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Abstract

All-solid-state batteries promise safer, more energy-dense storage than cells built on liquid
electrolytes. Among solid-state electrolytes, halide electrolytes offer high ionic conductivity, anodic
stability, and room-temperature processability, yet stable cycling is typically achieved under
stack pressures of tens to hundreds of megapascals, for reasons that remain unclear. Here we
identify the unusually high susceptibility of brittle halide electrolytes to fracture as the mechanism
underlying and show that stack pressure—conventionally applied to suppress mechanical damage
—can instead promote it by enhancing strain transfer from the active materials to the surrounding
electrolyte. Operando scanning electron microscopy captures crack initiation and propagation
within electrolyte domains in composite cathodes driven by active material volume changes,
while nanoindentation reveals an exceptionally low fracture toughness of 0.23 MPa-m1/2 for the
representative halide electrolyte Li3YCI6, substantially lower than the 0.7-1.0 MPa-m1/2 for typical
sulfide and oxide electrolytes. Pressure-dependent electrochemical and morphological analyses
show that, although modest pressure is sufficient to maintain interparticle contact, increasing
pressure beyond this level promotes electrolyte fracture and accelerates capacity loss. Guided by
this insight, we demonstrate an anode-free halide pouch cell that retains 85% of its capacity over
200 cycles at C/3 under only 2 MPa. Together, these findings show that the high stack pressures
widely used in halide solid-state batteries primarily compensate for the consequences of electrolyte
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fracture rather than reflecting the pressure intrinsically required for stable operation, establishing a
mechanical basis for low-pressure halide solid-state batteries.
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Abstract

All-solid-state batteries promise safer, more energy-dense storage than cells built on liquid
electrolytes’ 2. Among solid-state electrolytes, halide electrolytes offer high ionic conductivity,
anodic stability, and room-temperature processability* 4, yet stable cycling is typically achieved
under stack pressures of tens to hundreds of megapascals, for reasons that remain unclear. Here
we identify the unusually high susceptibility of brittle halide electrolytes to fracture as the
mechanism underlying and show that stack pressure—conventionally applied to suppress
mechanical damage—can instead promote it by enhancing strain transfer from the active materials
to the surrounding electrolyte. Operando scanning electron microscopy captures crack initiation
and propagation within electrolyte domains in composite cathodes driven by active material
volume changes, while nanoindentation reveals an exceptionally low fracture toughness of 0.23
MPa-m!? for the representative halide electrolyte LizYCls, substantially lower than the 0.7—1.0
MPa-m!? for typical sulfide and oxide electrolytes. Pressure-dependent electrochemical and
morphological analyses show that, although modest pressure is sufficient to maintain interparticle
contact, increasing pressure beyond this level promotes electrolyte fracture and accelerates
capacity loss. Guided by this insight, we demonstrate an anode-free halide pouch cell that retains
85% of its capacity over 200 cycles at C/3 under only 2 MPa. Together, these findings show that
the high stack pressures widely used in halide solid-state batteries primarily compensate for the
consequences of electrolyte fracture rather than reflecting the pressure intrinsically required for

stable operation, establishing a mechanical basis for low-pressure halide solid-state batteries.



All-solid-state batteries (ASSBs) are widely regarded as a promising technology for safer,
higher-energy electric vehicles!: 2. Among solid-state electrolytes (SSEs), halides have emerged as
leading candidates owing to their unique combination of room-temperature compressibility and
high-voltage stability, enabling practical high-energy cell designs® *. However, halide ASSBs have
yet to overcome a curious obstacle: stable operation is typically achieved under unusually high
stack pressures. A survey of 58 recent studies shows that 67% employ pressures above 50 MPa
and only 10% operate below 10 MPa (Supplementary Fig. 1, Supplementary Table 1). The
practical consequences are substantial, including heavier cell packaging, incompatibility with

lithium metal anodes, and diminished system-level energy density.

The origin of this high stack-pressure requirement remains elusive. It is frequently
attributed to broadly defined mechanical degradation, such as loss of interparticle contact during
cycling, yet this explanation is difficult to reconcile with sulfide-based ASSBs which rely on the
same solid-solid contacts but routinely operate below 10 MPa>"’. Recent work by Yun et al. further
demonstrated that the mechanical degradation of halide composite cathodes is primarily driven by
cracking-induced deformation of halide electrolytes®. This important advance nevertheless still

does not explain why halide electrolytes crack so readily under conditions that sulfides can tolerate.

This lack of mechanistic understanding has driven efforts for reducing stack pressure to
engineer away from a fully-halide architecture, including the development of mechanically

compliant oxyhalide electrolytes® 10

and the incorporation of compliant phases into composite
cathodes'!. These strategies effectively reduce the required pressure while often compromising
electrochemical stability, ionic conductivity, or material simplicity. These efforts highlight the

need for a mechanistic framework that explains why high stack pressures have appeared

indispensable for halide ASSBs.



