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Sodium ion batteries (SIBs) have been considered as a promising alternative to lithium ion batteries (LIBs) for large scale energy storage in the future. However, the commercial graphite anode is not suitable for SIBs because of its low Na+ ions storage capability and poor cycling stability. Recently, another alternative as anode for SIBs, amorphous carbon materials, have attracted tremendous attention because of their abundant resource, nontoxicity, and most importantly, stability. Here, N-doped hierarchical porous carbon microspheres (NHPCS) derived from Ni-MOF have been prepared and used as anode for SIBs. Benefiting from the open porous structure and expanded interlayer distance, the diffusion of Na+ is greatly facilitated and the Na+ storage capacity is significantly enhanced concurrently. The NHPCS exhibit high reversible capacity (291 mA h g−1 at current of 200 mA g−1), excellent rate performance (256 mA h g−1 at high current of 1,000 mA g−1), and outstanding cycling stability (204 mA h g−1 after 200 cycles).
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INTRODUCTION

Lithium ion batteries (LIBs) have been widely used as the power sources for portable electric devices, electric vehicles (EV), and hybrid electric vehicles (HEVs), because of their high energy density, high operate voltage and long services life (Zheng et al., 2015; Huang et al., 2016; Wang et al., 2017; Pan et al., 2018a). While, the applications LIBs in large-scale electrochemical energy system (EES) is restricted by the limited lithium resources in the earth's crust (Liu Y. Z. et al., 2018). Alternatively, sodium ion batteries (SIBs) working with the similar intercalation chemistry have attracted much attention, for the abundance of Na on the earth (Larcher and Tarascon, 2015; Li W. et al., 2015; Li et al., 2018). Nevertheless, the commercial graphite anode is not suitable for the fabrication of high performance SIBs, because of the poor diffusion kinetics of the much larger Na+ ions compared to Li+ ions (Luo et al., 2016; Hwang et al., 2017). Therefore, it is urgent to find an appropriate anode material for SIBs.

Recently, metallic alloy, metal sulfide and metal oxide have been explored as anode materials for SIBs (Liu et al., 2015; Ning et al., 2015; Pan et al., 2018b). Although exhibiting high capacity, these materials are subject to large volume change during the sodiation/desodiation process, and as a result, they are reported to suffer fast capacity loss and poor rate capability (Yabuuchi et al., 2014). Carbonaceous materials, for example, expanded graphite, graphene, carbon nanotubes, and other amorphous carbon, were also studied as alternatives (Wen et al., 2014; Luo et al., 2015; Xu et al., 2015; Li et al., 2016a). These materials have attracted many attentions because of their abundant resource, stability, and low cost (Hou et al., 2017a). Among them, amorphous carbon, e.g., hard carbon and soft carbon, show high Na+ accommodation capacity (Li et al., 2016b; Jian et al., 2017), but low initial coulombic efficiency, low capacity, and fast capacity degradation (Qian et al., 2018).

Heteroatom-doping with B, N, S, or P is an effective strategy to enhance the electrical conductivity and increase the specific surface area carbonaceous materials, hence enhance electron transport and provide more Na+ storage active sites (Li D. et al., 2015; Yang et al., 2015). P-doped carbon nanosheets, S-doped hard carbon, N-doped carbon, and S, N-codoped carbon nanosheets have been demonstrated to effectively improve the electrochemical performance (Wang et al., 2016; Hou et al., 2017b; Yang et al., 2017; Hong et al., 2018). Hollow porous structures have promise to improve the cycling and rate performance of carbonaceous materials for SIBs, as this unique porous structure (1) can offer more Na+ storage active sites, and therefore has the potential to give rise to higher capacity; (2) offer faster Na+ transportation channels, which contributes to excellent rate capability; and (3) buffer the volume expansion during the repeated sodiation/desodiation process, leading to improved cycling performance (Li Z. et al., 2015;Zhang et al., 2015).

Herein, we developed a synergetic strategy to combine the above-mentioned merits of the heteroatom-doping and porous structures into one material by preparing Ni-MOF derived N-doped hierarchical porous carbon microspheres (NHPCS). This hierarchical porous structure are shown to offer more active sites for Na+ storage, provide fast Na+ diffusion channels, and alleviate the volume expansion during the sodiation/desodiation process. Meanwhile, the incorporation of N expanded interlayer distance and increased the surface area of the carbon microspheres, which enhances the cycling and rate performance. Benefiting from this unique design, NHPCS combines the advantages of both heteroatom-doping and porous structures, and are shown to exhibit high reversible capacity, outstanding rate performance and good cycling stability.



