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a b s t r a c t

The large-scale preparation of non-precious-metal hydrogen evolution reaction (HER) electrodes with re
markable performance was important to the energy crisis. Here, Mo-NiMo/NF (Ni Foam) electrodes were 
fabricated by homemade high power impulse magnetron sputtering technique with subsequent annealing. 
The synthesized Mo-NiMo/NF electrodes presented an exceptional electrocatalytic performance with 
η10 = 71 mV and prominent stability in alkaline aqueous electrolyte for the HER. The experimental data 
were corroborated by density functional theory (DFT) calculations. The significant catalytic performance for 
HER active arose from NiMo alloy and the coupling effect between Mo and NiMo alloy. The lowest value on 
Gibbs free energy of NiMo was − 0.027 eV, very close to the ideal value zero. The adsorption energy of 
hydrogen atom from heterojunction between Mo and NiMo was − 1.786 eV, which could facilitate Volmer 
step to further enhance HER activity. More importantly, this synthesis method reported here was scalable, 
which could provide a valuable strategy to engineer the electrocatalysts with the aim to improve their 
catalytic activities.

© 2022 Elsevier B.V. All rights reserved. 

1. Introduction

Hydrogen energy, as the cleanest second energy source, has be
come an important energy strategy to relax the energy crisis around 
the world. Specifically, hydrogen owns the highest gravimetric en
ergy density between 120 and 142 MJ/kg, which is about three times 
higher than gasoline and 150 times higher than a lithium-ion bat
tery. When hydrogen is burned with oxygen, in addition, the only 
combustion product is clean water and heat [1–4]. Among the ap
proaches developed thus far for hydrogen production, water elec
trolysis has demonstrated its inherent superiority in the views of its 
low cost and environmental benignity [5,6]. During the process of 
water electrolysis, electrocatalysts play a pivotal role in the energy 

conversion efficiency for hydrogen evolution reaction (HER) [7–9]. 
Nowadays, precious metal based electrocatalysts such as Pt/Pd- 
based catalysts are widely developed towards HER. However, the 
high cost and scarcity of these materials largely hamper their 
widespread applications. The inexpensive electrocatalysts with ex
cellent efficiency and stability are thereby of great importance as the 
alternative HER candidates [10–14].

Among the developed non-precious metal-based catalysts, nickel 
is well-known for hydrogen production due to its low price and the 
higher exchange current density in HER. However, under aggressive 
alkaline conditions, nickel displays poor corrosion resistance be
cause it is easy to agglomerate during the process of catalytic cy
cling. Therefore, various nickel-based compounds including oxides 
[15,16], sulfides [17], phosphide [18,19] and nitrides [20–24] have 
been widely studied as electrocatalysts for HER. In particular, the 
NiMo alloy for HER draws much attention due to the achieved good 
wear resistance, high corrosion resistance as well as superior elec
trocatalytic properties [25–32]. For example, Wang et al. [33] pre
pared a three dimensional porous Ni-Mo film with thickness of 
180–240 mm, where the outstanding catalytic performance with an 
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overpotential of 47 mV at 100 mA cm−2 for HER was reported. Du 
and co-worker [34] presented that Mo in Ni4Mo was oxidized and 
dissolved in form of MoO4

2-, which could both enhance the dur
ability of Ni4Mo alloy and stimulate the HER activity of Ni. Mert et al. 
[35] found that the Mo content significantly affected the electro
catalytic activity and stability of Ni–Mo coating for HER, the higher 
Mo content of the coating was, the highest electrocatalytic activity 
was yielded. In this case, the above-mentioned results provide a new 
strategy to improve the performance of nickel based HER catalysts 
by synergistically integrating Mo and NiMo.

