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A B S T R A C T

Nickel-molybdenum (Ni-Mo) alloys have garnered significant attention for superior electrocatalytic hydrogen 
evolution reaction (HER). Generally, catalysts undergo reconstruction during HER, leading to surface structure 
evolution, which is crucial for catalytic properties. However, the real electroactive sites and mechanisms un
derlying the structure evolution of Ni-Mo alloys through the electrochemical process remain unclear. Herein, we 
propose a Ni-Mo alloy with enriched MoNi4(312) plane exposure after electrochemical reconstruction due to its 
preferential growth during the HER. The atomic interaction within the MoNi4(312) plane facilitates the electron 
transfer from Ni to Mo and optimizes the electronic configuration, accelerating the release of gaseous hydrogen 
and smoothing the HER process. The reconstructed Ni-Mo alloy demonstrates exceptional HER performance, 
achieving an ultrasmall overpotential of 23 mV at 10 mA cm–2. Additionally, by scaling up the electrode by 8 
times, the overpotentials required remain similar to a small electrode. This study provides insights into surface 
reconstruction and orientational crystal plane design of low-cost transition metal-based alloy catalysts for in
dustrial hydrogen production.

1. Introduction

The global energy transition toward sustainable and clean alterna
tives has propelled hydrogen energy as a promising candidate to replace 
fossil fuels [1–3]. Owing to its high energy density and environmentally 
friendly characteristics, hydrogen offers a viable solution to the current 
energy and environmental crises [4–6]. Hydrogen production via the 
hydrogen evolution reaction (HER) in electrocatalytic water splitting, 
powered by renewable sources, is the key to achieving 
zero-carbon-emission energy [7–9]. However, the high cost and scarce 
availability of noble metals like Pt and Pd, which are often used as HER 
catalysts, present a significant hurdle for large-scale commercialization 
[10,11]. As a result, there is an acute need to develop innovative and 
cost-effective catalysts to realize sustainable and economical hydrogen 

production.
Alloy materials consisting of various metal elements are beneficial in 

adjusting the electronic structure and surface properties of the catalyst 
[12]. The synergistic effect between metal elements optimizes the re
action path and reduces energy barriers [13–15]. Therefore, alloy cat
alysts show great potential in the field of electrocatalysis and have 
attracted widespread interest [16]. In particular, nickel-molybdenum 
(Ni-Mo) alloys exhibit impressive HER catalytic activity, making it a 
promising alternative to Pt-group catalysts and a subject of extensive 
exploration [17]. For instance, Wang et al. [18] have prepared MoNi4 
nanoparticles by reducing doped molybdenum salts on Ni(OH)2 nano
sheets. The resulting catalyst has good properties in HER, such as an 
overpotential of 56 mV to attain a current density of 10 mA cm–2. Nairan 
et al. [19] have fabricated NiMo solid solution alloy with good HER 
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activity and stability. A low overpotential of 17 mV is enough to drive a 
current density of 10 mA cm–2. The exceptional properties may be 
attributed to the incorporation of Mo dopants, which form the alloy and 
generate abundant MoNi4 active sites, while simultaneously inducing 
lattice distortion to create highly active interfaces. Generally, the 
structure-performance relationships of Ni-Mo-based catalysts are based 
on their initial structures before the catalytic reactions. However, the 
surface of a catalyst undergoes structure evolution during the HER, 
originating from both the chemical etching by the electrolyte and elec
trochemical reduction by the electric field [17,20]. This leads to inac
curacies in the structure-performance relationships based on the initial 
structure and the observed catalytic performance. Therefore, uncover
ing the surface structure evolution of alloys during HER is crucial for 
elucidating their electrocatalytic mechanism. Nevertheless, there is still 
a lack of in-depth research and insights into the surface reconstruction 
and activity origins of Ni-Mo alloy catalysts during HER.

Herein, we proposed a Ni-Mo alloy with specific crystal plane 
exposure through electrochemical reconstruction for superior HER, as 
illustrated in Scheme 1. By conducting thorough theoretical analysis and 
experiments, we elucidate the mechanism underlying the oriented 
growth of the MoNi4(312) crystal plane during the electrochemical 
reconstruction process. The chemically dissolved Ni2+ and MoO4

2– near 
the cathode adsorbed to MoNi4(312) surface, which is more favorable 
for Ni2+ adsorption, thus promoting its orientational growth. Further
more, the interaction between Ni and Mo atoms on the MoNi4(312) 
crystal plane weakens the extremely strong hydrogen adsorption capa
bility, resulting in enhanced HER catalytic activity. Consequently, the 
MoNi4 alloy with the substantially exposed (312) crystal plane achieves 
an impressive overpotential of only 23 mV for a current density of 
10 mA cm–2 as well as stable operation for 100 h at 100 mA cm–2. More 
importantly, the enlarged MoNi4 electrode with 8 times larger geomet
rical size prepared through the scale-up protocol achieved a current of 
1 A (approximately 111 mA cm–2) at a small overpotential of 91 mV in 
HER, demonstrating promising industrial application.