EXPERIMENTAL SECTION

0.864 g nickel nitrate hexahydrate, 0.3 g 1, 3, 5-benzenetri-carboxylic acid (H3BTC), and 3.0 g polyvinylpyrrolidone (PVP) were dissolved in a mixed solution (20 ml DMF, 20 ml absolute ethanol, and 20 ml deionized water, stirring for 30 min). The as-obtained mixture was transferred into 100 mL Teflon-lined autoclave and heated at 150°C for 10 h. Afterwards, the formed participate was centrifuged with ethanol three times and dried at 80°C overnight. Subsequently, the obtained Ni-MOF was annealed with melamine (with a weight ratio of 1:1) at 800°C for 1 h under Ar atmosphere. Finally, the obtained product was wash with 2 M HCl to remove Ni nanoparticles and the N-doped hierarchical porous carbon microspheres (NHPCS) were obtained. Hierarchical porous carbon microspheres (HPCS) were synthesized with the same procedure except that annealing process was conducted without melamine.



MATERIAL CHARACTERIZATION

The crystalline phases of samples were characterized by XRD (Rigaku D/max 2500). The morphology of NHPCS/HPCS were observed by SEM (Hitachi, SU8010) and TEM (JEOL JEM-2100F). The XPS tests were carried out to determine the chemical composition and chemical state of elements of the sample.

To determine the specific area, the nitrogen absorption/desorption isotherm measurements were performed using ASAP2020 Surface Area and Porosity Analyzer. Raman measurements were performed using a laser Raman spectrometer (Jobin Yvon, Model T6400).



ELECTROCHEMICAL MEASUREMENTS

To prepare electrode, the NHPCS/HPCS active material was mixed with PVDF and acetylene black with a mass ratio of 8:1:1. N-methyl-2-pyrrolidene (NMP) was added to the mixture and a uniform slurry was obtained after grinding. The slurry was then coated onto the Cu foil, and dried at 80°C for 12 h. Subsequently, 2,032 coin cells were assembled using sodium metal foil as counter electrode, glass fiber as separator. The electrolyte was 1 M NaCF3SO3 in DEGDME. The cycling and rate performance of NHPCS and HPCS was tested at Land BT2013A systems using CR2032 coin cell.



RESULTS AND DISCUSSIONS

Figure 1 shows the overall schematic illustration for the fabrication of N-doped hierarchical porous carbon microspheres (NHPCS). Firstly, Ni-MOF precursors were obtained via a simple hydrothermal method (see Experimental Section for detail). PVP plays an important role to form the Ni-MOF spheres during the hydrothermal process. The shape inducing effects of PVP could be attributed to the groups of hydrophobic vinyl and hydrophilic carbonyl that lead to the formation of polarized micelles. Subsequently, the obtained Ni-MOF precursors were calcinated with melamine under Ar atmosphere. This annealing process converts MOF to N-C microspheres while maintains the framework of Ni-MOF template, with the Ni nanoparticles uniformly distributing in the carbon microspheres. Finally, the NHPCS was obtained after removing the Ni nanoparticles by etching with HCl aqueous solution.


[image: Figure 1]
FIGURE 1. Schematic illustration for the fabrication of N-doped hierarchical porous carbon microspheres (NHPCS).


The morphology of the Ni-MOF, Ni/C, Ni/N-C microspheres was investigated by SEM (Supporting Information). The SEM images in Figures S1A,B show that of Ni-MOF precursor exhibits a very uniform sphere structure with a diameter of around 1.5 μm. This uniform sphere structure was successfully retained after the annealing process, as confirmed from the morphology of the as-formed Ni/C microspheres (Figure S1C) The existence of nickel metal was confirmed by XRD (Figure S2A; Lou et al., 2017). Ni/N-C microspheres was synthesized by annealing the Ni-MOF precursor with melamine. Notably, the uniform sphere structure was well maintained after the N-doping process, as shown in Figure S1D. XRD patterns were collected for HPCS and NHPCS (Figure S2A). A broad peak located at around 24.6° was observed for both samples, which attributed to the (002) diffraction of the disordered carbon structure (Xu et al., 2016; Niu et al., 2017). In the final product, the existence of small amount of Ni nanoparticles might greatly enhance its electronic conductivity.

