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1. Chemicals
All chemicals and solvents were obtained from commercial sources and used as-received without

further purification. High-purity water (=18.25 MQ-cm) and methanol were used to prepare the

solutions.

2. Material synthesis
(1) Synthesis of ZIF-L
ZIF-L was obtained according to the reported literature. [l Specifically, 0.595g of Zn(NO3)2-6H20

and 1.3136g of 2-Melm were separately dissolved in 40 mL of deionized water. The aqueous zinc
nitrate solution was then added to the aqueous 2-Melm solution under stirring. The mixture was
stirred at room temperature for 4 hours. The resulting product was collected by centrifugation, washed

with deionized water, and dried in an oven at 70°C.
(2) Synthesis of ZIF-R and pNC
ZIF-R was prepared by mixing Zn(NO3)2:6H20 (0.100 g) and the pre-synthesized ZIF-L precursor

(0.200 g) in co-solvent of DMF/ethanol (32 mL, V:V = 3 : 1). The mixture was treated by

ultrasonication for 5 minutes and then heated at 70°C for 2 h. The resulting product was separated by

centrifugation, washed several times with ethanol, and dried under vacuum. The dried ZIF-R was

pyrolyzed under N at 900°C for 1 h with a heating rate of 5°C min™' to obtain pNC.

(3) Synthesis of d-Fe-N-C-x/T and d-Fe-N-C

20 mg of pNC were dispersed in 40 mL of methanol, followed by the addition of Fe (NO3)3 9H20.
The mixture was stirred at 50 °C for 24 h. The resulting solid, denoted as d-Fe-N-C-x, was collected
by centrifugation. After drying, the product was pyrolyzed at 800°C for 30 min with a heating rate of
5°C min’! to obtain the final catalyst d-Fe-N-C. Here, x represents the mass of Fe(NO3); 9H,O used
(1, 2, 3, or 4 mg), and T indicates the pyrolysis temperature (700, 800, or 900°C).

(4) Synthesis of dx-Fe-N-C

The added Zn(NO3)2-6H>O amount was first adjusted to 50 mg and 200 mg, followed by pyrolysis to

obtain pNC. The subsequent procedures were the same as those for d-Fe-N-C. The resulting catalysts
with Zn salt additions of 50 mg and 200 mg were designated as dos-Fe-N-C and d»-Fe-N-C,
respectively.

(5) Synthesis of Fe-N-C

The preparation process of Fe-N-C was the same as that of d-Fe-N-C, except that ZIF-L was not

subjected to the Zn*" etching step.



3. Material characterization

The morphologies of catalysts were investigated using Transmission Electron Microscopy
(ThermoFisher Talos F200X). X-ray Diffraction (XRD) patterns were performed on an X-ray powder
diffractometer (D/max2550 V, Rigaku Japan). High angle annular dark field (HAADF)-STEM images
were recorded using a convergence semi angle of 11 mrad, and inner- and outer collection angles of
59 and 200 mrad, respectively. N> adsorption-desorption data were obtained at liquid nitrogen
temperature (77 K) on a Micromeritics ASAP 2010 M apparatus. X-ray Photoelectron Spectroscopy
(XPS) was recorded on a Thermo Scientific TM K-Alpha TM+ spectrometer with a monochromatic

AlKoa X-ray source (hv =1486.6 V) and the binding energies was referenced to the C1s peak (284.8

eV) corresponding to the adventitious carbon. The Brunauer-Emmett-Teller (BET) method was used
to calculate the catalyst surface areas. Raman spectra were obtained on a Renishaw 2000 instrument
with a 532 nm excitation wavelength. The metal contents of the catalysts were measured by ICP-OES

(Perkin Elmer Ltd., USA).

4. Electrochemical measurements

4.0 mg of catalyst was added to a 200 pL of mixture solution in a centrifuge tube with Nafion
dispersion and isopropanol in a volume ratio of 1:9. Then, catalyst was dispersed by ultrasonic for 30
min to form an even catalyst ink. 5 pL of catalyst ink was dropped onto the surface of glassy carbon
rotating disk electrode (RDE, area: 0.196 cm?) and dried naturally to form an even film with a catalyst
mass loading of 0.5 mg cm™. All control samples were dropped on the electrode with the same loading.
The RDE as the working electrode, the graphite rod as the counter electrode and a Hg/HgO electrode
as the reference electrode. All potentials reported were calibrated to the reversible hydrogen electrode
(RHE).

