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Characterization of LixMoS2 

X-ray diffraction (XRD) and Raman data of 1T-LixMoS2 material used for cathodes in Na-S 

batteries are displayed in Figure S1a and b, showing characteristic peaks of the material as 

reported previously in our papers including Ref. 1 The material preparation method used here 

was the same as in our paper Ref. 1 Figure S1c shows that the material was tested in a Na-ion 

system with 1 M Sodium trifluoromethanesulfonate (NaCF3SO3) in tetraethylene glycol 

dimethyl ether (TEGDME) electrolyte, confirming its stability within the Na-S voltage 

window. 

 

Figure S1. a) X-ray diffraction (XRD) b) Raman spectra of 1T-LixMoS2 at five random 

locations and c) the cycling of LixMoS2 in Na-ion battery with 1M NaCF3SO3 TEGDME 

electrolyte, showing the reaction region. 

Metallic MoS2 nanosheet hosts for Na-S batteries 

We have previously reported that the metallic MoS2 is a good host for Li-S batteries. 1 We 

therefore investigate their viability for the Na-S battery system. The experimental details for 

coin cell manufacture are described in the Experimental Methods section.  We performed 

galvanic charge-discharge (GCD) measurements on the coin cells at 0.1 C, the 1st cycle of five 

cells are shown in Figure S2a and the cycling of one battery for 6 cycles is shown in Figure 

S2b. It can be seen that the coin cell shows capacity fading from 600 mA h g-1 to 200 mA h g-

1 after six cycles. The improved performance in MoS2 cathode-based battery is due to lower 



impedance of the electrodes, shown in Figure S2c, showing that the resistance of the cell 

increases after 6 cycles.  These results indicate that metallic MoS₂ nanosheet-based sulfur hosts 

show promise for Na-S batteries, demonstrating performance comparable to previous studies. 

2-5  

Three cyclic voltammetry (CV) scans at 0.1 mV/s scan rate in Figure S2d show that the 

reduction and oxidation peaks decrease with number of cycles, indicating aging of the battery 

during discharging and charging and the processes are not reversible due to shuttling of 

polysulfides. This is also observed in Figure S2e; however, the oxidation peaks reduced from 

three peaks to two. This may indicate that one of oxidation peaks is not reversible or the higher 

scan rate does not allow formation of some polysulfides. Finally, the differential capacity 

curves of the first cycle from Figure S2f, showing that the peaks align with the CV curves. 

 

Figure S2. a) Galvanic charge-discharge (GCD) graph first cycle across five cells of the Na-S 

battery with metallic MoS2 nanosheets b) Galvanic charge-discharge (GCD) graph of the Na-

S battery with metallic MoS2 nanosheets as the sulfur host, with specific capacity calculated 

per gram of sulfur. The electrolyte-to-sulfur (E/S) ratio was 95 µL/mg, and the sulfur loading 

was 2.1 mg. The capacity fading with cycles is attributed to polysulfide shuttling effects. c) 



EIS before and after cycling, showing an increase in resistance. CV of Na-S with 1T-LixMoS2 

as the cathode at different scan rates of d) 0.1 mV/s and e) 0.2 mV/s. Three scans for each are 

shown. At 0.1 mV/s, three peaks are observed, which at 0.2 mV/s, only two oxidation peaks 

are present.  f) The differential capacity curves of the first cycle from Figure S2b. 

In depth peak assignments for UV-Vis spectra of molar ratio polysulfide solutions 

The UV-Vis spectra displayed in Figure S3 with specific peaks identified in polysulfide 

solutions with varying molar ratios. These peaks were identified using literature listed in Table 

S1. 

 

Figure S3. UV-Vis spectra of the reference polysulfide solutions in 1.0 M NaCF3SO3 in 

TEGDME. Significant peaks are labelled a-j, and the responsible species are identified in Table 

S1. 



Table S1. Assignment of polysulfide species peaks from solution of in 1.0 M NaCF3SO3 and 

TEGDME with cross reference values from previous Na-S work, lithium polysulfides and our 

own research. 

Label Wavelength 

(nm) 

Polysulfide Reference Reference reported 

a 267 S2⁻ 6 250 nm for Li2S in 1 M 

LiCF3SO3 DMF 

b 285-290 S8
2⁻ and S7

2⁻ 7 285 nm for Na2S8 , K2S8 or 

Li2S8 in THF 

c 320 S2⁻ This work 

only. 

