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Solid-state batteries (SSBs) are promising next-generation energy-storage systems because of their
potential for improved safety and high energy density. However, their practical implementation remains
limited by the strong dependence of electrochemical performance on externally applied stack pressure.
Although high stack pressure can improve solid–solid interfacial contact and suppress degradation, it also
imposes mechanical, manufacturing, and system-level constraints that are incompatible with practical
cell and module designs. This review focuses specifically on the low-pressure operation of lithium-
metal-based SSBs—defined here as operation under stack pressures of ≤2 MPa—by first examining the
electrochemo-mechanical failure modes caused by insufficient mechanical confinement, including
cathode-side contact loss and transport heterogeneity, anode-side void formation and current localiza-
tion, and filament-mediated short-circuiting. Recent cathode, anode, anode-less, and cell-level pressure
management strategies are then summarized to clarify how contact retention, transport robustness, Li
deposition regulation, and pressure homogenization can reduce the need for high external compression.
Finally, future research directions are suggested, including standardized low-pressure benchmarking,
operando chemo-mechanical diagnostics, and scalable cell architectures, emphasizing that low-
pressure operability should be regarded as a primary design criterion for practical SSBs.
© 2026 The Authors. Published by Published by Elsevier B.V. and Science Press on behalf of Science Press
and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. This is an open access article under

the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Solid-state batteries (SSBs) have attracted considerable atten-
tion as next-generation energy storage systems because they offer
a pathway toward higher energy density and improved safety com-
pared with conventional lithium-ion batteries (LIBs). Replacing
flammable liquid electrolytes with solid electrolytes (SEs) enables
the use of lithium metal anodes and more compact cell architec-
tures, both of which are advantageous for enhancing cell-level
energy density. Among candidate anode materials, Li metal is
widely regarded as the most relevant choice for realizing high
energy SSBs because of its exceptionally high theoretical specific
capacity (3,860 mA h g−1) and low electrochemical potential
(−3.04 V vs. SHE, standard hydrogen electrode). Nevertheless, prac-
tical operation of Li-metal-based SSBs remains challenging. One of
the most critical issues is the strong dependence of electrochemical
performance on externally applied stack pressure, which directly
affects interfacial contact, Li plating/stripping behavior, and
mechanical stability during cycling [1–7]. Accordingly, this review
focuses primarily on Li-metal-based SSBs, particularly in the dis-
cussion of anode-side failure mechanisms and interfacial design
strategies. However, selected studies employing non-Li-metal
counter electrodes are also included when their main contribution
lies in cathode-side contact retention and electrolyte–electrode
interfacial stabilization, because these strategies provide transfer-
able insight into low-pressure Li-metal-based SSB design.

In the fabrication and operation of SSBs, two distinct forms of
mechanical pressure must be considered: fabrication pressure
and operating stack pressure. Although complementary, these
pressures play fundamentally different roles in determining the
contact state within the cell. Fabrication pressure is typically
applied during cell assembly, often exceeding 300 MPa, to densify
SE pellets and composite electrodes, reduce bulk porosity, and
establish grain-to-grain contact within the electrolyte structure
as well as contact between active materials and the SE. Impor-
tantly, high-pressure fabrication can induce ‘‘mechanical welding”
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or interfacial consolidation at solid–solid interfaces, enabling sub-
sequent electrochemical cycling under substantially lower stack
pressures (≤20 MPa). In contrast, the stack pressure applied during
operation acts as a restorative mechanical constraint that main-
tains these pre-established interfaces and suppresses void forma-
tion arising from electrochemically induced volume changes [8–
10] (Fig. 1a, b). Without sufficient interfacial consolidation during
fabrication, low-pressure operation would be constrained by an
inadequate initial contact state.

In many laboratory-scale studies, high stack pressure is
employed to stabilize solid–solid interfaces and compensate for
the limited point-to-point contact arising from the rigidity of solid
components. Mechanical compression increases the real contact
area between electrodes and SEs, suppresses interfacial void for-
mation during Li stripping, and lowers interfacial resistance. As a
Fig. 1. Schematic illustration of fabrication pressure, operating stack pressure, and modu
formation under fabrication pressure. (b) Maintenance of electrode–SE interfacial contact
contact at low pressure. (c) Comparison between laboratory-scale cells with high-press
management to achieve a practical low-pressure target of ≤2 MPa.
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result, elevated stack pressure often leads to improved apparent
electrochemical performance, including higher critical current
density (CCD), enhanced cycling stability, and reduced polarization
[11]. However, these improvements often arise substantially from
externally imposed mechanical constraint rather than from intrin-
sically stable interfacial chemistry or mechanically robust elec-
trode–electrolyte architectures.

The reliance on high stack pressure presents significant barriers
to practical implementation. Sustaining high pressure requires
additional mechanical reinforcement structures, such as rigid
frames, springs, or external fixtures, which increase system weight
and volume and thereby reduce gravimetric and volumetric energy
densities at the cell and pack levels. High-pressure operation also
increases manufacturing complexity and cost, while introducing
engineering challenges such as pressure inhomogeneity across
le-level pressure constraints in SSBs. (a) Densification and initial solid–solid contact
under stack pressure, contrasting intimate contact at high pressure with limited real
ure fixtures and practical battery modules requiring integrated multi-cell pressure
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large-format cells and long-term mechanical fatigue of structural
components [12]. Excessive stack pressure can also lead to unde-
sirable electrochemical and mechanical consequences, including
accelerated Li penetration through SEs, microstructural damage
within brittle electrolyte frameworks, and internal short circuits.
At the pack level, maintaining uniform pressure distribution across
multiple cells becomes increasingly difficult, leading to uneven
mechanical loading and heterogeneous electrochemical behavior.
For these reasons, stable operation under low stack pressure is a
key requirement for SSB commercialization. As illustrated in
Fig. 1c, this requirement becomes particularly important when
transitioning from laboratory-scale cells, in which bulky external
fixtures can be used freely, to practical modules, in which pressure
must be maintained by integrated housing components. In practi-
cal module and pack configurations, uniformly maintainable pres-
sure is typically limited to a few MPa, often ≤2 MPa, unless
additional reinforcement structures are used [13–15]. Enabling
reliable electrochemical performance within this pressure range
therefore represents a fundamental design challenge for SSB
systems.

Because no universally accepted benchmark currently defines
the practical stack pressure for commercial SSBs, this review
adopts an operational pressure classification rather than a single
absolute threshold. Here, stack pressures of ≤2 MPa are regarded
as a practically relevant low-pressure regime, whereas pressures
of 2–10 MPa are classified as a moderate-pressure regime.
Although this range remains higher than the desirable pressure
level for practical battery modules, studies in this regime are
included because they provide important mechanistic insights into
pressure-dependent contact loss and corresponding mitigation
strategies. Therefore, unless otherwise specified, ‘‘low-pressure
SSBs” in this review primarily refers to systems operating at
≤2 MPa, while studies up to 10 MPa are considered within the
broader scope of pressure-reduction research.

Within this pressure-classification framework, the actual pres-
sure required for stable cycling remains strongly dependent on
electrolyte properties, particularly elastic modulus, fracture tough-
ness, and interfacial deformability. For example, the relatively low
modulus of sulfide SEs (≈20 GPa) allows plastic deformation and
interfacial consolidation at pressures that would be insufficient
for high-modulus oxide SEs (≈150 GPa) [16,17]. Therefore, this
review frames low-pressure operation in terms of mechanical
compliance, interfacial deformability, and contact retention during
cycling. By focusing on strategies that reduce the dependence of
interfacial stability on external stack pressure, this review provides
a technical roadmap that is particularly relevant to sulfide-based
SSBs while offering broader mechanical design principles for other
solid-state systems.

To connect this mechanistic perspective with recent experi-
mental progress, Table 1 summarizes representative low-
pressure and pressure-reduced SSB demonstrations reported in
the literature. Because reported performance is strongly affected
by areal loading, cell format, temperature, current density, and
pressure-control method, these demonstrations should not be
compared solely by cycle retention or operating pressure. Instead,
Table 1 serves as a benchmarking framework for evaluating how
different material, interface, and cell-level strategies reduce the
dependence of SSB performance on high external compression.
2. Pressure-dependent failure evolution under low stack
pressure

When the applied stack pressure is insufficient, low-pressure
degradation proceeds through coupled failure pathways at the
cathode, anode, and full-cell levels. At the local interface, the real
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contact area is much smaller than the nominal geometric area
because contact occurs only at discrete asperities determined by
surface roughness, microstructural irregularities, and limited
mechanical compliance. Under a constant applied current, this
reduced real contact area amplifies local current density, interfa-
cial resistance, and stress concentration, producing spatially
nonuniform electrochemical activity [35–39].

More importantly, pressure sensitivity is governed not only by
initial contact formation, but also by contact retention during
repeated cycling [40,41]. At the Li metal anode, stripping-induced
vacancy accumulation can outpace Li creep or interfacial deforma-
tion, causing void formation, contact loss, current localization, and
nonuniform Li deposition [42–44]. At the cathode side, chemo-
mechanical expansion and contraction of cathode active material
(CAM) can induce interparticle rearrangement, interfacial debond-
ing, and loss of ionic/electronic percolation within the composite
cathode [45,46]. Therefore, the pressure dependence of SSBs
should be understood as an electrochemo-mechanical conse-
quence of insufficient contact retention across dynamically evolv-
ing solid–solid interfaces, rather than as a simple requirement for
external compression [47,48]. The following sections examine
these failure pathways from the cathode and anode perspectives
and then discuss their integrated consequences at the full-cell
level.

2.1. Cathode-side failure pathway: from CAM volume change to
transport-network degradation

On the cathode side, low stack pressure accelerates degradation
by weakening the mechanical and transport connectivity within
composite electrodes. Unlike the Li metal anode, where failure is
dominated by stripping-induced voiding and filament-mediated
short-circuiting, cathode-side failure primarily arises from the cou-
pled evolution of active material volume change, CAM–SE contact
loss, transport network disruption, and reaction heterogeneity.
These processes occur across multiple length scales, from local
CAM–SE interfaces to the full cathode thickness, and are schemat-
ically summarized in Fig. 2.

2.1.1 . Volume-change-driven contact loss
Most intercalation-type cathode materials undergo cyclic lattice

breathing during (de)lithiation. Layered oxide cathodes, such as
LiNi0.xCo0.yMn0.zO2 (NCMxyz), exhibit net contraction upon delithi-
ation, generating local strain mismatch with the surrounding rigid
SE [49,50]. Under reduced mechanical confinement, these
electrochemo-mechanical volume changes cannot be fully accom-
modated by the limited elasticity of the composite electrode. As a
result, the true CAM–SE contact area progressively decreases,
making interfacial contact loss and microcracking dominant degra-
dation modes under low stack pressure (Fig. 2a).

Direct visualization of contact loss has been provided by both
surface analysis and microscopy. Koerver et al. used NCM811/b-
Li3PS4 composite cathodes to demonstrate that NCM811 particles
physically detach from the SE during the first charge [51].
Delithiation-induced contraction leaves spherical gaps and
imprints of the original particle morphology on the electrolyte sur-
face, indicating that capacity loss arises from both chemical inter-
phase formation and mechanically driven CAM–SE contact loss.
Pressure-dependent three-dimensional (3D) X-ray CT analysis of
NCM/Li10GeP2S12 (LGPS) electrodes further supports this interpre-
tation [52]. In the work of Sakka et al., low-pressure conditions
produced larger void fractions and limited NCM/LGPS contact area,
whereas higher pressure improved the contact area fraction by
allowing LGPS to fill voids around rigid NCM particles. Notably,
CT analysis also revealed insufficient NCM/LGPS contact in planes
perpendicular to the pressure direction, indicating that uniaxial

move_t0005
move_f0010


T.Park,S.K
im

,Y.-G
.Lee

et
al.

Journal
of

Energy
Chem

istry
123

(2026)
578–

602

581

Table 1
Representative low-pressure and pressure-reduced solid-state battery demonstrations reported in recent literature. Stack pressure values are listed as reported in each study. Systems operating at ≤2 MPa are considered low-pressure
demonstrations, whereas those operated at 2–10 MPa are included as pressure-reduced studies that provide mechanistic or design insight into reducing pressure dependence.

Cathode | SE | Anode Cell
type

Operatingtemp
(°C)

Stack pressure
(MPa)

Rate Areal capacity
(mA h cm−2)a

Cell performance Design strategy Ref.

Cathode-side strategies
−1NCM811/X10 | LPSCl | Li–In Pressure cell 30 0.3 0.2C ≈1.22 163 mA h g /

75% @100 cycles
Crosslinked binder network [18]

NCM622 | LIC/LPSCl | Li Pressure cell RT 1 ≈0.25C ≈5 99% @220 cycles,
98% @530 cycles

−1

Cathode chemo-mechanical stress control [19]

NCM88–LIC | LIC/LPSCl | Li Coin cell 55 2 0.3C ≈1.4 201 mA h g at 0.1C /
80% @278 cycles

−1

Chemically anchored CAM–SE interface [20]

LTVO/LPSCl | LPSCl | LixIn Pressure cell 50 <0.5 50 mA g−1 ≈0.4 220 mA h g / 90% @270 cycles Low-strain CAM [21]
LAZO@LiNiO2 | LPSCl | Li–In Pressure cell 60 2 0.2C 4.6 76.3% @200 cycles

−1
Coating-assisted interfacial stabilization [22]

NCM90@TMATFSI | LPSCl | Li–In Pressure cell 25 10 0.1C ≈2.1 119.6 mA h g /
82.9% @100 cycles

−1

[23]

NCM83/LPSCl/CNF | LPSCl | LTO Pressure cell 30 2 1 mA cm−2 ≈4.6 182 mA h g / 85% @500 cycles TPB regulation [24]
NCM811–LPSCl | LPSCl | Li Pressure cell 30 2 0.1C ≈1.3 85.6% @100 cycles

−1 −2
SE microstructure control [25]

NCM82/LPSCl | LPSCl | LTO Pressure cell 60 2 0.5C 5 177 mA h g , 3.65 mA h cm /
>80% @500 cycles

−1 −1

Process-integrated cathode/SE architecture [26]

NCM82/LPSCl | LPSCl | Si Pouch 30 5 0.1C 310 Wh kg , 805 Wh L / 30 cycles
Anode-side strategies
LiNbO3@NCM811 | LTO-LPSCl | Li Pressure cell 25 5 0.33C 3.5 86.2% @180 cycles Dual-functional SE additive [27]

2 0.2C 3.75 94.4% @50 cycles
Li4SiO4@NCM811 | LPSCl | Li7N2I–Mg/Li Pressure cell 60 ≈1 0.5C 2.2 82.4% @350 cycles

−1 −1
Li/SE interlayer engineering [28]

Li2O–ZrO2@NCM955 | LPSCl | Ag–C Pouch 60 2 0.5C 6.8 146 mA h g , 900 Wh L /
89% @1000 cycles

−1 −1

Anode-less nucleation regulation [29]

LiNbO3@NCM811 | LPSCl | W/Mg Pouch 25 2 0.3C 3.7 189 mA h g , 1100 Wh L /
71.9% @300 cycles

[30]

LiNbO3@NCM811 | LPSCl | C/Zn Pouch 45 2 0.33C 4.26 76.7% @400 cycles [31]
Cell-level strategies

−1NCM811 | LPSCl | Si Pouch 30 2 0.2C 4 135.4 mA h g /
47.7% @100 cycles

−1

Isostatic pouch cell holder [32]

Pouch
(monolayer)

5 0.2C 4 149.7 mA h g /
77.8% @100 cycles

−1Pouch
(bilayer)

0.1C 5 173.6 mA h g (88.1 mA h) /
83.6% @100 cycles

−1LiNbO3@NCM82 | LPSCl | Graphite Pouch 30 0b 0.1C 3.1 201.7 mA h g , ICE 80.3% /
80.7% @100 cycles

−1

Current collector primer layer [33]

Li2S/LPSCl/AB | LPSCl | Li0.5In Pressure cell RT 10 0.33C 6.8 ≈800 mA h g / 78% @350 cycles Current collector interface engineering [34]

Abbreviations: LiNi0.xCo0.yMn0.zO2 (NCMxyz); styrene-butadiene rubber (SBR)/trimethylolpropane tris(3-mercaptopropionate) (TMPT)/azobisisobutyronitrile (AIBN) mass ratio of 100:10:10 (X10); Li6PS5Cl (LPSCl); cathode active
material (CAM); Li3InCl6 (LIC); room temperature (RT); Li8/7Ti2/7V4/7O2 (LTVO); LixAlyZnzOd (LAZO); tetramethylammonium bis(trifluoromethanesulfonyl)imide (TMATFSI); carbon nanofiber (CNF); triple-phase-boundary (TPB);
i4Ti5O12 (LTO); acetylene black (AB); initial Coulombic efficiency (ICE).
a Areal capacities not explicitly reported in the literature were estimated from the reported active material loadings and experimentally measured specific capacities.
b Operated without applied external stack pressure. The pouch cell was consolidated by warm isostatic pressing at 480 MPa and 60 °C prior to cycling.
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Fig. 2. Schematic illustration of cathode-side failure modes under low stack pressure. (a) Volume-change-driven CAM–SE contact loss, interfacial void formation, and CAM
microcracking. (b) Contact-loss-induced disruption of ionic/electronic transport networks. (c) Through-thickness reaction heterogeneity and local state-of-charge (SoC)
gradients in high-mass-loading composite cathodes, resulting in preferential reaction near the separator side and underutilization near the current collector side.
loading improves overall contact area but does not guarantee fully
conformal 3D CAM–SE contact.

