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Highly Active and Stable Nickel-Molybdenum Nitride (Ni2Mo3N) 
Electrocatalyst for Hydrogen Evolution  

Sang Heon Park,#a Tae Hwan Jo,#a Min Hee Lee,b Kenta Kawashima,c C. Buddie Mullins,*c Hyung-Kyu 
Lim,*a and Duck Hyun Youn*a 

This paper reports a highly active and stable nonprecious metal electrocatalyst based on bimetallic nanoscale nickel 

molybdenum nitride developed for the hydrogen evolution reaction (HER). A composite of 7 nm Ni 2Mo3N nanoparticles 

grown on nickel foam (Ni2Mo3N/NF) was prepared through a simple and economical synthetic method involving one-step 

annealing of Ni foam, MoCl5, and urea without a Ni precursor. The Ni2Mo3N/NF exhibits high activity with low overpotential 

(η10 of 21.3 mV and η100 of 123.8 mV) and excellent stability for the HER, achieving one of the best performances among 

state-of-the-art transition metal nitride based catalysts in alkaline media. Supporting density functional theory (DFT) 

calculations indicate that N sites in Ni2Mo3N with a N-Mo coordination number of four have a hydrogen adsorption energy 

close to that of Pt and hence may be responsible for the enhanced HER performance. 

Introduction 

Hydrogen is a promising alternative to fossil fuels due to its high 

energy density, abundance, and sustainability. Among diverse 

hydrogen production routes, electrochemical water splitting 

combined with renewable energy sources (solar or wind power) 

is attracting much attention due to low cost, simplicity, and zero 

emission of greenhouse gases and pollutants.1–4 For further 

development of the electrochemical water splitting system, 

efficient electrocatalysts are required for both the anodic 

oxygen evolution reaction (OER) and the cathodic hydrogen 

evolution reaction (HER). Platinum based materials are the best 

catalysts, particularly for the HER, but high cost and scarcity 

limit large scale applications.5–7 Thus, developing non-noble 

metal based electrocatalysts for the HER to substitute for Pt 

based materials is essential. 

Transition metal nitrides (TMNs) have unique physical 

properties, including hardness, wear resistance, and 

superconductivity, as well as for use as coating agents for 

cutting tools and refractory materials.8,9 They also have shown 

enhanced catalytic activities in various heterogeneous reactions 

(hydrodesulfurization and hydrogenation) and energy 

applications (fuel cells, photocatalytic systems, and solar cells) 

due to the similarity of their electronic structures to noble 

metals.10-15 TMNs such as Mo2N and CoN have been recently 

considered as potential HER catalysts,16,17 and further HER 

activity enhancement has been achieved by employing 

bimetallic TMNs. The presence of a second metal atom in 

bimetallic TMNs could provide more reaction sites and improve 

electronic conductivity compared to monometallic TMNs.18,19 

Nickel molybdenum nitrides (Ni-Mo-N) are representative 

bimetallic TMNs with high HER activity. Ni atoms are recognized 

as efficient water dissociation sites, and Mo atoms have a strong 

binding energy towards hydrogen. Thus, the synergy between 

Ni and Mo in Ni-Mo-N can effectively reduce the energy barrier 

of the Volmer step and enhance HER activity under alkaline 

media.19-21 

Herein, we report an efficient HER electrocatalyst in alkaline 

media comprising bimetallic Ni2Mo3N and Ni foam. Via the 

simple annealing of a Mo precursor, Ni foam, and urea in one-

pot, nanostructured Ni2Mo3N was directly grown on the Ni foam 

(Ni2Mo3N/NF), and the catalyst exhibits remarkably high activity 

and stability for the HER. The Ni2Mo3N/NF catalyst offers 

several advantages in terms of its synthesis and HER 

performance: 1) The Ni2Mo3N catalyst has been rarely reported 

previously,1,22,23 with most bimetallic Ni-Mo-N studies 

investigating Ni0.2Mo0.8N catalysts.19,24-29 Thus, the synthetic 

method and study of Ni2Mo3N/NF as a HER catalyst presented 

here are unique. 2) The proposed synthetic method is much 

simpler and more economical than reported methods. Previous 

bimetallic Ni-Mo-N catalysts have typically required multiple 

steps in their preparation, bimetallic oxide fabrication using Mo 

and Ni precursors, and Ni foams by hydrothermal treatment 

followed by annealing with NH3 gas.22,24,26,28-32 In contrast, the 

proposed synthesis involved reacting a Mo precursor (MoCl5) 

