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1. Characterization

The microstructures and elemental distributions of the catalysts were observed by field
emission scanning electron microscope (FESEM, SU-8010, HITACHI, Japan) and equipped
with energy-dispersive X-ray spectroscopy (EDS, Oxford, Xplore). Transmission electron
microscopy (TEM) images and EDS mapping were recorded on a transmission electron
microscope (FEI Titan Themis 200 TEM, Bruker super-X EDS). The crystal phases of the

catalysts were analyzed with X-ray diffraction (XRD, D8-Advance, Bruker, Germany). The
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chemical composition was investigated by X-ray photoelectron spectroscopy (XPS, Thermo
scalable 250Xi). N, adsorption-desorption isotherms were performed on a Micromeritics
surface area analyzer (BRT, ASAP2020 M, Micromeritics, America) to evaluate the Brunauer

Emmett Teller (BET) specific surface area and pore size of the catalysts.

2. Electrochemical measurements

The OER performance of the catalyst was analyzed on the CHI760E electrochemical
workstation equipped with a rotating device (RRDE-3A, ALS Inc, Tokyo, Japan). The reference
electrode, counter electrode, and working electrode were platinum wire, saturated silver/silver
chloride electrode, and glassy carbon electrodes (3 mm in diameter), respectively. All tests were
performed in 1 M KOH solution. To successfully prepare the working electrode, 4 mg of
catalyst was first added to 1 mL Nafion solution (5 wt%) and sonicated for 2 h. The obtained
ink was then dropped onto the glassy carbon electrode with a load of 0.2 mg cm2. Cyclic
voltammetry (CV) curves were tested at a non-faradic current region with different scan rates
(60, 80, 100, 120, and 140 mV s!). Linear sweep voltammetry (LSV) curves were analyzed at
a scan rate of 5 mV s, Electrochemical impedance spectrum (EIS) curves were investigated in
the frequency range from 0.01 Hz to 100 kHz at 5 mV AC voltage. The measured potential
versus Ag/AgCl was converted to a reversible hydrogen electrode (RHE) scale (Erug = Eag/agci

+ 0.0591*pH + 0.197) according to the Nernst equation.

3. Computation section

Within the framework of density functional theory (DFT), the Vienna ab initio Simulation
Package (VASP) was performed to evaluate Gibbs free energy and the density of states (DOS).
[1] Meanwhile, the exchange-correlation energy was investigated using the generalized
gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) function. [2] The

plane-wave cutoff energy was set at 400 eV. An atomic force convergence criterion of 0.001
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eV A-! was used to identify the optimized geometry. Furthermore, models of the surface plates
were constructed with an ample vacuum space of 15 A to avoid the interaction of the different
plates. The Brillouin zone was sampled using a single gamma grid for geometry optimization.
The DFT-D3 dispersion correction method was used to illustrate the weak interaction between

the slab and the active species. [3]

4. Theoretical models:
The OER cycle proposed by precious work. [4-8] In detail, For OER in alkaline electrolyte
(pH=14), since OH- may act as an electron donor, the overall reaction scheme of OER can be

expressed as:

OH +* — OH" + ¢ €))
OH*+ OH — O* + H,0 () + & 2)
O*+ OH- — OOH" + & (3)
OOH* + OH- — O,(g) + H,O(l) + & + * 4)

For each elementary step associated with OER, the Gibbs reaction free energy AG is defined
as the difference between free energies of the initial and final states, given by the following
expression:

AG = AE + AZPE — TAS (5)
where AE is the reaction energy of reactant and product molecules adsorbed on catalyst surface,
and AZPE and AS are the change in zero-point energies and entropy in the reaction.

The reaction free energy of (1)-(4) for the OER can be determined from the following
equations:

OH ++* — OH + e
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AGl = GOH* + Ge_ - GOH- - G*
= Gon* T Ge. — (Gu20(l) + Ge. — 1/2Gpa(g)) - G.
= Gop=x T 1/2Gu(g) — Gmzo(l) — G.

= AGOH*

OH"+OH — 0"+ H,0 +¢

AGy = Gox + Guzo T Ge. — Gon. — Gon

= Gox + Gio * Ge- — [Gr20(D) + Ge. — 1/2Ga(g)] — Gon

= (Gox t Gua— Gmzo(D) — G.) — (Gonx + 1/2Gua(g) — Grzo(D) — G.)

