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Abstract
Considering the widespread use of alkaline water electrolysis (AWE) in the chemical industry and the growing need to design 
and manufacture low-cost and efficient electrodes, the optimization of a Ni-Mo-coated stainless steel substrate is investigated 
in the present work to use this substrate as a cathode of an alkaline water electrolyzer. The crystallographic structure, surface 
morphology, and composition of the optimized coating are characterized by X-ray diffraction analysis (XRD), scanning 
electron microscopy (SEM), and surface elemental mapping. The electrocatalytic activity for the hydrogen evolution reaction 
(HER) is evaluated by making electrochemical measurements. In addition, the optimization of the electrodeposition bath 
is investigated to promote the HER activity. The results show that nickel-molybdenum (1:2) alloy exhibits a higher HER 
activity, and a current density of 180 mA  cm−2 is achieved at −1.7 V vs. Ag/AgCl using this coating. Also, the polarization 
curves of the electrolysis cell demonstrate that using the optimized cathode, the cell operates at 1.9 V at a current density of 
1.5 A.cm−2 and the operating temperature of 60 °C, which is suitable for use in large-scale industrial AWE units.

Keywords Alkaline water electrolysis · Electrodeposition · Hydrogen evolution reaction · Nickel-molybdenum alloy · 
Stainless steel

Introduction

Hydrogen as an energy carrier is a promising candidate 
to store green energy [1]. For hydrogen production, non-
renewable sources such as natural gas reforming or renew-
able sources such as electrolysis can be used [2]. Sources 
of hydrogen production and distribution can vary accord-
ing to geographical, climatic, and other characteristics of 

different regions. In areas where cheap natural gas resources 
are available, hydrogen production from gas sources is the 
most cost-effective way [2–4], and in areas where cheap 
and affordable electricity is available, hydrogen production 
is justified economically by hydrolysis. Also, ethanol has 
a particular advantage as a primary source of hydrogen in 
areas where other fuels are present [5, 6]. It is important to 
note that among all the different methods of hydrogen pro-
duction, hydrolysis can be considered a sustainable method 
if the energy sources used in hydrolysis are provided using 
renewable sources.

As the electric current flows through water, hydrogen 
and oxygen are produced. The hydrogen produced by the 
method mentioned above has high purity, which reaches 
above 99.99% [7]. The high purity of hydrogen is one of the 
advantages of electrolysis over the other methods. Among 
the different technologies for water electrolysis, alkaline 
water electrolysis (AWE) is a mature technology, and sev-
eral megawatt electrolysis systems use this technology for 
hydrogen production around the world [6–8].

Finding inexpensive electrocatalysts and electrodes 
is considered a major challenge for the hydrogen evolu-
tion reaction (HER). The HER mechanism on the metal 
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surface in alkaline media can be treated as a combination 
of three steps [5, 9]:

The better electrocatalytic activity of noble metals such 
as the platinum group metals (PGMs) along with their high 
price has urged researchers to find a cheap and affordable 
alternative to the abovementioned metals. The alternatives 
include non-noble metal catalysts that have moderate elec-
trocatalytic activity for the HER (e.g., nickel, iron, cobalt, 
and molybdenum and their alloys) [10–13].

The electrocatalyst used in an alkaline medium must have 
high corrosion resistance, high electrical conductivity, and 
good catalytic activity. Previous studies have shown that dif-
ferent catalysts are used to accelerate the HER [13]. Accord-
ing to the obtained results, nickel alloying with other metals 
is one of the most effective ways to improve HER kinetics 
in AWE [14]. Metals containing more unpaired d electrons 
(such as molybdenum) have lower d orbital characteristics 
and can interact with electron donor species more strongly 
and thus absorb more hydrogen [11, 12]. Several lines of 
research have shown that nickel-molybdenum alloys are the 
best catalysts after platinum in terms of activity and function 
for the HER. Coating nickel-molybdenum alloy on nickel 
foam increases the electrochemically active surface area, 
which makes the resulting electrode a promising candidate 

H
2
O + e− +M → MHads + OH−(Volume reaction)

