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LiFSI-LiTFSI binary-salt electrolyte to achieve high 
capacity and cycle stability for Li-S battery 

J. J. Hu, G. K. Long, S. Liu , G. R. Li and X. P. Gao *  

LiFSI and LiTFSI are combined to form a binary-salt 
electrolyte with higher ionic conductivity and lower viscosity 
for Li-S battery. A high capacity and stable cycle 
performance of the sulfur-based composite with high sulfur 
content are realized in the electrolyte, accompanied 
simultaneously with the homogeneous lithium deposition on 
anode.  

Sulfur, with a theoretical capacity of 1675 mAh•g-1, is 
considered as a promising alternative cathode material for high 
energy density battery system.1 However, some intrinsic 
properties, such as the low ionic and electronic conductivity of 
sulfur and lithium sulfide, the “shuttle phenomenon” of the 
dissolved intermediate polysulfides, and the volume expansion 
caused by electrochemical dissolution-deposition reaction, lead 
to poor cycle stability of sulfur cathodes.2 In recent years, the 
electrochemical performance of the sulfur cathodes has been 
improved greatly by encapsulating or immobilizing sulfur into 
various conductive materials by physical barrier,3 capillarity,4 
chemical bonding,5 hydrogen bond, and/or other weak 
interactions6 in order to restrict the dissolution of polysulfides. 
However, due to the quasi “liquid” nature of the sulfur 
cathode,7 the dissolution of polysulfides is essential to 
effectively utilize the active material,8 especially for the 
cathode with high sulfur loading. In addition, the diffusion of 
soluble species caused by the inherent electric field and the 
concentration gradient should be regulated by the electrolyte.9 
Therefore, it is highly significant to explore new electrolyte for 
fabricating high energy Li-S battery with desirable performance.  

Recently, the concentrated electrolytes containing lithium 
bis(trifluoromethanesulfonly)imide (Li[N(SO2CF3)2], LiTFSI) 
provide novel approaches to restricting the dissolution of 
lithium polysulfides from sulfur cathode side and the growth of 
lithium dendrites from anode side.10 The common ion effect 
and the high viscosity of the electrolyte could improve the cycle 

stability of the sulfur cathodes. Nevertheless, the high viscosity 
in the concentrated electrolyte may limit the sulfur utilization 
and slow down the reaction kinetics at the same time.11 Novel 
electrolytes, providing simultaneously high capacity and good 
cycle stability, are urgently required for sulfur cathode with 
high sulfur loading.  

Lithium bis(fluorosulfonyl) imide (Li[N(SO2F)2], LiFSI), 
which has a similar structure and smaller size than LiTFSI, 
shows satisfactory electrochemical performance owing to 
higher ionic conductivity in the carbonate based electrolyte.12 
In this communication, LiFSI is introduced into the ether based 
electrolyte for Li-S battery system, and the synergies between 
LiFSI and LiTFSI on both the sulfur cathode and the lithium 
anode are characterized and discussed.   

Table 1 Ionic conductivity (σ) and viscosity (η) of LiFSI, LiTFSI and 
mixed electrolytes at 25 °C. 

