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1. Materials.
2-methylimidazole (2-MI, 99%) and hemin (95%) were obtained from J&K Scientific Ltd 

(China). Zinc acetate (≥99.0%), polyvinylpyrrolidone (PVP, average mol. wt. 40,000), 
perchloric acid (70 % HClO4, 99.999% trace metals basis), sodium acetate trihydrate (≥99%) 
and acetic acid (≥99.7%) were purchased from Sigma-Aldrich (US). Trifluoromethyl imidazole 
(2-TFMI, 97%) was received from Bide Pharmatech Ltd (China). N, N-dimethylformamide 
(DMF, ≥99.5% AR) and sodium sulfocyanate (NaSCN, ≥98.5% AR) were ordered from 
Tianjin Kemiou Chemical Reagent Co. Ltd (China). Ethanol (≥99.8%) and potassium 
hydroxide (KOH, ≥85% AR) were received from Sinopharm Chemical Reagent Co. Ltd 
(China). Sodium nitrite (NaNO2, 99.999% metals basis) was obtained from Aladdin Industrial 
Co (China). Commercial Pt/C (20 wt%, 60 wt%) was received from Johnson Matthey Chemical 
Co. Ltd (UK). Nafion 211 membrane (~25.4 μm) and Nafion resin solution (5 wt%) were 
obtained from DuPont (US). Gas diffusion layer (GDL, ~0.4875 mm) was obtained from 
Sunrise Power Co. Ltd (China). All the above chemicals were used as received without further 
purification. The ultrapure water (18.2 MΩ cm at 25 °C) was produced from a Millipore water 
system (Synergy® UV, France) and used in all experiments.

2. Characterizations
Transmission electron microscope (TEM) was carried out on a Tecnai G2 F30 Spirit (FEI) 

or a HT7700 (Hitachi). High-resolution scanning TEM (HR-STEM), HAADF-STEM, and 
energy dispersive spectroscopy (EDS) were operated on a JEM-ARM200F (JEOL). Scanning 
electron microscope (SEM), corresponding EDS, and electron energy loss spectroscopy 
(EELS) were performed on a SU5000 (Hitachi) or a JSM-7900F (JEOL). Membrane electrode 
assembly (MEA) was freeze-fractured in liquid nitrogen before SEM analysis. Inductively 
coupled plasma-optical emission spectrometry (ICP-OES) was carried out on an AVIO 500 
(PerkinElmer). Prior to ICP-OES tests, F-Fe-N-C powders were treated at 800 °C in dry air, 
and then dissolved in an acidic solution. X-ray diffraction (XRD) was recorded on a SmartLab 
9 kW (Rigaku) operating at 45 kV and 200 mA. X-ray photoelectron spectroscopy (XPS) was 
collected on an ESCALAB XI+ (Thermo Scientific) with monochromatized Al Kα (1486.6 eV) 
as the photon source. A neutralizer was used for the XPS measurements and surface sp2 C (C-
H bond) was used to carry out the calibration. The N content was analyzed with a UNICUBE 
elemental analyzer (Elementar Analysensysteme). Raman spectra were collected using an 
inVia Qontor (Renishaw) with an excitation wavelength of 532 nm. N2 adsorption-desorption 
isotherm was performed on a Quadrasorb SI (Quantachrome). Specific surface area and pore 
size distribution were determined by applying the Brunauer-Emmett-Teller (BET) method to 
analysing the desorption branch. The XAS (Fe K-edge) was collected with BL14W1 beamline 
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at Shanghai Synchrotron Radiation Facility (SSRF). Fe foil was used as reference to calibrate 
the energy. The XAS data were analysed by ATHENA, ARTEMIS, and HEPHAESTUS 
software 1 to gain X-ray absorption near-edge structure (XANES) and extended X-ray 
absorption fine structure (EXAFS). Wavelet transform (WT) plots 2 were obtained by 
HamaFortran software 3 with Morlet wavelet equation. 57Fe Mössbauer spectrum was carried 
out in low field and recorded on a WSS-10 spectrometer with a proportional counter. 57Co(Rh) 
at a constant acceleration mode was used as the radioactive source. The Doppler velocity of 
the spectrometer was calibrated with respect to α-Fe at 298 K. MIP was performed with 
MicroActive AutoPore V 9600 (Micromeritics). For MIP measurements, the electrocatalyst 
ink was sprayed on a plastic plate instead of membrane to form the CL. Next, the CL was 
covered by another plastic plate and hot-pressed under 4.6 MPa for 2 min at 130 °C. After 
being cooled down to room temperature naturally, the top plate was gently removed and the 
exposed CL is ready for analysis. Totally, five CLs were used for MIP measurements.

