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1. Introduction

In the modern world, the accumulator systems have be-
come an integral part of technology. Accumulators are the 
only small and autonomous devices that can provide elec-
trical current independently of external conditions. Owing 
to this, a large number of experimental scientific papers are 
devoted to the study of aspects and issues related to opera-
tion and increase of specific characteristics of accumulators.

Despite the appearance of conceptually new systems 
that can be used for storage of electrical energy, the work on 
improving traditional, or so-called “classic” systems is still 
ongoing.

One of the “classic” accumulator systems are alkaline 
accumulators with positive nickel oxide electrode [1]. They 
include Ni–Cd, Ni–MH, Ni–Zn, Ni–Fe systems, and also 
Ni–H2 [2]. All listed types of chemical power sources find a 
wide range of applications, owing to high specific character-
istics, long cycle life, wide range of operating temperatures. 
Electronics, driving accumulators, power sources for space- 
crafts – is a far from complete list of applications for these 
systems. The main element used in these accumulators 
is nickel oxide electrode or nickel electrode. The core of 
this electrode is nickel hydroxide, the properties of which 
determine specific characteristics of the whole device. It 
should also be noted that nickel oxide electrode is also used 
in supercapacitors [3, 4]. Nickel hydroxide can be deposited 
onto a transparent electrode as a thin, transparent film with 

controllable optical properties. [5, 6]. Such electrodes can 
be used in so-called “smart windows” and “smart mirrors”. 

The application of nickel hydroxide is not limited to 
chemical power sources. Nickel-based layered double hy-
droxides, precipitated in the presence of water-soluble or-
ganic dyes, form pigments that are stable under UV-radia-
tion and can be used in paints and lacquers [7]. Electrodes 
containing nickel hydroxide, nickel oxide, nickel-based lay-
ered double hydroxides (oxides) are used as efficient water 
decomposition catalysts [8]. Also, nickel oxide is widely 
used for the preparation of new organic compounds [9] and 
removal of some organic compounds from wastewater [10]. 
One of the possible applications of nickel oxide electrode as 
an electrode for methanol fuel cells [11]. Nickel oxide films 
found their application in photosensitized solar cells [12], 
nickel hydroxide films – for corrosion protection of some 
materials [13].

Based on a wide range of application for nickel hydroxide 
and oxide compounds, the study of their properties is a rele-
vant problem. Solving this problem would enable to improve 
specific characteristics of devices that use these compounds.

2. Literature review and problem statement

Operation of alkaline accumulator depends on character-
istics of nickel hydroxide, which is the active material of nickel 
oxide electrode. Changes in electrode properties are directly 
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related to structural changes in nickel hydroxide. For nickel 
hydroxide there are two known polymorphs: α-Ni(OH)2 
and β-Ni(OH)2. Some authors also outline an intermediate  
form – βbc-Ni(OH)2 [14, 4], bc – stands for badly crystalline. 
All crystal forms of nickel hydroxide and oxyhydroxide have 
a hexagonal crystal lattice. The difference of α-Ni(OH)2 from 
β-Ni(OH)2 is the presence of water molecules and acid an-
ions in the interlayer space, and also the difference between 
crystal lattice parameters, namely с: а=3.08 Å, с=8 Å and  
а=3.126 Å, с=4.605 Å respectively [15]. Transition from one 
form to another results in changes of crystal lattice param-
eters. The most significant change occurs during transition 
between charged forms γ-NiOOH and β-NiOOH (а=2.82 Å,  
с=20.65 Å and а=2.81 Å, с=4.84 Å, respectively). These chang-
es can be summarized in a diagram presented in Fig. 1 [16, 17].

Fig. 1. Changes of active material during operation in the 
accumulator, according to Bode 

Transformation in the base is also called “aging” process 
[18]. In [19], the aging process is described by consecutive 
transition α→βbc-Ni(OH)2→β-Ni(OH)2. However, the au-
thors of [20, 21], using Raman spectroscopy, have estab-
lished that all 4 phases depicted in Fig.1 have a common 
open-packed structure of oxygen atom packing – ABBCCA. 
Thus, it is stated that during cycling within these 4 struc-
tures there are no significant structural changes. In addi-
tion, it was also discovered that during “aging”, the close-
packed ABAB oxygen atom packing is formed. The latter is 
unstable during regular cycling conditions [16]. 