= AGo* — AGOH*

O*+ OH — OOH* + ¢
AG3 = Goons T+ Ge. — Go* — Gon-

= Goonx T Ge. — Go* — (Gr2o(1) + Ge-1/2Gha(g))

= (G()()H* + 3/2GH2(g) — 2GH20(1) — G*) - (G()* + Gﬂz(g) — GHZO(I) - G*)

= AGOOH* — AGo*

OOH* + OH- — Oy(g) + H,O(1) + e + *

AG4 = Goa(g) + Grao(D) + Ge. + * — Goons — Gon-
= (2Gn20(1) — 2Gpa(g) + 4 x 1.23) + Guzo(l) + Ge-
+ % — Goons — (Guzo(1) + Ge. — 1/2Ga(g))
=2Gmo(l) — 1/2Gma(g) + * — Goons

=492 — AGOOH*

(6)

(7

®)

)

With this method, the theoretical overpotential (UFR) at standard condition is defined as:
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UOFR = (GOFR / ¢) - .23 (10)

where GOFR is the potential determining step defined as the highest free-energy step in the

OER, and e is unit charge.
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Figure S1. Schematic illustration of the formation for MoO; nanobelts.
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Figure S2. XPS spectra of C Is for MoS,@NiFeS,@NS-C, MoP,@NiFeP,@NP-C, and

MoP,S,@NiFeP,S,@NPS-C catalysts.
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Figure S3. XPS spectra of O 1s for MoS,@NiFeS,@NS-C, MoP,@NiFeP,@NP-C, and

MoP,S;@NiFeP,S,@NPS-C catalysts.
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Figure S4. SEM images of MoO;@Ni(OH),.

Figure SS. SEM images of MoO;@Ni(OH),@NiFe-PB.
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Figure S6. SEM images of MoP,S,@NiFeP,S,@NPS-C.

Figure S7. SEM images of MoP,@NiFeP,@NP-C.
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Figure S8. SEM images of MoS,;@NiFeS,;@NS-C.

Figure S9. Elemental mapping of MoP,S,(@NiFeP,S,@NPS-C.
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Figure S10. LSV curves MoOj; nanobelts after phosphorization and sulfurization.
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Figure S11. LSV curves of MoO;@Ni(OH),@NiFe-PB after direct heat treatment, NiFe-PB,

MoO;@Ni(OH),, and MoO;@Ni(OH),@NiFe-PB after phosphorization.
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Figure S12. LSV curves of MoO;@Ni(OH),@NiFe-PB with different MoO; contents after

phosphorization.
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Figure S13. LSV curves of MoO;@Ni(OH),@NiFe-PB with different MoO;@Ni(OH),

contents after phosphorization.
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Figure S14. LSV curves of MoO3;@Ni(OH),@NiFe-PB at different phosphating temperatures.
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Figure S15. LSV curves of MoO3;@Ni(OH),@NiFe-PB doped with different elements (N, P,

Se).
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Figure S16. LSV curves of MoO3;@Ni(OH),@NiFe-PB with different thiourea contents after

phosphorization and sulfurization.
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Figure S17. LSV curves of MoO;@Ni(OH),@NiFe-PB heat-treated at different temperatures

during phosphorization and sulfurization.
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Figure S18. CV curves at different scan rates (60-140 mV s-! with the interval of 20 mV s!) of
(a) MoP,S,@NiP,S,, (b) NiFeP,S;@NPS-C, (c) commercial RuO,, (d) MoS,@NiFeS,@NS-
C, (e) MoP,@NiFeP,@NP-C, (f) MoP,S,@NiFeP,S,@NPS-C catalysts during OER process

under 1 M KOH solution.

200 1

150 4

ECSA

100 +

50 +

Catalysts

Figure S19. ECSA values of MoP,S,@NiP,S,, NiFeP,S,@NPS-C, commercial RuO,,

MoS,;@NiFeS,@NS-C, MoP,@NiFeP,@NP-C, MoP,S,@NiFeP,S,@NPS-C catalysts.
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Figure S20. ECSA-normalized LSV curves of NiFeP,S,@NPS-C, commercial RuO,,

MoS,;@NiFeS,@NS-C, MoP,@NiFeP,@NP-C, MoP,S,@NiFeP,S,@NPS-C catalysts.

