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Symbols and Abbreviations

b — Tafel slope constant

AAS — atomic absorption spectroscopy

a.u. — arbitrary units

CV - cyclic voltammetry

E — electrode potential

e —electron

EDLC — electrochemical double-layer capacitor
EDS - energy dispersive X-ray spectroscopy
ESA — electroactive surface area

FT-IR — Fourier transform infrared spectroscopy
FTO — fluorine-doped tin oxide

GCPL - galvanostatic cycling with potential limitation
HER — hydrogen evolution reaction

| — current

j — current density
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RHE — reversible hydrogen electrode

SEM - scanning electron microscopy

SMFF — sintered metal fiber filter

SS — stainless steel

TG-DSC - thermogravimetry and differential scanning calorimetry
XRD — X-ray powder diffraction

XPS — X-ray photoelectron spectroscopy

wt. % — weight percentage

n — overpotential

0 — Bragg diffraction angle

A — wavelength



Introduction

Relevance of the work. The ever increasing energy demands along with
sustainable consumption and environmental concerns require searching for alternative
energy sources. Hydrogen, as a clean fuel, is one of the most promising materials to
fulfill all of these requirements, especially if synthesized during water electrolysis
while using renewable energy. The oxygen evolution reaction (OER) is a half reaction
of electrochemical water splitting coupled with hydrogen production. However, these
reactions are kinetically sluggish in nature and typically require overpotential of
thermodynamically calculated potential for water splitting (1.23 eV), therefore, an
effective electrocatalyst is needed. So far, RuO, and IrO; are the most effective
catalysts for OER, but the high price and limited natural sources lead to the search for
alternative materials. The transition metal-based OER catalysts, especially cobalt and
nickel containing spinel-type oxide, hydroxide and oxyhydroxide, are a reasonable
choice due to their photo- and electrocatalytic activity in OER, good stability and
relative abundance. a-cobalt and nickel oxide compounds having a layered structure
with large interlayer spacing show not only significant catalytic activity in OER but
are also distinguished with good pseudocapacitive properties. The ability to store
energy by charge transfer between the electrode and the electrolyte arises from the
Faradaic reactions occurring on the surface of the active material. As the surface area
is one of the most important parameters in the design of electrocatalytic cells or
supercapacitors, the formation of a 3D structure of the active substance on different
conductive supports increases the activity in the oxygen evolution reaction as well as
the specific capacitance. Electrodeposition, as an easy, environmentally friendly and
relatively cheap synthesis technique, enables to form thin and evenly distributed
layers of active materials having a large surface area.

The aim of the work was to synthesize cobalt oxide and nickel-cobalt oxide
coatings on stainless steel and electroconductive glass substrates and to investigate
their structure, morphology and electrochemical properties in agueous solutions.

In order to achieve the aim, the following tasks had to be implemented:

1. To prepare nanostructured cobalt (hydro)oxide coatings on Bekipor ST
20AL3 stainless steel mesh by electrochemical deposition and to investigate
their structure and morphology;

2. To study the effects of the electrodeposition time and cobalt(ll) precursor
on the electrocatalytic activity in the oxygen evolution reaction and the
capacitive behavior of the prepared cobalt (hydro)oxide coatings;

3. Toform layered nickel-cobalt (hydro)oxide films on AISI304 stainless steel
plates, Bekipor ST 20AL3 stainless steel mesh and fluorine-doped tin oxide
(FTO) glass by electrodeposition and to analyze their structure and
composition;

4. To determine the influence of the synthesis conditions on the
electrocatalytic activity and pseudocapacitive performance of the nickel-
cobalt (hydro)oxide films.

Scientific novelty of the dissertation.



Cobalt (hydro)oxide and cobalt-nickel (hydro)oxide coatings on various
substrates (3D stainless steel mesh, steel plates electroconductive glass) were formed
via electrodeposition and characterized in a systematic way. The influence of
synthesis parameters, such as the electrodeposition time, electrolysis bath composition
and annealing temperature on the structure, composition, electrocatalytic activity and
pseudocapacitive properties was investigated.
Practical significance of the dissertation.
The presented results are relevant for the practical application of earth-abundant
metal (hydro)oxides in water anodic oxidation and charge storage devices. The
prepared oxide materials were found to be promising candidates for the replacement
of the most active but high-cost and relatively rare ruthenium and iridium compounds.
It was demonstrated that CosO. on SS mesh and layered nickel-cobalt oxide films on
AISI304 act as effective and stable electrocatalysts in OER, whereas nickel-cobalt
oxide coatings on FTO glass demonstrate significant pseudocapacitive performance.
Approval and publication of research results.
The results of the research work are presented in 5 publications: 2 of them have
been presented in journals included in the Clarivate Analytics Web of Science
database, and 3 have been delivered in the proceedings of international and national
conferences.
Structure and content of the dissertation.
The dissertation consists of the introduction, literature review, experimental
part, results and discussion, conclusions, a list of references and a list of publications
on the dissertation topic. The list of references includes 284 bibliographic sources.
The main results are discussed on 117 pages and are illustrated in 16 tables and 56
figures.
Statements presented for the defense:
1. The electrochemical properties of cobalt (hydro)oxide coatings on Bekipor
ST 20AL3 depend on the cobalt(I1) precursor used during electrodeposition.

2. The electrochemical activity of layered nickel-cobalt oxide coatings
depends on the nature of the supporting substrate and their annealing
temperature.

3. Annealed layered nickel-cobalt oxide coatings are more active in catalyzing

the OER and storing charge than separate CosO4 and NiO.



1. Literature Review

1.1. Cobalt and Nickel Oxide Compounds
1.1.1. Cobalt (hydro)oxides

Cobalt is one of the first-row transition metal elements of group VIII of the
periodic table. Cobalt occurs in trace quantities in many rocks, soils, plants as well as
in seawater and manganese-rich marine nodules. Pure metallic cobalt has few
applications, but its use as an alloying element and as a source of chemicals makes it
a strategically important metal [1]. Cobalt-containing alloys have many industrial
applications, such as superalloys for aircraft engines, magnetic alloys for powerful
permanent magnets, hard metal alloys for cutting tool materials, cemented carbides,
wear-resistant alloys, corrosion-resistant alloys and electrodeposited alloys to provide
wear and corrosion-resistant metal coatings [1]. Cobalt compounds are mainly used
as pigments for glass, ceramic and paint industries, and also as catalysts in
environmental applications [2]. The most important commercially available
compounds are oxides, hydroxide, chloride, sulphate, nitrate, phosphate, carbonate,
acetate and oxalate [1].

Cobalt hydroxide Co(OH).. Two phases of cobalt hydroxide are reported in
the literature: a-Co(OH); and B-Co(OH).. The pink B phase has a brucite-like layered
hexagonal structure (a=3.177 A, ¢c=4.653 A) with water molecules intercalated in the
sheet structure (M(OH)2x(H20)x)** [3,4]. Meanwhile, the structure of a-Co(OH); is
denoted by a net positive charge between brucite-like layers and the charge
compensation balanced by anions, such as nitrate, carbonate, chloride in the interlayer
space [3-5]. The net charge imbalance in a-Co(OH), can be established by two
mechanisms: hydroxyl deficiencies or polyvalent cobalt ions in the layers [6,7]. They
are isostructural varieties of the hydrotalcite-like compounds [6,8]. Commercially,
cobalt hydroxide is produced by employing the precipitation method from cobalt(ll)
salts solution with NaOH, although other methods do exist as well, such as sol-gel
synthesis [9], chemical and physical vapor deposition [10,11], laser ablation [12], and
electrochemical deposition [3,13,14]. Cobalt hydroxide shows relatively good
catalytic and pseudocapacitive activity.

Cobalt oxide exists in two main types: grey cobalt(ll) oxide CoO (75-78% of
cobalt) and black cobalt(Il) dicobalt(lll) oxide Cos0. (70-74% of cobalt). CoO is
usually prepared by oxidizing the metallic cobalt above 1173 K, and then cooling it
in a protective atmosphere to prevent partial oxidation to CosO4 [1]. It has a cubic
structure, dissolves only in strong acids, and absorbs a large amount of oxygen at room
temperature. CosO4 is a normal spinel containing Co?* and Co®" ions in tetrahedral
and octahedral sites [2,15] with the general formula Co?*[Co,%"]O.. It is a p-type
semiconductor presenting excellent redox properties and showing one of the lowest
oxygen bond strength [16] and the highest rate of oxygen binding [2,17]. p-type
semiconductors have deficiency of electrons in the lattice and conduct electrons by
means of positive ‘holes’. These types of oxides are usually very active in catalytic
applications [2,18]. The high reactivity of a p-type semiconducting metal is related to
the straightforward adsorption of oxygen on their surface as electrons can be easily
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removed from metal cations to form active species such as O~ [2]. The main industrial
processes including cobalt oxides as catalysts are the removal of sulphur from various
petroleum-based feedstocks (the process is called hydrodesulfurization), selective
liquid-phase oxidation, catalytic combustion of alkanes, CO oxidation to COg,
oxidation of volatile organic compounds, activation of hydrocarbons at room
temperature, and catalytic reduction of NOx. Cobalt oxide compounds also show
significant activity in the oxygen evolution reaction (OER) and, due to the ability to
store charge, these compounds find their application as supercapacitors.

Co304 for environmental applications is usually prepared by using thermal
decomposition of cobalt salts (nitrate or oxalate). Unfortunately, this method does not
provide a sufficient surface area for catalytic applications. To solve this problem,
some other methods are employed, such as the soft reactive grinding [19,20], solid
state reaction [21], coprecipitation [22,23], the sol-gel method [24,25], the
hydrothermal process [26,27], and electrochemical deposition [28,29].

In the course of implementing previous works [30,31], cobalt oxide coatings
were prepared by using the galvanostatic electrodeposition method from an electrolyte
consising of 0.05 M Co(CH3COO); + 0.1 M KNOs. Mechanically and chemically
stable cobalt hydroxide and cobalt oxide thin films were formed on AISI 304 stainless
steel plates. The structure of as-deposited and annealed at 673 K coatings were
investigated by conducting TG-DSC, XPS and FTIR analysis.

Fig. 1.1 shows thermogravimetric (TG) and differential scanning calorimetry
(DSC) analysis results of an as-prepared cobalt hydroxide sample from cobalt acetate.
The DSC curve reveals three endothermic effects in the temperature range of 323—
620 K. They are accompanied by the weight loss of about 43%. The first endothermic
effect at 323-433 K is due to the evaporation of physically adsorbed and interlayer
water molecules. The endothermic effect at 470-535 K can be associated with the
decomposition of the hydrotalcite-like structure of cobalt hydroxide. The third
endothermic peak observed at 606 K can be related to the decomposition of
intercalated CH3COO™ groups. These results are consistent with the TG data reported
in the scholarly literature [32,33].
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Fig. 1.1. TG-DSC patterns of deposited cobalt hydroxide deposited from acetate
electrolyte [30]

The chemical composition of cobalt hydroxide and oxide films was
characterized by using XPS. High resolution Co2p and O1s spectra were obtained for
both films and are shown in Fig. 1.2. The quantification was performed in terms of
O1s/Co2p ratio and was found to be 1.56 for the as-deposited sample and 1.35 for the
annealed sample. The latter value was very close to the theoretical value of 1.33 for
Co0304. The Co2p region had doublets with a Co2p3/2 peak at 781.2 and 780.1 eV for
as-deposited and annealed samples, respectively. The Co2p3/2 peak at 779.5-780.1
eV has previously been attributed to the CosO4 phase of cobalt oxide [34,35], though
its value is close to that of the CoO phase [36]. The Co2p3/2 peak at 780.7 eV, on the
other hand, has previously been attributed to Co(OH). [37].

Satellite peaks are also present in Co2p spectra for both samples, but they are of
much lower intensity in the annealed sample than in the as-deposited one. The
suppression of the shake-up satellite peaks was observed for the Co3;04 phase as
opposed to the CoO phase [38], thus corroborating the previous attribution of Co304
to the annealed sample. Satellite peaks have also been observed to be more prominent
in Co304 as opposed to Co(OH), samples [37].

Ols spectra shown for both samples are comprised of several components.
Namely, peaks at 530.1, 531.3 and 531.5 eV can be observed. These can be attributed
to oxygen atoms in Co—O, Co(OH), and adsorbed water [37]. The peak due to the
cobalt-hydroxy bonds is the main peak in the as-deposited sample, whereas in the
annealed sample it constitutes roughly 34% of all the O1s region. This, as well as the
XPS spectral analysis of the Co2p region discussed above, unambiguously shows that
the as-deposited sample is cobalt hydroxide, whereas the annealed sample is C030a
with some hydroxy groups adsorbed on the surface.
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Fig. 1.2. High resolution XPS spectra of Co2p and O1s regions of (a) as-deposited and
(b) annealed at 673 K films. The satellites in the Co2p spectrum are denoted with asterisks
[30]

As-deposited and annealed samples of cobalt oxide coatings were investigated
with Fourier transform infrared spectroscopy (Fig. 1.3). While analyzing the spectra
of as-deposited cobalt hydroxide (Fig. 1.3, a), a wide absorption band in the high
wavenumber region (3600-3700 cm™) where the peak at 3442 cm™ is observed was
related to the stretches of hydroxyl groups. The incorporation of acetate ions in the
as-prepared samples can be confirmed by analyzing the intermediate wavenumber
region having two absorption bands at 1578 and 1385 cm™* which are attributed to the
stretching C=0 and C-O vibrations of the free acetate ions. The absorption band at
666 cm can be ascribed to Co—OH vibrations. Other peaks at 1474, 1020 and 458
cm* show the presence of CH3 groups.

The FTIR spectrum of annealed cobalt hydroxide is shown in Fig.1.3, b. Two
distinctive bands can be seen which are characteristic for cobalt oxide Co3O4 [39].
The first band at 565 cm™ is associated with the Co(l11) ions in the octahedral position,
whereas the second band at 661 cm™ is attributed to the Co(ll) ions in the tetrahedral
position. Small but wide absorption bands at 3422 and 1633 cm can be assigned to
the stretching and bending vibrations of hydroxyl groups, respectively. A small sharp
absorption peak at 1384 cm™ is associated with the vibrations of C—O groups and
proves that small quantities of carbon compounds still remain after heat treatment.
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Fig. 1.3. FTIR spectra of as-deposited (a) and annealed at 673 K (b) cobalt oxide
coatings [30]

1.1.2. Nickel (hydro)oxides

Nickel is one of the metals of the first row of VIII group in the periodic table.
The great importance of nickel lies in its ability, when alloyed with other elements, to
increase a metal’s strength, toughness and corrosion resistance over a wide
temperature range [40]. Nickel is widely used in the iron and steel industry; nickel-
containing alloys are important constituents of materials in the aerospace industry.
Nickel coatings are used to provide hard-wearing decorative and engineering coatings.
Furthermore, nickel is a key part of several rechargeable battery systems, of which,
the most important is nickel-metal hydride (NiMH). As a catalyst, nickel is used in
the hydrogenation of vegetable oils and reforming of hydrocarbons, as well as in the
production of fertilizers, pesticides and fungicides. Industrial cells for water splitting
by electrolysis include nickel plates as catalysts for HER and OER [41].

Nickel hydroxide Ni(OH).. As well as cobalt hydroxide, nickel hydroxide
exists in two known polymorphs: a-Ni(OH), and B-Ni(OH), [42]. The B phase is
isostructural with brucite, Mg(OH), [43]; it occurs naturally as the mineral
theophrastite [42]. The a-phase consists of nickel hydroxide layers intercalated by
water molecules [44]. The degree of hydration varies within the range of
0.41<=x<=0.7 [43]. The interlayer spacing usually contains anionic impurities [42].
There are many methods to prepare nickel hydroxide materials according to the
desired properties: phase, crystallinity, product morphology, and the general form
[42]. In general, a-Ni(OH), may be prepared by chemical precipitation [45],
electrodeposition [46], sol-gel synthesis [47], hydrothermal [48] or solvothermal
synthesis [49], microwave-assisted synthesis [50]. B-Ni(OH): is usually produced by
chemical ageing of alpha phase [51], and hydrothermal [52] or solvothermal synthesis
[53]. Nickel hydroxide finds some use as an intermediate in the catalyst production,
but its main use is as the active mass in the positive electrode in nickel-cadmium
batteries [40].
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Nickel oxide NiO is green, with a cubic rock-salt structure. It occurs in the
nature as the mineral bunsenite. Nickel(ll) oxide has a defect structure Ni1.,O which
is responsible for its p-type semiconductor properties [40]. The green nickel oxide can
be produced by calcining nickel compounds (nitrate, oxalate, hydroxide) in air at 1273
K, whereas black nickel oxide is synthesized commercially by the calcination of
nickel carbonate at 823 K, although other methods also exist [54], such as sol-gel
synthesis [55], coprecipitation [56], microemulsion synthesis [57], hydrothermal
reaction [58], as well as laser ablation [59]. Nickel oxide is used in the production of
catalysts, in the enamel industry, glass and ceramics industries and in manufacturing
ferrites for the electronics industry [40].

1.1.3. Cobalt and Nickel Oxide Coatings Synthesis by Electrodeposition

Although many methods of cobalt and nickel oxide coatings exist,
electrodeposition is of great interest due to its relatively easy and accurate control of
the surface microstructure of the deposited films by changing the deposition variables,
such as the electrolyte, the deposition potential, or the bath temperature [60,61].
Electrochemical synthesis is performed by passing electric current between two or
more electrodes separated by an electrolyte at the electrode/electrolyte interface [62].
It is a low temperature technique which is easy to perform, and inexpensive
instruments are used.

Some of the most noteworthy works published lately investigate the properties
of nickel-cobalt oxide coatings prepared by electrochemical methods. A composite of
Ni-Co layered double hydroxide nanosheets on rGO/nickel foam was synthesized by
cyclic voltammetry while applying the potential window of 0 ~-1.5 V for 10 cycles
[63]. The authors achieved a high value of the specific capacitance of 2133 F-g*. The
same cyclic voltammetry was used by Coviello et al. [64] with the objective to
construct a composite of nickel-cobalt oxides, graphene and polyvinyl alcohol
scanning in the potential window of -0.45 5+ +0.245 V for 35 times. Pulsed
electrodeposition was chosen by Adan-Mas et al. [65] to synthesize a complex of
amorphous a-Ni-Co hydroxides and reduced graphene oxide on stainless steel in order
to investigate their capacitive behavior (SC value 96 mAh-g*). Unfortunately, the
complex loses 38% of its capacitance after 5000 cycles. Galvanostatic
electrodeposition was employed by Jiang et al. [66] to obtain a composition of nickel-
cobalt layered double hydroxide on nickel foam@rGO substrate which demonstrated
a specific capacitance of 125 F-g™. Another electrochemical synthesis method —
electrophoresis — was chosen by Balram, Zhang and Santhanagopalan [67] to deposit
amorphous a-nickel-cobalt hydroxides on the stainless steel foil and nickel by
applying the voltage of 200 V for 60 s. The obtained complex demonstrated
reasonable activity in the oxygen evolution reaction with the overpotential of 255 mV.
Despite the variety of electrochemical methods, potentiostatic deposition is one of the
most commonly used techniques aiming to synthesize nickel-cobalt hydroxides [68-
72] by applying one constant potential (usually the one between —0.85 and -1 V).
Zeng et al. [73] deposited layered nickel-cobalt hydroxide from nitrosyl complexes at
—1 V from separate cobalt and nickel electrolytes and obtained an SC value of 670
F-gtl.
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1.2. Electrochemical Water Splitting
1.2.1. Basic Information about Hydrogen Production

Hydrogen is the secondary form of energy produced by using three different
energy supply system classes: fossil fuels (coal, petroleum, natural gas, shale oil),
nuclear reactors and renewable energy sources (hydroelectric power, wind power,
ocean thermal energy, biomass production, photovoltaic energy conversion, solar
thermal systems) [74-77]. 96% of hydrogen is produced directly from fossil fuels
whereas about 4% is produced indirectly by using electricity generated from fossil
fuels [74]. As the climate change and the reduction of CO; concerns are increasing,
ways of producing hydrogen without emitting greenhouse gases are urgently needed.

1.2.1.1. Hydrogen Production from Conventional Sources

The production of hydrogen from fossil fuels as a conventional source embraces
three methods: (1) steam reforming from natural gas, (2) partial oxidation of
hydrocarbons and (3) coal gasification [74,77]. At present, natural gas steam
reforming today is the main path of hydrogen production. It is an endothermic
catalytic process carried out in the temperature range of 970-1100 K and a pressure
up to 3.5 MPa while using nickel as a catalyst [74]. The reaction involves two steps:

C,H,, +nH,0 — nCO + (n +§)H2 (1.1)
CO+H,0 — CO, +H, (1.2)

Although it is a relatively cheap and simple process, the emission of large
guantities of CO, into the atmosphere and the usage of fossil fuels both in the
production and as a heat source force scientists to develop more environmentally
friendly H, production ways.

Partial oxidation of hydrocarbons is an exothermic reaction with oxygen and
steam at a moderately high pressure with or without a catalyst according to the raw
materials and process selected [74,77,78]. The basic reaction of the process is
expressed as follows:

2C,Hp + H,0 + 251 0, nCO +nCO, + (m+1)H, (L.3)

The disadvantage of the partial oxidation process is that it also emits carbon
monoxide and carbon dioxide [74].

Another conventional H, production way is coal gasification. The basic
reaction is as follows:

2 CHo_g + 19 02 + 02 Hzo ad 2C02 + Hz (14)

Production from coal is carried out by employing two methods: the synthane
process and the CO- acceptor process. During the synthane process, CO, CO. and
methane gases are formed as side products, and the purity of the produced H: is only
97-98%. Meanwhile, when using the CO, acceptor process, lime is included when
coal reacts with steam, thus binding side-product CO; to calcium carbonate [74].
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1.2.1.2. Hydrogen Production from Renewable Sources

Due to the finite life of fossil fuels and the global environment damage caused
by fossil fuels, hydrogen generated from renewable sources is playing an important
role as an energy carrier in the future energy supply [74,78-80]. Electrolysis is
considered as the only process which does not need fossil fuels, generates a high-
purity product and is feasible on small and large scales [74]. Carbon dioxide is emitted
only when fossil fuels are used to generate the so-much-needed electricity. The
emission can be reduced to zero by employing biomass, solar or wind energy. The
three main energy sources for hydrogen production are as follows: (1) solar
photovoltaic power, (2) wind power and (3) hydropower.

