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Although great efforts have been dedicated to improving electrochemical property of oxides anode material for sodium-ion batteries, the cycling life and rate capability of oxides anode materials are still far from its theoretical value. Herein, novel uniform SnO2@C@Sb2O3 submicrospheres with multilayer core–shell hollow structure have been synthesized as anode of sodium-ion batteries. The multilayer core–shell structure SnO2@C@Sb2O3 composite delivers a reversible capacity of 269 mAh g−1 at higher current density (1,500 mA g−1) after 100 cycles and exhibited excellent rate performance. The conductivity of the anode composite is promoted by the uniformly carbon dispersion through the whole submicrospheres. The dramatic volume change of electrode material could be mitigated by the porous core–shell structure of Sb2O3 and SnO2 during charge–discharge process. The enhanced specific capacity and rate performance are mainly ascribed to the integrity of structure and synergy effect between different metal oxides.
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INTRODUCTION
The energy storage systems, especially for Li-ion batteries (LIBs), are increasingly important in commercial 3C (computer, communication, and consumer electronic) products, and new standards have been defined in the fields of electric/hybrid vehicles and industries with storage energy (Tarascon and Armand, 2001). As alternatives to LIBs, many attentions have been paid on the new energy storage devices (Shan et al., 2019), especially for sodium-ion batteries (SIBs), because of their similar potential closed to Li+ and lower cost (Eguia-Barrio et al., 2017). The demand of stable electrode materials with low cost was mainly focused on various compounds, such as Na3V2(PO4)3, Na1.25V3O8, and NaCrO2 for cathode materials (Kim et al., 2012). Among SIB anode materials, many kinds of composites such as alloy, metal oxide, and metal sulfide with carbon as the substrate have become the research focus (Luo et al., 2016).
For anode materials with alloying reactions, such as Sb and Sn alloy, even the relatively low redox potential provides high voltage for a full cell (Wang et al., 2016). Unfortunately, this huge volume change (420% volume expansion in the process of forming Na15Sn4) resulting in serious pulverization of active materials and fast capacities fade of electrode (Zhu et al., 2013; Wang et al., 2014). Changes in volume make the electrode material more vulnerable to structural damage (Dong et al., 2018), which is an intrinsic drawback that limits the use of many anode materials in SIBs. Different from the alloy materials, the intermetallic and metal oxides with high gravimetry- and volumetry-specific capacities have been studied widely. Their reversible redox reactions are based on the conversion reactions of Na2X (X = O, P, S, etc.), which can relieve the stress of large volume change and contribute to a better electrode chemical performance. Among tin-based compounds investigated as electrode materials, SnO2 has received a special attention, owing to a high theoretical reversible specific capacity (667 mAh g−1), environmental benignity, and quite low cost (Morita et al., 2016; Zhang et al., 2017; Lee et al., 2018). However, low conductivity and high redox potential suppressed the practical use of SIBs.
In recent, it has drawn increasing attentions for-alloy type anodes with core–shell nanoporous structures and carbon-based composites due to their adjustable space for volume expansion (Wang et al., 2012; Xu et al., 2016). It is reported that the prepared nanoporous CuSi and CuSn alloy anodes, and hollow spheres of metal oxide with large surface area provide enough place to suppress the structural damage (Bang et al., 2012; Ma et al., 2016; Chen et al., 2017). As SIB anode, SnO2 and SnO2@graphene nanocomposite delivered 432 mAh g−1 after 150 cycles and 638 mAh g−1 after 100 cycles, respectively (Liu et al., 2010; Su et al., 2013b). Wu et al. reported the Sn–SnS–C nanocomposites with the reversible ability of 664 mAh g−1 at 20 mA g−1 and 350 mAh g−1 at 800 mA g−1 as SIB anodes (Wu et al., 2013). Furthermore, the introduction of metal elements can improve sluggish reaction kinetics, and the synergistic effects of multi-metal led to improve the structural stability and reduce the capacity density loss as much as possible (Rui et al., 2014; Su et al., 2014). Thus, environmentally friendly and resourceful compound metal dioxide with special structure has been increasing attention for their wide applications in energy storage (Sun et al., 2006; Zhu et al., 2013; Wang et al., 2014). Therefore, it is of great significance to develop a carbon-based multi-metal composite with core–shell nanoporous for improving the electrochemical performance of SIBs.
