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Experimental section
Chemical and materials

All the chemicals in this work, including nickel chloride hexahydrate
(NiCl,-6H,0, 98%), sodium molybdate dihydrate (Na,MoO,42H,O, 99%), cobalt
nitrate hexahydrate (Co(NOs), 6H,0, 97.7%), tetrasodium pyrophosphate decahydrate
(Na4P,07-10H,0, 99%), sodium bicarbonate (NaHCOs3, 99.5%), concentrated sulfuric
acid (H,SO,, 98%), nickel foam (NF), Hydrazine hydrate (H4N,-H,0, 99%), copper
chloride dihydrate (CuCl,-2H,0, 99%), sodium sulfide (Na,S, 98%), ethanol
(CH3CH,0H, 99%), acetone (CH;COCH3;, 99.5%) were obtained commercially and
used without further purification. All the solvents used were of analytical grade.
Deionized water (DI water, 18.2 MQ cm)

Synthesis of NiMo/NF and NiMoCo/NF: NiMo/NF and NiMoCo/NF are both
synthesized through electrodeposition. First, the NF (1*1 c¢m?) is ultrasonically treated
in 5 M H,SO, for 5 min in advance, then successively washed with ethanol, acetone
and deionized water. 50 mL water solution with 0.4755 g NiCl,-6H,0, 0.2420 g
Na,Mo0O,4-2H,0, 0 or 0.4656 g Co(NOs), 6H,0, 1.7285 g NasP,0;-10H,0, 3.7385 g
NaHCO;s as the electroplate liquid was prepared. Finally, a two-electrode system is used
for the electrodeposition of the NiMo/NF and NiMoCo/NF under a square-wave
current-mode (iL = 0 mA c¢cm?2, iH = -150 mA cm, the vacancy ratio of square waves
is 0.5, the minimum period is 4 seconds) for 30 min. The Ni Foam (1*1 cm?) is used as
the work electrode (WE) and a graphite plate (3*2 cm?) is used as the counter electrode
(CE). After deposition, NiIMoCo/NF were rinsed using DI water thoroughly and dried
under nitrogen stream subsequently.

Synthesis of NiMoCo@CuS/NF: NiMoCo@CuS/NF was also synthesized
through electrodeposition with two synthetic steps. Firstly, 50 mL ethanol solution
containing 0.256 g CuCl,-2H,0 as the electroplate liquid A was prepared. A two-
electrode system is used for the electrodeposition of the NiMoCo@Cu/NF under a
constant current mode (i = -0.5 mA cm2) for 270 seconds. NiMoCo/NF (1*1 cm?) is
used as WE and a graphite plate (3*2 cm?) is used as CE. After deposition,
NiMoCo@Cu/NF is rinsed using ethanol thoroughly. Secondly, 50 mL ethanol solution
containing Na,S (supersaturation state) as the electroplate liquid B was prepared. A
two-electrode system is also used for the electrodeposition of the amorphous

NiMoCo@CuS/NF under a constant current mode (i = 0.5 mA cm2) for 270 seconds.



NiMoCo@Cu/NF (1*1 cm?) is used as the WE and a carbon plate (3*2 cm?) is used as
CE. After deposition, NiMoCo@CuS/NF is rinsed using ethanol thoroughly and dried
under nitrogen stream subsequently.

Synthesis of CuS/NF: The synthesis process of CuS/NF is similar to that of
NiMoCo@CuS/NF, except that NF was the WE.

Structure characterizations

The chemical composition was characterized with energy dispersive spectrometer
(EDS) as shown in Figure S1. The purity was confirmed by X-ray photoelectron
spectroscopy (XPS) with ESCALAB 250 Xi. X-ray diffraction (XRD) patterns were
collected on a PANalytical X Pert Powder diffractometer with Ni Ka radiation. The
morphologies of the catalysts were observed using a field-emission scanning electron
microscopy (SEM, Carry Scope JCM-5700) at accelerating voltage of 20 kV. The
transmission electron microscopy (TEM) images were obtained on a JEM-2100HR,
while Energy Dispersive X-Ray (EDX) mappings were acquired on an Oxford

instrument IET250 spectrometer.

Electrochemical measurements

The electrocatalytic properties of the catalysts for HER were evaluated with a
three-electrode system using a CHI electrochemical workstation (model 660E). The as-
prepared composite was employed as the working electrode. A saturated calomel
electrode (SCE) and a graphite plate were used as the reference and counter electrodes,
respectively. All tests were carried out in solution of 0.5 M H,SO,. All potentials were
measured relative to the reversible hydrogen electrode (RHE). Noted that the potential
drop resulted from the ohmic loss on the electrolyte resistance has been subtracted. All
potentials were referenced to the RHE through calibration: £ ryg) = £ (scgy +0.2415 +
0.059 x pH.! Linear sweep voltammetry (LSV) was conducted at a scan rate of 2 mV
s, Stability measurement was performed using chronopotentiometry,
chronoamperometry, and accelerated degradation test (ADT). The ADT was performed
by sweeping the potential in a range of 0 -120 mV versus RHE at a rate of 100 mV s-!

with iR compensation of 90%. Electrochemical impedance spectroscopy (EIS) was



carried out in potentiostatic mode from 10°- 0.1 Hz with overpotential of 40 mV. All

the polarization curves are recorded under a steady-state model after several cycles.



Figure S1. SEM image of NF.



