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Experiment Section
Materials: Sodium molybdate dehydrate (NaMoO,:2H,0O) was obtained from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Nickel nitrate hexahydrate
(Ni(NOj3),-6H,0), nickel chloride hexahydrate (NiCl,-6H,O) and potassium
dihydrogen phosphate (KH,PO,) were purchased from Xilong Chemical Reagent Co.
Ltd. (Chendou, China). Anhydrous ethanol (CH;CH,OH), hydrochloric acid (HCI),
acetone (CH3;COCHj;) and sodium hydroxide (NaOH) were provided by Tianjin
Pharmaceutical Chemical Reagent Co. Ltd. (Tianjin, China). Platinum (20 wt% on
carbon black) was purchased from Alfa Aesar. Nickle foam with a thickness of 1.6
mm and a pore density of 110 ppi was purchased from Changsha Keliyuan. All
chemicals were used directly without further purification. The deionized water (DI-
water) was used throughout the experiment.
Preparation of NiMoQ4-Mo g4Niy 16 composites: Firstly, Ni foam (2 cmx4 cm) was
ultrasonically cleaned with 6 M HCI solution, acetone, anhydrous ethanol and DI-

water for 10 min, respectively, successively to remove the oxide and oil on the surface
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of Ni foam, then dried at room temperature.

Secondly, NiMoO,4-xH,O precursors were synthesized on the NF by a facile
hydrothermal process. Typically, 1.5 mmol Ni(NO;),6H,O and 1.5 mmol
NaMoO,:2H,0 were dispersed in 35 mL DI water under sustained magnetic stirring
to form a clear and green solution. Then, the obtained homogeneous solution and a
piece of Ni foam were transferred to a 50 mL Teflon-lined stainless steel autoclave.
The autoclave was then sealed and heated at 150 °C for 6 h. Following this, the
autoclave cooled naturally in air. Finally, the obtained Ni foam was taken out, washed
several times with with DI water and ethanol, respectively and dried at 60 °C.

Finally, the growth of Mo-Ni alloy nanoparticles on the surface of the substrate
was performed by direct reduction of NiMoO, under H,/Ar (5% H,) atmosphere and
kept at 500 °C for 2 h with a heating rate of 2 °C min’!. After being cooled to room
temperature, the obtained samples were named as NiMoO4-Moy g4Niy 14 composites.
Preparation of Moy g4Nig14@Ni(OH), heterostructure: Moy g4Nij 14@Ni(OH),-X
heterostructure samples were obtained by a facile electrodeposition method in a
standard three electrode system, where the graphite electrode was used as a counter
electrode, the saturated calomel electrode (SCE) and the obtained NiMoOy-
Moy s4Nig 16 composites were utilized as the reference electrode and work electrode,
respectively. The Ni(OH), nanosheets can be grown on the surfaces of NiMoO,-
Moy g4Nig 16 in 0.1 M NiCl, solution (25 mL) at -1.0 V (SCE) at room temperature.
The mass loading of Ni(OH), nanosheets on NiMo0O,;-Moy 4Nig 16 can be achieved by

controlling deposition time such as 500 s, 1000 s and 1500 s. And the samples with
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different mass loading of Ni(OH), were denoted as MoggsNig16@Ni(OH),-5,
Moy 84Nig 16@Ni(OH),-10 and Moy g4Ni 16@Ni(OH),-15, respectively, according to
the reaction time.

Characterizations:

X-Ray diffraction (XRD) patterns of the samples were recorded on a Rigaku D/M
ax-2400 diffractometer with Cu Ko irradiation at a scanning rate of 10° min!. The
morphology of the samples was investigated by field emission scanning electron
microscopy (FESEM, JEOLJSM-S4800) and transmission electron microscopy (TEM,
TecnaiTM G2 F30) with energy dispersive spectroscopy (EDX). The X-ray
photoelectron spectroscopy (XPS) spectra of the samples were performed on a PHI-
5702 instrument with a Mg-Ka excitation source (1253.6 eV). Binding energies (BE)
were determined using the C 1s peak at 284.8 eV as a charge reference. The amount
of hydrogen was quantified by a computer-controlled GC-2014C gas chromatograph
equipped with a thermal conductivity detector at 353 K with argon as carrier gas.
Electrochemical measurements:

All the electrochemical experiments were implemented on an electrochemical
station (Metrohm Autolab, PGSTAT302) with a three-electrode system. The working
electrode was the as-synthesized samples with a fixed geometric area of 1 cmx1 cm.
The Hg/HgO electrode and the graphite rod served as reference and counter electrodes,
respectively. Pt/C electrode was prepared as follows: the catalyst powders (5 mg) was
ultrasonically dispersed in 1 mL DI water/ethanol mixture solution (V/V=4:1) and 10

uL Nafion solution (5 wt%) to form a homogeneous ink. Then the mixture was coated
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onto a piece of Ni foam (the mass loading is 2 mgecm2). The linear sweep
voltammograms (LSV) were measured at a scan rate of 2 mVes™ in 1.0 M KOH
solution to evaluate HER activities. The electrochemical impedance spectroscopy
(EIS) of the electrodes were measured at -0.1 V versus RHE in the frequency range
from 100 kHz to 0.01 Hz with an amplitude of 10 mV. To determine the double-layer
capacitance (Cq)), a series of CV measurements were made at different scan rates (10,
15, 20, 25 and 30 mVes™') in a non-Faradaic region (0.15-0.25 V vs. RHE). The
chronoampermetry and LSV are used to evaluate the stability of catalysts. All
potential data are given versus reversible hydrogen electrode (RHE) according to the
following equation:
Ee = Epg 100 + Egre0 +0.059x pH (pH =13.6) (S1)

where E%(Hg/HgO) is the standard electrode potential of Hg/HgO reference electrode
(0.098 V versus RHE at 25 °C).

