characterized by glass
transition temperatures (Tg) that fall below room temperature. This
distinctive property enables them to deform under stress without
fracturing, effectively accommodating changes in electrode volume.

Table 3
Electrochemical degradation mechanisms and resulting interfacial products at
cathode/sse interface [181,187-190].

Degradation Cathode/SSE Resulting Performance/
Mechanism Interfacial Delamination Effect
Products
Spontaneous NCA / LigPSsCl Highly resistive Increased
Chemical interphases, interfacial
Reaction fractured NCA resistance, physical
particles, needle- separation, reduced
like LPSCl capacity, poor
retention
Electrochemical NMC622 / LioCO3, LayZr,07, Increased
Oxidation/ LLZO (at high La(Ni,Co)Os3, interfacial
Reduction voltage/temp) reduced Ni/Co resistance, higher
phases polarization,

Non-uniform
Current
Distribution

General (due to
interphases/
morphology)

Current hotspots,
local overcharging,
high-stress states

capacity decrease
Particle fracturing,
void formation,
reduced accessible
capacity, promotes
delamination




J. Adjah et al.

Table 4
Overview of common cathode active materials and associated volume changes/
stress implications [128,181,182,192-197].

Cathode Active

Volumetric Change Interfacial Stress and

Material during (De)lithiation Delamination
LiNixMnyCozO Significant, varies with Generates high internal stresses
(NMC) Li content; anisotropic (up to 6 GPa between

LiCoO, (LCO)

LiFePO4 (LFP)

Silicon (Si)

Electrode Particles

lattice changes crystallites), intergranular cracks,
and delamination at the CAM/
SSE interface

Volume changes contribute to
stress and delamination at the
CAM/SSE interface

Volume changes contribute to
stress and delamination

Induces extremely high
mechanical stresses, necessitating
high stack pressures (50-150
MPa) or elastic electrolytes to
maintain contact and prevent
disintegration/delamination
Even relatively small changes can
trigger delamination if not
accommodated by compliant
electrolytes

Moderate to significant

Moderate

Up to 400 % expansion

~7.5 % volume change
can induce delamination

For example, LACO75 displays remarkable deformability, demon-
strating over 77.8 % strain under quasi-static loading, along with a
measurable viscoelastic creep rate [129,132].

Elastic Electrolytes: Novel elastic solid electrolytes, typically created
from soft-rigid dual monomer copolymers such as dimethyl acryl-
amide (DMAM) and acrylamide (AM), display remarkable mechan-
ical properties. These include exceptional stretchability, with a break
elongation of 1160 %, a high fracture strength of 1.7 MPa, and the
ability for shape memory. Importantly, these materials feature
outstanding energy dissipation capabilities through the reversible
breakage of noncovalent bonds. This mechanism enables the elec-
trolyte to accommodate significant volume changes, effectively
preventing electrode disintegration and preserving mechanical
integrity [198].

Pliable Ga-based Electrolytes: Certain inorganic pliable solid elec-
trolytes, potentially incorporating gallium, fluorine, and other hal-
ogens (such as xLiCl-GaFs composites), demonstrate clay-like
mechanical properties, characterized by storage and loss moduli
below 1 MPa and glass transition temperatures beneath —50 °C.
These distinctive mechanical attributes allow them to effectively
infiltrate high-loading cathodes similarly to a liquid, ensuring com-
plete ionic conduction pathways and the maintenance of these
pathways even during cell operation [199].

Table 5
Overview of the mechanical characteristics of different solid electrolyte categories and their connection to delamination [181-183].
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Compliant electrolytes, typically characterized by an elastic modulus

(E) of <25 GPa, have demonstrated the ability to accommodate up to 25
% changes in particle volume while significantly delaying the onset of
delamination [197]. These materials can effectively encase active ma-
terial particles, even in the presence of internal cracking, thus preserving
efficient lithium-ion transport pathways. This inherent mechanical
resilience reduces or even eliminates the necessity for high external
stack pressures, allowing for stable and safe operation under only
built-in pressures (ranging from 52 to 546 kPa) or under very low
external pressures (< 0.1 MPa) (Table 5) [130].

Interfacial contact between solid electrolytes and active materials is

critical for battery efficiency. Unlike liquid electrolytes, solid electro-
lytes can develop pores and cracks, which decrease the effective contact
area, creating high energy barriers for ion movement and restricting
transport pathways. Poor contact also promotes dendrite growth
because of uneven current distribution. To boost battery performance,
multiple fabrication methods have been introduced to improve initial
contact and minimize porosity in composite cathodes.

Pressing: Both cold pressing, performed at ambient temperature, and
hot pressing, which occurs at temperatures ranging from 30 to 150
°C, employ mechanical force and/or increased thermal conditions to
enhance the densification of electrolyte pellets. This process subse-
quently improves the interparticle contact within the material [187,
199,200].

