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It is still a challenge for lithium–sulfur (Li-S) batteries to possess high sulfur utilization and excellent electrochemical performances due to the low electrical conductivity and dissolution of polysulfides. To resolve these issues, a free-standing sulfur host composed of hierarchically porous carbon nanofibers (HPCNFs) has been synthesized via electrospinning technology. The HPCNFs with an interconnected and porous structure can facilitate electron transfer and electrolyte penetration. The mesopores in HPCNFs can provide high levels of sulfur loading, and the micropores can inhibit shuttle effects of the sulfur cathode during discharge and charge processes. After encapsulating a high mass of sulfur (76.4 wt%, HPCNFs@S), the electrode was directly applied as a cathode for the Li-S battery, which exhibited a high specific discharge capacity of 1,145 mA h g−1 at 0.1 C (1 C = 1,675 mA g−1) and maintained 787 mA h g−1 after 150 charge/discharge cycles. This work provides a new insight into optimizing the electrochemical performance of Li-S batteries.
Keywords: lithium–sulfur battery, cathode, carbon nanofibers, hierarchically porouss tructure, binder-free
1 INTRODUCTION
Among a variety of rechargeable batteries, lithium–sulfur (Li-S) batteries have acquired more attention as a new generation of energy storage equipment because of the high theoretical capacity (1,675 mA h g−1) and low cost (Liu et al., 2021; Xiang et al., 2021; Zhong et al., 2021; Huang et al., 2022). Nevertheless, the commercialization of Li-S batteries is still hindered by the following questions: 1) the poor electrical conductivity of sulfur and Li2S/Li2S2 results in low sulfur utilization; 2) polysulfides dissolved in the electrolyte and shuttled between the anode and cathode, leading to capacity decaying; 3) the volume change of sulfur causes the instability of the cathode during charging and discharging (Zhang et al., 2018a; Bian et al., 2019; Wu et al., 2020; Wang et al., 2022).
To overcome these issues, one of the most popular attempts that have been done is to design carbon nanomaterials (Liang et al., 2016; Han et al., 2017). These carbon nanomaterials have low porosity or a relatively simple pore structure. Although carbon nanomaterials improve the electrical conductivity, the adsorption of polysulfides is not enough to limit the dissolution in long cycles (Wu et al., 2018). On the basis of the above research, porous carbon nanofibers are gradually entering into our sights (Jiang et al., 2017; Cui et al., 2020; Wang et al., 2021a). Porous carbon nanofibers have attracted much attention because of the large specific surface area and good electrical conductivity (Ge et al., 2018; Deng et al., 2021). In recent years, an effective way to alleviate polysulfides of the dissolution is to immobilize sulfur in porous carbon nanofibers (Zhou et al., 2015; Gao et al., 2019). Zhao et al. prepared the carbon nanofibers with multi-level pore structures by electrostatic spinning, and the cathode delivered an area capacity of 11.3 mA h cm−2 with a sulfur loading of 2.2–12.1 mg cm−2 (Zhao et al., 2018). Zeng et al. prepared free-standing porous carbon nanofibers with CNT-doped by electrostatic spinning, and the composite electrode showed a reversible discharge capacity of 637 mA h g−1 at the current density of 50 mA g−1 after 100 cycles (Zeng et al., 2014). Lee et al. synthesized sulfur-immobilized porous carbon nanofibers using PMMA as a pore-forming agent and activated by KOH through an electrospinning technique, and the electrode displayed a stable discharge capacity of 917 mA h g−1 after 300 cycles and an excellent rate performance of 859 mA h g−1 at the current density of 5 C (Lee et al., 2017). The porous carbon nanofibers with microporous and mesoporous structures can be used as sulfur carriers to immobilize polysulfides and alleviate volume expansion change to improve their electrochemical performances (Strubel et al., 2016; Song et al., 2017; Arie et al., 2020; Zhu et al., 2021).
At present, a large number of studies have shown that metal–organic frameworks (MOFs) can provide rich pore structures after carbonization, and the pore size of MOFs is easier to control due to the diversity of self-assembly forms of central metal ions and organic ligands (Wang et al., 2014; Skoda et al., 2019; Fang et al., 2021). This contributes to provide more room for accommodating sulfur to prevent the dissolution of polysulfides and enhance cyclic stability (Cao et al., 2020). In general, ZIFs-8 (zeolitic imidazolate frameworks) as a typical MOF material with a high specific surface area can be used as a pore-making template to adjust the size of the internal pore structure of carbon nanofibers (Liu et al., 2017; Chang et al., 2018). The ZIFs-8 material is easy to synthesize and sublimate during carbonization, and the pore structure of carbon nanofibers can be controlled by adjusting the quality of ZIFs-8 (Wang et al., 2021b). Therefore, porous carbon nanofiber electrodes with micropores and mesopores can be obtained by electrospinning technology with ZIFs-8 as a template.
