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Supplementary Figures

Supplementary Fig. 1. High magnification SEM image of 4-Fe>SiNs/SNC.
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Supplementary Fig. 2. TEM images of SNC. (a) At 500 nm and (b) 50 nm scale bar
showing the two-dimensional folded sheet-like structure. (c-f) Corresponding EDS
mapping images of SNC. Highly wrinkled SNC nanosheets with numerous tortuous
edges can be observed in the transmission electron microscope (TEM) image, which

provides a considerable number of active sites for trapping and anchoring metal atoms.



Before pyrolysis After pyrolysis
Supplementary Fig. 3. Controllable expansion preparation of SNC nanosheets. (a)

Before and (b) after pyrolysis.
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Supplementary Fig. 4. AFM image and corresponding height profile of A-

FeaSiNs/SNC.



Supplementary Fig. 5. Aberration-corrected high-angle annular dark-field

scanning transmission electron microscope (AC-HAADF-STEM) of A4-

Fe2S1Ns/SNC. (a) AC-STEM, (b-f) EELS mapping of Fe, S, N, and C.
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Supplementary Fig. 6. Characterizations of 4-Fe:S1Ns/SNC. (a) HAADF-STEM
image. (b) EDS spectrum. The element content in A-Fe>S1Ns/SNC was also labeled in

the quantitative EDS spectrum.
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Supplementary Fig. 7. TEM images of Fe2Ne¢/NC. (a) At 100 nm and (b) 20 nm scale
bar showing the two-dimensional wrinkle sheet-like structure. (c-f) Corresponding EDS
mapping images of FeaN¢/NC showing the Fe, N, and C elements are uniformly

distributed throughout the entire Fe;Ne/NC.



Supplementary Fig. 8. TEM images of Fei1S1N3/NC. (a) At 100 nm and (b) 20 nm
scale bar showing the two-dimensional wrinkle sheet-like structure. (c) Aberration-
corrected HAADF-STEM image. (d) HAADF-STEM image. (e-h) Corresponding EDS
mapping images of Fe;SiN3/NC showing the Fe, S, N, and C elements are uniformly

distributed throughout the entire Fe;S1N3/NC. Scale bar: 200 nm.
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Supplementary Fig. 9. TEM images of FeiN4/NC. (a) At 200 nm and (b) 20 nm scale
bar showing the two-dimensional sheet-like structure. (c, d) Corresponding EDS

mapping images of Fe;N4/NC. Scale bar: 200 nm.
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Supplementary Fig. 10. AC-HAADF-STEM of A-Fe2S1Ns/SNC. (a-b) AC-STEM
image. The dual Fe sites were signed by the yellow oval. (c) The statistical density of
the Fe-Fe dual sites and Fe single sites, as well the Fe-Fe diatomic distance from the
AC-STEM images shown in (b). According to the statistical data, the proportion of
diatoms Fe reaches ~80.7 %, and the proportion of single atoms Fe is ~19.3%.

The statistical analysis of the site distributions was conducted by counting the pair
distance for more than 140 sites (specifically 140 groups of metal sites) on the AC-
STEM image of 4-Fe>S1Ns/SNC. Among the identified sites, the Fe-Fe dual sites were
highlighted by a yellow ellipse. The majority of the dots were counted as dot pairs above

80.7%, which represent the bimetallic dual sites.
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Supplementary Fig. 11. AC-HAADF-STEM of Fe2Ne¢/NC. (a) Aberration-corrected
HAADF-STEM of the Fe:Ne/NC. (b) corresponding intensity profile in Region A of (a).
The diatomic Fe pair is circled with the red dashed line. (¢) Distance between two

adjacent Fe atoms in Region A and Region B.
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Supplementary Fig. 12. XRD patterns of 4-Fe>S1Ns/SNC, Fe1S1N3/NC, FeiN4/NC,
FexNg/NC, and SNC. The broad peaks at 20-30°and 40-50° are assigned to the (002)

and (101) plane of graphite, respectively.
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Supplementary Fig. 13. Raman patterns of 4-Fe>S1Ns/SNC, FeiN4/NC, FeaNe/NC,
and SNC. The results showed that /p/Ic was slightly elevated for the 4-Fe>S1Ns/SNC
compared with the Fe;N4/NC and Fe:N¢/NC, indicating a much higher percentage of
carbon atoms at the defects/edges of the A-FexSiNs/SNC thin sheet, which were

regarded as potential active sites for catalysis.

14



0.5
500 1019.0m’ g ’ —o—A-Te2SIN5/SNC

LR 10734 m’ g 2 0.41 ——Fe1SINs/NC
o 400 3 g A - —— FeaNs/NC
§ 9764 m’ g = o+ FeiN#NC
3 , E 031 SR
T 300 : il = ——SNC
£ ¥ 11253 m’ g 50
3 § = 0.2
= 200 —o—A-Fe2SIN5/SNC 3
2 —o—FeI1SIN/NC a o014
= 100 —— FesNe/NC 5
> o—FeiNa/NC ~

od 8 ——SNC 90

00 02 04 06 08 10 0 4 8 12 16
Relative pressure (P/Po) Pore diameter (nm)

Supplementary Fig. 14. BET analyses of A-Fe2S1Ns/SNC, Fe1S1N3/NC, Fex2Ne¢/NC,
FeiN4/NC, and SNC catalysts. (a) N> adsorption and desorption isotherms. (b) The

corresponding pore-size distributions.
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Supplementary Fig. 15. Characterization of Fe oxidation state from XANES. (a-b)
The Fe K-edge XANES spectra of the references (Fe foil, Fe3O4, FePc, FeS,,

Fe1SiN3/NC, FeiN4/NC, and Fe;Ne/NC).
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Supplementary Fig. 16. XANES measurements. (a) First-derivative XANES curves
of Fe foil, Fe3O4, and 4A-Fe2S1Ns/SNC. (b) Correlation between the Fe oxidation state
and the energy position of the XANES spectrum, determined as the first maximum of

the first derivative spectrum of A-Fe>SiNs/SNC and different Fe reference compounds.
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Supplementary Fig. 17. FT-EXAFS fitting curves of 4-Fe>S1Ns/SNC, Fe1Si1N3/NC,

FeaNe/NC, and FeiN4/NC.
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Supplementary Fig. 18. WT-EXAFS plots. (a) Fe foil, (b) FePc, (¢) Fe203, (d) FeS»,

(e) A-Fe2S1Ns/SNC, (f) Fe2Ne/NC, and (g) Fe1N4/NC.
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Supplementary Fig. 19. EXAFS fitting of 4-Fe2S1Ns/SNC. (a) the EXAFS fitting
curve of 4-Fe>S|Ns/SNC at Fe K-edge. We carried out EXAFS curve-fitting for the first
coordination shell of Fe by considering two backscattering paths, including Fe-N and

Fe-S. (b) q space fitting curve at Fe K-edge of A-Fe>S1Ns/SNC.
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Supplementary Fig. 20. Atomic coordination environment of FeiN4/NC. (a) FT k*-
weighted EXAFS spectra of FeiN4/NC and the reference samples. (b) FT-EXAFS
fitting curves of Fe1N4/NC and the corresponding Fe K-edge EXAFS fitting curves. (c)
q space fitting curve at Fe K-edge. (d) Atomic interface structure model of FeiN4/NC.

