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HIGHLIGHTS GRAPHICAL ABSTRACT

e A programmed nitridation protocol is
used to create Ni/MoN heterointerface.

e In situ phase separation induces elec-
tronic interaction between Ni and Mo
atoms.

e Electron transfer from MoN to metallic
Ni to generate a built-in electric field.

e The catalyst needs an overpotential of
95 mV for a current density of 10 mA
em—2

e The catalyst shows no morphology or
composition changes at 100 mA cm ™2

for 100 h.
ARTICLE INFO ABSTRACT
Keywords: Molybdenum nitrides have garnered significant attention for their potential in the hydrogen evolution reaction
Heterointerface (HER) due to their metallic behavior, abundant reserves, and pH-universal stability. However, their unsatis-

Electronic interactions
Built-in electric field
Hydrogen evolution reaction
Water splitting

factory hydrogen adsorption limits industrial applications. Heterostructures can be designed to introduce defects
and modulate the electronic structure of catalysts to optimize hydrogen adsorption to enhance HER. Never-
theless, the exact active sites at the heterointerface and the fundamental mechanisms underlying the HER process
remain inadequately understood. Herein, a composite electrocatalyst in which metallic Ni and MoN phases (Ni/
MoN) form the heterointerface between them is fabricated. The heterointerface produces strong electronic in-
teractions between Ni and MoN to facilitate electron transfer from MoN to Ni, and the built-in electric field
facilitates charge transfer during electrocatalysis. This optimized electronic configuration with abundant active
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sites delivers excellent performance in alkaline HER. Density-functional theory calculations demonstrate that
H,O0 dissociates at the Ni site, whereas Hy desorption occurs at the Mo site. As a result, Ni/MoN/CC requires an
overpotential of only 95 mV to achieve a current density of 10 mA cm 2 and a Tafel slope of 104 mV dec™!.
Moreover, it maintains a high current density of 100 mA cm~2 for 100 h with negligible morphological or
compositional changes. The strategy of modulating the electronic structure of low-cost, transition metal-based
heterostructured electrocatalysts is an effective and commercially viable means to design and develop high-
performance electrocatalysts for water splitting.

1. Introduction

Hydrogen, which possesses a superior energy density compared to
fossil fuels, chemical fuels, and biofuels, is recognized to be a clean and
carbon-free energy source for renewable energy generation [1-3]. Clean
hydrogen can be produced by green techniques such as water splitting
[4-6]. Electrocatalysts containing noble metals like platinum and
palladium are commonly used in the hydrogen evolution reaction
(HER), but the high cost and natural scarcity have hampered more
widespread industrial implementation [7-9]. Hence, it is crucial to
develop more economical, abundant, and efficient electrocatalysts for
water splitting in the pursuit of zero carbon emission.

Mo-based catalysts have been investigated for HER on account of
their cost effectiveness, abundant reserves, and stability under different
pH conditions [10,11]. In particular, Mo-based nitride (MoxNy) has
distinctive metallic properties and high corrosion resistance suitable for
water splitting [12-17]. Ma et al. [18] have developed a composite of
MoN and graphene (MoN/G) for HER. Graphene not only serves as a
diffusion barrier to hinder the growth of two-dimensional (2D) MoN, but
also improves charge transport in the heterogeneous structure. Conse-
quently, the MoN/G heterostructure exhibits overpotentials of 155 mV
and 259 mV for a current density of 10 mA em2in0.5M H,SO4and 1.0
M KOH, respectively. Xiong et al. [19] have proposed the synthesis of
defective-rich molybdenum nitride (dr-MoN) nanosheets with a 2D
structure with high efficiency in HER. In 0.5 M H3SO4 and 1.0 M KOH
electrolytes, overpotentials of 125 mV and 139 mV are required to attain
a current density of 10 mA cm™2. Although defects in the structure give
rise to minute cracks on the surface to expose additional edge sites, the
HER activity of MoN is plagued by sluggish hydrogen desorption arising
from strong Mo-H bonding [20].

