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Abstract: Ni-Fe-Mo-Co alloy electrode was prepared in a citrate solution by electrodeposition, and then Mo and Fe were partially 
leached out from the electrode in 30% KOH solution. The unique surface micromorphology of a hive-like structure was obtained 
with an average pore size of about 50 nm. The electrode has a very large real surface area and a stable structure. The effects of 
sodium molybdate concentration on the composition, surface morphology, and structure of electrodes were analyzed by EDS, SEM 
and XRD. The polarization curves of the different electrodes show that the catalytic activity of electrodes is strongly correlated with 
the mole fraction of alloy elements (Ni, Fe, Mo, Co), and the addition of cobalt element to Ni-Fe-Mo alloy improves the catalytic 
activity. The Ni35.63Fe24.67Mo23.52Co16.18 electrode has the best activity for hydrogen evolution reaction(HER), with an over-potential 
of 66.2 mV, in 30% KOH at 80 ℃ and 200 mA/cm2. The alloy maintains its good catalytic activity for HER during continuous or 
intermittent electrolysis. Its electrochemical activity and catalytic stability are much higher than the other iron-group with Mo alloy 
electrodes. 
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1 Introduction 
 

The chlorine alkaline industry and the production of 
hydrogen by electrolyzing water have disadvantages of 
high cost and energy consumption, so it is especially 
important to study and develop a high catalytic activity 
and good stability electrode material for hydrogen 
evolution reaction. In order to reduce hydrogen 
overpotential and increase catalytic activity, there have 
been a lot of investigations made in the past[1−10]. An 
effective way to increase the catalytic activity for 
hydrogen evolution electrode is to increase the true 
electrode area by increasing the electrode surface 
roughness and/or by changing the surface microstructure 
of alloy electrodes[2, 11]. 

The traditional porous electrode was obtained to 
increase the true electrode area by leaching out Zn or Al 

in alkaline media. In earlier studies, Raney-Ni alloy was 
prepared by leaching out Al or Zn in alkaline solution. 
Recently, Raney-Ni-Mo electrode[12] of submicrometric 
porous structure was obtained by pressing powders of Ni 
or NiMo with Al or Ni-Mo-Al powders deposited by 
vacuum plasma spraying, and then leaching in 30% KOH 
solution with K-Na tartrate at 70 ℃ for 24 h. Ni-Fe- 
Mo-Zn alloy[13] of high activity for hydrogen evolution 
reaction(HER) with a rough surface was electrodeposited, 
and the subsequent leaching of Zn was performed by 
immersion in a 28% KOH solution at 80 ℃for 4 h. Its 
overpotential was 83.1 mV in 6 mol/L KOH at 80 ℃ 
and 135 mA/cm2. 

An interesting phenomenon that the Mo and Fe 
contents of Ni-Fe-Mo-Co electrode decrease after 
electrolysis in 30% KOH (mass fraction) solution was 
discovered while investigating the catalytic activity of 
the electrodeposited molybdenum-iron group alloy, a 
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similar finding was also reported in Refs.[5, 12−14]. The 
results showed that Mo and Fe were partially leached 
from the electrode during the electrolytic process. It is 
noted that the surface microstructure of the Ni-Fe-Mo-Co 
alloy electrode should be changed because of partial 
leaching of Mo and Fe. Thus, it is possible for the 
surface microstructure of Mo-Fe group electrode to be 
redesigned using different method. 

The purpose of this work is to prepare a 
Ni-Fe-Mo-Co alloy electrode by electrode position from 
citrate bath by introducing Co element to enhance the 
activity for HER. In order to alter the surface 
microstructure of electrode, the electrode is immersed in 
30% KOH solution and partially leached out Mo and Fe. 
The surface microstructure and composition of the 
different Ni-Fe-Mo-Co alloy electrodes are then analyzed 
before and after electrolysis using SEM, EDS and XRD 
techniques. Their electrocatalytic activity and chemical 
stability are examined in 30% KOH solution under 
various electrolytic conditions. 
 
2 Experimental 
 
2.1 Electrodeposition of alloys 

Ni-Fe-Mo-Co alloys were prepared on copper foil 
(99.9%) substrates. The copper foils were cut into 1 cm
×3 cm strips, then polished to a mirror finish with 4# 
and 6# fine emery papers. After that, the foils were 
cleaned with acetone. Finally, the foils were dipped into 
10% HCl solution for 1 min followed by a wash with 
distilled water. The size of high-density graphite plate 
anode was two times larger than that of the cathode. 

