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A B S T R A C T

Solid polymer electrolytes employing poly(ethylene oxide) (PEO) matrices have drawn extensive research focus, 
owing to the cost-effectiveness and high flexibility; however, their practical implementation in lithium metal 
batteries (LMBs) remains constrained by limited room-temperature ionic conductivity, inadequate mechanical 
robustness, and lithium dendrite growth. To address these challenges, Li+-containing ionic liquids (LiILs) are 
confined within carboxyl-functionalized porous silica nanosheets (NSCs) to obtain active nanofillers (LiIL@NSCs) 
with rapid Li+ transport channels, and then a comprehensively-upgraded composite polymer electrolyte (PL- 
LiIL@NSC) is prepared by integrating the active nanofillers in PEO-LiTFSI electrolyte. Benefiting from the 
introduction of the fast-ion pathways in the active nanofillers, and the suppression of polymer matrix crystal
lization and acceleration of lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) decomposition by the hydrogen 
bond interaction between the carboxyl groups on the LiIL@NSCs and the ether oxygen groups of PEO and the 
TFSI− anions, the composite electrolyte shows a room-temperature ionic conductivity of 7.1 × 10− 4 S cm− 1 and a 
Li+ transference number of 0.629, which are 26.3 and 3.7 times higher than the unmodified electrolyte, 
respectively. Meanwhile, the Young’s modulus and electrochemical window increase from 34.9 MPa and 3.95 V 
to 104.0 MPa and 4.80 V, respectively, due to the incorporation of the active nanofillers. Thus, the Li||Li cell with 
the PL-LiIL@NSC composite electrolyte demonstrates stable cycling at 30 ◦C for 1600 h, which is 8 times longer 
than the pristine electrolyte-based cell. Moreover, the PL-LiIL@NSC electrolyte-based LMBs display exceptional 
electrochemical performance. This study offers a rational structure design strategy of composite electrolyte with 
Li+-conductive nanofillers for high-stability LMBs.

1. Introduction

Lithium-ion batteries (LIBs) possess obvious merits regarding energy 
density and absence of memory effect, driving their widespread adop
tion in portable electronics, transportation systems, and power stations 
[1–4]. Poly(ethylene oxide) (PEO)-based solid-state electrolytes have 
gained prominence as viable options for lithium metal batteries (LMBs) 
thanks to their exceptional flexibility and favorable interfacial 
compatibility with metal anodes [5]. Nevertheless, the inherently low 
ionic conductivity severely impedes their practical application at 
ambient temperatures [6,7]. Additionally, the solid polymer electrolytes 
show inadequate mechanical robustness, insufficient oxidation stability, 
and they are easily penetrated due to the dendrite growth [8–11]. 
Consequently, the comprehensibly-ungraded polymer electrolytes 

featuring enhanced room-temperature ionic conductivity, elevated 
oxidation resistance, and reinforced mechanical integrity has become 
imperative for advancing practical implementation in solid-state LMBs 
[12].

Introducing inorganic nanoparticles into polymer matrices can 
inhibit polymer crystallization and promote lithium salt dissociation 
[13]. Studies indicated that uniformly dispersed nanofillers in solid 
polymer electrolytes would create continuous ion transport networks 
along their surface, which significantly improve the ionic conductivity 
[14–16]. Nonetheless, it is difficult for the polymer electrolytes to ach
ieve room-temperature ionic conductivity exceeding the critical 
threshold of 0.1 mS cm− 1 by filling inert or active inorganic nano
particles for practical implementation [5], because of the insufficient ion 
transport channels within the nanofillers. It is important to exploit Li+- 
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conductive nanofillers with fast-ion pathways for high-conductivity 
polymer electrolytes.

Ionic liquids (ILs) have inherent advantages over conventional 
organic solvents, such as non-flammability, negligible volatility and 
high ionic conductivity, and thus they are considered as viable additives 
for polymer electrolyte modification [17,18]. When integrated with PEO 
matrices, ILs would promote lithium salt dissociation efficiency and 
optimize Li+ migration kinetics through enhanced solvent effect [19]. 
Nevertheless, IL-contained polymer electrolytes exhibit compromised 
mechanical rigidity [19,20], inferior high-voltage cathode tolerance and 
the side reactions in electrolyte/electrode interface [21]. To address 
these limitations, it is important to design a functionalized porous 
nanofiller to confine high-conductivity ILs without leakage for 
comprehensively-ungraded polymer electrolytes.

Herein, we develop a high-performance composite polymer electro
lyte by filling a novel Li+-conductive nanosheets (denoted as 
LiIL@NSCs) in PEO-LiTFSI electrolytes (Fig. 1). The LiIL@NSCs are 
prepared by confining LiTFSI-containing 1-ethyl-3-methylimidazolium 
bis(trifluoromethanesulfonyl)imide (EMIMTFSI) ILs (denoted as LiILs) 
in carboxyl-functionalized porous silica nanosheets (denoted as NSCs) 
through hydrogen bonding, electrostatic interactions and capillary 
forces, which would prevent the leakage of ILs and their side reactions 
with electrodes. The LiILs confined within NSCs establish fast-ion 
pathways, effectively boosting the ionic conductivity of the electro
lytes. Meanwhile, the hydrogen bond interaction between the carboxyl 
groups of the LiIL@NSCs and the ether groups of PEO can disrupt the 
crystallization of polymer matrix, thus accelerating the PEO segment 
mobility and increasing the ionic conductivity. Furthermore, the selec
tive anion coordination through the hydrogen bonding between 
LiIL@NSCs and TFSI− anions promotes salt dissociation efficiency, 
which elevates both free Li+ concentration and Li+ transference number 
while synergistically improving overall conductivity. The mechanical 
robustness and the high-voltage tolerance are also greatly strengthened, 
owing to the hydrogen bonding between the LiIL@NSCs and polymer 
electrolyte matrix. Therefore, the resulting composite polymer electro
lyte of PEO-LiTFSI-LiIL@NSC (denoted as PL-LiIL@NSC) shows greatly 
improved resistance against lithium dendrite growth, and the PL- 
LiIL@NSC electrolyte-based solid-state LMBs demonstrate excellent 
electrochemical performance.