In this article, the SnO2@C@Sb2O3 with core–shell nanoporous is designed and synthesized for improving the performance of SIBs. SnO2 provides enough capacity, as a metallic core with the plenty of nanopores. The carbon shell not only improves the overall conductivity of the electrode material but also plays an important role in accommodating the volume change upon sodiation/disodiation. Furthermore, the Sb2O3 as the framework could be used for improving the structural stability and reducing the capacity density loss. It is realized that the successful utilization of anode composites to achieve excellent electrochemical performance in practical high-energy SIBs is based on the strategy of this facile and scale up material fabrication.
EXPERIMENTAL SECTION
Materials and Preparation
In this work, the composites were synthesized by the hydrothermal method. Glucose (0.5 g) was first dissolved in distilled water (35 ml), and then added 0.15 g SnCl4·5H2O. The suspension was sonicated for 90 min. Then, 0.3 g SbCl3 was added to the above solution and sonicated until the solution became relatively uniform. The mixture was then transferred into a 50-ml Teflon-sealed autoclave and maintained at 180°C for 12 h. The product was collected after being washed with deionized water and ethanol by centrifugation. Then, the product was vacuum-dried at 80°C for 24 h. In order to find the most suitable temperature for calcination, the sample was divided into four parts. The four parts were then respectively heated in muffle roaster at the rate of 3°C min−1 to 200, 300, 400, and 500°C for 3 h.
Characterization
The crystal structure was characterized by X-ray diffraction (XRD, SiemensD-5000) with a scanning angle (2θ) ranging from 15° to 90°. The morphology of the products was analyzed by transmission electron microscopy (TEM, JEOL 2100F) and scanning electron microscopy (SEM, Hitachi S4800), respectively. X-ray photoelectron spectroscopy (XPS) (Thermo Scientific, Waltham, MA, United States) was used to determine the composition of the sample. The Raman (HR + Evolution) test was used to verify the presence of carbon material peaks in the samples.
Electrochemical Tests
The 2,032 coin cells were assembled in an argon-filled glove box for measuring the electrochemical measurements of working electrode. The working electrode included active material, carboxyl methyl cellulose (CMC) binder, and Super P carbon black as a carbon additive in dilute styrene butadiene rubber (SBR) aqueous solution at a weight ratio of 7:2:1. The counter anode was sodium metal, and the separator was glass fiber GF/F (Whatman) filter. The electrolyte was 1 M NaClO4 dissolved in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1 by volume). Galvanostatic charge–discharge measurements were tested based on a multichannel battery testing system (LAND CT2001A). Cyclic voltammetry (CV) was performed through an electrochemical workstation (CHI 760D).
RESULTS AND DISCUSSION
The morphology of the as-prepared SnO2@C@Sb2O3 composites after sintering at 500°C is shown in Figure 1. In Figure 1A, it can be observed that the surface of the unsintered SnO2@C@Sb2O3 composite is relatively smooth. Figure 1B shows the FESEM images of the as-prepared particles, which exhibit uniform submicrospheres in an average around 500 nm diameter, and dense mesoporous on the surface of the submicrospheres can be found. Importantly, it is clearly observed that SnO2@C@Sb2O3 particles have a rough surface, which is formed by the Sb2O3 outer layer of the subspheres during calcination to form a loose, porous shell, providing a fast channel for the migration of sodium ions/electrons. The microstructure of SnO2@C@Sb2O3 composite was further investigated by TEM, as shown in Figures 1C,D. According to the TEM images, SnO2@C@Sb2O3 composite has the expected multilayer core–shell structure, with SnO2 particle in the innermost layer, carbon layer in the middle, and Sb2O3 shell in the outermost layer. It is clear that the three layers are separated from each other by hollow parts, which is conducive to adapt to the volume expansion of the core and the shell. The EDS elemental mapping of Sb, Sn, C, and O elements is shown in Figure 1E. All elements are evenly distributed to form a clear sphere, indicating that the core–shell structure is composed of SnO2 and Sb2O3. And also, the carbon interlayer could be introduced to the SnO2–Sb2O3 composite with core–shell structure, which is consistent with the conclusion of Figure 1C.
