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SUPPLEMENTARY INFORMATION

Supplementary figures

Supplementary Fig. 1 | a, SEM images of NC. b, SEM images of Fesac-NC.



w

4

Supplementary Fig. 2 | EELS point spectrum of Fesac-NC. a, full spectrum. b, C spectrum. ¢, N

spectrum. d, Fe spectrum.
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Supplementary Fig. 3 | a, N, adsorption-desorption curves of Fesac-NC. b, Pore distribution curve of

Fesac-NC.
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Supplementary Fig. 4 | a, N, adsorption-desorption curves of FeNs. b, Pore distribution curve of FeNy.
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Supplementary Fig. 5 | TGA curve of Fesac-NC tested in air ambient.
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Supplementary Fig. 7 | The normalized XANES spectra at the C K-edge of FeN4 and Fesac-NC.
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Supplementary Fig. 9 | LSV curve of NC.
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Supplementary Fig. 10 | a, LSVs curves of Fesac-NC measured at different RDE rotating speed in O»-
saturated electrolytes. b, The corresponding K-L plot of Fesac-NC.
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Supplementary Fig. 11 | a, LSVs curves of FeNs measured at different RDE rotating speed in O»-
saturated electrolytes. b, The corresponding K-L plot of FeNa.
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Supplementary Fig. 12 | a, RRDE test of FeN4. b, Electron transfer number (n) and H>O> yield

calculated from RRDE measurement of FeNa.
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Supplementary Fig. 15 | Methanol crossover effect test of Fesac-NC and 20% Pt/C.
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Supplementary Fig. 18 | a, Differential charge density of Fesac-N3C. b, Differential charge density of

FeNs. Yellow regions indicate charge accumulation, while cyan regions indicate charge depletion.
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Supplementary Fig. 19 | Detailed DOS of Fe d orbitals: (a) Fesac-NiC, (b) Fesac-N2C, (¢) Fesac-NsC,
(d) Fesac-N4C, (e) Fesac-NsC, (f) Fesac-NeC, (g) Fesac-N7C, (h) Fesac-NsC, (i) Fesac-NoC, (j) Fesac-
Ni10C, (k) Fesac-N11C, (1) Fesac-N12C, (m) Fesac-Ni3C, (n) Fesac-N14C, (0) Fesac-NisC, (p) Fesac-Ni6C,
(q) Fesac-N17C and (r) FeNa.
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Supplementary Fig. 20 | Schematic illustration of different hybridization modes of 3dyz (3dxz), 3dz’
and OH 27* orbital. (Ah means the spatial height difference.)

20



EANUST T

CO~JO\ W

21

N bond length of Fesac-NxC(x=1-17).
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Supporting tables
Supplementary Table 1 | Summary of NC, Fesac-NC, and FeN4 BET data.

Sample BET surface Total volume  Mesopore size
P area (m2-g™!) (cm?-g™h) (nm)
NC 255 0.29 54
Fesac-NC 725 1.66 154
FeNy 752 3.77 21.2
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1
% Supplementary Table 2 | Elemental composition of Fesac-NC.

elemental analyzer ICP TGA
C (wt.%) N wt%) O (wt%) H (wt.%) Fe(wt.%)
81.38 8.97 3.21 0.96 5.48 5.39
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1 Supplementary Table 3 | EXAFS fitting parameters of Fe foil and Fesac-NC.

Ac? x 103
Samples Shell N R (A) AEy (eV) R-factor
(A
Fe-Fe 8 2.42+0.01 6.8+1.2 10.6 £0.8
Fe foil 0.037
Fe-Fe 6 2.84+0.01 9.0+2.1 10.1+0.4
FeNy Fe-N 4 1.89+0.01 3.1+1.6 1.2+0.1 0.019
Fesac-NC Fe-N 3.7 1.90+0.02 8.17+ 1.1 -7.8+0.5 0.042
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5 Supplementary Table 4 | Summarize the Eo values of standard reference materials and Fesac-NC.

Sample Fe foil FexO3 FeNy Fesac-NC

Eo (eV) 7112.216 7126.305 7122311 7123.292
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5 Supplementary Table 5 | Summarize the most near-term reported single atoms-based electrocatalysts.

