u] =,

Jlns docnidcenns oyau oopani womupu munu 2iopo-
xcuoy. Jleéa 3 Hux 0yau ompumani 6upoOHUMUM WASLXOM MA
3aCmMoCcosyOMbCsL Y eNeKMPo0ax JYHCHUX AKYMYAAMOPia.
Hea inwi nopowxu 2idpoxcudis Hixenro 0yau cunme3zoeami
30 eKCNnePUMEeHMATILHUMU MeMOO0AMU ONUCAHUMU 6 CYUAC-
Hux nayxoeux oxcepenax. Ilepwuii ziopoxcuo 6ye cunme-
306aHUTL 210POTEMUMHUM MEMOOOM i3 POZHUHY, WO MICIMUE
ciaw Hiketo ma xapoamio. nwuii cunmesosanuii iz po3uu-
HY COJli, WO MICTUE CYMiwl KAmionie HiKeo i antOMiHil0
y cniegionowenni 4:1 ma 6ye ocadsxcenuii npu doodasanmi
KOHUEHMPOB8anozo po3uuny ayey. Y pesyivmami 6ci oopaui
nopowxu 2i0poxcudie HiKeal0 CUNLHO BIOPISHANUCL 3a
Qisukxo-ximivnumu napamempamu: cmpyxmypor, gaso-
eum ckaadom, moponozieto. Taxum wunom, dyao noxa-
3aH0, W0 Ccnocid cunmesy 2idpoxcudy Hixeno, il 6 6010
uepey 6iOMinnocmi y cmpyxmypi ma mopoaoeii, 3nauno
GNAUBAIOMb HA eNeKMPOXIMIMHI ma THul (Pi3uKo-xXimiuni
81ACMUBOCMI NOPOWIKIB.

Y pesyaomami euznauenns eeauuunHu nuMoMoi
noseepxui 2idpoxcudie memoodom adcopoduii dapenuxa
Oyau ompumani 3navenns 6 inmepeani 6i0 2,52 m>/e
00 15,44 mM?/e. Buanaueni eenumunu numomux nosep-
XOHb Oyau euxopucmawni 0as po3paxyHxy roediui-
enmie ouysii. Y ceoto uepey, xoediuienmu ougysii
Oyau ompumani 0 Kamoonoezo U ano0H0z0 npoyecis, a
maxoxc pospaxosane ix cepeone 3nauenns. Ompumani
3Hauenns Koeiyicnmie oudyszii npomona y meepoii
dasi xorueanucs 6id 9,86-10-15 0o 9,87-10-17 cm?/c.

Ilopignanna ma ananiz enexmpoxiMivHux xapax-
mepucmux, 3Ha4eHb NUMOMOL NOBEPXHI NOPOWKIE ma
Koeiyienmie ouyszii dano 3moey pexomenoyeamu
3acmocyseanus 2iopoxcuois.

Ha dodauy 6yau 3anpononosamni MoHcauei mMexamis-
MU, WO NOACHIOIOMb OMPUMAHI 3HAUMEHHSA BUSHAUEHUX
8eUMUH, A4 MAKOINHC NOKA3AHO B3AEMO38’A30K NOMINC
CMPYKmMYyporo, cnocodomM OmpuManHs NOPOWKie ma ix
Qi3uxo-ximMivnumMu napamempamu

Kmiouoei cnosa: Ni(OH),, 2idpoxcuo nixento, cnocio
OMPUMAHHS, YUKTIUHA B80JbMAMNEPOMEMPIis, NUMOMA
nogepxms, xoediuienm oudysii npomona
o o
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1. Introduction

Nickel hydroxide has found wide use in chemical power
sources — alkaline batteries [1, 2] and asymmetric superca-
pacitors [3, 4]. Precipitation of nickel hydroxide with dif-
ferent additives is viewed as one way for the preparation of
electrodes for water decomposition [5, 6]. Thin films of nick-
el hydroxide can be potentially applied as electrochromes
in smart windows [7, 8]. Precipitation of nickel hydroxide
can be realized through many methods [9], with synthesis
conditions varying significantly. Synthesis method and syn-
thesis conditions of Ni(OH), have a significant effect on its
physico-chemical properties: structure, shape and particle
size and composition. Listed properties become defining
when choosing a synthesis method of nickel hydroxide for a
specific application.

