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H I G H L I G H T S

• A 10-μm-thick composite electrolyte is developed via solution infusion method.
• Composite electrolyte shows high room-temperature Li+ transference number of 0.83.
• LiF-rich SEI layer inhibits interfacial side reactions and dendrite growth.
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A B S T R A C T

Succinonitrile (SN)-based electrolytes have emerged as promising candidates for lithium metal batteries (LMBs) 
due to their high ionic conductivity and thermal stability. However, the limited mechanical robustness, low 
reduction resistance, and residual free SN molecules can damage the electrochemical performance of batteries. 
Herein, an ultrathin (10 μm) yet mechanically robust composite electrolyte is developed by introducing a rigid 
multifunctional supporting skeleton, fabricated through in situ growth of zeolitic imidazolate framework (ZIF) 
nanoparticles within a three-dimensional (3D) aramid nanofibers (ANF) network. The rigid supporting skeleton 
functionalized with ZIF-67 nanoparticles can selectively absorb lithium salt anions to regulate Li+ transport. The 
well-designed composite electrolyte exhibits a high Li+ ionic conductivity of 3 × 10− 4 S cm− 1 and a Li +

transference number of 0.83 at room temperature. Meanwhile, the rigid multifunctional skeleton effectively 
mitigates side reactions between SN and lithium metal through inducing the formation of the LiF-rich solid 
electrolyte interphase layer. As a result, the composite electrolyte-based Li||Li, Li||LiFePO4 and Li||LiNi0.6

Co0.2Mn0.2O2 cells show superior electrochemical performance at room temperature. Notably, the Li||LiFePO4 
cells also deliver stable performance at low temperature. This design offers an efficient, scalable fabrication 
method for ultrathin solid-state electrolyte-based highly stable and safe LMBs.

1. Introduction

Lithium-ion batteries (LIBs) have found widespread applications in 
electric vehicles and portable electronic devices [1–3]. However, the 
energy density of present LIBs needs to be substantially enhanced to 
meet future sustainable energy requirements. Lithium metal batteries 
(LMBs) are regarded as one of the most promising candidates for 
next-generation energy storage systems, owing to the ultra-low reduc
tion potential and exceptionally high theoretical specific capacity of 

lithium metal anodes [4,5]. Nevertheless, the practical application of 
LMBs is still hindered by critical challenges, including safety risks and 
limited cycle life, primarily attributed to the use of flammable liquid 
electrolytes and uncontrolled lithium dendrite growth. Replacing liquid 
electrolytes with solid-state electrolytes (SSEs) could mitigate the risks 
of leakage and combustion of liquid electrolytes. SSEs are commonly 
divided into inorganic electrolytes and polymer electrolytes. Inorganic 
electrolytes generally exhibit high ionic conductivity at ambient tem
perature and excellent chemical stability against lithium metal [6]. 
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However, their practical application is significantly hindered by high 
interfacial resistance at the electrode/electrolyte interfaces due to poor 
solid/solid contact. Polymer electrolytes have flexibility, good process
ibility and low electrode/electrolyte interface resistance [7–9]. But the 
low room-temperature ionic conductivity and poor lithium dendrites 
suppression capability of polymer electrolytes have severely hindered 
their practical application [10–12]. Therefore, developing an electrolyte 
with high ionic conductivity and good lithium metal compatibility is 
crucial for practical application of solid-state lithium metal batteries.

Succinonitrile (SN)-based plastic crystal electrolytes, a mixture of 
plastic crystals and lithium salts, have recently gained increasing at
tentions with high ionic conductivity and thermal stability. Moreover, 
SN remains solid-state stability across a wide temperature range from 
the transition temperature (− 40 ◦C) to the melting temperature (60 ◦C), 
ensuring inherent safety at ambient conditions while preventing leakage 
of liquid electrolyte. However, when implemented in LMBs, SN-based 
electrolytes encounter two fundamental challenges: (1) SN is incom
patible with lithium metal, especially lithium-induced polymerization of 
C ≡ N groups generate insulating interfacial layers, which leads to poor 
electrode-electrolyte contact and severe capacity degradation in LMBs. 
(2) SN suffers from insufficient mechanical strength, which further de
teriorates upon lithium salt dissolution, making it unsuitable as a self- 
supporting solid electrolyte layer.

