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1. Experimental

1.1 Materials

Lithium hydroxide, 5-aminosalicylic acid, boric acid, and poly(ethylene glycol)
diglycidyl ether (PEGDE) were purchased from Aladdin Industrial Co., Ltd. (Shanghai,
China). Gamma-butyrolactone (GBL) was purchased from Macklin Reagent (Shanghai,
China). Cellulose membrane (NKK TF4030) was purchased from Canrd New Energy
Technology Co., Ltd. (Dongguan, China). LiFePOas, acetylene black, and Poly
(vinylidene fluoride) (PVDF) were obtained from Shenzhen Kejing Star Technology
Co., Ltd. (Shenzhen, China). All the materials were used directly without further
purification.
1.2 Preparation of LiB5AB and SIGPES@NKK

lithium bis (5-Aminosalicylic acid) borate (LiB5AB) was synthesized according
to the procedure described in Figure S1. 0.39 g of Lithium hydroxide (16.5 mmol), 5.00
g of 5-aminosalicylic acid (33 mmol), and 1.01 g of boric acid (16.5 mmol) were added
to acetonitrile and heated at 80 °C. A light brown solid powder was collected by
filtration. The *H, 1'B NMR, and mass spectra of LiB5AB are shown in Figure S2.

The SIGPEo3:@NKK was prepared by in-situ polymerization of precursor solution
composed of crosslink node LiB5AB (0.64 g, 2 mmol), linker PEGDE (1.424 g, 0.712
mmol), and solvent GBL. LIB5AB and PEGDE were dissolved in GBL with constant
stirring until completely dissolved. To investigate the effect of different epoxy: amine
molar ratios on the polymer structure, the proportions of LiB5AB, PEGDE, and GBL

were systematically varied. All processes of electrolyte preparation were conducted in



an Ar-filled glove box (LS-750s, Chengdu Dellix Industry Co. Ltd., [O2] < 0.1 ppm,
[H20] < 0.1 ppm). After the injection of the precursor solution, the battery was heated
at 80 ‘Cfor 2 h.
1.3 Characterization

The polymerization process of epoxy groups and amino groups was carried out
using TA Q200 DSC at a heating rate of 3 °C min under nitrogen. Fourier transform
infrared spectroscopy (FT-IR) was recorded with Nicolet 6700 spectrometer. The
surface morphology of NKK, SIGPEqo3@NKK, and Li anode was characterized by
scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDX)
(Phenom proX). The composition of the cycled lithium surface was conducted by X-
ray photoelectron spectra (XPS, Kratos Axis Ultra) with a standard Al Ka X-ray source.
Mechanical properties were carried out from stress-strain tests by INSTRON F563-44
using a dumbbell shape of 20 mm (long) x 4 mm (width) x 120 um (thickness) at a
speed of 5mm mint. A NETZSCH 209 F1 instrument was used to investigate the
thermogravimetric analysis (TGA) of polymer electrolytes at a heating rate of 10 °C
mint under nitrogen.
1.4 Electrochemical characterizations

The electrochemical impedance spectrum of batteries with SIGPES@NKK was
measured by an electrochemical workstation (CHI600E) in the frequency range of 1 Hz

to 10° Hz, and the ionic conductivity was calculated by the following equation:

0=— (3)



[ is the thickness of the polymer electrolyte, R is the bulk resistance recorded by
electrochemical impedance spectroscopy (EIS), and S is the area of the stainless steel
sheets.

The activation energy (Ea) for Li* transport was obtained from the Arrhenius
equation:

Ea = RTIn (4)
(0]

Where R is the molar gas constant (8.314 J mol? K1), T is the temperature of
operation, A is the pre-exponential factor, and o is the ionic conductivity.

The electrochemical stability window was examined by linear sweep voltammetry
(LSV) using Li||SS cells at a scan rate of 1 mV s between 0-6 V. The reversibility of
Li stripping/plating was carried out by cyclic voltammetry (CV) using a Li|
SIGPE0.3@NKK |LiFePOs cell in the voltage range of 2.5-4.2 V at a scanning rate of
1 mV s The compatibility of SIGPEcs@NKK with a Li anode was using a
galvanostatic cycling measurement with a Li|SIGPEo3:@NKK]|Li symmetric cell under
different current densities, and each charge/discharge cycle lasts for 1 h.

