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Materials characterisation 

 

 

Figure. S1. (a) The scheme of anti-solvent precipitation to prepare SPD nanoparticles. (b) 

Photograph of SPD1, SPD2 and SPD3 specimens in 14 ml glass vials.  
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Synthesis of diphenyl (4-vinylphenyl) phosphine sulfide (ref).[1] 

 

Toluene (30 mL) was added to a round-bottom flask charged with S₈ (0.11 g, 3.5 mmol, 

1.00 equiv) and 4-(diphenylphosphino) styrene (D4VPP, 1.0 g, 3.5 mmol, 1.00 equiv). The 

clear solution was heated at 110 °C for 3 h. Afterward, the solution was concentrated to 15 mL, 

giving a small amount of colorless precipitate, which was redissolved upon heating. A layer of 

pentane (15 mL) was carefully added on top of the solution, and the mixture was then stored 

in a -20 °C freezer overnight to afford the product as colorless needle-like crystals (0.74 g, 67% 

yield). The 1H, 13C and 31P NMR spectra of D4VPP-S in CDCl3 were exhibited in Figure S2-

S4. CI-MS: Calculated C20H17SP [M+H] + 321.0862, found: 321.0870.  

Synthesis of diphenyl (4-vinylphenyl) phosphine oxide.[2] 

 

4-(diphenylphosphino) styrene (D4VPP, 17.4 mmol, 5.00 g) was added to a round-bottom 

flask and dissolved in 1,2-dichloroethane (100 mL). An aqueous solution of saturated 

potassium peroxymonosulfate (34.8 mmol, 21.4 g) and methanol (20 mL) were then added to 

the reaction flask, and the mixture was stirred for approximately 2 h. The reaction mixture was 

poured into a separatory funnel with a large amount of water, and the two layers were separated. 

The organic phase was collected and concentrated under reduced pressure to afford the white 
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product D4VPP-O in 92% yield. The 1H, 13C and 31P NMR spectra of D4VPP-O in CDCl3 were 

exhibited in Figure S5-S7. CI-MS: Calculated C20H17OP [M+H] + 305.1089, found: 305.1092.  

Synthesis of SD4VPP-S and SD4VPP-O polymers  

SD4VPP-S and SD4VPP-O were synthesized following the same procedure as SPD. 100 

mg sulfur powder (Brenntag) was mixed with 100 mg D4VPP-S/ D4VPP-O in a 5 ml glass 

vial. The mixture was then heated to 140 ℃ until complete melting of sulfur had occurred. The 

reaction proceeded with 900 rpm stirring for ca. 12 mins at 180 °C. The resulting viscous 

sample was cured at 140 °C in an oven for 24 h to obtain a crosslinked polymer. The 1H, 13C 

and 31P NMR spectra of SD4VPP-S / SD4VPP-O in CDCl3 were exhibited in Figure S8-S13. 
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Figure S2. 1H and 13C liquid-state NMR spectra of compound D4VPP-S in CDCl3. 
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Figure S3. 31P liquid-state NMR spectra of compound D4VPP-S in CDCl3. 

 

Figure S4. CI-MS of compound D4VPP-S. 
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Figure S5. 1H and 13C liquid-state NMR spectra of compound D4VPP-O in CDCl3. 
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Figure S6. 31P liquid-state NMR spectra of compound D4VPP-O in CDCl3. 

 

Figure S7. CI-MS of compound D4VPP-O. 
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Figure S8. 1H NMR spectra of D4VPP, D4VPP-S, and SD4VPP-S in CDCl3. Broad peaks in 

SD4VPP-S confirm polymer formation.

 

Figure S9. 13C NMR spectra of D4VPP, D4VPP-S, and SD4VPP-S in CDCl3. 
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Figure S10. 31P NMR spectra of D4VPP, D4VPP-S, and SD4VPP-S in CDCl3. 

 

Figure S11. 1H NMR spectra of D4VPP, D4VPP-O, and SD4VPP-O in CDCl3. Broad peaks 

in SD4VPP-O confirm polymer formation. 
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Figure S12. 13C NMR spectra of D4VPP, D4VPP-O, and SD4VPP-O in CDCl3. 

 

Figure S13. 31P NMR spectra of D4VPP, D4VPP-O, and SD4VPP-O in CDCl3. 
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Figure S14. FTIR spectra of SPD1, SPD2 and SPD3. 
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Figure. S15. The obtained size distribution by DLS analysis for three SPD2 samples. 

 

 

Figure S16. The N2 adsorption/desorption isotherm of the obtained SPD samples from 

Brunauer-Emmett-Teller (BET) measurements. 
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Figure S17. SEM images of acetylene black. 

 

  

Figure S18. (a) HPLC and (b) TGA results of the SPD samples. 
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Electrochemical performance 

 

Figure S19. CV curves with scan rate of 0.1 mV s-1 for 3 cycles of the cells based on (a) SPD1, 

(b) SPD2 and (c) SPD3. 

