Zeolitic imidazolate framework-derived Co-Fe@NC for rechargeable hybrid sodium–air battery with a low voltage gap and long cycle life
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[bookmark: _Toc47343695]ABSTRACT
[bookmark: _Hlk66631701]Developing low-cost, efficient electrocatalysts for the air electrode of high-performance rechargeable hybrid sodium–air batteries (HSABs) remains challenging. Herein, efficient bimetallic nanoparticles encapsulated in nitrogen-doped carbon (Co-Fe@NC) were developed for oxygen reduction and evolution reactions in the HSAB. The bimetallic Co-Fe@NC catalyst outperformed its monometallic counterparts in ORR/OER activity. The assembled HSAB, utilizing the Co-Fe@NC in the air electrode, exhibited a smaller voltage gap of 0.27 V and a higher power density of 5.39 mW/cm2 compared with the air electrode utilizing Pt/C+RuO2 (0.55 V, 4.79 mW/cm2). Furthermore, the round-trip efficiency of the assembled HSAB is up to 75.37% after 700 hours cycling at 0.1 mA/cm2, outperforming the benchmark HSAB with Pt/C+RuO2 (65.76% after 400 hours). This work presents a promising strategy to prepare low-cost, efficient electrocatalysts to substitute the precious catalyst Pt/C+RuO2 in HSABs or other metal-air batteries for practical applications. 

KEYWORDS: Zeolitic-Imidazolate-Frameworks (ZIF); MOF-derived materials; bimetallic materials; bifunctional electrocatalyst; hybrid sodium–air battery

1. INTRODUCTION
[bookmark: OLE_LINK1]To achieve large-scale energy storage to make full use of unstable sustainable energy sources such as wind power and photovoltaic power, various battery technologies are constantly being explored.1 Lithium-ion batteries are currently the most successful commercialized battery. However, the vast advantages of conventional lithium-ion batteries do not cover their natural limitations, including the inadequate reserves of lithium on the Earth and limited specific energy density (about 300 Wh/kg).2 The rechargeable metal-air battery is a very good alternative that can be used to replace lithium-ion batteries due to their low cost and extremely high energy density.3-5 In comparison with rechargeable lithium-air batteries, sodium-air batteries have aroused high research attention owing to the lower charging voltage and the plentiful sodium. However, during the discharge process, insoluble discharge products (e.g., NaO2, Na2O2, or Na2O2-2H2O) are formed on the air electrode, leading to irreversible electrochemical reactions and further deteriorating the intrinsic sluggish kinetics on the air cathode because of the stacking insoluble discharge products, which tends to block the gas diffusion channels, resulting in the appearance of high overpotentials.
Rechargeable hybrid sodium–air batteries (HSABs) have bright application prospects due to their high theoretical energy density (2600 Wh/kg) and dismiss the insoluble discharge products by using an aqueous sodium hydroxide solution on the cathode side.1, 6, 7 The performance of HSABs largely depends on the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER) that occurred in the electrocatalysts on the air cathode. To enhance the efficiency of air electrodes, precious metals-based electrocatalysts are considered to be the best electrocatalysts due to their high performance.8 Pt/C and RuO2 are the state-of-the-art electrocatalysts for ORR and OER, respectively. However, their scarcity and limited stability in alkaline HSABs hinder their further application. Therefore, exploring high-performance bifunctional electrocatalysts with low cost for HSABs is of urgent need.
