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1.Materials and methods

1.1. Materials

Sublimated sulfur (S), zinc trifluoromethanesulfonate (Zn(OTF)2, 98%, Macklin), zinc 

iodide (ZnI2, 98.68%, Picasso), ethylene glycol (EG, AR, Keshi), 3,4-

dimethoxythiophene (≥97% Aladdin), but-3-en-1-ol (≥98% Aladdin), p-

toluenesulfonic acid (≥98.5% Aladdin), toluene (C6H5CH3 AR Macklin), anhydrous 

magnesium sulfate (MgSO4 AR Aladdin), petroleum ether (PE AR Keshi), 

dichloromethane (CH2Cl2 AR Keshi), polytetrafluoroethylene preparation (PTFE, 60 

wt%, aladdin), carbon disulfide (>99.00%, Macklin), Ketjen Black (KB, ECP-600JD, 

Lion Corporation), Ethyl Alcohol (C2H6O, AR, Keshi), Zn foil (80 um), glass fiber 

(GF/D, 0.68 mm, Whatman). The chemicals used in the process are analytically pure.

1.2. Synthesis of materials

1.2.1. Synthesis of monomer 3,4-bis(but-3-en-1-yloxy)thiophene (Th-BE). 

3,4-dimethoxythiophene (1) (1.44 g, 10 mmol), but-3-en-1-ol (2) (2,161 g, 30 

mmol) and p-toluenesulfonic acid (0.19 g, 1.0 mmol) were charged into 250 mL 

of dry toluene and placed under reflux. The refluxing mixture was strongly 

flushed with argon every 2-4 hours, hence evacuating the generated methanol 

and displacing the equilibrium to the formation of Th-BE. This process was 

controlled by TLC and repeated until completion of the reaction. The dark yellow 

organic phase was washed with water and dried over anhydrous magnesium 

sulfate. Toluene was removed by rotary evaporation and the resulting dark oil 

was purified by column chromatography on silica with petroleum ether and 

dichloromethane as eluent (PE:DCM=5:1). The solvent was evaporated and Th-

BE was obtained as a clear oil (yield: 60 %). 1H NMR (400 MHz, Chloroform-

d): δ 6.19 (s, 2H), 5.89 (ddt, J = 17.0, 10.1, 6.8 Hz, 2H), 5.20 - 5.07 (m, 4H), 4.03 

(t, J = 7.0 Hz, 4H), 2.57 (q, J = 6.8 Hz, 4H). 13C NMR (101 MHz, Chloroform-

d): δ 146.25, 133.16, 116.07, 96.57, 68.68, 32.47.
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Figure S1. 1H NMR of TH-BE.

Figure S2. 13C NMR of TH-BE.
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1.2.2. Synthesis of S@Th-BE

Three S@Th-BE composites with varying sulfur contents (25 %, 30 %, and 40 

%) were synthesized through an inverse vulcanization process. The mass ratios 

of Th-BE: S8: Ketjen Black (KB) were 2.5:2.5:5, 2:3:5, and 1:4:5, respectively.

Taking 25 % S@Th-BE as an example, 25 mg of sulfur (S8) and 25 mg of Th-

BE were accurately weighed to achieve a 2.5:2.5 mass ratio. Each component 

was separately dissolved in carbon disulfide (CS2) and ethanol to ensure uniform 

dispersion. The sulfur solution was gradually added to the Th-BE solution under 

continuous stirring to promote homogeneous mixing. In parallel, 50 mg of KB 

was dispersed in ethanol and subsequently introduced into the mixture. The 

combined solution was then dried in a vacuum oven at 40 °C, yielding a dry 

powder. This powder was finely ground using an agate mortar and transferred 

into a sealed reaction vessel inside a nitrogen-filled glove box. The inverse 

vulcanization reaction was conducted under an N2 atmosphere by heating the 

mixture to 170 °C at a controlled rate of 4.7 °C/s and maintaining this 

temperature for 12 hours. After cooling to room temperature, the final composite, 

denoted as 25 % S@Th-BE, was collected for further characterization.

1.3. Preparation of electrolyte

The electrolyte formulation used in this paper was prepared following the 

protocol described in the referenced literature (Small 2023, 2207133), which was 

composed of 2 M (mol L-1) zinc trifluoromethanesulfonate (Zn(CF3SO3)2) and 

50 mM (mmol L-1) zinc iodide (ZnI2), with deionized water and ethylene glycol 
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(EG) serving as co-solvents in a 1:1 volume ratio. The preparation involved the 

following steps: 3.6355 g of Zn(CF3SO3)2 and 0.0798 g of ZnI2 were weighed 

and combined. Subsequently, 2.5 mL of both deionized water and EG were 

pipetted into the mixture to achieve dissolution. The solution was then transferred 

to an oven overnight, resulting in a yellow mixed solution.