The gray, blue, and orange spheres represent the C, N, and Fe elements, respectively.
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Supplementary Fig. 21. Atomic coordination environment of FeiSiN3/NC. (a) FT
k*>-weighted EXAFS spectra of Fe;S1N3/NC and the reference samples. (b) FT-EXAFS
fitting curves of Fe1S1N3/NC and the corresponding Fe K-edge EXAFS fitting curves.
(c) q space fitting curve at Fe K-edge. (d) Atomic interface structure model of
Fe1SiN3/NC. The gray, yellow, blue, and orange spheres represent the C, S, N, and Fe

elements, respectively.
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Supplementary Fig. 22. Atomic coordination environment of Fe:N¢/NC. (a) FT k*-
weighted EXAFS spectra of FexNg/NC and the reference samples. (b) FT-EXAFS
fitting curves of Fe2N¢/NC and the corresponding Fe K-edge EXAFS fitting curves. (c)
q space fitting curve at Fe K-edge. (d) Atomic interface structure model of Fe:Ng¢/NC.

The gray, blue, and orange spheres represent the C, N, and Fe elements, respectively.

22



1.54 1.51 )
P c Py c H :
3 : 3 : H s
2 10 2 10 id .
@n w f
= &=
z A Z H
< : < :
% 0.5 b “ 051 /b
i il
0.0 —<—r— - - 0.0 —<—r— - .
7110 7140 7170 7200 7110 7140 7170 7200
Energy (eV) Energy (eV)
c d
. 1.5 .
3 W ? 3 o § o
2 d 2 101 i —
wn ' 175} o
= &=
< % :
» i 2 o5 v
al al
0.0-1— . 0.01—- T
7110 7140 170 7200 7110 7140 7170 7200
Energy (eV) Energy (eV)
e f
1.5 : 54
: ) L 7 Theo
] W § H =) R, 1 ; L i
2 1.0 : 15 : ; 104 d ie i Xpt
S p [72] "
7 g :
< g < H
“ 0591 [lb “ 054 [
aS ai
0.0 +— ; 0.0 ; s - i
7110 7140 7170 7200 7110 7140 7170 7200
Energy (eV) Energy (eV)
g h
54 1.54 g
i 4 Theo /
) P 5 f Bxpt| 3 ~U § f Expt
2 10 id S - 2 104 id i -
»n ' w) '
= i [ g
z. i Z ;
< [ < g
“ 0s5{ b “0s{ S
i &
0.0-1—- T T T 0.0-— .
7110 7140 7170 7200 7110 7140 7170 7200
Energy (eV) Energy (eV)

Supplementary Fig. 23. Fe K-edge XANES spectra. (a-h) Comparison between the
experimental Fe K-edge XANES spectrum of A-FexSiNs/SNC and the theoretical

spectra calculated with the depicted structures based on different Fe-S or C-S positions.
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Supplementary Fig. 24. XPS spectrum of 4-Fe2S1Ns/SNC. (a) XPS survey scan
spectra of 4-Fe>S1Ns/SNC. (b) The atomic content percentages of C, N, S, and Fe in 4-
FexSiNs/SNC. (¢) The Fe 2p, (d) N 1s, (e) C 1s, and (f) S 2p XPS spectrum.

It was obvious from the Fe 2p spectra that the two peaks at the binding energies of
709.3 eV and 722.3 eV were generally attributed to the Fe (II) species in A-
Fe>S1Ns/SNC and the other two peaks at 712.4 eV and 724.4 eV were the characteristic
peaks of Fe (III). The Fe**/Fe?" ratio was 1.51 for A-Fe>SiNs/SNC. The coexistence of

Fe (II) and Fe (II) species, suggested partial charge transfer from SNC to Fe*" centers.

24



a b
Fe 2,
Cls P32 Fe 2p
< S
z &
z g
il o ~
E N s OI Y Fe 2p =
100 200 300 400 500 600 700 800 700 710 720 730 740
Binding Energy (eV) Binding Energy (eV)
¢ d
Pyridnic N
N1s 5 ——Pyrrolic N
8 —— Graphitic N
S &
z £
Y e
= E
282 284 286 288 290 292 294 396 398 400 402 404 406
Binding Energy (eV) Binding Energy (eV)

Supplementary Fig. 25. XPS spectrum of Fex2Ne/NC. (a) survey spectrum, (b) The Fe

2p, (¢) N 1s, and (d) C l1s.
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Supplementary Fig. 26. XPS spectrum of Fe1S1N3/NC. (a) The Fe 2p, (b) S 2p, (¢c) C

s, and (d) N 1s.
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Supplementary Fig. 27. XPS spectrum of FeiN4/NC. (a) survey spectrum, (b) The Fe

2p, (¢) N 1s, and (d) C 1s.
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Supplementary Fig. 28. XPS spectrum of SNC. (a) C 1s, (b) N s, and (c) S 2p.
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Supplementary Fig. 29. Atomic coordination structure characterization. (a) Fe L-
edge XANES spectra. (b) C K-edge and (c) N K-edge XANES spectra of the A-
FexS1Ns/SNC, FeaNe/NC, and FeiN4/NC. (d) S L-edge XANES spectra of the A-
FexSiNs/SNC. The S L-edge features result from the electronic transitions of 2p

electrons to partially filled or empty molecular orbitals.

29



Region 1

Region 11

(etherand ¢y ! (N-H, C-OH, C-OOH)
= lepoxides) ! i Iy
5 '
= ~
- X A-Fe2SINs/SNC
g 3

53

g g
] =
£ g
5_:5 7]
z g SO.
g &
i

1000 1500 2000 2500 3000 3500 4000 1000 1100 1200 1300 1400

-1 2
Wavenumber (cm™) Wavenumber (cm D)

Supplementary Fig. 30. FTIR spectrum of the A4-Fe:SiNs/SNC catalyst. The
spectrum in Fig. R30a reveals the presence of numerous sulfur-containing and
nitrogen-containing terminal groups on the surfaces of A-FexSiNs/SNC. The
characteristic absorptions at 1350-1300 and 1160-1120 cm™! are attributed to the
stretching vibrations of S=O. For 4-Fe>S1Ns/SNC, no distinctive absorptions belonging

to S=0O groups were found in Fig. R30b, which indicates the inexistence of SOx in 4-

FexS1Ns/SNC.
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Supplementary Fig. 31. NH3-TPD profile of 4-Fe>SiNs/SNC catalyst.
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Supplementary Fig. 32. The influence of the amount of metal precursor on OER
performance. (a) OER polarization curves of different usage of metal precursor
content for different samples. The geometric surface area is 1.0 cm?. (b) Activity
volcano plot based on varied metal precursor content.