  Recently, metal-nitrogen-doped carbon (M-N-C) catalysts have emerged as a promising family of electrocatalysts for ORR, reducing the cost of electrode materials.9-14 Among the various reported M-N-C catalysts, iron-nitrogen-doped carbon (Fe-N-C) materials have drawn significant attention due to their relatively high ORR performance.15, 16 The typical synthesis method of Fe-N-C is based on the pyrolysis of modified zeolitic imidazolate frameworks (ZIFs).17-21 During the calcination process, metallic species such as Fe and Fe3C were often formed together with the existence of Fe-Nx moieties that are deemed to be active sites for ORR.22-25 Metal-N active sites formed between metal nanoparticles and the surrounding N atoms within carbon shells can also play a crucial role in alkaline ORR.26-30 For example, Shi et al. synthesized graphene-encapsulated Co nanocrystals and spatially isolated single Co atoms for highly efficient ORR.31 Wang et al. developed an N-doped porous carbon nanocage with the coexistence of atomically dispersed Co-N4 sites and small Co nanoparticles, which showed excellent ORR activity and outstanding stability in alkaline media.32 Qiao et al. developed an effective approach to preparing a Pt or Pt3Co nanoparticle dispersion on FeN4 site-rich carbon, the optimal Pt3Co/FeN4 catalyst achieved significantly enhanced performance and durability.33 Therefore, besides the metal-Nx active site, the cooperation of nanoparticles could enhance the catalytic performance and satisfy the demand for highly efficient bifunctional electrocatalysts.34-37
[bookmark: _Hlk59610749][bookmark: _Toc47343696]  Herein, we developed a bifunctional electrocatalyst with Co3Fe7/Fe3C/FeN0.0324 nanoparticles encapsulated in cobalt, iron-nitrogen-doped carbon (donated as Co-Fe@NC) derived from ZIFs. After pyrolysis of ZIFs precursor at the elevated temperature, the Fe/Co-NxCy species co-existing with Co3Fe7/Fe3C/FeN0.0324 were formed and anchored on the nitrogen-doped carbon. The as-prepared Co-Fe@NC exhibited an overall potential gap (ΔE=Ej=10 - E1/2) of 0.88 V comparable to Pt/C+RuO2 (0.86 V) in 0.1 M KOH. The HSAB assembled with Co-Fe@NC air electrode exhibits a low voltage gap of 0.27 V at 0.1 mA/cm2, a high power density of 5.39 mW/cm2 (corresponding to 2695 mW/g), and remarkable cycling stability (reaching 700 h). This study highlights cost-effective bifunctional electrocatalysts for renewable energy storage applications.
[bookmark: _Toc47343697]2. EXPERIMENTAL SECTION 
2.1 Catalyst preparation
Synthesis of precursor: The CoFe-containing ZIF-8 precursor (CoFeZn-ZIFs) was synthesized as follows: 45.0 mmol 2-methylimidazole was dissolved in 80 mL methanol under vigorous stirring, 5.6 mmol Zn(CH3COO)2·2H2O, 0.14 mmol Co(acac)3, and 0.14 mmol Fe(acac)3 were dissolved in another 80 mL methanol. Then the above two solutions were mixed under constant stirring. After the mixed solution under vigorous stirring for 24 h at room temperature, the precipitation formed. The precipitation was centrifugated and washed three times with methanol to remove the reaction residue. The precipitation (CoFeZn-ZIFs) was dried in a vacuum oven at 60 ℃. CoZn-ZIF and FeZn-ZIFs were synthesized by the same method except by adding the iron and cobalt metal salts, respectively. During the synthesis, the molar ratio between Zn and the metal ions is kept the same. ZIF-8 was also prepared for reference (absence of both Co(acac)3 and Fe(acac)3).
Synthesis of electrocatalyst: The Co-Fe@NC, Fe@NC, Co-NC, and NC were prepared by the annealing of FeCoZn-ZIFs, CoZn-ZIFs, FeZn-ZIFs, and ZIF-8 under the protection of N2, respectively. The temperature of calcination is 920 ℃ (5 ℃/min) for 3 h. Then naturally cooled to room temperature, the products were collected and without any further treatment.
2.2. Physical characterization
The morphology of the electrocatalysts was portrayed by scanning electron microscopy (SEM, Zeiss Sigma) and transmission electron microscopy (TEM, Talos F200X, FEI, accelerating voltage of 200 kV). The crystallographic structure was determined using an Ultima IV XRD equipped with Cu Kα radiation (λ = 1.5418 Å), and the data were collected in the Bragg–Brentano mode with a scan rate of 10°/min. X-ray photoelectron spectroscopy (XPS) was offered out on a Thermo Scientific ESCALAB Xi+ XPS Microprobe. The Raman spectroscopy was performed on Horiba LABHRev-UV operated at 633 nm wavelength.