Cathode degradation is further amplified by morphological evo-
lution of the CAM. Liu et al. demonstrated that polycrystalline
NCM811 cathodes develop internal microcracks during initial cell
pressing, which then propagate during cycling and lead to contact
failure with Li10SnP2S12 (LSPS) and conductive additives [53]. This
behavior was attributed to anisotropic volume changes and lattice
mismatch among randomly oriented grains within secondary par-
ticles. In contrast, single-crystal (SC) NCM811 maintained superior
structural integrity and more intimate solid–solid contact after
cycling.

These observations show that interfacial detachment and CAM
cracking are mutually reinforcing failure processes that progres-
sively reduce electrochemically active CAM–SE contact [54]. This
pressure-sensitive contact-retention problem is also supported by
model-cathode experiments, in which Nb2O5-based cathodes with
≈4% expansion exhibited pronounced capacity loss below 2 MPa
due to interparticle cracking and solid–solid contact loss, whereas
nearly zero-strain Li4Ti5O12 (LTO)-based cathodes were much less
pressure-sensitive [55]. Recent studies on sulfide- and argyrodite-
based composite cathodes similarly link active material volume
change to interfacial void formation, particle cracking, and CAM–
SE contact loss under practical low-pressure conditions [56,57].

2.1.2. Transport network disruption and reaction heterogeneity
As contact loss and microcracking accumulate under reduced

mechanical confinement, cathode-side degradation evolves from
local interfacial separation into a broader loss of transport connec-
tivity. In this regime, electrode performance is governed not only
by the intrinsic conductivities of the CAM, SE, and conductive addi-
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tives, but also by whether these phases remain connected as con-
tinuous ionic and electronic percolation networks (Fig. 2b). Once
CAM–SE contact becomes spatially discontinuous, Li-ion transport
is forced through fewer connected pathways, increasing tortuosity,
constriction resistance, and local current density. Pressure-
dependent 3D X-ray CT analysis of NCM/LGPS cathodes directly
supports this interpretation, showing that insufficient pressure
increases void fraction, decreases CAM–SE contact area, and pro-
duces a composite geometry that is unfavorable for ion transport
[52]. Consistently, simulation studies have shown that imperfect
contact localizes current and lithium concentration into the
remaining active regions, substantially increasing local transport
burden [58]. Naik et al. further demonstrated that this effect gen-
erates electrochemical hotspots and nonuniform reaction distribu-
tion in SC-NCM523/LPSCl composite cathodes, effectively reducing
the fraction of CAM connected to the ion-conducting network and
lowering overall utilization [59]. Gao et al. similarly showed that,
at low pressure, discharge capacity is governed primarily by ion
transport through the composite cathode and that volume-
change-induced contact loss amplifies transport limitations over
repeated cycling [60].

These transport limitations become more severe in high-
loading cathodes required for practical cells. In thick composite
cathodes, local CAM–SE contact loss and transport constriction
can propagate into through-thickness reaction heterogeneity,
where different cathode regions evolve toward different local
state-of-charge (SoC) (Fig. 2c) [61]. Stavola et al. quantified local
lithium content in ≈110-lm-thick NCM111/LPSCl composite
cathodes and observed substantial lithiation gradients during
C/10 cycling, which were attributed to dynamically evolving
tortuosity, particularly in the SE phase [62]. Ji et al. also observed
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preferential lithiation from the SE membrane side toward the
current collector side in a high-mass-loading NCM811 cathode
with an areal loading of 33 mg cm−2 and a thickness of
≈180 lm, identifying ion-flux imbalance as a key origin of reaction
gradients in thick composite cathodes [63]. Similar reaction-front
behavior was observed by Bradbury et al. using operando neutron
imaging in solid-state Li–S cathodes, further supporting that slug-
gish macroscopic ion transport can drive spatially nonuniform
reaction [64].

Transport-based descriptions provide a useful framework for
interpreting thickness-scale heterogeneity. Bernges et al. analyzed
Li2FeS2 solid-state cathodes with increasing areal loading and elec-
trode thickness using effective ionic/electronic transport proper-
ties and the d-parameter from porous electrode theory [65]. In
this framework, low effective conductivity, high current density,
and increasing electrode thickness promote nonuniform reaction-
rate distributions. When ionic transport is more limiting than elec-
tronic transport, reaction preferentially occurs near the separator
side, where Li+ supply is more accessible, leading to low utilization
at the current collector side.

Therefore, preserving local CAM–SE contact is necessary but not
sufficient for low-pressure cathode operation. Even if selected
regions retain acceptable contact, the cathode can still fail to use
its full active material inventory when ionic pathways are con-
stricted and reaction is not uniformly distributed across the elec-
trode depth. The cathode-side failure pathway under low stack
pressure can thus be summarized as a progression from local con-
tact loss and transport constriction to through-thickness reaction
heterogeneity, ultimately appearing as resistance growth,
increased polarization, early voltage-limit termination, and incom-
plete active material utilization.

2.2. Anode-side failure pathway: from Li stripping voids to localized Li
deposition

On the anode side, low stack pressure destabilizes Li plating/
stripping by weakening the mechanical continuity of the Li/SE
interface. In contrast to cathode-side degradation, which is gov-
erned primarily by contact loss and transport disruption within
the composite electrode, anode-side failure proceeds through a
sequential coupling of interfacial voiding, current localization,
and filament-mediated short-circuiting. During stripping, insuffi-
cient pressure limits the ability of Li to replenish the receding
interface, leading to void formation and loss of active contact area.
During subsequent plating, the remaining contact patches carry
disproportionately high local current, promoting nonuniform Li
deposition and filament growth through the SE. These coupled fail-
ure modes are schematically summarized in Fig. 3.

2.2.1. Creep-limited interfacial void formation
Under reduced mechanical confinement, the dominant degra-

dation mode of lithium metal anodes is the loss of conformal Li/
SE contact during stripping through the nucleation and growth of
interfacial voids. During stripping, each extracted Li atom leaves
behind a vacancy. When these vacancies cannot be removed suffi-
ciently rapidly through diffusion or pressure-assisted plastic defor-
mation (i.e., creep), they accumulate at the interface and evolve
into pores or voids. Interfacial voiding is therefore not merely a
geometric defect, but a dynamic imbalance between electrochem-
ical Li removal and mechanical/diffusive replenishment at the
receding interface [66]. This process is intrinsically dependent on
both stack pressure and stripping rate (Fig. 3a).

The ability of Li to replenish the receding interface is affected by
the stress-relief kinetics of the confined Li layer. Because Li has a
low melting temperature, it operates at a high homologous tem-
perature near room temperature, allowing creep to dominate its
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deformation over a wide range of battery-relevant conditions
[67]. During stripping, void closure therefore depends on whether
Li can creep fast enough to compensate for the electrochemical
recession of the Li/SE interface. However, this creep-mediated con-
tact recovery is not determined by nominal stack pressure alone.
The effective deformation of Li is also influenced by stripping rate,
Li thickness, interfacial friction, and the characteristic length scale
of surface defects or voids [68]. This thickness dependence
becomes particularly important in thin Li and anode-less configu-
rations. Duan et al. showed that geometric confinement introduces
lateral shear and multiaxial stress states that suppress Li creep
deformation, causing thinner Li layers to require substantially
higher stack pressure to maintain conformal contact [69]. Thus,
confined or thin Li can exhibit insufficient creep-mediated stress
relaxation even under externally applied pressure, causing
stripping-induced voids to persist and evolve into mechanically
stable non-contact regions.

Experimental studies consistently show that interfacial instabil-
ity emerges when electrochemical stripping exceeds the transport
and deformation capability of Li. Wang et al. identified a current-
dependent critical stack pressure in Li/Li7La3Zr2O12 (LLZO) cells
and confirmed that the resulting sharp voltage increase primarily
originates from the stripping-side contact loss [70]. Similarly,
Krauskopf et al. and Hänsel et al. concluded that Li becomes mor-
phologically unstable once vacancy diffusion and creep can no
longer sustain the stripping flux [71,72]. Complementing these
studies, Zhang et al. developed a 3D time-dependent contact model
showing that, at sufficiently low stripping rates, creep and strip-
ping can cooperatively smooth interfacial asperities and maintain
contact, whereas vacancy accumulation leads to dynamic contact
instability at higher rates [73].

Operando and impedance-resolved studies further reveal that
void formation is spatially heterogeneous and progressively cumu-
lative rather than transient. Haslam et al. distinguished a quasi-
stable stripping regime, in which partial contact loss remains toler-
able, from an unstable regime characterized by abrupt voltage rise
once lithium replenishment becomes critically insufficient [74].
Their impedance and distribution of relaxation times (DRT) analy-
sis showed that higher stack pressure delays void growth and
reduces the severity of interfacial contact loss. Consistently, oper-
ando SEM imaging by Zhao et al. directly visualized the evolution
of numerous small voids into a single interfacial gap that ulti-
mately delaminates the interface [75]. Roach et al. further showed
that pre-existing voids close primarily through pressure-driven
creep, confirming that contact recovery is mechanically limited
rather than instantaneous [76]. Once such gaps form under low
pressure, contact recovery becomes highly limited.

Although the creep response is governed by the mechanical
properties and microstructure of Li itself, the effective confinement
imposed on Li depends on the SE. Rigid oxide electrolytes such as
LLZO provide strong normal constraint but are less conformal,
making the Li/SE interface sensitive to asperities, surface defects,
and grain boundaries [77]. Higher pressure or interfacial modifica-
tion may therefore be required to maintain contact, although
excessive local stress can promote electrolyte fracture or Li intru-
sion. In contrast, sulfide electrolytes are softer and more deform-
able, which can facilitate interfacial consolidation under
moderate pressure; however, their lower fracture resistance and
residual porosity can still allow pressure-assisted Li penetration
through connected defects [78]. Thus, different SEs do not funda-
mentally change the need for creep-mediated Li contact recovery,
but they alter the boundary conditions for creep by changing inter-
facial conformity, friction, defect geometry, and fracture resistance.
Because this review focuses on sulfide-based SSBs, oxide-based
examples are considered only where they clarify transferable
mechanical principles governing Li/SE confinement.
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Fig. 3. Schematic illustration of anode-side failure evolution under low stack pressure. (a) Interfacial void formation during Li stripping when Li removal exceeds diffusion-
and creep-mediated interfacial recovery. (b) Comparison of distributed active contact under high stack pressure with current localization at residual contact patches under
low stack pressure. (c) Localized Li plating into pre-existing pores and microcracks during early-stage plating, followed by stress build-up and Li filament propagation during
continued plating.
Collectively, these studies establish that stripping-induced void
formation under low stack pressure is governed by the competition
between electrochemical Li recession and creep-mediated contact
recovery. When Li creep, vacancy diffusion, and pressure-assisted
deformation cannot sustain the stripping flux, interfacial voids
evolve into mechanically persistent non-contact regions. These
regions reduce the true Li/SE contact area, increase local current
density at the remaining contact patches, and provide the mecha-
nistic basis for CCD limitations, Li filament nucleation, and short-
circuit-related failure discussed in the following section.

2.2.2. Current localization and filament-mediated short-circuiting
As stripping-induced voids accumulate, the Li/SE interface

evolves into a discontinuous contact landscape in which residual
contact patches coexist with non-contacting regions. Low initial
stack pressure produces a similar sparse ‘‘point–plane” contact
geometry even before cycling [79,80], so that, under a constant
applied current, electrochemical flux becomes concentrated at
the remaining active contact areas rather than being distributed
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uniformly across the nominal interface (Fig. 3b). The resulting cur-
rent amplification can be severe. Raj et al. showed that current
lines strongly crowd at void edges, such that a nominal current
density of 0.5 mA cm−2 can generate local edge currents exceeding
1,000 mA cm−2 [81].

This current amplification directly affects the experimentally
measured CCD. Kasemchainan et al. showed that the stripping-
side critical current can remain substantially lower than the plat-
ing threshold under insufficient confinement [82]. In Li/Li6PS5Cl/
Li cells, the maximum current density avoiding stripping-induced
failure increased from 0.2 mA cm−2 at 3 MPa to 1.0 mA cm−2 at
7 MPa, whereas the plating threshold remained approximately
2.0 mA cm−2 at both pressures. These results indicate that the
apparent CCD under low stack pressure is often governed not by
intrinsic electrolyte limitations alone, but by pressure-dependent
effective-area loss and the resulting amplification of local current
density. Fuchs et al. further argued that, under such interface-
controlled conditions, the measured CCD becomes highly sensitive
to extrinsic testing parameters, including the applied current–time
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profile, transferred charge, resting intervals, and stack pressure
[83]. Consequently, CCD values obtained under low-pressure con-
ditions reflect pressure-dependent effective-area loss and the
evolving interfacial contact state, and cannot be interpreted as
intrinsic electrolyte limitations.

The terminal anode-side failure mode under low stack pressure
is the conversion of localized Li deposition into filamentary pene-
tration through the SE, ultimately resulting in progressive short-
circuit behavior (Fig. 3c). Raj et al. provided a direct electrochemi-
cal link between interfacial voids and filament nucleation in Li6.4-
La3Zr1.4Ta0.6O12 (LLZTO)-based cells, detecting void growth at
approximately two-thirds of the current density required for
dendrite-induced shorting, indicating that filament formation
evolves directly from the contact-defect state rather than arising
as an independent instability [81]. Mechanistically, Ning et al.
demonstrated that Li initially deposits into subsurface pores and
microcracks. Once these defects are filled, continued plating gener-
ates internal stress because Li extrusion by viscoplastic flow
becomes kinetically limited, and filament propagation proceeds
through wedge-driven crack opening within the SE [84]. Similarly,
Gao et al. showed using in situ TEM that Li eruption under strong
mechanical constraint can generate hydrostatic pressures of sev-
eral GPa and fracture even single-crystal LLZO, whereas weaker
mechanical constraint promotes Li extrusion with substantially
reduced electrolyte fracture [85]. Together, these studies indicate
that filament initiation is governed not only by localized current
amplification, but also by the ability of deposited Li to dissipate
stress without mechanically opening fracture pathways.

Experimental observations in low-pressure cells further support
this stress-coupled failure mechanism. Operando stress measure-
ments combined with microscopy revealed that Li/polyethylene
oxide (PEO)–lithium bis(trifluoromethanesulfonyl)imide (LiTFSI)–
LLZTO hybrid SE/Li cells cycled under 3 MPa develop interfacial
microvoids, heterogeneous stress distributions, and eventual den-
dritic growth [86]. Likewise, stress mapping in cycled LLZTO
showed preferential Li deposition in tensile-stress regions, fol-
lowed by crack extension and repeated void refilling during subse-
quent cycles [87]. In sulfide systems, operando pressure and X-ray
CT measurements further linked large internal stress fluctuations
with spiderweb-like cracking and enhanced filament penetration
[88]. These studies indicate that insufficient pressure promotes
contact loss and current localization, whereas excessive pressure
may also accelerate crack-assisted Li penetration within pre-
existing defects.

Electrochemically, filament-mediated failure under low pres-
sure often evolves progressively rather than appearing as an imme-
diate hard short circuit. Counihan et al. distinguished transient soft
shorts, in which ionic and electronic currents coexist through
unstable filamentary pathways, from irreversible hard shorts that
permanently collapse the cell voltage [89]. Wang et al. similarly
described this intermediate regime as ‘‘soft breakdown,” character-
ized by charge-curve fluctuation, low Coulombic efficiency, and
failure to reach the upper cut-off voltage [90]. Consistently, Ping
et al. observed reversible short-circuit behavior in garnet-based
cells, where voltage fluctuations during charging temporarily dis-
appeared during discharge or rest, indicating repeated shorting
and unshorting events, which have been attributed to transient fil-
ament dissolution and reformation driven by Joule heating, local
melting, corrosion, and replating [91]. Consequently, low-
pressure cells may retain apparently reasonable galvanostatic pro-
files even after electronically leaky pathways have already formed.
Early warning signs can instead include abnormal voltage noise,
transient polarization fluctuations, overcharge behavior, and
Coulombic-efficiency loss [92]. Short-circuiting under low stack
pressure should therefore be understood as a progressive failure
trajectory involving defect-assisted initiation, stress-coupled prop-
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agation, transient soft shorting, and eventual irreversible electrical
collapse.

2.3. Cell-level amplification through temporal pressure relaxation and
spatial pressure heterogeneity

While the failure mechanisms described in Sections 2.1 and 2.2
are defined at individual electrode/electrolyte interfaces, their
severity in practical cells is governed by how stack pressure
evolves in time and space. Temporally, the nominal stack pressure
is not a fixed boundary condition. Because cycling-induced elec-
trode volume changes are mechanically constrained, conventional
fixed-volume cells convert these volume changes into MPa-scale
pressure fluctuations [93], comparable to, or exceeding, the upper
limit of the practically relevant low-pressure regime (≤2 MPa). In
addition, the effective load can decrease gradually over prolonged
operation as fixtures and packaging components undergo mechan-
ical fatigue and stress relaxation. A cell assembled within the low-
pressure regime can therefore drift below the pressure required for
interfacial contact retention during operation, re-triggering the
contact loss, void formation, and current localization processes
described above even when the initial pressure appears adequate.

