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Abstract: The self-decomposition reaction of the nickel ammonia complex was used for the nickel
hydroxide formation on the nickel foam with further modification in several ways. The addition of
polyvinyl pyrrolidone (PVP) and the electrochemical or chemical activation with cobalt hydroxide
was used to modify the formation method. In all cases, structures with Ni(OH), nanoflakes were
formed. It was found that the flower-like particles of Co(OH), were precipitated during chemical
activation among the nanoflakes. It was shown that the presence of PVP during the nickel ammonia
complex decomposition suppressed the highly branched particles. The absence of the highly branched
particles increased the capacitive properties of the formed electrode at high current densities. The
highest capacitance in 1408 F/g at 1 A/g was shown for the sample precipitated with the PVP
presence and the further chemical activation by cobalt.

Keywords: nickel hydroxide; supercapacitor; cobalt hydroxide; polyvynilpyrllidone; nanoflakes

1. Introduction

Aiming to reduce the human carbon footprint and influence on nature forces modern
society to use renewable energy sources [1]. However, at the moment, autonomous energy
storage is not possible without chemical power sources [2].

Nickel hydroxide (II) and relative materials are widely used as a component of alkaline
battery electrodes [3]. The thin films of nickel hydroxides are potential materials for elec-
trochromic devices [4-6]. The nickel hydroxide deposits formed on the different substrates
have been applied for fuel cell electrodes [7-9], for the oxidation of pollutants [10-12] and
for the detection of different molecules [13-15]. The powder of nickel hydroxide can be
used for recycling plastic with hydrogen production [16]. The electrodes based on nickel
hydroxide are also considered efficient for water splitting [17,18].
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The reasons behind the high diversity of applications for Ni(OH), include a high
reversibility of reactions (1, 2), a high oxidation ability and the semiconducting properties

of NiOOH.
Ni(OH), — NiOOH + H* + 1e~,

solid-state reaction

)

Ni(OH); + OH™ — NiOOH + H,O + 1e™,
summary reaction

@

Nickel hydroxide and its related materials such as Ni-based layered double hydroxides
(LDH) can be applied as electrode materials for hybrid supercapacitors (SCs). The main
difference between supercapacitors (SC) and convenient secondary batteries is that SCs can
be discharged and charged by much higher currents. This property can be used for starting
electrical engines, pulse welding and other applications. A combination of an SC and a
convenient battery can save space and weight [19] and extend the cycle life of a battery [20].

Nickel hydroxide and its relative materials are also used in hybrid supercapacitors.
The capacitance of these materials consists of a pseudocapacitance (the faradaic reaction (1))
and a double-layer capacitance [21]. Therefore, for the successful application in SCs, these
materials must have a high specific surface area and a high proton diffusion coefficient.
On the other hand, a too-branched surface can prevent the running of an electrochemical
reaction due to the resistance of the electrolyte and the material. This can be explained by
the following equation for resistance R:

R=p1/S, ®3)

where p is the specific resistance in Ohm-cm and | and S are the length and the area of the
pore/element of the material in cm and cm?, respectively.

In the case of a very long pore (a nanosized element of an active material) and its small
cross-sectional area, the final resistance will be so high that it suppresses the processes.
Researchers need to avoid synthesizing extra branched materials with long and small pores.

Nevertheless, nanosized materials have been successfully synthesized and used for
SC electrodes by many authors.

In [22], an active material was synthesized for SCs consisting of cobalt-nickel double
hydroxide nanoflakes on nitrogen—doped hollow carbon spheres. The synthesis was carried
out in two steps. For the synthesis, a complex procedure and a row of reactants were used.
The optimized material demonstrated a specific capacitance of 578 C/g at 1 A/g as well
as a good rate capacity of 76.54% at 1-20 A/g. The measurements were carried out for a
pasted electrode.

The authors in [23] obtained composites based on carbon derived from tea leaves and
covered by nickel hydroxide. It was prepared by using nickel nitrate hydrolysis at 110 °C
for 12 h in an autoclave. The resulting precipitate was used for pasting the electrode forms.
The capacitance of the optimized material was found to be 945 F/gat1 A/g.

A two-step method for achieving Ni—doped tin disulfide@Nickel hydroxide directly
on carbon cloth was proposed in [24]. First, the researchers carried out the formation
of Ni-doped tin disulfide with the help of the hydrothermal method in the presence of
several components. The precipitate formed on the carbon cloth was covered by the further
hydrothermal formation of Ni(OH),. The resulting material demonstrated a capacitance of
2090 F/g at1 A/g and good stability.

