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Abstract: Zinc oxide (ZnO) and materials based on it are often used to create battery-type superca-
pacitor electrodes and are considered as promising materials for hybrid asymmetric supercapacitors.
However, when creating such electrodes, it is necessary to take into account the instability and degra-
dation of zinc oxide in aggressive environments with a non-neutral pH. To the best of our knowledge,
studies of the changes in the properties of ZnO-containing electrodes in alkaline electrolytes have
not been carried out. In this work, changes in the structure and properties of these electrodes under
alkaline treatment were investigated using the example of ZnO-containing composites, which are
often used for the manufacturing of supercapacitor electrodes. Supercapacitor electrodes made
of two materials containing ZnO were studied: (i) a heterogeneous ZnO-Co30; system, and (ii) a
hexagonal h-Zn-Co-O solid solution. A comparison was made between the structure and properties
of these materials before and after in situ electrochemical oxidation in the process of measuring
cyclic voltammetry and galvanostatic charge/discharge. It has been shown that the structure of both
nanoparticles of the heterogeneous ZnO-Co30y system and the h-Zn-Co-O solid solution changes
due to the dissolution of ZnO in the alkaline electrolyte 3.5 M KOH, with the short-term alkaline
treatment producing cobalt and zinc hydroxides, and long-term exposure leading to electrochemical
cyclic oxidation-reduction, forming cobalt oxide Co3Oy. Since the resulting cobalt oxide nanopar-
ticles are immobilized in the electrode structure, a considerable specific capacity of 446 F g1 or
744 mA h g~ is achieved at a mass loading of 0.0105 g. The fabricated hybrid capacitor showed a
good electrochemical performance, with a series resistance of 0.2 Ohm and a capacitance retention of
87% after 10,000 cycles.

Keywords: supercapacitor electrode; ZnO-based composite; cobalt oxide nanoparticles

1. Introduction

After iron oxide, zinc oxide (ZnO) is the most abundant metal oxide which has unique
and tunable properties such as a high level of electrical conductivity, intense photolumines-
cence, and piezoelectric properties, and strong dependence of its bulk properties on the
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surface condition [1-4]. These properties can be further tuned and improved by doping
zinc oxide with other transition metals [4-10]. The synthesis of ZnO through various
methods makes it possible to control the morphology of its nanoparticles and obtain both
nanoparticles of various shapes and arrays of nanorods on various substrates. A number
of recent reviews have demonstrated the promise of zinc oxide, as well as compounds
and composites based on it, as attractive materials for a variety of practical uses [11-14].
The application of ZnO and its composites in photocatalysis, water splitting, and Oxy-
gen Evolution Reaction is discussed in [15-19]. Many reviews and research studies have
discussed the use of ZnO in gas and chemical sensors [20-22], and in bio-sensors [23-31].
Different articles and reviews have also been published on the prospects of its applications
in photodetectors [32-37] and solar cells [38—40].

Discussions on the use of ZnO and different compounds based on it, such as ZnO-CoO,
as well as ZnO-CoO core-shell nanostructures for energy storage/ conversion, lithium-ion
batteries, and supercapacitors, can be found in recent reviews [41-45]. Yan et al., prepared a
three-dimensional nanostructure of CoO/ZnO-NrGO using a simple solvothermal method
followed by freeze-drying, in which CoO/ZnO nanoclusters were fixed on N-doped 3D
reduced graphene oxide as the anode material for a lithium-ion battery [46]. The material
demonstrated a gravimetric capacity of 1494 mA h g~ ! at a current density of 0.1 A g~!
and 600 mA h g~ ! at current density of 2 A g~ ! after 1000 cycles and showed a decrease in
the volumetric expansion of CoO and ZnO, with an increased transport rate for the Li ions.

Undoped ZnO, used as electroactive material in supercapacitor electrodes, exhibits
specific capacitances of 200 F g~! [47], 314 F g~ [48], 162 F g~ ! or 22.5 mA h g~ ! [49],
55F g~! [50], and 86.4 F g_1 [51] for samples synthesized by various methods. It has been
shown that the specific capacity of ZnO depends on the morphology of its nanoparticles
and its defect structure, varying within the range of 65 F g~! to ~330 F g1 [52]. In [53],
undoped ZnO synthesized by the non-aqueous sol-gel route showed a specific capacitance
of 776 F g~ ! at a high current density of 4 A g~ 1.