3. Electrochemical measurements
A CHI760E electrochemical workstation (Shanghai Chenhua Instruments Ltd.) was used 

to assess electrocatalysts with a glassy carbon rotating disk electrode (RDE, 5 mm in diameter) 
as the working electrode (WE), a carbon rod as the counter electrode (CE), and a saturated 
calomel electrode (SCE, Hg/Hg2Cl2 with saturated KCl) or Hg/HgO (1 M NaOH) as the 
reference electrode (RE), respectively. For the SCE, a salt bridge (agar impregnated with 
saturated KNO3) was used to connect the SCE with 0.1 M HClO4 aq. 4. 8 mg of each NPME 
was dispersed in the mixture of ultrapure water (98.4 μL), ethanol (885.6 μL), and 
polyperfluorosulfonic acid (PFSA) resin solution (5 wt%, 16 μL), followed by 15 min of mild 
sonication to obtain the ink. The loading of NPMEs on RDE ranges from 0.2 to 1.4 mg cm-2. 
For comparison, 3 mg of commercial Pt/C (20 wt%) was dispersed in the mixture of ultrapure 
water (300 μL), ethanol (2700 μL), and PFSA resin solution (5 wt%, 18 μL), followed by 5 
min of mild sonication to obtain the ink. The Pt loading on RDE is about 10 μgPt cm-2.

All of the electrochemical tests with RDE were performed in 0.1 M HClO4 or 0.1 M KOH 
aq. at 25 °C unless otherwise stated. Cyclic voltammetry (CV) tests between 0-1.2 V (vs. RHE) 
with a scanning rate of 50 mV s-1 were performed to clean the surface of electrocatalysts. Linear 
sweep voltammetry (LSV) was recorded with a positive sweep rate of 10 mV s-1. ORR 
polarization curves were calibrated by subtracting N2-saturated LSV from O2-saturated one. 
Mass activity (MA) is calculated according to the Koutecky-Levich (K-L) equation:

1
j

=
1
jL

+
1
jK

                                                             (S1)
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MA =
jK

mcatal
                                                          (S2)

where j is the collected current density; jL is the limited diffusion current density; jK is the 
kinetic current density; mcatal is the electrocatalyst loading on RDE.

Methanol tolerance was evaluated at 0.8 V (vs. RHE) with an amperometric i-t curve by 
injecting 10 vol% methanol into the electrolyte at approximately 200 s. Durability test was 
operated by potential cycling from 0.6 to 1.0 V (vs. RHE) for 10,000 cycles at a scanning rate 
of 100 mV s-1. SCN- poisoning measurement was carried out in 0.1 M HClO4 aq. in the presence 
of 10 mM NaSCN. Nitrite poisoning measurement was carried out according to a nitrite 
stripping protocol with 0.5 M acetate buffer aq. (pH=5.2) as the electrolyte 5. The RDE coated 
with 0.27 mg cm-2 of F-Fe-N-C was poisoned by 125 mM of NaNO2. Rotating ring-disk 
electrode (RRDE, 0.2475 cm2 of disk area, 0.1866 cm2 of Pt ring area) tests were performed 
with a positive sweep rate of 10 mV s-1 for the disk electrode and a ring potential held at 1.2 V 
(vs. RHE). 

4. Calculation of n and H2O2 species yields
To calculate n, the LSV curves were recorded at rotating rates of 400, 625, 900, 1225, 

1600, 2025, and 2500 rpm and further fitted with K-L equation (equation S3):
1
j

=
1
jL

+
1
jK

=
1
B

ω - 1/2 +
1
jK

                                           (S3)

where ω is the rotation rate, rpm. B is determined from the slope of K-L plots.
The electron transfer number (n) is obtained according to Levich equation (S4):

B = 0.62nFC0(D0)2/3(ν) - 1/6                                       (S4)

where F is the Faraday constant, 96485 C mol-1; C0 is the bulk concentration of O2, 1.26×10-6 
mol cm-3 in 0.1 M HClO4 aq., 1.2×10-6 mol cm-3 in 0.1 M KOH aq.; D0 is the diffusion 
coefficient of O2, 1.93×10-5 cm2 s-1 in 0.1 M HClO4 aq., 1.9×10-5 cm2 s-1 in 0.1 M KOH aq.; ν 
is the kinetic viscosity, 0.01 cm2 s-1 for both 0.1 M HClO4 aq. and 0.1 M KOH aq. 6, 7. The 
constant 0.62 is adopted when the rotation speed is expressed in rad s-1.