Spatially, pressure uniformity degrades with increasing cell for-
mat. In small pellet-type cells, a nearly uniform load can be applied
readily, whereas in larger cells, electrode thickness variation, sur-
face roughness, plate deflection, and uneven fastening loads pro-
duce increasingly nonuniform pressure distributions. Under rigid
uniaxial plates, cell edges and locally non-flat regions can experi-
ence substantially reduced or even negligible pressure [32]. The
resulting pressure heterogeneity promotes uneven ionic flux,
degraded interlayer contact, and local stress concentration. These
spatial variations couple directly to the local failure pathways
described in Sections 2.1 and 2.2. Under-pressurized regions
become preferential sites for contact loss, reaction heterogeneity,
and current localization, whereas locally over-pressurized regions
can accelerate crack-assisted Li penetration. In multilayer pouch-
type stacks, both the areal homogeneity of pressure and its main-
tenance throughout cycling become progressively more difficult to
guarantee, while the reinforcement structures required to sustain
higher loads impose substantial mass, volume, and manufacturing
cost penalties at the module level [94]. Consequently, results
obtained from small, rigidly constrained laboratory cells may sys-
tematically understate the severity of low-pressure failure in
large-format cells. These temporal and spatial amplification effects
define the cell-level design requirements addressed in Section 5,
which discusses pressure application and control, mechanical
buffering and compliance layers, and stack architectures that
improve pressure homogeneity.

Fig. 4 consolidates these mechanisms and the strategies that
address them into a single framework, linking the dominant low-
pressure failure modes at the cathode, anode, and cell/module
levels to their corresponding design strategies through four unify-
ing functions: contact retention, transport robustness, Li deposi-
tion regulation, and pressure homogenization. This figure serves
as a roadmap for Sections 3–5, in which each correspondence is
developed in detail, and is revisited in Section 6.
3. Cathode-side design strategies

The failure mechanisms discussed in Section 2 indicate that
low-pressure operation is ultimately limited by whether
solid–solid interfaces can remain mechanically and electrochemi-
cally stable under weak confinement [95]. However, the manifesta-
tion of this problem differs between the anode and cathode.
Anode-side degradation is dominated by Li stripping-induced void-
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Fig. 4. Summary of the pressure-sensitive failure modes (outer ring) and corresponding design strategies (inner ring) discussed in this review, organized into cathode-side,
anode-side, and cell/module-level domains and converging toward practical low-pressure operation (≤2 MPa). Tag colors denote the governing factors that each failure mode
involves and each strategy addresses: interfacial contact (blue), ion/electron transport (green), Li plating/stripping (orange), and stress/pressure distribution (purple).
ing, current localization, and filament-mediated short-circuiting,
whereas cathode-side degradation involves CAM–SE contact loss,
disruption of ionic/electronic percolation, and interfacial reactions
within a mechanically evolving composite electrode [96]. Cathode-
side design should therefore stabilize both interfacial contact and
transport continuity during cycling. In this context, SEs are not
merely ion-conducting fillers, but structural and interfacial compo-
nents whose particle morphology, deformability, chemical com-
patibility, and spatial distribution directly influence contact
retention, stress distribution, and reaction uniformity [97]. Accord-
ingly, electrolyte-related strategies are discussed together with
cathode architecture and interface engineering, rather than as a
separate design category.

3.1. Contact-stable composite architectures

For low-pressure operation, composite cathode design should
prioritize not only the formation of initial CAM–SE contact, but also
its retention during repeated cycling. Under weak mechanical con-
finement, cathode degradation is driven by CAM volume change,
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interfacial debonding, particle rearrangement, and loss of percolat-
ing reaction pathways. Recent model studies suggest that the pos-
itive electrode can strongly influence full-cell behavior under low
stack pressure, while practical areal capacities exceeding
5 mA h cm−2 can still be achieved at room temperature and
1 MPa when cathode chemo-mechanics are properly managed
[19]. Therefore, contact-stable cathode architectures should be
evaluated by their ability to suppress interfacial separation under
realistic loading and reduced external pressure, rather than by
initial conductivity or capacity alone. Representative cathode-
side strategies for improving contact stability are summarized in
Fig. 5.

One direct strategy is to chemically reinforce the CAM–SE inter-
face. Liu et al. introduced an in situ recrystallization strategy to
form a chemically fused interface between Ni-rich NCM and Li3-
InCl6 (LIC), improving resistance to interfacial debonding under
low-pressure operation (Fig. 5a) [20]. The resulting freestanding
NCM88–LIC composite cathode delivered ≈200 mA h g−1 at 0.1C
and ≈2 MPa with an areal capacity of ≈1.4 mA h cm−2 correspond-
ing to a CAM loading of ≈6.9 mg cm−2, retaining 80% of its capacity
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Fig. 5. Cathode-side design strategies for low-pressure SSBs, encompassing contact-stable composite cathode architectures that retain CAM–SE contact under low stack
pressure. (a) Chemically fused NCM83–LIC interfaces formed by in situ recrystallization, with cross-sectional SEM micrographs comparing a dry-mixed cathode after 5 cycles
(left) and an in situ recrystallized cathode after 100 cycles (right), showing suppressed interfacial debonding. Reproduced with permission from Ref. [20]. Copyright 2025,
Elsevier. (b) Stress-mitigated AZ@SC811 design, with charge–discharge profiles and cycling performance at 0.2C under stack pressures of 2 and 100 MPa, showing reduced
pressure sensitivity of cathode utilization. Reproduced with permission from Ref. [98]. Copyright 2023, American Chemical Society. (c) An in situ vulcanized BR binder
forming a three-dimensional elastic scaffold that suppresses particle slippage and electrode delamination under reduced pressure. Reproduced with permission from Ref.
[99]. Copyright 2022, Elsevier. (d) Slurry-applicable thiol–ene modification of SBR combining adhesion-enhancing grafting and crosslinking-induced reinforcement to
maintain electrode integrity. Reproduced from Ref. [18] under the CC BY 4.0 license. Copyright 2026, The Author(s). Published by Wiley-VCH.
after 278 cycles and 54% after 1500 cycles at 0.3C and 55 °C. This
work demonstrates that the SE can function not only as an ionic
conductor, but also as an interfacial reaction mediator and
mechanically tolerant contact phase at the CAM–SE boundary.

A second approach is to reduce the chemo-mechanical driving
force for contact loss within the CAM itself. Zhao et al. designed
an Al/Zr-decorated single-crystal NCM811 cathode (AZ@SC811)
to mitigate cathode stress evolution while maintaining fast ion
transport within the composite (Fig. 5b) [98]. Under 2 MPa, the
cathode delivered 166.7 mA h g−1 at 0.2C with 90.8% capacity
retention after 50 cycles. This corresponds to ≈94% of the capacity
measured under 100 MPa (177.2 mA h g−1), whereas the undeco-
rated counterpart retained only ≈87% (139.3 vs. 160.0 mA h g−1),
indicating that the stress-mitigated CAM design substantially
reduces the pressure sensitivity of cathode utilization. This exam-
ple illustrates that low-pressure stability can be improved by
designing CAMs that undergo less mechanically disruptive volume
change, thereby preserving both interfacial contact and transport
continuity.

Binder design provides a more processing-oriented route to
contact-stable cathodes. Kwon et al. reported a wet-slurry process
in which in situ vulcanization produced a 3D butadiene rubber
(BR) binder network that suppressed particle slippage and delam-
ination under reduced pressure (Fig. 5c) [99]. Cathodes containing
the networked binder delivered 165 mA h g−1 vs. 151 mA h g−1 rel-
ative to pristine BR at 2 MPa, 30 °C, and 0.1C, and pouch-type NCM/
LTO full cells operated without external pressure delivered 153 vs.
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121 mA h g−1 at 0.2C while retaining 72.8% vs. 61.8% of their capac-
ity after 150 cycles.

Park et al. extended this concept beyond cohesion enhancement
by using slurry-applicable thiol–ene click chemistry to introduce
adhesion-enhancing grafts and crosslinking-induced reinforce-
ment into styrene–butadiene rubber (SBR) (Fig. 5d) [18]. In
single-crystalline NCM|LPSCl|(Li–In) half cells at 0.3 MPa and
30 °C, the crosslinked binder delivered 163 mA h g−1 with 75%
retention after 100 cycles, compared with 133 mA h g−1 and 67%
for unmodified SBR. Notably, crosslinking proved more critical
than adhesion enhancement, and the performance difference
between modified and pristine binders became negligible at
70 MPa, confirming that mechanical reinforcement of the binder
network specifically targets low-pressure operation. From a pro-
cessing perspective, the in situ click chemistry route also avoids
separate synthesis and redispersion of highly polar or crosslinked
binders, reducing risks of solubility mismatch and slurry gelation.

Interfacial coatings can also improve cathode-side contact sta-
bility, although their relevance depends strongly on the demon-
strated pressure regime. Wang et al. introduced a TMATFSI-based
organic ionic plastic crystal coating on NCM90, which suppressed
cathode–electrolyte interfacial side reactions and reduced interfa-
cial resistance [23]. The coated cathode retained 82.9% of its capac-
ity after 100 cycles at 10 MPa, whereas the uncoated NCM90
retained only 35.8% under identical conditions, indicating that
coating-assisted interfacial stabilization can relax the pressure
requirement relative to highly pressurized cells. However, because
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10 MPa remains above the strict low-pressure range emphasized in
this review, this example is better viewed as a moderate-pressure
relaxation strategy rather than a fully low-pressure solution.

Collectively, contact-stable composite cathodes can be classi-
fied into four design categories: chemically anchored CAM–SE
interfaces, stress-mitigated CAM architectures, crosslinked binder
networks, and coating-assisted interfacial stabilization. These
strategies demonstrate that low-pressure cathode operation
requires dynamic contact retention, rather than merely high initial
interfacial contact. For practical implementation, however, such
approaches should ultimately be evaluated not only by capacity
retention, but also by operating pressure, areal loading, inactive
material fraction, electrode thickness, and compatibility with scal-
able electrode fabrication. In this respect, the four categories differ
considerably in maturity and generality. Chemically fused inter-
faces provide strong adhesion but are specific to the CAM and SE
chemistry pair employed, and their extension to sulfide systems
remains unverified. Stress-mitigated CAM architectures reduce
the chemo-mechanical driving force for contact loss at its source,
but longer cycling and high-areal-capacity validation are neces-
sary. Crosslinked binder networks are the most compatible with
existing slurry-based manufacturing and have achieved the lowest
demonstrated operating pressures, although demonstrations to
date involve moderate CAM loadings of ≈8–10 mg cm−2, and their
effectiveness in thick, high-areal-capacity cathodes remains to be
verified. Coating-assisted stabilization is broadly applicable across
CAM chemistries, but its benefit under strictly low-pressure condi-
tions remains to be demonstrated because reported examples are
limited to the moderate-pressure regime. The following subsection
considers the complementary requirement of maintaining robust
ionic and electronic transport pathways under the same low-
pressure conditions.

3.2. Transport-robust electrode engineering

Beyond retaining CAM–SE contact, low-pressure composite
cathodes must maintain continuous ionic and electronic transport
pathways as external mechanical confinement is reduced. This
requirement becomes increasingly important in thick, high-areal-
loading cathodes, where even partial disruption of the ion-
conducting network can cause substantial increases in polarization
and incomplete CAM utilization. Transport-robust electrode engi-
neering therefore aims to construct composite cathodes in which
ionic percolation, electronic conduction, and reaction distribution
remain stable under reduced stack pressure. In this context, the
morphology and spatial organization of the SE phase are particu-
larly important, because SE particle size, packing behavior, disper-
sion uniformity, and interfacial coverage collectively determine
whether the cathode maintains a percolating, low-tortuosity ion
transport network during cycling. Fig. 6 illustrates approaches to
transport-robust electrode engineering.

One effective strategy is to tailor the particle-size distribution
and spatial arrangement of the SE within the cathode composite.
Zhou et al. demonstrated that replacing coarse LPSCl with fine-
particle LPSCl produced a more homogeneous electrolyte distribu-
tion around NCM811 particles, leading to improved CAM utiliza-
tion and reduced tortuosity (Fig. 6a) [25]. The fine-LPSCl
composite exhibited a median tortuosity of 1.21, compared with
1.84 for the coarse-LPSCl analogue, together with lower cathode
charge transfer resistance and improved low-pressure cycling sta-
bility. At 2 MPa, the fine-LPSCl cathode retained 85.6% of its capac-
ity after 100 cycles, compared with only 63.3% for the coarse-LPSCl
cathode, indicating that homogeneous SE distribution can reduce
the pressure sensitivity of cathode transport.

A second strategy is to regulate electronic pathways and triple-
phase-boundary (TPB) chemistry so that electronic conduction is
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maintained without accelerating sulfide decomposition. In thick,
coating-free Ni-rich NCM cathodes employing LPSCl, Wang et al.
showed that the relevant transport problem is not only the pres-
ence of ionic and electronic pathways, but also the spatial distribu-
tion of carbon at CAM–carbon–SE junctions (Fig. 6b) [24]. By
replacing high-surface-area Ketjen black (KB) with low-surface-
area carbon nanofibers, they suppressed oxidative decomposition
at TPBs while preserving electronic percolation in a ≈110-lm-
thick cathode with a CAM loading of ≈25 mg cm−2. Under 2 MPa,
1 mA cm−2, and 30 °C, the coating-free cathode delivered an initial
areal capacity of ≈4.6 mA h cm−2 and retained 85% of its capacity
after 500 cycles, with an average capacity loss of 0.03% per cycle,
roughly 12 times lower than that of the otherwise identical Ketjen
black cathode (0.35% per cycle). This result shows that low-
pressure operation of thick cathodes requires not only continuous
transport pathways, but also chemically sustainable TPB architec-
tures that limit parasitic reactions at electronically connected sul-
fide interfaces.

A third approach is to integrate cathode and electrolyte fabrica-
tion into a mechanically integrated architecture. Lee et al. devel-
oped a co-rolling dry process that simultaneously formed a thin
SE layer and a high-loading positive electrode, producing an inti-
mate and mechanically reinforced SE–positive electrode interface
(Fig. 6c) [26]. This architecture enabled a 50 lm SE layer and a
5 mA h cm−2 positive electrode containing 80 wt% active material,
while maintaining >80% capacity retention after 500 cycles at
2 MPa and 60 °C. Compared with freestanding counterparts, the
co-rolled film showed a smaller capacity loss upon reducing the
stack pressure from 75 to 2 MPa (8.5% vs. 13.2%) and a markedly
lower interfacial void fraction after cycling under 2 MPa, as quan-
tified by image analysis of cross-sectional SEM images. The same
strategy was extended to an Si-anode all-solid-state pouch cell
delivering 310 Wh kg−1 and 805 Wh L−1 at 30 °C and 5 MPa, high-
lighting how cathode processing strategies can be linked directly to
stack-level performance metrics.

Collectively, transport-robust electrode engineering can be clas-
sified into three design categories: SE microstructure control for
low-tortuosity ionic percolation, TPB regulation for chemically
stable electronic conduction, and process-integrated cathode/SE
architectures that preserve transport continuity under reduced
pressure. These studies demonstrate that low-pressure cathode
performance is governed not only by the intrinsic conductivity of
individual components, but also by the spatial stability of the full
reaction network. The three categories differ in industrial readi-
ness, however. SE particle size control and TPB regulation can be
implemented with conventional composite processing, although
fine sulfide powders increase moisture sensitivity and handling
requirements, which raises processing cost even when no new
chemistry is introduced. Co-rolled and dry-processed architectures
offer the most direct route to stack-level performance metrics, but
depend on dry-film equipment whose large-area uniformity and
throughput are still maturing. Together with the contact-
retention strategies discussed in Section 3.1, transport-robust elec-
trode engineering thus defines the cathode-side design require-
ments for maintaining mechanically stable and electrochemically
accessible reaction pathways under low stack pressure.

From a cathode-design perspective, future studies should move
beyond demonstrating improved cycling at a single pressure and
instead quantify how contact retention, tortuosity, reaction hetero-
geneity, and interfacial resistance evolve with stack pressure, cath-
ode loading, and electrode thickness. Particular attention should be
given to thick, high-areal-capacity cathodes, where local improve-
ments in CAM–SE contact may not necessarily translate into homo-
geneous utilization through the electrode depth. Establishing these
relationships will be essential for identifying cathode architectures
that remain effective under practical low-pressure conditions.
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Fig. 6. Transport-robust cathode engineering under low stack pressure. (a) Simulated Li+ transport pathways and 2 MPa cycling performance of coarse- and fine-LPSCl
composites, showing reduced tortuosity and improved stability through homogeneous SE distribution. Adapted with permission from Ref. [25]. Copyright 2025, American
Chemical Society. (b) Schematics of CNF- and KB-based coating-free cathodes, illustrating TPB regulation that preserves electronic percolation and suppresses oxidative SE
decomposition. Reproduced from Ref. [24] under the CC BY 4.0 license. Copyright 2026, The Author(s). Published by American Chemical Society. (c) Co-rolling dry process for
an integrated SE–positive electrode film with a thin SE layer, high-loading positive electrode, and robust low-pressure interface. Reproduced from Ref. [26] under the CC BY
4.0 license. Copyright 2025, The Author(s). Published by Springer Nature.
4. Anode-side design strategies

The anode side presents one of the most pressure-sensitive
interfaces in SSBs because Li plating and stripping occur directly
at a mechanically constrained Li/SE boundary. As discussed in Sec-
tion 2.2, insufficient stack pressure promotes stripping-induced
void formation, loss of active contact area, current localization,
and, ultimately, filament-mediated short-circuiting [100]. There-
fore, anode-side design strategies must reduce the dependence of
Li cycling on external mechanical confinement by stabilizing Li
transport, interfacial contact, and deposition morphology under
limited pressure.

