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Synthesis of NiMo-NiMoO, with crystalline/amorphous
heterointerface for enhanced hydrogen evolution reaction
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ABSTRACT: Constructing crystalline-amorphous hetero-
structure has been verified as an efficient strategy for boosting
the activity of metal/oxides-based electrocatalysts in alkaline
hydrogen evolution reaction (HER). Crystalline metal possesses
high electronic conductivity, while amorphous structure provides
numerous active sites. Herein, the crystalline-amorphous
NiMo—NiMoO, electrocatalyst was fabricated by a facile
electrodeposition approach, and the introduction of Mo atoms
can effectively modulate the interface between crystalline and
amorphous regions as well as the electron structure of active
sites. Benefiting from the synergistic interaction of the crystalline-
amorphous heterostructure and the introduction of Mo atoms,
the NiMo-NiMoO, electrocatalyst exhibits remarkable HER
catalytic properties and durability. It requires a low overpotential
of 30 mV at the current density of 10 mA-cm2in 1.0 M KOH, as RS

well as a long-term stability with slight degradation after operating for over 80 h. Moreover, it also exhibits excellent activity
and stability with negligible declination in the simulated alkaline seawater, making it highly promising for seawater
electrolysis applications. Density functional theory (DFT) calculations demonstrate the electron distribution at the interface
reduces the energy barrier for the water dissociation and optimizes H adsorption/desorption capability, thereby enhancing
HER kinetics. This work provides a feasible strategy for designing high-efficiency, low-cost HER electrocatalysts based on
crystalline-amorphous heterostructures.

KEYWORDS: crystalline-amorphous heterostructure, synergistic effect, electrodeposition, seawater, hydrogen evolution
reaction (HER)

1 Introduction

Hydrogen (H,) is regarded as a renewable and eco-friendly energy
source, which is promising for substituting fossil fuels and
alleviating the pressure of the energy crisis and environmental
issues [1—4]. Besides, hydrogen can be used in many fields as a kind
of high-value product, including medicine, chemical industry,
agriculture, and others. Alkaline water splitting has the advantages
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of low cost, long lifetime, and ease of maintenance and is widely
applied commercially [5-7]. In addition, seawater can be utilized to
produce hydrogen, along with abundant solar and wind energy
near the coastline, thus reducing the cost of hydrogen production.
However, the sluggish kinetics of hydrogen evolution reaction
(HER) inhibit the further development of alkaline water splitting
[8]. Though noble-metal catalysts can greatly boost the HER
process, they are difficult to meet the requirements of industrial
production due to the high price and scarcity [9, 10]. Thus, it is
urgent to develop low-cost and highly efficient catalysts for alkaline
water splitting.

Among non-precious metal-based catalysts, Ni-NiO catalysts
have attracted much attention because Ni metal is abundant in the
earth and inexpensive [11-13]. Besides, Ni-NiO catalysts exhibit
excellent electrocatalytic activity due to the synergistic effect [14—16].
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Many studies have demonstrated that NiO can promote the
dissociation of water molecules and accelerate the Volmer step,
while Ni can provide active sites for the adsorption/desorption of
hydrogen intermediates and facilitate the Heyrovsky/Tafel step.
Several strategies have been employed to improve the activity of
Ni-NiO catalysts through modulating the d-band center. For
example, Zhao et al. found that the ratio of Ni to NiO can
significantly enhance alkaline HER activity [17]. Yan et al
constructed few-layered carbon on Ni-NiO to enhance the activity
and stability of the catalyst [18]. However, the activity of Ni-NiO
catalysts is still far away from that of noble catalysts.

Recently, phase and interface engineering via crystalline-
amorphous heterostructures has become an attractive strategy for
fabricating highly active HER electrocatalysts due to the synergistic
effect and intriguing phase properties [19, 20]. Compared to the
crystalline phase, the amorphous phase exhibits a distinctively
disordered atomic arrangement with abundant defects and
unsaturated coordination environments, providing more active
sites [21-24]. In addition, the isotropic and flexible properties of the
amorphous phase enable an easily adjustable local electronic
structure at the active sites, which can optimize the intermediates’
adsorption/dissociation ~ capability [25-27]. Moreover, the
amorphous phase can also enhance the wettability of the catalysts,
facilitating the mass transfer and bubble release [28, 29]. The
crystalline phase, on the other hand, possesses high electrical
conductivity and lower metal ion leaching. Thus, the integration of
the crystalline phase with the amorphous phase can improve the
electrical conductivity and stability of the catalysts, which are the
shortcomings of the amorphous phase [30-32]. Although the
crystalline-amorphous heterostructures for HER have been studied
to some extent, there are still few studies focusing on modulating
the interface of the heterostructure by incorporating other atoms,
such as Mo atoms.