Other authors have shown that under regular cycling 
conditions, the transition occurs between ABAB and ACBA 
(I) structures, and in case of overcharge and aging — be-
tween ACBA and ABBCCA (II) – Fig. 2 [22]. 

Fig. 2. Structures ABAB, ABCA and ABBCCA. Pink color 
represents oxygen atoms

In general, two neighboring structures ABAB and ABB-
CCA differ as shown in Fig. 3. Structures ABAB and ABB-
CCA are characterized by Т1 and Р3 oxygen atom packing 
[23], Fig. 3.

Fig. 3. Structure T1 (ABAB) on the left and P3 (ABBCCA) on 
the right. Pink color represents oxygen atoms,  

and grey — hydrogen atoms

Here T1 – oxygen packing, in which hydrogen atom is 
dislocated from the center, and P3  oxygen packing, in which 
hydrogen-oxygen bonds lie on the edges of trigonal prisms.

In general, the aging process is not studied in detail 
and there are several opinions regarding its mechanism. 
According to the literature [24], the aging is viewed as an 
Ostwald’s ripening process, which consists in dissolution, 
formation and growth of the crystal. The transformation 
of α-phase into β-beta phase occurs through a solution. In 
paper [25], the mechanism of aging in the basic medium 
is presented as the transition of α-Ni(OH)2/γ-NiOOH→ 
β-Ni(OH)2/β-NiOOH through badly crystalline βbc-Ni(OH)2, 
which then transforms into well-crystalline β-Ni(OH)2. In 
general, this transition can be represented as α-Ni(OH)2→ 
βbc-Ni(OH)2→β-Ni(OH)2, where phases closer to right show 
less electrochemical activity.

This causes ambiguity of the presented data. Addition-
ally, no data were found regarding the aging rate or the 
influence of activating additives to nickel oxide electrode 
[26, 27]. Thus, determination of aging process parameters 
could reveal necessary information for the creation of active 
materials of suppression of the aging process. 

According to paper [28], the aging process is determined 
by the medium in which it occurs, changes the structural-ki-
netic parameter DS2 and structure of Ni(OH)2. This param-
eter affects specific characteristics of the electrode, in which 
D is the proton diffusion coefficient, and S – specific surface 
area of nickel hydroxide. However, the influence of process 
duration and presence of activator – cobalt hydroxide, has 
not been studied in detail. 

3. The aim and objectives of the study

The aim of the study was to determine the parameters of 
the aging process, including determination of the rate of the 
aging process and influence of the aging process on charac-
teristics of nickel oxide electrode.

In order to achieve the set aim, the following objectives 
were formulated:

– to determine the influence of the aging process on 
changes in the structure of Ni(OH)2, without activation and 
cobalt-activated, in time, in the solution of KOH;

– to determine the influence of the aging process on elec-
trochemical activity of nickel hydroxide with and without 
the cobalt surface activator.

4. Materials and method used in the study

Materials used in the study of aging process.
For all experiments, nickel hydroxide synthesized in a 

slit diaphragm electrolyzer [29] ic=15.7 A/dm2 was used. 
NaOH with a concentration of 24 g/L was used in the an-
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odic chamber, and nickel sulfate 
solution with a Ni2+ concentration 
of 12.3 g/L was used in the ca-
thodic chamber. The synthesized 
Ni(OH)2 was immediately filtered 
from the solution. 

As a result, two batches of 
Ni(OH)2, 30 g each, were pre-
pared, which were subjected to 
the following treatment.

Treatment of Ni(OH)2 batch 
without the activator.

1. Drying in an oven at 110 °C, 
1 day;

2. Grinding in a mortar;
3. Sifting through a mesh (cell size 71 μm);
4. Aging of nickel hydroxide powder in distilled water 

for 1 day, followed by filtration and washing (this step was 
necessary to remove soluble salts);

5. Drying at 110 °C, 1 day.
The powder was then sealed in an air-tight bag. This pow-

der was not subjected to aging and was labeled as NH-0. The 
rest of hydroxide was split into parts, placed in 50 ml flasks 
with 4.5 М КОН solution, and aged for a different time.

Treatment of Ni(OH)2 batch with cobalt additive.
For the sample with the activator additive, the stages 1-5 

were similar to those described in “Treatment of Ni(OH)2 
batch without the activator”.