Melt Infiltration: Viscoelastic electrolytes with low melting temper-
atures (e.g., MACO, below 160 °C) can be melted and effectively
infiltrated into the intricate porous structures of electrodes. This
process guarantees complete and intimate ionic contact, similar to
the behavior of liquid electrolytes, resulting in a significantly
increased microscopic contact area. This enhanced adhesion reduces
the requirement for external pressure [130-132,134,201].
Co-rolling Dry Process: The presented sustainable manufacturing
method facilitates the concurrent attainment of thin, uniform solid-
state electrolyte (SSE) layers alongside high-loading positive elec-
trode layers. Through the implementation of a co-rolling process, this
approach significantly enhances the mechanical stability of the
resulting structures and fosters the formation of a reinforced, inti-
mately bonded SSE-positive electrode interface. This innovative
interface design permits stable operational capabilities even under
low stack pressures, exemplified by conditions as low as 2 MPa
[202].

High external stack pressure, typically ranging from tens to hundreds

of megapascals, is crucial for the fabrication and operation of all-solid-
state batteries (ASSBs) with rigid inorganic solid-state electrolytes

SSE Type Material Mechanical Properties Ability to Accomymodate External Pressure Relevance to Delamination
Volume Change Requirement
Rigid Inorganic LLZO, LATP, High elastic modulus, brittle, Poor; cannot buffer volume High (tens to Prone to stress accumulation,
Garnets rigid changes hundreds of MPa) cracking, and contact loss/
delamination
Sulfide LigPSsCl, Mechanically softer than oxides, Limited,; still requires stack High (several to Can experience contact loss and
Li;0GeP2S12 processable pressure hundreds of MPa) dendrite growth at high pressures
Viscoelastic LiAICl4_2¢Ox Polymer-like viscoelasticity, Excellent; deforms without Very Low (<0.1 Significantly reduces delamination
Inorganic Glass (LACO), superplasticity (Tg < RT), fracturing, enables melt MPa), built-in by adapting to volume changes and
(VIGLAS) NaAlCly_2, Oy deformability (>77.8 % strain) infiltration for intimate contact  pressure ensuring intimate contact
(NACO)
Elastic Polymer/ DMAM/AM High stretchability (1160 %), Excellent; effectively encases Very Low (e.g., Prevents disintegration and
Composite copolymer, high fracture strength (1.7 MPa), particles, buffers stress via 52-546 kPa built-in maintains contact, reduces need for

Pliable Ga-based
Inorganic

Chitosan-based

xLiCl-GaF3
composites

shape memory, energy
dissipation

Clay-like properties (storage/loss
moduli <1 MPa), Tg < —50 °C,
formable

noncovalent bond breakage

Excellent; penetrates cathode
like liquid, maintains
conduction paths

pressure)

Low

external pressure

Resolves cathode-electrolyte
interface issues by ensuring complete
ionic contact
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(SSEs). This pressure helps prevent internal voids, ensures contact be-
tween electrodes and SSEs, and reduces delamination risks [181,182].
However, it poses practical challenges such as increased manufacturing
costs and reduced battery energy density. Excessively high pressures can
also lead to short circuits from lithium dendrite growth. The ideal
operating pressure for industrial applications is below 2 MPa [197,203].

The advancement of elastic or viscoelastic SSEs allows for stable
operation with minimal external pressure (<0.1 MPa) [204-206].
Additionally, the initial state of charge during battery assembly signif-
icantly affects long-term mechanical stability. Assembling half-cells in a
state where the active material is expected to shrink during operation
increases the risk of delamination. Optimizing the lithiation state of the
cathode during assembly can help minimize stress from volume changes,
improving cycle life right from the first cycle.

The interfacial delamination in all-solid-state batteries (ASSBs) is
primarily driven by interconnected electrochemical reactions and
electrochemo-mechanical coupling [182]. This relationship leads to a
synergistic degradation pathway, where mechanical stress influences
interfacial contact and triggers side reactions, while electrochemical
processes induce mechanical deformation [129,182]. A notable example
is the formation of resistive interphases, which create current hotspots,
leading to mechanical damage like fracturing and void formation,
further increasing interfacial resistance and accelerating degradation.

Temperature plays a critical role, as abnormal thermal conditions
can enhance strain energy and crack propagation, affecting the
stability of the solid electrolyte interphase (SEI) and increasing
internal impedance [52,204,205,207]. Understanding this complex
thermal-electrochemical-mechanical interaction is vital for battery
safety and developing reliable ASSBs. A holistic, multidisciplinary
approach to modeling and characterization is necessary to address these
coupled challenges, prioritizing multifunctional materials and operando
characterization techniques.

2.5. Effects of external pressure on the interface

2.5.1. Electrode and electrolyte interface

The performance of all-solid-state batteries (ASSBs) is greatly
impacted by the pressure applied during electrolyte preparation as well
as the stack pressure during battery operation. Earlier studies have
demonstrated a direct correlation between interfacial contact and stack
pressure [77,208,209]. Operating conditions result in a dynamic stack
pressure that can fluctuate over time. Capacity and stack pressure in
commercial lithium-ion pouch cells were monitored during cycling by
Cannarella et al. [210]. The study found that operational pressure in
all-solid-state batteries (ASSBs) is affected by initial stack pressure,
electrode expansion and contraction, and stress shifts due to changes in
electrode volume during charge and discharge. Besides the preparation
pressures for electrodes and electrolytes, the stack pressure during
operation is essential for ASSB performance. Cannarella et al. [211]
discovered that the operating pressure is highly influenced by the initial
stack pressure, electrode expansion and contraction, and stress shifts
caused by variations in electrode volume during charge and discharge.
Although tested in pouch cells, the apparatus utilized to monitor
compressive stack stress is similar to ASSB molds, and the expansion of
the electrode material volume parallels that in ASSBs.