Recently, numerous methods have been used to fabricate Ni-Mo 
alloys toward HER catalysts, such as mechanical alloying [36,37], 
electrolytic deposition [38], plasma spraying and arc ion plating [39], 
high energy ball milling [40], gel-combustion [41,42] and physical 
vapor deposition (PVD) [43]. Comparing with the other technologies, 
PVD gives the priority on facile deposition over large uniformity and 
low temperature for mass production with wide usage of substrates 
[44,45]. Specifically, high power impulse magnetron sputtering 
(HiPIMS) [46], as a new PVD technology firstly introduced in 1997, 
favors a high plasma density together with a high metallic ionization 
rate than most of traditional direct current (DC) or radio-frequency 
(RF) magnetron sputtering. Increased metallic ionization rate can 
significantly inhibit unnecessary target poisoning during reactive 
sputtering [47]. It can also improve the bonding strength between 
coating and substrate and the corrosion resistance of the coating by 
adjusting the structure of the metal elements.

In this work, we fabricate the Mo-NiMo coatings on nickel foam 
(Mo-NiMo/NF) as cost-effective cathode for HER by a comprehensive 
technique composed of a homemade HiPIMS deposition system with 
subsequent vacuum annealing. The Mo-NiMo/NF electrode presents 
electrocatalytic activity with the overpotential as low as 71 mV at 
10 mA cm−2 and the Tafel slope of 104 mV dec−1. In addition, the 
prepared Mo-NiMo/NF can be well maintained with only slight 1.0% 
decrease within 24 h, displaying a good long-term durability for 
HER. Furthermore, density functional theory (DFT) calculations are 
executed to clarify the mechanism of obtained Mo-NiMo/NF with 
outstanding HER activities. Due to the synergistic effect of alloying 
NiMo and heterojunction (between NiMo and Mo) in electronics, the 
Mo-NiMo/NF electrode can be used as an efficient electrocatalyst 
for HER.

2. Experimental

2.1. Preparation of Mo-NiMo/NF cathodes

The NF was ultrasonically pretreated in 1 M hydrochloric acid for 
2 min to remove the oxide layer on the surface. Subsequently, the NF 
was rinsed with water and acetone in sequence and dried with high- 
purity nitrogen gas. The Mo-NiMo coating was deposited on NF 
substrate by a home-made HiPIMS deposition equipment along with 
the extra vacuum thermal annealing. The substrate holder was ro
tated continuously at a speed of 5 rpm throughout the deposition 

process to ensure a uniform distribution of thickness and elements 
on the substrate. Fig. 1a and b showed the system schematics for 
HiPIMS and thermal annealing, respectively. The Mo target with 
purity of 99.99% was used as the sputtering source. In order to 
eliminate residual atmosphere in chamber, the base vacuum was 
pumped down a 3 × 10−5 Torr before deposition. Furthermore, the 
target surface was etched by Ar ions for 10 min to eliminate the 
contaminations. During etching and deposition, a pulsed DC bias of 
− 80 V was always applied to the substrate. The HiPIMS mode with 
applied power of 3.0 kW and duty cycle at 5% for 10 h was used to 
fabricate Mo coating on NF substrate. Finally, the Mo/NF sample was 
treated at 800 °C for 1 h with 3.0 × 10−4 Pa vacuum to achieve the 
Mo-NiMo/NF cathode.

2.2. Materials characterization and electrochemical measurements

The surface microstructure and element composition of as-pre
pared samples were performed on scanning electron microscope 
(SEM) with an energy dispersive X-ray (EDX) analyzer at 15 kV. The 
high-resolution transmission electron microscopy (HRTEM) analysis 
was carried out on Talos F200. The phase structure of samples was 
recorded by power X-ray diffraction (XRD). The bonds state and 
chemical composition were performed by X-ray photoelectron 
spectroscopy (XPS).