The effect of metal precursor (anhydrous ferric chloride) content on OER activity
has also been studied. To obtain the optimal amount of metal, we used different qualities
of metal precursors (30, 40, 50, 60, 70, and 100 mg) to prepare the catalyst using the
same process. Subsequently, the OER performance of the resulting catalysts was
evaluated. We depicted the relation of metal precursor content as the function of the
overpotentials for the electrode. The OER activity of the catalyst was relatively good

when the amount of metal precursor was 40 mg, as shown in the LSV curve of OER.
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Supplementary Fig. 33. The corresponding LSV curves without iR compensation for

A-Fe>S1Ns/SNC, Fe1SiN3/NC, FeaNe/NC, FeiN+/NC, and SNC.
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Supplementary Fig. 34. Performance characterization. (a) Tafel slope of A-
FexSiNs/SNC, FeiSiN3/NC, FeaNe/NC, FeiN4/NC, and RuO,. (b) Comparison of

overpotential and Tafel slope values at a current density of 10 mA cm ™.
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Supplementary Fig. 35. CV plots at various sweep rates. (a) 4-Fe2SiNs/SNC, (b)

Fe1SiN3/NC, (¢) FeaN¢/NC, (d) FeiN4/NC, and (e) SNC for OER.
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Supplementary Fig. 36. Calculated Ca values of A-FexSiNs/SNC, FeiSiN3/NC,

FeaNe/NC, FeiN4/NC, and SNC.
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Supplementary Fig. 37. Performance characterization. (a) ECSA normalized LSV
curves. (b) EIS curves of 4-Fe>SiNs/SNC, FeiSiN3/NC, FeaNg/NC, FeiN4/NC, and
SNC at an overpotential of 10 mV. EIS shows the series resistance (Rs) of 2.7, 3.6, 4.5,
5.6, and 8.1 Q for A-FexSiNs/SNC, FeiSiN3/NC, FeaNe/NC, FeiN4/NC, and SNC,
respectively.

The ECSA was determined by: ECSA = Cai/Cs, where Cqi is double-layer capacitance
and C;s is the specific capacitance of the sample. In this study, a general specific

capacitance of Cs=0.035 mF cm 2 was used based on the typical reported value.
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Supplementary Fig. 38. Performance characterization. (a) TOFs of the measured
catalysts calculated based on the loaded Fe atoms at different overpotentials. (b) The

mass activity of the measured catalysts was calculated based on the loaded Fe atoms at

different overpotentials.
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Supplementary Fig. 39. Experimental and theoretical volumes of generated O> and

Faraday efficiency of 4-Fe>S1Ns/SNC in 1.0 M KOH.
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Supplementary Fig. 40. The catalytic performance of 4-Fe2S1Ns/SNC under the
industrial electrolytic water system. (a) LSV curves of the 4-Fe>SiNs/SNC electrode
for water electrolysis in 30% KOH at 80 °C and 1.0 M KOH at 25 °C. (b) Potentials for
OER on the 4-Fe>S1Ns/SNC electrode at current densities of 10, 100, 200, and 400 mA
cm? in 30% KOH at 80 °C. and 1.0 M KOH at 25 °C, respectively. The results were
carried out with 95% iR-compensation. (¢) LSV curves for initial, 1000, and 2000 CV
tests on the A-FexSiNs/SNC catalyst in 30% KOH electrolyte at 80 °C. (d)

Chronpotentiometric curve at 400 mA cm™ for the 4-Fe;SiNs/SNC electrode towards

OER in 30% KOH at 80 °C.
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Supplementary Fig. 41. The detail of the in-situ X-ray absorption spectroscopy
measurement. The device is set up at 14W1 beam line with the support from SSRF,
where the X-ray induced fluorescence model is applied. CE, counter electrode; WE,

working electrode; RE, reference electrode.
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Supplementary Fig. 42. Structural characterization. (a) Corresponding first-
derivative XANES curves at the Fe K-edge for OER. (b) The oxidation state of 4-

Fe2S1Ns/SNC at Fe K-edge for OER derived from (a).
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Supplementary Fig. 43. EXAFS fitting curves of 4-Fe2S1Ns/SNC-in situ at 1.31 V.
(a) The FT-EXAFS fitting curve at Fe K-edge, (b) k space fitting curve, and (c) q space

fitting curve.
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Supplementary Fig. 44. EXAFS fitting curves of 4-Fe2S1Ns/SNC-in situ at 1.42 V.
(a) The FT-EXAFS fitting curve at Fe K-edge, (b) k space fitting curve, and (c) q space

fitting curve.
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Supplementary Fig. 45. LSV curves before and after the 50000 CV stability test.

Note: the geometric surface area is 1.0 cm?; series resistance (Rs) is 2.7 Q.
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Supplementary Fig. 46. Summary of the long-term durability in water electrolysis

for A-Fe>S1Ns/SNC and other reported electrocatalysts (Supplementary Table 5).
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Supplementary Fig. 47. Morphology characterization of 4-Fe2S1Ns/SNC after the
50000 cycles CV tests. (a-c) TEM, (d) Aberration-corrected HAADF-STEM, (e-h)

EDS mapping images of Fe, S, N, and C. Scale bar: 200 nm.
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Supplementary Fig. 48. Structural characterization of 4-Fe2S1Ns/SNC after the
OER 50000 cycles CV test. (a) XRD pattern. (b) Raman pattern. XPS spectra for (c)
Fe 2p and (d) N 1s. XPS spectra for S 2p of (e) before 50000 CV and (f) after 50000
CV. (g) C 1s. (h) The atomic content percentages of C, N, S, and Fe in 4-Fe2SiNs/SNC

after OER cycling.
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Supplementary Fig. 49. Component characterization. (a) XRD and (b) XPS survey

spectrum of 4-C02S1Ns/SNC, A-Cu2S1Ns/SNC, 4-NixS1Ns/SNC, and A-Mn>S1Ns/SNC.
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Supplementary Fig. 50. Morphology characterizations of 4-C02S1Ns/SNC. (a, b)
TEM. (¢) HAADF-STEM. (d, f) Aberration-corrected HAADF-STEM. (e) EDS
mapping images of Co, S, N, and C. (g) statistical Co-Co distance in the observed

diatomic pairs in region B of Figure (f). Scale bar: 200 nm.
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Supplementary Fig. 51. Morphology characterizations of 4-Cu2S1Ns/SNC. (a, b)
TEM. (c) HAADF-STEM. (d, f) Aberration-corrected HAADF-STEM. (e) EDS
mapping images of Cu, S, N, and C. (g) statistical Cu-Cu distance in the observed

diatomic pairs in region B of Figure (f). Scale bar: 200 nm.
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Supplementary Fig. 52. Morphology characterizations of 4-Ni2S1Ns/SNC. (a, b)
TEM. (¢) HAADF-STEM. (d, f) Aberration-corrected HAADF-STEM. (e) EDS
mapping images of Ni, S, N, and C. (g) statistical Ni-Ni distance in the observed

diatomic pairs in region B of Figure (f). Scale bar: 500 nm.
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Supplementary Fig. 53. Morphology characterizations of 4-Mn2S1Ns/SNC. (a, b)
TEM. (¢) HAADF-STEM. (d, f) Aberration-corrected HAADF-STEM. (e) EDS
mapping images of Mn, S, N, and C. (g) statistical Mn-Mn distance in the observed

diatomic pairs in region B of Figure (f). Scale bar: 500 nm.
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Supplementary Fig. 54. Atomic local structure characterizations. (a) XANES
spectra at the Co K-edge of 4-C02S1Ns/SNC, Co304, and Co foil. (b) Fourier transforms