2. Experimental section

2.1. Synthesis of NSCs

The preparation of NSCs from vermiculite was performed by two 

steps of exfoliation and modification (Fig. S1) (Supporting Information). 
To exfoliate the vermiculite natural mineral, 10 g of vermiculite natural 
mineral after ball milling was dispersed into 1 L of saturated sodium 
chloride (NaCl) solution with agitation at 110 ◦C for 24 h. The solid 
phase of the mixture was isolated and subsequently purified with water 
to remove residual NaCl by centrifugation. The sample obtained by 
centrifugation was placed into 1 L of 2 M lithium chloride (LiCl) solution 
with agitation at 110 ◦C for 24 h. The solid phase of the mixture solution 
was isolated by centrifugation and rinsed six times in water to wash 
away the excessive LiCl. The sample obtained by centrifugation was 
placed into 100 mL of HCl with continuous agitation for 12 h at 80 ◦C. 
The solid phase of the mixture was isolated by centrifugation and then 
rinsed with water until neutral pH. After repeating the above process, 
the liquid supernatant was freeze-dried to obtain hydroxy- 
functionalized porous silica nanosheets (denoted as NSOs).

The functionalization of amino groups commenced with ultrasonic 
dispersion of NSOs in toluene, followed by the incorporation of trie
thylamine and aminopropyl triethoxysilane (APTES) and reflux for 24 h 
at 90 ◦C. The synthesized product was subjected to centrifugation and 
then rinsed with anhydrous ethanol and water, respectively. The liquid 
supernatant was freeze-dried to obtain amino-functionalized porous 
silica nanosheets (denoted as NSNs). NSNs were dispersed in of N, N- 
dimethylformamide (DMF), subsequently incorporated with maleic an
hydride. The mixture solution was refluxed for 24 h at 90 ◦C. Afterward, 
the resultant was centrifuged, and the solid phase was separated and 
rinsed three times with DMF. The liquid supernatant was freeze-dried to 
obtain NSCs.

2.2. Preparation of LiIL@NSCs

As shown in Fig. S1, the synthesis of LiILs involved dissolving LiTFSI 
in EMIMTFSI (1:1.37 by weight) under continuous 40 ◦C agitation for 
24 h, with subsequent vacuum dehydration for 2 h at 120 ◦C to evapo
rate residual moisture. The LiILs and NSCs were mixed at various mass 
ratios (0.25:1, 0.5:1, 1:1, 1.25:1, 1.5:1, and 2:1) and homogenized 
through mortar grinding for over 10 min. The composite was subse
quently degassed at a vacuum oven of 80 ◦C to evacuate entrapped air 
within the NSC pores and meanwhile to facilitate the penetration of 
LiILs. After 12 h of vacuum treatment, the ionic liquid-impregnated 
NSCs were obtained. The optimized composite was designated as 
LiIL@NSCs (more details in Section 3.1).

2.3. Preparation of composite electrolytes

The additives (NSCs, LiILs and LiIL@NSCs) with various mass 

Fig. 1. Schematic illustration showing (a) the electrolyte membrane texture and (b) the role of LiIL@NSCs in PEO-LiTFSI electrolyte.
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underwent dispersion in DMF via ultrasonication for 1 h and agitation 
for 24 h. Meanwhile, PEO (Mw = 600,000) and LiTFSI (EO:Li+ = 18:1) 
were put in DMF and vigorously agitated for 24 h to obtain the 
homogenic polymer electrolyte precursor solution. The additive 
dispersion was subsequently blended with the polymer electrolyte so
lution and stirring for 24 h. The resulting mixed solution were subject to 
solution cast into Teflon molds and thermally dried under vacuum for 
solvent evaporation. The pristine PEO-LiTFSI electrolyte without addi
tives was denoted as PL, while the PEO-LiTFSI electrolytes containing 
NSCs, LiILs, NSCs and LiILs, and LiIL@NSCs were denoted as PL-NSCm, 
PL-LiILm, PL-NSCm-LiILn, and PL-LiIL@NSCm, respectively (m and n 
represented the mass ratio of the additives). A LiIL-glass fiber (GF) 
composite electrolyte was also prepared by filling glass fiber separators 
with LiILs for comparison.

2.4. Material characterizations

Materials were measured by using scanning electron microscopy 
(SEM), nitrogen physisorption analysis (BET/BJH methods), X-ray 
diffraction (XRD), Fourier-transform infrared (FTIR) spectroscopy 
combined with Raman spectroscopy, tensile testing, thermogravimetric 
analysis (TGA), and X-ray photoelectron spectroscopy (XPS). Detailed 
description of the material characterization methods, please refer to 
Text S1.

2.5. Electrochemical measurements

Electrochemical characterizations included electrochemical imped
ance spectroscopy (EIS) for ionic conductivity measurement, chro
noamperometry combined with EIS for Li+ transference number (τLi+) 
calculation, linear sweep voltammetry (LSV) for high-voltage tolerance 
assessment, critical current density (CCD) and exchange current density 
(ECD) testing, and galvanostatic cycling of lithium metal cells. For a 
comprehensive description of the electrochemical characterization 
methods, please refer to Text S2.

3. Results and discussion

3.1. Physicochemical characterizations of LiIL@NSCs

The LiIL@NSCs remained individually separated and freely flowable 
when the LiIL:NSC weight ratios were 0.25:1, 0.5:1, 1:1, and 1.25:1 
(Fig. 2a). However, when the LiIL:NSC weight ratio increased to 1.5:1 
and 2:1, the LiIL@NSCs agglomerated severely. This was attributed to 
the excess viscous LiILs on the NSC surface (not entirely filled in the 

pores of the NSCs) and the strong adhesion of the NSCs. To avoid the 
severe agglomeration of the NSCs and the leakage of the LiILs in polymer 
electrolytes, the LiIL@NSCs with a LiIL:NSC weight ratio of 1.25:1 was 
chosen as Li+-conductive nanofillers for further composite electrolyte 
preparation.

The LiIL-GF composite electrolyte shows a room-temperature ionic 
conductivity of 1.2 × 10− 4 S cm− 1 (Fig. S2), indicating the high ionic 
conductivity of LiILs. The impact of the LiIL:NSC weight ratio on the 
conductivity of the LiIL@NSC-based pellets was then investigated. The 
LiIL@NSC pellets with LiIL:NSC ratios of 0.25:1, 0.5:1, 1:1, and 1.25:1 
exhibited the conductivities of 7.5 × 10− 5, 1.1 × 10− 4, 1.5 × 10− 4, and 
3.8 × 10− 4 S cm− 1 at 30 ◦C (Fig. 2b), respectively, demonstrating a 
positive correlation between the LiIL proportion and the conductivity. 
The LiILs acted as fast-ion pathways in the NSCs, and thus increasing the 
ionic conductivity of the LiIL@NSC pellets. Notably, all the samples had 
reduced ionic conductivities at 50 ◦C, because of the enhanced fluidity of 
the LiILs in the NSC pores. As the operation temperature elevated from 
50 to 80 ◦C, the conductivity of the LiIL@NSC pellets increased again. 
Although the cold-pressed LiIL@NSC pellets are studied as electrolytes, 
there are a few problems such as inferior flexibility, poor interfacial 
contact with electrodes, and large thickness. To address these issues, the 
LiIL@NSCs were utilized as active fillers to fabricate the polymer elec
trolytes with Li+-conductive nanosheets in this study.

