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Selenium Clusters in Zn-glutamate MOF Derived Nitrogen-Doped Hierarchically Radial-Structured Microporous Carbon for Advanced Rechargeable Na-Se Battery
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Sodium-selenium (Na-Se) battery is a promising substitute for traditional Li-ion batteries due to its high theoretical volumetric capacity (~3260 mAh cm-3). However, shuttle effect and large volume change still limit its practical applications. Herein, we embed Se clusters in a nitrogen-doped hierarchically radial-structured microporous carbon (N-HRMC) derived from Zinc-glutamate metal-organic framework (MOF) for advanced sodium storage. In this carbon-based composite, the micropores and the C-Se and C-O-Se bonds in N-HRMC effectively confine Se clusters and Na2Se during the discharge-charge process. The nitrogen doping in N-HRMC strongly enhances the electrical conductivity of Se and chemical adsorption on Na2Se. In particular, the density functional theory (DFT) calculations demonstrate that pyridinic-N atoms provide much more chemical adsorption of Na2Se than graphitic-N and pyrrolic-N atoms. Consequently, the Se clusters embedded in N-HRMC as cathode deliver a capacity of 612 mAh g-1 after 200 cycles at 0.2C, with a cycling stability for >500 cycles and a capacity retention of ~100% from the 20th cycle at 0.5C, representing one of the best reported results for Na-Se battery. Our work here suggests that embedding Se clusters in nitrogen-doped hierarchically structured microporous carbon systems presents an attractive strategy to enhance the capacity and rate capability of Na-Se battery.
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Introduction
Lithium-ion batteries (LIBs) are widely used in portable electronic devices for their high energy density and long cycle life.1-4 With the recent progress in the development of electric vehicles and large-scale energy storage systems, the focus on secondary batteries has moved from small form factors to higher energy and power density systems.5 Traditional cathode materials in LIBs such as LiFePO4 and LiCoO2 with low theoretical capacities cannot meet such demands. Development of new battery systems with high energy densities is therefore critical. As a result, alternative metal-ion batteries such as those based on Na-ion6, K-ion7, and Mg-ion8 have received increasing attention. In particular, Na-ion batteries, with wide and inexpensive availability of sodium and low reduction potential make it a likely successor of LIBs.9-11State Key Laboratory of Advanced Technology for Materials Synthesis and Processing, Wuhan University of Technology, 122 Luoshi Road, 430070, Wuhan, Hubei, China. E-mail: yu.li@whut.edu.cn and baoliansu@whut.edu.cn
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Among the Na-ion based battery systems, sodium-sulfur (Na-S) batteries have been investigated for its high theoretical volumetric capacity density (~3467 mAh cm-3).12-15 In spite of the promises, the poor conductivity of sulfur (5*10-28 S m-1) and the shuttle effect of sodium polysulfides during discharge/charge process impose serious limitations towards practical application of this battery system.16-17 Se is in the same group but offers higher electrical conductivity (10-3 S m-1 of trigonal and 10-11 S m-1 of amorphous Se), similar theoretical volumetric capacity density (~3260 mAh cm-3) and a further higher reaction activity with Na at room temperature, making it a more promising cathode material for sodium-selenium (Na-Se) batteries.5, 12, 18
[bookmark: _GoBack]Like Na-S batteries, limiting the shuttle effect, accommodating the volume change and improving the electrical conductivity of Se electrode are still the main routes to enhance the performance of Na-Se batteries.19 So far, porous carbon-based host has been the most widely adopted route to anchor Se.20,21 For example, Balakumar et al. utilized N-containing hollow mesoporous shell carbon spheres host loaded with 52 wt% Se, exhibiting a capacity of 339 mAh g1 at a current density of 0.2C for Na-Se batteries.22 Porous carbon derived from MOFs is considered to be very promising because of the large pore volume and high specific surface area.23-26 For example, Xu et al. encapsulated Se into the mesoporous carbon derived from MOFs to form Se/NPCPs (nitrogen-doped porous carbon polyhedrons) composite and used as cathode for Na-Se batteries, exhibiting a discharge capacity of 161.4 mAh g1 after 1000th cycle at a current density of 0.2C.19 Although the shuttle effect can be suppressed to some extent by using these carbonate-based materials, irreversible decay of the capacity is still observed as the active species gradually dissolve in the electrolytes during the cycling process.27-30 This suggests that further refinement in the design of the porous carbon host for Se encapsulation is required. In this respect, hierarchically structured porous materials offer intrinsic advantages: full penetration of electrolyte into active material via fast transfer and exchange with extremely high efficiency and minimum energy consumption.31-33
[bookmark: _Hlk525753101]Here, we report a hierarchically radial-structured microporous carbon (HRMC) host doped with nitrogen (N-HRMC) to embed Se clusters with a high content of ~62 wt% for advanced rechargeable Na-Se battery. The HRMC is formed by carbonization of Zinc-glutamate (Zn-Glu) precursor, accompanied by the elimination of the Zn component, which is then doped in-situ to N-HRMC by pyrolysis of nitrogen containing precursors without templating and activation process. Our results demonstrate that the capacity and stability of Se@N-HRMC cathode are highly improved compared to the cathode using N-HRMC mixed with Se powders (Se/N-HRMC). This can be attributed to the confinement effect of the narrow (~0.5 nm) pores in HRMC and the nitrogen doping in the carbon framework for enhanced electrical conductivity and effective chemical adsorption for polyselenides. This enables the Se@N-HRMC cathode exhibiting excellent electrochemical performance with a capacity of 612 mAh g-1 after 200 cycles at 0.2C, and a cycling stability for >500 cycles with a ~100% capacity retention from the 20th cycle at 0.5C.
