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Fig. S1 Transmission electron microscopy and element mapping images of FeS,.



Fig. S2 Transmission electron microscopy and element mapping images of NiFeS,.
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Fig. S3 X-ray diffraction patterns of FeS, and NiFeS,.
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Fig. S4 Transmission electron microscopy-energy-dispersive X-ray spectrum of NiFeS,

corresponding to Fig. S2. Inset: weights and atomic ratios of Ni, Fe, and S.
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Fig. S5 High-resolution transmission electron microscopy image of NiFeS, in multiple-

oxidation-state NiFe catalyst (MOS NiFe). Magnified image shows the lattice fringe of NiFeS,.



Fig. S6 High-resolution transmission electron microscopy image of Ni NPs in multiple-

oxidation-state NiFe catalyst (MOS NiFe).
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Fig. S7 Raman spectra of FeS, and NiFeS,.
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Fig. S8 High-resolution X-ray photoelectron spectroscopy spectrum of Ni 2p for Ni anchored

on the carbon support (NiC).
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Fig. S9 Raman spectra of NiFeS, (before carbonization) and the multiple-oxidation-state NiFe

catalyst (MOS NiFe) (after carbonization).
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Fig. S10 Oxygen evolution reaction performance of Ni anchored on the carbon support (NiC).
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Fig. S11 Nyquist plots for FeS, and multiple-oxidation-state FeS,.
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Fig. S12 Cyclic voltammetry (CV) curves at different scan rates for FeS,, NiFeS,, and the
multiple-oxidation-state NiFe catalyst (MOS NiFe). The anodic and cathodic current densities

were obtained at a potential of 0.3 V.
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Fig. S13 Polarization curves normalized to electrochemical active surface area for FeS,,

NiFeS,, and the multiple-oxidation-state NiFe catalyst.
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Fig. S14 (a) High-resolution transmission eléc‘:‘tronu 7micr0scopy (HR-TEM) image of the
multiple-oxidation-state NiFe catalyst (MOS NiFe). (b) Magnified HR-TEM image taken from
the marked region in (a). These images were obtained after the chronopotentiometry stability

test operated at different current densities for up to 60 h.
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Fig. S15 High-resolution X-ray photoelectron spectroscopy spectra of Fe 2p and Ni 2p for the

multiple-oxidation-state NiFe catalyst (MOS NiFe) after the chronopotentiometry stability test

720 710
Binding Energy (eV)

700

T
880

operated at different current densities for up to 60 h.

16

870 860
Binding Energy (eV)

T
850



Fig. S16 Optimized structures of each intermediate on the surface layer of (a) FeS,, (b) NiFeS,,
and (c¢) the multiple-oxidation-state NiFe catalyst (MOS NiFe). The colors indicate the
following elements: iron (orange), nickel (green), sulfur (gray), oxygen (red), and hydrogen

(black).
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Table S1. Comparison of the oxygen evolution reaction performance of the multiple-oxidation-
state NiFe catalyst (MOS NiFe) with state-of-the-art Ni- and Fe-based electrocatalysts.

Catalyst

MOS NiFe
NiFe-OH-F-SR
CS-NiFeCu
a-LNF (t-d)
CoFe@NiFe-200/NF
NiggFeg,-AHNA
Fe?*-NiFe-LDH
Ultrathin LDH
MoS,/NiFe-LDH
Feo sNip s@N-GR
WC,-FeNi
NiFe LDH@NiCoP/NF
NiFe/(NiFe);S,
NiFeMo-N,
hep-NiFe@NC
NiFe-NFF
NiFe-LDH/MXene/NF
MIL-53(FeNi)/NF
Ni Fe;@PANI-KOH900
Nip-Fe;-O
DR-Ni;FeN/N-G
LDH-UF
NiFe,/NiFe,O4@NC
Ni SAs/Fe-NiOOH
NiFeCr-6:2:1

Electrolyte

1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
1.0 M KOH
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nat 10 mA
cm? (mV)

160
176
180
183
190
190
195
210
210
210
211
220
224
226
226
227
229
233
240
244
250
254
262
269
280

Tafel slope
(mV dec™)

53
22.6
33
36
45.71
34.7
40.3
31
46
62
56
88.2
46
26.7
41
38.9
44
31.3
82
39
38
32
51.4
33.4
130
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