All LSV curves reported in this work are corrected for iR loss according to the
following formula:

compensated = Emeasured ~ IR (S2)

where Ecompensated 18 the compensated potential, Epcasured 1S the measured potentials and
R is the equivalent series resistance that derived from the EIS.

The mass activity could be calculated according to the follow equation:
J

Mass activity ==~
m

S3

where j is the current density and m is the mass loading of electrocatalysts. The mass

loading of Moy g4Nig 16@Ni(OH),-10 and Pt/C are 2.8 mg cm? and 2.0 mg cm2,



respectively, and the current density at an overpotential of 10 mV was used.

The turnover number (TON) is defined as follows:

TON = 1
n S4

where ny, and n are the mole amount of hydrogen and the number of active sites of
catalyst, respectively. The amount of hydrogen is 255.8 pumol after 1 h electrolysis at
n= 100 mV.

The number of active sites was quantified by cyclic voltammetry (CV) method !-2
(Fig. S5). Since the difficulty in attributing the observed peaks to a given redox
couple, the number of active sites should be proportional to the integrated charge over
the CV curve. Assuming one-electron process for both reduction and oxidation, the
upper limit of active sites (n) for Mogg4Nig 14@Ni(OH),-10 could be calculated

according to the follow equation:

2F S5
where F and Q are the Faraday constant and the whole charge of CV curve,
respectively.
The turnover frequency (TOF) is defined as the number of reactant which can
convert to a desired product per catalytic site per unit of time. The following formula

was used to calculate TOF:

TOF 17
2

nkF S6

where F and n are the Faraday constant and the number of active sites, respectively; I

is the current density of LSV curves.
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Fig. S1 XRD patterns of (a) NiMoO, precursors and NiMoO4-Mog g4Nig 14 composites
and (b) M00_84Ni0. 16@N1(OH)2-5 , M00_84Ni0. 16@Ni(OH)2- 10 and
M00.84Ni0. 1 6@N1(OH)2- 15.

Fig. S2 SEM images of (a) NiMoO, precursors and (b) NiMoO4-Mogg4Nig 16
composites.



Fig. S3 (a) TEM, (b) HRTEM, (c¢) STEM and (d-f) the corresponding elemental

mapping images of NiMoO4-Mog g4Ni 14 composites.
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Fig. S4 (a) XPS survey spectra and (b) High resolution XPS spectra of Ni 2p for
Moy 84Nig 16@Ni(OH),-5, Moy g4Nig 1s@Ni(OH),-10 and Mog gsNig 1s@Ni(OH),-15

heterostructures.
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Fig. S5 CV curve of Moy g4Nig 14@Ni(OH),-10 recorded between -0.2 V and 0.6 V vs.

RHE in 1.0 M PBS (pH=7) at a scan rate of 50 mV s,
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Fig. S6 The calculated TOF of Moy g4Nig 16@Ni(OH),-10.
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Fig. S7 Electrochemical impedance spectroscopy of (a) NiMoO4-Mogg4Nig 16, (b)

M00.84Ni0.16@Ni(OH)2-5, (C)
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Moy 84Nig 1s@Ni(OH),-10

and

Moy s4Nig 16@Ni(OH),-15. The inset is the equivalent circuit used for fitting.
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Fig. S8 CV curves at different scan rates between 0.15 and 0.25 V vs. RHE for (a)
NiMOO4-M00.84Ni().]6, (b) M00‘84Ni0.16@Ni(OH)2-5, (C) M00.84Ni0_]6@Ni(OH)2-10, (d)

M00.84Ni0.16@Ni(OH)2-15 and (e) Pt/C.



Table S1 Overpotential and Tafel slope of the reported noble-free electrocatalysts.

Tafel Slope

Catalysts Electrolyte N1 (MV) (mV/dec) Reference
Ni-MoS, 1 M KOH 98 60 3
MoS,-C 1 M KOH 149 82 4
MoS,-Ni;S, HNRs/NF 1 M KOH 98 61 5
Cu NDs/Ni3S, NTs-CFs 1 M KOH 128 76 6
MoP/CNT 1 M KOH 86 73 7
Ni;N/Ni 1 M KOH 12 80 8
V-CosN 1 M KOH 37 44 9
MoNiy/MoO; 4 1 M KOH 17 36 10
Ni NP|Ni-N-C 1 M KOH 147 114 11
MoP@PC 1 M KOH 97 59.3 12
MoNi/CoMoO;/NF 1 M KOH 18 35 13
V,05/Ni(OH), 1 M KOH 39 44 14

Moy g4Nig 16@Ni(OH), 1 M KOH 10 71 This work
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