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Kamoonum memniamnum memooom nHa ninomi-
KeJle6uUx 0CHO8AX CUHME306aHi eleKmpPOOHi mame-
pianu 0as no3umuenozo enexmpooa 2i0puodno-
20 cyneprondencamopy. 3naideno onmumarbHuU
yac ocaodycenns — 10 i 20 xeunun. Ioxasano, wo
EMKICMb NPU MAKOMY CROCOOT HAHECEHHA CKAA0a-
E€MbCA 3 060X KOMNOHEHMIE — EMKOCHIL KOMNOIUM -
nozo IIBC-Ni(OH); mamepiany i emkocmi niHoHi-
Kesne6ou ochosu. MaxcumaioHa numoma emMKicme
enexmpo0ie, ompumana npu 2YcmuHi cmpymy
320 mA/cm?, cknadae 2,26 @/cm?

Kmouosi cnosa: ziopoxcuo nixemo, Ni(OH),,
CYneproHOeHCamop, eeKmpoocaoHceHns, Kamoo-
HUll meMnaamuull cunmes, nONIGIHII06UL cnupm,
Ppo3paona eMKicmo
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Kamoonvim memnaammuoin memooom Ha nemo-
HUKEJLe8bIX 0CHOBAX CUHME3UPOBAHbBL INEKMPOO-
Hole mMamepuanvt 01 NOJOHCUMETbHOZ0 IJeKM-
poda eubpudnozo cyneprxondencamopa. Haiideno
onmumanvioe epems ocaxcoenus — 10 u 20 mu-
nym. Iloxazano, umo emxocmv npu maxom cno-
cobe nHamecenuss cocmoum u3 06Yx KOMNOHEH-
moe — emxocmu xKomnosumnozo IIBC-Ni(OH),
Mamepuana u émMKOCMuU NEHOHUKENEB0U OCHOBDL.
Maxcumanvua yoenvnas emxocmv 31eKmpooos,
noayuennasn npu naommocmu moxa 320 mA/cm?,
cocmaeasem 2,26 @ /cm?

Knoueesvie cnosa: euoporxcuo nuxeas, Ni(OH),,
cyneprondencamop, 3aeKmpoocaxicoenue, Kamoo-
HOLL MeMnaamuoli cunmes, NOJAUGUHUTIOBLLU
cnupm, paspaonas emMKocmo

u] =,

1. Introduction

Nickel (IT) hydroxide is used as an active material of
positive electrode in accumulators [1, 2]. This compound
also finds applications in other fields: oxidation of organic
compounds [3], sensors [4] and as electrochromic material
[5, 6]. Nonetheless, the field of nickel hydroxide application
is constantly growing. Lately, the nickel oxide films [7, 8]
have been viewed as components for dye-sensitized solar
cell. Nickel oxide is usually prepared by calcination of nickel
hydroxide that had been prepared by various methods. Such
application of nickel-based oxide-hydroxide materials is re-
lated to the formation of nickel oxide and nickel oxyhydrox-
ide, which is formed by oxidation of nickel hydroxide, both of
which are p-type semiconductors.

Because of a growing number of applications for nickel
oxide-hydroxide materials, the relevance of its research
continues to be constantly high. The latter is proven not
only by a large number of applied papers in various fields
of nickel hydroxide application [9, 10], but by a significant
number of theoretical papers as well [11, 12]. Theoretical
works on Ni(OH), summarize the newest information re-
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garding the compound or recent progress on its synthesis
and application [13, 14].

The electrochemical precipitation stands out among a
variety of Ni(OH), synthesis methods. Thus, the work [15]
describes one of synthesis methods for preparation of nickel
hydroxide thin films for application in electrochromic devic-
es. The film prepared by the cathodic template method is a
composite and consists of a matrix — the polyvinyl alcohol
and nickel hydroxide. Such a film is similar in structure to
the films prepared in the works [16, 17]. Deposition using
cathodic template methods allows for deposition of films
with good electrochemical and electrochromic properties,
required uniformity and strong adhesion to the substrate.
The film formation occurs according to reactions 1 and 2:

NO;+H,0+28—NO,+20H, @)

20H +Ni2*>Ni(OH)s. 2)

It should be noted that strong adhesion and reliable con-
tact of the active material with the electrode (current collec-
tor) is one of the main requirements for active material for




chemical power sources, especially at high charge-discharge
rates [18]. Fulfilling this requirement enables the creation
of rechargeable power sources with high durability [19, 20].