The construction of heterostructures is an effective approach to
enhance the properties of HER catalysts [21-23]. Heterointerfaces often
exhibit defects and lattice disorder, which can be exploited to modulate
the electronic structure of catalysts and optimize hydrogen adsorption

[24-26]. Heterostructures composed of transition metal nitrides such as
Co-Ni3N [27], V-Co4N [28], Cr-Co4N [29], Co/MoN [30], and Co-MosNg
[31] have been shown to deliver comparable or even superior HER
performance compared to the commercial Pt/C catalyst [32,33]. For
instance, Zhao et al. [34] have designed N-doped CoMo MOFs-derived
carbon nanospheres (Co/Mo-N) for HER. Since Co-N and Mo-N create
rapid electron transfer pathways to enhance intermediate adsorption,
the Co/Mo-N catalyst requires an overpotential of only 112 mV to
achieve a current density of 10 mA cm ™2 in 1.0 M KOH. Metallic Ni has
good electrical conductivity and acts as an active HER site, but strong
hydrogen adsorption poses limitations in practice [35]. Combining MoN
with Ni to form a Ni/MoN heterostructure, in which the electronic
structure of catalysts can be modified via defects and lattice disorder,
can, in principle, optimize hydrogen adsorption and boost the electro-
catalytic activity [36]. Nevertheless, the interactions between Mo-based
nitride and Ni metal, as well as the underlying mechanism in HER, are
not well understood [37,38].

Herein, a composite catalyst, Ni/MoN/CC with metallic Ni and MoN
on carbon cloth (CC), is synthesized by a hydrothermal reaction fol-
lowed by in situ phase separation, as illustrated in Scheme 1. The
excellent electrical conductivity of both Ni and MoN components fosters
rapid charge transfer during the electrochemical process. Furthermore, a
strong electronic interaction is observed at the heterointerface between
Ni and Mo, resulting in the transfer of electrons from MoN to metallic Ni
and the formation of a built-in electric field. The electronic interaction
modulates the electron configuration of the surface-active sites, pro-
motes the dissociation of water, and optimizes hydrogen desorption.
Theoretical calculations indicate that H,O dissociates at the Ni sites,
whereas Hy desorption occurs at the Mo sites. Consequently, the Ni/
MoN/CC catalyst has remarkable alkaline HER activity, such as an
overpotential of only 95 mV to achieve a current density of 10 mA cm ™2
in conjunction with a Tafel slope of 104 mV dec™!. More importantly,
the durability of Ni/MoN/CC is outstanding, as demonstrated by a
constant current density of 100 mA cm ™2 during continuous operation

H,

HER

Scheme 1. Synthesis of the Ni/MoN heterostructure on CC and application to alkaline HER.
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for 100 h.
2. Experimental details
2.1. Chemicals and materials

Nickel chloride hexahydrate (NiCly-6H20, 99%, Macklin reagent),
nickel sulfate hexahydrate (NiSO4-6H20, 99%, Macklin reagent), plat-
inum carbon (Pt/C, nominally 20% on carbon black, Aladdin), and
Nafion 117 (5%, Macklin reagent) were used directly without further
purification. Sodium molybdate dihydrate (NapMoO4-2H0, AR), po-
tassium hydroxide (KOH, AR), and concentrated sulfuric acid (H2SO4,
AR) were purchased from Sinopharm. The deionized water (DW) used in
this study had a resistivity of 18.25 MQ cm ™' and was produced by an
ultrapure cation system.

2.2. Materials preparation

The NiMoO4 nanowires were synthesized on carbon cloth using a
hydrothermal reaction. In brief, 1.5 mmol of nickel chloride hexahy-
drate (NiCly-6H20) and 1.5 mmol of sodium molybdate dihydrate
(NapMo04-2H,0) were dissolved in 30 mL of deionized water (DW) and
stirred. The solution was transferred to a 50 mL Teflon-lined stainless-
steel autoclave in which a piece of clean CC was positioned vertically
and fully immersed in the solution. After reacting at 130°C for 6 h, the
CC was taken out, washed with distilled water (DW), and dried at 60 °C
overnight to form NiMoQ4/CC.