Electrochemical properties of samples were carried out by the 
Gamry electrochemical workstation in a standard three-electrode 
cell at room temperature, during which the work area was nor
malized to 1 cm2. The line scan voltammetry (LSV), chron
oamperometry (CA) and electrochemical impedance spectroscopy 
(EIS) analysis could be performed successively. The electrolyte was 
1 M KOH purged with N2 gas (99.998%) for 1 h. An Ag/AgCl electrode 
was regarded as the reference electrode, a graphite stick was used as 
the counter electrode, the fabricated Mo/NF, Mo-NiMo/NF and NF 
were used as the working electrodes, respectively. All polarization 
curves without iR-corrected in the experiment, and all the potentials 
in electrochemical measurements were calibrated by the following 
equation:

= + + ×E RHE E Ag AgCl pH( ) ( / ) 0.194 0.05916 (S1) 

2.3. Theoretical calculations

The first-principles calculation of HER was performed via Vienna 
ab-initio simulation package (VASP) code [48,49]. The projector- 
augmented wave (PAW) method represented the core-valence in
teraction of elements [50]. The valence electron configurations for 
Ni, Mo and H were 3d84s2, 4p64d55s1 and 1s1, respectively. The ex
change-correlation function was represented by generalized gra
dient approximation in the form of Perdew-Burke-Ernzerhof [51]. 
The dipole correction along z axis was implemented to remove ad
ditional interaction caused by asymmetric surface of slab models. 
The cutoff energy of the plane-wave basis was set as 400 eV. The 

Fig. 1. (a) Schematic of HiPIMS process for Mo/NF preparation, (b) Schematic model of Mo/NF annealing treatment to generate Mo-NiMo/NF. 
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Brillouin zone was sampled with gamma-centered k-mesh densities 
of 2π× 0.05 Å−1. The long-range van der Waals interactions were 
treated by the zero damping DFT-D3 method of Grimme [52,53]. The 
convergency criteria of energy was set as 1 × 10−4 eV/atom and the 
force on each atom was set as 0.05 eV/Å. DFT+U method was adopted 
to correct the self-interaction error and Hubbard-type correction 
with effective 6.3 eV was respectively applied on the 3d and 4d or
bitals of Ni and Mo [54,55].

The Gibbs free energy (ΔGH*) could be calculated by:

= +G E E T SH H ZPE* * (S2) 

where ∆EH*, ∆EZPE and ∆S were the adsorption energy of hydrogen 
atom, zero point energy correction and entropy change, respectively. 
Because the entropy of hydrogen in absorbed state was disregarded, 
∆S was thus simplified as − 1/2 S0 (S0 was the entropy of H2 in the gas 
phase at standard conditions, 1 bar of H2 and pH = 0 at 300 K). As a 
result, the free energy of the adsorbed state might be presented as:

= +G E eV0.24H H* * (S3) 

The ∆EH* was calculated by:

=E E E E1/2H sur H sur H* 2 (S4) 

where Esur-H was the energy of slab with adsorbed hydrogen atom, 
Esur and EH2 were the energy of clean slab and the energy of mole
cular H2 in the gas phase, respectively [23].

3. Results and discussion

Fig. 2 showed the fabrication process of the Mo-NiMo/NF. Firstly, 
the pretreated NF substrate was loaded into the homemade HiPIMS 

deposition system. Then the Mo coating was deposited by sputtering 
on NF, corresponding the turned gray color observed for Mo/NF 
sample (Fig. S1, supplementary information). Subsequently, the ac
quired Mo/NF sample was annealed in vacuum at 800 °C for 1 h, 
which made the color change to atropurpureus for Mo-NiMo/NF 
sample (Fig. S1, supplementary information).