Recently, SN-based electrolytes integrated with a host matrix or 
support skeleton have emerged as promising solid-state electrolytes, 
offering a viable solution to the limitation of conventional SN-based 
electrolytes [13–17]. The introduction of suitable host polymers not 
only enhances the film-forming ability of SN-based electrolytes but also 
coordinates with SN to suppress its decomposition under the catalytic 
influence of lithium metal. However, the host polymer content signifi
cantly exceeded that of SN, which could disrupt the molecular distri
bution, crystallinity, and configuration of SN, thereby degrading the 
ionic conductivity of the electrolyte. The incorporation of support 
skeleton into SN-based electrolytes is also an effectively method to 
achieve excellent electrochemical performance of batteries. The inor
ganic skeleton (e.g., Li6.75La3Zr1.75Ta0.25O12), as an active filler, not only 
establishes continuous Li+ conduction pathways but also enhances the 
overall electrochemical stability of batteries. However, the intrinsic 
brittleness of the inorganic skeletons limits the processability of com
posite electrolytes, typically resulting that the thickness of the com
posite electrolytes is commonly higher than 100 μm. The thickness is 
closely related to the electrochemical performance of batteries. Thinner 
composite electrolytes can short the distance for Li+ diffusion in com
posite electrolytes to greatly lower ohmic resistance, improving the 
electrochemical performance of batteries. The porous organic skeletons 
(e.g., nonwoven fabrics, polyimide nanofibers and polyethylene sepa
rators) offer superior mechanical flexibility, enabling the fabrication of 
thin (<50 μm) composite electrolytes with enhanced structural integrity 
[18–20]. Nonetheless, these organic skeletons also exhibit a notable 
limitation, as they show low ionic conductivity at room temperature and 
insufficient lithium dendrite suppression capability. Thus, designing an 
ultrathin (<10 μm) SN-based composite electrolyte with high mechan
ical strength against lithium metal is a key challenge for practical LMBs 
applications.

Aramid nanofibers (ANFs) with high mechanical strength and low 
electro-conductivity have been used as multifunctional nanofillers to 
improve the electrical and mechanical properties of the solid polymer 
electrolytes. Moreover, the ANFs chains with lithiophilic polar func
tional groups (i.e., amide groups) can easily interact with Li+ and 
participate in the Li+ transport. On the other hand, zeolitic imidazolate 
framework (ZIF) exhibit ultrahigh porosity, large surface areas, acces
sible coordinative unsaturated sites, and excellent chemical and solvent 
stability. Benefiting from the mature technology for large-scale fabri
cation of ANFs and ZIF, these materials are widely used as additives for 
composite electrolytes. Notably, ZIF-67, a cobalt-based zeolitic imida
zolate framework composed of Co2+ ions and 2-methylimidazolate 

linkers, exhibits dual functionality: it simultaneously facilitates Li+

transport through anion confinement, while effectively suppresses 
lithium dendrite growth and minimizes undesirable side reactions be
tween SN and lithium metal [21–23]. In this work, we adopt a strategy 
that integrates a rigid multifunctional skeleton to design an ultrathin 
composite electrolyte membrane with an ultrahigh Li+ transference 
number. The rigid multifunctional skeleton is constructed through in 
situ growth of ZIF-67 nanoparticles on ANF network. The SN-lithium bis 
(trifluoromethyl sulphonyl) imide (LiTFSI) electrolyte is filled into the 
rigid functional skeleton via facile and scalable solution infusion 
method. The three-dimensional (3D) ANF network establish continuous 
Li+ transport pathways, while the in situ grown ZIF-67 nanoparticles 
selectively complex with TFSI– anions. This synergistic effect promotes 
Li+ dissociation and enhances ion mobility, ultimately creating a rigid, 
fast Li+ conduction network with uninterrupted pathways. The com
posite electrolyte membrane demonstrates excellent electrochemical 
properties, including high room-temperature ionic conductivity of 3 ×
10− 4 S cm− 1, Li+ transference number of 0.83 and mechanical strength 
(a tensile stress of 10.3 MPa with a tensile strain of 7.8 %). Moreover, the 
in situ grown ZIF-67 nanoparticles effectively suppress lithium dendrite 
formation and mitigate side reactions between SN and lithium metal 
through inducing the formation of the LiF-rich solid electrolyte inter
phase (SEI) layer. To evaluate the practical applicability of the ultrathin 
composite electrolyte, the Li||LiNi0.6Co0.2Mn0.2O2 cells with an ultra
high active mass loading of 10 mg cm− 2 exhibit excellent cycling sta
bility and rate performance at room temperature. This work offers a 
facile and scalable strategy for fabricating ultrathin solid electrolyte 
with ultrahigh Li + transference number, demonstrating significant po
tential for practical implementation in high-performance solid-state 
lithium metal batteries.