Since the rotation rate is measured in rpm, the constant number 0.62 should be changed 
as follow: 0.62 (rad s-1)-1/2=0.62 (60/2π rpm)-1/2=0.2006 rpm-1/2. We use the case of 0.1 M 
HClO4 aq. as an example, B=0.2006n×96485×(1.26×10-6)×(1.93×10-5)2/3×(0.01)-1/6=3.781×10-

5n. Set , then . Thus, for the unit of J is mA cm-2, . As for 
1
𝐵
= 𝐾 𝑛=

1

(3.781 × 10 ‒ 5)𝐾 𝑛=
1

0.03781𝐾

0.1 M KOH aq., .
𝑛=

1
0.03564𝐾

Additionally, n and H2O2 species yields can be calculated based on RRDE results:
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n = 4 ×
ID

ID + IR/N
                                                        (S5)

H2O2 species % =
200IR/N

ID + IR/N
                                              (S6)

where ID is disk current; IR is ring current; N is the current collection efficiency of the Pt ring. 
Herein, we use the value of 37% suggested by the provider.

5. ASD and MSD calculated by nitrite stripping protocol
ASD and MSD are calculated according to equation (S7-8):

ASD =
Qstrip × NA

nstrip × F × SA
                                                       (S7)

MSD =
Qstrip

nstrip × F
                                                          (S8)

where ASD is areal site density; MSD is mass site density; Qstrip is the total charge associated 
with the NO stripping peak; NA is the Avogadro constant; nstrip is electron transfer number to 
reduce one adsorbed NO per site; F is the Faraday constant; SA is external surface area of the 
electrocatalyst (Fig. S18 and Table S6).5

6. MEAs fabrication and PEMFCs tests
As-synthesized NPMEs (16 mg) were mixed with ultrapure water (56 μL), ethanol (3600 

μL), and PFSA resin solution (5 wt%, 334 μL) under mild sonication for 30 min to prepare 
cathodic catalyst ink. Similarly, commercial Pt/C (60 wt%, 1.33 mg) was dispersed in the 
mixture of ultrapure water (57.9 μL), ethanol (598 μL), and PFSA resin solution (5 wt%, 8.5 
μL) under sonication to prepare anodic catalyst ink. The cathodic and anodic ink was sprayed 
to each side of membrane with an active area of 4 cm2 to attain a cathodic and anodic catalyst 
loading of 2 mg cm-2 and 0.1 mgPt cm-2, respectively. Finally, the catalyst coated membrane 
was sandwiched in-between two pieces of gas diffusion layer (GDL) under a pressure of 4.6 
MPa for 2 min at 130 °C.

MEAs were assembled in a house-made single cell hardware equipped with a single 
serpentine flow field at a torque of 4.5 N m. PEMFCs were firstly conditioned under N2 at 
100% relative humidity (RH) until the cell temperature reached 80 °C. Afterwards, the anode 
and the cathode was supplied with H2 at 200 mL min-1 and O2 at 300 mL min-1 or air at 400 
mL min-1 at 100 RH%, respectively. Electrochemical impedance spectroscopy (EIS) was 
carried out at open circuit potential (OCP) by applying an AC amplitude of 10 mV over the 
AC frequency range from 10 kHz to 100 Hz on an Autolab potentiostat/galvanostat (Echo 
Chemie BV Model PGSTAT-302N).
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Figure S1 TEM images of house-made ZIF8 (a), F-ZIF8 (b), 15Fe@ZIF8 (c), and F-
15Fe@ZIF8 (d).

Figure S2 SEM image and the elemental mappings of C, N, F, and Fe of F-Fe-N-C.

Figure S3 XRD pattern of F-Fe-N-C with references of Fe3O4, gamma Fe and FeN0.0324.
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Figure S4 K-L plot of F-Fe-N-C derived from Fig. 2d.

Figure S5 Electron transfer number of F-Fe-N-C at different loadings on RRDE in 0.1 M 
HClO4 aq. Inset: corresponding average value of electron transfer number.

Figure S6 Chronoamperometric responses of commercial Pt/C and F-Fe-N-C in O2-saturated 
0.1 M HClO4 aq. with the injection of methanol at about 200 s.
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Figure S7 TEM images of F-Fe-N-C synthesized with a hemin content of 5 mg (a), 10 mg (b), 
15 mg (c), 20 mg (d), 25 mg (e), and 30 mg (f), respectively.

