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Synthesis of Sultine [1]
Sodium hydroxymethanesulfinate dihydrate (29.2 g, 247.3 mmol) and 

tetrabutylammonium bromide (12.21 g, 37.9 mmol) were added to DMF (100 mL) 

solution of 1,2-bis(bromomethyl)benzene (10 g, 37.9 mmol). The mixture was stirred 

at 0 °C under Ar for 2 h, and then, water (200 mL) was added. After removal of solid 

by filtration, the filtrate was extracted with ether, dried with anhydrous magnesium 

sulfate, and removal of solvent. The crude product was purified by a silica gel column 

chromatography. Elution of the column with 14% EtOAc–petroleum ether gave the oil 

product. 1H NMR (500 MHz, CDCl3): δ (ppm) 7.19-7.42 (m, 4H), 5.31 (d, 1H), 4.97 

(d, 1H), 4.42 (d, 1H), 3.55 (d, 1H).13C NMR (500 MHz, CDCl3): δ (ppm) 56.9, 63.0, 

125.7, 126.2, 127.8, 129.6, 133.7.

Synthesis of S-containing polymer (SCP)

Sultine (0.4 g) was added to a 50 mL Schlenk flask under inert atmosphere, and heated 

to 80 °C for 15 h. Afterwards, sublimed sulfur (1 g) was added to the flask under inert 

atmosphere. The mixture was further stirred for 1 h at 180 °C, the black product was 

taken out until cooling to room temperature. Then, the SCP was obtained by washing 

the black product three times with CS2.

Preparation of PEO-based composite polymer electrolytes

Under Ar atmosphere, the SCP was added into 25 mL anhydrous acetonitrile and stirred 
for 2 h. Then, PEO (1 g, MW = 600000 g mol–1) and LiTFSI (326 mg) was added into 
the above solution and stirred for 12 h. The resulting solution was poured onto a 
polytetrafluoroethylene plate, followed by drying under vacuum for 12 h at 50 ℃. In 
addition, PEO and LiTFSI need to be dried in vacuum before using.

Preparation of cathode electrode

The LiFePO4 and LiNi0.8Mn0.1Co0.1O2 cathodes were prepared by mixing LiFePO4/ 

LiNi0.8Mn0.1Co0.1O2, super-P, PVDF in NMP with a weight ratio of 80: 10: 10. The 

slurry was coated to Al foil and dried at 80 °C under vacuum. The loading of the active 

material is ~1 mg cm–2.



Materials Characterization

X-ray diffraction (XRD) analysis was conducted with an X-ray diffractometer using Cu 

Kα radiation (λ= 0.154056nm). The data were recorded in the range of 5-80o with 

6o/min. SEM images were acquired by scanning electron microscope (SEM, FEI Nova 

NanoSEM 450, 15 kV). The X-ray photoelectron spectroscopy (XPS) analysis was 

performed using a Kratos Axis UltraDLD spectrometer (AXIS ULTRA DLD, Kratos 

Analytical Ltd., UK) with monochromatic Al Ka source (1486.6 eV). TGA was 

performed with a Discovery TGA550 thermobalance a heating rate of 20 °C min−1 

under N2 atmosphere. Differential scanning calorimetry (DSC) was carried out in the 

Q2000 (TA instruments) from -80 °C to 150 °C with a heating rate of 10 °C min−1. 

Fourier transform infrared (FTIR) spectroscopy was measured on Spectrum 100 (Perkin 

Elmer) by preparing KBr pellets. Raman spectra were obtained using DXR Raman 

Spectrometer (ThermoFisher) equipped with a 532 nm wavelength laser. Gel 

permeation chromatography (GPC) was performed on HLC-8320GPC with THF as an 

eluent. The 1H NMR and 13C NMR spectroscopies were conducted on a Bruker 600 

MHz spectrometer at room temperature. Solid-state magic–angle–spinning 13C NMR 

experiments were performed on a Bruker AVANCE III 600 WB spectrometer with the 

operating frequency of 150.12 MHz. Solid–state magic–angle–spinning (MAS) 7Li 

NMR measurements are recorded on a Bruker Avance NEO 600 MHz NMR 

spectrometer at 14.09 T with the operating frequency of 233.2 MHz (7Li). 7Li NMR 

spectra are acquired using a 3.2 mm DVT HXY MAS NMR probe. 7Li chemical shift 

is referenced to solid LiCl at −1.1 ppm.

