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@olymer-based lithium metal batteries.

Abstract: Solid-state lithium metal batteries (SSLMBs) with solid polymer electrolyte (SPE) are highly promising for
next-generation energy storage due to their enhanced safety and energy density. However, the stability of the solid
electrolyte interphase (SEI) on the lithium metal/SPE interface is a major challenge, as continuous SEI degradation and
regeneration during cycling lead to capacity fading. This article investigates the SEI formation on lithium anodes (I-SET)
and composite lithium anodes (c-SEI) in solid-state lithium metal batteries. The composite anodes form a uniform Li,S-
rich inorganic SEI layer and a thinner organic SEI layer, effectively passivating the interface for enhanced cycling
stability. Specifically, the full cells with c-SEI anodes sustain over 400 cycles at 0.5 C under a high areal capacity of
2.0 mAhcm 2 Moreover, the reversible high-loading solid-state pouch cells exhibit exceptional safety even after curling
and cutting. These findings offer valuable insights into developing composite electrodes with robust SEI for solid-state

~
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Introduction

Solid-state batteries are highly regarded for their inherent
safety and high energy density, making them particularly
promising for various applications.!? Solid polymer electro-
lytes (SPEs) offer enhanced safety and simple processing
capabilities, which are also compatible with current commer-
cial manufacturing techniques.’) As the energy density of
lithium-ion batteries (LIBs) with intercalation anodes is
nearing its limit of 350 Whkg ', the metallic lithium (Li)
emerges as a highly-promising anode for SSLMBs, boasting
a high theoretical specific capacity of 3860 mAhg™". Despite
these advantages, challenges such as the formation of large
amounts of “dead” Li and unstable SEI, particularly at high
areal capacities (>2.0 mAhcm?), hinder the further devel-
opment of batteries.*! Various methods have been proposed
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to overcome these obstacles and extend the life of batteries,
such as interface engineering,” electrolyte modification,”
and employing composite Li anodes."”

During the past decades, the evolution and role of the
SEI between the SPE and Li anode are usually overlooked.
Owing to the low electrode potential of metallic Li, SPEs
undergo spontaneous reductions like non-aqueous electro-
lytes, forming a chemically inert layer on the anode. Xin
etal. employed cryo-electron microscopy to validate the
presence of SEI in polymer-based solid-state battery
systems."! The SEI undergoes continuous transformation
and electrolyte consumption during cycling in SSLMBs,
highlighting the importance of rational SEI stabilization
design. Some efforts in molecular-level SEI design effec-
tively prevent continuous parasitic reactions of SPE.[
Nevertheless, constructing artificially SEI layer through
electrolyte regulation often requires the introduction of
electrolyte additives. The additive tends to be continuously
consumed and leads to reduced safety of the SPE. Mean-
while, the evolution of the structure and components of SEI
with different Li anode properties remains poorly under-
stood in polymer-based solid-state electrolytes. The SEI
structure dictates the transport rate and uniformity of Li
ions (Li*) from the electrolyte to the anode, significantly
influencing the rate and polarization of electrochemical
reactions at the anode/electrolyte interface.” The SEI in
polyether electrolytes effectively prevents lithium dendrite
formation and protects lithium metal, but controlling it
remains crucial due to challenges like increased interface
resistance and lithium-ion migration barriers.'"! Therefore,
understanding the influence of the composite anode on the
formation of various compounds in SEI is crucial to grasping
the impact of the anode on the Li deposition kinetics.!"!

This contribution explores the evolution of SEI on
metallic Li anode and composite Li anode in SSLMBs,
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proposing a strategy to form a dense passivating SEI
leveraging the surface advantages of composite anode
electrodes. The SEI on composite anode (c-SEI) is achieved
with a Li,S-rich structure. Furthermore, we investigated how
the passivation effect of c-SEI at the interface effectively
inhibits the parasitic interfacial reactions of polyether by
employing three-electrode techniques. The full cell with
LiFePO, (LFP) cathode and c-SEI protected anode main-
tains over 400 cycles at 0.5 C under a high areal capacity of
2.0mAhcm 2 These findings imply that the composite
anode electrode in SSLMBs can induce heterogenization of
the SEI interfaces, presenting the opportunity to achieve
high-performance SSLMBs through the rational design of
composite Li anodes.