Another group of researchers [25] synthesized modified carbon nanotubes with cobalt
and nickel hydroxide. The composites were obtained based on the matrix of the multiwall
carbon nanotubes: non-functionalized (MWCNT). The synthesis was carried out as a simple
chemical deposition. The physicochemical properties of the obtained nanocomposites were
investigated with a focus on their use as the electrode materials of supercapacitors. The
optimized material had a specific capacitance of 116 mF obtained using cyclic voltammetry
for 10-80 mV /s sweep rates.
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The Ni(OH); flower-like particles were obtained directly on the ZnO substrate [26].
The researchers chose a facile one-step electrochemical method. The resulting electrodes
showed excellent parameters: 2264.55 F/g at 0.5 A/g, a performance rate of 601.09 F/g at
30 A/g and a high cycle stability of 94.9% after 5000 cycles.

Another work dedicated to the nickel-manganese based composite on the substrate
was presented in [27]. The authors synthetically formed the structure through the coprecip-
itation method. As a result, the developed structure had multilevel corrugations with more
surface-active sites. The deposited active material demonstrated the highest capacitance of
2454 F/g at a current density of 1 A/g.

In [28], the researchers proposed a high-temperature two-step method for producing a
flexible binder-free Ni-Ni(OH); / carbon nanofiber (CNF) composite material. This material
was created using electrospinning followed by a high-temperature, hydrothermal and
carbonization process. The best electrodes exhibited a capacitance of 763 F/g at a current
density of 1 A/g and showed a cyclic stability of 94% after 8000 cycles.

A mixed material based on a copolymer of thiophene and pyrrole incorporated into
a nickel hydroxide/nickel sulfide composite was synthesized via a complex multistage
procedure [29]. The final precipitate in a mixture of the binder and the conductive additive
was used for the pasted electrode preparation. A carbon cloth was used as a substrate.
The electrodes demonstrated a high cycling stability. On the contrary, the capacitance was
about 87 C/g at a current density of 1 A/g.

The group of researchers synthesized a material based on nickel hydroxide that was
coated with carbon nanoparticles on a hybrid three-dimensional graphene foam [30]. The
complex three-stage procedure included the modification of the nickel foam by forming
the graphene and carbon nanoparticles and the electrodeposition of the nickel hydroxide.
The ready-to-use electrodes demonstrated a high capacitance of 4667 F/g at2 A/g.

The hollow nickel-cobalt-layered double hydroxide nanocages were obtained via a
two-step synthesis with the help of several reagents. The proposed synthesis required
heating. The precipitate was used for the pasted electrode formation. The paste contained
a conductive additive and a binder. The Ni-Co LDH electrode showed a capacitance of
2369.0 F/g at 0.5 A/g and a good rate capability [31].

The Ni(OH),/g-C3N nanocomposite was grown by using a simple precipitation
synthesis where the direct formation on the substrates was carried out. The optimized
electrode showed 463 F/g in the next cyclic voltammetry mode: —300 to 500 mV (vs. SCE)
at 10 mV/s [32].

In [33], the lanthanum-doped nickel hydroxide was shown with a capacitance of
1510.7 F/g at 1 A/g. The synthesis method required multiple components and heating up
to 150 °C. The resulting precipitate was used in the composition of the pasted electrodes,
which contained 10% of the conductive additive and 10% of the binder.

By classifying the works of [22-33], we can summarize that there are two primary ways
to create electrodes for SCs. The first way is the direct formation of the electrochemically-
active substances on the different current collectors. The advantage of the approach is
the formation of the ready-to-use electrodes. The second way is the precipitation of the
powders using physicochemical methods and the forming of the pasted electrodes based on
the synthesized powder. The advantage of this approach is that the researcher has a much
higher spectrum of methods for the synthesis. The second approach more often requires
a binder and conductive additives such as carbon-based materials or metal powders.
The addition of the extra components leads to a decrease in the electrochemically-active
component content. In this case, the maximum possible achievable capacitance decreases.

In our opinion, the best strategy for developing SC materials is through the direct
deposition of active materials onto the substrates. At the same time, the substrates must be
constructed from highly conductive materials with a branch network, high porosity and
roughness. Additionally, the substrates need to be of a relatively small thickness to prevent
the current density inhomogeneity in the frontal and back sides of the electrodes. The latter
occurs especially at high current densities and leads to a decrease in its efficiency. Using
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the branched and slim substrates will allow for the depositing of the thin films of the active
substances and, therefore, the cycling efficiency will increase. Moreover, the deposition
onto the high-branched substrates will decrease the necessity for the co-deposition of the
conductive additives.