The low magnification SEM images of untreated NF showed a 
three-dimensional (3D) structure at submicron scale, and it was 
observed that the surface of bare NF skeleton was smooth with 
quantities of grain boundaries at high magnification (Fig. S2, sup
plementary information). Fig. 3 showed the SEM images and EDX of 
Mo/NF. It exhibited that the foam still maintained a 3D skeleton 
structure after the deposition. At high magnification, it was observed 
that the surface of the cathode became rougher than that of NF, and 
the grain boundaries were fully covered by Mo. The EDX spectrum 
further revealed that the modified Mo was successfully deposited 
onto the NF (Fig. 3e). Moreover, the atomic fraction of Mo:Ni was 
approximately 93:7, revealing that a great quantity of Mo was de
posited on NF, which was to facilitate the preparation of hetero
junction structures. Moreover, the elemental mappings for Mo/NF 
showed that the Mo element distributed homogeneously on NF.

Fig. 4a showed the cross-sectional micrograph of the as-de
posited Mo coating. It was obvious that the Mo coating displayed 
columnar crystal structure with a thickness around 3.20 µm. The EDS 
line scanning profile was adopted to further investigate the structure 
of the cross-sectional and the formation of interface. As shown in 
Fig. 4b, Mo was not disappeared completely and the Ni was not in
creased sharply at the interface. The phenomenon may be attributed 
to that the power of HiPIMS is relatively high, resulting of high en
ergy of the Mo atoms. The Mo atoms are pushed into the surface of 
the NF, and some nickel atoms are knocked out, forming a back 
sputtering. Fig. 4c and 4d showed the cross-sectional micrograph 
and corresponding EDX line of the Mo-NiMo coating. It was apparent 
that the coating displayed good uniformity and dense structure with 
a thickness about 3.22 µm after annealing. It was clear that from the 
coating to the substrate Mo element decreased gradually while Ni 
element increased gradually. The phenomenon was due to the ele
mental interdiffusion between substrate and coatings during heat 
treatment. The adherent interface between coating and substrate 
was clear and relatively sharp, without any defects, such as Fig. 2. A schematic of the preparation process for the Mo-NiMo/NF. 

Fig. 3. SEM characterization of Mo/NF. (a) and (b) low magnification, (c) and (d) high magnification, (e) EDX pattern, the inset is the element atomic fraction, (f) and (g) EDX 
element mapping.

G. Ma, Y. Zheng, J. Zhang et al. Journal of Alloys and Compounds 933 (2023) 167855

3



columnar and cracks. Combined with the EDX mapping result (Fig. 
S3, supplementary information), we suggest the nickel element 
reaches the surface of the coating through thermal diffusion.

The crystalline phases of the prepared electrodes characterized 
by XRD were shown in Fig. 5a. For the bare NF, the observed 2θ 
around 44.6◦, 51.8◦, 76.4◦ and 92.9◦ were corresponding to the dif
fraction peaks (111), (200), (220) and (311) of Ni (JCPDS #04–0850). 
After the deposition of Mo on NF, the diffraction peaks (JCPDS 
#42–1120) of Mo could be found around 40.6◦, 73.7◦ and 87.9◦, 
which were corresponding to the crystal faces (110), (211), (220). The 
appearance of those peaks meant that the Mo had been successfully 
deposited on the NF skeleton surface, which was consistent with 
SEM images in Fig. 3. Moreover, the observed 2θ around 37.6◦, 39.4◦, 
59.9◦ and 73.3◦ belonged to the diffraction peaks (123), (040), (351) 
and (071) of NiMo (JCPDS #48–1745). The results displayed that NF 
and Mo had formed the NiMo alloy during annealing process.

XPS technique was further adopted to characterize the change of 
surface electric states and chemical composition of the prepared 

electrodes. Fig. 5b showed three peaks of Mo 3d XPS spectrum, 
among which the peak located at 228.0 eV belonged to the Mo0 2d5/ 

2, while the peaks at 232.2 eV and 235.6 eV represented Mo6+ 3d5/2 

and 3d3/2, respectively [25,30]. The high-valence state of Mo might 
be ascribed to a small amount of Mo oxide, which was derived from 
surface oxidation with the exposed air [56]. The deconvoluted high- 
resolution Ni 2p XPS spectrum by peak fitting in Fig. 5c illustrated 
five peaks. The peaks located at 856.2 eV, 858.7 eV and 873.8 eV 
were attributed to Ni2+ 2p3/2 and 2p1/2, while the peaks resided at 
861.7 eV and 879.9 eV belonged to their satellite peaks, matching 
well with NiMo alloy [57,58]. Combined with the analyses of the 
XRD, it indicated that Mo and NiMo alloy were successfully fabri
cated on NF.