Experimental
Preparation of N-HRMC
The N-HRMC was synthesized by carbonization of zinc glutamate (Zn-Glu) precursor and elimination of Zn component. In a typical synthesis, 8.1g of Zn(Ac)·2H2O was dissolved in 100 mL of deionized water under magnetic stirring. Another solution was prepared by dissolving 2.3 g of sodium 2-aminopentanedioate in 50 mL of deionized water. Then the latter solution was poured into the former one under stirring. The resultant solution was stirred for 5 min. The white precipitate (Zn-Glu) was then collected by centrifugation and washed with deionized water and absolute ethanol several times and dried under vacuum at 60 C for 12h. The carbonization of Zn-Glu was next carried out at 800 C for 400 min under an argon atmosphere. The as-formed black power was washed with 4M hydrochloric acid, deionized water, ethanol, and then dried under vacuum at 60 C for 10 h to get N-HRMC.
Preparation of Se@ N-HRMC and Se/N-HRMC composites
[bookmark: OLE_LINK8]The commercial Se powders and the as-prepared N-HRMC with a weight ratio of 2:1 were mixed through milling in ethanol for 30 min. After evaporating ethanol in air at room temperature, the mixture was heated at 260 C for 20h with a heat rate of 2 C min1 in a tubular furnace under an Argon atmosphere. To evaporate the Se on the surface, the obtained black powder was heated at 350 C for 5h to achieve Se@N-HRMC. The Se/N-HRMC was achieved by milling of commercial Se powders and N-HRMC in a mortar for 30 min, with the same Se content of Se@ N-HRMC.
Characterizations
For the structure and chemical analyses, X-ray diffraction (XRD) was carried out using a Bruker D8 Advanced diffractometer with Cu Kα radiation. The morphology and element mapping characterization were studied with a Hitachi S4800 scanning electron microscope (SEM) equipped with a field-emission gun at an accelerating voltage of 5 KV and Transmission electron microscopy (TEM), high resolution transmission electron microscopy (HRTEM), high angle annular dark field-scanning transmission electron microscopy (HAADFSTEM) and scanning transmission electron microscopy energy dispersive spectroscopy (STEMEDS) are performed on FEI Talos-200S at an accelerating voltage of 200 kV. Thermogravimetric analysis (TGA) was recorded using a Thermogravimetric analyzer (Setaram, Labsys Evo) in Argon atmosphere with temperature ramp of 5 C min-1. The specific surface area was measured using an ASAP 2020 (Micromeritics, USA) and calculated by the Brunauer-Emmett-Teller (BET) method. X-ray photoelectron spectroscopy (XPS) was performed using an X-ray photoelectron spectrometer (AXIS ULTRA DLD, Kratos Analytical Ltd., UK) with a monochromatic Al K source (1486.6 eV).