Solar energy can be exploited to produce hydrogen directly or as an energy
source for electrolysis. When used directly, the ultraviolet radiation or the visible light
of the appropriate wavelengths and intensity is absorbed by water molecules to
liberate hydrogen gases:

H,0 + X+ light — X+ H,; (1.5)

Here, X is a photocatalyst, such as some compound salts, semi-conductor
compounds, photosynthetic dyes, or photosynthetic bacteria.

Solar energy can be used in the photovoltaic-electrolysis system called
photoelectrolyzer, in which, sunlight is converted into electricity by photovoltaic
cells, and hydrogen is produced by electrolysis.

Hydrogen can be produced by electrolysis while using wind turbines as the
source of electricity. Of all the renewable energy sources, wind power is considered
as having the greatest potential for producing pollution-free hydrogen [74]. Electricity
production from hydropower is also the source of hydrogen production. This energy
is further used in the splitting of water molecules when producing emission-free
hydrogen [74].

The electrochemical decomposition of water into its constituents is reliable and
clean. It is capable of producing ultra-pure (>99.999%) hydrogen. At 100% efficiency,
39 kWh of electricity and 8.9 liters of water are required to produce 1 kg of hydrogen
at 25 °C and 1 atmosphere pressure [78]. The efficiency of a typical commercial
electrolyzer is 56—73%. There are two basic types of low-temperature electrolyzers:
the alkaline and the polymer electrolyte membrane [78].

1.2.2. Alkaline Water Electrolysis

The main advantage of alkaline water electrolysis over other water electrolysis
technology lies in the fact that alkaline electrolyzers can be made of abundant and
inexpensive materials: simple iron or nickel steel electrodes are used to produce
hydrogen, and nickel is used to produce oxygen. The electrodes are immersed in a
concentrated alkaline aqueous solution (usually, 6 M KOH), and a diaphragm that
allows transportation of OH" ions is placed between the anode and the cathode to
effectively separate the produced gases thus avoiding the mixing of the electrolyte
[41]. The alkaline water splitting reaction is composed of two half-reactions: the
hydrogen evolution (HER) and the oxygen evolution (OER) reactions [81]:
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HER: 2H,0 +2¢~ <> H, + 20H (1.6)
OER: 40H <> 2H,0 + O, + 4e" (1.7)

At standard conditions, the equilibrium or the reversible potential for water
electrolysisis 1.23 V. Generally, the accepted mechanisms for water oxidation include
four electron transfer steps. Each electron transfer is coupled with a proton transfer
[81]. Unfortunately, water electrolysis is greatly constrained by the kinetically
sluggish OER because it is thermodynamically and kinetically unfavorable for the
removal of four electrons to form the oxygen-oxygen double bond [82]. The OER
intermediate products are stabilized by the catalysts, for example, surface-bound
peroxo- or oxo-species. The relative stability of these intermediate complexes, and the
activation barriers between them determine which step is rate-limiting and thus define
the overall rate of water oxidation [81]. When explaining the basic working principles
of OER catalysts, the Sabatier principle has become the generally acceptable theory
[83]. The theory says that surface metal cations (M) are the active sites for the OER
as the reaction proceeds through a series of intermediate products based on the bond
M-0O, e.g., M—OH, M-O, M—-OOH, M-00.

The best materials for the hydrogen evolution reaction (HER) are noble metals,
such as platinum, palladium, rhodium or iridium. Trasatti [84] determined that, in acid
solutions, Pt is distinguished for its best activity in the HER due to the highest strength
of the M—H bond. As noble metals are prohibitively expensive, an alternative with a
similar activity and lower costs is most appreciable. Kelly, Lee and Chen [85]
synthesized an HER catalyst by supporting one monolayer of Pt on a molybdenum
carbide (MoC) substrate showing Pt-like activity and excellent stability. Low cost
electrocatalysts for HER with high activity have been developed by using
molybdenum disulphide MoS; [86,87], nanostructured WS, [88], nickel phosphide
(Ni2P) [89], cobalt sulphide [90], cobalt phosphide (CoP) [91], and graphitic-carbon
nitride (g-CsNa) [92].

Compared to HER, OER is thermodynamically and kinetically unfavorable.
Therefore, considerable research efforts have been devoted to the development and
design of OER catalysts with the purpose to achieve high electrocatalytic activity and
stability [82].

1.2.3. Electrocatalysts for OER
1.2.3.1. Metal Oxides

For the electrochemical water splitting by the catalyzing oxygen evolution
reaction, it is convenient to classify the transition metal electrodes into three groups:
(1) activated metal anodes (commonly known as Dimensionally Stable Anodes,
DSA), (2) hydrous oxide electrodes and (3) bulk oxide/hydroxide electrodes [93].

Activated metal anodes consist of an underlying inert metal, such as titanium,
coated with electrocatalytically active oxides of the platinum group metals, such as
Ti-supported RuO-. or Ru-based mixed oxide films [94,95]. For a long period of
investigations, these noble metal oxides showed significant enhancements in the
electrolytical activity over that of the bare metal; however, recently, various non-noble
metal oxides, including spinels and perovskites have also received considerable
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attention [94]. The oxide materials used in activated metal anodes are usually prepared
by thermal decomposition using metal salts as precursors, mostly nitrates and
chlorides. Oxides synthesized by this method have the rutile, perovskite or spinel
structure, where oxygen is present only as a bridging species between two metal
cations, and ideal crystals constitute tightly packed giant molecules [94]. The
annealing temperature plays a highly important role when forming oxide films with
good composition, morphology and electrocatalytic properties. The temperature
should be sufficiently high to allow the decomposition of the metal salt to the
corresponding metal oxide thereby minimizing chloride/nitrate impurities [94].
However, excessively high temperature values may initiate the transition between the
different phases of the materials, e.g., at temperatures higher than 673 K, NiC0204
decomposes to NiO and Coz04 [96]. Another relevant parameter to electrocatalytic
properties is the surface morphology as Trasatti and his team established that the Tafel
slope is highly dependent on the surface compactness [97,98]. Compact (or low
defect) films demonstrated a Tafel slope of 40 mV dec, whereas more defective (or
less compact) films showed a Tafel slope of around 30 mV dec™. This regularity can
be explained by a higher concentration of active sites due to the more defective or
cracked morphology [94]. Although the thermochemical method is dominant, other
synthesis techniques, such as sol-gel, attract much attention due to fewer residual
impurities and enhanced service lifetimes [99].

Hydrous oxide electrodes are almost invariably prepared in aqueous
environments, which results in more hydrated and dispersed materials where oxygen
is present not just as a bridging species between the metal ions but also as O-, OH and
OH; species in the coordinated terminal group form [94]. Due to the presence of
strand, layer, cage or tunnel structures which enable the molecules of the entire solvent
to permeate the oxide or hydroxide phase, dispersion refers to the molecular level. In
many cases, the materials when in contact with agqueous media contain significant
quantities of loose water or/and electrolyte [94,100].

Hydrous oxides can be prepared by simple chemical precipitation or
electrodeposition (when using potentiostatic or galvanostatic techniques). Although
chemical precipitation is probably the simplest way to synthesize these materials,
electrochemical deposition, especially potential cycling, is more versatile and
convenient. In this method, the potential of an electrode of the parent metal, which
may be noble or non-noble, is cycled repetitively between the suitable lower and upper
limits in an aqueous solution of the appropriate pH which is often alkaline [94]. The
oxide/solution interface of such oxide layers consists of an inner compact anhydrous
layer MOy and an outer microdispersed hydrous layer of the general form
MO4(OH)n(OH.). [101,102].

Bulk oxide/hydroxide electrodes have been extensively developed recently.
Transition metal oxides based on nickel, cobalt, manganese and iron are considered
as possible electrode materials for electrochemical supercapacitors as well as effective
catalysts for the electrochemical oxidation of water. The term bulk oxide/hydroxide
electrode refers to a metal oxide or hydroxide film deposited on a conducting
substrate. The materials can be more compact than the hydrous oxide materials, but
they often lack the long-range bonding order of the more crystalline materials used in
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activated metal electrodes [94,103]. The preparation of this type of electrodes includes
many different synthesis techniques, such as sol-gel processes [104], hydrothermal
synthesis [105], chemical precipitation [106], vacuum evaporation [107], mechanical
grinding [108], pyrogenation [109], electrostatic spray deposition [110], electron
beam deposition [111], sputtering [112], and vapor deposition [113]. However, the
simplest and the most versatile method is that of electrochemical deposition when the
conducting substrate is coated with a metal oxide or hydroxide film either anodically
or cathodically from an electrolyte solution containing the appropriate metal salt [94].
Various experimental techniques including potentiostatic [114], galvanostatic
[115,116], potentiodynamic [117] and pulse deposition [116] have been used to
synthesize different nanostructures, such as nanoparticles [118], nanoneedles [119],
and nanorods [120].

If we consider the practical appearance, the discovery of a self-repairing
mechanism operating at the neutral pH when the CoOx cathodes are used in a
phosphate (P;) electrolyte renewed interest in metal oxides as water oxidation catalysts
[121,122]. These complexes were referred to as ‘CoP;’ although the role of the
phosphate ions is structural as they help stabilize the CoOx catalytic domains to avoid
Co leaching [122,123] and facilitate rapid proton transfer [124] as well as improve the
kinetics of the whole process [125]. CoP; catalysts can be described as layered CoOx
with molecular dimensions that are stabilized in the neutral electrolyte by phosphate
groups [126]. Nanostructured Cos0, and Co(OH). exhibit enhanced catalytic
performance by increasing the surface-to-volume ratio [127,128]. Marsh et al. [129]
deposited a single cobalt monolayer on gold electrodes to obtain an effective
electrocatalyst.

Thin catalyst films with electrocatalytic water oxidation properties similar to
those of a Co-based catalyst can be electrodeposited from dilute Ni* solutions in
borate electrolyte at pH 9.2 [130,131]. NiOx Tafel behavior is unique due to exhibiting
a 60 mV dec? slope at low overpotentials and a higher 120 mV dec™ one at high
overpotentials, which indicates a different mechanism [122,132]. This Tafel slope can
be reduced by designing nanostructures [133].

Table 1.1 reveals important kinetic parameters of some metal oxide catalysts in
the OER in alkaline media. It can be seen that FTO as a substrate has an advantage
over GCE as the coatings on it demonstrate lower overpotentials.

Table 1.1. Kinetic parameters of some metal oxide electrocatalysts for OER in 0.1 M
KOH (NaOH)

Active material Substrate | Tafel slope, | Overpotential at specific | Ref.
mV-dec? current density, mV

CaFeOs GCE 47 390 at 10 mA-cm™ [134]
SrFe0s; GCE 63 410 at 10 mA-cm™

LaFeOs; GCE 77 500 at 10 mA-cm™ [135]
LagsFeOs.s GCE 48 400 at 10 mA-cm

MnFe;04 GCE 114 470 at 10 mA-cm?

CoFe;04 GCE 82 370 at 10 mA-cm? [136]
NiFe,0,4 GCE 98 440 at 10 mA-cm?

CuFe;0q4 GCE 94 410 at 10 mA-cm™
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Co0304 nanooctahedron GCE 60 530 at 10 mA-cm? [137]
Co304 nanocube GCE 60 580 at 10 mA-cm™
LiCoO> CFP 48 >520 at 5 mA-cm™
a-Fe3sC0640« FTO 40 270 at 1 mA-cm™
a-FeoNigoOx FTO 34 250 at | mA-cm™ [138]
a—FE4oC03gNi220x FTO 40 280 at1l mA-cm‘Z
a-C041Ni5eOx FTO 73 270 at 1 mA-cm™

1.2.3.2. Carbon Nanotubes-Based Electrocatalysts

One of the practical issues associated with the application of metal oxides as
electrocatalysts for water electrolysis is their relatively high resistance as most of the
metal oxides are semiconductors [82,139]. One strategy is to combine the
electronically conducting carbon materials, such as carbon nanotubes (CNTSs), with
metal oxides [82], such as NiO [140], Cos04 [141], MnOy [142]. CNTs have been
studied as an excellent substrate material due to the high surface area, high
conductivity and corrosion resistance. An important objective of metal oxide-CNTs
hybrids is to functionalize CNTs with a suitable degree of functional groups for
nucleating and anchoring nanocrystals without damaging the electronic properties
[82]. Wu et al. [141] composed a hybrid of Co3;04 nanocrystals on single-walled CNTs
by mixing cobalt oxide, CNTs and toluene. The developed hybrid showed enhanced
catalytic activity and superior stability for OER in neutral and alkaline electrolytes
compared to bare Cos04 which performs well in alkaline solutions. An important
target for metal oxide-CNTSs hybrids is to functionalize CNTs with a suitable degree
of functional groups for nucleating and anchoring nanocrystals without damaging
their electronic properties [82]. Lu and Zhao [143] densely and strongly anchored
crystalline cobalt oxide nanoparticles onto mildly oxidized multi-walled carbon
nanotubes (CosO4/MMWCNT) and applied them as electrocatalysts for highly
efficient water oxidation. This complex showed a high Faraday efficiency and long-
term stability as well as excellent electrocatalytic performance.

Recently, heteroatom doped carbon materials have been investigated as
potential metal-free OER catalysts [82]. Zhao et al. synthesized nitrogen-doped
carbon nanomaterials for OER in the alkaline media and obtained a low overpotential
value and good stability [144]. Graphitic carbon nitride (g-CsNa4) hybridized with
CNTs was designed by Chen et al. [145] by using cyanamide as the precursor. Ma et
al. developed graphitic carbon nitride nanosheet-carbon nanotubes three-dimensional
porous composites as high-performance OER catalysts [146]. Nitrogen and oxygen
dual-doped graphene-CNT hydrogel film was synthesized by Chen et al. [147]; it was
exhibiting high OER activity, which has been attributed to the dual active-sites
mechanism originating from the synergy of the chemically converted graphene and
CNTs.

1.2.4. Electrocatalytic Properties of Transition Metal Oxides

1.2.4.1. Interfacial Redox Chemistry of Transition Metal-Based Electrodes in
Alkaline Solution
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Generally, the mechanism of redox reactions occurring on the surface of
transition metals in alkaline solutions is complex. Redox switching in this sense refers
to the potential-induced change in the oxidation state of linked oxy-metal groups
which constitute the metal oxide film [94]. The charge storage and the supercapacitive
behavior of transition metal oxides arises from various redox transitions which depend
on a range of factors: the composition and the structure of the oxide, the preparation
method and the available oxidation states of the metal [94]. When exploring the metal
oxide redox chemistry, the surface oxy groups are known to hydrate or hydroxylate in
an aqueous solution [148,149]. When immersed into aqueous alkaline solutions, the
metal oxide surface becomes hydrophilic; the solvent molecules can become bonded
to the metal cations, which results in the transfer of a proton to a neighboring oxygen
site [94]. Therefore, the surface oxy groups, termed surfaquo groups, can become
extensively hydrated or hydroxylated and undergo rapid redox transformations
involving simultaneous loss or gain of electrons, protons and hydroxide ions [94].

The interfacial redox chemistry of nickel hydroxide is one of the most
extensively studied systems in electrochemistry. It is a complex and variable system
with many depending factors, such as electrode preparation and history, therefore its
analysis is complicated [94]. The oxygen evolution on the nickel (hydro)oxide surface
is dictated by the redox processes Ni(I1)/Ni(lll) occurring in the anodic potential area
[94]. Bode, Dehmelt and Witte [44] described the redox behavior of Ni(11)/Ni(lll) in
terms of four phases, as shown in Fig. 1.4. The discharged or reduced Ni(OH),
material can exist as a largely anhydrous phase designated as B-Ni(OH). or as a
hydrated phase denoted as a-Ni(OH).. The oxidation of the B-Ni(OH), material is
predicted to produce a phase referred to as B-NiOOH, while the oxidation of the a-
Ni(OH), produces y-NiOOH [94]. Therefore, two distinct oxidation/reduction
transitions exist: /B and a/y [94].

B-Ni(OH), Z————> B-NiOOH
A :

H v 0
@-Ni(OH), z————> y-NiOOH @ $74
Overcharge ééq— K:(H:0),
2O —_— =
0 ; Ni oxidati
Ni oxidation 2 o )
state 3.0 ,-" §

B-NiOOH

Charge 3 Discharge
Charge Discharge o 3 ;
v ~OH
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Ni” OH

o #4164 e L
Aging = | <+ (11,0),
= /ﬂ/ljj‘\n

state 2.0 ~ 2.2 B-NI(OI); \ \ y ;
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Fig. 1.4. Schematic representation of the Bode cycle for the Ni(I1)/Ni(ll1) redox
transition in Ni hydroxide layers [94]
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The mechanism of interfacial redox reactions of cobalt-based electrodes in
alkaline solutions was also studied by Bode, Dehmelt and Witte [44] and is presented
in Fig. 1.5. In an analogous manner to the situation for divalent Ni hydroxides, both
hydrous a-Co(OH), and largely anhydrous B-Co(OH). exist as well: the a phase
contains excess H,O and has an approximate composition range of Co(OH)»-0.9—
1.4H,0 [94]. When oxidised by anodic polarisation, Co(OH): is transformed to a
phase similar to the y-NiOOH, meanwhile chemical oxidation in air yields the
formation of B-CoOOH [150].
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Fig.1.5. Bode scheme of squares for cobalt hydroxides and oxyhydroxide species
[151]

1.2.4.2. Mechanism of OER

Considerable research efforts have been devoted to determining the exact
mechanism of the oxygen evolution reaction at the transition metal oxide surfaces.
The major difficulties lie in the fact that OER is a complex process involving the
transfer of four electrons [94]. Table 1.2 presents the five most common OER
mechanistic pathways. The kinetic parameters such as Tafel slopes are not unique for
a given pathway; therefore, it is fairly complicated to predict the possible mechanism
for a particular system. Furthermore, the surface coverage of the reaction
intermediates may vary with the potential, further making the thermodynamic and
kinetic analysis of the OER more complex [94].

Bockris and Otagawa [152,153] suggested that the catalytic activity of the active
materials in OER correlates with the surface bond energy of OH. According to the
authors, the rate determining step might be the desorption of OH or oxygenated
species from the surface, and the regularity exists in the sense that the weaker the
metal-OH bond is, the greater is the rate of desorption at a given overpotential [94].
Rossmeisl et al. [154] proposed the surface binding energy as a suitable descriptor for
the OER activity with the formation of a surface adsorbed OOH species being rate
determining at rutile-type oxides, such as RuO;, IrO; and TiO.. In terms of
interpreting mechanisms from the molecular point of view rather than the solid state
point of view, similar intermediate species, such as M—OH, M=0, M-OOH (where M
is a catalytically active metal center), are proposed to participate [155,156].
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Table 1.2. The most common mechanisms of OER

OER pathway Mechanism
M+ OH — MOH + ¢ (1.8)
Bockris’s oxide path [152,153] 2MOH — MO + M + H,0 (1.9)
2MO — 2M + O, (110)
- - 1.11
Bockris’s electrochemical path M+ OH" — MOH +e¢ El 12;
MOH + OH — MO + H,0 + e~ :
[152,153] (1.13)
2MO — 2M + O, :
M+ OH — MOH + ¢ (1.14)
. . 1.15
Krasil’shchikov’s path [94] MOH + OH" = MO™ + H,0 El 163
MO — MO +¢ :
2MO — 2M + O, (L17)
M?+ OH — M?OH +e- (1.18)
O’Grady’s path [94] MZ0OH — MZ"10H + e~ (1.19)
2M#10H + 20H- > M? +H,0+ 0,  (1.20)
M + OH- — MOH + ¢~ (1.21)
MOH + OH-— MO + H,0 + &~ (1.22)
Kobussen’s path [157,158] MO + OH — MO,H- (1.23)
MOH-+ OH — MO, +H,0 +e=  (1.24)
MO; > M+ O, +e (1.25)

Although there are many mechanisms of metal hydroxide/oxide participation in
OER, the following general mechanism was proposed to rationalize the OER kinetic

data observed for metal hydrous oxide films in an alkaline solution [93,132]:
SOH, + OH — SOH + H,0
SOH — SOH +e¢~
SOH+OH — SO +H,0
SO —>SO+e”
SO+ OH — SOOH + e~
SOOH +OH — SO, + H,O +e~
SO, +OH — SOH + 0, ;

(1.26)
(1.27)
(1.28)
(1.29)
(1.30)
(1.31)
(1.32)

Here, S represents a surfaquo group attached to the hydrous oxide surface by
bridging oxygen ligands [94]. A schematic illustration is presented in Fig. 1.6.
Octahedrally coordinated oxymetal surfaquo groups are identified as the catalytically
active species and are located within the hydrous layer. This layer contains
considerable quantities of water molecules which facilitate the hydroxide ion

discharge at the metal catalytic site [94,154].
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Fig.1.6. Mechanism for the OER at hydrous oxide coated Fe and Ni electrodes in
alkaline solution [94]

1.3. Electrochemical Capacitance
1.3.1. Basic Principles of Electrochemical Capacitance

A conventional capacitor consists of two conducting electrodes (plates)
separated by a dielectric material [159,160]. The capacitor is charged by applying
voltage across the electrodes: this causes positive and negative charges to migrate
toward the surface of electrodes of the opposite polarity. When charged, a capacitor
will act as a voltage source for some time connected in a circuit [159]. One of the
main parameters of the capacitor is its capacitance (C), measured in Farads (F), and
described as the ratio of the electric charge in each electrode (Q) to the potential
difference between them (V):

_9
=% (1.33)

The capacitance of a conventional capacitor is proportional to the surface area
of each electrode (A) and inversely proportional to the distance between them (D):

_50%4 .
c=0 (1.34)

Here, & is the dielectric constant (or permittivity) of free space, and & is the
dielectric constant of the insulating material between the electrodes.

