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The development of solid-state batteries is often hindered by inter-
facial instability, particularly between the electrolyte and the lithium
metal anode. To address this challenge, we fabricate a bilayer solid-
state electrolyte composed of LisInClg and LigPSsCl, which demon-
strates excellent mutual compatibility and high ionic conductivity.
Furthermore, a robust, LiF-rich solid electrolyte interphase (SEl) was
pre-formed on the lithium metal anode via a pre-treatment strategy in
a fluoroethylene carbonate-containing electrolyte. This dual design
not only ensures stable interfacial contact but also effectively sup-
presses interfacial side reactions. When integrated into an all-solid-
state lithium metal battery with a LiCoO, cathode, the assembled cell
delivers exceptional cycling stability, retaining over 85% of its initial
capacity after 100 cycles at a rate of 0.2C. This work highlights the
synergistic role of a compatible bilayer electrolyte and an artificial LiF-
rich SEl in enabling high-performance and long-lasting solid-state
lithium metal batteries.

In light of the current focus on thermal stability, safety, and
energy density in energy storage systems, all-solid-state lithium
metal batteries (ASSLMBs) are regarded as a disruptive next-
generation technology." By substituting flammable organic
liquid electrolytes with non-flammable solid-state electrolytes
(SSEs), the risks of leakage and combustion can be effectively
mitigated, substantially enhancing overall battery safety.>”?
Furthermore, the integration of SSEs with the lithium metal
anode, which exhibits low density, low electrochemical
potential, and high theoretical capacity, enables ASSLMBs to
achieve superior energy density and safety performance to
those of conventional lithium-ion batteries.*
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SSEs are the core component of ASSLMBs, and their perfor-
mance and stability have attracted significant research attention.’
LizInClg (LIC) and LigPSsCl (LPSC) are two representative inor-
ganic SSEs. LIC has high ionic conductivity and excellent electro-
chemical oxidation stability; however, it suffers from poor
reduction stability and low air stability.® In contrast, LPSC
demonstrates high ionic conductivity but inferior electrochemical
oxidation stability.” Both electrolytes possess good flexibility,
facilitating their processability. To some extent, the properties of
LIC and LPSC are complementary, enabling the construction of a
high-performance bilayer LIC-LPSC SSE. Zeier and colleagues®
conducted in-depth studies on the importance of such a bilayer
architecture. They emphasized that a halide-based SSE layer
between the composite cathode and the sulfide SSE is essential
for cycling stability, while a sulfide-based SSE layer adjacent to the
anode is also critical for interfacial compatibility. Although LPSC
shows better reduction stability than LIC, direct pairing with a
lithium metal anode remains challenging in practice. Conse-
quently, researchers often employ Li-In alloys as the anode
material due to their electrochemical reversibility and improved
interfacial stability with LPSC, which enhances long-term cycling
performance.’ Nevertheless, the introduction of electrochemically
inactive elements and the complexity associated with alloy anode
fabrication pose obstacles to large-scale industrialization. At the
same time, Li-In alloy anodes exhibit limited stability against
sulfide-based SSEs under demanding conditions such as high
current density, high areal capacity, and extended cycling.'

Over decades of development in lithium-ion batteries, the
solid electrolyte interphase (SEI) has been critical for stabilizing
the anode interface.'* The incorporation of specific additives,
such as fluoroethylene carbonate (FEC), promotes the for-
mation of an SEI layer enriched with LiF, which effectively
suppresses further side reactions.'? However, lithium metal
undergoes irreversible reduction reactions with sulfide-based
SSEs like LPSC, generating interfacial decomposition products
such as Li,S, Li;P, and other lithium-containing compounds.™?
The formation of these interphases leads to inhomogeneous
lithium deposition and promotes the growth of lithium
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dendrites, indicating that such a layer cannot be regarded as a
stable or desirable SEI.

In this study, a bilayer SSE was fabricated by cold-pressing LIC
and LPSC. Scanning electron microscopy (SEM) images reveal a
tight and gap-free interface within the bilayer structure, which
facilitates efficient ion transport across the SSE. Moreover,
through electrochemical pretreatment of lithium metal in a
FEC-containing electrolyte, combined with theoretical calcula-
tions and experimental characterization, it is demonstrated that
FEC preferentially decomposes to form a SEI rich in LiF. The
results confirm that the pretreated lithium metal anode signifi-
cantly mitigates side reactions between the SSE and the anode.
As a result, the optimized anode enables prolonged cycle life in
lithium cobalt oxide (LCO)-based ASSLMBSs. This work proposes a
materials design strategy based on controlled anode pretreatment
in liquid electrolytes to generate a high-quality SEI layer, offering a
feasible solution to address interfacial instability in ASSLMBs.