Results and Discussion
Microstructure of SEI on Li Metal and Composite Anodes

To directly probe the microstructure of SEI, the SEI layers
of lithium metal on pure Li anode (I-SEI) and composite
anode (c-SEI) were characterized by a cryo-transmission
electron microscope (cryo-TEM). A double copper (Cu)
mesh structure was proposed for the direct observation of
the Li and SEI on the lithium anode in solid-state batteries
(Figure S1), instead of routine solvent dispersion or electro-
chemical deposition methods."”” Macroscopic morphology
and X-ray diffraction (XRD) spectra of Cu and carbon
paper (CP) are shown in Figure S2. Li plating was carried
out at a consistent current density of 1.0 mA cm~2 for 1.0 h.
Figures la—c display representative images of the Li and 1-
SEI on Cu, where noticeable Li dendrite growth occurs on
the Cu surface.

The inner layer of 1-SEI contains fewer inorganic
compounds such as Li,O, while the outer layer is thicker
than c-SEI (Figure 1b). The uniform Li metal plating on the
CP surface (Figure 1d) is advantageous for reversible
deposition and stripping. Cryo-TEM images reveal a typical
double-layer construction, where the c-SEI comprises a
15 nm-thick amorphous layer and an inorganic-rich layer
containing Li,S, Li,O, and LiF (Figure 1e). The organic layer
thickness in the c-SEI is reduced by around 20 %, which aids
in the reduction of diffusion route length for uniform Li-ion
fluxes. Corresponding selected area electron diffraction
(SAED) confirms the presence of these inorganic crystalline
materials and also detects diffraction rings of Li,CO; and
several single crystals spot patterns (Figure 1f). The c-SEI
contains nanocrystals of Li,CO,."®! Furthermore, the pres-
ence of single crystal spot patterns suggests the existence of
a LiC, structure, which can enhance the lithiophilic proper-
ties of c-SEI. The SAED of c-SEI layer shows significant
presence of LiF, Li,O, Li,CO;, and Li,S, while the 1-SEI
lacks the diffraction ring corresponding to Li,S (Figure 1lc
and 1f). The above results indicate that when lithium metal
is deposited, the initial substrate can determine the subse-
quent SEI.

The EDS mapping (Figure S1) confirmed the significant
quantities of oxygen, sulfur, fluorine, carbon, and nitrogen
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Figure 1. SEI Microstructure of I-SEI and c-SEI formed on Li metal and
composite Li anode. Cryo-TEM images depict the morphology of (a) Li
metal and (d) composite Li anode. The cryo-TEM images reveal the
distinctive inner organic layer and outer amorphous layer of (b) I-SEI
and (e) c-SEI. SAED images of the (c) I-SEl and (f) c-SEI provide further
insights of components.

in c-SEI. Even in the absence of additional sulfides, the
anode exhibits a significant sulfur presence (19.76 %) on the
Li metal (Table S1).

To probe the composition and distribution of the SEI in
three-dimensional space, time-of-flight secondary ion mass
spectrometry (ToF-SIMS) was employed on cycled anodes
via depth profiling. Li metal was plated and stripped five
times at a constant current density of 1.0 mA cm ™2, maintain-
ing a consistent deposition/stripping amount of
3.0mAhecm™ C,H™ is a characteristic organic component
abundantly found in the SEI, and its intensity reduces with
prolonged etching duration on both 1-SEI and c-SEI (Fig-
ure S3a2).1 This can be attributed to the protection of
polymerized 1,3-dioxolane (pDOL) organic layer on Li
metal to prevent further parasitic reactions.” The thickness
of the organic layer of c¢-SEI is thinner than that of 1-SEL
Inorganic components such as Li,S, Li,O, and LiF are
extensively examined in cryo-TEM, with their corresponding
characteristic anion fragments selected for study (Li,S,",
Li,O,”, and LiF,", respectively), affirming a strong valida-
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tion through the results obtained from the earlier cryo-TEM
analysis (Figure 1).