From a large-scale production point of view, only relatively simple synthesis methods
can be successful. These methods must not require specific reactants with high cost,
multistage or complex procedures or steps with heating since this leads to a price rise in
the final product.

This work proposed a facile formation method of the Ni(OH), nanoflakes deposit
decorated with nanosized Co(OH), flower-like crystals. For this, the self-decomposition
reaction of the nickel ammonia at room temperature was used with further improvements.
The deposition was carried out on a nickel foam electrode. The required method does not
need exotic reactants or heating and yields ready-to-use electrodes for hybrid supercapaci-
tors. Based on the good electrochemical characteristics of the active material, the proposed
method is suitable for the large-scale production of supercapacitors.

The main difference between the present and the relative works [34-36] is that the
synthesis with the PVP presence was done at room temperature and the precipitated
Ni(OH); was modified by Co(OH); in the second step.

2. Materials and Methods
2.1. Reactants

All the utilized chemicals were of the ACS reagent grade and used without any
further purification. The metal precursors, including the nickel nitrate hexahydrate
(Ni(NO3)-6H,0O, >98%), cobalt nitrate hexahydrate(Co(NOs),-6H,O, >98%), ammonium
hydroxide (NH4OH, 25%), potassium hydroxide (KOH) and polyvinylpyrrolidone (PVP,
29,000 a.m.u.), were purchased from Sigma Aldrich [37,38].

For the formation of the electrodes, the nickel foam (NF) substrates were used with
the size 1 x 3.5 cm and with the following parameters: 99.99% purity, 1.6 mm thickness,
346 g/m? density and porosity > 95%, 80-110 ppi.

2.2. Structural Characterization

The XRD analysis was carried out using a Bruker D8 ADVANCE diffractometer
(Bruker, Billerica, MA, USA) equipped with an X-ray tube and a Co anode operating
at 12 kW. All the measurements were performed using Bragg-Brentano geometry. The
diffraction patterns were analyzed in the DIFFRAC.EVA v3.1 and TOPAS v4.2 softwares.
All the diffraction patterns were measured in a wide scan range, from 20° to 110° with a
step size of 0.025°. The time per step was 2 s.

2.3. Morphology and Composition

For the primary morphology estimation, an optical microscope with a digital camera
(Hayear 16 MP) was used.

The electrodes were characterized using scanning electron microscopy (FEG250, FEI
Company, Hillsboro, OR, USA) equipped with an energy-dispersive X-ray (EDX) spectro-
scope (XFlash 6-60, Bruker, Billerica, MA, USA).

The X-ray photoelectron spectroscopy (XPS—Omicron multiprobe system with hemi-
spherical analyzer, Scienta Omicron GmbH, Taunusstein, Germany) was used to measure
the chemical composition. The analysis was performed using monochromatic Al K-alpha
X-rays (1486.6 eV). All the spectra were measured at ambient temperatures with a photoe-
mission of 45 degrees from the surface. A low-energy electron gun was used for the charge
neutralization to minimize the charging effects.

2.4. Electrochemical Characterization

For the electrochemical measurements, a Gamry 1010E potentiostat (Gamry Instru-
ments, Warminster, PA, USA) was used. The platinum plate was employed as a counter
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and Ag | AgCl in 3M KCl as the reference electrode. In all the experiments, a 1 M KOH
solution was used as an electrolyte.
To calculate the specific capacity and capacitance from the discharge curves, the

following equation was used:
C=I1/m-(Es — Ee), 4)

Q = I'T/m/ (5)

where C and Q are the specific capacitance and capacity in F/g and mA-h. Iis current
in A or mA for (4) and (5), respectively. T is the time of discharge in s or h for (4) and
(5), respectively. m is the mass in g for the active substances (Ni(OH);, or Ni(OH), plus
Co(OH),). Es and Ee are the potentials in V during the start and end of the discharge.

2.5. Formation of Electrodes

During the experiments, four types of electrodes were formed: Ni(OH),-pure, Ni(OH),-
PVP, Ni(OH),-PVP-Co-elchem and Ni(OH),-PVP-Co-chem.

