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Abstract-A new lithium-ion battery has been developed by combining a sulfurized carbon anode with a high voltage LiNi0.5Mn1.5O4 

(LNMO) cathode. The anode is derived from sulfurized polyacrylonitrile (SC(PAN)). When a traditional carbonate electrolyte with 1 M 

lithium hexafluorophosphate (LiPF6) is used, the capacity of the battery tends to decrease over time due to the decomposition of solvents. 

To solve this problem and enhance the compatibility of the S-C(PAN) and LNMO, the best electrolyte formulation for this new high-

voltage lithium-ion battery consists of fluoroethylene carbonate (FEC), ethyl methyl carbonate (EMC), and 1, 1, 2, 2-Tetrafluoroethyl-

2, 2, 3, 3-tetrafluoropropyl ether (TTE). These components are combined in a volume ratio of 3:2:5. When compared to the control 

electrolyte, the discharge capacity of the full cell made with 1 M lithium hexafluorophosphate (LiPF6) in FEC/EMC/TTE (3:2:5) 

electrolyte is 688 mAh g−1 at a rate of 2 C. X-ray photoelectron spectroscopy (XPS) results confirm that the fluorinated electrolyte 

effectively stabilizes both the S-C(PAN) and LNMO surfaces in the full cell.  
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1. Introduction   
Energy storage is crucial in energy processes combined with renewable energy generations and lithium-ion batteries 

play a significant role in it.[1, 2] One way to increase energy and power density is by raising the operating voltage of lithium-

ion batteries.[3] Moreover, to attain stable performance in terms of energy storage devices, a new battery system needs to be 

developed having a high capacity of anode material with high working potential cathode.[4, 5] Currently, researchers have 

developed and used some high-voltage cathodes materials such as LiNi0.5Mn1.5O4 (LNMO), Li2FeSiO4, olivine-type 

LiCoPO4, and layer-layer composite xLi2MnO3(1-x) LiMO2 (M= Ni, Co, Mn).[6-8] However, using those high-voltage 

cathode materials has a critical problem and not yet commercialized. This is because of the severe oxidization decomposition 

electrolytes when the cell made with conventional carbonated based.[4] Nearly all of the electrolytes tend to decompose and 

high capacity fading originated from ethylene carbonate (EC) when the operating potentials are higher than 4.5 V vs 

Li/Li+.[8-11] Consequently, developing stable high voltage lithium-ion batteries electrolytes for use with high voltage 

cathodes and anodes material will be critical. This means oxidation decomposition of the solvents in the electrolyte can be 

alleviated by developing a stable and high-voltage electrolyte solvents. A variety of strategies have been employed to address 

the unsatisfactory oxidation resistance of the conventional carbonate electrolytes. Some of them are a passivating layer on 

the surface of the positive electrode, surface medication, using super-concentrated electrolytes, and developing the inherent 

high voltage stability of electrolyte solvents. For example, novel solvents that have high oxidative potential, including 

sulfones, ionic liquids, and fluorinated solvents are hopeful to replace commercial carbonate solvents.[12-18]  

Fluorinated solvents are more difficult to oxidize electrochemically due to high electronegativity and low polarizability 

of the fluorine atom. They have also a high flash point and lower melting point, which can improve safety and low-

temperature performance, respectively. These are some of the advantages of fluorinated solvents relative to non-fluorinated 

solvents and considered as a promising candidate for high voltage lithium batteries electrolyte solvents.[19, 20] These 

fluorinated solvents will use in our system and study the compatibility of the electrolyte using the new electrochemical cell 

that contains sulfur composite anode and spinel high voltage cathode for lithium-ion batteries.  

Lithium-ion//sulfur battery is an alternative cell configuration, the lithiation/delithiation reactions of high capacity sulfur 

composite materials take place at the anode side and transition metal oxide materials on the cathode side. The battery was 
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developed using intercalation cathode coupled to sulfur anode that would create a new system without lithium metal anode 

side (safety concern is reduced), based on the conversion reaction of sulfur species at the anode, and lithium-ion 

intercalation/de- intercalation at the cathode. The lithium-ion and electrons are generated by de-intercalate from the cathode 

while sulfur is reduced to form lithium sulfide (Li2S) by accepting lithium-ions and electrons.[21, 22] Therefore, Lithium-

ion//sulfur cell can be potentially used as a powerful tool for developing high voltages electrolytes. Moreover, there is no 

studies reported so far (S-C(PAN)||LNMO) battery system. 