The strategies discussed in this section are classified according
to the location at which anode-side contact retention is engi-
neered. Section 4.1 examines pressure-tolerant anode architec-
tures that distribute Li transport, electrochemical reaction, and
mechanical deformation throughout a 3D or composite anode vol-
ume rather than concentrating them at a planar Li/SE boundary.
Section 4.2 addresses functional interlayers inserted at a pre-
existing Li/SE interface to improve chemical compatibility, regulate
ionic and electronic transport, accommodate local deformation,
and preserve contact during Li stripping and plating. Representa-
tive pressure-tolerant anode architectures and Li/SE interlayer
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strategies are summarized in Fig. 7. Section 4.3 then considers
anode-less SSBs as the limiting case of anode-side contact regula-
tion. Unlike the preceding configurations, anode-less cells contain
no excess Li reservoir. The Li/SE interface must therefore be formed
in situ during the first charge and repeatedly reconstructed during
subsequent cycling. Accordingly, the anode-less configuration is
not intrinsically a pressure-mitigation strategy, but provides a
stringent test of whether interfacial and architectural design can
sustain reversible Li cycling without mechanical compensation
from excess Li.

4.1. Pressure-tolerant anode architectures

One route to mitigating low-pressure anode failure is to move Li
plating/stripping away from a vulnerable planar Li/SE interface and
distribute the reaction within a 3D or composite anode framework.
Compared with flat Li metal foils, such architectures can increase
the effective reaction area, reduce local current density, accommo-
date volume change, and preserve electrochemical accessibility
even when partial contact loss occurs. Thus, 3D anode design
should be understood not simply as surface area enhancement,
but as a means of redistributing reaction, transport, and stress
under limited stack pressure.
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Fig. 7. Anode-side design strategies for low-pressure Li-metal-based SSBs. (a) Pressure-tolerant three-dimensional Li-metal host architectures that redistribute Li plating/
stripping and preserve Li/SE contact under low stack pressure. Reproduced with permission from Ref. [102]. Copyright 2022, Wiley-VCH. (b) Activation-induced
transformation of a Mg16Bi84 interlayer into a multifunctional LiMgSx–Li3Bi–LiMg architecture for interfacial passivation, regulated Li transport, adhesion, and
accommodation of Li-volume evolution. Reproduced with permission from Ref. [104]. Copyright 2023, Springer Nature. (c) A porous Li7N2I–CNT interlayer that regulates
Li nucleation, growth, and reversible stripping through a controlled balance of lithiophobicity, ionic and electronic conductivities, and porosity. Reproduced with permission
from Ref. [28]. Copyright 2024, Springer Nature.
Alexander et al. demonstrated this concept using a porous
mixed ion- and electron-conducting (MIEC) garnet framework sup-
porting a thin, dense Ta-doped LLZO separator [101]. The porous
host was estimated to provide an approximately 40-fold larger
Li/SE contact area than a planar interface, thereby reducing the
local interfacial current density by a similar factor. The resulting
MIEC trilayer reached a critical current density of 100 mA cm−2

and sustained Li plating/stripping at up to 60 mA cm−2 with
30 mA h cm−2 transferred per cycle at room temperature without
applied stack pressure. This substantially exceeded the 10mA cm−2
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cycling rate previously achieved using non-MIEC porous garnet
architectures.

A more directly pressure-relevant example was reported by Ren
et al., who designed a hollow Ag/carbon-fiber scaffold combined
with a sulfide/polymer composite electrolyte (Fig. 7a) [102]. The
hollow scaffold reached a critical current density of 4.8 mA cm−2,
compared with 0.8 mA cm−2 for a dense carbon-paper host, while
a planar electrode exhibited substantial polarization above
0.4 mA cm−2. The architecture was subsequently validated in a
high-Ni pouch cell containing onefold excess Li at an operating
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stack pressure of 320 kPa. The cell retained 90.5% of its capacity
after the first 100 cycles at 0.2C charge and 0.4C discharge. After
increasing the discharge rate to 1C while maintaining charging at
0.2C, it retained 83% after 200 cycles. These results show that the
3D host simultaneously enlarges the reaction area and accommo-
dates plating-induced volume change, enabling relatively high-
rate pouch cell cycling under sub-MPa confinement.

Fuchs et al. approached anode architecture from a composite-Li
perspective by dispersing carbon nanotubes (CNTs) directly into Li
metal [103]. At 100 lA cm−2, pure Li reached the depletion cutoff
after only 1.2 mA h cm−2, whereas the optimized Li–CNT30 com-
posite delivered approximately 25 mA h cm−2, representing a
greater than 20-fold increase in stripping capacity. The CNT net-
work maintained electronic contact with LLZO after depletion of
the initially planar Li/SE interface and redirected Li dissolution into
the electrode volume. The measurements were conducted under
nominally pressure-free conditions. However, the authors clarified
that the clamps used to maintain current-collector contact exerted
an unquantified pressure below 1 MPa after the electrode had ini-
tially been attached to LLZO at approximately 30 MPa. Moreover, a
substantial fraction of the additional stripping capacity was
accessed at polarization above 0.5 V, limiting its direct translation
to practical full-cell operation.

These studies show that pressure-tolerant anode architectures
reduce the reliance of Li cycling on a single planar interface.
Whether implemented as a mixed-conducting ceramic framework,
a hollow lithiophilic scaffold, or a composite Li host, the central
design principle is to distribute current, Li transport, and mechan-
ical deformation across a larger volume. Such architectures there-
fore mitigate current constriction and stripping-induced contact
loss, providing a structural pathway toward stable Li metal cycling
under reduced stack pressure. Nevertheless, these benefits carry
practical costs that need to be quantified. The pore volume and
host mass required for stress accommodation directly reduce the
volumetric and gravimetric energy density gains that motivate
the use of Li metal anodes. Rigid ceramic frameworks are also dif-
ficult to reconcile with roll-to-roll lamination and pouch-type
stacking, and scalable fabrication routes for 3D hosts have yet to
be demonstrated. Among the examples above, only the Ag/
carbon-fiber scaffold has been validated in a pouch-format cell,
while other works have yet to report low-pressure demonstrations
at practical areal capacities. Future studies should therefore report
the host volume fraction, inactive mass, electrode-level density,
and compatibility with continuous film processing so that 3D
architectures can be compared with planar Li on a cell-relevant
gravimetric and volumetric basis.

4.2. Interlayer engineering at the Li/SE interface

A second route to pressure-tolerant anode operation is to intro-
duce a functional interlayer at the Li/SE interface. An effective
interlayer should regulate where Li nucleates, maintain rapid ionic
transport while limiting electron leakage toward the SE, accommo-
date Li-volume changes, and preserve contact during stripping.
Because these functions depend strongly on SE chemistry and
mechanics, the following discussion focuses on sulfide-
compatible interlayers and distinguishes direct low-pressure
demonstrations from moderate-pressure or mechanistic studies.

Wan et al. introduced a Mg16Bi84 interlayer between Li and
LPSCl (Fig. 7b) [104]. During activation, the interlayer transformed
into a multifunctional LiMgSx–Li3Bi–LiMg architecture, in which
LiMgSx passivated the sulfide surface, porous Li3Bi accommodated
Li growth, and LiMg maintained adhesion between the Li3Bi frame-
work and the Li anode. Mg migration also generated free volume
within the Li3Bi framework, thereby accommodating volume evo-
lution and reducing interfacial resistance. Combined with an F-
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rich cathode treatment, this design enabled an NCM811 cell to
deliver an areal capacity of 7.2 mA h cm−2 at 2.55 mA cm−2 and
a LiNiO2 cell to reach 11.1 mA h cm−2 with a cell-level energy den-
sity of 310 Wh kg−1 at 2.5 MPa. These results demonstrate
pressure-reduced operation at practically relevant areal capacities,
although the contribution of the anode interlayer cannot be fully
separated from that of the simultaneous cathode modification.

Wang et al. developed porous Li7N2I–CNT and Li7N2I–Mg inter-
layers that regulate Li growth through a controlled balance of
lithiophobicity, ionic and electronic conductivities, and porosity
(Fig. 7c) [28]. The optimized Li7N2I–CNT interlayer directed Li plat-
ing to the Li/interlayer boundary and enabled reversible penetra-
tion into and extraction from the porous framework, achieving a
critical current density of 4.0 mA cm−2 at 4.0 mA h cm−2 and stable
cycling for more than 600 h at 25 °C under approximately 1 MPa.
To reduce the inactive interlayer thickness, an 18.5 lm Li7N2I–
Mg interlayer was designed with a gradient electronic conductivity
generated by Mg migration. In a full cell containing a 20 lm Li
anode, this interlayer enabled an areal capacity of 2.2 mA h cm−2

and 82.4% capacity retention after 350 cycles at 0.5C and 60 °C.
This study provides the clearest direct low-pressure demonstration
among the interlayers considered here, although the elevated
operating temperature and added interlayer volume remain
important practical constraints.

Shen et al. introduced a hierarchical Si/C (H–Si/C) interlayer in
which Si self-lithiation generated an ion-conducting Li–Si alloy
phase, while the carbon coating established a continuous elec-
tronic network [105]. The resulting homogenization of ionic and
electronic transport stabilized Li deposition and maintained com-
pact contact with the sulfide SE. NCM811/LPSCl/H–Si/C@Li cells
retained 70.28% of their initial capacity after 800 cycles at 0.5C
and 30 °C, with an average Coulombic efficiency of 99.93%. At a
higher areal capacity of 3.4 mA h cm−2, the cells retained 80.9%
of their capacity after 200 cycles and were also demonstrated at
6.9 mA h cm−2 for 15 cycles at 60 °C. Although the stack pressure
of 15 MPa used in this work is above the low-pressure regime
established in this review, it provides mechanistic evidence that
adaptive ion–electron transport regulation can stabilize the Li/
sulfide-SE interface.

Cheng et al. addressed stripping-side void formation using a
15 lm graphitized CNT/fluorinated-graphite interlayer (LNT10F)
[106]. Lithiation produced LiCx within the graphitized CNT network
and LiF from the fluorinated-graphite component, providing rapid
Li transport together with chemical passivation of the sulfide inter-
face. The effective Li diffusion coefficient increased from
2.99 × 10−10 cm2 s−1 for bare Li to 9.62 × 10−10 cm2 s−1 with the
optimized interlayer. At 0.5 mA cm−2 and 5 MPa, the critical
delithiation capacity increased from 6.60 to 12.96 mA h cm−2,
while an NCM9 full cell retained more than 91% of its capacity after
100 cycles at 0.3C and room temperature. Although this pressure
lies in the moderate-pressure regime, the results directly demon-
strate that accelerating Li transport and preserving interfacial con-
tact can delay stripping-induced void formation.

Taken together, these studies demonstrate that effective inter-
layers must coordinate chemical stabilization, charge-carrier
transport, and mechanical contact retention. Among the present
examples, direct operation within the ≤2 MPa regime is demon-
strated most clearly by the Li7N2I-based interlayers, whereas the
Mg16Bi84 interlayer requires cycle retention verification at practi-
cally relevant areal capacity and operating temperature. The
LNT10F and H–Si/C studies remain in the moderate-pressure
regime and require explicit low-pressure verification. Future stud-
ies should therefore report operating pressure, temperature, Li
thickness, areal capacity, interlayer thickness and mass, and
activation-induced phase evolution to permit meaningful assess-
ment of interlayer practicality and scalability.
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4.3. Contact regulation in anode-less solid-state batteries

The pressure-tolerant architectures and interlayers discussed in
Sections 4.1 and 4.2 generally operate in the presence of a pre-
existing Li reservoir. Anode-less solid-state batteries (ALSSBs), also
termed anode-free solid-state batteries, remove this reservoir by
assembling the negative electrode without excess Li metal and
plating cathode-derived Li onto a current collector or interfacial
host during the first charge. This configuration can increase gravi-
metric and volumetric energy density, but it is not intrinsically a
strategy for mitigating anode-side contact failure. On the contrary,
it represents the most demanding boundary condition for contact
retention because the Li/SE interface must be created in situ, dis-
placed during every cycle, and reconstructed without excess Li to
compensate for isolated or irreversibly consumed deposits [107].

The inclusion of anode-less cells in this section is therefore
based not on the configuration itself, but on the contact-
regulation functions required for it to operate. Successful anode-
less designs employ interlayers, modified current collectors, and
adaptive alloy hosts to control where Li nucleates, maintain elec-
tron transport as the Li layer recedes, accommodate deposition-
induced thickness changes, and limit current localization at
stripping-generated contact defects. Anode-less cells can thus be
regarded as a stringent test of whether anode-side design can
autonomously preserve Li inventory and interfacial contact under
limited mechanical confinement. Representative contact-
regulation strategies for low-pressure anode-less SSBs, encompass-
ing Li nucleation and deposition regulation and stripping-side con-
tact preservation, are summarized in Fig. 8.

Among the early demonstrations of this concept, Lee et al.
reported a silver–carbon composite layer to regulate Li deposition
in an anode-less sulfide-based cell (Fig. 8a) [29]. The Ag–C layer
acted not merely as a current collector modification, but as an
alloy-forming nucleation matrix that guided reservoir-free Li for-
mation at the anode side. Combined with an argyrodite-type sul-
fide electrolyte, a high-Ni cathode with a specific capacity above
210 mA h g−1 and areal capacity above 6.8 mA h cm−2, and warm
isostatic pressing to improve contact, the resulting 0.6 A h pouch
cell achieved an energy density above 900 Wh L−1, Coulombic effi-
ciency above 99.8%, and 89% capacity retention over 1000 cycles
under a stack pressure of 2 MPa. This demonstration, however,
was obtained at an elevated operating temperature of 60 °C.

A more explicitly low-pressure-oriented design was reported by
Oh et al., who introduced a lithio-amphiphilic nanobilayer com-
posed of a lithiophobic W top layer and a lithiophilic Mg bottom
layer with a total thickness of only 230 nm (Fig. 8b) [30]. This
bilayer separated two key interfacial functions: the lower Mg layer
facilitated uniform Li nucleation through its strong Li affinity,
while the upper W layer confined dense Li deposition underneath
it by imposing a high interfacial energy against Li. As a result, the
bilayer enabled short-circuit-free cycling at high current density
and supported a pouch-type full cell with an energy density of
1100 Wh L−1 and 71.9% capacity retention after 300 cycles at room
temperature under 2 MPa. This study shows that low-pressure
anode-less operation depends not only on lowering the Li nucle-
ation barrier, but also on controlling the location and density of
Li deposition.

A recent approach extended nucleation control from a static
interlayer to a self-regenerating one by embedding the nucleation
agent within the SE itself. Choi et al. coated an Ag-substituted argy-
rodite layer (Li5.4Ag0.6PS5Cl) onto the current collector beneath an
undoped argyrodite separator, forming an SE bilayer (Fig. 8c)
[108]. During charging, Ag+ was electrochemically exsolved as
nanoscale lithiophilic seeds along grain boundaries and pores,
and these seeds alloyed with Li to guide the growth of a compact
Li layer between the SE bilayer and the current collector. Upon
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stripping, the Ag species returned to the electrolyte layer, so the
nucleation matrix was regenerated in each cycle rather than being
consumed or displaced together with the Li deposit. A pouch-type
full cell operated at 2.0 MPa and 60 °C delivered an areal capacity
of 7.0 mA h cm−2 at 0.7 mA cm−2 with 95.0% capacity retention
after 50 cycles and a volumetric energy density of 1312 Wh L−1

excluding packaging materials, and stable operation was also
demonstrated at 30 °C with 87.4% retention after 50 cycles. This
result indicates that deposition-site regulation need not rely on a
fixed or sacrificially consumed interlayer, although the reported
cycle numbers remain modest compared with interlayer-based
cells.

Jun et al. proposed a structurally adaptive approach using Mg
particles as a ‘‘breathing” anode framework for Li-free all-solid-
state batteries [109]. In their design, a Li concentration gradient
from the Mg particle surface to the core promotes Li redistribution
and deposition between Mg particles. The anode-side interface
therefore behaves as an evolving alloy framework rather than a
static planar current collector. This breathing behavior allows the
interparticle spacing to change during repeated plating/stripping,
providing a route to accommodate Li morphology evolution while
maintaining interfacial contact. The full cell with an NCM cathode
retained Coulombic efficiency above 99.9% over 1000 cycles at
30 °C, and capacity retention reached 80% after 500 cycles when
a sacrificial Li3N additive in the cathode compensated the initial
Li loss. These full-cell demonstrations were, however, conducted
under 30 MPa, and the corresponding half cell sustained 99 cycles
with an average Coulombic efficiency of 98% when the pressure
was reduced to 5 MPa. The breathing framework thus validates
stripping-tolerant contact retention as a design principle, but its
capability in the practically relevant low-pressure regime remains
to be demonstrated at the full-cell level.

