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Eﬃcient Alkaline Water/Seawater Hydrogen Evolution
by a Nanorod-Nanoparticle-Structured Ni-MoN Catalyst
with Fast Water-Dissociation Kinetics
Libo Wu, Fanghao Zhang, Shaowei Song, Minghui Ning, Qing Zhu, Jianqing Zhou,
Guanhui Gao, Zhaoyang Chen, Qiancheng Zhou, Xinxin Xing, Tian Tong, Yan Yao,
Jiming Bao, Luo Yu,* Shuo Chen,* and Zhifeng Ren*
Achieving eﬃcient and durable nonprecious hydrogen evolution reaction
(HER) catalysts for scaling up alkaline water/seawater electrolysis is desirable
but remains a significant challenge. Here, a heterogeneous Ni-MoN catalyst consisting of Ni and MoN nanoparticles on amorphous MoN nanorods
that can sustain large-current-density HER with outstanding performance is
demonstrated. The hierarchical nanorod–nanoparticle structure, along with
a large surface area and multidimensional boundaries/defects endows the
catalyst with abundant active sites. The hydrophilic surface helps to achieve
accelerated gas-release capabilities and is eﬀective in preventing catalyst degradation during water electrolysis. Theoretical calculations further prove that
the combination of Ni and MoN eﬀectively modulates the electron redistribution at their interface and promotes the sluggish water-dissociation kinetics
at the Mo sites. Consequently, this Ni-MoN catalyst requires low overpotentials of 61 and 136 mV to drive current densities of 100 and 1000 mA cm−2,
respectively, in 1 m KOH and remains stable during operation for 200 h at a
constant current density of 100 or 500 mA cm−2. This good HER catalyst also
works well in alkaline seawater electrolyte and shows outstanding performance toward overall seawater electrolysis with ultralow cell voltages.
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1. Introduction
Hydrogen is an eﬃcient and clean energy
carrier for sustainable energy systems due
to its high energy density (142 kJ g−1) and
pollution-free characteristics.[1] Water electrolysis driven by excess renewable energy
and/or surplus power from the power
grid is an economical and zero-carbonemission conversion route to produce
hydrogen gas that avoids the greenhouse
gas emissions from methane in steamreforming.[1b,2] Alkaline water electrolysis
is currently more appealing due to its
inexpensive equipment requirements
and eﬀective avoidance of acid fog and
corrosion.[2a,3] To accelerate the sluggish
kinetics resulting from the extra water-dissociation step in alkaline electrolyte and
to minimize the dynamic overpotential of
the hydrogen evolution reaction (HER),
eﬃcient and highly stable catalysts, especially those that can sustain large current
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densities (≥500 mA cm−2), are desirable.[4] To date, platinum
(Pt)-based catalysts remain the benchmark HER catalysts in
both acid and alkaline electrolytes. Unfortunately, the high
costs and scarce sources for their constituent elements seriously limit the widespread utilization of these catalysts.[5] On
the other hand, seawater electrolysis has recently attracted
growing research interest due to the inexhaustible resource
reserves and the great promise of massive hydrogen production
without exacerbating freshwater shortages.[3b,6] However, the
complicated composition of natural seawater can result in additional challenges for direct seawater electrolysis.[7] For example,
the chlorine evolution reaction (ClER) from chloride ions (Cl−,
≈0.5 m) in the seawater might compete with the oxygen evolution reaction (OER) on the anode and thus lower the overall
seawater-electrolysis eﬃciency.[6a,b,8] Catalyst corrosion by chloride ions and poisoning by insoluble precipitates (dust, colloids,
and bacteria) will degrade catalytic activity and durability.[3b,6b,9]
Some recent works point out that corrosion-resistant electrolyzers and aﬀordable membranes play important roles in direct
seawater electrolysis, which can aﬀect the device lifetime and
eﬃciency of the system.[3b,10] All these challenges have greatly
impeded the development of seawater-electrolysis technology.
Over the past decades, tremendous eﬀort has been devoted to
exploring eﬃcient nonprecious catalysts intended to replace the
Pt-based ones. Among these, transition metal nitrides (TMNs)
have attracted considerable attention due to their high intrinsic
catalytic activity, good electrical conductivity, and outstanding
mechanical robustness.[11] Recent experimental and theoretical
results suggest that TMNs have moderate binding capabilities
toward reactants (water molecules, atomic hydrogen, or protons), allowing them outstanding HER catalytic activity.[11a,12] To
further boost the alkaline HER performance of TMNs, eﬀective
sites for water dissociation should be introduced to enhance
its sluggish kinetics. Thus, heterogeneous TMN-based catalysts, including Ni3N/Ni, Co-Ni3N, V-Co4N, Cr-Co4N, Co/MoN,
Co-Mo5N6, and Ni0.2Mo0.8N/Ni, in which either the introduced
metallic atoms or the original metals in the TMNs serve as
eﬀective water-dissociation sites, have been synthesized and
have shown comparable or even better HER performance than
the benchmark Pt/C.[12c,13] However, studies of these heterogeneous TMN-based catalysts have mainly focused on freshwater electrolysis at small current densities usually lower than
500 mA cm−2. For large-current-density water electrolysis, the
catalytic performance might be limited by insuﬃcient active
sites and structural instability.[14] Additionally, scaling up alkaline water electrolysis technology and bringing it to market
requires catalysts with practical catalytic performance under
industrial conditions (normally in 6 m KOH at 60–65 °C) and
aﬀordable cost. Designing TMN-based catalysts with tailored
structures, eﬃcient catalytic activity, and long-term durability
for large-current-density alkaline seawater electrolysis is very
meaningful, although studies remain quite limited.[11g,15]
Here we demonstrate that a novel Ni-MoN catalyst consisting of dense crystalline Ni and MoN nanoparticles on an
amorphous MoN nanorod matrix can be an eﬃcient HER catalyst for both alkaline freshwater and seawater electrolysis. A
nanorod-structured NiMoO4·xH2O precursor was first obtained
through a scalable water bath reaction and was subsequently
converted to a hierarchical nanorod-nanoparticle-structured
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Ni-MoN catalyst with high surface roughness upon a second
step of ammonia reduction. Its large surface area and multidimensional boundaries/defects can expose abundant active
sites while its mesoporous structure (pore size of ≈6.5 nm) and
hydrophilic surface are beneficial for fast electrolyte diﬀusion
and the quick release of gas bubbles. Theoretical calculations
show that charge exchange and electron redistribution occur at
the interfaces between Ni and MoN, so Ni-MoN is in a metallic
state with high conductivity. The Mo sites in Ni-MoN have high
capability toward water adsorption and dissociation, which
greatly enhances the sluggish alkaline HER kinetics. Consequently, the optimized Ni-MoN catalyst achieves remarkable
HER catalytic activity with ultralow overpotentials of 61 and
136 mV to drive large current densities of 100 and 1000 mA cm−2,
respectively, in 1 m KOH and exhibits a small Tafel slope
of 35.5 mV dec−1, placing it among the best self-supported
HER catalysts reported thus far. It also has outstanding catalytic durability at constant current densities up to 100 and
500 mA cm−2 during 200 h of continuous testing. The Ni-MoN
catalyst can well maintain its catalytic activity and durability
in alkaline natural seawater and high-chlorine-concentration
alkaline saline electrolytes. When coupled with a commercial stainless-steel mat (SSM), the Ni-MoN||SSM pair exhibits
remarkable overall water/seawater electrolysis performance
that is superior to the benchmark Pt/C||Ni-Fe layered double
hydroxide (LDH) pair and many other catalysts, showing great
potential for sustainable, eﬃcient, and stable hydrogen production from water/seawater electrolysis.