The plating bath consisted of Ni2SO4·6H2O 120 g/L, 
Ni2Cl·6H2O 40 g/L, FeSO4·7H2O 10 g/L, Na2MoO4· 
2H2O 5−20 g/L, Na3cite 90 g/L, saccharin 3 g/L, H3BO3 
30 g/L, LGLA 25 g/L, LGLB 200 mg/L. 

The pH value of the solution was adjusted to 6.0 
using 10% NaOH solution. The cathode current density 
was 6 A/dm2. The temperature was maintained at 30 ℃. 
The deposition time was 120 min. 
 
2.2 Physical characterization 

The surface morphology of the alloy electrodes was 
analyzed with FEI(USA) Sirion 200 field emission SEM. 
The microstructure was examined with X-ray 
diffraction(XRD) (Rikagu D/Max 2500 diffractometer, 
Japan). The compositions of the electrodes were 
examined by EDS(GENESIS60S, EDAX Inc, USA). 
 
2.3 Electrochemical measurements 

The electrochemical measurements were performed 
in a conventional three-electrode glass cell using an 
PAR(EG&G) mode 2273(USA) linked to a micro- 
computer. A Ni-Fe-Mo-Co alloy was used as the working 

electrode (WE). All potentials were referenced to the 
Hg/HgO, OH− electrode. The reference electrode was 
positioned in a luggin capillary filled with 30% solution. 
The counter electrode(CE) was a platinum foil with a 
large surface. The alkaline solution was prepared from 
analytical grade KOH in triply distilled water. 
 
3 Results and discussion 
 
3.1 Characterization of alloy electrodes 

The Ni-Fe-Mo-Co alloys were obtained by 
electrodeposition at different contents of sodium 
molybdate (with other conditions constant), and then the 
compositions of the alloy were measured by EDS. The 
results are presented in Table 1. The data in Table 1 show 
that the molybdenum content of the alloys rapidly 
increases at first and then slows down with the increase 
of sodium molybdate content. The iron and cobalt 
contents in the alloys increase at first and subsequently 
decrease. The content of Ni in the alloys first decreases 
and then increases slowly. 
 
Table 1 Chemical composition of alloy prepared at different 
contents of sodium molybdate 

Composition of alloy 
(mole fraction)/% Electrode ρ(Na2MoO4)/

(g·L−1) 
x(Ni) x(Fe) x(Mo) x(Co)

A 5 71.43 7.85 9.74 10.98

B 10 35.63 24.67 23.52 16.18

C 15 33.22 23.50 27.06 15.47

D 20 42.17 16.81 29.47 11.55

 
Fig.1 shows the SEM micrographs of the 

Ni-Fe-Mo-Co alloy electrodes by electrodeposition 
different concentrations of sodium molybdate. The 
surface morphology of the electrodes was obviously 
different. Fig.1(a) shows the SEM micrograph of the 
surface morphology for electrode A. The electrode 
surface has a grain shape similar to a cauliflower. The 
cauliflower-shape particle is made of coagulate nano-size 
particle. 

Fig.1(b) shows the SEM micrograph of the surface 
morphology of electrode B. There are two different size 
particles on the electrode surface. The very exiguous 
crystalline grain is nano-size, the lager particle is the 
globular particle which is made of very tiny grain. The 
larger globular particle is more dispersive than the tiny 
particle. The tiny particles coagulate without a pattern. In 
addition, it can be seen that there are many voids on the 
surface. 

Fig.2 shows the XRD patterns of the Ni-Fe-Mo-Co 
alloy electrode electrodeposited at different sodium 
molybdate concentrations. The intensity of the electrodes  
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Fig.1 SEM morphologies of surface of Ni-Fe-Mo-Co alloy 
electrodes at different concentrations of sodium molybdate:   
(a) (Na2MoO4·2H2O)=5 g/L; (b) (Na2MoO4·2H2O)=10 g/L 
 

 

Fig.2  XRD patterns of Ni-Fe-Mo-Co alloy electrodes at 
different concentrations of sodium molybdate 
 
decreases with increasing the concentration of sodium 
molybdate in the solution. It can be seen that there is a 
distinct diffraction peak for electrodes A and B at 2θ≈44˚, 
but for electrodes C and D the diffraction peaks reveal 
the diffusive peaks. The results indicate that electrodes A 

and B are crystalline structure, electrodes C and D are 
amorphous structure. Electrodes A and B show one main 
broader peak, and seem to correspond to an alloy with a 
partially-amorphous structure or with a crystalline 
structure of nanometric crystalline site[15]. According to 
Scherrer’s formula, the grain size of electrode A is 7.5 
nm, and that of electrode B is 3.5 nm. 
 