Stack pressure is prone to the development of interfaces, and when
coupled with impedance tracking, it can distinguish between different
degradation mechanisms and cell reactions. The formation of Li den-
drites, which is dependent on electrolyte density, showed a clear influ-
ence on the stack pressure [74]. An electrochemical performance
evaluation of all-solid-state batteries (ASSBs) can be performed in
real-time by using the dynamic nature of operation pressure as a me-
chanical sensing approach. Jungy safety andg introduced operando
differential electrochemical pressiometry (DEP), demonstrating that the
differential pressure related to time or capacity is connected to the
specific state of charge (SOC) in all-solid-state batteries (ASSBs). This
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method shows promise for estimating SOC in graphite electrodes within
LiNig.7Cog.15Mng 1502/Gr full cells with different n/p ratios (Fig. 11).

2.5.2. Anode and electrolyte interface

All-solid-state batteries (ASSBs) offer a secure platform for utilizing
lithium metal anodes; however, the intricate interfacial interactions
between lithium metal and solid electrolytes (SEs) pose challenges.
Lithium metal, prone to creep deformation even at room temperature,
faces difficulties due to its limited bonding strength. An emerging so-
lution involves applying stack pressure [213,214]. Interfacial imped-
ance, originating from imperfect contact or the formation of interfacial
films, is a fundamental component of these interfaces. Wang et al. [215]
established a strong correlation between the mechanical and electro-
chemical properties of the Li-LLZO interface, connecting interfacial
resistance to the lithium metal’s tensile adhesion strength on LLZO
surfaces. It was discovered that removing surface layers improved the
contact between Li metal and LLZO, reducing interfacial resistance and
strengthening the connection. Interfacial impedance decreases when
pressure increases because the interfacial area expands.

Gupta et al. [216] reported that pressure affects the Li-polymer solid
electrolyte interface’s physical contact area, which in turn affects
interface impedance. In the Li-PEO-LiTFSI electrolyte interface, a spec-
ified operation pressure is required to attain optimum contact; the
impedance is stable when this pressure surpasses a particular threshold.
Zhang et al. [72] developed a comprehensive multiscale 3D
time-correlated contact model to study the evolution of the lithium-solid
electrolyte interface (Fig. 12). This model incorporates factors such as
surface roughness, elastoplasticity, creep, and plating/stripping pro-
cesses. Their findings revealed that the contact area is influenced more
by the ratio of stack pressure to lithium yield strength than by stack
pressure alone. The elastic-plastic contact influences the development of
Li dendrites and pores. External pressure enhances interface contact and
hinders void formation [217-221]. Due to inherent flaws at the solid
electrolyte (SE) interface, lithium stripping and plating occur only at
specific contact points. Yan et al. [222] studied the formation of voids at
Li-SE interfacial contacts during delithiation using a creep-contact
electrochemo-mechanical model. Their research established conflict-
ing effects of current density and stack pressure on void formation in
LLZO. They discovered that creep-induced vacancy transfer in lithium
metal helps reduce void development at defective interfaces (Fig. 13a
i-iii).

A mechano-electrochemical phase field model was employed by
Shen et al. [156] to illustrate the effect of external pressure on lithium
dendrites. Critical pressure values, associated with the electrolyte’s
elastic modulus, influence the formation of smooth and dense lithium
dendrites. The relative Young’s modulus between lithium metal and the
electrolyte dictates dendrite growth, with a lower modulus promoting
growth and a higher modulus inhibiting it (Fig. 13b). The study explored
the effects of external pressure on lithium dendrite growth in electro-
lytes with elastic moduli ranging from 0.5 to 2.0 GPa, maintaining a
constant pressure of 6.0 MPa. The findings revealed that electrolytes
with lower elastic moduli significantly enhance dendrite suppression,
requiring less pressure to achieve comparable dendritic structures, while
space utilization diminished as the modulus increased. A critical pres-
sure threshold was established that varies with the modulus of the
electrolyte, identifying an optimal external pressure limit of at most 5.0
MPa to enhance the performance of lithium metal anodes. This was
supported by a phase diagram that aids in pressure management for cell
design (Fig. 13d).