The NiMoO4/CC was calcinated at 600 °C for 2 h under ammonia to
obtain the composite containing metallic Ni and MoN on CC, denoted as
Ni/MoN/CC. To prepare MoN/CC, the Ni/MoN/CC composite was
immersed in 0.5 M H3SO4 at 50 °C for 30 min, leading to the dissolution
of metallic Ni and the formation of MoN/CC. For comparison, Ni/CC was
prepared by a hydrothermal reaction and ammonia calcination at
700 °C, but without the molybdenum source (NapMoO4-2H50).

2.3. Materials characterization

The morphology of the samples was examined by scanning electron
microscopy (FE-SEM, TESCAN MIRA4), transmission electron micro-
scopy (TEM, FEI Tecnai G2 F30), and energy-dispersive X-ray spec-
troscopy (EDS). The structure of the samples was determined by X-ray
diffraction (XRD, LabX XRD-6100, Shimadzu) and high-resolution TEM
(HR-TEM). The chemical states were determined by X-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-Alpha, ThermoFisher) with
monochromatic Al K, X-ray.

2.4. Electrochemical evaluation

The electrochemical experiments were conducted using a typical
three-electrode configuration in a 1.0 M KOH electrolyte on an elec-
trochemical workstation (CHI 660E, Shanghai CH Instruments, China).
The working electrode consisted of CC modified with the catalyst, with
Hg/HgO as the reference electrode and a graphite rod as the counter
electrode. All the potentials were 100 % iR corrected and calibrated to
the reversible hydrogen electrode (RHE) according to the Nernst equa-
tion Erye = Eng/ngo + 0.098 + 0.059pH. The pH of the 1.0 M KOH
solution was determined to be 13.80 by a pH meter (FE28, Mettler
Toledo). The current densities were calculated based on the geometric
surface area on the electrodes. Linear scanning voltammetry (LSV) was
employed to obtain the polarization curves at a scanning rate of 5 mV
s1. The Tafel slopes, represented by overpotentials (;) plotted against
logarithmic currents (log|j|), were derived from the polarization curves.
To determine the electrochemically active surface area (ECSA), a series
of cyclic voltammetry (CV) experiments were performed in the potential
range from —0.4 to —0.5 V vs. the Hg/HgO electrode at scanning rates
between 10 and 100 mV s~ !. Electrochemical impedance spectroscopy
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(EIS) was conducted at an initial potential of —1.2 V vs Hg/HgO with an
amplitude of 5 mV between 100 kHz and 0.1 Hz. The stability was
assessed by applying a constant current density for 100 h.

2.5. Density-functional theory calculations

Density-functional theory (DFT) calculations were performed based
on first principles. The results were obtained by generalized gradient
approximation (GGA) with the PBE exchange—correlation functional and
a cutoff energy of 500 eV. All the calculations were van der Waals cor-
rected with DFT-D. A 1 x 1 x 1 k-point grid was used to sample the
Brillouin zone in the models. The lattice parameters of the model of Ni/
MoN were a = 8.53 A, b = 17.22 A, ¢ = 37.26 A, with all angles being
90°. The vacuum layer thickness was 15 A. In the iterative solution of the
Kohn-Sham equations, the energy convergence criterion was set to be
1075 eV, and the forces on each atom were converged to within 0.02 eV/
A. The hydrogen adsorption free energy was calculated as shown in the
following:

AEy = Egaysary + Esiab) +1/2Em, (€8]

AGy = AEy + AEgzg — TAS )
where AEp« represents the adsorption energy of H, AEqiap + u+) is the
total energy of H on the catalyst surface, AE(p) and AEy are the total
energies of the catalyst and Hj, respectively, AGy- is the hydrogen
adsorption free energy, and AEzpg and TAS represent the zero-point
energy and vibrational energy, respectively. According to the study by
Nogrskov et al. [39], AEzpg — TAS is considered to be 0.24 eV.