It is known that current-generating reaction (1) which
occurs in nickel hydroxide is defined by the speed of proton
diffusion through solid phase, Fig. 1.

Ni(OH)y>NiOOH+H" +&. )

In turn, this speed depends on the proton diffusion coef-
ficient (D,;.) in solid phase [10, 11]. D, — primarily depends
on the synthesis method used. Also, discharge characteristics
depend on another parameter — specific surface area (S,,).
Specific surface area characterizes the real current density
on a particle and partially — the length of the proton path.
This value is also governed by the synthesis method, but
can be altered by post-treatment methods [12]. Both these
parameters directly influence the capability of Ni(OH), for
deep discharge and fast charge, even with high currents.




Graphite

KOH

Ni(OH) /NiOOH

Fig. 1. Schematic depiction of charge (oxidation) of nickel
hydroxide particles during the operation of the alkaline
battery

As such, it is important to determine the influence of
the synthesis method on physico-chemical characteristics
of Ni(OH),, especially on proton diffusion coefficient and
specific surface area. Understanding the relation between
key factors that determine the effectiveness of Ni(OH), in
chemical power sources and electrochromic devices would
help in forming requirements for synthesis of this compound.

2. Literature review and problem statement

Proton diffusion coefficient can vary significantly be-
tween nickel hydroxide samples prepared with different
methods. There are also a lot of contractions in data on the
proton diffusion coefficient. Literature values of proton dif-
fusion coefficient of Ni(OH), vary from 107 cm?/s [13] to
1072 ¢cm?/s, and even up to 10722 ¢cm?/s [14]. The difference
between the minimum and maximum values is nine orders
of magnitude.

In addition, the paper [15] describes the dependency of
the proton diffusion coefficient on a charge of active material
(0), according to equation (2):

17272
DNi(OH)Z
~— : (2)
DNiOOII
Equation (2) assumes that active material is a solid solu-

tion, and the member in parentheses is the shift of diffusion
particles. For this equation, the values are assumed

DH, = Dyioon lie +(1- 9)(

Dyioon = 3,410 cm?/s, DNi(OH)2 =6,4107" cm?/s.

The paper [15] also describes that changes in the proton
diffusion coefficient are independent of proton travel dis-
tance, i. e. location of the reaction front. A sharp decrease
of the proton diffusion coefficient is explained by proton
diffusion resulting from proton hoping from one oxyhy-
droxide site onto another. During discharge, the oxidation
state decreases, resulting in less NiOOH sites, which in turn
decreases the proton diffusion coefficient.

In [16], thin films of nickel hydroxide (about 1 um)
deposited onto cathode were used for measuring proton dif-
fusion coefficient. The obtained proton diffusion coefficient
values are 4.6:10"" cm?/s on discharge and 3.1-10'0 ¢cm?/s
on charge.

The paper [17] described the proton diffusion coefficient
of films as 4-10°'3 cm?/s for y-NiOOH and 1102 cm?/s for
B-NiOOH. The films were prepared by cathodic deposition
with a thickness of 0.4—2 pm.

Anodically deposited films of active material with a
thickness of 10 um showed the diffusion coefficient within
(5£0.6)—(10+3)-10"2 cm?/s [18]. The stepwise potential
change method with a potential step of 1.21 V was used in
experiments.

The stepwise potential change method was also used to the
measure proton diffusion coefficient of nickel hydroxide films
(about 1 pm), which resulted in the value of 2-5-108 cm?/s
[15]. The difference of this work from previous [16, 17] is in
a different approach for calculating the diffusion coefficient
from experimental data.

It should be noted that many methods for calculating
H* require the value of specific surface area of Ni(OH),. In
some cases, the working electrode area is used instead. This
is applicable if the diffusion coefficient is calculated in a
series of experiments, where electrodes of the same structure
are used with roughly the same load of active material. The
obtained value does not correspond to the real one and is
called the effective diffusion coefficient (5H+). Nevertheless,
such values obtained within one experiment can be used for
comparative analysis.