Electrochemical measurements
Electrochemical experiments were carried out using CR2025 coin cells in an argon-filled glove box with sodium foil as the anode. A slurry of 80% active material, 10% carbon black (Super-P) and 10% PVDF binder, dissolved in N-methylpyrrolidone, was coated on aluminum foil and then dried in a vacuum oven at 60 C overnight and assembled in an argon-filled glove box. A solution of 1.0M NaClO4 in mixed EC and DMC (1：1 by volume), with 5 % battery-grade fluoroethylene carbonate (FEC) as electrolytes, a glass fiber separator and a pure Na foil anode. The loading of selenium in the composite electrodes is ~1.0 mg cm-2. All cells were charged and discharge galvanostatically between 1 V and 3 V (versus Na/Na+) at various current densities (1C = 678 mA g-1) using a battery test system (LAND CT2001A). Cyclic voltammetry (CV) was performed using a CHI 660D electrochemical workstation with a scan rate of 0.1 mv s-1 between 1-3V. Electrochemical impedance spectra (EIS) was studied by an electrochemical workstation (Autolab PGSTAT 302N) in the frequency range from 100 kHz to 10 mHz.
Computational details
All calculations were performed within dispersion corrected density functional theory (DFT-D) and implemented with DMol3 code embedded in Materials Studio. Generalized gradient approximation (GGA) with a Perdew-Burke-Ernzerhof (PBE) functional was employed by the DFT semi-core pseudopotential based on the Grimme approach. Convergence tolerances of the geometry optimization were set to 10-5 Ha for the energy, 0.002 Ha Å-1 for the maximum force, and 0.005 Å for the maximum displacement. The binding strength between Na2Se and the substrate materials was evaluated by the binding energy (Eb) which can be described as Eb = Esub + Es – Esub+s, where Esub, Es and Esub+s represent the total energies of carbon, Na2Se and Na2Se binding to carbon, respectively.
Results and discussion
Figure 1a illustrates the schematic synthesis procedure of Se@N-HRMC. The hierarchically radial-structured Zn-Glu precursor is first prepared by a facile one-pot precipitation process. The N-HRMC is then obtained by pyrolysis of the Zn-Glu precursor and elimination of elemental Zn. From the illustrated supercells from Z- and X-axis, it suggests that there will be in-situ N-doping and plenty of micropores inside N-HRMC after pyrolysis. Then the N-HRMC is mixed with commercial Se powders and heated at 260 C for 20h, and further at 350 C for 5h in an argon atmosphere. This leads to the infiltration of Se clusters in N-HRMC to form the Se@N-HRMC composite. As a comparison, we also prepared the Se/N-HRMC composite by milling of the commercial Se powders and N-HRMC for 30 min in mortar without external heating.
[bookmark: _Hlk525753355]SEM is used to observe the morphologies of the as-synthesized Zn-Glu precursor, N-HRMC and Se@N-HRMC. The Zn-Glu precursor shows a macroscopically open and hierarchically radial-structure, assembled by nanorods in three-dimensions (Figure 1b). After carbonization at 800 C, the structure of N-HRMC remains unchanged (Figure 1c). After the melting diffusion and infiltration of Se, the Se@N-HRMC composite also shows a nearly identical morphology to N-HRMC (Figure 1d).
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[bookmark: _Hlk521246668]Figure 1. (a) Schematic illustration of the synthesis process of Se@N-HRMC. The inserts in (a) for Zn-Glu is the 222 supercell along Z- and X-axis, respectively. The insert for Se@N-HRMC indicates the Se clusters inside. SEM image of (b) Zn-Glu, (c) N-HRMC and (d) Se@N-HRMC.
[bookmark: _Hlk525753665]Figure 2a displays an HRTEM image of N-HRMC, showing the microporous-rich (white dots) structure. Such a structure facilitates embedding of Se and relieving of the volume expansion during the discharge/charge process.28,34-35 Figure 2b presents the typical HRTEM image of Se@N-HRMC, quite different from the HRTEM image of N-HRMC. The white dots almost disappear, indicating Se infiltrated in the micropores. The HAADF-STEM image of Se@N-HRMC (Figure 2c) shows that Se exists as clusters in the hierarchical porous carbon host. This confirms that Se is successfully embedded in the inner pores, favorable for the cycle stability during the discharge/charge process. Figure 2d–g demonstrates the STEM-EDS mapping profiles of Se@N-HRMC. These images confirm very uniform distribution of Se and nitrogen within the N-HRMC host.
[bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: _Hlk525753791]To further study the porosity characteristics of N-HRMC and Se@N-HRMC, BET measurements are performed (Figure 3a). The adsorption-desorption isotherms of the N-HRMC sample displays the shape of a typical type I curve, commonly associated with micropore-rich structures. The pore size distribution shows that N-HRMC has the micropore size of ~0.5 nm, leading to a specific surface area of1032 m2 g-1 and a total pore volume of 0.58 cm3 g-1. This abundant microporous structure is crucial for achieving high Se loading and confining Se clusters inside N-HRMC. After the infiltration of Se, the specific surface area decreases to 1.6 m2 g-1 and the pore volume decreases to zero. This suggests that the micropores are filled with Se clusters, consistent with the TEM observation. Such 3D hierarchically radial-structure embedded with Se clusters could be beneficial for selenium utilization to enhance the capacity and alleviate shuttle effect through better infiltration of the electrolyte and the transport of sodium ions and electrons.36-38
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Figure 2. HRTEM image of (a) N-HRMC and (b) Se@N-HRMC. (c) HAADF-STEM image of Se@N-HRMC and the corresponding STEM-EDS elemental mappings in (d) for (e) carbon, (f) nitrogen, (g) selenium, respectively.
[bookmark: _Hlk525746236][bookmark: _Hlk525746152]The weight ratio of Se in Se@N-HRMC is evaluated by TGA (Figure S1). The Se@N-HRMC composite displays a ~62 wt% weight loss from 200 to 600 C, corresponding to the evaporation of Se in Se@N-HRMC. Figure 3b shows the X-ray diffraction (XRD) patterns of the commercial Se powders, N-HRMC, Se/N-HRMC and Se@N-HRMC. The diffraction peaks of the commercial Se powders match well with hexagonal Se (JCPDS Card No.73-0465). The XRD patterns of N-HRMC show that the carbon is well graphitized. The Se/N-HRMC demonstrates the same peaks as those of the commercial Se powders.39 However, the Se@N-HRMC only displays the peaks of N-HRMC, indicating that Se in N-HRMC is in amorphous form and is well embedded within the microporous carbon host, consistent with the TEM and BET analysis.40
Figure 3c presents the Raman spectra (180~400 cm-1 and 600~2000 cm-1) of the commercial Se powders, N-HRMC, Se/N-HRMC and Se@N-HRMC. The whole range from 180~2000 cm-1 is shown in Figure S2. The commercial Se powders exhibit a band at 233 cm-1, corresponding to hexagonal Se. This band is also observed for Se/N-HRMC, indicating that the structure of Se is not changed after mechanical mixing. However, this main band is not observed for Se@N-HRMC. This indicates that the ring- and chain-structured Se changed to a short-range amorphous structure,5,28, 41 consistent with the TEM observation. The two strong peaks at 1334 and 1589 cm-1 for N-HRMC, Se/N-HRMC and Se@N-HRMC represent the D band and G band, respectively.39, 42 The Raman spectra of N-HRMC and Se@N-HRMC are similar, which are different from those of the commercial Se powders and Se/N-HRMC, where crystalline Se phase can be clearly detected (Figure 3c). This result is consistent with the XRD results, indicating that Se is in amorphous and totally embedded in N-HRMC for Se@N-HRMC.
[bookmark: _Hlk525750275][bookmark: _Hlk525751050]To further investigate the surface properties and chemical binding of Se@N-HRMC, X-ray photoelectron spectroscopy (XPS) is performed. The survey spectrum of Se@N-HRMC is presented in Figure S3. It clearly shows that the as-synthesized Se@N-HRMC consists of C, N, O and Se. Figure 3d shows the C1s high resolution XPS spectrum, which can be divided into four fitted peaks corresponding to C-C (~284.54 eV), C-O (~287.11 eV), C-N (~285.61eV) and C-Se (~289.67 eV), respectively. The N1s spectrum in Figure 3e can be fitted into three peaks. The peak at ~398.73, ~401.05 and ~403.99 eV belongs to pyridinic-N, pyrrolic-N and graphitic-N, respectively.43 Figure 3f displays the high resolution peaks of Se 3d. The two peaks at ~54.97 (Se 3d3/2) and ~55.80 eV (Se 3d5/2) with a spin-orbit splitting of 0.83 eV can be attributed to elemental Se.41 The broad peaks at ~57.13 and ~58.87eV are observed in the Se 3d spectrum, corresponding to the formation of the Se-C and Se-O bonds.41, 44 The XPS of Se/N-HRMC is also performed (Figure S4). By comparing the XPS survey spectrum of Se/N-HRMC and Se@N-HRMC, one can see that the binding energy of C-O has reduced 0.85eV after melting diffusion and infiltration of Se, and the Se-O bond is not found from the high resolution spectrum of Se/N-HRMC for Se 3d (Figure S4b). Considering the high activity of Se clusters and the easy evaporation of Se clusters in the surface during the preparation of Se@N-HRMC, we argue that it is the Se-O-C bond formation that leads to the reduced binging energy of C-O bond. The formation of the Se-C and Se-O-C bonds ensures good contact between Se clusters and N-HRMC host, which are beneficial for the Se and Na2Se confinement to prevent the loss of active materials during the discharge-charge process. This ensures high stability of the Na-Se battery.
