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Supplementary Tables 

Supplementary Table 1. Details for preparation of the electrolytes used in this study 

Electrolytes in grey shading correspond to the saturated solutions of each glyme (maximum 

concentration, beyond which precipitates were observed). The amount of HFE was formulated to 

obtain a reasonable viscosity and a clear solution without precipitation. Optimizing the HFE/glyme 

ratio is beyond the scope of this study. (HFE: 1,1,2,2-tetrafluoroethyl 2,2,3,3-tetrafluoropropyl 

ether). For preparing G1:LiTFSI (1.7:1) that includes DOL, the DOL and DME were added at a 

1:1 volume ratio. 

System 
G1: 

LiTFSI 
G2:LiTFSI 

G3: 

LiTFSI 

G4: 

LiTFSI 

Solvent: Salt 

(mol:mol) 

1.7:1 

(incl. 

DOL) 

1.4:1 

(w/o 

DOL) 

7:1 2:1 1.33:1 1:1 0.8:1 0.91:1 0.8:1 

HFE: Solvent 

(ml:g) 
0.5:1 1:1 1:1 2:1 2:1 2:1 1:1 1:1 1:1 

 

 

 

 



 

 
 

Supplementary Table 2. Thermal properties of the G2:LiTFSI electrolytes measured by 

TGA and DSC studies  

G2:LiTFSI (w/ HFE) 7:1 2:1 1.33:1 1:1 0.8:1 

Weight loss up to 160 
°
C for 

30 min (%) 
84.9 50.4 51.8 30.3 26.1 

Decomposition temperature 

(°C) 
432.0 434.4 436.6 436.9 442.3 

 

 

 

Supplementary Table 3. Measured viscosity (η) and ionic conductivity (σ) of the G2:LiTFSI 

electrolytes 

 

 

 

Supplementary Table 4. Measured transference number of the G2:LiTFSI electrolytes 

G2:LiTFSI 7:1 2:1 1.33:1 1:1 0.8:1 

t (Li+) 0.28 0.54 0.56 0.58 0.55 

 

 

 

 

G2:LiTFSI (w/ HFE) 7:1 2:1 1.33:1 1:1 0.8:1 

η  (mPa.s, 25°C) 3.6 7.5 11.4 21.6 207 

σ (mS cm-125°C) 2.38 4.49 1.75 0.86 0.27 

σ (mS cm-165°C) 4.11 8.55 3.55 2.16 1.32 



 

 
 

Supplementary Table 5. Measured densities of G2:LiTFSI electrolytes (without HFE) for 

AIMD simulations 

G2:LiTFSI 7:1 1.33:1 1:1 0.8:1 

Density (g/cc) 0.94 1.41 1.48 1.53 

 

 

Supplementary Table 6. Measured densities of saturated electrolytes (at the highest 

concentration of LiTFSI) based on different glymes (without HFE) for AIMD simulations 

Glyme:LiTFSI 

G1:LiTFSI 

(1.7:1) 

(DOL/DME) 

G2:LiTFSI 

(0.8:1) 

G3:LiTFSI 

(0.91:1) 

G3:LiTFSI 

(0.8:1) 

Density (g/cc) 1.52 1.53 1.45 1.46 

 

 



 

 
 

Supplementary Figures 

 

Supplementary Figure 1. Raman spectroscopic studies on the glyme:LiTFSI electrolytes. (a) The 

solvent band of the G2:LiTFSI electrolytes along with pure G2, HFE; the blue and red dashed lines indicate 

free G2 and Li-coordinated G2, respectively. Only G2:LiTFSI (7:1) shows free G2; all other samples exhibit 

Li-coordinated G2. (b) The TFSI- and (c) the solvent Raman bands of the G2:LiTFSI electrolytes with and 

without HFE, showing that the peak position of TFSI- and Li-coordinated solvent does not show a 

noticeable difference irrespective of HFE, indicating a limited effect of HFE on Li solvation. The HFE 

signal is very small in the 0.8:1 electrolyte due to its low concentration (see Supplementary Table 1). (d) 

The TFSI- Raman band of the G1, G2, G3 and G4 electrolytes at their respective saturated concentrations 

of LiTFSI; the higher Raman shift indicates more strongly Li-coordinated TFSI-. 



