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A repulsive anode interface for high-energy and
safe lithium metal batteriest

Jihoon Oh, (22° Joseph L. Frank,© Randolph A. Leising,® Heejin Kim,
Jisub Kim,?® Minkwan Kim?®® and Jang Wook Choi (2 *°°

Metallic lithium (Li) anodes represent a tantalizing frontier in high-capacity battery design, yet their
potential has long been undermined by catastrophic dendrite formation. Here, we exploit the extremely
high interfacial energy between nanoscale tungsten (W) and Li to mitigate Li dendritic growth and
promote compact grain formation to densify the Li metal deposits. By implementing an ultrathin 9 pm
separator featuring dual W and boehmite (y-AlO(OH)) coatings alongside a conventional carbonate
electrolyte, Li metal batteries (LMBs) demonstrate exceptional performance: extended cyclability
(78.9%@400cycles), fast-charging capabilities (6C, 18 mA cm™), and prolonged calendar life.
Remarkably, the outstanding thermal stability prevents thermal runaway under abusive conditions
(140 °C, 4.3 V). In practical fast-charge/slow-discharge scenarios (1.3C/0.3C), 2-stack pouch-cells
operated under highly constrained conditions—limited Li metal (N/P ratio: 1.0) and lean electrolyte (E/C
ratio: 2.2 g Ah~Y)—achieved 82.2% capacity retention after 118 cycles. This study elucidates that
interfacial energy control is the key to unlocking the full potential of Li metal anodes.

Lithium metal batteries (LMBs) are widely recognized as a leading candidate for high-energy-density energy storage, offering substantial potential for deployment in
electric vehicles and aerial mobility. However, their large-scale adoption faces significant obstacles due to their limited cycle and calendar lifespan, primarily caused
by dendrite formation, uncontrolled interfacial reactions, and corrosion. While strategies like electrolyte optimization have been explored, commercial viability
remains limited. Recognizing that Li degradation arises from interfacial instability and uneven deposition, we employ tungsten (W)—immiscible with Li—for
interfacial engineering. This enhances Li cohesion within the grains, promoting dense, uniform Li deposition. A 30 nm-thick W interlayer notably improves the
electrochemical performance under practical conditions (commercial N/P ratios, lean electrolyte), outperforming prior benchmarks. Additionally, our interfacial
engineering strategy enhances thermal stability, effectively preventing thermal runaway, even under extreme scenarios such as full charge and prolonged exposure to
140 °C. By leveraging repulsive interfacial treatments, our work highlights the crucial role of interfacial energy control in making LMB technology viable.

Introduction

market for decades due to their cost-effectiveness and cycling
stability,>* their performance is constrained by the theoretical

The global transition to electric vehicles (EVs) and aerial mobility
has unleashed unprecedented demand for rechargeable batteries
with higher energy density and enhanced safety.” While lithium-
ion batteries (LIBs) with graphite anodes have dominated the
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capacity limits of graphite.>® This limitation has catalyzed exten-
sive research into next-generation anode materials with superior
capacities, including silicon (Si),”® lithium (Li) metal,”* and even
anode-less systems.'"'> Among these, Li metal anodes have
emerged as promising candidates owing to their ultrahigh theore-
tical capacity (3860 mA h g~ ") and lowest redox potential (—3.04 V
vs. the standard hydrogen electrode).>'* However, the commercial
adoption of Li metal anodes is hampered by critical challenges
such as poor cycling stability and safety concerns, primarily due to
dendrite formation during cycling, particularly under fast-charging
conditions. ">

Recent advancements in electrolyte engineering have shown
potential to mitigate these challenges by suppressing dendritic
growth and improving the overall performance of Li metal

This journal is © The Royal Society of Chemistry 2025
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batteries (LMBs)."”"*® Nevertheless, many proposed solutions
rely on complex electrolyte formulations or require multiple
additives and salts, all of which complicate the scalability and
cost-effectiveness.'®>! Other strategies, such as protective layer
engineering, have emerged as alternative approaches.””™*
These methods often incorporate lithiophilic seeds to promote
uniform Li deposition through thermodynamically favorable
alloy formation.”>* Despite these advances, achieving long-
term cycling stability and scalable manufacturing processes
remains a significant hurdle for commercialization.