2. Experiment details

2.1. Materials preparation

5.00 g of nickel sulfate hexahydrate (NiSO4⋅6 H2O), 0.40–1.00 g of 
sodium molybdate dihydrate (Na2MoO4⋅2 H2O), 8.00 g of sodium 

citrate (Na3C6H5O7), 0.02 g of sodium dodecyl sulfate, 0.16 g of 
saccharin (C7H5NO3S), and 0.016 g of 1,4-butanediol (C4H6O2) were 
dissolved in 100 mL of deionized water (DW). Ammonium hydroxide 
was added to adjust the pH, followed by heating to 35 ℃. Subsequently, 
a two-electrode cell composed of a cleaned stainless steel (SS) plate as 
the cathode and a graphite rod as the anode was immersed in the elec
troplating solution and driven by a direct-current power supply 
(IT6332L, ITECH ELECTRONIC Co., Ltd.). The current density was set at 
30 mA cm− 2 with an electroplating duration of 3 h. Afterwards, the SS 
plate was rinsed with DW and dried in air. The products were denoted as 
NM4, NM6, NM8, and NM10, where the numbers represent the con
centration of Na2MoO4⋅2 H2O added, which were 4, 6, 8, and 10 g L− 1, 
respectively.

2.2. Materials characterization

The morphology and composition of the samples were characterized 
by scanning electron microscopy (FE-SEM, TESCAN MIRA4) and energy- 
dispersive X-ray spectroscopy (EDS). The crystal structure was deter
mined by X-ray diffraction (XRD, LabX XRD-6100, Shimadzu) with a Cu 
Kα source. The Raman scattering (HR RamLab) was conducted to reveal 
the surface evolution during the electrochemical process. X-ray photo
electron spectroscopy (XPS, Thermo Scientific K-Alpha, Thermo Fisher) 
with monochromatic Al Kα X-ray was conducted to determine the sur
face composition and chemical states. The electrical conductivity of the 
samples was measured by Van der Pauw’s four-point probe method 
using the Keithley 2450.

2.3. Electrochemical measurement

The electrochemical measurements were performed using a three- 
electrode configuration on the CHI 760E electrochemical workstation 
(Shanghai CH Instrument, China). A modified SS, saturated calomel 
electrode (SCE), and graphite rod served as the working electrode, 
reference electrode, and counter electrode, respectively. All the poten
tials were referenced to the reversible hydrogen electrode (RHE) based 
on the Nernst equation: ERHE = ESCE + 0.242 + 0.059 × pH. The pH of 
the 0.5 M H2SO4 electrolyte was measured to be 0.58 by a pH meter 
(FE28, Mettler Toledo). Linear sweep voltammetry (LSV) was conducted 
at a scanning rate of 10 mV s− 1 with iR-compensation. The Tafel slope 
was calculated by the formula η = a + blog(|j|), where η represents 
overpotential, j denotes current density, a is a constant, and b is the Tafel 
slope. Nyquist plots were carried out at the initial potential of –0.33 V vs. 
SCE in the frequency range of 100 kHz to 1 Hz with an amplitude of 
5 mV. The electrochemically active surface area (ECSA) was determined 
by cyclic voltammetry (CV) at scanning rates of 1-10 mV s− 1 in the 
potential window between –0.20 and –0.16 V vs. SCE. The stability was 
assessed at a constant current density of 0.1 A cm− 2 for 100 h. The 
quantities of H2 produced were determined by the water displacement 
method.

2.4. DFT calculations

The density-functional theory (DFT) calculation was implemented in 
the Vienna ab initio simulation package (VASP) [21] via the first prin
ciple plane-wave pseudopotential formation and generalized gradient 
approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) function. 
The binding energies of the MoNi4(312) and MoNi4(121) surfaces with 
extra Ni are: 

ΔENi(312)= ENi-Ni(312) – ENi+Ni(312)                                                   (1)

ΔENi(121)= ENi-Ni(121) – ENi+Ni(121)                                                   (2)

where ENi+Ni(312) represents the total energy of the bulk metal of 
MoNi4(312) and the isolated Ni atom before the Ni absorption and ΔENi- 