Inspired by the above considerations, we synthesized the
crystalline-amorphous  NiMo-NiMoO,  heterostructure  and
demonstrated the structure-activity relationship between the
crystalline and amorphous phases. The experimental results proved
that the introduction of Mo atoms could effectively decrease the
ratio of crystalline to amorphous areas, resulting in abundant
interfaces and active sites. Besides, X-ray absorption spectroscopy
(XAS) results and density functional theory (DFT) calculations
confirmed that there was electron redistribution between Mo and
Ni atoms, contributing to the optimized electronic structure. As a
result, NiMo-NiMoO, exhibited a lower energy barrier for water
dissociation (AGy,,r = 0.134 eV) and an optimized capacity for
hydrogen adsorption/desorption (AGy. = 0.240 eV), compared to
Ni-NiO, (0.736 eV for water dissociation and 0.547 eV for
hydrogen adsorption/desorption, respectively). Thus,
NiMo-NiMoO, only requires 30 mV to deliver the current density
of 10 mA-cm™ and can operate for 80 h with only slight decay.
Besides, it can also perform well in the simulated alkaline seawater
for 96 h, showing promise for the alkaline seawater splitting.

2 Experimental

NiMo-NiMoO, catalyst was prepared by electrodeposition on the
commercial Ni foam at 50 °C with a slow stirring rate of 300 rpm.
The Ni foam was ultrasonically cleaned in ethanol, diluted HCI, and
then deionized water for 10 min prior to use. For the
electrodeposition of NiMo-NiMoO, catalyst, NiClL-6H,0O and
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Na,MoO, were used as the metal sources and K,P,0,, C,H;NO,,
and CO(NHS,), were added to the deposition solution as additional
agents. The electrolyte contained 0.6 M K,P,0,, 0.3 M C,H;NO,,
1 M CO(NH,),, 0.25 M NiCl,-6H,0, and 0.01 M Na,MoQ,. The
NiMo-NiMoO, catalyst was prepared with two electrode
electrodeposition at 200 mA-cm™ for 20 min. The synthesis of
Ni-NiO,, was similar to NiMo-NiMoO,, except that the solution
was prepared without Na,MoO,. The material characterizations
and electrochemical measurements are displayed in the Electronic
Supplementary Material (ESM).

3 Results and discussion

We first studied the adsorption ability of H and H,O on Ni-NiO,
and NiMo-NiMoO, through DFT calculations. As shown in
Fig. 1(a), the structure of Ni-NiO, consists of the crystalline Ni
(111) and the amorphous NiO,. Because the amorphous structure
possesses short-range order, it exhibits similar properties to the
crystalline structure within a small region of only a few atomic
layers. In this study, crystalline NiO was utilized as a model for
amorphous NiO, and was further optimized to obtain a relatively
stable structure. By replacing some Ni atoms with Mo atoms, we
also successfully fabricated the structure of NiMo-NiMoO,. To
initially investigate the HER process on Ni-NiO,, we selected some
Ni atoms as the active sites, as shown in Fig. S1(a) in the ESM. The
calculation results are presented in Table S1 in the ESM.

