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[bookmark: _Toc14045]1 Material synthesis and characterization
1.1 Chemicals
All chemicals were employed as received without undergoing any additional purification steps. Cobalt nitrate hexahydrate (Co(NO3)2·6H2O, AR, Aladdin), 2-methylimidazole (2-MI, AR, 99%, Aladdin), methanol (MeOH, 99.5%, Aladdin), iron(II) phthalocyanine (FePc, AR, > 98.0%, Aladdin), N,N-dimethylformamide (DMF, 99%, Aladdin), N,N-dimethylacetamide (DMA, 99%, Aladdin), potassium hydroxide (KOH, AR, 95.0%, Aladdin) zinc acetate dihydrate (Zn(CH3COO)2), Pt/C(20 wt%, JM), RuO2(Alfa-Aesar), 5 wt% Nafion ionomer(Aladdin), distilled water and ethanol (EtOH, moisture content ≤ 0.3% from Aladdin, 99.9% from J&K).
1.2 Synthesis of Co-ZIF
[bookmark: OLE_LINK7]Typically, Co-ZIF crystals were conveniently synthesized using a simple method. Specifically, 2.09 g of Co(NO3)2·6H2O was dissolved in 200 mL MeOH within a breaker to form the A solution. Moreover, 2.63 g 2-MI was dissolved in 200 m L MeOH to constitute the B solution. Then the mixture of the A and B solution was heated at 70 ℃ for 1 hours with continuous stirring. The resulting purple precipitates were collected by centrifugation, rinsed MeOH three times, and subsequently dried at 85 °C overnight.
1.3 Synthesis of CoNC
The as-obtained Co-ZIF were placed in a CVD tube furnace and heated to 950 °C for 2 hours at a heating rate of 10 °C min⁻¹ under a continuous flow of nitrogen. After the thermal treatment, the furnace was allowed to cool naturally to room temperature, resulting in a black powder identified as Co nano-particle on N-doped carbon (CoNC). The yield of CoNC following carbonization at 950 °C from the composite Co-ZIF was determined to be approximately 31.6%.
1.4 Synthesis of CoNC@FePc
After 1 hour of ultrasonication, the CoNC (20 mg) was dispersed in 10 mL of EtOH (Solution A). Simultaneously, 4 mg of FePc was dispersed in 10 mL of DMF through 1 hour of ultrasonication to form Solution B. Solution B was then gradually added to Solution A with continuous stirring. After 3 hours of stirring, the mixture was collected by centrifugation, washed with ethanol, and subsequently dried at 85 °C overnight, yielding CoNC@FePc. 
Material characterization
Morphological analysis of the samples was conducted using a Nova NanoSEM 200 scanning electron microscope (FE-SEM, FEI Inc.) and transmission electron microscope (JEOL JEM-2100F). Powder X-ray diffraction (PXRD) patterns of the products were obtained using a Bruker D8 Advance powder diffractometer. The measurements were conducted at room temperature with the instrument operating at 40 kV and 40 mA. Graphite-monochromated Cu Kɑ radiation (λ = 1.54 Å) was utilized, and the scan rate was set at 10° per minute with a step size of 0.025. The Raman spectrometer (Renishaw in Via, England), which used the 532 nm line for excitation, was calibrated based on the silicon peak at 520.7 cm–1. A cumulative time of 10 seconds was set for the measurements, allowing for the acquisition of the corresponding carbon layer signal. N2 adsorption studies were conducted using the Specific Surface Area & Pore Size Analyzer (BSD-PS1, Beishide Instrument Technology (Beijing) Co., Ltd.) After being activated at 100 ℃, the samples were transferred to a clean ultra-high vacuum system and measurements were taken at a cryogenic temperature of 77 K. Furthermore, X-ray photoelectron spectroscopy (XPS, PHI-5000VPIII) was performed to analyze the elemental valence of the products.
Electrochemical measurements
Electrochemical measurements for the Oxygen Reduction Reaction (ORR) were carried out using a CHI 760E electrochemical workstation (CH Instruments, Inc., Shanghai). This workstation was connected to rotation-control equipment (Pine Instrument Company, USA). The experiments utilized a standard three-electrode system in 0.1 M KOH as the electrolytes. A glassy carbon rotating ring-disk electrode (RRDE) with a diameter of 5.6 mm was used as the working electrode. The catalyst was loaded onto the electrode at a loading of 0.8 mg cm-2. The electrocatalyst ink was prepared as follows: initially, 5 mg of the synthesized catalyst powder was dispersed in a mixed solution consisting of 300 μL of ethanol (EtOH), 150 μL of water (H2O), and 50 μL of a 5 wt% Nafion solution. This mixture was then ultrasonicated for 1 hour to form a homogeneous ink.