3.2 Electrocatalytic activity of alloy electrodes 

Fig.3 shows the polarization curves for HER on the 
different electrodes in 30% KOH(mass fraction) solution 
at 30 ℃. As shown in Fig.3 and Table 1, it can be 
concluded that the electrode activity strongly increases 
with increasing the Mo content of the electrode at first. 
However, further increasing the Mo content of the 
electrode will cause the activity slightly drop. For a 
molybdate concentration in the bath equal to 10 g/L, the 
alloy electrode shows the maximum catalytic activity at 
the Mo content 23.52% (mole fraction). The electrode 
activity increases with increasing the Fe or Co content of 
the alloy. The electrode B which has a composition of 
Ni35.63Fe24.67Mo23.52Co16.18 exhibits the best activity 
compared with the other electrodes. It is clearly shown in 
Fig.3 and Table 1 that the catalytic activity of the 
electrode is strongly dependent on the atomic fraction of 
elements for the molybdenum-iron group alloy, the 
introduction of Co considerably improves the cathode 
performance in comparison with the other electrodes. 
 

 
Fig.3 Polarization curves of Ni-Fe-Mo-Co alloy electrodes in 
30% KOH solution 
 

Fig.4 shows the polarization curves of electrode B 
for HER in 30% KOH solution at different temperatures. 

The complete set of electrochemical parameters for 
the HER on electrode B in 30% KOH solution at 
different temperatures is presented in Table 2, where the 
value η200 (overpotential corresponding to a current 
density of 200 mA/cm2) is also included for a 
performance comparison in a region unaffected for 
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Table 2 Kinetic parameters for HER on Ni-Fe-Mo-Co alloy electrode in 30% KOH at different temperatures 
t/℃ a1/mV b1/mV )cm/(mV 20

l
−⋅J α ah/mV bh/mV )cm/(mV 20

h
−⋅J α η200/mV

30 153.5 72.6 7.67 0.83 279.4 228.9 60.17 0.26 120.3 
40 142.7 73.7 11.56 0.84 267.8 235.5 72.94 0.26 105.8 
50 138.8 77.3 16.03 0.83 252.9 231.3 80.64 0.28 95.7 
60 131.3 78.6 21.33 0.84 232.8 223.6 90.99 0.30 83.2 
70 126.1 78.4 24.64 0.87 211.3 204.8 92.96 0.33 76.6 
80 125.6 88.8 38.62 0.79 199.5 203.7 104.8 0.34 66.2 

 
ohmic drop. Both Fig.4 and Table 2 show that electrode 
B possesses very low overpotential and higher exchange 
current density in 30% KOH solution. The overpotential 
of electrode B is decreased with temperature increasing, 
while the exchange current density is increased. The 
Tafel slope and exchange current density increase with 
increasing temperature in low current density region. The 
Tafel slope drops with increasing temperature, but the 
exchange current density and transfer coefficient rise in 
high current density region. 
 

 

Fig.4. Polarization curves of Ni-Fe-Mo-Co alloy electrode in 
30% KOH solution at different temperatures 

 
As for the electrochemical activity of the electrodes 

on HER, electrode B shows an overpotential value of 
66.2 mV for a current density of 200 mA/cm2 at 80℃. 

 
3.3 Continuous electrolysis and interrupt current test 

To assess the stability of the Ni-Fe-Mo-Co alloy 
electrode under continuous operation condition, a 
continuous electrolysis was carried out in 30% KOH 
solution at 60 ℃ with a constant current density of 200 
mA/cm2 for 250 h. This was to simulate the conditions 
that the electrodes were under industrial use, which 
requires not only good durability, but also good stability 
against current interruption. 

The electrode electrolytic operation was performed 
for 250 h in 30% KOH solution at 60 ℃, with system 
shut-down for 2 h at 100 h operation and for 4 h again 

after 175 h operation. 
Fig.5 shows the electrode overpotential variations 

with time (without IR compensation) during continuous 
electrolysis and current interruption. It can be observed 
that the value of the overpotential varied for HER on 
electrode B at first stage is obviously larger than the 
values at the subsequent two stages, which is around 20 
mV. The overpotential value varies within 5 mV range 
and tends to stabilize at later two stages. This displays 
that the Ni-Fe-Mo-Co alloy electrode has very good 
activity durability and stability even after 250 h of elec- 
trolysis. 
 