(FT) at the Co K-edge of 4-C02S1Ns/SNC, Co304, and Co foil.
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Supplementary Fig. 55. Atomic local structure characterizations. (a) XANES

spectra at the Cu K-edge of 4-Cu2S1Ns/SNC, CuO, and Cu foil. (b) Fourier transforms

(FT) at the Cu K-edge of 4-CuxSi1Ns/SNC, CuO, and Cu foil.
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Supplementary Fig. 56. Atomic local structure characterizations. (a) XANES
spectra at the Ni K-edge of 4-Ni>SiNs/SNC, NiO, and Ni foil. (b) Fourier transforms

(FT) at the Ni K-edge of 4-Ni2S1Ns/SNC, NiO, and Ni foil.
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Supplementary Fig. 57. Atomic local structure characterizations. (a) XANES
spectra at the Mn K-edge of A-MnySiNs/SNC, MnO,, and Mn foil. (b) Fourier

transforms (FT) at the Mn K-edge of 4-Mn,S1Ns/SNC, MnO», and Mn foil.
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Supplementary Fig. 58 The FT-EXAFS fitting curve. (a) 4-C02S1Ns/SNC, (b) 4-

CuzS1Ns/SNC, (c) A-NizSiNs/SNC, and (d) A-MnaSiNs/SNC.
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Supplementary Fig. 59. The k space fitting curve. (a) 4-Co,SiNs5/SNC, (b) A4-

CuzS1Ns/SNC, (c) A-NizSiNs/SNC, and (d) A-MnaSiNs/SNC.
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Supplementary Fig. 61. OER performance of A-C02S1Ns/SNC, A-Cu2S1Ns/SNC,

A-Mn2S1Ns/SNC, and A-Ni2S1Ns/SNC. (a) LSV curves, (b) Tafel slope.
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Supplementary Fig. S62 Four kinds of optimized diatomic Fe embedding into N-
doped graphene: (a) Fea/N3-61, (b) Fea/N3-62, (¢) Fea/Ny-6, and (d) Fer/Ns-8. The
brown, blue, and gray balls mark Fe, N, and C atoms, respectively. The red circles

indicate Fe-1 and Fe-2.
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Supplementary Fig. 63. (a) The energy difference between FM (ferromagnetic) and
AFM (antiferromagnetic) states in possible diatomic Fe embedding into N-doped
graphene configurations using PBE functional with and without DFT+U (U = 4.0 for
Fe atom) correction. Note that FM and AFM states are based on the initial magnetic
state setting, after optimizing, the AFM state may be altered to be a ferrimagnetic state.

(b) Their formation energies are based on the stable magnetic state.
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Supplementary Fig. 64. The optimized configurations of A-Fe2S1Ns/SNC in the 6x6
supercell of graphene (a-h). (a-c) Fe dimer displaces four carbon sites, coordinated by
five nitrogen atoms and one sulfur atom with different carbon sites, named “1, 2, 3”.
(d-f) Fe dimer replacing five carbon sites, coordinating by five nitrogen atoms and
sulfur atom with different carbon sites, named “4, 5, 6. (g, h) Fe dimer displacing five
carbon sites, bonding with fewer nitrogen atoms with number four and three, named “7,
8”. The Brown, blue, yellow, and gray balls indicate Fe, N, S, and C atoms, respectively.
The red circle indicates Fe-1 (with three nitrogen atoms) and Fe-2 (with two nitrogen

atoms and one sulfur atom).
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Supplementary Fig. 65. (a) The energy difference between FM (ferromagnetic) and
AFM (antiferromagnetic) states in possible A-Fe>SiNs/SNC configurations (named “1-
8”) using PBE functional with and without DFT+U (U = 4.0 for Fe atom) correction.
Note that FM and AFM states are based on the initial magnetic state setting, after
optimizing, the AFM state may be altered to be a ferrimagnetic state. (b) Their

formation energies are based on the stable magnetic state.
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(b)

Supplementary Fig. 66. The possible configurations of Fei1SiN3/NC single-atom
catalyst with (a) Fe;SiN3-1 and (b) Fe1SiN3-2. The Fe1SiN3-1 model possesses the
lowest formation energy with -11.07 and -13. 38 eV by PBE functional with and without

DFT + U correction.
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Supplementary Fig. 67. Optimized configurations with different H, OH, and O
coverages on the Fe:N¢/NC system. (a) H-OH, (b) OH, (c) O, (d) 20H, (e) 30H, (f)
20, and (g) 30 overages on the Fe;N¢/NC system. The brown, red, gray, blue, and white

ball marks Fe, O, C, N, and H atoms, respectively.

67



Supplementary Fig. 68. Optimized configurations with different H, OH, and O
coverages on the 4-Fe2S1Ns/SNC system. (a) H-OH, (b) OH, (c) O, (d) 20H, (e) 30H,
(f) 20, and (g) 30 overages on the 4-Fe>SiNs/SNC system. The brown, yellow, red,

gray, blue, and white ball marks Fe, S, O, C, N, and H atoms, respectively.
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O-OH

Supplementary Fig. 69. Optimized configurations of H, O, and OH coverage on
the Fe1S1iN3/NC system. (a) H-OH, (b) OH, (c¢) O, (d) 20H, (e) O-OH, and (g) 20
overages on the Fe;SiN3/NC system. The brown, yellow, red, gray, blue, and white ball

marks Fe, S, O, C, N, and H atoms, respectively.
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Supplementary Fig. 70. The free energy change of different intermediate
coverages versus reversed hydrogen electrode potential on the bare (a) FeoNs/NC

and (b) Fe1S1N3/NC catalysts.
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Supplementary Fig. 71. Optimized configurations of OER intermediates. (a) OH,
(b) O, (c) 20H, (d) OOH, (e) O-OH, (f) 20, and (g) O2 on the 30-Fe>S1Ns/SNC system.
The brown, yellow, red, gray, blue, and white ball marks Fe, S, O, C, N, and H atoms,

respectively.
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Supplementary Fig. 72. Optimized configurations of OER intermediates. (a) OH,
(b) O, (c) 20H, (d) OOH, (e) O-OH, (f) 20, and (g) Oz on the 30-FeaNs/NC system.

The brown, red, gray, blue, and white ball marks Fe, O, C, N, and H atoms, respectively.
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Supplementary Fig. 73. Optimized configurations of OER intermediates. (a) OH,
(b) O, (c) OOH, and (d) O on the 20H-Fe;S1N3/NC system. The brown, yellow, red,

gray, blue, and white ball marks Fe, S, O, C, N, and H atoms, respectively.
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Supplementary Fig. 74. At U = 0 V, a comparison of Gibbs free energy changes of

OER intermediates in Fe;SiN3/NC.