[image: Figure 1]FIGURE 1 | (A) FSEM image of SnO2@C@Sb2O3 submicrospheres without sintering; FSEM images of SnO2@C@Sb2O3 multilayer core–shell submicrospheres after sintering at 500°C, (B) FESEM image, (C,D) TEM images, and (E) EDS elemental mapping images.
Figure 2 shows the TEM and HRTEM images of the as-prepared SnO2@C@Sb2O3 submicrospheres after sintering at 500°C. In Figures 2A,B, it is obvious that these submicrospheres have hollow and core–shell structures. Moreover, it is measured that the typical lattice fringe spacings as 0.322 and 0.332 nm (Figure 2C), which corresponds to the (310) crystal plane of Sb2O3 and the (110) crystal plane of SnO2. The reason is that when the sintering temperature is 500°C, the inner solid core contracted sharply to form a hollow structure, resulting in a SnO2, C, and Sb2O3 triple-shelled core–shell submicrosphere with a hollow structure. Figure 3 presents the morphology of SnO2@C@Sb2O3 composite without sintering (Figure 3A) and sintering at different heat treatment temperatures from 200 to 400°C (Figures 3B–D), respectively. The comparison results show that with the increase of heat treatment temperature, the Sb2O3 shell with smooth and dense surface on the submicrosphere becomes gradually sharp and loose. However, only when the heat treatment temperature increases to 500°C will the porous structure conducive to the diffusion of sodium ions/electrons be formed (Figure 1B).
[image: Figure 2]FIGURE 2 | (A,B) TEM and (C) HRTEM images of SnO2@C@Sb2O3 submicrospheres at 500°C.
[image: Figure 3]FIGURE 3 | FESEM images of SnO2@C@Sb2O3 submicrospheres after sintering at different temperatures. (A) Without sintering, (B) 200°C, (C) 300°C, and (D) 400°C.
The XRD patterns of the samples at different sintering temperatures are shown in Figure 4A. For the SnO2@C@Sb2O3 composite without sintering, the characteristic peaks of SnO2 and Sb2O3 are not strong as other sintered composites, which indicated that the crystallinity of the precursor prepared by hydrothermal method is not well. After the sintering of 200°C, the characteristic peak of the oxides has increased significantly, which are corresponding to Sb2O3 (JCPDS 74-1725) and SnO2 (JCPDS 41-1445). With sintering temperature of the samples further increasing, it can be seen that the crystallization of the SnO2@C@Sb2O3 particles was further improved. When the sintering temperature is 500°C, sharp strong peaks corresponding to Sb2O3 and SnO2 can be seen, respectively. Meanwhile, the intensity of characteristic peak of SnO2 is weaker than that of Sb2O3, which is also confirmed that the inner core is SnO2 wrapped with Sb2O3 shell. The Raman spectroscopy was used to determine the presence of carbon in SnO2@C@Sb2O3. The spectrum of Figure 4B clearly shows the characteristic peaks of D and G band located at 1,342 and 1,590 cm−1, respectively, which corresponding to typical in-plane vibration of sp2-bonded carbon atoms and vibrational modes from sp3-bonded carbon atoms in amorphous carbon (Sevilla and Fuertes, 2009). The peak intensity ratio (ID/IG) is 1.03, indicating that the carbon in SnO2@C@Sb2O3 is highly disordered, which is conducive to improving the electrochemical activity of electrode materials (Sun et al., 2019; Qin et al., 2020).
[image: Figure 4]FIGURE 4 | (A) XRD patterns of the samples obtained with different sintering temperatures, (B) Raman spectra of SnO2@C@Sb2O3, (C) XPS survey spectra of SnO2@C@Sb2O3, and (D) high-resolution XPS spectra of Sn 3d and Sb 3d in SnO2@C@Sb2O3.
XPS measurements were carried out to further examine the composition of elements and chemical bonding states in the SnO2@C@Sb2O3. The survey spectra of Figure 4C can clearly observe the corresponding peaks of C, Sn, Sb, and O. The valence states of Sn and Sb can be further analyzed by XPS, as shown in Figure 4D. The high-resolution Sn 3d XPS spectrum shows that peaks located at 486.43 and 494.84 eV correspond to Sn 3d5/2 and Sn 3d3/2 of SnO2, respectively (Lee et al., 2017). The Sb 3d XPS spectrum comprises two peaks, located at 530.29 and 539.57 eV, respectively, which correspond to 3d5/2 and 3d3/2 of Sb2O3 (Wang et al., 2017).