with urea followed by annealing with Ni foams in one-pot under 

a N2 atmosphere to obtain the Ni2Mo3N/NF electrocatalyst. A Ni 

a. Department of Chemical Engineering, Interdisciplinary Program in Advanced 
Functional Materials and Devices Development, Kangwon National University, 
Chuncheon, Gangwon-do 24341, South Korea. Email:youndh@kangwon.ac.kr 
(D.H. Youn), hklim@kangwon.ac.kr (H.-K. Lim) 

b. School of Energy and Chemical Engineering, Ulsan National Institute of Science 
and Technology (UNIST), Ulsan 44919, South Korea. 

c. McKetta Department of Chemical Engineering and Department of Chemistry, 
Center for Electrochemistry, University of Texas at Austin, 1 University Station, 
C0400 Austin, TX 78712-0231, United States. Email:mullins@che.utexas.edu 

# These authors contributed equally to this study. 
† Electronic Supplementary Information (ESI) available: [XRD, SEM-EDS, TEM, XPS, 
N2-sorption, LSV, CV, CA and simulation results]. See DOI: 10.1039/x0xx00000x 

Page 1 of 7 Journal of Materials Chemistry A



ARTICLE Journal Name 

2  |  J. Name. , 2012, 00,  1-3  This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

precursor is not necessary because Ni atoms are released from 

the Ni foam during annealing, and toxic NH3 gas is not 

required.5,33,34 Thus, the proposed synthesis method is simple, 

economical and environmentally friendly. 3) The prepared 

Ni2Mo3N/NF catalyst achieves one of the best performances 

among the TMN-based catalysts for the HER, with low 

overpotentials (21.3 mV @10 mA cm-2 and 123.8 mV @ 100 mA 

cm-2) and great durability for 24 h. Furthermore, the 

Ni2Mo3N/NF electrocatalyst displayed HER activity nearly as 

good as platinum, with even higher activity at potential over 100 

mV in alkaline solution. In addition, we report on the origin of 

the HER activity employing first-principles density functional 

theory (DFT), in which nitrogen sites in Ni2Mo3N with 

coordination number 4 are shown to have a favorable H-

adsorption energy (that is close to Pt) and this factor is likely 

responsible for the enhanced HER performance. Herein we 

describe a simple strategy for the synthesis of a bimetallic TMN 

on a Ni foam substrate which is a highly efficient HER 

electrocatalyst. 

Experimental 

Synthesis of Ni2Mo3N/NF.  

3.66 mmol MoCl5 (Aldrich) was dissolved in 2.53 mL ethanol, 

then 5.49 mmol urea (molar ratio urea/Mo = 1.5) was added to 

the solution under stirring for 1 h until the urea was completely 

dissolved. The solution was transferred to an alumina boat with 

pieces of Ni foam (Goodfellow) and annealed at 600 ℃ (ramping 

at 3.3 ℃  min-1) for 3 h under flowing N2 gas (100 sccm) to 

fabricate the Ni2Mo3N/NF electrocatalyst. For comparison, 

Mo2N catalyst was synthesized by an identical method except 

Ni foam was omitted during synthesis. The fabricated Mo2N 

catalyst was drop casted onto Ni foam to make the Mo2N/NF 

electrocatalyst. The loading amount of Ni2Mo3N and Mo2N on 

NF was ca. 10 mg cm-2.   

 

Characterization.  

Crystalline structures of the prepared catalysts were 

investigated by X-ray diffraction (XRD, PANalytical X’pert PRO). 

Scanning electron microscope (SEM, Hitachi, S-4800) with an 

energy dispersive X-ray spectrometer (EDS) and high resolution 

transmission electron microscope (HRTEM, JEOL JEM-2100F) 

were used to reveal detailed structural information. Surface 

chemical states were analyzed using X-ray photoelectron 

spectroscopy [XPS, Thermo Fisher Scientific, K-Alpha (X-ray 

source: Al-Kα1)]. The recorded binding energies were calibrated 

using the C 1s peak of advantageous carbon at 284.4 eV. 

