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Abstract 

A high performance lithium-sulfur (Li-S) battery comprising of a symmetric fluorinated 

diethoxyethane electrolyte coupled with a fish-scale porous carbon/S composite electrode was 

demonstrated. 1,2-Bis(1,1,2,2-tetrafluoroethoxy) ethane (TFEE) was first studied as a new 

electrolyte solvent for Li-S chemistry. When co-mixed with DOL, the DOL/TFEE electrolyte 

suppressed the polysulfide dissolution and shuttling reaction. When coupled with a fish-scale 

porous carbon/S composite electrode, the Li-S cell exhibited a significantly high capacity retention 

of 99.5% per cycle for 100 cycles, which is far superior to the reported numerous systems. 

 

KEYWORDS: lithium-sulfur battery; fluorinated electrolyte; 1,2-bis(1,1,2,2-tetrafluoroethoxy) 

ethane; fish-scale porous carbon/sulfur composite; suppression of lithium polysulfide dissolution     

mailto:zzhang@anl.gov


2 

 

1. Introduction 

The nascent lithium-ion batteries have dominated battery market for portable electronics since 

their launch in the early 1990s. It is believed to be promising candidates for electric vehicles and 

electrical grid applications. However, these batteries cannot offer a suitably long driving range 

(i.e., >300 km) for pure electric vehicles due to their limited energy density of about 200-250 

Whkg-1 at present.1-3 The lithium-sulfur battery (LiSB) is a promising next-generation battery 

generation technology, and it has potential to meet the performance requirements for high-energy-

density batteries in emerging electronics and vehicle applications.4-9 Sulfur is a naturally abundant 

and nontoxic element, and one of the cheapest energy storage materials with an extremely high 

specific capacity of 1675 mAhg-1.10-12 During the discharge-charge, sulfur is electrochemically 

reduced to lithium polysulfides (LiPS) intermediates through a multistep process, where the longer 

chain LiPS tends to dissolve in the electrolyte causing severe redox shuttling reaction and poor 

Coulombic efficiency.13-17 Insoluble discharge products such as Li2S2 and Li2S are generated at 

the final step. During the charging step, Li2S/Li2S2 is converted to elemental sulfur through the 

multiple oxidation steps. Inspired by nature, Huang’s group23, 24, 48 fabricated the hierarchical fish-

scale porous carbon (FSPC) as substrate for sulfur cathode. Although the performance LSB using 

the FSPC/Sulfur composite electrode was improved, the dissolution of the intermediate lithium 

polysulfides (LiPS) during cycling and its subsequent issues such as redox shuttling, low 

Coulombic efficiency and fast capacity fade still remains unsolved.6,7,18  

A firm understanding of the operation mechanism and the technical solution to solve the 

aforementioned issues are in great demand to successfully develop commercial LiSB.19,20 

Extensive approaches have been undertaken to overcome these problems: i) to introduce porous 
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carbon materials into the cathode for trapping LiPS within the cathode during cycling by the strong 

adsorption property of carbon;21-27 ii) to form a protective layer on the anode surface to mitigate 

the redox reaction of the dissolved LiPS and lithium metal;28,29 and iii) to develop new solid-state 

electrolyte,30,31 electrolytes consisting of ionic liquid,32-34 tetra (ethylene glycol) dimethyl ether35,36 

as organic solvents for the electrolyte, lithium salt electrolytes,37,38 and functional 

electrolyte/additives39,40 for preventing the dissolution of the LiPS into the electrolyte and thereby 

avoid the redox shuttling effect.  

Hydrofluoroethers could suppress the dissolution of lithium polysulfides into the electrolyte, 

therefore mitigate the shuttling effect with improved Coulombic efficiency and capacity 

retention.41-46 In our previous papers, a single fluorinated ether 1,1,2,2-tetrafluoroethyl-2,2,3,3-

tetrafluoropropyl ether (TTE) was reported as an efficient electrolyte co-solvent for LiSB.45,46 

In this paper, we report a new LiSB chemistry coupling a diether-based fluorinated compound, 

1,2-bis (1,1,2,2-tetrafluoroethoxy) ethane (TFEE), as a new electrolyte co-solvent with a fish-scale 

porous carbon/sulfur composite electrode. The fabulous cell performance demonstrated in the 

LiSB suggests the combination of a fluorinated electrolyte with a sulfur cathode with hierarchical 

porous carbon provides a solution to the problems plagued the LiSB technology.   