Ni(312) represents the total energy of the bulk metal of MoNi4(312) and 
Scheme 1. Schematic illustration of in situ reconstruction and enhanced HER 
on the MoNi4(312) crystal plane.
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the absorbed Ni atom after Ni absorption and the same as the 
MoNi4(121). The calculation of Ni stripping off the MoNi4 cathode 
surface is similar. In the structure optimization, a 400.0 eV cutoff en
ergy, 10− 5 eV energy convergence accuracy, 0.03 eV Å− 1 residual force, 
and 2 × 3 × 1 k-mesh for (312) and (121) are used. In the calculation of 
the free energy for adsorbed hydrogen (ΔGH*), a 450.0 eV cutoff energy 
and 0.02 eV Å− 1 residual force are applied. ΔGH* [22] is calculated as 
follows: 

ΔGH* = ΔE + Δ(ZPE) – TΔS                                                           (3)

ΔE = E(surface+H) – E(surface) – 1/2 E(H2)                                            (4)

where ΔS is the entropy, E(surface + H) is the total energy of the system 
with the H-adatom bound to the basal plane, E(surface) is the total energy 
of the pristine system, E(H2) is the total energy of the H2 molecule, and 
Δ(ZPE) is the difference between the zero-point energy (ZPE) of the H- 
adatom and the ZPE of the H2 molecule calculated by the normal mode 
analysis. The entropy of molecular hydrogen in the gas phase is under 
standard conditions (1 bar of H2, pH = 0, and temperature T =
298.15 K).

3. Results and discussion

3.1. Catalyst characterization

Fig. 1a shows the co-deposition of nickel and molybdenum under 
constant current conditions and the formation of the Ni-Mo alloy 
coating. The application of a constant current density of 30 mA cm–2 in 
the electrolytic cell prompts the Ni2+ ions to migrate toward the 
cathodic SS substrate, thus generating an electric layer of positive Ni2+

ions on the surface. Simultaneously, MoO4
2– ions in the electrolyte adsorb 

onto the positively charged layer and are electrochemically reduced 
together with nickel ions, forming a Ni-Mo alloy coating on the SS sur
face. A series of Ni-Mo alloys (NM4, NM6, NM8, and NM10) were pre
pared by adjusting the concentration of Na2MoO4⋅2 H2O source (4, 6, 8, 
10 g L–1) in the electroplating solution. XRD is employed to determine 
the composition and structure of the products, as shown in Fig. S1. 
Electroplating using the initial plating solution without the addition of 
Na2MoO4⋅2 H2O results in the deposition of metallic Ni (JCPDS card No. 
04–0850). The sample of NM4 is a coating composed of the (121) single 
crystal plane of MoNi4 (JCPDS card No. 65–5480), while the crystal 
phases of NM6, NM8, and NM10 are similar, with variations only in the 
intensity of the diffraction peak at 74.7◦, which corresponds to the 
MoNi4(312) plane. As shown in Fig. 1b, peak fitting analysis of the XRD 

Fig. 1. (a) Schematic diagram of the synthesis of NiMo4; (b) XRD pattern, (c-e) FE-SEM images, and (f) Elemental maps of Mo and Ni of NM8.
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pattern of NM8 revealed a broad diffraction peak at 44.5◦ corresponding 
to the Ni(111) crystal plane [23,24], while the peaks at 43.5◦, 51.2◦, and 
74.7◦ correspond to the (121), (310), and (312) crystal planes of MoNi4, 
respectively. Notably, compared to the standard PDF card, the initial 
NM8 prepared by electrodeposition exhibits a higher intensity for the 
diffraction peak at 74.7◦, corresponding to the MoNi4(312) plane. This 
may be attributed to the orientated growth of this crystal plane during 
electroplating [25]. The electronic structures and electrocatalytic ac
tivities vary with crystal planes, therefore the preferential growth of a 
specific plane may play a significant role in HER performance.

The FE-SEM images in Figs. S2 and 1c-e reveal that the coatings are 
composed of nanoparticles. EDS shows that Ni and Mo are distributed 
uniformly in NM8, as shown in Fig. 1f. The atomic concentrations of Ni 
and Mo in NM8 are determined to be 76.48 % and 23.52 %, respectively, 
as shown in Fig. S3. Fig. S4a shows the lustrous surface of NM8. Cross- 
sectional observations of NM8 were conducted using FE-SEM (Fig. S4b- 
c), revealing a total thickness of the NM8 sample of 92 µm, with the 
thickness of Ni-Mo alloy coating of 8 µm at both sides. The electrical 
conductivity of NM8 is measured to be 1.22 × 104 S cm–1, which is 
comparable to that of the conductive SS substrate, as shown in Fig. S5. 
Fig. S6 demonstrates the assembling of Ni-Mo alloy coating on SS of the 
as-prepared NM8, showing a layer of Ni-Mo alloy on the surface of SS 
with high conductivity. The exceptional conductivity promotes electron 
transfer in the electrochemical reactions [26,27].