Here, we systematical designed a cell by using S-C(PAN) as anode and LNMO as cathode for the first time. We 

introduced a new electrolyte composite of 1, 1, 2, 2-Tetrafluoroethyl-2, 2, 3, 3-tetrafluoropropyl ether (TTE), fluoroethylene 

carbonate (FEC), and ethyl methyl carbonate (EMC) with 1M LiPF6 as salt to study this high voltage lithium-ion battery. 

The optimized composition we found was FEC/EMC/TTE 3:2:5 v/v% (E2). The optimized electrolyte of FEC/EMC/TTE 

3:2:5 shows enhanced Coulombic efficiency, rate capability and long term cycling stability of Li||S-C(PAN and Li||LNMO 

half-cells. More importantly, similar electrochemical enhancements are also obtained in the S-C(PAN)||LNMO full cell 

compared to carbonate electrolytes.  

 

2. Experimental section  
2.1. Synthesis of S-C(PAN) composite anode  

The synthesis method and characterization of S-C(PAN) composite were reported in our previous study.[21] The 

elemental analysis determined the amount of sulfur content (44.74%) present in the S-C(PAN) composite. The specific 

capacity and sulfur loading during the electrochemical measurement of the half-cell and full-cell were calculated based on 

the sulfur content found in the S-C(PAN).   

 

2.2. Electrolytes preparation and electrodes  

All lithium battery-grade was obtained from Sigma Aldrich. The commercial electrolyte 1M lithium 

hexafluorophosphate (LiPF6) electrolyte in a mixture of ethylene carbonate (EC) and diethylene carbonate (DEC) (1:1 v/v 

%, 99%) as-received was used as a base electrolyte (termed as BE). Fluoroethylene carbonate solvent (FEC, 99.9%), 1, 1, 2, 

2-tetrafluoroethyl-2, 2, 3, 3-tetrafluoropropyl ether (TTE, 99.9%) and ethyl metal carbonate (EMC, 99.9%). The solvents 

were treated with 10 wt % of a 3 Å molecular sieve for 3 days to remove trace moisture impurities before use. 1 M LiPF6 

dissolved in FEC and TTE at a weight ratio of 3:7 v/v% was used (termed as E0). 1M LiPF6 electrolyte was prepared by 

using a calculated amount of LiPF6 dissolved first in (FEC) and mixed with EMC. Finally, TTE was added into the prepared 

solution. The EMC-containing electrolyte was 1 M LiPF6 in 3:2:5 v/v% FEC/EMC/TTE (termed as E2). All electrolytes 

were prepared in an Ar-filled glove box with oxygen and moisture contents below 0.1 ppm and the salt was dried at 80 °C 

in an evacuated oven in a glove box.  

The negative electrode was prepared by using S-C(PAN), sodium carboxymethyl cellulose (CMC) binder, and Super P 

in a weight ratio of 80:10:10, respectively. The solvent was prepared by mixing ethanol and water (1:1 wt%). The binder 

(CMC) was dissolved in the prepared solvents with continuous stirring for the whole three days at room temperature. The 

active material and super P were grinding them together and dispersed in the prepared binder solution. The prepared slurry 

was coated onto Al foil current collector using doctor blade and vacuum- dried at 60 o C for 12 h. The electrode laminates 

were roll-pressed and punched into electrode discs (13 mm diameter). The sulfur loading in the S-C(PAN) electrode and 

capacity of the anode to cathode ratio (A/C) were 1.15 mg cm-2 and 0.93, respectively. The current density of the half-cell 

(Li||S-C(PAN) and full-cell (S-C(PAN)||LNMO) were calculated based on the sulfur for all electrochemical tests. The loading 

density of LNMO electrode was 13 mg cm-2 and obtained from Aleees (Advanced Lithium Electrochemistry Co.,Ltd, 

Taiwan). The proportion positive electrode is 90:5:5 (LNMO: Supper P: polyvinylidene fluoride, PVDF). The positive 

electrode is punched into discs and further dried at 70 °C under vacuum overnight.  