Oxygen was bubbled in the 0.1 M KOH solution for 30 min to form an Oz-saturated electrolyte
before the ORR test. The catalysts were first active by conducting cyclic voltammetry (CV) between
0.1 and 1.1 V (vs. RHE) at a scan rate of 100 mV s™!. Linear sweep voltammetry (LSV) was conducted
to evaluate the ORR performance at a scan rate of 10 mV s with an applied potential range from 1.1
to 0.1 V (vs. RHE) under the rotating speed of 1600 rpm. The CV measurement for ORR performance
was conducted at a scan rate of 10 mVs™!. The electrochemically active surface area (ECSA) was
determined by estimating electrochemical double-layer capacitances (Ca) with cyclic
voltammograms in a non-faradaic region (1.00 - 1.20 V) at different scan rates (10, 15, 20, 25 and 30

mV s). The capacitive currents, AJ/2 (AJ = Ja - Jc, Ja and Jc refer to anodic and cathodic current



densities at 1.10 V (vs. RHE), are plotted against the scan rate and fit to a linear regression. The slope
is the Cq1. The accelerated degradation test by cycling between 0.2 V to 1.1 V at 100 mV s™! for 10000
cycles. The chronoamperometry was conducted at a potential of 0.5 V (vs. RHE) at room temperature
with a rotating speed of 900 rpm. The electrochemical impedance spectroscopy (EIS) measurements
were taken at a rotational speed of 900 rpm, encompassing a frequency spectrum from 10 kHz to 0.01

Hz, with a perturbation amplitude of 5 mV.

The electron transfer number () can be calculated according to the Koutecky-Levich (K-L)

equation as follows:

L_ro1r 1o 0
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in which j is the experimental disk current density, j is the diffusion-limiting current density, jx is the
kinetic current density, @ is the angular rotation speed of the working electrode in rad s, F is
faraday constant (96,485 C mol™), Cyis the bulk concentration of Oz (1.2x107° mol cm ), Dy is the
diffusion coefficient of O2in 0.1 M KOH solution (1.9x107° cm? s™!), and v is the kinetic viscosity of
0.1 M KOH solution (0.01 cm? s™!). The K-L plots can be derived from LSV curves at different
rotation speeds (400, 625, 900, 1225, 1600 rpm) under various potentials (0.30, 0.40, 0.50, 0.60, 0.70

V).
Turnover frequency (TOF, e s! site!) of the prepared catalysts was calculated from the below
equations:
JkNeMFe
TOF = ———— 3
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where Jx represents the kinetic current density (A cm), Ne is the electron number of per Coulomb
(6.24 x 10" C1), Mpe is the molar mass of Fe (55.845 g mol™'), N4 is Avogadro constant (6.022 x
10 mol™).

For the RRDE tests, the n and hydrogen peroxide yield (% H2>0O») were calculated by the following
equations:

4XNXIp
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where Ip is the disk current, Ir is the ring current, and N (26%) is the collection efficiency.

5. Zinc-Air Batteries (ZABs) Performance Testing

4.0 mg of catalyst was added to a 200 uL of mixture solution in a centrifuge tube with Nafion
dispersion and isopropanol in a volume ratio of 1:9. Then, catalyst was dispersed by ultrasonic for 30
min to form an even catalyst ink. 5 pL of catalyst ink was dropped onto the carbon fiber paper,
achieving a final area of 1.0 cm2. Finally, the carbon fiber paper, gas diffusion layer, and nickel foam
were conducted as the cathode and the zinc plate was conducted as the anode, and mixed solution of

Zn (Ac)2 (0.2 M) and KOH (6.0 M) as the electrolyte.



