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ABSTRACT

The development of earth-abundant electrocatalysts with Pt-like catalytic activity for the hydrogen evolution
reaction (HER) is of great significance to green hydrogen production. Herein, a novel strategy is described to
construct dual-phase nitride nanobelts composed of MooN and Nig 2Mog gN by nitridation of Ni%* intercalated
layered MoO3 nanobelts (NBs). The MosN/Nip2Mop gN catalyst exhibits superior stability and a low over-
potential of 26 mV at 10 mA cm™2 and Tafel slope of 31 mV dec™! in both the alkaline electrolyte and simulated
seawater, which is comparable to or better than that of the benchmark Pt/C catalyst. The excellent alkaline HER
characteristics is attributed to the MoaN/Nig2Mog gN heterostructure with adjustable content and robust in-
terfaces and without metal Ni segregation and structure collapse during nitridation. Density-functional theory
(DFT) calculations and experiments reveal that the MoyN/Nip2MoggN interface with strong electronic in-
teractions optimizes H adsorption/desorption yielding moderately weak bonding metal sites with positive AGy=
as the catalytic centers, thereby accelerating the HER kinetics and boosting the HER activity. The results reveal a
simple strategy for the preparation of heterostructured nitride-based catalysts with Pt-like activity for hydrogen
evolution.

1. Introduction

(TMNs) [13-15], phosphides (TMPs) [16-19], carbides (TMCs) [20-22],
and disulfides (TMDs) [23-26] have been investigated as potential

Hydrogen is one of the promising energy carriers because of its high
energy density and zero carbon emission [1-4]. Although water elec-
trolysis is a mature technique for hydrogen production, the efficiency
relies on efficient electrocatalysts. Noble metal catalysts represented by
Pt/C have shown the best catalytic activity in acidic media so far due to
the modest Gibbs free energy of hydrogen adsorption and desorption
(AGy+) [5-71, but the alkaline HER kinetics is sluggish as a result of the
high energy barrier in water cracking [8,9]. From the perspective of
economics and equipment safety, it is urgent to develop low-cost and
highly efficient non-noble metal catalysts for the alkaline hydrogen
evolution reaction (HER) [10-12], and compounds such as nitrides
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candidates.

TMNs are promising alternatives to noble metal-based catalysts
because of the Pt-like electronic structure, high electrical conductivity,
and excellent corrosion resistance [27,28]. However, the activity of
single-phase binary TMNs is worse than that of noble metals because of
the improper balance between the water splitting and hydrogen
adsorption/desorption activity [29]. For example, the HER activity of
MooN is limited by the sluggish desorption of H* due to strong Mo-H*
bonding [30,31]. Therefore, it is important to construct nitride-based
compounds with the suitable H* adsorption energy in order to
enhance the HER kinetics. According to the Brewer-Engel theory, 3d
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transition metals (Fe, Co, Ni, etc.) have paired electrons in the d orbitals
and relatively low metal-H* bonding strength [32,33]. Liu et al. have
reported a MosN/Ni heterojunction catalyst with excellent HER prop-
erties in the alkaline medium [34] and Lang et al. have synthesized
nanocomposites of metallic Co and MoyN on nitrogen-doped carbon
with attractive alkaline HER characteristics [35]. However, the low
oxidation resistance and high solubility of pure metal catalysts are
problematic in alkaline or chloride-containing electrolytes [36].

Introducing transition metals (Fe, Co, Ni, etc.) into a nitride lattice to
from ternary TMNs is a promising strategy to not only enhance the
stability by avoiding direct exposure of the metal phase, but also regu-
late the valence state of Mo sites giving rise to high catalytic activity in
hydrogen desorption [37]. Sasaki et al. have observed that non-noble
metal nickel-molybdenum nitride possesses the suitable H* adsorption
characteristics and excellent acidic HER properties [38]. Liu et al. have
studied the HER properties of NiyMoyN by regulating the ratio of Mo and
Ni in the precursor and found that NipsMoggN has the best catalytic
activity in alkaline HER [39]. Up to now, the alkaline HER activity of
these reported ternary TMNs are still inferior to the Pt-based catalysts
[40]. Recently, some dual-phase nitrides such as heterostructured
Nig 2Mog gN/NiN and Mo;N-CoxN have been demonstrated and show
enhanced HER performance through interfacial modulation to syner-
gistically promoting the water dissociation kinetics and optimizing the
hydrogen adsorption/desorption free energy [41,42]. However, the
fabrication of nitride-based heterostructures has seldom been reported
and their HER mechanism relative to multiple active sites is still obscure
[43]. Synthesis of nitride-based composites is usually by one-step
nitridation using the corresponding ternary oxide precursor composed
of 3d and 4d transition metal in NH3 at a high temperature, but the
structure are easily collapsed during phase conversion from oxide to
nitride and the reaction kinetics of different nitrides are difficult to
control at same time under same thermal condition. Secondly, the mass
ratio of these formed nitrides and the number of corresponding in-
terfaces is hard to adjust because of the fixed stoichiometric ratio in
oxide precursor. Furthermore, these 3d transition metal nitrides are not
stable and easily transform to metal phase at a high temperature because
of the poor thermal stability of interstitial nitrogen atoms. Consequently,
controllable synthesis of metal phase free nitride-based heterostructured
electrocatalysts is still challenging.