2.3. Electrochemical measurements
The electrochemical tests were performed under a three-electrode system using an electrochemical workstation (VMP-300 Bio-logic system). A Pt wire and Hg/HgO electrode served as the counter electrode and the reference electrode, respectively. All measured potentials were calibrated to the reversible hydrogen electrode (RHE) according to the equation: 
.
[bookmark: OLE_LINK4]A rotating disk electrode (RDE, 5 mm diameter) was the working electrode. 5.0 mg electrocatalyst was mixed with 950 μL ethanol + 50 μL 5 wt% Nafion solution and subsequently under ultrasonic for approximately 2 h. 20 µL of the resulting ink was loaded on the working electrode, achieving a catalyst loading of 0.5 mg/cm2, followed by evaporation of the solvent in the air. The commercial 20% Pt/C catalyst and RuO2 with the same loading were used as the ORR and OER benchmark, respectively.
The ORR test was performed in 0.1 M KOH with saturated oxygen. The linear sweep voltammetry (LSV) curve was recorded at a scan rate of 2 mV/s at 1600 rpm. According to the Tafel equation, use the LSV profile data to calculate the Tafel slope: 

where η is the overpotential calculated by η = |1.23 V – ERHE|, j is the recorded disk current density, j0 is the exchange current density, and b is the Tafel slope. 
The kinetic current density (Jk) was calculated by the Koutecky-Levich equation:

where J, Jk, and JL are the measured, kinetic, and limiting current density, respectively.
[bookmark: OLE_LINK3]Electrochemical surface area (ECSA) was evaluated by the double-layer capacitance (Cdl) of the electrocatalysts. Cdl was measured by CV at different scan rates in the nonFaradaic potential range. The value of Cdl was half of the slope derived from the difference between anode and cathode current density (Δj = ja−jc) against the scan rate. The Cdl is converted into the ECSA using the specific capacitance value for a flat standard electrode with 1 cm2 of real surface area (Cs), the Cs is generally in the range of 20 to 60 μF cm-2. Here we use the average value of 40 μF cm-2 per cmECSA2 to calculate the ECSA.38

The normalized specific Jk () can be obtained by:

For RRDE measurement, the electron transfer number (n) and peroxide intermediate production percentage (H2O2%) was calculated according to the following formula:


where Id is the disk current, Ir is the ring current, and N is the current collection efficiency at the ring, which was 0.37 comes from the manufacturer.
To evaluate the stability, LSV curves before and after 4000, 8000, and 12000 CV cycles across the potential window of 0.2 to 1.0 V vs. RHE in O2-saturated 0.1 M KOH solution were performed, the stability was also assessed by current-time chronoamperometric measurements at 0.8 V vs. RHE. The OER test was also performed in 0.1 M KOH. LSV curves were also recorded at a scanning rate of 2 mV/s with 1600 rpm rotation speed. 
2.4. Hybrid sodium-air battery assembles
To assemble a hybrid sodium–air battery, sodium metal attached to a nickel foam (current collector) was used as an anode enclosed in a stainless-steel cabinet. The organic electrolyte is a 0.6 mL solution of 1 M NaClO4 in EC/DMC/EMC (1: 1: 1) with 5 vol% FEC also encapsulated in stainless steel cavity. NASICON was employed as a separator. It was chosen to separate the organic and aqueous electrolytes and only allow the migration of Na+ during the discharge/charge process. The anode assembly of the hybrid sodium–air battery was in a glove box. The catholyte is 10 mL 1 M NaOH solution. The electrocatalyst Co-Fe@NC was loading on the waterproof carbon cloth serving as a cathode. The loading mass is about 2 mg/cm2. The commercial Pt/C+RuO2 was also loading on the carbon cloth for comparison. Then, the power density of homemade hybrid sodium-air battery was measured by Bio-logic electrochemical workstation and the cycling performance was measured on LAND battery testing station (CT2001 A, Wuhan LAND electronics) at room temperature. The cycling performance is evaluated by constant current discharge–charge mode. The discharge–charge cycle is 4 h at a current density of 0.1 mA/cm2 (2 h for discharge and 2 h for charge processes).