2.5.1. Ni(OH),-Pure Samples

Typically, obtaining the nickel ammonia solution was achieved via two steps—the for-
mation of Ni(OH), and its dissolution by NH4OH. In the first stage, 3.14 g of Ni(NO3),-6H,O
was dissolved in 20 mL of water and 2.46 g of KOH was dissolved in 40 mL of water. After
that, the Ni(NOs3), solution was added to the KOH at a continuous stirring rate of 770 rpm.
The stirring was performed for 10 min. The obtained precipitate was filtered and rinsed
once with water from the KNOj3 solution on a paper filter. The last stage was the dissolution
of the nickel hydroxide using 40 mL of NH4OH. As a result, a blue transparent solution of
nickel ammonia complex was prepared. To form the Ni(OH),-pure samples, four pieces
of NF remained in a 15 mL nickel ammonia complex for 24 h. After the precipitation, the
electrodes were rinsed in water and dried in the air for 24 h. The initial and final NF mass
was controlled for all the samples on the analytical balance with an accuracy of +0.00001 g.

2.5.2. Ni(OH),-PVP Samples

The Ni(OH),-PVP samples were obtained in the same way as the Ni(OH),-pure
samples with slight modifications. First, 0.17 g of PVP was dissolved in 5 mL of water.
After that, 2 mL of PVP solution was added to 15 mL of the nickel ammonia complex. The
formation of the Ni(OH),-PVP samples was carried out by leaving four pieces of NF in
17 mL of the resulting solution for 48 h. The electrodes were rinsed, dried and weighed as
described above.

2.5.3. Ni(OH),-PVP-Co-Elchem Samples

The Ni(OH),-PVP-Co-elchem samples were obtained through the modification of
the Ni(OH),-PVP samples. After the Ni(OH), formed on the NF surface, the samples
were modified by the electrochemical deposition of cobalt hydroxide at a constant current
from 0.1 M of the Co(NO3), solution. The electrodeposition was achieved by applying a
constant cathodic current for 1 h. A specific current was calculated based on the Ni(OH),
mass in order to deposit 20% cobalt hydroxide by mass. For example, if the Ni(OH), mass
was 20 mg, the applied current was 2.31 mA (i.e.,j = 0.116 mA/mg(Ni(OH),)). After the
electrodeposition, the electrodes were rinsed, dried and weighed as described above.

2.5.4. Ni(OH),-PVP-Co-Chem Samples

The Ni(OH),-PVP-Co-chem samples were obtained through the modification of the
Ni(OH),-PVP samples. After the Ni(OH), formed on the NF surface, the samples were
modified by soaking it in a 1 M Co(NOs3); solution. The excess Co(NO3); solution was
removed by applying the filter paper to the surface of the wet electrode. After that, the
electrodes were dried for 24 h in the air. In the next step, the weighted electrodes were
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immersed in the 1 M KOH solution for 1 h. The electrodes were rinsed, dried and weighed
as described above.

3. Results

The overall scheme of the experiments is shown in Figure 1. The addition of PVP
was used on the basis of its surfactant properties [39,40] and our previous works were
dedicated to the Ni(OH), electrochromic films [41,42]. It was proposed that the addition
of PVP would affect the morphology of the deposits and (or) the composition through
the Ni(OH),-PVP composite formation. This could improve the adhesion and mechanical
properties of the formed films and thereby their electrochemical properties. It has to be
underlined that the adhesion to a substrate and its certain flexibility play a critical role in
the performance of the nickel hydroxide-based materials.

Staying for 24 h at room temperature Electrodeposition for 1 h with j=0.116 mA/mg(Ni(OH),)

)

Q)

Ni

L 0.1 M
Rinsing by water, Rinsing by water,
. Co(NO,) .
drying at room G drying at room
temperature temperature
for24 h for24 h

Rinsing by water, Salt residue Rinsing by water,

drying at room fgmf"’inz‘i’ drying at room
temperature rymg a t t
f p 24h room temperature empetature
or for 24 h v for 24h

Staying for 48 h at room temperature Staying for 1 h at room temperature  Staying for 1 h at room temperature

Figure 1. The general simplified scheme of the electrode formation. Detailed information about
formation conditions is presented in Section 2.5.

During a charge on a nickel electrode, oxygen evolution occurred and was considered
a harmful process [43,44]. The oxygen evolution decreased the charge efficiency and broke
the active material-substrate contact. In addition, the oxygen evolution led to the shedding
of the active material. Another performance problem with the nickel materials was the
possible change in the electrode sizes during the cycling process [45,46]. The reason for
this was the different crystal lattice sizes of the certain charged and discharged forms. In
this case, the PVP addition increased the electrochemical properties of the electrode by
eliminating the listed reasons.

The next step was improving the deposits” electrochemical properties via the additional
precipitation of cobalt hydroxide. It was essential to deposit the Co(OH); after the Ni(OH);
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formation. The effect was better if the cobalt hydroxide covered the nickel hydroxide
surface [47]. The cobalt hydroxide enhancing mechanism differed from work to work.
In [48], the efficiency increase was explained by the higher oxygen evolution overpotential
with a simultaneous decrease in the redox potential. Other authors showed the formation of
a highly conductive mixed oxyhydroxide Co*"Co®";_,OOH;_, that enhanced the overall
conductivity [49].