 

2.3 Electrochemical measurement   
2032 type coin cells were assembled (both half and full-cells) in an argon-filled glove box (UNIlab Plus Glove 

Box, MBraun), where oxygen and moisture levels less than 1 ppm. For all electrochemical measurements a 



 

 

 

 

 

 

 

138-3 

PP/PE/PP composition (Celgard 2325) separator, the type was placed between the anode and cathode, and the 

different electrolyte was used for each cell. The galvanostatic charge-discharge tests of Li||LNMO and discharge-charge 

of Li||S-C(PAN) were performed using a computer-controlled battery tester (Arbin BT-2000) within a potential range of 

1.0-3.0 and 3.0-5.0 V for cell, respectively. The full cell (S-C(PAN)||LNMO) was assembled by S-C(PAN) used as 

negative and LNMO as the positive electrode and it tested between 1.0-3.7 V. Sixty (60) µl amount of electrolyte 

was used in this work. Electrochemical impedance spectroscopy (EIS) was performed for the half and full-cells within a 

frequency range of 0.01Hz to 100 kHz at a potential amplitude of 10 mV using an impedance analyzer (BioLogic SAS) 

after different cycles using coin cells. EIS measurements were performed after a full discharge state. Cyclic 

voltammetry (CV) scans were performed by using VMP3 multichannel (BioLogic Science Instruments work station) 

at a scan rate of 0.1 mV s-1, between 1.0-3.7 V for the (S-C(PAN)||LNMO) system.  

 

2.4 Material characterization and measurements  

The ball milling machine or E max (Retsch GmbH, Allee, 42781 Haan, 2600W) with grinding jar size of 125 

ml was used for grinding the mixture of sulfur and PAN having Zirconia balls of 5 mm. The sulfur content in 

composite (S-C(PAN)) was determined by elemental Vario EL cube (for NCSH, German) analyzer using a thermal 

conductivity detector. The ionic conductivities of the electrolyte were measured from the EIS spectra, which abstained by 

assembling symmetric cells using two stainless steel electrodes at room temperature (25 oC). For SEM and XPS, both (S-

C(PAN) and LNMO) were collected by disassembling the cells inside the glove box after the desired cycle and 

washed with DEC until all the residuals were removed and dried in vacuum for 24 h at 80 °C before analysis. The 

surface morphology of the cycled electrodes was evaluated by Field emission scanning electron microscopy (JEOL 

JSM- 6500F) with an accelerating voltage of 15 kV after fully discharged. The surface of both S-C(PAN) and 

LNMO was examined when the cell performed at the half and full-cells. Further, X-ray photoelectron spectroscopy 

(XPS, PHI, 1600S) was used to analyze the chemical composition of the electrode surface in the full-cells at 

NSRRC using 0.05 eV step and 20 eV pass energy. It was calibrated by gold signal at a binding energy of 84.0 

eV. 

 

3. Result and discussion  
The physicochemical properties of electrolytes were studies by using viscosity and conductivity.  The Lovis dynamic 

viscosity of the different electrolytes is given in Table S1. The Lovis dynamic viscosity of E0 and E2 is 0.672 and 0.096 

mPa·s, respectively, indicates that enhanced the fluidity of the electrolyte. The reason for the low viscosity of E2 

compared to E0 is due to the addition of EMC solvents. The ionic conductivity of BE, E0, and E2 electrolytes was 

measured via EIS using symmetric cells with two stainless steel electrodes. Figure S1 shows the impedance spectra of the 

difference for the electrolytes of BE, E0, and E2. The bulk electrolyte resistance (R) was used to calculate the ionic 

conductivity based on the following formula: 

A

l
R   

Where ρ is resistivity (Ω*cm), A is a cross-sectional area (cm2), l is the distance between two electrodes (cm), R 

represents the resistance of the electrolyte solution (Ω). The ionic conductivity () of the electrolyte is the reciprocal of the 

resistivity (ρ). As can be seen from Table S2, the calculated ionic conductivity of the different electrolytes is 0.4713, 0.1592, 

and 0.3792 S cm-1 BE, E0, and E2, respectively and it is ascribed to the high viscosity of FEC and TTE.  