Herein, in view of the above problems, hierarchically porous carbon nanofibers derived from polyacrylonitrile (PAN) have been synthesized by the electrospinning technique through thermal decomposition of ZIFs-8. The advantages of the designation are described below: 1) hierarchically porous carbon nanofibers (HPCNFs) have excellent electrical conductivity and can accelerate the electron-transfer rate; 2) HPCNFs have abundant pores to store sulfur, which can increase the adsorption of polysulfide on the carbon matrix and inhibit its shuttle effect to enhance capacity; 3) The pores of HPCNFs are beneficial to the infiltration of the electrolyte and thus increase the Li+ transport rate. After loading sulfur (HPCNFs@S), the free-standing electrode can be directly applied as a cathode of Li-S batteries. The thermogravimetric analysis (TGA) curve showed a sulfur content of 76.4% in HPCNFs@S. Therefore, the HPCNFs@S electrode showed good electrochemical performances, which has a high initial discharge capacity of 1,145 mA h g−1 and still maintained a discharge capacity of 787 mA h g−1 after 150 cycles at 0.1 C (1 C = 1,675 mA g−1). This work provides a new insight into optimizing the electrochemical performance of Li-S batteries.
2 EXPERIMENTAL SECTION
2.1 Materials
Chemicals and reagents include zinc nitrate hexahydrate, 2-methylimidazole, polyacrylonitrile, N, N-dimethylformamide, sublimated sulfur, and carbon disulfide. The chemical reagents were purchased from Aladdin Shanghai Co., Ltd. The apparatuses include a beaker, rubber head dropper, reaction kettle, stirrer, magnet and oven.
2.2 Preparation of ZIFs-8
Typically, 2.625 g of Zn(NO3)2·6H2O was dissolved in 100 mL of methanol to form solution A. 5.797 g of 2-methylimidazole was dissolved in another 100 mL of methanol to form solution B. Next, solution A was rapidly poured into solution B to obtain a clear white solution. The mixture was standing 2 h at room temperature after vigorous stirring. Then the mixture was centrifuged, washed with ethanol several times, and dried in a vacuum oven at 60 °C to collect ZIFs-8 powder.
2.3 Preparation of hierarchically porous carbon nanofibers (HPCNFs)
The HPCNFs were manufactured by an electrospinning technology. In detail, 0.7000 g of polyacrylonitrile (PAN, Kw = 150,000) and 0.7000 g of ZIFs-8 powder were dissolved in 10 mL of N, N-dimethyformamide (DMF) and stirred at room temperature for more than 24 h to form a homogeneous precursor solution. The liquid mixture was sucked into a 10 mL syringe and prepared for electrospinning. The parameters were set as follows: the distance between the syringe needle and the receiver was 17.5 cm, the liquid flow speed was 0.5 mL h−1, and the working voltage was 16.8 kV. The obtained ZIF-8@PAN nanofibers were pre-oxidized at 230 °C for 2 h with a heating rate of 1 °C min−1 in an air atmosphere. Then, these stabilized nanofibers were carbonized at 800 °C for 2 h with a heating rate of 2 °C min−1 in an Ar atmosphere. The synthesis procedure can be seen in Figure 1. In order to compare the good electrochemical performance of HPCNFs for the Li-S battery electrode, CNFs were also prepared under the same conditions without using the ZIF-8 template.
[image: Figure 1]FIGURE 1 | Schematic illustration for the preparation process of the HPCNFs.
2.4 Synthesis of HPCNFs@S materials
In a typical process, the prepared HPCNFs and sublimed sulfur were mixed in a weight ratio of 1:4 and immersed overnight in the CS2 solvent (10 mL). Then, the mixture was dried at 60 °C to allow the CS2 solvent to completely evaporate in the oven. Finally, the HPCNFs were heated at 155 °C for 24 h to guarantee uniform dispersion of sulfur into pores of the HPCNFs in a vacuum oven.