In order to demonstrate the performance of the cathodes, the 
electrochemical activities of the as-prepared Mo-NiMo/NF electrode 
towards HER were evaluated by LSV measurements at a typical 
three-electrode system (Fig. 6a). Because of the dissolved Pt would 
positively contribute to activity during HER, a graphite stick instead 

Fig. 4. (a) Cross-sectional morphologies of the Mo/NF sample. (b) EDX scanning red line in (a), (c) Cross-sectional morphologies of the Mo-NiMo/NF sample. (d) EDX scanning red 
line in (c).

Fig. 5. (a) XRD spectrum of NF and treated NF, (b) Mo 3d and (c) Ni 2p core level XPS spectrum of the Mo-NiMo/NF. 
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of a Pt wire/coil was used as the counter electrode. For comparison, 
the HER activities of the Mo/NF and pristine NF electrodes were also 
examined under the same conditions. The LSV curves were shown in 
Fig. 6a. The overpotential at 10 mA cm−2 (defined as η10) was usually 
used to compare the activities of various catalysts, and a smaller η10 
indicated a higher activity. It was clearly seen that the Mo-NiMo/NF 
showed the lowest overpotential of η10 = 71 mV among the prepared 
cathodes, which was much smaller than those of the pristine NF and 
Mo/NF (the particular data in Table 1). And this was a marked low 
value compared with many other Ni-based catalysts as informed in 
previous work [22,59]. It was knowledge that further increase of 
cathodic potential might lead to a sharp rise in the cathodic current. 
The overpotentials of Mo-NiMo/NF, Mo/NF and NF at 20 mA cm−2 

(defined as η20) were described as 102 mV, 150 mV and 271 mV, 
respectively. And the value order of the results was in accordance 
with that of η10. Therefore, it was suggested that Mo-NiMo/NF 
showed best electrochemical performance, which might be attrib
uted to the formation of NiMo alloy and heterojunction (between 
NiMo and Mo) after the annealing.

It was well known that the Tafel slope was directly related with 
the HER reaction kinetics of electrocatalyst, the smaller Tafel slope 
meant faster kinetics and superior catalytic performance [23]. Fig. 6b 

exhibited the HER Tafel slopes of the Mo-NiMo/NF, Mo/NF and 
pristine NF from the polarization curves. The linear regions of Tafel 
plots were fitted by the Tafel equation: = +a b jlog( ) (in which η 
was the overpotential, a was the Tafel constant, b was the Tafel slope 
and j was the current density). The Mo-NiMo/NF showed a Tafel 
slope of 104 mVdec−1, which was smaller than those of many pre
viously reported electrocatalysts such as Ni-Mo-Cu alloy [60] and 
NiMo coating [33], indicating a higher HER rate and faster kinetics. 
Furthermore, the Tafel slope fell within the scale of 40–120 mVdec−1, 
suggesting that the HER process on Mo /NF and Mo-NiMo/NF fol
lowed the Volmer–Heyrovsky regulation [61].

In order to get further insight into the kinetics of charge transfer, 
the EIS studies of the prepared electrodes in the frequency scope of 
105–0.01 Hz at an overpotential of η = 200 mV were carried out. 
Fig. 6c showed the Nyquist plots and the equivalent circuit modeling 
for the electrochemical impedance data as inset. The results clearly 
indicated the changes in the arc diameter. The Mo-NiMo/NF elec
trode disclosed the smallest charge transfer resistances (Rct) of 
0.28 Ω, compared with those of NF (1.21 Ω) and Mo/NF (0.98 Ω), 
indicating a markedly fast Faradaic process and favorable HER ki
netics [7]. It might mainly be due to the change of element dis
tribution in the coating and the change of interface structure 
between coating and substrate after annealing (Fig. 4). The close 
combination between substrate and coating resulted in a fast elec
tronic transmission and a small Rct after the annealing.

