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1. Experimental Section

Materials characterization: The microstructures and elemental mappings were acquired using 

a scanning electron microscope (SEM, Zeiss Ultra 55 field-emission gun). X-ray diffraction 

(XRD) patterns were obtained using a Rigaku SmartLab 9KW instrument. X-ray photoelectron 

spectroscopy (XPS) measurements were conducted with a non-monochromatized Mg Kα X-ray 

excitation source on an ESCA Lab MKII X-ray photoelectron spectrometer. Fourier transform 

infrared spectroscopy (FTIR) data were collected using a NEXUS-870 spectrophotometer 

equipped with KBr pellets. Contact angles were measured using a POWEREACH JC2000D2G 

instrument. Ultraviolet-visible (UV-Vis) measurements were performed using a SHIMADZU 

UV-3600 spectrometer, covering the wavelength range of 200-600 nm. The sulfur content in 

the KB/S composite was determined under an N2 atmosphere using thermogravimetric analysis 

(TGA) on a TA Instrument Q 600 Analyzer, with a heating rate of 10 ℃ min-1. In-situ Raman 

spectroscopy was carried out on a Raman lithium-ion battery system (Beijing Scistar 

Technology Co., Ltd.), employing a Raman spectrometer (Labramis, Horiba Jobbin Yvon, 

Paris, France) with a wavelength of 532 nm. The specific surface area of samples was 

determined by the Brunauer-Emmett-Teller (BET) nitrogen adsorption/desorption method 

(Quadrasorb SI-MP, Quantachrome).

Preparation of PW12-CD modified separators: PW12-CD crystal was prepared according to 

the method previously reported with some modifications.[1] Specifically, 0.12 mmol 

H3PW12O40·xH2O and 0.36 mmol NaCl were dissolved in 12 mL ultra-pure water. 

Subsequently, HCl was added to the above solution and the pH was adjusted to 1. At room 

temperature, 0.13 mmol γ-CD was added under stirring. With vigorous stirring, adding 1.20 

mmol Co(NO3)2·6H2O to the above solution until it reached a clear state. Finally, the obtained 

pink transparent solution was placed in an open vial and vaporized for crystallization at room 

temperature. PW12-CD, Super P, and PVDF (in an 8:1:1 weight ratio) were finely ground with 
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NMP in an agate mortar to form a a mixed slurry. The mixed slurry was coated on one side of 

the PP separator by the doctor blade. Subsequently, the modified separators were dried at 50 ℃ 

for 24 h, then punched into a Ø20 mm circular membrane. CD and PW12 modified separators 

were prepared using the same method as above.

Preparation of sulfur cathode: The melt-diffusion method was used to infiltrate the 

appropriate amount sulfur into KB. The KB and S were uniformly mixed with a weight ratio of 

3:7, and the resulted products were heated at 155 ℃ for 12 h under Ar atmosphere to obtain the 

KB/S composite.

Cell assembly and electrochemical measurement: For Li-S cells, the cathode was prepared 

by casting a paste that consisted of KB/S, Super P, and PVDF (mass ratio of 8:1:1) onto an 

aluminum foil. The coated electrodes were dried in a vacuum oven at 60 ℃ overnight and 

punched into a Ø10 mm circular membrane. The areal loading of active sulfur was 1.6 mg cm-

2. While the cathodes with high sulfur loading of 3.3, 4.6, 6.0 and 10.3 mg cm-2 were prepared 

by mixing KB/S, Super P, and LA133 (5 wt%) (mass ratio of 84:10:6). Lithium metal and 

Celgard 2500 PP were used as anode and separator, respectively. 1.0 M LiTFSI in DOL and 

DME (V/V = 1:1) with 2 wt% LiNO3 additive was used as electrolyte. The specific capacity of 

Li-S battery was calculated according to the mass of sulfur. For each cell, the electrolyte/sulfur 