σ/ mS·cm-1 η / cP Concentration 

LiFSI LiTFSI LiFSI LiTFSI

1 M 11.99 9.67 2.45 2.56 

1.5 M 11.80 7.82 2.76 4.68 

2 M 11.51 6.19 4.30 6.93 

2.5 M 10.98 5.08 6.46 11.04

3 M 9.96 3.56 8.75 16.12

1 M LiFSI + 0.5 M LiTFSI 11.09 3.13 

0.5 M LiFSI + 1 M LiTFSI 10.45 3.90 

The cathode used herein with sulfur loading up to 1.8 mg/cm2 is 
composing of electropolymerized polymer coating carbon and 
sulfur in the weight ratio of 1:4 (79.05 wt. % as measured by 
TG), with good structural integrity and high electronic 
conductivity. Details of the sulfur-based composite are 
available in Fig. S1-5. Given that LiFSI outperforms LiTFSI in 
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ionic conductivity (σ) and viscosity (η) in ether based 
electrolyte (Table 1), LiFSI is a potential alternative salt in 
ether based electrolyte for Li-S battery. The sulfur cathode in 
the electrolyte with the single LiFSI salt shows a large initial 
capacity, but poor cycle stability. In addition, the cycle 
deterioration becomes heavier with increasing the LiFSI 
concentration, while the stable cycle and low capacity of the 
sulfur cathode are achieved in the electrolyte with the 
concentrated LiTFSI (Fig. S6). The high initial capacity is 
mainly related to the higher affinity of LiFSI towards 
polysulfides and electrode surface based on the calculated 
charge distribution (Fig. S7). Meanwhile, the high ionic 
conductivity and the low viscosity are is also beneficial to reach 
the high initial capacity of the sulfur cathode in the electrolyte 
with single LiFSI salt. However, the low viscosity (Table 1) 
promotes the diffusion of polysulfides, resulting in poor cycle 
life. In particular, the coulumbic efficiency of the sulfur 
cathode is lower in the electrolyte with single LiFSI salt (Fig. 
S9). Moreover, the common ion effect is not acted in 
concentrated electrolyte due to the low solubility and high 
reactivity of LiFSI.13 Therefore, combined with the stronger 
interaction between LiFSI and polysulfides from the calculated 
charge distribution, these multi-factors lead to the serious 
competition between dissolution and disproportionation of 
polysulfides and the undesired solid-electrolyte interphase (SEI) 
composition.14 In order to realize high capacity and long cycle 
stability, binary-salt electrolytes with different constituents of 
LiFSI and LiTFSI are measured. Here, the concentration of 1.5 
M Li+ is chosen for the comprehensive performance of 
moderate viscosity and ionic conductivity of the electrolyte, 
large discharge capacity and good cycle stability of the cathode. 
The series of the electrolytes evaluated are 1.5 M LiFSI, 1 M 
LiFSI+0.5 M LiTFSI, 0.5 M LiFSI+1 M LiTFSI and 1.5 M 
LiTFSI in 1,3-dioxolane (DOL) and 1,2-dimethoxyethane 
(DME) (1:1 by volume), respectively. 
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Fig. 1. (a) Initial cyclic voltammograms of the sulfur cathode in 
different electrolytes in the potential range of 1.0~3.0 V at a scan rate of 
0.1 mV·s-1. Nyquist plots of the cells after different cycles at a current 

density of 200 mA·g-1 in the DOL/DME (1:1, by volume) electrolytes 
with 1.5 M LiFSI (b), 1 M LiFSI + 0.5 M LiTFSI (c), 0.5 M LiFSI + 1 
M LiTFSI (d), and 1.5 M LiTFSI (e).  

The initial cyclic voltammograms (CVs) of the sulfur 
cathode in different electrolytes are compared in Fig. 1a. When 
LiFSI salt is introduced into the electrolyte, the profiles of two 
cathodic peaks and one anodic peak are almost identical to 
those in the electrolyte with LiTFSI salt. In the cathodic process, 
the reduction peak at higher potential is attributed to the 
formation of long chain lithium polysulfides (Li2Sx, 4≤x≤8), 
and the peak in the lower potential region is related to the 
further reduction of polysulfides to insoluble Li2S2 and Li2S. In 
the anodic process, the peak around 2.5 V (vs Li/Li+) can be 
ascribed to the oxidation of insoluble products to Li2S8 and/or 
even further to sulfur.11 With increasing LiFSI proportion in the 
binary-salt electrolyte, the two reduction peaks shift to higher 
potential, and the anodic peak becomes sharper, indicating the 
improved reversibility and sulfur utilization. In particular, the 
binary-salt electrolyte is superior to the LiTFSI-based 
electrolyte due to the relatively high ion conductivity and low 
viscosity, contributing to the low polarization and high 
utilization of active sulfur. 