It was also known that the electrochemical stability was another 
important parameter of evaluating the feasibility for the practical 
application. To better understand the stability of the Mo-NiMo/NF 
electrode, the CA experiment at an overpotential (71 mV) for 24 h 
was performed (Fig. 6d). It was observed that the current density 
was only 1.0% reduction, showing an excellent durability.

Fig. 6. HER performance of the treated NF and pristine NF (a) Linear sweep voltammetry, (b) Tafel plots, (c) Nyquist plots at an overpotential of 200 mV in 1 mol L−1 KOH with the 
frequency range of 105-0.01 Hz, the inset shows the fitted equivalent circuit. (d) Chronoamperometry curve of Mo-NiMo/NF at a constant overpotential of 71 mV.

Table 1 
HER performance data for as-synthesized samples. 

Catalysts Ƞ10[a] (mV) Ƞ20[b] (mV) Tafel slope 
(mV/decade)

NF 212 271 195
Mo/NF 91 150 115
Mo-NiMo/NF 71 102 104

[a] η10: The overpotential at a current density of 10 mA cm− 2.
[b] η20: The overpotential at a current density of 20 mA cm− 2.
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According to above analysis, the reactions on Mo/NF and Mo- 
NiMo/NF followed the Volmer–Heyrovsky mechanism as follows:[7].

+ +e H O H OHVolmer reaction: * (Hydrogen adsorption)2

(S5) 

+H e HHeyrovsky reaction: 2 * (Electrochemical desorption)2

(S6) 

Therefore, the adsorbed hydrogen atom played a key role in the 
thermodynamics and kinetics of the HER, and the strength of proton 
adsorption bonding to the metal surface was important for the re
action rate during the HER. Moreover, based on the Sabatier prin
ciple [62], the catalyst possessed a moderate ΔGH* could show 
excellent hydrogen evolution performance. The closer ΔGH* to zero, 
the better advantage to both the H*adsorption and H2 desorption 
process for the hydrogen evolution. Therefore, the DFT computation 
had been applied to calculate the ∆EH* and ΔGH* to study the me
chanisms of superior electrocatalytic performance.

The adopted crystal structures of Ni and Mo were based on the 
results of XRD. As for NiMo, it was assumed that the NiMo system 
was dominated by the form of Ni24(Ni4Mo16)Mo12 [63,64]. Based on 
previous report [61], (111), (110) and (100) lattice planes were 
adopted as the exposed surface for Ni, Mo and NiMo. The thickness 
of Ni and Mo slab model was 5 layers, with the bottom 2 layers of 
atoms fixed to simulate bulk component, as well as the thickness of 
NiMo slab was the same as the lattice constant. (Fig. 7a-c). Moreover, 
a vacuum layer sized in 15 Å was added along z axis in the slab 

models. The hydrogen atom was then placed at different adsorption 
sites of these slabs. All the calculated ∆EH* and ΔGH* of catalyst 
samples were shown in Table 2. The calculated results indicated that 
the optimal adsorption sites for Ni, Mo and NiMo were hollow, 
bridge and Ni2Mo sites, respectively. Consequently, the adsorption 
site for Mo-NiMo heterostructure was also chosen as Ni2Mo site 
(Fig. 7d).

