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A conductive polymer layer is prepared on the surface of lithium anode as the protective layer for Li-S 

battery. With the protective layer, a stable and less resistive SEI is formed between the ether-based 

electrolyte and Li anode, it can not only inhibit the corrosion reaction between lithium anode and lithium 

polysulfides effectively, but also suppress the growth of Li dendrites. Particularly, with approximately 10 

2.5-3 mg.cm-2 sulfur loading on the electrode and commercial electrolyte, the discharge capacity retains at 

815mAh.g-1 after 300 cycles at 0.5C with an average coulombic efficiency of 91.3%. 

Introduction 

Currently, with the rapid development of advanced portable 

devices, zero-emission electric vehicles (EV) and smart grids, 15 

rechargeable batteries with high energy density and long cycle 

life are in given great demand1. Among various battery systems, 

sulfur cathode has a high theoretical capacity (1675mAh.g-1) and 

a high theoretical specific energy (2600Wh.Kg-1)2. In 

combination with the natural abundance, low cost and 20 

environmental friendliness of sulfur, the Li-S battery becomes a 

promising candidate for the next generation3, 4. 

However，the insulating nature of sulfur, the volume expansion, 

and the high solubility of lithium polysulfides (PS) in the ether-

based electrolyte lead to a high polarization, serious capacity 25 

fading, poor rate stability and low coulombic efficiency of Li-S 

battery, inhibiting its commercialization. Many approaches have 

been made to address these obstacles and improve the 

electrochemical performance of Li-S battery5-8. Most studies are 

focusing on the modification of cathode with various kinds of 30 

carbon materials and conductive polymers9-11. All the approaches 

can enhance the electrical conductivity of the cathode and 

suppress the loss of soluble polysulfides intermediates during 

cycling, and thereby improve the active material utilization and 

cyclability. In addition, the issue of low coulombic efficiency has 35 

been improved by the addition of lithium nitrate in the 

electrolyte12. However, there are few reports on the improvement 

of lithium anode for Li-S battery, whose problems are complex 

and severe, and it could be a new strategy for improving the 

performance of the Li-S battery3. 40 

Li anode for Li-S battery suffers from several problems. Firstly, 

lithium is so reactive that the electrolyte can be reduced to form a 

solid electrolyte interphase (SEI) layer, causing a remarkable 

irreversible capacity loss and low deposition efficiency of Li 

upon charging3, 13. For practical Li-S batteries, this condition may 45 

lower the energy output of the system by requiring an excessive 

amount of Li to pair with S cathode. Secondly, the growth of Li 

dendrites originating from an uneven deposition of Li can cause 

safety problems. Although, the dendrite issue is unique for the Li-

S battery because of the soluble polysulfides, which possibly 50 

suppress the growth of Li dendrite13, 14. The third problem of the 

Li anode arises from the undesired shuttle effect of lithium 

polysulfides. Soluble lithium polysulfides diffusing throughout 

the separator could react with Li anode to form the insoluble and 

insulating sulfides (Li2S2, Li2S) on the surface of lithium anode15. 55 

The insulating lithium sulfides can retard the rapid transportation 

of Li, resulting in poor rate capability, lack of totally reversibility 

during the following cycles16. The solid polymer electrolyte17 

with Li+ conductivity and sulfur power18 have been employed to 

protect Li anode during charge/discharge process. However, more 60 

effective and simple approaches are necessary to solve the 

problems of Li anode.   

Coating layer with conductive polymers, such as poly(3,4-

ethylenedioxythiophene)19 (PEDOT), polypyrrole (PPy) 20, 21, and 

polyaniline (PANI) 22, 23 on sulfur cathode has been proved to 65 

improve the performance. Recently, Cui’s group found that the 

capability of PEDOT in improving long-term cycling stability 

and high-rate performance of the sulfur cathode is the best among 

the three polymers11. It is thus interesting to further investigate a 

PEDOT-based ion conductive copolymer as a protection layer on 70 

the surface of the lithium metal. Among the PEDOT-based 

copolymers, poly(3,4-ethylenedioxythiophene)-co-poly(ethylene 

glycol) (PEDOT-co-PEG) is a promising candidate. Firstly, the 

PEDOT-co-PEG copolymer possesses strong adhesive properties 

to a lithium surface, which makes it effective for mechanically 75 

suppressing Li-dendrite growth24. Additionally, PEG is a highly 
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ion-conductive polymer that transports lithium ions, which is 

usually introduced into sulfur composites to inhibit the diffusion 

of polysulfides out of the cathode and relieve the volumetric 

expansion of sulfur25.  