MHads + H
2
O + e−M + OH− + H

2
(Heyrovsky reaction)

2MH
ads

M+H
2
(Tafel reaction)

for use as the cathode of alkaline water electrolyzers. Experi-
mental data have shown that nickel-molybdenum deposi-
tion in the sulfate-nickel bath on graphene oxide surface 
with enhanced active surface contact between substrate and 
composite promotes the HER [13, 14]. In addition, previ-
ous reports have shown that nickel-molybdenum compos-
ite coating has more electrochemical activity than nickel- 
molybdenum alloy. Thus, the composite coating may be use-
ful in the HER applications.

Due to the high activity of nickel for HER and its high 
stability in alkaline media, this element is considered as one 
of the most important materials used in alkaline electrolyz-
ers. However, inactivation of the nickel surface due to the 
formation of nickel hydride and saturation at high concen-
trations is the main problem of using Ni electrodes. Surface 
modification and adding molybdenum to increase surface 
area are some of the modification methods to overcome the 
inactivity problem [12–14]. Table 1 shows a summary of 
some research findings on the application of Ni-Mo for the 
HER in AWE.

According to Table 1, despite the high activity, availabil-
ity, and economic efficiency of Ni-based coatings and steel 
substrates, no research has been carried out on the appli-
cation of Ni-Mo-coated steel optimization for the HER. 
Thus, the main aim of the present study is the optimization 
of Ni-Mo-coated stainless steel cathodes for AWE. Some 
parameters such as electrodeposition current density, pH, 
and variation of bath composition can affect the cathode 
efficiency. So, the influence of the abovementioned param-
eters on electrode surface properties and the HER activity 
is investigated.

Table 1  A summary of some research on the application of Ni-Mo for the HER in alkaline media

Electrode substrate Coating composition and bath condition Research target Refs

Mild steel Co-deposition of nickel, iron, and molybdenum
(Ni–Fe-Mo) current density of 135 mA  cm−2 in 6 M 

KOH solutions at 70 °C

Electrochemical and morphological studies of 
electrodeposited Ni–Fe-Mo-Zn alloys tailored for 
water electrolysis

[15]

Steel Ni-Mo composite current density of 100 mA  cm−2 in 
5 M KOH solution

Electrodeposition of Ni with Mo particles on a steel 
substrate for HER

[16]

Copper plate Electrodeposited (NiMo) coatings from a low concentration 
bath at pH:10

Electrochemical water electrolysis using electrodeposited 
(Ni-Mo) coatings from a low concentration bath

[17]

Steel Ni-Mo/WC composites
25 °C and 1 M KOH

Electrocatalytic evaluation of the electrodeposited 
Ni-Mo/WC composites for HER

[18]

Carbon steel disc Co–Ni-Mo Current densities of 97 and 87 mA  cm−2 in 
1 M KOH at 25 °C

HER activity of the electrodeposited Co–Ni-Mo, Co–Ni 
and Co-Mo alloy coatings

[19]

Nickel foam Ni-Mo alloy current densities of 97 and 87 mA  cm−2 in 
1 M KOH at 25 °C

Influence of electrodeposited Ni-Mo alloy on the HER 
activity of nickel foam cathode

[20]

Stainless steel Pd–Ni-Mo 1 M NaOH at 313 K The HER activity evaluation of Pd–Ni-Mo film as a 
cathode material

[21]

Copper plate Ni-Mo alloy current density range of 1.0–4.0 A  dm−2 in 
1 M KOH solution at pH 9.5 and 303 K

Electrodeposition and characterization of Ni-Mo alloy as 
an electrocatalyst for alkaline water electrolysis

[22]

Steel plate (St3S) Ni-Mo alloy 5 M KOH solution at pH 9.5 and 293 K The hydrogen evolution reaction on electrolytic nickel-
based coatings containing metallic molybdenum