Here we identify fracture of brittle halide electrolytes as the governing degradation
mechanism underlying the high stack-pressure requirement in halide ASSBs. Operando SEM and
mechanical characterization reveal that the volume changes of the active material
LiNio.83Mno.06C00.1102 (NMC) initiate and propagate cracks within the halide electrolyte LizYClg
(LYC), whose low fracture toughness leaves it unusually vulnerable to such damage. A fracture-
mechanics framework then reveals the countervailing effects of stack pressure: although modest
pressure is needed to maintain interparticle contact, further increases enhance strain transfer from
the active material and thereby promote electrolyte fracture. Pressure- and particle-size-dependent
experiments corroborate this framework, showing that mechanical stability can be achieved by
operating within an appropriate pressure range and limiting flaw size. These principles enable
stable cycling to 4.4 V at stack pressures far below those previously considered necessary and, in
an anode-free pouch cell, stable operation at only 2 MPa. Our findings recast stack pressure as a
mechanical boundary condition that governs competing failure modes rather than an empirical

requirement to be maximized.
Operando SEM reveals mechanical failure modes

To rationally reduce stack pressure requirements while maintaining long-term cycling
stability, it is essential to first understand the degradation mechanisms governing halide-based
ASSBs. Detailed descriptions of the mechanical failure modes remain scarce because existing

techniques, mostly postmortem analyses !> 13

and indirect methods such as impedance
spectroscopy 4, lack the spatial and temporal resolution to visualize crack initiation and evolution
in real time. We bridge this gap with operando SEM, which visualizes NMC-LYC cathode
composites at high resolution in real time under practically relevant ASSB operating conditions.

Operando SEM was performed on the cross-section of mechanically polished NMC-LYC

composite cathodes (Fig. la-b, Supplementary Note 1, Supplementary Fig. 2 and 3,
4



Supplementary Movies 1-3). The monitored composite cathode region contained no obvious pre-
existing bulk defects in the pristine state (Fig. 1b). During operando measurement, the cell
delivered a specific capacity of 171.3 mAh g! with an initial coulombic efficiency of 86.2% (Fig.
Ic). SEM images were collected from the same region every 15 min during the first charge-
discharge cycle, and representative frames were selected at the pristine state and at characteristic

states during charge and discharge (Fig. 1e—f).

Fig. 1. Operando SEM visualization of mechanical failure modes in halide-based composite
cathodes. (a) Photograph of the operando SEM setup with the miniature cell mounted on the SEM
stage. (b) Cross-sectional SEM image of the full cell, consisting of an NMC-LYC composite
cathode, LYC solid electrolyte layer, LPSCI interlayer, and Li—In anode. (¢) Voltage profile of the

NMC-halide cathode during operando observation. (d) Loss of contact between NMC and LYC;



(e) Crack propagation from NMC to LYC; (f) Crack initiation within LYC. Tests were performed

at 0.2 MPa and room temperature (22-23 °C).

The time-resolved images reveal that mechanical degradation starts during charge when
NMC undergoes appreciable volume change. Mechanical degradation begins at 4.0 V, coinciding
with the M—H2 phase transition of NMC!> 16, NMC contraction induces local detachment from
adjacent LYC to accommodate strain (Fig. 1d), with interfacial separation propagating along
particle boundaries. By 4.4 V, ~35% of the NMC perimeter loses contact, substantially decreasing

Li-ion access to the active material.

Cracking provides a second pathway for strain accommodation. Cracking within NMC and
solid electrolytes has been separately reported!”2!. Figure le shows that the cracks initiated within
single-crystal NMC can further propagate into adjacent LYC. The induced cracks in LYC expand
with charge and partially reverse upon discharge. Here, we directly capture an interfacial crack-
transfer process, in which a primary NMC crack propagates into neighboring LYC and triggers
secondary fracture in the electrolyte. Cracking of LYC increases the tortuosity of the ion transport

pathway and hence the impedance in the composite cathode.

Cracks also develop within large LYC domains. For instance, a 12-pm-long crack is found
in a 20-um LYC domain at 4.0 V, independent of NMC cracks or contact loss (Fig. 1f). Because
LYC is not expected to undergo any intrinsic volume change during cycling, these cracks likely
result from tensile stress imposed by contracting NMC. When the internal cohesion energy of LYC
is weaker than its interfacial adhesion to NMC, cracks occur within LYC rather than along the
interface. Notably, these cracks were partially reversible, widening to 140 nm at 4.4 V and

narrowing to 80 nm at 2.6 V following discharge.



