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To enhance the long stability of sulfur cathode for a high energy lithium-sulfur cell, thin wall 

hollow spherical structured polypyrrole (T-HSSP) composed of a mono layer of PPy nano-

particles is employed as the host to encapsulate sulfur component. T-HSSP can buffer the 

volume expansion sulfur during discharge and charge processes, and therefore fully keep the 

integrity of the sulfur electrode after long cycling. Distribution of sulfur component is well 

remained even after 100 charge/discharge cycles in T-HSSP, indicating efficient effect of the 

design in inhibiting the shuttle effect of the sulfur electrode. The composite with a sulfur 

content of 58.4 wt.% exhibits a reversible capacity of 1563.3 mAh.g-1 and a discharge capacity 

retention over 89% during 40-200 cycles corresponding to a sulfur utilization of 89.2% at 

0.2C. Excellent rate capability of the composite demonstrated by its cycling performances at 

1C, 2C and 5C for 300 cycles. Moreover, a further heating treatment is carried out to inhibit 

the severe capacity fade in the initial tens of cycles, and an enhanced cycling stability of Li-S 

battery is achieved. 

Introduction 

Among various types of rechargeable batteries, Li-S battery has 

attracted great attentions due to its high theoretical specific 

capacity (1675mAh.g-1) and energy density (2600Wh.Kg-1). 

These values are several times greater than those of common 

lithium-ion batteries1, 2. In combination with the natural 

abundance, low cost and environmental friendliness of sulfur, 

the Li-S battery becomes a promising candidate for the next 

generation power sources.  

However, the development of Li-S battery has encountered the 

following disadvantages. Firstly, the insulating nature of sulfur 

(5×10-30 S.cm-1 at 25 ℃) leads to a low utilization rate of active 

material and a poor high-rate capability. Secondly, the lithium 

polysulfides generated during the electrochemical-reduction 

process are highly soluble in conventional organic electrolytes, 

and would easily reach the Li anode to cause immediate 

reaction with the metallic lithium with the formation of 

insulating Li2S. This results in serious anode corrosion and a 

redistribution of sulfur component in the electrode3-5. The so 

called shuttle mechanism is the major reason for the low 

coulombic efficiency and the poor cycling ability of lithium 

sulfur cells6-9. Thirdly, volume change of sulfur as high as 80% 

during the charge/discharge process destroys the electrode 

structure and integrity of the cell, leading to a serious capacity 

fading and finally a short life of the cell10, 11. 

Various approaches including the modification of cathode12, 

electrolyte13, 14, separator15, and Li-metal anode16, 17 have been 

adopted to improve the cycling ability by different research 

teams world-wide. Among them, the fabrication of sulfur 

cathode with a unique structure is most widely adopted. 

Normally, sulfur is embedded in the conductive carbon matrix 

to increase the conductivity of sulfur cathode and suppress the 

shuttle effect. Carbon materials like active carbon12, 18, 

mesoporous carbon19-21, microporous carbon22-25, carbon 

nanotube26-28, graphene28-30, hollow carbon fibers31, 32 TiO2
33 

and conductive polymers29, 34-37 have been applied to achieve 

such purposes. Wrapping sulfur nano-particles with carbon38-40, 

and conductive polymers41-43 is also frequently taken as an 

alternative route to improve the conductivity of sulfur electrode 

and at the same time to inhibit the dissolution of lithium 

polysulfides in electrolyte. However, all these attempts are less 

effective in buffering the serious volume change during 

cycling. Recently, a yolk-shell microstructure of sulfur-TiO2 

and a hollow structured sulfur coated with PEDOT are 

reported10, 11. Such a approach is found to improve the 

conductivity of the sulfur cathode and inhibit the shuttle effect 

simultaneously. Further buffering the volume expansion by the 

void space of the sulfur during the charge/discharge process, 

resulting in an excellent prolonged cycling stability.  

Conducting polymeric matrices are known to allow better 

accommodation of volume expansion than pure carbon8, 44. 