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[bookmark: _Hlk516684285]Figure 3. (a) Nitrogen adsorption/desorption isotherms of N-HRMC and Se@N-HRMC. (b) XRD patterns of the commercial Se, N-HRMC, Se/N-HRMC and Se@N-HRMC. (c) Raman spectra of the commercial Se, N-HRMC, Se/N-HRMC and Se@N-HRMC. High resolution XPS spectra of (d) C 1s, (e) N 1s and (f) Se 3d for Se@N-HRMC. The insert in (a) is the pore-size distribution plots of N-HRMC and Se@N-HRMC.

[bookmark: OLE_LINK4][bookmark: _Hlk525744846]Cyclic voltammograms (CVs) are then carried out to investigate the electrochemical properties of the as-prepared Se@N-HRMC electrode. Figure 4a shows the first three cycles at a scan rate of 0.1 mV s-1 in the potential range from 1.0 to 3.0 V. In the first scan cycle, a pair of reduction and oxidation peaks at ~1.0 and ~1.7 V correspond to the reaction between Se and sodium, respectively. In the following two scan cycles, these two peaks shift to ~1.2 and ~1.9 V because of the activation and subsequent stabilization. This indicates good reversibility and cycling stability of the Se@N-HRMC electrode. The shift of reduction peak at the first cycle can be attributed to the electrochemical activation process during the first lithiation. Two main peaks during the cycling scan suggest a one-step reaction between Se and Na without the formation of sodium polyselenide Na2Sen (n>=4).30 We argue that this is due to the small micropore size of N-HRMC, which does not allow the formation of Na2Sen (n>=4). This avoids the Na2Sen dissolution in the electrolyte during the cycling process, enhancing the utilization of Se and minimizing the shuttle effect.45 The high repeatability of the CV curves demonstrates good cycling stability of the Se@N-HRMC cathode. As a comparison, CVs of the Se/N-HRMC cathode is also carried out (Figure S5). It shows an obvious reduction peak at ~1.4 V in the first cycle and no apparent oxidation peak, indicating that most of the generated Na2Se in the first cycle cannot be oxidized to Se. This can be primarily attributed to the low electrical conductivity and weak confinement effect of the Se/N-HRMC cathode. From Figure 3d and Figure S5, the cathodic peak between Se@N-HRMC and Se/N-HRMC shifts a little at the first cycle. Most possibly, the shift of cathodic peak is from the electrochemical activation process during the first lithiation in different crystal forms of Se because Se is in amorphous phase in Se@N-HRMC and is a hexagonal phase in Se/N-HRMC.
[bookmark: _Hlk525322476][bookmark: _Hlk525323909][bookmark: _Hlk525652259]Figure 4b shows the discharge/charge profiles of the 1st, 10th, 20th and 50th cycles at a current density of 0.2C (1C = 678 mA g-1) in the potential range of 1.0-3.0V. The discharge-charge process displays stable voltage plateaus at ~1.9 V and ~1.2 V after the first cycle, respectively, coinciding well with their CV curves. The initial discharge and charge capacity is 1406 and 707 mAh g-1, respectively. The irreversible capacity could be attributed to the formation of solid electrolyte interphase (SEI).46 Figure 4c shows the results of long-term cycling performance and coulombic efficiencies of Se@N-HRMC and Se/N-HRMC at 0.2C. The cycle performance of N-HRMC is also provided in Figure S6. The result shows that the discharge capacity contribution of the Se@N-HRMC cathode in the first cycle contains Se and N-HRMC. After the first cycle, the capacity of Se is the main contribution. The coulombic efficiency of the Se@N-HRMC cathode reaches ~100% after 10 cycles. The discharge capacity of the Se@N-HRMC cathode in the 2nd and 200th cycles are 729.6 and 611.7 mAh g-1, respectively. However, the initial discharge capacities of the Se/N-HRMC cathode is 268.3 mAh g-1 at a current density of 0.2C and the discharge capacity sharply drops after the first cycle. owing to the formation of polyselenides in Se/N-HRMC with crystalline Se during the discharge/charge process. That can cause serious shuttle effect to decrease the electrochemical cycling stability. On the contrary, the Se clusters within Se@N-HRMC may inhibit the formation of polyselenides to significantly improve the cycling stability.5, 41 The photo and SEM images of the Se-treated sample (as-prepared Se sample after melted with the same treatments as Se@N-HRMC composite) are provided in Figure S7. The result shows that hexagonal Se turns to hard glassy black after treated and cannot be dispersed in the slurry for the electrode preparation.