In situ electrochemical impedance spectroscopy (EIS) with distribution of relaxation times
(DRT) analysis reveals that these forms of mechanical degradation are the dominant degradation
pathway in the NMC-LYC ASSBs (Supplementary Note 2 and Supplementary Fig. 4-5). The bulk
resistance (z < 10~ s) and interphase-related impedance (ycei, 10 < 7 < 1073 s) remained stable
throughout cycling, indicating chemical and electrochemical stability at all interfaces. In contrast,
impedance associated with mechanical degradation (ymechanicat, 10> <7< 0.1 s) increased markedly

upon cycling, likely reflecting repeated NMC volume change during (de)lithiation.

Taken together, the operando SEM observations identify three representative mechanical
failure modes in NMC-LYC composite cathodes: NMC-LYC contact loss, NMC-to-LYC crack
propagation, and intra-LYC cracking. These modes are not independent degradation pathways.
Rather, they are competing responses to NMC-induced stress from volume change during cycling,
with the local outcome determined by the relative resistance of the NMC-LYC interface to

debonding and of LYC to crack propagation.
Low fracture toughness explains crack susceptibility of LYC

LYC’s susceptibility to crack propagation is unusual among solid-state electrolytes. To
address this issue fundamentally, we investigated its mechanical origin through nanoindentation,

comparing LYC with representative sulfide and oxide electrolytes (Fig. 2).

We measured the elastic modulus (£) and hardness (H) of polished LYC pellets using a
Berkovich indenter (Fig. 2a) and analyzed the data using the Oliver—Pharr method?*2. From the
load-displacement profiles in Fig. 2b, LYC exhibits an elastic modulus of 32.1 + 3.7 GPa, which
is close to that of LisPSsCl (28.0 + 1.8 GPa)* and much lower than that of LizLasZr>O12 (150.3 +
2.2 GPa)*® (Fig. 2¢). Similarly, the hardness of LYC (1.30 + 0.25 GPa) is close to that of LicPSsCl

(0.92 + 0.19 GPa)* and much lower than that of LisLasZr>O12 (9.3 + 0.5 GPa) (Fig. 2d)*’. The



reduced modulus and hardness likely originate from the longer ionic bonds in halides?®, which

reduce lattice rigidity and enhance structural flexibility.
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Fig. 2. Mechanical characterization of halide electrolytes. (a) Schematic illustration of the
indentation setup. The left inset shows a Berkovich indentation mark and the geometry of a
Berkovich tip with a face-to-face angle of 142.2°. The right inset shows cracks induced by a cube-
corner indenter under a 400 mN load, together with the geometry of a cube-corner tip with a face-
to-face angle of 90°. (b) Representative load-displacement curves using a Berkovich tip on LYC.
(c—e) Comparison of elastic modulus (¢), hardness (d), and fracture toughness (e) across halide,
sulfide?, and oxide?® 27 electrolytes. Error bars represent standard deviations; n = 16 indents for

elastic modulus and hardness and n» = 12 indents for fracture toughness.



Fracture toughness (Kc), a direct measure of crack resistance?® 3

, was determined using a
cube-corner indenter that generates half-penny—shaped cracks at shallow penetration depths (Fig.
2a). Pronounced radial cracks in LYC are observed extending from the indent corners (Fig. 2a),
consistent with the brittle nature of LYC. K. is calculated according to
1
Kie = a«(5)(*2) (1)
cz

where a is 0.038 for a cube-corner tip?!, E is the elastic modulus, H is hardness, P is the applied
load, and c is the crack length from the indent center to the crack tip. The resulting K;c of LYC
(0.23 £ 0.08 MPa m'?; Fig. 2¢) is substantially lower than that of sulfide LicPSsC1 (LPSCI, 0.69 +
0.12 MPa m"?)?* and oxide Li7La3Zr,012 (0.97 = 0.1 MPa m'?)%’, indicating a lower resistance to
crack propagation. This low fracture toughness is consistent with first-principles calculations
showing that LYC possesses both a low bulk cleavage energy (W#)) and a low grain-boundary work
of adhesion (Waa4), providing energetically accessible pathways for both transgranular cleavage and

intergranular separation®?. According to the Griffith energy criterion, a lower energy required to

create new fracture surfaces facilitates crack propagation™.

The low Kjc provides a mechanistic basis for the cracking-induced failure. Within the
framework of linear elastic fracture mechanics, crack propagation is governed by the mode-I stress

intensity factor

K, = Yovma (2)

where Y is a dimensionless geometry factor, ois the tensile stress acting normal to the crack plane,

and « is the effective flaw size.

Under perfect interfacial bonding and complete strain transfer from NMC to LYC,

Oryc = ELycAénmc (3)



where ELyc is the elastic modulus of LYC and Aenmc is the relative linear eigenstrain of NMC. In
a real composite electrode, however, imperfect interparticle contact, local debonding, and stress

relaxation reduce strain transfer. We therefore introduce an effective strain-transfer factor (C),
oryc = ELycC(P)Aenmc, 0 < € <1 (4)

where C(P) denotes the fraction of NMC eigenstrain transmitted to LYC and may increase with

stack pressure.