[23]
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Experimental

Preparation of Ni‑Mo‑Coated Stainless Steel

The plating solution was composed of nickel sulfate (Ni 
 (SO4)2·6H2O, 0.1 M), sodium molybdenum  (Na2MoO4·2H2O, 
0.01 M), tri-sodium citrate  (Na3C6H5O7·2H2O, 0.25 M), and 
boric acid  (H3BO3, 0.05 M). The molar ratio of nickel to 
molybdenum was considered to be 2:1. In the electroplating 
bath, all materials were purchased from Merck, and deion-
ized water was used to make the solutions. The weighted 
Ni  (SO4)2·6H2O,  Na2MoO4·2H2O, and  Na3C6H5O7·2H2O 
were 0.42 g, 1.02 g, and 3.6768 g, respectively, for adding 
to 50 ml deionized water. The pH increased from 8.5 to 9.5 
using 0.1 M of NaOH solution, and during electrodeposition, 
the temperature was set at 25 °C. The coatings were depos-
ited on a piece of 304 stainless steel grid with a dimension 
of 5  cm2 and thickness of 0.8 mm. Before electroplating, 
the electrode substrate was immersed in 5 wt% hydrochloric 
acid for surface cleaning and, after that [24], it was washed 
with deionized water several times in an ultrasonic bath. For 
electroplating, a Pt plate was used as the anode. Electrodepo-
sition was performed by the chronocoulometry method at two 
potential steps of −0.862 and −1.303 V vs. Ag/AgCl. After 
reaching the charge of 100 C, the electrodeposition process 
was stopped.

Characterization of Electrodeposited Coating

The X-ray diffraction (XRD) technique was used to iden-
tify the crystal structure of deposits. Philips X’pert MPD 
diffractometer with a single  CuKα beam and wavelength 
of 1.5046 Å at 40 kV and 30 mA  cm−2 current density 
was applied. Diffraction was performed in the range of 2θ 
between 0 and 100° with a step of 0.05° and a stop time 
of 1 s. X’Pert High Score software was used to determine 
the phases in the sample. Field-emission scanning electron 
microscope (Quanta FEG-450) was used to investigate the 
surface morphology of deposited coating on the stainless-
steel substrate. The composition of coated films was ana-
lyzed by the Octane Elite (Ametek) energy-dispersive X-ray 
spectrometer coupled to the FE-SEM unit. Also, the element 
distribution map on the surface of the prepared cathode was 
evaluated using the Bruker XFlash detector.

Electrochemical Measurements

In order to evaluate the HER activity of the prepared elec-
trodes, a three-electrode configuration was applied using a 
1-cm2 Pt plate and Ag/AgCl electrode as counter and refer-
ence electrodes, respectively. It should be noted that a piece 

of the as-prepared cathode with the dimensions of 1  cm2 was 
used as the working electrode. All experiments were car-
ried out in 1 M of KOH at a temperature of 25 °C. Electro-
chemical measurements were performed using a Sama 500 
potentiostat/galvanostat system. Cyclic voltammetry (CV) 
and linear sweep voltammetry (LSV) measurements were 
carried out in a potential range of −0.6 to −1.7 V vs. Ag/
AgCl and at the scan rate of 50 and 3 mV  s−1, respectively. 
Prior to conducting three-electrode experiments, nitrogen 
gas was blown into the electrolyte for 30 min at a flow of 
50 ml  min−1. The purpose of nitrogen blowing is the com-
plete removal of dissolved oxygen in the electrolyte. To 
evaluate the activity of the prepared cathodes for the HER 
under real operating conditions of an alkaline water electro-
lyzer, a membrane electrode assembly (MEA) was prepared 
and inserted in a 5-cm2 electrolyzer cell (AHNSCO, Iran). 
To fabricate an MEA, a 5 × 5-cm2 anion exchange mem-
brane A-006 (from Tokuyama) was sandwiched between the 
prepared cathode and a commercial anode (from Dioxide 
Materials). In addition, two silicone gaskets with a thick-
ness of 500 µm were used for electrolysis cell sealing. The 
electrolyzer cell was filled with 4 M of KOH solution 5 h 
before the cell tests to ensure the complete wetting of the 
membrane. During the cell tests, 4 M of KOH was injected 
into the anode and cathode of the cell using a peristaltic 
pump with a flow rate of 10 ml  min−1 (Fig. 1). To obtain 
the polarization curves of the electrolyzer, a chronopoten-
tiometry experiment was performed at the current density 
range of 0–1500 mA  cm−2 using an external power supply  
(Dazheng, PS-305D).

