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1. Introduction

Ni(OH)2 is used in batteries [1, 2] and asymmetric 
supercapacitors [3, 4] as an active material for positive elec-

trodes. This compound is also used in other fields: oxidation 
of organic compounds [5], sensors [6], electrochromic films 
[7, 8], fuel-cell electrode [9]. Interestingly, the mentioned 
applications are not the only ones, and lately the nickel oxide 
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Запропоновано методику визначення пара-
метрів виділення кисню на оксіднонікеловому 
електроді. Пропонована методика застосована 
для вивчення процесу виділення кисню на зраз-
ках гідроксиду нікелю, отриманих різними спо-
собами і для різних фракцій. Визначено ефек-
тивні константи рівняння Тафеля. Показано, 
що параметри виділення кисню залежать від 
методу отримання гідроксиду нікелю (ІІ) та 
його фракційного складу
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тры выделения кислорода зависят от метода 
получения гидроксида никеля (ІІ) и его фракци-
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films [10, 11] are viewed as components for dye-sensitized 
solar cells. The NiO for these cells is prepared via decomposi-
tion of nickel hydroxide, which is precipitated using various 
methods. 

Because the number of directions, in which nickel ox-
ide-hydroxide materials are used, is growing continuously, 
the relevance of studying the properties of this material 
remains high. The latter is supported not by a number of ap-
plied papers in various fields of nickel hydroxide applications 
[12, 13] but by theoretical papers as well [14, 15]. Theoretical 
papers regarding Ni(OH)2 summarize the newest informa-
tion about the material and recent progress on application 
and preparation [16, 17].

It is known that during charge (oxidation) of nickel 
hydroxide, a solid-state reaction (1) occurs at the electrode, 
and during discharge (reduction) the reaction (1) occurs in 
the reverse direction:

Ni(OH)2→NiOOH+H++ē. 	 (1)

Along with oxidation, a side process of oxygen evolution 
occurs according to reaction (2):

4ОH-→2H2O+O2+2ē. 	 (2)

This reaction plays a significant role in the effectiveness 
and charge (oxidation) rate of hydroxide. Reaction (2) is 
thermodynamically favored over reaction (1), so nickel 
oxidation and oxygen evolution occur simultaneously. Con-
sidering that hydroxide charging and oxygen evolution are 
competing processes, the parameters of nickel hydroxide 
would determine the effectiveness of the oxidation process. 
Therefore, the determination of the relation between oxygen 
evolution characteristics and type of used hydroxide is an 
important element for understanding and improving the ef-
fectiveness of processes that occur at nickel oxide electrodes.

2. Literature review and problem statement

As previously mentioned, the oxygen evolution during 
anodic polarization of the nickel oxide electrode is an undesir-
able process that lowers the effectiveness and increases charge 
duration of the chemical power source [18]. Another negative 
aspect of oxygen evolution is loss of electrical contact between 
active material and the current collector, because of intensive 
oxygen evolution, which leads to irreversible loss of electrode 
capacity [19]. Additionally, the decomposition of electrolyte 
and possible pressure buildup in sealed power sources can 
also be considered negative factors. These issues are solved by 
incorporation of valves into the frame of the power source or 
by employing specially designed counter-electrode, at which 
oxygen is reduced to water.

Oxygen evolution at the nickel oxide electrode is a 
complex reaction that consists of several stages. During 
these stages, various ions and particles are involved and 
formed: ОН-, adsorbed ОН and О- [20]. It is also stated 
that two mechanisms of O2 evolution exist, and the bend on 
Tafel curves corresponds to the change of oxygen evolution 
mechanism.

The paper [21] demonstrates that at high charge rates, 
the O2 evolution is determined by the Ni3+/Ni2+ ratio. It has 
also been shown that introduction of Li+ changes the oxygen 
evolution mechanism on nickel oxide electrodes.

It is also interesting to note that the presence of dis-
solved oxygen in the electrolyte can add to the discharge 
capacity due to the reduction of O2 to water [22].

In order to increase the polarization of oxygen evolu-
tion at the nickel oxide electrode, a number of researchers 
propose different approaches. In [23], it is proposed to coat 
nickel hydroxide with a layer of metallic cobalt in order to 
increase the polarization of oxygen evolution. It is stated 
that the use of such material leads to an increase of oxygen 
evolution polarization.

Other researchers [24] proposed a different approach, 
which lies in limiting the charge potential. It’s been estab-
lished that charging potential should be limited to 0.55 V 
(vs. Hg/HgO). Exceeding this limit leads to degradation in 
the electrode’s capacity because of a large amount of evolved 
oxygen. 