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Figure 4. (a) CV curves of the Se@N-HRMC electrode at 1.0-3.0 V at a potential sweep rate of 0.1 mV s-1. (b) Voltage profiles of the Se@N-HRMC electrode at 0.2 C (1 C=678 mAh g-1). (c) Cycling performance of the Se@N-HRMC and Se/N-HRMC cathodes at 0.2 C. (d) Rate capabilities of Se@N-HRMC cathode. (e) Long cycling performance of Se@N-HRMC electrodes at 0.5 C.

Figure 4d presents the rate performance of the Se@N-HRMC cathode. It is noted that the Se/N-HRMC cathode cannot demonstrate the rate performance during the electrochemical measurement because of the poor capacity after the first three cycles at 0.2C. For Se@N-HRMC, the first 4 cycles at 0.1C is carried out to activate the electrode. Then the following 10 cycles are measured to evaluate the rate performance from the current density of 0.2C to 2C in steps and then restored to 0.2C. Along with the increase in the current density, the Se@N-HRMC cathode delivers an initial discharge capacity of 544.9 mAh g-1 at 0.2C and a reversible discharge capacity of 452.9 mAh g-1 at 0.5C, 340.6 mAh g-1 at 0.8C, 229.6 mAh g-1 at 1C and 143.1 mAh g-1 at 2C. The discharge capacity recovers to 499 mAh g-1 when the current density is restored to 0.2 C. We propose that the Se@N-HRMC electrode exhibits such excellent rate capacity because 1) the N-doping promotes the electrical conductivity of Se, 2) the embedded Se clusters reduce the shuttle effect, 3) the Se-O-C and Se-C bonds effectively anchor the active materials, 4) the N-HRMC with hierarchical structure facilitates the penetration of electrolyte and the transport of sodium ions and electrons and 5) the abundant microporous structure can buffer the volume changes during the discharge/charge process and mitigate potential structural degradation.39 Figure 4e shows the long-term cycling performance of Se@N-HRMC cathode at 0.5C, with an excellent cycling stability of over 500 cycles with a capacity retention of ~100% calculated from the 20th cycle. This performance is among the best recently reported results of Na-Se batteries based on porous carbon host.12, 40, 47
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Figure 5. Fully optimized molecular structures of Na2Se on (a) graphitic N, (b) pyridinic N, (c) pyrrolic N, (d) carbon. The calculated binding energies (Eb in eV) and bond length of Na2Se in different N-doping configurations are also given.
To gain insights into the effect of the Se clusters anchored in the micropores on performance, electrochemical impedance spectroscopy (EIS) of the Se@N-HRMC and Se/N-HRMC cathodes is performed after 2 cycles (Figure S8). One depressed semicircle in the high-frequency domain and a sloping line in the low-frequency can be clearly observed. The intercept impedance on the Z-real axis at high-frequency domain corresponds to the resistance of the bulk electrolyte solution (R1). The semicircle at the high-frequency domain reflects the interface resistance (R2) that includes both the SEI and charge-transfer resistance. The sloping line at the low-frequency domain corresponds to a semi-infinite Warburg diffusion process (W1).39, 48 The simplified equivalent circuit is also shown in the inset. Both Se@N-HRMC and Se/N-HRMC exhibit similar R1 of 5.1 Ω and 5.6 Ω, respectively. However, Se@N-HRMC gives a much lower R2 (68.3 Ω) than that of Se/N-HRMC (701.0 Ω). The more than one order or magnitude lower charge transfer resistance of the Se@N-HRMC electrode indicates that the Se clusters embedded in N-HRMC host can strongly promote the electrical conductivity of Se and improve the electron and sodium ion transportation during the electrochemical reaction process. This leads to the significantly enhanced kinetics and electrochemical performance of Se@N-HRMC.