3.2. Electrochemical reconstruction

Comprehensive characterization provided a detailed understanding 
of the initial structure of the catalysts. Electrochemical measurements 
were conducted on NM8. The dynamic changes in its structure and 
catalytic performance during the electrochemical process were moni
tored to establish a real structure-electrocatalytic activity relationship. 
All the potentials in LSV curves are iR corrected to evaluate the intrinsic 
activity of the catalysts in HER. Fig. S7 shows the initial 100 LSV curves 
of NM8 in 0.5 M H2SO4, revealing a gradual enhancement in the elec
trochemical performance as the scans progress. The overpotential of 
NM8 at 10 mA cm–2 during 100 consecutive LSV scans is shown in 
Fig. 2a. With the number of scans increasing, the overpotential decreases 
steadily from the initial value of 78 mV, stabilizes around the 80th scan, 
and reaches 23 mV by the 100th scan. Similarly, the overpotential de
creases from 218 mV to 78 mV for a current density of 100 mA cm–2. 
The in situ Nyquist plots results in Fig. S8 reveal that the charge transfer 
resistance (Rct) of NM8 diminishes rapidly and eventually stabilizes at 
about the 80th scan. The decrease in Rct during the initial scans signifies 
the accelerated kinetics of NM8 in HER. The HER activity depends on the 
ECSA of the catalyst, which can be expressed by the electrical double- 
layer capacitance (Cdl) in the non-Faradic regions based on the CV 
curves, as shown in Fig. S9. Fig. S10 shows that the Cdl of NM8 after the 
initial 100 cycles of LSV scanning is 331 mF cm–2, which is twice as large 
as the initial value (161 mF cm–2). A larger ECSA results in enhanced 

Fig. 2. (a) Overpotential variation of NM8 during the LSV scanning; In situ (b) Raman spectra and (c) XRD pattern during the LSV scanning; Adsorption and 
desorption energies of Ni ion on (d) MoNi4(312) and (e) MoNi4(121) crystal planes, respectively; High-resolution XPS of (f) Mo-3d and (g) Ni-2p of the NM8 catalyst 
during the LSV scanning.
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electrocatalytic activity.
The morphology of NM8 after 100 LSV scans in Fig. S11 reveals no 

significant change compared to the pristine sample showing that the 
coating is composed of fine nanoparticles. The electrical conductivity 
also does not change after 100 LSV scans (Fig. S12) and the water 
contact angle on NM8 decreases from 87◦ to 76◦ after cycling, indicative 
of improved hydrophilicity (Fig. S13). This enhanced hydrophilicity is 
beneficial to mass transfer and reactant adsorption in aqueous 
electrolytes.

The in situ Raman scattering spectra in Figs. S14 and 2b reveal the 
changes in the surface species during the cycling process. The peak at 
894 cm–1, associated with the vibration of Mo––O, gradually intensifies 
due to the slight chemical dissolution of NM8 in 0.5 M H2SO4, resulting 
in the formation of molybdate and Ni2+ ions [28,29]. In situ XRD is 
performed to investigate the structural changes during LSV scanning 
(Figs. S15 and 2c). The intensity of the peak at 2θ = 74.7◦ corresponding 
to the MoNi4(312) plane increases, while the other peaks remain un
changed. The increase of the MoNi4(312) signal confirms the oriented 
growth of this crystal plane. Consequently, the surface of NM8 has un
dergone reconstruction during the LSV scans, resulting in the enrich
ment of the MoNi4(312) crystal plane. During the LSV scans, the 
negative potential at the NM8 cathode causes Ni2+ to adsorb onto it and 
generate a positive electric layer, followed by adsorption of MoO4

2– ions 
onto the cathode. Subsequently, Ni and Mo on the surface are electro
chemically reduced to directionally form the MoNi4(312) crystal plane.