A complementary route preserves stripping-side contact
through mechanical compliance placed directly at the anode inter-
face. Oh et al. demonstrated this concept in anode-less sulfide SSBs
using a dual thin-film anode composed of an Mg upper layer and a
Ti3C2Tx MXene buffer layer underneath (Fig. 8d) [110]. The Mg
layer lowered the kinetic barrier for Li (de)alloying, while the duc-
tile MXene layer [111] suppressed void formation and maintained
interfacial contact at 2 MPa. In half-cell plating and stripping tests
at 2 MPa, the initial Coulombic efficiency increased from 60.8% for
bare Mg to 75.4% for the MXene/Mg design, and the lifespan before
short-circuiting was extended from 130 to 380 h. Post-cycling
analysis showed that the MXene/Mg interface remained substan-
tially flatter than Mg alone, while internal porosity after 10 cycles
decreased from ≈28% for bare Mg to 6% for the MXene/Mg design.
This result demonstrates that stripping-induced contact loss can be
mitigated at the electrochemically active interface itself, rather
than only through the packaging- and fixture-level compliance
strategies discussed in Section 5.

Overall, ALSSBs rely on interfacial architectures that perform
two complementary functions: (i) regulating where and how den-
sely Li nucleates and deposits during charging, and (ii) preserving
interfacial contact during stripping. Nevertheless, the absence of
excess Li makes these systems especially sensitive to irreversible
Li loss, contact discontinuity, and nonuniform deposition. More-
over, the most extended demonstrations still depend on elevated
temperature or on pressures above the practically targeted low-
pressure regime, and room-temperature operation at 2 MPa has
so far been achieved with shorter cycle lives than the elevated-
temperature counterparts. Thus, in the context of low-pressure
operation, anode-less configurations should not be regarded sim-
ply as energy-density-enhancing designs, but as demanding tests
of whether interfacial and architectural engineering can sustain
reversible Li cycling with minimal external mechanical
compensation.
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Fig. 8. Contact-regulation strategies for low-pressure anode-less SSBs. (a) An Ag–C composite layer acting as an alloy-forming nucleation matrix for uniform Li deposition and
stable cycling for 1000 cycles at 2 MPa. Adapted with permission from Ref. [29]. Copyright 2020, Springer Nature. (b) A lithio-amphiphilic W/Mg nanobilayer in which
lithiophilic Mg promotes uniform Li nucleation and lithiophobic W confines dense Li deposition beneath the W layer. Reproduced with permission from Ref. [30]. Copyright
2024, Royal Society of Chemistry. (c) An Ag-substituted Li-argyrodite bilayer enabling reversible Ag exsolution and regeneration of nanoscale lithiophilic nucleation sites
during Li plating/stripping. Reproduced with permission from Ref. [108]. Copyright 2025, The Author(s). Published by Springer Nature. This material is excluded from the
Creative Commons license governing this article. (d) An MXene/Mg dual thin-film electrode in which Mg–Li (de)alloying regulates Li deposition and a ductile MXene buffer
preserves interfacial contact during stripping. Adapted with permission from Ref. [110]. Copyright 2023, Wiley-VCH.
From an anode-design perspective, the key challenge is to
decouple reversible Li plating/stripping from the need for continu-
ous external mechanical compensation. Future work should there-
fore evaluate whether 3D hosts, interlayers, compliant buffers, and
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anode-less current collectors can maintain stable Li morphology
and interfacial contact under realistic areal capacities, lean Li
inventory, and limited stack pressure. In particular, interface anal-
ysis should be coupled with full-cell performance evaluation,
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because stable voltage profiles alone may not reveal gradual con-
tact loss, nonuniform Li deposition, or irreversible Li inventory loss
during cycling. Such combined analysis will be essential for identi-
fying anode-side designs that are truly compatible with practical
low-pressure operation.

5. Cell-level design and stack-level pressure management

The cathode- and anode-side strategies discussed above aim to
stabilize local interfaces under reduced mechanical confinement.
Although such component-level approaches can substantially
improve low-pressure performance, their effectiveness ultimately
depends on how pressure is applied, transmitted, and maintained
at the full-cell level. In practical SSBs, as described in Section 2.3,
the nominal stack pressure does not necessarily represent the
actual local pressure experienced across the cell. Instead, pressure
evolves temporally with electrochemical volume changes and var-
ies spatially owing to cell geometry, electrode roughness, current
collector rigidity, and local differences in interfacial conformity.

Cell-level design must therefore address how pressure is con-
trolled and homogenized across multilayer architectures. Poorly
regulated pressure can either fail to maintain solid–solid contact
under weak confinement or generate local stress concentrations
that accelerate cracking, delamination, Li penetration, or nonuni-
form reaction. Conversely, optimized pressure fixtures, compliant
layers, and pressure-homogenizing stack architectures can convert
external pressure into a more uniform and reversible interfacial
contact state. This section discusses three stack-level approaches
that counter these cell-level amplification effects: pressure appli-
cation and control strategies that regulate the global mechanical
Fig. 9. Cell- and stack-level pressure-management strategies for low-pressure SSBs. (
voltage, stack-pressure, and cell-thickness profiles at an initial pressure of 5 MPa, showi
fluctuations to the hundred-kPa scale. Reproduced with permission from Ref. [112]. Copy
loading, and cycling performance of pouch-type SSBs using an isostatic pouch cell h
demonstrating more uniform and accurately controlled pressure with the IPCH. Reprod
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boundary condition and its temporal evolution, mechanical buffer-
ing layers that locally accommodate stress and thickness variation,
and architecture-enabled strategies that improve pressure homo-
geneity and stress distribution within the cell stack.

5.1. Pressure application and control strategies

Pressure application and control strategies address the global
mechanical boundary condition of the cell, including how the
applied load is regulated during cycling and how pressure is dis-
tributed across the stack, thereby countering the temporal pres-
sure fluctuation and relaxation described in Section 2.3.
Conventional fixed-volume laboratory cells can convert electro-
chemical volume change into large pressure fluctuations. In con-
trast, optimized pressure-control systems aim to maintain stable
and spatially uniform operating pressure while accommodating
dimensional changes during cycling. Recent studies have therefore
moved beyond simply increasing uniaxial load to focus on dynamic
pressure accommodation, regulated pressure application, and
electrode-specific pressure partitioning. Fig. 9 presents representa-
tive pressure-control strategies.

One approach is to introduce controlled compliance into the
pressure fixture so that cycling-induced volume changes are
absorbed by the fixture rather than fully translated into stack-
pressure fluctuations. Lee et al. developed a dual-sensor-
equipped variable-volume cell and showed that conventional
fixed-volume assemblies can generate MPa-scale pressure varia-
tions during cycling (Fig. 9a) [112]. By incorporating compression
springs, the pressure fluctuation was reduced to the hundred-kPa
scale because part of the mechanical displacement was accommo-
a) Spring-assisted, dual-sensor-equipped variable-volume cell and corresponding
ng accommodation of cycling-induced volume changes and suppression of pressure
right 2024, Elsevier. (b) Color-mapped pressure distribution, fluid-mediated isostatic
older (IPCH) and a rubber-gasket uniaxial pouch cell holder (UPCH) at 5 MPa,

uced with permission from Ref. [32]. Copyright 2024, Wiley-VCH.
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dated by spring deformation. This result emphasizes that an opti-
mized pressure setup should not only impose the desired initial
pressure, but also maintain the operating pressure within a narrow
range as the cell expands and contracts during cycling.

Another strategy is to improve the spatial uniformity and con-
trollability of pressure in pouch-type cells. Chen et al. introduced
an IPCH to overcome the limitations of conventional uniaxial fix-
tures, including nonuniform pressure distribution, poor accommo-
dation of electrode volume changes, and unstable cycling pressure
(Fig. 9b) [32]. By using air as the pressurizing medium, the holder
imposed a more uniform and accurately controlled external pres-
sure on pouch-type SSBs. In NCM811|LPSCl|Si pouch cells cycled
between 1 and 5 MPa, increasing pressure improved cycling per-
formance, and 2 MPa was identified as the minimum pressure
required for optimal operation in that system. The same architec-
ture was extended to a 100 mA h bilayer pouch cell, which deliv-
ered a first-cycle Coulombic efficiency of 76.9%, a discharge
capacity of 173.6 mA h g−1 (88.1 mA h), and 83.6% capacity reten-
tion after 100 cycles. This work demonstrates that pressure-control
hardware can act as an enabler of pouch cell scale-up, rather than
merely as a test fixture.

Pressure management can also be improved by decoupling the
mechanical requirements of different electrodes. Doerrer et al.
demonstrated an asymmetric pressure design in which a calibrated
uniaxial load maintained the anode at 2.5 MPa, while a compres-
sion spring limited the cathode pressure to 0.2 MPa [113]. The
pressure asymmetry was maintained because friction between
the SE pellet and mold wall suppressed pressure transmission, as
verified experimentally and by finite-element modeling. Under this
configuration, SC-NCM/LPSCl cathodes delivered discharge capaci-
ties above 200 mA h g−1, and even a high-loading cathode of
8.7 mA h cm−2 could be cycled at a cathode pressure of 0.2 MPa.
This study demonstrates that practical pressure management
may require electrode-specific pressure windows rather than a sin-
gle uniform load applied across the entire stack.

Taken together, these studies show that pressure management
in practical SSBs must account for cycling-induced pressure evolu-
tion, spatial pressure uniformity, and electrode-specific mechani-
cal requirements. Thus, the relevant design target is not simply
the nominal pressure applied at the beginning of cycling, but the
ability to maintain appropriate, spatially controlled, and tempo-
rally stable pressure throughout operation.

5.2. Mechanical buffering and compliance layers

Mechanical buffering and compliance layers provide local
adaptability within the stack by accommodating surface rough-
ness, layer misalignment, and cycling-induced thickness changes
that cannot be fully resolved by external pressure control alone.
Unlike the fixture-level strategies discussed in Section 5.1, these
layers operate closer to electrochemically active interfaces and
redistribute local stress before it develops into severe contact loss
or nonuniform current distribution. Their role is therefore not sim-
ply to soften the stack, but to convert heterogeneous local contact
into a more uniformly loaded and reversibly contacted interface.
Representative buffering layers and pressure-homogenizing archi-
tectures are summarized in Fig. 10.

Thorpe et al. demonstrated this concept by introducing a thin
elastomeric interlayer behind the current collector in anode-less
sulfide cells to compensate for plate roughness and angular
misalignment (Fig. 10a) [114]. The silicone elastomer promoted a
more uniform stress distribution across the anode-less interface,
improving Li plating coverage from 49% to 70% after plating to
2 mA h cm−2 and increasing Coulombic efficiency from 89% to
94%. By combining experiments with finite-element simulations,
the study showed that packaging-level mechanical compliance
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can homogenize interfacial pressure without directly modifying
interfacial chemistry. This result highlights that pressure nonuni-
formity can originate from macroscopic cell and fixture imperfec-
tions, not only from electrode or electrolyte materials.

A second class of compliance layers combines mechanical
buffering with electronic functionality. Cao et al. introduced a con-
ductive carbon felt elastic layer in anode-less all-solid-state cells,
where the felt self-adjusted the anode-side pressure during cycling
while maintaining Li/SE contact during stripping (Fig. 10b) [115].
The carbon felt simultaneously provided electronic conduction
and released pressure accumulated during Li plating, producing a
self-regulated internal pressure response. As a result, the first-
cycle Coulombic efficiency increased from 58.4% to 83.7%, accom-
panied by more than a tenfold improvement in cycling stability.
This example shows that a compliance layer can function as an
electro-mechanically active structural component rather than a
passive mechanical cushion.

Taken together, mechanical buffering and compliance layers
can be classified by their operating length scale and functionality.
Elastomeric homogenizers address packaging-level pressure
nonuniformity, and conductive elastic layers couple stress accom-
modation with current collection. Compliance can also be placed
directly at the electrochemically active interface, as exemplified
by the ductile MXene/Mg buffer discussed in Section 4.3, which
suppresses stripping-induced contact loss at its origin rather than
at the packaging level. Across these approaches, the central design
principle is to endow the stack with local mechanical adaptability,
allowing interfacial contact to be retained under practical confine-
ment without relying solely on higher external pressure.

5.3. Strategies for pressure homogeneity and stress distribution

Beyond external pressure regulation and dedicated compliance
layers, pressure homogeneity can also be improved by designing
electrode/electrolyte architectures that transmit load more uni-
formly and suppress poorly contacted regions from the outset
(Fig. 10c, d). This approach shifts the focus from how pressure is
applied to how the stack receives and distributes that pressure,
addressing the spatial pressure nonuniformity and scale-up effects
described in Section 2.3. Accordingly, electrode/electrolyte manu-
facturing routes, current collector interfaces, dry-processing meth-
ods, and integrated bonding strategies can all serve as upstream
pressure-management tools by improving interfacial coverage,
adhesion, and mechanical continuity before cycling begins.

For larger cell formats, Grandjean et al. showed that pressure
tolerance is strongly coupled to the electrode/electrolyte manufac-
turing route and cell architecture. In their sulfide-based NCM/
LPSCl/nanosilicon system, 10 cm2 all-coated pouch cells cycled
under 1 MPa outperformed pelletized cells cycled under
>100 MPa [116]. The improved behavior was attributed to better
densification, enhanced microstructural homogeneity, and lower
resistance in the sheet-type architecture. This comparison illus-
trates that low-pressure operation cannot be evaluated indepen-
dently of cell format; when the electrode/electrolyte architecture
is made more homogeneous and better matched to pouch-scale
assembly, the operating pressure required for stable cycling can
be substantially reduced.

Current collector modification provides a more localized
approach to improving pressure transmission and interfacial adhe-
sion. Oh et al. introduced a primer layer of carbon conductive agent
and polyvinylidene fluoride between the electrode and the current
collector, which raised the interfacial adhesion force from 1.56 to
2.45 N at the Al collector and from 1.62 to 2.50 N at the Cu collector
and allowed the inactive binder content to be reduced [33]. The
improved adhesion lowered the cathode and anode interfacial
resistances by 91.4% and 88.8%, and a 40 × 30 mm2 pouch full cell
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Fig. 10. Mechanical buffering and pressure-homogenizing architectures for low-pressure SSBs. (a) Simulated interfacial-stress variation and Li-plating images for silicone
interlayers of different thicknesses, showing mitigation of local pressure inhomogeneity caused by surface roughness and angular misalignment. Reproduced with permission
from Ref. [114]. Copyright 2025, Elsevier. (b) Schematic of a conductive carbon felt elastic layer that compresses during Li plating and releases during Li stripping to self-
regulate anode-side pressure and maintain Li/SE contact. Reproduced from Ref. [115] under the CC BY 4.0 license. Copyright 2023, The Author(s). Published by American
Chemical Society. (c) Schematic comparison of Li2S cathodes on bare and carbon-coated Al current collectors before and after cycling at 10 MPa, showing suppressed
delamination and retained cathode–collector adhesion through the carbon-based primer layer. Reproduced from Ref. [34] under the CC BY 4.0 license. Copyright 2026, The
Author(s). Published by Wiley-VCH. (d) Solvent-free fusion-bonding process and cross-sectional SEM image of a flexible composite sulfide film (CSF) formed from low-
viscosity thermoplastic polyamide (TPA) and LPSCl by low-pressure thermocompression, showing how binder viscosity and applied pressure govern film flexibility. Adapted
with permission from Ref. [118]. Copyright 2024, Wiley-VCH.
operated at 30 °C without any external stack pressure delivered
201.7 mA h g−1 in the first cycle with an initial Coulombic effi-
ciency of 80.3% and 80.7% capacity retention after 100 cycles, com-
pared with 182.0 mA h g−1, 75.6%, and 64.8% for the uncoated cell.
Because the cell was consolidated by warm isostatic pressing at
480 MPa and 60 °C before cycling, this result also illustrates that
fabrication pressure and operating pressure can be decoupled
when the collector interface is engineered. Park et al. demon-
strated the same principle at the cathode–collector interface in
all-solid-state Li–S cells, where carbon-primed Al foil reduced
interfacial resistance, improved cathode adhesion, and stabilized
cycling relative to unmodified collectors (Fig. 10c) [34]. Those
results were obtained at 10 MPa, however, so this study falls
within the moderate-pressure regime and indicates how collector
surface chemistry and topology govern the conversion of an
applied load into electrochemically active contact.

A second route is to improve contact coverage during electrode
fabrication, so that the applied pressure is not primarily consumed
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in closing mesoscale gaps during operation. Lee et al. showed that
dry-processed cathodes can exploit shear-force-induced deforma-
tion of the SE to increase cathode contact coverage [117]. Dry-
processed electrodes reached an average coverage of 67.2%,
compared with 30.6% for pellets and 33.3% for wet-processed elec-
trodes, and this higher coverage was directly associated with
improved rate capability and cyclability. From a stack-level per-
spective, improved initial contact coverage places the cell in a
more homogeneous mechanical state before cycling, reducing the
dependence of later performance on locally concentrated pressure.

Integrated bonding and co-rolling approaches further extend
this concept by forming electrode/electrolyte laminates with
stronger mechanical continuity. Hu et al. developed a fusion-
bonding route in which a thermoplastic polyamide/LPSCl network
was formed by thermocompression at a fabrication pressure of
≤5 MPa and 140 °C, enabling ultrathin sulfide films (≤25 lm) with
built-in stress dissipation and strong adhesion to thick cathodes
(Fig. 10d) [118]. The resulting integrated batteries were
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able 2
ritical comparison of the design strategy categories discussed in Sections 3–5 for low-pressure SSB operation. Strategies are grouped by the cell component at which they act, and each category is annotated with the primary failure
athway (Section 2) that it targets.