[bookmark: _Hlk525752186]To clearly show the effective confinement of Se and Na2Se for N-HRMC, beaker cell tests are carried out (Figure S9). The color changes of the electrolyte in the sealed beaker cells with the Se@N-HRMC and Se/N-HRMC cathodes and sodium foil anode are recorded at different time of the discharge process. The electrolyte in the cell based on Se@N-HRMC cathode remains colorless throughout the discharge process, demonstrating the outstanding capability of N-HRMC for Se anchoring and Na2Se trapping in Na-Se battery (Figure S9a). On the contrary, the electrolyte with the Se/N-HRMC cathode (Figure S9b) slowly turns red color throughout the discharge process, indicating the easy separation of the active materials from the carbon host.
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Figure 6. (a) Schematic illustration of N-doped microporous structure for improving the performance of Se@N-HRMC and SEM micrographs of Se@N-HRMC electrodes after 500 cycles at 0.5 C. Inset: Photograph of the corresponding separator and electrode. (b) Se/N-HRMC electrode and SEM micrographs. Inset: Photograph of the corresponding separator and electrode.
To further investigate the chemical adsorption ability of nitrogen doped microporous carbon structure, DFT calculations, for the first time, are performed to estimate the binding energy (Eb) of Na2Se interacting with different N-doped carbon configurations (graphitic-N, pyrrolic-N and pyridinic-N) in Se@N-HRMC. The optimized structures and corresponding binding energies are given in Figure 5. Here Eb is given by Eb= Esub + Es – Esub+s, where Esub, Es and Esub+s represents the total energies of carbon, Na2Se and Na2Se binding to carbon, respectively.49-50 Previous studies have reported that the van der Waals interaction also contributes to as high as ~25% of the total binding energy.51-52 Thus, both the chemical bond and physical van der Waals interaction are considered when calculating the binding energy of Na2Se interacting with different N−doped carbon. According to our calculations, the binding energies of Na2Se with graphitic-N, pyridinic-N and pyrrolic-N and pristine carbon are ~1.82, 4.87, 2.75 and 1.66 eV. This indicates that N atoms could provide a high chemical adsorption ability for Na2Se than that of the C atoms. In particular, the pyridinic-N atoms provide much more chemical adsorption of Na2Se than the graphitic-N and pyrrolic-N atoms during the discharge/charge process.
The significantly improved performance on capacity and cyclic stability of Se@N-HRMC could be attributed to the unique structural characteristics of N-HRMC. Postmortem SEM analysis of the Se@N-HRMC and Se/N-HRMC cells for durability investigation are performed after 500 cycles at 0.5C. It shows that the Se@N-HRMC electrode displays a smooth N-HRMC surface and maintain a complete 3D structure after 500 cycles (Figure 6a). A closer investigation of the separator and electrode indicates that the Se and Na2Se could not be found on the separator of Se@N-HRMC cathode (Figure 6a top inset). On the contrary, the Se/N-HRMC electrode shows significant, irregular Se and Na2Se redeposition on to the surface of N-HRMC (Figure 6b). It can also be seen from the photograph of the separator and electrode that red Se and Na2Se particles are deposited on the separator (Figure 6b top inset). This naturally leads to poor capability of Se/N-HRMC.
Conclusions
In summary, we have, for the first time, synthesized an in-situ nitrogen-doped hierarchically radial-structured microporous carbon as host to anchor Se clusters for high performance Na-Se battery. First, the micropores and the formation of C-Se and C-O-Se bonds in N-HRMC can effectively confine Na2Se to avoid the shuttle effect. Second, the in-situ N-doping HRMC induces a large number of defects, providing high chemical adsorption ability to Na2Se during the cycling process. Third, such hierarchically structured porous carbon facilitates the infiltration of the electrolyte and the transport of sodium ions and electrons. In addition, the microporous structure provides space to accommodate the volume change of Se during the cycling process. Consequently, the Se@N-HRMC composite gives a large reversible capacity as high as 611.7 mAh g-1 after 200 cycles at 0.2C and presents an excellent electrochemical stability at a high rate of 2C. Our demonstration here indicates that embedding Se clusters in the N-doped hierarchically radial-structured microporous carbon network is a promising strategy for advanced Na-Se battery with the high rate capability and capacity retention.
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