Along the specific capacitance, energy density and power density are the main
quantitative parameters, both of which can be expressed as a quantity per unit mass
(specific energy and specific power) or per unit volume. The energy (E) is directly
proportional to the specific capacitance, and its highest value is achieved when the
potential difference V is at its maximum which is usually limited by the breakdown
strength of the dielectric [159]:
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E=5CV’ (1.35)

Power (P), in general, is the rate of energy delivered per time unit. To determine
this parameter for a certain capacitor, the resistance of the internal components
(electrode materials, dielectric separators, and electrolyte) must be taken into account.
The resistance is usually measured in aggregate and referred as the equivalent series
resistance (ESR). The ESR determines the highest voltage of the capacitor during
discharge and therefore limits the maximum energy and power of a capacitor. The
measurement of power for capacitors is often measured at matched impedance, which
corresponds to the maximum power Pmay, given by [159]:

VZ
Pmaxfm

The conventional electrostatic capacitor is denoted by relatively high-power
density and can deliver the energy very quickly; however, its energy density is rather
low comparing with that of the electrochemical battery which can store more energy
but, on the other hand, cannot provide a high-power impulse. This means that its
power density is relatively low. Supercapacitors (or ultracapacitors) are governed by
the same principles as conventional capacitors, but they incorporate electrodes with a
much higher surface area (up to 2500 m?-g1) and thinner dielectrics which are defined
by the thickness of the double layer (approx. 0.1 nm). Moreover, by maintaining the
low ESR characteristic, supercapacitors are able to achieve significant values of
power density. Therefore, supercapacitors have several advantages over batteries and
fuel cells, such as a higher power density, a shorter charging time (~0.6 s), a longer
lifecycle (~10°) and a longer shelf life [161-163]. The performance advantages of
supercapacitors are presented in a Ragone plot (Fig. 1.7) and in Table 1.3.
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Fig. 1.7. Ragone plot of energy storage devices [163]
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Table 1.3. Comparison of quantitative characteristics of typical capacitor and

battery [159]

Characteristics Capacitor (Al, Ta Carbon EDLC Battery (lead acid,
oxide, condenser) | (activated carbon) Ni-Cd, Ni-MH)

Storage mechanism Electrostatic Electrostatic Chemical
E (Whkg?) <0.1 1-10 ~20-150
P (W-kel) >>10 000 500-10 000 <1000
Discharge time (to) 10-103s Seconds to minutes 0.3-3h
Charging time (tc) 106-103s Seconds to minutes 1-5h
Efficiency (to/tc) ~1.0 0.85-0.99 0.7-0.85
Cycle life (cycles) >>10° >10° ~1500

1.3.2. Main Types of Electrochemical Supercapacitors

Electrochemical capacitors (ECs) are based on charging and discharging at the
electrode-electrolyte interface of high surface materials, such as porous carbons,
conductive polymers or some metal oxides. There are two distinctly different charge
mechanisms of ECs to develop capacitance: electric double-layer capacitance through
electrostatic charge development between the electrode/electrolyte interfaces, and
pseudocapacitance developed from highly reversible Faradaic reactions occurring at
specific potentials [163,164]. The resulting capacitors are called electric double-layer
capacitors (ECDLs) and pseudocapacitors. The systems incorporating combinations
of a double layer and pseudocapacitance are called hybrid capacitors.

1.3.2.1. Electric Double-Layer Capacitors

The concept of the double layer has been under development since the
nineteenth century when German physicist Hermann von Helmholz first modeled and
introduced the double-layer conception in his work on colloidal suspensions in Annals
of Physics in 1853. The first commercial double-layer supercapacitors, presented in
1970, consisted of carbon paste electrodes formed by soaking porous carbon in an
electrolyte separated by an ion-permeable separator. Carbon is still the most
commonly used active material in commercial devices due to its low cost and
availability; however, research and development is highly focused on creating new
electrode materials, such as graphene, mesoporous or hierarchical templated carbons,
and carbon nanotubes.

The capacitance of EDLCs arises from the electrostatic charges accumulated
from the electrolyte/electrode interface, and their storage mechanism is based on
charge separation similar to a traditional capacitor. However, EDLCs can store
considerably more energy due to the increased surface area and the small thickness of
the double layer at the interface of the electrode/electrolyte. A typical EDLC is
composed of two electrodes immersed in an electrolyte which are separated with an
ion-permeable layer located between the electrodes to avoid electrical contact (Fig.
1.8). In the charge state, the electrolyte anions and cations move toward the positive
and negative electrodes, respectively, thus giving rise to two double layers, one at
each electrode/electrolyte interface. The separation of ions results in a potential
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difference across the cell. As each electrode/electrolyte interface acts like a capacitor,
the whole cell can be considered as two capacitors connected in a series [159].
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Fig. 1.8. An electrochemical double-layer supercapacitor [165]

A capacitive performance of an electrochemical double-layer capacitor is
affected by a number of factors, from which, the most important ones are a high
surface area, high electrical conductivity and distribution of pores of a controlled size,
ideally chosen to match the size of the electrolyte ions to minimize the thickness of
the double layer [164]. The types of electrolytes that can be used in EDLCs can be
classified into three groups: (1) aqueous, (2) salts dissolved in organic solvents, and
(3) ionic liquids. Aqueous electrolytes are distinguished by high conductivity, low
viscosity, low costs and low toxicity; however, their electrochemical window usually
does not exceed 1 V. A low value of the cell voltage poses a significant limitation if
targeting high energy. Nevertheless, the higher conductivity of aqueous electrolytes
reduces the internal resistance of the device and maximizes its specific power [159].

Nonaqueous electrolytes of various types allow the use of cell operating
voltages up to 2.7 V [159,161,166]. The specific energy of supercapacitors is
proportional to the square of the operating voltage; therefore, nonagueous high-
voltage devices are attractive for high-energy applications. The most common organic
electrolyte for EDLCs is an alkyl ammonium salt dissolved in an aprotic solvent.
However, nonaqueous electrolytes have some disadvantages, such as low
conductivity, medium or high viscosity, higher costs and higher toxicity comparing to
aqueous electrolytes.

While both aqueous and nonaqueous (or organic) electrolytes are commonly
used in the market, the commercial application of the third group — ionic liquids — is
still limited [167,168]. lonic liquids (ILs) are a class of organic salts in which the ions
are poorly coordinated, which results in these solvents being liquids at relatively low
temperatures (<100 C or even at room temperature). lonic liquids are promising
alternatives to organic solvents in nonaqueous EDLCs as they help to avoid the
flammability and volatility concerns of organic solvents. The operating voltage of ILs
can reach 3-6 V, however, despite their advantages, the low conductivity and high
viscosity complicates the commercial usage of this kind of electrolytes [159].

An important consideration when selecting an electrolyte for a porous material
is the size of the electrolyte ions as they need to be able to access the electrode porosity
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[159]. As mentioned above, to achieve the highest values of capacitance, the size of
the pores should match the size of the electrolyte ions. Aqueous electrolytes often
feature a smaller ion size than organic solvents or ionic liquids, therefore, they provide
generally higher values of specific capacitance.

1.3.2.2. Pseudocapacitors

Some materials employ fast and reversible redox reactions at their surface. This
phenomenon represents a different kind of capacitance contribution to double-layer
capacitance [161]. This capacitance is not electrostatic in its origin; therefore, the
prefix ‘pseudo’ is used. The charge in this kind of materials is stored due to the
occurring Faradaic reactions on the electrode/electrolyte interface. This is
accomplished through electrosorption, oxidation-reduction reactions and intercalation
processes [161]. These Faradaic processes may allow pseudocapacitors to achieve
greater capacitances and energy densities than EDLCs [169-171]. The most
commonly investigated classes of pseudocapacitive materials are the transition metal
oxides (RuOz, NiO, MnO,;, Co0:04) and conducting polymers (polyaniline,

polypyrrole).
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Fig. 1.9. A pseudocapacitor [165]
1.3.2.2.1 Metal oxides/hydroxides

Transition metal oxides and hydroxides, such as RuO2, MnO;, Ni(OH)2/NiOx,
Co(OH)2/C0304, and Fe;0., have a number of properties making them suitable for use
as pseudocapacitors. They undergo fast reversible oxidation-reduction reactions at
their surface while showing a strong pseudocapacitive behavior exceeding the double-
layer capacitance achieved with carbon materials. The development of
pseudocapacitors has been driven by the desire to increase the specific energy of the
conventional EDLCs while retaining a comparably high power and the long-term
cyclability of EDLCs. However, as their charge storage mechanism is based on the
redox processes similar to those of batteries, these materials can also suffer from low
a power density and a poor life cycle [159]. The low power density can be related to
the poor electric conductivity of these materials, which decreases the electron transfer
rates. Furthermore, the negative effect on the morphology caused by the swelling and
shrinkage of the electrode materials during the charge/discharge processes leads to the
lack of cycling stability. Therefore, in order to solve these problems, two main
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methods involve combining metal oxides/hydroxides with conductive materials and
developing porous nanostructures. The former can accelerate the reaction kinetics
while the latter can buffer the stress from the swelling and shrinkage of the electrodes
and provide more ion adsorption or active sites for the charge transfer reactions, as
well as shorten the diffusion and transfer pathways of the electrolyte ions [172].
Selected materials and configurations are briefly discussed below.

Ruthenium oxide RuO: is recognized as one of the most promising electrode
materials due to its high theoretical capacitance (>1300 F-g?), long cycle life, wide
potential window, high electric conductivity, good thermal stability, long cycle life
and high rate capability [172-174]. The pseudocapacitive behavior of RuO; in an
acidic electrolyte comes from a highly reversible Faradaic reaction, according to the
equation:

RuO, +xH" +xe” < RuO,,(OH)_; (1.37)

Here, 0<x<2 [172]. In the acidic system, the oxidation states of ruthenium
change from (I1) to (IV). When the alkaline electrolyte is used, the oxidation states
are different. Despite all the advantages, the high cost and toxicity of ruthenium has
limited the utilization of RuO, in commercial devices. To reduce the costs, RuO, is
often coupled with other metal oxides, such as SnO,, MnO,, NiO, TiO; and CaO to
form composite oxide electrodes. Ideally, ruthenium should be replaced with these
metal oxides, and recent studies indicate that these oxides are indeed promising
alternatives for high performance capacitor applications [173].

Manganese oxide MnO,, generally, offers relatively low cost, low toxicity and
environmental safety, as well as a high theoretical capacitance up to 1300 F-g™ [174].
The capacitance of manganese oxides mainly comes from pseudocapacitance. There
are two suggested mechanisms to explain the MnO, charge storage behavior. The first
one implies the adsorption of electrolyte cations (such as C=Li*, Na*, K*) according
to the following equation [175,176]:

(MnO,)  +C"+e < (MnOOC) (1.38)

surface surface

The second reaction is based on the insertion of electrolyte cations into the bulk
of the electrode [172]:

MnO, + C" + e < MnOOC (1.39)

The synthesis of manganese oxides is largely performed by chemical [177,178]
and electrochemical means [179] while using a variety of precursors [164]. The
pseudocapacitive performance of MnO; is affected by both physical (microstructure
and surface morphology) and chemical (the valence and the hydrous state of the oxide)
factors [174]. To avoid the development of resistive aggregated particles and to
provide a means of controling the thickness of the film, electrodeposition has been
proposed to be a superior method to obtain MnO; films [164].

Although the theoretical specific capacitance of MnO is quite high, the practical
values of unmodified MnO; are usually lower than 350 F-g* [172]. This is related to
the poor electric conductivity and electrochemical dissolution during cycling. In order
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to improve the conductivity and the charge storage capability, not only the
incorporation of other metal elements into MnO, compounds but also the composing
of MnO; nanostructured composites with well-conductive materials are feasible ways
[172]. Cobalt doping can prevent the dissolution of MnQO,, vanadium doping can
inhibit the crystal growth of MnO, and iron doping can improve the cycle stability
due to the reduction of the concentration of unstable Mn®" ions [180]. Based on the
method, various composites with MnO; were synthesized, such as MnOz/carbon
nanotubes [181,182], MnO./graphene [183], MnO/carbon nanofibers [184],
MnO./nanoporous gold [185], polyaniline-MnO, nanotubes [186]. Chen et al.
constructed nanostructured MnO,-carbon nanotube-sponge hybrid electrodes which
achieved a specific capacity of 1230 F-g* and were distinguished by excellent cycle
stability as the degradation was only 4% after 10 000 cycles [187].

Nickel hydroxide and oxide Ni(OH)./NiO are promising materials for
pseudocapacitors due to their ultrahigh theoretical capacitance (3650 F-g* for
Ni(OH), and 3750 F-g* for NiO), low costs and environmental friendliness [172]. The
charge storage mechanism is based on the occurring Faradaic reactions according to
the following equations involving Ni(OH); (1.40) and NiO (1.41):

Ni(OH), + OH™ <> NiOOH + H,0 + ¢~ (1.40)
NiO + OH™ <> NiOOH + ¢~ (1.41)

It is recognized that the electrochemical surface reactivity of nickel oxide is
strongly dependent on its crystallinity [174]. As Cheng, Cao and Yang [188]
determined in their work, the calcination temperature can significantly affect the
crystalline structure of NiOy, the value of x and the specific capacitance. At above 553
K, more crystallization takes place, and the value of x decreases. As a result, the
highest specific capacitance of 696 F-g™ can be achieved at 523 K. The capacitance
decreases significantly when the annealing temperature is over 573 K [174]. To
improve the unsatisfactory porous structures of Ni oxides which can complicate the
transportation of electrolyte ions, nickel oxide with its hierarchical porous texture,
nanostructured NiO materials (nanobelts, nanorods, nanowires, nanoflowers) or
nickel oxide composites with other materials have been developed. Porous NiO with
macropores synthesized during electrophoresis and electrodeposition are denoted by
much larger specific capacitance than the bare NiO film as they even reached 351
F-g! [189]. Xia et al. [190] developed a hierarchically porous NiO film by chemical
bath deposition with a colloidal crystal template and reached a SC of 309 F-g* with a
capacitance retention of 89% after 4000 cycles. Composing NiO with carbon
materials or porous metals can efficiently enhance the electric conductivity, surface
area and excellent rate capability [172]. Nam et al. [191] prepared the NiO,/CNT
(carbon nanotube) electrodes via electrochemical deposition with an ultrahigh SC
value of 1701 F-g. This value, achieved with 8.9 wt% NiO in the composite
electrode, significantly drops to 671 F-g* when the percentage of NiO is increased to
36.6%. This decrease can be attributed to high equivalent series resistance (ESR) for
heavier deposits and a poorer ionic transportation stemming from the reduced pore
size and pore clogging [172].
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Ni(OH), is a hexagonal-layered structure which has two polymorphs:
a-Ni(OH), and B-Ni(OH). corresponding to y- and B-NiOOH after oxidation [192-
194]. a-Ni(OH); is a hydroxyl-deficient phase with interlayered anions and water
molecules while B-Ni(OH), possesses a brucite structure without water molecules
[172]. The specific capacitance of the a-Ni(OH)2/y-NiOOH couple is higher than that
of the B-Ni(OH)./B-NiOOH couple due to the greater change in valence [195,196]. As
the theoretical SC values of Ni(OH). and NiO are quite similar, the practical values
differ significantly as Ni(OH). shows prominently higher capacitive abilities. The
values of SC depend on the physical form of Ni(OH). as well because powdered
materials usually exhibit 500-600 F-g?, and modified films can reach 3000 F-g?,
which is very close to their theoretical value. Yang, Xu and Li [197] formed porous
a-Ni(OH), on Ni foam by electrodeposition and reached 3152 F-g* at 4 A-g?, but the
SC drops quickly as the current density increases. A Ni(OH)2/graphene electrode
synthesized by Wang et al. [198] demonstrated 1335 F-g* specific capacitance at 2.8
A-g? with a good rate capability. Chen et al. [199] presented a composite of
a-Ni(OH). nanosheets doped with low defect density carbon nanotubes (CNTS)
synthesized via a facile soft chemistry route. This composite demonstrated a high
specific capacitance of 1302 F-g, while individual components reached only 372
F-g* for Ni(OH); and 101 F-g* for CNTs.

Despite all the advantages of nickel hydroxide and oxide, some issues, such as
poor cycle performance and high resistivity (low electric conductivity), must be
solved in order to compose more efficient materials with higher capacitive parameters.
The conductivity of nickel oxide can be improved by introducing cobalt ions into the
nickel oxide matrix [174].

Cobalt hydroxide and oxide Co(OH)2/C0304. Cobalt oxide Co304 has the
spinel structure AB»O4 belonging to the cubic system [172]. Due to its advantages,
such as the excellent reversible redox behavior, a large surface area, high conductivity,
long-term performance and good corrosion stability, it has been considered as an
alternative electrode material for electrochemical supercapacitors [200,201]. The
theoretical value of specific capacitance of cobalt oxide is similar to that of NiO and
reaches 3650 F-g*. Furthermore, CosO, features a better cycle stability than NiO as
well as good corrosion resistance [202,203]. The pseudocapacitance of CosO, arises
from reversible oxidation/reduction reactions according to the following equations
[204]:

CO304 +OH + H20 «— 3CoO0OH + e~ (142)
CoOOH + OH «> CoO, +H,0 + ¢~ (1.43)

Cobalt oxide Co304 is a p-type semiconductor with low electronic and ionic
conductivity resulting in poor rate capability. It shows a large volume change, even
with pulverization during the cycle process, which leads to a short lifecycle [204,205].
As the capacitive behavior of materials depends on their physical form and
morphology, cobalt oxide is not an exception with nanoscale oxide having a higher
SC value than bulk Co3z04. Recent studies have been concentrating on CozO4 with
special morphology and microstructure. Microspheres, nanosheets, nanowires,
nanorods, nanotubes as well as thin films have all been explored in the recent studies
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on Co304 [205]. The nanosheet mesoporous CosO4 arrays on Ni foam, as synthesized
by Yuan et al. [206], exhibit a SC of 2735 F-g* by electrodepositing Co(OH), and
then undergo a thermal transformation to CozO4. Mesoporous CosO4 nanowire arrays
freely standing on the Ni foam substrate, as composed by Zhang et al. [207], were
prepared via a two-step strategy: precipitating hydroxides followed by the calcination
process. The SC value was estimated to be 1160 F-g™* with the degradation of only
9.6% after 5000 cycles. Ren et al. [208] fabricated hierarchically hollow
Cos04/polyaniline nanocages. This composite exhibited a large SC of 1301 F-g* with
a good cycling stability as 90% capacitance retention after 2000 cycles was achieved.
The Co304 nanotubes were prepared by chemically depositing Co(OH): into anodic
aluminum oxide templates with heat treatment at 773 K [209]. This unique complex
displayed a good supercapacitive performance with a SC of 574 F-g*.
Co(OH),-based materials are attractive due to their layered structure and a large
interlayer spacing which promises a high surface area and a fast ion insertion/desertion
rate [6,174,210]. Two reactions can occur, as expressed in (1.44) and (1.45) equations:

Co(OH), + OH «> CoOOH + H,0 + ¢~ (1.44)
CoOOH + OH «> CoO, + H,0 + e~ (1.45)

The theoretical SC value of Co(OH)- is about 3600-3700 F-g™. Its shortcomings
are still the poor rate capability and cycle stability [172]. Zhou et al. [211] synthesized
novel ordered mesoporous cobalt hydroxide films on the foamed nickel mesh and
titanium plate via electrodeposition by using an aqueous domain Brij 56. The films
demonstrated impressive results as the value of SC reached 2646 F-g* for films on
the Ni foam and 1018 F-g* on the Ti plate. However, these values were achieved in a
relatively narrow potential window from 0 V to +0.4 V. Another significant result of
capacitance was demonstrated by Xia et al. [190] who presented a composite of
Co(OH)2 nanoflakes on 3D porous nano-Ni prepared by electrodeposition. This novel
structure exhibited a high SC of 2028 F-gt at 2 A-g™* and 1920 F-g* at 40 A-g** and
maintained 94.7% capacitance after 2000 cycles. Jagadale et al. [212]
potentiostatically deposited f-Co(OH). nanoflakes on the stainless steel substrate. The
film provided a SC of 890 F-g* and a capacitance retention of 84% after 10,000
cycles.

In summary, Co(OH),-based electrodes can offer a much higher specific
capacitance than Cos04. However, such a high specific capacitance is only located in
low potential ranges, which limits the materials’ practical application in
electrochemical supercapacitors [174].

1.3.2.2.2 Conducting polymers

Conducting polymers have been arousing great interest as a family of synthetic
metals due to their rapid and reversible redox reactions and high doping levels [213].
Electronically conducting polymers (ECPs), such as polypyrrole (PPy), polyaniline
(PANI), polythiophene (PTh), poly[3-methylthiophene] (PMTh) or poly[3,4-
ethylenedioxythiophene] (PEDOT) can store and release charges through redox
processes associated with the n-conjugated polymer chains [214,215]. ECPs can be
p-doped with anions when oxidized and n-doped (or undoped) with cations when
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reduced [159]. When oxidation occurs, ions from the electrolyte are transferred to the
polymer backbone and, upon reduction, they are released back into the solution.
Generally, p-dopable polymers are more stable than n-dopable ones. The
doping/undoping process occurs throughout the bulk of the electrodes thus enabling
the opportunity to achieve high values of specific capacitance [214]. An example of
the occurring reaction could be expressed as follows:

[PPh'A ] +e <> [PPh]+ A (1.46)

The benefits of conducting polymers include their relatively high conductivity,
low cost and ease of synthesis [216]. Such nanostructures of ECPs as nanotubes,
nanowires and nanospheres can be produced via electrochemical deposition or
chemical oxidation methods with the option of surfactant use [217]. Although ECPs
possess a number of advantages that make them suitable for electrochemical
supercapacitors, the insertion/desertion of counter ions during cycling causes
volumetric changes of ECPs with progressive electrode degradation because of
swelling, breaking and shrinkage being the origin of conductivity loss [214]. In
addition to this, small working potential can be expected in order to avoid isolating
states and/or polymer degradation due to overoxidation of the material [213]. These
problems make it necessary to develop composite designs that utilize a carbon support
structure with the polymer matrix, or through deposition of the polymer on a carbon
surface to reduce these mechanical stresses and improve cyclability. Polymer/carbon
composites obtained with high specific capacitance, respective cycle life and facile
synthesis methods illustrate the effectiveness of incorporating carbon to help alleviate
this problem. They have subsequently been shown to increase the porosity of the ECP
[164]. Yan et al. [171] incorporated graphene with PANI, and this complex showed
SC of 1046 F-g' in 6 M KOH. Furthermore, by the addition of approx. 1% of carbon
nanotubes, a retention of 6% of the original capacitance after cycling remained.
Khomenko, Frackowiak and Beguin [215] composed materials containing 20 wt% of
multiwalled carbon nanotubes (MWNTSs) and 80 wt% of chemically formed
conducting polymers, such as PANI and PPy. The obtained values of specific
capacitance varied from 250 to 1100 F-g. Multi-walled polypyrrole-coated carbon
nanotube membranes were synthesized by Fang et al. [218] showing SC of 427 F-g*.
Electrochemical polymerization was applied to produce PANI nanotubes on a
titanium nanotube template to exhibit 740 F-g* [219]. Another tube-covering-tube
composite of carbon nanotubes and polyaniline was devised by Zhan et al. [220]. This
PANI/CNTSs composition yielded a relatively high SP value of 1030 F-g™.