It can be summarized that cathodic template deposition
method can be used for the preparation of electrodes with
high specific characteristics and long life cycle.

It should be noted that polyvinyl alcohol is widely used
for the preparation of composite materials for electrochemi-
cal supercapacitors [21], and as a surfactant during synthesis
[22]. Additionally, the polyvinyl alcohol is commonly used
for the preparation of flexible supercapacitor electrodes
[23, 24]. Use of PVA for template synthesis should allow
for preparation of highly active thin film Faradic electrode
for hybrid supercapacitor. Thus, the study on such Faradic
electrode is relevant.

2. Literature review and problem statement

Development and further industrial production of pow-
er sources with high specific characteristics, asymmetric
supercapacitors, in particular, are only possible if an active
material with required characteristics is available. The ac-
tive material should exhibit sufficiently high electrochemical
activity and high specific surface area [25, 26]. The active
material need also to form a good contact with the electrode
surface, so it wouldn’t peel off at high charge-discharge rates
[18]. This is because at the high charge-discharge rate the
undesirable processes, such as gas evolution due to electro-
lyte decomposition, are more pronounced at high charge-dis-
charge rates [27]. This can lead to reduced contact surface
between the material and current collector due to material
peeling off, resulting in a decrease of the overall capacity of
the electrode. In addition, the charge-discharge process can
lead to changes in the crystal lattice of the active material
[28, 29], which would lead to a change in the material’s
volume causing active material to peel off. Both described
mechanisms for capacity loss manifest in various power
sources. To eliminate these mechanisms, various additives
that increase the polarization of unwanted processes and
various binders are used [30, 31].

There are a few types of electrodes that are used for
chemical power sources, which can be split into three groups:
pasted, box and formed. The electrodes of the latter type are
formed onto the current collector as a result of chemical or
electrochemical reactions. This type of electrodes has the
advantage of the simple production chain due to lack of op-
erations required during manufacturing of other electrode
types. This approach results in the electrode that is ready
for immediate use. Electrodes of this type find their use in
the production of alkali batteries, where the sintered nickel
matrix is impregnated with solutions of nickel sulfate and
base for the formation of Ni(OH), layer.

Cathodic template method for Ni(OH), deposition has
all the necessary prerequisites for use in preparation of elec-
trode materials for hybrid supercapacitors [15]. This method
allows for the preparation of a thin uniform film that is
strongly bound to the substrate, with the resulting electrode
being ready for immediate use. This method also allows for
the single stage formation of supported active material films,
which potentially can decrease the cost of the final product.
Formation of nickel hydroxide thin films with a lot of defects
and structure water, using the cathodic template method
[5, 6] would lead to the high activity of the resulting mate-

rial. Considering that research regarding the use of cathodic
template synthesis for the formation of hybrid supercapac-
itor electrodes has not been conducted previously, the au-
thors have decided to evaluate the specific characteristics of
the material prepared with this method.

3. The aim and objectives of the study

The aim of the work is to evaluate the possibility of
preparing composite materials based on nickel hydroxide
for positive supercapacitor electrodes using the cathodic
template method.

For achievement of the set aim, the following objectives
must be completed:

— to deposit composite nickel hydroxide films using the
cathodic template synthesis at different deposition time;

— to evaluate the structure and morphology of prepared
films;

— to determine specific capacities of prepared films.

4. Film deposition and characterization methods

The deposition regimes [15] listed in Table 1 were used
in all experiments. For nickel hydroxide film deposition, a
two-compartment cell with a low-permeability membrane
was used. Ni(NOj3), solution was used in the cathodic space;
anodic— KNOs.

Table 1

Electrolyte deposition regimes and composition for cathodic
template deposition onto nickel foam

. Depo-

2+

Sample* Sat(:llj(i di)c, PVA sition Deposi- | Drying
(na 1[1)1 ¢) | chamber concen- | current |tion time, | tempera-

M/L tration, % | density, min ture, °C
mA/cm?

Ni-PVA5 1 5 0.625 5 20

Ni-PVA10 1 5 0.625 10 20

Ni-PVA20 1 5 0.625 20 20

Ni-PVA40 1 5 0.625 40 20

Ni-PVAS0 1 5 0.625 80 20

Note: * — 1M 1M KNO3 was used in the anodic chamber

Rectangular pieces of 300 PPI nickel foam (Russian
Federation), 0.5 cm? were used as a substrate. Nickel
stripes were spot-welded to nickel foam pieces for current
supply.

