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Carbon materials have been considered as the most promising host materials for the sulfur in the past 

decades. Various carbon materials, including graphene, carbon sphere, carbon nanotube, prepared via 

different methods have been reported in the references, to improve the electrochemical performance of 

the lithium-sulfur batteries. In this paper, carbon nanofibers are first synthesized by electrospinning 

method. The as-prepared carbon nanofibers appear spiked carbon structure, which surface consists of 

branches. Due to the unique spiked club shape structure, the as-prepared carbon nanofiber sulfur 

composites display superior electrochemical activity with high specific capacity and long cycle 

performance. The initial specific capacity of the carbon nanofiber sulfur composites is as high as 1208 

mAh/g. The capacity retention of the carbon nanofiber sulfur composites is 92% at 1C after 200 

cycles.  
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1. INTRODUCTION 

Energy storage systems with high energy density and specific capacity are extremely 

significant for the application of electric vehicles and mobile electric devices [1, 2]. There are various 

energy storage systems reported in the literatures and newspapers, such as lithium-ion batteries [3], 

lithium-sulfur batteries [4], lithium-air batteries [5], metal-air batteries [6], supercapacitors [7]. The 

above energy storage systems have been researched by the researchers for many decades. Great 

achievements are obtained during the past decades. Especially, lithium-sulfur batteries are the hottest 

topic due to their high specific capacity (1675mAh/g) and energy density (2600 Wh/kg) [8, 9]. The 

main reason is that the element sulfur is abundant and friendly to the environment. Therefore, the 

lithium-sulfur batteries, which used element sulfur as cathode and lithium as anode, may become the 
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next generation new energy storage system for the various electric devices [10, 11]. 

However, there are still some issues that limit the practical employment of the lithium-sulfur 

batteries [12]. On the one hand, the element sulfur is electronic insulator, which is hard to transport the 

electronics during the electrochemical process [13]. On the other hand, some products at discharge 

state will dissolved into the electrolyte, which could lead to severe capacity loss and poor cycle 

stability [14-16]. This two main reasons cause poor electrochemical performance of the lithium-sulfur 

batteries. As a result, the key issues are dealing with two disadvantages at the same time [17]. In the 

past decades, many strategies have been used to modify the electrochemical performance of the 

lithium-sulfur batteries. Great amounts works are devoted to prepare suitable cathode host materials 

for element sulfur [18]. More recently, metal oxides are developed as host materials for the lithium-

sulfur batteries, such as MnO2 [19], TiO2 [20], and SiO2 [21]. However, these metal oxides are high 

weight in the sulfur-based composites, which lead to low energy density of lithium-sulfur batteries. 

Therefore, the most efficient method is still used carbon materials, which has superior conductivity and 

high specific surface area.  

In our work, the spiked carbon nanofibers are successfully prepared and designed as host 

materials for sulfur. The as-prepared carbon nanofiber sulfur composites (CNF-S) possess high 

electronic conductivity due to their 3D nanofiber structure. Besides, the branches on the surface of the 

carbon nanofiber could provide adsorption for the discharge products soluble polysulfide. Combined 

the advantages of high electronic conductivity and adsorption for the polysulfide, the specific capacity 

and cycle performance of the lithium-sulfur batteries are greatly improved during the electrochemical 

cycles.  

 

 

 

2. EXPERIMENTAL  

2.1. Preparation of spiked carbon nanofiber 

First, 1.6 g polyacrylonitrile and 1.2 g polystryrene were added into the 20 ml DMF solution 

and stirred for 30 min. Then, 4 ml tetrahydrofuran was added dropwise into the above mixture while 

stirring. The solution was electrospinning at voltage of 15 kV between needle and the collector. The 

resulting polymer membrane was heated at 300 ℃ for 4 h at N2 atmosphere. As a result, the spiked 

carbon nanofibers were successfully prepared.  