The H,O adsorption energy value obtained on the Nil site is
—-2.04 eV, which is much lower than that of other Ni sites. This
suggests that H,O prefers to adsorb on the Nil site. Besides, the H-
binding energy value on the Ni3 site is the lowest (-1.38 eV),
indicating that H atoms are more likely to adsorb on the Ni3 site.
According to the calculation results, it can be speculated that H,O
molecules first adsorb on the Nil site and split into H and OH.
Subsequently, H tends to adsorb on the Nil site, while OH is
released from the surface. From the calculation results, it is worth
noting that the HER process prefers to occur at the interface
between the crystalline Ni and amorphous NiO, due to the
decreased adsorption energy of H,O and H with increasing distance
from the interface. The adsorption energies of H,O and H in
NiMo-NiMoO, were then calculated, and the active sites and
relevant adsorption energies are shown in Fig. S1(b) and Table S2
in the ESM. It is clearly shown that the incorporation of Mo atoms
into Ni-NiO, efficiently regulates the adsorption energies of both
H,O and H in Fig. 1(b). H,O molecules first adsorb on the Mo?2 site
and split into H and OH. The absorption energy value of H,0 on
the Mo2 site is —1.22 eV, which is much smaller than that in
Ni-NiO,, greatly decreasing the energy barrier for water
dissociation. Additionally, the H adsorption energy on the Ni3 site
is only —0.75 eV, much closer to the optimal value for H, evolution.
The detailed HER process is illustrated in Fig. 1(c). The above
theoretical results demonstrate that the incorporation of Mo atoms
in metallic Ni and bimetallic oxide NiMoO, can modulate the
intrinsic interactions with H,O and H involved in the alkaline HER
process. Thus, rational control of the Mo content is expected to
enable efficient water dissociation and facile H, evolution, leading
to improved performance in alkaline HER.

As illustrated in Fig. 2(a), the NiMo-NiMoO, crystalline-
amorphous heterostructure is directly grown on Ni foam through a
facile one-step electrodeposition strategy [33, 34]. The detailed
crystallinity and phase information of Ni-NiO, and
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Figure1 (a) Models of Ni-NiO, and NiMo-NiMoO,. (b) Calculated H,O and H adsorption energies of Ni-NiO, and NiMo-NiMoO,. (c) Predicted HER process of
NiMo-NiMoO,.

(a) Electrodeposition

Figure2 (a) Schematic illustration of the synthetic procedure. (b) HRTEM images, (c) SAED pattern, and (d) EDS mapping images of NiMo-NiMoO,.
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NiMo-NiMoO, were characterized using X-ray diffraction (XRD)
measurement. Due to the strong interference of Ni peaks
originating from the Ni foam, carbon paper was chosen as the
substrate to investigate the crystal information of the samples.
Figure S2 in the ESM shows that the XRD patterns for all samples
feature a major diffraction peak at about 26°, which can be assigned
to the carbon paper substrate [35]. The Ni-NiO, and
NiMo-NiMoO, exhibit three major diffraction peaks at about
44.5° 51.8° and 76.4° which could be indexed to the (111), (200),
and (220) planes of Ni (PDF # 04-0850) [18, 36]. Moreover, no
typical diffraction peaks related to Ni(Mo)O, are observed.
Compared to the peaks of Ni-NiO,, relatively broadened, lower
intensity, and shifted diffraction peaks could be observed clearly
after the introduction of Mo source to the bath, suggesting that
NiMo-NiMoO, possesses a smaller particle size and grain
refinement [34, 37, 38]. Considering the above analysis, it can be
inferred that Mo source in the bath can effectively modulate the
formation of the NiMo-NiMoO; in the electrodeposition process
and may increase the interfaces between the crystalline and
amorphous phases.

It has been verified that a hydrophilic structure can facilitate
mass transport and bubble release from the electrode surface, thus
accelerating the HER process [39, 40]. As shown in Fig. S3 in the
ESM, the contact angles between water and the samples are
measured to be zero almost instantly when water is dropped onto
the surface, while the process on NiMo-NiMoO, is faster than that
on Ni-NiO,. NiMo-NiMoO, needed only 8 ms to be completely
infiltrated, while Ni-NiO, needed 66 ms. According to previous
studies, Ni foam exhibits poor hydrophilicity, with a contact angle
reaching 126° [41, 42]. The results indicate that the as-fabricated
catalysts have excellent hydrophilicity, and the introduction of Mo
atoms likely plays a key role in enhancing the hydrophilicity of
NiMo-NiMoO,. Figure S4 in the ESM displays the scanning
electron microscopy (SEM) images of the NiMo-NiMoO, catalyst
along with the NF and Ni-NiO,. As shown in the images, a dense
film was formed on the surface of Ni foam after electrodeposition.
The high-magnification images show that Ni-NiO, consists of
irregular nanoparticles with a diameter of about 70 nm, uniformly
distributed on the surface. In contrast, the nanoparticle size of
NiMo-NiMoO, is smaller, indicating that the introduction of Mo
atoms can also affect the morphology of Ni-NiO,.