Significant polarization is also observed during galvanostatic cycling
at a critical stack pressure, which acts as an effective barrier against the
formation of voids at a specific current density (Fig. 13e). Pressure
compensation aids in achieving uniform electrochemical current dis-
tribution across the interface, addressing non-uniformities arising from
interface defects during lithium deposition [223-225]. The rigidity of
inorganic SEs exacerbates interface contact challenges and crack
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Fig. 11. Shows the results of Differential Electrochemical Pressiometry (DEP) for NCM/Gr all-solid-state three-electrode cells with three different n/p ratios at the
2nd cycle, 0.1C, and 30 °C. It includes charge-discharge voltage profiles for each electrode, corresponding pressure change curves (AP), and DEP profiles (dP/dt) of
Gr electrodes for NCM/Gr cells with n/p ratios of a) 1.2, b) 1.4, and ¢) 1.7. The red diamonds indicate the lowest and highest points of the DEP profiles throughout the
charging and discharging processes (Adapted from Jun et al.) [212].
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Fig. 12. The contact area between lithium and the solid electrolyte (Li-SE) at different stack pressures is affected by creep-induced variations. Section (a) presents: i)
the Li-SE contact area’s temporal progression at stack pressures of 1.5, 4.5, and 7.5 MPa; ii) a schematic representation of the interfacial creep process; and iii) the
distribution of lithium contact stress over 0, 1, and 5 h at a stack pressure of 4.5 MPa, where blue areas denote no contact stress and red, yellow, and green regions
represent contact areas under varying stress levels. The scale bar is 50 pm in length. iv) the Li-SE gap at a stack pressure of 4.5 MPa over 0, 1, and 5 h; v) the evolution
of the Li-SE contact area over time at a stack pressure of 4.5 MPa for temperatures of 298 K and 323 K. White areas exhibit zero gap contact, whereas red, yellow, and
green regions show non-contact areas. Lithium has an initial roughness of Rq = 2 pm and a yield strength of 14 MPa. The variation in lithium contact stress for a yield
strength of 14 MPa at various stack pressures of 10, 20, 30, and 40 MPa is displayed in Part (b), where non-contact locations are indicated by blue regions and contact
areas by red regions. The scale bar measures 40 pm. Plotting the estimated interface resistance (red curve) against stack pressure in Part (c), without any charging or
discharging procedures, reveals an inverse relationship with pressure, in contrast to the experimental data (blue squares). The computations are calibrated to coincide
at a stack pressure of 41 MPa. The horizontal dashed line represents the lowest possible interface resistance for completely smooth surfaces (Adapted from Zhang
et al.) [228].

propagation. Despite the theoretical effectiveness of such approaches, [173]. Due to the difficulties associated with "solid-solid" contact, un-
issues like lithium dendrite propagation and short circuits in hard derstanding the nuances of lithium-metal/SE interactions is essential.
ceramic electrolytes have been observed at high lithium deposition rates Applying pressure enhances the contact between the anode and solid
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Fig. 13. (a) (i) shows the opposing effects on void formation caused by Jmigration and Jaigrusion at @ non-ideal, flat Li-SE interface with pre-existing defects. (ii) When
vacancies are absorbed or trapped at the surfaces of these defects, Jnigration €Xceeds Jaifrusion, making it insufficient to transfer interfacial vacancies into the bulk Li
metal, leading to void formation. (iii) When sufficient stack pressure is applied, Jereep Surpasses Jmigration, facilitating the migration of vacancies from the interface
into the bulk Li metal, thus preventing void formation (Adapted from Yan et al.) [222]. (b) The adequacy of the applied pressure for maintaining contact between Li
and the electrolyte is demonstrated by the proposed microstructure of the Li-electrolyte interface, which depicts scenarios above and below the critical stack pressure
(Adapted from Wang et al.) [229]. (c) Simulation results of single Li dendritic morphological growth as a function of external pressures (0 — 10 MPa) (Adapted from
Gao et al.) [230] (d) Lithium dendritic growth in electrolytes with elastic moduli ranging from 0.5 to 2.0 GPa is affected by external pressure. (i) shows the
morphology of dendrites at a plating capacity of 0.40 mAh cm™2, along with (ii) variations in current density during electroplating and (iii) the spatial utilization
across different electrolytes. (iv) a phase diagram that links the electrolyte’s elastic modulus at a plating capacity of 0.4 mAh cm ™2 to the external pressure that is
applied (Adapted from Shen et al.) [231]. (e) The graphic shows the relationship between stack pressure, current density, and void formation, with a green dotted line
indicating the critical threshold for void generation. Experimental results are represented by purple circles (Adapted from Yan et al.) [222].