 

 
 

 

Supplementary Figure 2. Measurement of polysulphide solubility in the G2:LiTFSI electrolytes, 

using Li2S6 as the representative polysulphide. (a) Photograph of electrolytes with saturated Li2S6. (b) A 

representative UV-vis spectrum of Li2S6 in G2:LiTFSI (0.8:1) diluted with G2; the peak in the blue band is 

used to quantify the dissolved Li2S6. Calibration using standard solution was carried out prior to the sample 

measurement. (c,d) The graphic and tabular summary of the Li2S6 solubility in the electrolytes at 25 °C and 

55 °C, which is divided into two regions. The yellow regime shows sparing solubility (<3.0 % of all 

polysulphides in a cell using a E/S ratio of 5 µl/mg) and the brown region indicates high solubility. The 

fraction of dissolved Li2S6 is calculated by dividing the Li2S6 solubility at 55 °C by the amount of Li2S6 

fully converted from sulphur in a cell assuming an E/S ratio of 5 µl/mg. The data shows that the 

polysulphide solubility decreases as the G2:LiTFSI ratio decreases. 

 

 



 

 
 

 

Supplementary Figure 3. Ab initio molecular dynamics simulations identify the atomic coordination 

around Li+ cations, Z(r), as a function of separation distance, r, in G2:LiTFSI electrolytes at different 

molar ratios, (a) 7:1, (b) 1.33:1, (c) 1:1, (d) 0.8:1. HFE is not included. The four representative Li 

coordination environments, Li-O (TFSI), Li-O (G2), Li-F (TFSI), Li-N (TFSI) are shown. The dotted 

vertical line represents the cut-off separation distance (2.7Å) for the first solvation shell. The Z(r) at this 

distance represents the average Li coordination number for each type; the total coordination number in the 

first solvation shell is ~ 4. The inset in each panel shows the atomic configuration of the first solvation shell 

around a typical Li+ cation, at the corresponding G2:LiTFSI ratio. Supplementary Figure 3a and d are 

duplicated from Figure 1d. 

A four-fold coordination is identified in all cases. Two G2 molecules and one TFSI- are found in the first 

solvation shell for (a) the G2:LiTFSI (7:1) electrolyte, whereas one G2 molecule and two TFSI- are 

observed for the (b,c) 1.33:1 and 1:1 electrolyte; and one G2 molecule and three TFSI- for (d) the 0.8:1 

electrolyte. A small fraction of Li-N and Li-F coordination in the first solvation shell (Figure 1d, 

Supplementary Figure 3) can explain the abnormally lower chemical shift of G2-LiTFSI (0.8:1), as shown 

in Figure 2b. 



 

 
 

Supplementary Figure 4. Atomic coordination around Li+ cations, Z(r), as a function of separation 

distance, r, in different saturated glyme solutions obtained from ab initio molecular dynamics 

simulations. The molar ratios for the four glyme based electrolytes shown here are listed in Supplementary 

Table 6, namely (a) DME:DOL, (b) G2, (c) G3, and (d) G4. The four representative Li coordination 

environments, Li-O (TFSI), Li-O (solvent), Li-F (TFSI), Li-N (TFSI) are shown. The dotted vertical line 

represents the cut-off separation distance (2.7Å) for the first solvation shell.  

 

 



 

 
 

 

Supplementary Figure 5. Oxygen coordination around Li+ ions in the first solvation shell in different 

saturated glyme:LiTFSI electrolytes obtained from AIMD simulations. (a) The number of O neighbors 

from TFSI- and glyme coordinating Li+ (for G1, this is the sum of DME and DOL), and (b) the fraction of 

free solvent O atoms (i.e., not coordinated by any Li+) divided by the total number of solvent O for each 

glyme electrolyte. Typical snapshots from AIMD simulations are also provided for super-concentrated 

solutions of LiTFSI in (c) G1 (DME/DOL), (d) G2, (e) G3, and (f) G4. Li+ cations are shown in purple; 

free and coordinated G2 molecules are marked in cyan and gray respectively, while contact-ion pairs and 

aggregates of TFSI- anions are shown in gold and blue respectively; hydrogen atoms are not shown for 

clarity. 