Herein, a dual-phase heterostructured MoyN/Nig sMog gN nanobelts
with robust interfaces are prepared by nitridation of Ni?" intercalated
MoOg nanobelts. The Ni concentration in the precursor can be tailored to
controllably insert Ni** into the Mo,N matrix without segregation of the
Ni metal phase and structural collapse, and construct a large number of
MoyN/Nig 2Mog gN interfaces. Furthermore, the in-situ phase conversion
successfully form robust interfaces with strong electronic coupling.
Therefore, the MoyN/NigoMog gN catalyst has superior stability and
excellent HER activity manifested by overpotentials of 26 and 127 mV at
10 and 100 mA cm ™2 in addition to a Tafel slop of 31 mV dec™! in both
alkaline and simulated seawater, which are comparable to or better than
those of the commercial Pt/C catalyst. Density-functional theory (DFT)
calculations demonstrate that the MoyN/NigoMoggN interface with
strong electronic interactions optimizes H adsorption/desorption
yielding moderately weak bonding metal sites with positive AGy+ as the
catalytic centers in HER. The results demonstrate a novel strategy to
design and construct heterostructured nitride-based catalysts for highly
efficient water electrolysis.

2. Experimental section
2.1. Materials

The molybdenum metal powder (Mo, reagent grade 99%) and nickel
(II) acetate tetrahydrate (Ni(CH3COO)2-4H30, labeled as Ni(Ac)y) are

purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
Hydrogen peroxide (HO0», 30 wt%) was bought from Sinopharm
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Chemical Reagent Co., Ltd. (Shanghai, China) and Ni foam (NF) was
obtained from Jinghong New Energy Technology Co., Ltd. (Zhengzhou,
China). All the chemicals were analytical grade and used without further
purification.

2.2. Preparation of MoO3 nanobelts

The MoOs nanobelts were synthesized by a typical hydrothermal
method. 1.2 g of the molybdenum metal powder and 6 mL of deionized
water (DI Water) were placed in a 250 mL beaker to which 10 mL of
hydrogen peroxide (30%) were added under stirring in the ice water
bath. After the molybdenum metal powder dissolved, the transparent
solution became yellow and 110 mL of DI Water was added to the
beaker. After stirring, the solution was transferred and sealed in a 200
mL Teflon-lined stainless-steel autoclave and heated to 180 °C for 24 hin
an oven. After the reaction, the MoOs nanobelts powder was washed
with DI Water and dried at 60 °C for 12 h.

2.3. Preparation of Ni-MoO3 nanobelts

200 mg of MoOs, different amounts of Ni(Ac), (the molar ratios of
nickel to molybdenum are 0.3, 0.4, 0.5 and 1.0), and 30 mL of anhy-
drous ethanol were sonicated in a 100 mL beaker, transferred to a 50 mL
Teflon-lined stainless-steel autoclave, sealed, and solvothermally
treated at 90 °C for 5 h. After the reaction, the Ni?* intercalated MoOs
nanobelts powder was washed with anhydrous ethanol and dried at
60 °C for 12 h. The samples were designated Ni-MoOs (X), X = 0.3, 0.4,
0.5 and 1.0.

2.4. Preparation of Mo2N/Nig 2Mog gN nanobelts

The Ni%" intercalated MoOs powder was placed in a corundum
crucible (60 x 30 x 20 mm) and annealed at 600 °C for 3 h in NH3/Ar to
obtain MosN/Nig 2Mog gN. According to the pristine ratio of Ni to Mo (X
= 0.3, 0.4, and 0.5), the products were labeled as Mo,N/Nig o2Mog gN-1,
MosN/Nig 2Mog gN-2 and MosN/Nig 2Mog gN-3, respectively. As a com-
parison, the MoyN nanobelts was directly formed by annealing the MoO3
nanobelts in NH3/Ar at 700 °C for 2 h. The bare Nig ;Mo gN nanobelts
was fabricated by annealing the Ni-MoOs3 (1.0) sample in NH3/Ar at
600 °C for 5 h and subsequent acid pickling in 0.05 M HCl for 6 h at room
temperature.

2.5. Preparation of working electrode

First, to eliminate contaminants from the surface of the Cu foam, a
small pieces of Cu form with 1 x 1.3 cm? was annealed at 750 °C for 10
min in Ar/H, ambient. After that, 10 mL of Nafion solution, 1 mL of
isopropanol, and 5 mg of catalyst were mixed in a centrifuge tube to
form slurry. The slurry was pasted onto a piece of clean Cu foam with
active area of 1 cm? and dried in a vacuum oven at 70 °C for overnight.
For comparison, 20% Pt/C with same loading mass was pasted on Cu
foam by same procedure.