It can be seen that such a wide spread of specific capacitance values can, in some cases,
be explained by the low mass loadings available on a nickel foam substrate. If the mass
of the active substance is 1 mg cm 2 or less, the contribution of the nickel substrate to the
electrode capacitance can significantly overestimate the specific capacitance value.

Different studies have shown that doping ZnO with other compounds can lead to
an increase in the specific capacitance. For example, a study by Alver and Tanriverdi
showed that the introduction of boron into the ZnO growth solution when a hydrothermal
method was used for the synthesis of ZnO increases its specific capacitance to ~230 F g1,
compared to a specific capacitance of 55 F g~! for undoped ZnO [50]. Reddy et al. also
studied the effect the concentration of Ni as dopant on the structure, optical properties,
photoelectrochemical (PEC) water splitting capabilities, and supercapacitor applications
of ZnO and observed that 1.5% Ni-doped ZnO demonstrates a specific capacitance of
~96 F g~ with a coulombic efficiency of ~99.5% at an applied scan rate of 10 mV s~ [54].
Erdemir et al. utilized a simple solution-combustion method for the synthesis of fluorine-
doped ZnO particles using glycine as a fuel. The obtained ZnO-based materials were
used as an electroactive material in the fabrication of electrodes and the supercapacitive
performance of the electrodes was investigated in an electrochemical cell using a 3 M
KOH electrolyte. It was found that the fluorine doping improves the microstructure and
supercapacitive performances of the ZnO particles and increases the specific capacitance
of ZnO from 3.39 F g~ ! to 12.2 F g~! with approximately 91.5% of its initial capacitance
being retained after 4000 charge/discharge cycles at a scan rate of 10 mV s~! [55]. Ali et al.
have shown that doping ZnO with molybdenum in a so-called “single-step hydrothermal
process” increases the specific capacitance of ZnO from ~1300 F g~ ! to ~2300 F g~! [56].
Pallavolu et al. also studied the influence of molybdenum and vanadium doping of ZnQO,
when synthesized in the exchange reaction, on its electrochemical performance. Mo- and
V-doped ZnO electrodes exhibited specific capacitances up to ~30% higher than the specific
capacitance of undoped ZnO, which amounted to 555 F g~! and 585 F g ! for Mo-ZnO
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and V-ZnO, respectively [57]. Investigating the impact of Cd doping on the electrochemical
performance of ZnO-based electrodes, Angelin et al. have shown that a 9 wt% Cd-doped
ZnO electrode exhibits a specific capacitance of 627 F g~! at a current density of 1 A g~
and significant cycling stability after 5000 GCD cycles as compared to a specific capacitance
of 314 F g’1 for the bare ZnO electrode [48].

The synthesis of zinc compounds with other transition metals, such as Mn, Mo, Ni,
etc., as well as with carbon materials, makes it possible to achieve high specific capaci-
tance values, and several ZnO-based systems have been tested as an electrode material
for supercapacitors [14,41,43]. Solid solutions of quaternary transition metal oxides such
as NiCoMoZnOx have also been tested as a material for supercapacitors and have shown
promising results with a capacity of 0.41 mA h cm~2, corresponding to the CF value of
2.12 F cm ™2 obtained for NiCoMoZnOy electrodes [58]. ZnO@MnO, core-shell nanofibers
were synthesized by a combination of the electrospinning method followed by hydrother-
mal treatment [59]. A specific capacitance of 907 F g~ ! at a current density of 0.6 A g~!
was achieved due to the better conductivity of the zinc oxide nanofibers used as the core
supporting material and the pseudo-capacitive nature of the MnO, nanoflakes. Binder-
free ZnO@MnO, electrodes on Ni foam have shown a specific capacity of 423.5 F g~ ! at
0.5 A g~ ! with an excellent cyclic stability [60].

Composites containing zinc and cobalt oxides in various forms have also shown a
good performance when used as electrode materials for supercapacitors [14,41-47]. Using
a ZnO/CoO composite as the electroactive material in an electrode exhibits an enhanced
super-capacitive performance of 85 mA h g~! (~681 F g~!), attained at a significantly
high current density of 20 A g~! [49]. Such characteristics were attributed to the higher
electrical conductivity of ZnO, and its interconnected porous structure, which ensured the
fast transportation of ions and electrons. The mass of ZCO composites loaded on the Ni
foam is approximately 1 mg cm 2.