2. Results and Discussion
As depicted in Figure 1a, a self-supported NiMoO4·xH2O precursor was first grown on copper foam (CF) through a water
bath reaction at 90 °C for 8 h, and it was subsequently converted to Ni-MoN through a second ammonia reduction step at
400 °C for 2 h (see experimental details in the Supporting Information). Commercial CF was selected as a binder-free substrate
for catalyst growth since it has the advantages of a 3D porous
structure, high conductivity, and good chemical/mechanical
stability. Photographs in Figure S1a–c, Supporting Information,
show that the pristine CF substrate, the NiMoO4·xH2O precursor, and Ni-MoN are reddish, brown, and black, respectively,
in color. Scanning electron microscopy (SEM, Figure S2a–e,
Supporting Information) and transmission electron microscopy
(TEM, Figures S3a and S3d, Supporting Information) characterizations indicate that NiMoO4·xH2O has a smooth 1D nanorod
structure with diameters of between 100 and 200 nm. Such a
nanorod-structured NiMoO4·xH2O precursor is diﬀerent from
the widely reported microrod- or microsheet-structured precursors produced through the hydrothermal reaction, and the
smaller size of its constituent components will be beneficial
for reacting with the ammonia flow during the subsequent
ammonia reduction step.[13e,f,16] Corresponding energy dispersive spectroscopy (EDS) mapping images (Figures S2f–h and
S3e–g, Supporting Information) and an EDS line scan curve
(Figure S3c, Supporting Information) illustrate the uniform distribution of elemental Ni, Mo, and O throughout the skeleton
of the CF substrate and inside each NiMoO4·xH2O nanorod.
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Figure 1. a) Schematic illustrations of the synthesis of Ni-MoN via a two-step water bath reaction-ammonia reduction procedure and corresponding
SEM images at diﬀerent synthesis stages. b,c) SEM images, d,e) TEM images, f) SAED pattern, and g–i) HRTEM images of Ni-MoN. j) EDS line scan
and corresponding element dispersion of a single Ni-MoN nanorod. k) HAADF image of Ni-MoN and the corresponding EDS element mapping for
l) Ni, m) Mo, n) N, o) O, and p) overlapped N, O, Ni, and Mo.

The X-ray diﬀraction (XRD) pattern in Figure S3h, Supporting
Information, confirms the successful synthesis of the crystalline NiMoO4·xH2O phase. It should be noted that urea plays
an important role in the synthesis process since OH− from the
urea can combine with metal cations to form metal hydroxides
in the initial nucleation step and help to form nanorods during
the water bath reaction.[17] The nanorod-structured precursor
could not be obtained if urea were not added in the reactants, as
shown in Figure S4, Supporting Information. After annealing
in mixed ammonia–argon gas, the main structure of these vertical-standing nanorods was well preserved, and newly formed
nanoparticles can be found on the surfaces of these nanorods
(Figure 1b,c and Figure S5a–d, Supporting Information).
Detailed TEM and aberration-corrected TEM (ACTEM) images
in Figure 1d,e and Figure S6a,b, Supporting Information,
show that these nanoparticles were embedded in the nanorod
matrix and are several to tens of nanometers in diameter (inset,
Figure S6a, Supporting Information). Such a hierarchical
nanorod–nanoparticle structure with a high degree of surface
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roughness not only exposes abundant active sites but also
avoids catalyst aggregation during HER catalysis, benefiting
the enhancement of both catalytic activity and durability.[18]
Selected area electron diﬀraction (SAED), high-resolution
TEM (HRTEM), and EDS characterizations were performed
to identify the detailed compositions of the nanoparticles and
nanorods. As shown in Figure 1f, characteristic (200) and (220)
facets of metallic Ni and (202) and (220) facets of MoN can be
distinguished within the SAED pattern, indicating a mixed
composition of Ni and MoN in the hierarchical nanorod-nanoparticle-structured catalyst. The low-magnification HRTEM
image in Figure S7a, Supporting Information, shows that the
main part of the nanorod is in an amorphous state and the
nanoparticles in the nanorod matrix are in a crystalline state.
The interplanar spacings of the lattice fringes in the center of
each crystalline nanoparticle were precisely measured to be
0.176 (Figure 1g,h and Figures S6b and S6d, Supporting Information) and 0.203 nm (Figure S6b,c, Supporting Information),
corresponding to the (200) and (111) planes, respectively, of