2.5 Material characterizations
The crystal structures of the HPCNFs and HPCNFs@S were analyzed using X-ray diffraction (XRD, Panacco X ‘Pert PRO) with a 2θ range between 5° and 90° at a rate of 5 min−1. The surface morphology characteristics and internal microstructure of the HPCNFs and HPCNFs@S were examined by scanning electron microscopy (SEM, SU8010) and transmission electron microscopy (TEM, FEI Tecnai F20), respectively. The nitrogen adsorption and desorption curves were used to investigate the specific surface area and pore size distribution. X-ray photoelectron spectroscopy (XPS, Thermo Kalpha) was performed to test the surface chemical composition of the S/PCNFs. The TGA curves were measured to calculate the sulfur content in the HPCNFs@S from 30 to 700 °C with a heating speed of 10 °C min−1 under a nitrogen atmosphere.
2.6 Electrochemical measurements
The HPCNFs@S film was clipped into 1.0 × 1.0 cm small slices and directly applied as a cathode in Li-S batteries. Lithium metal tablets were used as the anode electrode, with Celgard-2400 as the separator. 1 M lithium bis (trifluoromethanesulfonyl) imide (LiTFSI) was dissolved in 1, 2- dimethoxyethane (DME) and 1,3-dioxocyane (DOL) (1:1 by volume) with 1.0% LiNO3 as the electrolyte. The ratio of the electrolyte and sulfur in each coin cell was 20 μL mg−1. The batteries are assembled in an Ar-filled glovebox (H2O/O2 < 0.5 ppm) by using CR2025 cells. The cyclic voltammetry (CV) curves were obtained with a voltage range of 1.6–2.8 V (vs. Li+/Li) at a scanning rate of 0.1 mV s−1 using a CHI760D electrochemical workstation (Chenhua Instrument Co., Ltd., Shanghai, China). A battery testing system (Neware Electronics Co., Ltd., Shenzhen, China) was used to measure the electrochemical performance of the HPCNFs@S electrode, including galvanostatic charging and discharging curves, cycling stability, and rate performances between 1.6 and 2.8 V. Electrochemical impedance spectroscopy (EIS) was carried out from 0.01 to 100 kHz.
3 RESULTS AND DISCUSSION
3.1 Structural and morphological characterizations
The micromorphologies of obtained HPCNFs and HPCHFs@S were investigated by SEM and TEM images (Figure 2). The HPCNFs exhibited interlaced nanofibers with rough surfaces and a diameter of 200 nm, forming a conductive path (Figure 2A). The porous structure of HPCNFs resulted from completely thermal decomposition ZIFs-8 particles after carbonization (Figure 2B). As shown in Figure 2C, after the sulfur infiltrated in HPCNFs, the HPCHFs@S retained its original morphology with no obvious sulfur particles, demonstrating that sulfur was uniformly filled in the micro/mesopore space of the HPCHFs@S composite (Figure 2D). The element mapping of the HPCHFs@S cathode furthered uniform dispersion of C, N, O, and S (Figures 2E–I). In addition, the HPCHFs@S cathode still has some pores after loading sulfur, which is beneficial to alleviate volume expansion during charging and discharging processes.
[image: Figure 2]FIGURE 2 | (A–B) SEM and TEM images of HPCNFs; (C–D) SEM and TEM images of HPCNFs@S; (E–I) HADDF-STEM image of HPCNFs@S and element mapping of C (F), N (G), O (H), and S (I).
The X-ray diffraction (XRD) measurement was used to confirm the crystal structure of the HPCNFs@S. As shown in Figure 3A, a broad characteristic diffraction peak of the HPCNFs at 26.5° is associated with the (002) crystal plane of graphitic carbon before sulfur loading. After sulfur loading, the several different characteristic diffraction peaks of the HPCNFs@S at 2θ = 23.0°, 25.9°, 27.7°, 28.8°, and 34.2° are consistent with the pure sulfur. This shows that sulfur has been perfectly infiltrated in the HPCNFs@S, which corresponds to the SEM and TEM images. The electronic structure of the HPCNFs@S was also demonstrated by Raman spectroscopy (Figure 3B). Both samples showed two obvious Raman peaks, which were assigned to the D band of amorphous carbon at about 1,341 cm−1 and the G band of graphitic carbon at 1,591 cm−1, respectively. In addition, the value of ID:IG ratio of the HPCNFs@S (ID:IG = 0.96) is lower than that of the HPCNFs (ID:IG = 1.08), which indicates that the HPCNFs@S have a higher degree of graphitization and the existence of more ordered carbon atoms (Yao et al., 2021; Zhou et al., 2021). These results were attributed to rapid electron transfer and excellent mechanical stability (Li et al., 2022).