1.4. Assembly measurements of the zinc-sulfur battery

The S@Th-BE cathode was prepared using a S@Th-BE composite: Ketjen Black 

(KB): PTFE binder in a mass ratio of 8:1:1. The fabrication process began by 

thoroughly mixing S@Th-BE and KB in ethanol, followed by grinding to ensure 

uniform dispersion. PTFE was then introduced into the mixture, and further 

grinding was performed until a stretchable sheet was formed. This cathode sheet 

was then transferred onto a pre-cleaned titanium mesh current collector, which 

had been previously washed with ethanol. The sheet was compressed into a thin 

film using a rolling machine, achieving an average active material loading of 1.0-

2.0 mg cm-2. The electrode films were dried under vacuum at 40 °C for 12 hours, 

then cut into appropriate sizes. After drying, the films were weighed, the active 

material loading was typically maintained within the range of 1.0-2.0 mg(sulfur). 

The assembled zinc-sulfur battery was configured as a CR2032-type coin cell, 

with pure metallic zinc as the anode and glass fiber (GF/D) as the separator. Each 

cell was filled with 100 µL of the above-prepared electrolyte. 

1.5. Materials characterizations

X-ray diffraction (XRD, Empyrean, Panalytical B.V., Almelo, Netherlands) was 
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employed to analyze S@Th-BE using Cu Kα radiation, with a scanning range of 

5° to 80° (40 kV, 40 mA, scanning rate of 5° min-1). The ex-situ XRD 

measurements were conducted on nearly ten different cathode states at various 

charge/discharge stages at 3th cycle. Long-cycle XRD measurements were 

conducted on scratched cathode powders collected after 100 cycles, in both 

charged (1.6 V) and discharged (0.05 V) states. The X-ray photoelectron 

spectroscopy (XPS, ESCALAB 250 Xi, Thermo Scientific Escalab, USA) was 

used to analyze the valence states of carbon (C), sulfur (S). Ex-situ XPS was 

conducted on samples in three different electrochemical states: as-prepared, fully 

charged (1.6 V), and fully discharged (0.05 V). Transmission electron 

microscopy (TEM, Talos 200S, Thermo Fisher Scientific (FEI), USA), combined 

with elemental mapping, was used to observe the morphology and structural 

evolution of the composite material after cycling. Thermogravimetric analysis 

(TG, TGA2, METTLER TOLEDO, Switzerland) was conducted under a 

nitrogen atmosphere within a temperature range of 30-1100℃ at a heating rate 

of 10℃ min-1. Fourier-transform infrared spectroscopy (FTIR, Nicolet iS50, 

Thermo Scientific Escalab, USA) was utilized to identify functional groups and 

bond variations in unknown substances, with a scanning range of 4000-100 cm-

1. Raman spectroscopy (Raman, LabRAM HR Evolution, HORIBA Jobin Yvon 

S.A.S., France) was employed to investigate molecular structures and chemical 

bond changes, with a scanning range of 100-4000 cm. 

1.6. Electrochemical tests
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Galvanostatic charge/discharge cycling was conducted on a battery instrument 

(Land CT3002A test system, Wuhan LAND Electronic Co. Ltd., Wuhan, China)) 

within a cutoff voltage window of 0.05-1.60 V (vs Zn/Zn2+), with the specific 

capacity calculated based on the mass of sulfur. Cyclic voltammetry (CV) was 

also conducted on the same workstation, with a potential range of 0.05 to 1.60 V 

and a scan rate of 0.1 mV s-1. Before all electrochemical performance tests, the 

battery was left to stand for 12 hours to allow the electrolyte to fully infiltrate the 

anode and cathode. The electrochemical tests for the three S@Th-BE cathodes 

with different sulfur contents were conducted under the same conditions 

described above. 
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Figure S3. EDS elemental mapping images of the S@Th-BE composite, showing the uniform distribution 

of sulfur and carbon across the structure.