Part of the powder was immediately separated and 
labeled as NH-BG. This sample was necessary for compar-
ing the influence of treatment differences of Νi(ОН)2 and 
Νi(ОН)2 with the addition of Co(OH)2.

Next, the CoSO4 solution with a concentration of  
256 g/L, assuming the ratio of Со/Νi 5 % (wt.) was added  
to the rest of the powder, and the obtained mixture was  
dried at 110 °C. In order to ensure that treatment of Ni(OH)2

 

with the activator did not differ from that of the NH-BG 
sample, distilled water was added instead of CoSO4, and 
dried at 110 °C.

In order to obtain Co(OH)2 on the surface of nickel 
hydroxide, the powder with cobalt salt was passed through 
4.5М KОН and the thoroughly washed with water. After all 
operations, the powder was dried at 110 °C. 

Part of Ni(OH)2 powder with Co(OH)2 that was not 
subjected to aging, was packed into the airtight bag and 
labeled as NHC-0.

The rest of Νi(ОН)2 powder with Co(OH)2 was split into 
parts, which were placed in 50 ml flasks with 4.5М KОН 
and aged for a different time.

After aging in alkali, the powders were washed with dis-
tilled water until pH=7 and dried at 110 °C.

Sample labels and aging conditions are summarized in 
Table 1.

Structural analysis of the samples. 
The structure of all prepared samples was evaluated by 

means of X-ray diffraction analysis. The XRD patterns were 
recorded using the DRON-3 diffractometer (Russia) (Co-
Kα radiation).

Analysis of electrochemical activity of nickel hydroxide 
powders.

In order to evaluate the electrochemical activity, the 
samples were subjected to galvanostatic charge-discharge 
cycling, from the results of which the active mass utilization 
coefficient was calculated.

Charge-discharge cycling was conducted using the cell 
shown in Fig. 4.

Fig. 4. Design of experimental cell: 1 – nickel foam  
counter-electrode; 2 – first Plexiglas half-element;  

3 – polyethylene gasket; 4 – Nylon 6 separator; 5 – second 
Plexiglas half-element; 6 – working electrode – nickel foil 

with nickel mesh welded onto it; 7 – rubber gasket;  
8 – hole for the introduction of capillary

The nickel hydroxide samples were mixed with graph-
ite and PTFE to prepare active mass, which was pasted 
onto the working electrode, in order to conduct electro-
chemical studies. The active mass composition is listed 
in Table 2.

Table 2

Composition of active mass

Name Type ω (wt.), parts.

Nickel hydroxide – 0.81

Graphite GAK-3 0.16

PTFE F-4D suspension 0.03 (dry matter)

TOTAL – 1

Cadmium electrode with higher capacity was used as 
a counter-electrode, Ag/AgCl (KCl sat.) was used as a ref-
erence electrode. The cell and the reference electrode were 
connected via Luggin capillary, filled with 4.5 M KOH.

The theoretic capacity of the working electrode was 
calculated from the mass of nickel hydroxide on the pasted 
electrode, with the electrochemical equivalent calculated 
with the assumption of single electron transfer:

( )

( )

2

2

e Ni OH

t
Ni OH

m
Q

K

∆ ⋅w
= ,  (1)

Table 1

Aging conditions and sample labels

Label NH-0 NH-1 NH-2 NH-3 NH-4 NH-5 – –

Composition NH* NH NH NH NH NH – –

Aging time, 
days

0 7 14 28 42 56 – –

Label NH-BG NHC-0 NHC-1 NHC-2 NHC-3 NHC-4 NHC-5 NHC-6

Composition NH NH, A* NH, A NH, A NH, A NH, A NH, A NH, А 

Aging time, 
days

0 0 7 14 30 35 42 56

Notes: *– NH – nickel hydroxide, Ni(OH)2; A – activator, Co(OH)2
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where tQ  – theoretic capacity of the electrode, А·h; ( ) 2Ni OHK –  
electrochemical equivalent, 3.46 А·h/g; ( ) 2Ni OHw – content of 
the active material, 0.81; em∆  – weight of active mass on the 
electrode, g.