It should also be noted that there are numerous papers in 
which nickel oxide electrode is viewed for water decomposi-
tion [25, 26]. Thus, in the paper [27], it is stated that during 
oxygen evolution, the ageing of active material occurs, which 
leads to an increase of polarization of O2 evolution. In addi-
tion, a special regime is proposed, in order to avoid electrode 
ageing. This regime allows maintaining low oxygen evolu-
tion overpotential resulting in lower water decomposition 
voltage. 

In the paper [28], it is proposed to use mixed iron-nickel 
oxide (hydroxide), which allows conducting water decom-
position at a lower voltage due to the lower polarization of 
oxygen evolution at such anode.

The conducted analysis allows stating that the problem 
of determining and comparing the oxygen evolution param-
eters for different applications is important and necessary. 
Such evaluation would allow determining the suitability of a 
synthesis method for specific applications.

3. The aim and objectives of the study

The aim of the work is to compare the parameters of 
oxygen evolution at nickel hydroxide powders that were 
synthesized using different methods and have different 
grain size. This would allow determining the influence 
of synthesis method on the oxygen evolution process, 
enabling to optimize synthesis methods for different ap-
plications. 

To achieve the set aim, the following objectives were 
formulated:

– to choose the method conditions for determining the 
parameters of O2 evolution;

– to study the morphology, composition and structure of 
two hydroxide types that were synthesized using different 
methods and have different grain size;

– to compare O2 evolution parameters for different 
powders.

4. Materials and methods used in the study

Two types of nickel hydroxide powders were used. The 
first sample is commercially-available chemically precipi-
tated nickel hydroxide powder of the Czech manufacturer 
“Bochemie” (denoted as Bochemie). The second sample was 
prepared using a slit-diaphragm electrolyzer (SDE) at a cur-
rent density of 12 A/dm2 (denoted as Ech12).
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For SDE synthesis, NiSO4 and NaOH were used as 
catholyte and anolyte. The synthesis procedure was carried 
out according to the literature [1, 29]. 

For the commercial sample, the powders with the grain 
size of 0–40 and 0–70 µm were used. The grain size of the 
electrochemical sample was 0–70 µm. The material’s grain 
size was used in order to evaluate the influence of specific 
surface area on effective constants of the Tafel equation.

In order to determine the polarization of oxygen evolu-
tion, a potentiostatic method was proposed. It was assumed 
that upon setting a specific potential value in the region 
of nickel oxide charge, a rapid current increase would be 
observed at the initial time period t* (Fig. 1). Then, the 
current would decrease to a certain value I∞ after some time. 
The latter is related to the current redistribution into two 
processes: electrode charging to a certain amount of charge 
(that corresponds to this potential) and oxygen evolution. 
Theoretically, after the potential had been set, the current 
would be constant over an infinite period of time. However, 
it had been assumed that it is possible to experimentally find 
the moment at which the current value would be practically 
constant. That current value can be considered the current 
corresponding to oxygen evolution.

The Nernst equation was used to calculate oxygen evo-
lution potential.

Before the experiment, the electrode was cycled at the 
following conditions: 0.2–0.7 V (NHE), 1 mV/s, 5 cycles. All 
experiments were conducted in the YSE-2 electrochemical 
cell (Fig.2) with 6M KOH as an electrolyte. The working 
electrode was made of nickel foil welded onto a 71 µm nickel 
mesh, on which the active mass was pasted. The active mass 
composition is listed in Table 1. Nickel mesh was used as 
counter-electrode. Ag/AgCl( KCl sat.) was used as reference 
electrode.

Table 1

Active mass composition for electrodes in experiments

No. Component % wt.

1 Ni(OH)2 74

2 Graphite (GAK-3) 16

3 PTFE (F-4D) 10

For uniform distribution of current density, the working 
electrode was placed into a dielectric cassette. The electrode 
area was 3.6 cm2.

Fig. 1. Dependency of current (I) versus time (t) at the set 
potential in the charging region of nickel oxide electrode 

After cycling, the potential steps of 0.60, 0.62, 0.64, 0.66, 
and 0.68 V (NHE) were used in all experiments. Two elec-
trodes were made for each powder type. After initial cycling, 

both electrodes were kept at different potentials and changes 
in current with time were recorded. One electrode was cy-
cled from more negative to more positive potentials (forward 
scan) and the other was cycled backwards (backward scan). 
This was done in order to determine the difference between 
results acquired at decreasing and increasing potential.