Stack pressure additionally reduces the crack-opening stress through crack-face

compression. The effective tensile stress acting on the crack is approximated as
et = ELycC(P)Aenmc — XP (5)

where P is the nominal stack pressure and y is a dimensionless factor describing the fraction of P

resolved as crack-closing stress. Substituting Eq. 5 into Eq. 2 gives
K; = Y[EpycC(P)Aenuc — xP]Vma (0)

which applies while the effective crack-opening stress is positive and K; = 0 after crack closure.

Crack propagation is expected when K;> Kjc.

Equation 6 highlights the dual role of stack pressure: it can increase the crack-driving stress
by enhancing strain transfer through C(P), while decreasing it through crack-face compression,
xP. It also identifies stack pressure and flaw size as the two experimentally accessible variables
governing crack propagation and thereby fracture failure in the present system. The following

sections demonstrate how systematic control of these variables modulates cracking in LYC.
Stack pressure on crack propagation

To study the dual role of stack pressure on crack propagation, a quantitative understanding

of C(P) should be established. At very low stack pressures (e.g., <0.2 MPa), C(P) is inferred from
10



operando SEM by comparing the strain in LYC in response to the volume change of NMC
(Supplementary Fig. 6). The corresponding K; of 0.15 MPa m'?? (Supplementary Note 3) is below
LYC’s K;c of 0.23 MPa m'?, indicating an average condition where crack propagation driven by
internal strain is not anticipated. At higher pressures (1-360 MPa), C(P) is approximated using
the pressure-dependent relative contact area A/A4o as a first-order proxy for strain transfer because
mechanical load is transmitted through interparticle contacts**. Under the scenarios considered
(Supplementary Note 4), 4/A4o rises exponentially from ~0 to 0.2 in the low-to-medium pressure
range (1-100 MPa) and approaches saturation towards unity at high pressures (>100 MPa) (Fig.
3a and Supplementary Fig. 7a). Substituting the resulting contact-area-based approximation of C(P)
into Eq. 6 gives a non-monotonic K/ P): K; initially increases with pressure, reaches a maximum
at intermediate-to-high pressures, and subsequently declines at high pressures, reflecting the
competition between a saturating C(P) and a continuously increasing yP. The pressure range over
which K; stays below K;c depends heavily on the fracture toughness of the electrolytes (e.g., 0.23
MPa m'? for LYC vs 0.69 MPa m'? for LPSCI); under some scenarios, K; never reaches the K¢
of LPSCI (Supplementary Fig. 7b). Although the exact K; values depend on the approximated C(P),
the analysis consistently predicts a substantially reduced propensity for fracture at low stack
pressures and a narrow fracture-avoiding pressure range for electrolytes with low fracture

toughness.

The effect of stack pressure on the mechanical integrity of the electrolyte and its impact on
cycling performance is investigated with NMC-Li die cells (Supplementary Fig. 8) cycled under
2, 8, 14 and 21 MPa. Pressures higher than 21 MPa were not examined because they increase the
risk of Li penetration through the electrolyte’> 36, As shown in Fig. 3b, NMC specific capacities
exceed 200 mAh g! when cycled at 8 and 14 MPa stack pressure, but only exhibit ~190 mAh g!

at 2 and 21 MPa. Cycling data (Fig. 3b) show that moderate pressures (14 MPa) improve capacity

11



retention relative to both lower and higher pressures. Cells at 14 MPa retain 82% of initial capacity
after 1,000 cycles at 1C and 30 °C (Fig. 3¢, Supplementary Fig. 9), demonstrating stable operation

at 4.4 V, consistent with the predicted balance between interfacial debonding and electrolyte

fracture.
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Fig. 3. Impact of stack pressure on mechanical degradation modes in halide composite

cathodes. (a) Pressure-dependent K for halide and sulfide solid electrolytes; shaded areas indicate
the stack pressure range where K; is lower than the corresponding K¢ (0.23 and 0.69 MPa m'? for

LYC and LPSCI, respectively). (b) Cycling stability at stack pressures of 2, 8, 14, and 21 MPa
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until 80% capacity retention. Cell structure is Lio.0sMgo.03|LPSCILYC[NMC-LYC. (¢) Long-term
cycling at 14 MPa and 30 °C, retaining 82% of initial capacity after 1,000 cycles at 0.5 mA cm™.
(d) Cross-sectional SEM and corresponding segmented images after cycling under different stack

pressures. (e) Schematic summary of the stack-pressure-dependent mechanical degradation modes

in NMC-LYC composite cathodes.