Values of specific surface area for nickel hydroxide pow-
ders also vary over a wide range. The paper [19] lists the val-
ues of 6-150 m?/g (BET) for hydroxide powders synthesized
via different.

For composite material containing Co-Ni(OH),/carbon
spheres, the value measured by the BET was 367 m2/g [20].
The authors found this composite to have high specific elec-
trochemical characteristics: 959.7 F/g at a current density
of 1 Ag.

The paper [21] describes the specific surface area value
(477.7 m2/g), measured by the BET, of mesoporous nickel
hydroxide synthesized in the presence of a template (sodi-
um dodecylsulfate) and urea via the hydrothermal method.
Nickel oxide prepared by calcination of Ni(OH), precipitate
demonstrated a high capacity of about 124 F/g.

In another study [22], nickel hydroxide was synthe-
sized in the form of nanoflowers, doped with boron, which
demonstrated high characteristics. Its specific capacity was
2.296 F/g at a current density of 3 A/g.

As such, the listed values can vary over wider ranges,
which indicates a significant influence of the synthesis meth-
od on these physico-chemical parameters, which in turn,
influences the electrochemical activity of powders.

3. The aim and objectives of the study

The aim of the study is to determine the influence of
the synthesis method on physico-chemical characteristics
of Ni(OH), powders: structure, morphology, proton dif-
fusion coefficient and specific surface area. The latter two
parameters are the most important for the electrochemical
activity of nickel hydroxide powders. Synthesis methods
that drastically differ from each other were chosen for this
purpose.

To achieve the set aim, a few objectives must be accom-
plished:

— to precipitate Ni(OH), powders using different
methods;

—to conduct a comparative analysis of morphology and
structure of prepared powders;

— to determine physico-chemical properties of powders:
specific surface area and proton diffusion coefficient.



4. Material and method used in the study

Reagents and materials used in the experiments

Analytical grade reagents were used in the study. Sam-
ples used in the experiments: Ni(OH), powder synthesized
hydrolytically, nickel hydroxide co-precipitated with alumi-
num cations [24], industrial powder of Czech company “Bo-
chemie” [25], and experimental industrial powder of Russian
company “AIT” [26], activated with carbonate-ion. Sample
labels are listed in Table 1.

Table 1 Fig. 2. Flasks of nickel hydroxide powders in methylene blue
Powder labels in the study solution
Sample 1Ht}'7d-rﬁ_ hDdOUbl'fj By Czech B?f Ru?smn Table 2
description | tically ydroxide | company | company - _
synthesized Ni—Al “Bochemie” “AIT” Composition of active mass
Label H Ni—Al “Bochemie” “AIT” Component Name o, %
Nickel hydroxide - 74
Hydrolytic synthesis of Ni(OH)s,. Graphite GAK-3 16
Ni(NO3)s-6H,O (63 g) and urea (172 g) were dis- PTFE F-4D 10
solved in 720 ml of distilled water. The solution was z - 100

transferred into a round-bottom glass flask and stirred
for 6 h at 90 °C. The reaction mixture was then cooled to
room temperature, the precipitate was filtered and kept in
water for a day. The powder was dried at 60 °C and ground
in a ceramic mortar. The dried powder was then sifted
through a 70 um sieve. The obtained powder was used in
the experiments.

Synthesis of double hydroxide with aluminum cations.
The sample was synthesized according to the literature [24].
Solutions were prepared based on the composition of double
hydl"OXide Nl()gAl()Q(OH)z(COj)()j066H20

Structure and morphology analysis

Morphology and structure of Ni(OH), powders used in
the experiments were analyzed using: Scanning Electron
Microscope (SEM) JEOL JSM-6510LV (Japan) and X-ray
diffractometer DRON-3 (Russia). XRD patterns were re-
corded in Co-Ka monochromatic radiation.

Measurement of specific surface (S,,)

Specific surface area of nickel hydroxide samples was
measured using the dye absorption method [27]. Meth-
ylene Blue dye was used in the experiment. The amount
of absorbed dye was measured as a change in the optical
density of dye solutions with nickel hydroxide powder,
Fig. 2. Optical density was measured using a photoelectric
colorimeter — PEC-M (Russia). Specific surface area of
nickel hydroxide samples was calculated using the surface
area that the absorbed Methylene Blue molecule occupies
in vertical orientation — 7.5 102 m? (135-102° m? in hori-
zontal orientation).

