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A novel type cathode for lithium/sulfur batteries is introduced based on polypyrrole nanowires on a Ni 

foil without any binder. Herein, a facile two-step approach is developed in this paper for the 

fabrication of novel three-dimensional nanoarchitectures of composite. Polypyrrole nanowires are 

directly synthesized on the Ni current collector. PPy on Ni foil is utilized as the flexible substrate for 

the infiltration of S via heat-treatment. The S/PPy binary composite electrode delivers a large 

reversible capacity of 1166 mAh g
-1

 with appealing cycling stability (57 % capacity retained after 100 

cycles). The electrochemical results show that PPy nanowire directly growing on the Ni foil current 

collectorcould offer both an electron-conductive path and a stable substrate for the sulfur electrode. 

Besides, PPy also has strong adhesion to the surface of Ni foil and absorbs polysulfides into its porous 

structure. 

 

 

Keywords: Binder-free, Electropolymerized, sulfur/polypyrrole composite, sulfur cathode, 

lithium/sulfur battery. 

 

 

1. INTRODUCTION 

In recent years, there has been a strong demand to develop electric vehicles (EVs)  to save 

limited resources of fossil fuels and decrease exhaust emissions. Therefore, the development of 

advanced rechargeable batteries with high-energydensity for the EV applications is in great demand 
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[1,2]. Among the various battery candidates, lithium/sulfur (Li/S) battery has attracted great interest, 

due to its high theoretical energy density as high as 2600 Wh Kg
-1

, based on the complete reactions of 

sulfur with lithium metal to form Li2S [3,4]. Inaddition, the cathode material sulfuris an inexpensive, 

abundant resource, which is environmentally benign[5]. Nevertheless, sulfur cathodes suffer from 

several significant challenges: low electrical/ionic conductivity and high solubility of polysulfides 

produced during charge/discharge processes, which overall reduce cell performance. Therefore, a 

technique for enhancing the conductivity of sulfur cathode as well as immobilizing the polysulfides is 

highly required [6]. 

Among the possible strategies, polypyrrole (PPy) has been chosen as polymer additive for 

sulfur cathode toimprove the conductivity, the capacity and cycling durability, owing to its high 

electrical conduction accompanied by a high stability [7] and high sulfur absorption ability [8]. In our 

previous studies, branched S/PPy composite and PPy coated sulfur composite has been built 

respectively, which both showed improved electrochemical performance[9,10]. Furthermore, Liang et 

al prepared a tubular PPy@S@PPy composite cathode, which exhibited better electrochemical 

stability, cyclability, and rate capability than S@PPy composite counterpart [11].   

In a conventionally designed S/PPy composite cathode, polymeric binders are necessary, 

virtually resulting in an increase of the resistance and electrode polarization. Therefore, a special 

structure for binder-free sulfur electrodes has to be prepared.  

Herein, we develop a novel electropolymerized PPy nanofiber matrix grown on the Ni foil as a 

flexible substrate for the deposition of sulfur nanoparticle. In this well-designed configuration, sulfur 

was homogeneously coated on the surface of PPy matrix. The inactive PPy core canconveniently 

maintain the structural integrity of the compositeand facilitate the charge collection and transport. PPy 

nanofiber also has strong adhesion to the surface of Ni foil and absorbpolysulfides into its porous 

structure. Furthermore, binders and conductive agents are rendered unnecessary in this free-standing 

S/PPyelectrode, thereby simplifying its preparation. And the physical and electrochemical properties of 

the binder-free S/PPy cathodewere investigated for Li/S batteries. 

 

 

2. EXPERIMENTAL 

A three-dimensional PPy nanofiber network was synthesized by electropolymerization of the 

pyrrole monomer in aqueous solution, and then a binder-free S/PPy electrode was prepared by 

impregnation of as prepared PPy matrix with elemental melted sulfur.  

The three-dimensional PPy nanofibers network was synthesized by electro- polymerization of 

the pyrrole monomer in aqueous solution as the previous report [12]. Then, PPy nanofibers were rinsed 

with distilled water and dried at 80 
o
C for 10 h in vacuum. Subsequently, 0.25 M sulfur in CS2 solution 

was painted on the substrate of PPy nanofiber network. And, CS2 was allowed to completely evaporate 

at 60 
o
C in vaccum. The resulting electrode was heated at 150 °C for 3 h in argon gas to obtain a 

desired binder-free electrode. The sulfur mass loading was 0.4 mg cm
-2

, which is round 60% of the 

total mass of the S/PPy nanostructures. X-ray diffraction (XRD) patterns were tested by Bruker D8 

advance with Cu Kα. The morphologies and microstructures of the samples were characterized using 
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field-emission scanning electron microscope (FE-SEM, S4800, Hitachi Limited) and transmission 

electron microscopy (TEM,JEM-2100F, JEOL), respectively. 