electrolyte, thereby reducing interfacial resistance. computational and analytical models to analyze stress/strain distribu-
The overall performance of the battery is influenced by the interplay tion at electrode/electrolyte interfaces (Fig. 15a-b, d-e) [239]. Insuffi-
of stack pressure, internal stresses, and the kinetics of interfacial re- cient contact areas, resulting from the roughness of the electrolyte and
actions. Ganser et al. [226] extended the Butler-Volmer equation to cathode material, contribute to elevated interfacial resistance and pro-
incorporate mechanical stress, highlighting its enduring positive effects gressive capacity deterioration. The proximity-induced stress near the
even after pressure removal. For optimal cell performance, stack pres- interface is positively correlated with stack pressure and electrode
sure is crucial, but alkali metals’ poor yield strength can induce micro- moduli (Fig. 15¢).
cracks in the solid electrolyte, which can cause short circuits even at low Finite element modeling (FEM) showed that while higher stack
pressures (Fig. 13b) [227]. Therefore, managing stress on the lithium pressure (0.26 MPa) enhances interface contact, it also introduces
metal anode comprehensively should consider interfacial reactions, strains that could lead to interface failure (Fig. 15b). Increasing
electrode mechanical properties, and changes over extended cycling compressive stress expands the range of strain regimes, leading to
periods. typical fractures in the deformed electrolyte material (Fig. 15e) and
Fig. 16a-d) [51,238]. Induced stress levels at moderate (0.26 and 0.5
2.5.3. Cathode and electrolyte interface MPa) and high (1 MPa) pressures were sufficient to cause cracking, with
The presence of porosity in the electrode and electrolyte layers, both crack diameters and openings increasing as stacking pressure rose.
similar to particle grain boundaries, hinders the transport of ions and Cracking begins at a minimum stacking pressure of 0.26 MPa, while no
electrons, making post-assembly compression critical in the production strain or cracks were observed in a battery under 0.002 MPa pressure
of all-solid-state batteries (ASSBs) due to the high initial porosity of [239]. Proper external pressure application is essential for maintaining
these layers [232]. Maintaining strong interfacial contact and electro- effective contact with the positive electrode, as the expansion of elec-
chemical stability between the active material particles and the solid trode materials during charge and discharge cycles can damage elec-
electrolyte (SE) in composite cathodes is essential for ASSB performance trode structures.
[233]. In these composite cathodes, external pressure plays a significant Scanning electron microscopy (SEM) analysis of cross-sections before
role in charge transport kinetics, with microstructure-based singularities and after cycling revealed enhanced contact between NMC active par-
critically influencing these kinetics [234]. ticles and SE following pressing (Fig. 18). However, voids appeared after
Furthermore, both internal and external pressures impact the open- charging, which negatively impacted the performance of the all-solid-
circuit voltage (OCV) of solid-state batteries, with experimental results state system, as the additional SE could not fill these voids [240,241].
showing an OCV variation of approximately 1 mV per 100 MPa of High Coulombic efficiency (CE) is maintained by ensuring contact, as
pressure [235]. Stress-optimized cathode composites have been pro- demonstrated by the cycling performance of SC-NMC/LPSCI cathodes at
posed to mitigate contact loss due to volume changes and stress-induced different stack pressures. Lower pressures maintained the CE similar to
issues, especially in NMC materials that are prone to cracking and what happened at the first cycle, but gradual contact loss resulted in
electrolyte isolation during cycling [236,237]. However, excessive poor capacity retention after 10 cycles at 2.5 MPa.
preparation pressure can lead to material extrusion and decreased uti- The effects of low stack pressure were further highlighted by using an
lization of active materials. asymmetric pressure design, emphasizing the importance of stress-
The impact of stack pressure on interface contact and induced strains optimized cathode composites [178]. While appropriate stack pressure
in ASSBs has been assessed using computational, experimental, and reduces interface impedance and contact loss, excessive pressure risks
analytical methods [51,238]. These studies employed digital imaging interface deformation and cell failure, underscoring the importance of
correlation (DIC) to measure local strain distribution and used selecting the right stack pressure for ASSB performance. Given the
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impracticality of high external pressures, Yoon Seok Jung and collabo-
rators [242] introduced vulcanized butadiene rubber (BR) as a binder,
enabling operation with low or no external pressure for sulfide
electrolyte-based all-solid-state Li batteries [243]. The mechanically
robust nature of vulcanized BR prevents degradation and reduces the
need for external pressure, enhancing electrode performance under
realistic pressures. The ongoing research is continuing to explore inno-
vative solutions to these challenges.

Furthermore, before constructing solid-state batteries (SSBs), it is
essential to combine the active material, conductive agent, and solid-
state electrolyte (SSE) powder effectively on the cathodic side. The
effectiveness of this integration can be evaluated through the contact
area fraction, which indicates the percentage of the total surface area of
the active materials that is in contact with the SSE. The cathode mate-
rials exhibit significant hardness, with values ranging from 6 to 18 GPa,
and are embedded within rigid SSE particles, creating a stark contrast
with the softer lithium metal [245]. Consequently, the deformation,
compaction, and rearrangement of these solid particles result in
pressure-induced changes at the SSE-cathode interface. Sakka et al.
[119] employed X-ray computed tomography (CT) techniques to
investigate the effects of mechanical pressure on contact dynamics.

Three distinct states are identified by variations in the contact area.
At low pressures, the contact area ratio remains relatively stable.
However, as the pressure approaches approximately 50 MPa, the SSE
particles significantly fill internal cavities, resulting in a substantial in-
crease in the contact area fraction. Beyond 50 MPa, the improvement in
the contact area fraction plateaus, as the deformation of the hard par-
ticles is not sufficient to eliminate the voids in the horizontal plane

Active materials
Solid electrolyte

Image processing X
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B CNF
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Image segmentation
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(Fig. 14a) [119]. Moreover, they observed higher interfacial impedance
in SSE-Li contacts, which is attributed to inadequate contact between the
cathode and the ion-conductive SSE particles.