Electrochemical measurements

The Li+ ionic conductivity was measured by electrochemical impedance spectroscopy 

(EIS) with stainless steel (SS) as electrodes in the range of 105–0.01 Hz. 

The ionic conductivity was obtained using the following equation (1): 

 (1)
=

𝐿
𝑅𝑏𝑆

where L is the thickness of the electrolyte membrane, R is the bulk resistance and S is 



the contact area of the electrode and electrolyte.

The electrochemical stability window of the electrolytes was evaluated via linear sweep 

voltammetry (LSV) in the potential range from 2.5 to 5.5 V at a scanning rate of 1 mV 

s–1 with a stainless steel as working electrode and Li metal as a reference and counter 

electrode.

The Li+ transference number (t+) of electrolyte was measured in symmetric Li|Li cell 

with DC polarization of 10 mV. The t+ was then calculated using equation (2):

   (2)
𝑡
𝐿𝑖+

=
𝐼𝑆𝑆(∆𝑉 ‒ 𝐼0𝑅0)
𝐼0(∆𝑉 ‒ 𝐼𝑆𝑆𝑅𝑆𝑆)

where I0 and Iss are the initial and stable currents during polarization, and R0 and Rss are 

the resistance of the solid electrolyte before and after polarization.

EIS, LSV and chronoamperometry tests were conducted at CHI660E electrochemical 

work station at 60 ℃.

Symmetric Li|Li cells, Li|LiFePO4 and Li|NCM811 full cells were assembled in Ar-

filled glovebox, and tested on battery test system (LAND-CT2001C).



Fig. S1. FTIR spectra of SCP.

Fig. S2. XPS survey (a) and C 1s XPS (b) spectra of SCP.

Fig. S3. TGA curve of SCP.



Fig. S4. SEM images of surface of PEO-5%SCP electrolyte.

Fig. S5. Optical photographs of as-prepared solid electrolyte membranes.



Fig. S6. EIS spectra of SS|SS cells with as-prepared solid electrolytes at different 
temperature.

Fig. S7. The i-t curves of Li|Li cell with PEO electrolyte (inset: EIS spectra before and 
after chronoamperometry test).



Fig. S8. F 1s XPS spectra of cycled Li anode (PEO-5%SCP) and (PEO).

Fig. S9. The GCD curves of Li|LiFePO4 cells with as-prepared solid electrolytes.



Fig. S10. The GCD curves of Li|LiFePO4 cells at various C-rates.

Fig. S11. Cycling performance (a) and GCD curves (b) of Li|NCM811 cell with PEO-
5%SCP electrolyte.



Table S1 The crystallinities of as-prepared solid electrolytes.

Electrolytes PEO PEO-1%SCP PEO-5%SCP PEO-8%SCP

c 39.7 32.9 30.9 34.2

The crystallinity (c) of the composite polymer electrolyte was calculated by formula 
(3):

 (3)
𝑐=

∆𝐻𝑓
∆𝐻𝑃𝐸𝑂

× 100%

Where ΔHf is the fusion enthalpy of electrolyte, and the value of ΔHPEO is 203 J g−1 for 
the perfect crystal by the ideal fusion method for the melting enthalpy of 100% 
crystalline PEO. [2]



Table S2 The ionic conductivities (S cm−1) for the as-prepared solid electrolytes.

303 K 313 K 323 K 333 K 343 K 353 K 363 K

PEO 7.2910−7 2.8210−6 8.7110−6 2.3510−5 4.3610−5 6.2210−5 9.1110−5

PEO-
1%SCP

8.5010−7 3.6410−6 1.2810−5 3.4010−5 5.6710−5 8.5010−5 1.2110−4

PEO-
5%SCP

4.2510−6 1.8910−5 8.5010−5 2.4310−4 4.2510−4 5.6710−4 7.0910−4

PEO-
8%SCP

2.1310−6 8.1010−5 3.6210−5 1.4210−4 2.2210−4 2.5510−4 3.0010−4

Table S3 Calculation of lithium transference numbers of PEO and PEO-5%SCP 
electrolytes

V (mV) Is (mA) I0 (mA) Rs () R0 () I0*R0 Is*Rs t+

PEO 10 0.0216 0.0289 335 312 9.0168 7.236 0.265864

PEO-5%SCP 10 0.0267 0.03779 340 250 9.4475 9.078 0.423385



Table S4 elemental analysis for cycled Li anodes and electrolytes by XPS.