Polypyrrole (PPy) is electrochemically active in the voltage 

range of 2-4 V vs. Li/Li+45, and hence it is widely used in 

various high energy density battery systems such as Li-ion 

battery46, 47, Li-S battery43, 48, and Li-air45, 49 etc. Recently, PPy 
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hollow sphere has been employed as the matrix of sulfur50, 

however, the hollow volume in the PPy hollow spheres is not 

large enough to load more sulfur and buffer volume expansion 

and the thick shell hinders migration of Li+ and electrons, in 

addition to low heating treatment temperature, so the cycling 

performance is unsatisfactory even with low sulfur loading. In 

the present study, thin wall hollow spherical structured 

polypyrrole (T-HSSP) is quantitatively designed to supply 

enough void space for the lithiation of sulfur. T-HSSP have 

outer diameter of about 300nm and shell thickness of about 

30nm, which are composed of a mono layer of PPy nano-

particles with diameter in the range of 25-35nm. As indicated in 

Fig. 1a, the thin wall of T-HSSP is beneficial for both electron 

transport and Li+ diffusion. Moreover, the dissolution of sulfur 

entrapped in the T-HSSP is almost completely inhibited by the 

wall. The potential S-C bond generated during heating 

treatment can further inhibit the shuttle effect during 

charge/discharge process. Furthermore, volume expansion 

during charge/discharge process could be fully buffered by the 

void space in the T-HSSP. Consequently, the dimension of the 

T-HSSP will be retained after cycling, leading to integrity of 

the sulfur electrode and excellent cell performance as 

schematically illustrated in Fig. 1b. 

 

Fig. 1 (a) Schematic of T-HSSP, S@PPy composite and 

lithiated (discharged) S@PPy composite with inward expansion 

of the sulfur entrapped in the hollow sphere, (b) Schematic 

illustration of integrity of the T-HSSP-based sulfur electrode 

with serious expansion during discharge and charge processes. 

Experimental 

Preparation of T-HSSP 

T-HSSP were synthesized by an modified template process over the 

initial one proposed in the literature 51, for which the SiO2 nano-

spheres were firstly synthesized by the traditional base-catalyzed 

hydrolysis of TEOS52. As a typical example, 12 ml of aqueous 

ammonia (25 wt. %) was added into a solution containing 260 ml of 

ethanol and 40 ml of deionized water. Separately, 24 ml of TEOS 

was mixed with 40 ml of ethanol. The two solutions were rapidly 

mixed under vigorous stirring for 2 h to allow the formation of 

uniform silica particles. Then, the resulting silica particles were 

separated by centrifugation at 8000 rpm for 10 min and washed 

several times with water and ethanol.  

Consequently, the obtained SiO2 microspheres were dispersed in 500 

mL deionized water by ultrasound for 30 minutes. Subsequently, 10g 

Poly(vinyl pyrrolidone) (PVP, Mw=55 000, from Aldrich) was 

added into the above solution and the suspension was stirred for 24h 

to ensure adequate adsorption of PVP on the surface of the SiO2. 

Unadsorbed PVP componnets were removed by centrifugation. The 

above precipitate was redispersed into 500mL of deionized water via 

ultrasound. 2ml of pyrrole monomer was afterwards added into the 

above solution followed with stirring for 5h, after then the oxidant 

ammonium persulfate (APS) (with a molar ratio to monomer of 1:1) 

was added into the suspension. The reaction was allowed to proceed 

for 12h at 4◦C, and the resulting product was washed by deionized 

water, then PPy@SiO2 composite was gained. The composite 

particles were soaked in an aqueous solution of 10 wt% HF for 24 h 

to remove the silica cores. And then the sample was separated by 

centrifugation at 10000 rpm for 10 min and washed four times with 

water and ethanol respectively. Finally, the obtained T-HSSP were 

dried at 50 ◦C for 24h in a vacuum oven.  

Preparation of S@PPy composite 

Mixture of sulfur and the T-HSSP in the weight ratio of 2:1 was 

sealed into a glass tube filled with argon and co-heated at 155 ◦C for 

10 h. During the heating process, the sulfur was molten and filled to 

the holes of the T-HSSP. The mixture was further heated at 300 ◦C 

for 6 h to vaporize the sulfur remained on the outside surface of the 

PPy spheres34. The samples are denoted as S@PPy-155 and S@PPy-

300, respectively. S@PPy-300 was further heated to 180 ◦C to 

remove the sulfur on the outer surface of T-HSSP, then H-S@PPy 

was obtained. The pure sulfur cathode is prepared by heating the 

mixture of Acetylene black(AB) and sulfur (weight ratio of 2:1) at 

300◦C for 6 h.  