Electrochemical measurements and characterizations: The electrochemical suitability of F-containing electrolyte 

was investigated with both half-cells (Li||S-C(PAN) and Li||LNMO) and full-cell (S-C(PAN)||LNMO). The capacity of 

the anode to cathode (A/C) ratio of the full-cell was rational design based on the practical capacity values of the 
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half-cells. The cycling performance and rate capability of Li||LNMO was measured at a 0.3 C-rate cycled between 

3.0–5.0 V. Figure 1a compares the first charge-discharge curves of LNMO cathode at 0.3 C-rate uses BE and the two F-

containing electrolytes. As can be seen from the first cycle, the inial discharge capacity of E2 shows a greater and higher 

reversible capacity of 139 mAh g-1 and displays a relatively enhanced initial Coulombic efficiency of 93.9% compares to BE 

having a discharge capacity of 131 mAh g-1 with initial Coulombic efficiency of 91.78%. The fluorinated electrolytes 

contribute to the Coulombic efficiency and capacity of the cell. Figure 1b compares the cycling performance of Li||LNMO 

half-cells cycled using the various electrolytes. The retention capacity of LNMO cathode cycled at 0.3 C-rate using BE, E0, 

and E2 is 46.7, 49.3, and 73.6%, respectively. The control electrolyte (BE) shows low capacity retention and it is due to 

oxidation decomposition at the high operating voltage.[9] In contrast, the cell assembled using fluorinated electrolytes 

exhibits a highly reversible capacity and showing superior cycling stability at high voltage battery. Especially E2 showing 

the best cycling stability due to low viscosity and high conductivity compared to other fluorinated electrolytes (E0), which 

could attribute low interfacial impendence of the electrode as will be discussed later.  Figure 1 C-rate shows the rate capability 

of Li||LNMO using various electrolytes using different C-rates. The main reason for the lower discharge capacity difference 

of E2 relative to BE is due to serious electrolyte decomposition and reduced Coulombic efficiency.  The discharge capacity 

of the cell at 1 C is 102.04, 86.34, and 110.77 mAh g-1 for BE, E0, and E2, respectively. E2 shows higher discharge capacity 

and stable rate capability of all cells. These data suggest that fluorinated electrolyte having a high conductivity of the 

electrolyte solution and improves the rate performance of high voltage cells.  

 
Fig. 1. Electrochemical performance of Li||LNMO half-cell at various electrolyte: (a) Initial charge /discharge curve of the cell at 0.3 

C-rate, (b) cycling performance over 100 cycles at 0.3 C-rate, and (c) Rate performances measured at various C-rates, which were the 

same for both charge/discharge in each cycle. 
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The discharge-charge curves of S-C(PAN) electrode in carbonate and fluorinated based electrolyte are presented in 

Figure 2. The initial discharge-charge of S-C(PAN) anode cycled at 0.3 C-rate within the potential range of 1.0-3.0 V using 

various electrolytes is given in Figure 2a. Essentially, no significant variation in the initial capacity and Coulombic efficiency 

of the various electrolytes performed Li||S-C(PAN). The reversible discharge capacity of Li||S-C(PAN) using E2 electrolyte 

is 1430 mAh g
-1 with the first Coulombic efficiency 79% and shows excellent cycling stability with a reversible capacity of 

1399 mAh g
-1 after the 150th cycles at 0.3 C rate. Besides, the reversible capacity retention of the cell is 97.86% after 150 

cycles as shown in Figure 2b and it exhibits a corresponding low capacity fading rate of 0. 014% per cycle. Furthermore, the 

reversible capacity retention (capacity decay rates in parentheses) of BE and E0 is 57.12% (0.28% per cycle) and 8.65% 

(0.91% per cycle) after 150 and 100 cycles at 0.3 C rate, respectively as presented in Figure 2b. The retention capacity of 

Li||S-C(PAN) cell was calculated from its second cycle. The cell cycled with E2 electrolyte shows better cycling 

performance relative to a non-fluorinated electrolyte, due to the formation stable SEI layer of the sulfur composite 

by reductive decomposition of fluorinated solvents. In addition, the lithium anode forms a protective layer that 

acts as physical barriers to eliminate undesirable side reactions. In contrast, the electrochemical performance of the cell 

cycled using E0 electrolyte shows a high capacity fading due to its high viscosity and it may also due to the incompatibility 

of the electrolyte to lithium anode. The film formed using this electrolyte is not good enough to suppress undesirable side 

reactions. The rate capability of Li||S-C(PAN) half-cell in the electrolyte having different compositions are presented in 