Herein, we introduce a novel interfacial engineering approach
to address the fundamental challenges of LMBs by enhancing the
cohesion of the Li metal deposition layer and consequently
mitigating dendritic growth. Our strategy is rooted in the principle
of lithiophobicity”*—the tendency of materials to repel Li
metal—by selecting materials with minimal reactivity toward Li,
as guided by phase-diagrams. Among the potential candidates,
tungsten (W) has emerged as an optimal choice due to its
exceptionally high interfacial energy against Li. Using an estab-
lished physical vapor deposition (PVD) process, we deposited an
ultrathin (30 nm) W layer onto a conventional polyethylene (PE)
separator to form W-coated PE (W-PE), which promotes densely
packed Li grains and minimizes parasitic reactions during cycling.

The effectiveness of our approach is corroborated by out-
standing performance metrics: our dual-coated separator sys-
tem, which incorporates 30 nm-thick W and 2 pm-thick
boehmite (y-AlIO(OH)) layers with a total thickness of only 9
pum, enabled LMBs to realize exceptional cycling stability (78.9%
capacity retention after 400 cycles), superior fast-charging cap-
abilities (up to the 6C rate at 18 mA cm 2), and extended
calendar life. These improvements stem from the smaller sur-
face area occupied by the Li metal deposits, facilitated by Li
densification induced by our repulsive W coating. Notably, these
results were realized with a conventional carbonate-based elec-
trolyte, challenging the longstanding belief that complex electro-
lyte chemistries are indispensable for high-performance LMBs.

The W-PE also demonstrated remarkable thermal stability by
effectively preventing thermal runaway under abusive conditions,
thereby addressing a critical safety concern in advanced battery
technology.***! Most significantly, in practical fast-charge/slow-
discharge testing (1.3C/0.3C) using 2-stack pouch-cells under
commercially relevant conditions—including limited Li metal (N/
P ratio of 1.0) and a lean electrolyte (E/C ratio of 2.2 g A h™")—the
cells retained 82.2% capacity over 118 cycles, which represents
notable LMB performance under such stringent conditions. These
achievements mark a significant advancement toward practical
LMB technology and provide a scalable pathway to overcome the
persistent challenges associated with Li metal anodes.

Results and discussion
W coating with extremely high Li interfacial energies

Li metal anodes typically develop dendritic and irregular
morphologies during cycling,** with this large-surface-area
growth accelerating unwanted side reactions with the
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electrolyte. Moreover, the calendar life of these cells is severely
limited by corrosion reactions during idle periods, a significant
barrier to industrial implementation of LMBs.***® Qur aim was
to promote compact and dense Li growth via interfacial repul-
sive forces, achievable by introducing lithiophobic materials at
the anode interface (Fig. 1a).

The concept of lithiophobicity parallels that of hydrophobicity,
where liquids maintain large contact angles and spherical geo-
metry without surface wetting. Similarly, Li in contact with
lithiophobic surfaces exhibits large contact angles and the desired
densification.®” We selected W as our lithiophobic coating
material due to its intrinsic immiscibility with Li, based on the
binary phase information (Table S1, ESIt).*® Density functional
theory (DFT) calculations confirmed the absence of mixing phases
between W and Li across the temperature range 0-500 K (Fig. 1b).
The mixing enthalpy, calculated via both DFT (Fig. 1c) and cluster
expansion fitting (Fig. 1d), approaches 1.0 eV per atom, indicating
strong intermetallic repulsion. This repulsive interaction serves as
the driving force for promoting dense Li plating through
enhanced contact angles at the W-Li interface.

To quantify the inter-material repulsion, we calculated the
interfacial energies between the relevant components. Given
that both W and Li crystallize in body-centered cubic (bcc)
structures, we modeled their interface using matched crystal-
lographic facets (Fig. 1e). DFT revealed that W exhibits approxi-
mately threefold higher Li interfacial energies compared to
lithium fluoride (LiF) (Fig. 1f, g and Fig. S1, ESIt), a prominent
solid electrolyte interphase (SEI) component. Among SEI con-
stituents, LiF demonstrates the highest Li interfacial energy,*
making it particularly beneficial for stable interfaces in Li metal
anodes. While considerable research has focused on develop-
ing LiF-rich SEI layers,">*! our W coating strategy establishes a
design principle for interfacial engineering that achieves super-
ior Li metal cohesion via a uniform, nanoscale repulsive layer.