After deposition of Ni(OH),, the electrodes were placed
into room-temperature distilled water for an hour in order to
remove excess polyvinyl alcohol. The electrodes were dried
at room temperature for 24 hours.

Additionally, the capacities of the samples were also ob-
tained, preparation conditions for which are listed in Table 2.

In order to evaluate capacitive characteristics, the
charge-discharge cycling method was used. The charge-dis-
charge measurements were recorded on the digital poten-
tiostat-galvanostat Ellins P-8 (Russian Federation) using
the cell depicted in Fig. 1. Ag/AgCl (KCl sat.) was used as a
reference electrode. Nickel mesh with a surface larger than the
working electrode was used as a counter-electrode. 6M KOH
solution was used as an electrolyte in all experiments.



The charge-discharge cycling was conducted at the
following current densities: 20, 40, 80, 160, 320 mA /cm?.
Charge and discharge current densities were the same
during cycling. The current values were calculated accord-
ing to the electrode area — 0.5 cm?. The specific capacities
for all samples were calculated for each discharge current
density.

Table 2
Treatment regimes for nickel foam electrodes
Current . Cathodic Anodic
Sample densi Soaking hamb hamb
(name) ensity, time. min chamber chamber
mA /cm? ’ electrolyte | electrolyte
10KNO3 0.625 10
20KNO3 0.625 20 1M KNOs +
10KNO3no +5% PVA
current 0 10 (instead of M KNO%
20KNO;3 no Ni(NO;)»)
) 0 20
current
4

Fig. 1. Cell for charge-discharge measurements:
1 — working electrode; 2 — counter-electrode;
3 — electrolyte; 4 — reference electrode.

The electrodes were cycled 10 times at each current den-
sity and average specific capacity was calculated. The spe-
cific capacities were calculated using two methods: using the
time between the start and the finish of Ni(OH), discharge
plateau and using the time between the start of discharge
plateau and the start of hydrogen evolution (Fig. 2).

The specific capacities were calculated using the follow-
ing formula (3):

C=(I'1)(AES), F/em?, (3)

where I — discharge current, mA; t — discharge time (Fig. 2), s;
AE- potential difference (Fig. 2), V; S — electrode working
area, cm? (0.5 cm?).

Thus, two capacities were obtained: C,, (calculated from
AE, and 1) and Cy (calculated from AEy and tp) (Fig. 2).
The electrode working area was used instead of the active
material mass in formula (3), because of the low mass gain
(0.1-0.3 milligrams), which did not allow for accurate
calculations of specific capacities by the weight of active
material.

In order to determine the structure of prepared mate-
rials, the XRD patterns of films on nickel foam substrates
were recorded, using the DRON-3 diffractometer (Russian
Federation), Co—Ka monochromatic radiation.
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Fig. 2. Methodology for choosing discharge times and
potential differences

The morphology of the samples was evaluated by means
of Scanning Electron Microscopy (SEM) using JEOL JSM-
6510 LV (Japan).

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

5. Results of electrodeposition experiments of
PVA-Ni(OH), films

As a result of cathodic template deposition, a few elec-
trodes were prepared. The electrodes differed in a deposition
time of PVA-Ni(OH), composition material. Upon visual
examination, the prepared electrodes were identical to the
initial nickel foam, due to a small film thickness caused by
a large area of nickel foam. The mass gains were less than
a milligram, so the capacities calculated in cycling exper-
iments were related to the electrode area (0.5 cm?). The
unthreaded matrix was also subjected to cycling. This was
done because the surface of nickel foam is covered with a
layer of nickel oxides and hydroxides, which can contribute
to the overall electrode capacity.

An additional series of experiments were also carried out,
in which the nickel foam matrix was soaked in the solution
of nickel nitrate and polyvinyl alcohol for 10 and 20 minutes,
with and without cathodic polarization. This was done in
order to evaluate the contribution of polyvinyl alcohol to the
total electrode capacity.

