u =,

Bugueno enaue xouuewmpauyii memnaamy
Culminal C8564 na cmpyxmypni, nosepxmnesi ma
CNEKMPOXIMIMHI 6]1ACMUBOCMI 3PA3KiE 2i0poKCU-
0y HiKeNt0, OMPUMAHUX MEeMO0OM MeMNAAMHO20
20M02eHH020 ocaldicenns. Busnaueno 06i onmu-
Mmaavii konuenmpauii memnaama: 0,1 % 3 maxcu-
MaavHoto numomoro emuicmio 499 F/g ma onmu-
MATLHUM BUKOPUCMAHHAM NPUHUSLKUX MA CPEOHIX
eycmunax cmpymy paspady 40-80 mA/cm?; 0,4 %
3 MAKcumanvHoro numomoro emuicmio 525 F/g 3
ONMUMATLHUM BUKOPUCMAHHAM NPU BUCOKUX 2YC-
munax cmpymy 120 mA,/cm? ma suwe

Kniouosi caoea: zidpoxcud wuixenro, memn-
Jamuuil cunmes, 20 MO2eHHE 0CAOIHCEHHS, NUMOMA
eMHICMb, cyneprondencamop

= yu

H3yueno eausnue KoHuemmpauuu memnaama
Culminal C8564 na cmpyxmypote, nogepxHocmmule
U anexmpoxumMurecKue céolicmea o6pasyuoe uopox-
cuoa HuKes, NOJIYHEeHHbLIX MeMO0OM MEMNIAMHOZ0
20Mo2eHH020 ocadcOenusi. Onpedenenvt dee onmu-
ManvHble Konyenmpauuu memnaama: 0,1 % ¢ max-
cumanvrou yoeavrou emxocmoto 499 F/g u onmu-
MANbHLIM UCNOTIL30BAHUEM NPU HUIKUX U CPEOHUX
nnomuocmsax moxa paspsaoa 40-80mA/cm*; 0,4 %
¢ maxcumaavioll yoeavnotl emxocmvro 525 F/g ¢
ONMUMANLHBIM UCROIB308AHUEM NPU BLICOKUX
naomuocmsax moxa 120 mA,/cm’ u eviue

Kntouesvie cosa: eudpoxcuo nukens, memniam-
Holll CUHmMe3, 20MO2eHHOE ocaxcoeHue, YoenvHas
eMKoCcmb, cyneproHdencamop

0 0

1. Introduction

Supercapacitors are the most modern chemical power
sources. Supercapacitors are widely used for starting elec-
trical engines of cars, pump stations and other devices.
Supercapacitors are also used as starter chemical power
sources for internal combustion engines, uninterruptible
power supply units for computers and other devices. Hybrid
supercapacitors demonstrated the best characteristics. High
charge-discharge rate is characteristic of supercapacitors.
Owing to that, the electrochemical process at the Faradic
electrode of supercapacitor occurs in a thin surface layer of
active material. That is why, there are special requirements
[1, 2] to the specific surface area, crystal structure and elec-
trochemical activity of Faradic electrode active material. In
particular, the active material must be composed of nano-
and submicron-sized particles with the high specific surface
area. The nickel oxide electrode with Ni(OH), as an active
material is used as a Faradic electrode for hybrid supercapac-
itors. Nickel hydroxide is used on its own [3], as nano-sized
[4] or ultrafine powder [5] and as a composite with carbon
nanomaterials (graphene [6], carbon nanotubes [7]).

There are various methods for the synthesis of nickel
hydroxide and nickel-based layered double hydroxides. The
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hydroxide synthesis can be achieved by precipitation using
titration method (addition of basic solution to solution of
nickel salt) [8], precipitation at high supersaturation (ad-
dition of nickel salt to a basic solution) [9, 10]; high-tem-
perature two-step synthesis [11], sol-gel [12]. The electro-
chemical methods [13, 14], including slit-diaphragm method
[15, 16] are also used for synthesis.