Figure S2: (a) HR-TEM, (b) HAADF-STEM, and corresponding elemental mapping of Fe-N-C
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Figure S3: Raman patterns of dx-Fe-N-C (x =0.5, 1, 2) and Fe-N-C.
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Figure S4: (a) High-resolution C 1s XPS spectra of d-Fe-N-C. (b) Contents of different C species
and (c) N species in the d-Fe-N-C and Fe-N-C.
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Figure S5: (a) XPS survey spectra of electrocatalysts. (b) High-resolution C 1s, (¢) N 1s and (d) Fe
2p XPS spectra of Fe-N-C.
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Figure S6: (a) LSV curves at 1600 rpm and (b) CVs of d-Fe-N-C-x (x=1, 2, 3, or 4 mg) in O»-

saturated 0.1 M KOH solution.
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Figure S7: (a) LSV curves at 1600 rpm and (b) CVs of d-Fe-N-C-T (T = 700, 800, 900°C) in O»-

saturated 0.1 M KOH solution.
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Figure S8: (a) LSV curves at 1600 rpm and (b) CVs of dx-Fe-N-C (x =0.5, 1, 2) and Fe-N-C in O;-
saturated 0.1 M KOH solution.
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Figure S9: EIS curves of the d-Fe-N-C, Fe-N-C and Pt/C.
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Figure S10: ORR polarization curves at different rotating speeds and fitted K-L plots at 0.3-0.7V
of (a) d-Fe-N-C, (b) Fe-N-C, and (c) Pt/C in O;-saturated 0.1 M KOH.
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Figure S11: CV curves at 1.0-1.2 V (vs. RHE) with various scan rates of (a) d-Fe-N-C, (b) Fe-N-C,
and (c) the corresponding Cdl of d-Fe-N-C and Fe-N-C.
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Figure S12: LSV curves of (a) Fe-N-C and (b) Pt/C before and after the 10,000 cycles of potential
scanning from 0.2 Vto 1.1 V at 100 mV s-1 in O2-saturated 0.1 M KOH solution.
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Figure S13: CV curves of (a) d-Fe-N-C, (b) Fe-N-C, and (c) Pt/C before and after the 10,000 cycles
ADT.
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Figure S14: (a) LSV curves and (b) CV of different catalysts in O»-staurated 0.1 M HCIO4 solution

at 1600 rpm.
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Figure S15: Charge-discharge curve of d-Fe-N-C-loaded ZABs at 10 mA cm™.
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Table S1. The content of different element for the prepared catalysts calculated from XPS.

Sample Fe (at%) N (at%) C (at%) 0O (at%)
d-Fe-N-C 0.46 11.95 80.08 7.51
Fe-N-C 0.44 11.66 80.16 7.74

Table S2. The content of metal element for the prepared catalysts calculated from ICP-OES.

Sample Fe (Wwt%)
d-Fe-N-C 1.57
Fe-N-C 1.52

Table S3. The content of different C species for the prepared catalysts calculated from XPS.

Sample C-C/C=C C-N C=0 0=C-O
d-Fe-N-C 66.7 % 19.4 % 10.5 % 34 %
Fe-N-C 65.1 % 20.5 % 9.7 % 4.7 %

Table S4. The content of different N species for the prepared catalysts calculated from XPS.

Sample  Pyridinic N Fe-N Pyrrolic N Graphitic N Oxidized N
d-Fe-N-C 50.1 % 21.1 % 8.8% 11.5% 8.5%
Fe-N-C 48.1 % 23.6 % 9.2 % 9.1 % 10 %

Table S5. Comparison of the Fe content determined by ICP-OES in the d-Fe-N-C catalyst before

and after long-term testing.

Fe (wt%)
Before 1.57
After 1.56
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Table S6. Comparison of ORR performance of previously reported iron-based catalysts.

Catalysts Electrolyte E12(V vs. RHE) Reference
d-Fe-N-C 0.1 M KOH 0.91 This work
Fe-Nv-C SAC 0.1 M KOH 0.902 [2]
el-Fe-N-C 0.1 M KOH 0.876 (3]
Fe-N-C-E 0.1 M KOH 0.92 [4]
Fe-SA/HPC 0.1 M KOH 0.91 [5]
Fe-N-DCSs 0.1 M KOH 0.90 [6]
Defects-FeNC 0.1 M KOH 0.895 [7]
G-Fe-N-C 0.1 M KOH 0.861 (8]
F-Fe-N-C 0.1 M KOH 0.91 9]
Fe-N-C SACs 0.1 M KOH 0.910 [10]
r-Fe-NC 0.1 M KOH 0.90 [11]

Fe SA@NCZ 0.1 M KOH 0.92 [12]
FePc/SWCNT 0.1 M KOH 0.952 [13]
Fenc/Fei-N-C 0.1 M KOH 0.931 [14]
Fe-N/O(5.2)/OMC 0.1 M KOH 0.94 [15]
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