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Comprehensive Si Anode Design for Sulfide-Based
all-Solid-State Batteries: Insights into Si-Electrolyte Synergy

for Mitigating Contact Loss

Youngjin Song, Sungjin Cho, Suhwan Kim, Youyeong Shin, lkcheon Na, Jongwoo Lim,

Yong Min Lee,* and Soojin Park*

All-solid-state batteries (ASSBs) are emerging as a promising alternative to
conventional lithium-ion batteries, offering improved safety and potential for
energy density. However, the substantial volume fluctuations of high-capacity
anodes such as lithium and silicon induce interfacial degradation, impeding
practical applications. Herein, an aluminum-silicon (Al-Si) alloy anode is
introduced that effectively mitigates these challenges by stabilizing volume
variation after initial volume expansion and maintaining stable interfacial
integrity with the solid electrolyte (SE). By employing a SE-free wet anode and
leveraging advanced characterization techniques, including three-dimensional
X-ray nanoimaging and digital twin-based particle-to-electrode volume
expansion simulations, the structural evolution and electrochemical behavior
of Al-Si are elucidated. Furthermore, the integration of an elastic-recoverable
anolyte enables the formation of a robust Al-Si composite anode, effectively
suppressing contact loss and enhancing reversibility. ASSBs integrating this
Al-Si composite anode and a high-areal-capacity LiNiy 3Co, ; Mn,; O, cathode
(6 mAh-cm~2) achieve a capacity retention of 81.6% after 300 cycles, offering
a viable pathway toward high-energy-density and durable ASSBs.

next-generation energy storage systems
owing to their potential to overcome the
safety limitations of conventional lithium-
ion batteries (LIBs) while offering potential
for high energy density'! Unlike the
flammable liquid electrolytes (LEs) used in
LIBs, SSEs offer superior thermal stability
and mechanical robustness.’l A critical
factor in maximizing the energy density of
ASSBs is the choice of anode material.>#]
While graphite, with a theoretical capac-
ity of 372 mAh g!, has been used as
primary anode material in LIBs, its low-
capacity limits further energy density
enhancement.l”’

To address this, high-capacity anodes
such as lithium (Li) metal and silicon
(Si), with theoretical capacities of 3860
and 3590 mAh g! respectively, have been
investigated.[®l However, both materials en-
counter challenges due to substantial vol-

1. Introduction

All-solid-state batteries (ASSBs) based on sulfide solid
electrolytes (SSEs) have garnered significant attention as

umetric changes during cycling. Li metal
is highly reactive and prone to dendrite
growth and interfacial instability, while Si
undergoes >300% volume expansion upon lithiation, leading
to pulverization, contact loss, and compromised electrochemi-
cal instability as shown in Figure 1a.”#] These issues are further
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Figure 1. Design strategies for stable, high-loading Si-based anodes. a) SE-free uSi wet anode. b) SE-free Li-Al-Si wet anode featuring Al incorporation
and prelithiation to enhance 2D interfacial stability and minimize volume change. c) Al-Si_LBHI composite anode with anolyte showing elastic recov-
ery behavior, enabling 3D contact during cycling: i) as-pressed (post-assembly), ii) SOC 100% (fully lithiated), and iii) SOD 100% (fully delithiated),

illustrating structural evolution and interfacial stability.

exacerbated in ASSBs, where the rigidity of SSEs amplifies me-
chanical stress at the electrode interface.”]

Micron-sized Si (uSi) has emerged as a promising anode for
ASSBs due to its low cost, natural abundance, and environmen-
tal compatibility.'% In contrast to LEs, SSEs are less likely to in-
filtrate porous Si electrodes, thereby mitigating dynamic solid
electrolyte interphase (SEI) formation—a key degradation mech-
anism in conventional systems.['! Nonetheless, the practical im-
plementation of Si in ASSBs remains limited by issues such as
particle pulverization, stress-induced fracture, and its inherently
low electronic conductivity.!'? To overcome these limitations, var-
ious strategies have been explored, including particle size control,
surface engineering, and the incorporation of carbon-based ma-
terials with reduced volume change.>13-1¢ Additionally, prelithi-
ation techniques—including electrochemical, chemomechani-
cal, and thermochemical approaches—have been developed to
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suppress volume expansion and enhance the rate performance of
Si-based electrodes.!'”-2%] There have also been attempts to utilize
lithium silicide as a lithiophilic site with proper hardness after
prelithiation rather than as the main active material.2'-2}] How-
ever, these approaches often introduce complexity, increase cost,
and pose challenges for scalability, thereby hindering the com-
mercialization of Si-based ASSBs. Similar concerns have been
raised for other alloy-based anodes, where interfacial instability
with the SSE layer due to stress accumulation remains a critical
challenge.[2+2°]

In this context, aluminum-silicon (Al-Si) alloys have attracted
attention as an alternative active material for ASSBs. Al offers
a theoretical capacity of 990 mAh g~! via the formation of the
p-LiAl phase and exhibits significantly lower volume expansion
(~96%) than Si.*! Additionally, its high electronic conductivity
eliminates the need for conductive additives, which are known to
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trigger parasitic reactions with SSEs.['%12] Furthermore, the rigid
framework provided by Si and the ductile matrix provided by Al
enhance the structural stability of the Al-Si particle during lithi-
ation, mitigating contact loss and enhancing cycle stability.[2-3"]
Consistently, structural-mechanical simulations reveal that dur-
ing lithiation, Al and Si undergo localized strain that promotes
internal structural accommodation and preserves electrode
integrity.

The Al-Si wet anode (sAl-Si) also exhibits unique volumetric
behavior: volume expansion reaches saturation near 30% state
of charge (SOC) during the first lithiation. Notably, minimal vol-
ume contraction occurs upon delithiation, with a slight expan-
sion observed instead. This exceptional volumetric stability plays
a key role in mitigating contact loss — a critical degradation fac-
tor in Si-based ASSBs. An electrochemical prelithiation process
was employed to leverage this property, inducing volume expan-
sion prior to cell assembly. The resulting prelithiated Al-Si an-
ode (sLi-Al-Si) showed a reduced volume variation of ~37.5%
(Figure 1b), significantly lower than that of pristine sAl-Si and
suSi. In full-cell tests paired with NCM811 dry cathodes (NCM
loading level of 8.2 mg-cm™2), the sLi—Al-Si delivered over 100
mAh g=! for more than 250 cycles, confirming excellent sta-
bility. Advanced characterization tools—including in situ stress
monitoring, synchrotron-based 2D/3D X-ray nanoimaging, and
simulations—were employed to elucidate the origins of the ex-
ceptional stability of the Al-Si anode.