To probe structural evolution before and after incorporation of LiILs, 
the NSCs and the LiIL@NSCs were investigated by SEM, BET and FT-IR. 
SEM images (Fig. 2c− d) revealed similar morphology of the two samples 
(typical lamellar structures). BET surface characterization (Fig. 2e) 
revealed distinct pore architectures between the two materials. The 
LiIL@NSCs manifested a Langmuir-type (Type II) adsorption profile 
typical of low-porosity substances. In contrast, the NSCs exhibited 
overlapping adsorption-desorption branches at low pressures P/P0 =

0.45–0.85 signaling microporous lamellar ordering, and a characteristic 
Type IV isotherm with H3 hysteresis at higher pressures (P/P0 =

0.45–0.85) indicating mesoporous structures [22]. Moreover, the NSCs 
had a specific surface area of 284.2 m2 g− 1, featuring a broad mesopore 
distribution (0–20 nm). In comparison, the LiIL@NSCs had drastically a 
reduced surface area (13.0 m2 g− 1) with a narrow pore size distribution 
(0–5 nm), likely arising from interparticle stacking voids. These struc
tural changes confirmed the effective filling of LiILs in the NSC pores, 
facilitating Li+ transport in the LiIL@NSCs.

The pyrolysis behavior of the nanosheets was investigated through 
TGA analyses (Fig. 2f). The pristine NSCs exhibited a three-stage thermal 
decomposition profile: (1) an initial mass reduction of 3.6 wt% observed 
from 30 to 130 ◦C, reflecting evaporation of physically adsorbed mois
ture; (2) a gradual linear mass loss of 2.3 wt% at 130–240 ◦C, 

Fig. 2. Characterizations of NSCs and LiIL@NSCs. (a) Optical photographs of LiIL@NSCs with different LiIL:NSC weight ratios. (b) Ionic conductivity of LiIL@NSC 
pellets at 30–80 ◦C. SEM images of (c) NSCs and (d) LiIL@NSCs. (e) N2 adsorption-desorption isotherms of NSCs and LiIL@NSCs, and the insets correspond to their 
pore distribution. (f) TGA curves of NSCs and LiIL@NSCs.
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corresponding to the dehydration of carboxylic groups into anhydrides 
[23]; and (3) a 12.4 % mass reduction from 390 to 600 ◦C, arising from 
the synergistic pyrolysis of grafted APTES ligands and anhydrides [24]. 
Above 600 ◦C, the TGA curve became stabilized, confirming complete 
decomposition of organic components. As for the LiIL@NSCs, a 3.6 wt% 
mass loss appeared below 350 ◦C, ascribed to solvent evaporation and 
anhydride formation. Notably, despite the high LiTFSI content in the 
LiIL@NSCs, no mass loss related to the LiTFSI decomposition was 
detected between 135 and 200 ◦C [25]. Subsequent mass loss at 
350–480 ◦C was related to the disintegration of the LiILs [26]. The 
characterization results indicated the successful LiIL infusion within the 
pores of the NSCs and the formation of fast-ion pathways within the 
LiIL@NSCs.

3.2. Morphology of electrolytes

Polymer electrolytes were obtained by a solution casting approach 
followed by a solvent evaporation process (Fig. 3a). When the LiIL@NSC 
content exceeded 20 wt%, the PL-LiIL@NSC electrolyte membranes 
were tightly adhered on Teflon molds, leading to structural fragmenta
tion during peeling (Fig. S3). Thus, the maximum allowable content of 
LiIL@NSCs was 20 wt%. An investigation was then conducted to eval
uate the concentration-dependent performance of LiIL@NSC additives 
in polymer electrolytes, focusing on three critical parameters of ionic 
conductivity, high-voltage cathode compatibility, and mechanical 
properties. As delineated in Supplementary Fig. S4, the PL-LiIL@NSC 
electrolytes demonstrated progressive enhancement in ionic conduc
tivity with increasing additive loading, reaching a maximum value at 20 
wt% incorporation (PL-LiIL@NSC20). The oxidization stability and 
mechanical strength was also enhanced with the LiIL@NSC addition 
(Figs. S5 and S6). Therefore, the PL-LiIL@NSC20 electrolyte was 
selected for further investigation. Besides, to investigate the role of 
multiple components in the PL-LiIL@NSC20 electrolyte, a series of 

electrolytes of PL, PL-NSC9, PL-LiIL11, and PL-NSC9-LiIL11 were also 
prepared.

The surface morphology of electrolytes was determined via SEM 
(Fig. 3b− f). The pristine PL electrolyte membrane had numerous cracks 
and pores (Fig. 3b). The incorporation of NSCs significantly reduced 
these defects (Fig. 3c). However, the agglomeration of NSCs was 
observed in the PL-NSC9 electrolyte with a high nanofiller content of 9 
wt%, which would cause high interfacial impedance at the electrode/ 
electrolyte interfaces. The addition of LiILs to PL and PL-NSC9 electro
lytes (for PL-LiIL11 and PL-NSC9-LiIL11) increased the defect density 
(Fig. 3d− e), due to the plasticizing effect of LiILs, which would 
compromise mechanical strength. In contrast, the PL-LiIL@NSC20 
electrolyte had minimal cracks or pores (Fig. 3f), because LiILs were 
primarily confined in the NSC pores.

3.3. Ionic conductivity of electrolytes

The influence of additive components on Li+ transportation in elec
trolyte was first investigated through ionic conductivity (Fig. 4a). The 
unmodified PL electrolyte displayed a limited ionic conductivity of 2.7 
× 10− 5 S cm− 1 at 30 ◦C. Introducing 9 wt% NSCs enhanced ion transport 
behavior, yielding an elevated conductivity of 5.5 × 10− 5 S cm− 1 for the 
PL-NSC9 electrolyte. The incorporation of LiILs in the PL and PL-NSC9 
electrolytes furtherly increased the conductivities to 1.1 × 10− 4 and 
3.0 × 10− 4 S cm− 1 for the PL-LiIL11 and PL-NSC9-LiIL11 electrolytes, 
respectively. The most substantial enhancement emerged from the 
addition of LiIL@NSCs, where the PL-LiIL@NSC20 electrolyte achieved 
a conductivity of 7.1 × 10− 4 S cm− 1, which demonstrated 26.3 and 2.4 
times higher than the PL and PL-NSC9-LiIL11 electrolytes, respectively, 
attributing to the fast-ion pathways in the LiIL@NSCs.