2.6. Characterization

The X-ray diffraction (XRD) patterns were acquired in the range of
10° to 90° at a scanning rate of 10° min~! on the Smart-lab diffrac-
tometer (Nippon Neo Electric Co., Ltd.) with Cu K, radiation (A =
1.54178 A). The scanning electron microscopy (SEM) images were taken
on the Apreo S HiVac field-emission scanning electron microscopy
(Seamer Fisher technology co., Ltd.) and transmission electron micro-
scopy (TEM), high-angle annular dark-field scanning TEM (HAADF-
STEM), and energy-dispersive X-ray spectroscopy (EDS) were performed
on the JEM-F200X transmission electron microscopy (Japan Electronics
Co., Ltd.) equipped with an energy dispersive X-ray detector. The X-ray
photoelectron spectra (XPS) were obtained on the AXIS SUPRA+ X-ray
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Fig. 1. Schematic illustration of the synthesis of dual phase Mo;N/Nig 2Mog gN NBs.

photoelectron spectrometer (Shimadzu testing Technology Co., Ltd.)
and the Mo and Ni concentrations in the samples were determined by
inductively-coupled plasma mass spectrometry (ICP-MS) on the NexION
1000G.

2.7. Electrochemical measurements

The electrochemical measurements were carried out on the Biologic
Science Instruments VSP30 electrochemical workstation. The catalytic
hydrogen evolution properties were determined using a three-electrode
system and the overall water splitting characteristics were evaluated
based on a two-electrode system. The saturated calomel electrode (SCE)

and carbon rod were the reference and counter electrodes, respectively.
The prepared catalysts or Pt/C powder with the same mass loading of 5
mg were coated on the copper foam as the working electrode and the
electrolyte was 1.0 M KOH. The polarization curves were calibrated to
the reversible hydrogen electrode (RHE) by Erug) = E(scpy + 0.2415 V
+ 0.0592 x pH with iR compensation and the current densities (j) were
normalized by the geometric surface area. The electrode was activated
by cyclic voltammetry (CV) in Faraday interval (—33 to —133 mV vs.
RHE) to reach a stable state and then the polarization curves were ob-
tained by linear sweep voltammetry (LSV) at a scanning rate of 5mV s ..
Cyclic voltammetry (CV) was conducted at different sweep rates (10, 20,
30, 40 and 50 mV s 1) in the non-Faraday interval (—0.85V ~ —0.95 V

Fig. 2. (a) XRD patterns of MosN, Nig ;Mog gN, and MooN/Nig 2Mog gN-2; (b-d) SEM and TEM images of Mo,N/Nig 2Mog gN-2; (e-h) STEM image and EDS elemental
maps of Mo, Ni, and N of Mo,;N/Nig ;Mog gN-2; (i-j) HR-TEM images of Mo,N/Nig ;Mog gN-2; (k) Inverse FFT lattice images and interplanar spacing profiles.
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Fig. 3. High-resolution XPS spectra of (a) Mo 3d of, Nig sMog gN, Mo,N, and Mo,N/Nig sMog gN-2; () Ni 2p; (d) N 1s of MooN/Nig 2Mog gN-2; (b) the area ratio of

different Mo valence states symbolizing different nitrides in Mo,N/Nig 2Mog gN.

(vs. SCE)). The difference between the forward and reverse currents in
the CV curves reflected the magnitude of the double layer capacitances
(Cq). The ECSAs were calculated from the double-layer capacitance by
the equation: ECSA = Cq1/60 pF cm ™2 [44]. The stability was assessed by
chronoamperometry at a constant overpotential.

2.8. Computation

The Vienna Ab Initio Package (VASP) [45,46] was employed to
perform the density-functional theory (DFT) calculation within the
generalized gradient approximation (GGA) using the PBE formulation
[47]. The projected augmented wave (PAW) potentials [48,49] were
chosen to describe the ionic cores and take valence electrons into ac-
count using a plane wave basis set with a kinetic energy cutoff of 400 eV.
Partial occupancies of the Kohn — Sham orbitals were allowed using the
Gaussian smearing method and a width of 0.05 eV. The electronic en-
ergy was considered self-consistent when the energy change was smaller
than 107> eV and the geometric optimization was considered conver-
gent when the force change was smaller than 0.02 eV/A. The Grimme’s
DFT-D3 methodology was utilized to describe the dispersion in-
teractions [50].