5. 1. Analysis of structure, morphology and compo-
sition of PVA-Ni(OH), films prepared by electrodepo-
sition

In order to compare the structure of the deposited mate-
rials, the XRD patterns of all prepared films were recorded.
The XRD patterns of the samples prepared on nickel foam
for 5 and 80 min: are presented in Fig. 3.

The analysis of recorded patterns has revealed that
prepared films do not show any pronounced peak and only
peaks corresponding to nickel foam are observed. However,
at low angles (20=5-15°) there is some signal increase, with
prolonged deposition time (Fig. 3).

SEM images were recorded for all prepared electrode
materials, in order to determine their morphology. SEM
images of the samples prepared at the shortest and longest
deposition times (Ni-PVA5 and Ni-PVA80 samples) are
presented in Fig. 4.
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Fig. 3. XRD patterns of Ni-PVA5 and Ni-PVA80 samples

Fig. 4. SEM images for the electrodes prepared using cathodic template
method at different deposition times: a, b — Ni-PVAS5; ¢, d — Ni-PVA80

Upon thorough examination of the obtained images, film
cracking and partial peeling can be observed in Fig. 4, b and
Fig. 4, d. In order to confirm the presence of the compos-
ite film, the elemental composition of several film regions
(Fig. 5) was determined, the results of which are compiled
in Table 3.

Table 3

Elemental composition of the electrode prepared using
cathodic template method (deposition time 80 min)

Element Mass, % Atomic, %
C 10.15 33.83
O 2.71 6.78
Ni 87.14 59.39

The analysis of the obtained values has revealed the
presence of significant amounts of carbon and oxygen on the
surface of nickel foam.

pectrum 1

Spectrum 1
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Fig. 5. EDX results for the Ni-PVAS80 electrode,
prepared using cathodic template method:
a — image and probed region: violet rectangle;
b — acquired spectra

3. 2. Comparison of electrochemical charac-
teristics of the electrodes prepared using cathod-
ic template method at different deposition times

The electrodes with the films deposited using
cathodic template method were subjected to gal-
vanostatic charge-discharge cycling (Fig. 6).

Two capacities were calculated from charge-
discharge data according to the parameters pre-
sented in Fig. 2. The averaged values for different
samples from different charge-discharge regimes are
presented in Fig. 6, 7.

By analyzing the obtained histograms, a few
facts can be stated:

— except for the Ni-PVAS5 sample, the capacity of
all samples either decreases or doesn’t change with
an increase of charge-discharge current density;

— the sample deposited for 10 minutes shows a
sharp increase in capacity, with prolonged depo-
sition time having a minimal impact on capacity;

— maximum capacities at the highest and lowest
charge-discharge current densities were obtained for Ni-
PVA10 and Ni-PVA20 samples, and are 2.7/0.88 F/cm? (at
20 mA/cm?) and 2.26,/0.51 F/cm? (at 320 mA /cm?).

3.000
2.500
§ 2000 M Ni-PVAS
= 1,500 W Ni-PVAI0
&% 1.000 4 Ni-PVA20
o Ni-
0,500 Ni-PVA40
M Ni-PVAS0
0.000
20 40 80 160 320
1, mA/cm?

Fig. 6. Averaged specific capacities calculated from t, and AE,
for the samples prepared using cathodic template method
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Fig. 7. Averaged specific capacities calculated from 1y
and AEy for the samples prepared using cathodic template
deposition method

5. 3. Comparison of electrochemical characteristics of
nickel hydroxide films prepared by treating nickel foam
in KNO3

It is known that the surface of nickel is covered by the
oxide-hydroxide layer. Therefore, the nickel foam matrix
was subject to charge-discharge cycling, in order to evalu-
ate its own capacity. Its discharge times were shorter than
a second, with capacity being less than a tenth of 1 F/cm?.
Nevertheless, in order to evaluate the influence of polyvi-
nyl alcohol and cathodic polarization and their combined
influence, an additional series of experiments had been
conducted, the parameters of which are listed in Table 2.
The obtained capacities for these samples are summarized
in Fig. 8, 9.

2.000

i JOKNOs3no current

The acquired data and their analysis have allowed mak-
ing a few conclusions regarding the soaking duration of nick-
el foams in potassium nitrate and polyvinyl alcohol solution
with and without cathodic polarization. It would appear
that the main effect is caused by soaking in KNO3 and PVA
solution, while cathodic polarization and soaking duration
do not affect the electrode capacity significantly.