 

d 350 S6
2⁻ 6, 8, 9 6 340 nm for Li2S6 in 1 M 

LiCF3SO3 DMF 

8 360 nm for Na2S6 in DMF 

9 350 nm for for Na2S6 

in  [C4mim][DCA] 

e 360 S4
2⁻ 6, 8 6 320 and 340 nm for Na2S4 

in DMF 

8 350 nm Na2S4 in DMSO 

f 430 S2⁻ 4, 10, 11 4 420 nm for Li2S in 1 M 

LiCF3SO3 DMF 

10 S2⁻ 400 to 450 nm (Li2S2 

in 

Hexamethylphosphoramide) 

11 400 nm for S2⁻ alkali 

halide single crystals in KCl 



g 450 S4
2⁻ 9, 12, 13  9 440 nm for Na2S4 in 

[C4mim][DCA] 

12 Reports a broad peak 

between 400–500 nm 

region assigning S4
2– and 

S6
2– species in 1.5 M 

NaClO4 and 0.3 M NaNO3 in 

TEGDME 

13 435 nm for Na2S4 in DMF 

and DMSO  

h 460 S6
2⁻ 6, 8, 9, 12 6 450 nm for Li2S6 in 1 M 

LiCF3SO3 DMF 

8 450 nm for Na2S6 in DMF 

9 460 nm for Na2S6 

in  [C4mim][DCA] 

12 Reports a broad peak 

between 400–500 nm 

region assigning S4
2⁻ and 

S6
2– species in 1.5 M 

NaClO4 and 0.3 M NaNO3 in 

TEGDME 

i 491 S8
2⁻ 6, 14 6 490 nm for Li2S8 in1 M 

LiCF3SO3 DMF 

14 492 nm for Na2S8 in 

DMSO 

j 620 S3
•⁻ 6, 9, 12, 14, 15 6 600 nm for S3

•⁻ species in 

1 M LiCF3SO3 DMF 



9 620 nm for S3
•⁻ species in 

[C4mim][DCA] 

12 620 nm for S3
•⁻ species in 

1.5 M NaClO4 and 0.3 M 

NaNO3 in TEGDME 

14 618 nm for S3
•⁻ species in 

DMSO 

15 610 nm for S3
•- species in 

1 M NaPF6 Glyme Ether 

Solvents 

 

Expanded Raman spectra of sodium polysulfide solutions 

The Raman spectra of sodium polysulfide solutions in the 100–1400 cm-1 range, shown in 

Figure S4, provide an expanded view compared to the spectral range analysed in the main text. 

This extended wavenumber scale captures peaks up to 1400 cm-1. Notably, beyond 600 cm-1, 

the spectra primarily reveal peaks associated with electrolyte and S2O4
2⁻ species, a product of 

interactions between the solvent and polysulfides. The spectra are annotated to identify the 

solvent peaks (highlighted in grey) and salt peaks (marked with black dotted lines). The spectra 

indicate that polysulfide peaks do not occur above 600 cm-1.  These peaks were identified using 

literature listed in Table S2. 

 



 

Figure S4. Raman spectra of sodium polysulfide solutions in the 100–1400 cm-1 range of the 

sodium polysulfide solutions. Solvent and salt peaks are labelled. 

Table S2. Polysulfide species observed in this work with solutions of 1.0 M NaCF3SO3 and 

TEGDME. Comparison with literature is provided. 

Polysulfide 

(symbol) 

Wavenumber (cm-1) Relevant 

literature 

Reference reported 

S2⁻ (▽) 119 16 16 reported the 

115 cm−1 Na-S 

stretching mode 



S3
2⁻ (☐) 132 17 17 reported 189 cm-1 

(Li2)S3
2⁻ in THF (DFT 

calculation) 

Within this 

experimental work this 

peak is only observed 

in the molar solution 

Na2S + 2S. 

S2
2⁻ (▲) 192 18 18 reported 134.5 cm-1 

for polycrystalline 

Na2S2 assigning as Lib 

motion of the two S2
2⁻ 

groups in opposite 

direction.  

S3
2⁻ (☐) 207 17 17 reported 189 cm-1 

(Li2)S3
2⁻ in THF (DFT 

calculation) 

Within this 

experimental work this 

peak is only observed 

in the molar solution 

Na2S + 2S. 

S4
2⁻ (Bending 

mode) (●) 

234 18-20 18 reported 239 cm-1 

(asymmetric bond) and 

206 cm-1 (symmetric 

bond) for 

polycrystalline Na2S4  



19 reported 234 cm-1 

for (Li2)S4
2⁻ (bending 

mode) in 1 M LiTFSI 

and TEGDME 

20 reported 240-245  

cm-1 assigned to 

(Na2)S4
2⁻ in amines 

S2⁻ (▽) 255 21, 22 21 reported 

188 cm−1 and 

210 cm−1 as S2⁻. 