3. Results and discussion
3.1. Preparation and characterization of MoaN/Niyp 2Mog gN

The synthesis of the heterostructured MoyN/Nig 2Mog gN catalyst is
illustrated schematically in Fig. 1. The layered MoO3 NBs prepared hy-

drothermally are immersed in a nickel acetate solution at 90 °C for 6 h to
produce the Ni inserted MoO3 nanobelts (Ni-MoOs) [51]. The XRD peaks

of the hydrothermal powder are in good agreement with those of MoO3
(JCPDS#05-0850). The peak of the (020) plane at 12.5° shows an
apparent shift to a smaller angle after immersion, suggesting an enlarged
interlayer spacing stemming from insertion of Ni?** (Fig. Sla) [52].
Inductively-coupled plasma mass spectrometry (ICP-MS) is performed to
calculate the Ni concentration in the Ni-MoOs composites with
increasing feeding molar ratios of Ni to Mo from 0.3 to 0.5 (Fig. S1b).
The molar ratios of Ni to Mo in Ni-MoOs changes from 0.18 to 0.31,
showing a positive correlation towards to the feeding molar ratios.
However, when the molar ratio of Ni to Mo is 0.5, a peak at 11.5°
emerges from Ni(OH),-0.75H20 (JCPDS#38-0715) due to self-
deposition of Ni2* on the surface at the high concentration. The color
of the MoO3s NBs powder changes from white to light green after im-
mersion and then to black after nitridation at 600 °C for 3 h (Fig. S2).
Fig. 2a shows two sets of XRD patterns with diffraction peaks at 37.4°,
43.5°,63.1°, and 75.7° as well as 32.2°, 36.5°, and 49.4° corresponding
to cubic MoyN (JCPDS#25-1366) [53] and hexagonal NigoMoggN
(JCPDS#29-0931) [54], respectively, from the nitrided sample of Ni-
MoOs (0.4) (1abeled as MosN/Nig sMog gN-2). The relative mass ratios of
Mo-sN to NigoMog gN decrease based on the Rietveld refinement anal-
ysis, suggesting conversion of more MoyN to NipaMoggN with
increasing Ni concentrations in the Ni-MoOs composites (Fig. S3).
However, the crystalline cubic Ni phase (JCPDS#04-0850) showing
peaks at 44.5°, 51.8° and 76.4° are observed from MosN/Nig 2Mog gN-3
after nitridation due to reduction of surface Ni(OH)5-0.75H,0
(JCPDS#38-0715).

The scanning electron microscopy (SEM) images of MoOs, Ni-MoO3
(0.3), Ni-MoOs (0.4), and Ni-MoOs (0.5) are displayed in Fig. S4. The
pristine MoO3 NBs have a width of approximately 300 nm. After NiZ*
insertion and nitridation, MosN/Nig 2Mog gN-1 and MoyN/Nip sMog gN-
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Fig. 4. (a) LSV curves; (b) Overpotentials at current densities of 10 mA cm 2 and 100 mA cm’z; (c) Tafel slopes; (d) Nyquist plots; (e) Double-layer capacitance (Cqy);
(f) Polarization curves before and after 2,000 CV cycles in Faraday interval (—33 to —133 mV vs. RHE) (inset showing the chronoamperometric test of MoyN/
Nip.2Mog gN-2 at a constant overpotential of 80 mV for 90 h); (g) Comparison of 119 and Tafel slope values of Mo,N/Nip2Mog gN-2 and those of other reference

catalysts in 1.0 M KOH.

2 retain the smooth nanobelt morphology (Fig. S5a and Fig. 2b-c).
However, some nanoparticles are uniformly dispersed on the surface of
MosN/Nig 2Mog gN-3 because of surface reduction of Ni(OH),-0.75H,0
to metallic Ni (Fig. S5b). To further study the distributions of the Ni
species and microstructure after nitridation, MoyN/NigMog gN-2 is
examined by HR-TEM, as shown in Fig. 2d, which discloses a large
number of uniformly distributed mesopores with 5-10 nm in size in the
NBs. The porosity features of MoyN/Nig 2Mog gN-2 is further evaluated
by N, adsorption and desorption measurements using the Bar-
rett-Joyner-Halenda (BJH) method (Fig. S6). The MosN/Nig 2Mog gN-2
exhibits a typical mesoporous characteristic with a type-IV isotherm,
showing a high specific surface area of 80.53 m? g~!, which is larger
than that of MoO3 (50.41 m? g’l) and MoyN NBs (54.97 m? g’l). The
pore-size distribution of MoyN/Nig sMog gN-2 demonstrates the average
pore-sizes of about 7.7 nm, in line with the TEM result. The EDS
elemental maps in Fig. 2e-h confirm that Mo, Ni, and N are uniformly
distributed with the exception of a few aggregates of Ni species resulting
from reduction of residual surface nickel hydroxide. The high-resolution
TEM (HR-TEM) images in Fig. 2i-k disclose visible interfaces and lattice
fringes with spacings of 0.246 and 0.208 nm corresponding to the (100)
plane of Nig2MoggN and (111) plane of MosN, respectively. These re-
sults corroborate successful fabrication of the heterostructured Mo,N/
Nig.2Mog gN NBs with tailored compositions and abundant mesopores by
cationic intercalation and nitridation.