Charge current was calculated based on charge time and 
overcharge coefficient (which accounts for side reaction of 
O2 evolution on charge):

t
c

c

Q
I k

T
= ⋅ , (2)

where cI  – charge current, А; k – overcharge coefficient, 1.5; 

cT – charge time, 18 hours.
The discharge current was calculated based on the five-

hour regime:

,t
d

d

Q
I

Т
=   (3)

where dI  – discharge current, А; dТ – discharge time,  
5 hours.

The discharge characteristics were recorded onto a 
computer using a high ohm (20 MOhm) multimeter UNI-T  
UT-70B (China). The discharge characteristic was repre-
sented as a dependency of potential on utilization coefficient 
(Ku). For this, the X-axis was obtained by dividing time by 
theoretic discharge time, which was 5 hours.

5. Structural analysis of nickel hydroxide powders with 
and without the activator, which were aged for a different 

time

The XRD patterns recorded for all samples are presented 
in Fig. 5.

a                                            b 

Fig. 5. XRD pattern of nickel hydroxide samples: а – without 
the activator; b – with the activator

As can be seen, the effect of the aging process is rather 
significant. Samples that were not subjected to aging al-
most do not show the first peak for (001) (4.6 Å), Fig. 5, а. 
The same is observed for planes (102) (1.75 Å) and (111)  
(1.49 Å). This shows that ordering takes planes along the X 
and Z axes. It can be said that the number of defects decreases, 
as the intensity of all peaks increases with prolonged aging, 
and the background level decreases. The background here 
is the signal intensity between characteristic reflexes of the 
planes, which characterizes the number of defects and de-
fective zones of crystals. It is interesting that the presence of 
activator does not affect the aging rate, as samples with the ac-
tivator – Fig. 5, b show the same major changes during aging. 

It should be noted that with prolonged aging time, the 
intensity of the peaks for (100) (2.7 Å) and (101) (2.3 Å) 
planes increase first, but then start to decrease. This is par-
ticularly characteristic for the peak (100) (2.7 Å).

For the most pronounced peaks (100) (2.7 Å) and (101) 
(2.3 Å), the block sizes were calculated, which are the aver-
age sizes of crystals with the correct crystal lattice in poly-
crystals of nickel hydroxides depending on aging time and 
are presented in Fig. 6.

a  

b
 

Fig. 6. Block sizes of (100) (2.7 Å) and (101) (2.3 Å) planes 
depending on aging time: а – without the activator;  

b – with the activator

Analysis of the results presented in Fig. 6 allows to draw 
a conclusion regarding aging rate and change in block size. 
The first conclusion – the block size is almost unaffected by 
the aging of nickel hydroxide powder. In case of all measure-
ments, the corridors of size changes are shown, which are 
rather narrow Fig. 6 a, b. It should be noted that one value 
for the powder with the activator ((100) plane) was not taken 
into account, as it’s a clear measurement error. Thus, the av-
erage values for nickel hydroxide powder are: 345 Å+/– 18 % 
(100) plane, 151 Å+/– 11 % (101) plane. For powder with the 
activator: 258 Å+/– 6 % (100) plane, 127 Å+/– 8 % (101) 
plane. As can be seen, the margin is rather small, which indi-
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cated that the main aging mechanism is ordering of defective 
zones and re-crystallization. From the presented graphs, it 
can also be seen that the second major mechanism is order-
ing along (001) plane (4.6 Å).

5. 1 Experimental results of electrochemical charac-
terization of nickel hydroxide samples

Fig. 7 shows discharge curves for samples that were not 
subjected to aging and samples that were subjected to aging 
for the longest time. By analyzing the curves recorded for 
powders with and without the activator, it can be said that 
the average potential for discharge plateau is about 0.44–
0.45 V for hydroxide without additives For fresh hydroxide 
with the activator, the average discharge potential is about 
0.45 V, while for the sample that was aged for the longest 
time, the discharge potential is 0.36–0.38 V.

a  

b 

Fig. 7. Discharge curves for pure nickel hydroxide (а) and 
nickel hydroxide with the activator (b):  

a – aging time – 0 days; b – aging time – 56 days

Fig. 8. Change of Ku with aging duration for pure nickel 
hydroxide (NH), for nickel hydroxide activated with cobalt 

(NHC) and approximated dependencies (solid lines) and 
approximation equations with determination coefficient R2

Almost in all cases, the discharge time decreased with 
prolonged time of aging in alkali.