Herein, as shown in Fig. 1, PEDOT-co-PEG is coated onto 5 

lithium anode using a simple and low cost method as a functional 

protective layer. The thin protection layer with strong adhesion to 

the lithium electrode is beneficial to form a stable and less 

resistive SEI between the anode and electrolyte. Moreover, it can 

restrict the access of the lithium polysulfides to the Li anode 10 

physically, suppressing the undesired corrosion reaction. 

Therefore, it is predictable for the Li-S battery with protected 

lithium anode to give an excellent electrochemical performance. 

 

 15 

Fig.1. Scheme of Li-S battery with PEDOT-co-PEG protected lithium sheet 

as the anode. 

Experimental  

The protection of the lithium anode  

The PEDOT-co-PEG solution (1 wt% dispersion in nitromethane) 20 

was purchased from Sigma Aldrich and used as received. The 

lithium metal with PEDOT-co-PEG protective layer is prepared 

as follows: Lithium metal was directly immersed into the 

polymer solution in a dry box filled with argon gas. After 12h, the 

polymer-coated lithium electrode was rinsed with dimethyl 25 

ether(DME) and dried for 24 h. To obtain a sufficiently thick 

protective layer on the surface of lithium metal, the process 

mentioned above was repeated for 4-5 times. The thickness of the 

protective layer was around 10µm. 

Preparation of sulfur cathode 30 

The S/C composite was prepared by a melting diffusion strategy 

with a mixture of sulfur and Ketjen black (KB) (Akzo Nobel 

Corp.) in the weight ratio of 2:1, respectively. Then the 

composite was sealed in a glass tube under vacuum followed by 

co-heating at 155 ◦C for 12 h. Consequently, the slurry was 35 

prepared by ball milling 80% S/C composite, 10wt% acetylene 

black (AB) as conductive agent, 5wt% carboxy methyl cellulose 

(CMC), 5wt% (styrene-butadiene rubber) SBR as binders and 

deionized water as the solvent. The slurries were casted onto 

aluminum foil substrates. After the solvent was evaporated, the 40 

electrode was cut into discs with 14 mm in diameter and then 

dried at 60 °C under vacuum for 12 h. Accordingly, the sulfur 

loading in the cathode was around 2.5-3 mg.cm-2. CR2025 type 

coin cells were assembled in a glove box with oxygen and water 

contents less than 1 ppm. The electrolyte consisted of 1M 45 

LiN(CF3SO2)2 (LiTFSI) in a mixed solvent of 1,3-dioxolane 

(DOL) and dimethyl ether(DME). The cells contained Celgard 

2400 as the separator and lithium foils as both the counter and 

reference electrodes. The Li/electrolyte/Li cells are prepared with 

symmetrical lithium metal as the anode and cathode. 50 

Characterization 

SEM images were measured by field emission scanning electron 

microscope (FESEM JSM-6700) and scanning electron 

microscope (Hitachi S-3400N). AC impedance measurement was 

carried out by a Frequency Response Analyzer (FRA) technique 55 

on an Autolab Electrochemical Workstation over the frequency 

range from 0.1 Hz to 10 MHz with the amplitude of 10 mV. The 

galvanostatic charge and discharge tests were conducted on a 

LAND CT2001A battery test system in a voltage range of 1.8-2.6 

V (vs. Li/Li+) at 0.2C and 0.5C (1C=1675mA.g-1). 60 

Results and discussion 

 
Fig. 2. SEM images of the surfaces of the (a) pristine lithium electrode 

and (b) surface-modified lithium electrode with PEDOT-co-PEG 

copolymer.  65 

Fig. 2a and Fig. 2b show the morphology of a lithium sheet 

before and after surface coating with PEDOT-co-PEG. As shown, 

the surface of the pristine lithium sheet is smooth while the one 

with PEDOT-co-PEG coating has a rough surface. Indicating that 

the polymer is fully covered on the surface of the lithium 70 

electrode.  

 
Fig. 3. AC impedance spectra of the Li/electrolyte/Li cells with (a) pristine 

and (b) surface protected Li electrodes as a function of storage time at 

25◦C. 75 

The lithium sheet with PEDOT-co-PEG as the protective layer is 

beneficial to form a stable and less resistive SEI in the carbonate-

based electrolyte24. To investigate the interfacial stability of the 

protected lithium anode in the ether-based electrolyte, AC 

impedance measurements of Li/electrolyte/Li cells are 80 

performed26. As seen in Fig. 3a and Fig. 3b, the spectra are 

composed of two partially overlapping semicircles at high and 

low frequency regions respectively. The semicircle at high 
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frequency corresponds to the SEI, and the low frequency 

semicircle is related to the charge transfer process between the 

electrode and electrolyte.  