2. Experimental 

2.1 Preparation of Materials 

The detailed preparation of the fish scale porous carbon was described in reference 23 and 24. The 

fish scales from grass carp (Ctenopharyn Odon Idellus) were pre-carbonized at 330oC for 2 h in a 

muffle furnace, which were then treated with KOH aqueous solution for activation. The carbon 
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material was obtained after subject to a heating protocol under N2 in a tubular furnace: 1) ramp at 

3oC min-1 to 400oC and held for 30 min, and 2) increase temperature to 900oC and kept for 1 h. 

After cooling down to the room temperature, it was diluted by HNO3 and rinsed by distilled water, 

then dried at 120oC for 12 h. The surface area of the as-prepared porous carbon is 2732 m2g-1, the 

micropore volume is 0.706 cm3g-1 and the total volume is 1.69 cm3g-1. 

2.2 Sulfur Cathode Fabrication 

Sulfur (99.8%, analytical grade, Sigma-Aldrich), fish-scale porous carbon, carbon black and 

PVDF binder (5 wt% in NMP solution) were mixed with weight ratio of 42%, 28%, 20% and 10%, 

respectively. The slurry was then coated onto an aluminum foil current collector. N-Methyl-2-

pyrrolidone (NMP) was used to dissolve the PVDF binder and adjust the slurry viscosity. The 

coated electrodes were dried at 60 oC under vacuum for 12 h and punched into discs with an area 

of 1.27 cm2 with a sulfur loading of 2 mgcm-2. The detailed preparation and properties of the sulfur 

composite electrode has been reported in previous papers.23,24 

2.3 Preparation of Electrolyte 

1,2-Bis(1,1,2,2-tetrafluoroethoxy) ethane (TFEE) was purchased from Synquest Labs, which was 

subject to a vacuum distillation for purification. Its purity was determined by GC-MS and its 

structure was analyzed by NMR spectroscopy. 1,2-Dimethoxyethane (DME), 1,3-dioxolane 

(DOL), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and sublimed sulfur were purchased 

from Sigma-Aldrich. All solvents were purified by regular distillation before use. DOL/DME and 

DOL/TFEE mixture solvents and electrolyte preparation were performed in an Ar-filled glove-box 

with controlled moisture content < 1 ppm. The electrolytes studied were (1) a baseline electrolyte 

of 1.0 M LiTFSI/DOL/DME (5/5 by volume) and (2) 1.0 M LiTFSI in DOL/TFEE with various 
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volume ratios (8/2, 7/3, 5/5, 3/7 and 2/8). NMR spectra were acquired on a 300 MHz Bruker 

spectrometer. 1H chemical shifts were referenced to chloroform-d at 7.27 ppm and 19F chemical 

shifts were referenced to CFCl3. NMR spectra are shown in Figure S1 in Supplemental 

Information. 

2.4 Evaluation of Electrochemical Properties 

2032 coin cells were assembled with lithium as the anode, the above sulfur electrode as cathode, 

Celgard 2325 as separator and 30 µL electrolyte. The cells were assembled in an Ar-filled glove-

box and cycled with C/10 (1C=1675 mAg-1) current on a Maccor series 4000 cycler with a 1.6-2.8 

V voltage range. The charging process was terminated by a cut-off voltage of 2.8 V for all the 

DOL/TFEE electrolyte cells. 

2.5 Examination of Electrode Morphology 

For morphological analysis of electrodes, the samples were loaded onto an air-tight scanning 

electron microscopy (SEM) sample holder. The high resolution scanning electron microscope 

(JEOL JSM6610) was operated at 5-10 kV for imaging and 10-20 keV for energy-dispersive X-

ray spectroscopy (EDS) data. 

3. Results and Discussion 
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Figure 1. Conductivity of DOL/TFEE electrolytes with 1.0 M LiTFSI at 25 oC. 