Figure S21. HRTEM image of MoP,S,@NiFeP,S,@NPS-C catalyst after long-term stability

test.
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Figure S22. Elemental mapping of N for MoP,S,@NiFeP,S,@NPS-C catalyst.
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Figure S23. XPS spectra of (a) Mo 3d, (b) Ni 2p, (c) Fe 2p, (d) P 2p, (e) S 2p, and (f) N 1s for

MoP,S,@NiFeP,S,@NPS-C catalyst after long-term stability test.
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Slab Slab + O Slab + OH Slab + OOH
Figure S24. Optimized structures models of MoS,@NiFeS,@NS-C for adsorption of

intermediates (*O, *OH, and *OOH) under OER in an alkaline media.

Slab+ 0O Slab + OH Slab + OOH

Figure S25. Optimized structures models of MoP,@NiFeP,@NP-C for adsorption of

intermediates (*O, *OH, and *OOH) under OER in an alkaline media.
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Slab+ 0O Slab + OH Slab + OOH

Figure S26. Optimized structures models of MoP,S,@NiFeP,S,@NPS-C for adsorption of

intermediates (*O, *OH, and *OOH) under OER in an alkaline media.

Table S1. Element contents in the MoP,S,@NiFeP,S,@NPS-C heterostructures detected by

XPS technique.
Elements Atomic %
C 15.09
S 0.28
P 18.68
0 56.77
N 24
Mo 0.09
Ni 2.87
Fe 3.82
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Table S2. Element contents in the MoP,S,@NiFeP,S,@NPS-C heterostructures detected by

ICP-OES technique.

Elements mass %
P 24.4

S 0.4

Mo 0.4

Ni 18.54
Fe 12.36

Table S3. Electrocatalytic performances toward OER of MoP,S,@NiFeP,S,@NPS-C

heterostructure and recently advanced noble metal-free catalysts.

Loading OER 7 (mV)
Electrocatalysts Electrolyte  Ref.

(mgcm?) @10 mA cm

MnS,,101.s/MnCo,S, 0.26 414 IMKOH  [9]
Ce0,/Co(OH), - 410 IMKOH  [10]
ACTP5@Co,N-800 0.30 374 0.lMKOH [11]
Co/CeO, 0.11 365 IMKOH  [12]
Co,P 0.17 364 IMKOH  [13]
CoV,04 0.23 360 IMKOH  [14]
BP-CN-c 0.50 350 IMKOH  [15]
MnSAC 0.10 350 0.l MKOH [16]
Ni; 4Co; 604 2.00 350 IMKOH  [17]
NiCo,0, - 350 IMKOH  [I8]
DE-TDAP - 346 0.l MKOH [19]
NiCo,S, 1.00 338 0.1 MKOH [20]
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Co-Ni (Trace)/NCNTs
Ni/FeSe,

Ni3V,0s

SryFe; sMog 5065
Ni-C0304
GNiPy350N

MOFEF-D CoSe,

3D porous MOFs
Co-N/S/rGO
Cog9lFeng9O-N
CoMo-MI-600

CoFe PBA@CoP/NF
Ni-N-CNT@Co304
Fe-Co-CN/rGO-700
Mo,C/Co@NC
CoSA/N,S-HCS
Ni/polyTACoPc
Nip3Co097-9AC-AD/NF
Ni,S,@MnOH,
Ni-Fe-S/3NCQDs
LC-CoOOH NAs/CFC
g2-C3Ny/NiCo,04
Vo-MnCo,04
P-Co030,
Se1.0-C03S4-Vsise-Veo
FeNi-Mo,C/C
CoFe-P/NF
NiFeP/MXene
Ni/Ni,P@N-CNF

MoP,S,@NiFeP,S,@NPS

NiCOz_XFeXO4

0.56

0.19
0.23

0.25
0.50
2.00
0.71

0.25
1.00
1.50

0.07

0.25
0.25
0.20
0.50

337
330
328
322
321
320
320
320
320
319
316
312
310
308
308
306
304
300
299
295
294
294
290
290
289.5
288
287
286
285
274
274

0.1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
0.1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
0.1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH
1 M KOH

[49]
This work
[50]
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Fe-Co-O/Co@NC- - 257 IMKOH  [51]
Co-C@NiFe LDH 0.82 249 IMKOH  [52]
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