As shown in Table 2, the Mo had the most negative ∆EH*, 
(−3.097 eV) compared with NF (−0.39 eV), which was conducive to 
the Volmer reaction. That was to say that the adsorption of hydrogen 
ions was promoted in the reaction due to the Mo addition on the 
surface of NF. Similarly, the heterojunction between Mo and NiMo 
provided the negative ∆EH* of − 1.786 eV, which also could facilitate 
Volmer step to further accelerate HER performance. More im
portantly, in view of the Sabatier principle, the results in Fig. 8a and 
b presented that the values on ΔGH* of NiMo were much closer to 
zero than that of Ni (−0.384 eV), suggesting that the introduction of 
Mo atoms in NF highly enhanced both the H*adsorption and H2 

desorption process for the hydrogen evolution. The DFT simulations 
showed no difference with the experimental results that the Mo- 
NiMo/NF and Mo/NF owned the best and better HER activities re
spectively among the prepared electrodes. Moreover, the phenom
enon was also consistent with the Engel–Brewer valence bond 
theory [65]. The transition metals with empty or less-filled d orbitals 
(e.g., Mo) were alloyed with those with more-filled d orbitals (e.g., 
Ni), a synergistic effect in the hydrogen evolving activity of these 
materials was appeared [35]. Fig. 8c showed an illustration of the 
enhanced HER by the catalyst samples.

In view of the above results, the outstanding HER electrocatalytic 
performance of the Mo-NiMo/NF could be summed up. On the one 
hand, based on the advantages of the substrate NF, the prepared 
catalyst owned the 3D microporous structure, which could both 
maximize the contact area with the alkaline solution and increased 
numbers of exposed active sites. On the other hand, in terms of 
composition design, the presence of Mo and the heterojunction 
between Mo and NiMo could promote the Volmer reaction, and 
NiMo alloy enhanced both Volmer reaction and Heyrovsky reaction, 
which might lead to a synergistic effect to further contribute to the 
electrocatalytic performance for HER. With such composition of the 
alloys, the H2 production was accelerated, leading to faster HER ki
netics and better catalytic activity. In a word, the easy-fabrication, 

Fig. 7. The optimized structures of H* adsorption sites for Ni (a), Mo (b), NiMo (c) and Mo-NiMo heterostructure (d). 

Table 2 
The calculated ∆EH* and ΔGH* of Ni, Mo, NiMo and Mo-NiMo heterostructure. 

Catalysts Adsorption sites ∆EH* (eV) ΔGH* (eV)

Ni Hollow -0.3.9 -0.384
Mo Top -3.097 -2.857

Bridge -1.832 -1.592
Hollow -1.909 -1.669

NiMo Mo-top -0.328 -0.088
Mo2Ni -0.160 0.080
Mo3 -0.025 0.215
Ni-top -0.343 -0.103
Ni2Mo -0.267 -0.027
Ni3 -0.123 0.117

Heterostructure Ni-Top -1.786 -1.546
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high electrocatalytic activity, and good stability endowed Mo-NiMo/ 
NF with potential application in alkaline hydrogen evolution.

4. Conclusions

In this study, the Mo-NiMo/NF cathode was obtained by a facile 
and effective technique HiPIMS along with vacuum annealing. This 
novel method offered a very simple and large-scale manufacturing 
way to fabricate antioxidation low-cost HER cathodes. The fabricated 
Mo-NiMo/NF showed a high catalytic performance and an out
standing long-term stability for HER in alkaline media. The DFT 
confirmed that the HER catalytic activity was due to the presences of 
Mo and NiMo in the electrode. The Mo and the heterojunction be
tween Mo and NiMo owned the more negative ∆EH* values, which 
could optimize adsorption of H* to promote the Volmer reaction in 
HER. And the NiMo alloy promoted the activity because of the near- 
zero ΔGH*. A synergistic effect of optimized adsorption-desorption 
was supposed to contribute to the electrocatalytic performance of 
HER. This study here could prompt further potential and practical 
viability of Ni-based alloys on the intrinsic active sites and the sy
nergistic effects of the bimetallic catalysts for HER.
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