In Fig. 2(b), the detailed high-resolution transmission electron
microscopy (HRTEM) images reveal that NiMo-NiMoO, consists
of both amorphous and crystal phases. As shown in the enlarged
views of crystal regions, the interplanar spacings of the lattice
fringes are precisely measured to be 0.205 and 0.216 nm with the
interplanar angle of 54°. These spacings correspond to the (200)
and (111) planes of Ni, respectively. The enlarged interplanar
spacings may be attributed to the incorporation of Mo atoms into
the Ni crystal lattice. In addition, numerous regions lacking lattice
fringes confirm the presence of amorphous NiMoO, between well-
crystallized NiMo nanoparticles. The selected area electron
diffraction (SAED) pattern of NiMo-NiMoO,, shown in Fig. 2(c),
further corroborates the coexistence of amorphous NiMoO, and
crystalline Ni. Moreover, energy dispersive spectroscopy (EDS)
mapping images in Fig. 2(d) indicate that Ni, Mo, and O are
uniformly distributed throughout the whole area. The element
ratios and inductively coupled plasma (ICP) results of
NiMo-NiMoO,, presented in Fig. S5 in the ESM, further confirm
the existence of NiMoO,. Collectively, these results demonstrate the
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successful synthesis of the crystalline-amorphous NiMo-NiMoO,
heterostructure.

The surface electronic structure of NiMo-NiMoO, was
investigated and compared with that of Ni-NiO, by X-ray
photoelectron spectroscopy (XPS) measurement. As shown in Fig.
S6 in the ESM, there are obvious Ni, Mo, and O peaks in the XPS
spectra of NiMo-NiMoO,, confirming the presence of these
elements. As revealed by Ni 2p XPS spectra of NiMo-NiMoO,
(Fig. 3(b)) and Ni-NiO; (Fig. S7(a) in the ESM), the surface of both
samples is in a metallic state with partial oxidation. The Mo 3d XPS
spectrum (Fig. 3(a)) shows the coexistence of metallic Mo atoms
and oxidized Mo atoms [43—45]. Notably, the binding energy of Ni
2p in NiMo-NiMoO, exhibits a negative shift of 0.2 eV compared
to Ni-NiO,, suggesting that Ni in NiMo-NiMoO, is electron-rich,
likely due to the electron transfer between Ni and Mo atoms. The O
1s spectra of both samples (Fig. 3(c) and Fig. S7(b) in the ESM) are
deconvoluted to the Metal-O bond, oxygen vacancies, and
hydroxyl group [45-47].

The comprehensive characterizations and analyses presented in
the manuscript conclusively demonstrate that the NiMo-NiMoO,
composite system comprises both crystalline NiMo alloys and
amorphous NiMoO, oxides. Notably, XPS measurement reveals
that the proportion of Ni’ and Ni* species can serve as a reliable
quantitative indicator of the crystalline-amorphous ratio. To
systematically investigate the influence of Mo content on the
crystalline-amorphous ratio, XPS measurements were performed
on samples with varying Mo concentrations in the bath. As shown
in Fig. S8 and Table S3 in the ESM, the Ni’/Ni** ratio progressively
decreases from 49:51 to 7:93 with increasing Mo content. It suggests
that higher Mo concentrations significantly promote the formation
of the amorphous phase, thereby modulating the proportions of
crystalline and amorphous phase. Additionally, compared with the
Ni 2p spectrum of Ni-NiO,, the binding energies of Ni 2p in
NiMo-NiMoO, shifted negatively with varying Mo content,
suggesting the electron transfer from Mo atoms to Ni atoms.
Moreover, the binding energies of Ni 2p in NiMo-NiMoO, remain
relatively constant with different Mo content, likely due to the stable
Mo content in the NiMo alloys.