Post-mortem cross-sectional SEM clarifies the origin of this pressure dependence (Fig. 3d
and Supplementary Fig. 10—11). The pristine cathode shows conformal NMC—-LYC contact. After
cycling at 2 MPa, extensive NMC-LYC contact loss develops (blue regions), consistent with
insufficient mechanical constraint and the observation by operando SEM. At 8§—14 MPa, contact
loss is reduced, but microcracks appear within the electrolyte (red regions). At 21 MPa, cracks
widen to sub-micrometer scales and disrupt the percolated ion-transport network. Continued
cycling under high pressure caused electrolyte pulverization, characterized by dense microcrack
networks (Supplementary Fig. 11a) and a void fraction increase from 0.7% (Supplementary Fig.

10b) to 31% (Supplementary Fig. 11b).

These results corroborate the mechanistic analysis that high stack pressures increase strain
transfer and therefore promote crack propagation. They also reveal that low pressures, although
reducing fracture, induce a competing failure mechanism due to a pressure-dependent competition

between NMC-LYC interfacial debonding and LYC crack propagation.

The stack-pressure dependence of mechanical failure of LYC composite electrodes can
now be established (Fig. 3e). At extremely low stack pressures, interfacial debonding is the
dominant mechanical failure path. Moderate pressures alleviate interfacial debonding but remain

insufficient to drive unstable crack propagation. Beyond a certain pressure threshold, stack

13



pressure drives K;beyond K;c and makes fracture the dominant failure mechanism. Very high stack
pressures compress fractured electrolyte particles and close the gaps formed from fracturing,
thereby partially restoring physical contact without reversing the underlying fracture. The exact
pressure values of these ranges vary by system. This framework provides a mechanistic
explanation for the overwhelming choice of high stack pressures for halide-based ASSBs as the
means to reverse the contact loss induced by fracture. Our results show that minimizing fracture,
rather than compensating for its consequences with high stack pressure, enables stable cycling at

substantially lower pressures.
Flaw size on crack propagation

Having established the role of stack pressure, we next examine flaw size—the other
experimentally adjustable parameter controlling crack propagation in Eq. 6. Because K; scales with
the square root of flaw size, LYC with smaller flaw sizes is more likely to avoid crack propagation
and eventual failure. Flaws in LYC range from surface defects on LYC particles to interparticle
voids, and LYC particle size limits the maximum flaw size that can exist within an individual
particle. Small LYC particles should therefore be more resistant to cracking. To test this particle
size dependence of cracking, we statistically analyzed fractured LYC particles from operando
SEM images (Supplementary Fig. 12). Internal fractures occur preferentially in larger LYC
particles or continuous LYC-rich domains, whereas smaller LYC particles exhibit a substantially
lower tendency to fracture. This trend supports a flaw size-controlled fracture picture: larger
domains statistically have a higher probability of containing larger critical flaws and are more

prone to fracture during NMC-driven deformation.

Motivated by this observation, we reduced the LYC catholyte particle size by high-energy

ball milling. The pristine LYC powder contained large particles of approximately 8 pm together

14



with surface-attached submicron particles, whereas ball milling reduced the large-particle size to
approximately 3 um (Supplementary Fig. 13). To assess the particle-size effect, cells using pristine
and downsized LY C powders were cycled under the same stack pressure of 14 MPa. The two cells
showed similar first-cycle voltage profiles (Supplementary Fig. 14a), indicating comparable initial
electrochemical utilization. However, the downsized LYC catholyte delivered more stable cycling
(Supplementary Fig. 14b), and DRT analysis showed a lower interfacial-resistance contribution
(Supplementary Fig. 15). These results indicate that particle downsizing mitigates mechanically
induced impedance growth, most likely by reducing the probability of large-flaw-controlled
fracture, while the improved particle-size uniformity may further promote a more homogeneous

composite microstructure.

The pressure-dependence discussed above alters the crack-driving force, whereas particle
size alters the flaw size entering Eq. 6. Together, these two variables define the experimentally

accessible design space for suppressing fracture.

Anode-free pouch cell demonstration at a low stack pressure

The stack-pressure and particle-size design principles identified above are next
implemented in an anode-free pouch-cell architecture to demonstrate robust performance under
low stack pressure. Unlike the die-cell configuration, the pouch cell design (Fig. 4a) employs warm
isostatic pressing (WIP), which improves electrode densification and mechanical integrity3” 38,
together with a compliant silicone-rubber pressure jig that provides more uniform pressure during

cycling (Supplementary Fig. 16)%°. With these design improvements, stable operation was

achieved at a stack pressure of only 2 MPa.
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Fig. 4. Electrochemical performance of anode-free pouch cells. (a) Photograph and
corresponding cross-sectional SEM image of the anode-free pouch cell, showing the multilayer
architecture of the NMC-LYC composite cathode, LYC electrolyte layer, LPSCI separator and
Ag—C interlayer. (b, ¢) Representative voltage profiles collected at C/10 (b) and C/3 (¢) within a
voltage window of 2.6-4.4 V. (d) Cycling performance of the anode-free pouch cell. The cell was
tested under an external stack pressure of 2 MPa at 45 °C. (e) Visual comparison of stack pressure,
cycle life, and areal loading of reported halide-based solid-state batteries. Circle size indicates
areal loading, and circle color denotes the anode type.