The 3D structure and spatial distribution of individual
inorganic components on I-SEI and c-SEI are depicted in
Figure 2a and 2b, respectively. The corresponding ToF-
SIMS depth profiles are shown in Figure S3. The Li,S,”
content reduces rapidly within the initial 50 s etching, with
the intensity subsequently approaching 0. This observation

I-SEI
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implies that Li,S has a minimal presence within the inner 1-
SEI. By comparison, the SEI formed on CP is much thinner,
comprising a dense layer of organic species in the outer and
an inorganic Li,S-rich layer. The inorganic layer formed by
the composite anode impedes the sustained decomposition
of pDOL, thereby reducing the organic layer thickness. The
distribution and gradient of LiF on the two andes are similar
because of the self-sacrifice of FEC. Moreover, the inorganic
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Figure 2. The 3D nanostructure of the |-SEI and c-SEI revealed through ToF-SIMS and XPS analysis. 3D views of Li,S,” (representing Li,S), Li,O,~
(representing Li,O), LiF,” (representing LiF), and their overlay within the ToF-SIMS sputtered volumes of (a) I-SEI and (b) c-SEI. Additionally, the
distribution of elements within the SEI formed on the (c) I-SEl and (d) c-SEI by XPS test. The XPS spectrum further demonstrates the distribution

of S 2p on the (e) I-SEl and (f) c-SEI.
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components of 1-SEI are thinly spread in the lateral arrange-
ment to create a dense layer. In contrast, the inorganic
components on CP are closely packed, forming a sturdy
layer (Figure S4).

To charactrize the SEI structure for distinct anodes, X-
ray photoelectron spectroscopy (XPS) was employed for
identifying the inorganic and organic components. Based on
the element distribution at varying sputtering times, the
composition of the SEI undergoes changes within the initial
60 s sputtering, and stabilizing after 120 s (Figure 2c and 2d).
Consequently, the XPS data at 0s and 120 s are selected for
comparing the composition and content of the inner and
outer layers of the SEI. Additionally, the increase in S-
containing species also indicates the impact of the composite
anode on electrolyte decomposition. Figure 2e and 2f
illustrate the deconvoluted S 2p spectra on both the 1-SEI
and c-SEI, respectively. Specifically, four distinct S 2p
double peaks emerge at 169.4/170.2, 167.3/168.5, 161.4/160.2,
and 158.3/ 157.1, corresponding to S=0O, S—O-Li, polythio-
nate complex, and Li—S, respectively. The c-SEI exhibits a
reduced presence of S=0, suggesting a heightened extent of
TFSI™ decomposition. Furthermore, the discernible abun-
dance of Li,S (28.3% in inner layer) within the structure
aligns with earlier findings from cryo-TEM and ToF-SIMS,
indicating a propensity for Li,S enrichment within the c-SEI.
Furthermore, to illustrate the origin of this differentiation,
the XPS results indicate that TFSI™ predominantly contrib-
utes to sulfur-containing species (Figure S5). The distribu-
tion of organic components can be conveyed through the
distribution of C—O species (533.5e¢V) within the O 1s
spectrum (Figure S6). The outer layer exhibits a notable
presence of organic species for 1-SEI and ¢-SEI (22.3 % and
29.7 %, respectively), while the inner layer exhibits minimal
detection of O-containing species (12.0% and 6.3 %,
respectively) (Figure S7). Li,S-rich inner layer structure
effectively passivates the c-SEI, resulting in a lower thick-
ness and content of organic components in the outer layer of
¢-SEI. In addition, the distribution of the inner and outer
layers of Li,O also exibits that the outer amorphous phase is
dominated by organic species. This observation substantiates
the bilayer structure of the 1-SEI and c-SEI, affirming that
CP does not alter the SEI structure. The distribution of
Li—F and C—F in the SEI on the two anodes, as shown in the
F 1s spectra, is consistent with earlier findings. By comparing
the 1-SEI and c¢-SEI without FEC, it was found that the
composite anode promotes the decomposition of TFSI .
This facilitates the formation of a Li,S-rich SEI and also
contributes to the generation of LiF (Figure S8). Therefore,
based on the three-dimensional spatial distribution and
quantitative results, the c-SEI demonstrates a significantly
Li,S-rich inorganic SEI layer. In the C 1s XPS spectra
presented in Figure S9, a peak at 292.3 eV is observed in
both 1-SEI and c-SEI, corresponding to the —CF; functional
group. This peak indicates the extent of LiTFSI decom-
position and further substantiates that the decomposition of
TFSI™ anions is more extensive in c-SEI. Additionally, the C
1s peak at 288.4 eV, attributed to RC=OLi, is typically
considered a characteristic feature of the organic SEI. The
high activation energy and increased interfacial impedance
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associated with the R group from the long-chain pDOL
contribute significantly to capacity loss and failure in
SSLMBs. In c-SEI, the reduction of parasitic reactions with
pDOL leads to lower quantities of RC=0OLi, a result of the
dense Li,S-rich layer and the passivation effect of composite
anode. Conversely, I-SEI shows more pronounced parasitic
reactions and a higher content of RC=OL.i.