For the Co(OH), formation, two different methods were chosen. The first method was
electrodeposition from a relatively diluted cobalt nitrate solution in order to obtain 20% of
the mass from the nickel hydroxide (6) and (7):

2H,0 +2e~ — H, + 20H ", (6)

Co%* + 20H™ — Co(OH), /. 7)

The second method was conducted by means of electrode soaking with concentrated
Co(NO3)y, drying it and immersing it in KOH. In this case, Co(OH), was formed in a single
reaction (3):

CO(NO3)2 + 2KOH — CO(OH)zl + 2KNOs. (8)

The X-ray diffractograms for the electrodes with the deposits are presented in Figure 2.
In all the cases, the peaks for the metallic nickel and 3-Ni(OH), were identified. The sizes of
the crystallites were several tens of nm with lattice parameters of a = 3.1273 A, ¢ = 4.6439 A.
The Co(OH); reflects were not detected. This fact can be explained by a lower quantity of

cobalt hydroxide.
4.0
% #Ni(OH), 451b 3 *#Ni(OH),
i #Ni 4.0 *Ni
3.0+ 3.5
2.5 3.0
z 2z
2 204 z 251
5 st i || *
1.54
1.0
i 1.0 ¢
0.5
" 0.5 % %
0.0 LWJJ L L 0.0 i) “._/M_JL‘J . J
_05 T T T T T 1 _05 T T T T T 1
20 40 60 80 100 120 20 40 60 80 100 120
26 26
5.0 3.5+
s C * *Ni(OH), d . #Ni(OH),
' *Ni 3.0+ *Ni
4.0
3.5 251
> 307 > 2.0
Z 25/ 7
1.54
2 20] ¢ £ *
1.5 1.0
.
1.0 0.5 MJLW
0.5 1 % % L
0.0 0.0 MJ |
_05 T T T T _05 T T T T

20 40 60 80

100 120

40 60 80 100 120

20

Figure 2. X-ray diffractograms recorded for formed electrodes: (a) Ni(OH),-pure; (b) Ni(OH),-PVP;
(c) Ni(OH),-PVP-Co-elchem; (d) Ni(OH),-PVP-Co-chem.
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For the primary estimation of morphology, the images for the Ni(OH),-pure samples
before and after cycling were photographed. It has to be noted that nickel hydroxide has a
light green color [50] and the oxidized NiOOH phase has a black color [51].

Analyzing Figure 3a allows us to conclude that the surface of the Ni(OH),-pure sample
was covered by highly branched Ni(OH), particles. A more interesting picture is seen
for the cycled electrode—Figure 3b. The hydroxide that covers the NF turned black. At
the same time, a few particles that had a highly branched morphology were still green.
This fact can be explained by the high resistance of particle roots and the long route of the
current. More likely, the particle roots had a low cross-sectional area (S) and according
to Equation (3), the resistance (R) was high enough to cause a very high IR-drop as well.
A high IR-drop value will lead to an inability to conduct the electrochemical process in
remote parts of the branched particles.

Immersion level of the electrode in nickel ,
. ammonia€omplex solution
. v EE

pm——

"‘Y‘n <« . g
. | Immersion level of the€lectrode in:nickel
ammonia complex solution

Figure 3. Comparison of the freshly-synthesized and cycled electrodes by means of optical microscopy
for the Ni(OH),-pure sample: (a) before the charge—discharge experiments; (b) after the charge—
discharge experiments.

The morphology at a low magnification of the electrodes is shown in Figure 4. It is
clearly seen that all the electrodes formed without PVP do not have branched particles. On
the contrary, Figure 4a clearly demonstrates that the absence of PVP in the solution leads to
the formation of highly branched particles on an NF surface. These particles resemble grey
fur on the surface.

At higher magnifications, the surfaces of all the electrodes consist of flakes with
nanosized thickness—Figure 5a—d. The electrode that was chemically activated with cobalt
hydroxide differs in comparison with the other samples. Except for the nanoflakes, the
surface contains flower-like crystals with nanosized thickness—Figure 5d—f. In Figure 5e,
the flower-like crystals are highlighted by a dotted line.
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Figure 4. SEM images of the samples: (a) Ni(OH),-pure; (b) Ni(OH),-PVP; (c) Ni(OH),-PVP-Co-
elchem; (d) Ni(OH),-PVP-Co-chem.

