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Fig. S1 TEM images of MMT 
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Fig. S2 HADDF-STEM images of MMT 

 

 

Fig. S3 The cross-linking process of gel polymer (a) with schematic diagram (b). The digital 

photo of liquid precursor(left) and gel polymer(right) (c). Comparison of digital photos of gel 

polymer before and after adding crosslinking agent (d) 

 

  

Fig. S4 Variation of storage modulus (G’) and loss modulus (G’’) with polymerization time 
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Fig. S5 1H NMR spectra of monomers and polymer. (a) Before polymerization, (b) After 

polymerization 

 

Fig. S6 The Fourier transform infrared (FT-IR) transmittance spectra of CMP before (top) and 

after (bottom) UV curing 

b 

a 
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The change in the Fourier transform infrared (FTIR) transmittance spectra before and after 

polymerization correspond the shift of –CH3 vibration peak (from 1400 cm−1 to 1388 cm−1).  

 
Fig. S7 C 1s X-ray photoelectron spectroscopy (XPS) spectrum of CMP after UV. The 

absence of the C=C peak after curing indicates successful polymerization 

 

The disappear of C=C peak in the C 1s X-ray photoelectron spectroscopy (XPS) spectra of 

CMP indicates the progress of the polymerization.  

 

 

Fig. S8 DSC curves of CMP/VAMMT and pure CMP 

 
Fig. S9 the internal sectional images of VAMMT in the X-Y plane (a) and X-Z plane (b) 

exhibit vertical array-like structure of VAMMT 
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Fig. S10 Digital image of small-size VAMMT (a) with an optical image (b) and small-size 

CMP/VAMMT (c) with a demonstration of the flexibility (d) 

 

Fig. S11 TGA curves of CMP/VAMMT and pure CMP 

 

Fig. S12 Changes in the quality of different GPEs over time in an oven at 80°C (a). Content of 

liquid electrolyte in different GPEs (b) 
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Fig. S13 Current variation with time during polarization of Li/CMP/MMT/Li (a) with the 

initial and steady-state AC impedance (b) and Li/Pure CMP/Li (c) with the initial and steady-

state AC impedance of the cell (d) 

 

Fig. S14 Critical current density tests on CMP/VAMMT and Pure CMP in symmetric cell, each 

cell was cycled three times at specific current density (a). Long-term cycling of symmetrical 

Li//Li cells with CMP/VAMMT and pure CMP at 0.2 mA cm-2, the lithium plating capacity is 

0.2 mAh cm−2 per cycle (b). The cycle performance of Li/CMP/VAMMT/Li at critical current 

density (0.25 mA cm-2, 0.25 mAh cm-2) (c) 
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Fig. S15 The EIS Nyquist plots of Li/GPE/Li symmetrical cells 

 
Fig. S16 Optical photo of Pure CMP with Li anode (a) and CMP/VAMMT membrane (b) in 

symmetrical Li cells after the 20th cycle (corresponding to Fig. 4g-h) 

 

The images show that pure CMP electrolyte has poor mechanical strength and cannot be 

removed from the cell. CMP/VAMMT, on the other hand, has good mechanical strength. It is 

also clear that CMP/VAMMT has smooth surface with no obvious dendrite or cracks, which 

can be attributed to the uniform distribution of Li-ion on the surface of the Li anode. 
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Fig. S17 The 6Li SSNMR spectra of CMP/VAMMT before and after cycling in the 7Li‖Cu 

cell 

 

Fig. S18 Li 1S X-ray photoelectron spectroscopy (XPS) spectra of CMP and CMP/VAMMT 

before (a) and after (b) cycling 

 

In order to investigate the interaction between Li-ions and the surface of MMT, we tested CMP 

and CMP/VAMMT before and after cycling. However, the signal is very weak since a trace 
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amount of lithium is on the surface of the gel electrolyte, and the challenge to excite light 

elements by ordinary x-rays. Only one broad peak appears in the XPS spectra of CMP before 

cycling, while three different peaks appear in the XPS spectra of CMP/VAMMT. This result 

shows that VAMMT does have an unknown effect on Li-ions in the gel electrolyte. Therefore, 

we prepared Li-MMT according to the literature to further determine what the peaks represent. 

The XPS spectra of Li-MMT is illustrated in Supplementary Fig. 16(b). The results obtained in 

this way are inaccurate because XPS can only get information on the sample's surface. However, 

combined with 6Li solid-state NMR results, we can conclude that Li-ions interact with VAMMT 

in the CMP/VAMMT. 

