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HIGHLIGHTS

e A structurally simple asymmetric solid-state electrolyte successfully stabilizes the interface between lithium metal and high-voltage

cathodes in solid-state lithium metal batteries.

e Environmentally friendly cellulose provides high mechanical support, while layered self-assembled metal-organic frameworks restrict

TFSI, efficiently promoting Li* transport.

e The assembled pouch cell exhibited a high gravimetric/volume energy density of 337.9 Whkg='/711.7 Wh L™..

ABSTRACT The application of polymer electrolytes is expected to revitalize solid-

© TFSI ° Li* ~—> Li*transport pathway

state lithium metal batteries (SSLMBs) with high energy density and enhanced 7
g gy y %?:2‘% ,w’% °.9m_.

safety. However, practical deployment faces challenges from inadequate mechanical

properties of electrolyte and unstable interfaces in high-voltage SSLMBs. Herein, © High mechanical strength

Charge

we design an asymmetric composite solid-state electrolyte (ACSE) composed of RSP e A L)
a cellulose framework in situ self-assembled with zeolitic imidazolate framework UACRal s O reritlidiisin
LiMetal | @ stable SEl and CEI

nanosheets (CP@MOF) embedded in a polymer matrix. The CP@MOF network
provides the electrolyte with an elastic modulus of 1.19 GPa, effectively resisting Li dendrite penetration. Furthermore, theoretical calculations
guided the compositional design of ACSE to address asynchronous interfacial requirements at cathode/electrolyte and anode/electrolyte interfaces,
facilitating stable interphase formation and thus ensuring prolonged cycling of SSLMBs. Consequently, Li symmetric cells achieve extended
cycling stability (>5000 h) with minimal polarization. The NCMS811ILi full cell maintains 84.9% capacity retention after 350 cycles. Notably,
assembled NCM811 pouch cells deliver practical energy densities of 337.9 Wh kg™! and 711.7 Wh L™, demonstrating exceptional application
potential. This work provides novel insights into the application of ACSEs for high-energy—density SSLMBs.
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1 Introduction

Solid-state lithium metal batteries (SSLMBs), as a pivotal
direction for next-generation high-performance battery tech-
nologies, significantly enhance energy density by employ-
ing lithium (Li) metal anodes with high theoretical specific
capacity (3860 mAh g~!), while replacing flammable liquid
electrolytes with solid-state electrolytes (SSEs) fundamen-
tally improves battery safety [1, 2]. The performance of
SSLMBs strongly depends on the comprehensive properties
of SSEs. Ideal SSEs should simultaneously possess excel-
lent mechanical properties (to suppress Li dendrite penetra-
tion) and high ionic conductivity (to facilitate efficient ion
transport) [3-5]. Among various SSEs, poly(ethylene oxide)
(PEO)-based electrolytes have been extensively studied due
to their flexibility, ease of processing, and good electrode
interfacial compatibility [6]. However, their low room-tem-
perature ionic conductivity (~10°~107" S cm™"), low Li*
transference number, and insufficient mechanical strength
severely limit practical application [7]. To overcome these
limitations, strategies such as developing cross-linked poly-
mer networks [8, 9], single-ion conducting polymers [10,
11], and incorporating inorganic fillers [12, 13] have been
explored. These approaches enhance ionic conductivity and
electrochemical stability while maintaining the flexibility
of the matrix. Furthermore, three-dimensional (3D) struc-
tures such as poly(p-phenylene benzobisoxazole) (PBO)
[14] nanofibers and aramid nanofiber (ANF) aerogels [15]
have been employed as mechanical reinforcement frame-
works to improve the mechanical properties of composite
solid electrolytes (CSEs). However, the introduction of these
non-lithium-conducting structures often sacrifices ionic
conductivity, leading to a trade-off between ion transport
and mechanical strength [16]. Meanwhile, such inert host
materials cannot alleviate ion concentration polarization.
Therefore, the coordinated optimization of ionic conductiv-
ity and mechanical properties, along with rational design
of CSEs, remains a major challenge. It must be emphasized
that, while continuing to pursue excellent electrochemical
and mechanical performance, equal attention must be paid
to practical constraints such as cost control, environmental
compatibility, and scalable manufacturing, which are essen-
tial pathways toward practical application [17-19].
Cellulose is the most abundant natural polymer on
Earth, offering advantages such as wide availability, low
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cost, excellent mechanical properties, and good thermal
stability. The abundant polar functional groups (e.g., —OH
and —O—) on its molecular chains facilitate ion transport
[20], while its high-strength fibrous network can serve as
a stable 3D framework material, effectively enhancing the
mechanical strength of SSEs and suppressing Li dendrite
penetration. Furthermore, cellulose can also be used as
a directional template to guide the controlled growth of
functional materials [21]. In recent years, metal—organic
frameworks (MOFs) have demonstrated great potential in
promoting Li* migration and guiding uniform Li depo-
sition due to their high porosity, large specific surface
area, and tunable pore structures [22]. Therefore, the
in situ incorporation of MOF nanostructures into cellu-
lose frameworks to construct multi-functional composite
hosts is considered a feasible strategy to address current
challenges in polymer electrolytes.