[image: Figure 3]FIGURE 3 | (A) XRD patterns of HPCNFs, sulfur, and HPCNFs@S; (B) Raman patterns of HPCNFs and HPCNFs@S; (C) nitrogen adsorption and desorption isotherms; (D) pore size distribution of the HPCNFs and HPCNFs@S.
The microporous and mesoporous structures of the HPCNFs were analyzed by nitrogen adsorption and desorption isotherms and pore size distribution. As exhibited in Figure 3C, the gas adsorption capacity increases rapidly in the low relative pressure region, revealing the presence of micropores. In addition, pores located between 2 and 35 nm are observed, indicating the existence of mesopores (Figure 3D). There is a hysteretic ring with a relative pressure of 0.0–1.0, explaining that the pore in the HPCNFs is cracked. The HPCNFs possess a higher specific surface area of 569 m2 g−1 and a total pore volume of 0.54 cm3 g−1. The large specific surface area is beneficial to accommodate high sulfur loads. After sulfur loading, the specific surface area decreases to 15 m2 g−1. The mesopores and micropores can make sulfur highly dispersed in HPCNFs and effectively inhibit the shuttle effect to reduce the loss of sulfur through physical adsorption (Wang et al., 2021b). The mesopores accelerate the transfer rate of lithium ions (Cao et al., 2020). The result will improve the capacity and cycling stability of the HPCNFs@S electrode.
X-ray photoelectron spectroscopy (XPS) was used to further understand the surface chemical component and chemical status of every element in the HPCNFs@S. The full spectrum of the HPCNFs@S (Figure 4A) proves the existence of the four elements C, N, O, and S. As shown in Figures 4B,C the 1s peak is divided into two diverse peaks at 284.7 and 286.1 eV, belonging to C−C and C−O, respectively (Zhong et al., 2022). The high-definition spectra of the N 1s peak (Figure 4C) can illuminate the presence of pyridinic N (398.4 eV), pyrrolic N (400.9 eV), and graphitic N (401.7 eV) (Zhou et al., 2020). The polysulfides have strong physical adsorption with N, which can fully alleviate the shuttle effect, and graphitic N increases to facilitate electron transportation (Zhang et al., 2018b). The high-definition XPS scan of the O 1s peak (Figure 4D) states with two peaks, which are associated with O–H and C–O–H at 531.7 and 533.0 eV, which can limit the dissolution of polysulfides by adsorption (Zhang et al., 2018b; Wang et al., 2020a). In the S 2p spectrum of the HPCNFs@S (Figure 4E), there are two different peaks at 163.4 eV (2p1/2) and 164.4 eV (2p3/2), corresponding to the chemical bonds to S8 (Wang et al., 2020b). In addition, the peak located at 168.5 and 169.6 eV was assigned to S=O and S−O due to the interaction between the oxygen group and the sulfur (Fan et al., 2021). The sulfur content in the HPCNFs@S was measured by thermogravimetry curves (Figure 4F). Through calculations, the accurate sulfur content in the HPCNFs@S film was 76.4%, and the corresponding ratio of the sulfur and the pores was 0.29. The loss of sulfur mass consists of two parts. It was observed that the sulfur can be quickly sublimated at 155–300 °C and slowly terminated at 300 °C due to the confinement of micropores (Huang et al., 2020).
[image: Figure 4]FIGURE 4 | (A) XPS full and high definition: (B) C 1s, (C) N 1s, (D) O 1s, and (E) S 2p spectrum of the HPCNFs@S; (F) TGA curves under nitrogen.