Figure S4. Electrochemical performance of the 30 % S@Th-BE cathode. (a) Cyclic voltammetry (CV) 

curves at 0.1 mV s-1. (b) Galvanostatic charge-discharge profiles at different current densities. (c) Rate 

performance comparison between S@Th-BE and S@KB. (d)-(e) Long-term cycling performance at 0.5 A 

g-1 and 1.0 A g-1.
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Figure S5. Electrochemical performance of the 40 % S@Th-BE cathode. (a) Cyclic voltammetry (CV) 

curves at 0.1 mV s-1. (b) Galvanostatic charge-discharge profiles at different current densities. (c) Rate 

performance comparison between S@Th-BE and S@KB. (d)-(e) Long-term cycling performance at 0.5 A 

g-1 and 1.0 A g-1.

Figure S6. Electrochemical impedance spectroscopy (EIS) curves of Zn-S batteries with different sulfur 

contents measured at the initial state. As the sulfur content increases, the semicircle diameter becomes 

larger, indicating an increase in charge transfer resistance. Notably, the sample without Th-BE exhibits the 

largest resistance, confirming that the introduction of the Th-BE framework facilitates enhanced reaction 

kinetics and improves electrode conductivity.
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Figure S7. SEM images of the S@Th-BE electrode (a) before cycling and (b) after 100 charge-discharge 

cycles. The electrode retains a compact and continuous morphology with no apparent structural collapse, 

confirming the stabilizing effect of the Th-BE framework on long-term cycling.
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3. Supplementary table
Table S1. Comparison of the electrochemical performance with other reported Zn-S batteries.

Cathode material Cathode 

active 

material 

loading(m

g/cm2)

Electrolyte Voltage 

windows（

V）

Specific 

capacity(mAh 

g-1/A g-1)

Capacity(mAh g-1) after 

cycling, cycles, current 

density

Ref.

S@CNTs-50

(S@CNTs-50:AB:PTFE=8:1:1)

3-5 1 M ZnAc2 + 0.05 wt% I2 0.05-1.6 1105.0/0.1 450, 225, 2 A g-1 [1]

ZnS@CF

(ZnS@CF:KB:PTFE=8:1:1)

1.5-3 3 M ZnSO4 + 1 wt% TUI 0.1-1.4 465/0.1 226, 300, 2 A g-1 [2]

FeNC/NC/CC 2.0-2.6 2 M ZnSO4 0.1-1.6 1143/0.2 519, 300, 0.5 A g-1 [3]

ZnS1-xSex 2.5 2 M ZnSO4 + 50 mM ZnI 0.2-1.7 1518.6/0.1 504.4, 200, 2 A g-1 [4]

PAC/S-60.33%

(PAC/S-60.33%:Super P:Guar 

gum=7:1.5:1.5)

1.4-1.8 2 M Zn(OTF)2 + 0.15 wt% I2 0.1-1.6 633.5/0.5 180, 400, 5 A g-1 [5]

KB-S

(KB-S:KB:Sodium alginate=7:2:1)

3.9-8.3 1 M ZnCl2 0.1-1.5 1668.0/0.01 75, 100, / [6]

CMK-3@S

(CMK-3@S:AB:PVDF=8:1:1)

1-2 3 M Zn(OTF)2 + 0.1 wt% I2 0.05-1.75 1174.0/0.2 450, 200, 1 A g-1 [7]
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KB/S

(KB/S:guargum:Super P=8:1:1)

1.4-1.6 3 M ZnSO4 + 0.05 m ZnI2 0.15-1.4 1580.0/0.5 100, 550, 5 A g-1 [8]

S@NPC

(S@NPC:super-P:PTFE=8:1:1)

3
2 M Zn(OTF)2 + 50 mM ZnI2

0.05-1.6 1435/0.1 300, 250, 3 A g-1 [9]

S/CSs

(S/CSs:AB:PVDF=8:1:1)

2 8 M Zn(ClO4)2 0.05-2.1 1284/0.1 169, 500, 2 A g-1 [10]

S@AC3000

(S@AC3000:KB:PTFE=6:3:1)

1 1 M Zn(CH3COO)2 

+ 1M LiTFSI

0.25-1.55 699.3/1 450, 384, 2.5 A g-1 [11]

S@Th-BE

(S@Th-BE:KB:PTFE=8:1:1)

1-2 3 M Zn(OTF)2 + 50 mM ZnI2 + 

EG

0.05-1.5 1773.9/0.1 379.6, 310, 1 A g-1 This work

AB: acetylene black; KB: ketjen black; PTFE: polytetrafluoroethylene binder; TUI: iodinated thiourea; PVDF: polyvinylidene fluoride; EG: ethylene glycol; 
Ac:CH3COO-;    
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