Another critical bottleneck hindering the practical appli-
cation of SSLMBs lies in the interfacial issues between the
electrolyte and electrodes. SSLMBs feature two critical
internal interfaces: the electrolytelLi metal interface (anode
side) and the cathodelelectrolyte interface (cathode side). On
the Li anode side, uncontrolled growth of Li dendrites may
occur, potentially leading to battery short circuits and even
safety incidents [23-25]. On the cathode side, the electro-
lyte must possess a wide electrochemical window to match
high-voltage cathode materials [26, 27]. However, a single
electrolyte system simultaneously satisfying all the afore-
mentioned performance requirements remains challenging
to achieve. Therefore, designing ACSEs with specialized
compositional structures to synergistically address interfa-
cial issues on both anode and cathode sides is crucial [28].
For example, Yao et al. [29] designed an ACSE compris-
ing a high-voltage stable layer and a Li anode compatible
layer, achieving high ionic conductivity and excellent elec-
trochemical stability through structural design. Lv et al.
[30] introduced distinct modification layers at the anode and
cathode interfaces, effectively reducing the reactivity at the
anode interface and enhancing the high-voltage tolerance
at the cathode interface, thereby enabling stable cycling of
high-voltage SSLMBs. Despite significant progress in the
aforementioned studies, ACSEs fabricated via layer-by-layer
stacking exhibit inherent limitations. Not only potentially
introduce additional interfacial contact resistance between
layers, but also inevitably increase the overall electrolyte
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thickness. Moreover, such electrolytes often suffer from
insufficient mechanical strength and lack robust support-
ing structures, making it difficult to construct effective
mechanical barriers to suppress Li dendrite penetration.
Consequently, this restricts their ability to maintain long-
term stable Li plating/stripping cycling.

Herein, we design an ACSE based on an environmentally
friendly cellulose paper (CP) 3D rigid skeleton (Fig. 1). A
hierarchically self-assembled CP@MOF composite network
is constructed by in situ growing 2D MOF nanosheets along
the fiber surfaces. Functionalized electrolyte layers are built
on both sides: the anode side employs a PEO matrix contain-
ing ionic liquids (ILs) to form a PLCM/IL composite layer,
while the cathode side introduces a modified layer com-
posed of PEO, poly(vinylidene fluoride-co-hexafluoropro-
pylene) (PVDF-HFP), and succinonitrile (SN). Benefiting
from the mechanical support of the CP skeleton, the ACSE
combines an ultrathin thickness (~32.5 pm) with excel-
lent mechanical properties (elastic modulus of 1.19 GPa).
Furthermore, the asymmetric structure design enables par-
titioned optimization for the anode and cathode. On the
anode side, densely arranged MOF nanosheets effectively
block TFSI™ anion migration and suppress space charge
layer formation. On the cathode side, PVDF-HFP and SN
synergistically enhance interfacial compatibility. Theoretical
calculations and experimental characterizations demonstrate
that the prepared ACSE exhibits high ionic conductivity
(4.39x 10 S cm™), significant Li dendrite suppression
capability, and stable solid electrolyte interphase (SEI)/
cathode electrolyte interface (CEI) interfaces. The assem-
bled NCM811IACSEILi full cell achieves an 84.9% capac-
ity retention after 350 cycles. Moreover, the NCMS811ILi
pouch cell equipped with this ACSE exhibits high energy
density (337.9 Wh kg™!/711.7 Wh L™") and maintains output
even under extreme conditions such as bending and pierc-
ing, highlighting its engineering application potential. These
findings provide new insights for interface optimization in
high-voltage SSLMBs.

2 Experimental Section
The preparation process of CP@MOF typically involves dis-
solving 0.58 g of Co(NOj),-6H,0 in 40 mL of water to pre-

pare Solution A, and separately dissolving 1.31 g of 2-MIm
in 40 mL of water to prepare Solution B. After stirring each
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solution for 20 min, Solution B is quickly poured into Solu-
tion A and stirred for an additional 5 min. The mixture is then
allowed to stand for 2 h to allow CP to settle at the bottom.
The other side of the cellulose paper is subjected to ultrasonic
cleaning with ethanol, followed by a secondary deposition step
by repeating the above process. The in situ synthesized CP@
MOF film is subsequently cleaned ultrasonically with etha-
nol and vacuum-dried at 60 °C for 12 h for further use. PEO
and LiTFSI (EO:Li=15:1) were dissolved in acetonitrile, and
10 wt% ILs was added with continuous stirring for 12 h and
then poured into PTFE molds and then into CP@MOF films.
Another PVDF-HFP was dissolved in DMF, PEO, and LiTFSI
with LiDFOB (the mass of LiTFSI remains unchanged, with
a mass ratio of LiODFB to LiTFSI at 1:2) dissolved in ace-
tonitrile (1:4 mass ratio of PVDF-HFP: PEO), followed by the
addition of 10 wt% of SN, all mixed for 12 h with continuous
stirring and then poured onto the other side of the CP@MOF
film. The film was dried in a vacuum-drying dish for 24 h and
then transferred to a vacuum oven at 60 °C for an additional
24 h of drying, ultimately yielding the ACSE film.