Arrhenius fitting analyses were utilized to quantify Li+ transport 
barriers (Fig. 4a). The activation energy (Ea) decreased slightly from 
0.79 eV (the pristine PL electrolyte) to 0.78 eV (PL-NSC9 electrolyte), 

Fig. 3. (a) Schematic illustration of fabrication of PL-LiIL@NSC electrolytes. SEM images of (b1 − b3) PL, (c1 − c3) PL-NSC9, (d1 − d3) PL-LiIL11, (e1 − e3) PL- 
NSC9-LiIL11, and (f1 − f3) PL-LiIL@NSC20 electrolyte surfaces.
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because of the incorporation of NSCs. The Ea values further decreased to 
0.45 eV (PL-LiIL11 electrolyte) and 0.30 eV (PL-NSC9-LiIL11 electro
lyte), due to the addition of LiILs [27]. Moreover, the PL-LiIL@NSC20 
electrolyte had the lowest Ea value (0.26 eV), consistent with the ionic 
conductivity. These results demonstrated that pore-confined LiILs in 
NSCs functioned as fast-ion pathways to lower the energy barrier in the 
composite electrolyte. The reason for the Ea value decrease by the 
LiIL@NSC addition will be discussed in the following parts.

The τLi+ of the electrolytes was systematically evaluated (Fig. 4b− c 
and Fig. S7). The pristine PL electrolyte exhibited a low τLi+ value of 
0.172. The PL-NSC9 electrolyte also showed a similar τLi+ value of 
0.169, due to the NSC agglomeration in the electrolyte. Incorporation of 
LiILs into the PL electrolyte caused increase of the τLi+ value to 0.268 
(PL-LiIL11 electrolyte) and 0.589 (PL-NSC9-LiIL11 electrolyte). Due to 
the confinement of LiILs in the NSC pores and the hydrogen bond 
interaction between the carboxyl groups of NSCs and the TFSI− , the PL- 
LiIL@NSC20 electrolyte showed the highest τLi+ value of 0.629, which 
was 3.7 times higher than the PL electrolyte. This elevated τLi+ value 
would be helpful for mitigating the space charge accumulation, reducing 
electrochemical polarization during cycling, and suppressing dendrite 
growth [28,29].

The structural evolution of electrolytes was investigated by XRD 
(Fig. 4d). All the electrolytes exhibited characteristic diffraction peaks at 
19◦ and 23◦, which were identified as the (120) and (112) crystallo
graphic planes of PEO, respectively [30]. Compared to the pristine PL 
electrolyte, the PL-NSC9 electrolyte showed slightly reduced peak in
tensities, suggesting the suppression of PEO crystallinity by the NSCs. 
The incorporation of LiILs further weakened the peak intensities of the 
PL-LiIL11 and PL-NSC9-LiIL11 electrolytes, indicating the disrupted 
PEO chain ordering due to plasticizing effect of LiILs. The peak in
tensities of the PL-LiIL@NSC20 electrolyte were the lowest, indicating 
the lowest PEO crystallinity of the electrolyte. DSC tests further revealed 
that the PL-NSC9-LiIL11 and PL-LiIL@NSC20 electrolytes had much 

lower crystallinities of 31.8 % and 29.9 % than the PL electrolyte (40.9 
%), respectively (Fig. S8). The low crystallinity would facilitate the PEO 
segment mobility and promote Li+ transportation in electrolyte. Thus, 
the PL-LiIL@NSC20 electrolyte showed the highest ionic conductivity 
and the lowest activation energy (Fig. 4a).

The interactions of NSCs, LiILs and LiIL@NSCs with the electrolyte 
matrix were analyzed using FT-IR spectroscopy (Fig. 4e and Table S1). 
First, the effect of these components on PEO were investigated. 
Compared to the LiIL-free electrolyte, the PL-LiIL11, PL-NSC9-LiIL and 
PL-LiIL@NSC20 electrolytes exhibited slight shift and intensity change 
in the vibration peaks related to − CH2 groups (near 842, 1241, 1280, 
1341 and 1350 cm− 1) and C − O − C groups (near 960, 1055, 1096 and 
1141 cm− 1). These phenomena can be attributed to the reduced PEO 
crystallinity and elevated segmental mobility induced by the incorpo
ration of EMIMTFSI and LiTFSI. Furthermore, the C − O − C peaks of the 
PL electrolyte at 961.8, 1055.4, and 1143.1 cm− 1 shifted in both the PL- 
NSC9-LiIL11 (958.4, 1054.8 and 1142.6 cm− 1) and PL-LiIL@NSC20 
(958.8, 1054.3 and 1141.7 cm− 1) electrolytes, which should be attrib
uted to the hydrogen bond interaction between the carboxyl groups of 
NSCs and the ether oxygen groups of PEO. This was also conducive to 
disrupting the orderly arrangement of the PEO segments and furtherly 
reducing the crystallinity of the polymer matrix (Fig. 4d and Fig. S8).

In order to clarify the interactions and chemical bonds between NSCs 
and TFSI− anions, the FT-IR spectra of NSCs, LiILs and LiIL@NSCs were 
also measured (Fig. 4f and Table S2). The characteristic peaks at 462.1, 
800.5, 1089.8, and 1222.3 cm− 1 correspond to silica-related bonds, 
while the peaks at 1570.1 and 1670.4 cm− 1 are assigned to C––O 
stretching vibrations of amide and carboxyl groups of the NSCs. After 
mixing LiILs and NSCs, the obtained LiIL@NSCs still contain the most 
peaks of both NSCs and LiILs. In addition, the shift of the S − N − S 
asymmetric stretching vibration (from 1052.9 cm− 1 in LiILs to 1032.7 
cm− 1 in LiIL@NSCs) provides the evidence for the formation of robust 
hydrogen bond interaction between TFSI− and the carboxyl groups of 