To enable high-loading anode operation while maintaining in-
terface integrity, a composite anode structure was designed by in-
tegrating a hydride-based SE (3LiBH,-Lil, LBHI) as an anolyte.
The anolyte establishes a 3D interfacial architecture with the ac-
tive material, alleviating contact degradation typically observed at
planar anode/SSE interfaces. In addition to its recently acknowl-
edged electrochemical stability under low potentials,3!! LBHI ex-
hibits elastic recovery behavior—identified in this work—which
helps accommodate stress during cycling and supports long-term
mechanical resilience. While compatibility between cathode ma-
terials and catholytes has been widely studied, analogous under-
standing for anode/anolyte interfaces remains limited.2%32]

This study identifies key factors for designing stable composite
anodes in ASSBs. While LigPS;Cl (LPSCI) offers high ionic con-
ductivity, its interfacial reactivity with Si and irreversible plastic
deformation limit long-term cycling. In contrast, LBHI demon-
strates superior mechanical resilience and interfacial compatibil-
ity with Al-Si, maintaining dense contact and reducing interfa-
cial resistance (Figure 1c). A full cell with a high areal-capacity
NCM811 cathode (6 mAh-cm™2) and a composite Al-Si anode
exhibited 81.6% capacity retention after 300 cycles and ~70% af-
ter 500 cycles, highlighting the practical viability of this design.
This work represents the first demonstration of an Al-Si anode in
sulfide-based ASSBs and offers a simple, scalable strategy toward
high-performance solid-state energy storage.

2. Results and Discussion

2.1. Characterization of SE-Free anodes and Electrode-Level
Behavior Analysis

The Al-Si and uSi wet anodes, fabricated via a slurry casting pro-

cess, were denoted as sAl-Si and suSi, respectively. The areal
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loadings were 2.15 mg,) s;-cm™ for sAl-Si and 0.88 mg,;-cm™
for suSi, both composed of 99 wt.% active material and 1 wt.%
poly(vinylidene fluoride) (PVDF) binder.

To evaluate electrical conductivity, sheet resistance measure-
ments were conducted using a four-point probe (Figure S1a, Sup-
porting Information). As the Si content increased in the Al-Si
composition, the sheet resistance also increased, indicating de-
creased electrical conductivity (Figure S1b, Supporting Informa-
tion). The sAl-Si anode exhibited sheet resistance comparable
to that of Ni foil and significantly higher conductivity than spSi.
These results suggested a viable strategy to enhance the conduc-
tivity of Si-based anodes without incorporating carbon additives,
which could induce side reactions with SSEs.[') Nanoindenta-
tion tests on pelletized active materials revealed that the high duc-
tility of Al-Si contributed to maintaining stable and intimate con-
tact with the SSE throughout repeated volume changes (Figure
S2a,b, Supporting Information). However, Si showed minimal
deformation, indicative of its brittle nature. A comparative anal-
ysis of hardness and elastic modulus showed a progressive in-
crease in the order of Al, Al-Si, and Si (Figure S2c,d, Supporting
Information), which likely influenced the internal structure of
the anode after cell assembly.

Internal electrode morphology was examined using nano-
computed tomography (nCT), focused ion beam (FIB), and scan-
ning electron microscopy (SEM) on cells after disassembly. The
ductile nature of sAl-Si led to substantial particle deformation
under ~500 MPa uniaxial pressure during assembly, as revealed
by nCT images acquired via synchrotron radiation (Figure 2a).
In the as-pressed state, sAl-Si exhibited a somewhat uneven
morphology with visible grains, likely due to the relatively large
particle sizes compared to the electrode thickness, as shown
in the SEM image (Figure S3a, Supporting Information). The
distorted particles formed dense contact, minimizing interpar-
ticle pores. Additionally, the internal structure within individual
particles—comprising a Si skeleton embedded in an Al matrix—
was revealed in cross-sectional images obtained after FIB milling
(Figure S4a, Supporting Information).

Conversely, suSi retained its particle morphology under the
same pressure and maintained high interparticle porosity, as ob-
served in Figure 2b and Figure S4d (Supporting Information).
This contrast in structural response indicated that sAl-Si formed
a compact network, while suSi preserved its porous character due
to its rigidity. Porosity calculations based on areal loading, compo-
sition, and post-assembly thickness showed values of 4.67% for
sAl-Si and 43.53% for suSi (Table S1, Supporting Information).

To analyze structural evolution during cycling, cross-sectional
images were collected at various SOC using half-cells with Li
metal (Figure 2¢,d). The five stages—i) as-pressed, ii) SOC 50%,
iii) SOC 100%, iv) state of discharge (SOD) 50%, and v) SOD
100%—were marked on the voltage profile. Both anodes achieved
similar areal capacities (~2.7-2.8 mAh-cm~2) and initial coulom-
bic efficiencies (ICEs) of 67.2% and 65.0%, respectively.

Upon cycling, the sAl-Si surface became smoother, and visible
grains disappeared (Figure S3b,c, Supporting Information). In
cross-section, mismatched volumetric expansion between Al and
Si caused deformation in the internal structure (Figures S4b,c,
S5a,b, and S6a,b, Supporting Information). In suSi, lithiation
caused Si softening and the merging of particle boundaries, con-
sistent with previous studies.['%121321.23] In addition to vertical
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Figure 2. Multiscale characterization of the Si-based electrodes within ASSBs. 2D/3D nCT images of a) sAl-Si and b) suSi acquired via synchrotron
radiation revealing detailed internal structure. Voltage profiles of Li metal half-cells with c) sAl-Si and d) suSi. Cross-sectional SEM images of €) the
sAl-Si and f) suSi anodes at various state-of-charge (i-v) as indicated in the voltage profiles (c,d) and after 30 cycles (vi).

cracks, small horizontal cracks also formed (Figures S3e, S4e,
and S5c, Supporting Information), which likely led to electri-
cally isolated Si regions and irreversible capacity loss. These hor-
izontal cracks persisted during delithiation (Figures S3f, S4f, and
S5d, Supporting Information), suggesting substantial mechani-
cal stress and instability driven by the large volume changes of
Si.