Catalyst surface area and pore size distribution were 

characterized by N2 adsorption-desorption isotherms measured 

at 77 K (Micromeritics, ASAP 2020 Plus). 

 

Electrochemical Tests.  

Electrochemical characterizations were carried out in a three-

electrode cell system with N2-saturated aqueous 1 M KOH 

solution using a potentiostat (PAR, VersaSTAT 4). The 

electrocatalyst loaded Ni foam (1×1 cm2) was directly used as a 

working electrode. The Ag/AgCl (3 M NaCl) and Pt wire were 

used as reference and counter electrodes, respectively. All 

potentials were converted to the reversible hydrogen electrode 

(RHE) using the equation (ERHE = EAg/AgCl + 0.059 pH + Eo
Ag/AgCl). 

Linear sweep voltammetry (LSV) polarization curves were 

obtained with iR compensation at a scan rate of 5 mV s-1. 

Electrochemical impedance spectroscopy (EIS) was performed 

over 105 to 10-1 Hz with a modulation amplitude of 5 mV at 50 

mV overpotential, and EIS plots were fitted by Z-view software. 

 

Computational Simulation.  

Density functional theory calculations were performed using 

Quantum ESPRESSO software,35 the generalized gradient 

approximation of Perdew-Burke-Ernzerhof (GGA-PBE) was used 

as the exchange-correlation functional.36 The electron-ion 

interactions were handled using the projector-augmented-

wave (PAW) potentials, and plane-wave energy was used up to 

40 Ry. The surface model was created by applying 15 Å vacuum 

in a normal direction to the surface. A dipole correction scheme 

was applied to minimize the electronic interaction between 

periodic images. The Monkhorst-Pack grid (2×2×1) was used for 

the reciprocal space sampling. Vibrational frequency 

calculations were made for H2 molecules and H-adsorption 

structures to calculate H-adsorption free energy. Average 

correction (+0.31 eV) was added to H-adsorption energy 

derived from the self-consistent field energy.  

Results and discussion 

Fig. 1 shows a schematic illustration for the fabrication of a 

Ni2Mo3N/NF catalyst. Ni foam was employed as a support for 

Ni2Mo3N nanoparticles since it has a high electrical conductivity 

and porous hierarchical structure, providing a conductive 

pathway for electron flow and allowing facile electrolyte 

interaction with catalytically active sites.37,38 Molybdenum 

chloride (MoCl5) dissolved in ethanol and urea (molar ratio 

urea/Mo = 1.5) as a nitrogen source were added together to 

form a viscous Mo-urea complex. Ni foam and the Mo-urea 

complex were placed in an alumina boat together and annealed 

at 600 ℃  for 3 h under N2 flow to obtain the Ni2Mo3N 

nanoparticles supported on nickel foam (i.e., 

Ni2Mo3N/NF).Conventional Ni-Mo-N composite fabrication 

methods involved multiple steps (hydrothermal followed by 

annealing with NH3 gas), whereas the proposed method grew 

nanostructured Ni2Mo3N directly on Ni foam via a simple one-

pot synthesis. A Ni precursor was not required, since Ni foam 

acted as the Ni source, releasing Ni atoms during annealing.39-42 

Notably, the resultant Ni2Mo3N is a rarely reported crystalline 

phase for study as an electrocatalyst for the HER. The Ni2Mo3N 

Fig. 1. Schematic illustration of the synthetic metod for Ni2Mo3N/NF
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particles adopt a filled β-manganese structure comprising 

corner-sharing Mo6N octahedra and interpenetrated net-like Ni 

atoms.43,44 Thus, the simple synthetic route is straightforward 

and economical reducing reaction time and experimental effort 

substantially.  