X-ray photoelectron spectroscopy (XPS) is performed to determine
the chemical states of MooN/Nig 2Mog gN NBs. Fig. 3a shows the high-
resolution Mo 3d spectra of MogN, NipgsMoggN and MosoN/
Nig.2Mog gN-2. There are two fitted double peaks at 229.64/232.78 eV
and 229.04/232.22 eV ascribed to Mot and Mo3" in Nig sMog gN and
MoN, respectively [55-57]. An additional pair of fitted peaks at 229.37

and 232.42 eV can be assigned to Mo$* from NigsMoggN and MooN
interface [58-60]. The other fitted doublet peaks at 230.43/233.48 eV
and 232.90/235.95 eV are related to Mo*t (MoO3) and Mo®* (MoO3)
arising from surface oxidation of the nitride. The area ratio of interfacial
Mo3" to whole Mo®" in MoyN/Nig ;Mog gN-2 is 25.1 % (Fig. 3b), which
is bigger than those of MoyN/NigoMoggN-1 (22%) and MooN/
Nip.oMog gN-3 (21%), revealing a large amount of heterointerfaces in
Mo,N/Nig sMog gN-2. These results indicate that the Mo,N/Nig »Mog gsN
interface is influenced by the mass ratio of MosN to Nig sMog gN and the
proper mass ratio leads to the formation of more interfaces. The high-
resolution Ni 2p spectrum of MoyN/NigsMoggN-2 in Fig. 3c shows
three double peaks at 853.03/870.26 eV and 856.18/873.73 eV stem-
ming from some metallic Ni® and dominant Ni>" in Nig2MogsN,
respectively, in addition to the satellite peaks of Ni2* at 862.06,/880.43
eV. However, the peak of metallic Ni® cannot be observed from MoyN/
NipoMoggN-1 and high intensity if Ni® is shown from MoyN/
Nip.oMog gN-3 (Fig. S7) [61]. Similarly, the N 1 s spectra exhibits three
peaks attributable to metal-N (397.57 eV), N-H (399.30 eV) and Mo 3d
(395.31 eV) (Fig. 3d).

3.2. Electrochemical measurement

To evaluate the HER characteristics of MosN/Nig.oMoggN NBs, the
polarization curves are performed. The commercial 20 wt% Pt/C, MooN
NBs, and Nip 2Mog gN NBs with the same mass loading of 5 mg em 2 are
compared. The Nig ;Mo sN NBs was obtained by nitridation of Ni-MoOs3
(1.0) and subsequent acid pickling (Fig. S8). The polarization curves are
iR corrected automatically. These MoaN/Nig2MoggN catalyst shows
enhanced HER activity than that of bare Mo,N (181 and 279 mV) and

Nip.oMogpgN (127 and 256 mV) (Fig. S9), and the optimal MoyN/
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Fig. 5. (a-e) Top and side views of the schematic models of Mo,N (111), NigsMoggN (100), Ni cluster/Mo.N (111), Ni cluster/Nig Mo gN (100), and Mo,N
(111)/Nig.2Mog gN (100); (f) Free energy diagram of HER at the equilibrium potential.

Nip.2Mog gN-2 catalyst shows the best HER characteristics with small
overpotentials of 26 and 127 mV at current densities of 10 and 100 mA
cm 2 and the performance is close to that of Pt/C (23 and 140 mV)
(Fig. 4a-b). The Tafel slope of MoaN/Nig 2Mog gN-2 is only about 31 mV
dec’l, which is also similar to that of ideal Pt/C (29 mV dec 1) and
much smaller than those of MosN (99 mV dec™) and Nig.oMog gN (94
mV dec™ ) (Fig. 4c). The reaction kinetics suggests the favorable
Volmer-Tafel HER mechanism for MoyN/Nig2Mog gN-2 and the Tafel
step is the rate determining step (RDS) [62]. The heterogeneous inter-
face between MosN and Nig 2Mog gN is the dominant active center. The
charge transfer resistance (R.) of MoyN/Nip2MoggN-2 dramatically
decreases in comparison with the bare Nip 2Mog gN and MooN (Fig. 4d).
It has been reported that the interface between metallic Ni and MosN or
Nig Moo gN affects adsorption of reactants and/or intermediates
consequently modulating the HER activity [63-65]. The HER activity of
MoyN/Nig 2Mog gN-2 is investigated before and after removing surface
metallic Ni in 0.05 M HCI for 3 h at room temperature. After removal,
the metallic Ni phase disappears but the Nip 2Mog gN and MosN phases
are not changed (Fig. S10). The overpotentials of acid pickled MoaN/
Nig osMog gN-2 show slight decay of 6 mV and 18 mV at current density of
10 and 100 mA cm ™2, but it is better than that of metal phase free MoaN/
Nig.2Mog gN-1 sample, further suggesting that the decorated Ni metal
phase on surface is not the dominated factor for the HER activity, but
which can accelerate surface electron transport (Fig. S11). The turnover
frequency (TOF) of MoyN/Nig sMog gN-2 is calculated to be 0.19 slat
an overpotential of 200 mV, which is much higher than those of
Nig.2Mog gN (0.07 s™1) and MoyN (0.06 s~1), further corroborating the
high intrinsic catalytic activity of MoaN/Nig 2Mog gN-2 (Fig. S12). The

faradic efficiency of MoyN/Nip oMo gN-2 catalyst during HER catalytic
process is assessed in a three-electrode system under different applied
current for 30 min and about 99% FE is obtained (Fig. S13).