The anode-free pouch cell delivered an initial C/10 discharge capacity of 204.1 mAh g!
(Fig. 4b), comparable to those of die cells. The minimal overpotential growth in the C/10 cycles
and nearly overlapping voltage profiles during C/3 cycling are consistent with minimal

mechanically induced impedance growth (Fig. 4b,c). Notably, the pouch cell retains 85.2% of its

16



capacity after 200 cycles at C/3 and exhibits a 90.2% capacity recovery when cycled back to C/10

(Fig. 4d).

These pouch-cell results demonstrate that halide ASSBs can operate at substantially lower
external pressures than previously appreciated. A comparison with reported halide ASSBs further
contextualizes this finding (Fig. 4e and Supplementary Table 1). Many long-cycling halide cells
relied on high stack pressures to maintain particle contact, whereas lower-pressure studies often
reduced the upper cutoff voltage to reduce active material eigenstrain®’. In contrast, the present
pouch-cell design combines a high cutoff voltage, an anode-free configuration and low stack
pressure. This distinction is central for practical cell design: the combination of high-voltage
cathode and lightweight anode for high energy density, with only modest stack pressure to

maintain cycling stability.
Discussion

The present findings suggest that stack pressure in halide solid-state batteries should be
viewed as a mechanical boundary condition governing fracture rather than an empirical target to
be maximized. Within the fracture-mechanics framework developed here, nominal pressure does
not uniquely determine mechanical stability: it affects both strain transfer from the active material
and crack-face compression, while the resulting stress intensity further depends on flaw size and
geometry. A single stack-pressure requirement therefore cannot be considered an intrinsic property
of a halide electrolyte; instead, it reflects the mechanical environment created by a particular
electrode and cell configuration. Accordingly, the favorable performance at 14 MPa in die cells
represents a balance between contact retention and fracture under those specific conditions, rather
than a universal optimum for LYC. Likewise, the pouch-cell result does not establish 2 MPa as an

optimum, but demonstrates that stable operation is possible far below the pressures conventionally

17



employed when fabrication and pressure application are altered. How nominal stack pressure
translates into local stress and strain transfer across different cell architectures therefore warrants

greater attention than the nominal pressure alone.

This work also provides a basis for interpreting existing approaches to low-pressure halide
ASSBs. Researchers have pursued mechanically compliant oxyhalide electrolytes and the
incorporation of compliant phases into composite cathodes to accommodate active-material
deformation and reduce pressure requirements. Fracture mechanics offers a more general
interpretation of such strategies: mechanical stability can be improved by reducing the crack-
driving force, limiting the size of critical flaws, or increasing resistance to crack propagation.
Importantly, these variables need not be controlled through electrolyte composition alone. Particle
dimensions, interfacial mechanics, and composite microstructure provide alternative means of
suppressing fracture without necessarily modifying the electrolyte chemistry and compromising
its electrochemical stability, ionic conductivity, or materials simplicity. This broader design space
shifts the emphasis from developing an electrolyte that is intrinsically more compliant to
engineering how deformation and fracture occur within the composite electrode. More generally,
in heterogeneous solid-state electrochemical systems that couple volume-changing active
materials with brittle ion-conducting phases, external compression should not be assumed to be
uniformly stabilizing. Although compression can preserve interfacial contact and close existing
cracks, it can also increase the transfer of internally generated strain and thereby promote fracture.
The balance between these effects will depend on the fracture resistance, flaw population,
interfacial mechanics and microstructure of the constituent materials. In halide solid-state batteries,
accounting for this balance provides a route towards stable low-pressure operation based on

intrinsic electrode stability rather than sustained external constraint.
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The present analytical treatment is necessarily a first-order description of this
heterogeneous mechanical environment. In particular, the effective strain-transfer factor, C(P),
remains difficult to determine quantitatively over practical pressure ranges, while local flaw
geometry, crack orientation and stress heterogeneity are simplified in the current model. Direct
measurements of pressure-dependent strain transfer and local stress, coupled with statistical
characterization of flaw populations and operando three-dimensional fracture evolution, will be
important for developing predictive fracture criteria for composite electrodes. Nevertheless,
identifying these governing variables already shifts the design objective from using external
compression to compensate for mechanical damage toward suppressing the formation and
propagation of critical fractures. Reducing this reliance on stack pressure could relax cell-
packaging requirements and facilitate high-energy architectures based on lithium metal or anode-
free designs, mitigating the system-level penalties that currently accompany high-pressure
operation. Mechanically informed control of fracture may therefore provide a route toward halide
solid-state batteries whose practical operation is enabled by intrinsic electrode stability rather than

sustained external constraint.