3.1 Electrode Material and Fluorinated Electrolyte.  

A hierarchical porous carbon obtained from fish scales23-24 has been employed to design and 

prepare a novel porous nanocomposite of sulfur/carbon. In this structure, the embedded sulfur is 

located in micropores in a highly dispersed state through capillary action. The high specific surface 

area of the micropores significantly improves its reactivity and reduces the loss of active materials. 

In addition, the void in the nanocomposite can accommodate the volume expansion of sulfur 

generated during the electrochemical reaction, reduce lithium polysulfide dissolution, and 

tremendously alleviate the shuttle effect. A symmetric fluorinated diethoxyethane was used as co-

solvent for electrolyte. Five fluorinated electrolytes were prepared in the Argon-filled glove-box 

with 1.0 M LiTFSI dissolved in various volume ratios (8/2, 7/3, 5/5, 3/7, and 2/8) of DOL and 

TFEE mixture solvent. The effect of TFEE addition on the electrolyte conductivity was studied. 

Figure 1 shows the room temperature conductivity measured by electrochemical impedance 
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spectroscopy (EIS) using a coin cell fixture. Compared with DOL/DME baseline electrolyte, the 

conductivity of the fluorinated electrolytes DOL/TFEE is one magnitude lower and decreases 

gradually with the increasing amount of TFEE co-solvent. Fluorination plays a significant role in 

Li+ ion solvation and kinetics of the ion transfer. Cheng et al.46 recently reported that the solvation 

energy of fluorinated ethers is much lower than their non-fluorinated counterparts, indicating that 

Li+ ions energetically favor the chelation with non-fluorinated solvent DOL in our studied 

DOL/TFEE system. Although the lithium salt concentration in the five DOL/TFEE mixtures is the 

same, the chelating geometry and the hydrodynamic radius of the solvated clusters are altered with 

the ratio of the DOL to TFEE, which clearly correlates to its conductivity. For the high TFEE 

concentration electrolyte DOL/TFEE (2/8), the conductivity is only 0.1 mScm-1, which is ten times 

lower than that of DOL/TFEE (5/5) electrolyte. Therefore, the optimal concentration of TFEE is 

30-50% in the mixture to afford the fast electron transfer during battery cycling realized by the Li+ 

shuttling within the electrolyte media.   

3.2 Enhanced Electrochemical Performance 
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Figure 2. Voltage profiles evolution of LiSB at different cycle stages. (a) 1st, (b) 5th, (c) 10th and 

(d) 50th cycle. The examined electrolytes are mixtures of 1.0 M LiTFSI DOL/TFEE in various 

volume ratios (8/2, 7/3, 5/5, 3/7 and 2/8) with 1.0 M LiTFSI DOL/DME (5/5 by volume) was used 

as baseline electrolyte. 

Figure 2 illustrates the charge-discharge voltage profiles of LiSB employing fluorinated 

electrolytes 1.0 M LiTFSI DOL/TFEE (8/2), DOLTFEE (7/3), DOL/TFEE (5/5), DOL/TFEE 

(3/7), DOL/TFEE (2/8) and baseline electrolyte 1.0 M LiTFSI DOL/DME (5/5) at different cycling 

stages. Two discharge plateaus were observed in the 1st, 5th, 10th and 50th cycle: the higher voltage 

plateau at 2.2-2.4 V is due to the reduction of elemental sulfur to LiPS (Li2Sx, where 4≤x≤8), and 
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the subsequent reduction to low-ordered species (Li2S2 and/or Li2S) at the lower voltage plateau 

at 2.1-2.0 V. It is surprising that the baseline electrolyte cell showed a huge voltage polarization 

in the 1st charge-discharge profile and this over-potential became larger with extended cycling as 

shown in Figures 2c and 2d despite the highest conductivity of the electrolyte. It indicates that 

fluorinated electrolyte has improved wettability when in contact with the FSPC/S composite 

cathode and electrochemical/chemical stability to afford repeated cycling operation. While the first 

plateau of the LiSB with DOL/TFEE (2/8) electrolyte almost disappeared which might be caused 

by its low ionic conductivity (Figure 1), a significant difference in Coulombic efficiency (CE) was 

observed between DOL/TFEE electrolyte cells and the baseline cell. 