—~ 0.8

E 30-Fe,S,N,/SNC *20

]

S0 U=1.23V

S 0.6

S

] s %

:Eo 0.4 1 : (0] OOH

= #20H",

E 0.2 1 *O+*OH:

_g *OH ."'..

e SHH,0 (1), : L, -
O 0.0 T : (&)

Supplementary Fig. 75. Gibbs free energy profiles of 30-Fe>SiNs/SNC under the
potential of 1.23 V vs RHE. The conventional intermediates are represented in cyan,

the unconventional ones are in red.
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Supplementary Fig. 76. Gibbs free energy profiles of 30-FeaNe/NC under the
potential of 1.23 V vs RHE. The conventional intermediates are represented in cyan,

the unconventional ones are in red.
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Supplementary Fig. 77. The free energy change of primary steps for OER on the 20H-
Fe1S1N3/NC sites under the RHE with 0, 1.23, and 1.58 V. wherein the 1.23 V and 1.58

V indicate the equilibrium potential and the onset potential of OER, respectively.
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Supplementary Fig. 78. The pCOHP results with O-Fe bond of OER intermediate on

the (a) 30-Fe2S1Ns/SNC and (b) 30-FexNe/NC systems. Solid and dashed line marks

the spin-up and spin-down, respectively.
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Supplementary Fig. 79. Differential charge density diagram. (a) A-Fe>S1Ns/SNC,
(b) FeaNe¢/NC, and (c) Fe1SiN3/NC between Fe and SNC/NC substrates. The yellow
and cyan contour with the isosurface value of 0.01 e/bohr® marks augmented and
reduced charge density, respectively. The number indicates the localized charge of the
Fe atom by the scheme of the Bader formula. The brown, gray, blue, yellow, red, and

white balls indicate Fe, C, N, S, O, and H atoms, respectively.
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Supplementary Fig. 80. Spin charge density diagram. (a) 4-Fe>SiNs/SNC, (b)
Fe:Ne/NC, and (c) FeiSiN3/NC between Fe and SNC/NC substrates. The yellow
contour with the isosurface value of 0.05 e/bohr’ marks spin charge density, the number
indicates the size of the magnetic moment. The brown, gray, blue, yellow, red, and white

balls indicate Fe, C, N, S, O, and H atoms, respectively.
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Supplementary Fig. 81. Optimized configurations of ORR intermediates. (a) Oa,
(b) OOH, (¢) O, and (d) OH on the 20H-Fe>Ne/NC system. The brown, red, gray, blue,

and white ball marks Fe, O, C, N, and H atoms, respectively.
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Supplementary Fig. 82. Optimized configurations of ORR intermediates. (a) Oo,
(b) OOH, (c¢) O, and (d) OH on the 20H-Fe>SiNs/SNC system. The brown, yellow, red,

gray, blue, and white ball marks Fe, S, O, C, N, and H atoms, respectively.
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Supplementary Fig. 83. The free energy change profile of ORR mechanism. (a)

20H-Fe>S1Ns/SNC, (b) 20H-FexNe/NC, and (¢) 20H-Fe1S1N3/NC.

82



@ig- b)ig

tedecccdecccloecnccslcccctacaa,

tedecccdeccandacss

Supplementary Fig. 84. The charge and magnetic moment distribution of Fe atom.
(a) 20H-Fe>S1Ns/SNC, (b) 20H-FexN¢/NC, and (¢) 20H-Fe1S1N3-NC. The former and
latter number of the parenthesis marks the Bader charge and magnetic moment,
respectively. The brown, gray, blue, yellow, red, and white balls indicate Fe, C, N, S,

O, and H atoms, respectively.
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Supplementary Fig. 85. CV test in different atmospheres. (a) CV curves of A-

Fe>S1Ns/SNC in Oz- and N»-saturated 0.1 M KOH electrolyte at a scan rate of 50 mV/s.
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Supplementary Fig. 86. ORR electrochemical activity in 0.1 M KOH. (a) Linear
sweep voltammetry curves (LSV) and (b) the corresponding Tafel plots of the different
catalysts at 1600 rpm. (c) Kinetic current density (Jk) at 0.85 V versus reversible
hydrogen electrode (versus RHE) and half-wave potentials of A-Fe2SiNs/SNC,
Fe1S1N3/NC, FeaNe/NC, FeiN4/NC, SNC, and Pt/C catalysts. (d) Calculated Cqi values

from corresponding samples.

As shown in Supplementary Fig. 86a, A-Fe>S1Ns/SNC displayed superior ORR
activity as evidenced by a high onset potential (Eonset) 0f 1.05 V, close to that of Pt/C
(0.99 V). However, Fe1SiN3/NC, Fe:Ne/NC, FeiN4/NC, and SNC exhibited lower
electrocatalytic performance with Eonset values of 0.98, 0.97, 0.95, and 0.83 V,
respectively. Linear sweep voltammetry (LSV) curves of these catalysts indicated the

best activity of A-Fe>SiNs/SNC with aspect to its highest halfwave potential (Ei2).
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Specifically, Eiz of A-Fe2SiNs/SNC, FeiSiNs/NC, FeaNe/NC, FeiN4/NC, SNC, and
Pt/C was 0.91, 0.85, 0.82, 0.79, 0.70, and 0.85 V vs. RHE, respectively. The lowest
Tafel slope of A-Fe2S1Ns/SNC (87 mV dec) among those of Fe1S1Ns/NC (89 mV dec”
D, FeaNe/NC (91 mV dec™), FesN4/NC (109 mV dec?), SNC (110 mV dec?), and Pt/C
(101 mV dec?) also supported the superior ORR Kkinetics of A-Fe;SiNs/SNC
(Supplementary Fig. 86b). Moreover, A-Fe;S1Ns/SNC exhibited a remarkable kinetic
current density (Jk) of 12.6 mA cm2at 0.85 V vs. RHE, about 4 times and 7 times higher
than those of Fe:Ne/NC (3.5 mA cm?) and Fe:N4/NC (1.8 mA cm™), respectively
(Supplementary Fig. 86¢). Moreover, the electrochemical double-layer capacitance
(Cai) examinations revealed that A-Fe2SiNs/SNC exhibited the highest Cq (13.6 mF
cm2), confirming the highest exposed electrochemical active surface area for ORR

(Supplementary Fig. 86d).
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Supplementary Fig. 87. CV plots at various sweep rates. (a) 4-Fe2SiNs/SNC, (b)

FexNe/NC, (c) FeiN4/NC, and (d) SNC for ORR.
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Supplementary Fig. 88. ORR electrochemical activity. (a) LSV curves of A-
FexSiNs/SNC at various rotation rates. (b) The K-L plots for 4-Fe>SiNs/SNC. (¢)
Electron transfer number (n, bottom) and H>O» yield (top) versus potential for A-
Fe>S1Ns/SNC. (d) Stability test of A-Fe>S1Ns/SNC. Inset: LSV curves before and after
the 5000 CV test.