To further investigate the electronic states and atomic structures,
synchrotron radiation-based X-ray absorption fine structure
(XAFS) spectroscopy was performed on NiMo-NiMoO, with
standard samples (Ni foil and NiO) as references. Figure 3(d) shows
the Ni K-edge X-ray absorption near-edge structure (XANES)
spectra of NiMo-NiMoO,, Ni foil, and NiO. The absorption energy
(Ey) of Ni in NiMo-NiMoO, is lower than that in the NiO while
higher than that in the Ni foil It indicates that Ni in
NiMo-NiMoO, exists in both metallic and oxide states, which is in
accordance with the XPS results [48, 49]. The Fourier transformed
(FT) Ni K-edge extended XAFS (EXAFS) spectra (Fig. 3(e)) were
analyzed to investigate the local structure of Ni atoms. The Ni foil
exhibits a dominant Ni-Ni peak at 2.48 A, while NiO shows a
Ni-O peak at 2.08 A. For NiMo-NiMoO,, a strong peak at 2.51 A
can be attributed to Ni-M (Ni/Mo) bond and the band length
increases compared to Ni foil, likely due to the incorporation of Mo
atoms [50, 51]. Besides, the intensity of Ni-Ni peak in the
NiMo-NiMoO, is lower than that in the Ni foil, possibly due to a
decreased coordination number. The fitting results (Fig. S9 and
Table S4 in the ESM) further demonstrate the bonding
information, showing a strong Ni-Ni peak and a minor Ni-O peak
for NiMo-NiMoO,. Though in the small wavelet transform (WT)
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Figure 3 XPS spectra of (a) high-resolution Ni 2p, (b) high-resolution Mo 3d, and (c) high-resolution O 1s for NiMo-NiMoO,. (d) Ni K-edge XANES spectra and (e)
the corresponding k*-weighted FT of EXAFS spectra of NiMo-NiMoO,, Ni foil, and NiO. (f) WT plot for the k>-weighted EXAFS spectra at Ni K-edge of
NiMo-NiMoO.,. (g) Mo K-edge XANES spectra and (h) the corresponding k*-weighted FT of EXAFS spectra of NiMo-NiMoO,, Mo foil, and MoO;. (i) WT plot for the

Ie-weighted EXAFS spectra at Mo K-edge of NiMo-NiMoO,.

plot for the Ni K-edge of NiMo-NiMoO, (Fig. 3(f)) shows
apparently Ni-Ni/Mo bond, the Ni-O bond is hard to be observed
because of its low content. The small WT plots for Ni foil and NiO
Ni K-edge are also shown in Fig. S10 in the ESM.

Similarly, the Mo K-edge XANES and EXAFS spectra were also
obtained for comprehensive analysis. Figure 3(g) shows that E; for
Mo in NiMo-NiMoO, is between that in Mo foil and MoO;,,
manifesting that Mo atoms are in partially oxidized states.
Moreover, the EXAFS spectra (Fig. 3(h)) show the coexistence of
the Mo-M (Mo/Ni) and the Mo-O bonds for NiMo-NiMoO,,
indicating that Mo atoms exist in both metallic and oxidized states
in the sample [52, 53]. The fitting results (Fig. S11 and Table S5 in
the ESM) of NiMo-NiMoO, in R-space and k-space for Mo further
demonstrate the existence of Mo atoms in Ni crystalline and NiO
amorphous structure. Compared to Mo foil and MoO; (Fig. S12 in
the ESM), Mo-Ni/Mo bond can be obviously observed, while
Mo-O bond is also hard to be see due to the low intensity in the
small WT plot for NiMo-NiMoO, Mo K-edge in Fig. 3(i).

The electrocatalytic HER performance of the NiMo-NiMoO,
catalyst was evaluated in 1 M KOH solution together with NF,
Ni-NiO,, and Pt/C. We first investigated the optimal
electrodeposition conditions, including time, current density, and
Mo source concentration, for preparing the NiMo-NiMoO,
catalyst (Fig. S13 in the ESM). Figures 4(a) and 4(b) show the iR-
corrected polarization curves and the overpotential at different
current densities. As expected, the NiMo-NiMoO, catalyst exhibits

(B 7~ 2w | Sci@pen

94907368 (5 of 10)

higher activity than the Ni-NiO, catalyst and even outperforms
Pt/C. The synthesized NiMo-NiMoO, displays an excellent activity,
requiring an ultralow overpotential of only 30 mV for 10 mA-cm™
and 142 mV for 200 mA-cm, while the Ni-NiO, catalyst needs
110 and 297 mV, respectively.