Figure 5 is the formation process of fabricating multi-metal oxides and carbon composites with multilayer core/shell hollow structure. First, the nanoparticles of Sn4+, glucose, and Sb3+ core/shell structure with surface functional groups were prepared. Then, the uniform metal oxide hydrate core/shell structure with carbonaceous interlayer as precursors was formed by a hydrothermal reaction. Previous studies have shown that carbon-rich polysaccharides can be carbonized by sintering at lower temperatures, and that the glucose can be converted into carbon-rich polysaccharide by hydrothermal process (Zhao et al., 2010). Subsequently, SnO2@C@Sb2O3 multilayer core–shell submicrospheres were sintered at different temperatures. With the increasing of the annealing temperature from 300 to 400°C, the surface of solid spheres has been shrunk to form a stable metal oxide shell with a smooth surface because the crystallization of the metal oxide hydrate accelerates, and the carbonaceous layer has also been formed. At a higher annealing temperature, because the combustion of carbonaceous intermediate layer causes the oxide of shell and core to shrink, it provides energy for the phase separation between shell and core, so the hollow effect appears (Zheng et al., 2009). Thus, this syntheses method of SnO2@C@Sb2O3 multilayer hollow spheres is promoting to form various multilayer metal oxides within the carbonaceous interlayer.
[image: Figure 5]FIGURE 5 | Schematic of SnO2@C@Sb2O3 core–shell mesoporous spheres.
Figure 6 is the electrochemical performances of the SnO2@C@Sb2O3 composite as anode for SIBs. The charge–discharge curve of the SnO2@C@Sb2O3 electrode at the current density of 1,500 mA g−1 is shown in Figure 6A. The initial discharge and charging capacity are 476 and 395, respectively. The initial Coulomb efficiency (ICE) is as high as 82.9%, which is attributed to the ease and efficiency of ion/electron transport in the porous shell sphere (Zhang et al., 2015). Figure 6B is the discharge–charge voltage profile of SnO2@C@Sb2O3 at 0.1 mV s−1. The first cycle shows a strong reduction peak at 0.5 V which disappears in the following cycles, indicating that there is an irreversible reaction to form electrolyte interphase (SEI) film during the first discharge process. In subsequent cathodic scans, three reduction peaks appeared between 0.01 and 1.0 V, which was related to the reaction of Na+ with SnO2 and Sb2O3 to form Sn, Sb, NaxSn (x ≤ 3.75), and NaySb (y ≤ 3) (Jahel et al., 2015; Kim et al., 2019). Moreover, the two oxidation peaks were about 0.72 and 0.85 V, respectively, corresponding to the de-alloying reactions of NaxSn and NaySb. After the first cycle, the overlap CV curves for subsequent cycles indicate the good stability and reversibility of the as-prepared submicrospheres. The discharge capacities of SnO2@C@Sb2O3 anode after 100 cycles at current densities of 150 and 1,500 mA g−1 are 423 and 269 mAh g−1, respectively, as shown in Figure 6C. The excellent cycling performance of the SnO2@C@Sb2O3 electrode is attributing to the carbon interlayer and the hollow layer absorb the mechanical stress caused by the volume expansion of SnO2 and Sb2O3, which is related to the structural integrity. Interestingly, the charge–discharge capacity showed a downward trend and then an upward trend, indicating that the electrode has an activation process in the cycle. In the initial stage, the inside of the SnO2@C@Sb2O3 electrode is difficult to be wetted by the electrolyte, but the outer shell is more likely to come into contact with sodium ions and react. After the charging–discharging process lasts for a period of time, the electrode can be completely soaked by the electrolyte (Sun et al., 2014). The rate performance of the SnO2@C@Sb2O3 anode is shown in Figure 6D. It delivers the specific discharge capacities of 427, 397, 360, and 308 mAh g−1 at the current densities of 150, 300, 600, and 1,200 mA g−1, respectively. When back to 150 mA g−1, the capacity can retain back to 390 mAh g−1, which exhibited the excellent rate electrochemical performance. The cycling performance and rate performance of SnO2 and Sb2O3 as SIB anodes are shown in Figures 6E,F. Obviously, SnO2 and Sb2O3 anodes exhibit rapid capacity degradation during cycling and poor rate performance compared to SnO2@C@Sb2O3. The electrochemical performance of SnO2@C@Sb2O3 as SIB anode is compared with other metal oxide anodes previously reported in Table 1. It is obvious that SnO2@C@Sb2O3 anodes have better cycling and rate performance. The ex situ XRD shown in Figure 7 illustrates the changes in the composition of the anode during the first charge/discharge. Several diffraction peaks of Na3.75Sn and Na3Sb are observed at the SnO2@C@Sb2O3 anode during full discharge, indicating that Na+ were embedded in the anode material. When fully charged, the diffraction peaks of the corresponding Na3.75Sn and Na3Sb basically disappeared, while the peaks of SnO2@C@Sb2O3 strengthened, indicating that Na+ was extracted from the anode (Nam et al., 2015; Bian et al., 2016). This is consistent with the analysis results in Figure 6B.