2. Experimental section

2.1. Materials

Aramid fibers (Kevlar 69) were purchased from DuPont Company. 
Dimethyl sulfoxide (DMSO), tert-Butyl alcohol (TBA), potassium hy
droxide (KOH), succinonitrile (SN), anhydrous methanol (CH3OH, 99.5 
%), cobalt nitrate hexahydrate (Co(NO3)2⋅6H2O, 98.5 %), ethanol (99 
%), N-methyl-2-pyrrolidone (NMP, 99.8 %), carbon black (Super P, 
battery grade), lithium iron phosphate (LiFePO4, battery grade) and bis 
(trifluoromethane)sulfonimide lithium salt (LiTFSI) were obtained from 
Aladdin Co., Ltd. 2-methylimidazole (C4H6N2, 98 %) was obtained from 
Mackli Co., Ltd. Fluoroethylene carbonate (FEC) and multi-walled car
bon nanotubes were purchased from DoDoChem Co., Ltd.

2.2. Preparation of the skeleton films

4.00 g long Kevlar 69 microfiber, 4.00 g KOH and 200.00 mL DMSO 
were stirred for about 7 days at room temperature until the generation of 
a dark red ANF dispersion. The fabrication process of the ANF network 
films was via a facial blade coating method followed by a freeze-drying 
process. In the blade coating process, a high concentration of ANF/ 
DMSO dispersion was deposited on the glass plate. Then, the ANF films 
were formed by immersing into deionized (DI) water for 12 h by pro
tonation process. Subsequently, a modified freeze-drying method was 
applied to dry ANF films using a mixture DI water and tert-butyl alcohol 
(mass ratio of 1:1) as the solvent system, promoting the delicate struc
tures of hydrogels from breaking or degenerating. The porous ANF films 
with 3D interconnect networks were obtained after drying 72 h.

2.0 g of Co(NO3)2⋅6H2O was dissolved in 30 mL of CH3OH to form 
solution A. 4.6 g C4H6N2 was dissolved in 30 mL of CH3OH form solution 
B. ANF network films were immersed in solution A for 0.5 h, and then, 
the ANF network films were immersed in solution B for 0 h, 1 h, 2 h and 
3 h. These films were then removed and washed several times with 
ethanol, followed by drying at 45 ◦C in a vacuum oven for 12 h (i.e., 
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ANF0, ANF1, ANF2 and ANF3).

2.3. Preparation of the composite electrolyte membranes

The composite electrolyte membranes were obtained by a solution- 
immersing method. Molten SN-LiTFSI electrolyte was prepared by 
mixing SN and LiTFSI with a molar ratio of 20:1 and melting them into 
liquid through heating above 60 ◦C and stirring for 12 h. Then, the 
prepared ANF skeleton films were immersed into the SN-LiTFSI elec
trolyte for 12 h. After removing the excess SN-LiTFSI electrolyte by filter 
paper, the composite electrolytes were obtained (i.e., CPE0, CPE1 and 
CPE2). Subsequently, the above electrolyte membranes were placed 
under vacuum at 45 ◦C for a week to remove as much the residual SN- 
LiTFSI solution as possible. Finally, all the electrolyte films were 
further placed in argon-filled glove box for at least 48 h before different 
characterizations and measurements.

2.4. Material characterizations

A SU8010 field emission scanning electron microscope (SEM) com
bined with an energy dispersive spectroscope (EDS) was used to observe 
the surface and cross-section morphology and the element composition 
of the composite electrolytes. A D8 Focus X-ray diffractometer (XRD) 
was used to explore the effect of the ANF framework on the crystallinity 
of the CPE. The mechanical tensile properties of the electrolyte mem
branes were measured by a GOTECH AI-7000-ST mechanical tester with 
an ascending velocity of 2 mm min− 1. A Thermo Scientific Nicolet iS50 
Fourier transform infrared (FT-IR) spectrometer was used to detect the 
functional groups and chemical bonds of the ANF framework, SN, LiTFSI 
and CPE. A NETZSCH DSC 200 F3 differential scanning calorimeter 
(DSC) was used to test the crystallinity of the CPE in the range of 
− 90− 110 ◦C. Thermo Scientific K-Alpha X-ray photoelectron spectros
copy (XPS) was performed on the lithium metal surfaces after the 

electrochemical cycling.