Discussion of Supplementary Figure 5: From (a), we see that as the chain-length of the glyme solvent 

increases (from G1 to G4), the solvent O coordination with Li increases, while that of the O from TFSI 

decreases systematically. This means when looking at each Li+ center, the shorter-chain glyme electrolytes 

show a greater participation of TFSI binding and thus a more compact Li+ arrangement environment. From 

(b), we see that G2 shows the lowest fraction of free oxygen atoms (these function to dissolve polysulphides 

and react with Li metal). Along with the solvation snapshots for all glyme electrolytes, we thus propose 

that 1) for the short-chain G1 molecule, the relatively large TFSI- anion requires a fairly large amount of 

glyme for solvation (saturated G1:LiTFSI =1.7:1), therefore the TFSI- prevents efficient wrapping of G1 

around Li+, resulting in a large fraction of free solvent O atoms (~54%); 2) for longer-chain glymes (G3, 

G4), although almost all solvent molecules at have one oxygen site to coordinate with a Li+, the steric 

hindrance of the glyme molecules themselves (owing to their chain-lengths which are larger than TFSI-) 

results in a high fraction of free O (G3: ~50%, G4: ~48%). However, G2 has an optimal molecular chain 



 

 
 

length that matches well with the size of the TFSI- anions, leading to the tightest coordination with Li+ and 

the lowest fraction of free O atoms (and hence minimized polysulphide solubility and Li reactivity).  

 

Supplementary Figure 6. Thermal properties of the G2:LiTFSI electrolytes. (a) The TGA and (b) DSC 

plots of the electrolytes carried out by heating them at 5 °C/min up to 500 °C (with a temperature hold at 

160 °C for 30 min) under air atmosphere. The heat flow in (b) corresponds to the thermal oxidation of 

LiTFSI in free or coordinated formats. As the G2:LiTFSI ratio decreases, the oxidation temperature 

increases, indicating increased thermal stability; (c,d) the flame tests of G2:LiTFSI (7:1) and (0.8:1), 

respectively, showing the great contrast in flammability under external ignition. 

 



 

 
 

 

Supplementary Figure 7. GITT voltage profiles of the working (sulphur) and counter electrodes (Li) 

in the G2:LiTFSI (0.8:1) electrolyte, measured in a three-electrode cell setup. Li metal was used as the 

reference electrode and the cell was cycled at C/15 with 40 min pulse and 2 hours rest; (a) discharge and 

(b) charge. It is apparent that the Li counter electrode overpotential contributes only marginally to the cell 

voltage and thus the unique “same-voltage bi-plateau” behavior is characteristic of the sulphur cathode. 

Note that the equilibrium potential did not move to a higher value on charge, indicating incomplete 

conversion to sulphur which may owe to the presence of occluded Li2S.  

 

 

 

 

 

 



 

 
 

 

Supplementary Figure 8.  Electrochemical behavior of sulphur cells in different saturated glyme 

based electrolytes at 55 °C. (a) Initial voltage profiles of the sulphur cells in saturated electrolytes using a 

rate of C/30. All cells exhibit the distinct <equipotential bi-plateau> profile, with a slight variation in the 

discharge voltage that depends on subtle kinetic differences. Note that due to the difference in solvent 

activity as demonstrated by AIMD calculations, the polysulphide shuttling (overcharge) and initial Li2S 

conversion rate (to sulphur) also vary. (b) Temporal voltage evolution in GITT studies of sulphur cells in 

various glyme based electrolytes.  

 

 

Supplementary Figure 9. Photographic image of the separator obtained by dissembling the cell in the 

middle of discharge (~600 mA h g-1) in the G2:LiTFSI (1:1) electrolyte. The pale yellow colour indicates 

the presence of a very low fraction of dissolved polysulphide.  



 

 
 

 

Supplementary Figure 10. Temporal evolution of cell voltage for the Li-S battery under GITT 

measurements in G2:LiTFSI electrolytes at 55 °C. (a) is the plot of equilibrium voltage as a function of 

the discharge capacity, duplicated from Figure 2c; (b, c) is the temporal evolution of voltage over 2 hours’ 

OCV rest at the discharge capacity of 260 mA h g-1 and 556 mA h g-1, respectively. The voltage is 

represented as V-Vo, where Vo is the final voltage after OCV rest (taken as the equilibrium voltage). 

       At both state of discharge, as the G2:LiTFSI ratio decreases, the voltage generally relaxes to its 

respective Vo more rapidly. The G2:LiTFSI (0.8:1) electrolyte exhibits slower relaxation than G2:LiTFSI 

(1:1); this anomaly is probably due to its higher viscosity. Note that in the “catholyte” type 7:1 system, the 

presence of a high concentration of dissolved polysulphides during GITT relaxation accentuates their 

disproportionation response, leading to less surface passivation and higher efficacy of polysulphide 

reduction.  