To gain a comprehensive understanding of the charging and dis-
charging processes at the SSE-cathode interface, it is crucial to explore
lithium-ion diffusion and the resulting stress effects across various
timescales. Unlike the chemo-plastic deformation characteristic of
lithium metal, cathodes generally exhibit chemo-elastic behavior. Chen
et al. [245] developed a semi-analytical model (SAM) specifically
designed to address these complexities. This model effectively captures
the time-dependent chemo-elastic interactions at the SSE-cathode
interface, providing valuable insights for measuring and visualizing
interfacial stability under applied current conditions [245].

Continuous volume fluctuations at the SSE-cathode interface arise
from complex chemical processes and intercalation dynamics. The
cyclical expansion and contraction of the electrode lead to a reduction in
the interfacial contact area. Utilizing focused ion beam scanning elec-
tron microscopy (FIB-SEM), Shi et al. [244] identified the formation of
microcavities and cracks in proximity to the cathode particles (Fig. 14b).
During cycling of LLZO-based solid-state batteries, two distinct capacity
fade behaviors were observed. The first was characterized by a gradual,
continuous decrease in capacity attributed to interfacial chemical
degradation, while the second pattern features sudden capacity drops
interspersed across cycles, indicative of mechanical failure [244].
Ex-situ impedance spectroscopy allowed for disaggregation of the con-
tributions from each interface, revealing that the mid-frequency range is
highly responsive to alterations at the SSE-cathode interface. Upon
re-evaluation of the battery after the 50th cycle, they observed a

Pressure direction |

(a)Void by pressure direction
(b)Void by active material

oLPS
| Void

Fig. 14. (a) A schematic showing morphological structural changes in the composite electrode at the interface as a function of pressure (Adapted from Sakka et al.)
[119] (b) Presents a FIB-SEM tomography image of the cathode composite (Adapted from Shi et al.) [244].
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Fig. 15. (a) The interface between the electrolyte and electrode in an all-solid-state battery (ASSB) under stack pressure; (b) The maximum principal strain in the
electrolyte for stack pressure; (c) Finite Element Method (FEM) results demonstrating insufficient interfacial contact and plastic strain at 0 MPa (Adapted from Ahmed
et al.) [238]. (d) FEM results showing enhanced interfacial contact and significant plastic strain at 0.26 MPa; and (e) FEM results demonstrating improved interfacial
contact and significant plastic strain at 1 MPa. DIC strain maps of Al-LLZO electrolyte (f) 0.002 MPa (g) 0.26 MPa (h) 0.5 MPa (i) 1.0 MPa. (i) refers to transverse
strain, (ii) refers to axial strain, and (iii) refers to shear strain. (j) Stress distribution in the Al-LLZO layer, (k) Electrical current density in the entire system in the first
simulation set. Crack formation inside the Al-LLZO layer under the pressure of 1 MPa, (1) near an elliptical void, (m) with no flaws in the system from the second
simulation set (Adapted from Adjah et al.) [239].
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Fig. 16. Illustrates the Al-LLZO electrolyte SEM micrograph after stack pressure at (a) 0.002 MPa, (b) 0.26 MPa, (c) 0.5 MPa, and (d) 1 MPa (Adapted from Adjah
et al.) [51]. (e) As the pressure increases from 0.2 MPa to 0.6 MPa, the size of the cracks diminishes. Lithium dendrites are seen at 0.2 MPa, while a dense lithium
deposit was observed at 0.6 MPa (Adapted from Cui et al.) [249]. (f) The SEM images reveal that garnet demonstrates poor contact with lithium metal without an
ALD-Al,03 coating. With the coating, lithium forms a uniform bond upon heating, as shown in the inset of molten lithium on the treated surface (Adapted from Han
et al.) [250].

recovery in capacity alongside a reduction in mid-frequency resistance interfacial contact between the solid-state electrolyte (SSE) and the
from 3283 Q to 2755 Q, while both low- and high-frequency resistances cathode is the predominant factor contributing to the observed decline
remained stable [244]. This observation suggests that inadequate in performance. These results highlight the crucial role of stack and
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assembly stresses in maintaining optimal interface integration within
solid-state battery systems.

Recent investigations have increasingly focused on sandwich-like
composite solid-state electrolytes (SSEs) and their interfacial in-
teractions, alongside ongoing research on SSE-electrode dynamics [246,
247]. Hiittl et al. [248] analyzed the pressure-dependent resistive
behavior of a Li;P3S;; (LPS)-LLZO composite SSE. Their results
demonstrate a significant decrease in both low-frequency and
high-frequency resistances as pressure increases, a phenomenon mainly
attributed to the deformation properties of the softer LPS component.

2.6. Effects of external pressure on dendrite growth

In all-solid-state batteries (ASSBs), applying external pressure in-
fluences dendritic development. This pressure can prevent lithium
dendrites from spreading by altering the mechanical conditions at the
electrode-electrolyte interface. Applied stress improves interfacial con-
tact, reduces nucleation sites, and delays the occurrence of short circuits
by causing dendritic deflection. However, the mechanical deformation
of cathode materials and electrolytes may facilitate dendrite penetration
or create new growth paths.