2201774 (3 of 12)

© 2022 Wiley-VCH GmbH

www.advancedsciencenews.com

www.advmat.de

metallic Ni. Additionally, a lattice fringe with an interplanar
spacing of 0.186 nm, which is assigned to the (202) plane of
MoN, can be found on the nanoparticle edges (Figure 1g,i). The
phase boundaries between the amorphous nanorod matrix and
the crystalline nanoparticles and between the metallic Ni and
MoN phases, as well as the defects, can be clearly observed in
the HRTEM image of Ni-MoN in Figure S7b, Supporting Information. These multidimensional boundaries and defects can
expose more active sites for boosting the catalytic reaction.[19]
The composition of Ni and MoN in the ammonia reduction
product can further be confirmed by the EDS line scan curve
in Figure 1j and the high-angle annular dark field (HAADF)
EDS mapping images in Figure 1k–p and Figure S6e–j, Supporting Information, which show that elemental Ni gathers
in the centers of the nanoparticles, while elemental Mo and
N can both be found throughout the entire nanorod. Therefore, the nanorods in the hierarchical catalyst should mainly
be composed of amorphous MoN, and the nanoparticles on
the nanorods are mostly metallic Ni with a slight amount of
MoN. It has been demonstrated that there might be a preferential reaction at the Ni sites in NiMoO4·xH2O and that Mo-oxide
reduction may only proceed via gas spillover from the Ni sites
when being annealed in a reductive gas flow.[20] Based on the
characterizations above, the formation mechanism of Ni-MoN
can be derived as follows: Ni sites are first reduced and gathered to form metallic Ni at the centers of the nanoparticles
when being annealed in ammonia flow, and Mo combines
with nitrogen in the excess ammonia gas to form crystalline
MoN on the edges of, or amorphous MoN between, these Ni
nanoparticles. Clearly, reductive ammonia gas, serving as both
the reducing agent and the nitrogen source, is the key to generate this unique nanorod–nanoparticle structure, as proved
by the smooth NiMoO product resulting from annealing
the NiMoO4·xH2O precursor only in argon gas (Figure S8,
Supporting Information). Additionally, the loss of H2O molecules and elemental O due to the reaction with the flowing
ammonia–argon gas, can create abundant atomic defects and
lead to disordered atom packing in the nanorod matrix, forming
amorphous regions. The uniformly dispersed nanorods
eﬀectively convert the CF substrate’s hydrophobic surface
(Figure S9a–c, Supporting Information) into a hydrophilic surface
(Figures S9d–f and S9g–i, Supporting Information), which is
beneficial for fast electrolyte diﬀusion, easy water molecule
adsorption, and quick gas bubble release.[4b,12b]
The eﬀects of water bath reaction time and the Ni:Mo ratio
on the final morphology of Ni-MoN were investigated. Based on
the SEM images of Ni-MoN catalysts produced with diﬀerent
water bath reaction time shown in Figure S10, Supporting
Information, at least 6 h was required to obtain a homogenous
nanorod structure. Here we used 8 h to ensure the complete
and uniform growth of the NiMoO4·xH2O precursor. On the
other hand, we found that the Ni:Mo ratio in the reactants did
not have a significant eﬀect on the nanorod structure but had
a huge eﬀect on the density of the Ni-MoN nanoparticles. Low
Ni:Mo ratios of 2:7 (Figure S11a–c, Supporting Information) and
4:7 (Figure S11d–f, Supporting Information) resulted in sparse
nanoparticles and a high Ni:Mo ratio of 12:7 (Figure S11g–i,
Supporting Information) resulted in dense nanoparticles. This
is because these nanoparticles are mainly composed of metallic
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Ni and a higher Ni:Mo ratio is beneficial for forming denser Ni
nanoparticles on the MoN matrix. For a comprehensive comparison, nickel nitride and molybdenum nitride catalysts were
synthesized using a similar procedure except that no Mo or Ni
source was added to the initial reactants for the respective catalysts. SEM images show that nickel nitride has a nanoparticle
structure (Figure S12, Supporting Information) and molybdenum nitride has an irregular film structure (Figure S13, Supporting Information). Clearly, the combination of Ni and Mo
is essential for obtaining a hierarchical nanorod–nanoparticle
structure.
The phase composition and crystal structure of the hierarchical catalyst were further determined by XRD measurements.
As shown in Figure 2a, the main peaks in the XRD pattern of
Ni-MoN correspond to metallic nickel (Ni, JCPDS#04-0850) and
molybdenum nitride (MoN, JCPDS#25-1367), which is consistent with the TEM results. The composition of the ammoniatreated catalysts can be tuned by varying the annealing temperature, as shown by the intensities of the diﬀraction peaks in the
corresponding XRD patterns in Figure S14, Supporting Information. A low annealing temperature of 300 °C results in the
catalyst being mainly composed of the NiMoO4·xH2O phase
and a high temperature of 500 °C results in a mainly MoNphase composition, which might be due to the weaker and
stronger reactivity of ammonia species at low and high temperatures, respectively. When annealed at 700 °C, a new nitride
phase of Ni3Mo3N appears and the metallic Ni phase disappears,
which might be caused by the stronger reaction between Ni,
Mo, and ammonia species. The XRD pattern of nickel nitride
in Figure S15a, Supporting Information, shows peaks for both
metallic nickel and nickel nitride (Ni4N, JCPDS#36-1300), confirming a mixed composition of Ni and Ni4N. There are no specific peaks in the XRD pattern of molybdenum nitride (Figure
S15b, Supporting Information) due to its poor crystallinity,
so we used MoN to represent its composition. The electron
paramagnetic resonance (EPR) spectrum of Ni-MoN shows a
stronger magnetic signal at ≈3515 G (g factor = 2.005) than that
of the NiMoO4·xH2O precursor (Figure 2b), indicating a higher
concentration of unpaired electrons resulting from structure
defects.[21] The surface area of Ni-MoN was measured using the
Brunauer–Emmett–Teller (BET) method and was found to be
27.5 m2 g−1 (Figure 2c), which is three times larger than that
of the NiMoO4·xH2O precursor (7.6 m2 g−1), indicating that the
hierarchical nanorod–nanoparticle structure eﬃciently enlarges
the surface area. Additionally, the nitrogen adsorption–desorption isotherm of Ni-MoN shows a typical IV hysteresis loop,
suggesting that it has a mesoporous structure with an average
pore size of ≈6.5 nm (inset, Figure 2c).[22] A large surface area
can disperse abundant active sites and a mesoporous structure
can provide additional pores for electrolyte diﬀusion, thereby
promoting eﬀective utilization of the catalyst during water
electrolysis.
The surface chemical states of elemental Ni, Mo, and N
for these catalysts were investigated by X-ray photoelectron
spectroscopy (XPS). As shown in Figure 2d, two Ni0 peaks
corresponding to metallic Ni can be observed at 853.4 and
870.6 eV for both Ni-MoN and NiNi4N but are absent for
NiMoO4·xH2O, which agrees well with the metallic Ni phase
observed in the XRD patterns.[15] The remaining peaks in the
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Figure 2. a) XRD pattern of Ni-MoN along with the standard PDF cards for Ni and MoN. b) EPR spectra and c) nitrogen adsorption–desorption isotherms and (inset) pore-size distribution curves of the NiMoO4·xH2O precursor and Ni-MoN. High-resolution XPS spectra of d) Ni, e) Mo, and f) N
and Mo for the as-prepared catalysts.