Figure 5. SEM images of the samples: (a) Ni(OH),-pure; (b) Ni(OH),-PVP; (c) Ni(OH),-PVP-Co-
elchem; (d—f) Ni(OH),-PVP-Co-chem.
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The specific surface area of the active substances is an important value for supercapac-
itor performance [52]. For similar deposition methods, this value is approximately equal
to 10?> m? /g [3]. Nevertheless, a comparison of the SEM images indirectly proves that the
specific surface area is not affected by the synthesis modifications used.

To determine the cobalt distribution on the NF surface, the maps of the elements were
defined—Figure 6. Two differences between the activation methods were detected. For the
electrochemically activated sample (Ni(OH),-PVP-Co-elchem), the distribution of cobalt
was relatively uniform. This fact means that the nickel hydroxide film had a high porosity
and allowed the electrochemical reaction (6). coupled with the chemical reaction (7). On
the other hand, the chemical activation leads to a non-uniform cobalt distribution and
flower-like crystals consist of a cobalt hydroxide formed with the reaction (8).

ch1 ch2 [ NI 5 um

ch1 ch2 [B8 INi 10 pm

Figure 6. SEM images and the corresponding element distribution of the samples: (a,b) Ni(OH),-
PVP-Co-elchem; (c,d) Ni(OH),-PVP-Co-chem (flower-like crystal in the center).

For analyzing the composition of the films formed on the substrates, an XPS analysis
was carried out—Figure 7. Depending on the formation method, the electrode composition
consisted of potassium, oxygen, carbon and cobalt. The electrodes activated with cobalt
hydroxide contained cobalt. It was the most interesting to analyze the changes in the
carbon content. In the Ni(OH),-pure sample, the carbon percentage was estimated at 27%.
After using PVP during the electrode formation, the carbon percentage rose to almost
40%. However, in the case of further cobalt activation by two methods, the carbon content
decreased to 12.1 and 22.6% for electrochemical and chemical activation, respectively. This
can be explained by a chemicalism of the processes. It is well-known that potassium
alkaline intensively absorbs carbon dioxide, according to Equation (9):

2KOH + CO,; — K,CO3 + HyO. (9)



Coatings 2023, 13, 84

11 of 21

CPS >

x 10

As far as the obtaining procedure of the nickel ammonia complex requires KOH
solution, KCO3; was in the resulting solution. This caused the initial concentration of
carbon that is captured from the deposited solution. When the PVP solution was added,
the carbon concentration grew. This was explained by either the Ni(OH),-PVP composite
formation or the PVP absorption on the surface. It has to be noted that both methods of
cobalt activation contain intermediate rinsing stages. In the case of the composite formation,
the PVP molecules were in the composite structure and rinsing did not affect PVP quantity.
If PVP acts only as a surfactant, further rinsing will decrease the carbon content. Based
on these considerations and the decrease in the carbon content after the activations, it
can be assumed that PVP acts only as the surfactant and prevents the formation of highly
branched particles.

To define the electrochemical differences for the formed electrodes, the cyclic voltam-
metry curves (CV curves) were recorded in a 1 M KOH solution. The CV curves are
presented in Figure 8. The comparison of the CVs showed sharp differences between
the electrochemical behavior of the samples. The form, position and specific currents
of the peaks differed for the electrodes. The electrodes with cobalt activation demon-
strated higher specific currents of the peaks in comparison to the electrodes without activa-
tion. The Ni(OH),-pure sample had lower peaks compared to the electrode formed with
PVP-Ni(OH),-PVP.

For a semi-quantitative comparison of the transport properties of the formed elec-
trodes, the dependencies between the cathodic current peaks versus the root of the sweep
rates were plotted—Figure 9. Many researchers used these dependencies and the Randles—
Sevcik equation for the diffusion of the proton estimation—Equation (10) [53-56].

1=2.69-10°-n%2.5.DY2.Cy-v1/?, (10)

where n is the electron number of the reaction (1 for Ni(OH),, Equation (1)), S is the surface
area of the electrode, D is the diffusion coefficient of the protons (Equation (1)), v is the
sweep rate and Cy is the initial concentration of the diffused ions H.
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Figure 7. EDX spectra and the compositions for the samples: (a) Ni(OH),-pure; (b) Ni(OH),-PVP;
(c) Ni(OH),-PVP-Co-elchem; (d) Ni(OH),-PVP-Co-chem.
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Figure 8. Cyclic voltammetry curves at the different sweep rates for (a) Ni(OH),-pure; (b) Ni(OH);-
PVP; (c) Ni(OH),-PVP-Co-elchem; (d) Ni(OH),-PVP-Co-chem.
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Figure 9. Dependence between the specific cathodic currents of the peaks and the sweep rate roots.