Results and Discussion

Electrochemical Characterization

Activity Evaluation of Different Coatings for HER

Figure 2 represents the 1st and 200th cyclic voltammo-
grams of bare and Ni, Mo, and Ni-Mo-coated stainless 
steel in the HER potential region. As shown in Fig. 2, the 
Ni-Mo coating with the HER onset potential of −1.2 V 
exhibits a higher HER activity. Also, the current density of 
the mentioned electrode at −1.7 V is 140 mA  cm−2, which 
is higher than that of other electrodes. Compared with the 
Ni-Mo coating, the bare, Ni, and Mo-coated stainless steel 
shows a lower HER activity. The onset potential and current 
density at −1.7 V for the mentioned cathodes are approxi-
mately −1.4 V and 70–90 mA  cm−2, respectively. To thor-
oughly evaluate the HER activity of the electrodes, the LSV 
measurement is used [25, 26].

As shown in Fig. 3, the HER activity of the coatings can 
be classified into two categories. The best electrochemical 
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activity is achieved in the first category with the onset poten-
tial of −1.1 V and a high current density of approximately 
150 mA  cm−2 at −1.7 V. Among the deposited coatings, 
only the nickel-molybdenum alloy falls into the first group. 
The second group includes nickel, molybdenum, and bare 
stainless steel. The onset potential of the HER on the sec-
ond group coatings is approximately −1.4 V, and the current 
density of 75 to 85 mA  cm−2 is achieved at −1.7 V. A lower 
Tafel slope indicates an improvement in the HER kinetics. 
According to the results of Table 2, electrodeposition on the 
surface of the stainless-steel grid decreases the Tafel slope 
in such a way that the amount of the mentioned parameter 
is reduced from 398 mV  dec−1 for the bare steel to 122 mV 
 dec−1 for the Ni-Mo (1:2) alloy–coated cathode.

The results related to the HER activity obtained from the 
LSV curves are summarized in Table 2. The mentioned elec-
trochemical values in Table 2 reveal that the Ni-Mo (1:2) 
alloy coating shows a superior activity compared to the Ni 
or Mo metallic deposits. In addition, the proper HER activity 

of the Ni-Mo (1:2) coating retained during 200 cycles of CV 
is shown in Fig. 3.

As a non-noble metal, nickel has been used for the HER 
catalysis for a long time. It should be noted that nickel is a 3d 
transition metal, and its d orbitals are compressed [27–29], 
so the interaction between nickel and hydrogen atoms is less 
than 4d and 5d series metals. So, it is necessary to optimize 
the properties of nickel to fabricate a suitable nickel-based 
catalyst for the HER [28]. Increasing the catalytic activity 
of nickel for HER can be provided by preparing binary and 
ternary nickel alloys. This is because alloying transition met-
als changes the electron density of valence orbitals and metal 
fermi levels, thereby changing the M-H bond strength [28, 
30]. Alloying left transition metals that have empty or half-
filled d-orbitals with a right intermediate metal that has full-
filled d-orbital can improve the HER activity [31–33]. The 
superior and stable activity of the Ni-Mo coating reveals that 
alloying Ni and Mo increases the contribution of unpaired 
electron orbitals, which leads to the strengthening of the 
M-H bond according to the Volmer stage [24, 34]. This phe-
nomenon leads to a decrease in the HER activation energy, 
which results in a decrease in the onset potential [35]. The 
optimization of the cathode of the Ni-Mo-coated stainless 
steel will be investigated in the next section.