      This is not the case for the quasi solid state reaction represented by the 1:1 system, where little, if no, 

disproportionation occurs during OCV. The voltage undergoes much faster relaxation to equilibrium for 

the lower G2:LiTFSI electrolytes because there are only a small fraction of solvated polysulphides on the 

surface, as opposed to the fully dissolved polysulphides in a catholyte cell that undergo extensive 

disproportionation reactions and exhibit a lag due to relatively slow diffusion. This also explains the slightly 

lower efficacy of polysulphide reduction and thus lower capacity for the G2:LiTFSI (1:1) than the (7:1) cell 

(Figure 2b).   

 



 

 
 

 

Supplementary Figure 11. Electrochemical performance of the Li-S cells at C/5 and 55 °C using a 

E/S ratio of 15 µl/mg. (a) Coulombic efficiency (CE) over 100 cycles, showing the average CE increases 

as the G2:LiTFSI ratio decreases. The “inverse-volcano” shape for 7:1 electrolyte occurs because the 

accumulation of dissolved polysulphides leads to increased shuttling in the beginning, which fades after a 

certain time due to the complete passivation of the Li anode surface by reaction with polysulphides. (b) 

Voltage profiles at C/5 (after a first conditioning cycle at C/15) using the three representative electrolytes, 

as a comparison with Figure 2a for kinetics investigation. Note that the lower capacity for the G2:LiTFSI 

1:1 electrolyte is because of the activation process in the electrode over a few cycles that is needed for the 

high viscosity electrolyte (as supported by Figure 2d). (c,d) Voltage profiles at the 1st cycle (after 

conditioning cycle), 10th and 50th cycles in the long-term cycling (Figure 2d) for the two end-member 

electrolytes, (c) G2:LiTFSI (0.8:1) and (d) G2:LiTFSI (7:1), respectively, showing marginal change in the 

voltage polarization and absence of incomplete Li2S conversion for the (0.8:1) electrolyte. Nevertheless, 

we observe slight capacity fading despite the absence of polysulphide dissolution/shuttling, which is owing 

to the partial occlusion of electrically disconnected sulphur/Li2S (the fraction of which is determined by 

cathode architecture).  (e) Discharge capacity retention over 100 cycles for the three different saturated 

electrolytes based on G1, G2, G3 and ACN at 55 °C.  



 

 
 

 

Supplementary Figure 12. Electrochemical behavior of the Li-S cells at room temperature. (a) Voltage 

profiles at room temperature in the G2:LiTFSI (1:1) electrolyte using various sulphur cathodes at C/20 

(bulk sulphur ground with Super P or melt-diffused electrodes). (b) Voltage profile at room temperature in 

the G2:LiTFSI (0.8:1) electrolyte using a melt-diffused electrode at C/20. From Supplementary Figure 12a, 

we observe that at room temperature - where the electrolyte shows much lower polysulphide solubility (i.e., 

less than “sparing solubility”) - the discharge voltage is lower than that at 55 °C, owing to a combination 

of a solid-state reaction (vs. a quasi-solid-state reaction) and slightly higher electrolyte viscosity that results 

in poorer electrolyte wetting. This is reflected by the fact that when using melt diffused sulphur, bulk 

sulphur (tens of microns in size) shows the highest polarization, and KB carbon (which has a fully open 

pore structure) shows lower polarization than CMK-3 carbon (which has a more closed pore structure). We 

note that the capacity, ~720 mA g-1 for bulk sulphur at room temperature, is much higher than exhibited 

using a ACN:LiTFSI (2:1) electrolyte.1 In Supplementary Figure 12d, we observe an earlier drop of the 2nd 

plateau voltage for the G2:LiTFSI (0.8:1) electrolyte - indicating surface passivation from Li2S - which is 

ascribed to its high viscosity and extremely low polysulphide solubility. Therefore, room temperature 

operation does impact the polarization of the low G2:LiTFSI electrolytes to a certain degree; therefore, 

further tuning the electrolyte structure by rationally designing salts beyond LiTFSI as well as the diluent 

solvent, together with smart-structured cathodes is necessary.  



 

 
 

 

Supplementary Figure 13. Operando XRD patterns of the cathodes in Li-S cells in G2:LiTFSI 

electrolytes as a function of the states of discharge and charge. (a) The full range operando XRD 

patterns of sulphur cathodes in the G2:LiTFSI (1:1) electrolyte, the two major peaks of sulphur and Li2S 

are labelled; (b,c) Operando XRD patterns of sulphur cathodes in the G2:LiTFSI (0.8:1) and (1.33:1) 

electrolytes, respectively. 



