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Experimental Section

Density functional theory calculation (DFT) Calculations. The DFT calculations'? are
performed by using Vienna Ab-initio Simulation Package (VASP)? with Projector Augmented
Wave (PAW) method* and PBE functional>¢. The kinetic energy cutoff of plane-waves is 500
eV. The geometry optimizations are performed by using the conjugated gradient method, and
the convergence threshold is set to be 10 eV in energy and 0.05 eV A-! in force. A vacuum
layer of 15 A is applied for all calculated models. The Brillouin zone is sampled by using the
Monkhorst—Pack scheme’.

The free energy of water adsorption is defined as:

G, =Gono~Guo—G

H,0 sur—H,0 sur

where Ggy.120, G20, and Gy, are the free energies of water adsorbed, water species and clean

surfaces, respectively. The free energy of hydrogen adsorption is defined as:

G.=G !

w = s TS Gy, =G,

where Gy, Gra, and Gy, are the free energies of hydrogen adsorbed, hydrogen gas and clean
surfaces, respectively. The free energy diagrams were calculated using the equation:
G=FE+ZPE-TS

where G, E, ZPE and TS are the free energy, total energy from DFT calculations, zero point
energy and entropic contributions (T was set to be 300K), respectively. ZPE could be derived

after frequency calculation by:
ZPE = %Z hv,
The TS values of adsorbed species are calculated after obtaining the vibrational frequencies?:

+1

TS, = kT Z ln( ok )+ ZKk T (e ik, T _1)

The d band center can be calculated average the d band of surface metal:

For evaluating the water dissociation energy barrier, the transitional state is located using the
Nudged Elastic Band method.” The Fermi softness was calculated by using Zhuanglin’s

methode!?. The grand canonical potential (GCP) calculations was calculated by Goddard III’s
2



methode!!.

Synthesis of Ni alloys on iron foam (IF). First, a piece of IF was sonicated in 1.0 M HCI for
10 min to remove the oxides layer on the top surface, then washed with ethanol and deionized
water, respectively, and dried in air. The Ni alloys were electrodeposited by hydrogen bubble
dynamic template. Typically, 10 mmol NiSO4*6H,0 and 15mmol Na;C¢Hs072H,0, 2 mmol
CuSO4*5H,0 and 1 mmol Na,MoO4*2H,0 were dissolved in 50 mL deionized water. After
gentle stirring for 30 min, the solution was then transferred to 100 mL homemade electrolytic
cell with iron foam as working electrode and Pt electrode as counter electrode with a distance
of about 0.5 cm. The NiCuMo electrode (0.5 cm * 1 cm) was deposited at high current of -3 A
cm? for 5 min on DC power supply. Finally, the product was taken out, rinsed with deionized
water and ethanol several times and dried at 60 °C in air. And the loading of NiCuMo alloy is

about 14.4 mg/cm?.

Materials Characterization. The morphology and the structure of the electrodes were
characterized by a field emission scanning electron microscopy (SEM; Gemini SEM 300). TEM
images were obtained from JEM 2100F. Powder X-ray diffraction (XRD) patterns were
acquired on a Philips X'Pert PRO with Cu Ko radiation, A = 1.5418A. The X-ray photoelectron
spectroscopy (XPS) spectra were measured on Kratos AXIS Ultra DLD-600W XPS system
equipped with a monochromatic Al K (1486.6 eV) as X-ray source. XAS data were collected
at IWIB station in Beijing Synchrotron Radiation Facility using Si (111) monochromator in
transmission mode. Raman measurements were performed on inVia Reflex Raman

spectrometer with a 532 nm wavelength incident laser.

Electrochemical Measurements. All the electrochemical measurements were conducted using
a CHI760E potentiostat (CH Instruments, China) in a typical three electrode setup, with a piece
of freshly-made electrode as the working electrode, a carbon rod as the counter electrode and

an Ag/AgCl electrode as the reference electrode. Electrochemical impedance spectroscopy was



conducted at an overpotential of 100 mV with an amplitude of 10 mV. The distribution of
relaxation times (DRT) analysis was performed by using DRTtools with Gaussian-basis
function discretization method!2.The alkaline HER activity was also evaluated by a Hg/HgO
reference electrode. Prior to every measurement, a resistance test was made and the iR
compensation was applied to all initial data for further analysis. LSV measurements were
conducted at a scan rate of 2 mV s™! at room temperature. All polarization curves were iR-
corrected unless noted. All the potentials were calibrated with respect to a RHE by the equation
E(RHE) = E(Ag/AgCl) + 0.198 V + 0.059*pH and E(RHE) = E(Hg/HgO) + 0.114 V +
0.059*pH. EIS measurements were carried out in the frequency range of 100 kHz—0.1Hz at
potential of 150 mV versus RHE. The electrochemical surface areas (ECSA) can be calculated
by:

Ccdl (chm_Z )

ECSA4 = > >
40 uF *cm " per cmy,

The alkaline water electrolyzer was comprised of the NiCoFe layered triple hydroxide anode
(electrode size of 2.0 cm?), NiCuMo cathode (electrode size of 1.0 cm?), gas diffusion layer,
and anion exchange membrane (FAA-3-50, Fumasep). nickel foam and carbon paper were
employed as the anodic and cathodic gas diffusion layers in alkaline electrolyzer, respectively.
A commercial Pt/C powder with a Nafion binder (10 wt%) was used as the cathode and coated
on carbon paper with a loading of 0.3 mgp, cm 2. The neutral water electrolyzer was comprised
of the IrO, anode (electrode size of 2.0 cm?), NiCuMo cathode (electrode size of 1.0 cm?), Ti
felt gas diffusion layer, and proton exchange membrane (Nafion 117). The IrO, anode was
comprised of 1.5 mg cm? IrO, and 20 wt% Nafion binder. The water electrolysis cell was
operated with an electrolyte of 1 M KOH or pure water at a rate of 30 mL/min. The electrolyzer
measurements were performed with a Zahner electrochemical workstation. The polarization

curves were recorded at a scan rate of 10 mV s\



Figure S1. DFT models of (a) Ni, (b) NiMo, (c) NiZn, (d) NiZnMo, (e) NiCu, and (f)
NiCuMo, respectively. Atomic color representation: light grey ball for Ni, dark grey ball for

Zn, blue ball for O, and purple-grey ball for Mo.
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Figure S2. LSV curves of NiCuMo with various (a) Cu content and (¢) Mo content. Tafel
plots of NiCuMo with various (b) Mo content and (d) Cu content. (¢) LSV curves and (f)

Tafel plots of NiZnMo with various Mo content.
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Figure S3. EDS mapping images of (a) NiCu, (b) NiMo, and (c) NiZn.
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Figure S4. EDS mapping images of (a) NiCuMo and (b) NiZnMo.

Figure S5. The SEM images of (a-b) NiCuMo and (c-d) NiZnMo.
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Figure S6. XRD patterns of as-prepared Ni alloy.

The typical peaks of Ni on iron foam at 44.8° can be attributed Fe (011) (PDF 96-900-6590).

This is similar with NiMo alloy, which has no characteristic peaks of electrodeposited product.

The typical peaks of NiCu and NiCuMo at 43.7° and 51.0° can be attributed NiCu (111) and

NiCu (200) (PDF 03-065-9048). Those peaks of NiZn and NiZnMo at 43.2° can be attributed

NiZn (110) (PDF 03-065-3203).



Figure S7 The SEM images of (a-b) Ni, (c-d) NiCu, (e-f) NiZn, and (g-h) NiMo.

As shown in Figure S7, the Ni sample is composed of small nanoparticles with a rougher
surface. This is similar with NiMo and NiZn samples. However, NiCu sample displays a much

porous structure, indicating this porous structure can be attributed to the introducing of Cu.
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Figure S8. EDS spectra of (a) Ni, (b) NiMo, (c¢) NiZn, (d) NiCu, (¢) NiCuMo, and (f)
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Table S1. Mass ratio of each metal in Ni alloy based on EDS tests.

wt% NiCu NiMo NiZn NiCuMo NiZnMo
Ni 22.0 52.2 22.9 14.3 18.7

Cu 78.0 83.8

Mo 47.8 1.9 5.6

Zn 77.1 75.7
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Table S2. Mass ratio of each metal in NiXMo tenary alloys based on ICP-OES tests.

wit% NiCuMo NiZnMo
Ni 32.6 824
Cu/Zn 61.1 13.6
Mo 6.3 4.0
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Figure S9. (a) XPS survey of NiCuMo and High-resolution XPS of (b) Ni 2p, (c¢) Cu 2p, and

(d) Mo 3d.
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Figure S10. (a) XPS survey of NiZnMo and High-resolution XPS of (b) Ni 2p, (c) Zn 2p, and

(d) Mo 3d.
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Figure S11. LSV curves of Ni-based alloys in 1M KOH with Ag/AgCl reference electrode

and Hg/HgO reference electrode.