Tajik et al. synthesized a ZnCo,0O4 mixed-transition metal oxide nanostructure through
a simple method called a “solid-state reaction”. The supercapacitive performances of the
material when used as the working electrode in 6 M KOH in an electrochemical cell con-
sisting of three electrodes showed a specific capacitance of 844 F g~! [61]. Abebe et al.
developed binder-free electrodes made of ZnO/Co30, nanosheets on a Ni foam used as
the current collector through a two-step method using chemical bath deposition (CBD) [47].
The nanosheets showed a specific capacitance of 940 F g~! which was measured using
the CV method at a scan rate of 5mV s~! in a 1 M KOH electrolyte in an electrochemical
cell. The capacitance of the nanosheets determined by the galvanostatic charge/discharge
measurements was 740 F g1 at a current density of 0.75 A g~!. This was notably higher
than the single-component capacities of 785 F g~ and 200 F g ! obtained for Co304 and
ZnO electrodes, respectively, due to the large surface area and high electrical conductivity
of the nanocomposite structure. Dutta et al. [62] synthesized Zn; CoxO samples (x = 0,
0.02, 0.04) using a wet precipitation method. The ZnjCo 4O electrode demonstrated a
high electrochemical performance in a supercapacitor, reported as “a specific capacitance
of 697 F g1, a power density of 1026 W kg1, and an energy density of 24 W h kg~!,
with a good cyclic stability”. In [63], a Zn-Co-O@CoS core—shell material was synthe-
sized by the deposition of CoS nanosheets on the surface of ZnO/Co30,4 nanowires. The
core-shell material provided a high specific capacity of ~330 mA h g~!, higher than the
specific capacitance of the original ZnO electrode by a factor of seven. ZnO/CoO@NiCoS
nanohybrids synthesized through a three-step method provided a specific capacity of
934 C g~! (1868 F g~ 1), which is 5.5 times greater than the specific capacity of the original
ZnO electrode [64]. This nanohybrid also demonstrated an improved power density and a
high energy density.

Some recent publications show continued interest in ZnO-based supercapacitors. Ku-
mar et al. [65] have shown that the specific capacitance of ZnO nanostructures doped
with 3% iron (Fe) is 286 F g~! at 10 mV s~!, where 85.0% of the capacitance value of the
Zng 97Feq 30 electrode was retained after 2000 cycles. In a study of the enhanced electro-
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chemical behavior of ZnO electrode materials for supercapacitor applications by Zenasni
et al.,, a polypyrrole@ZrO,-ZnO (PPy@ZrO,-ZnO) electrode demonstrated a specific ca-
pacitance and an energy density of 395.3 F g~! and 508.5 W h kg™!, respectively, with 90%
retention of the capacitance after cycling up to 4000 cycles [66]. The development of hybrid
supercapacitor devices with high performances based on Mn-doped and copper-doped
zinc oxide is reported in [67]. The hybrid supercapacitor had the highest specific capacity of
151 F g~ ! along with an energy density of 84 W h kg ! and a power density of 75 kW kg~
Altaf et al. have developed “all-solid-state photo-supercapacitors” based on graphene
oxide/zinc oxide (GO/ZnO) composites [68]. The specific capacity of GO/ZnO composites
increased after UV irradiation and reached ~6.6 F g~!. A symmetrical metal oxide-based
supercapacitor was also developed by Chauhan et al. [69]. The capacitor uses a novel
electrode with a vanadium pentoxide/zinc oxide (V,05/Zn0O) stacked structure and is
optically responsive. Mubeen et al. [70] reported novel ZnO/CuS composite materials with
different CuS ratios used as the electrode materials for supercapacitor applications. The
capacitive performances of ZnO/CusS electrodes were measured in a three-electrode cell,
where a capacitance of 487 F g1, a high-power density of 13,448 W kg~!, and a maximum
energy density of 26 W h kg ~! were achieved. Using a sol-gel synthesis route, Shaheen et al.
synthesized ZnO/CuO and ZnO/CuO/rGO heterostructure and electrophoretically de-
posited it on an indium tin oxide substrate as a thin uniform layer [71]. The heterostructure
showed a specific capacitance of 2305 F g~ ! at a voltage rate of 2mV s~ ! and 1235 Fg~!
at a current density of 5 A g~!. The specific capacitance of asymmetric supercapacitors
using ZnO nanosheets on Ni foam (ZnO@NF) as the positive electrode and activated
carbon (AC) on Ni foam (AC@NF) as the negative electrode reaches up to 87 F g~ ! at
1 A g~ ! and the supercapacitors exhibit an energy density of 28 W h kg~! and a power
density of 839 W kg~! [72]. Considering all these extensive works on the utilization of
ZnO as an electrode material for supercapacitor applications shows that using ZnO-based
materials as electrode materials for supercapacitors is currently attracting significant and
sustained interest.