The Formation and Evolution of SEI Layers

In the absence of additional sulfur-containing compounds,
notable distinctions are observed in the S-containing species
of the SEI between the two anodes. LiTFSI is a non-
hydrolyzable lithium salt with strong S—C covalent bonding,
suggesting that LiTFSI typically undergoes minimal decom-
position into Li,S on the lithium surface.”! However, the c-
SEI exhibits a tendency to accumulate an abundance of
Li,S. To explain the phenomenon of SEI changes, we
explored variations in reaction degrees and trends across
different surfaces using the electrochemistry and molecular
dynamics methods. It is necessary to elucidate how S-
containing species evolve and generate at the working
interfaces. In the early stages of the reaction, the initial
decomposition reaction of LiTFSI on Li metal is formulated
as Eq. 1. As Li deposition progresses, Li,S,0, further
decomposes into lithiated compounds with smaller molec-
ular weights (Eq. 2 and Eq. 3),””! which can be attributed to
a subsequent reduction and disproportionation of Li,S,0,:

LiN(SO,CF;), + ne” 4+ nLi* —

Li;N + Li,S,0, + LiF + G,F,Li, @
Li,S,0, + 10e~ + 10Li* — 2Li,S + 4Li,O 2)
Li,S,0, +4e” +4Li" — Li,S + Li,SO; + Li,O 3)

Figures 3a and 3b illustrate the cyclic voltammetry (CV)
curves for I-SEI and c-SEI spanning from 0 to 1 V. A distinct
degradation process of LiTFSI with an initial 0.6 V cathodic
peak is observeed for CP in the initial cycle. Subsequently,
the disappearance of the 0.6 V cathodic peak in the second
cycle suggests the formation of a stable SEI. Besides, the
cathodic peaks at 0.18 and 0.07 V indicate Li intercalation
processes in CP, corresponding to the formation of LiC,,
and LiCq, respectively. Therefore, in contrast to Cu, the use
of CP enhances the reduction degrees of TFSI™ anions with
a large current, providing a rational explanation for the
higher sulfur content in the c-SEL?"

In order to further clarify how the anode influences the
reaction of sulfide compounds, we compute the Gibbs free
energy change (AG) for these two reactions (Figure 3c).
This calculation serves as a thermodynamic descriptor for
evaluating the reaction tendency. The specific calculation
models are provided in Figure S10 and S11. In this setup,
the Cu potential is either set to 0 or 0.1 V, and the lithiated
graphite electrode potential is fixed at 0.1 V. The calculated
AG values are standardized by the number of electrons,
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Figure 3. The Origins of Li,S-rich inorganic SEI formation. The initial and second cycle cyclic voltammetry (CV) images depicting (a) |-SEl and (b) c-
SEI. ccompanied by the outcomes of free energy calculations, AG,, denotes the change in free energy for the one-electron reaction involving the
reduction of TFSI™ to its respective products. The A(AG,,) was calculated by subtracting AG,,, from AG,,,. (d) Schematic representation of the SEls
on routine |-SEI and c-SEI, where c-SEI demonstrates a uniform Li,S-rich inorganic SEI layer and a thinner organic SEI layer.