The lithium-ion transference number (tLi+) was measured by the combination of
electrochemical impedance spectroscopy and chronoamperometry method on
Li|SIGPEO0.3@NKK]Li symmetric cell, and the ti+ can be obtained from the following

equation :

o Iss(av — IoRo)
M T 10 (AV = IgsRss)

(5)
Where the lo and Iss represent the current of Li|[SIGPEO.3@NKKILi cell at initial

state and steady-state, respectively. Ro and Rss are the resistance of



Li|SIGPEO.3@NKK]|Li cell before and after the polarization process, respectively, and
the applied polarization (47) was 10 mV.

The molecular dynamics were performed using the software package GROMACS
(version 2021.3) [1-4]. The molecules were optimized in ORCA in B97-3C level first.
The system was constructed by packmol [5], and concomprised specific molecules in a
cubic box with the edge size of 5 nm. The atomic interactions were parameterized by
the optimized potentials for liquid simulations all-atom (OPLS-AA) force field [6][6],
and RESP2 charge obtained from Multiwfn [7] was applied in the calculations. After
the energy minimization, the systems were pre-balanced in NPT ensemble with
Berendsen method for 1 ns. Then, the production run was carried out in the NPT
ensemble at 300 K with the time step of 1 fs. The temperature of the system was
controlled by a V-rescale thermostat ( = T=1 ps), and the Parrinello-Rahman . pressure
coupling (= p=2 ps) was used to control the pressure. After 20 ns of simulation, the
RDF of the particles were analyzed by the toolkits of GROMACS.

Density functional theory (DFT) calculations for Li*-Opolymer and Li*-OggL Were
obtained from the the ORCA (version 5.0.4) software package [8, 9]. Geometry
optimizations and single-point energy calculations were performed using RI-B3LYP-
D3(BJ) function with def2-TZVP basis set. To account for dispersion interactions, the
DFT-D3 correlation correction was included in the calculations. This correction
accounts for the long-range dispersion forces that are not adequately captured by
standard DFT functionals. The D3 correction was applied with the Becke-Johnson

damping scheme. The counterpoise method is used to correct the basis set superposition



error (BSSE) in quantum chemistry calculations. BSSE arises when the basis set of one
molecule overlaps with the basis set of another, leading to an overestimation of the
interaction energy between them. The binding energy AEwing IS defined as the following
equation:

AEping = E(AB) — E(A) — E(B) + Epssg (6)

Where the AEbing Was the binding energy of A and B. E,,z was the total energy
of A combined with B. E, and Eg were independent energies of A and B, Egssp
was the energy of basis set superposition error, respectively.

The LiFePO4 cathode was made up of LiFePO4 (80 wt%), Super P (10 wt%), and
PVDF (10 wt%) on an aluminum collector, and the active material weight of this
cathode is 1.6 mg cm™2. The rate capability and cycle life of Li| SIGPEqs@NKK
ILiFePO4 cell were performed on the battery testing system (Shenzhen Neware
Electronics Co., Ltd), and the voltage ranges of 2.5~4.2 V. A LiFePOs| SIGPE;s@NKK
ILi pouch cell was assembled by a commercial LiFePO4 cathode (3.5x4.5 cm?),

SIGPEs@NKK (4.0x5.0 cm?) and Li foil (3.5x4.5 cm?).
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Figure S1. Synthesis routes of lithium bis (5-Aminosalicylic acid) borate (LiB5AB)
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Figure S2. (a) 'H NMR and (b) !B NMR spectra of LiB5AB. (c) Mass spectrum of

LiB5AB.



Table S1. Physical properties of some organic solvents commonly used in rechargeable

lithium-ion batteries.

Melting Boiling Dielectric Viscosity at
point (°C) point (°C) permittivity 25 °C (mPa S)

DMC 24 90 3.1 0.58
DEC -43 125 2.9 0.75
EMC -55 108 2.8 24

EC 36.4 248 89.6 1.9 (40°C)
PC -48.8 242 66 2.5
GBL -43.5 205 39 1.73

We selected GBL as the solvent for several reasons: Firstly, the solvents help solvate
Li* ions and facilitate their transportation. Therefore, it is required that the solvents
have a high dielectric permittivity but a low viscosity. The lithium salt (LIB5AB)
exhibits strong polarity, which results in low solubility in typical linear carbonate
solvents like dimethyl carbonate (DMC), diethyl carbonate (DEC), and ethyl methyl
carbonate (EMC) due to their low dielectric permittivity (Table S1). Among cyclic
carbonate solvents, ethylene carbonate (EC) is solid at room temperature and propylene
carbonate (PC) has high viscosity, both of which hinder efficient ion conduction at room
temperature.In contrast, GBL offers a wide liquid range, lower viscosity, and excellent
solubility for LiB5AB, which are beneficial for facilitating ion mobility. Based on these

