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Supplementary Figure 1. The evolution of structures and morphologies for the as-prepared MoS2-C materials.
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Supplementary Figure 2. a, b FESEM images at different magnifications, c HRTEM image, d the size distribution of the solid MoS2-C material.
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Supplementary Figure 3. a1, a2 FESEM images at different magnifications, a3 HRTEM image, a4 the size distribution of the yolk–shell MoS2-C-1 material. b1, b2 FESEM images at different magnifications, b3 HRTEM image, b4 the size distribution of the yolk–shell MoS2-C material. c1, c2 FESEM images at different magnifications, c3 HRTEM image, c4 the size distribution of the yolk–shell MoS2-C-3 material.
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Supplementary Figure 4. a1, a2 FESEM images, a3 HRTEM image, a4 the size distribution of the hollow MoS2-C-1 material. b1, b2 FESEM images, b3 HRTEM image, b4 the size distribution of the hollow MoS2-C material. c1, c2 FESEM images, c3 HRTEM image, c4 the size distribution of the hollow MoS2-C-3 material.
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Supplementary Figure 5. XRD profiles of the as-prepared MoS2-C materials. The wide peak at 18.0° (*) can be assigned as amorphous carbon (JCPDS card No.48–1449), and the weak peak (#) corresponding to 0.42 nm can be considered to the distance between the carbon and MoS2.
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Supplementary Figure 6. FT-IR of the as-prepared hollow MoS2, hollow MoS2-C, hollow MoS2-CTAB, raw CTAB, and raw thiourea.
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Supplementary Figure 7. N2 physisorption isotherms of a the hollow MoS2-C material, b the yolk-shell MoS2-C material, and c the solid MoS2-C material, d the corresponding specific surface areas and average pore diameter.
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Supplementary Figure 8. a–c Diagrammatic drawings of the models for solid, yolk-shell, and hollow structures, d–f the flow velocity at outer boundary, g–i the flow velocity at mid-position.
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Supplementary Figure 9. The contact angle measurements of a the solid MoS2-C, b the yolk-shell MoS2-C, and c the hollow MoS2-C catalysts.
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Supplementary Figure 10. a Polarization curves and b Tafel slopes of the as-prepared MoS2-C catalysts with different configurations.
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Supplementary Figure 11. Schematic illustration for the preparation of monodispersed Fe@MoS2-C sub-micro reactors.
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Supplementary Figure 12. XRD profiles of the as-prepared hollow MoS2, Fe@MoS2, MoS2-C, Fe@MoS2-C, and MoS2-CTAB materials. Because of the intercalation of CTAB, the diffraction peak of (002) facet was moved to 7.6°, corresponding to a lattice spacing of 1.1 nm. The (002) facet was shifted to 9.5° in the MoS2-C due to the graphitization of CTAB. When continuely increasing the treating temperature, the carbon intercalation disappeared to obtain the MoS2. The XRD profiles remianed unchanged before and after introducing the single-atom Fe. 
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Supplementary Figure 13. a–e FESEM images at different magnifications, f the size distribution of the hollow MoS2-CTAB precursor.
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Supplementary Figure 14. a–e FESEM images at different magnifications, f the size distribution of the hollow MoS2-C material.