3. RESULTS AND DISCUSSION
3.1. Material synthesis and characterization
[bookmark: _Hlk46587842][bookmark: OLE_LINK5]The Co-Fe@NC was synthesized by the pyrolysis of FeCoZn-ZIFs precursor, as illustrated in Fig. 1a. First, the FeCoZn-ZIFs were prepared by a host-guest process, where ZIF is as the host, while Fe(acac)3 and Co(acac)3 are the guests.39 During the growth of ZIFs, Fe(acac)3 and Co(acac)3 precursors are encapsulated in the cavities. Then, the Co-Fe@NC was obtained by pyrolysis in an inert N2 atmosphere. To remove Zn and obtain the highly graphitized carbon, the pyrolysis was performed at 920 °C for 3 h. 
[bookmark: _Hlk86344881]  X-ray diffraction (XRD) was performed to explore the crystalline phase of the electrocatalysts. The XRD patterns (Fig. 1b) of NC and Co-NC only show two broad carbon peaks (approximately centered at 26° and 43°), indicating that no other phase is formed during the pyrolysis process due to the evaporation of Zn and high dispersion of Co. All diffraction peaks for Fe@NC could be indexed to Fe3C (PDF # 35-0772), Fe (PDF # 87-0721), and FeN0.0324 (PDF # 75-2127). For the Co-Fe@NC sample, an additional peak of Co3Fe7 (PDF # 48-1817) was observed. It is suspected that Fe/Co precursors in the FeCoZn-ZIFs were reduced to metallic Co3Fe7 by its organic skeleton and metallic iron combined with the surrounding carbon and nitrogen formed Fe3C and FeN0.0324 under high temperature.40 Raman spectra (Fig. 1c) of the electrocatalyst presents two peaks centered at ∼1330 cm−1 (D band) and ∼1583 cm−1 (G band). The ratio of ID/IG in Co-Fe@NC is 1.18 in the Raman spectra, which is higher than Fe@NC (1.16), Co-NC (1.09), and NC (0.98). The D band is usually assigned to the disorder and imperfection of the carbon.41 The increased ID/IG ratio indicates more structural defects, which is beneficial to improve electrocatalytic performance.42, 43 The N2 adsorption/desorption isotherms were measured to investigate the specific surface area and pore size distribution of Co-Fe@NC (Fig. S1 and Table S1). The Brunauer-Emmett-Teller (BET) surface area of Co-Fe@NC was identified as 451.2 m2/g and the average pore size is 3.33 nm. The large surface area and pore size will facilitate the contact between the catalyst surface and the reactants in the electrolyte, also provide more exposed active sites to participate in the electrocatalytic reaction, which ultimately contributes to the performance.44 This suggests that the carbon framework obtained by annealing of ZIF precursors is a promising substrate for electrocatalysts.