(E/S) usage ratio is controlled at around 12 μL mg-1 for the low sulfur loading electrode (1.6 

mg cm-2). For high sulfur loading of 3.3, 4.6, and 6.0 mg cm-2, E/S ratio of 7.7, 5.5, and 4.2 μL 

mg-1 were applied, respectively. 3.7 μL mg-1 E/S ratio was applied for the electrode with higher 

sulfur loading of 10.3 mg cm-2. The Li//Li symmetric cells were assembled using Li foil as 

electrode with PP separator and PW12-CD modified separators. For Li//Cu half cells, Cu foil 

was used as the working electrode and Li foil was used as the counter/reference electrode. 30 

μL electrolyte was added in each cell. DH7006 electrochemical workstation (Jiangsu Donghua 

Analytical Instrument Co., Ltd, Donghua Analytical) was used to test CV and EIS in the 
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frequency range of 100 kHz~0.01 Hz with a voltage amplitude of 5 mV. The cycle performance 

and rate performance tests of the Li//Li and Li-S cells were carried out on the Neware battery 

test system (CT-4008-5V50mA-164, Shenzhen Neware Electronics Co., Ltd., China). Li//Cu 

half cells were assembled to test the nucleation overpotential and Coulombic efficiency. All the 

above cells (CR2032) were assembled in a glove box filled up with argon (O2 < 0.1 ppm, H2O 

< 0.1 ppm).

Symmetrical cell assembly and measurement: The electrodes for symmetrical cells were 

prepared by mixing the as-prepared catalyst materials (CD, PW12, and PW12-CD), Super P, and 

PVDF with a weight ratio of 7:2:1 in NMP to form a slurry, and then coating them on an 

aluminium foil (diameter of 10 mm), which was vacuum dried at 60 °C for 12 h. 0.5 M Li2S6 

electrolyte was prepared by mixing the S and Li2S powder with the molar ratio of 5:1 in the 

mixing solvent of DOL and DME (v/v =1:1) with 1 M LiTFSI. The cyclic voltammetry (CV) 

profiles of symmetric cells were collected from -1.0 V to 1.0 V at scan rates of 10 mV s-1. 

Electrochemical impedance spectroscopy (EIS) was recorded with the frequency range of 100 

kHz~0.1 Hz at the open-circuit potential. The Tafel plots were recorded at a scan rate of 0.1 

mV s-1 in the range of -0.1 V~0.1 V.

The visual adsorption and UV-vis tests: A Li2S6 solution was prepared through the 

dissolution of sulfur and Li2S (in a 5:1 molar ratio) in a blended solvent composed of 1,2-

dimethoxyethane (DME) and 1,3-dioxolane (DOL) (v/v =1:1) while vigorously stirring at a 

temperature of 65 ℃ for a duration of 24 h. Subsequently, 10 mg samples were added to 3 mL 

of 5 mM Li2S6 solution. Following an 8-hour immersion of the samples in the Li2S6 solution, 

ex-situ ultraviolet-visible absorption spectra were acquired. 

Li2S nucleation test: Li2S8 solution was prepared by mixing sulfur and Li2S (in a 7:1 molar 

ratio) in the mixed solution of DOL/DME (1:1, v/v) under vigorous stirring at 65 ℃ for 12 h. 

The electrodes were fabricated by mixing the catalyst materials and PVDF at a weight ratio of 
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9:1 and coating them on the carbon-paper disks (diameter of 16 mm). The cells were assembled 

using carbon-paper loaded with the catalyst samples as the cathode, lithium foil as anode, and 

Celgard 2500 as the separator. 25 μL Li2S8 solution was added on the cathode side and 25 μL 

blank electrolyte was added on the anode side. The cells were discharged galvanostatically at 

0.112 mA to 2.10 V and then kept potentiostatically at 2.08 V for Li2S to nucleate and grow 

until current dropped below 10-5 A. It took about 60,000 s and the capacity of Li2S conversion 

could be evaluated based on the quantity of electric charge according to Faraday’s law.