Fig. 2a shows the X-ray diffraction (XRD) patterns for 

Ni2Mo3N/NF. The intense peaks at 45, 52, and 75° originate 

from cubic Ni (JCPDS No. 00-004-0850) and the other peaks 

were assigned to the cubic Ni2Mo3N (JCPDS No. 01-089-4564) 

phase. No impurity peaks were observed, such as metal oxides 

or monometallic nitrides, indicating that phase-pure Ni2Mo3N 

was successfully grown on the Ni foam. 

Fig. 2b shows the scanning electron microscope (SEM) and 

corresponding energy dispersive X-ray spectrometry (EDS) 

elemental mapping images. The three-dimensional porous 

structure of the Ni foam is clearly observed as a rough surface 

due to the Ni2Mo3N growth on the Ni foam. The elemental 

mapping images of Ni, Mo, and N were generally consistent with 

each other, indicating the uniform Ni2Mo3N formation on the Ni 

foam. Incidentally, the pristine Ni foam did not exhibit Mo and 

N signals (Fig. S1). To further examine the morphological and 

crystallographic details, transmission electron microscope 

(TEM) analysis was performed on the Ni2Mo3N/NF. Fig. 2c 

shows that the Ni2Mo3N on the Ni foam consists of small 

nanoparticles with a mean particle size of 7 nm, and Fig. 2d 

shows interplanar distances of 0.221 and 0.209 nm, 

corresponding to cubic Ni2Mo3N (221) and (310) planes, 

respectively. In another TEM image in Fig. S2, all observed 

lattice distances are well matched with Ni2Mo3N phase, further 

confirming the formation of Ni2Mo3N.  

Fig. 3 shows the X-ray photoelectron spectroscopy (XPS) 

spectra of the Ni2Mo3N/NF catalyst. The survey spectrum 

confirms Ni, Mo, N, and O elemental presence, where O 

elements can be attributed to surface oxidation upon air 

exposure (Fig. 3a). Two intense peaks in the Ni 2p spectra at 

856.2 and 873.3 eV with a satellite peak at 861.4 and 877.9 eV 

were assigned to Ni2+ 2p3/2 and Ni2+ 2p1/2, respectively (Fig. 3b), 

and the weak peaks at 852.7 and 870.5 eV were assigned to 

metallic Ni.23,45 Fig. 3c shows three Mo oxidation states: Mo0 

(228.3 and 231.5 eV), Mo3+ (228.9 and 232.6 eV) and Mo6+ 

(233.1 and 235.3 eV).22,23,25-27,46 The Mo3+ species correspond to 

metal nitride, whereas the presence of Mo6+ species could be 

due to surface oxide formation.26,47 In the N 1s spectrum (Fig. 

3d), the deconvoluted peak at 397.3 eV originates from the 

lattice nitrogen species in a metal nitride and the peak at 398.9 

eV corresponds to the N-H group. The Mo 3p and N 1s peaks 

partially overlap, hence Mo 3p peaks appear at 394.5 eV.19,22,45 

Textural properties for Ni2Mo3N/NF were investigated by N2 

adsorption-desorption isotherms (Fig. S3). Ni2Mo3N/NF exhibits 

a Type Ⅳ  isotherm indicating the presence of mesopores, 

whereas pristine Ni foam did not show clear adsorption-

desorption characteristics. The Brunauer-Emmett-Teller (BET) 

surface area for Ni2Mo3N/NF and pristine Ni foam was 17.328 

and 0.014 m2 g-1, respectively (Fig. S3a). Additionally, a pore size 

distribution (PSD) was determined using a desorption isotherm 

measured by the Barrett-Joyner-Halenda (BJH) method. The 

average pore size is about 13 nm in Ni2Mo3N/NF (Fig. S3b). 

Fig. 4a shows the polarization curve for Ni2Mo3N/NF (1×1 cm2) 

in 1 M KOH solution along with commercial 20 wt% Pt/C (BASF, 

lot#: F0381022, casted on rotating disk electrode) and pristine 

Ni foam curves for comparison. The Ni2Mo3N/NF exhibited 

remarkably high activity, comparable to the commercial Pt/C 

electrocatalyst. A η10 value (overpotential to drive 10 mA cm-2) 

of 21.3 mV was recorded, close to that for Pt/C (η10 = 18.2 mV). 