 

2.2. Preparation of carbon nanofiber sulfur composites 

The carbon nanofiber composites were prepared via heat method at different temperature. First, 

the carbon nanofiber and sulfur are mixed and ground with ratio of 1:3. In detail, the mass of the 

spiked carbon and sulfur are 0.5 g and 1.5 g, respectively. Then, the mixture was heated at 155℃ for 

12h and 300℃ for 2h. The heat process is conducted under Ar atmosphere. After cooling to room 

temperature, the resultant was collected and named as CNF-S composites. 
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2.3. Materials Characterization  

The morphologies of the as-prepared samples were tested by scanning electron microscope 

(SEM, EVO 18) and transmission electron microscope (TEM, Tecnai F20). The crystal structure of the 

samples was conducted via an X-ray diffractometer (XRD, D8 Advance, BRUKER). X-ray 

photoelectron spectroscopy (XPS) was used to judge the chemical valence of the as-prepared samples 

on a Thermo ESCALAB 250Xi in an ultra-high vacuum. Raman spectra were collected with a 

LabRAM HR800 with the range from 100 to 3500 cm-1. 

 

2.4. Electrochemical Measurements  

The electrode slurry was prepared by mixing the active materials, super P and PVDF with 

weight ratio of 92:2:6. NMP was used as solvent to prepare the electrode slurry. Then, the electrode 

slurry was uniformly coated on the Al film and dried at 60℃ for 24h. The dried electrode film was 

punched into circle electrode with a diameter of 15 mm. The electrochemical performance was tested 

by using CR2032 coin battery. In the coin battery, the as-prepared CNF-S electrode is used as cathode. 

A lithium film was used as the anode. The electrolyte consists of 1M LITFSI with DOL:DME=1:1. 

The discharge and charge profiles are obtained on LANDCT2001A between 1.8 and 2.8V. 

Electrochemical impedance spectra is tested on electrochemistry station CHI660E. 

 

 

 

3. RESULTS AND DISSCUSSION 

The carbon nanofibers were prepared by electrospinning method. As shown in Figure 1, the as-

prepared mixture solution was placed into a syringe and fixed on a platform. The voltage between 

platform and collector is 15 KV. The distance is about 16 cm with a flow rate of 0.6 mL h-1. The Al 

film is used for collecting the nanofibers film. The resultant fibrous film was dried for overnight in 

vacuum at 60 °C to remove the DMF. After that, the fibrous film was heated at 300 ℃ for 4 h in a N2 

atmosphere to obtain spiked club carbon nanofiber.  

 

 
 

Figure 1. Preparation of the spiked carbon nanofibers.  
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Figure 2 a displays the morphology of the carbon nanofibers. It can be observed that the as-

prepared carbon nanofibers show spiked carbon nanostructure with dimeter of 100 nm. The SEM 

image of the carbon nanofiber sulfur composites is displayed in Figure 2b. The element sulfur is 

uniformly distributed in the spiked club carbon nanofiber structure, which proves the successful 

preparation of CNF-S composites. The overall morphology of CNF-S composites shows similar shape 

comparing with the pristine carbon nanofibers. Figure 2c shows the TEM image of the CNF-S 

composites. It can be seen that the dimeter of the CNF-S composites is between 100 and 110 nm [22]. 

The surface of the CNF-S composites consists of many branches, which is beneficial for the transport 

of electronics as cathode materials for energy storage systems. To further demonstrate the distribution 

of sulfur in the carbon nanofiber structure, EDS was conducted. As shown in Figure 2d-f, the 

corresponding elemental mapping confirms the presence of the elements C and S in the CNF-S 

composites. 

 

 

 
 

Figure 2. (a) SEM image of carbon nanofiber. (b) SEM image of carbon nanofiber sulfur composites. 

(c) TEM image of carbon nanofiber sulfur composites. (d-f) The corresponding elemental 

mapping of carbon nanofiber sulfur composites. 

 

Figure 3a shows the XRD patterns of the carbon nanofiber, sulfur and CNF-S composites. The 

as-prepared carbon nanofiber exhibits typical carbon diffraction peaks. The element sulfur exhibits 

monoclinic structure, demonstrating typical diffraction peaks of sulfur. After heating with sulfur, the 

as-prepared CNF-S composites have similar diffraction peaks with the pristine sulfur, confirming the 

preparation of CNF-S composites. The peaks intensity of the CNF-S composites is weaker than the 

pristine sulfur. As described in Figure 3b, for CNF and CNF-S composites, the characteristic peaks D 

and G peaks are observed simultaneously, except for the position of the D and G peaks [23]. This 

suggests that the element sulfur was fully immersed into the carbon nanofibers. The successful 

immerse for the sulfur into the spiked carbon nanofiber could ensure the uniformity of the whole 

composites, which is beneficial for the storage of electrochemical capacity during the electrochemical 
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process.  In all, these materials characterizations confirm the preparation of the CNF-S composites via 

electrospinning and heating method. 