[bookmark: _Hlk86351793][bookmark: _Hlk77457003][bookmark: OLE_LINK8]  The FeCoZn-ZIFs precursor is polyhedral with a smooth surface, as indicated by scanning electron microscopy (SEM) (Fig. S2a). After pyrolysis, the resultant Co-Fe@NC retained the polyhedral morphology, and the formed nanoparticles are observed in the carbon polyhedron after pyrolysis (Fig. S2b). Compared with Fe@NC (Fig. S3) and Co-NC (Fig. S4), the obtained Co-Fe@NC preserves the polyhedral morphology in the framework and exhibits porous structure with a rough surface which provides accessibility of active sites for reactant, fast electrolyte penetration/diffusion, and high utilization of catalysts. Also, the high-orderly carbon framework can efficiently suppress the aggregation of metal nanoparticles. In particular, the Co-NC sample showed the presence of no carbon nanotubes that was attributed to the absence of nanoparticle formation (Fig. S5).45 The generation of carbon nanotubes is dependent on obtaining small nanocatalysts with high reactivity during the thermal decomposition process.46 As shown in the TEM image (Fig. 1d), Co-Fe@NC is composed of polyhedral carbon particles and carbon nanotubes, while some metal particles are encapsulated in carbon polyhedral. We can observe particles surrounded by carbon shells from the high-resolution transmission electron microscopy (HRTEM) image (Fig. 1e). The lattice fringe distance of the wrapped particle was measured as 0.21 nm, 0.18 nm (Fig. S6a), and 0.20 nm (Fig. S6b), which is corresponding to the Fe3C (211), FeN0.0324 (200), and Co3Fe7(110) facets, respectively. The lattice fringe distance of the shell is 0.34 nm, corresponding to the graphite C (002), which is beneficial to the protection of the nanoparticles from electrolyte erosion and leads to long-term stability.47 
  The high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of Co-Fe@NC (Fig. 1f) verify that the nanoparticle was supported on the nitrogen-doped carbon polyhedron. The corresponding elemental mapping images validate that nanoparticles mainly consist of Fe and its compounds. In addition, Co, N, and C are homogeneously distributed in the polyhedron particles. The results indicate that the iron element aggregates and reacts with the surrounding carbon, nitrogen, and cobalt in the process of high-temperature calcination, resulting in the formation of the Fe3C, FeN0.0324, and Co3Fe7.
[image: ]
Fig. 1 (a) Schematic diagram of the synthesis route of Co-Fe@NC. (b) XRD patterns and (c) Raman spectra of the Co-Fe@NC, Fe@NC, Co-NC, and NC samples. (d) TEM image and (e) HRTEM image of Co-Fe@NC. (f) The HAADF-STEM image and corresponding elemental mappings of a typical Co-Fe@NC, revealing the elemental distributions of C (red), N (yellow), Fe (green), and Co (violet).
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]  X-ray photoelectron spectroscopy (XPS) was adopted to investigate the content and state of the elements on the surface of the catalysts. Fig. 2a shows the XPS survey of all the samples. The Co-Fe@NC is mainly composed of Co, Fe, N, and C elements. The O element was also detected due to the adsorbed oxygen on the surface of Co-Fe@NC. The quantitative investigation explicates that the atomic percentage of C, N, O, Co, and Fe in Co-Fe@NC are 94.15%, 3.21%, 2.11%, 0.15%, and 0.38%, respectively. The metal content of Co-Fe@NC was also characterized by the inductively coupled plasma emission spectroscopy (ICP-AES) (Table S2).
[bookmark: OLE_LINK10]  As shown in Fig. 2b, the high-resolution N 1s spectra of the Co-Fe@NC was principally matched as pyridinic-N (398.4 eV), metal (Co, Fe)-Nx (399.1 eV), pyrrolic-N (399.9 eV), graphitic-N (401.2 eV), and oxidized-N (402.6 eV).48-51 It is worth noting that pyridine-N located at the edge of the graphite structure can be easily combined with Co or Fe to form a metal-Nx interface as a catalytic active center.25-27 Due to the good dispersion of cobalt, uniform and abundant metal-Nx were formed in the Co-NC. Results showed that Fe is more likely to react with carbon and nitrogen to form Fe3C and FeN0.0324. The metal-pyridine-N species, which can be assigned to iron or cobalt atoms coordinated with nitrogen atoms, is widely reported as the highly active site of ORR.27, 52-54 
  In Fig. 2c, the Fe 2p3/2 of Co-Fe@NC can be deconvoluted into Fe0 (708.1 eV), Fe2+ (710.7 eV), Fe3+ (713.2 eV), and shakeup satellite (716.8 eV). And peaks in Fe 2p1/2 corresponded to the Fe0 (720.8 eV), Fe2+ (723.4 eV), Fe3+ (725.9 eV), and shakeup satellite peak (729.5 eV).55-58 In Fig. 2d, it should be noted that no Co0 was observed in Co-Fe@NC and Co-NC, revealing that the majority of Co is in atomically-dispersed CoNx.59 The peak at 782.0 eV is corresponding to the Co–N species.60 Compared with Co-NC, the binding energy of Co shifts to a higher value in Co-Fe@NC, indicating that the reduced charge density around cobalt. 