Fig. 4. Electrical properties. (a) Arrhenius plots of PL, PL-NSC9, PL-LiIL11, PL-NSC9-LiIL11 and PL-LiIL@NSC20 electrolytes. (b) Chronoamperometry profile of Li|| 
Li cell with PL-LiIL@NSC20 electrolyte, and the insets correspond to its electrochemical impedance pre- and post-polarization. (c) Calculation results of Li+

transference numbers. (d) XRD patterns of PL, PL-NSC9, PL-LiIL11, PL-NSC9-LiIL11 and PL-LiIL@NSC20 electrolytes. (e) FT-IR spectra of PL, PL-NSC9, PL-LiIL11, PL- 
NSC9-LiIL11 and PL-LiIL@NSC20 electrolytes. (f) FT-IR spectra of NSCs, LiILs and LiIL@NSCs. (g) FT-IR spectra and (h) Raman spectra of PL-LiIL@NSC20 electrolyte 
fitted with Gaussian− Lorentzian.
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NSCs, which is beneficial to increasing the dissociation efficiency of 
lithium salts and releasing free Li+. Consequently, the electrical prop
erties of the PL-NSC9-LiIL11 and PL-LiIL@NSC20 electrolytes enhanced 
significantly (Fig. 4a and c).

The S − N − S symmetric stretching vibration peak (~740 cm− 1) 
could be deconvoluted into two peaks related to free TFSI− anions 
(~738 cm− 1) and immobilized TFSI− anions (~742 cm− 1) (Fig. 4g and 
Fig. S9) [2,31,32]. The pristine PL electrolyte had 22.5 % anchored 
TFSI− anions. The anchored TFSI− anions increased to 28.5 % upon the 
NSC addition (PL-NSC9 electrolyte), resulting from the hydrogen bond 
between the carboxyl groups of NSCs and TFSI− . The incorporation of 
LiILs would be also beneficial for anchoring the TFSI− anions through 
the electrostatic attraction between EMIM+ cations and TFSI− anions. 
Thus, 29.2 % and 36.5 % TFSI− anions were immobilized in the PL- 
LiIL11 and PL-NSC9-LiIL11 electrolytes. Moreover, confining LiILs 
within the NSC pores maximized the contact area between the NSCs and 
the LiILs, and therefore 39.3 % TFSI− anions were anchored in the PL- 
LiIL@NSC20 electrolyte. The immobilization of TFSI− anions would 
increase the τLi+ value of the electrolytes. Raman spectra (Fig. 4h and 
Fig. S10) further proved that the fractions of anchored TFSI− anions of 
the PL, PL-NSC9, PL-LiIL11, PL-NSC9-LiIL11, and PL-LiIL@NSC20 
electrolytes were 19.1 %, 22.9 %, 25.8 %, 30.2 %, and 37.6 %, respec
tively, consistent with the FT-IR results [31,33].

In short, the enhanced ionic transport properties of the PL- 
LiIL@NSC20 electrolyte arisen from synergistic effects. Firstly, the 
hydrogen bond between the carboxyl groups of LiIL@NSCs and the ether 
oxygen groups of PEO chains, combined with the plasticizing effect of 
LiILs, inhibited the PEO crystallization and improved the polymer chain 

mobility. Secondly, the hydrogen bond interaction between the carboxyl 
groups of LiIL@NSCs and the TFSI− was beneficial for anchoring the 
TFSI− , and elevated the dissociation efficiency of LiTFSI and the free Li+

concentration. Thus, the activation energy was greatly reduced with the 
LiIL@NSC filling. The last but not least, the fast-ion pathways in the 
active LiIL@NSCs greatly facilitated the ion transport.

3.4. Mechanical and electrochemical properties of electrolytes

Tensile testing results (Fig. 5a− b) revealed that the pristine PL 
electrolyte exhibited an inferior strength of 0.61 MPa with 127 % 
elongation, while the incorporation of the NSCs made the ultimate 
tensile strength of the PL-NSC9 electrolyte elevate to 0.93 MPa, because 
of the hydrogen bonding between the NSCs and the electrolyte matrix. 
However, the addition of LiILs reduced the strengths of the PL-LiIL11 
(0.46 MPa) and PL-NSC9-LiIL11 (0.53 MPa) electrolytes, due to the 
plasticization effect of LiILs. In contrast, the PL-LiIL@NSC20 electrolyte 
retained a high strength of 0.88 MPa, as LiILs were confined in the NSC 
pores, weakening the plasticization effect. Similarly, the PL-NSC9 and 
PL-LiIL@NSC20 electrolytes had high toughness of 1.52 and 0.55 MJ 
m− 3 (Fig. 5c). As shown in Fig. 5d, the PL-LiIL@NSC20 electrolyte also 
possessed a Young’s modulus of 104.0 MPa, 3.0 and 1.3 times higher 
than those of the PL (34.9 MPa) and PL-NSC9-LiIL11 (81.7 MPa) elec
trolytes, respectively. The enhanced Young’s modulus would be helpful 
for impeding the lithium dendrite growth [34].

The high-voltage tolerance of the electrolytes was assessed by LSV 
tests (Fig. 5e). The unmodified PL electrolyte demonstrated a low 
oxidation stabilization voltage of ~3.95 V. The LiIL-GF electrolyte also 

Fig. 5. Mechanical, electrochemical and thermal properties of electrolytes. (a) Stress-strain curves, (b) tensile strength, (c) toughness, (d) Young’s modulus, (e) LSV 
curves and (f) TGA curves of PL, PL-NSC9, PL-LiIL11, PL-NSC9-LiIL11 and PL-LiIL@NSC20 electrolytes. Optical photographs of (g1) PL, (g2) PL-NSC9, (g3) PL-LiIL11, 
(g4) PL-NSC9-LiIL11 and (g5) PL-LiIL@NSC20 electrolytes heated at 140 ◦C for different time.
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demonstrated a low oxidation stabilization voltage of ~3.74 V 
(Fig. S11). It should be mentioned that the LiIL@NSC pellets with LiIL: 
NSC weight ratios of less than 1.25:1 exhibited greatly improved oxi
dization stability. In contrast, the PL-NSC9 electrolyte demonstrated a 
broad electrochemical window of 5.20 V, owing to the hydrogen bond 
between the carboxyl groups of the NSCs and the ether oxygen atoms of 
PEO and the TFSI− anions (Fig. 4e− f). This would effectively suppress 
the oxidative decomposition of PEO and TFSI− at higher voltages. 
Moreover, the PL-LiIL11, PL-NSC9-LiIL11 and PL-LiIL@NSC20 

electrolytes showed higher oxidation stabilization voltages of ~4.80 V, 
which was beneficial for their electrochemical compatibility with high- 
voltage cathodes [9].