[image: image15.jpg]z

0.752 pm





Supplementary Figure 15. a–c FESEM images at different magnifications, d the size distribution of the hollow Fe@MoS2-C material.
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Supplementary Figure 16. a–e FESEM images at different magnifications, f the size distribution of the hollow MoS2 material.
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Supplementary Figure 17. a–e FESEM images at different magnifications, f the size distribution of the hollow Fe@MoS2 material.
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Supplementary Figure 18. a, b TEM images at different magnifications, c HRTEM image of the hollow MoS2-CTAB material.
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Supplementary Figure 19. a, b TEM images at different magnifications, c HRTEM image, d HAADF image and the corresponding EDS mapping of the hollow MoS2-C material.
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Supplementary Figure 20. a HAADF image and b–e the corresponding EDS mapping of the hollow Fe@MoS2-C material.
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Supplementary Figure 21. a, b TEM images at different magnifications, c HRTEM image of the hollow MoS2 material. d, e TEM images at different magnifications, f HRTEM image of the hollow Fe@MoS2 material.
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Supplementary Figure 22. The comparison of Raman spectra for the hollow Fe@MoS2-C and MoS2-C materials.
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Supplementary Figure 23. The comparison of EPR data for the MoS2-C and MoS2 materials.
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Supplementary Figure 24. The comparison of XPS spectra for the hollow Fe@MoS2-C and MoS2-C materials. a XPS survey spectra, b, c high-resolution S 2p and O 1s XPS spectra. Obvious peaks of Mo (Mo 3d, 3p, 3s), S (S 2p), C (C 1s), and weak peaks of O (O 1s, auger) and Fe (Fe 2p) can be identified in the Fe@MoS2-C. No peak belonging to Fe can be seen in the MoS2-C. The fitting peak at 533.0 eV in the O 1s spectra can be attributed to the absorbed oxygen.
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Supplementary Figure 25. The comparison of XPS spectra for the hollow Fe@MoS2 and MoS2 materials. a XPS survey spectrum, the high-resolution b Mo 3d, c S 2p, d Fe 2p, e C 1s, and f O 1s XPS spectra. Obvious peaks of Mo (Mo 3d, 3p, 3s), S (S 2p), C (C 1s), and weak peaks of O (O 1s, auger) and Fe (Fe 2p) can be identified in the Fe@MoS2. No peak belonging to Fe can be seen in the MoS2. The fitting peaks at 533.0 eV in the O 1s spectra can be attributed to the absorbed oxygen.
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Supplementary Figure 26. Fe K-edge EXAFS (points) and fit (line) for the Fe@MoS2-C catalyst, shown in k3 weighted a R-space and b k-space.
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Supplementary Figure 27. The comparison of OER activity for the Fe@MoS2-C, Y-Fe@MoS2-C, and S-Fe@MoS2-C catalysts. a Polarization curves, b Tafel slopes.
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Supplementary Figure 28. OER performances of the hollow nanostructured catalysts in 1 M KOH. a EIS curves, b Cdl curves, c TOF values, d continuously electrocatalytic tests.
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Supplementary Figure 29. The closed CV curves of the hollow a Fe@MoS2-C, b Fe@MoS2, c MoS2-C, and d MoS2 catalysts. 
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Supplementary Figure 30. The comparison of OER activities for the hollow nanostructured catalysts under industrial electrolyte. a Polarization curves, b Tafel slopes of the Fe@MoS2-C catalyst.
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Supplementary Figure 31. XPS spectra of the hollow Fe@MoS2-C catalyst after catalysis. a XPS survey spectrum, the high-resolution b Mo 3d, c S 2p, d Fe 2p, e C 1s, and f O 1s XPS spectra.
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Supplementary Figure 32. a Fe K-edge XANES. Fe K-edge EXAFS (points) and fit (line) for Fe@MoS2-C catalyst after catalysis, shown in k3 weighted b R-space. The insert in b is the k3 weighted k-space.
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Supplementary Figure 33. Structure models of the a MoOx, b MoOx-Fe, c MoOx-C, and d MoOx-Fe-C.
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Supplementary Figure 34. Partial electronic density of states (PDOS) of the Mo d orbit, C p orbit, S p orbit, Fe d orbit, and O p orbit in the MoOx, MoOx-C, MoOx-Fe, and MoOx-Fe-C.
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Supplementary Figure 35. PDOS for the d orbitals of Mo atoms in the MoOx, MoOx-C, MoOx-Fe, MoOx-Fe-C, and Fe atoms in the MoOx-Fe and MoOx-Fe-C.
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Supplementary Figure 36. Charge distribution in the a MoOx, b MoOx-Fe, c MoOx-C, and d MoOx-Fe-C.
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Supplementary Figure 37. The optimized chemisorption adsorption and desorption model, and the OER mechanism in the MoOx-Fe-C.
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Supplementary Figure 38. The optimized chemisorption adsorption and desorption models in the MoOx, MoOx-C, and MoOx-Fe. 
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Supplementary Figure 39. The comparison of kinetics free energy diagrams for the MoOx, MoOx-C, MoOx-Fe, and MoOx-Fe-C.
Supplementary Tables
Supplementary Table 1. ICP results of Fe for the hollow Fe@MoS2-C and Fe@MoS2 catalysts.
	Samples (5 mg in 1 L water+HNO3)
	Concentrations (μg L−1)
	Weight percentage (%)