As the properties of conducting polymers can be significantly improved through
preparing a CP-based composite, recent studies have mainly been focusing on such
composites involving carbon, inorganic oxides/hydroxides and other metal
compounds. Composite materials can provide a wide distribution of capacitance
values which are also dependent on the parameters, such as the constituents of
composites, the electrolytes in use, the scan rate, the current load, and the mass ratio
of the components as well as cell the configuration [174]. Therefore, more
investigations and developments are still needed to achieve the optimized
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electrochemical properties of CP-based composites for electrochemical
supercapacitor applications.

1.3.2.3. Hybrid Capacitors

Hybrid capacitors are designed to exploit the relative advantages and alleviate
the relative disadvantages of electric double-layer and pseudocapacitors. By uniting
both Faradaic and non-Faradaic processes to store charge, hybrid capacitors have
achieved energy and power densities greater than EDLCs without losing the cycle
stability and affordability that limits the success of pseudocapacitors. Research has
focused on three different types of hybrid capacitors distinguished by their electrode
configuration: composite, asymmetric and battery-type capacitors [160].

Composite electrodes integrate carbon-based materials with either conducting
polymer or metal oxide/hydroxide materials and incorporate both physical and
chemical charge storage mechanisms together in a single electrode [160]. Carbon-
based materials provide a high surface area, which not only increases the contact
between the pseudocapacitive material and the electrolyte but also facilitates a
capacitive double layer of charge.

Asymmetric hybrid capacitors are constructed with a dissimilar anode and
cathode to exploit the characteristic operating voltages of each material. In addition,
materials with high hydrogen and oxygen evolution overpotentials are more suitable
for these applications due to their ability to increase the operating window in aqueous
electrolytes [164].

Battery-type hybrids couple two different electrodes like asymmetric hybrids.
However, battery-type hybrid capacitors couple a supercapacitor electrode with a
battery electrode. This configuration reflects the demand for higher energy
supercapacitors and higher power batteries combining the energy characteristics of
batteries with the power, cycle life and recharging times of supercapacitors [160].

1.3.3. Determination of Capacitive Parameters

The main parameters of supercapacitors are their specific capacitance, specific
energy (or energy density), and specific power (or power density). There are several
methods to measure and calculate these parameters. The value of a specific
capacitance can be estimated theoretically for every active material according to the
following equation [221]:

- _F .
SC=n W , (147)

Here, n is the number of moles of charge transferred per mole of active material,
F is Faraday’s constant, M is the molar mass of the electroactive phase and 4V is the
potential sweep range.

However, charge-storing processes are complex and affected by a number of
limiting factors; therefore, the theoretical values are difficult to achieve. A widely
used technique to measure the practical value of specific capacitance is cyclic
voltammetry (Fig. 1.10) because of its versatility, speed, scanning window
determination and easy handling. However, this technique is more appropriate for
application in laboratory cells as large devices lead to very large volumes of current
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from several hundreds to thousands of amps [222]. At the laboratory level, it enables
the investigation of active materials qualitatively and pseudo-quantitatively to study
kinetic parameters by scanning a huge range of scan rates and to determine the voltage
window [222].

The technique is based on applying a linear voltage ramp to an electrode
between two potential values and measuring the resulting current. Usually, the
measurements are carried out with active materials coated onto the inert electrode
surface and immersed into a suitable electrolyte. The obtained results are employed
to calculate the specific capacitance (SC) according to the following equation [223]:

0
SC= X7 am AVAm (1.48)

Here, Q is the anodic charge, AV is the potential range and 4m: is the electrode
(active material) mass in grams.

The second method to estimate the capacitance from cyclic voltammograms is
by integrating the area under I-V curves and then dividing the value by the scan rate
[212]:

[1de

SC= W ; (1.49)

Here, [Idt is the area under the curve, and dV/dt is the voltage scanning rate.

Cyclic voltammetry is useful to evaluate the cyclability of a supercapacitor (or
an electrode) and the alterations of SC during cycling. However, usually,
galvanostatic charging/discharging is better when performing such experiments [222].
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Fig. 1.10. Examples of a cyclic voltammogram (a) and a galvanostatic
charge/discharge curve (b)

Galvanostatic cycling is a technique when, differently from cyclic
voltammetry, the current is controlled, and the voltage is measured (Fig. 1.10). This
method is also called chronopotentiometry, and it gives access to various parameters,
such as capacitance, resistance and cyclability [222].
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The specific capacitance (F-g?) of a supercapacitor can be calculated from the
slope of the curve V-t (voltage-time); for a pseudo capacitor, when the V-t curve
profile is not strictly linear, the capacitance can be calculated according to the
following equation [161,222]:

_ IAt
SC=x7m (1.50)

Here, | is the current at discharge time 4¢, AV is the potential window, m is the
mass of the electrode. Other energetic parameters, such as specific energy (SE,
Whkg?) and specific power (SP, Wkg™), can be easily calculated from the SP by using
the following formulas:

. . 2
sg=12A0 (L51)
op_ 3600:SE (152)

t

2. Experimental Part

2.1. Electrodeposition of Cobalt Oxide Coatings

Cobalt hydroxide films on stainless steel substrates were prepared by
electrochemical deposition while using a standard three-electrode cell (volume: 100
mL). Two different supports were used during the synthesis: AISI304 stainless steel
plates and Bekipor ST 20AL3 mesh, which were cleaned chemically and
ultrasonically. According to the manufacturer, the composition of AlISI304 plates of
0.5 mm thickness is as follows: C: 0.08; Cr: 18-20; Ni: 8-10.5; Mn: 2.0; Si: 1.0; P:
0.045; S: 0.03; Fe: the balance. The sintered metal fibre filter (SMFF) Bekipor ST
20AL3 in the form of a panel with a thickness of 0.49 mm was supplied by Bekaert
Fibre Technology (Belgium). This material features a porosity of 81%.

All the solutions were prepared by using doubly distilled water and analytical
grade reagents. Cobalt nitrate (Co(NOs3).-6H,0, >99% purity, Chempur, Poland),
cobalt chloride (CoCl,-6H,0, >99% purity, Chempur, Poland), cobalt acetate
(Co(CH3C0O0)2:4H,0, >97% purity, Reachim, Russia), potassium nitrate (KNOs,
purity >99%, Lachema, the Czech Republic) and sodium hydroxide (NaOH, >98%
purity, Lachema, the Czech Republic) were used as received without further
purification. Only freshly prepared solutions (the initial pH values are listed in Table
1.1) were used for the deposition. All the solutions were not deaerated during the
experimental runs. The electrochemical synthesis was carried out at 291 K + 1 K. The
as-deposited samples were thoroughly washed with distilled water and dried to
constant weight at room temperature. The electrodeposition process was carried out
under galvanostatic conditions. The previously obtained results [31] showed that the
most stable films were obtained at 0.5 mA-cm current density. Cobalt oxide coatings

were prepared by temperature treatment of as-deposited coatings at 673 K for 1h.
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Table 2.1. Initial pH values of the freshly prepared solutions for
electrodeposition

Electrolyte bath Initial pH
0.05 M Co(CH3COO); + 0.1 M KNO3 7.05
0.05 M Co(NO3), + 0.1 M KNOs 3.93
0.05 M CoCl; + 0.1 M KNOs 4.56

2.2. Synthesis of Nickel-Cobalt Oxides

Layered nickel-cobalt hydroxides were synthesized by using the potentiostatic
electrodeposition method. AISI304 stainless steel plates (1x5 cm?, 0.5 mm thick),
FTO glass plates (1x4 cm?, 2 mm thick, surface resistivity ~13 Q cm?) and SMFF
Bekipor ST 20AL3 (1x5 cm?) were cleaned chemically and ultrasonically and used as
substrates. All the solutions were prepared by using doubly distilled water and
analytical grade reagents. Cobalt nitrate (Co(NOs3).-6H.0, >99% purity, Chempur,
Poland), nickel nitrate (Ni(NOs3).-6H.O, >98% purity, Chempur, Poland) and
potassium nitrate (KNQs, purity >99%, Lachema, the Czech Republic) were used as
received without further purification. All the mixed cobalt-nickel hydroxides were
deposited from an electrolyte bath containing 0.05 M Co(NOs),-6H,0, 0.05 M
Ni(NO3)2-6H,0 and 0.1 M KNOs at 291 K + 1 K. Only freshly prepared solutions
(initial pH 3.66) were used for the synthesis without deaeration. The as-deposited
samples were thoroughly washed with distilled water and dried to constant weight at
room temperature. Nickel-cobalt oxide coatings were obtained after temperature
treatment at 473-1073 K for 1h.

2.3.  Analytical Techniques
2.3.1. Structure Analysis

X-ray powder diffraction (XRD) was performed with X-ray diffractometer
BRUKER AXS D8 (wave length A=1.54056 x 1071 m for Cu-Ka radiation; Ni filter,
detector position step 0.02°, anodic voltage 40 kV, current strength 40mA). The
average crystallite size Dn was calculated from the line broadening by using the
Scherrer’s equation:

kA

D=5 —cos0 " (2.1)

Here, 4 is the wavelength of Cu-Ka radiation, @ is the Bragg diffraction angle,
Bnu is the full width at the half maximum intensity of the characteristic reflection peak,
and Kk is a constant (the value used in this study was 0.94).

Differential scanning calorimetry and thermogravimetry (DSC-TG)
analysis was performed on a Netzsch STA 409 PC Luxx (Netzsch GmbH, Germany)
simultaneous thermal analyzer. The heating was carried out in air, the rate of
temperature increase was 15 K min, and the temperature range from 303 K to 1073
K was used.

Atomic absorption spectroscopy (AAS) analysis was performed with a Perkin
Elmer 403 spectrometer. The radiation source was a hollow cathode lamp.

38



Atomization was carried out in a flame by using the acetylene-air mixture. The
coatings were scraped and dissolved in 50 mL of 0.1 M HNOs. The content of nickel
and cobalt in the coatings was determined by measuring the absorption at 232.0 and
240.73 nm, respectively.

Raman scattering measurements were performed by using a Raman
microscope inVia (Renishaw). The excitation beam from a diode laser of 532 nm
wavelength was focused on the sample by using a 50x objective (NA=0.75, Leica).
The laser power at the sample surface was 1.75 mW. The integration time was 10 s,
the signal was accumulated 1-5 times and then averaged. The Raman Stokes signal
was dispersed with a diffraction grating (2400 grooves/mm), and the data was
recorded by using a Peltier cooled charge-coupled device (CCD) detector (1024256
pixels). This system yields a spectral resolution of about 1 cm™. Silicon was used to
calibrate the Raman setup in both Raman wavenumber and spectral intensity.

Scanning electron microscopy (SEM) images of all the coatings were
investigated with a Quanta FEG 200 (FEI) high resolution scanning electron
microscope. The images were obtained at 10-30 kV, the pressure in the chamber was
set at 80 Pa, and up to x100 000 magnification was employed depending on the
sample. The samples were imaged without any conductive coating. Bruker AXS
Microanalysis GmbH QUANTAX energy dispersive X-Ray spectrometer (EDS)
was used to compose the element map and spectra. Samples were imaged without any
conductive film.

The pH was measured by using a Knick pH-Meter 766 Calimatic device
(Germany).

2.3.2. Electrochemical Behavior

Cyclic voltammetry (CV), linear sweep voltammetry (LSV) and galvanostatic
charge/discharge (GCD) measurements were carried out by computer-controlled
galvanostats/potentiostats BioLogic SP-150 (France) and Autolab PGSTAT12
(Ecochemie, The Netherlands). The EC-Lab® V10.39 and GPES® 4.9 software was
used for the collection and treatment of the experimental data. A typical three-
electrode system consisting of a platinum wire (geometric area of about 15 cm?) as a
counter electrode, Ag,AgCI|KCleay as a reference electrode, and deposited oxide
films as the working electrodes was employed. The GCDL tests were performed at
current densities of 1-10 A-g? in a 0.1 M NaOH electrolyte solution.

Potassium ferricyanide (purity >99%, Reachim, Russia) was used for the
determination of the electroactive surface area of the coatings by using cyclic
voltammetry. The oxidation-reduction system of ferricyanide/ferrocyanide exhibits
nearly a fully reversible electrode reaction without any side reactions. The system
can be illustrated by the reversible reaction below [224,225]:

[Fe(CN) | +e o [Fe(CN) | 2.2)

The oxidation-reduction reaction generates peaks in the cyclic voltammograms.

In this work, the calculation of the electroactive surface area was based on a
comparison of the current peaks of an AISI 304 stainless steel plate with a definite
surface area and Bekipor ST 20AL3 mesh with a geometrically equal surface area. It
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should be noted that the active surface area of AIS1304 is not necessarily equal to the
geometric area, but it served as a reference material. Each substrate was scanned for
10 times to assess the stability of the system and to avoid any possible deviations. The
values of the electroactive surface area were calculated according to the Randles-
Sevcik equation:

3 1 1
I,=k-n2-A4-D?-C-v2; (2.3)

Here, D (diffusion coefficient in cm?), n (the number of electrons transferred per
mole of electroactive species), v (potential scan rate, V/s), k (constant) and C (the
solution concentration in moles/L) are the same for AISI304 and Bekipor ST 20AL3.
The electroactive surface area A is directly proportional to the peak current value I,
[226].

3. Results and Discussion

3.1.  Structure and Electrochemical Behavior of Cobalt Oxide Coatings

Cobalt oxide coatings have found many applications in catalysis [227,228],
energy storage [9,61], and in the purification of organic compounds [229] as it has
been pointed out above, i.e., in the literature review section. Taking into account this
information, the electrochemical properties of all the prepared coatings were
evaluated in terms of the oxygen evolution reaction and the pseudocapacitive
behavior. Although coatings can be synthesized in many ways, electrochemical
deposition from aqueous solutions is distinguished as a relatively simple, low-cost and
environmentally friendly technique enabling to modify the morphology and structure
of the coatings by changing the deposition variables. As well as the synthesis method,
the electrolyte bath composition and substrate play a crucial role in creating an
effective electrochemical system. For this reason, three different precursors (nitrate,
chloride and acetate) and a novel substrate with a 3D structure Bekipor ST 20AL3 were
selected to perform the investigations in this work.

Bekipor ST 20AL3 is a stainless steel mesh composed of chaotically oriented
thin metal filaments forming a panel. Its small fiber diameter (d=2—-30 pm), density
and thickness enable the increase of the surface area thus ensuring excellent
accessibility of internal filaments and the free flow of the electrolyte [230]. However,
the traditional synthesis of cobalt (hydro)oxide coatings seems to reduce the surface
area of this mesh by clogging the space between fibers; meanwhile, electrodeposition
provides uniform coverage of each filament. Increasing the surface area of a coating
ensures the larger interface of electrode/electrolyte thus allowing to expect better
catalytic and pseudocapacitive performance.

3.1.1. Synthesis of Cobalt (hydro)oxide Coatings by Electrodeposition

The structure of a-Co(OH) is known to consist of layers of cobalt hydroxide
with anion impurities intercalated into interlayer spacing as it has been described in
[3-5]. These impurities have a considerable influence on the electrochemical
properties of as-deposited coatings. Therefore, electrolytes containing three different
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anions — nitrate, chloride and acetate — were selected to conduct the synthesis. Fig. 3.1
shows cyclic voltammograms of Bekipor ST 20AL3 stainless steel mesh in nitrate,
chloride and acetate electrolytic baths. The potential was firstly applied from the
initial (at around —-0.1 V) to the cathodic side to initiate the formation of cobalt
hydroxide. According to the widely accepted mechanism of electrochemical
deposition of metal hydroxides, nitrate ions are firstly reduced on the substrate by
electrons, and a mass of hydroxyl ions is generated at potential values of —-0.5 V
(cathodic peak C) [231]:

NOj + H,0 + 26~ — NO; +20H" (3.1)

Subsequently, with the help of these electrogenerated bases, Co?" ions and OH-
ions can easily combine into a Co(OH): precipitate displaying the hysteresis loop in
the cathodic section [231]:

Co®" +20H — Co(OH), (3.2)

A sudden increase in the cathodic current at more negative potentials is mainly
the consequence of hydrogen evolution, which, depending on the pH value, can occur
according to (3.3) or (3.4) equations (cathodic peak C,):

2H,0 +2¢ — H, +20H" (3.3)
4H" +4e — 2H, (3.4)

A significant increase in the current in the anodic part starting at +0.55 V is
assigned to the oxidation of deposits (anodic peak A:) and the oxygen evolution
reaction (peak A) according to (3.6) and (3.7) equations [37]:

Co(OH), <> CoO(OH) +H" + ¢~ (3.5)
2H,0 — 0, +4H" +4e” (3.6)

What concerns a comparison of the patterns of cyclic voltammograms of all the
three precursors, the mechanisms of the redox reactions are similar, yet some
differences are noticeable. Although the growth rate and the mass of coating from
nitrate solution appears to be the smallest, this precursor generates the highest anodic
currentat +1.0 V.
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Fig. 3.1. Cyclic voltammograms (a, b, ¢) and chronopotentiograms (d) of Bekipor ST
20AL3 stainless steel mesh in three different electrolytes: a — 0.05 M Co(NOs), + 0.1 M
KNO3; b —0.05 M CoCl; + 0.1 M KNO3; ¢ — 0.05 M Co(CH3;COO); + 0.1 M KNOs. Scan
rate — 20 mV s, current density — 0.5 mA cm

3.1.2.  Structure Analysis of Cobalt Oxide Coatings

As it was discussed in Chapter 1.1.2, thermogravimetry and differential
scanning calorimetry (TG-DSC) revealed that, at 470-535 K, the decomposition of
the hydrotalcite-like structure of Co(OH). occurs, which leads to the formation of
Co0304 (Chapter 1.1.1). According to the TG-DSC data, the annealing temperature of
673 K for as-deposited cobalt hydroxide coatings to produce Cos0. was selected.
X-ray photoelectron spectroscopy confirmed the formation of cobalt hydroxide
(Co(OH),) in as-deposited coatings and the cobalt oxide CosO4 structure in annealed
at 673 K coatings (Chapter 1.1.1). Fourier transform infrared spectroscopy (FTIR)
results of as-deposited films confirmed the a-cobalt hydroxide layers with anionic
impurities in the interlayer spacing. Meanwhile, annealed coatings demonstrated the
spinel Cos0: structure with Co®" ions in the octahedral position and Co?" ions in the
tetrahedral position (Chapter 1.1.1).
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X-ray powder diffraction (XRD). The coatings were deposited from electrolyte
baths containing three different sources of cobalt (II) ions (nitrate, acetate and
chloride). The composition and structure of the as-deposited and annealed at 673 K
for 1h cobalt (hydro)oxide films were investigated by using X-ray powder diffraction
(Fig. 3.2). XRD analysis of as-deposited coatings indicated patterns characteristic
mainly to o-cobalt hydroxide Co(OH). (d-spacing 0.274, 0.268, 0.237, etc. nm;
JCPDF 2-925). However, small quantities of impurities and intercalated ions, which
are unavoidable during electrosynthesis, were specific to each electrolyte. Cobalt
hydroxide deposited from cobalt chloride (Fig. 3.2, a, 2) turned out to have the highest
amount of impurities indicated as potassium cobalt oxide KCoO,, JCPDF 32-769. The
peak analysis was made with computer software according to the highest possibility,
and the deposition conditions were not estimated. As KCoO: is sensitive to humidity
[232] and as deposition is carried out in an aqueous solution, the formation of pure
KCoO0- is questionable — as a matter of fact, a crystalline complex of potassium, cobalt
and oxygen is more likely to form. However the presence of this side-product is visible
as it gives a green shade to blue a-Co(OH),. The XRD analysis of cobalt hydroxide
deposited from nitrate electrolyte (Fig.3.2, a, 1) indicated a compound of nitrate,
cobalt and potassium ions which intercalated into the structure (the peak is marked as
Y). Cobalt hydroxide deposited from cobalt acetate also contains impurity which was
determined to be cobalt acetate (Fig.3.2, a, 3).

The corresponding XRD pattern of thermally treated samples (Fig. 3.2, b) reveals
diffraction peaks which can be readily attributed to the cubic phase of Co0304
(d-spacing 4.6694, 2.8580, 2.4349, etc. nm.; JCPDF 76-1802) without any impurities
left after annealing.