 

Figure 3. Cycling performance and CE of the LiSB using fluorinated electrolytes with different 

DOL/TFEE volume ratios 8/2, 7/3, 5/5, 3/7 and 2/8 and baseline 1.0 M LiTFSI DOL/DME (5/5) 

electrolyte.  

Figure 3 presents the capacity retention profiles and CE as functions of cycle numbers for LiSB. 

Fluorinated electrolyte with 20%-70% TFEE outperformed the baseline cell, showing the highest 

capacity retention at 50%. 80% TFEE electrolyte failed to support the normal charge-discharge 

operation of the cell due to its extremely low ionic conductivity. The initial specific discharge 
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capacity with 20% TFEE is 1453 mAhg-1 and 723 mAhg-1 after 100 cycles at a rate of C/10 

(1C=1675 mAhg-1) with the CE of around 85%. After different amounts of TFEE were added to 

the electrolyte, both capacity and CE are improved. Interestingly, the LiSB with 50% TFEE 

electrolyte exhibited excellent electrochemical performance in terms of capacity retention and CE 

as shown Figure 3a and 3b. The initial capacity is 1234 mAhg-1 and the capacity retention is almost 

99.5% per cycle indicating the effective inhibition of the polysulfide shuttling effect in the 

fluorinated electrolyte. Moreover, the CE improved dramatically and remained at 97% during the 

cycle test. It is noteworthy that the cell performance decreases which is only slightly better than 

the baseline cell when the amount of TFEE further increases. It is evident that 70% and 80% TFEE 

leads to the low ionic conductivity (data in Figure 1), which hinders ion transport and thus leads 

to a low capacity retention. Further, although the difference in conductivity for DOL/TFEE (3/7) 

and DOL/TFEE (2/8) is quite small, the solvation sheath alters much when DOL concentration is 

further reduced. For DOL/TFEE (2/8), Li+ solvation by DOL primary solvent is completely 

saturated, and the chance of solvation of extra Li+ is little, meaning the discharged high order 

lithium polysulfides have little dissolution due to the lack of driving force in the saturated 1.0 M 

LiTFSI DOL/TFEE (2/8) electrolyte. As reported by many other researchers,13,17-18 the 

controlled/limited dissolution of lithium polysulfides are required to facilitate the Li-S redox 

chemistry. This result serves as a further evidence.  
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Figure 4. (a) The 1st-10th charge-discharge profiles, (b) cyclic voltammograms for LiSB 

employing 1.0 M LiTFSI DOL/TFEE (5/5). (the scan rate varies from 0.1, 0.2, 0.5, 0.8, to1.0 mVs-

1; the inset is logarithm of the peak current as a function of the potential scanning rate), (c) C-rate 

performance (charge at 0.1C, discharge at 0.1 C, 0.2 C, 0.5 C and 1.0 C), and (d) dQ/dV profiles 

of the 2nd, 3rd, and 4th cycle. 

Figure 4a shows the charge-discharge voltage profiles of a LiSB employing 1.0 M LiTFSI 

DOL/TFEE (5/5) electrolyte at a rate of C/10 with a cutoff voltage of 2.8-1.7 V for the initial 10 

cycles. The first discharge plateau corresponds to 200 mAhg-1 and the second discharge plateau 

contributes 954-845 mAhg-1 discharge capacity. In addition, the specific capacity vs. voltage 

profiles almost overlapped in the upper and lower discharge voltage plateaus, demonstrating that 
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the FSPC with the TFEE solvent really plays a role in preventing the polysulfides migrating out 

of the cathode from dissolving into the electrolyte.  

