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Abstract: The Ni−MoO2 heterostructure was synthesized in suit on porous bulk NiMo alloy by a facile powder 
metallurgy and hydrothermal method. The results of field emission scanning electron microscopy (SEM), field emission 
transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) reveal that the as-prepared 
electrode possesses the heterostructure and a layer of Ni(OH)2 nanosheets is formed on the surface of Ni−MoO2 
electrode simultaneously after hydrothermal treatment, which provides abundant interface and much active sites, as well 
as much active specific surface area. The results of hydrogen evolution reaction indicate that the Ni−MoO2 
heterostructure electrode exhibits excellent catalytic performance, requiring only 41 mV overpotential to reach the 
current density of 10 mA/cm2. It also possesses a small Tafel slope of 52.7 mV/dec and long-term stability of 
electrolysis in alkaline medium. 
Key words: hydrogen evolution reaction; Ni−MoO2 heterostructure; powder metallurgy; porous bulk electrocatalyst; 
NiMo alloy 
                                                                                                             
 
 
1 Introduction 
 

Hydrogen generation from water splitting, 
driven by intermittent clean energy such as solar 
energy, wind energy, and tidal energy, is considered 
as one of the most promising and appealing options 
for meeting rising energy demands and addressing 
environmental issues [1−4]. The researchers have 
paid more attention to alkaline water splitting due 
to the mild environment. However, the hydrogen 
evolution reaction (HER) on the cathode still 
requires to consume extra energy, causing slow 
HER dynamics, and especially the H—OH bond 
cleaving in an alkaline medium is much more 
complicated than in an acidic medium [5−7]. 
Pt-based electrodes are state-of-the-art HER 
catalysts, but their low abundance and high cost 

have limited their industrial applications [8,9].  
Thus, designing and developing low-cost and 
highly efficient non-noble metal HER electro- 
catalysts has become the goal of researchers. 

In the past, the earth-abundant transition 
metal-based materials with high catalytic activity 
have been widely explored and made enormous 
progress in HER, such as phosphides [10,11], 
disulfides [12,13], and Ni-based alloys [14,15]. 
Among them, metal−metal oxide is an essential 
class of materials, such as Ni−NiO [16], Ni−  
CeO2 [17], Ni−MoO2 [18], and Co−Co3O4 [19]. 
Many researchers are interested in the metal−metal 
oxide heterostructure electrocatalysis materials 
because they have better HER catalytic 
performance than their single counterparts due to 
the synergistic effect of heterostructure at the 
interface between different components, which can  
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effectively regulate the surface charge state of the 
catalysts [20−22]. MoO2 is a transition metal oxide 
with a distorted rutile structure and has been studied 
due to the high potential as non-noble metal HER 
electrocatalyst for water splitting [23,24]. However, 
the hydrogen absorption Gibbs free energy change 
(∆GH*) of MoO2 is positive, which is weak for the 
absorption of the hydrogen atom. However, the 
MoO2 combined with Ni, whose ∆GH* is negative, 
can make the ∆GH* close to that of Pt in theory, 
which means that it has a more efficient hydrogen 
evolution ability. Recent studies have shown that 
the Ni−MoO2 electrocatalyst displayed excellent 
HER catalytic performance. For instance, WANG  
et al [25] reported that the Ni−MoO2 hetero- 
structure on the wall of carbon cloth by a three-step 
approach (electrochemical deposition, hydrothermal 
treatment and calcination) showed excellent HER 
catalytic performance in wide pH ranges. ZHOU  
et al [26] used stereotaxically-constructed graphene 
as a substrate to synthesize Ni−MoO2@SCG nano- 
particle heterojunction, showing excellent HER 
performance, and even a cell voltage of 1.548 V in 
water splitting. FAID et al [27] synthesized 
Ni−MoO2 nanosheet, and it could achieve cell 
voltage of 2 V at a current density of 1.15 A/cm2 in 
1 mol/L KOH, and they found that the softening of 
the water could boost OH− transport and the anion 
fumion ionomer led to the decrease of HER activity. 
DENG et al [28] prepared Ni−MoO2 nanosheets via 
the hydrothermal- annealing method. The fabricated 
electrode required an overpotential of 73 mV to 
reach a current density of 10 mA/cm2 for HER in an 
alkaline medium. 