Further, the η50 and η100 values of the Ni2Mo3N/NF are 89 and 

123.8 mV, respectively. In particular, at an overpotential over 

ca. 100 mV, the Ni2Mo3N/NF showed higher current density 

than the Pt/C. In addition, Pt/C catalyst casted on Ni foam 

(Pt/C/NF, 10 mg cm-2 Pt/C on NF) recorded 17.1, 59.4, 91.7 mV 

for η10, η50, and η100 values, respectively (Fig. S4a). At the same 

Fig. 2. Ni2Mo3N/NF characterization results: a) XRD patterns; b) SEM-
EDS elemental mapping images (scale bar = 300 μm); c) and d) TEM 
images.
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catalyst loading on NF, the Pt/C/NF showed higher activity than 

that of the Ni2Mo3N/NF. However, considering the high cost and 

low loading of Pt/C catalyst in current electrolyzers (＜ 1 mg cm-

2),48-50 the Pt/C/NF is not practical.  

 The pristine Ni foam showed quite low HER activity over the 

entire potential region with an η10 value of 256.3 mV, 

confirming that the high HER activity is due to the Ni2Mo3N 

phase. This HER performance is amongst the best state-of-the-

art TMN-based catalysts (Table S1). The high HER activity likely 

was a result of the synergy between the highly active Ni2Mo3N 

phase and the electrically conductive and porous Ni foam which 

provided a highly conductive pathway for electron flow and a 

large surface area for electrolyte access. Interestingly, 

monometallic Mo2N nanoparticles supported on nickel foam 

(i.e., Mo2N/NF) exhibit much lower activity (η10 = 109.7 mV, η50 

= 190 mV, η100 = 223.7 mV) than the Ni2Mo3N/NF electrocatalyst 

(Fig. S4b) suggesting the importance of the bimetallic nature of 

the active sites on the catalyst.  

Fig. 4b shows Tafel plots for the catalysts, where the Tafel 

slope was determined from the Tafel equation (η = blog|J| + a, 

in which η is the overpotential, b is the Tafel slope, and J is the 

current density). The Tafel slope for Ni2Mo3N/NF is 62 mV dec-

1, which indicates that the electrochemical reaction follows the 

Volmer-Heyrovsky mechanism and proton desorption is the 

rate-determining step.6,51 The Pt/C and Ni foam have Tafel slope 

values of 33 and 123 mV dec-1, respectively. 

The electrochemical active surface area (ECSA) was evaluated 

by the double-layer capacitance (Cdl) method (Fig. S5). The 

measured Cdl value for Ni2Mo3N/NF is 375.09 mF cm-2, 100 

times higher than that for the pristine Ni foam (3.26 mF cm-2), 

which is generally consistent with the N2-sorption results (Fig. 

S3). The high ECSA achieved after Ni2Mo3N growth on the Ni 

foam reflects the improved contact area between the catalyst 

and electrolyte, an important beneficial factor for enhancing 

the Ni2Mo3N/NF HER activity.  

Electrochemical impedance spectroscopy (EIS) was conducted 

for further characterization of the prepared catalysts. The 

obtained Nyquist plots are displayed in Fig. 4c. A semicircle in 

the Nyquist plot originates from the charge-transfer resistance 

(Rct) and corresponding capacitance, describing the charge-

transfer process at the catalyst/electrolyte interface. In general, 

the Rct value is inversely proportional to the electrocatalytic 

activity. The Rct values of the Ni2Mo3N/NF and pristine Ni foam 

were 2.916 and 5.222 Ω, respectively, reflecting the high activity 

of the Ni2Mo3N/NF for the HER. And, the Cdl values estimated 

from EIS were 431.05 mF cm-2 for the Ni2Mo3N/NF, which is 2 

order of magnitude higher compared to 2.96 mF cm-2 for the Ni 

foam. The trend is similar with the Cdl values obtained from CVs 

(Fig. S5). 

Long-term stability is another important criterion for HER 

electrocatalysts, hence we conducted chronopotentiometric 

studies to investigate the durability of the prepared catalyst. 

The HER activity for Ni2Mo3N/NF was maintained at 10 mA cm-

2 for 24 h without significant potential change (Fig. 4d). 