Methods

Materials and synthesis

LYC was synthesized by first hand-mixing 1.5 g of LiCl (BTC, anhydrous, 99.995%) and 2.54 g
of YCl; (Thermo Scientific Chemicals, 99.99%) in an agate mortar for 10 minutes. The mixture
was then transferred to an 80 mL ZrO» ball-milling jar with a 40:1 mass ratio of ZrO; milling
media (® 3 mm) to precursor powder. We performed mechanochemical synthesis in a planetary

micro-mill (Pulverisette 7, Fritsch) at 500 rpm for 195 cycles of 15 min milling followed by 5 min
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rest. After every 65 cycles, the jar was opened in a glovebox, and the caked precursor layers were
scraped off and re-homogenized to ensure uniform mixing.

Single-crystal LiNio83Mno.0sC00.1102 (MSE Supplies) served as the cathode active material, and
vapor-grown carbon fibers (VGCF, PR-19-XT-HHT, Applied Sciences) were used as a conductive
additive in the composite cathode. LicPSsCl (MSE Supplies) functioned as a separating layer.
Lio97Mgo.03 (Li-Mg, 100 um, MSE Supplies) was used as the anode, offering good contact with
LigPSsCl layer. For operando cells, a Li-In anode was prepared by mechanically rolling indium

ingot (Sigma Aldrich) and Li foil (Alfa Aesar) at a 2:1 molar ratio.

Cell fabrication and electrochemical characterization

Die cell: First, 50 mg of LisPSsCl was placed into a polyether-ether-ketone (PEEK) mold with a
diameter of 12.7 mm and densified at 150 MPa for 2 min. Then, 100 mg of LYC was spread over
one side of the pellet and pressed at 150 MPa for 2 min. The composite cathode was prepared by
mixing NMC, LYC, and VGCF in a 50:47:3 mass ratio. The composite cathode powders were
evenly spread on the LYC side of the pellet for an active mass loading of 5 or 2.5 mg/cm?,
corresponding to 1 or 0.5 mAh/cm?, and densified at 375 MPa for 10 min. A Lio.93sMgo.03 foil (9
mV vs Li/Li") was used as the Li anode and pressed on the LisPSsCl side of the electrolyte pellet
at 75 MPa for 1 min to ensure intimate contact. The formed cells were assembled in spring-loaded
holders to maintain constant pressure; the pressure fluctuation over the cycling period is within
+3%. Galvanostatic cycling was performed at 30 °C in a climate-controlled oven in the 2.6—4.4 V
(vs. Li/Li*) voltage range, starting with two formation cycles at C/10 followed by cycling at C/3
or 1C (1C = 200 mA g™"). EIS spectra were collected from 1 MHz to 100 mHz with a 7-mV
amplitude. /n situ EIS measurements were collected at 15 min intervals during the cycling.
Supplementary Fig. 17 shows negligible voltage drop during measurement, confirming that the

measured cell voltage corresponds to the true cathode potential. The DRT profile (y(t)) was derived
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from the measured impedance spectra by numerically solving the discretized form of the DRT
integral equation using open-source DRT software*!, using regularization parameter of 10~ and
an FWHM coefficient of 0.5.

Pouch cell: The dry process was employed to fabricate the NMC-LYC composite cathode as well
as the electrolyte film. The composite cathode was prepared by mixing NMC, LYC, VGCF and
PTFE in a 50:47:2.5:0.5 mass ratio, followed by hand-roll pressing into a thickness of ~100 um
and a mass loading of ~14 mg/cm?. To fabricate the electrolyte films, 99.5% SSE powder and 0.5%
PTFE were first mixed, and then hand-roll-pressed into a freestanding film. LPSCl membrane*?
and Ag-C interlayer* were prepared following procedures in our previous report. Then, the NMC-
LYC cathode layer, LYC and LPSCI membranes, and an Ag-C layer coated on Cu foil were
pressed together to form an all-solid-state pouch cell (Fig. 4a). Cross-sectional SEM shows the
multilayer architecture consisting of a 100-um-thick NMC-LYC composite cathode, an 80-um-
thick LYC and a 30-um-thick LPSCI1 SSE layers (Fig. 4a). The electrochemical performance of

pouch cells was evaluated at 45 °C under an external pressure of approximately 2 MPa.