It is important to note that FIB and nCT imaging were con-
ducted after disassembling the cells without applied stack pres-
sure. This may have altered the observed morphology compared
to the actual operando state. Therefore, simulations were needed
to better understand the volumetric evolution of the sAl-Si anode
and the associated chemo-mechanical interactions.

The electrode thickness change over cycling was quantified via
cross-sectional SEM (Figure 2e,f). The initial thickness of sAl-
Si (8.4 um) increased to ~16.6 um at SOC 30% (Figure S7, Sup-
porting Information), followed by slight additional swelling dur-
ing the initial cycle (Figure 2e). After 30 cycles, the thickness in-
creased by ~200%, attributed to the combined effect of the Al
matrix?®! and the Si framework.

In contrast, suSi expanded from 5.9 to ~23.2 ym at SOC 100%
(Figure 2f). At SOD 100%, the thickness dropped to less than half
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the maximum value, causing contact loss at the anode—SE inter-
face. After 30 cycles, suSi exhibited over 400% expansion, accom-
panied by numerous vertical cracks, which were commonly re-
ported for bare Si anodes.[1%1]

To further assess interface resistance evolution, electrochemi-
cal impedance spectroscopy (EIS) was performed with NCM full
cells (Figure S8, Supporting Information). suSi displayed poor in-
terfacial contact in both the as-pressed and fully delithiated states,
as indicated by the lack of a clear intercept on the Nyquist plot and
higher interfacial resistance compared to sAl-Si. The poor con-
tact was attributed to the inherent rigidity of Si and its substantial
volume fluctuations during cycling.

Raman and X-ray diffraction (XRD) analyses were performed
to investigate phase reversibility in the anodes (Figure S9, Sup-
porting Information). For sAl-Si, the Raman spectrum showed a
crystalline Si peak at 518.9 cm™! before cycling. After full lithi-
ation, a new Li,Si, peak appeared at 425.8 cm™', and the Si
peak disappeared. Upon delithiation, the crystalline Si peak reap-
peared at 512.9 cm™!, confirming reversible alloying. XRD pat-
terns revealed Al peaks at 38.7°, 44.9°, and 78.3°, which disap-
peared upon lithiation and were replaced by peaks from Li Si,_,
and Li Al, .. These peaks diminished upon delithiation, and the
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Figure 3. Microstructural characterization and digital twin simulations. a—c) EELS mapping of Al-Si, pSi, and Li—Al-Si showing the spatial distribution
of key elements. d,e) Digital twin simulations of microstructural and volumetric evolution of Al-Si at the particle scale and electrode scale during the

first cycle. f) Simulated changes in particle diameter and electrode thickness.

original Al peaks re-emerged. In suSi, a sharp Si peak at 523.5
cm~! was observed in the Raman spectrum before lithiation,
which disappeared after lithiation. The post-delithiation spec-
trum showed a broadened, downshifted peak at 503.8 cm™,
suggesting partial amorphization. XRD patterns confirmed the
disappearance of Si peaks during lithiation and emergence of
Li Si;_, peaks. Upon delithiation, the Si peaks did not fully re-

cover, indicating irreversible structural changes.

2.2. Characterization of Active Materials and Simulation of
Volumetric Change Behavior

Comprehensive structural and compositional characterizations
were conducted to simulate the charge—discharge behavior of ac-
tive materials at the particle level. The internal structure of Al-Si
particles was analyzed using transmission electron microscopy
(TEM) after FIB milling (Figure S10, Supporting Information).
Cross-sectional TEM revealed that Si is embedded within the Al
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matrix as a complex, interconnected network, as confirmed by
electron energy loss spectroscopy (EELS) mapping (Figure 3a).
In contrast, uSi particles displayed a simpler structure, with Si
uniformly distributed (Figure 3b). Lithiated Al-Si (Li—Al-Si) par-
ticles were prepared by contacting Al-Si particles with molten Li
at 300 °C in an Ar-filled glovebox (Figure S11, Supporting Infor-
mation). FIB-milled samples showed that lithiation caused par-
tial phase segregation, with Si forming agglomerates in the Al
matrix (Figure 3c). This redistribution likely stems from differ-
ences in lithiation dynamics between Al and Si, which may influ-
ence the mechanical and electrochemical properties of the lithi-
ated particles. To further probe the internal structure of Al-Si,
selective etching of Al using hydrochloric acid was performed
(Figure S12a, Supporting Information). Energy-dispersive spec-
troscopy (EDS) areal scans confirmed a progressive decrease in
the AL:Si weight ratio over time (Figure S12b, Supporting In-
formation). After 6 h of etching, particle fragmentation was ob-
served due to matrix dissolution. After 8 h, most Al was re-
moved, leaving behind a porous Si framework (Figure S12c,
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Supporting Information).[2”:33-3¢] This transformation reflects the
eutectic microstructure of the alloy, composed of 88 wt.% Al and
12 wt.% Si.l¥7]

XRD analysis (Figure S12d, Supporting Information) showed
that Al-Si powders contain Al peaks at 38.2°, 44.5°, 65.0°,
and 78.1° ((111), (200), (220), and (311), respectively), 263! and
Si peaks at 28.2°, 47.0°, and 55.8° ((111), (220), and (311),
respectively).[>¢1021311 Compared to pSi, Si peaks in Al-Si were
shifted by 0.15-0.35°, suggesting residual strain. After 9 h of etch-
ing, Al peaks nearly disappeared, and the XRD pattern resembled
that of pSi.

High-resolution TEM revealed lattice fringes corresponding
to Al (111) and Si (111) planes with d-spacing values of 0.23
and 0.32 nm, respectively (Figure S13a, Supporting Information).
Fast Fourier transform and selected area electron diffraction con-
firmed the presence of both phases and indicated phase separa-
tion (Figure S13b—d, Supporting Information).333%40]

Simulating the volumetric change behavior of anodes during
electrochemical cycling offers valuable insights into the mecha-
nisms impacting electrode performance and structural stability.
Figure 3e fillustrate the key considerations and procedural steps
involved in performing such simulations. These simulations en-
able detailed analysis of mechanical stresses, structural deforma-
tions, and their effects on the structural integrity of the anode ma-
terial, providing a foundation for optimizing material design and
cycling performance. Using the aforementioned structural infor-
mation, a virtual Al-Si structure was constructed based on the
measured morphology (Figure S14a,b, Supporting Information).
Based on this structure, a volume expansion simulation was per-
formed at the particle-level, incorporating mechanical properties
such as modulus and failure stress for each material (Table S2,
Supporting Information).*!*?] Upon lithiation, the particle is ex-
panded by ~16% in diameter and ~58% in volume, with Si expan-
sion exceeding 300%, reaching the failure stress threshold and
leading to Si skeleton fracture (Figure S14c,d, Supporting Infor-
mation). Upon delithiation, only a 4% diameter reduction was ob-
served, and the Si framework remained largely intact (Figure 3d),
suggesting that initial deformation stabilizes the particle struc-
ture during cycling. This suggests that the initial deformation of
the Si skeleton plays a crucial role in preserving the structural
integrity of the Al-Si particle under continuous cycling.