Measurement of proton diffusion coefficient (D,.)

To measure D,., active electrode mass was prepared
with different Ni(OH), hydroxide powders, graphite, as a
conductive additive, and polytetrafluoroethylene (PTFE)
emulsion, as a binder.

Composition of active mass is listed in Table 2.

Active mass of each sample was pasted onto electrodes,
and their cyclic voltamperometry (CV) curves were re-
corded using the YSE-2 cell (Fig. 3). CV-were recorded at
different scan rates: 1; 2; 5; 10 mV/s, and a separate CV was
recorded at 0.5 mV/s. Scan rates were recorded using the
potentiostat PI-50-1.1 (Russia).

Fig. 3. Electrochemical cell YSE-2 for measuring the proton
diffusion coefficient

Cyclic voltamperometry curves were used to deter-
mine anodic and cathodic potential peak currents; current
values were plotted against the square root of scan rate.
Plot angle was equal to I/v!/2. This value was used in the
Randles-Sevcik equation ((3), [28]) to calculate the proton
diffusion coefficient in the solid phase:

1=2.69-10%n3/2.S.C-DV2y1/2, 3)

where v — scan rate, V/s; n — number of electrons transferred
(1); § — real surface area of the electrode (mass of active mate-
rial multiplied by its specific surface area), cm?; C — maximum
concentration of proton vacancies, mole/cm? (0.045 mole/cm?);
I — peak current, A; D — diffusion coefficient, cm?/s.

5. Analysis and comparison of morphology and structure
of powders studied in the experiment

XRD patterns of all samples used in the study are
shown in Fig. 4. Analysis of XRD patterns revealed that all
powders significantly differ in structure. Degree of crystal-
linity (size of crystals with ideal structure) and polymor-



phic form differ from each other. It can be said that samples
“Bochemie” and “AIT” have larger crystal size and higher
degree of crystallinity, with a smaller number of structural
defects. The other two powders have a larger number of
defects and are different polymorphs. This is evident from
the first peak situated at 12—-15° (Fig. 4, blue line), which
means that these powders are a-Ni(OH),. Two industrial
samples are B-Ni(OH),.

(1]

LA

B3]

I, imp/s

(4]
20
1020 3040 50 60 70 80 90

Fig. 4. Comparison of XRD patterns of Ni(OH), powders
Ni(OH),: 1 — “Bochemie”; 2 — “AIT”; 3 — Ni-Al; 4 — H

Fig. 5 shows SEM images of samples. Comparative analy-
sis of sample morphology shows significant differences in the
morphology of samples.

Sample “Bochemie” is composed of shard-like particles with
microbumps on the surface of different shapes, Fig. 5, a, b.

At the same time, “AIT” sample has a platelet-like mor-
phology, Fig. 5, d, e. Hydroxide platelets are chaotically
oriented in different directions with frequent intergrowth
of platelets.

Particles of Ni—Al samples have a rounded shape, upon
closer examination the surface is almost uniform and dense.

Sample H shows a significantly different morphology.
The surface has a lot of branches and layers.

5. 1. Comparative analysis of §, and D, values ob-
tained for the studied powders and their electrochemical
characteristics

Two sets of CV were recorded for each sample. The first
CV was recorded at a minimal scan rate of 0.5 mV/s for the
study of hydroxide. The second one was recorded at various
scan rates. CV for all samples are shown in Fig. 69, a, b.
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Fig. 6. CV of powder “Bochemie”: a — 0.5 mV /s (5 cycles),
b—1,2,5, 10 mV/s, c — dependency of peak currents on
the square root of scan rate