Figure S2. (a) TEM EDS image, (b) Cu, (¢)S, (d) Ni, (¢) Mo, and (f) Co mapping images of
NiMoCo@CusS catalyst.
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Figure S3. (a) Polarization curves (IR=90%) of NiMoCo,/NF catalysts (scan rate 2

mV s!in 0.5 M H,SOy). (b) Nyquist plots for NiMoCo,/NF catalysts at a potential of
40 mV (vs. RHE). (c) Polarization curves (iIR=90%) of NiMoCos,/NF catalysts with

different loading quantity (mg cm2). (d) Tafel plots.
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Figure S4. (a) Polarization curves and (b) the corresponding Tafel plots of NF,
NiMo/NF and NiMoCo/NF at a scan rate of 2 mV s*! (iR=90%).
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Figure S6. SEM images of NiMoCo@CuS/NF after stability test.
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Figure S7. (a-e¢) XPS and (f) XRD of NiMoCo@CuS/NF before and after

stability test.
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Performance in alkaline solution:

In alkaline solution (I M KOH), NiMoCo@CuS/NF (Figure S7a) shows an
overpotential of 148 mV at current density of 100 mA cm initially, which was then
increased to 176 mV after stability test over 2h. And the time-dependent current density
curve displays a drop of current density from 80 to 60 mA cm within 2h. Comparing
with the outstanding performance of NiMoCo@CuS/NF in acid solution (190 @ 72
mV) as well as other efficient catalyst in alkaline solution ,>3 these results suggest that
the NiMoCo(@CuS/NF is not suitable for hydrogen electrochemical reaction in alkaline
environment. Part of the reason may come from the electron withdrawing effect of S
atom, leading to the poor efficiency of OH- adsorption process.
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Figure S8. (a) Polarization curves (iR = 90%) of NiMoCo@CuS/NF in 1 M KOH
before and after 2h. (b) Time-dependent current density curve of NiMoCo@CuS/NF
in I M KOH at an overpotential of 150 mV.
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Influence of Cu on hydrogen evolution:

As shown in Figure S8, NiMoCo/NF and NiMoCo@Cu/NF display similar
performance in 0.5 M H,SO,. The 199 of NiMoCo/NF and NiMoCo@Cu/NF equals to
73 mV and 76mV, respectively, suggesting that the deposition of Cu has limited
influence on the hydrogen evolution efficiency.
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Figure S9. Polarization curves of NiIMoCo/NF and NiMoCo@Cu/NF catalysts.
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Table S1. Electroplating solution for synthesizing NiMoCo with the gradient

concentration of cobalt. The concentrations of NasP,O; and NaHCO; in the

electroplating solution were 0.13 M and 0.89 M respectively for all samples.

NiCl,-6H,0 Na,Mo00,-2H,0 Co(NOs),-6H,0
(mM) (mM) (mM)

NiMoCoy 40 20 0

NiMoCog 40 20 8

NiMoCos 40 20 16

NiMoCoy 40 20 20

NiMoCoy4 40 20 24

NiMoCosg 40 20 28

NiMoCos, 40 20 32

NiMoCosg 40 20 36
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Table S2. The HER performance comparison

Note: All these data about HER activities are in geometric activities, calculated by dividing
the current density per geometric area. All samples are tested in Electrolyte Solution of 0.5 M
H,SO,.
Catalyst Current Overpotential at Stability Tafel (mV/ Reference
Density the test ( h) dec)
) (mAcm?) | corresponding
J (mV vs. RHE)
NiMoCo@CuS/NF 10 14 30 47 This work
100 73
Ni—Mo 20 80 unstable - Reference*
nanopowder
NiMoZn 20 46 -- -- Reference’
30 ~50
0.27M02.4Ni@900 10 75 2.8 128 Reference®
Ni/Co-S 10 85 12 61 Reference’
100 182
NiCo0Sg 140325 10 170 18 94.3 Reference®
NSs/NF
Ni-Co-MoS, 10 155 -- 51 Reference’®
NiMoN,/C 2 170 -- 35.9 Reference!?
CFP/NiCo0,0,/CuS 10 72.3 50 41 Reference!!
MoS,/CuS 10 290 6.6 30 Reference!
Cog.1Nig 75Se/rGO 10 103 30 43 Reference!'?
Ni(OH),@CuS 10 95 30 104 Reference!?
Ni,P/Ni 20 ~150 65 68 Reference!*
NiPy-325 20 62 18 46.1 Reference!”
NiSe,/Ni 10 143 18 49 Reference!®
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Table S3. Z-fit equivalent circuit data at -40 mV (vs. RHE) of NiMoCo,

Sample Ry CPEy-P Ry CPE, -P T4 (S) T (s)
NiMoCo,q 0.47 0.90 3.15 0.87 0.42 2.74
NiMoCoyg 0.47 0.90 1.00 0.95 0.42 0.95
NiMoCoys 0.35 0.80 0.87 0.95 0.28 0.83
NiMoCoyg 0.35 0.80 0.81 0.95 0.28 0.77
NiMoCoy, 0.31 0.80 0.80 0.95 0.25 0.76
NiMoCo,g 0.4 0.78 0.80 0.95 0.31 0.76
NiMoCos, 0.34 0.80 0.65 0.95 0.27 0.62
NiMoCosg 0.47 0.79 0.95 1.05 0.37 1.00
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