Preparation of the sulfur cathode and coin-type Li-S cell 

To prepare cathodes, the slurries were prepared by ball milling 80wt% 

sulfur based composite, 10wt% acetylene black (AB) as conductive 

agent, both 5wt% CMC, 5wt% SBR as binders and deionized water 

as the solvent. The slurries were then casted onto an aluminum foil 

substrate. After the solvent evaporated, the electrodes were cut into 

circles with 14 mm in diameter and then dried at 60 °C under 

vacuum for 12 h. CR2025 type coin cells were assembled in a glove 

box with oxygen and water contents less than 1 ppm. A solution of 1 

M LITFSI dissolved in DOL/DME/PYR14TFSI (v/v/v= 2/2/1) was 

employed as the electrolyte. Celgard 2400 was used as the separator 

and lithium foil as both the counter and reference electrodes.  

Characterization 

Elemental analyzer (Tecnai G2 F20) was applied to determine the 

components of the composite (the average value of more than ten 

regions). FTIR spectra were carried out on a Thermo Nicolet 7000-C 

Fourier Transform Spectrometer with ±2cm-1 resolution between 

4000 and 400cm-1 using KBr disk method. Specific surface area was 

tested using the Brunauer-Emmett-Telley (BET) method on a 

Micromeritics Tristar 3000. SEM images were measured with field 

emission scanning electron microscope (FESEM JSM-6700) and 

scanning electron microscope (Hitachi S-3400N). Transmission 

electron microscopy (TEM) images were measured on a JEOL JEM-

2010 transmission electron microscope.  

AC impedance measurements were carried out by a Frequency 

Response Analyzer (FRA) technique on an Autolab Electrochemical 

Workstation over the frequency range from 0.01Hz to 10 MHz with 

the amplitude of 10 mV. Cyclic-voltammetry (CV) measurement 

was also conducted using the Autolab Electrochemical Workstation. 

The galvanostatic charge and discharge tests were conducted on a 

LAND CT2001A battery test system in a voltage range of 1.5-2.8 V 

(vs. Li/Li+).  

Results and Discussion 
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Structural characterization 

Since the T-HSSP are fabricated using SiO2 as the template. The 

diameter of T-HSSP and the thickness of the capsules are dependent 

on the diameter of silica template as well as the weight ratio of 

[silica spheres template]/[pyrrole monomer]. Fig. 2a, Fig. 2b and Fig. 

S2 show the TEM and SEM images of the mono-dispersed T-HSSP 

with diameter of about 300 nm and wall thickness of about 30nm. It 

is noted that the shell of T-HSSP is composed of a mono layer of 

PPy nano-particles with diameter in the range of 25-35nm, which 

supply enough void space to load more sulfur and buffer volume 

expansion. The heating treatment process successfully combined the 

sublimed sulfur into the holes of the T-HSSP, which make up a 

composite with sulfur content as high as 58.4 wt.% as proved by 

elemental analyzer. No sulfur particles is observed in S@PPy-300 

composite, hence, to analyze the distribution of the sulfur in the T-

HSSP based composite, elemental mapping and line scan analysis of 

sulfur in S@PPy-300 composite is carried out. Fig. 2e and Fig. 2f 

confirm that the sulfur in the composite is uniformly distributed 

inside the hollow spheres with fractions of it attached on the outer 

surface.  

 

Fig. 2 (a)TEM image of T-HSSP, (b) SEM image of T-HSSP (c) 

TEM image of S@PPy-300 composite, (d) STEM image and line 

scan analysis (sulfur) of S@PPy-300 composite, (e) element 

mapping of sulfur in (d), (f) element mapping of carbon in (d). All 

scale bars: 200nm. 