3. Results and discussion

The synthesis process of the Ni/MoN/CC electrocatalyst is illustrated
in Scheme 1. The NiMoO4 nanowire arrays are prepared on CC hydro-
thermally. Subsequently, a programmed nitriding procedure is carried
out in an ammonia atmosphere to separate the Ni and Mo species in
NiMoO4 and form the metallic Ni and MoN heterostructure on the CC
framework (Ni/MoN/CC). Previous studies have unveiled that Ni3N is
unstable at a high temperature, and nitrogen atoms easily detach from
the Ni3N lattice, leading to the formation of metallic Ni [40,41]. The
heterostructure between these two phases produces strong electronic
interactions to activate the surface atoms for accelerated
electrocatalysis.

Fig. 1a depicts the morphological evolution from NiMoO4/CC to Ni/
MoN/CC during ammonia nitridation. The O atoms in NiMoO, are
replaced by N atoms, resulting in a decrease in the total number of
atoms. Consequently, a porous structure is generated, accompanied by
volume shrinkage [42]. The NiMoO4 nanowire arrays on CC have a
smooth surface, as shown in Fig. 1b-c. After nitriding at 600 °C in
ammonia, the nanowire array structure remains, but the surface con-
sisting of nanoparticles becomes porous, as depicted in Fig. 1d-e.
Moreover, the straight nanowires are bent due to the escape of the ox-
ygen atoms, giving rise to volume shrinking. The rough surface on Ni/
MoN/CC exposes a larger specific surface area for the catalytic activity
[43,44]. Fig. S1 shows that MoN/CC is uniformly distributed on CC
while exhibiting a curved nanowire structure with a rough surface
composed of nanoparticles. Fig. S2 indicates that Ni/CC is distributed on
CC in the form of spherical particles.

Fig. 2a shows the morphology of Ni/MoN on CC with a nanowire
diameter of approximately 70 nm and with a large number of attached
nanoparticles consistent with SEM. HR-TEM image in Fig. 2b shows that
the interplanar spacings of the lattice fringes are 0.248 and 0.203 nm,
corresponding to the MoN (200) and metallic Ni (111) planes, respec-
tively. The heterointerface between MoN and metallic Ni phases is
clearly discernible and expected to modulate the electronic structure of
the interfacial atoms [45]. The selected-area electron diffraction (SAED)
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Fig. 1. (a) Schematic illustration of the morphological evolution from NiMoO,/CC to Ni/MoN/CC; SEM images of (b-c) NiMoO,4/CC and (d-e) Ni/MoN/CC.

Fig. 2. (a) TEM image, (b) HR-TEM image, and (c) SAED pattern of Ni/MoN; (d-g) Elemental maps of Mo, N, and Ni in Ni/MoN.

pattern in Fig. 2¢ shows the (11 1) and (220) facets of metallic Ni as well
as (200) and (220) facets of MoN, implying a mixed composition of Ni
and MoN. The elemental maps in Fig. 2d-g confirm uniform distribu-
tions of Mo, N, and Ni in Ni/MoN/CC.

Fig. S3 displays the XRD pattern of the hydrothermal product, which
matches well that of NiMoO4 (JCPDS card No. 45-0142) [46] and
confirms the fabrication of NiMoO4 nanowire arrays on CC. As shown in
Fig. 3a, the diffraction peaks at 32.2°, 36.6°, 49.5°, 65.8°, and 86.7°
after nitridation of the NiMoO,4/CC precursor can be indexed to the
(002), (200), (202), (220), and (402) planes of the hexagonal phase MoN
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(JCPDS card No. 25-1367), respectively, while those at 44.4°, 51.8°, and
76.5° correspond to the (111), (200), and (220) planes of cubic phase
metallic Ni (JCPDS card No. 04-0850). The results confirm the forma-
tion of the composite consisting of hexagonal phase MoN and cubic
phase metal Ni after ammonia nitridation. The well-preserved nanowire
structure after nitridation suggests the in situ separation of MoN and Ni
from NiMoQ4 as well as the formation of a heterointerface between these
two phases. Ensuing acid etching of Ni/MoN/CC results in a diffraction
pattern (MoN/CC) that matches the hexagonal phase MoN (JCPDS card
No. 25-1367), except a small diffraction peak at 43.6° attributable to
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Fig. 3. XRD and XPS spectra of Ni/MoN/CC, MoN/CC, and Ni/CC: (a) XRD spectra, High-resolution XPS spectra of (b) N 1s, (¢) Ni 2p, and (d) Mo 3d.