The thermal decomposition behaviors of the electrolytes were 
detected through TGA measurements (Fig. 5f). As for the PL electrolyte, 
the mass loss below 135 ◦C was related to the evaporation of free DMF 
solvent, while that at 135–200 ◦C was primarily related to the LiTFSI 
decomposition [25]. Besides, a pronounced mass loss at 370–460 ◦C 
corresponded to the PEO disintegration [35]. The PL-NSC9 electrolyte 

Fig. 6. Resistance against dendrites. CCD test of (a) PL, (b) PL-LiIL11, (c) PL-NSC9-LiIL11 and (d) PL-LiIL@NSC20 electrolyte-based Li||Li cells at 30 ◦C. (e) Tafel 
plots of Li||Li cells based on PL, PL-NSC9, PL-LiIL11, PL-NSC9-LiIL11 and PL-LiIL@NSC20 electrolytes. (f) Galvanostatic cycling curves of PL, PL-LiIL11, PL-NSC9- 
LiIL11 and PL-LiIL@NSC20 electrolyte-based Li||Li cells at 30 ◦C. EIS spectra of Li||Li cells based on (g) PL, (h) PL-LiIL11, (i) PL-NSC9-LiIL11 and (j) PL-LiIL@NSC20 
electrolytes under pre-cycling and post-cycling conditions. Surface morphology of the cycled Li electrodes from Li||Li cells using (k) PL, (l) PL-LiIL11, (m) PL-NSC9- 
LiIL11 and (n) PL-LiIL@NSC20 electrolytes. High-resolution (o) C 1s, (p) F 1s, (q) S 2p, and (r) N 1s XPS spectra of the cycled Li electrodes.
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exhibited similar three-stage decomposition behaviors, but it demon
strated retarded LiTFSI degradation, owing to the hydrogen bond be
tween the NSCs and TFSI− . Moreover, the PL-LiIL11, PL-NSC9-LiIL11 
and PL-LiIL@NSC20 electrolytes containing 11 wt% LiILs (and higher 
LiTFSI content than the PL and PL-NSC9 electrolytes) displayed higher 
weight loss at 135–200 ◦C.

To verify the thermal stability, the electrolyte discs were subjected to 
isothermal treatment for different time (Fig. 5g). The PL, PL-LiIL11, and 
PL-NSC9-LiIL11 electrolyte membranes completely melted after 2 h at 
140 ◦C, and they became from white to yellow after 3 h due to the LiTFSI 
decomposition, consistent with the TGA results (Fig. 5f). In contrast, the 
PL-LiIL@NSC20 membrane began to melt at the circular edge after 2 h, 
because of the confinement of LiILs in the NSC pores. In short, the 
incorporation of the LiIL@NSC nanofillers enhanced the mechanical 
robustness and high-voltage tolerance of the polymer electrolyte.

3.5. Resistance against Li dendrites of electrolytes

The CCDs of the electrolytes were measured through stepwise cur
rent ramp testing on Li||Li symmetric cells with the PL, PL-NSC9, PL- 
LiIL11, PL-NSC9-LiIL11, and PL-LiIL@NSC20 electrolytes at 30 ◦C 
(Fig. 6a− d and Fig. S12). The PL electrolyte-based cell exhibited a CCD 
of 0.30 mA cm− 2. After the incorporation of NSCs, the PL-NSC9 elec
trolyte-based cell displayed a low CCD of 0.10 mA cm− 2, due to inferior 
interfacial contact between the PL-NSC9 electrolyte membrane and 
lithium electrodes. The PL-LiIL11 and PL-NSC9-LiIL11 electrolyte-based 
cells also maintained CCD values of 0.30 mA cm− 2, owing to the opti
mized Li+ transport kinetics and excellent interfacial electrolyte/elec
trode contact. Remarkably, the PL-LiIL@NSC20 electrolyte-based cell 
delivered a high CCD of 0.50 mA cm− 2, because of the greatly improved 
ionic transport properties and the enhanced mechanical strength 
(Figs. 4a− c and 5a− d).

The ECDs were then determined by Tafel polarization analyses of the 
Li||Li cells (Fig. 6e). Benefiting from the enhanced electrical properties, 
the PL-LiIL@NSC20 electrolyte-based cell showed a much higher ECD of 
3.95 × 10− 2 mA cm− 2 than the PL (6.32 × 10− 3 mA cm− 2), PL-NSC9 
(7.30 × 10− 3 mA cm− 2), PL-LiIL11 (2.40 × 10− 2 mA cm− 2), and PL- 
NSC9-LiIL11 (2.54 × 10− 2 mA cm− 2) electrolyte-based cells, implying 
the faster electrochemical reactions in the Li|PL-LiIL@NSC20|Li cell 
[31,36,37].

To assess the lithium dendrite suppression capability of the electro
lytes under ambient conditions, long-term cycling tests were performed 
on the Li||Li cells at 30 ◦C (Fig. 6f and Fig. S13). When cycled at 0.10 mA 
cm− 2 (areal capacity: 0.10 mAh cm− 2), the cell employing the PL-NSC9 
electrolyte suffered from abrupt failure within 0.3 h (Fig. S13), consis
tent with its low CCD of 0.10 mA cm− 2. The PL electrolyte-based cell 
sustained cycling for 200 h before failure. The PL-LiIL11 electrolyte- 
based cell short-circuited after 985 h, and the potential greatly increased 
after 500 h, because of the low τLi+ and mechanical strength, which 
induced the concentration polarization and susceptibility to dendrite 
growth. Owing to the improvement on electrical properties and me
chanical strength, the PL-NSC9-LiIL11 and PL-LiIL@NSC20 electrolyte- 
based cells can work for 1024 and 1600 h, respectively. When cycled at a 
higher current density of 0.20 mA cm− 2, the PL-LiIL@NSC20 electrolyte- 
based cell can also work stably (Fig. S14), demonstrating superior 
dendrite inhibition capability and exceptional cycling stability.