[image: 图表

描述已自动生成]
Fig. 2 (a) XPS survey spectra of the samples. (b) High-resolution N 1s spectra of the samples. (c) High-resolution Fe 2p spectra of Co-Fe@NC and Fe@NC. (d) High-resolution Co 2p spectra of Fe@NC and Co-NC.
3.2. Electrochemical performance
[bookmark: OLE_LINK2][bookmark: OLE_LINK16][bookmark: _Hlk60000276][bookmark: _Hlk75380839]The ORR performance of the as-synthesized electrocatalysts was measured by linear sweep voltammetry (LSV) curves in O2-saturated 0.1 M KOH under the rotating speed of 1600 rpm. As shown in Fig. 3a, Co-Fe@NC exhibits a 1.02 V vs. RHE of onset potential (Eonset, defined at -0.20 mA/cm2), 0.86 V vs. RHE of half-wave potential (E1/2), and 5.55 mA/cm2 of limited current density (JL, defined at 0.20 V vs. RHE). These performances are superior to those of the Fe@NC (E1/2=0.80 V, JL=5.65 mA/cm2), Co-NC (E1/2=0.81 V, JL=4.55 mA/cm2), NC (E1/2=0.74 V, JL=4.62 mA/cm2), and commercial 20% Pt/C (E1/2=0.83 V, JL=5.32 mA/cm2). The kinetic current density (Jk) is proportional to the intrinsic activity of the catalyst.61 Jk was calculated using the Koutecky–Levich equation.62 The relationship between Jk and the potential of different catalysts is shown in Fig. S7. Co-Fe@NC exhibits the best electrocatalytic activity in 0.8−1.0 V, even exceeding Pt/C. The Tafel slopes based on kinetic current are presented in Fig. 3b, Co-Fe@NC exhibits a lower Tafel slope (85.4 mV/dec) than Pt/C (107.8 mV/dec), signifying a faster ORR kinetics process. Co-Fe@NC also shows the lowest charge transfer resistance (Rct), verifying the faster charge transfer kinetics (Fig. S8 and Table S3). To eliminate the influence of the active area and obtain the true intrinsic activity, the Jk of the electrocatalysts is further normalized by electrochemical surface area (ECSA), as shown in Fig. 3c. The ECSA was measured by CV at different scan rates in the non-Faradaic potential range, as shown in Fig. S9. The results showed that Co-Fe@NC exhibits the largest Jk in 0.8−1.0 V after normalization. In Fig. 3d and Table S4, the largest value of E1/2 (0.86 V) and Jk ECSA (0.0567 mA/cm2 at 0.8 V) both demonstrated the superiority of Co-Fe@NC. These results indicated that the additional Co doping in Fe@NC promotes electrocatalytic performance compared with Fe@NC. 