Subsequently, the electrocatalytic activities of the catalysts toward the ORR were assessed at room temperature. The measured potentials, referenced to the Ag/AgCl electrode, were converted to a Reversible Hydrogen Electrode (RHE) potential using the Nernst equation:
. (1)
Prior to conducting ORR measurements, a series of cyclic voltammograms (CV) were executed at a scan rate of 100 mV/s, typically for a minimum of 40 cycles. This process was employed to clean and stabilize the electrocatalyst surface. Then the formal CV test was conducted at a rate of 5 mV/s.Subsequently, Linear Scan Voltammetry (LSV) measurements were recorded at a scan rate of 5 mV/s under various rotation rates (100, 400, 900, 1600, and 2500 r/min) for obtaining the polarization curves in N2-/O2-saturated 0.1 M KOH solution. The corresponding electron transfer number (n) was determined using Koutechy-Levich (K-L) equation:
	 	(2)
	          	(3)
where J, represents the measured; JL, and Jk are diffusion-limiting, and kinetic current density, respectively; ω is the angular velocity of the electrode; n represents the number of electrons; F is the Faraday constant (F = 96485 C/mol=); C0 is the saturated O2 concentration (1.21×10–6 mol/cm3); D0 is the diffusion coefficient of O2 in 0.1 M KOH (1.9×10–5 cm2/s); ν is the kinetic viscosity (0.01 cm2∙s). The double-layer capacitance (Cdl) of electrocatalyst was derived from CV curves in the non-Faradic potential region with different scan rate from 5 to 120 mV/s. Electrochemical impedance spectroscopy (EIS) measurements were conducted in the frequency range from 106 Hz to 0.01 Hz with a voltage amplitude of 5 mV at 0.7 V vs. RHE. The electrons transferred number (n) and the percentage of peroxide (HO2– %) were calculated via the following equations, based on the disk current (Id) and ring current (Ir). 
	. 	  (4)
		(5)
Therein, the H2O2 collection coefficient (N) at the ring in RRDE experiments is 0.37.
The resistance to methanol solution (3.0 M) was conducted at 0.367 V vs. RHE by chronoamperometry. And the long-term stability of electrocatalyst was investigated by chronoamperometric responses (CA) at a constant potential of 0.367 V vs. RHE with a rotation rate of 1600 r/min and a constant O2 flow.
	For the Oxygen Evolution Reaction, 1.0 M KOH solution was used as the alkaline electrolyte. The LSV measurements were recorded with a scan rate of 5 mV s−1 The overpotential (η) of OER was calculated by η = ERHE – 1.23 V.
Zinc-air battery measurement
The zinc-air battery was tested in a CHI 760E electrochemical workstation (CH Instruments, Shanghai). A polished Zn plate as the anode and a catalyst-coated carbon paper as the cathode were assembled a home-made Zn-air battery, and the electrolyte was set to 6 M KOH and 0.2 M Zn(CH3COO)2. To prepare the electrocatalyst ink, 4 mg of catalyst was dispersed in a mixture of 400 μL EtOH and 40 μL Nafion (the mass loading is calculated to be ~ 1.0 mg/cm2). Both the effective electrode are of Zn anode and carbon paper were 1 cm–2. All the Zn-air batteries were assessed under standard ambient conditions. The discharge power density was calculated using the discharge polarization profiles with the following equation:
	 	(6)
where the P, Ud, Jd are the discharge power density, discharge voltage, and discharge current density, respectively.
DFT Calculation
The density functional theory was used to carry out all the calculations with the Perdew-Burke-Ernzerh exchange-correlation functional of generalized gradient approximation and the projector-augmented wave method, which was implemented through Vienna Ab-initio Simulation Package (VASP). The input model structure file was created by VESTA.[1] The plane wave-basis expansion cutoff energy was fixed at 450 eV, and atomic relaxation was conducted until the force exerted on atoms was less than 0.02 eV Å-1 and energy was concurrently converged to 1×10–5 eV.
The Gibbs free energy change (ΔG) of each lithiation step was defined as: 