Optimization of the Ni‑Mo‑Coated Stainless Steel

The Effect of Plating Bath pH

Figure 4 a shows that pH increase from 8.5 to 9.5 results in an 
improvement in the HER activity due to further stabilization 
of the deposited layer at a pH of 9.5 [24, 28]. As shown in 
Fig. 4a, at a pH of 9.5, an onset potential of −1.2 V and a cur-
rent density of 158 mA  cm−2 is achieved at −1.7 V. At a pH 
of above 9.5, the nickel precursor tends to precipitate in the 
nickel hydroxide form rather than electrodeposition on the 
stainless-steel grid [9, 36]. So, a further increase in pH leads 
to a reduction in the performance. According to the results, a 
plating pH of 9.5 is selected for the Ni-Mo electrodeposition.

Effect of Ni‑Mo Molar Ratio

Different amounts of Ni and Mo precursors are used in a 
plating bath to investigate the effect of the Ni-Mo molar 
ratio on the HER activity. According to Fig. 4b, the 1Ni:2Mo 
molar ratio shows that a superior HER activity, an onset 
potential of −1.1 V, and a current density of 186 mA  cm−2 
are obtained using this electrode. As mentioned earlier, 
alloying Ni and Mo increases the contribution of unpaired 
electron orbitals, strengthens the M-H bond on the surface 
of the cathode, and decreases the activation energy. There-
fore, the mentioned effect is reduced at high molar ratios 

Electrodeposition 
on stainless steel 

grid using 
chronocoulometry

selection of more 
active coating for 

HER using                 
3-electrode tests

optimization of Ni-
Mo coating using            
3-electrode tests

characterization 
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Fig. 1  Flowchart of test steps (a) and characterization and performance 
evaluation tests (b)
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of nickel, which ultimately leads to a decrease in the HER 
activity. On the other hand, increasing the Mo molar ratio 
from 2 to 3 reduces the adsorption of hydrogen atoms on the 
surface of the cathode. Increasing the molar ratio of Mo to 
higher than the optimum value causes the surface properties 
of the cathode to deteriorate due to a higher atomic radius 
of Mo and disruption of the hole-electron balance [15, 37].

Effect of Boric Acid Concentration

The particles are stable as indefinite species in a solution, as 
confirmed by the appearance of no precipitate when sitting 
at room temperature for 12 h [37]. Therefore, solutions can 
be used to deposit the Ni-Mo coatings on the stainless steel. 
The effect of concentrations of 0.01, 0.03, 0.05, 0.07, and 
0.09 molar boric acid in the bath electrodeposited on the 
stainless steel was investigated by linear sweep voltammetry. 
At a concentration of 0.05 M, it had a lower onset potential 
and a higher current density than at other concentrations. 
Boric acid is a weak acid that acts as a buffer in a plating 
bath [35, 36]. As can be seen in Fig. 4c, at concentrations 

below 0.05 M, the pH of the bath is not properly adjusted, 
resulting in a low HER activity of the prepared electrode. 
However, since boric acid is a weak acid, a further increase 
in the concentration of boric acid leads to a decrease in the 
pH of the plating bath. So, the best HER activity is obtained 
by using 0.05 M of boric acid.

Effect of Sodium Citrate Concentration

Sodium citrate acts as a complexing agent in an electro-
deposition bath that prevents metal salt precipitation and 
reduces the concentration of free metal ions. Therefore, 
the concentration of sodium citrate plays an essential 
role in the properties of the prepared electrode. Figure 4 
d shows that the highest HER activity is obtained using 
0.25 M of sodium citrate. Increasing the concentration 
of sodium citrate from 0.15 to 0.25 M by preventing the 
precipitation of metal ions causes an improvement in the 
coating surface properties, and as a result, the HER activity 
increases. However, increasing the concentration of sodium 
citrate from 0.25 to 0.3 M results in a decrease in the HER 

Fig. 2  The 1st and 200th cyclic voltammograms (a, b) and LSV curves (c) of bare and Ni, Mo, and Ni-Mo-coated stainless steel in 1 M KOH
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activity. This is because at very high concentrations of the 
complexing agent, the electrodeposition rate and coating 
surface properties decrease [38–41].