These spectra could be analyzed using the equivalent circuit 

given in the inset of the Fig.3a. In this circuit, Re is the electrolyte 5 

resistance, which corresponds to the high frequency intercept at 

the real axis. Rf and Rct are the resistance of the SEI film and the 

charge transfer resistance, respectively. In the cell assembled with 

the pristine Li electrode, the initial resistances of the cell (Rf and 

Rct) are less than those of the cell using a PEDOT-co-PEG 10 

protecting Li electrode, indicating the existing of protective layer 

on the surface of lithium anode24, 26. However, the Rf value 

increases from 59Ω to 172 Ω after 192h, owing to the gradual 

growth of SEI between the lithium electrode and the electrolyte. 

In the cell assembled with the surface-modified Li electrode, Rf 15 

initially increases to the maximum value after 96h and stabilizes 

at around 99Ω, indicating the suppression of deleterious reactions 

between the PEDOT-co-PEG protecting lithium electrode and the 

ether-based electrolyte solution. As a result, the interfacial 

stability of the lithium electrode is improved because of the a 20 

protective layer.  

 
Fig. 4 XPS spectra (S peak) of Pristine Li (a) and PEDOT-co-PEG protected 

Li (b) surfaces stored for 8 days  in the electrolyte. 

To understand the chemical state of the surface film on the 25 

lithium electrode after stored in the electrolyte, chemical 

composition and depth profile information of the surface film 

were obtained by X-ray photoelectron microscopy spectra (XPS). 

As shown in Fig.4, S-C, Li2S, Li2S*SO3 are all the products of 

the between Li and TFSI anion and electrolyte solvent reduction, 30 

while the insulating Li2S can’t be observed in that of PEDOT-co-

PEG protected Li anode27. And more stable Li2SOx (Li2SO3, 

Li2SO4 and Li2S2*S2O6) is found in the PEDOT-co-PEG 

protected Li anode, they have been found in the Li anode for Li-S 

battery in the electrolyte with LiNO3, showing that a more stable 35 

SEI is formed between PEDOT-co-PEG protecting Li anode and 

the electrolyte27, 28.  

The initial charge/discharge profiles at different cycles of Li-S 

batteries assembled with different lithium electrodes are shown in 

Fig.5a, there are two discharge plateaus at 2.3V and 2.1V, 40 

corresponding to the generation of lithium polysulfides and 

Li2S/Li2S2
25, 29. And charge/discharge profiles are similar, 

indicating that the protective layer on the surface of lithium anode 

doesn’t change the electrochemical reactions. For coin battery, 

lithium anode is far from sufficient with respect to the active 45 

material in the sulfur cathode, so the initial discharge capacity is 

determined by the state of sulfur cathode. Therefore, Li-S battery 

with pristine Li electrode shows a close initial discharge capacity 

compared to that of Li-S battery with PEDOT-co-PEG  protected 

lithium anode.  50 

 
Fig. 5 (a) The charge/discharge profiles at different cycles of Li-S battery 

assembled with protected Li anode. (b) The cycle performance of Li-S 

batteries assembled with different Li anodes at 0.2C. (c) The cycle 

performance of Li-S batteries assembled with protective Li anodes at 55 

0.5C. 

The cycle performance and coulombic efficiency of Li-S batteries 

assembled with different lithium electrodes are shown in Fig. 5b. 

The called “shuttle effect” is one of the most import reasons for 

the poor cycle performance and low coulombic efficiency of Li-S 60 

battery5. However, as mentioned above, once lithium anode is 

protected by PEDOT-co-PEG layer, the contact between lithium 

anode and lithium polysulfides is restricted, so the corrosion 

reaction between them during the discharge process is suppressed 

effectively. Furthermore, more insulating Li2S/Li2S2 aggregated 65 

on the surface of the conductive PEDOT-co-PEG layer will be 

transformed  to the soluble Li2Sx during the charge process. 

Consequently, the low coulombic efficiencies, redistribution of 

active material and rapid capacity fading of the common Li-S 

battery are suppressed significantly. As shown, the discharge 70 

capacity of Li-S battery with protected Li anode maintains a high 

capacity of 875.6mAh.g-1 at 0.2C with a good capacity retention 

of 73.45% after 200cycles, while Li-S battery with pristine Li 

anode shows a capacity of 399.8mAh.g-1 at 0.2C with a poor 

capacity retention of 32.8%. Moreover, the average coulombic 75 

efficiency of Li-S battery with protected Li anode is as high as 

89.2% in the electrolyte without LiNO3, which is much higher 

than that of 80.7% for Li-S battery with pristine Li anode. The Li-

S battery with the protected Li anode also shows excellent cycle 

performance at 0.5C, the specific capacity retains at 815mAh.g-1 80 

even after 300 cycles with the average coulombic efficiency of 

91.3%. 

Although the addition of LiNO3 in the electrolyte can increases 

the coulombic efficiency of Li-S battery, it was reported that the 

electrolyte with LiNO3 added can oxidize sulfur compounds to 85 

higher and irreversible oxidation states, such as LixSOy species30. 