Fig. 6 shows listed dependencies for Czech powder. CV
for the study of hydroxide showed the presence of one anodic
and one cathodic peak. The first anodic peak is shifted sig-
nificantly in comparison with the subsequent ones. Intense
oxygen evolution is observed at 800-900 mV. CV recorded
at different scan rates is shown in Fig. 6, b.
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It can be seen that cathodic and anodic peaks grow and
shift with each new scan rate. For illustration, the data from
CV was used to plot the dependency of peak currents (ca-
thodic and anodic) on the square root of scan rate, Fig. 6, b.
The obtained dependency shows a linear character, which is
characteristic for processes limited by diffusion. Slope angle
was used for calculation of diffusion coefficients.
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Fig. 7. CV of powder “AlT”:
a—0.5mV/s(5cycles), b—1,2,5,10mV /s
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Fig. 8. CV of powder Ni—Al:
a—0.5mV/s(5cycles), b—1,2,5,10mV /s

Other powders demonstrated characteristics that signifi-
cantly differ from each other. Differences were in both peak
position and peak currents, Fig. 7-9. The lowest currents in
the experiment were demonstrated by powder synthesized
via hydrolysis (sample H). Sample “AIT” demonstrated the
presence of two anodic peaks. It should be noted that CV
of sample Ni—Al revealed high reversibility of the process
(small distance between the cathodic and anodic peaks).
This is the only sample for which cathodic peak position was
shifted left the most.
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Fig. 9. CV of powder H:
a—0.5mV/s(5cycles), b—1,2,5,10mV /s

Calculation of diffusion coefficients requires a specific
surface area of powders. These values were measured using

the dye absorption method. Measurement results are pre-
sented in Fig. 10. Sample Ni-Al has the lowest surface area,
while sample H the highest. Difference between powder
values is almost an order of magnitude.

Ni-Al ~ "AIT" "Bochemie" H

Fig. 10. Specific surface area values of powders used in
the experiment

Diffusion coefficient calculated using S, values for
cathodic and anodic peaks (processes) are shown in Fig. 11.

Analysis of these values allows concluding that found
values differ significantly (by orders), which can significant-
ly affect the usability of hydroxide for a specific purpose.

[9.86:10-1

= "Bochemie"
®H
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: 17.93-10°9]
Ni-Al

6.00-10°15

2.17-10-16 Ni-Al
2.16:10°10 TAIT”
[9.87-10-17 H
4
"Bochemie"

D(A) B N

Fig. 11. HT diffusion coefficients in the solid phase,
calculated using the Randles-Sevcik equation (cm?/s):
D(A) — from the anodic peak current, D(C) — from the

cathodic peak current, D — average between D(A) and D(C)

It can be stated that diffusion coefficients for anodic and
cathodic processes differ significantly. For sample “AIT”,
proton diffusion coefficient for the cathodic process is high-
er than that for the anodic process. For the hydrothermally
prepared sample, anodic and cathodic diffusion coefficients
are almost the same. For the other two samples, the anodic
diffusion coefficient is higher than cathodic.

6. Discussion of the data obtained for the studied
powders

Comparative analysis revealed significant structural and
morphological differences of powders. It is obvious that the
synthesis method affects the characteristics of the resulting
compounds. The hydrothermal method and introduction of
aluminum result in the formation of the a form of hydroxide.
In turn, “classic” methods of hydroxide precipitation for
alkaline batteries result in the B form of nickel hydroxide.
Formation of B-Ni(OH), occurs despite the presence of the
carbonate ion (sample “AIT”), which should reside in the
interlayer space of hydroxide. The latter should result in the



formation of the a form due to the expansion of the interlay-
er space. However, because there are no cations to balance
the excessive negative charge of the interlayer space, the
precipitation process occurs differently. Precipitation in the
presence of COZ™ likely results in the formation of hydroxide
and a portion of basic salt of [Ni(OH)],CO, type.