2.5. Electrochemical measures

Symmetric or asymmetric cells were prepared by loading the elec
trolytes into CR2032 coin cells for electrochemical characterizations. A 
Zahner Zennium electrochemical workstation was utilized to test the 
impedance of the symmetrical stainless steel (SS)|CPE|SS batteries in the 
frequency from 106 to 10− 2 Hz at 30− 80 ◦C. The ionic conductivity (σ) 
was determined from the following formula: 

σ =
L

S⋅R 

where L is the thickness of the film, S is the conducting area, and R is the 
resistance. The linear sweep voltammetry (LSV) tests were applied by a 
CHI660E electrochemical workstation in the asymmetric Li|CPE|SS cells 
with a scan rate of 1 mV s− 1 at 30 ◦C. The Li ion transference number (tLi

+) 
was measured by time ampere method and AC impedance spectroscopy. 
A potential of 10 mV was applied for a polarization time of 2000 s. 
According to the formula: 

τLi+ = Iss(ΔV − I0R0) / I0(ΔV − ISSRSS)

where I0, ΔV and ISS were initial state current, 10 mV polarization po
tential and steady-state current, respectively. R0 and RSS were the re
sistances at the start and completing time, respectively.

LAND CT2001A battery test system was used for electrochemical 
measurements. Symmetric Li|CPE|Li cells were assembled to test the 
critical current density and cyclic stability. LiFePO4 (LFP) cathodes were 
composed of 80 wt% LFP, 10 wt% PVDF, 9.7 wt% carbon black and 0.3 
wt% multi-walled carbon nanotubes. The active LFP content of the 
electrodes was about 4.0 mg cm− 2. LiNi0.6Co0.2Mn0.2O2 (NCM622) 
cathodes were purchased by commercial electrode tape with 10 mg 

Fig. 1. (a) Cross-sectional SEM image of the ANF skeleton films. Surface SEM images of the ANF skeleton films: (b) ANF0, (c) ANF1, (d) ANF2 and (e) ANF3. (f), (g) 
and (h) FTIR spectra of ANF0, ANF1 and ANF2 films.
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cm− 2 mass loading (Guangdong Canrd New Energy Technology Co., 
Ltd.). 20 μL FEC was added into the cathode to infiltrate the surface 
before the battery assembly, protecting interface of the cathodes. The 
charge/discharge voltage range was 2.5–3.8 V for LFP (1 C = 170 mAh 
g− 1) and 2.8–4.25 V for NCM622 (1 C = 180 mAh g− 1) cathodes at 30 ◦C.

3. Results and discussion

3.1. Electrolyte design

The preparation process of the porous ANF network films is based on 
facile and scalable blade-casting and freeze-drying methods. First, the 
prepared ANF solution was deposited on glass slides via a blade-casting 
method. And the thickness of the coating layers was controllable by 
adjusting the gap of the scraper, which is conducive to reducing the 
electrolyte thickness and the preparation cost while maintaining the 
flexibility of the electrolytes [16]. After that, the ANF coating layers 
were immersed into deionized water to protonate the ANF for forming 
3D continuous ANF networks [24–26]. And then, the 3D porous ANF 
network films were prepared after the drying process. Finally, the in situ 
grown ZIF-67 nanoparticles were formed on the pores of the networks by 
immersing into the 2-methylimidazole solution (Fig. S1). The thickness 
of the ANF skeleton films progressively increased with extended im
mersion time (i.e., ANF0, ANF1, ANF2 and ANF3 correspond to im
mersion times of 0, 1, 2 and 3 h, respectively) (Fig. 1a). Specifically, the 
thickness of ANF0, ANF1, ANF2 and ANF3 was 7, 8, 11 and 13 μm, 
respectively. An appropriately designed pore size in the ANF skeleton 
films ensured optimal electrolyte matrix incorporation, consequently 
improving performance of electrolytes. Upon the formation of in situ 
ZIF-67 nanoparticles on the ANF networks, due to the immersing time 
increased, the number and the size of the ZIF-67 nanoparticles had un
dergone a significant change, which resulted that the pore size of the 3D 
ANF skeleton films initially increased and then decreased (Fig. 1b–e). 
After 3 h of immersion, a significant reduction in pore size was observed 
due to the considerable growth of particle dimensions and the severe 

aggregation of particles (i.e., ANF3 skeleton films), which had an 
adverse effect on the preparation of electrolytes.

In order to further demonstrate the composition details of the 
resulted ANF skeleton films, Fourier transform infrared (FTIR) was 
carried out (Fig. 1f–h). The FTIR spectrum exhibited characteristic peaks 
at 1305.5 and 755.5 cm− 1, corresponding to the stretching and bending 
vibrations of imidazole rings, respectively. Additionally, a distinct peak 
at 425.2 cm− 1 was attributed to the Co–N stretching vibration (Fig. S2). 
These findings confirm the successful in situ growth of ZIF-67 nano
particles on the ANF network films (i.e., ANF1 and ANF2) [22]. Mean
while, the typical -NH- characteristic peak and -C=O peak in the ANF 
exhibited apparent shifts. The -NH- peak shifted from 1541.6 to 1542.4 
cm− 1, and the − C=O peak shifted from 1647.5 to 1650.3 cm− 1. These 
observed spectral shifts demonstrates the coordination between the ANF 
and the ZIF-67, ultimately leading to the formation of multifunctional 
ANF skeleton films.