Moreover, the decomposition of LiNO3 will generate gas during 

charge/discharge. The Li-S battery with PEDOT-co-PEG 

protected Li anode shows excellent cycle stability and improved 

coulombic efficiency in the electrolyte without LiNO3. which can 90 

avoid the disadvantages of LiNO3 additives. 
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Fig. 6 AC impedance spectra before (a) and after 100 cycles (b) of Li-S 

batteries assembled with different lithium anode. 

Furthermore, the electrochemical behavior of Li-S batteries 

assembled with different lithium anodes before and after 100 5 

cycles is investigated by electrochemical impedance spectroscopy 

(EIS). As shown in Fig. 6, there is a compressed semicircle at the 

high frequency corresponding to the charge transfer resistance 

and SEI layer and a sloped straight line in the low frequency 

domain corresponding to the Warburg impedance31, 32. The 10 

impedance value of the batteries with and without proactive Li 

anode are very close before cycling, showing the conductive 

polymer coating layer doesn’t change the fast ion transport 

behavior of lithium anode. The redistribution of the insulating 

sulfur besides cathode (on the surface of the cathode, the 15 

separator and the anode ) during charge/discharge process is the 

main reason for the increased resistance16, 32. As shown, after 100 

cycles, the Li-S battery with protected Li anode revealed a much 

smaller interfacial resistance than the cell with the pristine Li 

electrode, implying the cell with the modified Li electrode has a 20 

more stable and less resistive SEI layer that facilitated more 

efficient lithium ion transfer at the interfaces during cycling. And 

the redistribution of insulating active material during 

charge/discharge process are suppressed effectively, indicating a 

suppressed shuttle effect. 25 

 
Fig. 7 The surface morphologies of the Li anode after 100 cycles: (a) the 

pristine Li anode; (b) the surface-protected Li anode.  

Fig. 7 comparatively shows the surface morphology of the Li 

anode with and without protective layer after 100 cycles. The Li 30 

anode is disassembled from the cycled cell carefully before the 

SEM images are acquired. The surface of pristine lithium anode 

after 100 cycles is loosely packed, suggesting serious dendrite 

growth and corrosion reaction. The protected Li anode showed a 

relatively smoother and denser surface morphology than the non-35 

protected one. These results suggest that the PEDOT-co-PEG 

protection layer on the lithium electrode can suppress the 

corrosion reaction and dendrite growth effectively. 

 

 40 

Fig. 8 The cross section morphology(a, d) and EDS mapping element of 

carbon(b, e) and sulfur (c, f) of pristine Li anode and protected Li anode 

after 100 cycles.  

As for Li-S battery with pristine Li anode, the corrosion reaction 

between lithium polysulfides and Li anode results in continuous 45 

loss of active material and an increased thickness Li2S/Li2S2 layer 

on the surface of metal anode. As seen in Fig. 8a, Fig. 8b and Fig. 

8c, the thickness of Li2S2/Li2S layer on the surface of pristine 

lithium anode is as high as 100µm， and the contact place 

between Li cross section and Li2S2/Li2S layer is uneven, 50 

indicating a serious corrosion reaction during charge/discharge 

process16. However, as seen in Fig. 8d, Fig. 8e and Fig. 8f, the 

thickness of Li2S2/Li2S layer is only about 40µm, which is much 

thinner than that of pristine lithium anode. The thickness of 

PEDOT-co-PEG protecting layer is around 10µ. The contact 55 

areas between the PEDOT-co-PEG and the Li2S/Li2S2 layer are 

both self-evident relatively. And it remains undamaged even after 

prolonged cycles, indicating a strong adhesive and excellent 

mechanical properties to a lithium surface and a good 

mechanically suppression to the Li-dendrite growth. Moreover, 60 

the undesired corrosion reaction is suppressed effectively when 

the lithium anode is protected with PEDOT-co-PEG polymer. 

Conclusions 

Lithium anode is protected with  PEDOT-co-PEG polymer using 

a simple, novel and low cost method. Firstly, the thin PEDOT-co-65 

PEG layer formed on the surface of lithium metal stabilizes the 

interface of lithium anode in the prolonged contact with the ether-

based electrolyte. Secondly, the contact between lithium anode 

and lithium polysulfides is obstructed physically, suppressing the 

undesired corrosion reaction. Thirdly, the protective layer shows 70 

a strong adhesive properties to a lithium surface and good 

mechanical, suppressing the Li-dendrite growth during 

charge/discharge process. Therefore, with the addition of 

protective layer, a stable and less resistive SEI is formed, the 

shuttle effect and dendrite growth on the surface of lithium anode 75 

is suppressed effectively, resulting in an excellent cycling 

stability and a high coulombic efficiency.  
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