In this work, the porous bulk NiMo alloy was 
prepared by the microwave sintering, and then the 
Ni−MoO2 heterostructure was obtained by the 
hydrothermal alkalization treatment. This porous 
bulk NiMo could be directly used as a 
self-supporting electrocatalyst without a binder.   
In addition, NiMo alloy showed superior HER 
performance in an alkaline medium [13,29]. 
Compared to the nanoparticle electrocatalytic 
materials, the as-prepared bulk NiMo alloys showed 
the potential practical application due to their 
excellent electrocatalytic performance and 
outstanding stability. The NiMo alloy could 
transform into Ni−MoO2 heterostructure after 
hydrothermal treatment, which could further 
significantly enhance HER performance close to 

that of the Pt/C electrode. This method makes the 
porous bulk material exhibit excellent catalytic 
performances comparable to or even better than 
those of some nanostructured catalysts. At the same 
time, this work also provides some ideas for the 
preparation of high performance electrocatalysts by 
powder metallurgy method. 
 
2 Experimental 
 
2.1 Materials 

Commercially available metallic Ni (~3 μm, 
purity >99.9%) and Mo (~3 μm, purity >99.9%) 
powders were purchased from Beijing 
Xingrongyuan Technology Co., Ltd., China. All the 
chemicals used in this work were of analytical 
grade without further treatment. The chemicals, 
including ammonium bicarbonate (NH4HCO3), 
sodium hydroxide (NaOH), and potassium 
hydroxide (KOH), were purchased from Xilong 
Chemical Co., Ltd., China. 
 
2.2 Synthesis of porous bulk Ni−MoO2 electrode 

The porous NiMo alloy was fabricated by 
sintering the mixture of Ni and Mo powders at the 
molar ratio of 6:4, coupled with 10 wt.% NH4HCO3 
powders (<75 μm) as space holder agent. The 
Ni−Mo−NH4HCO3 mixed powders were blended  
in a planetary ball mill (QM−3SP4, Nanjing 
University Instrument Plant, China) at a rotation 
speed of 200 r/min for 6 h. Then, the blended 
powders were cold-pressed into green compacts 
with the dimension of d11 mm × 6 mm through a 
uniaxial pressure of 775 MPa for 60 s. Subsequently, 
the green compacts were placed into an insulation 
barrel. Finally, the insulation barrel was put into   
a 2.45 GHz, 5 kW continuously adjustable micro- 
wave sintering furnace (NJZ4−3, Nanjing Juequan 
Co., Ltd., China). The green compacts were heated 
up to 900 °C with a heating rate of 20−30 °C/min 
for 20 min and then cooled with the furnace. During 
the sintering process, the microwave furnace was 
filled with flowing high-purity argon gas 
(purity >99.999%) to prevent the oxidation of the 
sintered samples. For the specific preparation 
process, it could be referred in our previous   
work [30,31]. 

The porous bulk Ni−MoO2 electrode was 
synthesized by hydrothermal treatment. In a typical 
process, the sintered porous NiMo alloy was firstly 
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dislodged from surface oxide layer and cleaned in 
de-ionized (DI) water for 10 min under continuous 
ultrasound. Then, the cleaned sample and 15 mL 
5.0 mol/L sodium hydroxide aqueous solution were 
transferred to a 20 mL Teflon-lined stainless-steel 
autoclave, and held at 150 °C for 28 h in a drying 
oven. After cooling down, the sample was taken out 
and washed with DI water and ethanol several times. 
Finally, the sample was dried at 60 °C for 10 h. 
 