CC. The results corroborate the removal of metallic Ni from Ni/MoN/CC. Fig. 3b exhibits the XPS N 1s spectra of Ni/MoN/CC and MoN/CC.
The diffraction peaks of the sample prepared without the Mo source (Ni/ The peaks at 397.6 eV and 399.3 eV correspond to N-Mo and N—H,
CC) correspond to cubic metallic Ni (JCPDS card No. 04-0850), indi- respectively [47]. The N—H species are generated by the decomposition
cating the growth of pure-phase metallic Ni on CC. of the NH3 during heating [48]. The peak at 395.3 eV is associated with

Fig. 4. Electrocatalytic properties of Ni/MoN/CC, MoN/CC, and Ni/CC. (a) LSV curves; (b) Tafel plots; (c) Overpotentials required for a current density of 10 mA
cm~2 and Tafel slopes; (d) ECSA; (e) Normalized LSV curves based on ECSA; (f) EIS with the equivalent circuit in the inset; (g) Comparison of the as-prepared Ni/
MoN/CC with other similar catalysts.
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Mo-3ps/2. The high-resolution XPS Ni 2p spectra of Ni/CC and Ni/MoN/
CC in Fig. 3¢ indicate the presence of Ni2" species at 856.2 eV and 873.9
eV. The Ni2* species are produced by partial oxidation of the surface
upon air exposure [49]. The peaks at 852.9 ~ 853.1 eV and 870.1 ~
870.3 eV of Ni/MoN/CC and Ni/CC arise from Ni° species, confirming
the presence of metallic Ni in both samples [50]. The binding energy of
Ni® species in Ni/MoN/CC exhibits a negative shift of 0.2 eV compared
to the pure phase of Ni/CC. Fig. 3d displays the high-resolution XPS Mo
3d spectra of MoN/CC and Ni/MoN/CC. The peaks at 229.5 ~ 229.7 eV
and 232.7 ~ 232.9 eV are attributed to Mo-N species [51], and those at
232.2 eV and 235.6 eV arise from Mo®"-O species due to slight oxidation
in air [52]. Compared to the pure phase MoN/CC, the binding energy of
Mo-N in Ni/MoN/CC exhibits a positive shift of 0.2 eV. These binding
energy shifts suggest the formation of a heterointerface between the two
phases (metallic Ni and MoN), through which electrons can flow from
the MoN phase to the metallic Ni to create a built-in electric field that
facilitates charge transfer during electrocatalysis [53].

The electrocatalytic properties are evaluated in a 1.0 M KOH. The
potentials reported here are 100 % iR-corrected to evaluate the intrinsic
activity of the catalysts. The uncorrected polarization curves are shown
in Fig. S4. As shown by the polarization curves in Fig. 4a, Ni/MoN/CC
shows lower overpotentials (95 mV for 10 mA e¢m 2 and 237 mV for 100
mA cm2) than MoN/CC (257 mV for 10 mA cm 2 and 346 mV for 100
mA cm~?) and Ni/CC (310 mV for 10 mA cm ™2 and 444 mV for 100 mA
cm™~2), providing clue that the heterointerface between the metallic Ni
and MoN phases in Ni/MoN/CC activates the surface atoms and en-
hances the intrinsic electrocatalytic activity. The Tafel slope of Ni/MoN/
CC (104 mV dec 1) is smaller than those of MoN/CC (115 mV dec™ 1) and
Ni/CC (124 mV dec™ 1), as shown in Fig. 4b. The Tafel slope reflects the
reaction kinetics in HER. The smaller Tafel slope of Ni/MoN/CC in-
dicates faster reaction kinetics and superior HER activity compared to
the pure phases of MoN/CC and Ni/CC. The overpotentials for a current
density of 10 mA cm ™2 and Tafel slopes are summarized in Fig. 4c. The
turnover frequency (TOF) is used to evaluate the intrinsic activity of the
catalyst. As shown in Fig. S5, Ni/MoN/CC exhibits a TOF of 0.2 s~ ! at an
overpotential of 325 mV, which is larger than those of other catalysts.