3.2. Effect of ZIF-67 on the composite electrolytes

The SN-LiTFSI electrolyte matrix was prepared by mixing SN and 
LiTFSI with a molar ratio of 20:1 to guarantee high ionic conductivity 
[16,27]. The molten SN− LiTFSI electrolyte was filled into the porous 
ANF skeleton films by a facile solution infusion method (Fig. S1 and 
Table S1), significantly reducing the complexity of the electrolyte 
preparation. After the drying process, the composite electrolytes were 
obtained (i.e., CPE0, CPE1 and CPE2). The ionic conductivities of 
various composite electrolytes were measured between 0 and 80 ◦C 
(Fig. 2a). The CPE1 membrane presented the highest ionic conductivity 
of 0.3 mS cm− 1 at 30 ◦C among all the composite electrolytes, three 
times higher than 0.1 mS cm− 1 for CPE0 (Table S2). Due to the larger 
particle size and partial aggregation of ZIF-67 nanoparticles within the 
ANF2 skeleton film, the ionic conductivity of the CPE2 is reduced 
compared to both the CPE0 and the CPE1 (Fig. 1). The cross-sectional 
SEM images of the CPE1 membrane were shown in Fig. 2b. The thick
ness of the membrane was approximately 10 μm, which was conductive 

Fig. 2. (a) Ionic conductivity of the electrolytes. (b) Cross-sectional SEM image of the CPE1 membranes with the corresponding EDS element mappings of the Co, S, F 
and N elements. (c), (d) and (e) FTIR spectra of the ANF0, CPE0, ANF1 and CPE1 films. (f) DSC curves of the composite electrolytes. (g), (h) The chronoamperometry 
(CA) curve for the composite electrolyte at 30 ◦C (The inset was the EIS Nyquist chart before and after the polarization). (i) Linear sweep voltammetry (LSV) curves of 
the composite electrolytes.
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to lower ohmic resistance, greatly improving the electrochemical per
formance of batteries. The corresponding energy-dispersive spectral 
(EDS) mapping images of the CPE1 membrane verified that the 
SN-LiTFSI matrix was completely filled in the ANF1 skeleton films, and 
the ZIF-67 particles were uniformly distributed. The mechanical tensile 
stress-strain curves of the electrolyte films were shown in Fig. S3. The 
CPE0 membranes without the ZIF-67 particles exhibited the high ulti
mate tensile strength of 19.8 MPa with a low tensile strain of 2.5 %. In 
stark contrast, the CPE1 membranes with ZIF-67 particles showed an 
ultimate tensile strength of 10.3 MPa with a much higher tensile strain 
of 7.8 %. Due to the potential coordinate interaction between ZIF-67, 
LiTFSI and SN, the tensile strain of the CPE1 membranes significantly 
improved, which was three times than that of the CPE0 membranes. The 
CPE1 membranes can achieve a combination of high mechanical 
strength and good flexibility, which significantly inhibits lithium 
dendrite growth [3,28,29]. However, the CPE2 membranes exhibited 
significantly lower mechanical properties, with an ultimate tensile stress 
of just 7.5 MPa and strain of only 6.7 %, substantially inferior to those of 
CPE0 and CPE1 membranes. Considering that the significantly inferior 
mechanical properties and ionic conductivity of the CPE2 compared to 
CPE0 and CPE1 membranes, subsequent analyses were focused on CPE0 
and CPE1 membranes.

The FTIR measurements of the composite electrolyte were shown in 
Fig. 2c. In CPE0 membranes, the peaks observed at 1186.8 and 1057.6 
cm− 1 in the CPE0 correspond to the S-N-S and C-F vibrational modes of 
LiTFSI. However, the S-N-S peak shifted from 1186.8 to 1184.6 cm− 1 

and the C-F peak shifted from 1057.6 to 1055.4 cm− 1 in CPE1 mem
branes (Fig. 2e). Meanwhile, the characteristic peaks of the imidazole 
rings in the ZIF-67 particles at 1305.5 and 755.5 cm− 1 disappeared. 