To evaluate the influence of precursors to the morphology of the deposits, the
crystallite sizes were calculated according to Scherrer’s equation (2.1), and the
obtained results are given in Table 3.1. It may be noted that cobalt hydroxide
deposited from nitrate and acetate electrolytes is distinguished by its almost equally
crystallite size, meanwhile, cobalt hydroxide crystals obtained from a chloride
precursor are smaller. On the whole, the average values of the CozO4 crystallite size
are close for all the three precursors.
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Fig. 3.2. XRD patterns of as-deposited (a) and annealed at 673K (b) cobalt (hydro)oxide
films electrodeposited by using different cobalt precursors: 1 — cobalt nitrate; 2 — cobalt
chloride; 3 — cobalt acetate. Indexes: CH — cobalt hydroxide, CO — cobalt oxide, CA — cobalt
acetate, X — potassium cobalt oxide, Y — a mixed potassium, nitrate and cobalt compound, S —
a substrate (stainless steel)

Table 3.1. Average crystallite size of cobalt oxide coatings deposited from
different electrolyte baths, calculated according to Scherrer’s equation

Sample notation Average crystallite size, nm
Co(OH), from acetate 24.0+1
Co(OH), from nitrate 25.4+1
Co(OH), from chloride 18.3+1
Co304 from acetate 20.4+1
C0304 from nitrate 23.7+1
Co0304 from chloride 26.6+1
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Scanning electron microscopy (SEM) images at different magnifications of an
uncovered Bekipor ST 20AL3 mesh (Fig. 3.3, @) and a mesh with cobalt hydroxide
deposited from a nitrate precursor for 120 s and 300 s are shown (Fig. 3.3, b—¢). The
formation of a 3D structure of the electrocatalyst with covered filaments and free
space between them for the electrolyte to flow freely was one of the main purposes of
this work. Upon reviewing SEM images, an assumption can be made that with a
duration of synthesis which is longer than 300 s, the active surface area gets reduced
due to the clogging of the space between fibers (Fig. 3.3, ¢, d). When comparing
as-deposited (Fig. 3.3) and annealed (Fig. 3.4) samples, both films showed a very
distinct clustering behavior at a lower magnification, whereas, at a higher
magnification, a lamellar structure can be seen. The morphology of as-deposited and
annealed films from all the three different electrolytes is virtually identical.
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Fig. 3.3. Representative SEM images of clean Bekipor ST20ALS3 stainless steel mesh
(a) and as-deposited Co(OH): films (b—e) from nitrate precursor at different deposition times
(s): b—120, c and d — 300. Magnifications: a, b, c — x1000; d, e — x20000

RN . - -

Fig. 3.4. Representative SEM images of Co3z0O4 obtained from nitrate precursor on
Bekipor ST 20AL3 at different deposition times: a—120 s, b, ¢, d — 300 s. Magnifications: a
—x1000; b, ¢ — x8000; d — x20000
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3.1.3. Electrochemical Behavior

Cobalt hydroxide and oxide are known to be effective catalysts in
electrochemical and chemical reactions; they are also able to store the charge in the
supercapacitor application [2]. The oxygen evolution reaction and pseudocapacitance
measurements were chosen as test procedures for the investigation of the
electrochemical properties of the prepared coatings. As many electrochemical
reactions occur on the interface of the electrode/electrolyte, the surface area plays an
important role in improving the activity and efficiency of active materials. For this
reason, the attempt to estimate the electroactive surface area was made first.

3.1.3.1. Determination of Electroactive Surface Area

In order to calculate an effective current density, it is important to evaluate the
electroactive surface area. This is a challenging scientific task, and various
experimental procedures can be applied as it has been already emphasized by Trasatti
and Petrii [233]. The manufacturer of SMFF Bekipor ST 20AL3 does not provide such
information, therefore, the electroactive surface area was determined by cyclic
voltammetry (Fig. 3.5) using an oxidation-reduction system and containing 2 mM
Ks3[Fe(CN)g] and 0.1 M KNOs as described in Chapter 2.3.2. Depending on the
substrate origin and the different interaction between its surface and the electrolyte,
the characteristic anodic peaks were detected at +0.56 V (a) and +0.40 V (b). Our
analysis and calculation revealed that the average electroactive surface area of an
uncoated Bekipor ST 20AL3 mesh is 6 cm?/cm?. This number was used for the
calculation of the effective current density of galvanostatic deposition.
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Fig. 3.5. Characteristic cyclic voltammograms of uncoated AISI1304 plate (a) and
Bekipor ST 20AL3 (b) mesh in 2 mM Kjs[Fe(CN)g] + 0.1 M KNO;s electrolyte

SMFF Bekipor ST 20AL3 is distinguished by its mesh structure having
chaotically oriented metal filaments. To achieve the highest surface area of the active
material, each filament should be coated separately, and the space between them
should not be clogged. Therefore, it is important to explore the growing process of the
coating and to determine the most effective duration of synthesis. The electroactive
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surface area of as-deposited Co(OH). films at different deposition times was measured
by using the same ferro-ferricyanide oxidation-reduction system as with an uncoated
mesh. Unfortunately, due to the occurring oxidation of the Co(OH),, anodic peak A
was inconspicuous; furthermore, as the values of the current density are significantly
increased by oxidation processes, the values of the electroactive surface area would
be unreliable.

Cobalt oxide Co304 as a well-known material for its electrocatalytic activity
[234-238] in the oxygen evolution reaction was tested under the same conditions in
order to investigate the effect of temperature treatment on the electroactive surface
area (Fig. 3.6). To evaluate the influence of electrolyte composition during synthesis
of cobalt hydroxide to electroactive surface area, and three different sources of cobalt
were chosen to complete this task: nitrate, chloride and acetate.

All the calculated values of Co3O4 are presented in Table 3.2. As it can be seen,
Co304 obtained after thermal treatment of as-deposited coatings from nitrate and
chloride precursors demonstrates very close values of ESA, whereas the acetate
precursor seems to increase the active surface. This ESA technique is based on the
Fe(ID)/Fe(l11) adsorbed on the surface redox reactions. XRD analysis and calculations
(Table 3.1) revealed that CosOa4 synthesized from the acetate precursor is composed
of the smallest particles among all the three precursors (the average crystallite size is
20.4 nm). Therefore, an assumption that smaller particles are able to adsorb more ions
on the surface and so are able to increase the redox current can be made. When
comparing the initiation of the coatings’ growth, the chloride precursor turned out to
speed up the formation of films in the first minute as it generates the highest values of
ESA after 60 s. This can be related to the difference in mobility of anions in water as
the chloride anion has an advantage over nitrate and acetate. Later, the ESA of
coatings from chloride increased slower because cobalt oxide particles tend to
aggregate during thermal treatment (Table 3.1).
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Fig. 3.6. Characteristic cyclic voltammograms of Co30;4 films in 2 mM Ks[Fe(CN)s] +
0.1 M KNO;s electrolyte at different deposition times: 1 —60s,2 —120s, 3-180 s, 4 — 240
s, 5—300 s. The source of cobalt: a — nitrate; b — chloride; ¢ — acetate

Table 3.2. Values of the electroactive surface area of cobalt oxide films on
Bekipor ST 20AL3 from different precursors

Electroactive surface area of Co3O4, cm?/cm?

Source of cobalt Deposition time, s
60 120 180 240 300
Cobalt nitrate 7.2 1.7 7.9 8.5 8.9
Cobalt chloride 9.5 10.0 10.4 10.7 11.0
Cobalt acetate 8.3 9.7 14.7 16.5 20.2

3.1.3.2. Electrocatalytic Activity of Cobalt (hydro)oxide in OER

Linear sweep voltammetry was performed for the evaluation and comparison of
the electrocatalytic behavior in the OER of the films deposited from different
electrolytes on Bekipor ST 20AL3. The geometric surface area of the mesh was used
during the calculations of the current density and the potential window 0-+1.1 V.
These experimental runs were carried out by using films prepared after different
electrodeposition times (60-300 s). Fig. 3.7, a represents the first and the fifth scans
of a common linear sweep voltammogram of Co(OH), on Bekipor ST 20AL3. As it
can be seen, there is a considerable oxidation peak at around +0.3 + +0.35 V in the
first scan which decreases significantly in the fifth scan; this peak can be related to
the primary oxidation of the film itself [30,239]:

Co(OH), + OH™ <> CoO(OH) + H,0 + ¢~ (3.7)

By sweeping the potential to the anodic direction, oxygen evolution starts at
+0.6 V along with the further oxidation of the film:

CoO(OH) + OH™ «» CoO,+ H,0+ ¢~ (3.8)
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The films deposited from cobalt nitrate show the highest electrocatalytic
activity. The activity of the coatings synthesized from cobalt chloride and acetate are
rather similar as their generated current density does not exceed 8 mA-cm. These
differences can be related to the different amount of impurities during
electrodeposition, which was confirmed by XRD analysis (Fig. 3.2). As it was
mentioned above, cobalt hydroxide deposited from chloride electrolyte contains a
considerable quantity of side-product of potassium, cobalt and oxygen, which
negatively affects the activity of the active material in both capacitive and
electrocatalytic applications and yields a green shade to blue a-Co(OH),. Meanwhile,
as-deposited coatings from nitrate and acetate solutions are much less impure and
retain their blue color. When comparing the current densities of coatings from
different precursors (Fig. 3.7, b), cobalt hydroxide deposited from cobalt nitrate is
distinguished due to its slower growth of the coating (Table 3.2). Its activity increases
with a longer deposition time; meanwhile, coatings synthesized from a chloride and
acetate bath are the most active when deposited for 60 s. Longer synthesis reduces or
does not affect their catalytic ability in OER. These regularities are related to the
structure of the Bekipor ST 20AL3 mesh as it is composed of chaotically situated
filaments. Therefore, it is important to control the growth of the coating so that every
filament would be covered separately, and that the interlayer spacing would not be
clogged. The electroactive surface area calculated in Chapter 3.1.3.1 gives only the
relative total active area and does not provide information about the direction of the
film formation. Hence, it is probable that when synthesizing films from acetate and
chloride electrolytes, mesh filaments are coated during the first minute, while further
growth occurs uncontrollably.
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Fig. 3.7. (a) Representative linear sweep voltammograms of Co(OH)2 on Bekipor ST
20AL3 in 0.1 M NaOH at a scan rate of 20 mV s. (b) Values of current density at +0.7 V
generated by Co(OH), deposited 120-240 s from different precursors

The plots of linear sweep voltammetry of annealed films consisting of Co30.
are shown in Fig. 3.8. The main figures are submitted with the current densities
calculated according to the geometric surface area, meanwhile, the electroactive
surface area is introduced in insets. In all the linear sweep voltammograms, the redox
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peaks at around +0.58 + +0.65 V are observed, which corresponds to the change
between different cobalt oxidation states according to the following reactions
[228,240,241]:

C030, + H,0 + OH™ — 3 CoO(OH) + ¢~ (3.9)
CoO(OH) + OH™ — CoO,+ HyO+ e~ (3.10)

The films deposited from cobalt nitrate electrolyte are distinguished as the most
electrochemically active in the oxygen evolution reaction whereas cobalt oxide
obtained from cobalt acetate and cobalt chloride shows lower activity. This drop of
current density for coatings from acetate and chloride precursors can also be related
to a significantly higher amount of impurities compared with the nitrate precursor. As
it can be seen from Fig. 3.8, the considerable peaks at +0.5 +~ +0.7 V prove the
occurring oxidation of the film deposited from chloride (Fig. 3.8, b) and acetate (Fig.
3.8, ¢) electrolytes, while the nitrate precursor allows obtaining superior purity of
cobalt oxide (Fig. 3.8, a).

Due to the complexity of the OER occurring on the surface of metal oxides, the
exact interpretation of the observed variations in the electrocatalytic activity of the
prepared samples is almost impossible. As it has been pointed out by Doyle and Lyons
[242], metal oxides are an extremely complex experimental system, and their
electrocatalytic activity is highly dependent on a multitude of parameters, such as the
electronic structure at the surface and in the bulk, morphology, material preparation
history, etc. Special attention should be paid to the electroconductivity of the films if
the OER is to proceed at a practical rate. The electroconductive properties are highly
influenced by the presence of dopants and impurities as well as by the film thickness
and other factors. In our case, the variations in electrocatalytic activity of cobalt
(hydro)oxides can be partly related to the different amount of impurities incorporated
during electrodeposition. As it was confirmed by XRD analysis (Fig. 3.2), cobalt
hydroxide deposited from the chloride electrolyte contains a considerable quantity of
side-product involving potassium which can negatively affect the activity of the active
material in both capacitive and electrocatalytic applications. On the other hand, the
heat treatment improved the electrocatalytic activity of the films which thus tend to
become more compact and pure.
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Fig. 3.8. Linear sweep voltammograms of Co3sO4 films on Bekipor ST 20AL3
deposited from nitrate (a), chloride (b) and acetate (c) baths. Deposition times: 1 —60's, 2 —
120s,3-180s, 4 —240s, 5— 300 s. Supporting electrolyte — 0.1 M NaOH. Insets — linear

sweep voltammograms of Co3sQO4, current density calculated according to the electroactive
surface area (Table 3.2)

In order to investigate the electrochemical behavior of Co(OH); and C0304 films
in the oxygen evolution reaction, controlled potential electrolysis was conducted in a
0.1 M NaOH solution at various applied potentials (Fig. 3.9 and Fig. 3.10). The
electrolyte solution was continuously stirred, and, after each measurement, the
electrode was allowed to reach its steady-state potential. All the values of the current
density were calculated according to the geometric surface area. When comparing the
results of as-deposited coatings (Fig. 3.9), the highest current density was generated
by cobalt hydroxide deposited from cobalt nitrate; furthermore, Co(OH), films from
acetate and chloride precursors were distinguished with a considerably high amount
of undesirable noises when applying potentials over +0.66 V. These results can be
related to the oxidation of side-products in the film structure, decreasing their catalytic
activity and complicating the contact between the electroactive substance and the
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electrolyte. Meanwhile, as-deposited Co(OH), synthesized from a nitrate precursor
showed reasonably good current density and stability in the higher potential region
due to its purer structure verified by XRD results (Fig. 3.2).
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Fig. 3.9. Characteristic chronoamperograms of cobalt hydroxide films on Bekipor ST
20AL3 deposited from different electrolytes: a — cobalt nitrate; b — cobalt chloride; ¢ — cobalt
acetate. Supporting electrolyte — 0.1 M NaOH

Controlled potential electrolysis under the same conditions was performed for
cobalt oxide coatings annealed at 673 K for 1h, and the results are given in Fig. 3.10.
When comparing the influence of different precursors, the highest current density is
generated by the coating deposited from the nitrate precursor (Fig. 3.10, a),
meanwhile, cobalt oxides from chloride (Fig. 3.10, b) and acetate (Fig. 3.10, c)
generate lower values of current density; also, significant noises in these curves are
noticed, particularly for the films from the acetate precursor. These results suggest the
assumption that CozO4 deposited from chloride and acetate retains more impurities
after heat treatment.
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Fig. 3.10. Characteristic chronoamperograms of cobalt oxide films on Bekipor ST
20AL3 deposited from different electrolytes: a — cobalt nitrate; b — cobalt chloride; ¢ — cobalt
acetate. Supporting electrolyte — 0.1 M NaOH

The collected electrolysis data was used to construct the Tafel plot presented in
Fig. 3.11. It is well known that the Tafel equation possesses fundamental importance
in electrochemical kinetics, and slope b is an indicative parameter of the electrode
reaction mechanism [243]. Overpotential # was calculated according to the following
equation:

n==EK,

ool — 0.26; (3.11)

Here, Eapi is the applied potential (V) measured against Ag, AgCl | KClsx
reference electrode, 0.26 is the value of the equilibrium potential against
Ag, AgCl | KClsa reference electrode for water oxidation at pH 13. Fig. 3.11 presents
the dependence of the overpotential as a function of logarithm of the current density
for Co(OH), and Co304 electrodes. As an abrupt change of the Tafel slope is observed
for all the films at the overpotential values higher than +0.42 +~ +0.46 V, it can be
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considered as an indication of the change of the reaction mechanism, for example, the
rate-determining step under the changed reaction conditions. A smaller Tafel slope
suggests that the rate-determining step is at the ending part of the multiple electron
transfer reaction [243]. Both cobalt hydroxide and oxide on Bekipor ST 20AL3 can be
assessed as a highly effective and stable active material for OER, as their activity is
very similar to that of nanocomposites [238,244] or metal-doped structures [245-251]
synthesized by other authors.
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Fig. 3.11. Tafel plots of cobalt hydroxide and cobalt oxide on Bekipor ST 20AL3
deposited from different electrolytes: a — cobalt nitrate, b — cobalt chloride, ¢ — cobalt acetate

For a comparison of the electrocatalytic behavior of cobalt oxide coatings on
Bekipor ST 20AL3 in water oxidation, IrO, was taken into account as the benchmark
from [252] (Fig. 3.12). When analyzing the results, a lower value of the onset potential
is seen for IrO; (+0.5 V (+1.47 V vs. RHE)), whereas Co0304 deposited on either
AISI304 or Bekipor ST 20AL3 exhibits exactly the same onset potential at +0.63 V
(+1.6 V vs. RHE). The overpotential values of +0.48 V at a current density of 10
mA-cm? are the same for IrO, and CosO4 on Bekipor ST 20AL3; meanwhile, the
overpotential of CosO,4 on AISI304 is only +0.82 V at 10 mA-cm2. When applying
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the potential at higher values than +0.63 V, cobalt oxide on Bekipor ST 20AL3 mesh
exhibits significant values of the current density which are the result of its 3D structure
with a high surface area.
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Fig. 3.12. Comparison of IrO; [252] and Co304 electrochemical activity in OER. The
current density is calculated according to the geometric surface area. Supporting electrolyte —
0.1 M NaOH

3.1.3.3. Capacitive Properties of Cobalt (hydro)oxide Coatings on Bekipor ST
20AL3

Cobalt oxide compounds having a layered structure with large interlayer spacing
proved to be an efficient catalyst for OER. Nevertheless, recently these compounds
attract more and more attention as suitable active materials for supercapacitor
applications. Pseudocapacitors (or supercapacitors) store energy by charge transfer
between the electrode and the electrolyte because of the Faradaic reactions occurring
on the surface of the active material; capacitance is determined by the electric charge
transfer whose rate depends on the quantity of the active substance and the surface
area of the transfer [221,223,253,254]. Supercapacitors provide a much longer
lifecycle (~10° cycles) and a shorter period of charge accumulation (~0.6 s) compared
with electrochemical batteries or fuel cells. One of the major quantitative
characteristic of supercapacitors is specific capacitance which strongly depends on the
surface area of the active material and the pore size [254] as well as on the amount of
the active material. In this chapter, for the evaluation of the capacitive characteristics
of cobalt hydroxide deposited from different electrolytes, cyclic voltammetry tests
were employed. The experiments were conducted in a 0.1 M NaOH supporting
electrolyte at a potential window of —0.2 VV + +0.4 V at a scan rate of 20 mV-s™. The
electric charge was estimated after calculating the integrals of the anodic or the
cathodic part in time. The potential window was defined according to the anodic and
cathodic electric charge values as both of them have to be equal.
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Fig. 3.13 illustrates the first ten cyclic voltammograms of cobalt hydroxide
coatings synthesized from three different precursors. The shapes of the curves in all
of the cases are not rectangular and can be related to pseudocapacitance rather than to
the double-layer capacitance [255]. The charge storing process takes place according
to the following equations:

Co(OH), + OH™ «» CoO(OH) + H,0 + e~ (3.12)
CoO(OH) + OH « Co0O, + H,O + ¢~ (3.13)

The values of the current density of coatings synthesized from nitrate, chloride
and acetate precursors are similar. In all the cases, the first cycle generates the highest
value of the current density due to the intensive oxidation of cobalt hydroxide. After
the three initial cycles, the stability and repeatability of the voltammograms are
reached, therefore, in order to ensure reliable values of specific capacitance, only the
parameters of the tenth cycle were used.
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Fig. 3.13. Cyclic voltammograms of cobalt hydroxide films on Bekipor ST 20AL3
deposited from different electrolytes: a — cobalt nitrate; b — cobalt chloride; ¢ — cobalt
acetate. Supporting electrolyte — 0.1 M NaOH, scan rate — 20 mV-s™!
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The specific capacitance was calculated by using the following equation [223]:

__9 .
SC=xpm (3.14)

Here, Q is electric charge in coulombs, 4E is the potential range in volts, and m
is the active substance mass in grams. Table 3.3 illustrates the dependence between
the specific capacitance and the mass of cobalt hydroxide. As it can be concluded
from the results, the formation of coatings from the three sources of cobalt occur at
different growth rates, which affects the capacitive behavior as well. The highest
specific capacitance (1324 F-g') was reached when using an electrolyte bath
containing cobalt nitrate. The influence of the deposition time to a specific capacitance
is clearly observed from the obtained results: synthesis which takes longer than 300 s
has a negative effect on specific capacitance. The variation in the observed values of
specific capacitance can be explained in terms of differences regarding the
electroactive surface area, pore structure, presence of adsorbed ions and impurities
[172]. For example, structure analysis revealed that cobalt hydroxide deposited from
a chloride bath contains the highest amount of side-product consisting of potassium,
cobalt and oxygen, which decreases the capacitive activity of the coating.
Furthermore, deposition from the cobalt chloride electrolyte allows reaching the
highest amount of electroactive materials. This can be related to the diffusional effects
as the mobility of anions in water decreases in the order chloride > nitrate > acetate
[256].

The highest value of specific capacitance for cobalt hydroxide deposited on
AISI1304 stainless steel was 490 F-g* [31]. The significant difference between the SC
values of Co(OH); on the two substrates is observed and subsequently related to the a
higher surface area of the stainless steel mesh.