Fig. 8 shows the dependency of the active material 
utilization coefficient on aging time, for nickel hydrox-
ide with and without the activator. Solid lines show 
approximated dependencies, where R2 – determination 
coefficient. In both cases, the determination coefficient 
is higher than 90 % (more than 0.9), so, the presented 
equations provide a good description of dependency of Ku 
on aging time. As can be seen from approximated depen-
dencies, Fig. 8, there is a sharp drop of the Ku value first, 
which then stabilizes somewhat. The dependency charac-
ter is similar for both curves. The difference between the 
Ku values for powder without the activator in comparison 
to powder with the activator is almost unchanged and is 
about 20 % on average. The absolute decrease of Ku for 
pure powder is 18 %, relative – 42 % after 56 days. For 
powder with the activator, the absolute decrease of Ku is 
25 %, and relative is 37 % after 56 days.

6. Discussion of results of structural and electrochemical 
activity studies of powders subjected to aging

According to the data obtained regarding structural 
changes during the aging process of active compounds, 
several principal facts can be outlined. First, the most pro-
nounced change on XRD patterns is the increase of the first 
peak for (001) plane. An increase is also observed for all 
peaks, especial for (102) and (111) planes. Second, despite 
the obvious increase of peak intensities, for which block 
sizes were calculated ((100) and (101) planes), the size of 
ideal crystals along these planes is almost unchanged. This 
indicates that the major process during aging is ordering 
of the crystal structure with a decrease in the number of 
defects. This likely occurs because of re-crystallization of 
the defect zone on the boundary of ideal crystals in the 
polycrystal. The second major process, evidently, is order-
ing of the crystal lattice in (001) direction. Thus, it can be 
assumed that during aging, the removal of water and ions 
trapped between (001) planes. However, the latter should 
be proved separately. 

Another important conclusion is that the presence of 
activator in the form of cobalt hydroxide does not have a 
significant effect on the aging process and its rate. This 
conclusion follows from the fact that structural chang-
es of the powder are similar to those of pure Ni(OH)2  
powders.

During the study of the aging effect on discharge 
characteristics of the active material, it was revealed that 
aging leads to a significant decrease of specific character-
istics. It was also revealed that the aging rate is almost 
independent of the presence of activator. Based on the 
dependency of the utilization coefficient on the aging 
time, it was revealed that the aging process is rapid ini-
tially, but its rate decreases over time. Additionally, the 
relative changes in Ku for powder with and without the 
cobalt hydroxide activator are close and are 42 and 37 %, 
respectively. The latter supports the previous conclusion 
on the presence of activator not having a major effect on 
the aging rate.

It is interesting that average discharge potentials for 
powders subjected to aging and those that were not, are close 
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and are 0.44–0.45 V, which corresponds to the discharge of 
β-ΝiOОН: +0.450 V. At the same time, powders with the 
activator show significantly different discharge potential. 
For powder with the activator that was not subjected to 
aging, it is about 0.45 V [30]. On the contrary, the average 
discharge potential for samples with the activator is 0.38 V.  
This may indicate that during aging the re-crystallization 
can result in the formation of Ni-Co layered double hydrox-
ide as a thin film on the surface of nickel hydroxide parti-
cles. While it might not be detected on the XRD pattern, 
owing to its small amount, it can have a significant impact 
on the discharge potential. This assumption is based on 
the fact that layered double hydroxides have a structure 
similar to α-Νi(ОН)2, which on charge transforms into 
γ-ΝiООН (Fig. 1). γ-ΝiООН has a lower discharge potential  
from +0.294 V to +0.384 V [31].

7. Conclusions

1. The aging process of nickel hydroxide in the alkali 
medium occurs through re-crystallization with decreasing 
number of structural defects, and ordering along (001) 
plane. The presence of activator in the form of cobalt hydrox-
ide doesn’t have a significant effect on the aging process and 
its rate, and structural changes.

2. The aging has a negative impact on specific elec-
trochemical characteristics of Νi(ОН)2. The aging rate 
is high initially and decreases over time. For pure nickel 
hydroxide, the relative decrease of capacity Ku is 42 % after  
56 days of aging in 4.5М KОН. For nickel hydroxide pow-
der containing the activator in the form of cobalt hydrox-
ide, the relative decrease of capacity is 37 % after 56 days 
of aging in 4.5М KОН. 
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