This peak was 

observed in this 

experimental work only 

in the solution Na2S 

22 reported 190 cm−1 

for (Na2)S2⁻ in 

TEGDME 

S8/7
2⁻ (★) 380 17, 23 17 reported a DFT 

calculation assigning 

362 cm-1 for (Li2)S8
2⁻ in 

THF  

23 reported 390 cm-1 

most closely 

corresponds to (Li2) 

S7
2⁻ and S8

2⁻  in 1 M 

LiTFSI, 0.2 M LiNO3 

DME:DOL (1:1) 



S6
2⁻ (○) 386 23, 24 23 reported 365 cm-1 

corresponds to (Li2) 

S6
2⁻ in 1 M LiTFSI, 0.2 

M LiNO3 DME:DOL 

(1:1). 

24 reported K2S6 (S6
2-

stretching) at 373 cm-1 

S4
2⁻ (●) 390 20, 22, 25 20 reported 393-400  

cm-1 assigned to 

(Na2)S4
2⁻ in amines 

22 reported 375 cm-1 to 

(Na2)S4
2⁻ in TEGDME  

25 reported 400 cm-1  

for liquid Na2S4 

S8
2⁻ (★) 436 17, 20 17 reported DFT 

calculation of 427 and 

429 cm-1 for (Li2) S8
2⁻ 

in THF 

20 reported 414, 424 

and 440 cm-1 assigned 

to (Na2)S8
n⁻ in amines 

S6
2⁻ (○)  440 23, 26 23 reported 437 cm-1 

(Li2)S6
2⁻ in 1 M LiTFSI, 

0.2 M LiNO3 DME:DOL 

(1:1). 

26 reports S6
2⁻ at 453 

cm-1  



S3
2⁻ (☐) 450 23, 25, 26 23 reported 450 

cm−1 most closely 

corresponding to (Li2) 

S4
2−, S3

2−, and S4
− in 1 

M LiTFSI, 0.2 M LiNO3 

DME:DOL (1:1). 

25 reported 440 cm-1 to 

462 cm-1 assigned to 

the S-S-S of (Na2)S3
2⁻ 

anions 

26 reports (Na2)S3
2⁻ at 

458 cm-1 

S4
2⁻ (●) 518 19, 22 19 reported 518 cm-1 

for S4⁻ in 1 M LiTFSI 

and TEGDME 

22 reports ~500 cm-1 to 

(Na2)S4
2⁻ in TEGDME 

S3
•⁻ (Symmetric 

stretching mode) 

(☆) 

534 19, 20, 22, 23, 27-30 19 reported 534 cm-1 

for S3
•⁻ (Symmetric 

stretching mode) in 1 

M LiTFSI and 

TEGDME 

20 reported 533 to 535 

cm-1 assigned to 

(Na2)S3
•⁻ in amines 

22 reports 534 cm-1 to 

S3
•⁻ in TEGDME 



23 reported 533 

cm−1  corresponding to 

(Li2) S3
•⁻  in 1 M 

LiTFSI, 0.2 M LiNO3 

DME:DOL (1:1). 

27 reported 535 cm-1 as 

(Li2) S3
•⁻ in ammonia 

28 and 30 reported 534 

cm-1 for S3
•⁻ in NaCl  

29 reported 540 cm-1 

for an S–S stretch 

of a1 symmetry of S3
•⁻. 

 

  



UV-Vis Electrochemical set up 

The electrochemical set-up for the ex-situ UV-Vis study for NaPS. 

   

Figure S5. The set up of the electrochemical cell for the ex-situ UV-Vis analysis. The 

photographs are taken at 2.60 V, 2.30 V and 0.8 V (from left to right) during the first discharge 

in the first cycle. 

  

 

                     



UV-vis spectra taken on 1st charge and 6th charge for Na-S ex-situ is shown in Figure S6. 

These spectra aimed to reveal how polysulfide species evolve with cycling; however, the data 

lacked the expected distinction between polysulfide states. This was due to the localized nature 

of polysulfide conversion, which primarily occurs at the electrode surface, while the aliquots 

were drawn from bulk electrolyte solutions. As a result, the spectra did not effectively capture 

minor concentration changes of reaction intermediates, limiting the detection of subtle 

transformations in these small-volume samples compared to bulk measurements. 

 

Figure S6. UV-Vis spectra of a) 1st charge b) 6th charge cycle of the Na-S battery.  
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