Table 3.3. Capacitive characteristics of Co(OH): films on metal fiber filter Bekipor
ST 20AL3. m is mass of cobalt hydroxide, c is a specific capacitance. Mass deviation
—+0.05 mg

Deposition Electrolyte bath
timet,s | 0.05 M Co(CH3COO). 0.05 M Co(NOs)2 0.05 M CoCl2
m, mg ¢, F-g?! m, mg c, F-g! m, mg ¢, F-g'!
60 0.2 237 0.05 822 0.3 202
120 0.3 812 0.1 1324 0.6 239
180 0.4 842 0.5 459 0.8 449
240 0.5 965 0.9 306 1.1 315
300 0.7 689 1.1 171 1.2 302
360 0.8 154 1.2 156 1.3 273

Cobalt oxide Cos0., which is well-known for its ability to store electric charge,
was examined under the same conditions as Co(OH), to determine its capacitive
properties. The ten obtained cyclic voltammograms were recorded in a potential
window of —0.1 + +0.4 V in 0.1 M NaOH supporting electrolyte, and the results are
displayed in Fig. 3.14. When analyzing the obtained results, significantly better cycle
stability is observed for oxide coatings synthesized from all the three precursors:
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nitrate (a), chloride (b) and acetate (c). The drop of the current density between the
first and the second cycles is 12—-20%, while in the case of cobalt hydroxide this value
reaches 61-66%. The capacitive behavior of Cos04 outcomes from the succeeding
reactions is as follows [255,257]:

Co304+OH +H,0 <> 3CoO(OH) + ¢~ (3.15)
CoO(OH) + OH « Co0O, + H,O + ¢~ (3.16)

Due to the narrow potential window, only the first stage of oxidation/reduction
is likely to happen. Despite the good stability and cyclability, the values of the
generated current density of CozO4 differ up to 10 times from the ones of Co(OH)..
After conducting the calculations of the specific capacitance according to equation
(3.14) within the range of 2-30 F-g?, cobalt oxide seemed to be a less effective
supercapacitor than cobalt hydroxide.
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Fig. 3.14. Cyclic voltammograms of cobalt oxide films on Bekipor ST 20AL3
deposited from different electrolytes: a — cobalt nitrate; b — cobalt chloride; ¢ — cobalt
acetate. Supporting electrolyte — 0.1 M NaOH, scan rate — 20 mV-s™!
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Having conducted investigations of the electrochemical properties of cobalt
oxide coatings, some conclusions can be drawn:

e Cobalt oxide coatings were synthesized by galvanostatic deposition on
stainless steel mesh Bekipor ST 20AL3 from three different precursors:
nitrate, chloride and acetate. Our structure analysis revealed that as-
deposited coatings are made of lamellar a-Co(OH). layers containing anion
impurities depending on the electrolyte used: nitrate, chloride and acetate.
Spinel Cos04 was obtained by annealing as-deposited coatings at 673 K for
1h. The nitrate precursor is distinguished with the least amount of impurities
for both Co(OH). and Co304 coatings.

e The kinetics of film growth and the approximate electroactive surface area
were determined, which revealed that coatings from chloride and acetate
precursors feature a superior growth rate to that of nitrate. It was established
that during synthesis taking longer than 300 s, the space between fibers is
clogged, and the surface area decreases.

o Co(OH), and Co304 deposited from a nitrate bath displayed the best
electrocatalytic activity in OER.

e The values of specific capacitance were evaluated from cyclic
voltammograms. The highest SC value of 1324 F-g* was determined for
Co(OH); deposited from a nitrate solution. Meanwhile, the high amount of
impurities in coatings from chloride and acetate precursors has a negative
effect on their capacitive activity. It should be noted that this value of SC
should be treated with precaution as it is known that the pseudocapacity
measurements by cyclic voltammetry can lead to rather significant
deviations as compared to the values recorded by other methods.

The presented results in this chapter expand the knowledge in the field of cobalt
(hydro)oxide electrochemistry. However, in order to obtain coatings with a higher
electrocatalytic activity and pseudocapacitance, it is reasonable to synthesize mixed
metal oxides. Taking into account the results of scholarly literature analysis, the next
stage of this work was the electrodeposition of nickel-cobalt (hydro)oxide coatings.

3.2. Structure and Electrochemical Properties of Cobalt-Nickel Oxide
Coatings

As both cobalt and nickel belong to the same group of transition metals and are
similar not only in terms of chemical properties but also in terms of their electric
conductivity and electronic structure, the composites of these elements are widely
used and investigated worldwide. Transition metal oxides (TMO) are denoted by low
costs and great elemental abundance; they have also demonstrated excellent
electrochemical activities [258]. Particularly, TMOs based on Fe, Ni and Co are
highly active for the oxygen evolution reaction in alkaline conditions due to being a
great alternative to the most active, but unstable or denoted by low elemental
abundance RuO; and IrO; [258]. When examining the capacitive properties of TMOs,
they not only store energy like electrostatic carbon materials, but also exhibit
electrochemical Faradaic reactions between electrode materials and ions within the

60



appropriate potential windows [174]. In this chapter, the structure and electrochemical
properties of electrodeposited layered nickel-cobalt oxide coatings are investigated.

3.2.1. Electrochemical Synthesis of Layered Nickel-Cobalt (hydro)oxide

Previous experiments (Chapter 3.1) proved electrochemical deposition to be a
reliable method for cobalt hydroxide synthesis. Therefore, it was decided to employ
this method to compose layered mixed nickel-cobalt oxide coatings. Three different
substrates were chosen: AISI304 stainless steel plates, FTO glass and Bekipor ST
20AL3 stainless steel mesh.

3.2.1.1. Electrodeposition of Nickel-Cobalt Hydroxides on AISI304 Plates

In previous experiments, the electrochemical synthesis of thin cobalt hydroxide
films on stainless steel substrates was conducted by using the galvanostatic deposition
method while employing three different sources of cobalt ions: acetate, nitrate and
chloride electrolytes. The best catalytic and capacitive activity was demonstrated by
the coatings deposited from a cobalt nitrate solution (Chapter 3.1), therefore, cobalt
nitrate and nickel nitrate solutions were selected for use in the formation of mixed
coatings.

Fig.3.15 shows the AISI304 stainless steel cyclic voltammogram in 0.05 M
Co(NOs), + 0.05 M Ni(NOs), + 0.1 M KNOs solution; the inset presents the cyclic
voltammogram of AISI304 plate in the solution consisting only of 0.05 M Co(NO3)
+ 0.1 M KNOs. The potential was firstly applied from the initial (at around —0.1 V) to
the cathodic side so that to initiate the formation of nickel-cobalt hydroxide. The small
cathodic peak C; is related to the electrogeneration of hydroxyl ions from nitrate on
the surface of a stainless steel plate [62,259]:

NO3+ H,0 +2¢~ — NO, +20H" (3.17)

Due to the presence of hydroxyl ions, close to the electrode surface, the pH
increases and enables the precipitation of nickel and cobalt hydroxides [259]:

Co*" +20H — Co(OH),| (3.18)
Ni*" +20H" — Ni(OH), | (3.19)

The hysteresis loop in the cathodic area confirms the formation of insoluble
compounds on the surface of AISI304 stainless steel plates. When sweeping the
potential to the more negative than —1.0 V region, hydrogen evolution starts according
to the following equation (peak C;):

4H" +4e” — 2H, (3.20)

Further oxidation highlights an increase in the current density at +0.7 ~ +0.85 V
(anodic peak Ai) which is mainly assigned to the oxidation of deposits
[33,37,259,260]:

Ni(OH), < NiO(OH) +H" + e~ (3.21)
Co(OH), <> CoO(OH) +H" + ¢ (3.22)
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Meanwhile, anodic peak A, at + 1V is associated to the further oxidation of the
coating and the oxygen evolution reaction [243]:

2H,0 — 0, +4H" + 4" (3.23)

The presence of nickel hydroxide changes the position and shape of anodic
peaks: the peak which was at around +0.8 V in the cobalt curve changes its position
in the nickel-cobalt curve and occurs at around +0.9 V. If comparing cobalt
voltammogram (inset) with the one of nickel-cobalt, a significant decrease in the
current density is observed which can be a consequence of the possible competition
between cobalt and nickel ions. For this reason, the potentiostatic deposition was
chosen instead of galvanostatic deposition. To determine the optimal potential values
of the formation of nickel and cobalt layers, the chronopotentiograms of AlISI304
plates were recorded in two separate electrolytes — cobalt nitrate and nickel nitrate
(Fig.3.16). When analyzing the stainless steel plate behavior in a cobalt nitrate
solution (Fig.3.16, 1), the stable potential value of —0.85 V was reached during
galvanostatic deposition. Meanwhile, the optimal deposition potential value for the
nickel hydroxide (Fig.3.16, 2) formation is more negative, and it reaches —1.15 V.
Therefore, the potentiostatic deposition of layered nickel-cobalt hydroxide was
performed by using the potential values of —0.85 V for cobalt and —1.15 V for nickel
layer formation.
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Fig. 3.15. Cyclic voltammogram of AlISI304 stainless steel plate in 0.05 M Co(NOs),
+0.05 M Ni(NOs), + 0.1 KNOg electrolyte. Scan rate — 20 mV s%. Inset — cyclic
voltammogram of AlS1304 plate in 0.05 M Co(NOs3), + 0.1 M KNO3
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Fig. 3.16. Chronopotentiograms of AISI304 stainless steel plates in two different
electrolytes: 1 —0.05 M Co(NOs3)2 + 0.1 M KNOs; 2 —0.05 M Ni(NO3)2 + 0.1 M KNOs3.
Current density — 0.5 mA cm2

In order to determine the most stable coatings which could demonstrate
advantageous catalytic and capacitive activity, different conditions of electrochemical
deposition were applied. Firstly, it was necessary to identify the optimal duration of
synthesis; for this purpose, various deposition times were adjusted: 60, 90, 120, 300
and 600 s. It was noticed that the smooth surface of coatings subjected to a longer than
120 s synthesis time while they are wet results in the coating starting to crack during
the drying process, and, finally, it peels off from the surface. No such behavior was
observed when working with the coatings consisting of only cobalt oxides, so the
cracking might be a consequence of the presence of nickel layers. In order to ensure
good adhesion between the coatings and the surface, no deposition was carried out
longer than 120 s in the following experiments. The second step was to test various
ratios of nickel and cobalt layers to form the preferable spinel structure NiCo,0, after
heat treatment; therefore, four different ways of deposition were selected providing
coatings with different titles: Ni-Co-OH, Ni-2Co-OH, Ni-3Co-OH and
Ni-Co-OH(-1V) (Table 3.4). Fig.3.17 demonstrates the chronoamperograms of
potentiostatic deposition of layered nickel-cobalt hydroxide by applying two potential
values (-0.85V and —1.15 V) when undergoing changes in time. In all the layered
nickel-cobalt oxide coatings, synthesis began from the formation of a cobalt layer to
improve the adhesion with AISI304 plates. The average mass of the deposited
coatings on AISI304 was 0.55 mg-cm? for Ni-Co-OH and 0.40 mg-cm? for
Ni-2Co-OH.
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Table 3.4. Detailed information of deposition parameters of mixed nickel-cobalt
oxide coatings on AlISI304.

Coating Ni-Co-OH Ni-2Co-OH Ni-3Co-OH Ni-Co-OH
(-1V)
Time, | E, V Time, | E, V Time, | E,V |Time,| E,V
S S 8 S S
" 10 |-0.85 8| 20 [-085 S| 30 [-08] 90 | -1
8 10 [-115] s[ 10 [-1.156}) @[ 10 [-115
o S| 10 |-0.85 & 20 |-0.85 S| 30 [-085
2 S| 10 [-1.15 S| 10 [-115 10 |-1.15
2 & 10 [-0.85 20 |-0.85
2 S| 10 [115 10 [-1.15
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Fig. 3.17. Chronoamperograms of AISI304 in 0.05 M Co(NOs3), + 0.05 M Ni(NOs3), +
0.1 M KNO;3 forming mixed and layered Ni-Co-OH (a) and Ni-2Co-OH (b) coatings

3.2.1.2. Electrodeposition of Layered Nickel-Cobalt Hydroxides on Bekipor ST
20AL3 Mesh

The surface area is one of the main substrate characteristics affecting the
morphology and properties of the deposited active substance. As reported in previous
works [31,115], Bekipor ST 20AL3 stainless steel mesh allows increasing the specific
surface area as well as increasing the activity in electrocatalytic and pseudocapacitive
applications. Nevertheless, even surface coverage must be ensured which must cover
each filament of the 3D mesh separately without clogging the internal area. For this
task, electrochemical deposition is one of the most suitable methods.

The main goal of this work was to form layered cobalt-nickel oxide structures
featuring a spinel structure; therefore, only Ni-Co-OH and Ni-2Co-OH coatings were
selected to be deposited on the substrates. The synthesis of layered nickel-cobalt
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hydroxides on Bekipor ST 20AL3 was performed under the same conditions as with
AISI304 stainless steel by using potentiostatic deposition while applying two different
potential values: —0.85 V for cobalt hydroxide layer deposition and —1.15 V for nickel
hydroxide (Fig. 3.18, c). The experiments were performed in a 0.05 M Co(NOs), +
0.05 M Ni(NOs3), + 0.1 M KNO3 solution in ambient temperature. The detailed
synthesis information is given in Chapter 3.2.1.1.

Fig. 3.18a, showing the cyclic voltammogram of the researched Bekipor ST
20AL3 mesh in the deposition solution, highlights four peaks: two cathodic peaks and
two anodic peaks. As with AISI304, C, peak is related with the nitrate ions reduction
to NO, except that it is much more intensive, which can be the result of the greater
surface area. Peak C; is assigned to the deposition of cobalt and nickel insoluble
hydroxides, which is confirmed by the hysteresis loop and the hydrogen evolution
reaction. What concerns the investigtion of the oxidation curve, anodic peak A1, which
is mainly caused by nitrite ions oxidation to NOj3, constantly decreases with every
scan but still remains after five scans (Fig. 3.18, b). This result reveals a different rate
of the surface coverage for different stainless steel substrates: the AISI1304 plate was
covered after one cycle, meanwhile, due to the much larger surface area, the Bekipor
ST 20AL3 mesh still has uncovered zones after five cycles. The average mass of the
deposited coatings on Bekipor ST 20AL3 was 0.31 mg-cm? for Ni-Co-OH and
0.20 mg-cm2 for Ni-2Co-OH coatings.
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Fig. 3.18. The first (a) and the initial five (b) cyclic voltammograms and the
chronoamperogram (c) of Bekipor ST 20AL3 mesh in 0.05 M Co(NO3), + 0.05 M Ni(NOs3), +
0.1 KNO; electrolyte. Scan rate — 20 mV s

3.2.1.3. Electrodeposition of Layered Nickel-Cobalt Hydroxides on FTO Glass

There are many factors which affect the formation, morphology and
characteristics of the deposited coatings. The origin of the substrate is one of the most
important and influential parameters for electrochemical deposition forming
mechanically stable coatings with the uniform surface. Fluorine-doped tin oxide
(FTO), as the coating layer of a glass tray, is a material which is relatively stable under
atmospheric  conditions, chemically inert, high-temperature resistant and
mechanically hard material. In addition, it is able to perform in a wider potential
window without changing its properties. Because of these advantages, FTO glass was
selected as a substrate to carry out further analysis of electrochemically deposited
nickel-cobalt (hydro)oxides.

Fig. 3.19 demonstrates a cyclic voltammogram of FTO glass in a 0.05 M
Co(NOs3), + 0.05 M Ni(NO3)2 + 0.1 M KNOs solution. Basically, the shape and the
nature of the curve are similar to the one of AlSI304 and Bekipor ST 20AL3, but there
are some differences which should be emphasized. Firstly, the current density of the
voltammogram of FTO is noticeably lower comparing to the one of stainless steel.
Two cathodic peaks can be attributed to nitrate ions reduction to nitrite ions (C;) and
to the deposition of nickel and cobalt hydroxides followed by hydrogen evolution
(C2). Meanwhile, anodic peak A; related to nitrite ions oxidation to nitrate ions is
much more prominently expressed in the first cycle than in the AISI304 case, but it
decreases and finally vanishes during further scans (Fig. 3.19, inset). This behavior
can be explained with slower deposition and surface coverage on FTO glass, so,
nitrate/nitrate ions from the solution can be found on the surface. As mentioned in
Chapter 3.2.1.1, anodic peak A; is assigned to the oxidation of the deposits and oxygen
evolution according to (3.21) — (3.23).
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Fig.3.19. Cyclic voltammogram (a) and chronoamperogram (b) of FTO glass in a 0.05
M Co(NOs); + 0.05 M Ni(NOs3), + 0.1 KNOjs electrolyte. Scan rate 20 mV s

While the cyclic voltammogram showed the slower deposition and surface
coverage of FTO glass, the longer layered nickel-cobalt hydroxides synthesis was
performed. The total duration of deposition was 5 minutes, and application to different
potentials as with AISI304 stainless steel was implemented: —0.85 V for the cobalt
hydroxide layer and —1.15 V for nickel hydroxide (Fig. 3.19, b). The average mass of
the formed coatings on FTO glass was 0.42 mg-cm for Ni-Co-OH and 0.33 mg-cm
for Ni-2Co-OH.

3.2.2. Structure Analysis of Nickel-Cobalt Oxide Coatings

The varying deposition conditions and ways affect the morphology, structure
and stability of the deposited coatings. During the synthesis, it was observed that the
mixed nickel-cobalt hydroxide coatings deposited by applying the constant potential
of —1V were less mechanically stable, the surface had visible signs of cracking, and
the coverage was uneven. For this reason, this coating was not used in further
experiments, but it remained as an object whose structure is still necessary to
investigate. The structure of all the as-deposited and annealed coatings was
investigated with XRD, TG-DSC, AAS, Raman spectroscopy, SEM, EDS and XPS
techniques. The obtained results are outlined in the following chapters.

3.2.2.1. X-ray diffraction analysis. Ni-Co-O, Ni-2Co0-O, Ni-3Co-O and
Ni-Co-O(-1V) films for XRD analysis were deposited on AISI304 plates and
physically removed. Then, the obtained powders were annealed at 673 K for 1h. The
XRD patterns of all the coatings (Fig. 3.20) demonstrate a number of reflections with
various crystallographic intensities thus conforming the presence of spinel type
NiCo0,04 (JCPDS data card No. 20-0781). Some small intensities of excess Co30s can
be seen in Ni-2Co-O and Ni-3Co-O. It is inferred that Ni-Co-O and Ni-3Co-O are
slightly less crystalline than Ni-2Co-O and Ni-Co-O(-1V) coatings. The average
crystallite sizes calculated according to Debye—Scherrer’s relation are given in Table
3.5.
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Fig. 3.20. XRD pattern of annealed at 673 K various nickel-cobalt oxide powders: 1 —
Ni-Co-O; 2 — Ni-2C0-0; 3 — Ni-3C0-0 and 4 — Ni-Co-O(-1V). Indexes: NCO — nickel-cobalt
oxide NiCo204, CO — cobalt oxide C0o304

Table 3.5. Average crystallite size of mixed nickel-cobalt oxide coatings
calculated according to Scherrer’s equation

Sample notation 20, ° Average crystallite size, nm
Ni-Co-O 36.57 13.3+1
Ni-2Co-0O 36.77 16.3+1
Ni-3Co-0O 36.61 16.9+1
Ni-Co-O(-1V) 36.94 15.6+1

As the duration and kinetics of the formation of layered nickel-cobalt oxide
coatings on FTO glass were distinguished from the ones on stainless steels, the XRD
analysis of these products was performed (Fig. 3.21). The coatings on FTO glass differ
in terms of small thickness; therefore, the peaks of the conductive layer of the
substrate (tin oxide) are the most intensive. In as-deposited spectra for both Ni-Co-OH
and Ni-2Co-OH (Fig.3.21, 1), only the peaks of cobalt hydroxide were identified,
while the peaks of amorphous Ni(OH), [261] were not detected. Nevertheless, the
presence of NiCo0,04 was determined in the annealed coatings (Fig.3.21, 2-4).
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Fig. 3.21. XRD pattern of as-deposited (1) and annealed (2—4) nickel-cobalt oxide
coatings on FTO glass. Annealing temperature: 2 — 473 K, 3 - 573 K, 4 — 673 K. Indexes:
NCO - nickel-cobalt oxide NiCo,0., CH — cobalt hydroxide, TO — tin oxide (substrate)

3.2.2.2. TG-DSC analysis. The annealing effect to the coatings was evaluated
from TG-DSC curves. Fig. 3.22 shows thermogravimetric (TG) and differential
scanning calorimetry (DSC) analysis results of as-prepared Ni-Co-O and Ni-2Co-O
samples electrochemically deposited on AISI304 and removed as powders. In both
cases, the DSC curves reveal three endothermic effects in the temperature range of
326-1057 K. They are accompanied by the weight loss of about 36% (Ni-Co-O) and
33% (Ni-2Co-0). The first endothermic effects at 328422 K (Ni-Co-O) and 326—
402 K (Ni-2Co0-0) are due to the evaporation of physically adsorbed and interlayer
water molecules. The endothermic effects at 488-532 K (Ni-Co-O) and 491-535 K
(Ni-2Co0-0) can be associated with the decomposition of cobalt and nickel hydroxides
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and the formation of spinel-type NiCo0.0.. The third endothermic peaks observed at
966-1057 K (Ni-Co-O) and 958-1056 K (Ni-2C0-O) can be related to the
decomposition of spinel-type NiCo,0. to two separate crystalline structures — C0304
and NiO [262].
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Fig.3.22. TG-DSC patterns of as-deposited Ni-Co-O (a) and Ni-2Co-0 (b) samples

3.2.2.3. Atomic absorption spectroscopy (AAS) was carried out to determine the
varying ratio of Ni:Co in as-prepared Ni-Co-OH coatings with different deposition
times. It was determined that the average Ni:Co ratio is around 1:2.5, which allows to
expect the spinel structure of NiCo0,0; in the annealed films.

Table 3.6. Ratio of Ni:Co in the Ni-Co-OH coatings measured by AAS

Sample notation Atomic ratio Ni:Co in the Ni-Co-OH coatings
Ni-Co-OH 1:2.25
Ni-2Co-OH 1:2.50
Ni-3Co-OH 1:2.86
Ni-Co-OH, deposited at -1V 1:257

3.2.2.4. Raman spectroscopy was used to determine the structure properties of
as-prepared (Fig. 3.23) and annealed at three different temperatures nickel-cobalt
oxide coatings (Fig. 3.24). All the tested coatings were formed on AISI304 steel
plates. Stainless steel consists mainly of Fe, Cr and Ni and tends to oxidize when
immersed into aqueous solutions thus forming a thin oxide layer. Therefore, the
Raman spectrum of uncoated AlSI304 plates (Fig. 3.23, 1) was recorded to assess the
impact of the substrate on the results. Two characteristic peaks were identified in this
curve (408 cm? and 670 cm™) which were associated with the vibrations of the
common hematite structure of iron and chrome oxides referred to as (Fe,Cr).03 [263].