Linear sweep-voltammetry (LSV) measurements: Three-electrode LSV tests were 

performed to evaluate the catalytic activity of the samples for Li2S oxidation. The preparation 

of working electrodes was the same as that of symmetric cells. The counter electrode and 

reference electrode were respectively platinum wire and saturated Ag/AgCl electrode. 0.1 M 

Li2S dissolved in methanol solution was used as electrolyte. The LSV curves were measured at 

a scanning rate of 50 mV s-1 from -0.5 V to -0.1 V.

Shuttle current measurements: The assembled cells were discharged and charged three times 

at 0.05 C to ensure complete transition of S in the cathode, and then discharged to 2.25 V versus 

Li/Li+, at which most of the S was converted to long chain polysulfides (Li2S8 and Li2S6). The 

open circuit voltage (OCV) was then measured. The OCV was applied and held to the external 

circuit and the current was recorded. The current in the steady state can be considered as the 

shuttle current. Note that the electrolyte is LiNO3 free.

Part of the formula: The ionic conductivity (σ) of the electrolyte-soaked separators was 

evaluated with two stainless steel (SS) blocking cells (SS//separator//SS) by testing the EIS in 

the frequency range from 1000 kHz to 0.01 Hz on the electrochemical workstation. The ionic 

conductivity was calculated according to the following equation:

(S1)
𝜎=

𝑑
𝑅𝑏𝑆
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where d is the thickness of the separator, Rb and S represent the bulk resistance and the effective 

area of the separator, respectively.

R0 and Rs refer to the interfacial resistance before and after AC impedance. I0 and Is represent 

the current value in initial and steady state under a polarization potential of 10 mV. 𝑡Li
+ is the 

lithium transfer number, and the value is calculated as follows.

(S2)
𝑡𝐿𝑖

+ =
𝐼𝑠(∆𝑉 ‒ 𝐼0𝑅0)

𝐼0(∆𝑉 ‒ 𝐼𝑠𝑅𝑠)

The tLi
+ is largely enhanced, which prolongs the “Sand's time” of lithium dendrites nucleation 

according to Sand's formula as described below:

(S3)
𝑡𝑆𝑎𝑛𝑑= 𝜋𝐷𝑎𝑝𝑝

(𝑍𝑐𝐶0𝐹)
2

4(𝐽𝑡𝑎)
2

where Dapp represents the apparent diffusion coefficient, Zc is the charge number of the cation 

(Zc = 1 for Li+), C0 is the bulk salt concentration, F and J are Faraday's constant and the current 

density, respectively, and ta is the transference number of anions.

DFT calculations: The calculations were performed within the framework of DFT, by using 

the projector augmented wave method as implemented in the Vienna ab Initio Simulation 

Package. The exchange-correlation energy was in the form of Perdew-Bruke-Ernzerhof. The 

cutoff energy for the plane-wave basis set was 500 eV, and 2×2×1 Γ-centered k-point grids 

were used for the Brillouin zone integrations. For the surface systems, the bottom atom layers 

were fixed to simulate the body state, while the top atom layers were free to simulate the surface 

state. To reduce the interactions between each surface, a vacuum of 20 Å was contained in our 

calculation models. All structures were fully relaxed to the optimized geometry with the force 

convergence set at 0.01 eV/Å. To investigate the lowest energy configurations of adsorbed 

systems, we carefully manipulated structure parameters of the initial state (the distance, angle, 

and displacement between molecule and surface) to fully relax and selected the lowest energy 
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result as the final state. The binding energy (Eads) of LPSs adsorbing on the CD or PW12 is 

calculated referring to the following equation:

(S4)𝐸𝑎𝑑𝑠= 𝐸𝑡𝑜𝑡𝑎𝑙 ‒ 𝐸𝐶𝐷/𝑃𝑊12 ‒ 𝐸𝐿𝑃𝑆𝑠

where Etotal is the total energy of CD or PW12 combined with LPSs, ECD/PW12 is the surface 

energy of CD or PW12, and ELPSs represents the energy of LPSs in vacuum.
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2. Supporting Figures

 
Fig. S1. Structural representation of crystalline PW12-CD. (Color code: W, dark blue; P, 

lavender; O, red; C, gray)
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Fig. S2. SEM image and mapping images of the synthesised PW12-CD crystalline material.
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Fig. S3. Experimental and simulated XRD patterns of PW12-CD.
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Fig. S4. FTIR spectra of CD, PW12, and PW12-CD.
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Fig. S5. Raman spectra of CD, PW12, and PW12-CD.
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Fig. S6. The top surface SEM image of pristine sepatator.
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Fig. S7. (a) The top surface and (b) cross section SEM images of CD modified sepatator. (c) 

The element mapping images of CD modified sepatator.
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Fig. S8. (a) The top surface and (b) cross section SEM images of PW12 modified sepatator. (c) 

The element mapping images of PW12 modified sepatator.
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Fig. S9. P 2p XPS spectra of PW12-CD modified separator.
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Fig. S10. Measurement of tLi
+ using potentiostatic polarization of Li//Li symmetric cell with 

pristine PP separator (inset: Nyquist plots of impedance before and after polarization).
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Fig. S11. Measurement of tLi
+ using potentiostatic polarization of Li//Li symmetric cell with 

CD modified separator (inset: Nyquist plots of impedance before and after polarization).
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Fig. S12. Measurement of tLi
+ using potentiostatic polarization of Li//Li symmetric cell with 

PW12 modified separator (inset: Nyquist plots of impedance before and after polarization).
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Fig. S13. Measurement of tLi
+ using potentiostatic polarization of Li//Li symmetric cell with 

PW12-CD modified separator (inset: Nyquist plots of impedance before and after polarization).
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Fig. S14. (a) XRD pattern and (b) TGA curve of KB/S.
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Fig. S15. CV curves of the Li-S cell with PW12-CD modified separator at a scan speed of 0.1 

mV s-1.
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Fig. S16. CV profiles of the enlarged view in peak 1 (a), peak 2 (b), and peak 3 (c).
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Fig. S17. Peak current of peak 1 (a), peak 2 (b), and peak 3 (c).
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Fig. S18. (a) Cycle performance of the cells with CD, PW12, and PW12-CD electrodes at the 

current density of 200 mA g-1 in the voltage range of 1.7-2.8 V. The electrode is composed of 

70% active materials (CD, PW12 or PW12-CD), 20% Super P, and 10% PVDF by weight. The 

electrolyte used here is the same as the Li-S cells. (b) Cycle performance of the cells with PW12-

CD modified separator, bare Super P modified separator, and pristine PP separator at 0.1 C.
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Fig. S19. The equivalent circuit used to simulate EIS curves.
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Fig. S20. Nyquist curves of Li-S cells with different separators before cycling.
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Fig. S21. Galvanostatic charge-discharge curves of Li-S cells based on PW12-CD modified 

separator under different C-rates.
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Fig. S22. SEM image of PW12-CD modified separator after cycles.
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Fig. S23. XRD pattern of PW12-CD modified material after cycles.
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Fig. S24. FTIR spectra of PW12-CD crystal and PW12-CD modified material after cycles.
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Fig. S25. The optical photographs of lithium metal electrodes for the cells with (a) PP separator 

and (b) PW12-CD modified separator after cycles.
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Fig. S26. CV profiles of the cells with (a) CD, (b) PW12, and (c) PW12-CD modified separators 

at various scan rates from 0.1 mV s-1 to 0.8 mV s-1; (d-f) Plots of peak current vs. square root 

of scan rates for the cells with CD, PW12, and PW12-CD modified separators.