EIS measurements were conducted to reveal the impedance variation 
of the cells (Fig. 6g− j and Fig. S15). The PL-NSC9 electrolyte-based cell 
exhibited a high initial interfacial resistance (Ri) of 9459 Ω (Fig. S15), 
indicating the poor electrode/electrolyte contact. This was the reason 
why the Li|PL-NSC9|Li cell showed a low CCD and a short cycling life 
(Figs. S12 and S13). Although the PL electrolyte-based cell showed a low 
initial Ri value of 2084 Ω, its Ri value soon increased to 11,023 Ω in 200 
h (Fig. 6g). Due to the enhancement of ion conductance, the PL-LiIL11 
electrolyte-based cell displayed a low Ri value of 5387 Ω after 985 h 
(Fig. 6h). The PL-NSC9-LiIL11 electrolyte-based cell also displayed 

lower Ri values of 2103 and 5519 Ω before and after 1024 h, respectively 
(Fig. 6i), due to the synergistic improvement in ion transport and me
chanical toughness. Notably, the cell utilizing the PL-LiIL@NSC20 
electrolyte showed the lowest Ri of 1780 and 2599 Ω before and after 
1600 h, respectively (Fig. 6j).

SEM characterizations were then performed to disclose the dendrite 
situation of the electrochemically-cycled cells. There were a lot of 
dendrites on the cycled lithium electrodes coupled with the PL and PL- 
LiIL11 electrolytes (Fig. 6k− 1). This resulted in the elevation of the 
resistance and potential and the short-circuit failure of the cells 
(Fig. 6f− h). Although there were no dendrites on the lithium electrode 
coupled with the PL-NSC9-LiIL11 electrolyte, there were a few pores on 
the lithium electrode and the surface was relatively rough (Fig. 6m), 
because of the uneven lithium stripping and deposition. In stark 
contrast, there were a few sparse granular lithium deposits on the 
lithium electrode coupled with the PL-LiIL@NSC20 electrolyte, indi
cating the greatly-enhanced lithium dendrite inhibition ability by the 
electrolyte (Fig. 6n).

The component of the solid-state interphase (SEI) on the cycled 
lithium electrodes were investigated by XPS. As revealed by the C 1 s 
spectra in Fig. 6o, the electrodes coupled with the PL-NSC9-LiIL11 and 
PL-LiIL@NSC20 electrolytes showed much lower C − O vibration- 
related peak intensity at ~286.5 eV than the electrodes coupled with 
the PL and PL-LiIL11 electrolytes. The electrodes paired with the PL- 
NSC9-LiIL11 and PL-LiIL@NSC20 electrolytes also showed much 
higher LiF-related peak intensities at ~684.7 eV (Fig. 6p). Moreover, the 
S 2p and N 1 s spectra revealed that the electrodes paired with the PL- 
NSC9-LiIL11 and PL-LiIL@NSC20 electrolytes had much higher peak 
intensities at ~161.6 (related to Li2S) and ~ 397.9 eV (related to Li3N) 
(Fig. 6q− r). Thus, the SEI layers of the lithium electrodes paired with the 
PL-NSC9-LiIL11 and PL-LiIL@NSC20 electrolytes possessed abundant 
inorganic components (e.g., LiF, Li2S and Li3N) with high mechanical 
modulus, surface energy or ionic conductivity, which was beneficial for 
inhibiting the dendrite growth (Fig. 6f) [38,39].

3.6. Lithium metal battery performance

Rate performance tests were conducted on the LiIL-GF, PL, PL-NSC9, 
PL-LiIL11, PL-NSC9-LiIL11, and PL-LiIL@NSC20 electrolyte-based Li|| 
LFP cells at 30 ◦C under varying C-rates to evaluate their rate capability 
(Fig. 7a and Fig. S16). The PL-LiIL@NSC20-based cell exhibited superior 
rate performance, delivering discharge capacities of 170, 163, 154 and 
100 mAh g− 1 at 0.1, 0.2, 0.3 and 0.5C, respectively. These values 
significantly outperformed those of cells using LiIL-GF (126, 123 and 
118 mAh g− 1), PL (149, 82 and 23 mAh g− 1), PL-NSC9 (9, 0 and 0 mAh 
g− 1), PL-LiIL11 (160, 132 and 3 mAh g− 1) and PL-NSC9-LiIL11 (166, 
158 and 19 mAh g− 1) electrolytes at 0.1, 0.2 and 0.3C. Notably, after 25 
rate-cycling iterations and subsequent reversion to 0.1C, the cell uti
lizing the PL-LiIL@NSC20 electrolyte retained a high capacity of 164 
mAh g− 1, surpassing the capacities of LiIL-GF (123 mAh g− 1), PL (146 
mAh g− 1), PL-NSC9 (11 mAh g− 1), PL-LiIL11 (156 mAh g− 1) and PL- 
NSC9-LiIL11 (161 mAh g− 1) electrolyte-based cells. Furthermore, the 
charge-discharge profiles of the PL-LiIL@NSC20-based cell consistently 
displayed narrow voltage plateaus across all tested rates, indicative of 
lower electrochemical polarization compared to other electrolyte sys
tems (Fig. S17).

Long-term cycling stability tests were further conducted on Li||LFP 
cells at 30 ◦C under 0.3C (Fig. 7b, Figs. S18 and 19). The cell employing 
the LiIL-GF electrolyte delivered an initial capacity of 105 mAh g− 1, and 
retained 83 mAh g− 1 after 73 cycles (78 % capacity retention) (Fig. S18). 
The cell employing the PL-NSC9 electrolyte sustained discharge capac
ities below 20 mAh g− 1 throughout testing, demonstrating fundamental 
incompatibility with operational requirements. The cell employing the 
PL electrolyte delivered an initial capacity of 74 mAh g− 1, yet experi
enced rapid deterioration to 45 mAh g− 1 within 33 cycles (61 % 
retention). Conversely, the PL-LiIL@NSC20 electrolyte-based cell 
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achieved exceptional long-term cycling stability, achieving an initial 
capacity of 139 mAh g− 1 and retaining 111 mAh g− 1 after 100 cycles 
(80 % retention), significantly outperforming the cells with the LiIL-GF, 
PL, PL-LiIL11 (94 mAh g− 1 at 36th cycle, 59 % retention) and PL-NSC9- 
LiIL11 (121 mAh g− 1 at 36th cycle, 80 % retention) electrolytes.