XPS spectrum of Ni for Ni-MoN can be deconvolved to Ni2+
2p3/2 and Ni2+ 2p1/2 at 856.0 and 873.9 eV, respectively, along
with a pair of satellite peaks, due to the inevitable surface oxidation of metallic Ni in the air.[3a,12c,13a,23] In the Mo XPS spectrum
of Ni-MoN (Figure 2e), three doublets were observed: 230.0
and 233.1 (Mo3+ 3d5/2 and 3d3/2), 231.3 and 234.2 (Mo4+ 3d5/2
and 3d3/2), and 232.6 and 235.7 eV (Mo6+ 3d5/2 and 3d3/2).[9a,13f ]
Compared with the Mo XPS spectrum of NiMoO4·xH2O, the
presence of Mo3+ in that of Ni-MoN confirms the formation of
MoN and the negative shift of Mo4+ indicates a lower valence
state caused by the reduction of Mo species under the ammonia
flow.[11b,24] The Mo3+ peaks in the Mo XPS spectrum of Ni-MoN
show a positive shift compared to those for MoN, indicating
a possible electron transfer from Mo to adjacent atoms.[13e] To
reduce the interference of the surface oxidation and obtain
accurate valence information regarding elemental Ni and Mo,
we further applied XPS depth profiling to remove the surface
of the Ni-MoN sample. As shown in Figure S16, Supporting
Information, the XPS spectra for XPS-depth-profiled Ni-MoN
have sharply reduced Ni2+ and Mo4+ peaks and an absence of
Mo6+ peaks, indicating a deep reaction between the Ni and Mo
cations and the reductive ammonia gas. Additionally, the peak
intensities of Ni0 (metallic Ni) and Mo3+ (molybdenum nitride)
are much stronger than those of Ni2+ (nickel oxide) and Mo4+
(molybdenum oxide), respectively, in the XPS spectra for XPSdepth-profiled Ni-MoN, confirming that elemental Ni and Mo
in Ni-MoN mainly exist as metallic Ni and MoN rather than in
oxide forms. Since the N 1s XPS spectrum of Ni-MoN is overlapped with that of Mo 3p (Figure 2f), three peaks were deconvolved to Mo 3p at 395.6 eV, NMo or NNi at 397.5 eV, and
Adv. Mater. 2022, 34, 2201774