Coin cell 2025 were assembled with the S/PPy cathode, lithium metal anode and a microporous 

polypropylene separator in the argon-filled glove box (MBraun). The electrolyte is 1 M LiN(CF3SO2)2 

in ethylene glycol dimethyl ether and 1,3-dioxolane (1:1 v/v). The coin cells were cycled between 1 

and 3 V vs. Li
+
/Li at different current densities. Applied currents and specific capacities were 

calculated on the basis of the weight of S in each cathode.  

 

 

 

3. RESULTS AND DISCUSSION 

Fig. 1 presents the XRD pattern of PPy grown directly on Ni foil and S/PPyon Ni foil, 

respectively. Removing strong peaks of the Ni substrate, one can see that PPy has a broad and weak 

diffraction peak at 25
o
, indicating an amorphous structure [9]. In comparison, the S/PPy composite 

showed obvious characteristic diffraction peaks of sulfur (Fddd orthorhombic phase), indicating that no 

phase transformation of sulfur during the sulfur loading process. 
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Figure 1. XRD patterns of PPy and S/PPy composite. 

 

The surface morphology of as prepared PPy and S/PPy composite on the Ni foil is depicted in 

Fig. 2. One can see in Fig. 2a that as prepared PPy demonstrates cross-linked nanofiber structure, and 

forms a porous interconnected 3D framework. This porous PPy matrix could provide a highly 

conductive network in conjunction with a large surface area to support good contact with sulfur. As 

shown in Fig.2b, sulfur coating process on PPy nanofiber does not bring any structure change except 

that the average diameter of nanofiber has a significant increase. As expected, no sulfur aggregation is 

observed. To further investigate the structure of PPy and S/PPy composite, TEM measurement was 
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conducted. Fig. 2c confirms the nanofiber structure of as-prepared PPy, and at a higher magnification, 

no obvious lattice fringes can be observed and PPy has the amorphous structure, which is consistent 

with XRD results. As for S/PPy composite, the core-shell structure of an individual composite 

nanofiber is identified by Fig. 2d. The elemental mapping of S/PPy carried out by EDS is shown in 

Fig. 2f, demonstrating the existence and homogeneous distribution of sulfur and PPy in the composite. 

Furthermore, EDX line scan across the S/PPy shows the variation of sulfur signal as shown in Fig. 2g, 

which further confirmed the core-shell structure of S/PPy. In the composite, the PPy nanofiber 

backbones could maintain a good mechanical strength and good contact with suflur nanopartciels as 

well as serve directly as electron-conductive transport paths [13]. 

 

 
 

Figure 2. (a,b) SEM images of PPy and S/PPy composite; (c,d) TEM imagesof PPy and S/PPy 

composite;(e,f) the elemental mapping for carbon and sulfur; (g) Elemental-line profiles across 

the S/PPy fiber, showing the distribution of carbon and sulfur. 
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Electrochemical performances in cells with Li foil anodes and S/PPy composite cathode show 

very promising performance characteristics. Fig. 3a shows the initial three discharge/charge curves of 

S/PPy cathode at a rate of 0.1 C. All three discharge curves show similar behaviors, and two voltage 

plateaus at 2.4 V and 2.0 V are observed, which could be attributed to a two-step reaction of sulfur 

with lithium. The first plateauat 2.4 V can be assigned to the reduction of elemental S to higher-order 

lithum polysulfides (Li2Sn, 4≤n≤8). The following electrochemical transition of these polysuflides into 

lithium sulfides (Li2S2/Li2S) corresponds to the plateau at 2.0 V [14]. The charge/discharge curves of 

the 2
nd

 and 3
rd

 cycles almost coincide with each other, confirming high reversible and electrochemical 

stability of the cathode. The S/PPy cathode exhibits outstanding cycle performance as shown in Fig. 