The ECSA is determined by the electrical double-layer capacitance
(Cq). The CV curves of the MoN/CC, Ni/MoN/CC, and Ni/CC are ac-
quired from the non-Faradic region (Fig. S6) to derive Cq;. Ni/MoN/CC
exhibits the largest Cyq) of 25.5 mF cm ™2, followed by MoN/CC (17.9 mF
cm~2) and Ni/CC (2.8 mF cm™2), as shown in Fig. 4d. A larger Cq in-
dicates more exposed active sites, and Ni/MoN/CC has a greater number
of active sites for HER due to the rough surface of Ni/MoN and the
heterointerface to activate the surface atoms. The ECSA-normalized LSV
curves in Fig. 4e further highlight the excellent intrinsic HER activity of
Ni/MoN/CC. The heterointerface between the metallic Ni and MoN
phases activates the inner surface atoms to serve as active centers in
HER, and the built-in electric field at the heterointerface further accel-
erates charge transfer. The interaction produces more active sites,
enhanced intrinsic catalytic activity, and fast charge transfer to expedite
HER [54,55].

The electrochemical impedance spectroscopy (EIS) results in Fig. 4f
show a smaller charge transfer resistance for Ni/MoN/CC compared to
the pure phases of MoN/CC and Ni/CC, implying faster HER kinetics.
Fig. 4g compares the overpotentials required to achieve a current den-
sity of 10 mA cm 2 The overpotential of Ni/MoN/CC (95 mV) is lower
than those of other recently reported catalysts, including Ni-Se (100.7
mV) [56], N-Co/Mo-MOFs (112 mV) [34], NiyscFe-LDHs (116 mV) [57],
NiPy/NiSy (124 mV) [58], Mo2C NPs/N, P-SC-800 (131 mV) [59], MoS2/
MoN (132 mV) [60], MoaC/W,C (132 mV) [61], Ni-NCNT (147 mV)
[62], Ni3Sy (150 mV) [58], MoNiBy (160 mV) [63], NF/(Ni3S2-MoS3)
(164 mV) [64], Cop.75Nip.255€e2 (172 mV) [65], SS-MoC (182 mV) [66],
CoNiMo/NPC (182 mV) [67], NF/NigSo@TiO2 (190 mV) [64], and NiFe-
MOF-74 (195 mV) [68]. This comparison demonstrates the excellent
properties of Ni/MoN/CC as an electrocatalyst for HER.

Stability is an important factor in assessing the performance of a
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catalyst. Fig. 5a displays the chronopotentiometry plot of Ni/MoN/CC in
1.0 M KOH. The potential required for a current density of 100 mA cm 2
remains unchanged after continuous operation for 100 h. To further
evaluate the durability of Ni/MoN/CC, Fig. 5b compares the LSV curves
before and after the 100 h operation. The curves exhibit no significant
change, even at a large current density of 100 mA cm ™2, demonstrating
the superior durability of Ni/MoN/CC in alkaline HER.

The hydrogen production capability and Faraday efficiency (FE) of
Ni/MoN/CC are determined. Fig. 5c illustrates the setup used to collect
and measure electrocatalytically produced oxygen and hydrogen by the
water displacement method. Within 60 min and at a current of 100 mA,
22.5 mL of oxygen and 45.0 mL of hydrogen were collected, as shown in
Fig. 5d. The yields of hydrogen and oxygen are calculated to be 2.008
and 1.004 mmol h™!, respectively. Moreover, an extremely high energy
conversion efficiency of 98.7% is accomplished. The high FE arises from
that the internal electric field generated at the heterogeneous interface
facilitates electron transfer and enhances the intrinsic catalytic activity
of the interfacial atoms, consequently giving rise to faster reaction
kinetics.