To further analyze the ORR reaction mechanism of the 4-Fe>S1Ns/SNC catalyst,
Koutecky-Levich plots at various applied potentials (Supplementary Fig. 88a) were
collected to determine the electron transfer number (n) based on the LSV curves at
various rotating speeds ranging from 400 rpm to 2025 rpm. Linear plots comply with
the first-order reaction kinetic of the dissolved oxygen concentration and the n.
According to the Koutecky-Levich equation, the n was calculated to be = 4, signifying
a high 4e” selectivity for ORR (Supplementary Fig. 88b). Durability was another
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important evaluation indicator of the electrocatalyst. In addition, the catalyst could still

maintain high electrochemical durability after 40000 s of continuous operation under a

constant voltage (Supplementary Fig. 88d).

with CH3OH
44 = without CH30H

J (mA cm™)

02 04 06 08 1.0 1.2
Potential (V vs. RHE)

Supplementary Fig. 89. Cyclic voltammetry (CV) data for 4-Fe>S1Ns/SNC in O»-
saturated 0.1 M KOH without and with 0.5 M CH3OH. There was no obvious change

in the current density for the 4-Fe>S1Ns/SNC catalyst after methanol injection.
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Supplementary Fig. 90. Rechargeable Zn-air battery performance. (a) Open-circuit
voltage diagram of A-Fe.SiNs/SNC and Pt/C-based ZABs. (b) Charge/discharge
polarization. (c) LSV curves and corresponding power density plots. (d) Specific
capacity measurements of A-Fe>SiNs/SNC and Pt/C-based ZABs. (e) Galvanostatic

discharge-charge cycling curves.

The A-Fe>SiNs/SNC-based battery shows a maximum peak power density of
182.1 mW cm?, significantly higher than that of Pt/C+RuO2 (103.6 mW cm2) based

batteries. Importantly, the A-Fe>S1Ns/SNC-based battery delivered good performance
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and outperformed most reported results. In Supplementary Fig. 90d, the specific
capacity of A-Fe,Si1Ns/SNC-based battery at discharge currents of 10 mA cm~2 was
determined to be 815.7 mA h g%, and the corresponding Zn utilization ratios were
calculated to be 95.7%. The cyclability of ZAB was evaluated under continuous
galvanostatic discharge/charge at a current density of 10 mA c¢cm2 with a duration of
30 min per cycle (Supplementary Fig. 90e). Compared with Pt/C+RuO>-based battery,
A-Fe2SiNs/SNC  demonstrated negligible voltage decay within 300 h (600
discharge/charge cycles), revealing superior long-term durability. More importantly,
the zinc—air battery assembled with A-Fe2SiNs/SNC exhibited superior performance
than other benchmarking counterparts in terms of peak power density, specific capacity,
and cycling stability. The highly exposed active sites and unique electronic structure in
SACs obtained by different synthesis methods contribute to the good bifunctional ORR
and OER performance in rechargeable zinc—air batteries. Taken together, these results
strongly support the superiority of A-Fe;S1Ns/SNC as a potential material in the zinc-

air battery.
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Supplementary Table 1 The porosity of as-prepared catalysts.

Samples SBET Total pore volume Average pore diameter
(m* g™ (em® g) (nm)
A-FexSiNs/SNC 1019.0 0.7294 2.42
Fe1SiN3/NC 1073.4 0.7109 2.31
FeaNe¢/NC 976.4 0.7391 2.35
FeiN4/NC 994.9 0.7109 2.31
SNC 1125.3 0.7511 2.75

Supplementary Table 2 Light elements contents in the 4-Fe>SiNs/SNC using CHNS

analysis.

Samples C wt% N wt% S wt% H wt%

A-FexSiNs/SNC 80.05 11.55 1.775 0.098
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Supplementary Table 3 Structural parameters extracted from the Fe K-edge EXAFS

fitting. (S*=0.87)

sample Scattering pair CN R(A) 6321(&12;) AEo(eV) R factor

Fe-Fel 8 2.47 6.5

Fe foil Fe-Fe2 6 )34 73 1.5 0.008

FeiN4/NC Fe-N 4.0 1.95 6.7 1.0 0.005
Fe-N 3.1 1.92 5.4

Fe:No/NC Fe-Fe 10 252 5.9 20 0.008
Fe-N 2.5 1.90 4.1

A-Fe;SiNs/SNC Fe-S 0.5 230 4.6 2.0 0.006
Fe-Fe 1.0 2.56 6.9

So? is the amplitude reduction factor; CN is the coordination number; R is interatomic

distance (the bond length between central atoms and surrounding coordination atoms);

o is Debye-Waller factor (a measure of thermal and static disorder in absorber-scatterer

distances); AEo is edge-energy shift (the difference between the zero kinetic energy

value of the sample and that of the theoretical model). R factor is used to value the

goodness of the fitting.
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Supplementary Table 4 Calculated Cai and ECSA values for different catalysts.

Catalyst Ca (mF) ECSA (cm?)?
A-Fe>S1Ns/SNC 3.2 91.4
Fe1SiN3/NC 2.5 71.4
FeaNe/NC 2.1 60.0
FeiN4/NC 1.2 28.6

# ECSAs are determined by the equation of ECSA = Cqi/CsxS and S is the electrode area

(1.0 cm?).

Supplementary Table 5 Comparison of OER performance with other catalysts.

Tafel N1o Durability

Catalyst slope (mV) (h) reference
(mV
dec)
A-Fe>S1Ns/SNC 61 1932 >2000 This work
50000 CV
Ni-NHGF 63 331 20 Nature Catalysis 2018, 63-72
WCi-FeNi 44 2372 1000 Nature Materials 2021, 20, 1240-
1247
Iri/Ni LDH-T 41 22823 12 Nat. Commun. 2024, 152:559
Ni/Fe-CNG 74 270b 72 Nat. Commun. 2021, 12, 5589
NiFe-DASC 45 3100 30 Nat. Commun. 2021, 12:4088
EA-FCCN 38.7 221# 20 Nat. Commun. 2020, 11:4066
(FeCoCrNi MCA)
Ru/CoFe-LDHs 39 1982 24 Nat. Commun. 2019, 10:1711
SINiNx-PC 45 2802 10 Nat. Commun. 2019, 10:1392
NisFe«Vx/CFP 39 2642 60 Nat. Commun. 2018, 9:2885
Au-NiFeOOH 36 2372 20 J. Am. Chem. Soc. 2018, 140, 3876-
3879
Fe-Co-Ni MOF 53.1 2542 48 J. Am. Chem. Soc. 2022, 144, 3411-
3428
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Fe-NC 114 450° 3000 CV J. Mater. Chem. 4, 2020, 8, 9981-

9990
Ni-O-G SACs 42 2243 50 Adv. Sci. 2020, 7, 1903089
H-Co@FeCo/N/C 96 378° 12 Applied Catalysis B: Environmental.

2020, 278, 119259

2in 1.0 M KOH electrolyte. ® in 0.1 M KOH electrolyte. The electrolyte is 1.0 M
KOH solution at a constant temperature of 25 2 <C, with the mass loading of 0.26

mg cm™.
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Supplementary Table 6. Results of metal leaching experiments (before and after

50000 CV cycles) by ICP.
Sample Fe content (Wt%) Retention
Initial 6.72
A-Fe>S1Ns/SNC 97.9%
50000 CV 6.57

Supplementary Table 7 Structural parameters extracted from the Fe K-edge EXAFS

fitting. (So?=0.87)

Scattering o?(10- R
sample pair CN R@A) 7 A AEo(eV)
Fe-N 24 188 3.7
A-Fe;S1Ns/SNC-in Fe-O 1.1 2.01 5.6
itu-1.31V 3.0 0.007
situ-1. Fe-S 0.5 229 49
Fe-Fe 1.0 253 6.5
Fe-N 23 185 6.5
A-FexS1Ns/SNC-in Fe-O 1.4 2.01 5.8
itu-1.42V 2.0 0.009
situ-1. Fe-S 04 227 59
Fe-Fe 1.1 249 7.0