Furthermore, a volume expansion simulation was conducted
at the electrode-level (Figure 3e). During the initial volume ex-
pansion, the calculated sAl-Si thickness increased by ~30%, ex-
hibiting Si agglomeration similar to experimental results shown
in Figure 3c. Despite this structural evolution, the anode main-
tained good interparticle connectivity and conduction pathway
(Figure S15, Supporting Information). In contrast, at the delithi-
ation state, the calculated thickness decreased by only 7%, a ra-
tio comparable to that observed at the particle-level (Figure 3f).
Meanwhile, the suSi structure exhibited a large thickness in-
crease of 47% in the lithiation process, returning to a thickness
close to its initial state upon delithiation (Figure S16, Support-
ing Information). Through these digital twin-based volume ex-
pansion simulations from the particle to the electrode-level, the
mechanism of sAl-Si structural integrity was reliably proposed
as a point of the structural-mechanical changes of sAl-Si. These
results highlight the structural stability of sAl-Si across multiple
scales, enabled by its alloy microstructure.
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2.3. The Li-Al-Si Anode Fabrication via the Prelithiation Process

The volumetric expansion behavior of sAl-Si during cycle indi-
cates that most of its expansion occurs during the initial stages
of lithiation. This suggests that a prelithiation step prior to cell
assembly could enhance structural stability over extended cy-
cles. Prelithiated electrodes undergo less expansion during sub-
sequent cycles, minimizing interfacial detachmentin ASSBs. Ad-
ditionally, prelithiation reduces first-cycle irreversible losses—
such as those due to SEI formation—thereby improving the ICE.

Prelithiation was carried out in a dry room using a two-
electrode setup with Li metal as the counter electrode and lig-
uid electrolyte (Figure S17, Supporting Information). sAl-Si elec-
trodes (9 cm X 9 cm) were prelithiated to a 30% state of charge
(SOC), a value selected to balance ICE and volume stability. As-
suming a capacity of 4 mAh-cm~2 and applying a current density
of 0.1 C (0.4 mA-cm™2), the prelithiation process lasted 200 min.
(Figure 4a). The electrode composition was adjusted to 90 wt.%
Al-Si, 5 wt.% vapor-grown carbon fiber (VGCF), and 5 wt.%
PVDF for compatibility with the liquid electrolyte. The resulting
prelithiated electrode is referred to as sLi-Al-Si.

EIS curves showed that sLi—Al-Si exhibited lower interfacial
and charge-transfer resistance, as indicated by a reduced semi-
circle in the Nyquist plot (Figure 4b). Cross-sectional SEM im-
ages revealed that the surface of Al-Si particles became rougher
after prelithiation, with electrode thickness increasing from 19 to
~26 um (Figure 4c,d).

The volumetric changes during cycling are summarized in
Figure 4e. Taking the post-assembly thickness as the 0% base-
line, spSi electrodes showed a 328% thickness increase after 10
cycles. In contrast, sAl-Si showed a 191% increase, which then
stabilized. The sLi-Al-Si electrode demonstrated the most sta-
ble behavior, expanding only 93% over 10 cycles before reaching
saturation. SEM images of full-cell cross-sections after 30 cycles
(Figure S18, Supporting Information) also confirm that prelithi-
ation effectively suppresses excessive expansion.

Full-cell tests using the NCM dry cathodes with NCM loading
of 8.2 mg-cm~2 demonstrated enhanced ICE as a result of pre-
lithiation (Figure 4f). While sAl-Si and suSi showed similar ICE
values (64.4% and ~61.5%), sLi—Al-Si achieved a significantly
higher ICE of 84.7%. Under cycling conditions of 0.05 C (1 cy-
cle), 0.1 C (3 cycles), and 0.2 C (subsequent cycles), suSi showed
rapid capacity degradation—falling to 60 mAh g=' by the 30th
cycle—and a coulombic efficiency (CE) of 97.2% after 20 cycles
(Figure 4g). sAl-Si exhibited improved stability, maintaining CE
>99% for 20 cycles, though capacity declined to 60 mAh g=' by
the 83rd cycle. In contrast, sLi—Al-Si achieved CE >99.2% from
the second cycle and retained a capacity of 125 mAh g! after 100
cycles, maintaining stable operation up to 290 cycles. For com-
parison, a NCM full cell using an In-Li anode was tested under
identical conditions (Figure S19, Supporting Information). Its ca-
pacity and volumetric energy density were lower than those of the
sLi—-Al-Si cell, owing to the use of a 100 um In-Li foil along with
an additional attached Li foil.

Surface morphology analysis after 10 cycles showed flat, crack-
free surfaces in sLi—Al-Si and sAl-Si anodes (Figure S20a,b, Sup-
porting Information), whereas suSi exhibited millimeter-scale
cracks indicative of mechanical degradation (Figure S20c, Sup-
porting Information). These observations reflect not only the
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Figure 4. Electrochemical prelithiation process and its effects. a) Chronopotentiometric profile of the prelithiation process for Al-Si electrodes. b) EIS
curves of Al-Si electrodes before and after prelithiation. ¢,d) Cross-sectional morphology of Al-Si electrodes before and after prelithiation. e) Electrode
thickness variation ratio for various anode materials. f,g) Voltage profiles and long-term cycling performance of full cells with NCM811 dry cathodes.

intrinsic mechanical properties of the electrodes but also the re-
duced internal stress evolution associated with volume changes
during cycling in ASSBs. To investigate the relationship between
electrode thickness variation and stress evolution within ASSBs,
in situ stress monitoring analysis was conducted using embed-
ded sensors while cycling full cells at 0.1 C (Figure S21a-d, Sup-
porting Information). Full-cell configurations with NCM cath-
odes were used to minimize the influence of counter-electrode
volume changes, which are typically more pronounced in half-
cell configurations. The pressure variation per delivered capac-
ity was significantly lower in sAl-Si and even further reduced