It should be noted that, for the safe and continual operation of a device, its electrode
materials must be stable when operating in electrolytes and demonstrate reversibility of the
acquired properties under conditions of electrochemical redox reactions. However, despite
a considerable amount of attention being paid to its usage as the electrode material for
supercapacitors, the chemical resistance of ZnO and some materials based on it is often
overestimated and is far from the chemical resistance of materials that is required when they
are used in aggressive environments under electrochemical oxidation conditions. According
to Pern et al., ZnO is not a sufficiently resistant material and gradually degrades even when
used in humid air as transparent conducting oxides (TCOs); therefore, ZnO layers require
protection from atmospheric exposure [73]. ZnO is highly soluble in many acids and alkalis,
such as KOH and NaOH. According to Chen et al., at pH = 6-+-14, ZnO is not fully stable and
the reaction of ZnO with NaOH can produce ZnOH*, Zn(OH)3~ and Zn(OH),>~ [74]. At
high alkali concentrations (i.e., >0.1 M), which are used in supercapacitors, the reaction of
ZnO and M (M = Na, K) at pH > 12 will form water-soluble zincates such as MZn(OH)3 or
M,Zn(OH)4 [64]. In a supercapacitor with ZnO-based electrodes, ZnO dissolves in reactions
with the electrolyte during charging, and the dissolution of ZnO continues until the alkaline
electrolyte is saturated with zincates. However, as the surface layer involved in creating
the capacitance degrades with discharge, the properties of the supercapacitor electrode
undergo significant changes and this process continues with the cycling of the device.

Thus, when preparing supercapacitor electrodes using ZnO and other related materials,
it is important to take into account the change in the structure of ZnO-containing electrodes
due to their interaction with the electrolyte. However, as far as we are concerned, despite the
enormous number of studies on supercapacitors with ZnO electrodes in alkaline electrolytes,
no investigations have been conducted on the changes in the structure of the electrodes
during the operation of supercapacitors yet.
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In order to investigate the effect of changes in the structure of ZnO electrodes in a
supercapacitor when exposed to an alkaline electrolyte, as well as due to in situ electrochem-
ical etching, we prepared two ZnO-based materials—a ZnO/Co3z04 nanocomposite and a
hexagonal Zn-Co-O solid solution. The structure and phase composition of the electrodes
fabricated from these materials were then investigated before and after capacitance tests in
a 3.5 M KOH electrolyte in an electrochemical cell. It was found that the phase composi-
tion of the electrodes changes sharply as a result of both simple exposure to an alkaline
electrolyte and after in situ oxidation. The contribution of the ZnO phase and hexagonal
Zn-Co-O to the electrode composition decreases, and, with short-term exposure to alkali,
the Co(OH), phase appears, while a continuous cycle of 10,000 cycles in the galvanostatic
charge/discharge mode leads to the formation of a nanocrystalline phase such as Co3O4
or ZnCoy04. The specific capacitance of the electrode material was 446 F g’l at a mass
loading of 0.0105 g. An asymmetric capacitor was also manufactured using such electrodes
as a positive electrode and an activated carbon electrode as a negative electrode. The
capacitor demonstrated a capacitance of 1.48 F at a mass loading of 0.025 g for the positive
electrode and at a voltage of 1.4 V. A high specific capacitance is formed because Co304
or ZnCo,04 nanoparticles immobilized into the electrode structure are formed during the
reaction of the electrode material (ZnO-Co304 and h-Zn-Co-O) with the electrolyte. The
nanoparticles have a high and active specific surface area due to the in situ synthesis.