After the stability test, the morphology, structure, and surface
chemistry of the Ni/MoN/CC catalyst are analyzed. Fig. 6a-b shows that
the porous and curved nanowire arrays are preserved after the long-term
test, indicating robust structural stability. The XRD pattern in Fig. 6¢
confirms that the crystal structure and composition of Ni/MoN/CC do
not change after the stability test, with the diffraction peaks corre-
sponding to the hexagonal-phase MoN (JCPDS card No. 25-1367) and
cubic-phase metallic Ni (JCPDS card No. 04-0850). The chemical states
also do not change, as shown by the high-resolution XPS spectra of Ni 2p,
Mo 3d, and N 1s in Fig. 6d-f. Although the intensity of Ni® diminishes
slightly due to unavoidable surface oxidation, both the Mo 3d and N 1s
spectra are the same as those of the pristine sample. These results
corroborate the excellent structural stability and chemical durability of
Ni/MoN/CC in alkaline HER.

DFT calculations are performed to elucidate the catalytic mechanism
of Ni/MoN. The models of Ni, MoN, and Ni/MoN composed of Ni(111)
and MoN(200) surfaces are constructed based on XRD and TEM, as
shown in Figs. 7a and S7. The density of states (DOS) near the Fermi
level is continuously distributed, suggesting that Ni/MoN is metallic and
has good conductivity (Fig. 7b). The d-band centers of metallic Ni, MoN,
and Ni/MoN are calculated to be — 0.81, —3.96 eV, and — 4.25 eV,
respectively, as shown in Fig. 7c. The lower d-band center of the Ni/MoN
heterostructure indicates that there are more anti-bonding orbitals
below the Fermi level, thus reducing the bonding strength between H
and Mo atoms and better H desorption [69,70].

In the alkaline environment, HER normally proceeds by the Volmer
(H,0 dissociation)-Heyrovsky (H adsorption/desorption) route, result-
ing in a sluggish reaction rate [71]. Therefore, the water dissociation
and hydrogen adsorption properties of Ni/MoN were investigated.
Fig. 7d reveals that the dissociation energy of water at the Ni sites in Ni/
MoN (0.41 eV) is lower than that at the Mo sites in Ni/MoN (0.46 eV).
Conversely, AGy- at the Mo sites in Ni/MoN is — 0.485 eV and consid-
erably closer to zero than that of the Ni sites in Ni/MoN (—0.77 eV).
Consequently, Ni functions as the hydrolysis dissociation site while Mo
acts as the hydrogen desorption site at the Ni/MoN heterointerface
during alkaline HER. The DFT results provide evidence that the Ni/MoN
heterojunction optimizes the electronic structure of Ni and Mo sites,
promotes HyO dissociation, and enhances hydrogen desorption. As a
result, Ni/MoN exhibits excellent alkaline HER activity.

4. Conclusions

A composite electrocatalyst, Ni/MoN/CC consisting of metallic Ni
and MoN phases with a heterointerface between them, is prepared by a
hydrothermal process followed by in situ phase separation. The hetero-
geneous interface plays a crucial role in the strong electronic in-
teractions between Ni and MoN, which enables electron transfer
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Fig. 5. Stability and H, production of Ni/MoN/CC. (a) Chronopotentiometry plot; (b) LSV curves before and after 100 h operation; (c) Illustration of the collection
and volume determination of the amounts of H, and O, by the water displacement method; (d) Theoretically calculated and experimentally determined quantities of

H, and O, as well as FE for hydrogen production at a current of 100 mA.

Fig. 6. Morphology and composition of Ni/MoN/CC after the stability test. (a, b) SEM images; (c) XRD spectrum; High-resolution XPS spectra of (d) Ni 2p, (e) Mo 3d,

and () N 1s.

between Ni and MoN and produce a built-in electric field to facilitate the
dissociation of water and desorption of hydrogen in HER. DFT results
indicate that HoO dissociates at the Ni sites, whereas Hy desorption
occurs at the Mo sites. As a result, Ni/MoN/CC delivers remarkable
electrocatalytic performance in alkaline HER. It requires a small over-
potential of 95 mV to achieve a current density of 10 mA cm™2 with a
Tafel slope of 104 mV dec™!. More importantly, Ni/MoN/CC exhibits
outstanding durability as demonstrated by insignificant morphological
and compositional changes after continuous operation for 100 h at a
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large current density of 100 mA cm 2. To assess the practical viability,
Ni/MoN/CC shows a high hydrogen production yield of 2.008mmol h™?
and an impressive FE of 98.7%. The strategy of modulating the elec-
tronic structure of low-cost transition metal-based electrocatalysts is
important to the design and development of high-performance catalysts
for electrocatalytic water splitting.
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TOF calculation

To calculate the per-site TOF, we use the following formula:

number of total hydrogen turnovers/cm?