Adv. Funct. Mater. 2025, 35, 2504739 2504739 (7 of 13)

in sLi-Al-Si (Figure S2le, Supporting Information), suggest-
ing that prelithiation effectively mitigates volume-induced stress.
X-ray photoelectron spectroscopy (XPS) analysis after 10 cycles
(Figure S22, Supporting Information) revealed increased forma-
tion of Li-Al and Li-Si phases in the prelithiated Al-Si anode,
contributing to reduced volume variation and enhanced struc-
tural stability.****] Notably, comparable levels of Li,S were ob-
served in both prelithiated and non-prelithiated samples,!!3#]
and the Cl 2p spectra did not show significant differences, in-
dicating that pre-lithiation does not induce additional interfacial
side reactions with the LPSCI electrolyte. Finally, post-mortem
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Figure 5. Comparability between SEs and active materials. a) Schematic of morphological behavior of active materials and SEs in composite anodes.
b) Nanoindentation-based mechanical properties of SEs under vacuum. c,d) Internal stress distribution in NCM full cells with Al-Si and pSi anodes.
e,f) dQ/dV curves of NCM full cells with Al-Si and puSi anodes (2.2-4.25 V). g,h) EIS spectra of Al-Si and uSi anodes after fabrication and 5 h of aging.
i,j) Self-charge/discharge behavior of NCM full cells with Al-Si and uSi anodes.

reactivity tests were conducted by exposing the full cells to water
after 30 cycles (Figure S23, Supporting Information). Both sLi—
Al-Si and sAl-Si generated hydrogen gas upon water exposure,
while spSi reacted violently and ignited immediately upon con-
tact with water, as reported in a previous study.l*) Within 5 s, spSi
completely dissolved, leaving the electrolyte exposed. These re-
sults confirm the enhanced safety of the alloy-based anodes com-
pared to pure Si.

2.4. Composite Anode Design: Correlation Between SEs and
Active Materials

Even under the application of high stack pressure, significant
limitations were observed in designing high-loading full-cells
with SE-free wet anodes, even when employing the prelithiation
process. To address these challenges, composite anodes incor-
porating SEs as anolytes offer a promising alternative. To iden-

Adv. Funct. Mater. 2025, 35, 2504739 2504739 (8 of 13)

tify the critical factors influencing the design of composite an-
odes, LPSCl and LBHI were selected as representative SEs, while
uSi and Al-Si alloys served as active material candidates. VGCF
and Super C65 were employed as conductive agents. Raman
and XRD analyses confirmed the successful synthesis of the SEs
and composite anodes without impurity formation (Figure S24
and S25, Supporting Information). The Raman spectra of LPSCI
showed distinct PS,* vibrations, and its sharp XRD peaks in-
dicated a highly crystalline structure.*’] In contrast, LBHI dis-
played broader diffraction features, suggesting a more amor-
phous nature.31*8]

Figure 5a schematically illustrates the chemo-mechanical be-
havior of active materials and SEs during cycling. Al-Si parti-
cles in LPSCl-based composite anodes (cAl-Si_LP) exhibit voids
at initial fabrication. Upon lithiation, Al-Si expands, plastically
deforming the LPSCI] and enhancing interfacial contact. How-
ever, delithiation leads to contact loss. Conversely, LBHI-based
Al-Si anode (cAl-Si_LB) exhibits denser initial packing and
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maintains contact throughout cycling due to LBHI’s elastic re-
covery. For uSi, which undergoes larger volume changes, the ben-
efits of LBHI diminish, and even with LBHI (cuSi_LB), stable
contact cannot be maintained. Overall strategies for designing
wet/composite anodes are summarized in Figure S26 (Support-
ing Information).

SEM images support these observations. Surface images show
that cAl-Si_LB and cuSi_LB form dense interfaces without visible
gaps (Figure S27, Supporting Information). Cross-sectional SEM
reveals that LBHI-based anodes are thinner than their LPSCI-
based counterparts, providing better volumetric energy density
(Figure S28, Supporting Information). Cyclic voltammetry (CV)
and EIS analyses, conducted in full-cell configurations, eluci-
date the advantages of composite anodes—featuring 3D active
material-SE interfaces—over wet anodes, which form 2D inter-
faces. The CV curve of sAl-Si (Figure S29, Supporting Infor-
mation) exhibits steeper current increases at high voltage com-
pared to composite anodes (cAl-Si_LP and cAl-Si_LB), suggest-
ing limited Li-ion transport in the wet configuration. EIS spec-
tra (Figure 5g,h) further revealed that composite anodes consis-
tently exhibit lower interfacial resistance than wet anodes due to
increased contact area. Notably, the suSi wet anode shows no x-
axis intercept on the Nyquist plot, implying poor contact.