3 Results and Discussion

3.1 Morphological and Physicochemical
Characteristics

The design and preparation process of the PLCM/IL com-
posite solid electrolyte based on self-assembled MOF
networks are illustrated in Fig. 2a. Environmentally
friendly cellulose paper (CP) is selected as the 3D scaf-
fold material to enhance the mechanical properties of the
electrolyte. This scaffold consists of an interconnected
fiber network with a thickness of 31.2 pm (Fig. S1). The
micro-sized porous structure formed between the fibers
provides an ideal framework for the sufficient infiltra-
tion of the subsequent polymer matrix. MOF (ZIF-67)
nanosheets were successfully constructed on the surface
of CP through an in situ growth method, leading to the
creation of a layered self-assembled CP@MOF compos-
ite structure. At the macroscopic scale, SEM images con-
firm the uniform epitaxial growth of MOF nanosheets on
the surfaces of CP fibers, resulting in a complete two-
dimensional coating structure (Fig. 2b). Notably, the
MOF nanosheets are orderly arranged along the fiber
axis at the micro—nanoscale, establishing continuous
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Fig. 1 Schematic structure of ACSE electrolyte and Li* conduction process compared with PL matrix

ion transport channels. Importantly, the nanopores of
MOF can selectively hinder the migration of large-sized
anionic clusters through spatial confinement effects,
[31]. The MOF
nanosheets recovered from the growth solution exhibit a

thereby enhancing the mobility of Lit*

typical two-dimensional leaflike morphology (Fig. S2),
with a Brunauer—-Emmett-Teller (BET) surface area of
1189.3 m? g~! (Fig. S3); this high specific surface area
provides ample contact area for subsequent interfacial
interactions. TEM analysis further confirms the continu-
ity of the self-assembled CP@MOF structure (Fig. 2¢),
which is crucial for constructing a long-range ion con-
duction network. EDS mapping results validate the com-
plete coating of CP fibers by MOF nanosheets and their
elemental distribution characteristics, while X-ray diffrac-
tion (XRD) patterns confirm the successful crystallization
of the MOF (Fig. S4). The ionic liquid (IL)-doped poly-
mer matrix was infused into the CP@MOF scaffold via
a solution impregnation method, ultimately yielding the
PLCM/IL composite solid electrolyte. SEM surface mor-
phology shows that the polymer matrix completely fills

© The authors

the inter-fiber pores, forming a continuous phase struc-
ture (Fig. 2d). Cross-sectional analysis indicates that the
overall density of the electrolyte is significantly improved,
with a thickness controlled at 32.5 pm (Fig. 2e). Elemental
mapping reveals a uniform distribution of C, O, N, and S
elements, confirming the good compatibility of the compo-
nents. Notably, the PLCM/IL electrolyte exhibits excellent
foldability (capable of being folded into a paper airplane
shape, Fig. 2f), showcasing outstanding mechanical stabil-
ity and flexibility features.

The phase composition evolution of the CSEs was inves-
tigated using XRD analysis (Fig. 2g). The pure polyethylene
oxide (PEO)-based electrolyte (PL) exhibits typical crystal-
line diffraction peaks at 19.2° and 23.4°. Notably, upon the
introduction of MOF nanoscale fillers and the CP@MOF 3D
network, the intensity of the characteristic peaks of PEO in
both PLCM and PLCM/IL systems significantly decreases.
This considerable increase in amorphization is beneficial
for enhancing ionic conductivity [32]. The aforementioned
changes in crystallinity were further validated by differ-
ential scanning calorimetry (DSC) analysis (Fig. 2h). The

https://doi.org/10.1007/s40820-025-02039-x
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glass transition temperatures (T,) of PLCM and PLCM/IL
are both lower than that of the pure PL electrolyte. Impor-
tantly, the XRD patterns clearly show the characteristic
diffraction peaks of MOF, confirming the retention of the
MOF framework structure during the composite process.
To further evaluate the thermal reliability of the CSEs, ther-
mogravimetric analysis (TGA) was employed for quantita-
tive characterization of thermal stability (Fig. 2i). Under a
nitrogen atmosphere, the initial decomposition temperatures
(Ty) of PLCM and PLCM/IL reach 322 and 330 °C, respec-
tively, significantly higher than that of pure PL (191 °C) and
PLM (257 °C) (Table S1). Furthermore, high-temperature
dimensional stability tests (Fig. S5) indicate that PL and
PLM undergo significant softening or even liquefaction in
the temperature range of 90-120 °C, while PLCM/IL main-
tains structural integrity at 150 °C, demonstrating excellent
high-temperature mechanical stability. This characteristic
is of great significance for the thermal safety protection of
SSLMBs.