Sample Onset potential Half-wave potential Ref
(V vs. RHE) (V vs. RHE)

Fesac-NC 1.06 0.89 our work
Ru-SAS/SNC 0.998 0.861 1
Cu/Zn-NC 0.98 0.83 2
Co-N/C+NG 1.04 0.915 3
Fe-N-CDC/CNT 0.99 0.86 4
Fe-NiNC-50 1.0 0.84 5
FeSA/HNPC 0.92 0.83 6
Cu-SiN; 1.05 0918 7
Ni-N4+/GHSs/Fe-N4 0.93 0.83 8
Co1-N3;PS/HC 1.00 0.91 9
PSTA-Co-1000 0.96 0.878 10
Fe-N/P-C-700 0.941 0.867 11
Fe/OES 1.00 0.85 12
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Supplementary Table 6 | Adsorption free energies of *O, *OH, and *OOH on Fesac-NxC(X=1-17).

Catalysts AG+o(eV) AGson (eV) AG+oon (eV)
Fesac-NiC 1.93 0.84 3.56
Fesac-N2C 1.74 0.86 3.54
Fesac-N3C 1.70 0.84 3.60
Fesac-N4C 1.81 0.86 3.51
Fesac-NsC 1.70 0.80 3.52
Fesac-NeC 1.66 0.86 3.48
Fesac-N7C 1.65 0.83 3.48
Fesac-NsC 1.65 0.85 3.49
Fesac-NoC 1.66 0.84 3.53
Fesac-NioC 1.66 0.82 3.53
Fesac-N11C 1.66 0.86 3.61
Fesac-N12C 1.75 0.82 3.49
Fesac-Ni3C 1.65 0.75 3.40
Fesac-N14C 1.65 0.83 3.49
Fesac-NisC 1.77 0.82 3.51
Fesac-N16C 1.76 0.85 3.53
Fesac-N17C 1.66 0.84 3.50

FeNy 1.39 0.58 3.56
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Supplementary Table 7 | Reaction free energy of elementary step for ORR at U =0 V vs. RHE on
Fesac-NxC(X=1-17).

Catalysts AG1(eV) AG; (eV) AGs(eV) AG4(eV) AGs(eV)
Fesac-N1C -0.51 -0.85 -1.63 -1.09 -0.84
Fesac-N2C -0.52 -0.86 -1.80 -0.87 -0.86
Fesac-N3C -0.55 -0.76 -1.90 -0.86 -0.84
Fesac-N4C -0.55 -0.86 -1.82 -0.90 -0.80
Fesac-NsC -0.52 -0.89 -1.70 -0.95 -0.86
Fesac-NeC -0.70 -0.74 -1.82 -0.80 -0.86
Fesac-N7C -0.50 -0.94 -1.83 -0.82 -0.83
Fesac-NsC -0.42 -1.01 -1.84 -0.80 -0.85
Fesac-NoC -0.46 -0.93 -1.87 -0.82 -0.84
Fesac-N1oC -0.51 -0.87 -1.88 -0.83 -0.82
Fesac-N11C -0.71 -0.72 -1.85 -0.89 -0.86
Fesac-N12C -0.67 -0.84 -1.82 -0.84 -0.82
Fesac-Ni3C -0.54 -0.98 -1.75 -0.90 -0.75
Fesac-N14C -0.53 -0.90 -1.84 -0.82 -0.83
Fesac-Ni5C -0.53 -0.88 -1.74 -0.95 -0.82
Fesac-N16C -0.53 -0.87 -1.77 -0.91 -0.85
Fesac-N17C -0.53 -0.89 -1.84 -0.82 -0.84

FeNy -0.70 -0.67 -2.17 -0.81 -0.58
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1 Supplementary Table 8 | Fe-N1, Fe-N2, Fe-N3, Fe-N4 and the average Fe-N bond length over Fe-N-C
2 catalysts.

Average Fe-N

Catalysts Fe-N1 (A) Fe-N2 (A) Fe-N3 (A) Fe-N4 (A) A)
Fesac-N1C 1.90 1.90 1.90 1.90 1.90
Fesac-N3C 1.91 1.90 1.91 1.89 1.90
Fesac-N4C 1.90 1.90 1.89 1.91 1.90
Fesac-Ni16C 1.92 1.89 1.92 1.89 1.91
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