Zhang et al. [253] and Gao et al. [230] investigated the influence of
external pressure on the development of lithium dendrites, applying
pressures ranging from O to 14 MPa. Their findings demonstrate that as
external pressure increases from 0.0 to 14.0 MPa, the lithium dendrites
exhibit a smoother morphology with reduced branching (Fig. 13c &
Fig. 13d(i)).

When the applied external pressure surpasses the electrochemical
stress, the local hydrostatic pressure within the dendrite transitions from
negative to positive, altering the growth dynamics from expansion to
compression. Notably, the dendritic tip experiences the highest hydro-
static pressure, which acts to inhibit further development of the tip while
simultaneously facilitating lateral growth. The presence of smooth and
coarse dendrites can considerably decrease the specific surface area
while increasing density, aligning with experimental observations. It is
crucial to highlight that an increase in external pressure can lead to
material failure, which can be predicted using the von Mises yield
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criterion. When the von Mises stress exceeds the yield strength, the solid
electrolyte may fail to recover after the detachment of the lithium
dendrite. This can result in the fracturing of the lithium dendrite and its
conversion into dead lithium. Consequently, this loss of electrical con-
nectivity between the electrolyte and the lithium dendrite leads to a
decline in the battery’s coulomb efficiency, (Fig. 17).

The maximum permissible external pressure can be established
based on the material properties. The mechanical properties of materials
significantly impact their ability to endure external pressure. As the
external pressure escalates, the locus of maximum stress transitions from
the bifurcation point to the base of the lithium dendrite, culminating in a
peak von Mises stress of 19.5 MPa, an increase from 5.8 MPa. Fractures
at the dendrite root are more detrimental to Coulombic efficiency
compared to those occurring within the branches, highlighting the
critical nature of stress concentration in dendritic structures.

Fincher et al. [254] adopted a stress-based methodology to mitigate
metal-dendritic failure in solid-state batteries. Their experimental
evaluations and a fracture mechanics model indicate that the applica-
tion of compressive in-plane stress can effectively redirect the growth of
lithium metal dendrites within the LLZTO electrolyte, thereby reducing
the risk of short circuits. A critical threshold of approximately 150 MPa
in in-plane stress has been determined to be sufficient for altering the
growth trajectory of dendrites, independent of their initial orientation.
These insights offer valuable guidance for selecting material combina-
tions and manufacturing processes that can induce beneficial stresses in
laminating solid-state battery architectures, leveraging residual stresses
that arise from thermal expansion mismatch.

3. Current approaches for reducing pressure in ASSBs

Recent studies have intensely explored the role of pressure in all-
solid-state batteries (ASSBs) [109-114], leading to the development of
strategies that reduce operating pressure without sacrificing electro-
chemical performance, mainly by minimizing stress and preserving
interfacial contact. These strategies fall into two broad categories:

m Material Design Strategies
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Fig. 17. (a) Impedance Nyquist plot as a function of stack pressure, (b) Resistance, specific capacity, & ionic conductivity as a function of the stacking pressure, (c)
Specific capacity vs voltage as a function of stack pressure (Adapted from Adjah et al.) [51] (d) Impedance curves as a function of stack pressure, (e) Effects of stack
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Fig. 18. Illustrates the charge/discharge curves for a composite cathode of SC-NMC/LPSCI coupled with a Li anode, with an inset illustrating capacity fade at (b) 2.5
MPa and (c) 10 MPa. (d) displays the discharge capacity of an LTO/LPSCl anode composite sample cycled at 10 MPa in conjunction with an SC-NMC/LPSCI cathode
under varying current densities and an increased number of cycles. Finally, (e) contrasts the SC-NMC/LPSCI composite cathode’s capacity fade and performance at
various pressures (Adapted from Doerrer et al.) [252].

a) Surface Coating & Bulk Doping: Using elemental diffusion

b

C

=
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chemistry, a stratified Al/Zr-modified Ni-rich cathode with
low volume strain (A = 4.15 %) was developed [255]. Its
layered architecture and stabilized lattice reduce internal
stress, allowing operation at 2 MPa. However, residual
volume changes still challenge long-term performance
under low pressure.

Integrated Electrode Design: A recently developed LixTiS2
cathode, which does not require a solid-state electrolyte
(SSE), supports uniform expansion/contraction across the
electrode [115]. This improves interfacial contact and per-
formance, though rate capabilities remain limited.
Mechanical Equilibrium in Cathode Composites: Stress bal-
ance can be achieved by mixing materials with opposite
expansion behaviors, such as LCO and NCM, creating a near-
zero-strain composite cathode [256]. This approach reduces
cycling stress, but maintaining internal contact between
components and the SSE is still difficult.

d) Composite Structures for Lithium Metal Anodes: Solutions

to lithium anode expansion include embedding the lithium
in hollow silver/carbon fiber scaffolds paired with com-
posite electrolytes [257]. These designs improve interfacial
contact and reduce plating stress. Alternatives like
lithium-carbon nanotube (CNT) composites also enhance
lithium diffusion and minimize voids under low pressure
[258]. However, adding inactive materials may reduce en-
ergy density.