The structural features of HPCS and NHPCS were examined by SEM and TEM. The SEM results strongly support that the morphology of HPCS and NHPCS are well consistent with the Ni-MOF precursor (Figures 2A,B,D,E), which confirms that the morphology of Ni-MOF precursor can be well maintained during the annealing process. TEM images of HPCS and NHPCS were displayed in Figure S3. There are abundant micropore interconnected with each other in HPCS and NHPCS. On the other hand, minor amount of Ni nanoparticles were retained in the obtained HPCS and NHPCS, which is in good accordance with the XRD results. The HRTEM images exhibit that the interlayer distance of HPCS and NHPCS are 0.34 and 0.35 nm, respectively (Figures 2C,F). This indicates that nitrogen doping can increase the interlayer spacing between the carbon layers (Yan et al., 2016). Moreover, the EDS elemental mapping of NHPCS shows that the N atoms are uniformly dispersed in the carbon microspheres, suggesting that the nitrogen is successfully doped into carbon spheres (Figures 2H,I).


[image: Figure 2]
FIGURE 2. SEM and TEM images of HPCS (A–C) and NHPCS (D–F), EDS elemental mapping of NHPCS (G–I).


Figure 3A displays the Raman spectra of HPCS and NHPCS. Two peaks are exhibited at around 1,338 and 1,582 cm−1, which can be ascribed to the D band and G band corresponding to defect-induced band and crystalline graphite band, respectively (Liu Y. et al., 2018). Therefore, the relative amount of disorder or defects in the carbon structure can be obtained according to the relative intensity ration of the D peak to the G peak (ID/IG). The ID/IG values of HPCS and NHPCS are 1.0 and 1.02, respectively, implying that nitrogen doping improves the disorder degree of carbon materials (Li et al., 2016c).


[image: Figure 3]
FIGURE 3. (A) Raman spectra of HPCS and NHPCS; (B) XPS N 1 s spectra of NHPCS; (C,D) N2 adsorption isotherm and corresponding pore width distribution for HPCS and NHPCS.


The XPS measurement was carried out to investigate the surface chemical composition of NHPCS. The survey spectra indicate that C, O, Ni, and N elements exist in NHPCS, which can be further confirmed that the existence of small amount of Ni nanoparticles etching with HCl aqueous solution (Figure S2B). And the high-resolution N 1 s spectra as shown in Figure 3B, four peaks at 398.5, 399.2, 401.0, and 403.3 eV can be ascribed to the typical pyridinic, pyrrolic, graphitic, and quaternary nitrogen, respectively (Liu et al., 2016). The XPS results further confirm that the N-doped carbon was successfully obtained. Furthermore, nitrogen adsorption-desorption isotherms were performed to characterize the surface area and pore structure of HPCS and NHPCS. Figures 3C,D displays the nitrogen adsorption-desorption isotherms for HPCS and NHPCS (inset of C and D are the corresponding pore size distribution curves), respectively. The two curves exhibit similar typical IV isortherm with H2-type hysteresis loops at the relative pressure (P/P0) range of 0.5–1.0, suggesting the mesoporous features of the structures, and the specific surface area for HPCS and NHPCS are 200.21 and 223.25 m2 g−1, respectively. The pores of HPCS are mainly distributed at 3.97 and 7.81 nm, while the pores of NHPCS are mainly distributed at 3.72 and 21.15 nm according to the pore size distribution curves, which further suggesting the mesoporous features of the structures in the HPCS and NHPCS.

The electrochemical performance of HPCS and NHPCS were evaluated using 2,032 coin cells and 1 M NaCF3SO3 in DEGDME used as the electrolyte. Figure 4A shows the CV curves of NHPCS electrode during the initial four cycles. In the first discharge process, two peaks at around 1.0 and 0.6 V can be observed, which are disappeared in next three cycles, corresponding to the formation of SEI film and side reactions (Hong et al., 2014; Zhu et al., 2018). Subsequently, a strong redox peak at around 0.03 V can be observed, which can be ascribed to Na+ insertion/extraction from NHPCS. And the CV curves are highly overlapped with each other after the first cycle, which indicating an outstanding reversible cycling stability.


[image: Figure 4]
FIGURE 4. CV curves of NHPCS (A), cycle performance of HPCS and NHPCS at 200 mA g−1 (B), charge and discharge profiles of NHPCS (C), rate performance of HPCS and NHPCS (D), long-term cycling performance of NHPCS at 500 mA g−1 (E).