T
C
p

Strategy category (section) Representative designs
[Ref.]

Operatingtemp
(°C)

Stack pressure
(MPa)

Representative performance Advantages Limitations, processing, and scalability

Cathode-side strategies (Section 3)
−1 −2Chemically anchored CAM–SE

interfaces (3.1)
Targets: volume-change-driven
CAM–SE contact loss (2.1.1)

In situ recrystallized,
chemically fused
NCM88–LIC interface [20]

55 ≈2 201 mA h g at 0.1C with 1.4 mA h cm
(6.9 mg cm−2); 80% retention after 278
cycles (54% after 1500) at 0.3C

Strong interfacial ad sion;
SE serves as reactio
mediator and mech ically
tolerant contact pha

Specific to the CAM–SE chemistry pair
employed, extension to sulfide SEs
unverified

Stress-mitigated CAM
architectures (3.1)
Targets: CAM volume change
and microcracking (2.1.1)

Al/Zr-decorated single-
crystal NCM811
(AZ@SC811) [98]

30 2 166.7 mA h g−1 at 0.2C, 90.8% retention
after 50 cycles; ≈94% of the capacity
measured at 100 MPa (vs. ≈87% for
undecorated CAM)

Reduces the chemo
mechanical driving ce at
its source; preserve oth
contact and transpo
continuity

Cycling demonstrated over 50 cycles,
long-term and high-areal-capacity
validation still required

Crosslinked binder networks
(3.1)
Targets: particle slippage and
interfacial debonding (2.1.1)

In situ vulcanized 3D BR
network [99]; thiol–ene
click-crosslinked SBR [18]

30 0.3–2; pouch
cells without
external
pressure

NCM/LTO pouch cell: 153 mA h g−1 at
0.2C and 72.8% retention after 150 cycles
under no external operating pressure;
163 mA h g−1 with 75% retention after 100
cycles at 0.2C and 0.3 MPa

Most compatible w slurry-
based manufacturin lowest
demonstrated opera g
pressures; in situ ch istry
avoids binder redisp sion
and slurry gelation

Demonstrations limited to moderate CAM
loadings (≈8–10 mg cm−2), effectiveness
in thick, high-areal-capacity cathodes
unverified

Coating-assisted interfacial
stabilization (3.1)
Targets: interfacial side
reactions and contact
degradation (2.1.1)

TMATFSI organic ionic
plastic crystal coating on
NCM90 [23]

25 10 (moderate
regime)

82.9% retention after 100 cycles vs. 35.8%
for uncoated NCM90

Broadly applicable a oss
CAM chemistries; s presses
interfacial side reac ns and
resistance growth

Benefit under strictly low-pressure
(≤2 MPa) conditions not yet
demonstrated, currently a moderate-
pressure relaxation strategy

SE microstructure control (3.2)
Targets: transport network
disruption (2.1.2)

Fine-particle LPSCl
distribution in NCM811
composite [25]

30 2 Median tortuosity 1.21 vs. 1.84 (coarse
LPSCl); 85.6% vs. 63.3% retention after 100
cycles

Implementable with
conventional compo te
processing; lowers ssure
sensitivity of cathod
transport

Fine sulfide powders increase moisture
sensitivity and handling requirements,
raising processing cost

Triple-phase-boundary (TPB)
regulation (3.2)
Targets: transport disruption
and TPB-driven SE
decomposition (2.1.2)

Low-surface-area CNFs
replacing Ketjen black in
thick, coating-free NCM
cathode [24]

30 2 ≈4.6 mA h cm−2 (≈110 lm,
≈25 mg cm−2); 85% retention after 500
cycles; capacity loss 0.03%/cycle
(≈12 × lower than Ketjen black)

Enables thick, coati free
cathodes using conv tional
composite processin

Demonstrated with an LTO counter
electrode (Table 1), transfer to Li-metal
full cells to be confirmed

Process-integrated cathode/SE
films (3.2)
Targets: contact loss, transport
disruption, and interfacial
voiding (2.1.1–2.1.2)

Co-rolled dry-processed
positive electrode–SE
film [26]

60; 30 for
pouch cell

2; 5 for pouch
cell

5 mA h cm−2 at 80 wt% CAM; >80%
retention after 500 cycles at 0.5C;
capacity loss on 75 → 2 MPa reduction
8.5% vs. 13.2% (freestanding); pouch
310 Wh kg−1 / 805 Wh L−1

Embeds contact rob tness
during fabrication; ectly
linked to stack-leve
performance metric

Depends on dry-film equipment whose
large-area uniformity and throughput are
still maturing

Anode-side strategies (Section 4)
−23D and composite anode host

architectures (4.1)
Targets: creep-limited voiding
and current localization (2.2.1–
2.2.2)

MIEC garnet framework
[101]; hollow Ag/carbon-
fiber scaffold [102]; Li–
CNT composite anode
[103]

RT Pressure-free to
sub-MPa (pouch
cell at 320 kPa)

CCD up to 100 mA cm (MIEC trilayer);
pouch cell 90.5% retention after 100
cycles at 320 kPa; >20-fold increase in
one-way stripping-to-depletion capacity
(≈25 vs. 1.2 mA h cm−2 at 0.1 mA cm−2,
Li–CNT)

−2 −1

Distributes current,
transport, and defor ation
over an electrode v me;
largest demonstrate CCD
gains; lowest demo rated
operating pressures

Pore volume and host mass reduce
volumetric/gravimetric energy density,
rigid ceramic frameworks incompatible
with roll-to-roll lamination, only the Ag/
C-fiber scaffold pouch-validated

Li/SE interlayer engineering (4.2)
Targets: stripping-induced
voids, electron leakage, and
filament nucleation (2.2.1–
2.2.2)

Mg16Bi84 conversion
interlayer [104]; porous
Li7N2I–CNT/–Mg [28];
hierarchical Si/C [105];
graphitized CNT/fluori-
nated-graphite (LNT10F)
[106]

80 for [104]; 25
and 60 for [28];
30 for [105]; RT
for [106]

≈1 (Li7N2I);
2.5–15 for other
examples

Up to 11.1 mA h cm and 310 Wh kg at
2.5 MPa; 2.2 mA h cm−2 with 82.4%
retention after 350 cycles; 3.4 mA h cm−2

with 80.9% retention after 200 cycles;
>91% after 100 cycles at 0.3C

Coordinates chemic
stabilization, charge arrier
transport, and conta
retention at the exis g Li/SE
interface

Long-term cycling at high loading
unverified for [104]; only Li7N2I systems
verified within ≤2 MPa; elevated tem-
perature and added interlayer volume
remain constraints
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able 2 (continued)

Strategy category (section) Representative designs
[Ref.]

Operatingtemp
(°C)

Stack pressure
(MPa)

Representative performance Advantages Limitations, processing, and scalability

Anode-less: nucleation and
deposition regulation (4.3)
Targets: current localization
and nonuniform Li deposition
(2.2.2)

Ag–C nucleation layer
[29];
lithio-amphiphilic W/Mg
nanobilayer [30];
Ag-exsolving SE bilayer
[108]

60 for [29,108];
25 for [30]

2 900 Wh L−1, 89% retention after 1000
cycles at 0.5C; 1100 Wh L−1, 71.9% after
300 cycles at 0.3C; 1312 Wh L−1, 95.0%
after 50 cycles at 0.1C

Among the highest reported
volumetric energy-density
values; controls where and
how densely Li deposits
without excess Li

Longest lifetimes require 60 °C, RT 2 MPa
operation shows shorter cycle life,
especially sensitive to irreversible Li loss
and contact discontinuity

T.Park,S.K
im

,Y.-G
.Lee

et
al.

Journal
of

Energy
Chem

istry
123

(2026)
578–

602

Anode-less: stripping-side
contact preservation (4.3)
Targets: stripping-induced
contact loss (2.2.1)

Breathing Mg-particle
anode [109];
ductile MXene/Mg dual
thin-film anode [110]

30 for [109];
25 for [110]

5 for half cell
and 30 for full
cell [109];
2 for [110]

Average CE 98% over 99 cycles at 5 MPa
and CE >99.9% over 1000 cycles at 30 MPa
(breathing framework); Initial CE
60.8 → 75.4% and short-circuit-free
lifespan 130 → 380 h in half cell and 30
cycles at 0.1C in full cell

Mitigates stripping-induced
contact loss at the
electrochemically active
interface itself

Low-pressure capability not yet
demonstrated at the full-cell level;
validation largely at half-cell scale

Cell-level strategies (Section 5)
Pressure application and control

(5.1)
Targets: temporal pressure
fluctuation and relaxation (2.3)

Spring-assisted variable-
volume cell [112];
isostatic pouch cell
holder [32];
electrode-specific asym-
metric loading [113]

40 for [112];
30 for [32,113]

5 for [112]; 1–5
for [32]; 2.5/0.2
(anode/cathode)
for [113]

Springs held stack pressure at 98.94% and
capacity at 91.73% over 65 cycles, vs.
80.00% and 75.82% in a volume-fixed cell;
100 mA h bilayer pouch, 83.6% retention
after 100 cycles; 8.7 mA h cm−2 cathode
with initial CE of 87% under asymmetric
anode/cathode pressure of 2.5/0.2 MPa

Maintains temporally stable,
spatially controlled pressure;
enables electrode-specific
pressure windows; can act as
a pouch scale-up enabler

Pressure-control components add inactive
mass, volume, and manufacturing cost at
the module level; retention at 2 MPa falls
to 47.7% vs. 77.8% at 5 MPa [32]

Mechanical buffering and
compliance layers (5.2)
Targets: local stress
heterogeneity (2.3)

Elastomeric interlayer
behind the current
collector [114];
conductive carbonfelt
elastic layer [115]

RT ≈5 (nominal,
finite-element)
for [114]; 7.5 for
[115]

Li plating coverage 49 → 70% at
2 mA h cm−2 and initial CE 89 → 94%;
initial CE 58.4 → 83.7% with >99.5% CE for
the first 30 cycles

Homogenizes local pressure
without modifying interfacial
chemistry; can couple stress
accommodation with current
collection

Demonstrated over first-cycle plating to
≈30 cycles; creep and stress relaxation of
the compliant layers uncharacterized

Manufacturing- and
architecture-enabled contact
homogeneity (5.3)
Targets: spatial pressure
nonuniformity and scale-up
effects (2.3)

Sheet-type pouch
architecture [116];
carbon-coated current
collector [34];
dry-processed contact
coverage [117];
fusion-bonded cathode/
SE laminates [118]

RT for [34,116];
25 and 60 for
[117];
30 and 50 for
[118]

1 for [116]
(10 cm2 pouch);
10 for [34];
not reported for
[117] (three
screws, 11 N m
torque);
30−80 for [118]

10 cm2 pouch: 79% retention after 160
cycles; ≈800 mA h g−1 with 78% retention
after 350 cycles in a Li2S||Li0.5In half-cell;
contact coverage 67.2% vs. 30.6% (pellet) /
33.3% (wet-processed); ≤25 lm sulfide
film enabling 390 Wh kg−1 / 1020 Wh L−1

Improves interfacial coverage
and adhesion before cycling;
supports scalable sheet and
pouch formats

Current collector benefit demonstrated
only at 10 MPa and at half-cell level;
fusion-bonded cells operated at 30–
80 MPa; the 1 MPa pouch demonstration
reaches only 104 Wh kg−1 at C/20; relies
on manufacturing routes rather than
components addable to an existing cell

Abbreviation: Coulombic efficiency (CE).

T
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demonstrated in long-life, bipolar, and pouch-type formats, high-
lighting that pressure homogeneity can be improved by strength-
ening the laminate itself rather than by simply increasing
external load. The co-rolling dry process discussed in Section 3.2
achieves a similar effect from the electrode-fabrication side,
embedding interfacial robustness into the positive electrode/SE
laminate before cell assembly.

Overall, these studies show that pressure homogeneity is not
only a fixture-level problem, but also a manufacturing and
architecture-design problem. Current collector engineering can
improve adhesion and reduce local interfacial resistance, dry pro-
cessing can increase initial contact coverage, and bonded or co-
rolled architectures can suppress poorly contacted regions under
reduced pressure. These strategies complement the global
pressure-control approaches of Section 5.1 and the local
compliance-layer approaches of Section 5.2 by making the stack
intrinsically less sensitive to pressure gradients.

From a cell-engineering perspective, future low-pressure SSB
studies should report not only the nominal stack pressure, but also
how pressure is applied, distributed, and maintained during
cycling. Practical evaluation should include pressure evolution, fix-
ture compliance, local pressure homogeneity, inactive mass and
added manufacturing cost associated with pressure-control com-
ponents, and compatibility with multilayer pouch cell formats.
Such reporting is necessary because the same nominal pressure
can represent very different mechanical boundary conditions
depending on cell geometry, fixture design, and manufacturing
route.

To consolidate the strategies discussed in Sections 3–5, Table 2
compares the principal design categories in terms of their targeted
failure pathways, demonstrated pressure and temperature condi-
tions, representative performance, advantages, and current limita-
tions. Two cross-cutting observations emerge from this
comparison. First, although operation within the practically rele-
vant ≤2 MPa regime has been demonstrated in most categories,
these demonstrations typically rely on compensating conditions
such as elevated temperature, moderate areal loading, or small cell
formats, and several categories, including coating-assisted stabi-
lization and most interlayer designs, remain confined to the
moderate-pressure regime. Second, the strategies are complemen-
tary rather than interchangeable. Component-level designs reduce
the pressure required to stabilize individual interfaces, whereas
cell-level designs determine whether that pressure is actually
delivered uniformly and maintained throughout cycling. Low-
pressure operability therefore emerges from the co-design of
active materials, interfaces, electrode architectures, and pressure-
management systems, rather than from any single modification.
6. Conclusions and perspectives

SSBs are often evaluated under externally applied stack pres-
sure because solid–solid interfaces cannot self-adjust like liquid-
wetted interfaces. This review emphasizes that the pressure sensi-
tivity of SSBs should not be interpreted simply as a need for
mechanical compression. Rather, it reflects the inability of dynam-
ically evolving solid–solid interfaces to maintain sufficient real
contact area, homogeneous current distribution, and mechanically
stable reaction pathways under limited confinement. When stack
pressure is insufficient, the reduced real contact area leads to cur-
rent constriction, local stress concentration, and progressive inter-
facial degradation. High stack pressure can therefore improve
apparent performance by mechanically compensating for these
instabilities, but it does not by itself solve the underlying limita-
tions of the cell architecture. In this sense, high pressure relocates
the burden of contact retention from the cell to the external fix-
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ture, whereas low-pressure operability requires that this burden
be absorbed by the cell itself. This correspondence between failure
modes and design strategies, organized by the four unifying func-
tions of contact retention, transport robustness, Li deposition reg-
ulation, and pressure homogenization, is summarized in Fig. 4.

The failure modes discussed in this review show that low-
pressure degradation is intrinsically coupled across materials,
interfaces, and cell architecture, and that it proceeds as a distinct
causal sequence at each level. On the cathode side, lattice breath-
ing and volume mismatch of cathode active materials promote
CAM–SE contact loss, microcracking, disruption of ionic/electronic
transport networks, and through-thickness reaction heterogeneity
in thick composite electrodes. On the anode side, Li stripping under
weak confinement causes creep-limited interfacial void formation,
current localization at residual contact patches, and filament-
mediated short-circuiting when subsequent Li deposition becomes
sufficiently nonuniform. At the cell level, these interfacial mecha-
nisms are amplified by temporal pressure fluctuation and relax-
ation, together with spatial pressure nonuniformity that creates
locally under- and over-pressurized regions. As cell format
increases, these effects make contact loss, reaction heterogeneity,
current localization, and crack-assisted Li penetration more diffi-
cult to control than in small, rigidly constrained laboratory cells.
These degradation pathways become even more critical in thin-Li
and anode-less configurations, where the Li inventory is limited
and interfacial contact must be regenerated reversibly during
every cycle. Stable low-pressure operation therefore requires more
than chemically stable interfaces; it requires mechanically adap-
tive cell architectures that preserve real contact area, suppress
transport bottlenecks, stabilize Li deposition, and homogenize
stress and electrochemical reactions across the full cell.

Recent progress indicates that this goal can be approached
through multiscale design at three complementary levels: (i)
cathode-side strategies that combine contact-stable composite
architectures—chemically anchored CAM–SE interfaces, stress-
mitigated CAM architectures, crosslinked binder networks, and
coating-assisted interfacial stabilization—with transport-robust
electrode engineering based on SE microstructure control, triple-
phase-boundary regulation, and process-integrated cathode/SE
architectures; (ii) anode-side strategies comprising pressure-
tolerant 3D or composite Li architectures, functional interlayers
for coordinated chemical, transport, and mechanical stabilization,
and anode-less designs using nucleation-guiding layers, self-
regenerating nucleation seeds, and ductile buffer layers; and (iii)
cell-level strategies involving pressure-control hardware, elas-
tomeric compliance layers, current collector surface engineering,
dry-process contact optimization, and bonded laminate architec-
tures. Collectively, these approaches show that the central design
principle for low-pressure SSBs is shifting from externally forcing
contact to intrinsically retaining contact through interface, elec-
trode, and stack-level co-design. To translate this concept into
practical cell technologies, however, the field must define more
clearly how low-pressure operability should be evaluated and
compared.