 
Fig. S19 Schematic diagram of the full cell assembly process (a) and digital photos of the 

LFP cell with CMP/VAMMT (b) 

 

Gel electrolytes have certain advantages in terms of their preparation compared with all solid-

state electrolytes; especially in-situ polymerization can be used in the preparation method. In-

situ polymerization includes UV initiation, thermal initiation, or non-covalent cross-linking, 

thus avoiding the use of large amounts of solvent and reducing pollution to the environment. 

Moreover, Interface problems like electrode-electrolyte interface and framework-electrolyte 

interface can be effectively solved. However, complex interface problems often mask the 

material's advantages, which is an important reason we use gel electrolytes to study vertical-

aligned materials in the lithium metal battery. 

 
Fig. S20 Rate performance of Li/CMP/VAMMT/LFP at 0 °C 
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Fig. S21 Long cycle performance of CMP/VAMMT at 0.1 C, 0°C in the Li/LFP cells 

 

Fig. S22 Long cycle performance of CMP/VAMMT and pure CMP at 0.3 C, 30°C (a); 1 C, 

30°C (b) in the Li/LFP cells 
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Fig. S23 Long cycle performance of CMP/VAMMT at 2 C, 30°C in the Li/LFP cells 

 

Fig. S24 EIS curve of LFP/CMP/VAMMT/Li and LFP/pure CMP/Li cells after 50 cycles at 

0.5 C, 30°C 

 

Fig. S25 Corresponding voltage profile of Li/CMP/VAMMT/NCM523 cell at the 1, 10, 20, 

40 cycles 
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Fig. S26 Corresponding voltage profile of Li/CMP/VAMMT/S cell at the 1, 10, 30, 50 cycles 

 
Fig. S27 Digital photo of larger size VAMMT (above) and Li//LFP pouch cell with 

CMP/VAMMT (bottom) (a). Cycle performance of LFP/CMP/VAMMT/Li pouch cell at 0.2 C, 

30°C (b). optical images of folding and cutting test of pouch-type LFP/CMP/VAMMT/Li cell 

(c) 

 

Fig. S28 Capacity performance of the CMP/VAMMT operating at low temperature compared 

with other gel electrolytes reported in the literature 
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Table S1 Comparison of the comprehensive performance of pure CMP, CMP/VAMMT and 

solid polymer electrolyte (SPE) in the literature 

 Pure CMP CMP/VAMMT SPE [S1] 

Conductivity (RT) Good Very good Medium 

Mechanical strength Medium Good Very good 

Safety Medium Good Very good 

Operating temperature 

(lower limit) 
Good Very good Medium 

Stability against Li metal Medium Very good Very good 

Transference number Good Very good Medium 

Table S2 Comparison of cycling performance of full cell with different gel electrolyte at 

different temperatures in the Fig. S28 

Electrolyte 

Cycling 

temperature 

(°C) 

Cathode 
Test 

rate (C) 

Average discharge 

capacity (mAh g-1) 
Refs. 

This work 0 LiFePO4 0.2 ~115  

P(VDF-HFP)+ZnS-NHIF/1.0 M 

LiTFSI/EC+DMC (1:1, vol%) 
25 LiFePO4 0.1 ~150 [S2] 

P(VDF-HFP)+P(ETPTA)/3 M 

LiFSI/SN 
25 LiFePO4 1 ~129 [S3] 

hBN/1.0 M LiTFSI/EMIM-

TFSI 
175 LiFePO4 10 ~140 [S4] 

BC+LLTO NWs/1.0 M LiPF6/ 

EC+DMC (1:1, vol%) 
RT LiFePO4 0.2 ~145 [S5] 

P(EPTPA-co- 

PEGDA)/LiTFSI+LiPF6 (1:1, 

molar ratio)/ EC+DMC+DEC 

(1:1:1, vol%) 

20 LiFePO4 0.5 ~116 [S6] 

P(MPC-co-SBVI)/1.0 M 

LiTFSI/BMP-TFSI 
RT NCM523 1 ~76 [S7] 

PDMA-silica/2.75 M 

LiTFSI/G4 
55 LiFePO4 1 ~138 [S8] 

P(VDF-HFP)+LLZO-

Ga/LiFSI/TEP+FEC (7:3, vol%) 
20 NCM523 0.5 ~100 [S9] 

10 wt% PBDT/10 wt% 

LiTFSI/80 wt% Pyr14TFSI 
150 LiFePO4 1 ~140 [S10] 

PVDF/LiBOB+LiTFSI (3:2, 

molar ratio)/EC+FEC+PC 

(49:49:2, vol%) 

70 LiFePO4 1 ~152 [S11] 

P(VDF-

HFP)+P(ETPTA)+MMT/1.0 M 

LiPF6/EC+DEC (1:1, vol%) 

25 LiCoO2 0.5 ~135 [S12] 

P(DOL)/2.0 M LiTFSI RT LiFePO4 1 ~90 [S13] 
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