  

  

Fig. 2. SEM images of the metallic lithium anodes. (a) fresh anode, and 
cycled anodes after 100 cycles in (b) 1.5 M LiFSI electrolyte, (c) 1 M 
LiFSI + 0.5 M LiTFSI electrolyte, and (d) 1.5 M LiTFSI electrolyte.  

Additionally, the better reversibility and stability are 
confirmed by electrochemical impedance spectroscopy (EIS) 
and scanning electron microscopy (SEM). The cycle 
performance of Li-S battery is highly related to the interface 
stability due to the nature of the dissolution-deposition reaction 
of both electrodes. Both a serious aggregation of insulated 
Li2S2/Li2S on the cathode surface and a rough surface of 
lithium metal are detrimental to the cell cycle life.14-15 In Li/S 
cell, the electrochemical reaction process is mainly determined 
by the sulfur cathode with insulated S and Li2S2/Li2S on the 
surface. Therefore, the information from metallic lithium anode 
side in EIS is almost negligible, and the kinetic reaction of 
sulfur cathode is dominant in EIS. As shown in Fig. 1b-e, 
Nyquist plots consist of two semicircles in the high frequency 
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region and a straight line in the low frequency region. The 
semicircle in the lower frequency region is ascribed to the 
surface charge transfer process of the electrodes, influenced by 
the formation of the SEI and the insulating layer of Li2S2/Li2S. 
Contrary to the obviously increasing surface charge-transfer 
resistance and Warburg diffusion impedance in the electrolyte 
with individual 1.5 M LiFSI and 1.5 M LiTFSI, the 
electrochemical parameters are much smaller in 1M 
LiFSI+0.5M LiTFSI binary-salt electrolyte after 100 cycles 
(Table S1). Meanwhile, the sulfur cathode after 100 cycles in 
the electrolyte with 1 M LiFSI + 0.5 M LiTFSI shows the best 
surface integrity (Fig. S8). In particular, the obvious variation 
in the surface morphology of the metallic lithium anodes after 
100 cycles in the different electrolytes is presented in Fig. 2. In 
the electrolyte with 1.5 M LiTFSI, the surface crack and the 
pulverization of lithium anode are serious after 100 cycles, 
which could result in sharp drop of the Li-S cell performance.16 
In the electrolyte with 1.5 M LiFSI, a rough surface with 
protuberances forms due to the fast lithium deposition, which is 
the origin of lithium dendrites. On the contrary, a smooth 
surface of lithium anode without the dendrite formation can be 
clearly observed in the LiFSI-LiTFSI binary-salt electrolyte 
after 100 cycles, which has become more uniform during 
repeated charge/discharge processes as compared with the fresh 
lithium anode. The comparable surface characteristic of the 
lithium anode was also reported,13 in which the dendrite-free 
metallic lithium after cycling was observed in the Li/Li 
symmetric cell in a LiFSI-LiTFSI/DOL-DME electrolyte 
system. Besides, the highly reversible deposition-stripping of 
lithium could occur at graphite electrodes by adding LiTFSI to 
the [FSI]- based ionic liquids.17 Therefore, the synergy of the 
two salts brings more homogeneous and integrated interfaces 
on both electrodes, improving the cycle stability of Li-S battery.  

The initial charge-discharge profiles of the sulfur cathode 
measured by the galvanostatic method are shown in Fig. 3a. 
There are two potential plateaus around 2.3 and 2.0 V (vs Li/Li+) 
in the discharge process, corresponding to the formation of high 
order and low order lithium polysulfides, respectively. For the 
profiles among various electrolytes, the notable difference is 
that the low potential plateau of sulfur cathode extends with 
increasing the LiFSI proportion in the electrolyte, leading to the 
increase of the discharge capacity. Specifically, the maximum 
discharge capacities of the sulfur-based composites are 1075 
and 1052 mAh g-1-composite in the electrolyte with 1.5 M 
LiFSI and 1 M LiFSI+0.5 M LiTFSI, respectively, 
corresponding to 1359.9 and 1330.8 mAh g-1-sulfur. It implies 
that the high utilization of active sulfur in the composite with 
high sulfur loading can be obtained by introducing LiFSI into 
the electrolyte, in accordance with the CV results. After 20 
cycles, the potential difference between the charge and 
discharge plateaus becomes larger due the accumulation of 
passivation layer on electrodes and the increasing viscosity of 
the electrolyte caused by the dissolution of polysulfides. 
Whereas, the synergy of the two salts in the electrolyte brings 
lower polarization and high discharge capacity.   