NH at 399.0 eV.[9a] In the N 1s XPS spectrum for NiNi4N,
only a major peak attributed to NNi and a tiny peak attributed
to NH were found at 397.6 and 399.2 eV, respectively. Clearly,
the NMo peak intensity in the XPS spectrum for Ni-MoN is
much stronger than either the case of NNi in NiNi4N or that
of NMo in MoN, indicating a tight connection between Mo
and N in Ni-MoN. Finally, there is no Cu signal in the Cu XPS
spectra for either NiMoO4·xH2O or Ni-MoN (Figure S17, Supporting Information), indicating that the CF only served as a
conductive substrate and did not leak into the catalysts.
The HER catalytic performance of the as-prepared catalysts was evaluated in a typical three-electrode configuration
at a scan rate of 1 mV s−1. For HER activity in alkaline water
(1 m KOH), the linear sweep voltammetry (LSV) curves in
Figure 3a show that our Ni-MoN requires very low overpotentials (η) of 24 and 61 mV to attain current densities of 10
and 100 mA cm−2, respectively, which is significantly smaller
than those for the NiMoO4·xH2O precursor (269 and 423 mV),
NiNi4N (193 and 312 mV), and MoN (173 and 333 mV), as
well as for the benchmark Pt/C (58 and 196 mV). The η100 of
Ni-MoN (61 mV, where η100 is the overpotential required to
attain a current density of 100 mA cm−2) is even lower than
that of some recently reported self-supported noble-metal-based
catalysts such as Pt-IrO2 (≈70 mV),[25] Ru-MnFeP (≈73 mV),[26]
Ru-CoP (74 mV),[27] PtSA-NiO (85 mV),[28] and NiFeRu LDH
(≈110 mV).[29] To achieve large current densities of 500 and
1000 mA cm−2, which are required for commercial applications,
the Ni-MoN catalyst only requires low overpotentials of 104 and
136 mV, respectively. Tafel slope values were calculated to reveal
the intrinsic catalytic kinetics of the as-prepared catalysts. As
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Figure 3. HER performance in 1 m KOH and 1 m KOH seawater electrolytes. a) LSV curves and b) corresponding Tafel plots of NiMoO4·xH2O, NiNi4N,
MoN, Ni-MoN, and Pt/C catalysts in 1 m KOH electrolyte. c) Comparison of HER catalytic activity in 1 m KOH electrolyte between Ni-MoN and
recently reported self-supported nitride and other catalysts. d) ECSA values of NiMoO4·xH2O, NiNi4N, MoN, and Ni-MoN. e) LSV curves of the asprepared catalysts in 1 m KOH seawater electrolyte. f) LSV curves of Ni-MoN before and after CV cycling in 1 m KOH and 1 m KOH seawater electrolytes.
g) Chronopotentiometric curves of Ni-MoN at constant current densities of 100 and 500 mA cm−2 in 1 m KOH electrolyte.