	 [image: IMG_256],	(7)
[bookmark: OLE_LINK34]where ΔE is the electronic energy difference directly obtained from DFT calculations, ΔZPE is the change in zero-point energy, T is the temperature (T= 298.15 K) and ΔS is the change in the entropy, respectively[2]. The zero-point energy and entropy were obtained through vibrational frequencies.
Conventionally, in an alkaline electrolyte, the anode reactions after oxygen adsorption can be written as:
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2 Additional SEM and TEM images
[image: SI-1]
Fig. S1 (a–c) SEM images of Co-ZIF; (d) PXRD patterns of Co-ZIF; (e) N2 isotherms; (f) pore size distribution of Co-ZIF. Crystal structure and coordination environment of Co-ZIF: (g) AU; (h) SBU and (i) the discrete nanosized cage in Co-ZIF.


[image: SI2]
Fig. S2 SEM images of (a-c) CoNC.


[image: SI-3]
Fig. S3 SEM images of (a‒c) CoNC@FePc.


[image: SI-4]
Fig.S4 The EDS pattern of CoNC@FePc.


3 [bookmark: _Toc25246]Additional XPS data
[image: SI-5]
Fig. S5 (a) XPS full-survey spectra; (b) the high-resolution O 1s spectra of CoNC and CoNC@FePc.


[image: SI-6]
Fig. S6 The deconvoluted Fe 2p spectra of CoNC@FePc.


[bookmark: _Toc24101]4 Additional electrochemical and theoretical data
[image: SI-7]
Fig. S7 CV curves for (a) CoNC, and (b) CoNC@FePc in N2-/O2-saturated 0.1 M KOH at 5 mV/s; LSV curves at various rotating speeds from 100 to 2500 r/min: (c) CoNC, and (d) CoNC@FePc.


[image: SI-8]
Fig. S8 K-L plots at various potentials from 0.3–0.7 V for (a) CoNC, and (b) CoNC@FePc; CV curves at different sweep speeds from 5 to 120 mV/s: (c) CoNC, and (d) CoNC@FePc.


[image: SI-9]
Fig. S9 Supplementary electrochemical data of Pt/C. (a) CV curve, (b) LSV curve, (c) K-L plots and (d) CV curve at different sweep speeds from 5 to 120 mV/s. 


[image: OER-IT]
Fig. S10 The current density retention after long-term durability of OER test. 


[bookmark: _Hlk145942039][image: SI-10]
Fig. S11 Top view and side view of the optimized configurations of oxygen intermediates (OOH*, O*, and OH*) adsorbed on (a) Co@FePc and (b) FePc. 


[image: SHIYI]
Fig. S12 ORR/OER mechanisms for CoNC@FePc.


[image: SI-11]
Fig. S13 OER free energy diagrams at (a) 0.00 V and (b) 1.23 V.


[image: xps-after]
Fig. S14 After long-term test. (a) XPS full-survey spectrum, the deconvoluted XPS spectra of (b) C 1s, (c) N 1s, (d) O 1s, (e) Co 2p and (f) Fe 2p.


[image: FIGURE3-SI-X]Fig. S15 SEM images of (a-c) CoNC@FePc after the long-term durability test.


[image: TEM-AFT]
Fig. S16 (a) TEM image and (b) EDS mapping images of CoNC@FePc after long-term test.


