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Abstract 
Coatings based on NiZn and CoZn alloys were obtained by combining electrodeposition 
and diffusion galvanizing methods. The coatings are homogeneous and uniform, the zinc 
concentration is between 85.0 to 89.5 at.%, and consist of intermetallic phases of NiZn 
and CoZn, mainly γ-Ni2Zn11 and γ2-CoZn13. Alkaline etching of coatings is accompanied by 
selective dissolution of zinc, and the rate of dissolution of coatings increases with time. 
This dealloying is accompanied by a change in the morphology of the coatings - cracks, 
pits, and pores of considerable depth are formed. These defects contribute to the 
formation of galvanic coupling between the coating and the substrate, which leads to an 
increase in the dissolution rate. The electrochemical behavior of coatings after alkaline 
etching in the cathodic hydrogen evolution reaction was studied. The cathodic current of 
hydrogen evolution on coatings alkaline etching increases by 1.5 to 3 times compared to 
coatings before etching. This effect is greater on Ni-based coatings. Diffusion galvanizing 
followed by dealloying is a promising method for creating electrode materials for alkaline 
electrolysis with hydrogen evolution. 

Etched alloy coatings; dealloying; surface morphology; water electrolysis; cathodic 
polarization 

Hydrogen is a valuable chemical product and energy carrier. The main advantages of hydrogen 
as an energy source are its high energy intensity and low environmental impact. Hydrogen is 
produced industrially by methane conversion, coal gasification, alkaline electrolysis of water and 
other methods. The advantage of steam conversion and coal gasification is high productivity, but 
the use of these technologies is associated with a large amount of CO2 emissions into the 
atmosphere. The advantages of electrolysis include relative simplicity, high purity of hydrogen, and 
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availability of raw materials. The important thing is that water electrolysis is a more environmentally 
friendly way to produce hydrogen and does not lead to the accumulation of CO2 in the atmosphere. 

Alkaline electrolysis on the electrodes is accompanied by hydrogen evolution reaction (HER) and 
oxygen evolution reaction (OER), which have a relatively low speed and require a high overpotential. 
To increase the efficiency of electrolysis, it is necessary to use electrodes with high catalytic activity, 
as well as corrosion resistance in alkaline solutions. The most effective electrocatalysts for both HER 
and OER are materials based on platinum group metals. Platinum has the lowest hydrogen evolution 
overvoltage and high corrosion resistance. However, noble metals are inaccessible and expensive, 
which makes their use often impractical. An alternative to platinum group metals in water 
electrolysis can be metals of the iron triad, especially nickel. Nickel and its compounds demonstrate 
high catalytic properties, and in addition, nickel is stable in an alkaline environment. Several major 
reviews have recently been published on the use of nickel and its compounds as electrocatalysts for 
hydrogen evolution reaction [1-3]. However, nickel-based electrodes need to be improved and 
increased in efficiency. The main strategies for improving nickel-based electrode materials are 
surface modification of nickel metal or its alloys; synthesis of nickel oxides, hydroxides, sulfides and 
phosphides using an electrically conductive carbon matrix; use of nickel alloys [4-13]. Currently, 
electrodes are produced by electrodeposition of nickel, but the issue of increasing surface activity 
still remains open [14-18].  

Here, we propose to use dealloying, which has previously proven itself well in the manufacture 
of nanoporous metals from precursor alloys containing aluminum or zinc as an electronegative 
component, to increase the surface area and catalytic activity of nickel-based coatings [19,20]. MeZn 
coatings can be obtained by combining electrochemical deposition of Ni, Co or their alloy CoNi on 
steel substrate and subsequent diffusion galvanizing in zinc powders with a nanostructured particle 
surface to obtain NiZn, CoZn and CoNiZn coatings [21-24]. 

The purpose of the work is to study the alkaline etching of diffusion coatings based on nickel, 
cobalt and zinc and the electrochemical activity of the dealloyed coatings in the hydrogen evolution 
reaction. 