Figure 2c. The rate performance of S-C(PAN) electrode in the BE and E0 somewhat worse than the EMC containing 

electrolyte (E2) when the cell cycled greater than 0.5 C-rate. This is due to the high ionic conductivity of E2 compared to 

E0, like what we discussed in the rate capability of Li||LNMO. In another hand, fluorinated electrolyte exhibits better rate 

capability by forming conductive SEI on the sulfur composite cathode. Furthermore, the initial discharge capacity of the cell 

cycled at 2 C-rate is 709, 69, and 1007 mAh g
-1 for BE, E0, and E2 respectively, and E2 shows the highest discharge capacity 

as depicted in Figure 2c.  
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Fig. 2. Electrochemical performance of Li||S-C(PAN) half-cell at various electrolyte: (a) Initial charge/discharge curve of the cell at 0.3 

C-rate, (b) cycling performance over 150 cycles at 0.3 C-rate, and (c) Rate performances measured at various C-rates, which were the 

same for both charge/discharge in each cycle. 

 

The effect of newly developed high-voltage, cost-effective systems capable of Fluorine-based electrolytes has also 

investigated by using the new demonstrated high voltage system. Full-cell (S-C(PAN)||LNMO) assembled as a tool to study 

the various electrolytes for the first time with a potential range of 1.0-3.7 V. The A/C ratio is calculated from the capacity of 

the half-cells (Li||S-C(PAN) and Li||LNMO). The initial charge-discharge curves of the S-C(PAN)||LNMO full cells cycled 

using BE, E0, and E2 are shown in Figure 3. The initial discharge capacity cells made with BE, E0, and E2 electrolytes are 

1084, 1060, and 1094 mAh g-1 at 0.4 C-rate, respectively as depicted in Figure 3a. Figure 3b shows the retention capacity of 

a cell cycled with E2 electrolytes is 73% after 100 cycles. In addition, the reversible capacity retention of BE and E0 is 

15.49% and  65.28% after 100 cycles at 0.4 C rate, respectively. The capacity fading of the full-cell made with E0 and E2 

significantly reduced and stable electrochemical performance was achieved.The high resistance was built up at the electrode 

interface caused by the deposit of organic decomposition BE electrolytes and that is the reason for the fast capacity fading. 

On the other hand, the fluorine rich electrolytes proved a good passivation layer formed on the electrode/electrolyte interface 

by the reductive decomposition of fluorinated solvents formed SEI on the anode side, togather with CEI on the cathode.  

Finally, E2 is the optimized electrolyte as seen from both half and full-cells electrochemical performance results. Figure 3c 

compares the rate capability of the full-cells cell with carbonated (BE) and fluorinated (E2) electrolytes. The discharge 

capacity of the cell made with E2 electrolyte is 688 mAh g-1 a rate of 2 C, which is significantly higher than the 19 mAh g-1 

for the cell with BE electrolyte. The best rate performance of cells with E2 electrolyte is due to the formation of the 
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conductive film formed at the interface. Figure 3d compares also the cyclic voltammogram (CV) of full cell measurements 

that were performed with BE and E2 electrolyte with the potential range of 1.0-3.7 V 0.1 mV s-1. The peak appeared at 3.36 

V positive scan whereas a negative scan appears at 2.37 V. The cell cycled using fluorinated electrolytes (E2) has a more 

pronounced peak than BE, indicating that due to the formation of good film from reduction decomposition of FEC and TTE 

contributes to the formation of CEI on the cathode side.  

 
Fig. 3. Electrochemical performance of S-C(PAN)||LNMO full cells at various electrolyte within a poetical range  of 1.0–3.7 V: 

(a) initial charge /discharge curve of the cell at 0.4 C-rate, (b) cycling performance over 100 cycles at 0.4 C-rate, (c) Rate 

performances with BE and E2 electrolytes, and (d) cyclic voltammograms of S-C(PAN)||LNMO full-cell at the initial scan within the 

voltage range of 1.0–3.7 V at a scan rate of 0.1 mV/s. 