So? is the amplitude reduction factor; CN is the coordination number; R is interatomic
distance (the bond length between central atoms and surrounding coordination atoms);
o? is Debye-Waller factor (a measure of thermal and static disorder in absorber-
scattered distances); AEo is edge-energy shift (the difference between the zero kinetic
energy value of the sample and that of the theoretical model). R factor is used to value

the goodness of the fitting.
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Supplementary Table 8 Structural parameters extracted from the Mn, Cu, Co, and Ni

K-edge EXAFS fitting. (So*=0.86)

Scattering

2 3.2

sample pair CN RQA) 4 10 A) AE (eV) R factor
Mn-N 2.3 1.91 4.1

A-MnyS1Ns/SNC 4.8 0.008
Mn-S 0.6 2.34 2.5
Cu-N 24 2.02 32

A-CusS Ns/SNC 5.9 0.005
Cu-S 0.5 2.31 6.8
Co-N 2.6 1.95 4.6

A-C02S1Ns/SNC 25 0.008
Co-S 04 2.33 7.3
Ni-N 2.5 1.93 53

A-Ni2S1Ns/SNC . 3.7 0.007
Ni-S 0.6 2.32 6.4
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Supplementary Table 9 The adsorption free energy of various intermediates on the A-

Fe>S1Ns/SNC catalyst. MM represents the total magnetic moment. AG = AGeorr + AE.

Species MM/uB AE/eV AGecorr/eV AG/eV
O 7.45 -0.65 0.01 -0.64
OH 7.93 -1.80 0.31 -1.49
20H 0.33 -2.12 0.63 -1.49
30H 8.00 -1.51 0.94 -0.57
20 -1.00 0.81 0.02 0.83
30 9.00 3.32 0.03 3.34

H-OH 1.00 -0.44 0.66 0.22
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Supplementary Table 10 The adsorption free energy of various intermediates on the

FexNe/NC catalyst. MM represents the total magnetic moment. AG = AGeorr + AE.

Species MM/uB AE/eV AGecorr/eV AG/eV
O 8.00 -0.47 0.03 -0.44
OH 7.67 -1.57 0.32 -1.25
20 8.00 1.80 0.07 1.87
30 8.67 4.17 0.10 4.27
20H 8.00 -1.64 0.64 -1.00
30H 1.00 -0.94 0.95 0.01

H-OH 8.00 -0.63 0.64 0.01
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Supplementary Table 11 The adsorption free energy of various intermediates on the

Fe1S1N3/NC catalyst. MM represents the total magnetic moment. AG = AGeorr +AE.

Species MM/uB AE/eV AGecorr/eV AG/eV
O 3.00 1.64 -0.02 1.62
OH 2.00 0.23 0.26 0.49
20H 3.00 0.49 0.52 1.01
20 3.04 4.10 -0.04 4.07

H-OH 1.00 1.63 0.66 2.29
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Supplementary Table 12 The adsorption free energy of OER intermediates on the 30-

Fe2S1Ns/SNC surface. AG = AE + AGcorr, AGeorr = AZPE + AH (0—298.15K)) + TAS,

MM: total magnetic moment.

Species MM/uB AE/eV AGecorr/eV AG/eV
*OH 6.22 0.99 0.31 1.30
*O 5.17 2.84 0.01 2.85
*20H 7.22 2.22 0.63 2.85
*OOH 8.03 3.77 0.31 4.09
*O+*OH 7.44 3.61 0.32 3.93
*20 7.00 5.70 0.02 5.72

*O2 7.16 4.96 -0.05 4.91
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Supplementary Table 13 The adsorption free energy of OER intermediates on the 30-

FexNe¢/NC surface. AG = AE + AGcorr, AGeorr = AZPE + AH (0—298.15K) + TAS, MM:

total magnetic moment.

Species MM/uB AE/eV AGcorr/eV AG/eV
*OH 7.95 1.05 0.32 1.37
*O 7.98 3.00 0.03 3.04
*20H 8.00 2.37 0.64 3.01
*OOH 7.23 4.17 0.31 4.48
*O + *OH 7.00 4.11 0.35 4.46
*20 6.00 6.52 0.07 6.58

*Os 8.67 5.18 -0.05 5.13
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Supplementary Table 14 The adsorption free energy of OER/ORR intermediates on

the 20H-Fe1S1N3/NC surface. AG = AE + AGcorr, AGeorr = AZPE + AH (0—298.15 K)

+ TAS, MM: total magnetic moment.

Species MM/uB AE/eV AGcorr/eV AG/eV
*OH 2.21 1.06 0.28 1.34
*O 1.01 2.94 -0.02 2.92
*OOH 2.00 4.00 0.27 427
*O2 4.78 4.61 -0.06 4.55

Supplementary Table 15 The adsorption free energy of ORR intermediates on the
20H-FexNe/NC surface. AG = AE + AGeorr, AGeorr = AZPE + AH (0—298.15 K) + TAS,

MM: total magnetic moment.

Species MM/uB AE/eV AGcorr/eV AG/eV
*O2 6.03 4.93 -0.05 4.88

*OOH 7.01 4.07 0.31 4.38
*O 8.13 2.62 0.03 2.65

*OH 7.00 0.95 0.32 1.27
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Supplementary Table 16 The adsorption free energy of ORR intermediates on the

20H-Fe2S1Ns/SNC surface. AG = AE + AGeorr, AGeorr = AZPE + AH (0—298.15 K) +

TAS, MM: total magnetic moment.

Species MM/uB AE/eV AGecorr/eV AG/eV
*02 9.00 4.65 -0.05 4.60
*OOH 8.00 3.82 0.31 4.13
*O 9.00 2.32 0.01 2.32
*OH 8.00 0.58 0.31 0.89

Supplementary Table 17 Comparison of our work with recent reported catalysts for
AEMWE.

Cell voltage Temperature  Area
Anode//Cathode Ref.
) (§(®) (em™)
a This
A-Fe,S|Ns/SNC//(Pt/C) 1.94@500 mA cm’? 25 4
work
NiFe LDH//Co-1T-MoS2-bpe  2.56@500 mA cm™ 250 1 (1]
NiFe LDH//OH-Ni/Ni;C 2.35@500 mA cm? 250 4 [2]
RuO,//PtSA-NiSe-V 2.05@500 mA cm> 25b 4 [3]
RuO»//Mn-O-Ru 2.36@500 mA cm 250 4 (4]
Ir@Zr-CoP//Ir@Zr-CoP 2.01@1 A cm™ 252 2 [5]
Tuning PtNiNb//Ptlr 1.86@500 mA cm 252 1 [61
Ni,P/Ni-Se//(Pt/C) 1.88@500 mA cm 750 1 (7]
NiCoFe-Bi/NF//Co3S4/NF 1.98@500 mA cm 50¢ 49 [8]
NiFe LDH//NiFePy 2.58@500 mA cm™ 60° 4 [9]
S-NiFe LDH//Pt@S-NiFe )
2.5@500 mA cm” 652 1 [10]
LDH
Iri/Co(OH)y//Pt;/Co(OH), 2.15@500 mA cm 758 1 [11]
NiCoP,@NF//NiCoPy@NF  1.94@500 mA cm 258 - [12]