considerations, we chose GBL as a solvent for our study.
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Figure S3. DSC curves of the precursor with different epoxy: amine ratios. Tico and
Ticmax represent the onset temperature and the temperature of the peak maximum of
crosslinking of primary amines and epoxy groups, respectively. Taco and Tacmax
represent the onset temperature and the temperature of the peak maximum of
crosslinking of secondary amines and epoxy groups. Tm represents the melting
temperature of the linear polymer.

During the heating process, it can be observed that the precursor with an epoxy:
amine ratio of 2:1 exhibits two exothermic peaks, corresponding to the reactions of
primary amine with epoxy groups, and the subsequent reaction of secondary amine with
epoxy groups to form crosslinked polymers. On the other hand, the precursor with an
epoxy: amine ratio of 1:1 only shows one exothermic peak during the heating process,
corresponding to the crosslinking of primary amine and epoxy groups. At higher

temperatures, an endothermic peak appears, corresponding to the melting of the

previously formed polymer. These results indicate that the precursor with an epoxy:



amine ratio of 1:1 generates linear polymers, while the precursor with an epoxy: amine

ratio of 2:1 generates crosslinked polymers.



Table S2. DSC data of the precursor with different epoxy: amine ratios.

epoxy:amine

primary amine

secondary amine

T1c0 (°C)

59

59

Tlcmax (OC)

104

104

Taco (OC) Tacmax (OC)

168 190
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Figure S4. According to the DSC results, it is inferred that different products are

obtained from the preparation of precursors with different epoxy: amine ratios.
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Figure S5. FT-IR spectra of LIB5AB, PEGDE, and SIGPE.
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Figure S6. SEM image of the NKK membrane.
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Figure S7. SEM image of the SIGPE@NKK membrane.
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Figure S8. Photographs of the SIGPE@NKK in fold, scrunch, and spread states.



Table S3. Polymerization conditions of SIGPEs prepared with different concentrations
of precursors, and the state of precursors before and after polymerization. (According
to the concentration of precursor solution, those SIGPEs were denoted as SIGPEj s,

SIGPE;.0, SIGPEo.75, SIGPEo s, and SIGPEo 3, respectively)

SIGPE:s  SIGPEiy  SIGPEos SIGPEos SIGPEos
Cissas)/
R 15 1.0 0.75 05 03
mol-L?
Ne-aLs)/ mmol 15
V(esLy/ mL 1.0 15 2.0 3.0 5.0

polymerization
60°C., 2h 60°C, 2h 80°C, 2h 80°C. 2h 80°C, 2h

condition
LiB5AB
Before does not p /-
polymerization dissolve b ’
completely

After A, Ty Ay 2D
polymerization
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Figure S9. Nyquist plots of the symmetric cells with SIGPE10@NKK,

SIGPEo.7s@NKK, SIGPEos@NKK, and SIGPEq3s@NKK.
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Figure S10. The EIS spectra of SIGPEq:@NKK at different temperatures.



Table S4. The ionic conductivity and respective parameters of SIGPEq3@NKK at

various temperatures.

Temperature (T)

25°C 35°C 45 °C 55°C 65 °C 75°C 85°C

1000/T 3.35 3.24 3.14 3.04 2.95 2.87 2.79

Log(c) -4.44 -4.38 -4.26 -4.16 -4.07 -3.99 -3.93
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Figure S11. FT-IR spectra of SIGPEo3;@NKK, SIGPEp3, and NKK cellulose

membrane.
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Figure S12. DSC cruves of SIGPEo3@NKK, SIGPEo 3, and NKK cellulose membrane.
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Figure S13. Strain and stress curves of NKK and SIGPEq:@NKK.
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Figure S14. CV cruves of LE@NKK and SIGPEq:@NKK.
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Figure S15. DTG cruves of SIGPEq3s@NKK, SIGPEg 3, and NKK cellulose membrane.