3.2 Electrochemical performance
In Figure 5A, CV curves of Li-S batteries with the HPCNFs@S film are exhibited in the potential range of 1.6–2.8 V at 0.1 mV s−1. In the first cycle, a pair of reduction peaks centered at around 1.95 and 2.19 V, which are attributed to the conversion of sulfur to high-order polysulfides Li2Sn (4 ≤ n≤8) and further formation of low-order Li2S2 and Li2S (Faheem et al., 2021). The oxidation peak at 2.53 V represents the formation of polysulfides Li2Sn (4 ≤ n≤8) to sulfur. The CV curve positions of the second and third cycles do not change much, indicating that the HPCNFs@S electrode has good reversibility. The charge and discharge cycle curves of the HPCNFs@S film at the current rate of 0.1 C are exhibited in Figure 5B. According to the discharge curves, there are two reduction platforms at 2.19 and 2.06 V, which are assigned to the lithiation process of sulfur, reducing soluble polysulfides and finally reducing insoluble Li2S2 and Li2S. On the contrary, there is only a platform at 2.29 V corresponding to the conversion of polysulfide to sulfur. The CV curves of the HPCNFs@S are also consistent with the potential profiles. As shown in Figure 5C, the cyclic performances of Li-S batteries were further tested at 0.1 C. The HPCNFs@S film delivered an initial discharge capacity of 1,145 mA h g−1 and a charge capacity of 1,118 mA h g−1 and maintained a higher discharge capacity of 787 mA h g−1 and a charge capacity of 765 mA h g−1 after 150 cycles. However, the CNFs@S electrode only displayed 279 mA h g−1 after 150 cycles. The compared cyclic performances between HPCNFs@S and CNFs@S electrodes indicate that the HPCNFs@S film can store large amounts of sulfur to suppress the dissolution of polysulfides and enhance cyclic stability. Figure 5D describes the rate performances of the HPCNFs@S film at different current densities form 0.1–2.0 C. The HPCNFs@S electrode shows the large discharge capacities of 1,039, 879, 761, 616, 479, and 315 mA h g−1 and charge capacities of 1,035, 847, 741, 605, 459, and 299 mA h g−1 at 0.1, 0.2, 0.3, 0.5, 1.0, and 2.0 C, respectively. The high invertible discharge capacity of 965 mA h g−1 and the charge capacity of 953 mA h g−1 are still obtained after 100 cycles when the current density returns to 0.1 C. It is proved that the porous structure of the HPCNFs@S electrode provides abundant active sites and enhances chemisorption of polysulfides to increase capacities.
[image: Figure 5]FIGURE 5 | (A) CV curves of HPCNFs@S between 1.6 and 2.8 V at 0.1 mV s−1; (B) initial three cyclic potential profiles of HPCNFs@S at 0.1 C; (C) cyclic performances of HPCNFs@S and CNFs@S electrodes at 0.1 C; (D) rate capability of HPCNFs@S at current densities from 0.1–2.0 C.
In view of the application of the HPCNFs@S electrode in Li-S batteries, it is necessary to obtain a high reversible specific capacity. As shown in Figure 6A, the HPCNFs@S electrode with a sulfur loading of 1.6 mg cm−2 exhibits a high specific capacity (1,145 mA h g−1) and good cycling performance at 0.1 C. It is associated with the truth that the pores of HPCNFs can store more sulfur and increase the adsorption of polysulfide to prevent the dissolution in the charging and discharging processes. Figure 6B illustrates the EIS of HPCNFs@S before and after 150 cycles. The Nyquist plots are composed of a semicircle and a slanted straight line, representing the charge-transfer resistance and lithium-ion diffusion resistance, respectively. It is observed that the resistance of the HPCNFs@S electrode after 150 cycles is smaller than that before the first cycle. The reduction in the charge-transfer resistance of the sulfur cathode is relevant to the limited presence of lithium sulfide in the micropores (Li et al., 2020; Cheng et al., 2021; Wang et al., 2021c).
[image: Figure 6]FIGURE 6 | (A) Specific capacity of the HPCNFs@S electrode with sulfur loadings of 0.9, 1.6, and 2.2 mg cm−2; (B) EIS obtained before and after 150 cycles.
4 CONCLUSION
In summary, we prepared a hierarchical porous carbon nanofiber@sulfur composite named as HPCNFs@S by ZIFs-8 as a precursor to pore formation. The sulfur composite cathode has a large number of active sites and electron transport channels to anchor polysulfides and promote the conversion to Li2S2 and Li2S. The doping of N and O also enhanced the physical adsorption of polysulfides. The HPCNFs@S electrode showed a high initial discharge capacity of 1,145 mA h g−1 and still remained a discharge capacity of 787 mA h g−1 after 150 cycles at 0.1 C. The important reasons for good electrochemical performances are as follows: 1) the crisscross conductive structure reduces electron-transfer resistance, 2) the physical adsorption to the sulfur cathode can effectively anchor polysulfides, and 3) the pore structure can accommodate the changes in sulfur volume. This work gives some guidance for rational design of the Li-S battery cathode, and it is expected to be widely used in energy storage.
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