W metal was deposited on conventional PE separators using
a facile metal sputtering process. The processed surface exhib-
ited the characteristic silver coloration of W, confirming suc-
cessful deposition (Fig. 2a and Fig. S2, ESIt). The unaltered
appearance of the opposite surface demonstrates selective and
uniform deposition of the ultrathin layer on one side of the
separator (Fig. S3, ESIf). Time-of-flight secondary ion mass
spectrometry (ToF-SIMS) analysis verified the precise coating
thickness of 30 nm (Fig. 2b and c). 180° peel-off tests demon-
strated comparable adhesion strengths before and after the W
coating, confirming strong adhesion between the coating layer
and the separator substrate (Fig. S4, ESI).

This nanoscale W coating offers several advantages over
conventional protective layer designs. The thin-film sputtering
technique enables large-scale, uniform fabrication while mini-
mally increasing the thickness, thereby preserving the energy
density of the cell. Along this direction, a roll-to-roll sputtering
process can be considered for seamless integration with exist-
ing LIB manufacturing processes. Atomic force microscopy
(AFM) analysis revealed negligible changes in the surface rough-
ness after coating (Fig. S5 and Table S2, ESIt). Additionally, the
ultrathin coating retains the essential properties of the separator,
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Fig. 1 DFT calculations of W metals. (a) Graphical depiction of the W coating on the separator to promote densification of the Li metal deposition layer.
(b)—(g) DFT calculations of the W metal. (b) Phase boundary between W and Li. Formation energy of the W-Li alloy obtained from (c) DFT calculations
and (d) cluster expansion fitting. (e) Atomic model illustrating the interfacial contact between W and Li. (f) and (g) Calculated Li interfacial energies

for W and LiF.

including uninterrupted Li-ion pathways and compatibility with
diverse electrolyte and protective layer strategies. Measurements
confirmed that air permeation and the electrical conductivity
remained essentially unchanged after coating (Fig. 2d and Fig.
S6, ESIT). Li-ion transport was similarly unaffected, as evidenced
by minimal changes in both ionic conductivity and Li* transfer-
ence number (Fig. S7, ESIT).

Contact angle measurements with a carbonate-based elec-
trolyte revealed decreased angles on the W-PE compared to the
uncoated PE (Fig. 2e and f). To verify the lithiophobic properties
of the W coating, we conducted molten Li contact angle experi-
ments by placing molten Li on the W surface (Fig. 2g). The
observed contact angle of 143° indicates complete non-wetting
behavior, which promotes molten Li cohesion into a spherical
geometry. This clarifies the critical role of high interfacial energy
in the densification of the Li metal deposition layer.

Electrochemical analyses were performed using Li-Li symmetric
and Li-Cu asymmetric cells with a commercial carbonate electro-
lyte: 1 M LiPFs in EC/DEC with 10% FEC. Given that these

7506 | Energy Environ. Sci., 2025, 18, 7504-7513

evaluations involve Li metal deposition on both sides, a 30 nm-
thick W coating was uniformly applied to both sides of the
separator. At a current density of 1 mA cm > and capacity of
1 mA h em™?, the Li-Li symmetric cell with the W-PE operated for
3500 hours without internal short circuits or significant overpoten-
tial increases, whereas the cell with the uncoated PE operated for
only 350 hours before its overpotential increased drastically
(Fig. 2h). The performance at higher current densities (6 and
9 mA cm™?) and capacity (3 mA h cm ™) was similar (Fig. S8, ESIt).

The cycling stability of Li-Cu asymmetric cells was evaluated
at 1 mA cm > with a stripping voltage cutoff of 0.5 V (Fig. 2i and
Fig. S9, ESIT). The cell with the uncoated PE had poor CE and
its overpotential increased after 200 cycles. In contrast, the W-
PE cell operated stably for 1000 cycles without short-circuiting
while maintaining high CE. This performance substantially
exceeds that of previously reported Li-Cu asymmetric cells
using conventional carbonate electrolytes.*>*?