 
Fig.5 Overpotential variations for Ni-Fe-Mo-Co alloy 
electrodes with time during continuous electrolysis and current 
interrupts(J=200 mA/cm2, 30% KOH, 60 ℃) 
 

The results show that the catalytic activity of the 
electrode gradually increases in the electrolytic process, 
so does the catalytic stability. The diagram also shows 
that the initial overpotential drops back to original level 
after its shut-down. This indicates that the electrode 
activity does not get reduced and the surface structure of 
the electrode is not damaged during the continuous and 
interrupted current test. 

This phenomenon is probably caused by the 
overpotential variation, which is generated by some of 
the electrolytic resistance, the activity resumes when the 
resistance disappears after current interruption. 

This conclusion is different and better compared 
with the results reported in Refs.[3,12,13,16]. The 
difference may be related with the surface structure of 
electrode. 
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3.4 Alteration of electrode composition and surface 
structure 
The average compositions of the electrodes after 

electrolysis by EDS analysis are listed in Table 3. As 
shown in Table 1 and Table 3, the composition change of 
electrode A is smaller. But the change of electrode B is 
many times larger before and after electrolysis. Its Mo 
content decreases from 23.52% to 9.98%, and the Fe 
content from 24.67% to 18.01%, and the Ni content 
increases from 35.63% to 52.30%. Mo and Fe are 
dissolved and leached from the electrode during this 
process. These results confirmed our prediction. 
 
Table 3 Chemical composition of Ni-Fe-Mo-Co alloy 
electrodes after electrolysis in 30% KOH (mole fraction, %) 
Electrode Ni Fe Mo Co K 

A 65.88 11.28 8.35 12.58 1.90 
B 52.30 18.01 9.98 15.74 3.97 

 
Fig.6 shows the SEM micrographs of the surface 

morphology of electrodes A and B after electrolysis. The 
surface morphology has gone through an obvious change 
compared with Fig.1. Furthermore, there is a big 
difference of surface microstructure between Figs.6(a) 
and (b). In Fig.6(a), there is no cauliflower shape of 
particles on the surface any more. Its crystalline grain 
surface is dissolved. In Fig.6 (b), a net and pore hive-like 
structure is formed on the surface. The average pore size 
is around 50 nm. The formation of the unique structure is 
due to the leaching of Mo and Fe on the surface of 
electrode during electrode electrolysis. 
 

 
Fig.6 SEM images of surface morphology of Ni-Fe-Mo-Co 
alloy electrode after electrolysis: (a) (Na2MoO4·2H2O)=5 g/L; 
(b) (Na2MoO4·2H2O)=10 g/L 

 
For leaching or electrolysis, the electrode surface 

morphology has considerably changed, for example, the 
sub-micrometric pore[12], porous structure[5] and 
rough/coarse surface[13], but the electrode surface 
structure at this study is very different compared with the 
other electrode materials. This net and pore hive-like 
structure has much larger real surface area and better 
structure stability than the other catalytic materials. Its 
surface structure is not easily damaged and its 
electrocatalytic activity maintains for prolonged 
electrolysis and intermittent current interruption tests. 
These results further confirm our previous conclusions 
about polarization curves, stability and durability test. 

The surface structure difference between electrode 
A and electrode B is concerned with the disparity of 
atomic fraction in the alloy and the microcrystalline 
structure by electrodeposition. 
 
4 Conclusions 
 

1) The Ni-Fe-Mo-Co quaternary alloy is electro- 
deposited in citrate bath. A unique net and pore hive-like 
microstructure is obtained using a new method by which 
Mo and Fe are leached out from the electrode in 30% 
KOH solution. The average pore size of the structure is 
about 50 nm. 

2) The alloy electrode has much larger real surface 
area and much higher stability than the electrodes 
reported in the literature. 

3) The catalytic activity and the surface micro- 
structure of Ni-Fe-Mo-Co alloy electrode are strongly 
correlated with the mole fraction of alloy elements. The 
Ni35.63Fe24.67Mo23.52Co16.18 electrode has the best activity 
for HER and maintains good activity and stability under 
prolonged or current interruption tests. The Ni35.63 
Fe24.67Mo23.52Co16.18 electrode has the highest 
electrochemical activity and highest catalytic stability 
among the molybdenum-iron alloy groups. 
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