Interestingly, composite anodes with LBHI exhibited lower
interfacial resistance than their LPSCl-based counterparts
(Figure 5g,h), despite LBHI’s lower intrinsic ionic conductivity
(Figure S30, Supporting Information). Specifically, the x-axis in-
tercepts in the Nyquist plots for symmetric SUS||SUS cells at
equal areal loadings were ~#85-90 Q for LBHI, compared to ~6.0—
6.5 Q for LPSCI, indicating more than a tenfold difference. This
counterintuitive result suggests that ionic conductivity alone has
a limited impact on determining the interface resistance with
the active material, and the mechanical compliance of the SE
plays a critical role. To evaluate the mechanical properties of the
SEs used as anolytes, nanoindentation measurements were con-
ducted under vacuum using a maximum load of 5 mN (Figure
S3la—c, Supporting Information). The displacement-load pro-
files (Figure 5b) revealed that LPSCl and LBHI exhibited total
deformations of 1.39 and 2.00 um, respectively. This load was
selected to approximate the displacement scale experienced by
SEs during lithiation-induced expansion of micrometer-sized ac-
tive materials such as Si. Upon load release, LPSCI retained
its full deformation, indicating plastic behavior, whereas LBHI
showed substantial elastic recovery, returning to 0.45 pm of resid-
ual deformation—corresponding to a recovery rate of ~77.5%.
At a reduced load of 500 uN, the trend persisted (Figure S31d,e,
Supporting Information): LBHI deformed to 416 nm and recov-
ered more than half, while LPSCI deformed to 283 nm with mini-
mal recovery. LBHI possesses a lower elastic modulus (21.4 GPa)
and hardness (1.7 GPa) than LPSCI (83.7 and 2.4 GPa, respec-
tively) (Figure S31f,g, Supporting Information). These behaviors
suggest that LBHI exhibits resilient properties, while LPSCI be-
haves plastically under comparable stress conditions. These me-
chanical characteristics—particularly the ability to elastically re-
cover from strain—are essential for accommodating the volumet-
ric changes of Si-based active materials and sustaining robust
interfacial contact throughout cycling. Internal stress evolution
during charge-discharge cycling was evaluated in full-cell config-
urations with different anode types, as shown in Figure 5c¢,d, and
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Figure S32a—f (Supporting Information). To ensure a fair com-
parison, all cells were fabricated with identical active material
loadings: Al-Si and pSi anodes were prepared with areal loadings
of 3.95 mg,, ;-cm™* and 1.79 mg,;-cm™, respectively, while the
NCM811 cathode was fixed at 25 mgycy-cm™. These measure-
ments aimed to investigate how anode composition and archi-
tecture affect internal mechanical stress during electrochemical
cycling. Overall, anodes based on Al-Si exhibited lower internal
stress variations than those using uSi. This is attributable to the
intrinsically smaller volume change of Al-Si alloys during lithi-
ation and delithiation compared to pure pSi. Interestingly, com-
posite anodes incorporating LBHI exhibited larger stress fluctua-
tions than those with LPSCL. This behavior likely stems from the
elastic nature of LBHI, which does not undergo plastic deforma-
tion to the same extent as LPSCL. As a result, mechanical stress
generated by active material expansion is more directly trans-
ferred to the cell stack without being dissipated by permanent
deformation. Additionally, wet anodes exhibited lower pressure
changes per unit capacity compared to composite anodes. Un-
like wet anodes, where most contact points exist between active
material particles, composite anodes form more extensive con-
tact between the active material and the electrolyte. This results
in a larger electrochemically active area, contributing to greater
stress variations during charge—discharge cycling.’!l To inves-
tigate the electrochemical characteristics of various anode con-
figurations, NCM full-cells were fabricated with identical anode
active material loadings and evaluated through dQ/dV analysis,
EIS, and self-charging/discharging measurements. The dQ/dV
curves (Figure 5e,f) reveal distinct lithiation/delithiation behav-
iors depending on the anode type. Al-Si-based anodes showed
lithiation onset near 3.29-3.34 V (vs Li/Li*) and delithiation
~3.71-3.88 V (vs Li/Li*). pSi-based anodes exhibited higher lithi-
ation/delithiation voltages (3.40-3.47 and 3.86-3.96 V vs Li/Li").
The higher lithiation and delithiation voltages observed in pSi an-
odes are attributed to the absence of Al, as the presence of Al
in Al-Si anodes modulates the reaction voltage with Li. Across
both active material types, LBHI-based anodes consistently ex-
hibited higher lithiation onset and lower delithiation voltages.
This behavior originates from a previous computational study,3!!
which revealed that LBHI possesses a low electrochemical reac-
tion energy with Si-based anode materials and ionic conductivity,
thereby resulting in higher overpotentials for the reactions to pro-
ceed. Impedance spectroscopy (Figure S33, Supporting Informa-
tion) further elucidated interfacial behavior. cAl-Si_LB showed
the smallest semicircles at both SOC 100% and SOD 100%, indi-
cating the lowest charge-transfer resistance and stable interfacial
contact throughout cycling. uSi-based anodes exhibited higher
charge-transfer resistance than their Al-Si counterparts. Notably,
suSi failed to establish defined x-axis intercepts on the Nyquist
plot, even after cycling, confirming poor interfacial contact. EIS
analysis after 100 cycles (Figure S34, Supporting Information)
further confirmed these observations Al-Si-based composite an-
odes (cAl-Si_LB and cAl-Si_LP) maintained low interfacial and
charge-transfer resistance, with only a slight increase, whereas
wet anodes and pSi-based composite anodes exhibited substan-
tially increased resistance. Compared to the as-pressed anode sur-
faces in Figure S27 (Supporting Information), the anodes suf-
fered noticeable degradation during 100 cycles, including pore
formation, as shown in Figure S35 (Supporting Information).
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Figure 6. Cell performance for In-Li half-cells and NCM811 full-cell. a) Rate performance of In-Li half-cells. b) Stack pressure dependency test for In-Li
half-cells, c) Temperature sensitivity of In-Li half-cells under varying operation temperatures (70 °C to R.T.), d) Voltage profiles, and e) cycle life of In-Li
half-cells operating at 0.2C. f,g) Voltage profile and cycling performance of an NCM811 full cell with a cAl-Si_LB anode.

Nevertheless, the anodes with Al-Si as active materials main-
tained dense contact between the active material and SEs due to
the softness of the material and lower volume variation. In con-
trast, clear boundaries between the active material and the SE
were observed in the pSi anodes. Notably, for the suSi, signifi-
cant cracking was observed, in stark contrast to the exceptionally
smooth surface of the sAl-Si electrode.
Self-charging/discharging behavior was assessed via 10 h rest
periods at 4.25 and 2.2 V (vs Li/Li*) to prove long-term stabil-
ity (Figure 5i,j; Figure S36, Supporting Information). cAl-Si_LB
showed the smallest voltage drift, indicating superior electro-
chemical stability across both high and low voltage ranges. To
further examine the interfacial chemical evolution, XPS analy-
sis was performed on the solid electrolytes within Al-Si com-
posite anodes before and after cycling (Figure S37, Supporting
Information). In the LPSCl-based system, distinct signals cor-
responding to Li,S and Li;P—known decomposition products
of LPSCl—were observed after ten cycles, indicating ongoing
interfacial reactions.l'%13#] In contrast, the LBHI-based system
showed no significant changes in chemical composition before
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and after cycling, aside from minor oxidation peaks in the B 1s
region.[31°051 These peaks are attributed to air exposure during
sample transfer rather than electrochemical degradation.

2.5. High Loading Cell Performance

To evaluate the performance of ASSBs with different anode con-
figurations, In-Li half-cells were tested under varying C-rates,
stack pressures, and temperatures. The assessments also in-
cluded cell longevity. All cells used consistent active material
loadings to enable fair comparison between wet and compos-
ite anodes. Specifically, the Al-Si and uSi anodes were loaded at
3.95 mg,, ;-cm™ and 1.79 mgg-cm™2, respectively. Precycling
involved one cycle at 0.05C followed by three cycles at 0.1C, with
the final capacity used as a baseline.