 

X-ray photoelectron spectroscopy (XPS) is utilized to elucidate the chemical composition of both S-C(PAN) anode 

and LNMO cathode in the full cell cycled using BE and E2 electrolytes. XPS spectra of F-1s and Li-1s of the cycled S-

C(PAN) anode with two electrolytes in the full-cells are presented in Figure 4. The Li-1s spectra of cycled S-C(PAN) anode 

in the full-cells, after 50 cycles at 0.4 C in a complete discharge state using BE and E2 electrolytes are depicted in Figure 4a, 

and 4c, respectively. The peaks at 55.7 eV in Li-1s spectra are attributed to LiF  respectively.[23, 24] The peaks appeared 

from 52-54 eV, may be assigned to the Li atoms in an oxide environment such as Li2O.[25]  

Likewise, the peaks at 684.8, 687, and 688.4 eV in the F-1s spectra cycled displayed in Figure 4b can be assigned to 

LiF, LixPOyFz, and C-F3, respectively. Furthermore,  Figure 4d also displayed two pronounced peaks at 684.8 (LiF) and 686.7 

eV (semi-ironic C-F2).[26-29] The pronounced peaks and mainly composed of inorganic LiF is formed in E2 electrolyte in 

both Li-1s and F-1s spectra. This indicates that the formation of stable SEI after the first cycle is due to the presence of 

fluorine-rich species which passivate the anode surface. Moreover, the presence of LiF in SEI composition is due to fluorine-

containing species in the interfacial decomposition reaction. In contrast, the lower peak intensity of LiF formed when the 

(a) (b)

(d)(c)
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cell made using BE electrolyte indicates that the SEI is mainly derived solvent decomposition and it agrees well with the 

higher capacity fading of the full cells.  

Similarly, to investigate the CEI layer components in the full-cell, the cycled LNMO electrodes were examined by 

XPS after 50 cycles using 0.4 C-rate. Figure S2 shows the XPS spectra of the Li-1s and F-1s peaks on the LNMO 

cathode cycled using BE and E2. The Li-1s spectra of LiF (55.7 eV), ROCO2Li (54.5 eV), and Li2O are presented in 

Figure S2a and S2c. The peaks at 684.8 and 686 eV correspond to LiF and C-F, respectively, as shown in Figure S2b and 

S2d.[24] However, there are some peaks at 682.6 eV for F-1s spectra (Figure S2a and S2b) assembled the cell with BE and 

E2 are not clearly assigned to a particular compound or functional groups. The LiF peak for the cell made with BE has a 

relatively weak intensity and dominated by organic compositions as shown in Figure S2a and S2b. In contrast, the cell 

assembled with E2 electrolytes has a quite strong peak intensity and a more highly LiF dominated CEI composition. It reveals 

that the TTE participates or contributes to the formation of CEI formation on the LNMO cathode side.  

 
Fig. 4. XPS spectra of anode electrode used for S-C(PAN)||LNMO full cells cycled using different electrolyte: (a) Li-1s spectra cycled 

using BE, (b) F-1s spectra cycled using BE, (c) Li-1s spectra cycled using E2, and (b) F-1s spectra cycled using E2. 

 

EIS of Li||LNMO, Li||S-C(PAN), and S-C(PAN)||LNMO was measured to examine the possible reason for enhanced 

performance cell made with fluorinated relative to the carbonate electrolytes. Figure 5 shows the EIS spectra of all cells 

measured with all electrolytes after the 50 cycles (both half-cells) and 100 cycles (full-cells). Figure 5a compares the Nyquist 

(a) (b)