e) Advanced Electrode Binders: Binders like vulcanized buta-

diene rubber create durable, crosslinked networks, main-
taining interparticle contacts and delivering high capacities
(~150 mAh g™) even without external pressure [36]. Block

copolymer binders offering both ionic conductivity and
mechanical strength enable stable cycling at 1 MPa [259].
Yet, compatibility with inorganic SSEs and high-voltage
stability remains problematic.

m Cell Design Strategies

a) Voltage and Temperature Control: Reducing the charge cut-

off voltage (e.g., from 4.4 V to 4.2 V) in LiNio.ssMno.
06C00.1102/LisPSsCl/In-Li cells significantly lowered cathode
expansion (6 % — 2.5 %), improving retention from 65 % to
94 % over 50 cycles [260]. Elevated temperatures (e.g., 80
°C) also improved specific capacity at low pressures of ~2
MPa.

b) Pressure Direction Optimization: The orientation of applied

pressure significantly affects performance. Enhancing 3D
contact between the electrode and electrolyte improves re-
sults under low pressure [261]. An air-based pouch cell
holder was designed for isostatic pressure, which benefited
cycling stability, though its current use is limited to lab-scale
applications.

c) Spring-Loaded Battery Molds: Springs integrated into bat-

tery molds have proven useful. For example, during cycling,
spring-loaded cells showed minimal pressure variation
(from 5 to 5.21 MPa) and supported higher current densities
(up to 1.0 mA cm-?) [262,263]. This controlled pressure
fluctuation helps prevent ASSB failure.

4. Perspectives and outlook

The constrained

"solid-solid" contact in all-solid-state batteries

(ASSBs) refers to the limited interaction between the solid electrodes
and solid electrolytes (SEs), which can impede ion mobility and,
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consequently, battery performance. External pressure has emerged as a
potential solution to enhance this contact, thereby enhancing ion
mobility and overall battery efficiency. However, the effects of external
pressure can be multifaceted, leading to both beneficial and detrimental
effects, causing significant damage to the materials and interfaces
involved.

Positive effects of external pressure: Applying external pressure
through cold pressing or hot pressing can effectively compact materials
and increase the density of inorganic SEs, resulting in improved ionic
conductivity and performance. For alloy anodes that undergo significant
volume changes during cycling, applying pressure can help maintain
structural integrity by preventing detachment and cracking. External
pressure can improve the contact area at the anode-electrolyte interface,
reducing impedance and promoting better lithium metal behavior. This
can mitigate issues like voids and enhance overall battery performance.

Negative effects of external pressure: Excessive pressure can have
a detrimental impact on organic polymer electrolytes, causing their
polymer chains to fold or tangle, which can hinder ion movement and
reduce conductivity. Lithium metal anodes, characterized by low
Young’s modulus and creep behavior, can infiltrate gaps in the SE when
subjected to high pressures, potentially leading to short circuits and
dendrite growth, necessitating careful management of the applied
pressure to avoid such issues.

An applied pressure can also moderate the lithiation process, which
may reduce the overall capacity of alloy anodes. Also, excessive pressure
can damage the active particles in cathode materials, making single-
crystal nickel manganese cobalt (NMC) materials more suitable for
ASSB configurations due to their stability under pressure. While mod-
erate pressure can limit the growth of lithium dendrites (which can
cause short circuits), the nonuniformities at the interface can still lead to
uneven current distribution, highlighting the need for optimized inter-
face and pressure conditions to ensure uniformity and efficiency.

5. Summary and concluding remarks

External pressure plays a crucial role in enabling effective solid-solid
ionic contact in all-solid-state batteries (ASSBs). The responses to
applied pressure vary significantly depending on the material class.
Sulphide electrolytes typically benefit from pressure-induced densifi-
cation, which enhances ionic conductivity. Moreover, oxide-based
electrolytes are prone to brittleness, limiting the advantages of
increased pressure. Polymer electrolytes are mechanically flexible with
a drop in conductivity under high compression, which is largely due to
structural deformation.

For electrode materials, especially lithium and lithium-alloy anodes,
the application of an optimal stack pressure is critical. Proper pressure
management can prevent dendritic growth and interfacial cracking,
which are detrimental to battery life and safety.

Future research should focus on developing pressure-tolerant inter-
facial architectures, such as those using graded or adaptive interlayers,
to accommodate mechanical mismatches. There is also a need to
investigate low-temperature sintering and oscillating pressure methods
as scalable, cost-efficient routes to densify solid electrolytes without
compromising phase stability. Additionally, pressure-responsive binders
and polymer composites that strike a balance between mechanical
strength and ionic transport are promising candidates. Finally, bench-
marking stack pressure thresholds for different chemistries is essential
for transitioning from lab-scale prototypes to industrial-scale pouch cell
formats.

This review lays a foundation for the rational design of pressure-
engineered ASSBs that balance structural integrity with electro-
chemical efficiency.
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