Equation (10) can be rewritten as follows:

I 1 I
SDV? = 2.6910°-13/2.Co01 /2 2.69-105-03/2-Cy 0172 0% ()
where a is the constant for the current material because it consists of constants
a= m and x is a slope factor defined from j-v'/? curves x = ﬁ

Therefore, it is possible to compare the transport characteristics of the electrodes by
comparing the appropriate slope factors. A comparison of the slope factors showed that
the Ni(OH),-PVP-Co-elchem sample had the highest value. The electrodes obtained with
and without PVP had almost similar slope factors of 12.947 and 13.303. At the same time,
the chemically activated electrode had a moderate slope factor of 15.048. Therefore, the
electrochemically activated electrode had higher transport characteristics.

It should be noted that researchers need to use such comparisons with caution. This is
due to several reasons. First, the Randles—Sevcik equation was formulated for diffusion in
a liquid solution, not for materials with solid-state reactions. Moreover, it does not account
for the active material conductivity and its change. In addition, the materials with a high
specific surface area had an additional part of current peaks caused by a double-layer
charge and discharge [57].

The discharge curves for the samples are shown in Figure 10. The analysis of the
presented curves revealed that the first step of the nickel hydroxide formation and the
second step of the activation by cobalt affected the parameter curves—shapes, potentials
and discharge times. The highest times of discharge were detected for the Ni(OH),-PVP-
Co-chem sample. Based on the discharge curves, the dependencies between the specific
capacitance and capacity and the specific current density were calculated—Figure 11.
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Figure 10. Discharge curves at the different current densities for: (a) Ni(OH);-pure; (b) Ni(OH),-PVP;
(c) Ni(OH),-PVP-Co-elchem; (d) Ni(OH),-PVP-Co-chem.
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Figure 11. Specific capacitance (a) and capacity (b) and the specific current density dependencies for
electrodes mass loadings were Ni(OH),-pure—18.7 mg; Ni(OH),-PVP—19.8 mg; Ni(OH),-PVP-Co-

elchem—17.3 mg; Ni(OH),-PVP-Co-chem—13.3 mg.

It was found that the capacitance of the sample deposited with PVP was higher at high
current densities. but in relatively low current densities. the capacitance was almost the
same—Figure 11a,b. This fact is explained in Figure 12. The surface of the electrode formed
without PVP contained branched particles that were attached to the surface —Figure 12a.
Each particle was connected with the surface of the electrode with a root that had a low
transitional resistance Rg.p. The Rg_p resistance was low due to the low cross-section area
and the inhomogeneity of the root which consisted of nanoflakes. In this case, the IR
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drop at low currents was low as well and all the particles were electrochemically-active.
At higher currents, the IR drop in the roots was so high that the potential in the surface
of the particles was much lower, which did not allow for the discharge process to begin.
Therefore, the formation of the suppressing of the highly branched particles was one of
the essential keys for supercapacitor materials development. The cobalt activation by both
methods led to higher capacitances, but the chemically-activated nickel hydroxide had
better performance at lower current densities. It was shown earlier that the chemically
activated Ni(OH),-PVP-Co-chem sample contained flower-like particles—Figure 5d,e. In
this case, we assumed that the cobalt hydroxide flower-like particles worked well at low
current densities for the same reason as the PVP use.

Figure 12. Generalized equivalent scheme of the electrode resistive components. 3D generated
image of Ni(OH),-pure electrode: (a) general view and (b) current flows through the electrode
where Rg__substrate resistance, Rp—film resistance, Rp.p—transitional resistance from film to particle,
Rp—resistance of a single particle.

The possibility of the synthesis method implementation of SC active substances for
large-scale production was defined by the method’s prime cost. The prime cost was
affected by the number and cost of the used reactants, the complexity of the synthesis
method and the heating requirement. The absence of heating during synthesis can lower
the prime cost. Moreover, the formation of the ready-to-use electrodes was much better
due to the absence of an additional stage in forming the electrodes. It should be noted
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that additional substances are usually used at the formation stage—conductive additives,
activators, additives against clumping, binders, etc. However, these compounds can
increase production costs as well.

To compare the obtained capacitances, the number of the used reactants and the
heating requirement for the proposed and other synthesis methods (Table 1) were formed
based on the literature. The order of the table is by descending capacitances.

Table 1. Comparison of the synthesis methods in the framework of their complexity and primary
cost. Capacitances, the number of the used reactants and the heating requirements for the proposed
and other synthesis methods are represented.