12



(V)
(ep

0
—e—NiCuMo
& =~ NiMo —
b= —p— N!Cu e -50
S 504 Ni (=]
<< <
E 1M PBS £ -100-
= =
2 g0 2 150+
[} @
o =]
i) T
qt_, ut) -200
S -150 4 L:)
& -250
-200 r T — r r T T -300 - T T T T
-08 -07 06 -05 -04 -03 -02 -01 0.0 -0.5 -0.4 0.3 -0.2 -0.1 0.0
Potential (V vs. RHE) Potential (V vs. RHE)
Figure S12. LSV curves of Ni-based alloys without iR correction.
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Figure S13. Linear sweep voltammetry curves of 20% Pt/C, NiZnMo, NiMo, NiZn, and Ni in

(a) IM KOH and (b) 1M PBS. Corresponding Tafel slope for various electrocatalysts in (c)

IM KOH and (d) 1M PBS. (e) Overpotentials at 100 mA c¢m and (f) Tafel slopes comparison

in IM KOH and 1M PBS.
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Figure S14. The SEM images of NiCuMo after long-term stability test in (a-d) 1M KOH and
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Figure S15. XRD patterns of as-prepared NiCuMo alloy and cycled alloy.
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Figure S16. Raman spectra of NiCuMo after long-term stability test.
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Figure S17. The EDS spectra of NiCuMo after stability test in (a) 1M KOH and (b) 1M PBS.

(c) Corresponding metal mass ratio after stability test.
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Figure S18. Membrane electrode assembly water electrolysis device performance. (a)

alkaline and (b) neutral electrocatalytic water splitting performance at room temperature

(20°C + 3°C).
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Figure S19. The polarization curves of (a) NiCuMo||NiCoFe LTH alkaline cell and(a)

NiCuMo||IrO, neutral cell at different temperatures.
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Figure S21. Cyclic voltammogram curves of (a) Ni, (b) NiCu, (¢) NiMo, and (d) NiCuMo in

the double layer capacitive region at the scan rates of from 10 mV/s to 50 mV/s in 1M KOH.

(e) Calculated double layer capacitance.
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Figure S22. ECSA normalized linear sweep voltammetry curves in (a) 1M PBS and (b) IM

KOH. Corresponding Tafel slope for various electrocatalysts in (¢) 1M PBS and (d) 1M KOH.
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Figure S26. Current transients measured during the potentiostatic immersion of a NiMo

electrode in 1M PBS.
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Figure S27. Integrated surface charges of (a) NiCuMo in 1M KOH, (b) NiCuMo in 1M PBS,

(b) NiMo in 1M KOH and NiMo in 1M PBS.
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Table S3. The alkaline HER activities of the NiCuMo and the reported electrocatalysts

Electrocatalysts Overpotential at Tafel slope Reference
100 mA cm (mV dec™)
NiCuMo 63 61 This work
Cr-Ni NH 234 72 13
NizNj—, >100 54 14
NF/NiMoO-H, 53 43 15
NiCo,P, 127 34 16
Cr-CogN 99 38 17
Co-NiS; NSs >150 43 18
Mo-Co gsSe/NC 234 51 19
F-Ni3Sy 92 46 20
Ni(OH),/MoS, ~150 60 21
Mo-NisN 88 64 22
Ni/Yb,0; 81 44.6 2
O-NiCu 69 34.1 24
F-Ni3Sy 92 46.2 2
M-Co;304 203 63 26
(Co,Ni)OOH-P 149 41 27
Ni-Co,P 185 77.6 28
NiCeWO 215 91.5 29
(Feo.74C00.26),P/NisN 113 na 30
NiMo ~115 Na 31
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Table S4. The neutral HER activities of the NiCuMo and the reported electrocatalysts

Electrocatalysts Overpotential (mV) Tafel slope Reference
(mV dec!)
NiCuMo 114 @ 100 mA cm? 74 This work
71 @ 50 mA cm
CrO,/Cu—Ni ~150 @ 100 mA cm? 64 32
Mn-Ni-S/NF >200 @ 100 mA cm? 65 33
CoP/Co-MOF >150 @ 100 mA cm? 63 34
NiCo,Py 173 @ 100 mA cm 65 16
Nig9Co0g.11Se; >200 @ 100 mA cm? 60 35
CuCos-P 219 @ 100 mA cm 100 36
v-NiFe LDH ~160 @ 50 mA cm 46.3 37
Ni-Co-Cr 198 @ 100 mA cm?  na 38
N,Cu-CoP/CC 148.4 @ 50 mA cm?  117.3 39
Ni-SP 214 @ 100 mA cm 39 40
Cu-CoP NAs/CP  ~155@ 50 mA cm?  83.5 4l
pFe/FeP 260 @ 50 mA cm- 66 42
Co-FePO/OH 198 @ 100 mA cm- 72.5 =
Ru—Co,P 112.7 @ 100 mA cm-  52.1 a4
CuAINiMoFe ~180 @ 100 mA cm~ 50 4
N-CoP/CC ~150 @ 50 mA cm- 69 46
N-Co,P/CC ~100 @ 50 mA cm- 68 47
np-CogSg Py ~170 @ 50 mA cm- 51 48
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