[bookmark: _Toc10506]5Additional tables
Table S1 The BET surface area and total pore volume of the samples
	Sample
	BET surface area/(m2∙g–1)
	Total pore volume/(cm3∙g–1)

	CoNC
	106.2
	0.20

	CoNC@FePc
	34.2
	0.11




Table S2 N dopant proportions of these carbon materials measured from fitting of the N 1s XPS
	Samples
	Relative content of different N species / 100%

	
	Pyridinic-N
	Pyrrolic-N
	Graphitic-N
	Oxidized-N

	CoNC
	37.7
	29.9
	12.2
	20.2

	CoNC@FePc
	44.9
	36.7
	8.6
	9.8




Table S3 Comparison of CoNC@FePc with recently reported ORR/OER electrocatalysts
	Catalyst name
	Electrochemical performance
	Reference

	
	η10/mV
	Tafel slope of OER/(mV∙(°)–1)
	E1/2
(V vs. RHE)
	Tafel slope of ORR/(mV∙(°)–1)
	

	CoNC@FePc
	314
	73.4
	0.87
	38.8
	This Work

	CoNC
	377
	91.2
	0.79
	53.3
	This Work

	CoFe-FeNC
	296
	44.76
	0.876
	80.8
	[3]

	Co@CNx
	480
	239
	0.84
	62.0
	[4]

	Fe3C-NCNTs 90 min CC−1
	281
	51.5
	0.85
	/
	[5]

	NDC-800
	380
	170.3
	0.88
	79.5
	[6]

	FeSA/NCZ
	320
	51.0
	0.87
	70.0
	[7]

	CoS2 (400)/N,S-GO
	380
	/
	0.79
	/
	[8]

	Co-ZIF1.5/10CNF2
	390
	122
	0.85
	65
	[9]

	Co/N–C-800
	274
	43.6
	0.82
	103.8
	[10]

	FeNC/Fe3C-op
	349
	83.4
	0.91
	85.3
	[11]

	CCSO/NC-2
	340
	121.3
	0.82
	69.3
	[12]

	m-Fe/NC@CNT
	338
	104.9
	0.85
	92.5
	[13]

	P-Co3Fe1/NC-700–10
	391
	116
	0.84
	80
	[14]

	N─FeN4
	360
	104.7
	0.91
	64.9
	[15]

	 Fe3N/FeNP-N-C-6.6%
	294
	93.8
	0.867
	63.9
	[16]

	NiFe LDH A-FeSACoSA-FeCoAlloy-CNT/NC
	330
	125.5
	0.84
	/
	[17]

	Co3O4-S/NSG
	323
	98.7
	0.75
	71.8
	[18]


[bookmark: _Hlk145943004]

Table S4 Comparison of Zn-air battery performance among CoNC@FePc and other previously reported similar electrocatalysts
	Catalyst
	Peak power 
density/(mW∙cm–2)
	Specific capacity/(mAh∙g–1)

	Reference

	CoNC@FePc
	150.2
	846.5
	This work

	CoFe-FeNC
	120.8
	767.5
	[3]

	Fe3C-NCNTs 90 min CC−1
	139.2
	/
	[5]

	FeNC/Fe3C-op
	137.4
	818.1
	[11]

	Co@N-CNTs/NSs
	142.3 
	800.8
	[19]

	Fe-CNCs-800
	110.2
	801.21
	[20]

	CoFe/SNC
	130
	814
	[21]

	S-FeCo3P/NPSG 
	118
	731
	[22]

	CoFe–N–C
	142
	/
	[23]

	Co‐NCNT
	144.6
	/
	[24]

	[bookmark: _Toc24672]CNCo-Fe3C
	124.0
	796.0
	[25]

	Fe/Co–N/S 1.9 -C
	138.0
	763.2
	[26]

	Fe-SA/N-C
	144.3
	800.9
	[27]

	Fe3Co-NC@900
	62.8
	746.4
	[28]

	FeCo/LDH-NGCP
	155.9
	792.7
	[29]

	 FeCo@1D-CNTs/2D-NC
	98.2
	741.0
	[30]

	NPC-Fe0.3
	99.0
	/
	[31]

	 FexNC@NiFe(OH)x
	85.1
	785.2
	[32]
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