Figure 4b shows the CV of the as-prepared DOL/TFEE (5/5) electrolyte cell with scan rates from 

0.1, 0.2, 0.5, 0.8, to 1.0 mVs-1. The LiPS exhibits two cathodic current peaks and one anodic 

current peak at the various scanning rates. The potential of the Ipc1 exactly agrees with that 

observed from the reduction of elemental sulfur. In the following cathodic scanning, the high-order 

LiPS disproportionation into low-order LiPS and elemental sulfur which resulting in the 

appearance of a well distinguishable Ipc1. Logarithm values of the peak currents are plotted as a 

function of the potential scanning rate was included in the inset of Figure 4b. It is shown that all 

three peak currents do not follow straight linear “logI~V” relationship. This result demonstrated 

that the redox reactions of elemental sulfur and LiPS are not diffusion-controlled; instead it is a 

multi-stage redox process. Multi-scan cyclic voltammetry were also performed on the LiSB with 

various DOL/TFEE electrolytes at a fixed scan rate of 0.1 mVs-1. The results were shown in Figure 

S2 in the Supplemental Information. Figure S2a is the cyclic voltammogram of 1.0 M LiTFSI in 

DOL/TFEE (8/2) electrolyte cell. Two cathodic peaks appear at 1.85 and 2.20 V and two anodic 

peaks at 2.50 and 2.63 V. The anodic peak at 2.63 V and the cathodic peak at 2.20 V correspond 

to the transformation between S8 and L2Sx (4≤x≤8), while the cathodic peak at 2.50 V and the 

anodic peak at 1.85 V to transformation between soluble polysulfides and insoluble Li2S2 or Li2S. 

With the TFEE content increased to 50%, only one anodic peak at 2.62 V was observed during the 

oxidation scan (Figure S2c). This peak overlaps for all five scans indicating good reversibility in 

electrochemical reduction/oxidation reaction. Further increase of the TFEE content to 80% (Figure 

S2e) resulted in one cathodic peak loss and the potential polarization increased. However, for the 

baseline 1.0 M LiTFSI DOL/DME (5/5) electrolyte cell, a broad anodic reaction peak and two 
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broad cathodic peaks were observed in all five scans, as shown in Figure S2f. The broad peaks 

suggest the sluggish kinetic of the reduction and oxidation reaction of the baseline cell, leading to 

the dissolution of lithium polysulfides and polarization in potential. This is in good agreement with 

the results shown in Figure 2 in the Results and Discussion section.   

The rate performance of the FSPC employing 1.0 M LiTFSI DOL/TFEE (5/5) is comparable to 

the state-of-the-art electrolyte. As shown in Figure 4c, at the rates of 0.1C, 0.2C, 0.5C and 1C 

(charged at 0.1C), the as-prepared system delivered high initial discharge capacities of 1071 mAhg-

1, 864 mAhg-1, 539 mAhg-1 and 413 mAhg-1, respectively. It still kept high discharge capacities of 

967 mAhg-1, 882 mAhg-1, and 542 mAhg-1 with CE around 100% even after 20 cycles. The 

excellent electrochemical behavior of the TFEE-based fluorinated electrolyte combined with 

FSPC/sulfur composite cathode is confirmed by the differential capacity (dQ/dV) profiles of the 

galvanostatic test. As shown in Figure 4d, upon discharging, sulfur reacts with Li via a two-

electron reduction process forming lithium polysulfide intermediates (Li2Sx, x=4-8) and lithium 

sulfide (Li2S) at the end of discharge at ~2.0 V. The reverse reaction occurs at around 2.4 V, 

leading to the conversion of Li2S back to sulfur. A complete overlapping of the anodic and cathodic 

peak profiles were observed for 2nd, 3rd, and 4th cycles as well as peak sharpness, suggesting high 

reversibility and fast electrode kinetics of this LiSB chemistry. 

3.3 Impedance Analysis by in-situ EIS 
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Figure 5. (a) Charge-discharge voltage profile during the in-situ EIS measurement, (b) recorded 

EIS spectra during discharge step, (c) recorded EIS spectra during charge step, and (d) resistance 

and impedance with depth of discharge (inset is the equivalent circuit model). 

The outstanding electrochemical performance of the studied LiSB motivated us to further analyze 

its reaction mechanism. The impact of Depth of Discharge (DOD) and State of Charge (SOC) on 

the impedance was investigated in-situ. Figure 5a shows the 1st cycle voltage profiles and various 

DOD stages where the EIS is measured. Figure 5b and 5c are the Nyquist plots obtained at different 

DOD and SOC stages. With DOD increasing from pristine (a), 8% (b), 16% (c), 85% (d) to 100% 

(e), the impedance derived from the medium frequency semi-circle generally decreases in trend. 