 

 
 

Figure 3. (a) XRD pattern of carbon nanofiber, sulfur and carbon nanofiber sulfur composites. (b) 

Raman spectra of carbon nanofiber and carbon nanofiber sulfur composites.  

 

 

To determine the pore structure and size of the CNF and CNF-S composites, pore distribution 

of the samples were tested. As shown in Figure 4a, the pore size of the spiked club carbon nanofibers is 

about 10 nm with pore volume of 0.2 cm3/g. While for the CNF-S composites, the pore size decreases 

to 6 nm with pore volume of 0.15 cm3/g. This indicates that the pores of the carbon nanofibers have 

been occupied with element sulfur. As we all known, the typical mesoporous structure could promote 

the sulfur dipping into the mesopores, which can store sufficient sulfur and release capacity via 

chemical reactions. Figure 4b exhibits the XPS of C 1s for the CNF and CNF-S composites. For the 

pristine carbon nanofibers, the diffraction peaks at 284.5 eV and 286.1 eV are corresponding to the 

C=C and C-C bonds [24]. This result is consistent with the other reports. The CNF-S composites show 

another diffraction peak located at 288.6 eV, which is ascribed to the presence of C-S bond in the CNF-

S composites.  

 

 

 
 

Figure 4. (a) Pore distribution of carbon nanofiber and carbon nanofiber sulfur composites. (b) XPS of 

C 1s spectra for carbon nanofiber and carbon nanofiber composites.  

 

 

Benefiting from the perfect nanofiber structure of the CNF-S composites, the CNF-S 
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composites show high electrochemical performance when designed as cathode materials for the 

lithium-sulfur batteries. As shown in Figure 5a, it can be seen that the initial specific capacity value of 

the CNF-S composites reaches 1208 mAh/g at the current density of 0.05 C. However, for the pure 

sulfur electrode, the initial specific capacity is only 1056 mAh/g at 0.05 C. It can be also obtained from 

the DC curves of CNF-S composites that there are two voltage platforms at 2.3 V and 2.1 V, 

respectively. For the pure sulfur electrode, the voltage platforms are lower than the CNF-S composite 

cathode, which is caused due to the poor electronic conductivity of the sulfur. Moreover, after several 

electrochemical cycles, the electrolyte was adsorbed by using pure sulfur and CNF-S composites. As 

depicted in Figure 5b, it can be observed that the CNF-S composites show superior adsorption ability 

for the electrolyte, confirming the inhibiting effect for the polysulfide [25].  

 

 

 
 

Figure 5. (a) DC curves of pure sulfur and carbon nanofiber sulfur composites. (b) UV–visible 

absorption spectra of the electrolyte by using sulfur and carbon nanofiber sulfur composites. 

 

 

CV curves are used to judge the electrochemical reaction mechanism for the lithium-sulfur 

batteries, as shown in Figure 6. Figure 6a shows the CV curves of pure sulfur electrode at different 

scan rates. It can be observed two reduction peaks and one oxidation peak are located at 2.3 V, 2.1 V 

and 2.5V. They are related to the transformation from sulfur to high polysulfide and Li2S, and finally to 

element sulfur.  Besides, the peaks are reduced with the increase of the scan rates. For the CNF-S 

composites (Figure 6b), it shows similar CV shape with the pure sulfur electrode. The peak currents 

are much higher than the pure sulfur electrode, demonstrating high electronic conductivity. This is 

consistent with the DC curves (Figure 5a). From the CV results, it can be concluded that the as-

preapred CNF-S composites have more superior reversibility during the scanning at constant scan rate. 

Especially, for the as-prepared CNF-S composite electrode, the as-prepared CNF-S electrode shows 

excellent electrochemical reaction kinetics, demonstrating great reversibility [26, 27]. Moreover, the 

CNF-S electrode exhibits higher current rate during the scan in the CV curves, confirming the superior 

electronic conductivity [28].  The high electronic conductivity is further proved by EIS results in the 

Figure 7b.  
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Figure 6. (a) and (b) CV curves of pure sulfur and carbon nanofiber sulfur composites at various scan 

rates from 0.1 mV s-1 to 0.9 mV s-1. 