  To better understand the intermediate procedure of the oxygen reduction process, the rotating ring disk electrode (RRDE) test was performed, as shown in Fig. S10. The hydrogen peroxide yield (H2O2%) and the number of electron transfers are calculated by the RRDE result. As shown in Fig. 3e, the charge transfer number (n) is 3.77–3.99, and the H2O2% is 0.34–11.59% in the range of 0.20–0.90 V, indicating that the reduction of O2 is carrying out a four-electron process on Co-Fe@NC. To identify the possible active sites for ORR, poisoning tests were performed with the addition of 10 mM KSCN in 0.1 M KOH (Fig. S11). Co-Fe-@NC showed strong resistance to the SCN- ion poisoning effect in alkaline electrolytes. The decrease in ORR performance was very limited. Thus, atomically dispersed iron and cobalt in the catalysts are not the main active sites in Co-Fe-@NC. To further study catalytic processes, we performed acid washing (Co-Fe@NC immersed in 0.5 M H2SO4 for 12 h under 80℃) to remove metal nanoparticles. As shown in Fig. S12, the ORR performance dramatically decreased after acid washing, indicating that the metal nanoparticles are indispensable for catalytic activity.55 Notably, the catalytic activity of NC derived from ZIF-8 shows sluggish ORR among the studied samples, indicating that the influence of residual Zn is negligible.63
  Apart from ORR activity, the electrochemical stability of the catalyst is another important criterion for evaluating practical applications. To characterize the stability of the Co-Fe@NC, the LSV curve before and after 12000 CV cycles was measured in O2-saturated 0.1 M KOH at a rotating speed of 1600 rpm (Fig. 3f). The Co-Fe@NC electrocatalyst retained superior catalytic property with a slight 5 mV decrease on E1/2 of the LSV curves. Furthermore, the i–t curve at 0.80 V vs. RHE of Co-Fe@NC and 20% Pt/C was also compared (Fig. S13). Results showed that Co-Fe@NC maintains 94% of initial current after 12 hours test, but the Pt/C only remains 80% of starting current after 2 hours, indicating the remarkable ORR durability of Co-Fe@NC.
[bookmark: OLE_LINK23][bookmark: _Toc47343698]  The OER activities of the electrocatalysts were also evaluated by LSV curves using an RDE in 0.1 M KOH. In Fig. 3g and h, Co-Fe@NC displays the lowest overpotential (509 mV at 10 mA/cm2) and Tafel slope (198.5 mV/dec) compared with Fe@NC, Co-NC, and NC, which is comparable to commercial RuO2 (463 mV at 10 mA/cm2, 137.1 mV/dec). By calculating the difference between the potential of the OER at 10 mA/cm2 and the half-wave potential in the ORR process (ΔE, potential gap), the bifunctional characteristics of the electrocatalyst can be revealed. As shown in Fig. 3i, Co-Fe@NC exhibits a ΔE (0.88 V) that is comparable with Pt/C+RuO2 (0.86 V).
[image: 图示
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[bookmark: _Hlk75379525]Fig. 3 (a) LSV curves tested at 1600 rpm with a scanning sweep of 2.0 mV/s of the different electrocatalysts. (b) Corresponding Tafel plots of ORR based on kinetic current. (c) Normalized by ECSA of specific Jk (Jk ECSA). (d) Comparison of E1/2 and Jk at 0.80 V vs. RHE for different electrocatalysts. (e) The charge transfer number (n) and corresponding peroxide yield (H2O2%) of Co-Fe@NC at 0.20– 0.90 V vs. RHE based on the RRDE test. (f) LSV curves of Co-Fe@NC before and after 4000, 8000, and 12000 cycles. (g) LSV curves tested at 1600 rpm with a scanning sweep of 2 mV/s of different electrocatalyst in 0.1 M KOH; (h) Corresponding Tafel plots of OER from (g). (i) The overall LSV curve of all catalysts.
3.3. The HSAB system analysis
[bookmark: OLE_LINK18][bookmark: _Hlk86611607]To prove the potential of Co-Fe@NC electrocatalyst for the practical application in HSAB. Fig. 4a illustrates the schematic configuration of HSAB. During the discharge process, the metallic Na on the anode loses electrons and converts to Na+ ions, then Na+ ions spread to the cathode. On the cathode, oxygen receives electrons and is reduced to OH−. On the contrary, during the charging process, OER reactions occur at the cathode, and Na+ migrates to the anode and is eventually reduced to form metallic Na. 