Cycled Li anode (PEO)
Element C N O F S Li
Content 12.65 0.10 28.8 0.30 0.10 58.08

Cycled Li anode (PEO-5%SCP)
Element C N O F S Li
Content 8.27 0.37 28.87 0.47 0.55 61.48

Fresh PEO-5%SCP membrane
Element C N O F S Li
Content 63.96 1.86 21.73 7.42 3.03 2

Cycled PEO-5%SCP membrane
Element C N O F S Li
Content 66.84 1.74 11.05 9.2 2.84 8.33



Table S5 Comparison of the electrochemical properties of cells with PEO-5%SCP 
electrolyte and reported CPEs.

Filler types Ionic conductivity 
(S cm-1)

Lithium 
transferenc
e numbers

Battery performance 
(LiFePO4/Li cell)

Ca–CeO2 1.3 × 10−4/60 °C 0.453/60℃ 93 mAh g−1 after 200 
cycles/1 C/60℃

[3]

Black 
phosphorus 2 ×10−4 60 °C 0.4/60℃

112.5 mAh g−1 after 
200/0.1 mA 
cm−2/60℃

[4]

LLTO-
nanowire 3.63 × 10−4/60 °C 0.195/60℃ 123 mAh g−1 after 100 

cycles/0.5C/60℃
[2]

g-C3N4 

nanosheets 1.52 × 10−4/60 °C 0.56/60℃ 155 mAh g−1 after 100 
cycles/0.2C/60℃

[5]

ZIF-8 2.2 × 10−5/30 °C 0.36/60℃ 111 mA·h g−1 after 350 
cycles/0.5 C/60℃

[6]

UIO/Li- ionic 
liquid 1.3 × 10−4/30 °C 0.35/30℃ 144 mAh g−1 after 100 

cycles/0.5C/60℃
[7]

TiO2@PDA 4.36 × 10−4/55 °C 0.19/55 °C 125.5 mAh g−1 after 
150 cycles/1C/55℃

[8]

GO- ionic 
liquid 1.8 × 10−5/25°C / 127.6 mAh g−1 after 

100 cycles/0.1C/60℃
[9]

This work 2.43 × 10−4/60 °C 0.42/60℃

136.7 mAh g−1 after 
300 cycles/1C/60℃; 
108.9 mAh g−1 after 
1000 cycles/1C/60℃



Table S6 Resistance of Li‖LiFePO4 cells with PEO and PEO-5%SCP electrolytes.

PEO/PEO-5%SCP initial After 2 cycles After 50 cycles

Rb () 16.95/13.63 19.28/8.267 15.61/15.72

RSEI () 38.74/36.78 55.34/46.06 89.2/24.82

Rct () 36.63/12.84 36.79/32.54 78.92/51.74

Rb Rf

CPEf

Rct

CPEct

Wo

Element Freedom Value Error Error %
Rb Fixed(X) 0 N/A N/A
Rf Fixed(X) 0 N/A N/A
CPEf-T Fixed(X) 0 N/A N/A
CPEf-P Fixed(X) 1 N/A N/A
Rct Fixed(X) 0 N/A N/A
CPEct-T Fixed(X) 0 N/A N/A
CPEct-P Fixed(X) 1 N/A N/A
Wo-R Fixed(X) 0 N/A N/A
Wo-T Fixed(X) 0 N/A N/A
Wo-P Fixed(X) 0.5 N/A N/A

Data File:
Circuit Model File: E:\PHD\实 实 \oxy-S\eis\LFO\EIS.mdl
Mode: Run Simulation / Freq. Range (0.001 - 1000000)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
Type of Weighting: Calc-Modulus

Schematic illustration of the equivalent circuit models for EIS spectrum fitting of 
Li‖LiFePO4 cells before and after cycles. Rb represent the sum of bulk resistance. Rf 
(RSEI) and Rct are the interface resistance and charge transfer resistance, respectively. 
W represent the Warburg diffusion element.
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