Moreover, the Ni2Mo3N/NF achieved stable performances for 

10 h at even higher current densities (50 and 100 mA cm-2, Fig. 

S6). These results lead us to conclude that the Ni2Mo3N/NF 

catalyst has excellent electrochemical durability for the HER.  

Various analyses were conducted to investigate structural 

changes in the Ni2Mo3N/NF electrocatalyst after the 24 h 

durability test. Fig. S7 shows that the characteristic XRD peaks 

for the Ni2Mo3N phase remained after the durability test, 

indicating the structural stability of the Ni2Mo3N/NF. The SEM 

images in Fig. S8 confirm that the Ni2Mo3N/NF morphology 

after the durability test was generally consistent with that of the 

fresh Ni2Mo3N/NF electrocatalyst. In addition, EDS elemental 

mapping images continue to show the uniform distribution of 

Ni, Mo, and N after the durability test (Fig. S9). Fig. S10a shows 

the TEM images of the Ni2Mo3N/NF after the durability test. The 

Ni2Mo3N nanoparticles with an average particle size of 7 nm 

were observed without apparent aggregation. In a high 

resolution TEM (HRTEM) image (Fig. S10b), the lattice distances 

of 0.221 and 0.209 nm were detected, corresponding to the 

(221) and (310) planes of the Ni2Mo3N particles, respectively. 

Thus, there were no significant changes in structure and 

morphology of the Ni2Mo3N/NF catalyst after the durability 

tests, verifying its HER stability.  

Fig. S11 displays the XPS spectra for Ni2Mo3N/NF after the 

durability test. In the Ni 2p spectra (Fig. S11b), the Ni0 peak 

disappeared and Ni2+ peak intensities increased possibly due to 

the formation of NiO and Ni(OH)2. Here, the three pairs of peaks 

were detected at 854.3/872, 856.6/874.1, and 861/877.8 eV 

corresponding to the Ni2+ 2p3/2/Ni2+ 2p1/2 doublets of NiO, 

Ni(OH)2, and satellites, respectively.27-29,45 Mo 3d XPS spectra 

(Fig. S11c) show Mo0 (228.3/231.4 eV), Mo3+ (229/232.1 eV), 

Mo4+ (229.8/232.9 eV), Mo5+ (231.1/234.3 eV), and Mo6+ 

(233/236.1 eV) species with increased oxide species.21-23,25-

27,46,52 In the N 1s XPS spectra (Fig. S11d), the peaks attributed 

to metal nitride and N-H were maintained at 397.5 and 399 eV, 

respectively after the durability test.19,22,45 

To investigate the origin of the HER activity for the 

Ni2Mo3N/NF electrocatalyst at the atomic level, DFT 

calculations were performed. Based on the (221) surface, the 

most dominant peak in the XRD pattern, several stoichiometric 

Fig. 4. Electrochemical characterization for the prepared catalysts. a) 
Polarization curves, b) Tafel plots, c) Nyquist plots, and d) stability 
measurement.
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surfaces (Ni24Mo36N12) were generated, ensuring the absence of 

dangling atoms or kinks. Hydrogen adsorption (H-adsorption) 

energies  (∆𝐺𝐻)  were calculated for possible Ni, Mo, and N 

active sites for three of the most stable surfaces, as shown in 

Fig. S12. Ni and Mo are open-metal sites and H-adsorption 

strengths were expected to be strong. The calculated ∆𝐺𝐻  for 

three arbitrary Ni and Mo sites on the most stable surface (Surf. 

1) indicates that strong H-adsorption (∆𝐺𝐻 = -0.47 to -0.15 eV) 

occur predominantly in the intermediate positions between Ni 

and Mo (Fig. S13). Thus, Ni and Mo are not the expected HER 

active sites due to their much stronger H-adsorption compared 

to thermal neutral conditions (∆𝐺𝐻 = 0 eV), which is the ideal 

H-adsorption strength for ideal HER activity.53 

The active site was expected to be at the N atom rather than 

Ni or Mo,26 considering the high HER activity of the Ni2Mo3N/NF 

electrocatalyst. Therefore, ∆𝐺𝐻  values were calculated for six 

different N sites for three surface models (a total of 18 N sites). 