3.2 Mechanical and Electrochemical Characterizations

Based on the practical application requirements of CSEs
in SSLMBs, a systematic assessment was conducted on
the mechanical reliability of the electrolyte and its abil-
ity to suppress dendrite growth. Multi-scale mechanical
characterization revealed that the CP@MOF 3D network
significantly enhances the mechanical properties of the
polymer matrix. Macroscopic mechanical tests show that
the tensile strengths of PLCM and PLCM/IL reach 37.7
and 32.2 MPa, respectively, which are markedly higher
than those of the PL and PLM electrolytes (Fig. 3a). Addi-
tionally, the Young’s modulus (Fig. S6) calculated from
the tensile curves further demonstrates that the modulus
of PLCM/IL (1.26 GPa) is approximately 108 times higher
than that of PL (11.6 MPa), confirming the reinforcing
effect of the 3D continuous framework on the stiffness
of the matrix. Additionally, dynamic mechanical analysis
(DMA) was employed to investigate the variation of elec-
trolyte modulus with temperature. As shown in Fig. S7, the
storage modulus of PL and PLM drops sharply between 65
and 75 °C. This can be ascribed to the structural softening
of the PL matrix upon reaching its transition temperature.
In contrast, after incorporating the CP@MOF support-
ing structure, the modulus attenuation of the PLCM and
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PLCM/IL systems is significantly mitigated. Even when
the temperature rises to 100 °C, their storage moduli
remain at relatively high levels of 264 and 92 MPa, respec-
tively, demonstrating excellent thermomechanical stability.

The puncture strength test quantifies the electrolyte’s
resistance to Li dendrite penetration (Fig. 3b), with PLCM
and PLCM/IL providing puncture strengths of 2.53 N and
2.36 N, respectively, exceeding those of PL (1.74 N) and
PLM (1.28 N). To elucidate the micro-mechanical enhance-
ment mechanism, atomic force microscopy (AFM) com-
bined with the Derjaguin—-Muller—Toporov (DMT) model
was employed to quantitatively analyze the modulus dis-
tribution of the multi-phase system (Figs. 3c and S8). The
elastic modulus (E,) of the pure polymer phase (PL) is
only 15.6 MPa, while the incorporation of MOF parti-
cles raises the Eg of PLM to 87.6 MPa. Notably, the 3D
CP@MOF network allows PLCM/IL to attain an E, of
1.19 GPa, which is highly consistent with the values from
macroscopic modulus testing. This confirms the synergis-
tic matching of mechanical properties from the nanoscale
to the macroscopic scale. This multi-level enhancement
effect can be attributed to: 1) the strong interfacial cou-
pling between MOF nanosheets and polymer chains, which
restricts chain slippage; and 2) the effective load transfer
enabled by the CP fiber network structure. Importantly,
PLCM/IL achieves a GPa-level modulus while maintaining
an ultrathin thickness of 32.5 um, significantly outperform-
ing reported analogous ultrathin CSEs systems (Fig. 3d,
Table S2) [31, 33-36]. These outstanding mechanical prop-
erties provide a critical material foundation for construct-
ing ultrathin SSLMBs with high energy density and safety.

Electrochemical characterization revealed the various
electrochemical properties of the CSEs, focusing on key
metrics such as ionic conductivity (IC), Li* transference
number (tLi+), electrochemical stability window (ESW),
and Li plating/stripping kinetics. Temperature-dependent
ionic conductivity analysis and Nyquist plots indicated sig-
nificant differences in ionic conduction behaviors across the
different systems (Figs. 3e and S9). The ionic conductivity
of PL at 30 °C is only 9.45x 107 S cm™!, which is closely
related to the restricted segmental movement due to its
high crystallinity. After the introduction of discrete MOF
particles, the IC of PLM increased to 1.78 X 10° S em™L.
However, the local aggregation effects of the MOF particles
hindered the formation of long-range ordered ionic trans-
port pathways. With the structural design of the layered

https://doi.org/10.1007/s40820-025-02039-x
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Fig. 3 a Stress—strain curves, b puncture strength of PL, PLM, PLCM and PLCM/IL. ¢ Elastic modulus mapping of CSEs obtained by AFM. d
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self-assembled CP@MOF 3D network, the IC of PLCM fur-
ther increased to 1.97x107° S cm™’, benefiting from three
synergistic mechanisms: 1) the spatial confinement effect of
the MOF nanopores suppresses the recrystallization of PEO
chains; 2) the MOF-polymer interface creates a rapid Li*
transport pathway; and 3) the 3D interpenetrating network

Tl
&
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increases the effective transport interfacial area. Upon fur-
ther incorporation of ILs to form PLCM/IL, the IC surged
to 1.72x 10™* S cm™!, representing nearly a two-order of
magnitude enhancement compared to the PL system, attrib-
utable to the plasticizing effect of Ils [37, 38].
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Linear sweep voltammetry (LSV) tests demonstrated that
the ESW of PLCM/IL expanded to 4.95 V (vs. Li*/Li), a
significant increase compared to PL (4.11 V), indicating
that the CP@MOF network can enhance the electrochemical
stability of the electrolyte (Fig. 3f). This wide voltage win-
dow characteristic enables compatibility with high-voltage
cathode materials, laying the foundation for constructing
high-energy—density SSLMBs. Polarization—impedance
testing quantitatively analyzed the 7, ;* (Fig. 3g). The calcu-
lated transference number of PLCM/IL is 0.65, significantly
higher than that of PL (0.27) and PLM (0.42) (Fig. S10), and
this value notably exceeds recent reports (Fig. S11) [31, 33,
39-45]. This result demonstrates that the formation of a 3D
continuous space by the CP@MOF, in conjunction with the
constrained TFSI™ anions, provides a continuous and rapid
pathway for Li* transport [23].