Powder morphology allows for qualitative evaluation
of possible differences in specific surface area of differ-
ent powders. For instance, hydroxide that doesn’t have a
branching structure, like sample Ni—Al, would have a low
specific surface area. Which is supported by the fact that
this sample has the lowest value of specific surface area
(2.52 m?/g). Thus, it can be said that morphology images
can be used for qualitative evaluation of specific surface
area. The sample prepared using the hydrothermal method
(sample H) demonstrated a branched surface shape in the
form of wavy intersecting planes. Obviously, such hydrox-
ide should have a high specific surface area, which is shown
by the measured value of S, — 15.44 m?/g. It should be
noted that the morphology of this sample differs signifi-
cantly from other samples. This is likely related to the syn-
thesis method, which unique in that urea hydrolysis occurs
with a uniform increase of pH across the whole volume of
the solution that contains Ni?*. This synthesis method con-
trasts with others ones, in which two solutions are mixed
and initial Ni(OH), is formed on the contact boundary
between the alkali solution, with a high concentration of
OH, and the solution with nickel ions.

As expected, electrochemical characteristics are also
different. All peak currents were proportional to the square
root of the scan rate. It is worth to note that this dependency
is linear for all powders, which is characteristic of the pro-
cesses limited by diffusion. Presented facts allow concluding
that the synthesis method does not affect the nature of the
limiting stage. A small deviation from linearity for the anod-
ic process can be explained by the occurrence of side reaction
of oxygen evolution, which contributes to the peak current.

The obtained values of §, are within the range of the
values obtained by the BET method, found in the literature.
The BET method is considered the etalon for measuring
S,- Nevertheless, the dye molecule is significantly larger
than the nitrogen molecule and doesn’t always absorb into
the smallest pores of hydroxide. On the other hand, the
electrochemical process is unlikely to occur in such hardly
accessible places due to their high resistance. The latter is
related to the small cross-section of such pores, and because
the solvated molecule is larger than the nitrogen molecule.
As such, the real specific surface area that is involved in the
electrochemical process can be lower than that measured
by the BET method. As a result, this can lead to significant
errors in the calculation of diffusion coefficients, when the
specific surface area is measured by absorption methods.

The obtained diffusion coefficient values are within the
range of what has been found by other groups [13—18]. It is
interesting that the obtained values are different not only
for different powders, but also differ depending on the syn-
thesis method. Sample “AIT” is the only sample, which has
a lower anodic diffusion coefficient than cathodic (1.41-10°1
and 2.58-10"1° cm?/s respectively). For sample Ni-Al, on the
opposite — cathodic proton diffusion coefficient is lower
than anodic (610> and 9.86-10°'> cm?/s respectively). For
the other two samples, the difference between diffusion co-
efficients is less pronounced, and they fall into the range of
0.98:10716 — 2.17-107'6 cm?/s.

The highest diffusion coefficients in the solid phase are
demonstrated by powder Ni-Al, which we relate to the de-
fective structure and presence of water in the crystal lattice.
It is easier for proton to travel through defective areas and
areas with admixtures and water, and through areas with
bound water. Possible diffusion mechanism — H" jumping
from one water molecule to another.

In the end, it should be pointed out that determination of
diffusion coefficients in the solid phase can help in the eval-
uation of hydroxide application. For instance, powders with
higher diffusion coefficients but lower specific surface area
are more suited for slow discharge with low currents, which
is typical for batteries. In turn, powders with high specific
surface areas are more suited for high rate regimes with high
currents, which is more typical for electrochemical superca-
pacitors. As such, powders Ni-Al and “AIT” are more suited
for batteries, while there is a good chance that the hydroxide
“Bochemie” is applicable for supercapacitors.

Mixing of different powders is also an option, which can
lead to solutions for non-trivial problems.

7. Conclusions

1. To solve the set problems, precipitation of Ni(OH),
powders was carried out using different methods: hydrother-
mal, using urea, and precipitation of nickel-aluminum double
hydroxide from a mixed salt solution.

2. Conducted comparative analysis revealed significant
differences in morphology and structure of powders: samples
Ni—Al and H showed the presence of a-Ni(OH)s, relatively
low degree of crystallinity and high number of defects. On
the other hand, two industrial samples showed only the pres-
ence of B-Ni(OH),, relatively high degree of crystallinity.

3. Specific surface area values of powders were determined
using the dye absorption method. The values are: Ni—Al —
2.525 m%/g “AIT” — 9.925 m?/g “Bochemie” — 11.97 m?/g
and H - 15.44 m?/g. For all hydroxide samples, electrochemical
characteristics and H* diffusion coefficients were evaluated,
which lie within 9.86-10"%> — 9.87-1017 cm?/s.