resulting in the AG per electron transfer (AG,,) for the
TFSI™ reduction reaction. To compare the tendencies of two
reactions on different anodes, we calculate the difference in
AG,, (A(AG,)) =AG,,qi—AG, ). At both 0 and 0.1 V using
the same electrode, Li,S,0, exhibits same reaction patterns
(Both of A(AG,,) are 0.22 eV), indicating the small potential
impact on the reaction trend. However, Li,S,0, exhibits
varying trends with different anodes at the same potential,
with A(AG,,) for LiC,, is —0.23 eV, in contrast to that of Cu
is 0.22 eV. This illustrates that Li,S,0, is more inclined to
reduce to inorganic Li,S when the surface changes from I-
SEI to c¢-SEI. The above results suggest a significant
correlation between the anode type and SEI evolution. The
surface of CP tends to decompose TFSI™ anions, thereby
generating a Li,S-rich passivation layer. To sum up, the
decomposition of TFSI™ anions and the dominant inorganic
species Li,S in c¢-SEI contribute to constructing a stable
inorganic SEI layer. This configuration significantly reduces
the reactivity of the multi-electron reaction RC=OL.i derived
from pDOL, ultimately forming a Li,S-rich inorganic SEI
layer and a thinner organic SEI layer from pDOL (Fig-
ure S12).

Steady EIS tracked the anode | SPE interface resistances
over 10 hours, revealing a growing semicircle in the chem-
ical-formed SEI process of Li metal while Li/CP electrodes
exhibit no significant changes (Figure S13). In order to
accurately monitor the changes of Li deposition kinetics,
impedance spectra were recorded during both the initial
cycle (Figure 4a and 4b) and extended cycles (Figure 4c and
4d) in a three-electrode configuration within an in-built
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polymer system. A three-electrode configuration, featuring
a Li@Cu reference electrode, was utilized for an accurate
impedance signal measurement from the anode, effectively
sidestepping issues arising with the Li counter electrode.
Additionally, this configuration was carefully designed to
minimize interference with ion transmission and prevent
disruptions at the polymer/working electrode (WE) interface
(Figure S14).

The timescale identification is a crucial method to
integrate with non-destructive impedance characterizations
for real-time battery monitoring.”! The interfacial impe-
dance evolution is tracked by utilizing a three-electrode
system and the distribution of relaxation times (DRT)
analysis on the electrochemical impedance spectroscopy
(EIS) data. The resulting DRT plot allows for the identi-
fication of specific electrochemical processes through dis-
tinct relaxation times on the anode. The impedance is
evident as a peak in the range of 1 from 107 to 10™*s,
signifying the SEI response. Additionally, the range of t
between 0.001 and 0.01s reflects the charge transfer
resistance, while values below 0.1 s demonstrate the diffu-
sion of Li ions. During the initial plating cycle, Rgg; on I-SEI
possesses a larger initial value of 3.8 ) compared to 1.5 Q for
c-SEI, and occupies the main part of the impedance
(53.3 %), indicating uneven SEI growth (Figure 4a). Hence,
the non-uniform plating-stripping mechanism generates
additional SEI throughout cycling, leading to a continuous
increase in Rgg;. However, c-SEI exhibits stable Rgg; (1.5 Q)
in the whole timescale identification during the first
deposition process with a high Li stripping capacity (Fig-
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Figure 4. DRT transition analysis of three-electrode EIS evaluation for
SSLMB during Li plating and stripping. Figure (a) and (b) present
initial deposition and impedance time distribution o Li anode and
composite anode, respectively. Furthermore, it provides voltage-cycle
curve for 5 cycles and DRT analysis of (c) Li anode and (d) composite
Li anode, respectively. All cycles were consistently executed at