(d)(c)
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plots of Li||LNMO half-cells cycled with all electrolytes. The cells have one semicircle in the high frequencies regions and 

it ascribed to the Li+ diffusion through the SEI on the surface of the electrode. As can be observed from Figure 5a, the 

resistance of the cell with E0 electrolyte was very high, which suggests that due to lower conductivity.  Moreover, the higher 

resistance of the cell made with E0 electrolytes due to the incompatibility/side reaction of electrolyte solvents and Li+ to that 

anode that deteriorates the electron and ion diffusion within the anode matrix. Besides, the higher interfacial resistance BE 

electrolyte is due to a thick film layer formed as the results of electrolyte decomposition at high voltages.[30] In contrast, the 

cell made with fluorinated electrolyte (E2) exhibits obviously lower resistance. This is due to the higher oxidation stability 

of the cell and which indicates the formation of an ionic conductive film, that stabilizes the electrode surface. Figure 5b 

compares also the Nyquist plots of Li||S-C(PAN) half-cells with all electrolytes. The resistance of the cell cycled using E2 

electrolytes is lower than that of the cell with and without fluorinated solvents. The resistance is effectively suppressed by 

the addition of EMC solvents , such clear impedance difference is due to high ionic conductivity of the electrolyte and 

formation of stable and conductive SEI on the sulfur cathode. Finally, the Nyquist plots of the full cells cycled using all 

electrolytes compared as shown in Figure 5c. The interfacial resistance of the fluorinated electrolyte (E0 and E2) cell shows 

a significantly lower compared to the carbonate-based electrolyte, suggesting that fluorine-based electrolyte efficiently 

suppressed electrolyte decomposition on the surface electrodes, is also good agreement with cycling performance of the full-

cells results. The lower interfacial resistance of the full cell at the electrode/electrolyte interface indicates the formation of 

an ionic conductive at the interface.  

 
Fig. 5. Comparison of EIS measurements for different electrolytes within half and full-cells: (a) Li||LNMO, (b) Li||S-C(PAN), and (c) 

S-C(PAN)||LNMO in the frequency range of 100 kHz and 0.01 Hz with a perturbation amplitude of 10 mV. 
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Morphological analyses of the full cells: SEM image of the full-cells was carried out after 100 cycles to see 

the surface morphology of LNMO and S-C(PAN), cycled with fluorine (E0 and E2) and carbonated-based (BE) 

electrolytes as shown in Figure 6 and Figure S3. Figure 6a and 6c are the SEM images of LNMO cathodes cycled with 

BE and E2 electrolytes, respectively. For the BE electrolyte cell, the thick and rough surface was observed, which is due to 

heavy decomposition products deposited. In contrast, for the E2 electrolytes cel, the surface morphology of the LNMO 

cathode appears to be quite smooth and clean surface, suggesting that an effective passivation layer formed by the fluorine-

based electrolytes. Figure S3a also shows relatively better morphology than the cell made with BE. As shown in Figures 

6b, the SEM image of the S-C(PAN) electrode cycled BE electrolytes shows a not good and crack surface whereas 

the surface of the electrode cycled using fluorinated electrolytes (E2) exhibits quite smooth with a clean surface 

(Figure 4d). This suggesting that, a fluorine-based suppressed electrolyte decomposition and reduced the side reactions at 

the interface.  Even though the surface morphology of S-C(PAN) cycled with E0 is better than BE, its surface is as not 

smooth as that of E2 as depicted in Figure S3a.  

 
Fig. 6. SEM images of the electrode in the full-cell: (a) LNMO cathode cycled with BE, (b)  S-C(PAN) anode cycled with BE, (c) 

LNMO cathode cycled with E2, and  (d) S-C(PAN) anode cycled with E2. 

 

4. Conclusion  
In conclusion, we have systematically designed a new cell by coupling S-C(PAN) as anode with LNMO cathode for the 

first time and it uses as a tool developed electrolytes. A high-voltage electrolyte composed of FEC/EMC/TTE (3:2:5) has 

been developed. The addition of EMC to the electrolyte solution reduced the viscosity, as a result, it increased the ionic 

conductivity. The optimized electrolyte improvs Coulombic efficiency, rate capability, and long term cycling stability of 

both half-cells (Li||S-C(PAN and Li||LNMO) and full-cells S-C(PAN)||LNMO full cell were achieved. Good passivating 

capability and oxidative durability at high-voltage of the full-cell is also observed from CV measurements.  The XPS studies 

show that inorganic LiF rich SEI on the developed on the S-C(PAN) anode. Moreover, The CEI developed on the LNMO 
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cathode suppresses irreversible degradation in the high-voltage. The high cycling stability and long durability are due to the 

formations of fluorine rich layers formed between the electrode/electrolyte interfaces.  
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