TOF =

number of active of sites/cm?

The total number of hydrogen turnovers is calculated from the current density according to:

No.of H, = ( mA) ( 1cs™? ) (1 mole‘l) ( 1mol H, ) (6.022><1023H2 mulecules) .
' 27V em2/) \1000ma/ \96485.3 ¢ -

15H s mA
3.12x 10 T per_ .

2mole~1 1mol Hy

The active sites per real surface area are calculated by the following formula:

2
No.of atoms/unit cell)§

Volunme/unit cell

No.of active sites = (

Therefore, the number of active sites of Ni/MoN/CC is derived by the following formula:

2

)EXxXECSA+

No.of atoms/unit cell

No.of active sites X ECSA = (

Volume/unit cell

2

)* x y x ECSA,

(No.of atoms/unit cell
Volume/unit cell

where x and y are the molar ratios of MoN and Ni at the surface of Ni/MoN. MoN contains
two Mo atoms and two N atoms with a volume of 160.1 A* and Ni contains four Ni atoms
with a volume of 43.8 A3. The phase ratio of MoN to Ni is determined by XPS using

XPSPEAK. Ni/MoN contains 63.9% MoN and 36.1% Ni.

MoN

2

No.of atoms/unit cell)i

No.of active sites = (
/ Volunme /unit cell

2
4 atoms /unit cell>5

No.of active sites = 2 -
160.1 A3 /unit cell

No.of active sites = 2.498 x 10'* atoms cm™2



Specific capacitance (uF cm™2) 17900 (uF cm™2)

ECSA = = Ageo X
40 uF cm=2 per cmé g4 geo 40 uF cm=2

15 H2 s7t m_A .
(3.12x 10 — g per sz) X |jl

TOF =
no.of active sites X ECSA

Metallic Ni

2

No.of atoms/unit cell)E

No.of active sites = ( -
f Volunme /unit cell

2

4 atoms /unit cell\3
43.8 A3 Junit cell

No.of active sites = (

No.of active sites = 9.132 X 10'* atoms cm™2

Specific capacitance (uF cm™2) 2800 (uF cm™2)

ECSA = = Ageo X
40 uF cm=2 per cmé g4 9¢0 " 40 uF cm=2

15 H2 st m_A .
(3.12x 10 — .z ber sz) X |jl

no.of active sites X ECSA

TOF =

Ni/MoN

2

No.of atoms/unit cell)E

No.of active sites = ( -
/ Volunme /unit cell

2

4 atoms /unit cell>5

No.of active sites (MoN) = 2 ,
160.1 A3 /unit cell

No.of active sites = 2.498 X 10'* atoms cm™2

2

4 atoms /unit cell\3
43.8 A3 Junit cell

No.of active sites (Mo,N) = <

No.of active sites = 9.132 X 10'* atoms cm™2



Specific capacitance (uF cm™2) 25500 (uF cm™2)

ECSA = = Ageo X
40 uF cm=2 per cmé g4 geo 40 puF cm=2

[ Hz 5_1

A .
o - (312 x 1015 =——per =) x ||

no.of active sites (MoN) X x X ECSA + no.of active sites (Ni) X y X ECSA

where x = 63.9% and y = 36.1%.



Figure S1. (a-b) SEM images of MoN/CC.



Figure S2. (a-b) SEM images of Ni/CC.
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Figure S3. XRD pattern of NiMoO4/CC.
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Figure S4. The uncorrected polarization curves of Ni/MoN/CC, MoN/CC, and Ni/CC.
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Figure S6. CV curves of (a) MoN/CC, (b) Ni/MoN/CC, and (c) Ni/CC.
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Figure S7. Models for (a) Ni(111) surface and (b) MoN(200) surface along with hydrogen

adsorption.
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