3.0 mAhcm™and 1.0 mAcm ™

ure 4b). The Li metal can maintain stable growth, avoiding
the inhomogeneous interfacial Li™ flux derived from an
uneven SEI. Throughout the cycling process, the Rgg; on 1-
SEI exhibits a notable increase, contrasting with the stable
state of c-SEI (Figure 4d and 4e). The activation energy of
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the SEI was determined using temperature-dependent EIS
measurements (Figure S15). Following the deposition of
0.3mAhcm ™ and 5 cycles, the activation energy of the c-
SEI (0.72 and 0.69 eV, respectively) is observed to be lower
than that of 1-SEI (0.89 and 0.84 eV, respectively). This
suggests that Li* encounters less hindrance when passing
through the c-SEI. However, Zaban and colleagues spec-
ulate that it requires a range of 0.30 to 0.83 eV per atom for
Li* to move in the SEI formed in different electrolytes.*”
The increased activation energy in SPE systems, linked to
SEI composition variations, emphasizes challenges in con-
trolling Li deposition kinetics in polymer electrolytes and
underscores the critical role of SELP" The enhanced Li
deposition kinetics can be attributed to the large amount of
Li,S within the interfacial layer. Despite the inherent low Li
ion conductivity of bulk Li,S at room temperature, the
nanoscale Li,S-rich SEI demonstrates notable improvement
in Li ion conductivity and reduced interfacial activation
energy.P!

Additionally, testing at different current densities dem-
onstrates the anode’s excellent lithiophilicity (Figure S16).
The c-SEI anode exhibits a lower nucleation overpotential
and a higher exchange current density, indicating improved
Li* transfer with c-SEI. To further verify the effect of 1-SEI
and c-SEI on lithium metal deposition kinetics, the Coulom-
bic efficiencies of half-cell batteries with Cu and CP were
examined under a consistent current density of 1.0 mA cm >
and an areal capacity of 1.0 and 3.0 mAhcm ™2 (Figure S17).
Coulombic efficiency of Cu unexpectedly drops in the 30™
cycle due to continuous electrolyte consumption and accu-
mulation of dead Li metal. Conversely, half-cells employing
CP consistently maintain a stable Coulombic efficiency (>
98.5%) after 120" cycles. The Li,S passivation layer effec-
tively inhibits the further degradation of TFSI™ anion and
pDOL, resulting in high Coulombic efficiency and longer
cycle life. SEM images reveal distinct Li deposition patterns
under the two SEls. Figure S18 shows that c-SEI leads to
denser Li deposits, while 1-SEI results in uneven deposition.
After 10 mAhcm™2, ¢-SEI forms a compact structure with
less volume expansion, highlighting its superior performance
(Figure S19). The composite lithium anode is created by
directly rolling ultrathin Li foils onto carbon paper host/
planar Cu foil at room temperature (Figure 5a). The
subsequent in situ polymerization process for creating
integrated composite anodes facilitates large-scale produc-
tion. Li plating/stripping experiments were conducted in Li
anode with normal I-SEI anode |SPEs|1-SEI anode and c-
SEI anode|SPEs|c-SEI anode symmetrical cell configura-
tions to investigate the cycling reversibility of two anodes
(Figure S20). As shown in Figure S20c, during the initial 10
to 20 h, c-SEI anode exhibits smaller polarization, with no
notable concentration polarization peak or micro-Li-bulk Li
transition peak observed. This is attributed to the superior
deposition kinetics of c-SEI anode and a small occurrence of
dead Li. When the duration is extended to 130 h, the c-SEI
anode consistently maintains low polarization of 20 mV, in
contrast to Li, which exhibits a polarization close to 50 mV.
The increase of voltage signals the heightened challenge in
initiating Li nucleation during the plating and stripping
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Figure 5. Electrochemical performances of |-SEI and c-SEI anodes. (a)
Schematic representation of the c-SEI anode fabrication process
utilizing the rolling method. (b) The long-term cycling performance for
the 15.0 mgcm ™ LFP electrode. (c) Long-term cycling performance
with different cathodes and corresponding areal loading. (d) The
comparison of cathode material loading and cycle number for the
SSLMBs.P2

during the reversing phase of the cycle. This phenomenon is
typically linked to the development of a substantial SEI at
the electrode and the buildup of electronically isolated or
dead Li at the working interfaces. When the accumulation
of dead Li and the SEI with electronic insulation reaches a
critical point, polarization sharply increases, ultimately
resulting in the failure of the Li—Li symmetrical battery after
350 h. These findings indicate that c-SEI effectively sup-
presses undesirable reactions between Li and the electrolyte,
ensuring sustained high reversibility during repeated Li
plating/stripping.

