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Supplementary Fig. S1 XRD patterns of CFO-p/CNT and CFS-ACs/CNT.
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Supplementary Fig. S2 TEM images of the CoFeOx nanosheet.
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Supplementary Fig. S3 TEM images of MWCNT.
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Supplementary Fig. S4 TEM images of the CFO-p/CNT (yellow circle is CFO-p nanosheets precursor).
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Supplementary Fig. S5 XPS spectra. Co 2p (a) and Fe 2p (b) of CFO-p/CNT and CFS-ACs/CNT, respectivity.
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Supplementary Fig. S6 XPS spectra of O 1s of CFO-p/CNT and CFS-ACs/CNT, respectivity. O1s spectrum of CFO-p/CNT can observe three peaks at 530.36 eV (Fe (Co)-O), 531.98 eV (Fe (Co)-OH) and 533.22 eV (H-O-H).
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Supplementary Fig. S7 XPS spectra of S 2p of CFS-ACs/CNT.
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Supplementary Fig. S8 FT-IR spectrum of CFS-ACs/CNT.
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Supplementary Fig. S9 XPS spectra for C 1s of CNT, CFO-p/CNT and CFS-ACs/CNT. 
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Supplementary Fig. S10 Raman spectrum of CFO-p/CNT and CFS-ACs/CNT.
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Supplementary Fig. S11 XAS analysis. (a) Co K-edge XANES and (b) Fourier-transform EXAFS spectra for CFS-ACs/CNT and CFO-p/CNT.
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Supplementary Fig. S12 EXAFS fitting curves. CFS-ACs/CNT sample in R space of Co (a,b) and Fe (c,d).
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Supplementary Fig. S13 Wavelet transforms of the experimental k3-weighted EXAFS spectra of references of Fe foil, FePc and Fe2O3.
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Supplementary Fig. S14 EPR spectra with FeSx/CNT and CFS-ACs/CNT.
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Supplementary Fig. S15 M–T susceptibility χ and reciprocal 1/ χ of CoSx/CNT.
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Supplementary Fig. S16 LSV curves of different content of CFS-ACs/CNT ink on NF substrate. 
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Supplementary Fig. S17 Tafel slope of CFS-ACs/CNT, FeSx/CNT, CoSx/CNT and pure CNT.
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Supplementary Fig. S18 LSV curves of pure NF substrate.
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[bookmark: _GoBack]Supplementary Fig. S19 OER performance evaluation of bulk CoFeSx. (a,b) TEM images of bulk CoFeSx, (c) LSV curve, (d) current density plot at different potential from 1.45 V to 1.85 V vs. RHE among CFS-ACs/CNT, FeSx/CNT and bulk CoFeSx.
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Supplementary Fig. S20 CV curves with different rate from 20 to 100 mV s-1. (a) CoSx/CNT, (b) FeSx/CNT, (c) CFS-ACs/CNT, (d) CNT, (e) CFO-p/CNT and (f) Cdl curves of CFO-p/CNT.
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Supplementary Fig. S21 LSV curves of CFS-ACs before and after 2000 CV cycles.
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Supplementary Fig. S22 The chronopotentiometry curve of CoSx/CNT in electrolyte with 1.0 M KOH.
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Supplementary Fig. S23 XPS spectra. (a) Co 2p, (b) Fe 2p, (c) S 1s and (d) O 1s of CFS-ACs/CNT after long-term stability of about 633 h.
Supplementary Note 1 The enhanced signal of the M-OH peak in the O 1s spectrum of CFS-ACs/CNT during the OER process indicates that an increase in M-OH bonding after the surface S-induced Co-Fe compounds are used for enhanced oxygen precipitation reaction reconstitution, which implies the generation of surface metal (oxygen) hydroxides. After OER process of 633 h, the feature peak belongs to C-S-C decreases obviously, which further implying that the excellent long-term stability is related to the content of C-S-C. Meanwhile, and a peak of SO42- corresponding to S oxidation appears at 168.5 eV is enhanced, which indicates leaching and oxidation of S elements during the OER process with SO42- being adsorbed on the catalyst surface.
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Supplementary Fig. S24 Calculation of the adsorption structures of different oxygen species on CFS. Two structural models corresponding to each specific oxygen species on CFS, respectively. In order to simulate the environment where oxygen is enriched on the electrode surface in actual electrocatalytic process, both Co and Fe atoms have been highly coordinated by O atoms.
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Supplementary Fig. S25 Proposed OPM mechanism of CoFeSx/CNT. Simulate the 4e−mechanism of oxygen evolution reaction on CoFeSx/CNT by the spin-polarized density functional theory.


[image: DFT-3]
Supplementary Fig. S26 Typical AEM mechanism of dual-site catalyst. Simulate the 4e−mechanism of oxygen evolution reaction on CoFeSx/CNT by the spin-polarized density functional theory.
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Supplementary Fig. S27 Proposed AEM mechanism of FeSx/CNT. Simulate the 4e- mechanism of oxygen evolution reaction on FeSx/CNT by the spin-polarized density functional theory.
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Supplementary Fig. S28 The free energy diagram (ΔG) of typical AEM mechanism of FeS2 phase.
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Supplementary Fig. S29 Simulated spin density map and planar distribution maps of the spin polarization of CoFeS4 phase.



Table S1. EXAFS fitting parameters at the Fe and Co K-edge various samples（Ѕ02=0.67, 0.78）
	Sample
	Path
	C.N.
	R (Å)
	σ2×103 (Å2)
	ΔE (eV)
	R factor

	Fe foil
	Fe-Fe
	8*
	2.47±0.01
	4.4±1.2
	-1.5±1.5
	0.002

	
	Fe-Fe
	6*
	2.84±0.01
	5.3±2.2
	-4.0±3.4
	

	Fe
	Fe-S
	5.5±0.3
	2.25±0.01
	4.6±4.3
	0.1±0.6
	0.002

	Co foil
	Co-Co
	12*
	2.50±0.01
	6.5±0.1
	7.4±0.3
	0.001

	Co
	Co-S
	5.3±0.6
	2.25±0.01
	6.0±1.2
	-0.7±1.5
	0.006


aC.N.: coordination numbers; bR: bond distance; cσ2: Debye-Waller factors; d ΔE: the inner potential correction. R factor: goodness of fit. * the experimental EXAFS fit of metal foil by fixing CN as the known crystallographic value.

Table S2. Spin-state analysis of Fe single atoms. Room temperature 57Fe Mössbauer parameters for 57Fe enriched CFS-ACs/CNT

	Fe species
	IS (mm/s)
	QS (mm/s)
	Area
	Line width (mm/s)

	CFS-ACs/CNT
	0.3052
	0.5482
	18970
	0.1955



Table S3. OER performance of transition metal-based catalysts in 1.0 M KOH

	Catalysts
	j 
(mA/cm2)
	Overpotentials (mV)
	Stability 
(h)
	Ref.

	Fe3C-Co/NC
	10
	370
	16
	(1)

	Co9S8@MoS2/CNFs
	10
	430
	12
	(2)

	Mn-CoP
	10
	288
	24
	(3)

	FePc-GO
	10
	320
	16
	(4)

	Co-POP
	10
	340
	10
	(5)

	La(CrMnFeCo2Ni)O3
	10
	325
	50
	(6)

	CoMM
	10
	351
	300
	(7)

	Co-N-C
	10
	321
	16
	(8)

	CoMoP/CoNWs
	20
	270
	40
	(9)

	NiFeP/MXene
	10
	286
	12
	(10)

	FeCoWMo4
	10
	276
	50
	(11)
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