The electrochemical surface area (ECSA) reflected by the electro-
chemical double layer capacitance (Cq) can be derived from the CV
curves in the non-Faraday range (Fig. S14). As shown in Fig. 4e, Cq
value of MoyN/NigaMoggN-2 is 175.14 mF cm™2 which is about 1.7
times larger than that of Nip sMog gN (109.19 mF cm™~?), almost 2 times
larger than that of MoaN (95.01 mF cm2). The larger Cq) reflects more
exposed active sites on MosN/Nig 2Mog gN-2 due to abundant mesopores
and interfaces. The electrochemical stability is assessed and shown in
Fig. 4f. After 2,000 CV cycles at a scanning rate of 50 mV s~ in Faraday
interval (—33 to —133 mV vs. RHE) and chronoamperometric test at a
constant overpotential of 80 mV for 90 h, almost no deterioration is
observed, consequently corroborating the superior HER stability of
MosN/NigoMoggN-2 in 1.0 M KOH. After the duration test, MosN/
Nig.2Mog gN-2 catalyst retains the original nanobelt morphology, mes-
oporous structure, crystalline and chemical valences of Mo 3d and Ni 2p
(Figs. S15-17), demonstrating the good structure stability. The excellent
stability of MosN/Nig 2Mog gN arises from the good corrosion resistance
and high conductivity of nitrides. In fact, the MoaN/Nip 2Mog gN heter-
ostructures exhibit superior HER activity and kinetics comparable to Pt/
C catalyst and even better than those of most recently reported nitride-
based catalysts (Fig. 4g and Table S1) in alkaline media.

3.3. Theoretical calculation

To elucidate the mechanism of the HER activity of the MooN/



X. Wang et al.

Chemical Engineering Journal 470 (2023) 144370

Fig. 6. (a) LSV curves of Mo,N/Nig ;Moo gN-2||NiFe LDH and Pt/C||NiFe LDH in overall water splitting (inset showing the photograph of the two-electrode system);
(b) Long-term stability of Mo,N/Nip 2Mog gN-2||NiFe LDH in overall water splitting at various potential in 1.0 M KOH; (c, d) LSV curves and Tafel slopes of Mo,N/

Nigp.»Mog gN-2 and Pt/C in simulated seawater (1.0 M KOH + 0.5 M NaCl).

Nip.2Mog gN heterojunction, density-functional theory (DFT) calculation
is carried out based on the model that couples lattice matched
Nip.2Mop gN (100) and MoyN (111) according to the XRD and TEM
results. It is well known that AGy+ is an important parameter to evaluate
the activity of catalysts by measuring the Gibbs free energy of hydrogen
adsorption/desorption [65-67]. As an important rate determining step,
the energy barrier in the Tafel reaction is calculated and Fig. 5 shows the
possible heterointerfaces that can affect the HER activity. The bare
MosN and Nig sMog gN surfaces show more negative AGy+ of —0.78 eV
and —0.63 eV, respectively, implying restricted hydrogen desorption.
After coupling with metallic Ni, the AGy+ values of Ni/MooN and Ni/
Nip.o2Mog gN interfaces are —0.58 eV and —0.51 eV corresponding to the
enhanced hydrogen desorption activity. With regard to the MoaN/
Nig.2Mog gN heterojunction, the interfacial Mo site has AGy+ of 0.18 eV
when two strongly adsorbing sites on MosN and NigaMoggN are
coupled, therefore, desorption of hydrogen possibly occurs on the
interfacial Mo site. Sun et al. have proposed that the strongly adsorbing
sites with negative AGy+ could act as spectators rather than participating
in the HER while the weakly bound hydrogens (enabled on sites with the
AGy+ > 0) drive the HER forward in the multiple adsorption site model
[68]. According to the findings, the weakly bound metal sites with Gy» >
0 may serve as the actual active site for hydrogen desorption, enhancing
HER kinetics.