Measured in 1.0 M KOH, ®: 6.0 M KOH and : KBi-containing KOH.
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Supplementary Notes
Supplementary Note 1: Calculation for Turnover Frequency (TOF)

Initially, it was assumed that each iron atom within the catalyst contributed to the
formation of a single active center. The quantity of iron (Fe) atoms present in the A-
Fe>S1Ns/SNC catalyst was determined based on the molar mass of Fe and the mass
loading on the carbon cloth electrode, which was obtained from the results of ICP
analysis. The Fe content of the catalyst, as indicated by ICP-OES measurements, was
approximately 6.72%, with a mass loading of around 0.67 mg cm™. Consequently, the
Turnover Frequency (TOF) of the A-Fe2S1Ns/SNC electrocatalyst was calculated using
equation (1).

number of O, turnovers

TOF=

number of metal ions (1)
The number of total O; turnovers was calculated using the current density (j) from

the OER-LSV polarization:

Number of

C 23
mA) 1< <1mole'>(1m0102)<6.02><10 m0102>

O, t (
2 OVers 7o)\ 1000 ma | 96485 ¢/ \ @ mol 1 mol O,

=1.56 x 10" mper—

(2)
The upper limit of active sites density for 4-Fe>SiNs/SNC:

_0.67 mg em?x107%6.72%%6.023x10
55.85 g mol™

per cm?

=0.48x10"® Fe site per cm? 3)
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The TOF of A-Fe>S1Ns/SNC can be obtained via the current density from the OER LSV

polarization curves and according to:

1.56 x 1013

TOF= 0.48x10'8 i

|=0.0033 /] 4)
Particularly, at the overpotential of 250 and 300 mV, the current density of OER is 50
and 242 mA cm, respectively. Therefore, the TOF values of the A-Fe>SiNs/SNC
electrocatalyst were calculated to be:

TOF@s0mv) = 0.0033>60 = 0.165 O2 s =594 Oz h™. (5)

TOF 300 mv) = 0.0033x242 = 0.799 0> 57! =2875 O, h'!. (6)

Supplementary Note 2: Mass activity (MA) calculation

Mass activity (A gmew’) was derived from the current density (mA cm™) that
normalized by the mass loading (0.67 mg cm™?) and per metal at a certain applied
overpotential. As the following equation exhibited the mass activity of A-FexSiNs/SNC:

Ul

Mass activity = ————
SS aClVILy = 7 6.72%

=22.2|j|A gl'jlletall per cm? (7)
The current densities for A-Fe>S1Ns/SNC are 50 and 242 mA cm™ at the overpotential
of 250 and 300 mV, respectively. Therefore, the mass activities were calculated to be:

Mass activitysoo mv = 22.2%242 = 5372 A gmeta”' = 5.37 A m@metal”! 9)

Supplementary Note 3: Faradaic efficiency (FE) determination
To assess the Faradaic efficiency of oxygen evolution, we need to evaluate the ratio

of the amounts of O> produced experimentally to those of O, produced theoretically at
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cathodic electrolysis. Therefore, the FE was calculated by the following equations:

FE = nxFxV

— 100% (10)
Where n is 4 for O, production. F is the Faraday constant (96485 A-s mol™'), and V
is the oxygen volume measured by the drainage method at a current density of 10 mA
cm™ under the standard conditions (room temperature). Vi, is the molar volume (22.4
L/mol) and Q is the total theoretical electric charge. Test condition: The Faradaic
efficiency was estimated using a simple water drainage method. The evolved O, was
collected in a 10 mL graduated tube filled with electrolyte. The current was fixed at 10
mA cm for about 60 minutes under standard conditions (25 °C, 1 atm). The gas volume

of Oz collected was recorded every 10 minutes. The accumulated charge passing

through the working electrode was calculated by the equation (Q = It).

Supplementary Note 4: XAFS measurements

The X-ray absorption fine structure spectra data were collected at BLIW1B station in
Beijing Synchrotron Radiation Facility (BSRF) respectively. The data of the samples were
collected at room temperature (Fe K-edge in fluorescence excitation mode using a Lytle
detector). All samples were pelletized as disks of 13 mm diameter with 1mm thickness using

PVDF powder as a binder.

The EXAFS spectra were obtained by subtracting the post-edge background from the
overall absorption and then normalizing with respect to the edge-jump step. Subsequently, the
(k) data of Fourier transformed to real (R) space using a hanning window (dk = 1.0 A?) to

separate the EXAFS contributions from different coordination shells. To obtain the quantitative
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structural parameters around central atoms, least-squares curve parameter fitting was performed
using the ARTEMIS module of the IFEFFIT software packages.

The following EXAFS equation was used:

SF (k -2R.
Z(k):Z%fj()exp[—Z kzo-j]exp[ A(S‘]Sin[Zk Rj+¢j(k)] (11)

! j

So? is the amplitude reduction factor, Fi(k) is the effective curved-wave backscattering
amplitude, N; is the number of neighbors in the j™ atomic shell, R; is the distance between the
X-ray absorbing central atom and the atoms in the j" atomic shell (backscatter), A is the mean
free path in A, ¢ (k) is the phase shift (including the phase shift for each shell and the total
central atom phase shift), gj is the Debye-Waller parameter of the j™ atomic shell (variation of
distances around the average R;). The functions Fj(k), 4, and ¢ j(k) were calculated with the ab

initio code FEFF8.2. The additional details for EXAFS simulations are given below.

The coordination numbers of model samples were fixed as the nominal values. The
obtained So? was fixed in the subsequent fitting. While the internal atomic distances R, Debye-

Waller factor %, and the edge-energy shift 4E, were allowed to run freely.

Supplementary Note 5: ICP-OES measurements

ICP-OES was used to detect the metal content before and after stability testing of the
catalyst, only a small amount of the elements dissolved into the electrolyte. The aqua regia was
prepared by mixing concentrated hydrochloric acid and concentrated nitric acid ina 1:3 volume
ratio for the experiment. 1.0 mg catalyst powder was added in 8 mL of aqua regia. The obtained

solution was kept in an oil bath for 5 h at 90 °C, and then added 10 mL DI into the solution and
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maintained for 2 h at 120 °C. After cooling down, filtered the obtained solution, and diluted it

to a 50 mL volumetric flask, taking 10 mL for later use.

Open the liquid Ar switch and gas pathway. After opening the software and starting the
measurement, place the catheter into the test solution. When the liquid inside the catheter rises
and enters the instrument, click 'Start'. After the test is completed, check the displayed scalar
result, if it is greater than 0.999, perform sample detection. Click on the results list, record the
test results, and complete the test. Click 'Shut down’, then turn off the gas path, exhaust switch,

power supply, gas pathway, and liquid Ar switch in sequence.

Fe
30000 4
20000 -
fnd
;LE;
=
= 10000+
y = 6373.26x+85.52
0- r=0.99996
0 1 2 3 4 5

Concentration (mg/L)

Supplementary Fig. 91. Calibration curves of Fe element for ICP test.
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