Cycling performance at a single nominal pressure is insufficient
to establish practical relevance because pressure tolerance
depends strongly on areal capacity, electrode thickness, cell for-
mat, temperature, current density, fabrication pressure, and pres-
sure evolution during cycling. Future studies should therefore
report coupled metrics, including operating pressure window,
active-material loading, areal capacity, electrolyte thickness, cell
format, pressure-control method, inactive-mass penalty, and
scalability to multilayer or pouch cell configurations. Such stan-
dardized reporting would enable fairer comparison among differ-
ent strategies and help distinguish truly pressure-tolerant cell
designs from demonstrations that rely on hidden mechanical or

move_t0010


T. Park, S. Kim, Y.-G. Lee et al. Journal of Energy Chemistry 123 (2026) 578–602
architectural advantages or on compensating conditions such as
elevated operating temperature, moderate areal loading, or small
cell formats.

A second priority is to move from component-level optimiza-
tion toward coupled chemo-mechanical full-cell design. Low-
pressure instability does not originate from a single weak interface,
but from the coupled evolution of contact loss, stress accumula-
tion, transport constriction, and morphology-dependent reaction
heterogeneity across the entire stack. Accordingly, improved oper-
ando and spatially resolved characterization tools will be essential.
Techniques capable of tracking pressure evolution, local contact
area, interfacial void formation, Li morphology, cathode transport
pathways, and stress distribution during cycling will be particu-
larly valuable, and spatially resolved pressure mapping across
large-format cells is required to connect interfacial mechanisms
to the pressure heterogeneity that emerges only upon scale-up.
These diagnostics are also important for interpreting commonly
reported metrics such as critical current density, which can be
strongly influenced by evolving contact area, current–time proto-
col, transferred charge, rest periods, stack pressure, and interfacial
morphology rather than by intrinsic SE properties alone.

A third direction is to align low-pressure design more closely
with scalable manufacturing and realistic cell assembly. Strategies
that perform well in small pellet cells may not translate directly to
pouch or multilayer formats if they require excessive inactive com-
ponents, complex processing, high fabrication pressure, or precise
laboratory-scale fixtures. Conversely, recent studies show that
manufacturing routes themselves can function as pressure-
management strategies by improving contact coverage, adhesion,
laminate integrity, and pressure homogeneity before cycling
begins. For practical SSBs, low-pressure operation should therefore
be evaluated together with process compatibility, throughput, cost,
solvent tolerance, dry-room compatibility, multilayer stacking, and
module-level pressure distribution.

Ultimately, low-pressure operation should be regarded as a pri-
mary design criterion for practical SSBs rather than a secondary
testing condition. The goal is not necessarily to eliminate mechan-
ical pressure entirely, but to reduce the required pressure to a
practically manageable range of ≤2 MPa while ensuring that inter-
faces remain mechanically and electrochemically stable through-
out cycling. Achieving this target will require integrated co-
design of active materials, SEs, interfacial layers, electrode
microstructures, current collectors, compliance elements, and
pressure-control architectures. By embedding contact retention,
transport robustness, Li deposition regulation, and pressure
homogenization into the cell itself, future SSBs can move closer
to high-energy, scalable, and mechanically practical operation
without relying on excessive external compression.
CRediT authorship contribution statement

Taegeun Park:Writing – original draft, Visualization, Investiga-
tion, Formal analysis, Data curation. Sojeong Kim: Writing – orig-
inal draft, Visualization, Investigation, Formal analysis, Data
curation. Young-Gi Lee: Resources, Funding acquisition. Jinwoo
Lee: Validation, Supervision. Seok Hun Kang: Writing – review &
editing, Validation, Supervision, Project administration, Methodol-
ogy, Funding acquisition, Conceptualization.
Declaration of competing interests

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
600
Acknowledgments

This study was supported by the Technology Innovation Pro-
gram (RS-2024-00449747) through the Korea Planning & Evalua-
tion Institute of Industrial Technology (KEIT) funded by the
Ministry of Trade, Industry & Energy (MOTIE, South Korea), and
by the Nano & Material Technology Development Program (RS-
2026-25542167) through the National Research Foundation of
Korea (NRF) funded by the Ministry of Science and ICT (MSIT, South
Korea).

References

[1] L. Gireaud, S. Grugeon, S. Laruelle, B. Yrieix, J.-M. Tarascon, Electrochem.
Commun. 8 (2006) 1639–1649.

[2] X. Yin, W. Tang, K.C. Phua, S. Adams, S.W. Lee, G.W. Zheng, Nano Energy 50
(2018) 659–664.

[3] J. Xiao, Q. Li, Y. Bi, M. Cai, B. Dunn, T. Glossmann, J. Liu, T. Osaka, R. Sugiura, B.
Wu, J. Yang, J.-G. Zhang, M.S. Whittingham, Nat. Energy 5 (2020) 561–568.

[4] N. Boaretto, I. Garbayo, S. Valiyaveettil-SobhanRaj, A. Quintela, C. Li, M. Casas-
Cabanas, F. Aguesse, J. Power Sources 502 (2021) 229919.

[5] P. Albertus, V. Anandan, C. Ban, N. Balsara, I. Belharouak, J. Buettner-Garrett, Z.
Chen, C. Daniel, M. Doeff, N.J. Dudney, B. Dunn, S.J. Harris, S. Herle, E. Herbert,
S. Kalnaus, J.A. Libera, D. Lu, S. Martin, B.D. McCloskey, M.T. McDowell, Y.S.
Meng, J. Nanda, J. Sakamoto, E.C. Self, S. Tepavcevic, E. Wachsman, C. Wang, A.
S. Westover, J. Xiao, T. Yersak, ACS Energy Lett. 6 (2021) 1399–1404.

[6] B. Aktekin, L.M. Riegger, S.-K. Otto, T. Fuchs, A. Henss, J. Janek, Nat. Commun.
14 (2023) 6946.

[7] T. Krauskopf, F.H. Richter, W.G. Zeier, J. Janek, Chem. Rev. 120 (2020) 7745–
7794.

[8] H. Wang, H. Gao, X. Chen, J. Zhu, W. Li, Z. Gong, Y. Li, M.S. Wang, Y. Yang, Adv.
Energy Mater. 11 (2021) 2102148.

[9] J. Liang, X. Li, S. Wang, K.R. Adair, W. Li, Y. Zhao, C. Wang, Y. Hu, L. Zhang, S.
Zhao, S. Lu, H. Huang, R. Li, Y. Mo, X. Sun, J. Am. Chem. Soc. 142 (2020) 7012–
7022.

[10] M. Dixit, C. Beamer, R. Amin, J. Shipley, R. Eklund, N. Muralidharan, L.
Lindqvist, A. Fritz, R. Essehli, M. Balasubramanian, I. Belharouak, ACS Energy
Lett. 7 (2022) 3936–3946.

[11] J. Janek, W.G. Zeier, Nat. Energy 8 (2023) 230–240.
[12] S. Ko, M. Ue, A. Yamada, Joule 10 (2026) 102269.
[13] M.J. Wang, E. Kazyak, N.P. Dasgupta, J. Sakamoto, Joule 5 (2021) 1371–1390.
[14] J. Lee, T. Lee, K. Char, K.J. Kim, J.W. Choi, Acc. Chem. Res. 54 (2021) 3390–

3402.
[15] T. Schmaltz, F. Hartmann, T. Wicke, L. Weymann, C. Neef, J. Janek, Adv. Energy

Mater. 13 (2023) 2301886.
[16] A. Sakuda, A. Hayashi, M. Tatsumisago, Sci. Rep. 3 (2013) 2261.
[17] S. Yu, R.D. Schmidt, R. Garcia-Mendez, E. Herbert, N.J. Dudney, J.B.

Wolfenstine, J. Sakamoto, D.J. Siegel, Chem. Mater. 28 (2016) 197–206.
[18] Y.J. Park, K.T. Kim, S. Jun, J.S. Kim, J. Yoon, C. Bak, Y.M. Lee, D.H. Kim, J.Y. Kim,

Y.S. Jung, Adv. Funct. Mater. 36 (2026) e16017.
[19] S. Moradi, B. Zahiri, P.V. Braun, Nat. Commun. 16 (2025) 9266.
[20] H.-W. Liu, H. Chen, S. Thi, P.-J. Yu, J.-L. Chen, C.-W. Pao, P.-Y. Chang, S.-C. Haw,

Y.-F. Liao, Y.-C. Shao, Compos. Part B Eng. 293 (2025) 112133.
[21] T. Ohno, Y. Ugata, N. Yabuuchi, J. Mater. Chem. A 14 (2026) 385–393.
[22] L. Wang, A. Mukherjee, C.-Y. Kuo, S. Chakrabarty, R. Yemini, A.A. Dameron, J.

W. DuMont, S.H. Akella, A. Saha, S. Taragin, H. Aviv, D. Naveh, D. Sharon, T.-S.
Chan, H.-J. Lin, J.-F. Lee, C.-T. Chen, B. Liu, X. Gao, S. Basu, Z. Hu, D. Aurbach, P.
G. Bruce, M. Noked, Nat. Nanotechnol. 19 (2024) 208–218.

[23] J. Wang, K. Yang, Z. Fan, M. Wang, D. Wang, B. Ding, X. Zhang, Electrochim.
Acta 550 (2025) 148062.

[24] L. Wang, B. Hu, C. Doerrer, S. Zhang, L. Yang, L. Pi, M. Jenkins, B. Liu, S.D. Pu, Y.
Yuan, ACS Energy Lett. 11 (2026) 1623–1630.

[25] K. Zhou, S. Lu, C. Mish, Y.-T. Chen, S. Feng, J. Kim, M.-S. Song, H.A. Kim, P. Liu,
ACS Energy Lett. 10 (2025) 966–974.

[26] D.J. Lee, Y. Jeon, J.-P. Lee, L. Zhang, K.H. Koh, F. Li, A.U. Mu, J. Wu, Y.-T. Chen, S.
McNulty, Nat. Commun. 16 (2025) 4200.

[27] S.G. Lee, K.S. Kim, S. Shim, D. Jun, J.E. Jung, T.E. Kim, J. Lee, E. Seo, S.H. Park, Y.J.
Lee, Small 21 (2025) e08049.

[28] Z. Wang, J. Xia, X. Ji, Y. Liu, J. Zhang, X. He, W. Zhang, H. Wan, C. Wang, Nat.
Energy 9 (2024) 251–262.

[29] Y.-G. Lee, S. Fujiki, C. Jung, N. Suzuki, N. Yashiro, R. Omoda, D.-S. Ko, T.
Shiratsuchi, T. Sugimoto, S. Ryu, Nat. Energy 5 (2020) 299–308.

[30] J. Oh, S.H. Choi, H. Kim, J.Y. Kim, G.-J. Lee, K.Y. Bae, T. Lee, N. Lee, Y. Sohn, W.J.
Chung, J.W. Choi, Energy Environ. Sci. 17 (2024) 7932–7943.

[31] D. Jun, J.E. Jung, H. Yim, H. Kim, S.G. Lee, K.S. Kim, S. Shim, T.E. Kim, Y.J. Lee,
Adv. Energy Mater. 15 (2025) e02956.

[32] Y.T. Chen, J. Jang, J.A.S. Oh, S.Y. Ham, H. Yang, D.J. Lee, M. Vicencio, J.B. Lee, D.
H. Tan, M. Chouchane, Adv. Energy Mater. 14 (2024) 2304327.

[33] H. Oh, J.T. Kim, H.-J. Shin, A.Y. Kim, C. Bak, S.-O. Kim, K.Y. Chung, J. Mun, J. Kim,
Y.M. Lee, S.-Y. Lee, H.-G. Jung, Mater. Sci. Eng. R. Rep. 164 (2025) 100970.

[34] J. Park, J. Jung, S. Yang, D.H. Kim, J.B. Lee, J.A.S. Oh, H. Yang, M. Nashiru, C.J.
Huang, Y.S. Meng, Adv. Energy Mater. 16 (2026) e04272.

http://refhub.elsevier.com/S2095-4956(26)00632-7/h0005
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0005
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0010
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0010
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0015
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0015
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0020
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0020
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0025
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0025
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0025
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0025
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0025
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0030
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0030
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0035
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0035
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0040
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0040
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0045
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0045
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0045
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0050
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0050
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0050
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0055
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0060
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0065
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0070
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0070
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0075
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0075
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0080
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0085
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0085
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0090
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0090
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0095
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0100
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0100
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0105
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0110
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0110
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0110
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0110
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0115
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0115
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0120
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0120
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0125
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0125
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0130
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0130
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0135
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0135
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0140
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0140
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0145
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0145
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0150
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0150
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0155
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0155
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0160
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0160
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0165
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0165
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0170
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0170


T. Park, S. Kim, Y.-G. Lee et al. Journal of Energy Chemistry 123 (2026) 578–602
[35] M. Ganser, F.E. Hildebrand, M. Klinsmann, M. Hanauer, M. Kamlah, R.M.
McMeeking, J. Electrochem. Soc. 166 (2019) H167–H176.

[36] Z.A. Ghazi, Z. Sun, C. Sun, F. Qi, B. An, F. Li, H.M. Cheng, Small 15 (2019)
1900687.

[37] V. Raj, K.G. Naik, B.S. Vishnugopi, A.K. Rana, A.S. Manning, S.R. Mahapatra, K.
Varun, V. Singh, A. Nigam, J.D. McBrayer, Adv. Energy Mater. 14 (2024)
2303062.

[38] J.-L. Li, L. Shen, Z.-N. Cheng, J.-D. Zhang, L.-X. Li, Y.-T. Zhang, Y.-B. Gao, C. Guo,
X. Chen, C.-Z. Zhao, J. Energy Chem. 101 (2025) 16–22.

[39] C. Yuan, J. Wu, W. Zhang, M. Han, Y. Jia, J. Energy Chem. 108 (2025) 495–507.
[40] R. Chen, Q. Li, X. Yu, L. Chen, H. Li, Chem. Rev. 120 (2020) 6820–6877.
[41] J.M. Doux, H. Nguyen, D.H. Tan, A. Banerjee, X. Wang, E.A. Wu, C. Jo, H. Yang,

Y.S. Meng, Adv. Energy Mater. 10 (2020) 1903253.
[42] D.K. Singh, T. Fuchs, C. Krempaszky, P. Schweitzer, C. Lerch, F.H. Richter, J.

Janek, Matter 6 (2023) 1463–1483.
[43] Y. Chen, Z. Wang, X. Li, X. Yao, C. Wang, Y. Li, W. Xue, D. Yu, S.Y. Kim, F. Yang,

Nature 578 (2020) 251–255.
[44] T. Asakura, T. Inaoka, C. Hotehama, H. Kowada, K. Motohashi, A. Sakuda, M.

Tatsumisago, A. Hayashi, ACS Appl. Mater. Interfaces. 15 (2023) 31403–
31408.

[45] W. Zhang, D.A. Weber, H. Weigand, T. Arlt, I. Manke, D. Schröder, R. Koerver, T.
Leichtweiss, P. Hartmann, W.G. Zeier, ACS Appl. Mater. Interfaces 9 (2017)
17835–17845.

[46] C. Liu, F. Roters, D. Raabe, Nat. Commun. 15 (2024) 7970.
[47] S. Dong, L. Sheng, L. Wang, J. Liang, H. Zhang, Z. Chen, H. Xu, X. He, Adv. Funct.

Mater. 33 (2023) 2304371.
[48] J. Liu, H. Yuan, H. Liu, C.Z. Zhao, Y. Lu, X.B. Cheng, J.Q. Huang, Q. Zhang, Adv.

Energy Mater. 12 (2022) 2100748.
[49] R. Koerver, W. Zhang, L. De Biasi, S. Schweidler, A.O. Kondrakov, S. Kolling, T.

Brezesinski, P. Hartmann, W.G. Zeier, J. Janek, Energy Environ. Sci. 11 (2018)
2142–2158.

[50] J. Zhang, J. Fu, P. Lu, G. Hu, S. Xia, S. Zhang, Z. Wang, Z. Zhou, W. Yan, W. Xia,
Adv. Mater. 37 (2025) 2413499.

[51] R. Koerver, I. Aygün, T. Leichtweiß, C. Dietrich, W. Zhang, J.O. Binder, P.
Hartmann, W.G. Zeier, J. Janek, Chem. Mater. 29 (2017) 5574–5582.

[52] Y. Sakka, H. Yamashige, A. Watanabe, A. Takeuchi, M. Uesugi, K. Uesugi, Y.
Orikasa, J. Mater. Chem. A 10 (2022) 16602–16609.

[53] X. Liu, B. Zheng, J. Zhao, W. Zhao, Z. Liang, Y. Su, C. Xie, K. Zhou, Y. Xiang, J.
Zhu, Adv. Energy Mater. 11 (2021) 2003583.

[54] R. Ruess, S. Schweidler, H. Hemmelmann, G. Conforto, A. Bielefeld, D.A.
Weber, J. Sann, M.T. Elm, J. Janek, J. Electrochem. Soc. 167 (2020) 100532.

[55] B. Liu, S.D. Pu, C. Doerrer, D. Spencer Jolly, R.A. House, D.L. Melvin, P.
Adamson, P.S. Grant, X. Gao, P.G. Bruce, SusMat 3 (2023) 721–728.

[56] C. Chung, J. Seok, S. Ahn, S. Heo, W.-S. Yoon, J. Energy Chem. 116 (2026) 470–
481.

[57] J. Oh, W.J. Chung, S.H. Jung, Y. Kim, Y. Lee, Y.J. Nam, S. Lee, C.H. Kim, J.W. Choi,
Energy Storage Mater. 71 (2024) 103606.