Compared to Ni-NiO,, as shown in Fig. 4(c), the Tafel slope of
NiMo-NiMoO,, decreases from 102 to 65 mV-dec’ after the
introduction of Mo atoms, indicating enhanced HER kinetics and
faster electron transfer in NiMo-NiMoO,. Additionally, the Tafel
slopes of the two catalysts reveal that the HER process may be
controlled by the Volmer-Heyrovsky mechanism. The values of
double-layer capacitance (Cy) are proportional to the effective
electrochemical active surface area (ECSA) of the solid-liquid
interface. As exhibited in Fig. 4(d), the values are measured to be
0.92,19.48,19.39, and 12.62 mF-cm™.

Electrochemical impedance spectroscopy (EIS) was employed to
get further insight into the HER electrode dynamics. Figure 4(e)
and Table S6 in the ESM show that NiMo-NiMoO, catalyst
obviously possesses the smaller charge transfer resistance (R),
indicating the faster electron transfer due to the introduction of Mo
atoms. The above results demonstrate that the Mo atoms can
effectively modulate the electron structure of active site and
enhance the electron conductivity, thus boosting the HER activity.
The stability of the NiMo-NiMoO, catalyst was measured at the
current density of 10 mA-cm™ As shown in Fig. 4(f), the voltage
varies only about 10 mV after operating for 80 h, exhibiting
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Figure4 (a) HER polarization curves of NF, commercial Pt/C, Ni-NiO,, and NiMo-NiMoO, in 1 M KOH. (b) Overpotentials at the current density of 10, 100, and
200 mA-cm for the catalysts. (c) Tafel plots, (d) linear fitting of the capacitive current densities vs the scan rates, and (e) EIS Nyquist plots for the catalysts. (f) Stability test
for NiMo-NiMoO, at 10 mA-cm™. (g) HER linear sweep voltammetry (LSV) curves and (h) stability tested in simulated alkaline seawater. (i) Comparison of the

overpotential at 10 mA-cm™ for HER in 1 M KOH and alkaline seawater.

excellent stability in alkaline solution. However, we found that some
flakes peeled off from the surface, and the intensity of Mo in XPS
spectra decreased, contributing to the deteriorated electrode
performance (Figs. S14 and S15 in the ESM). Compared with state-
of-the-art HER electrocatalysts (Fig. 4(i) and Table S7 in the ESM),
the HER performance of NiMo-NiMoO, is superior to most
reported catalysts.

Seawater electrolysis has attracted growing interest due to the
abundant resource reserves and the great promise for industrial
hydrogen production without exacerbating freshwater shortages.
Given the above considerations, NiMo-NiMoO, was tested in the
simulated alkaline seawater containing 1 M KOH and 0.5 M NaCl.
From Fig. 4(g), the HER performance decreased slightly.
NiMo-NiMoO, require 57 and 154 mV to deliver the current
density of 10 and 200 mA-cm™ Besides, the NiMo-NiMoO,
catalyst also possessed favorable stability in the simulated seawater.
The voltage changed about 18 mV for almost 100 h (Fig. 4(h)). The
Faradaic efficiency (FE) is often used to evaluate the energy
efficiency of the catalysts and device. Figure S16 in the ESM shows
the volume changes of hydrogen and oxygen produced at
50 mA-cm™ for 40 min. The volume ratio of hydrogen to oxygen is
near 2:1, and the calculated FE of hydrogen reaches almost 100%.

Additionally, we also investigated the stability of NiMo-NiMoO,
and Ni-NiO, in real seawater. As shown in Fig. S17,
NiMo-NiMoO, exhibits excellent stability in real seawater, while
the overpotential of Ni-NiO, decreases by over 150 mV,
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demonstrating that the introduction of Mo atoms can greatly
improve the electrocatalytic performance. This can be attributed to
the following mechanisms according to relevant Refs. [54, 55]:
During the electrochemical process, Mo atoms gradually dissolve
and are released onto the electrode surface in the form of MoO,*.
Subsequently, MoO,~ adsorbs on active sites and reduces the
surface concentration of Cl through electrostatic repulsion. Besides,
MoO,” can modulate the electronic structure of the catalyst,
thereby enhancing stability in CI'-containing environments.