During the charging process, the impedance is gradually increased with SOC as shown in Figure 

5c.  
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To better understand the electrode/electrolyte interface, Nyquist plots from Figures 5b and 5c were 

analyzed using an equivalent circuit model proposed as an inset in Figure 5d. R1 is the cell 

resistance and R2//CPE1 is the charge transfer resistance and its related capacitance. W1 is diffusion 

impedance representing the Li+ diffusion process. R1, R2 and CPE1were determined by the curve 

fitting using Zview software (Solartron) with the equivalent circuit. Table S1 summarized the 

DOD dependence of the R1, R2, and CPE1. During the discharge and charge process, R1 remains 

stable (Figure 5d). R2 decreases first from 140.30 Ω to 90.36 Ω, and then increases to 140.00 Ω, 

during initial discharge, and decreases with the following discharge at the second plateau, 

indicating that the TFEE-based electrolyte could stabilize the electrode/electrolyte interface by the 

formation of a protective film on the electrode surface. 

 

3.4 Inhibition of LiPS Dissolution 

The above electrochemical analysis confirms fluorinated electrolyte suppressed the lithium 

polysulfide dissolution thus prevent the deleterious redox shuttling effect of the Li-S cell. This 

effect also reflected by the quite different electrode morphology. Figures 6 and 7 present the SEM 

images of the sulfur electrode discharged in 1.0 M LiTFSI DOL/DME (5/5) and 1.0 M LiTFSI 

DOL/TFEE (5/5) electrolyte at different DOD stages. For the DOL/DME 1.0 M LiTFSI cycled 

cell, the morphology changes with the DOD and significant deposition of the discharged products 

on the surface of the electrode were observed at the end of the discharge as shown in Figure 6f. In 

contrast, the sulfur electrode discharged in DOL/TFEE electrolyte didn’t show big difference as 

discharge proceeds from Figure 7b, 7c to 7d and only trivial deposits showed up at the very end of 

the discharge as shown in Figure 7. Fluorinated ether electrolytes enabled the redox reaction within 

the porous structure and promoted the repeated conversion of the sulfur chemistry affording a long 
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term cyclability of the Li-S cell. From this study, it is also manifest that the new design of the 

sulfur electrode could not be sufficient enough for a stable Li-S battery, nevertheless the 

combination of an architected electrode coupled with a fluorinated electrolyte provides a solution 

to the stable Li-S battery chemistry. Figure S3 in Supplemental Information illustrated pictures of 

the harvested electrolytes diluted with DOL solvent. Clearly, the colorless solution for the 

harvested DOL/TFSS electrolyte was observed at each DOD stages compared with the DOL/DME 

electrolyte, indicating LiPS was significantly suppressed. Electrode morphology evolution with 

cycling was shown in Figure S4 and Figure S5 in the Supplemental Information. 

 

 

Figure 6. SEM images of sulfur electrode at (a) pristine, (b) 15% DOD, (c) 25% DOD, (d) 45% 

DOD, (e) 85% DOD and (f) 100% DOD with baseline electrolyte 1.0 M LiTFSI DOL/DME (5/5). 

(the magnification is not reflecting the real one due to the re-scaled images; Insets are the discharge 

voltage profiles at different DOD where the SEM measurement was taken). 
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Figure 7. SEM images of sulfur electrode at (a) pristine, (b) 15% DOD, (c) 25% DOD, (d) 45% 

DOD, (e) 85% DOD and (f) 100% DOD with electrolyte 1.0 M LiTFSI DOL/TFEE (5/5). (the 

magnification is not reflecting the real one due to the re-scaled images; Insets are the discharge 

voltage profiles at different DOD where the SEM measurement was taken). 