Fig.3a shows the XRD patterns of sulfur, T-HSSP, S@PPy-155 

and S@PPy-300 composites. As seen, the S@PPy-300 

composite displays a very broad reflection peak compared to 

that of S@PPy-155, indicating amorphous feature of the sulfur 

generated during heating treatment under higher temperature. 

And more uniform distribution between sulfur and T-HSSP is 

obtained after heating treatment under 300◦C than 155◦C 34, 38, 

44. Moreover, FTIR measurements are further carried out on the 

T-HSSP and, S@PPy-155 and S@PPy-300 composite to 

demonstrate a possible structural change of the PPy matrix 

during the co-heating process with sulfur. As shown in Fig. 3b, 

the primitive PPy sample exhibits its characteristic bands, 

involving the pyrrole ring fundamental vibration at 1545cm-1 

and 1458cm-1, the C-H in-plane vibration at 1291cm-1 and 

1043cm-1 and the C-N stretching vibration at 1175cm-1. They 

are consistent with the results reported earlier 34, 53. FTIR 

spectrum of S@PPy-155 is consistent with that of T-HSSP, 

indicating sulfur doesn’t react with PPy under the temperature. 

However, significant differences are found from the FTIR 

spectrum of S@PPy-300. The fundamental vibrations of 

pyrrole ring at 1545cm-1 and 1458cm-1 shift obviously to lower 

wave numbers. The shift is probably attributed to the formation 

of C-S bond in PPy owing to possible substitution of H atoms 

on pyrrole ring by S atoms. The C-N stretching vibrational 

bands at 1175 cm − 1 are therefore also shift to lower wave 

number. Correspondingly, the intensity of the C-H vibrational 

band in the vicinity of 1291cm−1 and 1043cm-1 is significantly 

weakened, further confirming the replacement of H atom in 

aromatic rings by S atom. Moreover, the peak at 1118cm −1 

arose in the heat treated S@PPy-300 composite, which could be 

assigned to the vibration of C-S bond54. Moreover, as shown in 

Fig.S3, the XPS spectra of S@PPy-300 composite in C 1s 

region and S 2p region also show the generation of C-S bond 

during heat treatment55, 56. Thus, a possible molecular structure 

of the S modified PPy is proposed as shown in Fig. 3c where a 

small amount of elemental sulfur reacts with PPy, and forming 

a cross-linked stereo PPy-S network with both inter- and/or 

intra-chain disulfide bond interconnectivity is formed during 

the heating treatment process, and the rest of the melted 

elemental sulfur concurrently diffuses into the newly formed 

polymer network or infuses into the hollow voids. Accordingly, 

sulfur is both physically and chemically confined in the T-

HSSP inhibiting the migration of lithium polysulfides during 

charge/discharge process. Similar phenomenon was also found 

in the heated polyaniline-sulfur composite 54, 57. 

 

Fig. 3 (a) the XRD patterns of sublimed S, T-HSSP, S@PPy-

155 and S@PPy-300 composite, (b) FTIR spectra of the T-

HSSP, S@PPy-155 and S@PPy-300 composite, (c) A possible 

structure for the S@PPy-300 composite. 

Electrochemical performance 

The discharge curves of the S@PPy-300 composite at different 

rates are shown in Fig. 4a. Two voltage plateaus respectively at 

about 2.3V and 2.0V are observed. These plateaus are attributed 

to the reduction of elemental sulfur to higher-order lithium 

polysulfides (Li2Sx, x≥4), and the reduction of higher-order 

polysulfides to lower-order polysulfides, respectively8. The 

plateau between 2.3V and 2.0V maybe correspond to the 

Page 3 of 6 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

existence S-C bond29 (Fig.S4). As demonstrated earlier, besides 

the holes of T-HSSP to host major of the sulfur, both the inner 

and outer surface of PPy hollow spheres hold some sulfur. This 

results into large reaction area, and hence a high utilization rate 

of sulfur and high discharge specific capacities. As seen, the 

cells show improved initial discharge capacity as high as 

1563.3mAh.g-1 at 0.2C, 1494.8mAh.g-1 at 1C, 1320.2mAh.g-1 at 

2C and 1217.3mAh.g-1 at 5C respectively. 