A mechanical—electrochemical synergistic regulation
strategy based on CSEs was systematically investigated to
reveal the suppression mechanisms of Li dendrite growth
in the PLCM/IL system using various characterization
techniques. The long cycle stability of symmetric batteries
(LilCSEslLi) was evaluated using a constant current polari-
zation method. As shown in Fig. 3h, the symmetric Li bat-
tery equipped with the PLCM/IL electrolyte achieved over
5000 h of stable cycling at a current density of 0.2 mA cm™2,
with the polarization voltage remaining below 150 mV
(Fig. S12) and no short-circuit failures occurring. In con-
trast, the other three electrolytes exhibited poor cycling sta-
bility and higher overpotentials. Specifically, the LilPLILi
battery experienced micro-short-circuiting after 140 h of
cycling and was completely short-circuited by 350 h. After
the introduction of MOF particles, the LilPLMILi battery
short-circuited after approximately 2820 h (Fig. 3i), accom-
panied by significant voltage fluctuations and increased
overpotential. Although the PLCM electrolyte reduced the
overpotential of the Li symmetric battery, the battery failed
after 3700 h of cycling. Clearly, compared to electrolytes
without the CP@MOF network, both the PLCM and PLCM/
IL electrolytes demonstrated superior cycling stability and
smaller polarization potentials. Additionally, the rate per-
formance of the PLCM/IL symmetric Li battery was fur-
ther tested (Fig. S13). As the current density increased, the
voltage profiles exhibited a steady upward trend, and upon
restoring the current density to a lower value, the PLCM/IL
electrolyte showed similar overpotential values compared
to previous measurements (Fig. S14), ensuring consistency

© The authors

during the Li plating/stripping process. To further validate
the ability of the electrolyte to suppress Li dendrite forma-
tion, SEM characterization was conducted on Li anodes
after cycling for 300 and 1000 h with the four electrolytes
(Fig. S15). The results indicated that the Li anode surface in
the PLCM/IL battery was smooth and exhibited no signifi-
cant dendrite formation, while the surfaces of the Li metal
electrodes with PL, PLM, and PLCM electrolytes showed
varying degrees of loose Li dendrites, with PLCM featur-
ing relatively fewer dendrites. Moreover, by comparing the
electrochemical impedance spectra (EIS) of Li stripping
cycles before and after cycling (Fig. S16), the Li symmet-
ric battery with the PLCM/IL electrolyte displayed lower
initial impedance and a smaller trend in impedance varia-
tion. These results confirm that the high modulus and high
mechanical strength of the PLCM and PLCM/IL electrolytes
can effectively suppress the growth of Li dendrites. Fur-
thermore, the incorporation of ILs significantly enhanced
the ionic conductivity of the electrolyte, facilitating rapid
Li" transport and markedly improving the stability of the
electrode/electrolyte interface, thereby achieving a longer
cycling lifespan.

3.3 Interface Analysis and Li* Transport Simulation

To investigate the enhancement mechanisms of differ-
ent electrolyte systems on interfacial stability, phase-field
simulations were conducted using COMSOL Multiphysics
to examine the influence of electrolyte support structures
on lithium dendrite growth behavior (Fig. 4a). Figure S17
shows the temporal evolution of the electrolyte order param-
eter (¢): uncontrolled dendrite growth was observed in the
PL system, the PLM system exhibited partially enhanced
dendrite suppression, while in the PLCM and PLCM/IL
composite electrolytes incorporating the CP@MOF network,
dendrite growth was significantly slowed, and the morphol-
ogy of the lithium deposition layer became more uniform
and flatter. Simulation results of the electric potential and
Li* concentration distribution (Figs. S18 and S19) indicated
that higher electric potential and Li* concentration gradients
existed at the dendrite tip regions in PL, driving accelerated
dendrite growth. PLM showed slight improvement, but the
variations in electric potential and Li* concentration gradi-
ents were significantly smaller in PLCM and PLCM/IL. This
suggests that the CP@MOF network not only enhances the
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mechanical strength of the polymer matrix to suppress den-
drite penetration but also constructs efficient Li* transport
channels, promoting uniform lithium deposition. Finite ele-
ment method (FEM) simulations were further employed to
analyze the distribution of anions (TFSI"), Li*, and electric
potential during deposition, resolving the dynamic inter-
facial evolution (Fig. S20). Driven by the applied electric
field, anions and cations migrate through the electrolyte
and accumulate on opposite sides of the electrode/electro-
lyte interface. The PL matrix failed to effectively alleviate
this ionic distribution imbalance, leading to accumulated
TFSI™ and Li* concentrations and a significant potential
difference at the interface. In contrast, the CP@MOF 3D
network significantly reduced the TFSI/ Li* concentra-
tion gradient and the corresponding potential gradient at
the interface. This is attributed to the higher #;;* in PLCM
and PLCM/IL electrolytes, effectively mitigating ionic con-
centration polarization and potential differences near the
interface, thereby delaying dendrite growth and promoting
uniform lithium deposition [46]. To reveal the interaction
mechanism between CP@MOF and LiTFSI in the PLCM/
IL electrolyte, density functional theory (DFT) calculations
were performed. Electrostatic potential analysis of LiTFSI,
CP, and PEO (Fig. 4b) showed that red regions (low electron
cloud density, electrophilic) are more likely to gain elec-
trons, while blue regions (nucleophilic) show the opposite
tendency. Calculations of adsorption energies after structural
optimization (Figs. 4c and S21) revealed that the adsorp-
tion energy of MOF for TFSI™ (— 6.23 eV) was significantly
higher than that of CP (— 4.79 eV) and PEO (- 2.16 eV) for
LiTFSI, confirming the strong affinity of MOF for TFSI".
Furthermore, CP exhibited the highest adsorption energy
for dissociated Li* (— 4.17 eV), indicating that dissociated
Li* is more readily absorbed by CP, forming Li*-rich region
and creating additional pathways for Li* transport, thereby
enhancing ionic conductivity. Figure 4d schematically
illustrates that MOF capture TFSI™ anions, restricting their
movement and enabling efficient Li* transport within the
CP network, resulting in excellent electrochemical perfor-
mance. Furthermore, molecular dynamics (MD) simulations
reveal that the introduction of CP@MOF not only results in
a more uniform spatial distribution of ions in the electrolyte
(PLCM/IL) (Fig. 4e, f), but also significantly reduces the
intensity of the characteristic peak (1.9 10%) in the radial dis-
tribution function (RDF) of Li* and TFST™ (Fig. 4g, h). This
confirms that the CP@MOF structure effectively promotes
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LiTFSI dissociation, thereby increasing the concentration of
free Li* in the system [47].