Fig. 3.23 showing the spectra of as-deposited Ni-Co-O (2) and Ni-2Co-O (3)
coatings contains characteristic peaks at 456 cm™ and 522 cm™ associated with the
vibrations of Co(OH) [37,264] and Ni-OH [42]. The small peak in Ni-2Co-O at 645
cm® can be related to the vibrations of CoO(OH) [37,260]. Furthermore, both spectra
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of the as-deposited coatings show a small peak at 1045 cm™ which can be assigned to

the vibrations of a-Ni(OH)2 [42].

Meanwhile, the Raman spectra of all the annealed nickel-cobalt oxide coatings
(Fig.3.24, 2-4) demonstrate overlaying signals of Co-O and Ni-O vibrations in the
band of 470-640 cm™ from which some more intensive signals can be marked: 465,
525, and 640 cm™. All of these peaks are associated to the vibrations of Ni**-O,

Co?"-0 and Co*-0 [265-271].
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Fig. 3.23. Raman spectra of uncoated AISI304 steel plates (1) and as-deposited

coatings of Ni-Co-O (2) and Ni-2Co-0 (3)
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Fig. 3.24. Raman spectra of uncoated AlISI304 steel (1) and coatings of Ni-Co-O (a)

and Ni-2Co-0O (b) annealed at different temperatures: 2 - 473 K; 3-573 K; 4 - 673 K

3.2.2.5. The representative scanning electron microscopy (SEM) images and
element map generated by energy-dispersive X-ray spectroscopy (EDS) are displayed
in Fig.3.25. The powdered form of the deposited on AlSI1304 steel annealed at 673 K
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and mechanically removed layered nickel-cobalt oxide was used to avoid the signals
of the substrate. As it can be seen in SEM images (Fig.3.25, a, b), the distinct
clustering behavior at a lower magnification is detected, while, at a higher
magnification, the lamellar structure can be observed. The element map (Fig.3.25, c,
d) demonstrates the distribution between cobalt and nickel to be very close to the
spinel-type oxide with stoichiometry NiCo,04. The EDS elemental analysis is given
in Fig. 3.26 and Table 3.7, which mainly confirms the results of XRD and Raman
analysis and identifies Co, Ni and O as the main elements of the annealed coatings
with traces of side elements such as carbon, chlorine and sulphur.
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Fig. 3.25. SEM images at x20000 (a) and x100000 (b) magnification and EDS map (c,
d) of Ni-Co-O powders
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Fig. 3.26. EDS spectra of annealed at 673 K Ni-Co-O (a) and Ni-2Co-O (b) powder
deposited on AlIS1304 plates

Table 3.7. Results of quantitative EDS analysis of Ni-Co-O and Ni-2Co-O

powders deposited on AIS1304

Ni-Co-O Ni-2Co-O
Element Concentration (at. %) Concentration (at. %)
Co 32.2 31.7
Ni 12.1 16.0
@) 51.7 475
C 2.6 1.8
Cl 1.0 2.3
S 0.4 0.7

3.2.3.
3.2.3.1. Electrocatalytic Activity in Oxygen Evolution Reaction

Electrochemical Characterization

3.2.3.1.1 Cobalt-nickel oxide coatings on AISI304 stainless steel

In the previous works [30,31], AISI304 stainless steel plates proved to be
suitable support for cobalt oxide coatings deposition and primary investigations. It is
an easily handled, cheap and relatively stable base in aqueous solutions. Due to these
characteristics, AISI304 plates were chosen for the initial investigations of cobalt-
nickel oxide coatings.

To assess the electrocatalytic activity of cobalt-nickel hydroxide coatings on
AISI304 plates, linear sweep voltammograms in 0.1 M NaOH were recorded by
applying the potential window from 0 V to +1.1 V (vs. Ag/AgCI) at the scan rate of
20 mV st (Fig.3.27). In order to ensure the even distribution of the electrolyte on the
film’s surface, the solution was constantly stirred. In all the linear sweep
voltammograms, which includes cobalt hydroxide in their composition, the redox
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peaks at around +0.25 ++0.4 V are observed due to the oxidation of cobalt hydroxide
[30,239]:

Co(OH), + OH™ <> CoO(OH) + H,0 + ¢~ (3.24)
CoO(OH) + OH ™ «> CoO, + H,0 + ¢ (3.25)

Along with cobalt hydroxide oxidation, nickel hydroxide conversion to
oxyhydroxide occurs as well at around +0.5 V for pure Ni(OH), coating, whereas, for
layered Ni-Co-OH coatings, this peak can be shifted to the more negative side at
+0.4 V [259,272]:

Ni(OH), + OH™ <> NiO(OH) + H,0 +¢" (3.26)

As it is seen from the results, as-deposited cobalt-nickel oxide coatings are
distinguished by the best catalytic activity in OER reactions comparing to separate
cobalt and nickel hydroxides. The advantage of Ni-Co-OH over Ni-2Co-OH might be
related to the more favorable ratio between nickel and cobalt to the spinel structure in
the annealed coatings. Besides, a significant difference between the activities of nickel
and cobalt hydroxides can be spotted in Fig. 3.27. During the potentiostatic
electrodeposition of these coatings, when the same duration of synthesis was applied,
the mass of the deposited nickel hydroxide was three-time higher compared to the
cobalt hydroxide mass. Usually, the current density in LSV is calculated by estimating
the surface area instead of the mass. Therefore, the more intensive oxidation of
Ni(OH), occurring in the thicker hydroxide layer according to equation (3.26)
enhances the total current density.
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Fig. 3.27. Linear sweep voltammograms of as-deposited coatings on AlSI304 plates in
0.1M NaOH: 1 — uncoated AlSI304 plate, 2 — Co(OH)2, 3 — Ni(OH)2, 4 — Ni-Co-OH, 5 — Ni-
2Co-OH. Scan rate — 20 mV-s™*

It was reported that nickel-cobalt spinel oxides intrinsically catalyze oxygen
evolution reactions, are stable in an alkaline environment, and that Ni and Co are more
abundant and less expensive than the noble metals [273]. The formation of nickel-
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cobalt spinel oxides depends on the calcination temperature [273,274]; therefore, five
different temperatures were selected for annealing according to the TG-DSC effects
(Fig. 3.22): 473, 573, 673, 773 and 1073 K. In order to determine the impact of
annealing on the activity in OER, linear sweep voltammograms of temperature treated
Ni-Co-O and Ni-2Co-O coatings were recorded (Fig. 3.28).

Fig. 3.28 revealed that spinel-type nickel-cobalt oxide coatings annealed at
573 K and 673 K along with as-deposited nickel-cobalt hydroxide coatings
demonstrate the best electrocatalytic activity for both Ni-Co-O and Ni-2Co-O ratios.
However, the observed current of as-deposited nickel-cobalt hydroxide in OER can
be partly related to the continuous oxidation reaction of both cobalt and nickel
hydroxides to oxyhydroxides [223,227,275]. A peak around +0.4V for the as-
deposited nickel-cobalt coating is related to cobalt hydroxide oxidation and is
characteristic to the one in the as-deposited cobalt hydroxide LSV curve (Chapter
3.1.3.2); meanwhile, from around +0.75V, nickel hydroxide oxidation to NiO(OH)
occurs. Due to these reactions, the real electrochemical activity of hydroxide coatings
in OER cannot be evaluated from LSV. Nickel-cobalt oxide coatings annealed at
473K also show a small oxidation peak at +0.4V which can be associated with the
same oxidation processes as there is some part of hydroxide remaining in their
structure after calcination. As it can be seen in Fig.3.28, there is a reasonable drop of
the current density in the LSV curves of Ni-Co-O and 2Ni-Co-O annealed at 773 K
and 1073 K. This decrease is related to the decomposition of spinel-type NiCo,04 and
the formation of two separate oxides: NiO and Co30.a.
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Fig. 3.28. Linear sweep voltammograms of annealed Ni-Co-O (a) and Ni-2Co-0O (b)
coatings on AISI304 plates in 0.1M NaOH with different annealing temperature: 1 — without
treatment (as-deposited), 2 — 473 K, 3-573 K, 4 - 673 K, 5-773 K, 6 — 1073 K. Scan rate

—-20mV-s?

When concluding the LSV results, IrO, was taken as a benchmark from [252]
to evaluate the electrocatalytic properties of annealed at 673 K nickel-cobalt oxide
coatings on AISI304 plates. Separate cobalt oxide and nickel oxides polarization
curves were also taken into consideration so that to understand the relation between
the structure and the electrocatalytic properties. All the linear sweep voltammograms
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are shown in Fig. 3.29. According to the obtained results, the onset potential of iridium
oxide (+0.5V (+1.47 V vs. RHE)) is lower than the ones of cobalt and nickel coatings
on AISI304, all of which exhibit the same onset potential of +0.63 V (+1.6 V vs.
RHE). However, the activity of Ni-Co-O and Ni-2Co-O is close to the benchmark
IrO, as their overpotential value is 530 mV, while the discussed substances are
considerably cheaper and deposited on a low-cost and easy-handling substrate —
stainless steel plates. Meanwhile, separate Co3O4 and NiO are much less effective,
which proves that the common structure of cobalt and nickel, especially spinel
NiCo0204, is distinguished with significantly higher electrochemical activity and is an
effective catalyst in water oxidation processes.

E, V (vs. RHE)

096 12 144 1.68 1.92
35 1 1 1 1
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Fig. 3.29. Linear sweep voltammograms of annealed at 673 K Ni-Co-O, Ni-2Co-0O,
Co304 and NiO coatings on AlISI304 plates. Benchmark — 1rO- electrodes [252]. Supporting
electrolyte — 0.1M NaOH. Scan rate — 20 mV:-s™*

In order to evaluate the electrocatalytic behavior of nickel-cobalt oxide coatings
in the oxygen evolution reaction, controlled potential electrolysis was conducted in a
0.1 M NaOH solution at various applied potentials (Fig. 3.30). According to the linear
sweep voltammetry results (Fig. 3.28), Ni-Co-O and Ni-2Co-O annealed at 573 K
were chosen for this test. The electrolyte solution was being continuously stirred, and,
after each measurement, the electrode was allowed to reach its steady-state potential.
The collected current-potential data was used to construct its Tafel plot (Fig. 3.31). It
is well known that the Tafel equation possesses fundamental importance in
electrochemical kinetics, and that slope b is an indicative parameter of the electrode
reaction mechanism [243]. Overpotential # was calculated according to equation
(3.12).
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Fig. 3.30. Characteristic voltammograms of Ni-Co-O (a) and Ni-2Co-O (b) deposited
on AISI304 stainless steel, annealed at 573 K for 1h. Supporting electrolyte — 0.1 M NaOH
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Fig. 3.31. Tafel plots of Ni-Co-O (a) and Ni-2Co-O (b), deposited on AlSI304
stainless steel and annealed at 573 K for 1h

Fig. 3.31 presents the dependence of the overpotential as a function of the
logarithm of the current density for nickel-cobalt oxide electrodes. Both coatings, Ni-
Co-0 and Ni-2Co-0, show an abrupt change of the Tafel slope at overpotential values
higher than +0.40 V and +0.38 V, respectively: from 43 to 75 mV for the Ni-Co-O
coating and from 21 to 57 mV for Ni-2Co0-O coating. The switch of the Tafel slope
can be considered as an indication of the change of the reaction mechanism, for
example, the rate-determining step under changed reaction conditions. A smaller
Tafel slope suggests that the rate-determining step is at the ending part of the multiple-
electron transfer reaction, which is commonly a sign of a good electrocatalyst [243].
The obtained results show that mixed nickel-cobalt oxide coatings on AIlSI304
stainless steel can be assessed as a highly effective and stable electrode for OER, with
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the activity being very similar to the results obtained by other authors using mixed
cobalt-nickel oxide catalysts [276-280].

3.2.3.1.2 Cobalt-nickel oxide coatings on Bekipor ST 20AL3 stainless steel mesh

During previous experiments, stainless steel mesh Bekipor ST 20AL3 proved to
be a highly effective and mechanically as well as chemically stable substrate for
catalytic and capacitive purposes [31,230]. Although it served well when depositing
cobalt oxide coatings and even though all of its qualities allowed improving the
properties of coatings (Chapter 3.1), the synthesis of layered cobalt-nickel oxide films
is a more complicated and complex target. The usage of a stainless steel mesh may
allow increasing the surface area, but the layered structure may fail to be achieved. A
complete description of the deposition of nickel-cobalt oxide coatings on Bekipor ST
20AL3 mesh is given in Chapter 3.2.1.2.

In order to compare the electrocatalytic properties of different active materials
deposited on a stainless steel mesh, the polarization curves were obtained. Linear
sweep voltammograms (Fig. 3.32) were recorded in a potential window from 0 to +1.1
V while using 0.1 M NaOH as the supporting electrolyte. The values of the current
density were calculated by using only the geometric surface area of the mesh instead
of the active surface area due to the complexity of evaluation. Our review of the
obtained results indicates that the best electrocatalytic activity in oxygen evolution is
reached when using the Ni-2Co-O coating as an active material. The activity of
Ni-Co-0 and Co(OH); is virtually equal when applying a potential higher than +0.6 V,
but their behavior in the lower potential region is different. Cobalt hydroxide shows
only a small peak at +0.2 V, which is related to the oxidation of hydroxide to
oxyhydroxide, but the presence of Ni in the layered Ni-Co coatings increases their
oxidation current significantly thus changing the position (+0.3 + +0.4 V) and the
shape of the peaks.

Stainless steel itself proved to be a reasonably active catalyst in the water
splitting process promoting oxygen evolution; therefore, it is not a surprise that
uncoated Bekipor ST 20AL3 mesh (Fig. 3.32, 1) generates reasonably high values of
the current density during the polarization. However, a mesh coated with Ni(OH).
seemed to exhibit the lowest activity, which may be related to the rapid growth of the
coating and to the clogging of the space between the mesh filaments. The results are
the decreased surface area and the loss of the 3D structure.
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Fig. 3.32. Linear sweep voltammograms of as-deposited coatings on Bekipor
ST20AL3 mesh in 0.1M NaOH: 1 — uncoated ST20AL3 mesh, 2 — Co(OH)z, 3 — Ni(OH)z, 4 —
Ni-Co-OH, 5 — Ni-2Co-OH. Scan rate — 20 mV:s™!

As it was investigated in the previous chapter (3.2.3.1.1), temperature treatment
maintains considerable influence on the activity of the films catalyzing oxygen
evolution, therefore, layered nickel-cobalt hydroxide coatings on Bekipor ST 20AL3
were annealed by applying five different temperatures: 473, 573, 673, 773 and 1073
K according to the TG-DSC curves (Fig.3.22). As with the films deposited on
AISI304, all the annealed coatings on the stainless steel mesh are distinguished with
different electrocatalytic activity as they were polarized in 0.1 M NaOH in a potential
window of 0 +~ +1.1 V. The obtained results (Fig.3.33) revealed that, unlike the
AISI304 case, the temperature treatment at 673K not only increases the chemical
stability of active materials but also significantly increases the activity in OER.
Temperatures lower and higher than 673 K have a negative effect on the
electrocatalytic activity; meanwhile, in the case of AlISI304, the best values were
reached with the coatings annealed at 473 or 573 K. Although the regularities of
Ni-Co-O and Ni-2Co-O activity slightly differ, it might be related to the different
distribution of cobalt oxide and nickel oxide on the surface of the mesh while it is not
necessarily a layered structure.
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Fig. 3.33. Linear sweep voltammograms of annealed Ni-Co-O (a) and Ni-2Co-O (b)
coatings on Bekipor ST 20AL3 stainless steel mesh in 0.1M NaOH with different annealing
temperature: 1 — without treatment (as-deposited), 2 - 473 K, 3-573 K, 4-673 K, 5-773
K, 6 — 1073 K. Scan rate — 20 mV-s%. Inset in part a — linear sweep voltammogram of Co30,4

on Bekipor ST 20AL3 annealed at 673 K

Nickel-cobalt oxide obtained after thermal treatment at 673 K showed the best
electrocatalytic activity for both Ni-Co-O (a) and Ni-2Co-O (b); therefore, these films
were selected to compose Tafel plots (Fig. 3.34). In order to collect the required data,
controlled potential electrolysis was conducted in 0.1 M NaOH electrolyte at various
potentials (Fig. 3.34) under the same conditions as with coatings deposited on
AISI304 stainless steel plates (Chapter 3.2.3.1.1). Electrolysis results illustrate a small
difference between the activities of Ni-Co-O (Fig. 3.34, a) and Ni-2Co-O (Fig. 3.34,
b) as a higher amount of cobalt in the film’s composition produces a slightly greater
current density.

Tafel plots (Fig. 3.35) revealed that the curves change their slope at the
potentials of +0.38 V as it was observed during the experiments with AISI304. The
values of Tafel parameter b are slightly smaller for Ni-Co-O coating thus
distinguishing it from the AISI304 values where Ni-2Co-O demonstrated the results
that are more advantageous. This inequality arises mainly from the uneven
distribution between cobalt and nickel oxide layers on Bekipor ST 20AL3.
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Fig. 3.34. Characteristic voltammograms of Ni-Co-O (a) and Ni-2Co-0O (b) deposited
on Bekipor ST 20AL3 stainless steel mesh annealed at 673 K for 1h. Supporting electrolyte —

0.1 M NaOH
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Fig. 3.35. Tafel plots of Ni-Co-O (a) and Ni-2Co-O (b) deposited on Bekipor ST
20AL3 stainless steel mesh and annealed at 673 K for 1h

3.2.3.1.3 Cobalt-nickel oxide coatings on FTO glass

There is a perceptible relation between the substrate properties and the
formation and morphology of the electrochemically deposited coatings. Many factors
can affect the peculiarities of the deposited coating: adhesion properties, conductivity,
and the origin of the substrate. It was observed that nickel from stainless steel
substrates catalyzes the production of hydroxide ions [281], which leads to the more
rapid growth of the coating during the same period. For these reasons, a completely
different from stainless steel substrate was chosen to evaluate the influence of the tray
to the properties of the coatings. A proper description of the layered cobalt-nickel
hydroxide coatings electrodeposition on FTO glass procedure is given in Chapter
3.2.1.3.
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In order to estimate the electrocatalytic activity of as-deposited cobalt-nickel
hydroxide coatings on FTO glass, linear sweep voltammetry was conducted in 0.1 M
NaOH (Fig. 3.36) by applying the potential window from 0 V to +1.1 V. The
electrolyte solution was intensively stirred to avoid the surface coverage with oxygen
bubbles. The synthesis of coatings on FTO was quite difficult due to the weak
adhesion between the substrate surface and the film layers, as well as due to the small
growth rate. It took 300 s instead of 90-100 s to reach the same mass values for 1 cm?
as in SS substrate cases. Although other synthesis parameters were the same, the
morphology of the coatings on FTO and SS substrates was discovered to differ. The
coatings deposited on AISI304 stainless steel and Bekipor ST 20AL3 show better
catalytic ability in OER than those deposited on FTO glass even with the elimination
of the current density of uncoated substrates. Unlike AIS1304 and Bekipor ST 20AL3
substrates, the Co(OH), coating demonstrates the highest activity in OER, whereas
the presence of nickel seems to decrease the generated current density of the coatings.
The layered structure did not provide the expected increase in the current density as
the values of the current density of Ni-Co-O, Ni-2Co-O and Ni(OH), are very close.
This regularity could be related to the sluggish and complicated growth of the nickel
hydroxide layer.
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Fig. 3.36. Linear sweep voltammograms of as-deposited coatings on FTO glass in
0.1M NaOH: 1 — uncoated FTO glass, 2 — Co(OH)z, 3 — Ni(OH)2, 4 — Ni-Co-OH, 5 — Ni-
2Co-OH. Scan rate — 20 mV-s*

Previous experiments (Chapters 3.2.3.1.1 and 3.2.3.1.2) revealed that
temperature treatment increases the stability of nickel-cobalt oxide coatings without
negative effects on their electrocatalytic performance in OER. For this reason, the
same LSV investigations were established with the coatings deposited on FTO glass
and annealed at various temperatures. From the results shown in Fig. 3.37, some
assumptions can be made. Initially, in both Ni-Co-O and Ni-2Co-O coatings,
annealing at 573 K increases the generated current density the most. Secondly, the
activity of Ni-Co-O is slightly higher than the one of Ni-2Co-O. The possible excess
of cobalt oxide after the thermal treatment seems to have a negative effect on the
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common NiCo,0, electrocatalytic behavior. Thirdly, all the curves on FTO glass
retain the same shape as on AISI304 and Bekipor ST 20AL3 while having small peaks
from +0.38 V to +0.6 V (as explained in Chapters 3.2.3.1.1 and 3.2.3.1.2). In addition,
it is obvious that annealing at higher temperatures than 573 K has a negative effect on
the electrocatalytic properties. Moreover, it was observed that 1073 K temperature is
too high for FTO glass, and that some signs of melting occurred although AlISI304
stainless steel sustained this temperature without any damage.
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Fig. 3.37. Linear sweep voltammograms of annealed Ni-Co-O (a) and Ni-2Co-O (b)
coatings on FTO glass in 0.1M NaOH with different annealing temperature: 1 — as-deposited,
2-473K,3-573K,4-673K,5-773 K, 6 — 1073 K. Scan rate — 20 mV-s*

In order to assess the electrocatalytic behavior of nickel-cobalt oxide coatings
on FTO glass in the OER reaction, Tafel plots (Fig. 3.39) were constructed for both
Ni-Co-O (a) and Ni-2Co-O (b) films. To collect the required data, controlled potential
electrolysis was conducted in a 0.1 M NaOH electrolyte at various potentials
(Fig.3.38) under the same conditions as with the coatings deposited on stainless steel
substrates (Chapters 3.2.3.1.1 and 3.2.3.1.2).