These results demonstrated that the ZIF-67 served as Lewis acidic sites 
can complex with anions (TFSI–) in electrolyte matrix-filled pore chan
nels, accelerating the dissociation and mobility of Li+, which was 
conducive to the improvement of the battery performance [23,30,31]. 
Generally, the -CN stretching vibration band can be separated into two 
bands. The peak at 2254.8 cm− 1 corresponded to free -CN, and another 
peak at 2273.3 cm− 1 presented the coordinated nitrile groups with metal 
atoms and groups [32]. In both CPE0 and CPE1 membranes, the two 
bands of -CN appeared (Fig. 2d). In the CPE1 system, the percentage of 
the coordinated nitrile groups was 29.6 %, which was higher than that of 
the CPE0 system (26.5 %). Because the ZIF-67 can absorb and immo
bilized TFSI– anions, enhancing Li+ dissociation and releasing more Li+. 
The more Li+ can complex with -CN groups of the SN molecules, which 
can effectively enhance ionic conductivity of the CPE1 and improve the 
battery performance.

Differential scanning calorimetry (DSC) measurements were also 
investigated the role of ZIF-67 in improving ionic conductivity of the 
CPE1 membranes. There were two endothermic peaks at − 37.4 and 
39.2 ◦C in the curves of the SN-LiTFSI electrolytes, corresponding to the 
transition temperature (Tcp) from normal crystal to plastic crystal phase 
and the melting point (Tm), respectively. Compared to the SN-LiTFSI 
electrolytes, the introduction of the ANF network leaded to lower Tm 
and Tcp of the CPE0 and CPE1. In the CPE1 system, the Tcp and Tm were 
found to occur at − 42.1 and 6.5 ◦C, respectively, which were lower than 
those of the CPE0. These measurements demonstrated that ZIF-67 can 
decrease crystallinity and promote the formation of amorphous regions 
in the SN-LiTFSI, facilitating the gauche-to-trans isomerization of SN 
molecules while enhancing the Li+ mobility, thereby increasing the 
ionic conductivity of the CPE1.

Fig. 3. (a) Long-term plating/stripping curves of the Li|CPE|Li cells at 0.1 mA cm− 2. The voltage-time profiles of symmetric Li||Li cells in the cycling interval of (I) 
0–10 h, (II) 130–140 h. (b) Critical current density test of the Li||Li cells from 0.05 to 0.9 mA cm− 2. Nyquist plots of Li||Li cells with (c) the CPE0 electrolyte and (d) 
the CPE1 electrolyte after 50 cycles. XPS spectra of the cycled lithium anodes from the Li||Li symmetric batteries using (e) the CPE0 electrolyte and (f) the CPE1 
electrolyte.
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The Li+ transference number (tLi+) is also a crucial factor in evalu
ating the migration efficiency of Li+ in electrolytes, which is measured 
with the combination of chronoamperometry (CA) and electrochemical 
impedance spectroscopy (EIS). Because of the interaction between TFSI– 

anions and ZIF-67, the mobility of the anions was limited and the CPE1 
membranes delivered a higher Li+ transference number of 0.83 than the 
CPE0 (0.68, Fig. 2g–h). Consistent with previous results, these results 
further confirmed that ZIF-67 served as Lewis acidic sites for TFSI– an
ions adsorption, which reduced anion mobility and improved the Li+

conduction. To evaluate the electrochemical stability of composite 
electrolytes, linear sweep voltammetry (LSV) measurements were 
employed to determine their electrochemical stability window. 
Compared to the CPE0 (4.8 V), the sweep range of the CPE1 was 
extended to 5.0 V without any obvious current peaks. Thus, the CPE1 
membranes exhibited excellent compatibility with high-voltage cathode 
materials, making them promising candidates for high-performance 
LMBs.

3.3. Interfacial resistance against Li dendrites

The growth of lithium dendrites poses a significant threat to the 
cycling safety of lithium metal batteries. Owing to the presence of lith
iophilic polar functional groups (e.g., amide groups), ANF can easily 
interact with Li+ and participate in the Li+ transport. Meanwhile, the in 
situ grown ZIF-67 nanoparticles selectively complex with TFSI– anions, 
which promotes Li+-TFSI– dissociation and enhances the Li+ ion 
mobility. As a result, the CPE1 shows high ionic conductivity, excep
tional Li+ transference number. Furthermore, the electrolyte also pos
sesses sufficient mechanical strength. Thus, the CPE1 is expected to 
provide excellent dynamic electrochemical stability and interfacial sta
bility toward lithium metal. Li symmetrical cells with composite 