The impact of the high interfacial energy of W was investi-
gated by conducting comparative studies using silver (Ag)- and

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Analysis and electrochemical evaluations of the W-PE. (a) Photographs of the uncoated PE and W-PE. (b) and (c) ToF-SIMS analysis, showing (b) depth
profiles and (c) 3D elemental rendering images of the W-PE. (d) Measurements of air permeation and electronic conductivity. (e)—(g) Wettability evaluation: (e) and
(f) with electrolyte and (g) with molten Li metal. (h) and (i) Cycling performance in (h) Li—Li symmetric cells and (i) Li—Cu asymmetric cells, using a carbonate-based
electrolyte (1 M Li hexafluorophosphate (LiPFg) in ethylene carbonate (EC)/diethyl carbonate (DEC) with 10% fluoroethylene carbonate (FEC)).

titanium (Ti)-coated separators. Ti, similar to W, is a lithiopho-
bic metal that does not form alloys with Li, as confirmed by its
phase diagram. DFT calculations revealed the interfacial energy
of Ti with the Li (100) facet to be 66.799 meV A~ roughly
half that of W (Fig. S10a, ESIt). The Ti-PE demonstrated an
improved cell lifespan of 800 hours compared to the uncoated
PE, confirming the beneficial effects of Ti lithiophobicity
(Fig. S10b, ESIt). Despite its lower interfacial energy compared
to W, the higher interfacial energy of Ti than that of LiF
supports its ability to stabilize Li metal anodes.

In contrast, the Ag-PE behaved differently. As a lithiophilic
metal, Ag demonstrates strong Li affinity and lowers the Li
deposition overpotential.*»*> However, because its operational
lifespan was limited to 550 hours, it underperformed compared
to the Ti-PE (Fig. S11, ESIt). SEM analysis after Li electrodepo-
sition revealed that Ti-PE facilitates considerably more homo-
geneous morphologies of Li deposits compared to Ag-PE
counterparts (Fig. S12, ESIf). These results demonstrate that
lithiophobic materials are more effective than lithiophilic
materials for interfacial strategies aimed at regulating the Li
metal deposition morphology, as their repulsive forces promote
spontaneous Li metal cohesion. DFT-calculated Li interfacial
energies correlate directly with cycle life data from Li-Li sym-
metric cells (Table S3, ESIY).

This journal is © The Royal Society of Chemistry 2025

The short-circuit behavior at high current densities was
studied by evaluating Li-Li symmetrical cells by incrementally
increasing and subsequently decreasing the current density
(Fig. S13 and S14, ESIt). The cell with the uncoated PE
exhibited significant voltage noise at high current densities
and displayed characteristic soft short-circuit behavior, mani-
fested as a flat voltage profile and lower overpotential upon
returning to 1 mA cm™ > In contrast, the cell with the W-PE,
which maintained stable operation without voltage noise even
at 10 mA cm >, preserved its consistent overpotential and
voltage slope profiles when returned to 1 mA cm 2. These
behaviors demonstrated the effectiveness of the W coating to
prevent short circuits under high current operation.

Chronopotentiometry was used in combination with in situ
electrochemical impedance spectroscopy (EIS) to verify the
short-circuit behavior and determine the respective resistance
values. EIS measurements were recorded hourly during single-
direction galvanostatic cycling of Li-Li symmetric cells at a
current density of 1 mA cm ™2 (Fig. S15, ESIt). The resistance of
the cell with the uncoated PE decreased progressively, whereas
the W-PE cell maintained stable resistance profiles. Internal
short-circuiting is accompanied by the development of enhanced
electron transfer pathways through the separator (Fig. S16,
ESIT)* to significantly lower both the bulk resistance (Rpun)

Energy Environ. Sci., 2025, 18, 7504-7513 | 7507
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and charge transfer resistance (Rcr).*” These decreases serve as
direct evidence of incipient short circuits. Furthermore, mea-
surements during rest periods revealed that the open-circuit
voltage (OCV) of the PE-based cell consistently approximated
0 V contrary to the W-PE cell (Fig. S17, ESIf) to further sub-
stantiate the soft short-circuit behavior of the former.