Practical Applications of C-SEI Composite Anodes

The c-SEI composite anodes are applied in both coin-type
and pouch-type full cells. The specific capacity of LiFePO,
(LFP)|1-SEI anode sharply reduces to 93.8 mAhg™' after
200 cycles in coin cells (Figure S21), mainly attributed to the
formation of a thick layer of “dead” Li and SEI (Fig-
ure S22). In contrast, the LFP|c-SEI anode configuration
demonstrates a higher specific capacity compared to a
standard LFP|I-SEI anode cell. The LFP|c-SEI anode
consistently maintains a specific capacity of 122.5mAhg™
through 400 cycles at 0.5 C. The LFP|c-SEI anode cell
demonstrates improved specific capacities under various
rates (Figure S23). Upon reverting to a 0.2 C rate, the LFP|
c-SEI anode impressively retains 98.0% of its initial
capacity, demonstrating remarkable stability. In contrast,
the LFP|I-SEI anode experiences a noticeable decline to
about 85.4 % in capacity retention, indicating the inherent
instability in the charging and discharging processes and
inferior reversibility of Li anodes. When the c-SEI anodes
are paired with high-loading cathodes (15.0 mgcm™), the
full cells can still maintain a high capacity and a long
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lifespan. The high-loading LFP full cell with bare metallic Li
exhibits rapid capacity fading over 60 cycles (Figure 5b),
which is attributed to slow Li deposition kinetics at higher
capacities and resulting in increased dead lithium and SEI
accumulation. After 60 cycles, the routine battery exhibits a
notable rise in polarization, accompanied by a rapid capacity
decline (less than 80 % of the initial capacity) (Figure S24).
Nevertheless, the high-loading LFP|c-SEI anode battery
demonstrates impressive capacity retention, maintaining
87.0% of its initial discharge capacity (132.1 mAhg™"). The
integration of constructing and stabilizing a consistent Li*
transport pathway enhances the uniform distribution of Li*
ions flux.

The c-SEI anode achieves an impressive improvement in
cycle life compared to 1-SEI anodes when matched with
different types and loadings of NCM cathodes (Figure Sc
and S22). The fast capacity fading is attributed to the
intrinsic instability of pDOL at high voltage, yet it still
highlights the potential for advancing high-energy-density
SSLMBs. The c¢-SEI anodes show excellent electrochemical
performance in SSLMBs, and a comparison of cathode
material loading and cycle number of the current works
related to the SSLMBs was illustrated in Figure 5d, S25 and
Table S2. As shown above, we achieved more significant
progress in areal loading and cycling lifetime, which can be
attributed to the regulation of the solid electrolyte inter-
phase on composite lithium anodes. A high energy density
LFP full cell with Li anodes and polymer electrolytes is
therefore achieved. Moreover, we create a prototype
cathode-supported LFP-based pouch cell and it exhibits a
satisfactory discharge capacity of 149.3 mAhg™" at 0.1 C at
25°C (Figure S26). The safety performance of the pouch cell
is further assessed using bending and corner-cut tests. The
cell can operate steadily in various situations without safety
issues, demonstrating the intrinsic safety performance of
polymer lithium metal batteries and their potential for
practical application.

Conclusions

The composite electrode surface significantly regulates the
formation of SEI layer in SSLMBs. The composition of the
anode influences the AG,, for reducing SPEs, which affects
the SEI layer‘s composition. Specifically, the composite
electrode surface promotes the decomposition of LiTFSI
into a Li,S-rich inorganic SEI layer and pDOL into a thin
organic SEI layer. Employing this additive-free strategy, we
have successfully obtained a Li,S-rich SEI layer, serving as a
passivation layer on anode/SPE surfaces. An improved
Coulombic efficiency (>98.5%) at high areal capacity
(3.0mAhcm™2) and extended cycle life were achieved.
Specially, the composite anode crafted through a straightfor-
ward one-step method has been effectively employed in
practical applications. The full cells also demonstrate
impressive long-term cycling stability and maintain a con-
sistent specific capacity of 122.5 mAhg™" over 400 cycles at
0.5 C. Furthermore, the composite anodes exhibit an
excellent reversibility and safety in solid-state pouch cells
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when paired with high-loading cathodes exceeding
15.0mgem ™ under various conditions. This contribution
affords valuable insights into the structural evolution of the
SEI, emphasizing the pivotal influence of the anode material
on SEI formation in working SSLMBs.
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