Sample Specific Capacitance, Number of Used Heating Requirement Direct Formation Ref
P Electrolyte Reagents ! (Conditions) on the Substrate ’
Nl(oi)ezdig?etceldh;fﬁsn W 4667F g ! 6 Yes Yes [30]
. . at2 Ag~!in1 M KOH (1000 °C) .
three-dimensional graphene
. . 2454 F g1 o
NiMnOj3/Ni(OH), atl A g,l in 2 M KOH 9 Yes (80 °C) Yes [27]
. 2369 Fg~! Yes
Hollow Ni-Co LDH nanocages at05 A g~ in 2 M KOH 4 (90 and 60 °C) No [31]
—1 .
Ni(OH),/ZnO 2265F g™ at1 A/gin 6M 4 Yes (60 °C) Yes [26]
KOH
) ) 2090 Fg~! Yes )
Ni/SnS@Ni(OH)-CC at1Ag ' in2 MKOH 6 (160, 100, 60 °C) Yes [24]
La decorated Ni(OH), nanosheets 1510.7 F g’l at1 A g’1 7 (73{2%) No [33]
1408 Fg~!
This work at1A g~! (191.7 mA-h-g™) 4 No Yes -
in1M KOH
Hierarchical hollow nanocages of 1198 Fg~! 8 Yes No 58]
Ni-Co LDH at1Ag~!in2 MKOH (60 °C) -
Co304 embedded x-Co/Ni(OH), 1000 F g*1 B ) No [59]
hollow nanocages at1Ag!
. 9922 F g1 Yes
Ni-Co LDH/STSC at1Ag'in1MKOH 6 (600, 800, 100 °C) No [60]
945F g~ ! Yes
NiNF@TBC at1Ag7lin 4 (800, 600, 160, 110, 80, No [23]
1 M NaySOy 70°C)
578 C g1 Yes
CoNi-DH/NHCS (160 mA-h-g ) at1 Ag™! 14 o No [22]
in 1M KOH (50, 800, 80 °C)
Nickel oxide-porous carbon 811Fg™! 5 Yes No [61]
composite at1Ag~!in6 M KOH (700, 80 °C)
Hierarchical 766 F g1 5 Yes Yes [62]
Co0304-NiO/graphene foam atl A g’] in 2 M KOH (60, 350 °C)
. . 642 F g1 Yes
Ni-Co LDH nanosheets with RGO at10 A g’l in 1 M KOH 4 (180, 80, 550 °C) Yes [63]
Micro-nano assembled 566.21 F g~ 4 Yes No [64]
Mn,03/NiO composite at0.5 A g~!in 1M KOH (120 °C)
. 463F g1
Ni(OH), /g-C3Ny at1Ag!in 1 MKOH 3 No Yes [32]
. 356 Fg~! Yes
NiO@SW-CFs at2Ag'in1MKOH 5 (100, 800 °C) No 165]
NiO synthesized by solution 1747C/gat10A/g 5 Yes No [66]

combustion method

(58.9 mA-h-g~1)

(50, 100, 300 °C)

1

—water is not counted; multiple uses of the same reagent are counted as the use of one reagent.



Coatings 2023, 13, 84 18 of 21

The comparison of the methods and capacities revealed that the majority of the meth-
ods used one or several heating operations during the formation of the active substances
or masses. The formation of the ready-to-use electrodes was less common among the
methods. In addition, many methods used more than four reactants and some of them
had a high price.

In comparison to the other methods [22-24,26,27,30-33,58-66], the proposed direct
formation of a ready-to-use electrode was easy to implement and did not require exotic
components and high price reagents. It also did not require heating. Simultaneously with
the aforementioned, the resulting electrodes had relatively high capacitance and high mass
loading [67].

4. Conclusions

It was found that the best way to form a ready-to-use electrode was through the
decomposition of the nickel ammonia complex in the presence of PVP with subsequent
chemical activation. The resulting electrode had a capacitance of 1408 Fg~'at 1.0 A g 1.

It was shown that the presence of PVP in the nickel ammonia complex suppressed
the formation of the highly branched particles on the electrode surface. At the same
time, it was demonstrated that the formation suppression of the highly branched particles
increased the electrode’s specific capacitance at high specific charge—discharge currents.
The mechanism of the effect was explained by an increase in the IR drop in the roots of the
highly branched particles.

In addition, it was found that the chemical and electrochemical activation by cobalt
hydroxide led to a uniform and nonuniform formation of Co(OH), particles, respectively.
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