As shown in Fig. 1a, the XRD pattern of the as-ball-milled LIC
without heat treatment exhibits low crystallinity. This can be
attributed to the fact that although high-energy ball milling pro-
vides sufficient energy for the reaction between LiCl and InCl;, the
material retains a largely disordered structure at this stage. After
sintering at 300 °C, the XRD peaks of LIC become more intense and
sharper, accompanied by a decrease in full width at half maximum,
indicating a transition from a disordered to an ordered crystalline
structure. Furthermore, the diffraction pattern closely matches the
simulated one for space group C2/m, confirming the successful
synthesis of the target LIC compound.'® Fig. 1b shows the XRD
pattern of LPSC, which can be assigned to F43m space group."

As observed by SEM, the ball-milled LIC powder exhibits a
broad particle size distribution, with submicron particles uni-
formly surrounding larger micron-sized granules (Fig. 1c and
Fig. S1). This bimodal distribution facilitates the fabrication of
highly dense SSE pellets upon pressing. Following sintering at
550 °C, the material undergoes secondary recrystallization,
leading to a general increase in particle size, as evidenced in
the LPSC sample (Fig. 1d and Fig. S2). Elemental mapping via
EDS (Fig. S3 and S4) further confirms the homogeneous dis-
tribution of all constituent elements.

Fig. 1e shows a cross-sectional SEM image of the bilayer SSE
prepared using a polyetheretherketone (PEEK) mold. Owing to
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Fig.1 XRD patterns of (a) LIC and (b) LPSC powders. SEM images of
(c) ball-milled LIC and (d) LPSC powders. (e) SEM image and (f) EDS image
of the cross-section of the LIC-LPSC bilayer SSE.
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the differences in theoretical density and particle size between
the LIC and LPSC materials, the two layers exhibit distinct
morphological characteristics after compaction, with a clear
interface visible between them. Because of the good flexibility
and chemical compatibility of LIC and LPSC, no significant
reaction occurs at the interface, which remains continuous and
devoid of gaps (Fig. S5). This indicates a high degree of
compatibility between LIC and LPSC and suggests strong
application potential for the bilayer SSE. The overall thickness
of the bilayer SSE is approximately 620 pm, with each layer
contributing equally to the total thickness. Elemental mapping
via EDS (Fig. 1f and Fig. S6) clearly illustrates the stratified
structure of the bilayer assembly. The flat and tightly bonded
interface facilitates efficient ion transport across the different
SSE layers, thereby reducing interfacial resistance.

Ionic transport performance is a critical property of SSEs, as it
directly determines the overall performance of ASSLMBs. Fig. 2a
presents the electrochemical impedance spectroscopy (EIS) results
of pure LIC, LPSC, and LIC-LPSC bilayer SSE measured at 30 °C.
The ionic conductivities are determined to be 0.35, 1.45, and
0.45 mS cm~ ! for LIC, LPSC, and the bilayer SSE, respectively,
consistent with previously reported values.'® Among these, the
LPSC SSE shows the highest conductivity, while the bilayer
architecture successfully integrates the transport characteristics
of both components, resulting in competitive overall ion conduc-
tion. The temperature-dependent ionic conductivity of the bilayer
SSE was further investigated (Fig. 2b) and is well described by the
Arrhenius equation (Fig. 2c). The activation energy for ion con-
duction is calculated to be 0.42 eV, indicating a low energy barrier
favorable for efficient ion transport within the bilayer structure.
Therefore, the synergistic mechanism of the bilayer electrolyte in
enhancing overall cell performance can be attributed to two key
factors: (1) the two electrolytes form a dense, well-defined inter-
face via simple cold-pressing, which facilitates rapid and unim-
peded Li" transport, resulting in high overall ionic conductivity.
(2) The LIC and LPSC layers functionally complement each other’s
electrochemical stability, with the LIC layer stabilizing the cathode
interface against oxidation and the LPSC layer improving compat-
ibility with the lithium metal anode, thereby comprehensively
suppressing interfacial degradation.