Ionic conductivity measurement of composite cathode

The ionic conductivity of the composite cathode was measured using an electron-blocking five-
layer cell via DC polarization**. Approximately 100 mg composite cathode powder was first
densified at 375 MPa for thickness measurement. Two layers of LisPSsCl (50 mg) were added to
both sides and densified again at 375 MPa. Li metals were attached to both sides of the LisPSsCl
layers, forming a five-layer Li|LisPSsCl|Cathode|LisPSsCI|Li structure. The cell current was
measured under applied voltages of 5, 10, 20, and 30 mV (Supplementary Fig. 17a). The ionic
resistance, Rion, Was determined from the slope of the voltage—current relationship by linear fitting

according to Ohm’s law (Supplementary Fig. 17b). The ionic conductivity of the composite
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cathode, cion was then calculated as gion = L/(Riond), where L is the thickness of the composite

cathode pellet and 4 is the area.

Operando cross-sectional SEM characterization

Operando cells were fabricated following the procedure for die cells except that a Li-In foil was
used as the anode which was pressed onto the LisPSsCl layer at 150 MPa. As-prepared Li-
In|LPSCILYCINMC:LYC cells were removed from the PEEK die and tailored to a 3 mm % 3 mm
miniature cell. Ex-situ cross-sections were prepared by an Ar™-ion cross-section polisher (IB-
19520CCP, JEOL, USA) at ~50 pm h! and —30 °C to minimize heat damage. For operando
experiments, cross-sections were mechanically polished with 10,000-grit sandpaper to avoid Ar'-
induced LYC reduction. The miniature cells were mounted in an air-free vessel (Solid Design
Instruments, Model FV-003A, Supplementary Fig. 18) under 0.2 MPa stack pressure applied by a
plastic bolt and calibrated torque wrench (Imada, DID-05). The vessel was loaded into an SEM
(Axia ChemiSEM) and connected to a potentiostat (Biologic SP300). Cycling was performed at
room temperature (22-23 °C) with the current density of 0.1 mA/cm?. SEM images were captured
every 15 min at the same location. ImageJ with Trainable Weka Segmentation Tool was used to

analyze particle-level volume changes and create operando videos.

Modulus and hardness measurement from Berkovich indenter

An Agilent G200 nano-indenter, installed inside an argon-filled glovebox, with a diamond
Berkovich tip having the effective cone angle of 70.3° was used to measure the elastic modulus
and hardness of LYC pellets densified at 375 MPa. A depth-controlled continuous stiffness method
(CSM) at a constant strain rate was employed for this study. This method measures the contact
stiffness (S) as a function of indentation depth (/4¢) by applying the oscillatory force to the tip, P =

Pye'®t and measuring the displacement amplitude and phase h. = hye'“t*% using lock-in
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amplifier. The pellet surfaces were mechanically polished with 2400 grit sandpaper to produce
smooth and pore-free surfaces. A maximum indentation depth of 5 um was selected to minimize
the influence of surface roughness on the resulting modulus and hardness. The indentation strain-
rate of 0.05 s™! and a displacement amplitude of 1 nm was used for the measurements. A 4x4 array
of indents, each spaced 200 um apart, was made near the center of the pellets. The elastic modulus
and hardness are then calculated based on Oliver—Pharr method using Eqs. 8—10, and the results
were averaged over 16 indents.

The reduced elastic modulus can be calculated by

VTS

T (7)

where £ = 1.034 for triangular cross-sections such as the Berkovich indenter and 4 is the projected
contact area determined through a calibration procedure performed on center fused silica using the

Oliver—Pharr method. The reduced elastic modulus is converted into Young’s modulus by

(®)
where E and v are the Young’s modulus and Poisson’s ratio of the test sample, respectively, and
E; and v; are the Young’s modulus and Poisson’s ratio of the indenter. Data are reported as mean
+ standard deviation.

The hardness H is calculated by

— Pmax
H= = )

where Pmax 1s the maximum load and 4 is the projected contact area at Prax.

Fracture toughness measurements using a cube corner diamond indenter
Indentation techniques were also applicable to measure the fracture toughness of a material by
measuring the radial crack length generated during indentation. The fracture toughness of the LYC

pellet was measured from a sharp cube corner diamond indenter having an effective cone angle of
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42.28°. The cube corner indenter can penetrate greater depth into the material for a given load as
compared to the Berkovich indenter. Therefore, higher stresses are induced beneath the indenter
that help generate relatively large cracks even at low load. A maximum load of 400 mN was
applied to the LYC pellet at twelve different locations to initiate radial cracking. All crack indents
in this study were captured using a microscope on the G200 nanoindenter and crack length was
measured using ImageJ software. The fracture toughness (K;c) was calculated using the relation of

Lawn et al. for half-penny cracks under the indent®.

Data availability:

All data in this work are available in the text and Supplementary Information. Source data are

provided with this paper.
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