shown in Figure 3b, Ni-MoN has a small Tafel slope value of
35.5 mV dec−1, which is less than one-quarter that of the
NiMoO4·xH2O precursor (147.1 mV dec−1), and is also much
smaller than that of the comparison catalysts, including the
benchmark Pt/C, indicating a higher transfer coeﬃcient and
enhanced catalytic kinetics.[17b,30] Such eﬃcient HER catalytic activity places this Ni-MoN catalyst among the best documented self-supported nitride and other catalysts reported
to date (Figure 3c and see Table S1, Supporting Information,
for details). To determine the origin of the catalytic activity of
Ni-MoN, electrochemical impedance spectroscopy (EIS), electrochemically active surface area (ECSA), and turnover frequency (TOF) analyses were performed. An amorphous phase
normally exhibits structure disorder and loose atom packing,
which is beneficial for fast ion diﬀusion and electron transfer.[31]
Thus, the catalyst’s amorphous nanorod structure not only
serves as a matrix for dispersing catalytic-active Ni-MoN nanoparticles but also acts as an expressway for electron transfer.
Based on the fitted Nyquist plots and the equivalent circuit
shown in Figure S18, Supporting Information, Ni-MoN has
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a much lower charge-transfer resistance (Rct) of ≈2.7 Ω at the
electrode–electrolyte interface than that of the NiMoO4·xH2O
precursor (≈161.6 Ω), suggesting a faster electron transport
toward catalytic reaction. ECSA is usually calculated to evaluate
the number of active sites, and it is proportional to the doublelayer capacitance (Cdl) shown in Figure S19, Supporting Information.[32] Benefiting from the hierarchical nanorod–nanoparticle structure, abundant phase boundaries, and high concentration of defects, the ECSA of Ni-MoN (377.5 cm−2ECSA) is twice
that of the NiMoO4·xH2O precursor (177.5 cm−2ECSA, Figure 3d),
and much larger than that of the NiNi4N and MoN catalysts.
When current density was normalized for ECSA (Figure S20,
Supporting Information), Ni-MoN still exhibits the best HER
performance among all the catalysts studied, confirming that
it exhibits the highest intrinsic catalytic activity. Furthermore,
TOF represents the number of molecules reacting per active site
per unit of time and can be used to measure the instantaneous
eﬃciency of a catalyst.[33] The TOF value for the Ni-MoN catalyst at the potential of −0.1 V versus RHE is 1.79 s−1 (Figure S21,
Supporting Information), which is much higher than that of
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the NiMoO4·xH2O precursor (0.013 s−1), indicating a high
instantaneous eﬃciency for HER catalysis. Notably, all results
from the EIS, ECSA, and TOF analyses agree well with the low
overpotentials and small Tafel slope value of Ni-MoN shown
in Figures 3a and 3b, respectively, suggesting its ultrahigh
intrinsic HER activity.
To determine the best conditions for synthesizing the
Ni-MoN catalyst, the influences of Ni:Mo ratio, ammoniareduction temperature, and gas composition on its HER
activity were investigated in detail. As shown in Figure S22,
Supporting Information, all the Ni-MoN catalysts with different Ni:Mo ratios exhibit very good HER activity, and the
one with a ratio of 8:7 shows the highest activity. As shown in
Figure S14, Supporting Information, the ammonia-reduction
temperature aﬀects the phase composition, so it has a significant eﬀect on the catalytic performance as well. A low temperature of 300 °C and a high temperature of 500 °C both lead to
inferior HER activity (Figure S23, Supporting Information).
The gas composition also greatly influences the catalytic activity.
When annealed under argon flow only, the resultant NiMoO
catalyst exhibits much worse HER activity than that of the
Ni-MoN catalyst annealed in a mixed ammonia–argon flow, as
shown in Figure S24, Supporting Information. The synthetic
route used to prepare a catalyst determines its structure, and
structure determines activity. Thus, the unique nanorod-nanoparticle-structured Ni-MoN produced using a novel synthesis
method can enable enhanced catalytic performance. Compared with Ni-MoN catalysts that have a microrod–nanoparticle
(Figure S25, Supporting Information) or microsheet–nanoparticle (Figure S26, Supporting Information) structure synthesized via a hydrothermal reaction-ammonia reduction
procedure, nanorod-nanoparticle-structured Ni-MoN has a
denser nanorod matrix for dispersing catalytic-active Ni-MoN
nanoparticles. The smaller size can help to promote the mass
transfer process. As a result, the nanorod-nanoparticle-structured Ni-MoN catalyst has higher apparent and intrinsic HER
catalytic activity compared with the microstructured Ni-MoN
catalysts (Figure S27, Supporting Information).
Seawater electrolysis is attracting increasing research interest
due to the inexhaustible reserves of feedstock.[3b,6a] Considering
the remarkable HER performance of Ni-MoN in alkaline water,
we then measured its hydrogen-generation ability in alkaline
natural seawater (1 m KOH seawater). As shown in Figure 3e,
compared with their corresponding LSV curves in 1 m KOH
(Figure 3a), all five as-prepared catalysts show a decline in
activity in 1 m KOH seawater, which could be caused by the
obstruction of active sites and the degradation in conductivity
in the complicated natural seawater electrolyte. However, our
Ni-MoN catalyst still exhibits very good HER activity with limited degradation in 1 m KOH seawater electrolyte. Specifically, it
requires overpotentials of 29, 66, 128, and 176 mV to attain current densities of 10, 100, 500, and 1000 mA cm−2, respectively,
in 1 m KOH seawater. The corresponding Tafel slope of Ni-MoN
in 1 m KOH seawater is 36.8 mV dec−1 (Figure S28a, Supporting
Information), close to that in 1 m KOH, showing good retention of catalytic activity. Considering that the concentration of
NaCl in seawater electrolyte will increase due to the continuous
consumption of water during the process of seawater catalysis,
we then measured the catalytic activity of Ni-MoN in a harsh
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chlorine environment to verify its robustness against corrosive
chlorine. As shown in Figure S29a, Supporting Information,
the catalytic activity of Ni-MoN in 1 m KOH + 0.5 m NaCl (alkaline simulated seawater) is close to that in 1 m KOH electrolyte.
After further increasing the chlorine concentration (1 m KOH +
1 m NaCl and 1 m KOH + 2 m NaCl), the HER activity exhibits
slight decay, but is still better than the performance in alkaline natural seawater, demonstrating good chlorine-resistant
performance.
For practical application of a catalyst, its durability must be
taken into consideration. To verify the durability of the Ni-MoN
catalyst, HER LSV curves were recorded before and after
CV cycling in both 1 m KOH and 1 m KOH seawater electrolytes. As shown in Figure 3f, after 19 000 (19k) CV cycles in
1 m KOH electrolyte, the resultant LSV curve (orange) shows a
slight decline compared with the initial curve (red). Even after
48k CV cycles in 1 m KOH seawater electrolyte (violet), the
required overpotential of the Ni-MoN catalyst only increased
by 1, 5, 10, and 13 mV to attain current densities of 10, 100,
500, and 1000 mA cm−2, respectively, compared with its initial catalytic performance in 1 m KOH seawater electrolyte
(brown). Figure 3g shows the results of long-term stability tests
of the Ni-MoN catalyst performed at constant current densities. It can be seen that the potential fluctuation at a current
density of 100 mA cm−2 over 200 h continuous testing in 1 m
KOH is only 16 mV, which is superior to that of all the selfsupported catalysts listed in Table S1, Supporting Information.
The hierarchical nanorod–nanoparticle structure and large
surface area of Ni-MoN can provide abundant active sites for
water electrolysis and its hydrophilic surface helps to achieve
accelerated gas-release capabilities. As a result, the hydrogen
gas bubbles, when still very small in size, can be released rapidly from numerous active sites as shown in Figure S30a and
Video S1, Supporting Information. A previous study confirms
that a hydrophilic surface normally possesses very low adhesive
force between the gas bubbles and the catalyst, which might be
good for catalytic stability.[18a] On the other hand, the hydrogen
gas bubbles will remain attached to the hydrophobic surface
of CF and merge together into large-size bubbles as shown in
Figure S30b and Video S2, Supporting Information. These
large-size bubbles will prevent the further contact between the
active sites and the electrolyte and their bursting can cause
resistance/potential fluctuations.[34] Furthermore, the Ni-MoN
catalyst can work well at the industry-standard current density
of 500 mA cm−2 for over 200 h, showing a great potential for
practical application. Even in 1 m KOH seawater electrolyte
(Figure S28b, Supporting Information), this catalyst can work
stably over 100 h at a large current density of 500 mA cm−2 with
an aﬀordable overpotential fluctuation of 47 mV. When measured at a constant current density of 100 mA cm−2 in harsh
chlorine electrolytes, the Ni-MoN catalyst operated well for 115 h
and did not show much increase in overpotential (23 mV
in total, Figure S29b, Supporting Information). We further
investigated changes in the morphology and composition of
the Ni-MoN catalyst after long-term stability testing for HER
catalysis. SEM images (Figures S31a–d and S32a–e, Supporting
Information) show that the 3D hierarchical structure of Ni-MoN
was maintained except that some of the catalyst was peeled oﬀ
after long-term operation of over 8 days in 1 m KOH or nearly

2201774 (7 of 12)

© 2022 Wiley-VCH GmbH

www.advancedsciencenews.com

www.advmat.de

Figure 4. a) Ni-MoN model for DFT calculations. b) Side and c) top views of charge density diﬀerences in Ni-MoN. Yellow and cyan regions represent
electron accumulation and depletion, respectively. d) DOS calculated for Mo, N, and Ni in Ni-MoN. The black dotted line indicates the Fermi level.
e) Adsorption energy of H2O, f) energy diagram for H2O dissociation, and g) free energy diagram for H adsorption for metallic Ni, Mo sites in MoN,
and Ni and Mo sites in Ni-MoN.