2.3 Characterization 

The phase composition of the samples was 
characterized by X-ray diffraction (XRD, Bruker 
D8 ADVANCE, Germany) with Cu Kα as radiation 
source (λ=0.154 nm) at a scanning rate of 2 (°)/min. 
The field emission scanning electron microscope 
(FESEM, FEI Nova Nano SEM450, USA) was 
employed to investigate the surface morphologies 
of the samples at an acceleration voltage of 15 kV. 
The field emission transmission electron micro- 
scope (TEM, FEI Talos F200x, USA) was 
employed at an acceleration voltage of 200 kV, and 
a focused ion beam (FIB, FEI Helios Nanolab 600i, 
USA) was employed to prepare the TEM sample. 
The chemical composition and electronic states of 
the samples were examined using an X-ray 
photoelectron spectroscopy (XPS, Shimadzu Kratos 
Axis Ultra DLD, Japan) with a standard mono- 
chromatic Al Kα source (150 W, 10 mA, 15 kV). 
 
2.4 Electrochemical measurement 

The electrochemical workstation (CHI650D, 
Shanghai Chenhua Instrument Co., Ltd., China) 
with a standard three-electrode system was used to 
carry out the electrochemical tests of the prepared 
HER electrodes in 1.0 mol/L KOH solution. The 
Ni−MoO2 electrode with the exposed area of 1 cm2, 
the saturated calomel electrode (SCE), and the 
graphite electrode were served as the working 
electrode, reference electrode and counter electrode, 
respectively. The polarization curves were carried 
out using linear sweep voltammetry (LSV) at a scan 
rate of 1 mV/s. The electrochemical impedance 
spectroscopy (EIS) was measured at open circuit 
potential in the frequency ranging from 100 kHz to 
0.01 Hz. To obtain the double layer capacitance 
(Cdl), cyclic voltammetry (CV) from 0.3 to 0.4 V 
(vs RHE) was tested with different scan rates (from 
10 to 100 mV/s). The electrochemical stabilities 
were measured by chronopotentiometry (CP) at 

different constant current densities of 10, 100 and 
200 mA/cm2, and 3000 cycles continuous cyclic 
voltammetry with a sweep rate of 100 mV/s from 0 
to −0.5 V (vs RHE) was used to evaluate the 
stability of the sample. 
 
3 Results and discussion 
 
3.1 Microstructure of Ni−MoO2 electrode 

To confirm the crystal structure and phase 
composition of Ni−MoO2 sample, the XRD patterns 
of Ni−MoO2 catalyst are shown in Fig. 1. The 
Ni−MoO2 catalyst is mainly composed of MoO2 
phase except for the metallic Mo and Ni phases 
from the NiMo alloy substrate. The diffraction 
peaks located at 2θ=40.5°, 58.6°, and 73.7° 
correspond to (110), (200) and (211) crystal planes 
of metallic Mo (JCPDS No. 42-1120). At the same 
time, the peaks located at 2θ=26.08°, 37.02°, and 
53.5°, being attributed to MoO2 (JCPDS No. 
32-0637), are also detected. In addition, the peaks 
located at 2θ=43.5°, 50.8°, and 74.5°, should be 
assigned to metallic Ni (JCPDS No. 04-0850). Due 
to the similar atom diameter of Ni and Mo, a small 
amount of Mo atom is dissolved into the Ni lattice, 
resulting in the lattice distortion of Ni and the 
corresponding diffraction peaks moving to smaller 
angles [32]. In order to reveal the characteristics of 
surface morphologies of the as-prepared catalysts, 
the FESEM images of porous NiMo and Ni−MoO2 
samples are displayed in Fig. 2. Many large pores 
are randomly distributed over the surface of the 
NiMo alloy (Fig. 2(a)), and a large number of 
3D-interconnected small stone-like particles are  
 

 
Fig. 1 XRD patterns of porous NiMo alloy (a) and 
Ni−MoO2 (b) 
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Fig. 2 SEM images of porous NiMo alloy (a, b) and Ni−MoO2 (c, d); TEM image and corresponding high-resolution 
TEM image (e); high-angle annular dark-field (HAADF)-STEM image and elemental mappings of Ni−MoO2 (f) 
 