References

1. Kotok V., Kovalenko V., Malyshev V. Comparison of oxygen evolution parameters on different types of nickel hydroxide //
Eastern-European Journal of Enterprise Technologies. 2017. Vol. 5, Issue 12 (89). P. 12—19. doi: https://doi.org/10.15587/1729-

4061.2017.109770

2. Kotok V, Kovalenko V, Vlasov S. Investigation of NiAl hydroxide with silver addition as an active substance of alkaline batteries //
Eastern-European Journal of Enterprise Technologies. 2018. Vol. 3, Issue 6 (93). P. 6-11. doi: https://doi.org/10.15587/1729-

4061.2018.133465

3. Kovalenko V., Kotok V. Definition of effectiveness of B-Ni(OH), application in the alkaline secondary cells and hybrid super-
capacitors // Eastern-European Journal of Enterprise Technologies. 2017. Vol. 5, Issue 6 (89). P. 17-22. doi: https://doi.org/

10.15587,/1729-4061.2017.110390



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

Kovalenko V., Kotok V. Influence of ultrasound and template on the properties of nickel hydroxide as an active substance of su-
percapacitors // Eastern-European Journal of Enterprise Technologies. 2018. Vol. 3, Issue 12 (93). P. 32—39. doi: https://doi.org/
10.15587/1729-4061.2018.133548

Heterogeneous interface engineered atomic configuration on ultrathin Ni(OH)2/Ni3S2 nanoforests for efficient water splitting /
Xu Q., Jiang H., Zhang H., Hu Y., Li C. // Applied Catalysis B: Environmental. 2019. Vol. 242. P. 60—66. doi: https://doi.org/
10.1016//j.apcatb.2018.09.064

Experimental and theoretical insights into sustained water splitting with an electrodeposited nanoporous nickel hydroxide@
nickel film as an electrocatalyst / Xing Z., Gan L., Wang J., Yang X. // Journal of Materials Chemistry A. 2017. Vol. 5, Issue 17.
P. 7744-7748. doi: https://doi.org/10.1039/c7ta01907f

Soft Electrochemical Etching of FTO-Coated Glass for Use in Ni(OH),-Based Electrochromic Devices / Kotok V. A., Maly-
shev V. V,, Solovov V. A., Kovalenko V. L. // ECS Journal of Solid State Science and Technology. 2017. Vol. 6, Issue 12. P. P772—
P777. doi: https://doi.org/10.1149/2.0071712jss

Kotok V., Kovalenko V. A study of multilayered electrochromic platings based on nickel and cobalt hydroxides // Eastern-European
Journal of Enterprise Technologies. 2018. Vol. 1, Issue 12 (91). P. 29-35. doi: https://doi.org/10.15587/1729-4061.2018.121679
Nickel hydroxides and related materials: a review of their structures, synthesis and properties / Hall D. S., Lockwood D. J., Bock C.,
MacDougall B. R. // Proceedings of the Royal Society A: Mathematical, Physical and Engineering Sciences. 2014. Vol. 471,
Issue 2174. P. 20140792-20140792. doi: https://doi.org/10.1098 /rspa.2014.0792

Structural characteristics of spherical Ni(OH), and its charge/discharge process mechanism / Peng M., Shen X., Wang L., Wei Y. //
Journal of Central South University of Technology. 2005. Vol. 12, Issue 1. P. 5-8. doi: https://doi.org/10.1007 /s11771-005-0191-x
Effect of electrodeposition temperature on the electrochemical performance of a Ni(OH), electrode / Wang Y.-M., Zhao D.-D.,
Zhao Y.-Q., Xu C.-L., Li H.-L. // RSC Adv. 2012. Vol. 2, Issue 3. P. 1074—1082. doi: https://doi.org/10.1039/c1ra00613d

Song Q. S., Chiu C. H,, Chan S. L. I. Effects of ball milling on the physical and electrochemical characteristics of nickel hydroxide
powder // Journal of Applied Electrochemistry. 2015. Vol. 36, Issue 1. P. 97—103. doi: https://doi.org/10.1007 /s10800-005-9045-3
Structural and Electrochemical Characteristics of Sintered Nickel Electrodes / Rus E. M., Constantin D. M., Oniciu L., Ghergari L. //
Croatica Chemica Acta. 1999. Vol. 72, Issue 1. P. 24—-51.