The orientated growth mechanism of the MoNi4(312) crystal plane 
was explored by DFT calculation. The MoNi4(312) and MoNi4(121) 
surfaces, which are observed by XRD (Figs. 1b and 2c), are constructed 
to determine the adsorption and desorption energies of Ni species, 
respectively. The results indicate that Ni2+ adsorption onto the 
MoNi4(312) crystal plane (–1.57 eV) is stronger than that on the 
MoNi4(121) crystal plane (–1.10 eV), as shown in Fig. 2d. Consequently, 
Ni2+ ions are preferentially deposited on the MoNi4(312) crystal plane 
to promote the growth of the MoNi4(312) plane during the reconstruc
tion process. Therefore, during the cycling process, the peak at 74.7◦

corresponding to the MoNi4(312) crystal plane increases, while the peak 
at 43.5◦ corresponding to the MoNi4(121) crystal plane remains un
changed. Moreover, the calculated desorption energies of Ni species on 
MoNi4(312) and MoNi4(121) impart more information about the supe
rior corrosion resistance of the MoNi4(312) plane, which has a larger 
desorption energy of 0.64 eV than 0.14 eV of the MoNi4(121) plane 
(Fig. 2e), suggesting that the MoNi4(312) plane has good stability.

XPS was carried out to determine the changes in the chemical states 
of NM8 during reconstruction. The high-resolution XPS spectra of Mo-3d 
in Fig. 2f show peaks at 227.8 and 230.9 eV associated with Mo0-Ni in 
MoNi4, which shift to lower binding energies by approximately 0.2 eV 
during reconstruction. However, the peaks at 228.9 and 233.6 eV 
associated with Mo4+-O and those at 230.9 and 235.2 eV corresponding 
to Mo6+-O of the surface-oxidized species show no significant change 
[30]. Fig. 2g displays the high-resolution XPS spectra of Ni-2p. The peaks 
at 852.1 and 869.3 eV associated with Ni0-Mo in MoNi4 shift to higher 
binding energies by approximately 0.2 eV, but those at 855.8 and 
873.6 eV corresponding to Ni2+-O in surface-oxidized species and the 
satellite peaks of Ni (861.2 and 879.5 eV) do not shift [31]. These results 
indicate that with the preferential growth of the MoNi4(312) plane, 
strong interactions between Ni and Mo atoms on the MoNi4(312) plane 
occur to facilitate electron transfer from Ni to Mo, possibly enhancing 
the HER catalytic performance.

3.3. HER performance

After 100 cycles of LSV scanning in 0.5 M H2SO4 for reconstruction, 
the samples are labelled as Ni-R, NM4-R, NM6-R, NM8-R, and NM10-R. 
The LSV curves and Tafel plots of these samples are displayed in 
Fig. S16. NM8-R and NM10-R have similar overpotentials and Tafel 
slopes, which are much smaller than those of Ni-R, NM4-R, and NM6-R. 

The HER performance of NM8-R, which has a rich exposure of the 
MoNi4(312) plane, is studied in detail. The LSV curves in Fig. 3a show 
that the overpotential required for NM8-R to reach a current density of 
10 mA cm–2 is 23 mV, which is much lower than that of SS and even 
comparable to that of the commercial Pt/C catalyst of 24 mV in 0.5 M 
H2SO4. The overpotential required by NM8-R to afford a current density 
of 200 mA cm–2 is 109 mV, which greatly exceeds the activity of the 
commercial Pt/C catalyst. In addition, NM8-R can produce a current 
density of 350 mA cm–2 at an overpotential of a mere 171 mV, indi
cating that NM8-R is commercially viable for large-current hydrogen 
production.

The Tafel slopes are obtained by fitting the linear regions of the Tafel 
plots. The Tafel slope of NM8-R (53.9 mV dec–1) is close to that of 
commercial Pt/C (41.9 mV dec–1) and smaller than that of SS (259.6 mV 
dec–1) (Fig. 3b). The Rct of NM8-R is comparable to that of commercial 
Pt/C and significantly smaller than that of SS (Figs. 3c and S17), con
firming the fast HER kinetics of NM8-R. The HER characteristics of NM8- 
R is superior to those of previously reported Ni-based, Mo-based, and Ni- 
Mo-based electrocatalysts, including (1) Ni-BTC [32], (2) Mo-MoS2 
MSH/PC [33], (3) MoS0.46Te0.58/Gr [34], (4) Ni2P-Ni12P5@Ni3S2/NF 
[35], (5) CPF-Fe/Ni [36], (6) Re0.5Mo0.5S2 [37], (7) Mo2C(MoO3) [38], 
(8) 6 % P-BMS [39], (9) PdNi NWs [40], (10) RuNi-Alloy@SC [41], (11) 
W-NiCo [42], (12) CoMoP-rGO/CNT [43], (13) MoS2/Co
SAs-NS-CNTs@CoS2/CC [44], (14) MoO2-Mo2C-NC@CC-950 ℃ [45], 
and (15) MoS2 ML [46] as illustrated in Fig. 3d and Table S1. The 
comparison highlights the significant advantages of NM8-R with 
enriched MoNi4(312) plane exposure. Additionally, the HER catalytic 
performance of NM8-R in an alkaline electrolyte (1.0 M KOH) was also 
investigated. It requires only 43 mV to achieve a current density of 
10 mA cm–2, with a Tafel slope of 92.4 mV dec–1 (Fig. S18). Although 
this performance is inferior to that in acidic media, it presents excellent 
alkaline HER.