Figure S8 (a) E1/2 and Ej=0.1 of electrocatalysts synthesized with different molar ratios 
between 2-TFMI and 2-MI at a loading of 0.6 mg cm-2 on RDE (1600 rpm) in 0.1 M HClO4 

aq.; (b) A typical photograph of the sample synthesized with pure 2-TFMI.
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Figure S9 E1/2 and Ej=0.1 of electrocatalysts synthesized with different pyrolysis temperatures 
at a loading of 0.6 mg cm-2 on RDE (1600 rpm) in 0.1 M HClO4 aq.

Figure S10 N and Fe content of electrocatalysts pyrolyzed at 800, 900, and 1000 °C.

Figure S11 TEM images of samples obtained at 800 °C (a) and 1000 °C (b).
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Figure S12 XRD pattens of samples pyrolyzed at 800 and 1000 °C.

Figure S13 Raman spectrum of samples pyrolyzed at 800, 900, and 1000 °C.

Figure S14 Electron transfer number and HO2
- yield of F-Fe-N-C toward ORR in 0.1 M 

KOH aq.
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Figure S15 Chronoamperometric responses of commercial Pt/C and F-Fe-N-C in O2-
saturated 0.1 M KOH aq. with the injection of methanol at about 200 s.

Figure S16 E1/2 and Ej=0.1 of alkaline ORR of electrocatalysts synthesized with different 
hemin content (a), varied molar ratio between 2-TFMI and 2-MI (b), and changed pyrolysis 
temperature (c) at a loading of 0.6 mg cm-2 on RDE (1600 rpm) in 0.1 M KOH aq.; (d) E1/2 
and Ej=0.1 of alkaline ORR of F-Fe-N-C at different loadings on RDE (1600 rpm) in 0.1 M 

KOH aq.
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Figure S17 ORR polarization curves of F-Fe-N-C before and after the addition of 10 mM 
NaSCN in 0.1 M HClO4 aq.

Figure S18 N2 adsorption-desorption isotherms of F-Fe-N-C and house-made Fe-N-C. Inset: 
pore size distributions.

Figure S19 (a) High resolution N 1s XPS of F-Fe-N-C; (b) Relative content of different N 
species of (a).
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Figure S20 Scheme of the components of a PEMFC single cell.

Figure S21 (a) I-V and power density curves collected under H2-O2 and H2-air conditions; 
(b-c) Nyquist plots recorded at open circuit voltage under H2-O2 and H2-air conditions; (d) 

iR-free I-V and power density curves under H2-O2 and H2-air conditions; (e) Tafel plot under 
H2-O2 condition. Note: PEMFC single cells were fabricated with F-Fe-N-C as cathodic CLs.
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Figure S22 PEMFC stability test at 0.55 A cm-2 under 1 bar H2-Air.

Figure S23 (a) ORR polarization curves of F-Fe-N-C and house-made Fe-N-C in 0.1 M 
HClO4 aq. with an electrocatalysts loading of 1.2 mg cm-2 on RDE at 900 rpm. (b) CVs of 

house-made Fe-N-C before and after nitrite stripping in 0.5 M acetate buffer aq.

Figure S24 High resolution C 1s XPS of F-Fe-N-C.
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Figure S25 SEM image of F-Fe-N-C powders with selected areas used for EELS analysis.
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Table S1 Acidic E1/2 comparison between F-Fe-N-C and reported electrocatalysts

Sample Electrolyte E1/2

(V vs. RHE) Ref.

F-Fe-N-C 0.1 M HClO4 0.858 This work

Fe-SAs/NPS-HC 0.5 M H2SO4 0.791 8

Fe-Nx-CNF 0.1 M HClO4 0.72 9

FeSA-N-C 0.1 M HClO4 0.80 10

C@PVI-(DFTPP)Fe-800 0.1 M HClO4 0.7 11

NFC@Fe/Fe3C-9 0.1 M HClO4 0.73 12

CeF3-Fe/N/C 0.5 M H2SO4 0.78 13

MPCo-950-5 0.1 M HClO4 0.69 14

F-FeNC-2 0.5 M H2SO4 0.83 15

1.5Fe-ZIF 0.5 M H2SO4 0.88 16

Cr/N/C 0.1 M HClO4 0.773 17

FePhenMOF-ArNH3 0.1 M HClO4 0.78 18

1.6%CoNC-ArNH3 0.5 M H2SO4 0.785 19

Fe/Ni-Nx/OC 0.1 M HClO4 0.84 20

Fe(Zn)-N-C 0.1 M HClO4 0.83 21
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Table S2 Acidic MA comparison between F-Fe-N-C and reported electrocatalysts

Sample Electrolyte MA at 0.8 V (A g-1) Ref.