To elucidate the chemical composition of the elec-
trolyte/Li metal interface, the surface of the electrolyte
from a Li symmetric cell after 100 cycles was analyzed
by X-ray photoelectron spectroscopy (XPS). As shown in
Fig. S22, a higher content of Li;N and LiF was detected
in the PLCM/IL electrolyte. Further XPS depth profiling
was performed on the cycled PLCM/electrolyte interface
(Fig. 41). The results show that the intensities of the char-
acteristic peaks at 683.7 eV (LiF) and 397.8 eV (Li3;N)
gradually increased with increasing sputtering depth, indi-
cating the enrichment and gradient distribution of these
two components in the interfacial region. Li;N, as a fast
ion conductor, significantly enhances the ionic conductiv-
ity of the SEI and reduces the interfacial impedance; while
LiF, due to its low electronic conductivity and intrinsic
electrochemical stability, effectively suppresses the pen-
etration of Li dendrites into the electrolyte and the occur-
rence of side reactions. In addition, time-of-flight second-
ary ion mass spectrometry (TOF-SIMS) depth profiling
was conducted on the PLCM/IL electrolyte interface. The
elemental distribution curves and 3D reconstructed signals
showed significant secondary ion intensities for LiF~ and
LiN~ (Fig. 4j), which is consistent with the XPS results,
collectively verifying the successful construction of a LiF/
Li;N rich interface. The above results indicate that the
CP@MOF 3D network efficiently adsorbs and anchors
TFSI™ anions, restricting their migration and promoting
the rapid transport of Li* along the cellulose skeleton.
Meanwhile, the strong electron-donating ability of the
Lewis acid metal sites in the MOF facilitates the forma-
tion of Li;N [23], and the introduction of ILs promotes
the in situ formation of LiF on the Li metal surface. The
synergistic effect of the two guides the construction of a
stable and uniform SEI layer, significantly promoting uni-
form Li* deposition and effectively suppressing dendrite
growth [48].

Based on the comprehensive analysis of the theoretical
calculations and experimental results, the interfacial proper-
ties between four different electrolytes (PL, PLM, PLCM,
and PLCM/IL) and the Li anode were systematically evalu-
ated. As depicted in Fig. 5a, the PL polymer electrolyte,
due to its inadequate mechanical properties, exhibits uncon-
trolled dendrite growth and fails to form an effective SEI. In
comparison, the incorporation of MOF nanosheets slightly

@ Springer
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suppresses Li dendrite formation (Fig. 5b). However, the
discrete distribution of MOF nanosheets is insufficient to
construct a continuous network capable of effectively resist-
ing dendrite propagation. Introducing a CP@MOF compos-
ite 3D network into the PL matrix significantly enhances the
mechanical modulus of the electrolyte, thereby providing
mechanical resistance against Li dendrite penetration. Con-
currently, the in situ self-assembled MOF structure facili-
tates anion anchoring, which further promotes uniform Li*
deposition from an electrochemical perspective (Fig. 5c).
Moreover, the introduction of ILs in the PLCM/IL electro-
lyte promotes the formation of a more stable and composi-
tionally richer SEI layer, substantially improving interfacial
stability (Fig. 5d). As a result, the LilPLCM/ILILi symmet-
ric cell demonstrates exceptional cycling stability. In sum-
mary, the CP@MOF network serves as an efficient 3D ion
transport pathway within the polymer matrix. Its superior
interfacial stability combined with low interfacial impedance
significantly facilitates Li* transport, thereby enhancing the
overall electrochemical performance of the battery.