Ten’kovcev V. V., Centner B. I. Osnovy teorii i eksplutacii germetichnih nikel’-kadmievyh akkumulyatorov. Leningrad: Energoat-
omizdat, Leningr. otd-nie, 1985. 96 p.

Motupally S. Proton Diffusion in Nickel Hydroxide Films // Journal of The Electrochemical Society. 1995. Vol. 142, Issue 5. P. 1401.
doi: https://doi.org/10.1149/1.2048589

MacArthur D. M. The Proton Diffusion Coefficient for the Nickel Hydroxide Electrode // Journal of The Electrochemical Society.
1970. Vol. 117, Issue 6. P. 729. doi: https://doi.org/10.1149/1.2407618

Briggs G. W. D., Snodin P. R. Ageing and the diffusion process at the nickel hydroxide electrode // Electrochimica Acta. 1982.
Vol. 27, Issue 5. P. 565-572. doi: https://doi.org/10.1016,/0013-4686(82)85041-x

Zhang C. The Anodic Oxidation of Nickel in Alkaline Media Studied by Spectroelectrochemical Techniques // Journal of The
Electrochemical Society. 1987. Vol. 134, Issue 12. P. 2966. doi: https://doi.org/10.1149/1.2100324

Kovalenko V., Kotok V., Bolotin O. Definition of factors influencing on Ni(OH), electrochemical characteristics for supercapacitors //
Eastern-European Journal of Enterprise Technologies. 2016. Vol. 5, Issue 6 (83). P. 17-22. doi: https://doi.org/10.15587/1729-
4061.2016.79406

Facile preparation of a novel composite Co-Ni(OH),/ carbon sphere for high-performance supercapacitors / Jiang X., Cheng W,,
Hu H., Hu Y, Cao Y., Yan S. et. al. // Materials Technology. 2018. Vol. 34, Issue 4. P. 204-212. doi: https://doi.org/10.1080,/1066
7857.2018.1548115

Synthesis and electrochemical properties of mesoporous nickel oxide / Xing W., Li E, Yan Z., Lu G. Q. // Journal of Power Sources.
2004. Vol. 134, Issue 2. P. 324-330. doi: https://doi.org/10.1016 /j.jpowsour.2004.03.038

Boron-doped a-Ni(OH), nanoflowers with high specific surface area as electrochemical capacitor materials / Yang J.-H., Wang C.,
Yang D., Li X,, Shang P, Li Y,, Ma D. // Materials Letters. 2014. Vol. 128. P. 380—383. doi: https://doi.org/10.1016/j.matlet.
2014.04.170

Jayalakshmi M., Rao M. M., Kim K.-B. Effect of Particle Size on the Electrochemical Capacitance of a-Ni(OH) in Alkali Solutions //
International Journal of Electrochemical Science. 2006. Vol. 1, Issue 6. P. 324-333.

Physical and electrochemical characteristics of aluminium-substituted nickel hydroxide / Liu B., Wang X. Y., Yuan H. T,, Zhang Y. S.,
Song D. Y., Zhou Z. X. // Journal of Applied Electrochemistry. 1999. Vol. 29, Issue 7. P. 853—858. doi: https://doi.org/10.1023/
a:1003537900947

Nickel hydroxide powder. URL: https://www.bochemie.cz/en/materials-industrial-batteries/nickel-hydroxide/nickel-hydrox-
ide-powder

Zavod avtonomnyh istochnikov toka. URL: http://www.zait.ru/

Tewari B. B., Thornton C. O. Use of basic Methylene Blue Dye for specific surface area measurement of metal hexacyanoferrate(IT)
complexes // Revista de la Sociedad Quimica del Pera. 2010. Vol. 76, Issue 4. P. 330—335.

Gorohovskaya V. L., Gorohovskiy V. V. Praktikum po elektrohimicheskim metodam analiza. Moscow: Vysshaya shkola, 1983. 191 p.