Polymorphism is characteristic of nickel hydroxide and
the two of its forms are described [17]. The B-form (chemical
formula Ni(OH),, brucite structure) and o-form (chemi-
cal formula 3Ni(OH),2H,O, hydrotalcite structure). The
B-Ni(OH), possesses high cycling stability and is widely
used for accumulators and supercapacitors. The o-Ni(OH),
possesses significantly higher electrochemical character-
istics than B-Ni(OH), and can be used more efficiently in
hybrid supercapacitors. Thus, the development and optimi-
zation of synthesis methods for preparation of highly electro-
chemically active o-Ni(OH), are relevant problems.

2. Literature review and problem statement

Synthesis method and its conditions directly influence
the micro- and macrostructure of particles, which defines




the electrochemical properties of nickel hydroxide. For effec-
tive application in supercapacitors, the nickel hydroxide has
to possess specific properties [18], namely being o-Ni(OH),
with optimal crystallinity with submicron [5] and nano-
sized particles [4, 19].

The summarized reaction for nickel hydroxide synthesis
can be written as follows:

Ni?*+20H —Ni(OH),. )

The nucleation rate is significantly higher than the rate
of crystal growth. The formation mechanism of nickel hy-
droxide (and other precipitates of this type) consists of two
stages: the first stage (very rapid) — formation of a primal
amorphous particle; the second stage (slow) — crystallization
(ageing) of the primal particle. As a result, the hydrophilic
precipitate containing large amounts of captured mother
liquor is formed. During filtration and following drying, the
precipitate particles are pressed and caked, which leads to a
significant increase of particle size and decrease of specific
surface area. Two routes can be taken in order to prevent
this phenomenon:

1) using synthesis methods with high nucleation rate and
very high rate of crystal growth;

2) using special substances that prevent agglomeration
of primal particles.

The first route can be realized by using the homogeneous
precipitation method [20]. The essence of the method is gen-
eration of OH ions in the whole volume of the reaction solu-
tion, as a result of thermal hydrolysis of aminocompounds
(urea [21, 22], hexamethylenetetramine [23]). Homogeneous
precipitation can be conducted using both aqueous and
mixed solvent solutions [24] or non-aqueous solutions, such
as ionic liquids [25]. Usually, for the synthesis of ultrafine
nickel hydroxide, the homogeneous precipitation is carried
out at very high temperatures of 140—180 °C. Also, the mi-
crowave heating can be used for this purpose [26].

The second route can be realized by using surfactants
[26] or template synthesis. Template synthesis is a synthesis
of compounds in a template (matrix). This method is mainly
used for formation of coats such as electrochromic films of
Ni(OH), [27, 33] or tripolyphosphate coats [28]. This leads
to the formation of materials similar to polymer composites
[29]. The paper [30] has demonstrated the use of water-solu-
ble templates for the synthesis of nickel hydroxide.

However, the most promising route is the combination
of two — the use of template homogeneous precipitation. It
should be noted that such combined method of template
homogeneous precipitation hasn’t been studied in detail.
Only a few water-soluble compounds were proposed for
a template — PEG 6000 [31] for instance. The influence
of the template concentration has not been studied at all.
Therefore, the use of a water-soluble template for homo-
geneous precipitation and study on the influence of its
concentration on the electrochemical properties of nickel
hydroxide can be promising.

3. The aim and objectives of the study

The aim of the work was to optimize the composition
of the solution for template homogeneous precipitation of
nickel hydroxide with high specific capacity for use in su-
percapacitors.

For the achievement of this aim, the following objectives
were set:

— synthesis of nickel hydroxide samples using the ho-
mogeneous precipitation method with different template
concentrations;

—study of structural, surface and electrochemical char-
acteristic of the prepared samples;

— comparative analysis and determination of the optimal
concentration of template for preparation of highly active
nickel hydroxide for use in supercapacitors.