electrolytes were assembled to investigate interfacial stability between 
electrolytes and lithium metal. As shown in Fig. 3a, the Li|CPE1|Li cell 
stably cycled for over 600 h with a low initial overpotential of 35 mV at 
0.1 mA cm− 2 and 30 ◦C. Moreover, the smooth voltage profiles of the Li| 
CPE|Li cells at different stages (0–10, 130–140 h) demonstrated that the 
CPE1 showed excellent electrochemical stability towards lithium metal. 
However, the Li||Li cell with CPE0 delivered a higher initial over
potential of 96 mV. And the cell suffered a rapid voltage increase during 
the cycling process. After 137 h of cycling, a sharp and irreversible 
voltage drop in CPE0-based Li||Li cell was observed, indicating that a 
dendrite-induced short circuit in the cell. Meanwhile, the critical current 
density of the Li||Li cells was also tested to access their electrochemical 
stability under high-current conduction (Fig. 3b). Notably, the Li|CPE1| 
Li cell exhibited a higher critical current density of 0.8 mA cm− 2 

compared to that of the Li|CPE0|Li (0.6 mA cm− 2). The improved 
interfacial stability between SN-based electrolytes and lithium metal in 
Li|CPE1|Li cell is attributed to the high ionic conductivity, Li+ trans
ference number and mechanical strength of the CPE1.

In addition, electrochemical impedance spectroscopy (EIS) was 
employed to quantitively access the interfacial compatibility between 
the electrolytes and lithium metal (Fig. 3c–d). EIS measurement was 
conducted on Li||Li cells with the CPE0 and CPE1 at the initial cycle and 
50 cycles. At the initial cycle, the interfacial resistance of the Li|CPE0|Li 
cell was 900 Ω, which was much higher than that of the Li|CPE1|Li cell 
(370 Ω). After 50 cycles, a much small impedance change can be 
observed in the Li|CPE1|Li cell, the values of impedance increased from 
370 to 435 Ω, suggesting a more stable interface inside the cell. In stark 
contrast, the impedance of the Li|CPE0|Li cell increased significantly, 
indicating that the severe side reactions between SN and lithium metal 
at the interface, resulting in uncontrolled solid electrolyte interface (SEI) 
growth and compromising interfacial kinetics (Fig. S4).

Fig. 4. (a) Rate performance of the solid-state Li||LFP cells at 30 ◦C. (b), (c) Typical charge-discharge profiles of the solid-state Li||LFP cells at various current 
densities. (d) Cycling performance of the solid-state Li||LFP cells at 30 ◦C. (e), (f) Typical charge-discharge profiles of the solid-state Li||LFP cells at different cycles. 
(g), (h) Nyquist plots of Li||LFP cells after 100 cycles.
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To unveil the reason for the improved interfacial stability between 
CPE1 and lithium metal, the chemical composition of the SEI layer was 
further investigated by X-ray photoelectron spectroscopy (XPS). There 
were two prominent peaks at 684.8 and 688.2 eV, corresponding to CF3 
and LiF peak, respectively, which originated from the decomposition of 
LiTFSI (Fig. 3e–f). Compared to the CPE0, the lithium metal surface in 
contact with the CPE1 showed a significantly higher LiF content after 
extensive plating-stripping, indicating that LiTFSI underwent more 
pronounced decomposition in the Li|CPE1|Li cell [17]. The LiF-rich SEI 
acted as an effective electronic insulator, inhibiting the parasitic reac
tion between Li metal and the electrolyte while facilitating uniform 
decomposition. Thus, the CPE1 is beneficial for smooth Li plating and 
stripping and inhibiting lithium dendrite growth.

3.4. Solid-state metallic lithium battery performance

The composite electrolytes demonstrated favorable ion transport 
kinetics and interfacial characteristic, suggesting strong potential for 
practical application in solid-state battery systems. To evaluate the po
tential utility of composite electrolyte at ambient temperature, all-solid- 
state lithium metal batteries were assembled with LiFePO4 (LFP) and 
high-voltage LiNi0.6Co0.2Mn0.2O2 (NCM622) cathodes. As shown in 
Fig. 4a, the Li|CPE1|LFP cell presented discharge capacities of 146.2, 
146.1, 144.9, 139.2, 128.1 and 99.6 mAh g− 1 at 0.1, 0.2, 0.3, 0.5, 1.0 
and 2.0 C, respectively. When the current density was restored to 0.2 C, 
the discharge capacity of the cell returned to 145.9 mAh g− 1, demon
strating the excellent reversibility and rate performance of the Li|CPE1| 
LFP cell. For the Li|CPE0|LFP cell, the discharge capacity was much 
lower than that of the Li|CPE1|LFP at different rates range from 0.1 to 
2.0 C. Notably, the cell only exhibited discharge capacity of 81.1 mAh 

g− 1at high rate of 2.0 C. Additionally, the Li|CPE1|LFP cell showed 
lower overpotentials as the current density increased (Fig. 4b –c).