Table S5. The TGA data of SIGPEy3@NKK, SIGPEg3, and NKK cellulose membrane.

o (0 o Vmax WtR7OO
Sample  Tsx(°C) Tmax (°C) (Wt.%/min) (Wt.%)
SIGPEos 248 298.6 -5.12 13.2
SIGPEos@
P 264 384.1 -5.33 24.8
NKK 286 347.7 -28.7 6.78
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Figure S16. Charge-discharge curves of LiFePO4|LE@NKK |Li pouch cell at 0.2 C.



Table S6. Comparison with the latest state-of-the-art LMBs fabricated by SIGPEs.

Cycles; capacity

SIGP Years; Polymer Y - Cathode (mAh g): capacit
Es? Journal matrix Secm?d) " JAnode g°); capacty
retention
2023; ACS Sugar-Derived
[10] 3.71x 10° 0.90 NAS® NA
Energy Lett. Polyethers
Poly(methoxy-
polyethylene
2022; J. glycol acrylate- LFP/Li
[11]  Electrochem. lithiated 2- 1.7x10° 0.76 100; 129; 85%
Soc. acrylamido-2- 0.20)
methylpropane
sulfonic acid)
2021;
[12] Macromolecu Ethylene glycol 2.5 x 104  0.93 NA NA
les
LFP/Li
2020; ACS  Poly(tetrahydro
[13] 25x10% 0.84 15; 121; 100%
Mater. Lett. furan)-based
0.10)
Lithium
tetrakis(4-
2020: (chloromethyl)- LFP/Li
[14] ' 2.3.5.6tetrafluo 1.5x10%  0.95 100; 102; 84%
Adv. Mater.
rophenyl)borate (0.5C)
with cis-2-
butene-1,4-diol
. LFP/Li
2020; Solid
[15] i PVDF-HFP 3.4x10°% 097 100; 152.8; 97%
State lonics
(0.20C)
2020: P(MPEGA- LFP/Li
[16] Pol mér AMPSLI) and 2.8x 10° 0.75 100; 145.5; 94%
Y PVDF-HFP (0.2C)
LFP/Li
2019; .
cross-linked 1.34x 10°
[17] Chemelectroc . 0.77 (0.2C, 100; 126; 90.4%
hem PAMPS-LI (60 °C)

60 °C)
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[19]

[20]
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[22]
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[24]

[25]

This
work

2022; Chem.
Eng. J.

2020; Chem.
Eng. J.
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Sci.

2023; Small

2024; Adv.
Mater.

2024; J.
Mater. Chem.
A

2022; Adv.
Energy Mater.

2024, J.
Mater. Chem.
A

2024

poly(ethylene
glycol)
diacrylate and
PVDF-HFP

PEGDA

Poly(vinylidene
fluoride-co-
hexafluoroprop
ylene)
Poly(vinylidene
fluoride-co-
hexafluoroprop
ylene)

Lignin-based
lithium salt

Poly(vinylidene
fluoride-co-
hexafluoroprop
ylene)

Tetraethylene
glycol

Lithium 3-
chloropropanes
ulfonyl
(trifluorometha
nesulfonyl)
imide

Polyethylene
glycol (PEG)

1.03x 103

2.74 x 10°

8.15x 10°

5.0 x 10*

1.3 x 10*

1.4 x10°
(20 °C)
1.3x 10*
(90 °C)

3.53x 10+

1.4 x 10*

1.4 x 10*

0.65

0.622

0.87

0.93
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0.85
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Figure S17. The SEM images of lithium metal anodes after cycling test.

The SEM images of cycled SIGPEo3s@NKK show an intact surface morphology,
and the SIGPEo s tightly encapsulates the NKK fibers, indicating that the crosslinked
network of SIGPEq3s@NKK is stable towards lithium metal after cycling. Those results
reflect that the 3D crosslinked network structure leads to a uniform Li deposition and

inhibits dendritic Li growth.
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Figure S18. Charge/discharge curves of LiFePO4|SIGPEq:@NKK |Li pouch cell at 0.2

C (a) 1-10 cycles, (b) 10-60 cycles.

In the first 10 cycles, the polarization voltage decreases with the number of cycles,

suggesting a reduction of the interfacial impedance; after the 10" cycle, the polarization

voltage tends to stabilize. This is because the pouch battery is self-made with

insufficient vacuum sealing, resulting in poor interfacial contact and high interfacial

contact impedance at the early period. With repeated charging and discharging, the

volume of the electrode changes and the effective contact area between the electrolyte

and the electrode gradually increases, leading to a decrease in the interfacial contact

impedance and an increase in capacity.
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