Materials 
The coatings were applied to substrates made of structural alloyed chromium steel. Before 

applying coatings, disc-shaped substrates were ground with sandpaper with a successive decrease 
in grain size from P1000 to P2500 and degreased in a solution (g/l): 10 NaHCO3, 5 NaOH; 0.01 anionic 
surfactant at a temperature of 50±1 °C for 10 minutes. After degreasing, the substrates were washed 
in hot and cold distilled water. Before coating, the substrates were activated in a 10 wt.% H2SO4 
solution for 10-15 seconds at a temperature of 25±1 °C and then washed in distilled water. 

For electrodeposition of NiCo coatings, the following electrolyte was used [25] (g/l): 25 H3BO3, 
35 CoSO4·7H2O; 246 NiSO4·7H2O, (pH 4.4). For electrodeposition of Co coatings, NiSO4·7H2O was 
excluded from the electrolyte, and for electrodeposition of Ni coatings, CoSO4·7H2O was excluded 
from the electrolyte. All coatings were applied at a cathodic current density of 20 mA·cm-2 for 60 
minutes at a temperature of 25±1 °C. Galvanic coatings were subjected to diffusion galvanizing in 
zinc powders with a nanostructured particle surface according to the method described in the works 
[26,27]. Diffusion galvanizing was carried out for 2 hours at a temperature of 450 °C. The thickness 
of the coatings was determined by the difference in mass before and after treatment. 
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Physical research methods 
The chemical composition of the coatings was determined using an energy-dispersive X-ray 

fluorescence spectrometer ARL QUANT’X. The surface morphology of the samples was investigated 
using a scanning electron microscope JEOL JSM-6490 equipped with an energy dispersive 
spectrometer INCA DRY COOL for elemental analysis. 

Determination of etch rate using gravimetry 
The coatings were degreased with isopropyl alcohol and weighed with an accuracy of 0.0001 g. 

Etching was carried out in a solution of sodium hydroxide NaOH (reagent grade) 5 mol/l. The samples 
were periodically removed from the alkali solution, washed with distilled water, dried with filter paper, 
weighed on an analytical balance, and the weight loss was recorded, from which the fraction of the 
etched coating was calculated. The etching was repeated until active dissolution ceased. 

Cathodic polarization curves 
To study the reaction of hydrogen evolution, cathodic polarization curves of the coatings were 

obtained in a solution of NaOH (reagent grade) 0.1 mol/l. A silver/silver chloride electrode (4.2 mol/l 
KCl) was used as a reference electrode, and graphite was used as an auxiliary electrode. The cathodic 
polarization was 1.0 V from the open circuit potential, the potential sweep rate was 0.02 V s-1. 

Physico-chemical characteristics of coatings 
Uniform homogeneous coatings based on Ni, Co and NiCo alloys were obtained by 

electrodeposition (hereinafter, the coatings are indicated by symbols of chemical elements). Table 
1 presents the average thicknesses l and current outputs for the coatings under study. 

Table 1. Characteristics of electrodeposited coatings 

Coating l / μm Сurrent efficiency, % 
Co 11±2 52±13 

CoNi 14±1 70±4 
Ni 15±2 72±6 

 

The thickness of the coatings is in the range of 10 to 15 μm, while the current efficiency during the 
deposition of cobalt coatings decreases by 20 % compared to the deposition of Ni and CoNi coatings. 
This can be explained by differences in the concentrations of nickel and cobalt salts in the original 
electrolyte. The concentration of CoSO4 in the electrolyte is 7 times less than the concentration of 
NiSO4 since, according to literature data, coprecipitation of nickel and cobalt proceeds according to 
an anomalous mechanism [28], that is, a metal with a more negative electrode potential E0(Co2+/Co) = 
-0.277 V is deposited first, despite the presence in the solution of metal with a more positive electrode 
potential E0(Ni2+/Ni) = - 0.250 V [28]. The chemical composition of the CoNi coating, according to the 
results of X-ray fluorescence spectroscopy, is Fe 16 ± 3 at.%; Co 43 ± 3 at.% and Ni 41 ± 4 at.%. The 
presence of iron can be explained by the relatively small thickness of the coatings (15 μm) and the 
influence on the analysis results of the steel substrate. However, it is clear that the Co:Ni ratio in the 
coating is 1:1. Electroplated Co, CoNi and Ni were subjected to diffusion galvanizing. The thickness and 
chemical composition of diffusion zinc coatings are given in Table 2. 