4. Materials and methods for nickel hydroxide synthesis
and characterization

4. 1. Template used for homogeneous precipitation of
Ni(OH),

The template for nickel hydroxide synthesis from aqueous
solution must meet several conditions. The template has to
be water-soluble, high molecular compound with affinity to
nickel compounds. It has been proposed to use cellulose ether
Culminal C8564, which upon dissolution in water forms a
3D matrix, resulting in thickening of the solution. So, this
compound can be used as a template. This compound also
contains hydroxyl groups, which can react with the nickel
hydroxide precipitate to form weak coordination bonds.

4. 2. Nickel hydroxide synthesis method

Homogeneous precipitation by means of urea hydrolysis
was used for the synthesis of Ni(OH), samples. The synthesis
method is described in literature [18]: a solution contain-
ing 60.9 g/1 of Ni(NO,),6H,0 and 229.3 g/I of urea was
boiled using a water bath for 3 hours. The temperature of
the reaction solution was kept at 85 °C. After the synthesis
was finished, the solution was poured into a large volume
of distilled water to quench the reaction. For the template
homogeneous synthesis, the Culminal C8465 was used as a
template. The template concentrations and sample labels are
listed in Table 1.

Table 1
Template concentration and labels of
nickel hydroxide samples
Sample 0C*|0,5C| 1C | 2C | 3C | 4C | 5C

Template

concentration, wt. % 0 10051 0.1 1020304105

Note: * — the reference sample was prepared without a template

After the synthesis, the prepared samples were filtered,
dried at 60 °C, ground, sifted through a nickel grate, washed
from soluble salts with distilled water and dried again.

4. 3. Characterization of nickel hydroxide samples

The crystal structure of the samples has been studied
by means of X-ray diffraction (XRD) analysis using the
DRON-3 diffractometer (Russian Federation) (Co-Ka radi-
ation, range of 10—-90° 26, scan rate 0.1 /s).

The shape and particle size were studied using the Scan-
ning Electron Microscope 106 — I (SELMI, Ukraine).

The electrochemical properties of nickel hydroxide sam-
ples were studied by galvanostatic charge-discharge cycling
in a special cell YSE-2 (USSR) using the digital potentiostat



Ellins P-8 (Russian Federation). The working electrode was
prepared by pasting a mixture of nickel hydroxide sample
(82.5 % wt.), graphite (16 % wt.) and PTFE (1.5 % wt.)
[32] on a nickel matrix. Electrolyte — 6M KOH. Counter
electrode — nickel mesh, reference electrode — Ag/AgCl
(KCl sat.). The charge-discharge cycle was conducted in the
supercapacitor regime at current densities of 20, 40, 80 and
120 mA/cm? (10 cycles at each current density). The specific
capacity C,, (F/g) was calculated using the discharge curves.

5. Results of studying the influence of
the template concentration on the characteristics of
nickel hydroxide powders

The results of the XRD analysis (Fig. 1) shows that with
the initial increase of the template concentration (in the se-
quence 0.5C—-1C—1.5C-2C), the crystallinity of the samples
decreases. However, with further increase of the template
concentration, the crystallinity in the sample sequence
3C—4C-5C increases.

Fig. 2 shows SEM images of the samples. It is noted; that
with an increase of the template concentration, the size of
primal particles decreases but the degree of agglomeration
increases. This is also supported by the prolonged time of
the precipitate filtration with increasing template concen-
tration.

Fig. 3 shows specific capacities of nickel hydroxide sam-
ples at different current densities of charge-discharge cy-
cling in the supercapacitor regime.