The maximum substrate capacities were obtained for
the samples 20KNO3 with no current and 10KNOs, and are
1.60/0.46 F/cm? and 1.58/0.42 F/cm? correspondingly.

6. Discussion of the results of studying the
supercapacitor electrodes formed on the foamed nickel
substrate

As aresult of conducted experiments on the deposition of
active material on nickel foam matrixes using cathodic tem-
plate method, a series of electrodes had been prepared. The
XRD analysis has revealed that composite films are almost
X-ray amorphous, i. e. they have a low degree of crystallin-
ity and a large number of defects. Additionally, the films
show barely distinguishable peaks at low angles, which may
indicate a phase similar to Ni(OH),. Such o-like hydroxide
with a large number of defects would likely contain a large
amount of crystal water.

The results of Scanning Electron Microscopy have re-
vealed that prepared deposited films crack during drying,
which can be observed at high magnification.

The EDX analysis revealed significant amounts of car-
bon and oxygen on the surface of nickel foam. These elements
indicate the presence of a composite material that
had been formed during cathodic template deposi-
tion. The carbon indicates the presence of polyvinyl
alcohol, and oxygen indicates the presence of poly-
vinyl alcohol and the presence of hydroxide formed
during cathodic polarization of the substrate.

The results of charge-discharge cycling of com-

® 10KNO; posite materials deposited on nickel substrates have

i W 20KNOsnocurrent  pevealed the presence of electrochemical activity
0.500 cu ‘

M 20KNOs of the formed electrodes. It is interesting to note

0.000 that increasing deposition time from 5 to 10 min

20 40 80 160
1, mA/cm?

Fig. 8. Averaged specific capacities calculated from 1, and AE, for

the samples treated with KNO3
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Fig. 9. Averaged specific capacities calculated from t4 and AEy for

the samples treated with KNO3

1 10KNOs no current

H 20KNOs no current

leads to a significant increase of specific capacity,
but further increase of deposition time did not yield
significant changes. This is related to some effective
thickness of the films formed with such method that
actually works. This thickness is determined by the
specific surface area and proton diffusion coefficient.
In case of deposition of PVA-Ni(OH), composite
films thicker than the effective thickness, the rest
of the films doesn’t partake in electrochemical pro-
cesses. The maximum specific capacity values were
obtained for Ni-PVA10 and Ni-PVA20 electrodes,
which are 2.7/0.88 F/cm? (at 20 mA/cm?) and
2.26/0.51 F/em? (at 320 mA /cm?).

It is interesting that the nickel foam substrate
treated with KNOj solution also showed a notable
electrochemical activity. Only soaking in PVA and
KNOj solution resulted in a notable increase of specif-
ic capacity. The treatment was the only determining
factor, and not its duration or cathodic polarization.
Based on this fact, it was concluded that the result
was caused by a polyvinyl alcohol film on the surface
of nickel foam. Presumably, the operation mechanism



consists in a significant increase of polarization of oxygen evo-
lution, which is a side process that lowers the charge efficiency
of nickel hydroxide. Herewith, the oxides and hydroxides on
the surface of nickel foam work more effectively.

It can be concluded that specific capacity of the elec-
trodes prepared by the cathodic template method is consti-
tuted by two components: the own capacity of the treated
substrates and the capacity of the deposited PVA-Ni(OH),
composite.

7. Conclusions

1. The possibility of preparing composite materials for
positive electrodes of hybrid supercapacitors using cathod-
ic template method has been demonstrated. The formed

electrodes have a flat morphology with a grid of cracks and
consist of a composite PVA film and X-ray amorphous a-like
nickel hydroxide.

2. The specific capacitive characteristics of prepared
composite films and treated substrates have been deter-
mined. The maximum capacities were obtained for Ni-
PVA10 and Ni-PVA20 samples and are 2.7/0.88 F/cm?
(at 20 mA/cm?) and 2.26/0.51 F/cm? (at 320 mA /cm?),
the maximum capacities for the treated substrates were
demonstrated by the samples 20KNO3 with no current
and 10KNO3; — 1.60/0.46 F/cm? (at 20 mA/cm?) and
1.58/0.42 F/cm? (at 160 mA /cm?) correspondingly.

3.1t had been demonstrated that the resulting specific
capacity is constituted by two components: the own capacity
of the treated substrate and the capacity of the deposited
PVA-Ni(OH), composite.
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