The battery reactions are shown as follows64, 65:
  Anode:  
  Cathode: 
 Overall:
[bookmark: OLE_LINK19][bookmark: _Hlk86350795]Subsequently, as shown in Fig. 4b, the initial charge-discharge curves of different electrocatalysts were studied, where ΔV denotes the voltage gap between charge and discharge plateau. The HSAB assembled with the Co-Fe@NC possessed a discharge/charge plateau of 2.82/3.09 V under 0.1 mA/cm2, exhibited a lower ΔV of 0.27 V, and higher round trip efficiency of 91.2% compared with Pt/C+ RuO2 (0.55 V, 83.5%) (Fig. 4c). As shown in Fig. S14, the HSAB rate performance was characterized by charging and discharging at different current densities from 0.1 mA cm-2 to 0.4 mA cm-2. The results show that as the current density increases, the discharge voltage plateau of Co-Fe@NC decreases while the charge voltage plateau increases, i.e., the voltage gap increases from 0.27 V to 0.74 V, and the round-trip efficiency decreases from 91.2% to 78.1%.
[bookmark: OLE_LINK20][bookmark: OLE_LINK21][bookmark: OLE_LINK24]  LSV was performed to further evaluate the electrochemical activity of the air electrode. (Fig. 4d). The Co-Fe@NC-based HSAB shows a higher discharge voltage compared with the Pt/C+RuO2 based HSAB. Notably, the peak power density of the Co-Fe@NC reached 5.39 mW/cm2 (2695.0 mW/g), which is larger than that of Pt/C+RuO2 (4.79 mW/cm2, 2395.0 mW/g).
[bookmark: OLE_LINK22][bookmark: _Hlk75684672]  As shown in Fig. 4e, the durability of the assembled HSAB was tested by the constant current charge-discharge method at the current density is 0.1 mA/cm2 with each discharge-charge cycle of 4 h. Compared with Pt/C+RuO2, Co-Fe@NC exhibits a lower initial charge-discharge voltage difference, which means better round-trip efficiency, and this advantage is increasing accompanied by the number of cycles. After 700 h (175 cycles), the voltage gap of Co-Fe@NC increases to 0.85 V, and round-trip efficiency keeps at 75.37% (Fig. 4f). Contrary to this, the voltage gap of Pt/C+RuO2 is increased to 1.33 V, and round-trip efficiency decreases to 65.76% only after 400 h (100 cycles). Notably, the performance of our Co-Fe@NC-based HSAB outperforms the previously reported literature (Table S5). After the long-term stability cycle test, the Co-Fe@NC air electrode retains the framework as revealed by the SEM and mapping images of Co-Fe@NC (Fig. S15, S16), signifying the superior structural durability during long cycle operation.
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[bookmark: _Hlk86350194]Fig. 4 (a) A schematic of hybrid sodium–air battery. (b) First charge-discharge curves of hybrid sodium–air battery using Co-Fe@NC and 20% Pt/C+RuO2 as air electrode catalyst at a current density of 0.1 mA/cm2. (c) Comparison of the voltage gap and round-trip efficiency of the Co-Fe@NC and 20% Pt/C+RuO2. (d) Discharge polarization and the power density curves of the hybrid sodium–air battery employing Co-Fe@NC and 20% Pt/C+RuO2. (e) Galvanostatic cycling curves at 0.1 mA/cm2 of the fabricated hybrid sodium–air battery employing Co-Fe@NC and 20% Pt/C+RuO2. (f) Cycling stability of Co-Fe@NC up to 175 cycles with charge/discharge voltage plateau and round-trip efficiency.
4. CONCLUSIONS
In conclusion, a host-guest strategy was presented to prepare the ZIF-derived atomically dispersed metal-Nx combined with Co3Fe7/Fe3C/FeN0.0324 anchored in nitrogen-doped carbon, bifunctional catalyst (Co-Fe@NC) for the HSAB. The HSAB assembled with the Co-Fe@NC as air electrode, showed high ORR/OER activities with a low voltage gap (0.27 V) and a long cycling life (up to 700 h; about 175 cycles), compared with the benchmarked electrocatalyst Pt/C+RuO2. The high-performance HSAB originates from the intensive charge polarization due to the disordered carbon, and the abundant catalytic active centers derived from the interaction between metal nanoparticles and metal-nitrogen-doped carbon shells. This study lays the foundation for preparing low-cost, efficient electrocatalysts for practical applications of HSABs in sustainable energy storage sectors.
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