3b. The S/PPy composite delivers a high discharge capacity of 1166 mAh g
-1

 in the 2
nd

 cycle at 0.1 C, 

and the cell could maintain a reversible capacity of 663 mAh g
-1

 after 100 cycles. Furthermore, the 

S/PPy cathode maintain a high coulombic efficiency about 100% over 100 cycles. This indicates that 

this unique structure of S/PPy electrode is quite effective in suppressing the diffusion of polysulfide 

species and maintaining high utilization of sulfur in the redox reactions [12]. 

The S/PPy composite were tested at a rate from 0.1 C to 1.5C and back to 0.1 C, to evaluate the 

kinetics of the cathodes as shown in Fig. 3c. Stable capacities of around 1024, 822, 606 and 497 mAh 

g
-1

 were obtained at 0.1, 0.5, 1 and 1.5 C, respectively. What’s more, when the current rate is changed 

back to 0.5 C, a discharge capacity of 851 mAh g
-1

 is recovered, indicating structural stability and fast 

dynamic reaction process of the cathode materials.  

 

0 500 1000 1500
1

2

3

V
o
lt

a
g
e
/ 

V

Capacity/ mAh g
-1

 1
st

  cycle
 2

nd
 cycle

 3
rd

 cycle (a)

 

0 20 40 60 80 100
0

500

1000

1500

0

20

40

60

80

100

Cycle number

D
is

ch
a
rg

e 
ca

p
a

ci
ty

/ 
m

A
h

 g
-1

0.1 C

C
o
u

lo
m

b
ic

 e
ff

ic
ie

n
cy

/ 
%

(b)

 



Int. J. Electrochem. Sci., Vol. 12, 2017 

  

5526 

0 10 20 30 40 50
0

500

1000

1500

Cycle number

D
is

ch
a
rg

e 
ca

p
a
ci

ty
/ 
m

A
h

 g
-1

0.1 C

0.5 C

1 C

1.5 C

0.1 C

(c)

 
Figure3. (a) Discharge/charge profiles of the S/PPy composite cathode at 0.1 C; (b) Cyclability of the 

S/PPy composite cathode at 0.1 C; (c) Rate capability of the S/PPy composite cathode. 

 

According to above results, we tentatively attribute the good rate capability of S/PPy composite 

electrodes to its unique 3D networked structure, which could shorten the transport length for Li ions, 

thereby facilitating Li storage kinetics and rate capability [15]. 

The S/PPy electrodes prepared in this work, exhibits a remarkably enhanced electrochemical 

performance over most of the earlier S/PPy electrodes reported in literature, as shown in Table 1.  

 

Table 1. Comparison of various S/PPy electrodes for Li-ion batteries. 

Material  Reversible 

capacity  

Cycle 

number 

Current density  Ref. 

S/PPy/GNS composite 641.5 mAh g
−1

 40th 0.1C [8] 

S/PPy nanocomposite ~500 mAh g
−1

 40th 100 mA g
−1

 [9] 

PPy@S@PPy composite 554 mAh g
−1

 50th 50 mA g
−1

 [11] 

Sulfur-polypyrrole composite ~500 mAh g
−1

 30th 100 mA g
−1

 [16] 

Polypyrrole-coated sulfur 

nanocomposite 

613 mAh g
−1

 50th 0.1C [17] 

S/T-PPy composite 500 mAh g
−1

 60th 0.1 mA cm
-2

 [18] 

S/PPy/MWNT composite 751 mAh g
−1

 100th 0.2 C [19] 

S/PPy/MWNT composite 960.7 mAh g
−1

 40th 0.1C [20] 

S/PPy composite 1166 mAh g
−1

 

663 mAh g
−1

 

2th 

100th 

0.1 C 

0.1 C 
our work 

 

 

4. CONCLUSIONS 

In summary, a binder-free S/PPy composite electrode has successfully been prepared via a 

facile two-step approach. In this composite, the PPy nanofiber backbones could maintain a good 

mechanical strength and provide rich accessible electroactive site and short ion transport pathways. 
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Meanwhile, the highly porous PPy network can effectively confine polysulfides and alleviate the 

volume expansions of sulfur upon cycles. As results, the S/PPy composite electrode exhibited a stable 

cycle performance as well as remarkable rate capability. We believe that this binder-free S/PPy 

electrodes are expected to open up new opportunities for Li/S batteries to eventually in the practical 

application as new-generation energy storage system. 
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