3.4. Practical application in electrolyzer and simulated seawater

To demonstrate the practicality and commercial potential of MooN/
Nip.2Mog gN, an electrolyzer is assembled with the cathode of MoyN/
Nigp oMog gN-2 and anode of NiFe-LDH for overall water splitting in 1.0
M KOH and simulated seawater (1.0 M KOH + 0.5 M NaCl). The OER

performance of the NiFe-LDH is described in Fig. S18. Fig. 6a shows that
the Mo;N/Nig sMog gN-2||NiFe-LDH electrolyzer requires only 1.60 V
and 1.74 V to reach current densities of 10 and 100 mA cm ™2 in the two-
electrode system, which are lower than those of Pt/C||NiFe-LDH (1.62 V
at 10 mA cm’z, 1.79 V at 100 mA cm2). The chronoamperometric
curve of the water splitting system shows negligible degradation after
operation at different voltages for over 60 h (Fig. 6b). To assess Faradic
efficiency of overall water splitting of MoyN/Nig sMog gN-2| |[NiFe-LDH
electrolyzer, the Hy and O3 gas generated from the cathode and anode
electrode at a constant current of 200 mA for 60 min are collected using
the drainage method (Fig. S19). The volume ratio of collected Hy to Oy
gas is 2, and the faradic efficiency of its overall water splitting reaction is
about 57.4%. In simulated seawater (Fig. 6¢-d), the polarization curve of
MosN/Nig oMoy gN-2 shows small overpotentials of 26 and 127 mV at 10
and 100 mA cm ™2 and the Tafel slope of 31 mV dec! is the same as that
in the alkaline medium. In contrast, Pt/C exhibits visible overpotentials
decay from 23 and 140 mV at 10 and 100 mA ¢cm ™2 in 1.0 M KOH to 28
and 155 mV in simulated seawater and the Tafel slope increases to 33
mV dec™!, suggesting high corrosion resistance to Cl~ ions and appli-
cability of MooN/NigoMoggN [69]. During the test conducted at a
constant overpotential of 80 mV for 12 h in simulated seawater, the
current shows no decline (Fig. S20). The excellent versatility and effi-
ciency of the MosN/Nig2Mog gN catalyst for HER applications is thus
demonstrated.

4. Conclusion
A dual-phase nitride-based heterostructure composed of MooN and

Nip.oMog gN is prepared by nitridation of Ni%®" intercalated layered
MoOs5 nanobelts. The Ni%* species inserted in layered MoOs avoid
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segregation of metal Ni phase and structural damage to form more in-
terfaces. The MosN/Nig 2Mog gN heterostructure with robust interfaces
and strong interfacial interactions exhibits superior Pt-like HER activity
manifested by an extremely low overpotential of 26 mV at 10 mA cm ™2
and ideal Tafel slop of 31 mV dec™! in both alkaline and simulated
seawater. Moreover, the MoyN/NigoMoggN catalyst has excellent
practicality and stability in overall water splitting in both the alkaline
electrolyte and simulated seawater. Beside the structural advantage, the
excellent hydrogen evolution characteristics of dual-phase nitride
composite are also attributed to not only the strong water dissociation
activity of individual nitride, but also optimization of the hydrogen
adsorption/desorption activity at the interfacial sites, especially the
weak hydrogen adsorption capability. Herein, our results demonstrate
the immense potential of highly electrocatalytically active dual-phase
nitride-based catalysts for water splitting and the design and fabrica-
tion strategy are suitable for high-performance heterostructured elec-
trocatalysts for efficient energy conversion.
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Calculation of turnover frequency (TOF)

The turnover frequency can be calculated by the following formula:

no. of total hydrogen turnovers/ cm?* of geometric area
TOF = PR - = the molecules can be represented as
no. of active sites/ cm* of geometric area
mA 1Cs’! 1 molofe ., 1 molofHa ,, 6.022 x 10%-H> molecules 15 Has! mA ,_ .
— = (3.12x10" — per — (% the
y cm? ( 1000 mA (( 96485.3 C ( 2 mol of & ( 1 mol of H» ( ( cm? p cmz( I‘]I
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The number of active sites was reckoned with the relative content of each phase derived from the
stoichiometric ratio.
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Figure S1. (a( XRD patterns of Ni*" intercalated layered MoQOs samples (b( ICP-MS results of the

Ni?* intercalated layered MoO3 samples with different input Ni/Mo mole ratios.



Figure S2. Photos of (a( MoO3 (b( Ni-MoOs3 (0.4( (c( M02N/Nip2MoosN-2 samples.



Figure S3. XRD patterns of (a( M02N/Nig2MoosN-1 (b( M02N/Nig2MoosN-2 (¢( M0o2N/Nip2Mog sN-

3 and their corresponding composition ratio refined by Rietveld method.



Figure S4. SEM images of (a( MoO3 (b( Ni-MoOs3 (0.3( (c¢( Ni-MoOs3 (0.4( and (d( Ni-MoOs (0.5(.



Figure S5. SEM images of (a( M02N/Nip2Moo.sN-1 and (b( M02N/Nip2Moo.sN-3.



Figure S6. (a( N2 adsorption/desorption isotherms and (b( the pore size distribution of MoO3 Mo>N

and Mo0>N/Nip2MogsN-2 NBs.



Figure S7. The high resolution XPS spectra of (a( Mo 3d and (b( Ni 2p of M02N/Nip.2Moo gN.



Figure S8. (a( XRD pattern and (b( SEM image of Nip2MoosN NBs after acid pickling nitrided Ni-

MoOs (1.0( sample.