To assess electrolyte viability under high-temperature condition, 
long-term cycling stability assessments were conducted using Li||LFP 
cells at 60 ◦C under 0.5C (Fig. 7c and Fig. S20). The cell employing the 
baseline PL electrolyte sustained discharge capacities below 23 mAh g− 1 

throughout testing, failing to meet practical requirements. In contrast, 
the PL-LiIL@NSC20 electrolyte-based cell demonstrated superior per
formance, achieving an initial capacity of 126 mAh g− 1 while retaining 
100 mAh g− 1 after 200 cycles (80 % capacity retention) and 90 mAh g− 1 

after 260 cycles (70 % capacity retention). This significantly out
performed the PL and PL-LiIL11 (7 mAh g− 1 after 100 cycles, 6 % ca
pacity retention) electrolyte-based cells. We also conducted rate 
performance tests on the Li||LFP cells at a low temperature of 20 ◦C 
(Fig. S21), and found that the PL-LiIL@NSC20 electrolyte-based cell 
outperformed both the PL and PL-LiIL11 electrolyte-based cells. These 
results furtherly demonstrate its exceptional potential for electro
chemical applications across a wide temperature range.

The electrolyte/electrode interfacial stability was evaluated by 
comparing the EIS spectra of Li||LFP cells under pre-cycling and post- 
cycling conditions (Fig. S22). For the PL-LiIL@NSC20 electrolyte- 
based cell cycled at 30 ◦C under 0.3C, the charge transfer resistance (Rct) 
increased from 560 Ω (pre-cycling) to 2102 Ω (post-cycling), which 
remained significantly lower than those of the PL (2503 to 8029 Ω), PL- 
NSC9 (7921 to 18,340 Ω), PL-LiIL11 (1849 to 2157 Ω), and PL-NSC9- 
LiIL11 (1961 to 2366 Ω) electrolyte-based cells, indicating the 
enhanced electrolyte/electrode interface stability by the PL- 
LiIL@NSC20 electrolyte.

To investigate the performance of the PL-LiIL@NSC20 electrolytes in 
high-voltage lithium metal batteries, galvanostatic rate capability as
sessments were performed on the Li||NCM622 cells within 2.8–4.2 V at 

30 ◦C under varying C-rates (Fig. S23). The cell employing the baseline 
PL electrolyte demonstrated severely limited rate capacities of 112, 16 
and 0 mAh g− 1 at 0.1, 0.2 and 0.3C, respectively, while the PL-LiIL11 
electrolyte-based cell showed marginally improved capacities of 95, 
30 and 3 mAh g− 1 under identical testing conditions. Conversely, the Li| 
PL-LiIL@NSC20|NCM622 cell had significantly enhanced electro
chemical performance with high reversible capacities of 184, 83 and 23 
mAh g− 1 at corresponding C-rates, with capacity recovery to 154 mAh 
g− 1 upon returning to 0.1C. The PL-LiIL@NSC20 electrolyte-based cell 
charged to a high voltage of 4.5 V still exhibited excellent rate capability 
(Fig. S24). Furthermore, the prolonged cycling evaluations revealed the 
superior stability of the PL-LiIL@NSC20 electrolyte-based cells, main
taining 166 mAh g− 1 after 15 cycles (99 % capacity retention from initial 
capacity of 167 mAh g− 1), which substantially exceeded the perfor
mance of the PL (77 mAh g− 1, 60 % capacity retention) and PL-NSC9- 
LiIL11 electrolyte-based cells (95 mAh g− 1, 63 % capacity retention) 
(Fig. 7d and Fig. S25).

Comprehensive comparison of the electrical and electrochemical 
performance of PL-LiIL@NSC20 electrolyte against existing literatures 
reveals the critical advancements of this work (Fig. 7e− g and Table S3). 
With the superior electrical properties, the PL-LiIL@NSC20 electrolyte 
surpasses those of other PEO-based solid-state electrolytes (Fig. 7e). The 
Li||Li cell cycle stability at 0.10 mA cm− 2 (areal capacity: 0.10 mAh 
cm− 2) is also higher than the previous reports (Fig. 7f). Notably, while 
most published PEO-based solid-state LMBs exhibit operational limita
tions at ambient temperature, the PL-LiIL@NSC20 electrolyte-based Li|| 
LFP cell demonstrates superior electrochemical properties at both 30 
and 60 ◦C (Fig. 7g). Combined with the exceptional electrochemical 
performance observed in Li||NCM622 cell configurations (Fig. 7d, and 
Figs. S23–25), these results collectively suggest that the PL-LiIL@NSC20 
electrolyte holds significant potential for practical applications.

Fig. 7. Electrochemical performance of lithium metal cells. (a) Rate performance of Li||LFP cells based on the PL, PL-NSC9, PL-LiIL11, PL-NSC9-LiIL11 and PL- 
LiIL@NSC20 electrolytes at 30 ◦C. Cycling performance of Li||LFP cells (b) at 30 ◦C and 0.3C, and (c) at 60 ◦C and 0.5C. (d) Cycling performance of Li|| 
NCM622 cells at 30 ◦C and 0.1C. Comparison of (e) electrical properties of electrolytes, (f) Li||Li cell performance, and (g) Li||LFP cell performance recently reported 
in open literatures [25,26,39–52]. More details are given in Table S3.
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4. Conclusions

In summary, this work developed Li+-conductive LiIL@NSCs by 
confining LiILs within the porous structure of NSCs, effectively miti
gating leakage-induced side reactions of LiILs. Benefiting from the 
hydrogen bonding between the carboxyl groups and the ether groups of 
PEO and the TFSI− of LiTFSI, synergizing with the plasticizing effect of 
LiILs, the LiIL@NSCs effectively impeded the PEO crystallization and 
facilitated the LiTFSI decomposition, thus resulting in the great 
enhancement in ionic conductivity (7.1 × 10− 4 vs. 2.7 × 10− 5 S cm− 1 at 
30 ◦C), Li+ transference number (0.629 vs. 0.172), mechanical strength, 
thermal stability and oxidization stabilization potential (4.80 vs. 3.95 V) 
of polymer electrolytes. Moreover, the LiIL@NSC-containing composite 
electrolyte demonstrated improved lithium dendrite suppression, evi
denced by enhanced CCD (0.50 vs. 0.30 mA cm− 2) and ECD (3.95 ×
10− 2 vs. 6.32 × 10− 3 mA cm− 2), enabling Li||Li cells to achieve pro
longed cycling (1600 vs. 200 h). The composite electrolyte-based Li|| 
LFP cathodes delivered 80 % capacity retention after 100 cycles at 30 ◦C 
and 0.3C and 80 % capacity retention after 200 cycles at 60 ◦C and 0.5C 
with high capacities. Additionally, the Li||NCM622 cells exhibited 
improved electrochemical performance, demonstrating practical po
tential for solid-state LMBs. This study offered a novel road to fabricate 
comprehensively-enhanced polymer electrolytes with fast-ion pathways 
for high-stability LMBs.
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