The obtained H-adsorption energies for N sites are in a range 

from -0.21 to 0.38 eV, passing through the thermal neutral 

condition for an active site to show high HER performance. By 

analyzing the detailed local structure of the N active sites, a 

good correlation between N-Mo coordination number (CN) and 

∆𝐺𝐻  was observed (Fig. 5a). The N atom exhibits three distinct 

CN’s (3, 4, and 5) on these surfaces, and as the CN increases the 

N is more deeply embedded in the Mo network and stabilized, 

hence decreasing the H-adsorbed bond strength. 

The local structure of N active sites exhibited significant 

structural change accompanied with the H-adsorption process. 

To analyze H-adsorption characteristics with respect to CN, the 

adsorption was separated into two processes: 1) structural 

reorganization of the active site, and 2) pure H-adsorption steps 

(Fig. 5b). The energy change for the former process (∆𝐸𝑅𝑒𝑜𝑟𝑔.) 

can be defined as energy difference between the frozen state 

(H is removed from the final structure) and the bare surface 

state (energy required for distortion of N-Mo local structure in 

the H-adsorption process). The energy change in the second 

process ( ∆𝐺𝐻
0 ) is the pure H-adsorption energy after 

reorganization of the active site. The overall H-adsorption 

energy can be expressed as the sum of energies, as follows:  

∆𝐺𝐻 = ∆𝐸𝑅𝑒𝑜𝑟𝑔. +  ∆𝐺𝐻
0  

Fig. 5c shows that ∆𝐺𝐻
0  values were nearly constant regardless 

of CN (average -0.38 eV), consistent with its physical meaning; 

whereas ∆𝐸𝑅𝑒𝑜𝑟𝑔. values were dependent on CN, exhibiting a 

similar trend to ∆𝐺𝐻 . In the case of CN = 5, a substantial energy 

was required (average 0.62 eV) due to the large distortion of the 

N-Mo bonding network (bond cleavage between N and bottom 

Mo), compared with the cases of CN = 3 and 4 (average 0.22 and 

0.34 eV, respectively), where changes in the local structure 

were less pronounced. Hence, the active sites with CN = 4 

exhibited an appropriate balance between local structure 

reorganization and H-binding, resulting in a H-adsorption 

energy (average -0.07 eV) close to the thermally neutral 

condition. Therefore, N active sites with a specific CN (i.e., 4) 

exhibited high HER performance, which was comparable to a Pt 

electrocatalyst (∆𝐺𝐻 = -0.05 eV for Pt (111)). 

Conclusions 

We investigated a simple method for fabricating a Ni2Mo3N/NF 

nonprecious bimetallic electrocatalyst for the hydrogen 

evolution reaction. The synthetic process involves one-step 

annealing of a mixture of a Mo precursor and urea and Ni foam 

(with no need for a Ni precursor), which is straightforward and 

economical compared with more typical two-step annealing 

(e.g., hydrothermal and nitridation) methods. The resultant 

Ni2Mo3N/NF electrocatalyst, which is comprised of 7 nm 

Fig. 5. DFT results for nitrogen active sites to explain 
enhanced HER activity: a) overall H-adsorption strength 
trend with respect to coordination number (CN) of N-Mo 
bonding, b) changes in local structure of active site during H-
adsorption process, c) energy component analysis with 
respect to CN. Turquoise, blue, and white spheres represent 
Mo, N, and H atoms, respectively.
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Ni2Mo3N nanoparticulates and Ni foam, achieved a remarkably 

high HER activity with low overpotentials (η10 = 21.3 mV and η100 

= 123.8 mV) and excellent stability for 24 h, retaining one of the 

best performances amongst state-of-the-art TMN-based 

catalysts. Our DFT calculations suggested that structural 

characteristics of the N active sites affect the HER activity, and 

in particular, the N sites with a coordination number if 4 had the 

proper H-adsorption energy (i.e., close to that for Pt) for facile 

proton reduction. Considering the simple and economical 

fabrication route and the high electrochemical performance, 

the proposed Ni2Mo3N/NF could be a promising electrocatalyst 

for the HER step in a water-splitting process. 
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