distributed inside the large pores (Fig. 2(b)). This 
intricate porous structure is mainly attributed to the 
pore-forming effect of NH4HCO3 and the 
Kirkendall effect between Ni and Mo atoms [30]. 
This intricate porous structure makes the bulk 
catalyst obtain a huge specific surface area to 
expose more active sites for HER. After 
hydrothermal treatment, the stone-like particles 
become fluffy, and a layer of three-dimensional 
needle and flake-like structure on the surface can be 
observed (Figs. 2(c, d)), which may further enhance 
the HER performance. To further prove the phase 
and structure of Ni−MoO2 catalyst, HRTEM image 
is shown in Fig. 2(e). The TEM image can be 
divided into two regions. The lattice fringe for 
Region A with an interplanar spacing of 0.337 nm 
corresponds to (111)  crystal plane of MoO2. The 
lattice fringe for Region B with an interplanar 
spacing of 0.203 nm is assigned to (011) crystal 
plane of metallic Ni. Additionally, the high-angle 
annular dark-field scanning-TEM (HAADF-STEM) 
image in Fig. 2(f) shows the existence of Ni, Mo 
and O elements, and displays the area of Ni and Mo 
elements, which indicates that the porous NiMo 
alloy has produced the heterostructure after hydro- 
thermal treatment. 

3.2 XPS analysis results of Ni−MoO2 electrode 
The X-ray photoelectron spectroscopy (XPS) 

was carried out to further investigate the surface 
chemical composition and valence states of 
Ni−MoO2 catalyst. As shown in Fig. 3(a), the 
survey spectrum shows the existence of C, O, Ni, 
and Mo in as-prepared Ni−MoO2 catalyst, and the 
binding energy of the constituent elements is 
calibrated by carbon contamination at 284.8 eV 
before peaks are fitted (Fig. 3(b)) [33]. As presented 
in the high-resolution XPS spectrum of Ni 2p 
(Fig. 3(c)), the peaks located at binding energy of 
856.1 and 873.7 eV with strong shakeup satellites at 
862.3 and 880.3 eV can be ascribed to Ni 2p3/2 and 
Ni 2p1/2 of Ni2+ species, respectively [34]. From the 
Mo 3d spectrum in Fig. 3(d), the deconvoluted 
peaks at 230.8 and 233.9 eV can be assigned to the 
Mo 3d5/2 and Mo 3d3/2 of Mo4+, while peaks located 
at 232.5 and 235.6 eV can be attributed to Mo6+, 
which mainly results from the sample surface 
oxidation in the air environmental [35−37]. 
Furthermore, in the high-resolution XPS spectra of 
O 1s (Fig. 3(e)), the characteristic peaks located at 
530.8, 531.5 and 532.8 eV present the existence of 
Mo—O band, surface —OH group and adsorbed 
oxygen on the surface, respectively [38,39]. The  
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Fig. 3 XPS spectra of Ni−MoO2 catalyst: (a) Survey; (b) C 1s; (c) Ni 2p; (d) Mo 3d; (e) O 1s 
 
results indicate that Mo on the electrode surface 
mainly exists in the form of MoO2, and the metallic 
Ni on the surface of the sample will be transformed 
into Ni(OH)2 with high catalytic activity in an 
alkaline hydrothermal environment. 
 
3.3 HER performance of Ni−MoO2 electrode 

The electrocatalytic HER activities of the as- 
prepared NiMo, Ni−MoO2 and Pt/C electrocatalysts 

were evaluated in 1.0 mol/L KOH solution with a 
typical three-electrode system. The polarization 
curves with IR-correction were obtained at a scan 
rate of 1 mV/s. For comparison, the commercial 
Pt/C powder was loaded on the glassy carbon 
electrode with a mass loading of 0.42 mg/cm2 and 
the polarization curve was measured under the same 
experimental condition. As shown in Fig. 4(a), the 
Ni−MoO2 heterostructure exhibits superior HER 
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performance with an overpotential of 41 mV to 
reach the current density of 10 mA/cm2, which is 
close to that of Pt/C (33 mV). Fortunately, the 
overpotentials for Ni−MoO2, NiMo, Pt/C electro- 
catalyst are 109.8, 213.2 and 97 mV, respectively, 
when the current density approaches 100 mA/cm2. 
In addition, compared to some other metal−metal 
oxide catalysts (listed in Table 1), the as-prepared 
Ni−MoO2 heterostructure has quite strong 
competitiveness and expresses the high potential for 
water splitting [22,25−28,40−44]. 

