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1 Experimental Section (Detailed experimental procedure)

1.1 Materials

All chemicals were utilized directly as supplied, with no additional purification steps performed. Methyl methacrylate (MMA, >99.5%) and lithium bis(trifluoromethane)sulfonimide (LiTFSI, 99%) were procured from Shanghai Macklin Biochemical Technology Co., Ltd. 2,2′-azobis(2-methylpropionitrile) (AIBN, 99%), ethylene carbonate (EC, 99.95%), diethyl carbonate (DEC, 99.99%), ethyl methyl carbonate (EMC, 99.98%), and 1-methyl-2-pyrrolidinone (NMP, 99.9%) were supplied by Shanghai Aladdin Biochemical Technology Co., Ltd. 1,4-Butanediol diacrylate (BDDA, >99.7%) were purchased from Guangzhou Quanteng Chemicals Co., Ltd. Hexadecyl dimethyl allyl ammonium chloride (C16DMAAC, >99.7%) were purchased from Beijing AP Polymer Technology Co., Ltd. Celgard 2500 (25 μm, 55% porosity) were provided from DoDochem. LiNi0.83Co0.11Mn0.06O2 (NCM811), aluminum foil (18 μm, 99.3%) and copper foil (9μm, 99.3%) were supplied from Kejing Star Technology Corp. Super-P (99.9%), polyvinylidene difluoride (PVDF), Li foils (15.6 mm diameter disk, 99.95%) and lithium belt (50 μm) were purchased from Guangdong Canrd New Energy Technology Co., Ltd.

1.2 Preparation of gel polymer electrolytes and battery assembly

The GPEs were prepared by in-situ polymerization with the MMA monomers, C16DMAAC monomers, and BDDA cross-linking agent. During the sample preparation process, MMA, C16DMAAC, BDDA and AIBN with a total mass of 20 wt% (of which the addition amounts of BDDA and AIBN were fixed at 5 wt% and 1 wt% of the total polymer mass, while the addition amounts of C16DMAAC were 0 wt%, 2 wt%, and 5 wt% of the total polymer mass, respectively), 80 wt% liquid electrolyte (LE) were stirring 2 h as the precursor solutions with different addition amounts of C16DMAAC.After being placed at 70 °C for 6 h, the GPEs formed were recorded as, C16-free, 2% C16 and 5% C16, respectively. LE consists of 1.0 M LiTFSI in EC: DEC: EMC=1:1:1 vol%. 

During the assembly of coin cells, Celgard 2500 separators (thickness: 25 μm, diameter: 18 mm) were employed, and the precursor solution was injected into CR2025-type coin cells. Li||Li symmetric cells were fabricated by sandwiching lithium foils with GPEs containing 0%, 2%, or 5% C16 in CR2025 coin cells. The NCM811 cathode slurry was prepared by blending 80 wt% NCM811, 10 wt% PVDF as a binder, and 10 wt% Super P conductive carbon in NMP as the solvent. The mixture was homogenized using a planetary ball mill and subsequently coated onto aluminum foil using a doctor blade. The obtained electrodes were vacuum-dried at 100 °C for 12 hours and then punched into 14 mm diameter discs with an areal mass loading of 2.5 mg cm⁻². All coin cells underwent in situ polymerization at 70 °C for 6 hours and were assembled in an argon-filled glovebox with oxygen and moisture levels maintained below 0.01 ppm.

1.3 Characterizations of GPEs

The morphology and elemental distribution of the samples were examined using scanning electron microscopy (FE-SEM, Hitachi SU-8010) equipped with energy-dispersive X-ray spectroscopy (EDS, Brooker). Fourier transform infrared (FTIR, Thermo Fisher Nicolet iS20) spectra were recorded over the range of 400-4000 cm-1 to identify the functional groups present in the materials. Raman spectroscopy (HORIBA LabRAM HR) was conducted using a 532 nm excitation wavelength to analyze the solvation structures of the samples. The composition of the solid electrolyte interphase (SEI) formed on the lithium metal was investigated via X-ray photoelectron spectroscopy (XPS, Thermo Scientific ESCALAB Xi+). Young modulus of GPEs was carried out on Atomic Force Microscopy（MFP-3D Infinity, Asylum Research produced by Oxford, UK ). Before measurement, GPE was modified on the surface of lithium metal through in-situ thermal polymerization and then transfer to the holder for AFM measurement.

X-ray nano-CT images of electrode were collected on 4W1A beamline in BSRF with the energy of 8 keV. The micro-CT has a resolution mode with a voxel size of 64 nm within a 65 µm field of view. Zernike phasecontrast mode was used for imaging. For each sample, a small area of the CCL was cut and fixed on the top of a needle. The structural information provided here are the pore volume distribution.