[58] H.-K. Tian, Y. Qi, J. Electrochem. Soc. 164 (2017) E3512–E3521.
[59] K.G. Naik, M.K. Jangid, B.S. Vishnugopi, N.P. Dasgupta, P.P. Mukherjee, Adv.

Energy Mater. 15 (2025) 2403360.
[60] X. Gao, B. Liu, B. Hu, Z. Ning, D.S. Jolly, S. Zhang, J. Perera, J. Bu, J. Liu, C.

Doerrer, Joule 6 (2022) 636–646.
[61] S.W. Nam, D. Lee, E. Choi, J. Yeom, S.H. Choi, D.-J. Yoo, ACS Appl. Energy Mater.

8 (2025) 6876–6888.
[62] A.M. Stavola, X. Sun, D.P. Guida, A.M. Bruck, D. Cao, J.S. Okasinski, A.C. Chuang,

H. Zhu, J.W. Gallaway, ACS Energy Lett. 8 (2023) 1273–1280.
[63] T. Ji, Y. Zhang, J. Torres, A.S. Mijailovic, Y. Tang, X. Zhao, J.-C. Bilheux, J. Wang,

B.W. Sheldon, O. Oyedeji, H. Zhu, Nat. Commun. 16 (2025) 7667.
[64] R. Bradbury, G.F. Dewald, M.A. Kraft, T. Arlt, N. Kardjilov, J. Janek, I. Manke, W.

G. Zeier, S. Ohno, Adv. Energy Mater. 13 (2023) 2203426.
[65] T. Bernges, L. Ketter, B. Helm, M.A. Kraft, K.A. See, W.G. Zeier, EES Batteries 1

(2025) 172–184.
[66] J. Zeng, L. Rao, R. Li, T. He, P. Wang, T. Lin, Y. Zhang, N. Zhang, ACS Energy Lett.

11 (2026) 1059–1070.
[67] W.S. LePage, Y. Chen, E. Kazyak, K.-H. Chen, A.J. Sanchez, A. Poli, E.M. Arruda,

M.D. Thouless, N.P. Dasgupta, J. Electrochem. Soc. 166 (2019) A89–A97.
[68] S. Kalnaus, N.J. Dudney, A.S. Westover, E. Herbert, S. Hackney, Science 381

(2023) eabg5998.
[69] C. Duan, Y. Feng, T. Lin, R. Ye, M. Li, J. Wen, C. Chen, Y. Wei, Adv. Sci. 13 (2026)

e17361.
[70] M.J. Wang, R. Choudhury, J. Sakamoto, Joule 3 (2019) 2165–2178.
[71] T. Krauskopf, H. Hartmann, W.G. Zeier, J. Janek, ACS Appl. Mater. Interfaces.

11 (2019) 14463–14477.
[72] C. Hänsel, D. Kundu, Adv. Mater. Interfaces 8 (2021) 2100206.
[73] X. Zhang, Q.J. Wang, K.L. Harrison, S.A. Roberts, S.J. Harris, Cell Rep. Phys. Sci. 1

(2020) 100012.
[74] C.G. Haslam, J.K. Eckhardt, A. Ayyaswamy, B.S. Vishnugopi, T. Fuchs, D.W.

Liao, N.P. Dasgupta, P.P. Mukherjee, J. Janek, J. Sakamoto, Adv. Energy Mater.
15 (2025) 2403614.

[75] L. Zhao, M. Feng, C. Wu, L. Guo, Z. Chen, S. Risal, Q. Ai, J. Lou, Z. Fan, Y. Qi, Y.
Yao, Nat. Commun. 16 (2025) 4283.

[76] A.M. Roach, W. Zhu, S. Vema, R.M. McMeeking, C.P. Grey, V.S. Deshpande, N.A.
Fleck, Eur. J. Mech. A Solids 113 (2025) 105710.
601
[77] K.V. Kravchyk, H. Zhang, M.V. Kovalenko, Commun. Chem. 7 (2024) 257.
[78] M.S. Lal, Y. Song, P. Albertus, M. Noked, Discov. Electrochem. 3 (2026) 5.
[79] J. Sang, B. Tang, Y. Qiu, Y. Fang, K. Pan, Z. Zhou, Energy Environ. Mater. 7

(2024) e12670.
[80] C. Lee, S.Y. Han, J.A. Lewis, P.P. Shetty, D. Yeh, Y. Liu, E. Klein, H.-W. Lee, M.T.

McDowell, ACS Energy Lett. 6 (2021) 3261–3269.
[81] V. Raj, V. Venturi, V.R. Kankanallu, B. Kuiri, V. Viswanathan, N.P.B. Aetukuri,

Nat. Mater. 21 (2022) 1050–1056.
[82] J. Kasemchainan, S. Zekoll, D. Spencer Jolly, Z. Ning, G.O. Hartley, J. Marrow, P.

G. Bruce, Nat. Mater. 18 (2019) 1105–1111.
[83] T. Fuchs, C.G. Haslam, F.H. Richter, J. Sakamoto, J. Janek, Adv. Energy Mater. 13

(2023) 2302383.
[84] Z. Ning, G. Li, D.L.R. Melvin, Y. Chen, J. Bu, D. Spencer-Jolly, J. Liu, B. Hu, X. Gao,

J. Perera, C. Gong, S.D. Pu, S. Zhang, B. Liu, G.O. Hartley, A.J. Bodey, R.I. Todd, P.
S. Grant, D.E.J. Armstrong, T.J. Marrow, C.W. Monroe, P.G. Bruce, Nature 618
(2023) 287–293.

[85] H. Gao, X. Ai, H. Wang, W. Li, P. Wei, Y. Cheng, S. Gui, H. Yang, Y. Yang, M.-S.
Wang, Nat. Commun. 13 (2022) 5050.

[86] G. Li, T. Zhang, J. Tang, M. Liu, Y. Xie, J. Yu, X. Hui, C. Deng, X. Lu, Y. Kim, J.
Huang, Z.-L. Xu, Adv. Mater. 37 (2025) 2417770.

[87] J. Hu, Z. Sun, Y. Gao, P. Li, Y. Wu, S. Chen, R. Wang, N. Li, W. Yang, Y. Shen, S.-H.
Bo, Cell Rep. Phys. Sci. 3 (2022) 100938.

[88] J. Gu, X. Chen, Z. He, Z. Liang, Y. Lin, J. Shi, Y. Yang, Adv. Energy Mater. 13
(2023) 2302643.

[89] M.J. Counihan, K.S. Chavan, P. Barai, D.J. Powers, Y. Zhang, V. Srinivasan, S.
Tepavcevic, Joule 8 (2024) 64–90.

[90] C. Wang, T. Deng, X. Fan, M. Zheng, R. Yu, Q. Lu, H. Duan, H. Huang, C. Wang, X.
Sun, Joule 6 (2022) 1770–1781.

[91] W. Ping, C. Wang, Z. Lin, E. Hitz, C. Yang, H. Wang, L. Hu, Adv. Energy Mater.
10 (2020) 2000702.

[92] L. Xu, J. Zhang, T.J. Schmidt, M. El Kazzi, J. Energy Chem. 117 (2026)
365–375.

[93] S.-Y. Ham, H. Yang, O. Nunez-cuacuas, D.H. Tan, Y.-T. Chen, G. Deysher, A.
Cronk, P. Ridley, J.-M. Doux, E.A. Wu, J. Jang, Y.S. Meng, Energy Storage Mater.
55 (2023) 455–462.

[94] D.H.S. Tan, Y.S. Meng, J. Jang, Joule 6 (2022) 1755–1769.
[95] F. Zhang, Y. Guo, L. Zhang, P. Jia, X. Liu, P. Qiu, H. Zhang, J. Huang,

eTransportation 15 (2023) 100220.
[96] P. Minnmann, F. Strauss, A. Bielefeld, R. Ruess, P. Adelhelm, S. Burkhardt, S.L.

Dreyer, E. Trevisanello, H. Ehrenberg, T. Brezesinski, F.H. Richter, J. Janek, Adv.
Energy Mater. 12 (2022) 2201425.

[97] T. Yang, H. Pei, H. Lv, S. Lu, Q. Liu, D. Mu, J. Energy Chem. 101 (2025) 233–262.
[98] W. Zhao, Y. Zhang, N. Sun, Q. Liu, H. An, Y. Song, B. Deng, J. Wang, G. Yin, F.

Kong, S. Lou, J. Wang, ACS Energy Lett. 8 (2023) 5050–5060.
[99] T.Y. Kwon, K.T. Kim, D.Y. Oh, Y.B. Song, S. Jun, Y.S. Jung, Energy Storage Mater.

49 (2022) 219–226.
[100] Y. Lu, C.-Z. Zhao, J.-K. Hu, S. Sun, H. Yuan, Z.-H. Fu, X. Chen, J.-Q. Huang, M.

Ouyang, Q. Zhang, Sci. Adv. 8 (2022) eadd0510.
[101] G.V. Alexander, C. Shi, J. O’Neill, E.D. Wachsman, Nat. Mater. 22 (2023) 1136–

1143.
[102] Y. Ren, W. Shin, A. Manthiram, Adv. Energy Mater. 12 (2022) 2200190.
[103] T. Fuchs, C.G. Haslam, A.C. Moy, C. Lerch, T. Krauskopf, J. Sakamoto, F.H.

Richter, J. Janek, Adv. Energy Mater. 12 (2022) 2201125.
[104] H. Wan, Z. Wang, W. Zhang, X. He, C. Wang, Nature 623 (2023)

739–744.
[105] N.-L. Shen, F. Jiang, J.-X. Guo, Y.-F. Du, Z.-Y. Qu, X. Shen, Y. Zhou, Z. Lyu, G.

Xiao, X.-B. Cheng, Y. Wu, Adv. Funct. Mater. 35 (2025) 2505437.
[106] Z.-N. Cheng, X.-Y. Huang, C.-Z. Zhao, F. Fu, J.-D. Zhang, J.-K. Hu, Y. Mao, L. Lu,

C.-L. Guo, Q. Zhang, J. Energy Chem. 111 (2025) 86–93.
[107] S.E. Sandoval, C.G. Haslam, B.S. Vishnugopi, D.W. Liao, J.S. Yoon, S.H. Park, Y.

Wang, D. Mitlin, K.B. Hatzell, D.J. Siegel, P.P. Mukherjee, N.P. Dasgupta, J.
Sakamoto, M.T. McDowell, Nat. Mater. 24 (2025) 673–681.

[108] S.H. Choi, C.H. Baek, J. Oh, G.-J. Lee, M. Kim, H. Lee, D.-J. Yoo, Y.S. Jung, K. Kim,
J.-S. Yu, W. Cho, H. Park, J.W. Choi, Nat. Commun. 16 (2025) 5871.

[109] D. Jun, S.H. Park, J.E. Jung, S.G. Lee, K.S. Kim, J.Y. Kim, K.Y. Bae, S. Son, Y.J. Lee,
Adv. Funct. Mater. 34 (2024) 2310259.

[110] J. Oh, S.H. Choi, J.Y. Kim, J. Lee, T. Lee, N. Lee, T. Lee, Y. Sohn, W.J. Chung, K.Y.
Bae, S. Son, J.W. Choi, Adv. Energy Mater. 13 (2023) 2301508.

[111] S. Kumar, S.R. Choi, S.M.Z. Mehdi, Y. Seo, J. Energy Chem. 113 (2026) 61–90.
[112] C. Lee, J.Y. Kim, K.Y. Bae, T. Kim, S.-J. Jung, S. Son, H.-W. Lee, Energy Storage

Mater. 66 (2024) 103196.
[113] C. Doerrer, I. Capone, S. Narayanan, J. Liu, C.R. Grovenor, M. Pasta, P.S. Grant,

ACS Appl. Mater. Interfaces. 13 (2021) 37809–37815.
[114] M.A. Thorpe, M. Zhang, D.W. Liao, S.E. Sandoval, Y. Kim, M.T. McDowell, M.

Thouless, N.P. Dasgupta, Matter 8 (2025) 101955.
[115] D. Cao, T. Ji, Z. Wei, W. Liang, R. Bai, K.S. Burch, M. Geiwitz, H. Zhu, Nano Lett.

23 (2023) 9392–9398.
[116] M. Grandjean, M. Perrey, X. Randrema, J. Laurier, P. Chenevier, C. Haon, S.

Liatard, J. Power Sources 585 (2023) 233646.
[117] D. Lee, Y. Shim, Y. Kim, G. Kwon, S.H. Choi, K. Kim, D.-J. Yoo, Nat. Commun. 15

(2024) 4763.
[118] L. Hu, Y. Ren, C. Wang, J. Li, Z. Wang, F. Sun, J. Ju, J. Ma, P. Han, S. Dong, Adv.

Mater. 36 (2024) 2401909.

http://refhub.elsevier.com/S2095-4956(26)00632-7/h0175
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0175
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0180
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0180
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0185
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0185
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0185
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0190
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0190
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0195
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0200
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0205
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0205
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0210
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0210
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0215
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0215
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0220
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0220
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0220
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0225
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0225
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0225
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0230
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0235
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0235
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0240
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0240
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0245
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0245
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0245
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0250
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0250
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0255
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0255
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0260
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0260
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0265
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0265
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0270
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0270
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0275
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0275
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0280
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0280
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0285
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0285
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0290
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0295
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0295
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0300
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0300
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0305
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0305
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0310
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0310
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0315
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0315
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0320
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0320
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0325
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0325
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0330
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0330
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0335
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0335
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0340
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0340
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0345
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0345
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0350
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0355
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0355
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0360
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0365
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0365
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0370
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0370
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0370
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0375
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0375
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0380
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0380
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0385
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0390
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0395
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0395
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0400
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0400
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0405
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0405
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0410
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0410
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0415
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0415
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0420
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0420
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0420
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0420
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0425
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0425
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0430
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0430
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0435
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0435
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0440
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0440
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0445
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0445
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0450
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0450
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0455
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0455
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0460
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0460
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0465
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0465
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0465
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0470
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0480
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0480
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0480
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0485
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0490
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0490
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0495
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0495
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0500
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0500
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0505
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0505
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0510
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0515
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0515
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0520
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0520
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0525
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0525
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0530
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0530
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0535
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0535
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0535
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0540
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0540
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0545
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0545
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0550
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0550
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0555
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0560
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0560
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0565
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0565
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0570
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0570
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0575
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0575
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0580
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0580
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0585
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0585
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0590
http://refhub.elsevier.com/S2095-4956(26)00632-7/h0590


T. Park, S. Kim, Y.-G. Lee et al. Journal of Energy Chemistry 123 (2026) 578–602
Taegeun Park received his bachelor’s degree in Organic
and Nano Engineering and Chemical Engineering from
Hanyang University in 2025. Currently, he is pursuing
his master’s degree at Korea Advanced Institute of Sci-
ence and Technology (KAIST). His research focuses on
sulfide-based solid-state batteries and anode-less solid-
state batteries.
Sojeong Kim has been a post-master researcher at
Electronics and Telecommunications Research Institute
(ETRI) since 2025. She received her M.S. degree from the
Department of Chemistry at Gwangju Institute of Sci-
ence and Technology (GIST) in 2025. Her research
focuses on electrolyte design, Li metal batteries, and
solid-state batteries.
602
Jinwoo Lee is a full professor at Korea Advanced Insti-
tute of Science and Technology (KAIST). He received his
PhD from the Department of Chemical and Biological
Engineering at Seoul National University in 2003. His
research interests include energy storage/conversion
devices and the synthesis of porous materials. He began
his academic career as an assistant professor in the
Department of Chemical Engineering at POSTECH
(2008–2018) before moving to KAIST in 2018, where he
was later appointed as a KAIST Endowed Chair Profes-
sor.
Seok Hun Kang has been a researcher at Electronics and
Telecommunications Research Institute (ETRI) since
2016. He received his PhD from Korea Advanced Insti-
tute of Science and Technology (KAIST) in 2024 and was
appointed as an assistant professor at the University of
Science and Technology (UST) in 2025. His research
focuses on sulfide-based solid-state batteries, anode-
less solid-state batteries, and Li metal batteries.


	Cell and interface design strategies for low-pressure operation of solid-state batteries
	1 Introduction
	2 Pressure-dependent failure evolution under low stack pressure
	2.1 Cathode-side failure pathway: from CAM volume change to transport-network degradation
	2.1.1  Volume-change-driven contact loss
	2.1.2 Transport network disruption and reaction heterogeneity

	2.2 Anode-side failure pathway: from Li stripping voids to localized Li deposition
	2.2.1 Creep-limited interfacial void formation
	2.2.2 Current localization and filament-mediated short-circuiting

	2.3 Cell-level amplification through temporal pressure relaxation and spatial pressure heterogeneity

	3 Cathode-side design strategies
	3.1 Contact-stable composite architectures
	3.2 Transport-robust electrode engineering

	4 Anode-side design strategies
	4.1 Pressure-tolerant anode architectures
	4.2 Interlayer engineering at the Li/SE interface
	4.3 Contact regulation in anode-less solid-state batteries

	5 Cell-level design and stack-level pressure management
	5.1 Pressure application and control strategies
	5.2 Mechanical buffering and compliance layers
	5.3 Strategies for pressure homogeneity and stress distribution

	6 Conclusions and perspectives
	CRediT authorship contribution statement
	Declaration of competing interests
	Acknowledgments
	References