3.4 Electrochemical Performance of SSLMBs

To verify the feasibility for practical battery applications,
SSLMBs were assembled using four different electrolytes
with LFP cathode and Li anode, respectively. As shown
in Fig. S23, the LFPIPLCM/ILILi battery employing the
PLCM/IL electrolyte exhibited the highest discharge spe-
cific capacity at various rates, particularly maintaining stable
capacity output even at high rates. Additionally, this battery
displayed smooth charge/discharge voltage profiles at dif-
ferent rates (Fig. S24), indicating good electrode—electro-
lyte interfacial contact, which facilitates ion transport. The
long-term cycling performance of different LFPILi full cells
assembled with various electrolytes was further compared.
The LFPIPLILi battery not only showed significant fluctua-
tions in the initial charge/discharge curves (Fig. S25a), but
also experienced rapid specific capacity fading and poor
cycling stability at 0.2 C (Fig. S25b). This instability may
originate from the uncontrolled growth of Li dendrites. In
contrast, batteries employing PLCM and PLCM/IL elec-
trolytes formed abundant SEI layers at the Li anode inter-
face, thereby exhibiting excellent cycling stability at 0.2 C.
Furthermore, the PLCM/IL electrolyte, due to its supe-
rior mechanical properties and low interfacial impedance
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(Fig. S26), ensured efficient Li* transport in SSLMBs even
at higher rates. Even after 1000 cycles at 0.5 C, this battery
maintained a high capacity retention of 94.6% and a stable
coulombic efficiency above 98% (Fig. S25c¢), significantly
outperforming other recently reported SSLMBs (Fig. S27,
Table S3) [33, 34, 39, 40, 47-50]. The structural characteri-
zation and performance analysis above demonstrate that the
PLCM/IL composite electrolyte system constructed in this
study successfully achieved multi-scale structural regulation:
at the molecular scale, the ion-sieving effect of MOF nano-
pores optimized carrier transport; at the mesoscale, an ori-
ented nanosheet network established fast ion channels; at the
macroscale, a 3D continuous structure ensured mechanical
integrity and interfacial stability. This multi-level structural
design strategy provides a new material system construction
approach for developing high-performance SSLMBs.

The compatibility of the PLCM/IL electrolyte with
high-voltage cathodes was further evaluated. As shown in
Fig. S28, the NCMIPLCM/ILILi battery exhibited a capacity
retention of only 50% after 350 cycles, indicating significant
capacity fading and limitations in high-voltage applications.
Previous experiments confirmed the excellent interfacial
compatibility of PLCM/IL with Li metal anodes. To enhance
the performance of high-voltage batteries, an asymmetric
solid composite electrolyte (ACSE) was designed, with
its structure illustrated in Fig. S29. This ACSE retains the
PLCM/IL layer facing the Li anode side while introducing
a modified layer containing PVDF-HFP and SN facing the
high-voltage NCM811 cathode side to improve interfacial
stability. The SEM surface images on both sides, together
with the corresponding EDS mapping results collectively
demonstrate a good infiltration and integration among the
various components (Figs. S30 and S31). Density functional
theory (DFT) calculations were employed to determine the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) energy levels to eval-
uate their respective redox properties. As shown in Fig. 6a,
PEO possesses a higher HOMO energy level (— 5.41 eV),
indicating its relative instability. In contrast to PEO, PVDF-
HFP exhibited a lower HOMO energy (— 8.42 eV), signi-
fying enhanced oxidative stability at high potentials. The
LUMO energy levels were used to assess electrolyte—elec-
trode interfacial compatibility. The LUMO energy levels of
LiTFSI, ILs, CP, SN, PVDF-HFP, and LiDFOB (- 1.59,
—2.30, - 0.14, — 1.92, — 1.23, and — 3.28 eV) were all
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significantly lower than that of the PEO matrix (— 0.69 eV).
This demonstrates that the components introduced in the
ACSE effectively improve interfacial compatibility, facili-
tating the formation of a stable interfacial layer [51]. This
asymmetric design, by optimizing the compatibility and
stability of each component at their respective electrode
interfaces, is critical for ensuring the stable operation of
high-voltage SSLMBs.

To verify the practical feasibility of ACSE, its elec-
trochemical performance was first evaluated. Benefiting
from the further reduction in crystallinity and improved