5 days in alkaline saline electrolytes. TEM (Figure S31e–g, Supporting Information), XPS (Figure S31h, Supporting Information), Raman (Figure S31i, Supporting Information), and EDS
(Figure S32g, Supporting Information) results together reveal
that some nanosheets formed on the surfaces of the nanorods
after HER stability testing, and their composition was identified as a mixture of NiOOH and NiO, which is consistent with
previous reports.[13f,35]
To gain molecular-level insights into the high catalytic
activity of Ni-MoN, density functional theory (DFT) calculations were performed. A typical Ni-MoN model consisting of
metallic Ni clusters on MoN (202) was built and is shown in
Figure 4a and Figure S33a,b, Supporting Information. The
charge density diﬀerences (Figure 4b,c) illustrate that there
is electron accumulation at the heterointerface, suggesting a
strong charge exchange and electronic tuning between Ni and
MoN.[36] The electronic structure tunning in Ni-MoN can also
be confirmed by the charge density distributions displayed in
Figure S34, Supporting Information, which shows that there
is an accumulation of charge density on both the N and Mo
sites, unlike the case of MoN.[37] The successive distribution of
the density of states (DOS) near the Fermi level, as shown in
Figure 4d, indicates that Ni-MoN is in a metallic state, which
is beneficial for achieving high electronic conductivity.[12b,24]
The Tafel slope value of Ni-MoN is 35.5 mV dec−1, suggesting
that the catalytic pathway of Ni-MoN follows a Volmer (H2O
dissociation, M + H2O + e− → MH* + OH−)-Heyrovsky (H
adsorption/desorption, MH* + H2O + e− → M + OH− + H2)
routine.[4a,12b,19b,38] Therefore, we further calculated the H2O
adsorption energy, the energy barrier of H2O dissociation,
and the H adsorption/desorption energy to deeply understand
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the Volmer–Heyrovsky pathway for the Ni-MoN catalyst. The
models for DFT calculations include the (111) facet of metallic
Ni, the (202) facet of pristine MoN, Ni sites on top of the Ni
clusters in Ni-MoN, and Mo sites near the interface between Ni
and MoN in Ni-MoN, and corresponding reaction pathways are
shown in Figures S35–S38, Supporting Information. Figure 4e
shows that the Mo sites in Ni-MoN possess much lower adsorption energy for H2O molecules (−1.082 eV) than the other three
sites, indicating more favorable H2O adsorption on the surface
of Mo sites in Ni-MoN.[3a] This is important for boosting alkaline HER since absorption of H2O molecules is the preliminary
step for the subsequent H2O dissociation process.[12b] Figure 4f
shows the H2O dissociation energy results, from which it can
be seen that the energy barrier of water dissociation (∆GH2O) on
metallic Ni and Mo sites in MoN are as high as 0.93 and 1.81 eV,
respectively. In contrast, the ∆GH2O on Ni-MoN, especially on
the Mo sites in Ni-MoN, is significantly decreased to 0.46 eV,
suggesting accelerated H2O dissociation kinetics.[25] This is
crucial for alkaline HER catalysis, in which the Volmer step
(H2O dissociation) has been regarded as the rate-determining
step (RDS).[39] The hydrogen adsorption energy (∆GH*) on the
Mo sites in Ni-MoN was calculated to be −0.487 eV (Figure 4g),
the absolute value of which is smaller than that on Ni sites in
Ni-MoN (−0.644 eV), from which it can be inferred that Mo sites
are more favorable for H adsorption and desorption during the
Heyrovsky step.[24,38] It should be noted that although metallic
Ni shows the lowest absolute value of ∆GH* (−0.258 eV), its
sluggish H2O dissociation and inferior H2O absorption ability
restrict its catalytic performance. To eliminate the influence
of structural diﬀerence between metallic Ni and Ni cluster on
the theoretical calculation results, we constructed a pristine
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Ni cluster model (Figure S33g,h, Supporting Information) for
DFT calculations and a corresponding reaction pathway, and
DFT calculation results are shown in Figures S39 and S40, Supporting Information, respectively. Clearly, the combination of
Ni and MoN lead to higher ∆GH2O on Ni sites and lower ∆GH2O
on Mo sites in Ni-MoN compared with that on the pristine Ni
cluster and the pristine MoN phase. Therefore, the DFT calculation results demonstrate that the introduction of Ni eﬀectively
regulates the electronic structure of MoN, which endows Mo
sites in Ni-MoN with a high capability towards H2O adsorption
and dissociation, thus contributing to the catalyst’s outstanding
HER activity in alkaline media.
We then coupled our Ni-MoN catalyst with commercial stainless-steel mat (SSM) in an H-type electrolyzer with an anion
exchange membrane (AEM) in the middle for overall water/seawater electrolysis. The silver-colored SSM electrode (Figure S1d,
Supporting Information) has a dense microrod structure
(Figure S41a–e, Supporting Information) with a mixed com-

position of Fe, Cr, Ni, and Mo (Figure S41f–i, Supporting
Information).[40] For comparison, we grew Ni-Fe LDH, one of
the most OER-active catalysts, on CF (Figure S42, Supporting
Information) using a similar water bath reaction method as for
Ni-MoN and then paired it with the benchmark HER catalyst
Pt/C for overall water/seawater electrolysis. Impressively, the
Ni-MoN||SSM pair outperforms the benchmark Pt/C||Ni-Fe
LDH pair as shown in Figure 5a. This good electrolyzer requires
voltages of only 1.613 (1.635) and 1.711 (1.783) V to attain current densities of 100 and 500 mA cm−2 in 1 m KOH (1 m KOH
seawater) electrolyte, respectively (Figure 5b), which are significantly lower than those for the Pt/C||Ni-Fe LDH pair. Such low
voltage requirements to drive a current density of 100 mA cm−2
make this electrolyzer outperform many recently reported
catalysts (Figure 5c and see Table S2, Supporting Information,
for details) for overall water/seawater electrolysis. For an even
larger current density of 1000 mA cm−2, the Ni-MoN||SSM pair
requires voltages of 1.779 and 1.885 V in 1 m KOH and 1 m