Densification of the Li metal anode

We used scanning electron microscopy (SEM) to analyze the
morphology after Li deposition in symmetrical cells (current
density: 3 mA cm™?; capacity: 3 mA h ecm™?; Fig. 3a-f). In the PE-
based cell, Li was deposited inhomogeneously on the existing Li
metal and formed distinct surface islands with filamentous
morphologies. In contrast, Li deposits in the W-PE cell were
uniform, with indistinguishable separation between deposited
and pre-existing Li. Cross-sectional SEM analysis further
revealed thick and uneven Li deposition in the PE-based cell
(Fig. 3c), whereas in the W-PE cell, Li deposits were densified
throughout their cross section (Fig. 3f).

These morphological differences became more pronounced at
an elevated current density of 6 mA ecm™ > (Fig. S18, ESIY). Similar
morphological distinctions were observed on stripped Li metal
surfaces (Fig. S19, ESIt), with the PE-based cell showing signifi-
cant void formation upon Li stripping, indicating that repeated
plating-stripping cycles resulted in progressively severe dendritic
growth. In contrast, void formation in the W-PE was greatly
suppressed during stripping, demonstrating that the repulsive
forces of W enhance the Li morphological stability not only during
plating but also throughout the stripping processes.

Li metal densification during extended cycling with the W
coating was analyzed using X-ray microscopy (XRM) coupled
with micro-computed tomography (uCT) after 100 plating-
stripping cycles at 1 mA ecm > and 1 mA h cm > in Li-Li
symmetrical cells. Following cell disassembly, iterative rotation
and X-ray imaging enabled high-resolution 3D reconstruction
(Fig. 3g). Unlike the cell with the uncoated PE (Fig. 3h), the W-PE
cell developed dense Li grains resembling wood rings (Fig. 3i).
Notably, this densification extended beyond the surface with the
separator to penetrate and spread throughout the Li metal
interior, as confirmed by 2D images of the horizontal mid-
sections. These morphological features of Li deposits in the W-
PE cell once again attest to the high W-Li interfacial energy that
induced strong Li cohesion throughout the entire structure,
consistent with the molten Li wettability observations (Fig. 2g).
XRM analysis of the post-cycling separators provided additional
insights (Fig. S20, ESIt). The uncoated PE experienced extensive
Li dendrite penetration, evidenced by the dark contrasting
regions corresponding to Li metal within the PE matrix. The
W-PE exhibited no such contrasting, confirming that the W
coating effectively prevented dendrite penetration.

Full-cell evaluations with a dual-coated 9 pm-thick ultrathin
separator

We evaluated Li metal-based full-cells wusing LiNigg.
C00.1Mn, 10, (NCMS811) as the cathode material. For these
cells, we applied the W coating (30 nm) exclusively to the

7508 | Energy Environ. Sci., 2025, 18, 7504-7513
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anode-facing separator side, while coating the cathode-facing
side with 2 um-thick boehmite (y-AlIO(OH)) (Fig. 4a-c), which
serves to enhance the mechanical and thermal stabilities of the
separator.”® The total separator thickness was only 9 pum to
maintain a compact cell design for high energy density. Com-
pared to its uncoated PE counterpart, the cell incorporating the
W-PE demonstrated superior initial performance with
improved reversible capacity and ICE during the formation
cycle at 0.1C (Fig. S21, ESIY).

Rate capability tests under strict cutoff protocols during
charge revealed the significant advantages of the W interfacial
treatment (Fig. 4d). The performance disparity, which intensified
at higher C-rates, highlighted the effectiveness of the W coating
during fast charging. For example, at 6C (10-minute charge), the
W-PE cell achieved 110 mA h g~ ' reversible capacity, whereas
that of the uncoated PE cell was negligible due to its severe
overpotential. To isolate the W interface contribution, rate
performance was further evaluated using a boehmite-only coated
PE separator, which matched the uncoated PE performance,
confirming that the observed enhancement in the rate perfor-
mance stems mainly from the W interface (Fig. S22, ESIT).
Significantly, under 3C (dis)charging conditions (20-minute
charge), the PE and W-PE cells retained 43.6 mA h g~ ' and
141.3 mA h g~ after 150 cycles, respectively (Fig. 4e-g). Voltage
profiles revealed slower overpotential increases in the W-PE cell
during cycling, whereas the uncoated PE cell predominantly
charged in the constant voltage (CV) region due to high over-
potential buildup. These comparative results remind us of the
challenge of achieving long-term cyclability under fast-charging
conditions.