 

 
 

 

Supplementary Figure 14. The evolution of Li2S upon consumption on charge of sulphur cells in 

G:LiTFSI electrolytes in the operando XRD studies. The intensity is normalized with the amount of Li2S 

upon full discharge. The cell in G2:LiTFSI (7:1) shows early depletion of Li2S at a SOC=80% whereas all 

the rest complete consumption only at the end of charge. Note that the G2:LiTFSI (0.8:1) electrolyte cell 

shows a small fraction of non-oxidized Li2S (~8%). This incomplete conversion, however, only occurs on 

the first cycle, apparently owing to how the Li2S is initially deposited in the pores of the cathode and 

whether it is accessible by the electrolyte and carbon. This is related to the viscosity and wetting of this 

electrolyte. However, as shown in Supplementary Figure 11c, we do not observe such incomplete 

conversion over the following cycles; only on the first. This likely owes to the change in Li2S morphology 

during the activation process and over cycling.   



 

 
 

 

Supplementary Figure 15. XRD and SEM characterization of the discharged and charged products 

in the G2:LiTFSI electrolytes. (a) XRD patterns of the charged products in G2:LiTFSI (1:1) and (7:1) 

compared to the standard patterns of α- and β-S8, clearly indicating different phases of the re-formed sulphur 

in the two cases. (b) expanded Li2S (111) peaks for the four G2:LiTFSI electrolytes, showing decreasing 

peak breadth as the G2:LiTFSI ratio decreases; (c) average crystalline size (coherence length) of the 

discharge product, Li2S, calculated from the FWHM of the (111) peak based on the Scherrer equation; (d) 

SEM image of the pristine sulphur cathode used for SEM analysis (in relation to Figure 3d,e).  

 

Supplementary Figure 16. SEM images of the Li metal electrode after stripping 2 mA h cm-2 Li at 1 

mA cm-2. The plating/stripping was carried out in G2:LiTFSI (a) 7:1, (b) 1.33:1 and (c) 0.8:1, 

respectively. 

 



 

 
 

 

 

Supplementary Figure 17. Electrochemical characterization of Li anode plating/stripping in various 

electrolytes at 55 °C. (a) The summary of average Li Coulombic efficiency (CE) as calculated from Cu|Li 

plating/stripping cycling (1 mA cm-2, 1 mA h cm-2) or Aurbach’s method (see experimental methods). The 

Li plating CE in (b) the G2:LiTFSI (7:1) electrolyte with and without HFE at 25 or 55 °C (1 mA cm-2, 1 

mA h cm-2); (c) G2:LiTFSI (1:1) electrolyte (1 mA cm-2, 4 mA h cm-2); (d) ACN-LiTFSI (2:1) electrolyte 

(1 mA cm-2 and 0.25 mA cm-2), with the inset showing the dark coloured separator after cycling; (e) 

comparison of the CE for different chain-length glymes.  

        From (c), we show that the representative G2:LiTFSI (1:1) electrolyte shows stable cycling for ~ 400 

hours at deep plating/stripping (4 mAh cm-2). From (e), we show that the other glyme solvate electrolytes 

(G1, G3, G4) show earlier death of the Cu|Li cells than the G2:LiTFSI (0.8:1) electrolytes, consistent with 

their higher solvent activity. 



 

 
 

 

Supplementary Figure 18. XPS characterization of the Li anode SEI at a fully stripped status after 

10 cycles in Cu|Li cells. (a) The Li 1s and (b) F 1s spectra after different sputtering durations as 

indicated, for a Li electrode cycled in the G2:LiTFSI (7:1) electrolyte (the left panels, black) and the 

G2:LiTFSI (0.8:1) electrolyte (the right panels, red). Coloured bars indicate the binding energy position 

of each chemically distinct component. LiF is observed for both electrolytes as expected. 



 

 
 

 

Supplementary Figure 19. The SEI thickness for the Cu electrode at a fully stripped state after 10 

plating/stripping cycles in the G2:LiTFSI electrolytes, as measured by SEM cross-sectional images. 

On the top of the bar are the surface-view SEM images of the Li SEI. The SEI in the G2:LiTFSI (7:1) 

electrolyte shows thin needle-shaped nanostructures, while as the G2:LiTFSI ratio decreases to the right, 

the SEI shows a thicker and more compact structure. 

 

 

Supplementary Figure 20. The first cycle voltage profile of a sulphur cell using a low E/S ratio of 5 

µl/mg, in the conventional electrolyte 1M LiTFSI DOL/DME with 2wt% LiNO3. Significant 

polysulphide shuttling is indicated by the long overcharge plateau and the high concentration of the 

dissolved polysulphides results in failure to charge the cell. 
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