Rate capability was tested from 0.1 to 3C at 70 °C under
39.4 MPa, with five cycles per rate (Figure 6a; Figure S38, Sup-
porting Information). The cAl-Si_LB cell delivered 5 mAh-cm™2
at 0.1C and retained ~75% capacity at 1C, demonstrating robust
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operation with substantial capacity retention. In contrast, cAl-
Si_LP started at 4.81 mAh-cm~2 at 0.1C but retained only 81.9%
at 0.2C, with a sharp capacity drop beyond 0.5C, indicating its
limited rate capability. The cuSi_LB anode exhibited steady ca-
pacity decline even at low rates and underperformed compared
to cAl-Si_LP, though its capacity stabilized above 0.5C, likely due
to constrained Si expansion. After 3C testing, rate recovery at
0.5C showed cAl-Si_LB retained ~4.5 mAh-cm~2, while cuSi_LB
and cAl-Si_LP retained >2 and < 1 mAh-cm™2, respectively, with
signs of continuous degradation. In extended cycling at 0.5C for
120 cycles (Figure S39, Supporting Information), cAl-Si_LB re-
mained stable at 4.3-4.6 mAh-cm~2, whereas cuSi_LB declined
from 2 to ~#1 mAh-cm™2.

cuSi_LP initially delivered 3.5-5.0 mAh-cm™ at 0.1C (Figure
S38b, Supporting Information) but significantly declined beyond
0.2C. In comparison, wet anodes showed significant limitations
under high loading (Figure S38a,c, Supporting Information). The
wet anodes exhibited low ICE and poor cycling stability, with ca-
pacities of 3.0-3.5 and 1.0-2.0 mAh-cm™2 at 0.1C, respectively,
and < 1 mAh-cm™ at higher rates.

The effect of stack pressure on the capacity of In-Li half-cells
with different anodes was evaluated over five cycles at 0.1 and
70 °C (Figure 6b; Figure S40, Supporting Information). Using
torque wrenches, the torque was incrementally reduced in steps
of 5 N-m, corresponding to a decrease in calibrated stack pressure
from 39.4 to 15.8 MPa.

The cAl-Si_LB retained 93.5% capacity (from 5.3 mAh-cm™2)
down to 24.1 MPa, but dropped significantly at 15.8 MPa, though
still outperforming other cells. In contrast, cuSi_LB dropped
rapidly below 29.7 MPa. While cAl-Si_LP showed continuous de-
cline with decreasing pressure, the cuSi_LP followed a similar
but more severe trend. Nevertheless, both wet anodes were more
susceptible to variations in stack pressure at equivalent loading
levels of active materials compared to composite anodes, reflect-
ing their inherent structural and interfacial weaknesses. Across
all anodes, the capacity loss resulting from reduced stack pres-
sure was not fully recoverable, even when the pressure was re-
stored to 39.4 MPa, suggesting irreversible mechanical or inter-
facial degradation. These results highlight that the practical ap-
plication of Si-based alloys as anodes operating without exter-
nal pressure remains challenging, even with the support of self-
healing anolytes and active materials designed for low volume
variation.

To assess the temperature dependence and versatility of op-
eration, charge-discharge cycling of In-Li half-cells with differ-
ent anodes was conducted at 0.1C under 39.4 MPa, alternat-
ing between 70 °C and room-temperature (R.T.) over five cycles
(Figure 6¢; Figure S41, Supporting Information). The cAl-Si_LB
delivered 5.2-5.5 mAh-cm™ at 70 °C and retained 73-77% at R.T.
(4 mAh-cm™2). In contrast, cAl-Si_LP dropped from 4.0-5.2
to 1.0-1.5 mAh-cm=2 (25-29%) at R.T,, suggesting that the Al-
Si/LPSCl system is more sensitive to temperature than the LBHI-
based counterpart. Both cuSi_LB and cuSi_LP, as well as the
wet anodes, exhibited negligible capacity at R.T. Despite LPSCl’s
ionic conductivity being an order of magnitude higher than LBHI
(as measured in SUS||SUS EIS cells),3!] cAl-Si_LB performed
better at R.T., implying that other factors—mechanical proper-
ties, contact quality, or electrochemical compatibility—also in-
fluence performance. To further investigate the temperature de-
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pendency of each electrode, full-cells were analyzed by EIS over
80-20 °C, in 5 °C increments (Figure S42, Supporting Infor-
mation). Lower temperatures caused increased resistance in all
cells, particularly for uSi-based anodes. Incomplete x-axis inter-
section in EIS plots suggests poor interfacial contact at low tem-
peratures. The cycle life of In-Li half-cells was evaluated for each
electrode under operating conditions of 70 °C and 39.4 MPa.
Precycling was performed prior to the main cycles, beginning
with one cycle at 0.05C with a cut-off voltage range of —0.595 to
0.9V, followed by three cycles at 0.1C with a cut-off voltage range
of —0.59 to 0.6 V. ICE values were 94.5% (cAl-Si_LB), 77.5%
(cAl-Si_LP), and 56.9% (sAl-Si); and 90.3% (cuSi_LB), 86.9%
(cuSi_LP), 85.2% (suSi) (Figure 6d; Figure S43, Supporting Infor-
mation). Regardless of the active material, composite anodes con-
sistently exhibited higher ICEs compared to wet anodes. More-
over, the use of LBHI as an anolyte contributed to enhanced ICE
compared to the LPSCI anolyte. Cycle life evaluations at 0.2C re-
vealed significant differences in performance among the anodes.
The cAl-Si_LB maintained its initial capacity after 100 cycles and
retained over 70% of its capacity after 500 cycles (Figure Ge). In
contrast, the cAl-Si_LP, sAl-Si, cuSi_LB, cuSi_LP, and suSi ex-
perienced rapid capacity declines, dropping to 2 mAh-cm=2 after
177,91, 21, 20, and 8 cycles, respectively (Figure 6e; Figure S43,
Supporting Information).