As we can see from the electrolysis results, the Ni-Co-O coating produces
slightly higher values of the current densities comparing with the Ni-2Co-O coating.
The quantitative evaluation of the electrocatalytic behavior of the coatings was
determined by the calculation of the Tafel slopes (Fig. 3.39). Ni-2Co0-O shows a
greater activity while having relatively lower parameter b values (34 and 73 mV),
whereas the ones of Ni-Co-O are slightly higher (41 and 88 mV). Anyway, all these
values demonstrate the effectiveness of both coatings as the catalysts in the oxygen
evolution reaction.
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Fig. 3.38. Characteristic voltammograms of Ni-Co-O (a) and Ni-2Co-O (b) deposited
on FTO glass plates annealed at 573 K for 1h. Supporting electrolyte — 0.1 M NaOH
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Fig. 3.39. Tafel plots of Ni-Co-O (a) and Ni-2Co-O (b) deposited on FTO glass plates
and annealed at 573 K for 1h

3.2.3.2. Pseudocapacitive Properties of Layered Nickel-Cobalt Oxide Coatings

In the previous works, cobalt hydroxide and oxide proved to be promising active
materials for capacitive applications. Nickel, as a close element to cobalt by nature
and properties, oxide compounds are a good alternative to RuO. due to their easy
synthesis, relatively high specific capacitance (a theoretically estimated value of 3750
F-g?), environment friendliness and low cost [173,174]. The redox reaction of nickel
hydroxide and oxide in a KOH electrolyte can be expressed as follows [174,272]:

Ni(OH), + OH™ <> NiO(OH) + H,0 + ¢~ (3.27)
NiO + OH ™ «> NiO(OH) +e" (3.28)
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However, the capacitive activity of nickel oxide strongly depends on its
crystallinity [174]. Ni porous structure is unsatisfactory because it can limit the
transportation of the electrolyte ions, which leads to slow electrochemical processes
in charge storage and delivery [174]. The study of the relation between the annealing
temperature and the specific capacitance of NiO was carried out by Cheng et al. [188]
who determined that the best specific capacitance of nickel oxide is achieved when
the calcination temperature range is 473-573 K. There are some other challenges in
using nickel oxide compounds for capacitive applications, one of which is the poor
cycle stability of nickel hydroxide. Meanwhile, nickel oxide demonstrates a better
cycle performance with smaller losses of specific capacitance. However, the electrical
conductivity of nickel oxide is rather low, however, the introduction of cobalt ions
into the nickel oxide matrix may help to improve the conductivity [174].

In order to evaluate the capacitive properties of layered nickel-cobalt
(hydro)oxide coatings on different substrates, galvanostatic charge/discharge (GCPL)
measurements were performed.

To synthesize nickel-cobalt oxide, as-deposited coatings were annealed at
different temperatures: 473, 573, 673, 773 and 1073 K. The average mass of the
annealed active material is given in Table 3.8.

Table 3.8. The average mass of deposited and annealed nickel-cobalt oxide on
different substrates

Average mass of active material, mg-cm™
Deposition as-
Substrate | Sample | =500 " | Geposite | 473K | 573K | 673K | 773K | 1073 K
d
AISI304 | Ni-Co-O 100 0.55 0.48 0.40 0.37 0.36 0.34
Ni-2Co-O 90 0.40 0.36 0.29 0.27 0.26 0.25
Bekipor Ni-Co-0O 100 0.31 0.27 0.22 0.21 0.20 0.19
ST 20AL3 | Ni-2Co-O 90 0.20 0.18 0.15 0.13 0.13 0.12
FTO Ni-Co-0O 300 0.42 0.37 0.30 0.29 0.28 —
Ni-2Co-O 300 0.33 0.30 0.24 0.22 0.22 —

3.2.3.2.1 Pseudocapacitive behavior of layered nickel-cobalt oxide coatings on
AISI304

In the previous chapters, the pseudocapacitive characteristics of cobalt
hydroxide and oxide were investigated by using the data collected from cyclic
voltammograms. Although it is a recognized and relatively accurate method,
galvanostatic charge/discharge is a more common and informative technique to
evaluate the capacitive parameters of the active substance. Therefore, this method was
used in the determination of the capacitive properties of all the layered nickel-cobalt
hydro(oxide) coatings deposited on all the three different substrates: AlISI304 stainless
steel plates, Bekipor ST 20AL3 stainless steel mesh and FTO glass.

To start with, AISI304 stainless steel plates were selected for the basic
determination of the layered nickel-cobalt (hydro)oxide specific capacitance as they
proved to be a stable, highly conductive support, on which, the stable coatings with
uniform distribution are formed. One of the main tasks of this work was to investigate
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the layered nickel-cobalt oxide structures featuring the spinel structure. Therefore,
only the coatings annealed at different temperatures were selected for further
investigation. Galvanostatic cycling with potential limitation (GCPL) analysis was
performed in a potential range of 0.3 ++0.6 V ina 0.1 M NaOH solution at 1 A-g™.

During the evaluation of the electrocatalytic activity in OER, nickel-cobalt
oxides were determined to be a much more active catalyst than separate Co3O4 and
NiO. The charge/discharge experiments and the calculations of the capacitive
parameters revealed the advantageous behavior of nickel-cobalt oxides as well
(Fig.3.40 and Table 3.9).
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Fig. 3.40. Galvanostatic charge/discharge of annealed at 673 K for 1 h AISI304 plate
in 0.1 M NaOH solution covered with different coatings: a — Co304, b — NiO, ¢ — Ni-Co-0O, d
—Ni-2Co-0, e — uncoated plate. Current density — 1 A-g*

The main gquantitative parameters of the supercapacitors — specific capacitance
SC (F-g™), specific energy SE (Wh-kg?) and specific power SP (W-kg?) — are given
in Table 3.9. The values were evaluated according to the (1.32), (1.33) and (1.34)
equations, respectively. The calculation of the specific capacitance confirmed the
advantage of layered nickel-cobalt oxide coatings comparing to the values of separate
oxides tested under the same conditions. When comparing Ni-Co-O and Ni-2Co-0O,
the higher amount of cobalt in Ni-2Co-O increases the SC but lowers the specific
energy and the specific power, which indicates the rate of the generation of electric
impulse. However, when reviewing the current supercapacitors which typically
produce 5-10 Wh-kg? [282], the obtained values of nickel-cobalt oxides seem to
demonstrate a promising result.

Table 3.9. Quantitative capacitive parameters of as-deposited cobalt and nickel
hydroxide coatings and uncoated AlSI304 plate

Coating AV,V | to,s | 4dm, I, A SC, F-g?! SE, SP,
mg Wh-kg? | W-kg!
C0304 0.65 52 1.6 0.0016 80 4.7 325
NiO 0.65 48 2.1 0.0021 74 4.3 325
Ni-Co-O 0.96 195 2.32 0.00232 203 26 480
Ni-2Co-O 0.82 219 1.9 0.0019 267 25 410
AISI304 1.4 1 1.8 0.0005 0.0002 5.4-10° 0.2

During the previous measurements of the electrocatalytic activity of annealed
nickel-cobalt oxide coatings, the relation between the calcination temperature and the
activity of the coatings was proven. It was related to the different morphology and
structure of the films which can be confirmed from the effects in the TG-DSC curves
(Fig. 3.22). The capacitive properties strongly depend on the crystallinity of the active
substance [174]; therefore, the endothermic/exothermic peaks in the TG-DSC curves
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allowed selecting five temperature values for further experiments: 473, 573, 673, 773
and 1073 K. The results of the galvanostatic charge/discharge analysis of the annealed
coatings are given in Fig. 3.41. The best capacitive activity is demonstrated by the
Ni-Co-0 and Ni-2Co-O coatings annealed at 473-573 K where the formation of the
spinel structure is the most likely. Ni-2Co-O has the advantage over Ni-Co-O due to
the greater amount of cobalt oxide, which enhances the total electric conductivity.
Further thermal treatment reaching temperatures higher than 473 K has a detrimental
effect on the specific capacitance, as it can be seen in Table 3.10.
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Fig. 3.41. Galvanostatic charge/discharge curves of Ni-Co-O (a) and Ni-2Co-OH (b)
films on AISI304 annealed for 1h at different temperatures: 1 — 473 K, 2 -573 K, 3-673 K,
4 - 773 K, 5-1073 K. Current density 1 A-g*

Table 3.10. Capacitance parameters of nickel-cobalt oxide coatings on AISI304
annealed at different temperatures

Coating Annealing Specific Specific Specific
temperature, K | capacitance SC, energy SE, power SP,

F-g! Wh-kg! W-kg?
as-deposited 3.3 1.1 760
473 400 125 750
. 573 406 52 480
Ni-Co-0 673 203 26 480
773 40 2.9 128
1073 1.8 0.6 312
as-deposited 6.8 2.1 740
473 402 126 750
. 573 396 53 490
Ni-2C0-0 673 267 25 410
773 15 1.12 130
1073 0.64 0.22 312

The good cyclability is one of the most important parameters of
pseudocapacitors showing their shelf life. Ni-Co-O on the AIS1304 plate annealed at
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673 K for 1h was chosen to investigate the long-term cycle stability (Fig. 3.42). The
experiment was run at a current density of 1 A-g* for 50 cycles. The results confirmed
reasonably good cycle stability of this coating as its specific capacitance maintains
96.6% of its initial value.
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Fig. 3.42. Long term cycling performance of Ni-Co-O film on AISI304 annealed at
673 K. Inset: galvanostatic charge/discharge curves of the last 10 cycles of the Ni-Co-O film
on AlSI304 annealed at 673 K at the current density of 1 A-g*

3.2.3.2.2 Pseudocapacitive behavior of layered nickel-cobalt oxide coatings on
Bekipor ST 20AL3 mesh

Pseudocapacitance is determined by the electric charge transfer whose rate
depends on the quantity of the active substance and the surface area of the transfer
[223,253,254]. During the investigations of the cobalt oxide pseudocapacitive
properties, Bekipor ST 20AL3 enabled to achieve three-to-four times higher values of
the specific capacitance due to its great surface area. Although the even contribution
of cobalt and nickel oxides on the stainless steel mesh might not be guaranteed, a 3D
structure with a high surface area and permeability of the electrolyte possesses some
potential of showing promising results. Therefore, Bekipor ST 20AL3 was chosen for
conducting further investigations. As it was determined in Chapter 3.1.3.1, the
electroactive surface area of the SS mesh is 6 cm?/cm?,

The galvanostatic charge/discharge curves of nickel-cobalt oxide coatings on
Bekipor ST 20AL3 annealed at various temperatures are presented in Fig. 3.43, and
the calculations of capacitive parameters are given in Table 3.11. Once again, the
excess of cobalt oxide increases the discharge time as well as the specific capacitance.
All the SC values are higher for Ni-2Co-O comparing with Ni-Co-O, and the highest
value is 769 F-g* for the Ni-2Co-O film annealed at 473 K. When comparing other
energetic parameters, such as the specific energy and the specific power, the results
are more complex as the highest specific power is provided by the same Ni-2Co-O
coating (annealed at 473 K), but generally Ni-Co-O coatings have higher SP values
than Ni-2Co-O. The behavior regularities of layered nickel-cobalt (hydro)oxide
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coatings on Bekipor ST 20AL3 are similar to the coatings deposited on AISI1304,
although, due to the increased surface area, the stainless steel mesh is more
advantageous.
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Fig. 3.43. Galvanostatic charge/discharge curves of Ni-Co-O (a) and Ni-2Co-OH (b)
films on Bekipor ST 20AL3 annealed for 1h at different temperatures: 1 — 473 K, 2 - 573 K,
3-673K,4-773 K,5-1073 K. Current density — 1 A-g*?

Table 3.11. Capacitive parameters of nickel-cobalt oxide coatings on Bekipor ST
20AL3 mesh

Coating Annealing Specific Specific Specific
temperature, K | capacitance SC, energy SE, power SP,

F-g! Wh-kg'! W-kg?
as-deposited 4.5 0.625 500
473 539 168 750
. 573 349 37 437
Ni-Co-0 673 140 95 350
773 138 31 635
1073 5 1 575
as-deposited 7.8 0.9 450
473 769 312 855
. 573 450 27 330
Ni-2C0-0 673 135 8.7 340
773 122 24 600
1073 8 1.2 520

When reviewing the obtained results of the nickel-cobalt oxide coatings on
Bekipor ST 20AL3, the highest value of specific capacitance is 769 F-g, which was
demonstrated by the Ni-2Co-O coating annealed at 473 K. This value is almost twice
higher than the best SC values of 402-406 F-g* achieved by nickel-cobalt oxides on
AISI304. This significant difference proves that, generally, the stainless steel mesh is
a more effective substrate for capacitive applications. Thermal treatment at
temperatures higher than 473 K leads to a diminishing effect on the capacitive

90



behavior as in it was observed in the case of AISI304 stainless steel. Although the
coatings on Bekipor ST 20AL3 showed higher values at 473 K, other results fluctuate
considerably if comparing with the coatings on AISI304. The main explanation of this
phenomenon is the uneven distribution between the nickel and cobalt oxide layers
unable to form a common structure.

3.2.3.2.3 Pseudocapacitive behavior of layered nickel-cobalt oxide coatings on
FTO glass

During the electrocatalytic measurements of the coatings deposited on stainless
steel and glass substrates, the significant influence of the substrate was observed. In
order to eliminate the substrate impact and obtain more accuracy of the parameters,
layered nickel-cobalt hydro(oxides) were deposited on FTO glass according to the
procedures explained in Chapter 3.2.1.3.

Firstly, galvanostatic charge/discharge measurements were applied to uncoated
FTO glass (Fig. 3.44), from which, it became clear that FTO glass does not have
significant capacity by itself and therefore is a great substrate for further experiments.
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Fig. 3.44. Galvanostatic charge/discharge of FTO glass in 0.1 M NaOH solution at
current density 1 A-g*

The deposition process on FTO glass is distinguished from the one on stainless
steel substrates due to the much slower formation of the film; therefore, a layered
coating with thinner nickel and cobalt layers can be achieved. As-deposited nickel-
cobalt coatings were synthesized under the same conditions as in Chapter 3.2.1.3. As
capacitance measurements with annealed coatings on AIS1304 and Bekipor ST 20AL3
showed that thermal treatment at temperatures higher than 773 K has a detrimental
effect on the substrate’s mechanical stability and conductivity, only four temperatures
for nickel-cobalt oxide coatings annealing were selected: 473, 573, 673 and 773 K.

As layered nickel-cobalt oxide coatings formed on FTO glass are significantly
different from the coatings deposited on stainless steels, more detailed results are
presented. Starting with Ni-Co-O(H), Fig. 3.45 illustrates the charge/discharge curves
of as-deposited Ni-Co-OH (a) and annealed at different temperatures Ni-Co-O
coatings (b—d). When reviewing the results, the difference in shape is observed: in as-
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deposited and annealed at 473 K nickel-cobalt coatings curves, a fracture at +0.3 V is
seen; it is possibly related to Co(OH), and Ni(OH), oxidation to CoO(OH) and
NiO(OH), respectively. Further treatment removes this effect due to the elimination
of hydroxyl ions. Generally, all the curves show a behavior type which is more
specific to batteries than capacitors when the charge time is much shorter than the
discharge time.

The capacitive parameters of Ni-Co-O coatings are given in Table 3.12. The
best specific capacitance is calculated for the annealed Ni-Co-O coating at 573 K,
although the coating after a thermal treatment at 473 K is distinguished with higher
values of specific energy and specific power. In general, layered coatings on FTO are
much better capacitors with great charge storing abilities.
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Fig. 3.45. Galvanostatic charge/discharge curves of as-deposited (a) and annealed at
different temperatures Ni-Co-O films on FTO glass. Temperatures: b — 473 K, ¢ - 573 K, d -
673 K. Current density 1 A-g*

Capacitive measurements were performed with as-deposited and annealed at
different temperatures Ni-2Co-O coatings on FTO under the same conditions. The
results are presented in Fig. 3.46 and Table 3.12. The charge/discharge curves of
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as-deposited Ni-2Co-O (a) are similar to Ni-Co-O by shape, charge/discharge time
and the potential window; a visible fracture is observed at +0.3 VV which is related to
Ni?* and Co?* oxidation to Ni*® and Co**. However, the behavior of coating annealed
at 273 K (b) is more characteristic to oxide than oxyhydroxide as it has its potential
window shifted to the more positive area and towards relatively symmetric peaks,
which shows that the presence of excess cobalt is advantageous. The charge storing
mechanism of Ni-2Co-O (c,d), annealed at 573 and 673 K is essentially the same as
with Ni-Co-O coatings (Fig. 3.46, c,d). When reviewing the quantitative results of
Ni-2Co-0O, the benefit in specific capacitance against Ni-Co-O is observed because it
reaches as high a value as 1332 F-g*; however, the specific energy and the specific
power values are much lower than those of Ni-Co-O. This means that Ni-2Co-0O is
able to store more charge, but Ni-Co-O provides a stronger impulse and offers quicker
charge accumulation.
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Fig. 3.46. Galvanostatic charge/discharge curves of as-deposited (a) and annealed at
different temperatures Ni-2Co-O films on FTO glass. Temperatures: b — 473 K, ¢ - 573 K, d
— 673 K. Current density 1 A-g*
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Table 3.12. Capacitance parameters of nickel-cobalt oxide coatings on FTO glass

Coating Annealing Specific Specific Specific
temperature, K capacitance Cp, energy E, power P,
F-g! Wh-kg'! W-kg!
as-deposited 343 21 335
473 613 162 690
Ni-Co-O 573 1142 75.5 345
673 787 50.5 340
773 73 14 1017
as-deposited 488 30 335
473 1332 25 147
Ni-2Co-0O 573 1115 71 337
673 758 50 493
773 86 17 1017

Overall, all the layered nickel-cobalt (hydro)oxide coatings on FTO glass
appeared to be beneficial comparing with coatings on stainless steel at least regarding
a few points points. Firstly, FTO glass is a great substrate for the investigation of the
capacitive properties of films because it has no capacity itself. The formation
mechanism and the slow growth rate of coatings on FTO glass allows achieving a
more layered structure without increasing the mass of the substance. Comparing to
stainless steel substrates, the capacitive parameters of the coatings deposited on FTO
glass are more advantageous.

Although nickel-cobalt oxides on the FTO substrate proved to be a great
alternative to oxides of expensive rare metals, some additional research should still be
performed. The long cycling life is an important requirement for pseudocapacitive
applications. Therefore, long-term stability tests should be carried out by applying
2,000-10,000 cycles of charge/discharge. This is needed in order to eliminate specific
capacitive fluctuations due to pulverization and the loss of the electrical contact
between the active material and the current as well as wettability issues [283]. After
the stability has been checked and proven, the construction of a symmetric or
asymmetric hybrid capacitor may begin. The latest research revealed that hybrid
devices involving hybridization of a faradaically recheargeable pseudocapacitor or a
battery-type electrode with a non-faradaically recheargeable electric double-layer
capacitor electrode system (e.g., carbon-based materials) are more advantageous over
the common systems [284]. In these systems, energy can be stored through both
mechanisms. The total charge stored in the hybrid electrode is due to both components
widening the working potential window as well.

To sum up, the electrocatalytic performance of cobalt and nickel-cobalt oxide
coatings formed during this work, some noteworthy remarks can be highlighted. The
significant activity in OER demonstrated by cobalt oxide coatings on Bekipor ST
20AL3 suggests further development of the electrocatalytic system involving this
electrode. However, a few additional experiments should complete the
characterization, such as long-term stability tests when applying a high current
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density, and quantitative measurements of the generated O,. When reviewing the
overall results of the activity of nickel-cobalt oxides in oxygen evolution, the
advantage of coatings deposited on AISI304 over other substrates is evident. The
obtained results (Fig. 3.29) confirmed the formation of a spinel structure NiC0,04
directly on the substrate as well as the significant system performance. Although
spinel structures are distinguished with excellent stability, alkaline oxygen evolution
creates harsh conditions which might lead to the film’s destruction. Therefore, long-
term stability tests under such conditions are vital before composing a commercial
electrolyzer. Furthermore, online gas chromatography could be introduced in the
system’s characterization techniques for the quantitative measurements of the
generated Oo.
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Conclusions

1.

96

Cobalt (hydro)oxide coatings on Bekipor ST 20AL3 stainless steel mesh were
formed by galvanostatic electrodeposition while using three different
cobalt(Il) precursors (nitrate, chloride and acetate). The structural analysis
revealed that the as-deposited coatings are mainly composed of lamellar
a-Co(OH): layers with intercalated impurities depending on the electrolyte in
use. It was discovered that the most uniform coating formation in 3D structure
is achieved when the deposition time is approximately 240 s, and the current
density is 0.5 mA-cm™.

The highest electrolytic activity in water anodic oxidation and specific
capacitance were obtained for cobalt (hydro)oxide coatings electrodeposited
when using a cobalt(ll) nitrate bath. The formation of the spinel-type Co30,
after the annealing at 673 K leads to superior electrocatalytic performance but
it has a detrimental effect on the pseudocapacitive properties.

Layered nickel-cobalt oxide coatings were potentiostatically electrodeposited
on AISI304 plates, Bekipor ST 20AL3 mesh and FTO glass. Structural analysis
revealed that as-deposited coatings consist predominantly of a-Co(OH), and
a-Ni(OH). phases which form a spinel-type NiCo,0. structure after annealing
at 473-673 K. Under similar electrodeposition conditions, the growth rate of
nickel-cobalt hydroxide depends on the substrate in use, and it decreases in the
following order: AIS1304 > Bekipor ST 20AL3 > FTO.

It was established that the presence of a spinel-type NiCo,04 phase results in
the high activity of coatings in the oxygen evolution reaction: the anodic
current density of 10 mA-cm? in 0.1 M NaOH is achieved at 0.45 V
overpotential. The electrocatalytic activity of nickel-cobalt oxides is higher
than the one of separate CosO4 and NiO phases. The overall electrocatalytic
efficiency depends on the substrate and the annealing temperature: the highest
values of the anodic current were obtained for coatings annealed at 573-673
K on AISI304 stainless steel plates.

The galvanostatic charge-discharge measurements revealed that the best
pseudocapacitive performance is characteristic of nickel-cobalt oxide coatings
on FTO glass: the maximum specific capacitance of 1332 F-g** was obtained
for coatings annealed at 473 K.
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