The above results demonstrate the application potential of
the bilayer SSE in ASSLMBs; however, the stability of the anode
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Fig. 2 (a) EIS curves and (b) variable temperature EIS curves of SSEs.
(c) Arrhenlus plots of ionic conductivities of SSEs. SEM images of the
surface of (d) bare Li and (e, f) FEC@Li.
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interface remains a critical concern. To address this, a preformed
SEI layer was constructed on lithium metal foil by cycling it in a
FEC-containing electrolyte. As shown in Fig. 2d and Fig. S7, the
pristine Li surface appears smooth and flat. In contrast, the FEC-
treated Li (FEC@Li) surface (Fig. 2e and f) exhibits a dense layer of
reaction products formed between lithium and the electrolyte.
These products are tightly packed, effectively shielding the anode
from direct contact with the SSE. EDS analysis (Fig. S8) further
confirms a fluorine-rich surface, indicating that FEC promotes the
formation of a robust SEI layer.

The energies of the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) are critical
indicators of the electrochemical stability of electrolytes. To clarify
the formation mechanism of the SEI in liquid electrolytes, we
performed density functional theory (DFT) calculations to deter-
mine the HOMO and LUMO energy levels of relevant electrolyte
species (Fig. 3a). Among them, FEC exhibits the lowest LUMO
energy (—0.161 eV) and a HOMO energy of —8.855 eV, indicating a
pronounced tendency toward reduction at the anode. This result
suggests that FEC decomposes preferentially on the anode surface,
forming LiF—a component with high interfacial energy and a low
diffusion barrier for Li". Such characteristics enhance Li" transport
and reduce resistance during plating/stripping. A LiF-rich SEI layer
further suppresses ongoing side reactions, thereby improving the
cycling stability of the battery.

To elucidate the composition of the SEI on FEC@LIi anode,
X-ray photoelectron spectroscopy (XPS) analysis was conducted.
As shown in Fig. 3b, the elemental composition on the surface
of FEC@Li is dominated by Li (32.8 at%), followed by F
(26.5 at%), C (26.1 at%), and O (14.6 at%), indicating the
involvement of multiple components in the SEI formation.
The high-resolution C 1s spectrum (Fig. 3c) exhibits a prominent
C-C peak, suggesting the presence of organic species. In the F 1s
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Fig. 3 (a) HOMO-LUMO energy levels of different solvents and additives in
the electrolyte. (b) Content ratio of elements distributed on the surface of
FEC@Li. XPS spectrum for (c) C 1s, (d) F 1s, and (e) Li 1s of the surface of FEC@Li.
(f) Normalized depth profiles of LiF and Li fragments obtained from the FEC@Li
anode surface. Three-dimensional reconstruction of the ToF-SIMS sputtered
volume showing the distribution of (g) LiF and (h) Li fragments within the SEI.
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spectrum (Fig. 3d), the majority of fluorine is assigned to LiF, with
minor contributions from Li,PF,0, species.'” Both compounds
originate from the decomposition of LiPFs at the anode and
constitute the inorganic part of the SEL This is corroborated by
the Li 1s spectrum (Fig. 3e), where a strong LiF signal is observed
alongside a small amount of Li,O, attributed to solvent decom-
position. In summary, the SEI layer on FEC@Li is rich in
inorganic components, particularly LiF, which promotes the
formation of a dense and stable passivation layer. This effectively
suppresses further side reactions between the SSE and the lithium
metal anode, thereby improving the cycling stability of the battery.
Furthermore, the chemical composition and structure of the SEI
were probed using time-of-flight secondary ion mass spectrometry
(ToF-SIMS), a technique well-suited for analyzing thin films with
thicknesses in the tens to hundreds of nanometers range. As
shown in Fig. 3f-h, the SEI layer on the FEC@Li anode is
approximately 20 nm thick. This represents an ideal thickness,
which effectively passivates the lithium surface by blocking direct
contact with the SSE while still facilitating unimpeded ion trans-
port. The outstanding performance of the pretreated FEC@Li
anode can therefore be attributed to this homogeneous,
~20 nm thick SEI layer rich in LiF.