Figure S9. (a( LSV curves (b( Tafel slopes (c( Nyquist plots and (d( Double-layer capacitance (Cai(

of Mo>N/Nig2MogsN.



Figure S10. XRD patterns of Mo2N/Nip2Moo sN-2 before and after acid pickling in 0.05 M HCl for 3

h at room temperature.



Figure S11. (a( LSV curves and (b( Nyquist plots of M02N/Nip2MoosN-2 before and after acid

pickling.
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Figure S12. (a( TOF values and (b( ECSA-normalized polarization curves of the MooN Nip2Moo sN

and Mo2N/Nip2Moo sN-2 catalysts.



Figure S13. (a( Digital photograph of H> gas collection in three-electrode system (b( The faradic
efficiency of HER process calculated at different current for 30 min in three-electrode system.

The FE is calculated by the following formula: FE = %"IXT:XF X 100% wherethem n F Tandt
stand for volume (0.016 L 0.025 L and 0.031 L( charge transfer number for the formation of one H>
molecular (n = 2( faradic constant (96485 C( applied current (0.08A 0.12A 0.15A( and duration

time (1800 s(.



Figure S14. CV curves of (a( Mo2N (b( Nigp2MoosN (¢( M0o2N/Nig2MoosgN-1 (d( M02N/Nig2Moo.gN-

2 and (e( M02N/Nig2MoogN-3 at different scanning rates.



Figure S15. High resolution XPS spectra of (a( Mo 3d and (b( Ni 2p of Mo2N/Nip2MoosN-2 after

2 000 cycles at a scanning rate of 50 mV s™'.



Figure S16. (a( XRD patterns and (b( SEM image of M02N/Nip2Mog sN-2 after chronoamperometric

test at a constant overpotential of 80 mV for 90 h.



Figure S17. (a( TEM image (b-d( HR-TEM images and (e( Inverse FFT lattice images and interplanar
spacing profiles of M02N/Nip2MoogN-2 after chronoamperometric test at a constant overpotential of

80 mV for 90 h.



Figure S18. LSV curve of NiFe-LDH on Ni foam.



Figure S19. (a( Digital photograph of Hz and O gas collection in two-electrode system (b( gas yield-
time relationship at a constant current of 200 mA for 60 min.

The FE is calculated by the following formula: FE = %“IXTTXF X 100% wherethem n F Iand t stand
for volume (0.048 L( charge transfer number of H> molecular (n = 2( faradic constant (96485 C(

applied current (0.20 A( and duration time (3600 s(.



Figure S20. Long-term stability test of the Mo2N/Nio2Moo sN-2 at a constant overpotential of 80 mV

for 12 h in simulated seawater (1.0 M KOH+0.5 M NacCl(.



Table S1 Comparison of M02N/Nip2MoosN-2 and other reported catalysts in 1.0 M KOH

nio 100 | Tafel slope Stability
Catalyst Reference
(mA) | (mA) | (mV dec™) (mA cm for h)

Mo02N/Nio.2Mo0.sN-2 26 127 31 50 mA ¢cm? for 30 h This work
Co-Moa:N@NC 47 170 43 10 mA cm™ for 12 h [1]
MozN-CoxN 29 159 81 10 mA cm™ for 48 h [2]
NiMoN 109 | 167 95 10/30/50 mA cm™ for 12 h [3]
CoMoN/NF 91 | 208 70.3 10 mA cm™ for 100 h [4]
MoN-Co;N 105 | 204 82.1 100 mA cm™ for 62 h [5]
Ni/MoN 24 61 35.5 100 mA cm for 200 h [6]
MooN 73.13 | 248 66.52 10 mA cm™ for 20 h [7]
Co-NiMoN 45 148 54.7 25 mA cm™ for22 h [8]
NizMosN 21.3 | 123.8 62 10 mA cm™ for 24 h [9]
NC/Ni-Mo-N/NF 72 97 94 10 mA cm™ for 12 h [10]
NizN-Mo>N/NF 66 160 67.4 20 mA cm™ for 48 h [11]
Nifoam@Ni-Nigp2MoosN | 15 \ 39 10 mA cm™ for 110 h [12]
NiMoN/NiN 49 136 63 20 mA cm™ for 60 h [13]
N1/Nip2Mo0o.sN-30 48 207 75 10 mA cm™ for 48 h [14]
NiMoN-650 50 245 80 10 mA cm™ for 10 h [15]
Mo:N@NC 85 \ 54 10 mA cm™ for 10 h [16]
Mo,N-Ni/NF 20 98 39.9 50 mV cm™ for 100 h [17]
Ni@NCNT/NiMoN/NF | 15 | 112.5 68 100 mA cm™ for 24 h [18]
NiCo:N 48 149 78.7 50 mA cm™ for 48 h [19]
Ni-Mo-N/NG 46.6 | 159.8 45 10 mA cm™ for 34 h [20]
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