The thickness of the coatings is in the range of 35-40 μm, and the Co:Zn ratio in CoZn coatings 
corresponds to the γ2-phase CoZn13, according to the Co-Zn phase diagram [29]. ForNiZn coatings, the 
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Zn concentration is 5 % lower, and the Ni:Zn ratio indicates the presence of the Ni2Zn11 γ-phase in the 
coatings [30]. The X-ray diffraction patterns of the obtained coatings confirm these conclusions 
(Figure 1). For the CoNiZn coatings with a zinc concentration of 89.0 at. %, the X-ray diffraction pattern 
contains a set of reflections from CoZn13, Ni2Zn11 and Co2Zn11, so the coating is heterophase. 

Table 2. Thickness and chemical composition of diffusion zinc coatings 

Coating l / μm Content, at.% 
Co Ni Zn 

CoZn 40±9 10.0±0.5 ― 89.8±0.2 
CoNiZn 36±4 6.0±1.0 5.0±1.0 89.0±0.3 

NiZn 39±10 ― 15.0±1.0 85.1±0.3 

 
2  / ° 

Figure 1. X-ray diffraction patterns of coatings: CoZn (bottom, blue), NiZn (middle, red) and CoNiZn (top, 
black). The phases identified in the diffraction patterns are indicated. The Co2Zn11 phase is isostructural with 

the Ni2Zn11 phase but with a larger lattice parameter 

Etching of coatings 
CoZn, NiZn and CoNiZn coatings were etched in NaOH solution to obtain a morphologically 

developed and catalytically active surface. Figure 2 shows the dependence of the fraction of etched 
coating on the etching time.  

 
Figure 2. Dependences of the fraction of etched coating on the etching time of CoZn, NiZn and CoNiZn 

coatings in 5 mol/l NaOH solution 
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The fraction of the etched coating was calculated based on the difference in mass before and 
after etching. The calculations only took into account the dissolution of zinc during etching, 
assuming that other metals do not dissolve. 

The dependences can distinguish the initial stage with a relatively low dissolution rate and a slow 
increase in speed, and the main stage at which the dissolution rate increases sharply. The duration 
of the initial stage depends on the chemical nature of the coatings. Thus, the duration of the initial 
stage for NiZn coatings is 10 times shorter than for CoZn coatings. Half of the NiZn coating is etched 
off in 20 minutes, CoNiZn coating in 80 minutes, and CoZn coating in 120-130 minutes. NiZn coatings 
dissolve at a faster rate than other coatings. 

Figure 3 shows SEM images of coatings after etching in 5 mol/l NaOH solution. On the surface of 
all coatings, there are many cracks ranging in width from one to tens of micrometers. CoZn coatings 
have crack widths of more than 10 μm and, under the etched coating layer, another layer is visible, 
also covered with cracks, but of a smaller size. The width of cracks in the CoNiZn coating reaches 
10 μm. NiZn coatings have more cracks with sizes up to 10 μm. On all coatings, cracks intersect and 
divide the surface into sections. Each section, in turn, is also covered with cracks of different sizes. 
On NiZn coatings, irregularly shaped pores can be seen; cracks create a grainy pattern. 

 
Figure 3. SEM images of coatings after etching in 5 mol/l NaOH solution: (a) CoZn, (b) CoNiZn, (c) NiZn 

Table 3 presents the results of determining the chemical composition of the coating surface after 
etching. 