The stability of NM8-R was assessed by multiple current steps and 
chronopotentiometry in 0.5 M H2SO4. The former indicates that the 
overpotentials are stable at current densities between 10 mA cm–2 and 
200 mA cm–2 (Fig. S19), implying excellent robustness even at large 
current densities. Fig. 3e shows the durability of NM8-R at a current 
density of 100 mA cm–2 for 100 h, and the LSV curves before and after 
the durability test are nearly the same (Fig. S20). The FE-SEM images of 
NM8-R after the durability test in Fig. S21 are consistent with the ones 
before the test. Fig. S22 displays the XRD patterns of NM8-R before and 
after the test and similar diffraction patterns are observed, confirming 
that the structure and morphology of NM8-R are unchanged and the 
excellent stability. The hydrogen production rate and Faradaic effi
ciency (FE) of NM8-R were determined by the water displacement 
method (Fig. S23), in which 60.5 mL of hydrogen are produced by HER 
within 80 min at a constant current of 100 mA. The release rate of high- 
purity H2 from 0.5 M H2SO4 is 1.85 mmol h–1 and the FE is as high as 
99.5 % (Fig. 3f).

To assess the potential industrial scalability, NM8 electrodes of 
different geometrical sizes (1 × 1 cm2, 2 × 2 cm2, and 3 × 3 cm2) shown 
in Fig. 3g were prepared by a similar protocol. Before the electro
chemical measurement, the LSV scans of 100 cycles were conducted on 
NM8 (2 × 2 cm2) and NM8 (3 × 3 cm2) electrodes for surface recon
struction (Fig. S24). After the reconstruction, NM8 (2 × 2 cm2) and NM8 
(3 × 3 cm2) also exhibited enhanced catalytic activity. The over
potentials of NM8 (2 × 2 cm2) and NM8 (3 × 3 cm2) at 10 mA cm–2 and 
100 mA cm–2 for various scan numbers, as shown in Fig. S25, indicate a 
similar improvement trend in HER activity, consisting with the NM8 (1 
× 1 cm2). To achieve current densities of 10 mA cm–2 and 100 mA cm–2, 
the overpotentials for NM8-R (2 × 2 cm2) are 22.3 and 83.3 mV while 
are 21.0 and 84.3 mV for NM8-R (3 × 3 cm2), as shown in the Fig. 3h. 
These results indicate that scaling up the geometrical size of the NM8 
electrode by 8 folders (from 1 cm2 to 9 cm2) does not weaken the cat
alytic performance. More importantly, the NM8-R (3 × 3 cm2) electrode 
generates currents of 100, 500, and 1000 mA at overpotentials of 21.9, 
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62, and 91 mV (Fig. 3i), respectively, demonstrating excellent potential 
for industrial applications.

3.4. HER mechanism

The structural evolution process and the origin of the high activity of 
NM8-R were verified in detail using DFT calculations. MoNi4(121) and 
MoNi4(312) planes are used to construct the models according to XRD. 
Fig. 4a-b depicts the schematic diagrams of the simulated atomic 
structure of the MoNi4(312) and MoNi4(121) planes, respectively. The 
charge density distribution in Fig. 4c-d indicates that Mo atoms on the 
MoNi4(312) surface are more negative than those on the MoNi4(121) 
plane, whereas Ni exhibits the opposite trend. The average Mulliken 
charge of Mo atoms on the MoNi4(312) plane is –0.267, which is lower 
than the value of –0.102 on the MoNi4(121) plane (Fig. S26). On the 
other hand, Ni shows a value of 0.082 on the MoNi4(312) plane, which is 
higher than 0.032 on the MoNi4(121) plane. The results suggest more 
pronounced electron interactions among atoms on the MoNi4(312) 
plane consistent with the results obtained by XPS.