4. Conclusions  

A high performance LiSB with FSPC coupled with DOL/TFEE based electrolyte was developed 

and thoroughly examined by electrochemistry and morphology methods. Due to the weak 

solvation with Li+ either from the dissolved lithium salt or the discharged LiPS, the new fluorinated 

electrolyte has low chelating capacity with additional Li+ resulted from all the discharged products 

of Li2Sx (2≤x≤8). This effect intrinsically prevents the LiPS dissolution and suppresses the 

subsequent shuttling effect and loss of active sulfur materials during the repeated charge-discharge 

process. Furthermore, when coupled with FSPC, the LiSB showed fabulous cycling performance 
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offering an ultimate solution for mitigating the fast capacity fading of the traditional LiSB 

chemistry. Electrolytes in batteries must cater to the needs of both electrodes; hence, in principle, 

new battery chemistries would have incurred new electrolyte compositions. Future studies will 

focus on further tuning the structure-property relationship of the fluorinated ether and the 

architecture of the electrode to find the final solution for the ideal LiSB.   
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A High Performance Lithium-Sulfur Battery Enabled by Fish-Scale Porous Carbon/Sulfur 

Composite and Symmetric Fluorinated Diethoxyethane Electrolyte 
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1. NMR Spectroscopy Characterization of TFEE 

 

Figure S1. 1H (top) and 19F-NMR (bottom) spectra of 1,2-bis(1,1,2,2-tetrafluoroethoxy) ethane. 
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2. Cyclic Voltammograms of Li-S Cells with Fluorinated and Baseline Electrolytes  

 

Figure S2. Cyclic voltammetry of the Li-S cells with electrolyte (a) 1.0 M LiTFSI DOL/TFEE 

(8/2), (b) 7/3, (c) 5/5, (d) 4/6, (e) 2/8, and (f) baseline 1.0 M LiTFSI DOL/DME (5/5) electrolyte. 

(All ratios are volumetric rations). 

 

3. Lithium Polysulfides Dissolution in Electrolytes 

Coin cells were disassembled in the first discharge cycle at various depth of discharge (DOD) 

15%, 25%, 45%, 85% and 100%. The coin cell parts (electrodes, separator and stainless spacers) 

were rinsed by 10 mL DME solvent to harvest the electrolyte. 
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Figure S3. Harvested electrolyte from coin cells at DOD stage of 15%, 25%, 45%, 85% and 100% 

diluted with DOL solvent. Top figures from b to f: 1.0 M LiTFSI DOL/TFEE (5/5) electrolyte; 

Bottom figures from B to F: 1.0 M LiTFSI DOL/DME (5/5) electrolyte. 

4. SEM/EDS of the Fish-Scale Porous Carbon/Sulfur Cathode 

Figure S4. (a) Fish-scale porous carbon (FSPC) fabrication process and SEM image of (b) FSPC, 

DOD 45%DOD 25%DOD 15% DOD 85% DOD 100%
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(c) FSPC/sulfur composite electrode, (d) electrode after 1st cycle, (e) after 5th cycle, and (f) after 

10th cycle with 1.0 M LiTFSI DOL/TFEE (5/5) electrolyte. C and S elemental mapping is shown 

adjacent to (c), EDS spectra for electrode after 1st, 5th and 10th were shown adjacent to (d), (e) and 

(f), respectively.   

5. Sulfur Electrode Morphology after 100 Cycles 

 

 

Figure S5. SEM image of FSPC/sulfur electrode after 100 cycles in different electrolytes. (a) 1.0 

M LiTFSI DOL/TFEE (8/2), (b) 1.0 M LiTFSI DOL/TFEE (5/5), (c) 1.0 M LiTFSI DOL/TFEE 

(2/8), and (d) 1.0 M LiTFSI DOL/DME (5/5). 

 

 

 

(a) (b)

(c) (d)
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Table S1. Fitted values for the equivalent circuit by simulation of impedance spectra 

Stage R1(Ω) R2 (Ω) CPE1 

OCV 14.32 146.60 8.3595E-6 

a 14.95 140.30 8.1405E-6 

b 16.30 90.36 8.3621E-6 

c 17.85 140.00 6.5119E-5 

d 19.19 100.20 1.3384E-5 

e 17.76 82.81 1.4332E-5 

f 18.33 97.38 1.2624E-5 

g 17.36 63.65 1.4324E-5 

h 17.51 99.52 1.5147E-5 

 