 

Fig.4 (a) Initial discharge curves of S@PPy-300 cathode at 

different rates, (b) the discharge capacity and efficiency 

coulombic cycling stability of S@PPy-300 cathode at 0.2C, (c) 

rate performance of S@PPy-300 cathode, (d) cycle life of the 

S@PPy-300 cathode at 1C, 2C and 5C for long cycles.  

The cycling ability and the coulombic efficiency of the S@PPy-

300 electrode at 0.2C are shown in Fig.4b. As seen, the 

discharge specific capacity decreases to about 999.1mAh.g-1 

after 40 cycles, showing an obvious capacity decay during the 

first 40 cycles. While the reversible capacity retains 892.4 

mAh.g-1 after 200 cycles at 0.2C (the average coulombic 

efficiency of 96.7%), which is about 89.3% of the discharge 

capacity at the 40th cycle, showing a good reversibility. 

Correspondingly, the cycling performances of pure sulfur 

cathode and S@PPy-155 at 0.2C are displayed in Fig. S5 and 

Fig. S6 respectively. As shown, the initial discharge capacity 

and the cycling stability of pure sulfur cathode are much lower 

than those of S@PPy-300 cathode, showing the enhanced 

cycling performance is obtained by the designed sulfur cathode. 

Moreover, the cycling stability of S@PPy-300 is better than 

that of S@PPy-155, which is attributed to the more uniform 

distribution of sulfur in the cathode and C-S bond generated 

under higher heating treatment temperature. 

As seen in Fig. 4c, the discharge capacity of S@PPy-300 

cathode returns to 1018.5 mAh.g-1 when the rate decreases from 

5C to 0.2C. The long cycling performance of sulfur cathode at 

different rates is shown in Fig. 4d. Although obvious capacity 

decay during the first several tens of cycles appears, stable 

discharge capacities at 1C, 2C and 5C respectively of 717.8 

mAh.g-1, 582 mAh.g-1 and 417.1 mAh.g-1 after 300 

charge/discharge cycles which is about 74.6% 78.8% and 83.3% 

of each corresponding capacity at the 40th cycle. Furthermore, 

it seems that the capacity fade in the initial 50 cycles is so 

severe, thus a further heating treatment process is carried out 

for S@PPy-300 to remove the sulfur on the outer surface of T-

HSSP. The sulfur content in H-S@PPy is around 45%, which is 

smaller than that of S@PPy-300. However, the cycling 

performance is further enhanced evidently. As shown in Fig. S7, 

the severe capacity fade in the initial 50 cycles is suppressed 

effectively.  

 

Fig.5 (a) Electrochemical impedance spectroscopy plots of 

S@PPy-300 in different cycles after fully charged to 2.8V at 

0.5C, (b) The component of the resistance at different cycles.  

To get further insight into the electrochemical reaction process, 

electrochemical impedance spectra (EIS) of the S@PPy-300 at 

the fully charged states for different cycles are measured. 

Generally, the impedance plots are composed of two 

semicircles corresponding to the charge transfer impedance and 

interfacial impedance respectively, and a sloping straight line in 

the low frequency domain corresponding to the Warburg 

impedance58, 59. Because of the shuttle effect during 

charge/discharge process, the redistribution of active material is 

unavoidable, which results in a inhomogeneous distribution of 

insulating sulfur on the surface of cathode and the corrosion of 

lithium anode, leading to the increased resistance during 

charge/discharge process3. As shown in Fig.5, the resistance 

(138.7Ω) before discharge is very high owing to residual 

insulating sulfur on the outer surface of the T-HSSP. The 

impedance of the S@PPy-300 sample decreases dramatically to 

the lowest value (21.4Ω) at the 50th cycle, indicating 

electrochemical activation and the dissolution of sulfur on the 

outer surface of T-HSSP during the first tens of cycles. 

Subsequently, the resistance value rises slightly to 54.9Ω at the 

300th cycle, and the interfacial resistance is maintained at 

around 15Ω between 50cycles and 300cycles, indicating the 

deposition and aggregation of insulating material on the surface 

of electrode are not serious in the following cycles for S@PPy-

300 cathode. 