F-Fe-N-C 0.1 M HClO4 19.2 This work

CNRS-RP 0.1 M H2SO4 ~5 22

UCI-2 0.1 M H2SO4 ~3.8 22

UCI-1 0.1 M H2SO4 2.14 22

sur-FeN4-HPC 0.1 M HClO4 16.5 23

Fe2N6 0.5 M H2SO4 8.48 24

d-SA-FeNC 0.5 M H2SO4 10.48 25

[Fe(NCs)]_950 0.1 M HClO4 1.22 26

FeCl3-R/M=2/2 0.05 M H2SO4 3.0 27

OM-Fe-N-C-steam-800 0.1 M HClO4 12 28
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Table S3 Alkaline E1/2 comparison between F-Fe-N-C and reported electrocatalysts

Sample Electrolyte E1/2

(V vs. RHE) Ref.

F-Fe-N-C 0.1 M KOH 0.956 This work

Fe-SAs/NPS-HC 0.1 M KOH 0.894 8

Fe-Nx-CNF 0.1 M KOH 0.875 9

FeSA-N-C 0.1 M KOH 0.90 10

Fe/NG-SAC 0.1 M KOH 0.89 29

FeCu-DA/NC 0.1 M KOH 0.86 30

FeCl1N4/CNS 0.1 M KOH 0.921 31

Fe SAs-N/C-20 0.1 M KOH 0.915 32

Fe-N/GNs 0.1 M KOH 0.903 33

FeAB-O 0.1 M KOH 0.9 34

Fe/Ni-Nx/OC 0.1 M KOH 0.938 20

Zn/Fe2-N-C 0.1 M KOH 0.86 35
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Table S4 Fitting data of EXAFS of F-Fe-N-C

Sample CN R (Å) σ2 (Å2) ΔE (eV) R-factor

F-Fe-N-C 6 1.99 0.01243 -3.188 0.0040928

Table S5 57Fe Mössbauer fitting parameters of F-Fe-N-C

IS (mm s-1) QS (mm s-1) Γ (mm s-1) Area (%) Valence-state

Doublet1 0.42 1.89 1.14 39.6
FeIIN4C10

Low spin

Doublet2 0.38 0.86 0.49 60.4
FeIIIN4C12

High spin

Table S6 BET analysis of F-Fe-N-C and house-made Fe-N-C

Samples
Specific Surface 

Area (m2 g-1)
Micropore Area

(m2 g-1)
External Surface 

Area (m2 g-1)

F-Fe-N-C 962.29 591.65 370.64

House-made Fe-N-C 1007.67 634.47 373.20
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Table S7 MSD of F-Fe-N-C and reported electrocatalysts

Sample Site density (μmol g-1) Ref.

F-Fe-N-C 29.4 This work

FeSMC50 15.3 36

Fe-N-ox-BP 13.1 37

FeN4/NSC-1 25.3 38

FeNC-1:30 19.5 39

FeNC900-HP-900 18.7 40

Bz-Fe1-NC 26.6 41

Fe/PCNFs-950 23.5 42

Fe-N-C/MA 37.3 43

Fe-NCΔ-DCDA 77.5 44
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Table S8 Atomically dispersed Fe loading of F-Fe-N-C and reported electrocatalysts

Sample
Atomically dispersed

Fe loading (wt%)
Ref.

F-Fe-N-C 7.1 This work

FePhenMOF-ArNH3 0.5 18

FeNCF-(PVP+ZIF-8) 1.28 45

Fe-SAs/NPS-HC 1.54 8

F-FeNC-2 1.68 15

Fe-AC-CVD 1.7 46

pCNT@Fe1.5@GL-NH3 1.72 47

Fe-Nx-CNF 2.04 9

FeN4/NSC-1 2.2 38

TPI@Z8(SiO2)-650-C 2.78 48

FeSA-N-C 3.46 10

Fe-N-C/MA 3.5 43

Fe-N/C-1/30 3.8 49

Fe-N/C 5.86 50

Fe-NCΔ-DCDA 7 44
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Table S9 F content of F-Fe-N-C according to EELS analysis

Weight Percent (wt%) Atomic Percent (at%)
Element

Area 1 Area 2 Ave. Area 1 Area 2 Ave.

F 0.7 0.6 0.7 0.5 0.4 0.5

Table S10 Structural parameters of MEAs

MEA Anode CL Membrane Cathode CL

F-Fe-N-C 2.4 μm 20.7 μm 56.4 μm

House-made Fe-N-C 2.2 μm 20.3 μm 55.2 μm
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