To evaluate the storage characteristics, we implemented an
8-hour rest protocol following charging to 4.3 V (Fig. 4h). This
protocol specifically probes the corrosiveness of the Li metal
anode during electrochemically inactive periods, and provides
critical insights into the calendar life, essential for practical
battery applications. During 0.5C cycling (Fig. 4i), the W-PE cell
retained 78.9% of its capacity over 400 cycles with exceptional
durability even under the 8-hour rest protocol with a standard
carbonate electrolyte. In contrast, the uncoated PE experienced
early capacity loss due to electrolyte depletion. These results
underscore the significant impact of repulsive interfacial engi-
neering on Li metal anode densification with corrosion mitiga-
tion. Incidentally, the conventional carbonate electrolytes used
in these experiments demonstrate the feasibility of utilizing
established electrolyte options while highlighting the potential
for further improvement in the cyclability by employing
recently developed new electrolyte chemistries.'®*%7>

Cycling under practical scenarios

We conducted pouch-cell evaluations with limited Li metal and
electrolyte resources to assess the practical viability of our
approach (Fig. 5). While these resource limitations can drive
advancements in cost reduction and energy density,’>”* they
significantly compromise cycling performance—a critical chal-
lenge in LMBs. With single-stack 36 mA h pouch-cells (Fig. 5a—c)
and a conventional carbonate-based electrolyte without complex

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Post-cycling morphology analysis of Li metal anodes. (a)—(f) SEM images of Li metal anodes after the 1st plating. With PE: (a) and (b) surface SEM
images and (c) cross-sectional SEM image. With W-PE: (d) and (e) surface SEM images and (f) cross-sectional SEM image. (g) Schematic illustration of X-
ray tomography for post-cycling Li metal anodes. (h) and (i) XRM 3D and 2D renderings of Li metal anodes with (h) PE and (i) W-PE after 100 cycles.

electrolyte processing, the W-PE cell retained 94.1% of its
capacity over 100 cycles. In contrast, the capacity of the cell with
uncoated PE rapidly decayed after only 20 cycles.

SES AI Corporation further validated the effect of W-PE by
testing the 2-stack 118-mA h pouch-cells under more stringent
practical fast-charge (1.3C) and slow-discharge (0.3C) condi-
tions (N/P ratio: 1.0, E/C ratio: 2.2) (Fig. 5d-i). This challenging
protocol, while representative of real-world scenarios, is not
commonly used in LMB studies, because the Li metal anodes
become more susceptible to dendritic growth under such
asymmetric charge-discharge cycling.”® To maximize the per-
formance, an advanced electrolyte formulation consisting of
2 M LiFSI in 1,1,1-trifluoro-2,3-dimethoxypropane (TFDMP) was
employed.’® Even under these demanding conditions, the W-PE
cell exhibited 82.2% capacity retention over 118 cycles without

This journal is © The Royal Society of Chemistry 2025

short-circuiting. Three independent cells demonstrated similar
performance and reproducibility (Fig. 5f).

The non-uniform Li growth and rapid short-circuiting can
be detected through charge capacity increase (CCI) analysis, as
defined in Fig. 5g. Since elevated CCI values are reflective of the
presence of Li in unintended locations (e.g., dendrites pene-
trating the separator), CCI values exceeding 102% are indicative
of failure due to internal short circuits. The pouch-cell with the
uncoated PE experienced CCI failure within 20 cycles, whereas
CCI failures of the W-PE cell only occurred once the capacity
retention reached 80% across all three individual cells (Fig. 5h).
The average CCI values and number of cycles at 80% capacity
retention (Fig. 5i) reproducibly demonstrate the superior per-
formance of W-PE. These evaluations confirmed the effective-
ness of this repulsive interfacial engineering under practical