[image: Figure 6]FIGURE 6 | Electrochemical performance of SnO2@C@Sb2O3 for SIBs in the voltage range of 0.01–3.0 V (vs. Na/Na+). (A) The selected discharge–charge curves at 1,500 mA g−1, (B) CV curves at the sweep rate of 0.1 mV s−1, (C) cycling performance at 150 and 1,500 mA g−1, (D) rate performance of SnO2@C@Sb2O3 anode, (E) cycling performance of SnO2 and Sb2O3 anode at 1,500 mA g−1, and (F) rate performance of SnO2 and Sb2O3 anode.
TABLE 1 | Comparison of electrochemical performance among reported metal oxide electrode materials.
[image: Table 1][image: Figure 7]FIGURE 7 | Typical initial charge/discharge profile and the corresponding ex situ XRD patterns at various states.
The higher rate property and excellent cycling life of SnO2@C@Sb2O3 for SIBs are due to the multilayer core–shell nanostructures and the multi-compositions. The working mechanism of SnO2@C@Sb2O3 as the anode of SIBs is shown in Figure 8. The surface of the submicrospheres with multilayer core–shell structure is most likely to contact and react with the electrolyte, and the core can fully contact with the electrolyte after several cycles, which is an activation process (Zu et al., 2017; Sarkar et al., 2019; Zhang et al., 2019; Qin et al., 2020). Therefore, the cycle curve of SnO2@C@Sb2O3 anode shows a trend of first decreasing and then increasing. Then, the carbon as the interlayer structure from glucose could improve the electric conductivity of the electrode effectively and shorten the electron transport pathway. At the same time, the hollow core of SnO2 and the carbon layer can accommodate the volume expansion caused by the alloy reaction. Furthermore, the synergistic effects of the multi-compositions (SnO2 and Sb2O3) could enhance electrochemical activities over the single metal oxide nanocomposite. Finally, the multilayer core–shell structure and hollow structure could buffer partially the dramatic volume of SnO2 and Sb2O3 during the sodiation/disodiation process. Benefited from both structure effect and synergistic effect of the nanocomposite materials with special structure, the good cycle performance and high rate capability are achieved by SnO2@C@Sb2O3 anode for SIBs.
[image: Figure 8]FIGURE 8 | Schematic illustration of charging–discharging characteristics of SnO2@C@Sb2O3 as anode materials for SIBs.
CONCLUSION
Based on hydrothermal method and high temperature carbonization, SnO2@C@Sb2O3 composites with multilayer hollow core–shell structure were prepared. The multilayers hollow core–shell structure effectively cushioned the volume expansion of the inner oxide and maintained the integrity of the overall volume. The carbon layer provides excellent electron channel and improves the efficiency of electron transport. Meanwhile, the outer and inner oxides crystallize better after high sintering, and the synergistic effect between Sb2O3 and SnO2 improves the performance stability. As an anode for SIBs, it can deliver an initial discharge capacity of 476 mAh g−1 at a high current density of 1,500 mA g−1 and a Coulomb efficiency of 82.9%. After 100 cycles, the discharge capacities of the as-prepared composite are 423 and 269 mAh g−1 at 150 and 1,500 mA g−1, respectively. This research gives a rational direction for designing the core–shell composite transition metal oxide materials to improve the performance of sodium-ion batteries.
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