To assess the feasibility of full-cell operation using high-
loading cathodes paired with the high-performing cAl-Si_LB
anodes, and to optimize full-cell conditions, we conducted a
comprehensive evaluation encompassing C-rate performance,
negative-to-positive capacity (N/P) ratio optimization, high-
loading configurations, and long-term cycling stability. For rate
capability testing, full cells were assembled using an NCM dry
cathode with a loading of 30 mgycy-cm™ and a cAl-Si_LB an-
ode at 5.54 mg,,-cm~2 (Figure S44a,b, Supporting Informa-
tion). Cells were cycled sequentially from 0.1 to 3C with five
cycles per rate, followed by a return to 0.2C. The rate perfor-
mance closely mirrored trends observed in In-Li half-cells. At
0.1C, the full-cell delivered an areal capacity of ~6.7 mAh-cm™2,
with 81.4% of this capacity retained at 1C, indicating excellent
rate capability. To determine the optimal N/P ratio, anode load-
ings were varied between 5.1 and 9.2 mgy-cm~? while main-
taining similar cathode loadings. ICEs ranged from 87-90%, with
a peak ICE of 89.5% achieved at 5.54 mgy,,-cm 2, designating
this configuration as optimal (Figure S44c, Supporting Informa-
tion). From the measured areal capacities—7.13 mAh-cm~2 for
the anode (5.54 mg,, ;-cm™~2) and 6.06 mAh-cm~2 for the cath-
ode (30 mgycy-cm2)—the full-cell N/P ratio was calculated to be
1.18 (Figure S45, Supporting Information). The corresponding
volumetric and gravimetric energy densities were 262.6 Wh-L~!
and 118.1 Wh-kg™!, respectively (Table S3, Supporting Informa-
tion). The laboratory setup employed a relatively thick LPSCI
layer via cold pressing without dry-room or WIP equipment, con-
tributing 72.2% of total cell volume and 64.6% of mass. If re-
placed with a commercially feasible thin SE layer (< 50 pm), en-
ergy densities could reach 760.8 Wh-L~! and 283.4 Wh-kg~!. Cy-
cling stability was evaluated using the optimized N/P ratio un-
der a stack pressure of 58.6 MPa and cycling rates of 0.5 and
1.0C (Figure 6f,g; Figure S46, Supporting Information). After
precycling, the initial 0.05C cycle yielded a reversible capacity of
6.02 mAh-cm~? with an ICE of 89.2%. At 0.5C, capacity started
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at 5.95 mAh-cm~2 and retained ~80% after 300 cycles. Under 1C
conditions, 5.51 mAh-cm~2 was delivered initially, with 81.6% re-
tention after 300 cycles and ~70% after 500 cycles, demonstrat-
ing excellent cycling stability even at elevated rates. These results
highlight the excellent long-term cycling stability and robustness
of the high-loading cAl-Si_LB configuration, even under elevated
rates. To investigate the source of capacity fading, cross-sectional
SEM/EDS analysis was performed on cells after 5 and 10 cy-
cles (Figure S47, Supporting Information). Despite the elastic
recovery behavior of the LBHI anolyte, repeated cycling led to
partial residual deformation and gradual formation of interfacial
voids between Al-Si particles and LBHI. This progressive contact
loss was identified as the main degradation mechanism, rather
than pulverization of the active material or electrolyte decompo-
sition. To expand this evaluation, full cells were assembled with
NCM cathodes at 45, 78, and 180 mgycy-cm™ (Figure S44d.e,
Supporting Information). Corresponding Al-Si anode loadings
were 8.3, 14.4, and 33.2 mg,,5;-cm~2. All cells were cycled un-
der 58.6 MPa at 70 °C. Precycling was performed at 0.05C for
the 45 mgycy-cm™ cell and 0.02C for the higher-loading cells.
Lifespan evaluations followed at 0.1, 0.05, and 0.02C, depending
on loading, with a limited number of cycles used to determine
feasibility. ICEs ranged from 87-92%, consistent with those of
30 mgyy-cm 2 cathodes, confirming that high initial efficiency
is retained even at higher loadings. The reversible capacities of
the 45, 78, and 180 mgycy-cm~2 cathodes were 9.49, 16.16, and
36.54 mAh-cm~2, respectively. All showed stable capacity reten-
tion beyond ten cycles, demonstrating that high-loading elec-
trodes can deliver significantly enhanced capacities while main-
taining cycling efficiency.

A comparative analysis was conducted to systematically evalu-
ate the electrochemical performance of Al-Si alloys against state-
of-the-art Si-based anodes in ASSBs. The electrochemical perfor-
mance of ASSBs is summarized in Tables for a comprehensive
comparison. Table S4 (Supporting Information) presents data on
ASSBs utilizing Si-based anodes (without prelithiation) paired
with NCM cathodes. The table outlines key parameters, includ-
ing active material, ICE, areal capacity, C-rate for the main cy-
cle, cycle count, and cycle retention. From the 14 studies com-
pared in Table S4 (Supporting Information), cAl-Si_LB demon-
strated superior ICE and cycling performance at high areal capac-
ity and C-rate, establishing itself as a well-rounded anode. While
SE-free Si anodes are known to enable higher loadings and sim-
pler processing,[1®13] the composite anodes with embedded SEs
investigated in this study demonstrated superior performance in
terms of rate capability, stack pressure tolerance, temperature sta-
bility, and cycling durability. Composite anodes support more ro-
bust electrode architectures—allowing for high loading, reduced
dependence on external pressure and temperature—ultimately
outweighing their limitations.[*! With the development of a sta-
ble, non-reactive binder suitable for sulfide-based ASSBs, incor-
porating SEs into the anode becomes a practical and reliable strat-
egy for real-world applications.

3. Conclusion

This study presents a comprehensive approach to advancing Si
anodes in sulfide-based ASSBs, emphasizing stepwise improve-
ments in material design and compatibility strategies. The re-
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search highlights the progression from pure Si anodes to Al-Si
and prelithiated Al-Si, while proposing practical solutions for ap-
plying wet anodes to ASSBs. A key insight from this work is the
need to minimize electrode volume changes to preserve stable
contact at the 2D interface between the anode and SE.

However, the limitations of this planar interface are also high-
lighted, with composite anodes forming a 3D interface proposed
as a more effective alternative. The study further emphasizes the
importance of mechanical and electrochemical compatibility be-
tween SEs and active materials in achieving long-term cycling sta-
bility. By leveraging these design principles, ASSBs incorporat-
ing Al-Si anodes and LBHI electrolytes demonstrated outstand-
ing capacity retention of 81.6% after 300 cycles at an areal capac-
ity of 6 mAh-cm™. This work underscores the potential of engi-
neered anode—electrolyte architectures to address persistent chal-
lenges in ASSB development, offering a promising route toward
the practical realization of high-energy-density ASSBs.
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