 

 

Figure S20. The discharge-charge curves under various C-rates of the cells based on (a) SPD1, 

(b) SPD2 and (c) SPD3. 
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Figure S21. Long term cycling test for SPD2 under 0.5C with the sulfur loadings of 2.6 and 

3.8 mgs cm-2 (electrolyte: sulfur ratios of 15 and 10 μL mgs
-1, respectively). The electrodes 

discussed in the manuscript had sulfur loadings of 1.4-1.6 mg cm-2 and were prepared using a 

doctor blade gap of 200 µm. Higher sulfur-loading electrodes were obtained by increasing the 

doctor blade gap to 300 and 400 µm, yielding sulfur loadings of 2.6 and 3.8 mg cm-2. 
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Figure S22. The SEM images of the initial electrodes based on SPD1 before the 

electrochemical characterisation: (a) Low magnification and (b) high magnification. The SEM 

images of electrodes based on SPD1 after 200 discharge-charge cycles: (c, e) Low 

magnification and (d, f) high magnification in two different areas. 
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Figure S23. The SEM images of the initial electrodes based on SPD2 before the 

electrochemical characterisation: (a) Low magnification and (b) high magnification. The SEM 

images of electrodes based on SPD2 after 200 discharge-charge cycles: (c, e) Low 

magnification and (d, f) high magnification in two different areas. 
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Figure S24. The SEM images of the initial electrodes based on SPD3 before the 

electrochemical characterisation: (a) Low magnification and (b) high magnification. The SEM 

images of electrodes based on SPD3 after 200 discharge-charge cycles: (c, e) Low 

magnification and (d, f) high magnification in two different areas. 
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Chemical confinement investigation 

  

Figure S25. Geometry optimised structure, ESP maps and HOMO/LUMO energy levels of 

reacted and unreacted D4VPP monomers obtained by DFT calculations. 

 

 

Figure S26. Geometry optimised structure, ESP maps and HOMO/LUMO energy levels of 

reacted and unreacted D4VPP-S monomers obtained by DFT calculations. 
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Figure S27. Photograph of SPD samples after immersion in Li2S6 solution. 
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Table S1. The BET results of SPD2 polymers. 

Sample BET surface area (m2 g-1) 

SPD1 - 

SPD2 4.8 

SPD3 - 

 

 

Table S2. The results of SPD polymers in CHNS test 

Polymers  S (%) C (%) H (%) other (%) C/H 

SPD1 Calc. 80.00 17.42 1.50 1.08 (P) 11.62 

 Anal. 80.00 16.87 1.80 1.33 (P+O) 9.37 

       

SPD2 Anal. 81.50 13.59 1.41 3.77 (P+O) 11.92 

       

SPD3 Anal. 76.50 20.07 1.88 1.55 (P+O) 10.68 

 

Table S3. The HPLC results of elemental sulfur and SPD polymers. 

Samples Peak location (min) Peak height Area integration Sulfur proportion* (%) 

Toluene 6.843 49.8 483.1 / 

S8 7.141 2542.6 44512.2 100 

SPD1 6.976 501 5039.2 10.3 

SPD2 7.003 504.7 5121.1 10.5 

SPD3 6.995 292.2 2938.6 5.5 

* The sulfur proportion was calculated via dividing the area integration values of polymers by 

area integration value of elemental sulfur after removing the influence of toluene. 

 

Table S4. The active sulfur contents in the SPD polymers obtained by TGA analysis. 

Polymers SPD1 SPD2 SPD3 

Active sulfur (%) 72.6 68.9 68.1 
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Table S5. Comparison of electrochemical performance between SPD samples with other 

inverse vulcanised cathode materials in recent publications. 

Materials Active 

sulfur 

content 

Specific capacity 

(mAh gs
-1) / 

current density 

of long-term test 

Cycles / 

capacity 

decline % 

per cycle 

 

reference 

SPD1 72.6% 787 / 0.5C 500 / 

0.055% 

our work 

SPD2 68.9% 976 / 0.5C 500 / 

0.046% 

our work 

SPD3 68.1% 840 / 0.5C 500 / 

0.051% 

our work 

Poly(sulfur-co-1-vinyl-3-

allylimidazolium bromide)  

63% 701 / 1C 150 / 

0.060% 

[3] 

Polypyrrole-sulfur-covalent 

triazine framework 

83% 703 / 0.5C 500 / 

0.026% 

[4] 

Poly(tetrafluorohydroquinone)-

sulfur 

71% 905 / 0.5C 600 / 

0.020% 

[5] 

S-poly(3-[(2-acryloyloxy) 

methyl]) thiophenes 

74% 1080 / 0.2C 100 / 

0.583% 

[6] 

Fibrous sulfurised 

trithiocyanuric 

acid@polyacrylonitrile  

58% 896 / 1C 200 / 

0.148% 

[7] 

Poly(sulfur-random-4-vinyl-1,2-

epoxycyclohexane) 

70% 800 / 0.5C 400 / 

0.028% 

[8] 

Poly(Li2S6-r-1,3-10 wt% 

diisopropenylbenzene) 

43% 1200 / 0.1 A g-1 120 / 

0.184% 

[9] 

Poly(S-r-squalene) 70% 401 / 0.1C 400 / 

0.039% 

[10] 

Poly(4-(thiophene-3-yl) 

benzenethiol) 

66.8% 756 / 0.2C 100 / 

0.200% 

[11] 

Poly(vinyl trimethoxysilane-co-

sulfur) 

49.7% 850 / 0.5 A g-1 500 / 

0.095% 

[12] 

Sulfur-ethylene glycol 

dimethacrylate-

dicyclopentadiene 

73% 864 / 0.2C 200/0.093% [13] 
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