Table 3. Chemical composition of coatings after etching in 5 mol/l NaOH solution 

Coating Content, at.% 
O Fe Co Ni Zn 

CoZn 8.8 0.9 64.4 ― 25.9 
CoNiZn 9.5 0.8 29.1 28.4 32.2 

NiZn 16.9 1.1 ― 53.8 28.2 
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The Zn concentration decreased from 25 to 32 at.%, but a complete zinc etching did not occur. The 
concentrations of cobalt and nickel increased significantly compared to unetched coatings (4 times for 
NiZn and 6.5 times for CoZn, respectively). The concentrations of Ni and Co in the CoNiZn coating also 
increased, and the Ni:Co ratio of 1:1 was maintained. A small amount of iron in the analysis results 
may be due to the influence of the steel substrate on the analysis result, especially if there are deep 
cracks in the coatings. Some oxygen appears on the surface due to oxidation during etching. 

Thus, the etching of coatings is accompanied by the preferential dissolution of zinc from the 
intermetallic phases NiZn and CoZn. It is known that with the dealloying in surface layers, the 
concentration of electropositive metal increases, and, in addition, the morphological development 
of the surface occurs due to the formation of cracks and pores. The first section in the kinetic etching 
curves of coatings is apparently associated with selective dissolution and the appearance of cracks. 
The accumulation of an electropositive element and the morphological development of the surface 
leads to the appearance of galvanic coupling, both between areas of the coating with different 
concentrations of Ni or Co, and between the coating and the substrate. Deep cracks can act as 
channels through which a corrosive environment reaches the substrate. In this way, a three-
dimensional coating dissolution front is formed. Galvanic coupling enhances the corrosion of the 
coating and increases the rate of dissolution, which is characterized by the appearance of a second 
section on the kinetic curves. The result is a developed, active surface with a relatively high 
concentration of active nickel or cobalt, which can accelerate the hydrogen evolution reaction. 

Cathodic polarization curves 
Figures 4 to 6 show the cathodic polarization curves of the materials under investigation. The 

cathodic curves of galvanic coatings of Co, NiCo and Ni, which were subjected to diffusion zinc 
plating followed by etching (indicated on the graphs by the etching fraction in %), were compared 
with the cathodic curves of galvanic coatings that were not subjected to treatment (indicated on the 
graphs by the symbols of the corresponding chemical elements). It can be seen that with increasing 
etching fraction, the cathodic current density increases, which apparently indicates an increase in 
the intensity of hydrogen evolution. Compared to coatings that were not treated, an increase in 
cathodic current occurs only with an etching fraction above 10 %. For CoZn coatings, an increase in 
etching up to 90 % leads to a 2-fold increase in cathodic current compared to an untreated Co 
coating. For CoNiZn coatings, the current increases by 1.6 times, and for NiZn coatings by 3 times. 
Thus, the maximum cathodic current is observed in NiZn coatings after etching. 

 
Figure 4. Cathodic polarization curves of CoZn after etching in 5 mol/l NaOH solution  
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Figure 5. Cathodic polarization curves of CoNiZn after etching in 5 mol/l NaOH solution  

 
Figure 6. Cathodic polarization curves of NiZn after etching in 5 mol/l NaOH solution  

As a result of diffusion galvanizing of Co, CoNi and Ni galvanic coatings, CoZn, CoNiZn and NiZn 
coatings with a zinc concentration of 85.0 to 89.5 % were obtained. When etching in an alkaline 
solution, the morphological development of the coating surface occurs, accompanied by an increase 
in the corrosion rate, apparently due to the formation of galvanic coupling between the coating 
areas and the substrate. Treatment of coatings leads to an increase in the cathodic current of the 
hydrogen evolution reaction by 1.5 to 3 times. The cathodic current increases as the etching fraction 
increases. NiZn coatings have the maximum cathodic current. The combination of alloying galvanic 
coatings with zinc and alkaline etching makes it possible to obtain materials that are promising for 
use in the alkaline electrolysis of water. 
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