Besides overpotential, the Tafel slope obtained 
from the LSV curves is also an important parameter 
to evaluate the HER reaction kinetics [45,46]. 
According to the literatures [47−49], the main 
reaction of HER can be divided into two steps in 
alkaline solution, namely the dissociation of H2O to 
form the intermediate state of H* (Volmer step) and 

the adsorption of H* to form H2 (Tafel step or 
Heyrovsky step). At the same time, the three 
different Tafel slopes, including 118, 39 and 
29 mV/dec, correspond to the rate-determining step 
(RDS) of Volmer (RDS)−Heyrovsky (or Tafel), 
Volmer−Heyrovsky (RDS) and Volmer−Tafel 
(RDS), respectively [50,51]. As displayed in 
Fig. 4(b), the Tafel slopes are 125.2, 52.7 and 
42.4 mV/dec for porous NiMo alloy, Ni−MoO2, and 
Pt/C, respectively, indicating that the as-prepared 
catalysts follow the Volmer−Heyrovsky mechanism 
and the RDS of Ni−MoO2 changes from the water 
dissociation reaction to the adsorption of H*. 

Electrochemical impedance spectra (EIS) were 
further used to analyze the HER kinetics and 
measured at open circuit potential. The Nyquist 
plots with a fitted equivalent circuit are shown    
in Fig. 5(a), and the fitted parameters are listed in 

 

 
Fig. 4 Polarization curves (a) and corresponding Tafel plots (b) of porous NiMo alloy, Ni−MoO2, and 20 wt.% Pt/C 
electrodes in 1.0 mol/L KOH solution 
 
Table 1 Comparison of HER catalytic activity of different catalysts 

Catalyst J/(mA·cm−2) Overpotential/mV Tafel slope/(mV·dec−1) Ref. 

MoO2−Ni NWs 10 58.4 36.6 [22] 

Ni−MoO2 10 46 56.9 [25] 

Ni−MoO2 10 93 120 [26] 

Ni−MoO2@SCG 10 79.97 53.3 [27] 

Ni/MoO2 10 40 116 [28] 

Co/Ni−MoO2 10 103 80 [40] 

Ni/NiO 10 98 79 [41] 

NiO/Ni@NCNTs 10 87.5 80 [42] 

Ru/Co3O4 NWs 10 30.98 69.75 [43] 

Fe−NiO/NF 10 183 105.5 [44] 

Ni−MoO2 10 41 52.7 This work 
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Fig. 5 Nyquist plots (a), cycle voltammograms from 0.3 to 0.4 V (vs RHE) in 1.0 mol/L KOH at different scan     
rates (b, c), Cdl values of NiMo alloy and Ni−MoO2 (d), LSV curves of Ni−MoO2 before and after 3000 CV cycles (e), 
and chronopotentiometry test results of Ni−MoO2 electrode at constant current density of 10, 100, and 200 mA/cm2 
(without IR-correction) (f) 
 
Table 2. R1 is assigned to the pores of the surface, 
and Rs is the electrolyte resistance, which is used to 
modify the LSV curves [52]. The electron-transfer 
resistance (Rct) of Ni−MoO2 is 2.3 Ω, lower than 
that of the NiMo alloy (4.6 Ω). The result confirms 
that the Ni−MoO2 heterostructure can reduce the 
charge transfer resistance and accelerate the 

reaction kinetics. Moreover, the electrochemically 
active surface area (ECSA) was estimated by cyclic 
voltammetry (CV) at the non-faraday region to 
obtain double-layer capacitance (Cdl). As shown in 
Figs. 5(b−d), the Ni−MoO2 displays the Cdl value of 
18.9 mF/cm2, much larger than that of the NiMo 
alloy (9.3 mF/cm2). This suggests that the NiMo 
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Table 2 Values of equivalent circuit fitting for Nyquist 
plots of as-prepared catalysts 

Sample Rs/Ω R1/Ω Rct/Ω 

NiMo 0.59 0.5375 4.627 

Ni−MoO2 0.6582 0.2205 2.329 
 
alloy has transformed into Ni−MoO2 hetero- 
structure after hydrothermal alkalization treatment 
and can expose more active sites, directly proven by 
the SEM images (seen in Figs. 2(c, d)). 