	Fe@MoS2
	27.5
	0.55

	Fe@MoS2-C
	54.5
	1.09


Supplementary Table 2. Fitting parameters of Fe K-edge EXAFS for the Fe@MoS2-C. S02 was obtained from Fe metal and fixed as 0.92. ΔE0 was returned a value of 9.588 ± 0.982 eV. Data ranges 3 ≤ k ≤ 11 Å−1, 1.15 ≤ R ≤ 2.1 Å. The number of variable parameters is 2, out of a total of 4.658 independent data points.

	Path
	Coordination number
	R/Å
	σ2

	Fe-C
	3.7(4)
	2.11
	0.002


Supplementary Table 3. The comparison of the overpotentials for the Fe-based SACs reported to data.
	Materials
	Electrolytes
	Overpotential (mV)

at 10 mA cm−2
	Ref.

	Fe-PC
	1.0 M KOH
	320
	1


	Fe-Co9S8/S, N-C
	1.0 M KOH
	273
	2


	Fe-NiMoO4
	1.0 M KOH
	257
	3


	Fe-CoNi(OH)x
	1.0 M KOH
	210
	4


	Fe-NC
	0.1 M KOH
	450
	5


	Fe, Ni-GO
	0.1 M KOH
	390
	6


	Fe, Co-GO
	0.1 M KOH
	380
	7


	Fe, Co-C
	0.1 M KOH
	360
	8


	Fe, Co-NC
	1.0 M KOH
	350
	


9



	Fe, Ni-NC
	0.1 M KOH
	340
	10


	Fe-CoCO3OH/NF
	1.0 M KOH
	200
	11


	Fe-Co NPs/NC
	1.0 M KOH
	500
	


12



	Fe-N, S-C
	0.1 M KOH
	410
	13


	Fe-NiO
	1.0 M NaOH
	305
	14


	Fe-MoS2/Ni3S2
	1.0 M KOH
	256
	


15



	Fe, Ni-GO
	1.0 M KOH
	247
	16


	Fe-CoP/CoO
	1.0 M KOH
	219
	17


	Fe-NPC
	1.0 M KOH
	430
	


18



	Fe-N-GO
	0.5 M H2SO4
	294
	19


	Fe-CoP
	1.0 M KOH
	230
	20


	Fe-Ni3S2/NF
	1.0 M KOH
	214
	21


	Fe-CoP/CC
	1.0 M KOH
	342
	


22



	Fe-CoOOH/GO
	1.0 M KOH
	330
	23


	Fe, Pt-N-C
	0.1 M KOH
	310
	24


	Fe-Ni3C
	1.0 M KOH
	250
	25


	Fe-Co3O4@Fe-Co-Bi/CC
	0.1 M potassium borate (pH=9.2)
	238
	26


	Fe-N-CNT
	0.1 M KOH
	520
	


27



	Fe-N-HMSC
	0.1 M KOH
	490
	28


	Fe, Ni-CoOOH
	1.0 M KOH
	288
	29


	Fe-NC
	0.1 M KOH
	360
	30


	Fe-NiO
	0.5 M KOH
	297
	31


	Fe-Co3O4
	0.1 M KOH
	526
	32


	Fe-mCo3O4
	1.0 M KOH
	380
	33


	Fe@MoS2-C
	1.0 M KOH
	194
	This work


Supplementary Table 4. Fitting parameters of Fe K-edge EXAFS for the Fe@MoS2-C after catalysis. S02 was obtained from Fe metal and fixed as 0.87. ΔE0 was returned a value of 1.693 ± 1.610 eV. Data ranges 3 ≤ k ≤ 10 Å−1, 1.1 ≤ R ≤ 2.1 Å. The number of variable parameters is 3, out of a total of 4.3438 independent data points.
	Path
	Coordination number
	R/Å
	σ2

	Fe-C
	3.2(13)
	2.08
	0.006

	Fe-O
	1.2(7)
	2.06
	0.004
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