It should be noted that control sample 0C, prepared
without a template, demonstrates almost constant specific
capacity of 190 F/g, with an increase of current density
from 20 to 80 mA/cm?, with a decrease of specific capacity
being observed only after increasing the current density

B
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Fig. 2. SEM images of nickel hydroxide samples: @ — 0,5C; b —

20. OOkV x800

to 120 mA/cm? Similar behavior is observed for samples
0.5C, 1C and 2C, prepared at low template concentrations.
The capacity reaches its maximum at a current density of
80 mA /cm? It should also be noted that the specific capacity
of sample 0.5C and 1C (448 F/g and 499 F/g) is significantly
higher than the specific capacity of samples 0C (198 F/g).
However, the specific capacity of sample 2C somewhat
decreases. Samples 3C, 4C, 5C, hesized at higher template
concentration showed a significantly different behavior.
They show gradual (sample 3C) or rapid (sample 4C and 5C)
increase in specific capacity with an increase of current
density. For this group of the samples, the highest specific
capacity of 525 F/g is achieved by sample 4C at a current
density of 120 mA /cm?.

Such specific capacity values are comparable with the
values of the world’s best samples [4, 5, 22].
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Fig. 1. XRD patterns of nickel hydroxide samples
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Fig. 3. Specific capacities of nickel hydroxide samples at different current

densities of galvanostatic charge-discharge, F /G

6. Discussion of the results of the study on the influence
of the template concentration on the characteristics of
nickel hydroxide samples

The use of a template for nickel hydroxide synthesis
should’ve decreased the particle size because of particles
growing inside of the template cells, which should constrain
their growth. However, for effective operation in the super-
capacitor, the template should be completely removed from
nickel hydroxide powder. If the template is not removed com-
pletely, it can screen nickel hydroxide particles, lowering the
specific capacity. Accordingly, the discussion of the results
will proceed with consideration of positive and negative
influence of the template.

Influence of the Culminal C8465 template concentration
on the crystallinity of the samples. The XRD patterns pre-
sented in Fig. 1 clearly demonstrated that all samples are
a-Ni(OH),, with control sample 0C having medium crys-
tallinity. Synthesis of nickel hydroxide with low template
concentration (samples 0.5C—-2C) mA/cm? leads to lower
crystallinity. This is because the introduction of a template
into the synthesis solution leads to the formation of a 3D ma-
trix, with nickel hydroxide particles growing inside of its
cells. The increase of the template concentration leads to
reduced cell size of the matrix, which leads to a decrease of
crystallinity and should decrease the particle size.

However, the further increase of the template concen-
tration leads to an increase of crystallinity. In addition, the
temperature measurements of the reaction mixture revealed
the increase of temperature from 85 °C to 93 °C. The tem-
perature increase is likely caused by a decrease of the water
evaporation rate because of a thicker matrix structure. High-
er temperature increases the ageing rate of nickel hydroxide,
which leads to samples with higher crystallinity.

Influence of the Culminal C8465 template concentration
on the morphology and size of particles. 1t has been found
that even at minimal concentrations of a template, a sig-
nificant amount of the precipitate passes through a paper
filter with a pore diameter of 100 um. Because of that, the
“Vladipor” microfiltration membranes were used in all fur-
ther experiments. It has been observed that higher template
concentrations lead to longer filtration times, which indi-
cates decreasing particles sizes. This conclusion is supported
by the results of Scanning Electron Microscopy (Fig. 2) that
have revealed the decreasing size of primal particles with
an increase of the template concentration. However, the

=20 mA/cm?
H40 mA/cm?
= 80 mA/cm?
120 mAcm?

Samples

SEM images also revealed that at the template
concentration of 0.2 % and above (samples 2C,
3C, 4C, 5C), the formation of particle aggregates
is observed (Fig. 2, c—f). It is likely that agglom-
eration and coagulation of particles occur, which
can negatively impact the electrochemical perfor-
mance. It can also be assumed that not the whole
template had been removed from the precipitate.

Influence of the Culminal C8465 template
concentration on the specific capacity of the sam-
ples. As previously discovered [18], the optimal
low crystallinity and the ability of agglomerate
breakdown during cycling, as well as specific
surface area (particle size) have the greatest effect
on the specific capacity of nickel hydroxide. The
following analysis of the electrochemical activity
is conducted based on these assumptions.