© The authors

high-voltage tolerance of the PEO matrix by the SN plas-
ticizer [31, 52], the ionic conductivity (4.39x10™* S cm™!,
30 °C) and electrochemical stability window (5.08 V) of
ACSE were significantly enhanced (Fig. S32). ACSE exhib-
its superior ionic conductivity and electrochemical stabil-
ity windows compared to most recently reported composite
solid-state electrolytes (Fig. S33). Simultaneously, the 7;;*
slightly increased (0.68, Fig. S34), indicating that ion trans-
port remains efficient in the asymmetric structure. Secondly,
the LFPILi battery assembled with ACSE exhibited excel-
lent rate capability (Fig. S35) and stable long-term cycling
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performance (Fig. S36). Meanwhile, the interfacial imped-  cell maintained a capacity retention rate of 82.9% after 500
ance values of the battery remained at a low level both before ~ cycles at 1.0 C (Fig. S38). Finally, high-voltage SSLMBs
and after cycling (Fig. S37). Notably, the LFPIACSEILi full ~ were assembled using ACSE as the electrolyte, NCM811 as
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the cathode, and Li metal as the anode. Tests revealed that
the NCM811IACSEILi battery not only displayed more sta-
ble charge/discharge voltage profiles (Fig. 6b) and consistent
impedance changes (Fig. S39) at 0.2 C, but also delivered
a discharge specific capacity of 164.7 mAh g~! after 350
cycles with a capacity retention rate of 84.9% (Fig. 6¢), sig-
nificantly outperforming the NCM811/PLCM/ILILi battery.
Besides, rate performance tests of NCM811IACSEILi bat-
teries demonstrate that their specific capacity remains above
100 mAh g™! even at high rates of 1.0 C (Fig. S40). To elu-
cidate the intrinsic mechanism behind the improved cycling
performance of the high-voltage SSLMBs, the SSLMBs
after 50 cycles were disassembled. XPS analysis of the
ACSE/NCMSI11 interface was conducted to characterize
the composition of the cathode/electrolyte interface (CEI)
layer (Fig. S41). Comparison of spectra before and after
cycling revealed the formation of a CEI layer rich in LiF and
Li;N at the cathode/electrolyte interface. Additionally, XPS
spectra further confirm the formation of a boron-containing
CEI induced by LiDFOB. This interfacial layer effectively
suppresses electrolyte decomposition and simultaneously
mitigates lattice oxygen loss and cathode structural degra-
dation through strong bonding interactions between boron-
enriched functional groups (B—O/B-F bonds) and lattice
oxygen atoms on the cathode surface [53]. Simultaneously,
TOF-SIMS 3D depth profiles detected Li;N~, LiF~, and
B~ fragment ions, confirming the formation of a spatially
continuous interfacial layer, consistent with XPS analysis
(Fig. S42). The presence of —C=N groups derived from
SN was detected, confirming that SN participated in the
interfacial reaction. The binding energy between structur-
ally optimized CP and SN was further calculated (Fig. 6d).
The binding energy between the —C=N group in SN and
the —CH,—OH group in CP was — 2.61 eV, indicating an
adsorption effect of CP molecules on SN, thereby inhibit-
ing the shuttle of SN and preventing corrosion of the Li
anode by SN. Figure 6e shows a schematic diagram of the
NCMBS8I11IACSEILi battery structure. The synergistic effects
of the ACSE components manifest four major advantages:
high-voltage stability; rapid ion transport pathways; stable
SEI and CEI layers; and a dendrite-free deposition interface
(Fig. S43).

To evaluate the practical feasibility of ACSE, pouch
cells were assembled using high-loading NCM811 cath-
odes (~20.3 mg cm~?) and their electrochemical perfor-
mance was evaluated. As shown in Fig. 6f and Table S4, the
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pouch cell delivered an areal capacity of 3.35 mAh cm™2,

with an energy density of 337.9 Wh kg~='/ 711.7 Wh L~1.
Meanwhile, NCM811IACSEILi pouch cell maintain stable
cycle performance even under high-temperature conditions
(Fig. S44). Impressively, the pouch cell maintained func-
tionality under folding, bending, and even cutting conditions
(Fig. 6g), demonstrating exceptional safety and stability of
the ACSE electrolyte in SSLMBs.

4 Conclusions

In summary, an asymmetric composite solid-state electro-
Iyte (ACSE) film was designed by in situ self-assembling
2D MOF nanosheets on a 3D cellulose scaffold to construct
a CP@MOF 3D network, which was then integrated with
a polymer matrix to simultaneously achieve enhancement
of mechanical strength and interfacial stability. Addition-
ally, the introduction of IL and SN enhanced polymer chain
segment mobility, thereby promoting Li migration and
diffusion. Consequently, the ACSE electrolyte delivered
excellent ionic conductivity (4.39x 10 S cm™!, high Li*
transference number (0.68), broad electrochemical stability
window (5.08 V), and significantly improved Young’s mod-
ulus (1.19 GPa). Theoretical calculations and experimental
evidence confirmed that the high-modulus electrolyte forms
a mechanical barrier to suppress Li dendrite growth at the
mechanical level, while the 3D CP@MOF network concur-
rently facilitates Li* migration and anchors TFSI™ anions
to regulate uniform Li* deposition at the electrochemical
level. Benefiting from mechano-electrochemical synergistic
coupling, Li symmetric cells achieved stable plating/strip-
ping for over 5000 h. Notably, stable SEI and CEI inter-
phases formed at interfaces due to unique structural and
compositional integration, ensuring stable cycling of high-
voltage cathodes. More impressively, NCM811/ACSEILi
pouch cells attained energy densities of 337.9 Wh kg~! and
711.7 Wh L™!. The maintained functionality under extreme
conditions demonstrates practical application potential. This
work establishes a novel synergistic paradigm of high mod-
ulus and interfacial stability in ACSE design, providing a
universal strategy for highly safe SSLMBs.
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