Comparison of the HER Activity of Ni‑Mo Coating 
During the Optimization Process

After the step-by-step optimization and investigation of the 
effect of some effective parameters of the electroplating 
bath (pH, metals molar ratio, as well as the concentration of 
sodium citrate and boric acid salts), the HER activity of the 
electrode has improved. The comparative LSV curves before 
and after the optimization process are shown in Fig. 4e. As 
can be seen, using the optimized electrode for HER causes the 
onset potential to change from −1.2 to −1.1 V (vs. Ag/AgCl). 
In addition, during the optimization process, the current den-
sity at −1.7 V is increased by 29%. So, after investigating the 
structural properties of the optimized cathode, it is necessary 
to evaluate its performance in single-cell electrolysis to vali-
date its proper performance for large-scale electrolyzers.

Structural Properties of the Optimized Electrode

Figure 5 (a–c) show the surface morphology of the bare and 
Ni-Mo-coated stainless steel. A comparison of the FE-SEM 
micrograph illustrates that the rough, compact, and homo-
geneous Ni-Mo coating covers the smooth surface of the 
steel grid after the electrodeposition [11, 12]. The elemen-
tal mapping is presented in Fig. 5 (d–f) to investigate the 
distribution of the elements on the surface of the prepared 
electrode. The distribution of the individual elements shows 
a uniform distribution of Ni and Mo on the surface of the 
steel grid. The regular surface structure leads to an improve-
ment in the electrochemical properties and to the develop-
ment of active sites on the surface of the electrode [40–42]. 
The uniform distribution of active sites on the surface of the 
electrode substrate prevents the agglomeration of the catalyst 
and causes the entire surface of the cathode to be used for 
HER. It should be noted that according to FE-SEM images, 
the average thickness of the Ni-Mo coating is 151 nm.

The atomic percentages of Ni, Fe, Cr, and Mo of the 
prepared electrode are determined based on the EDS 
analysis and are listed in Table 3. According to the EDS 
results, the highest contents are related to Fe and Cr, which 

Fig. 3  Diagram of current density at −1.7  V (a) and onset potential 
(b) change during 200 cycles of CV

Table 2  The obtained 
electrochemical parameters 
from LSV for the different 
coatings and a comparison 
between the obtained results 
and the other research results

Cathode coating Onset potential
(V vs. Ag/AgCl)

Tafel slope
(mV dec−1)

i at −1.4 V 
(mA cm−2)

i at −1.7 V 
(mA cm−2)

Refs

Bare stainless steel  −1.45 398 0  −73 This work
Mo  −1.3 270  −9  −80 This work
Ni  −1.4 161 0  −84 This work
Ni-Mo (1:2)  −1.2 122  −61  −152 This work
Ni-Mo  −1.1 196 - - [1]
Ni + Mo (56%:44%) - 150 - - [16]
Ni-Mo  −1.18 -  −60 - [17]
Ni-Mo - 208 - - [18]
Ni-Mo  −1.02 120 - - [22]
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are present in the steel substrates. Also, the atomic per-
centages of Ni and Mo are 13.05% and 7.67%, respec-
tively. The higher Ni content is attributed to the presence 
of Ni in the stainless-steel substrate.

XRD pattern of the prepared electrode is shown in Fig. 6. 
In this pattern, four characteristic peaks of the Ni cubic 
structure corresponding to the (111), (200), (220), and (311) 
planes are visible at 2θ of 43.149°, 50.45°, 74.354°, and 
90.285°, respectively. However, in comparison with pure 

Ni, all the mentioned peaks show peak shifting to lower 2θ 
values related to the entrance of Mo to the lattice structure 
of Ni and Ni-Mo alloy formation [41–47].

Performance Evaluation of Optimized Cathode 
in Alkaline Water Electrolyzer

Electrocatalysts made for use at industrial scales should 
be evaluated in a simulated environment [45]. For this 

Fig. 4  LSV curves of the Ni-Mo-coated stainless steel during the electrode structure optimization
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purpose, a membrane electrolysis cell with an area of 5  cm2 
was prepared. Using a nickel-molybdenum alloy coated on 
a stainless-steel substrate, an electrocatalyst, and an anion-
exchange membrane complex was fabricated by the cell 
under operating conditions including 4 M of KOH solution, 
and room temperatures of 40 °C and 60 °C were evaluated.