The density of states (DOS) of MoNi4(312) and MoNi4(121) plane is 
shown in Fig. S27a-b. Compared to MoNi4(121) plane, MoNi4(312) has a 
more continuous DOS and a higher degree of orbital hybridization. The 
continuous DOS indicates that the electronic states of MoNi4(312) plane 
are more dispersed and delocalized, enhancing electron conductivity 

and promoting electron transfer efficiency during electrochemical re
actions [47]. Additionally, the higher degree of orbital hybridization in 
MoNi4(312) plane provides more available electronic states, facilitating 
the activation of reactants and lowering the reaction energy barrier, thus 
accelerating the reaction rate [48]. The d-band center of the MoNi4(312) 
plane downshifts in comparison with MoNi4(121) (Fig. 4e), suggesting 
reduced adsorption of the reaction intermediates on this surface [49, 
50]. This weakens the excessive adsorption capability of non-precious 
transition metals and enhances HER. [22] The H atom adsorption 
models of MoNi4(312) and MoNi4(121) plane for the calculation of the 
hydrogen adsorption energy are depicted in Figs. S28-S29. The Gibbs 
free energy (ΔGH*) of the Ni and Mo sites on MoNi4(312) and 
MoNi4(121) as shown in Fig. 4f. The ΔGH* at the Ni-(312) site is 
–0.71 eV, which is lower compared to the Ni-(121) site (–0.69 eV). In 
contrast, the ΔGH* at site Mo-(312) is –0.30 eV, which is higher than at 
the Mo-(121) site (–0.61 eV) and closer to zero. Therefore, on the 
MoNi4(312) plane, Ni sites act as adsorption sites, while Mo sites serve 
as hydrogen desorption sites. During the HER process, hydrogen spon
taneously adsorbs onto the Ni sites, then transfers to the Mo sites, and is 
ultimately released as hydrogen gas. The cooperative hydrogen pro
duction by Ni and Mo sites on the MoNi4(312) plane results in a small 
barrier of rate-determining step (RDS) of 0.41 eV, which is lower than 
the 0.61 eV of the MoNi4(121) plane. Our results reveal that the strong 
electronic interactions between atoms on the MoNi4(312) plane result in 

Fig. 3. HER properties: (a) LSV curves; (b) Tafel plots; (c) Nyquist plots; (d) Comparison of the overpotentials at 10 mA cm–2 and Tafel slopes of the electrocatalysts 
in the acidic electrolyte; (e) Stability; (f) Experimental and theoretical amounts of H2 produced as well as FE at a current of 100 mA by NM8-R; (g) Photographs of the 
prepared NM8 of different geometrical sizes; (h) Comparison of overpotential for NM8-R of different geometrical sizes at current densities of 10 mA cm–2 and 
100 mA cm–2; (i) LSV curve of the NM8-R (3 × 3 cm2) electrode.
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an optimized hydrogen adsorption process, giving rise to outstanding 
HER activity.

4. Conclusions

A Ni-Mo alloy catalyst, specifically MoNi4 with the preferred crystal 
plane of (312), is designed and fabricated by electrodeposition and 
electrochemical reconstruction. The orientation-dependent growth of 
MoNi4(312) enhances the electrocatalytic activity due to the strong Ni- 
Mo atomic interactions on the crystal plane and their synergistic catal
ysis of HER, which lower the reaction energy barrier. The catalyst (NM8- 
R) has remarkable electrochemical properties, including an over
potential of only 23.0 mV for a current density of 10 mA cm–2 in 0.5 M 
H2SO4. Moreover, the catalyst has excellent stability as inferred from 
continuous operation for 100 h at a current density of 100 mA cm–2 and 
a FE of 99.5 % for hydrogen production. This electrode can be scaled up 
controllably, and after reconstruction, NM8-R (3 × 3 cm2) generates a 
current of 1 A at an overpotential of 91 mV. These results highlight the 
significant potential of the concept and catalyst for large-scale industrial 
hydrogen production. This study provides valuable insights into the 
orientational modulation of crystal facets for low-cost transition metal- 
based alloy electrocatalysts and enriches the understanding of crystal 
facet engineering.
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Faradaic efficiency calculation 

The Faradaic efficiency (FE) describes the efficiency of charge transfer in an electrochemical 

reaction and is expressed as: 

𝐹𝐸 =
𝑛(𝐻2)𝑀

𝑛(𝐻2)𝑇
× 100% ,   (Eq. S1) 

where n(H2)M (mol) is the molar mass of measured hydrogen and n(H2)T (mol) is the theoretical 

molar mass of total hydrogen produced.  Additionally, 

𝑛(𝐻2)𝑀 =
𝑉𝐿

𝑉𝑚
 ,    (Eq. S2) 

where VL (L) is the volume of hydrogen produced, Vm (L mol−1) is the molar volume of the gas 

at room temperature, and Vm is 24.45 L mol−1 at 298.15 K and 1.013 × 105 Pa. 