Figure 5. a) Overall water/seawater electrolysis performance of Ni-MoN||SSM and Pt/C||Ni-Fe LDH pairs in 1 m KOH and 1 m KOH seawater electrolytes. b) Voltages required for the Ni-MoN||SSM pair to achieve current densities of 100, 500, and 1000 mA cm−2 in 1 m KOH and 1 m KOH seawater
electrolytes. c) Comparison of the voltages required to achieve a current density of 100 mA cm−2 for overall water electrolysis between the Ni-MoN||SSM
pair and other self-supported catalysts in 1 m KOH electrolyte. Brown labels: bifunctional catalysts. Chronopotentiometric curves of the Ni-MoN||SSM
pair at constant current densities of 100 and 500 mA cm−2 for overall water/seawater electrolysis in d) 1 m KOH and e) 1 m KOH seawater electrolytes at
room temperature. f) Measured (dots) and theoretical (solid lines) gaseous products from the Ni-MoN||SSM pair at a current density of 500 mA cm−2
in 1 m KOH seawater electrolyte. g) Schematic illustration of the principle for power generation by a TE device. h). Real-time dynamics of current density
attained by the Ni-MoN||SSM electrolyzer in 1 m KOH driven by a TE device (red) and real-time temperature gradient between the hot and cold sides
of the TE device (blue).
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KOH seawater electrolytes, respectively, demonstrating remarkable catalytic activity. We also measured the catalytic activity of
Ni-MoN and the Ni-MoN||SSM pair under industrial conditions
(in 6 m KOH electrolyte at 60 °C), and the results are shown in
Figure S43a,b, Supporting Information. In particular, to achieve
an ultrahigh current density of 3000 mA cm−2 in 6 m KOH and
6 m KOH seawater electrolytes at 60 °C for HER, the Ni-MoN catalyst requires low overpotentials of 152 and 244 mV, respectively.
For overall water and seawater electrolysis under these conditions, the Ni-MoN||SSM pair requires voltages of only 1.690 and
1.718 V, respectively, to reach the ultrahigh current density of
3000 mA cm−2. Long-term stability of the Ni-MoN||SSM pair was
assessed at constant current densities and the results are shown
in Figure 5d,e. At a constant current density of 100 mA cm−2
at room temperature, this electrolyzer can work eﬀectively for
≈100 h in both 1 m KOH and 1 m KOH seawater electrolytes
with only slight fluctuations of 36 and 48 mV, respectively. In
addition, when measured in 6 m KOH electrolyte at 60 °C, this
Ni-MoN||SSM pair can work eﬃciently at 500 mA cm−2 for
more than 110 h (Figure S43c, Supporting Information), indicating a great potential for realistic industrial freshwater electrolysis. Although there was some voltage fluctuation under a
large current density of 500 mA cm−2 in 1 m KOH seawater at
room temperature, the Ni-MoN||SSM pair still operated well
for 100 h, indicating good stability for hydrogen production via
seawater electrolysis. A major concern for large-current-density
seawater electrolysis is competition from the chlorine evolution
reaction (ClER) on the anode, so we investigated the possible
formation of hypochlorite in the electrolyte using a colorimetric
reagent after overall seawater electrolysis at 500 mA cm−2 for
100 h. As shown in Figure S44, Supporting Information, there
was no color change in the reagent, indicating that no hypochlorite was formed during seawater electrolysis at such a large current density. Faradaic eﬃciency (FE) of the Ni-MoN||SSM pair
for overall seawater electrolysis was measured at a constant current density of 500 mA cm−2 using the drainage method shown
in Figure S45, Supporting Information. The resultant data was
collected and is displayed in Figure 5f, which shows that the
produced H2 and O2 gas amounts match well with the theoretical values, indicating the high FE of this electrolyzer. Finally,
we used a commercial thermoelectric (TE) module, a device
that can convert thermal energy into electricity (Figure 5g), to
drive the Ni-MoN||SSM pair in 1 m KOH electrolyte. Encouragingly, our electrolyzer can be eﬀectively driven by a single TE
module on a homemade testing platform with temperature differences of ≈49, ≈54, and ≈61 °C for output current densities of
83, 129, and 190 mA cm−2, respectively, as shown in Figure 5h.
The corresponding Video S3, Supporting Information, recorded
during testing at the temperature diﬀerence of 61 °C shows that
abundant hydrogen bubbles were generated on, and immediately released from, the surface of the Ni-MoN catalyst, demonstrating that waste heat can be eﬃciently converted into valuable hydrogen energy through water electrolysis.

3. Conclusion
A heterogeneous Ni-MoN catalyst consisting of metallic Ni
and MoN was synthesized and exhibits outstanding HER per-
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formance in both alkaline water and seawater electrolytes.
Structure characterizations show that it has a hierarchical
nanorod–nanoparticle structure with a large surface area, multidimensional boundaries/defects, and a hydrophilic surface.
These characteristics allow Ni-MoN to possess abundant active
sites and accelerated gas-release capabilities and to eﬀectively
avoid catalyst degradation during HER catalysis, especially at
large current densities. Experimental results and DFT calculations together prove that the combination of metallic Ni and
MoN can modulate the electron redistribution and enhance the
sluggish water-dissociation kinetics. As a result, this Ni-MoN
catalyst demonstrates remarkable HER catalytic activity and
durability, outperforming the benchmark Pt/C and many other
eﬃcient alkaline HER catalysts. When Ni-MoN is coupled with
SSM, an OER catalyst, the Ni-MoN||SSM pair is outstanding in
overall water/seawater electrolysis, showing great promise for
large-scale H2 production.
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from the author.
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