The polarization curve of a 5-cm2 cell is recorded at the 
room temperature, 40 °C, and 60 °C to evaluate the perfor-
mance of the optimized cathode under actual electrolysis 
conditions. The results are shown in Fig. 7. As the I-V curves 
show, with the increase in temperature, the performance 
of the electrolysis improves in the overall current density 
regions. For example, while using the optimized cathode, 
by increasing the temperature from room temperature to 
60 °C, the cell voltage at 1 A  cm−2 is reduced from 2.15 to 
1.55 V, which is due to the easier overcome of the activation 
energy barrier, decrease of ohmic resistance, and improve-
ment of the mass transfer process at higher temperatures [28, 

37, 47]. In addition, compared with a bare steel grid, using 
the optimized cathode causes a decrease in the cell voltage 
at the same temperature and current density. For example, 
using the Ni-Mo-coated steel grid at 40 °C, the cell voltage 
is reduced from 2.6 to 1.75 V. Considering the similarity 
of the anode and membrane in both electrolysis cells, the 
observed performance difference is due to the high activity 
of the Ni-Mo coating for HER. This confirms the obtained 
results of three-electrode tests and the performance of the 
optimized hydrogen electrode (Table 4).

Fig. 5  FE-SEM micrographs of 
the bare (a) and Ni-Mo-coated 
steel grid (b, c) and elemental 
mapping of Ni-Mo-coated steel 
grid (d–f)

Table 3  Chemical composition of the optimized electrode using EDS 
analysis

Element Ni Fe Cr Mo

Atomic% 13.05 60.85 18.43 7.67
Fig. 6  XRD pattern of Ni-Mo-coated stainless steel grid
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Conclusions

The main objective of the present work was to build and 
optimize a highly active hydrogen electrode using com-
mercially available materials. For this goal, a 304 stainless 
steel grid was used as the cathode substrate, and Ni-Mo-
based coatings were electrodeposited on it. Then, based on 
the electrochemical measurements, the coating structure 
was optimized step by step, and finally, it was used as the 

cathode of an AWE cell. The most important points to 
summarize are:

1. Ni-Mo alloy coating shows a higher activity than pure 
Ni and Mo for the HER in alkaline media and retains its 
activity during 200 cycles of CV.

2. By optimizing the electrodeposition bath parameters and 
selecting a pH of 9.5, the molar ratio of 1Ni-2Mo, a 
concentration of 0.05 M for boric acid, and 0.25 M for 

Fig. 7  Polarization curves of alkaline water electrolysis cell using bare and Ni-Mo (1:2)-coated stainless steel cathode at a room temperature, b 
40 °C, and c 60 °C

Table 4  The electrolysis cell 
voltage at different current 
densities for the bare steel and 
modified cathodes

Cathode Cell temperature (°C) Cell voltage at 
0.5 A cm−2

Cell voltage at 1 
A cm−2

Cell voltage 
at 1.5 A cm−2

Bare steel Room temperature 2.5 2.82 3.4
40 °C 2.35 2.6 2.92
60 °C 2.28 2.44 2.83

Modified Ni-Mo-
coated steel

Room temperature 1.95 2.15 2.35
40 °C 1.63 1.75 1.95
60 °C 1.4 1.55 1.82
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sodium citrate in a plating bath, the HER activity of the 
Ni-Mo coating increases and causes a 29% growth in 
the HER current density at −1.7 V (vs. Ag/AgCl). Fur-
thermore, the performance evaluation of the optimized 
cathode in an AWE cell shows its high HER activity, 
which improves the cell performance in the operating 
temperature range of electrolysis systems.

3. Characterization studies show the rough and compact 
morphology of the optimized electrode with a uniform 
distribution of elements on its surface. In addition, the 
nickel peaks in XRD pattern shift to lower 2θ, indicating 
the alloying of the coating structure. All the mentioned 
factors led to the development of electrochemically 
active sites on the surface of the stainless steel, and as a 
result, the HER activity improved.
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