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All-solid-state lithium-sulfur batteries (ASSLSBs) combine a high theoretical energy

density with the safety and resource advantages of sulfur
[1-3]

, yet their practical

performance is increasingly limited by the composite cathode rather than by bulk

solid-state electrolyte (SSE) conductivity alone
[4,5]

. At high sulfur loading, sluggish ion

transport, loss of solid-solid contact, and the large dimensional change associated

with sulfur conversion produce strongly coupled electrochemical and mechanical

failure
[6-8]

. A recent study by Lee et al.
[9]

 published in Science offers an unconventional

strategy to address these issues: rather than introducing an additional coating or

functional component, it transforms electrode mixing itself into an interfacial

reaction step
[9]

.

Using ultrahigh-speed (UHS) mixing, Lee et al.
[9]

 showed that halides can partially

segregate from halogen-containing SSEs and redistribute onto chalcogen particles as

nanoscale lithium-halide-rich interphases [Figure 1A]. The result changes the

conventional view of composite preparation. Mixing sulfur, electrolyte, and carbon is
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Figure 1. Mechanochemically induced halide segregation in composite chalcogen cathodes. (A) Schematic of mechanically and thermally
assisted halide redistribution during ultrahigh-speed (UHS) mixing; (B) High-angle annular dark-field image and elemental maps of a
composite S/Li6PS5Cl (LPSCl)/C cathode after mixing at 2,000 rpm for 5 h. All scale bars are 500 nm; (C) Cl-to-P atomic ratios in pristine
LPSCl and the UHS-mixed composite cathode; (D) Electron energy loss spectra from selected regions of the composite Se/LPSCl/C
cathode; (E) Long-term cycling of the optimized S/LPSCl/C cathode at a sulfur loading of 4 mg cm-2 at room temperature. This figure is
adapted with permission[9]. Copyright 2025, The American Association for the Advancement of Science.

normally treated as a physical operation intended to optimize particle contact, tortuosity, and component

distribution
[10,11]

. Here, the processing history also determines local chemistry. Short or low-speed treatment

produces little observable segregation, whereas sufficiently energetic mixing generates Cl-rich interfaces;

excessive treatment, however, damages the parent electrolyte structure. Thus, the important variable is not

mixing speed alone but a process window in which interfacial reconstruction occurs before bulk electrolyte

degradation becomes dominant.

The evidence for this reconstruction is unusually diverse. Cryogenic electron microscopy and low-dose

imaging overcome the severe beam sensitivity of sulfur and Li
6
PS

5
Cl (LPSCl), while elemental mapping and

spectroscopy reveal halide enrichment at cathode interfaces [Figure 1B and C]
[9]

. In Se-containing

composites, electron energy loss spectra characterization reveals the formation of LiCl together with Li- and

Cl-deficient Li-P-S phases at the interface [Figure 1D]
[9]

. Complementary high-resolution imaging in the

original study further directly resolves nanocrystalline LiCl alongside Se domains
[9]

. Halide segregation is

observed across several chalcogen cathodes and in Cl-, Br-, and I-containing SSEs, supporting a broader

halide-redistribution mechanism rather than a sulfur-specific reaction
[9]

. Heating experiments further

reproduce LiCl formation, whereas shear-assisted particle fracture promotes intimate redistribution.

Nonetheless, the mechanistic picture is still largely qualitative. Key parameters such as transient temperature,

shear stress, defect generation, and halide diffusivity remain unquantified. Quantification of these variables is

a prerequisite for generalizing a laboratory protocol (e.g. , 2,000 rpm, 5 h) into a transferable

mechanochemical design rule.
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The electrochemical outcome is compelling. At a sulfur loading of 4 mg cm
-2
, the optimized cathode delivers

an initial areal capacity of 6.35 mAh cm
-2
 [Figure 1E], corresponding to approximately 95% sulfur utilization,

and retains 80% of its capacity after 450 cycles at room temperature
[9]

. At 2 mg cm
-2

, capacity retention

reaches 93.2% after 450 cycles
[9]

. These figures are best viewed in the context of complementary advances

rather than as an absolute performance record. Recent mixed-conductor cathodes have achieved sulfur

conversion above 94% and cycle lives exceeding 1,000 cycles, whereas redox-mediating solid electrolytes have

supported still higher sulfur loadings and exceptionally long cycling
[8]

. Other interface-engineered argyrodite

cells have delivered 11.3 mAh cm
-2
 with 90% retention at 60 °C, but substantially lower areal capacity under

room-temperature long-term cycling
[12]

. The distinctive feature of mechanochemical segregation is therefore

the combination of high utilization, multi-mAh cm
-2

 capacity, extended cycling, and room-temperature

operation without introducing a separate coating step.

The interphase also appears to serve a mechanical function. Online stack-pressure measurements and

operando structural characterization indicate smaller pressure variation and limited electrode expansion

when segregation is optimized
[9]

. X-ray absorption measurements show reversible solid-state sulfur

conversion without detectable soluble polysulfide intermediates
[9]

. These results suggest that a nanoscale

LiCl-rich region can improve effective ion transport while helping preserve interparticle contact during

conversion. Whether the same interphase remains beneficial when external confinement is greatly reduced,

however, remains unresolved.

This qualification is important for practical assessment. Most principal measurements were performed with a

Li-In anode at approximately 70 MPa, although the original study also reports encouraging operation at 36

and 18 MPa. Practical cells will ultimately require substantially lower pressure, thin solid-electrolyte

separators, and limited excess lithium. Evidence from other solid-state architectures shows that compliant

interlayers, deformable electrolyte phases and contact-preserving electrode microstructures can support

single-digit-MPa operation
[13,14]

, but these solutions have not yet been validated together with high-loading

UHS-mixed sulfur cathodes. Thin separators also increase sensitivity to cracking, thickness nonuniformity,

local pressure gradients, and lithium penetration. Low pressure and separator thinning should therefore be

evaluated as coupled design variables rather than independent targets.

The materials scope also requires careful definition. Current evidence establishes segregation in several

halogen-containing electrolytes and chalcogen cathodes, but does not guarantee similar behavior in oxides,

hydrides, or other electrolyte families. A viable candidate electrolyte must contain a species capable of

kinetically accessible redistribution, form a chemically and ionically compatible interphase with the adjacent

electrode, and retain sufficient bulk conductivity after partial segregation
[15,16]

. These criteria are more

stringent than the mere presence of a mobile anion. Likewise, the cathode-side process should not be

assumed to transfer directly to a Li-metal anode. Establishing whether mechanically or chemically driven

segregation can yield a durable anode interphase will require direct studies of plating, stripping, void

evolution, and interphase growth.

Manufacturing provides the final test of the concept. The laboratory optimum of 2,000 rpm for 5 h cannot be

transferred directly to continuous equipment, as mixer geometry, batch size, and residence time alter the

mechanical-energy distribution. Scale-up should instead be parameterized by specific mechanical energy,

torque, motor power, residence-time distribution, and product temperature. These variables are measurable

in-line and could be coupled with rapid downstream impedance or spectroscopic quality control. Recent

advances in electrochemo-mechanical interface design and dry-electrode processing further suggest that

mechanically active manufacturing steps can influence battery performance far beyond simple particle

blending
[14,17]

.
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Mechanochemical halide segregation therefore matters beyond the specific performance numbers reported

by Lee et al.
[9]

 It shows that electrode manufacturing can be treated as a chemical design variable. The next

advance will depend on converting this striking empirical observation into a quantitative process-structure-

property relationship and demonstrating that its interfacial advantages survive under the low-pressure, thin-

electrolyte, and practical anode conditions demanded by real solid-state batteries.
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