Fig. 2. Cell used for potentiostatic cycling and determining 
oxygen evolution parameters: 1 – working electrode;  
2 – counter-electrode; 3 – electrolyte; 4 – reference 

electrode

Sample morphology was determined by means of Scan-
ning Electron Microscopy (SEM). SEM images were record-
ed on JEOL JSM-6510 LV (Japan).

Sample composition was evaluated by means of Energy 
Dispersive X-ray analysis (EDX), using JEOL JEM-2100 
(Japan).

IR spectra were recorded on Bruker Tensor 27 (USA).
In order to determine the structure of prepared ma-

terials, the XRD patterns of powders were recorded us-
ing DRON-3 diffractometer (Russian Federation), Co-Kα 
monochromatic radiation.

5. Morphology, structure and composition analysis of 
Ni(OH)2 samples used in the experiment

In order to understand the difference between the 
physico-chemical properties of the powders chosen for the 
experiment, analyses that allow determining the morphol-
ogy, crystal structure and composition of the samples were 
conducted.

The results of SEM have revealed a significant difference 
in the morphology of the powders. The sample Bochemie 
demonstrates a shard-like morphology, no distinct struc-
tures can be outlined – Fig. 3, a, b. For the electrochemically 
synthesized sample, a mixed morphology had been discov-
ered. The sample consists of two particle types: shard-like 
forms and plates with unordered orientation – Fig. 3, c, d.

The XRD patterns (Fig. 4) have confirmed significant 
structural differences of both samples. In comparison to the 
electrochemically prepared samples (Ech12), the sample 
Bochemie shows a high degree of structural order, which is 
indicated by high and well-defined peaks. It should also be 
noted that the sample Bochemie corresponds to the β-form, 
because the first peak is situated at about 23°.

The sample Ech12 demonstrates a low degree of order 
and low crystallinity, which is indicated by the absence of 
defined peaks on the XRD pattern. It should also be noted 
that the first peak of the α-form is situated at 12–13°. Be-
cause the XRD pattern shows some signal increase in the 
region from 10 to 24°, it was concluded that the sample is 
composed of layers of α and β-forms.
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where i60 – the current density after an hour has passed after 
setting the potential value; 15

ni  and 15
pi  – current densities 

after each quarter of an hour after an hour of the experiment 
had passed (n – next p – previous).

Fig. 7. Cyclic voltamperogram of the sample Bochemie  
(grain size 0–40 µm)

Fig. 8. Cyclic voltamperogram of the sample Ech12  
(grain size 0–40 µm)

Fig. 9. Bode diagram

Thus, if the current density decrease was less or equal 
to 5 % of the current density recorded after the initial hour, 
the experiment was stopped, and the established value was 
considered to be the current density of oxygen evolution. In 
these cases, the condition was not taken into account, and 
the current density at which bend occurs was taken as the 
current density of oxygen evolution.

It should be noted that for all calculations, the working 
area of the electrode was used, and not the actual surface of 
the powders. Additionally, the electrodes were composed of 
a mixture of nickel hydroxide, graphite and PTFE emulsion, 
which only allows finding some effective values that can only 
be compared to each other.

It should also be noted that the graphs plotted in the 
coordinates polarization – current density logarithm were al-
most straight lines when converted to Tafel coordinates. This 
proves the validity of the chosen experiment methodology.

The obtained data were used to calculate effective 
constants for the Tafel equation, which are presented in 
Fig. 10, 11.

It can be seen that during forward and backward scans, 
the effective constants аeff and beff do not differ significantly, 

which also indicates the correctness of the chosen approach. 
It can also be said that the method and the grain size do 
affect the resulting values of effective constants. Obviously, 
the slope and the positions of both curves would differ sig-
nificantly with the charge current density. Therefore, it was 
decided to plot the graphs in Tafel coordinates using aver-
aged values of аeff and beff for forward and backward scans. 
The results are presented in Fig 12.