 

Rate performance is another important electrochemical performance for the lithium-sulfur 

batteries. Rate capability is mainly related to the electronic conductivity and the ability for transporting 

the electronics [29]. To investigate the rate performance, various current densities were tested for the 

pure sulfur electrode and CNF-S composite electrode.  As shown in Figure 7a, the capacity values at 

various current densities from 0.1 C to 2 C are tested for pure sulfur electrode and CNF-S composites 

electrode. The as-prepared CNF-S composites exhibit high capacities even at high current density of 

1C and 2 C. Finally, the capacity could recover back to initial capacity value when the current densities 

were back to 0.1 C. However, for the pure sulfur electrode, the capacity values are fading rapidly with 

the increase of the current densities, demonstrating bad rate performance. Figure 7b shows the EIS of 

the sulfur and CNF-S composites electrodes. The semicircle in the high frequency represents charge 

transfer impedance, and the line in the low frequency is related to the lithium-ion duffusion [29]. It can 

be clearly observed that the CNF-S composites exhibit superior electronic and lithium-ion 

conductivity.  

 

 

 
 

Figure 7. (a) Rate performance of pure sulfur and carbon nanofiber sulfur composites. (b) 

Electrochemical impedance spectra of pure sulfur and carbon nanofiber sulfur composites. 

 

 

Figure 8a displays the long cycle performance of the CNF-S composites at 1 C and 2 C, 

respectively. The capacity of the CNF-S composites still remains 826 mAh/g with a capacity retention 

of 92% after 200 cycles. Even at high current density of 2 C, the capacity retention is as high as 82% 

after 200 cycles. This is attributed to the superior adsorption ability of CNF-S composites. To further 
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confirm this phenomenon, Figure 8b exhibits the photographs of the color change before and after 

using sulfur and carbon nanofiber sulfur composites. It can be clearly observed that the color pristine 

electrolyte becomes colorless after adding CNF-S composites. However, for the employment of pure 

sulfur, there is no color change. From this, it can be seen that the as-prepared CNF-S composites could 

adsorb the soluble polysulfide and inhibit the shuttle effect. Thus, the electrochemical performance can 

be enhanced by using the as-prepared CNF-S composite electrode. The pure sulfur electrode fails to 

inhibits the polysulfide migration during the electrochemical reactions.  

 

 

 
 

Figure 8. (a) The long cycle stability for the CNF-S composites at the current density of 1 C and 2 C, 

respectively. (b) Photographs of the color change before and after using sulfur and carbon 

nanofiber sulfur composites.  

 

 

Table 1 was made for comparing the electrochemical performance of the various kinds of 

cathode materials for the lithium-sulfur batteries. As shown inTable1, it can be clearly observed that 

the as-prepared CNF-S composite electrode displays higher specific capacity than pther reported 

similar cathode materials. More importantly, the as-prepared CNF-S composite electrodes have more 

excellent cycle stability during the electrochemical cycles. The high capacity retention of 92 % can be 

reached after 200 cycles even at the high current density of 1C.  

 

Table 1. Comparison of the similar cathode materials for the lithium-sulfur batteries.  

 

Electrode Initial Capacity Cycle Performance Ref 

PCNF-S 954  (mAh g-1) 83% (200 cycles) 30 

ANHCNFs 920  (mAh g-1) 90% (200 cycles) 31 

S/HPCNF 1016  (mAh g-1) 80% (200 cycles) 32 

HCNF 1090  (mAh g-1) 55% (100 cycles) 33 

CNF-S 1208 (mAh g-1) 92% (200 cycles) This Work 

 

 

4. CONCLUSIONS 

In summary, we developed spiked carbon nanofiber materials via electrospinning method. After 

that, the carbon nanofiber sulfur composites were successfully synthesized by heating method at 

different temperature. The as-prepared CNF-S composites show high specific capacity and superior 

cycle stability. The initial specific capacity of CNF-S composites is nearly 1208 mAh/g. Even at the 
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high current density of 1C, the capacity retention of the CNF-S composites remains at 92 % after 200 

cycles. The high electrochemical performance is ascribed to the perfect spiked structure, which could 

improve the electronic conductivity. Moreover, the branches on the surface of the carbon nanofiber are 

beneficial for inhibiting the migration of the soluble polysulfide from the cathode sided to the anode 

side. 
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