1.4 Electrochemical tests of GPEs
Electrochemical impedance spectroscopy (EIS) measurements were carried out on a electrochemical workstation (Princeton VersaSTAT4) with a amplitude of 10 mV, frequency range of 2 MHz to 0.5 Hz, using stainless steel (SS) symmetric cells. The ionic conductivity was calculated using Equation (1):
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where L (cm) is the thickness of the electrolyte membrane, R (Ω) is the resistance measured by EIS, and A (cm2) is the effective contact area between the electrolyte membrane and the SS electrode. Activation energy (Ea) for ionic conduction in electrolytes is calculated based on Equation (2):
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where σT is the ionic conductivity at different temperature, R is the gas constant, T represents temperature, and A corresponds to the pre-exponential factor.

Floating charge measurements were carried out using Li||GPEs||NCM811 coin cells. The cells were initially charged to 4.3 V at a rate of 0.1 C, followed by stepwise constant voltage charging at 4.3 V, 4.4 V, 4.5 V, 4.6 V, 4.7 V, 4.8 V, 4.9 V, 5.0 V, 5.1 V, 5.2 V, 5.3 V, 5.4 V, and 5.5 V, each for 5 hours.

To determine the electrochemical stability window of the GPEs, linear sweep voltammetry (LSV) was performed on Li||GPEs||SS cells at a scan rate of 1 mV s-1 over a voltage range of 2 to 6 V. The Li+ transference number (tLi⁺) at room temperature was evaluated using a combination of direct-current (DC) polarization and electrochemical impedance spectroscopy (EIS), and calculated according to Equation (3):
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where I0 is the initial current, ISS is the steady-state current, ΔV is the polarization voltage of 10 mV, R0 corresponds to the initial interfacial resistance and RSS represents the steady-state interfacial resistance. All the above electrochemical investigations were carried out on the VersaStudio electrochemical workstation.

Li plating/stripping experiments were measured in form of Li||Li symmetric cells under specific cycling conditions (0.5 mA cm−2@0.5 mAh cm−2). Li||GPEs||NCM811 cells were charged and discharged between 2.7−4.3 V. The rate capability (from 0.1 C to 5 C) of the Li||GPEs||NCM811 cell and long-term cycling performance at 0.5 C were also performed (NCM811, 1 C = 200 mA g−1). All the cells were measured at 25 °C using a Land battery testing system.

2  Supporting image
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Fig. S1. The schematic diagram of the synthesis process
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Fig. S2. FT-IR spectra of different electrolytes.
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Fig. S3. TGA curves of different electrolytes.
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Fig. S4. Conventional GPE without C16DMAAC
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Fig. S5. Nyquist plots a) and b) ionic conductivities of 5% C16, 2% C16 and C16-free gel electrolytes at 25℃.

[image: image10.png]&

Current (mA)
s s o o
- [} w -

e
=

0.5
Li|[NCM811 coin cell @ 25°C Li|[NCMS811 coin cell @ 25°C

0.4
g 03

s
$0.2

£

=

&)
0.1

43V =55V
C,¢free 00
10 20 30 40 50 60

Time (h)





Fig. S6. Current dependent curves of a) Li||0% C16-GPE||NCM811 and b) Li||5% C16-GPE||NCM811 cells under different voltages.
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Fig. S7. Polarization curves and the Nyquist plots before and after polarization of a) Li||0% C16-GPE ||Li and, b) Li||5% C16-GPE ||Li.
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Fig. S8.  Comparison of Li+ conductivity, Li+ transferance number and electrochemical stable window. 
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Fig. S9. Cycling performance of Li symmetric cells with different GPEs at 0.5 mA cm−2@0.5 mAh cm−2.a) C16-free. b)2% C16. c) 5% C16.
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Fig. S10. SEM images of the lithium metal surface after prolonged contact with the electrolyte: a) C16-free, b) 5% C16.
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Fig. S11. A comparative analysis of the C 1s XPS spectra obtained from the lithium metal surfaces after the reaction.
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Fig. S12. SEM images of the SEI layer on the cycled lithium metal surface: a) C16-free, b) 2% C16, and c) 5% C16.
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Fig. S13. Cycling performance charge/discharge curves of Li||NCM811 coin cells with 2% C16-GPE.
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Fig. S14. Cycling performance of the full cell under 5C.
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Fig. S15. The charge-discharge profile of the lithium-rich cathode-based cell, with a voltage limit of a) 4.6 V. b) 4.9V.
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Fig. S16. The EIS comparison result under the different charge and discharge conditions.
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Fig. S17. The results of post-cycling SEM characterization and EDS carbon distribution on the lithium surface after cycling. a) C16-free. b)2% C16.
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Fig. S18. XPS spectra of the Cl 2p region on the surface of the cycled lithium metal anode using the 2% C16-GPE electrolyte.
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Fig. S19. a) C 1s, b) F 1s and c) O 1s depth profile XPS spectra of cycled Li electrodes in NCM811//Li cells using 5% C16-GPE.
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