The long-term cycling performance of the Li||LFP cells was shown in 
Fig. 4d. The Li|CPE1|LFP cell delivered an initial discharge capacity of 
145.8 mAh g− 1 after the first activation process. And the cell showed 
exceptional stability with minimal capacity degradation at 0.5 C over 
200 cycles with a capacity retention of 90 %. In comparison, following 
the first activation process, the Li|CPE0|LFP cell showed an initial 
discharge capacity of 137.1 mAh g− 1, and the cell suffered from rapid 
capacity decay to 0 mAh g− 1 within 110 cycles. In addition, with prolong 
cycling, the CPE1-based cells showed a small overpotential, especially 
after 50 cycles (Fig. 4e–f). And the Li|CPE1|LFP cell also displayed few 
changes of interfacial resistance during cycling process than that of the 
Li|CPE0|LFP cell (Fig. 4g–h). The excellent cycling stability can be 
attributed to high Li+ transference number due to the selective ab
sorption of the ZIF-67, facilitating the mobility of Li+ and uniform Li 
deposition. On the other hand, the LiF-rich SEI layer between electro
lytes and lithium metal also reduced the emergence of side reactions 
between SN and lithium metal, ensuring the long cycle stability of the 
solid-state LMBs (Fig. 5a).

To access the practical applicability of the battery system, the elec
trochemical performance of Li||LFP cells under low-temperature oper
ating conditions was investigated. As shown in Fig. 5b, the Li|CPE1|LFP 
cell delivered discharge capacities of 123.8 and 114.5 mAh g− 1 at 20 and 
10 ◦C, respectively. Upon cycling at 0 ◦C and subsequent temperature 
increase, the discharge capacity recovered to 113.7 and 123.3 mAh g− 1 

at 10 and 20 ◦C, demonstrating excellent capacity retention and tem
perature adaptability of the Li|CPE1|LFP cell. In contrast, the Li|CPE0| 
LFP cell showed poorer performance, exhibiting only 10 mAh g− 1 when 
the temperature returned to 10 ◦C. Although the CPE0-based cell 

Fig. 5. (a) Schematic illustration of the effect of the multifunctional skeletons on LMBs. (b) Rate performance of the solid-state Li||LFP cells at 0.3 C and low 
temperatures. (c) Cycling performance of the solid-state Li||LFP cells at 0.3 C and 10 ◦C. (d) Rate performance of the solid-state Li||NCM622 cells at 30 ◦C. (e) Cycling 
performance of the solid-state Li||NCM622 cells at 0.1 C and 30 ◦C.
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initially delivered a high discharge capacity of 125.3 mAh g− 1 at 10 ◦C, 
it showed poor cycling stability with Coulombic efficiency rapidly 
decaying to 50 % within just 20 cycles (Fig. 5c). However, the Li|CPE1| 
LFP cell displayed a steady cycling process for more than 100 cycles with 
a high-capacity retention of 99 %. The practical feasibility of composite 
electrolytes was systematically examined using Li||NCM622 cells with 
high mass loading of 10 mg cm− 2. The Li|CPE0|NCM622 cell showed 
rapid capacity decay at 0.2 C, resulting from the slow Li+ mobility and 
the serious side reaction between the electrolyte and lithium metal an
odes (Fig. 5d). In addition, the Li|CPE1|NCM622 cell exhibited superior 
long-term cycling performance, indicating excellent viability for high- 
voltage battery system (Fig. 5e). These results clearly illustrate the SN- 
based electrolytes with multifunctional skeletons showed great poten
tials for applicability in solid-state LMBs.

4. Conclusion

An ultrathin solid-state electrolyte membrane is constructed by 
filling SN-LiTFSI electrolyte into an ultrathin multifunctional functional 
skeleton via facile solution infusion method. The designed composite 
electrolyte shows a 10 μm-ultrathin thickness, remarkable mechanical 
strength with a tensile strength of 10 MPa. Importantly, it also exhibits 
superior electrochemical properties, including a high ionic conductivity 
of 3 × 10− 4 S cm− 1 and Li + transference number of 0.83 at room 
temperature. The detail analysis indicates that the in situ grown ZIF-67 
nanoparticles can selectively absorb TFSI– anions and facilitate the 
formation of LiF-rich SEI layer to mitigate the side reaction between SN 
and lithium metal. In virtue of these advantages, the composite 
electrolyte-based Li||LFP cell delivers superior long-cycling perfor
mance and rare capability at room temperature and 10 ◦C. This work 
develops a scalable fabrication method for ultrathin solid-state electro
lyte with ultrahigh Li+ transference number, addressing critical chal
lenges for the practical application of solid-state lithium metal batteries.
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