Energy Environ. Sci., 2025, 18, 7504-7513 | 7509
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Fig. 4 Full-cell evaluations with a conventional carbonate-based electrolyte (1 M LiPFg in EC/DEC with 10% FEC). (a) Illustration of the W and boehmite
dual-coating on the separator, with a total thickness of 9 um. During cycling, the W layer faced the Li metal anode, whereas the boehmite layer faced the
cathode. (b) and (c) Surface SEM images of (b) the boehmite-coated side and (c) the W-coated side. (d) Rate capability test results (1C = 3.0 mA cm™2).
(e)-(g) Fast-(dis)charging performance at 3C with a 20-minute charge time cutoff. Voltage profiles with the (e) PE and (f) W-PE, and (g) the corresponding
cycling performances. (h) and (i) Calendar life evaluation to test corrosiveness. (h) Illustration of the rest periods at 100% SOC for 8 hours and (i) cycling

performances with and without the rest periods.

conditions (fast-charge/slow-discharge, limited
thereby validating its industrial viability.

Among studies of LMBs with limited resources (thin Li and
lean electrolyte)’”** (Fig. S23, ESI{), our solution uniquely
delivers stable performance at high charging rates greater than
1C. Many of the previous studies primarily employed low
charging and high discharging rates, which give rise to favor-
able Li metal morphology.*"** However, such protocols signifi-
cantly deviate from practical operational requirements. Our
repulsive interface strategy effectively accommodates these
real-world conditions, highlighting its potential to bridge the
gap between laboratory research and the commercial imple-
mentation of LMBs.

resources),

Enhanced safety against thermal runaway

Thermal runaway suppression tests (Fig. 6) were conducted to
evaluate the thermal stability of the coated separator. The
thermal abuse protocol adopted in this investigation entailed
keeping the cells at 140 °C in the charged state at 4.3 V. The
pouch-cell with the W-PE maintained its original cell tempera-
ture and voltage without internal short circuits or thermal
runaway for 100 minutes (Fig. 6a), whereas, within 16 minutes,
the uncoated PE cell short-circuited internally with severe

7510 | Energy Environ. Sci., 2025, 18, 7504-7513

thermal runaway (Fig. 6b), attributed to thermal shrinkage of
the separator (Fig. 6¢). Quantitative measurements at tempera-
tures above 100 °C revealed negligible shrinkage for the W-PE
and confirmed its enhanced thermal stability (Fig. 6d). Visual
monitoring during thermal abuse testing revealed the stark
difference: the W-PE cell maintained its structural integrity
(Fig. 6e), whereas the uncoated PE cell experienced electrolyte
vaporization and pouch rupture with gas evolution (Fig. 6f).
These results indicate that the W-PE, particularly owing to the
boehmite coating that prohibits thermal shrinkage, effectively
overcomes the thermal stability challenges, a critical achieve-
ment for high-energy battery systems.®® Thus, the strategically
employed dual-side coating in our W-PE provides a compre-
hensive solution for LMBs by delivering both high performance
and enhanced safety.

Conclusion

In summary, we introduced a novel interfacial engineering
strategy that enables high-performance LMBs with enhanced
safety through controlled Li metal densification. By exploiting
the strong interfacial repulsion arising from the intrinsic
immiscibility of W with Li, we achieved spontaneous Li metal

This journal is © The Royal Society of Chemistry 2025
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cohesion without additional processing requirements, such as
protective coatings on the Li metal anode. The dual-sided
coating scheme, which combines nanoscale W deposition with
a boehmite coating, realized an ultrathin separator with a total
thickness of merely 9 um. This coating strategy effectively
suppressed separator shrinkage at elevated temperatures to
significantly suppress thermal runaway. Equally important, this
strategy significantly improved the cycling and storage perfor-
mance, even with a conventional carbonate-based electrolyte, to
address the economic concerns associated with the use of
complex electrolyte chemistries. Independent validation by
SES AI Corporation under stringent conditions—limited Li
metal and electrolyte resources, coupled with demanding
fast-charge/slow-discharge protocols with high real-world
demands—proved the commercial feasibility of our approach.
Finally, because the proposed strategy does not require major
modifications to existing LIB manufacturing processes, facile
and immediate adoptability is warranted.
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