Figure 4B displays the cycling performance of HPCS and NHPCS at 200 mA g−1, a high reversible capacity of 291.8 mA h g−1 can be obtained after 100 cycles for NHPCS. And NHPCS also exhibits outstanding cycling stability during the charge/discharge process at 200 mA g−1. But for HPCS, lower reversible capacity of 245.9 mA h g−1 was obtained after 100 cycles at the same current density. Furthermore, the coulombic efficiency of NHPCS approaches 100% during the cycling process, which is higher than HPCS. Subsequently, the charge and discharge profiles of NHPCS are provided in Figure 4C, a long slope below 1.0 V in the first sodiation process can be observed. For the charge process, the curve became steeper. The initial discharge and charge capacities of NHPCS are 387 and 291 mA h g−1, corresponding to an initial coulombic efficiency of 75.2%. And the charge and discharge profiles of HPCS are provided in Figure S4A, which show similar shapes to NHPCS. Furthermore, the initial discharge and charge capacities of HPCS are 297.2 and 239.3 mA h g−1, corresponding to an initial coulombic efficiency of 80.2 %. Power density is very important for SIBs in practical application for electric vehicles. Therefore, the rate performances of NHPCS and HPCS at different current density range from 200 to 1,000 mA g−1 have been tested (Figure 4D). A high reversible capacity of 298, 285, 276, 265, and 256 mA h g−1 at current density of 200, 400, 600, 800, and 1,000 mA g−1, respectively. And for HPCS, lower reversible capacity of 240, 231, 214, 192, and 172 mA h g−1 at current density of 200, 400, 600, 800, and 1,000 mA g−1 were obtained, respectively. These results indicate that high reversible capacity and cycling stability can be attributed to, which can facilitate Na+ transport, offer more active sites for Na+, and improve the adsorption capacity of Na+. Furthermore, long-term cycling performance of NHPCS was further tested at 500 mA g−1, and the result is display in Figure 4E. NHPCS exhibits excellent cycling stability and high reversible capacity. 204 mA h g−1 can be remained after 300 cycles.

To further analyze the reasons for the improved cycling and rate performance of NHPCS, the EIS measurements of NHPCS and HPCS were tested, and the corresponding Nyquist plots are shown in Figure 5. The two Nyquist plots exhibit similar shapes and consist of a semicircle in high-frequency region and a sloping line in low-frequency region (Pan et al., 2017; Zheng et al., 2018). Subsequently, charge transfer resistances of NHPCS and HPCS can be obtained according to the EIS curves and equivalent electric circuit (Figure 5). The Rct of NHPCS and HPCS are 3.98 and 5.37Ω, respectively (as shown in Table S1). The lower charge transfer resistance of NHPCS was attributed to the nitrogen doped which can enhance electronic conductivity and facilitate the transport of Na+ ions (Wang et al., 2013; Fu et al., 2014). Furthermore, the morphology change after cycling were also investigated to further analyze the outstanding cycling stability of NHPCS. The SEM images of NC after 100 cycles as shown in Figure S6. The sphere structure was maintained well after 100 cycles, indicating that the NHPCS with a good structural stability during the cycling process.


[image: Figure 5]
FIGURE 5. Nyquist plots of NHPCS and HPCS before cycling. Inserted is the equivalent circuit, RΩ is the electrolyte resistance, Rct is the charge-transfer resistance, and Zw is the Warburg impedance.


NHPCS exhibits remarkable cycling performance and rate capability when tested as anode for SIBs, which can be owing to the unique hierarchical porous structure and N doping. The detailed reasons can be summarized as follows: (1) The unique hierarchical porous structure can offer more Na+ storage active sites and buffer the volume change during the sodiation/desodiation process. (2) The hierarchical porous structure can facilitate Na+ transport and provide a short diffusion distance for Na+. (3) The nitrogen doping can enhance electronic conductivity to facilitate the transport of Na+ and the electrons.



CONCLUSIONS

In summary, N-doped hierarchical porous carbon microspheres (NHPCS) have been successfully fabricated from Ni-MOF with annealed exist of melamine. Benefiting from the nitrogen doped and hierarchical porous structure, NHPCS can offer more Na+ storage active sites and provide fast Na+ ions transfer channels. As a result, when evaluated as anode for SIBs. NHPCS can exhibit high reversible capacity of 291 mA h g−1 at 200 mA g−1. When the current density increase to 1,000 mA g−1, high reversible capacity of 256 mA h g−1 was also can be obtained. Moreover, NHPCS possess a high reversible capacity of 204 mA h g−1 after 300 cycles at 500 mA g−1. Therefore, NHPCS should be considered as promising anode materials for SIBs because of its outstanding rate capability and excellent cycling performance.
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