To evaluate the performance enhancement offered by the
FEC@Li anode, ASSLMBs were assembled using commercial
lithium cobalt oxide (LCO) as the cathode active material.
Galvanostatic charge-discharge tests were conducted between
2.6 and 4.2 V. As depicted in Fig. 4a, the initial charge-discharge
profiles of the LCO|LIC-LPSC|Li and LCO|LIC-LPSC|FEC@Li cells
were measured at 0.1C. The cell with a pristine Li anode exhibits
an initial Coulombic efficiency of 84.24% and a discharge capacity
of 151.7 mAh g . In comparison, the cell with the FEC@Li anode
achieves a significantly higher first-cycle Coulombic efficiency of
93.54% and a discharge capacity of 159.1 mAh g, indicating
effective suppression of initial side reactions. Additionally, the EIS
of the two all-solid-state batteries is compared in Fig. S9. The cell
with the FEC-modified anode demonstrates a lower interfacial
resistance, which is attributed to the stabilized interface resulting
from the LiF-rich SEI formed by the FEC pretreatment.
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Fig. 4 (a) Initial charge—discharge curves, (b) rate performance, and
(c) long cycle performance of LCO|LIC-LPSCILi and LCOILIC-LPSC|FEC@Li
batteries.
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As the current density increases, the FEC@Li-based cell
shows moderate capacity decay, delivering discharge capacities
of 145.3, 135.4, 124.6, and 112.1 mAh g~* at 0.2C, 0.3C, 0.4C,
and 0.5C, respectively, and maintaining 63.5 mAh g~ ' even at
1C. In contrast, the cell with the untreated Li anode suffers
from severe capacity degradation at elevated rates, becoming
almost non-functional at 1C. When the current density returns
to 0.1C, the FEC@Li cell recovers a discharge capacity of
146.1 mAh g, corresponding to 92% of its initial value, whereas
the Li anode cell only reaches 128.5 mAh g~ ' (85% retention).

Long-term cycling performance is shown in Fig. 4c and
Fig. S11. After 100 cycles, the FEC@Li cell retains 85.4% of its
initial capacity with Coulombic efficiency exceeding 99.8%.
Even after 150 cycles, it maintains 78% capacity retention,
dramatically outperforming the Li anode cell, which retains
only 36% after 100 cycles. As shown in Fig. S12, the cell with the
FEC@Li anode demonstrates enhanced electrochemical perfor-
mance at a current density of 0.5C. In addition, the electro-
chemical performance of the assembled Li symmetric cells
further underscores the critical role of interfacial pretreatment
in achieving enhanced cycling stability (Fig. S13). The markedly
improved cycling stability underscores the role of a stabilized
interface enabled by the FEC pretreatment, highlighting its
critical importance in enhancing the performance of ASSLMBs.
Fig. S14 shows a cross-sectional SEM image of the cycled
Li|LPSC|Li symmetric cell. The image reveals intimate contact
between the SSE and the lithium metal anode, with no obser-
vable lithium dendrite penetration, confirming excellent inter-
facial stability. The in situ EIS curves in Fig. S15 compare the
interfacial stability of the symmetric cells. The Li|LPSC|Li cell
shows pronounced instability, evidenced by large and fluctuat-
ing impedance, whereas the FEC@Li|LPSC|FEC@Li cell exhi-
bits a stable, low impedance. This directly validates that the
LiF-rich SEI formed by FEC pretreatment enhances interfacial
kinetics and stability.

In summary, LIC and LPSC, representing two prominent
types of inorganic SSEs, demonstrate sufficient flexibility and
chemical compatibility to form a coherent bilayer SSE. The
intimate, gap-free interfacial contact between these layers
facilitates efficient ion transport across the interface. Further-
more, through electrochemical pre-treatment of lithium metal
in an FEC-containing electrolyte, a LiF-rich SEI is in situ formed
on the anode. LiF possesses high interfacial energy and a low
Li" diffusion barrier, making it an ideal constituent of a robust
passivation layer. This SEI prevents direct contact between the
SSE and the lithium metal anode, suppresses interfacial side
reactions, and significantly enhances cycling stability. The
combination of bilayer SSE and pre-treated Li metal anode
synergistically ensures both high ionic conductivity and excel-
lent interfacial compatibility. As a result, the LCO-based
ASSLMB retains 85.4% of its capacity after 100 cycles at 0.2C.
This work offers valuable strategies for stabilizing the anode
interface in ASSLMBs.
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