𝑛(𝐻2)𝑇 =
𝑖×𝑡

2×𝐹
 ,    (Eq. S3) 

where i (A) is the current, t (s) is the time duration, and F is Faraday’s constant.  FE is calculated 

to be 99.5% at an applied current of 100 mA for 80 min. 
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Figure S1. XRD patterns of Ni, NM4, NM6, NM8, and NM10. 
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Figure S2. FE-SEM images: (a-c) Ni, (d-f) NM4, (g-i) NM6, and (j-l) NM10. 
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Figure S3. Elemental contents of Ni and Mo in NM8. 
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Figure S4. Photographs of (a) NM8; (b-c) Cross-sectional FE-SEM images of NM8. 
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Figure S5. Electrical conductivity of SS and NM8. 
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Figure S6. Schematic diagram of the structure of NM8. 
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Figure S7. LSV curves of the initial 100 scans acquired from NM8 in 0.5 M H2SO4. 
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Figure S8. In situ Nyquist plots of NM8 during LSV scans. 
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Figure S9. Cyclic voltammetry curves of NM8 before and after 100 LSV scans at scanning 

rates from 1 to 10 mV s–1. 
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Figure S10. Electrochemically active surface area of NM8 before and after 100 LSV scans. 
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Figure S11. FE-SEM images of NM8 after 100 LSV scans. 
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Figure S12. Electrical conductivity of NM8 before and after 100 LSV scans. 
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Figure S13. Water droplet contact angle images of NM8 before and after LSV scanning. 
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Figure S14. In situ Raman scattering spectra of NM8 during LSV scanning. 
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Figure S15. In situ XRD patterns of NM8 during LSV scanning. 
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Figure S16. (a) LSV curves and (b) Tafel plots of Ni-R, NM4-R, NM6-R, NM8-R, and 

NM10-R in 0.5 M H2SO4. 
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Figure S17. Nyquist curves of NM8-R, commercial Pt/C, and bare SS. 
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Table S1. Comparison of the overpotentials and Tafel slopes of different catalysts. 

  

Number Catalysts 
Overpotential at 10 

mA cm–2 (mV) 

Tafel slope 

(mV dec–1) 

1  Ni-BTC[1] 53 62 

2  Mo-MoS2 MSH/PC[2] 91 61.9 

3  MoS0.46Te0.58/Gr[3] 62.2 61.1 

4  Ni2P-Ni12P5@Ni3S2/NF[4] 46 78 

5  CPF-Fe/Ni[5] 23 82.6 

6  Re0.5Mo0.5S2[6] 98 54 

7  Mo2C(MoO3)[7] 119.5 78.5 

8  6% P-BMS[8] 60 76 

9  PdNi NWs[9] 91 96 

10  RuNi-Alloy@SC[10] 34 55 

11  W-NiCo[11] 78.5 56.6 

12  CoMoP-rGO/CNT[12] 66 69 

13  
MoS2/CoSAs-NS-

CNTs@CoS2/CC[13] 
72 59.4 

14  
MoO2-Mo2C-NC@CC-

950 ℃[14] 
72 56.42 

15  MoS2 ML[15] 90 94 

This work NM8-R 23 53.9 
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Figure S18. (a) LSV curves and (b)Tafel plots of NM8-R in acidic (0.5 M H2SO4) and 

alkaline (1.0 M KOH) electrolytes. 
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Figure S19. Multiple current step plot of NM8-R. 
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Figure S20. LSV curves of NM8-R before and after long-term measurements. 
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Figure S21. FE-SEM images of NM8-R after long-term measurements. 

  



  

25 

 

 

 

 

Figure S22. XRD patterns of NM8-R before and after long-term measurements. 
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Figure S23. Photograph of the water splitting system with the NM8-R catalyst as the working 

electrode for the assessment of H2 production by the water displacement method. 
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Figure S24. LSV curves of the initial 100 scans acquired from (a-b) 2 × 2 cm2 NM8 and (c-d) 

3 × 3 cm2 NM8 in 0.5 M H2SO4.  
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Figure S25. Overpotential variation of (a) 2 × 2 cm2 NM8 and (b) 3 × 3 cm2 NM8 during the 

LSV scanning in 0.5 M H2SO4. 
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Figure S26. Average Mulliken electron distributions of Ni and Mo on the MoNi4(312) and 

MoNi4(121) crystal planes. 
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Figure S27. DOS of (a) MoNi4(312) and (b) MoNi4(121).  
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Figure S28. Model of H adsorption on (a) Mo and (b) Ni sites of MoNi4(121). 
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Figure S29. Model of H adsorption on (a) Mo and (b) Ni sites of MoNi4(312). 
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