Electrode structural stability 

As obtained, S@PPy-300 cathode shows greatly enhanced 

overall electrochemical performance. In order to deeply 

understand the mechanism for the enhancement, the 

morphology of S@PPy-300 cathode after 100 cycles was 

observed as shown in Fig. 6. As seen, no obvious micro 

structural change of the cathode appears even after such a long 

cycling, indicating sufficient mechanical strength of T-HSSP. 

Furthermore, the elemental analysis results also show the 

remaining of the uniform distribution of sulfur in T-HSSP after 

long cycling. The line scan analysis indicates little sulfur on the 

outer surface of T-HSSP, while almost all of it deposits inside 

the T-HSSP, Therefore, it is reasonable to explain the serious 

capacity fading during the first several tens of cycles by the loss 

of some sulfur weakly trapped on the outer surface of T-HSSP. 

However, the major sulfur encapsulated inside the T-HSSP is 

maintained, affording excellent cycling stability during the 

following cycles. 
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Fig. 6 (a) TEM image of S@PPy-300 after 100 cycles at 0.5 C, 

(b) STEM image of S@PPy-300, elemental mappings of sulfur 

in (b), and (d) line scan analysis of sulfur in (b). Scale bars: 

500nm (a) and 200nm (b). 

 

Fig.7 SEM images of the electrode crosssection of S@PPy-300 

cathode (a) before and (b) after 100cycles at 0.5C, the 

corresponding distribution in electrode thickness before and 

after discharge (c). 

As known, the volume expansion is up to 80% for the sulfur 

during lithiation, thus the destruction of sulfur cathode leading 

to the macro scale volume change becomes an important 

challenge for Li-S battery10. Fig. 7a and Fig.7b show typical 

SEM images of the cross-section of the cathode before and after 

50 cycles at 0.2C. Fig. 7c shows the electrode thickness of 30 

different locations for the cross-section of the electrode before 

and the after 50 cycles at 0.2C, showing no obvious volume 

change at the whole electrode level, which is attributed to the 

designed void space inside the T-HSSP buffer the volume 

expansion during the lithiation process. Moreover, the existence 

of mesopores in the shell of T-HSSP formed by the 

accumulation of PPy nano-particles are also beneficial to the 

buffering of volume expansion. As seen in Fig.S8, the pore 

volume of the mesoporous shell determined by BET method is 

as high as 0.43cm3/g.   

In short, the excellent overall electrochemical behavior of the as 

prepared S@PPy-300 cathode can be attributed to multiple, 

possibly synergistic factor that stem from its design. Firstly, the 

encapsulation of sulfur into the T-HSSP, and the chemical 

bonds generated during heat treatment act as the bridge 

between the PPy and sulfur or polysulfides, inhibiting the 

dissolution and migration of PS in the electrolyte, thus 

effectively enhancing the cycling stability and the coulombic 

efficiency of the electrode. Secondly, the thin wall of the T-

HSSP is used as the matrix of sulfur, the designed micro-

structure is beneficial for the conduction of Li+ and electron is 

beneficial to the enhancement of rate capability of the sulfur 

cathode. Thirdly, the designed void space in T-HSSP as well as 

the pores between the PPy nano-particles in the PPy shell 

supply sufficient space to buffer the large volume expansion of 

sulfur during the charge/discharge process, resulting in a stable 

microstructure and macrostructure of the cathode, and therefore 

long stability of lithium sulfur battery.  

Conclusions 

T-HSSP was synthesized using modified SiO2 spheres as 

template, and with a vapor phase infusion method, the 

composite of sulfur and T-HSSP is further fabricated. Li-S 

battery with the as prepared cathode displayed an excellent over 

all electrochemical behaviors, especially for the high columbic 

efficiencies, outstanding rate stability and cycling performance. 

Three factors are attributed to the excellent overall 

performance. Firstly, the dissolution and migration of PS 

trapped in the T-HSSP is inhibited by PPy thin wall. Secondly, 

the designed micro-structure is beneficial for the conduction of 

electron and Li+. Thirdly, the volumetric expansion of sulfur 

cathode during lithiation is suppressed due to the presence of 

sufficient internal void space in S@PPy composite.  
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