Fig. 3c compares the cycle performance of the sulfur 
cathode in different electrolytes. Contrary to the trend in initial 
capacity, the good cycle stability is obtained by increasing the 
LiTFSI proportion in the electrolyte. In the binary-salt 
electrolyte, good high-rate performance and high coulumbic 
efficiency can be also achieved (Fig. S9-10). The best result 
from the electrolyte with 1 M LiFSI + 0.5 M LiTFSI is ascribed 
to the facilitated migration of ions in the electrolyte, better 
wettability coupled with the lower viscosity, and the lower 
polarization by the synergy as discussed above. Fig. 3d shows 
the prolonged cycle life of the sulfur cathode in 1 M LiFSI + 
0.5 M LiTFSI at different current densities. The capacity is 
stable with cycling at high current densities and retains 710, 
588, 551 and 405 mAh·g-1-composite after 100 cycles at 200, 
1000, 2000 and 5000 mA·g-1-composite, respectively. 
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Fig. 3. (a) Initial and (b) 20th discharge-charge curves of the sulfur 
cathode in different electrolytes at the current density of 200 mA·g-1-
composite. (c) Cycle stability of the sulfur cathode in different 
electrolytes at the current density of 200 mA·g-1-composite. (d) 
Prolonged cycle performance of the sulfur cathode in the electrolyte 
with 1 M LiFSI + 0.5 M LiTFSI at different current densities. All the 
initial discharge current density is 200 mA·g-1-composite. 

As a dominant component in Li-S battery, the electrolyte 
not only works as an effective ionic transporter, but also affects 
the interfacial architecture by molecular interactions based on 
the dissolution-deposition reaction for both sulfur cathode and 
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lithium anode. LiFSI, with small anionic size (the radius of 
[FSI]- and [TFSI]- is 0.289 nm and 0.329 nm, respectively18), is 
a suitable constituent in the electrolyte to achieve better 
infiltration and faster ionic transportation The difference in size 
and calculated charge distribution (Fig. S7) between [FSI]- and 
[TFSI]- may result in the different interaction with the 
polysulfides and affinity towards the electrode surface. The 
overlapping of electron cloud and the steric hindrance arisen 
from each other can offer shielding effect in the electrolyte, 
which is attributed to the stable electrostatic shield by ion-
pairing interactions in multi-anion system, similar to that in 
multi-cation system.19 After introducing LiFSI into the 
electrolyte with LiTFSI, high capacity, stable cycle life and 
high coulumbic efficiency are achieved. Moreover, the synergy 
between LiFSI and LiTFSI is observed correspondingly, 
insuring the homogeneous lithium deposition on anode surface 
in the stable electrostatic shield.  

 

Conclusions 

In summary, the shortages in cycle stability and initial 
discharge capacity of the sulfur cathode in the electrolyte with 
individual LiFSI or LiTFSI salts are balanced by combining 
two salts. The sulfur-based composite with high sulfur content 
(79.05 wt.%) in the optimized electrolyte with 1 M LiFSI+0.5 
M LiTFSI in DOL/DME exhibits high discharge capacity, 
stable cycle performance and good high-rate capability. The 
optimization of the electrolyte components and further 
investigation of the molecular interactions should achieve better 
performance. The result and discussion provided in this study 
will contribute to the understanding of sulfur electrochemistry, 
lithium deposition and the improvement of Li-S battery. 
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