The data presented in Fig. 3 allow dividing the prepared
nickel hydroxide samples into two groups.

The first group of samples (0C, 0.5C, 1C, 2C) was pre-
pared without a template or at low template concentration.
This group demonstrated insignificant changes in the spe-
cific capacity with an increase of the current density in the
range of 2040 — 80-120 mA/cm?, reaching the highest
value of specific capacity at 80 mA/cm?. This indicates that
these samples possess high stability and are not prone to
agglomerate breakdown during cycling. It should be noted
that the samples prepared at low template concentrations
(0.05, 0.1 and 0.2 %) have significantly higher specific ca-
pacity, with the optimal template concentration being 0.1 %
(sample 1C). It should be noted; that samples 0C, 0.5C and
0.1C have similar crystallinity (Fig. 1), but the particle size
decreases in the sequence of these samples, leading to an in-
crease of specific capacity. Crystallinity decrease for sample
2C leads to a decrease of specific capacity. For this group, the
highest specific capacity value of 499 F/g is achieved by the
nickel hydroxide sample prepared at the template concentra-
tion of 0.1 %.

The second group of samples (3C, 4C, 5C) had been
prepared at higher template concentrations. This group
demonstrates an increase of specific capacity with increasing
cycling current density. For instance, 4C at a current density
of 20 mA /cm?demonstrated the specific capacity of 269 F/g,
and at 120 mA/cm? — 525 F/g (i.e. 1.95 times higher).
Such behavior is characteristic of samples that are capable
of agglomerate breakdown during cycling. The presence
of agglomerates has been confirmed by means of Scanning
Electron Microscopy (Fig. 2, d—f). It should be noted that
for the second group the highest capacity is achieved by sam-
ple 4C, while samples 3C and 5C show lower capacities. This
correlates with higher crystallinity of these samples. The
lowest specific capacity is demonstrated by sample 5C (pre-
pared at the highest concentration of the template), which
can be explained by screening of nickel hydroxide particles
by the incompletely removed template. For the second group,
the maximum specific capacity of 525 F/g was achieved by
the nickel hydroxide sample prepared with the template con-
centration of 0.4 %.

7. Conclusions

1. The structural, surface and electrochemical proper-
ties of nickel hydroxide samples prepared using homoge-



neous precipitation with different concentration of Culminal
C8564 as a template have been studied. It has been found
that increasing concentration of a template to 0.2 % leads
to a decrease of crystallinity, while it increases with further
increase of the template concentration. Increasing template
concentration leads to a decrease of the particle diameter of
nickel hydroxide, however, at the template concentrations
higher than 0.2 %, the formation of particle agglomerates
is observed. The analysis of electrochemical properties has
revealed that the synthesized samples can be divided into
two groups. For the first group of samples synthesized at
the template concentrations below 0.2 %, there is a weak
dependency of specific capacity on current density. It has
been demonstrated that for this group, the maximum charac-
teristics are defined by optimal crystallinity and decreased
particle size when a template is used. The second group

of the samples prepared at the template concentrations of
0.3-0.5 % demonstrated a sharp increase of specific capacity
with an increase of cycling current density, which indicates
the breakdown of agglomerates recorded with SEM. A sharp
drop in specific capacity at a high template concentration
(0.5 %) has been found.

2. Upon complex analysis of the results, two optimal
template concentrations of 0.1 % and 0.4 % were found. It
has been demonstrated that specific capacity for the sam-
ple synthesized at the template concentration of 0.1 % was
499 F/g. This sample is recommended for cycling at medium
current densities of 20—80 mA /cm? For use in high-speed
supercapacitors with the current density of 120 mA/cm?
and above, the template concentration of 0.4 % should be
used for template homogeneous synthesis. At this template
concentration, the specific capacity of 525 F/g was achieved.
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