DFT calculations were performed for understanding the
fundamental ~mechanism  of the  crystalline-amorphous
NiMo-NiMoO, catalyst at the theoretical level. Based on the
experimental results and previous literature, the Volmer-
Heyrovsky pathway is adopted for the HER process according to
the Tafel slope (Fig. S18 in the ESM) [56, 57].

As shown in Fig. 5(a), the charge density difference plot at the
interface of NiMo-NiMoO, cdlearly reveals the electron
accumulation around Ni atoms and electron depletion around Mo
atoms, resulting in the charge redistribution and the optimized
electronic structure, which leads to efficient hydrogen evolution
[58, 59]. Additionally, the charge-density differences result of
Ni-NiO, is shown in Fig. S19 in the ESM. Compared with
NiMo-NiMoO,, Ni atoms near Mo atoms in Ni-NiO, have fewer
electrons, further demonstrating that the introduction of Mo atoms
can modulate the charge redistribution in the interface.

Besides, we also compared the difference between the total

&
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for HER.

density of states (TDOS) plots of Ni-NiO, and NiMo-NiMoO,. As
shown in Fig. 5(b), the NiMo-NiMoO, exhibits increased DOS
than Ni-NiO, at the Fermi level without an evident gap. This
indicates that there are more free electrons and metallic property
with improved electrical conductivity after the introduction of Mo
atoms, which enhances the activity of the catalyst. Moreover, the
introduction of Mo atoms shifts the d-band center from —1.363 to
—1.347 eV, which is closer to the Fermi level. It indicates that the
Mo atoms can balance the adsorption and desorption strength of
the intermediates and decrease the energy barrier for the
dissociation of water [60, 61]. In addition, the projected DOS
(PDOS) plots for Ni-NiO, and NiMo-NiMoO, (Figs. 5(c) and
5(d)) clearly demonstrate that Mo atoms significantly enhance the
DOS and modulate the electronic structure. Figure 5(e) illustrates
the reaction pathways and the free energy changes for HER.
Though water molecules prefer to adsorb on the Ni-NiO,, the free
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energy for water dissociation on NiMo-NiMoO, is smaller, greatly
accelerating the Volmer step. Besides, the free energy of H
adsorption is also a crucial criterion to identify the activity for HER.
We calculated the free energy of H* through the Heyrovsky step
(H* + H,0O + e > H,), and the results show that the AG,;. for the
NiMo-NiMoO, is closer to zero, indicating enhanced activity for
HER. These calculations demonstrate the Mo atoms play an
important role in the enhanced HER performance.

4 Conclusions

summary, the NiMo-NiMoO, crystalline-amorphous
heterostructure has been successfully grown on Ni foam via a facile
one-step electrodeposition process. The introduction of Mo atoms
effectively modulates the proportion of the crystalline and
amorphous phases, increasing the interfaces between the crystalline

In
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and amorphous phases. Moreover, Mo atoms can lower the energy
barrier for water dissociation, optimize the hydrogen adsorption
capacity (H,y), and accelerate the kinetics of HER. The
NiMo-NiMoO, catalyst exhibits excellent electrocatalytic activity
and stability for alkaline and simulated seawater. It requires only
30 mV overpotential to deliver the current density of 10 mA-cm™
and can operate for 80 h with slight decay. Besides, it also exhibits
remarkable stability for 96 h with an overpotential increase of only
18 mV in alkaline simulated seawater. Such excellent performance
could be attributed to the synergistic effect of the crystalline and
amorphous heterostructure. This study also shows a novel strategy
to modulate the interface in the crystalline-amorphous
heterostructures.

Electronic Supplementary Material: Supplementary material
(further details of electrochemical measurement, DFT calculations,
and other characterization results) is available in the online version
of this article at https://doi.org/10.26599/NR.2025.94907368.
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