S37

Fig. S27. GITT plots of Li-S cells with (a) PP separator and (b) PW12-CD modified separator 

at a current density of 0.2 C.
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Fig. S28. Galvanostatic charge-discharge profiles of Li-S cells with PW12-CD modified 

separator under different sulfur loadings.
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Fig. S29. Optical observation of Li2S6 solution adsorbed by CD, PW12, and PW12-CD.
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Fig. S30. The penetration test with the pristine PP separator, CD, PW12, and PW12-CD modified 

separators.
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Fig. S31. P 2p spectra for PW12-CD and PW12-CD@Li2S6.
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Fig. S32. (a) Observation of solubility of CD, PW12, and PW12-CD modified separators in 5 mL 

DME electrolyte. (b) Corresponding UV-vis spectra of the supernatant.
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Fig. S33. Observation of solubility of PW12 and PW12-CD modified separators in (a) 5 mL 

DME with Li2S6 and (b) 5 mL DME with Li2S6 for 2 h. (c) Corresponding UV-vis spectra of 

the supernatant.
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Fig. S34. Stacking pattern of crystalline PW12-CD. (Color code: W, dark blue; P, lavender; O, 

red; C, gray)
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Fig. S35. (a) N2 adsorption-desorption isotherms for PW12-CD complex. (b) Corresponding 

pore size distribution.
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Fig. S36. Digital photographs of an in-situ Raman equipment.
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Fig. S37. Schematic illustration of a Li-S cell toward in-situ Raman tests.
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Fig. S38. Raman spectra of pristine PW12-CD and PW12-CD modified separator with Nafion.
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Table S1. Electrochemical performance comparison of Li-S cell with PW12-CD modified 

separator and other modified separators in recent literatures (sulfur loading ≤ 2 mg cm-2).

Modified materials
Sulfur 
loading

(mg cm-2)

Current 
density 

(C)

Initial 
capacity 

(mAh g-1)

Discharge capacity 
(mAh g-1) after nth 

cycle

Capacity 
decay rate 
(per cycle)

Ref.

PW12-CD 1.6 1 1091 828 (1000th) 0.024 %

PW12-CD 1.6 2 956 732 (1000th) 0.023 %
This 
work

AlMMT-SP 1.0-1.2 1 1070 625 (1000th) 0.042 % [2]

Ti3C2Tx-CNT 0.9 1 - 535 (500th) 0.070 % [3]

LDH@NG 1.2 2 812 373 (1000th) 0.060 % [4]

Se0.06SPAN/MMT@PP 0.8 1 1200 784 (1000th) 0.034 % [5]

AAPP/CB@PP@LAGP 1.0-1.2 1 1045 700 (500th) 0.065 % [6]

Ti3C2Tx/Ni-Co MOF@PP 1.5 1 910 682 (500th) 0.046 % [7]

ZIF-67/SA-PAN 1.0 1 801 445 (500th) 0.089 % [8]

FeSC@NSC 1.5-2.0 1 852 466 (700th) 0.064 % [9]

FeSC@NSC 1.5-2.0 2 640 415 (700th) 0.050 % [9]
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Table S2. The reactions occurred on working and counter electrodes in Li2S6 symmetric cell.

Peak Working electrode Counter electrode

a S6
2- + 10e− + 12Li+ → 6Li2S 4S6

2- − 8e− → 3S8

b 6Li2S − 10e− → S6
2- + 12Li+ 3S8 + 8e− → 4S6

2-

c 4S6
2- − 8e− → 3S8 S6

2- + 10e− + 12Li+ → 6Li2S

d 3S8 + 8e− → 4S6
2- 6Li2S − 10e− − 12Li+ → S6

2-
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Table S3. Electrochemical performance comparison of Li-S cell with PW12-CD modified 
separator and other modified separators in recent literatures (sulfur loading ≥ 5 mg cm-2).
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