Fig. 10. аeff histograms for different nickel hydroxides and 
different grain sizes

Fig. 11. beff histograms for different nickel hydroxides and 
different grain sizes

Fig. 12. Graphs plotted using averaged effective constants 
аeff and beff for different samples

This result is interesting because this graph allows de-
termining the changes in polarization of oxygen evolution at 
different charge current densities. At low current densities 
of 0.001 A/cm2 (lg(i)=–3), the polarization is lower for 
both grain sizes of industrial hydroxide. When the current 
density was increased to 0.01 A/cm2 (lg(i)=–2), the polar-
izations of the powders Bochemie (0–70 µm grain size) and 
Ech12 (0–70 µm grain size) are matched, while the powder 
Bochemie (0–40 µm grain size) has a higher polarization. 
At the current density of about 0.025 A/cm2 (lg(i)=–1.6), 
the polarizations of oxygen evolution for the samples Bo-
chemie (0–40 µm grain size) and Ech12 (0–70 µm grain 
size) are matched, while decreasing for the sample Bochemie  
(0–70 µm grain size). At current densities higher than 
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0.025 A/cm2, the highest polarization of oxygen evolution is 
observed for the sample Ech12, followed by the samples Bo-
chemie (0–40 µm grain size), and Bochemie (0–70 µm grain 
size). The preliminary conclusion is that at low current den-
sities, the oxygen evolution is higher for industrial samples, 
while at high – for the electrochemically prepared sample.

6. Discussion of the results of study on polarization of 
oxygen evolution on nickel hydroxides 

When determining the physico-chemical characteristics 
of nickel hydroxide powders, it had been demonstrated that 
electrochemically prepared nickel hydroxide (Ech12) and 
industrial Bochemie differ significantly in morphology, com-
position and structure.

It had been shown that the surface of the sample Ech12 
contains shard-like and plate-like particles, while that of 
industrial samples is only composed of shard-like particles. 
The samples structure was also significantly different. The 
industrial Ni(OH)2 had a high degree of crystallinity and 
contained the β phase. The electrochemical samples had low 
crystallinity and a large number of defects and contained 
α and β phases. Two different analyses have revealed the 
presence of large amounts of bound water, carbonate and 
sulfate ions in electrochemically prepared Ni(OH)2. Thus, 
the polarizations of oxygen evolution on two types of nickel 
hydroxides that have significantly different physico-chemi-
cal characteristics have been studied.

Preliminary experiments have resulted in a methodol-
ogy that allowed obtaining effective constants of the Tafel 
equation for the selected powders. The obtained polariza-
tion-current density logarithm graphs were almost perfectly 
straight for all the samples. It also had been revealed that the 
values acquired from forward and backward scans don’t have 
a significant impact on the obtained constants, and the dif-
ference between the two was no more than 10 % in relation 
to the lowest value. Therefore, the authors have concluded 
that the methodology can be used to evaluate the oxygen 
evolution process.

The oxygen evolution parameters (аeff and beff) for all 
nickel hydroxide samples relative to oxygen evolution pa-
rameters have revealed that the O2 evolution process during 
the charge process depends on the type of Ni(OH)2, which is 
determined by synthesis method and conditions, and on the 
grain size, which determines the specific surface area.

It should be said that industrial nickel hydroxide pow-
ders with different grains sizes have demonstrated high 
polarization at low current densities. Higher current density 
led to a greater increase of polarization for the sample with 
smaller grain size (0–40 µm) than for the sample with larger 

grain size (0–70 µm). At high current densities, the polar-
ization was higher for the electrochemically prepared nickel 
hydroxide sample. Nevertheless, the presence and intensity 
of oxygen evolution are not the only factors that affect the 
charging process. The process is also affected by the position 
of the charge peak and parameters of the hydroxide – proton 
diffusion coefficient, specific surface area, which depend on 
structure and composition. Therefore, the further study on 
the efficiency of the charging process should be combined 
with an investigation of the oxygen evolution process and 
charge-discharge characteristics.

7. Conclusions

1. A method for determining the polarization of oxygen 
evolution at nickel oxide electrodes has been developed 
and its parameters have been established. The presented 
methodology has a good reproducibility and can be used for 
evaluative comparison of O2 evolution at different types of 
Ni(OH)2.

2. It was demonstrated that the samples used in exper-
iments have different morphology, structure and compo-
sition. The industrial β-Ni(OH)2 sample has a shard-like 
structure, high degree of crystallinity and doesn’t contain 
intercalation anions. The electrochemically prepared sample 
has a low degree of crystallinity and has a structure that 
is composed of α and β-forms that contain carbonate and 
sulfate ions.

3. Oxygen evolution parameters for the hydroxides that 
were synthesized using different methods and had different 
grain size have been determined. It had been demonstrated 
that in addition to morphology, the structure and grain 
size of the powder significantly affect the oxygen evolution 
parameters. For the sample that was electrochemically 
prepared, the averaged values of аeff and beff are 0.451, and 
0.089, respectively. In turn, the average values of аeff and beff 
for industrial samples are 0.383, 0.055 (0–70 µm) and 0.414, 
0.067(0–40 µm), respectively.
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