In addition to HER activity, the stability of 
catalysts is an important factor in the practical 
application of water splitting. The long-term 
durability tests of Ni−MoO2 were conducted by 
cyclic voltammetry (CV) scanning for 3000 cycles 
with a potential range from 0 to −0.5 V (vs RHE)  
at a scan rate of 50 mV/s. After sweeping for  
3000 cycles, the LSV curve of Ni−MoO2 is   
almost consistent with the initial line (Fig. 5(e)). 
Furthermore, the chronopotentiometry test was 
carried out to further evaluate the stability of 
Ni−MoO2 at a constant current density of 10, 100, 
and 200 mA/cm2 for 20 h (Fig. 5(f)), and the almost 

unchanged potentials indicate the outstanding 
stability of the as-prepared electrode. At the same 
time, the phase composition and surface 
morphology were further investigated. It can be 
seen from Fig. 6(a) that the diffraction peaks of 
Ni−MoO2 electrode do not change significantly 
after the stability test. Moreover, the lobular 
nanosheets can be directly observed on the surface 
by SEM (Fig. 6(b)), which is different from that 
before HER. Furthermore, the surface electronic 
valence state was further analyzed after an 
electrochemical test by XPS. For the Ni 2p narrow 
scan spectrum (Fig. 6(c)), the fitted peaks are 
centered at 855.6 eV for Ni 2p3/2 and 873.7 eV for 
Ni 2p1/2, which are assigned to the Ni(OH)2 [53]. In 
Mo 3d spectrum (Fig. 6(d)), the two distinct peaks 
located at 232.3 eV and 235.5 eV can be matched to 
Mo 3d5/2 and Mo 3d3/2, respectively, which belong 
to the Mo—O band of MoO3 [54]. XPS results 
indicate that the component of surface nanosheets is 
assigned to Ni(OH)2 and MoO3. These results 
demonstrate that the metal hydroxides are formed, 
and the structure and composition of Ni−MoO2 
electrode suffer restructure during the HER process. 

 

 
Fig. 6 XRD patterns of Ni−MoO2 electrode before and after stability test (a); SEM image of Ni−MoO2 electrode after 
stability test (b); XPS spectra for Ni 2p (c) and Mo 3d (d) of Ni−MoO2 electrode after stability test 
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4 Conclusions 
 

(1) The Ni−MoO2 heterostructure electro- 
catalyst is successfully synthesized by microwave 
sintering and hydrothermal treatment. 

(2) The Ni−MoO2 electrode exhibits the 
superior HER catalytic performance with a low 
overpotential of 41 mV to reach the current density 
of 10 mA/cm2, and a small Tafel slope of 
52.7 mV/dec in 1.0 mol/L KOH solution, which is 
much better than that of porous NiMo alloy 
precursor. 

(3) The Ni−MoO2 presents the superior HER 
performance, attributed to the function of the 
heterostructure interface, which can enhance the 
electronic interaction between species, reduce 
charge transfer resistance and increase the water 
adsorption on the catalyst. 
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摘  要：通过简便的粉末冶金和水热法在多孔块体 NiMo 合金上原位合成 Ni−MoO2异质结构电催化剂。场发射扫

描电镜、透射电镜及 X 射线光电子能谱分析结果表明：经过水热处理后，制备的 Ni−MoO2电极具有异质结构并

且在其表面同时形成一层 Ni(OH)2纳米片，这种异质结构和纳米片层提供丰富的界面、更多的活性中心和更大的

活性比表面积。析氢反应结果表明，Ni−MoO2 异质结构表现出优异的催化性能，仅需 41 mV 的过电位即可达到

10 mA/cm2的电流密度，并且具有 52.7 mV/dec 的低 Tafel 斜率和在碱性介质中具有优异的稳定性。 

关键词：析氢反应；Ni−MoO2异质结构；粉末冶金；多孔块体电催化剂；NiMo 合金 
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