2. Materials and Methods
2.1. Materials

Reagent-grade Zn(NOs),.6H,O zinc nitrate (NZn), Co(NO3),.6H,O cobalt nitrate
(NCo), C4HgC004.4H,O cobalt acetate (AcCo), CsH1oN,s hexamethylenetetramine (HMT),
(NH3),CO carbamide, N-methyl-2-pyrrolidone (NMP), PTFE dispersion 60 wt% in H,O
(Sigma Aldrich, Gillingham, Dorset, UK), PVDF Kynar, and activated carbon (Fuzhou
Yihuan Carbon Co., Fuzhou, China) were used for the synthesis of electrode materi-
als. MilliQ water (18.2 MOhm-cm) used for synthesis of samples was produced by an
AQUA-MAX—Ultra 370 Series ultrapure water purification system (YL Instrument Co.,
Anyang, Korea).

2.2. Synthesis of the ZnO-Co30y4 and h-Zn-Co-O

The main goal of this research was to study the behavior of ZnO-containing materi-
als when exposed to an alkaline electrolyte, as well as to investigate the changes in the
structure and properties of electrodes made from the synthesized materials during their
operation in the 3.5 M KOH electrolyte in an electrochemical cell, which is often used in su-
percapacitors. To accomplish this, we synthesized ZnO-Co304 and h-Zn-Co-O composites,
since these ZnO-containing composites are considered as promising electrode materials for
supercapacitor applications [35,43-47,49,51-72].

Zinc—cobalt oxide nanoparticles (Zn-Co-O) and h-Zn-Co-O NPs were obtained through
chemical deposition at 90 °C followed by annealing at 300 °C. The growth solution had a
molar ratio of the cobalt, zinc, HMT, and carbamide used as precursors of 1:1:1:5, respec-
tively. A higher carbamide content was chosen to fully utilize the cobalt precursors, since,
at a lower carbamide content, the pinkish growth solution after synthesis indicates the
presence of dissolved divalent cobalt.

Precursors of cobalt (NCo or AcCo) and zinc (NZn) were dissolved in an equimolar
ratio in 400 mL of water. HMT and carbamide were dissolved separately. The solution
containing cobalt and zinc precursors was heated to 90 °C under stirring in a water bath.
Then, the solutions of HMT and carbamide were added to this solution. All syntheses were
carried out in the growth solution at a fixed concentration of 0.01 M for cobalt, zinc, and
HMT. The molar concentration of carbamide in the solution was 0.05 M. The synthesis
was carried out within 24 h under gentle stirring at 90 °C. The reaction was stopped by
lowering the temperature to room temperature; then, the precipitates in the form of a pink
powders were washed with deionized water several times, filtered, and then dried at 80 °C.
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The resulting pink powders were calcined in an atmosphere of hydrogen, nitrogen, or air
for 1 h. To maintain small particle sizes, annealing temperatures of 275-300 °C were used.

Annealing in the air was carried out in a mulffle furnace. For annealing in hydrogen
or nitrogen, a quartz tube furnace was used, where annealing was carried out in a gas
flowrate of 2 L per hour, at a rate of 5 degrees min~!. After annealing, the furnace was left
to cool to room temperature naturally.

The composition of samples synthesized by the chemical bath deposition method
depends on the conditions of synthesis and subsequent annealing. At a fixed equimolar
ratio of cobalt (NCo or AcCo) and zinc (NZn) precursors, the phase composition depended
on two main factors: (i) the type of cobalt precursor (NCo or AcCo) used, where the
corresponding syntheses and obtained samples are designated as NCo+NZn or AcCo+NZn,
and (ii) the atmosphere (i.e., oxygen or oxygen-free) under which the annealing was carried
out. It was found that if cobalt (NCo) and zinc (NZn) nitrates were used as precursors, then
samples containing a mixture of ZnO and Co304 phases were synthesized after annealing at
a temperature of 300 °C within an air atmosphere, as shown below. The same samples, after
annealing at 300 °C in a nitrogen or H, atmosphere, consisted of a hexagonal solid solution
of h-Zn-Co-O with an admixture of the Co3O4 phase. Synthesis using cobalt acetate (AcCo)
and zinc nitrate (NZn) as precursors followed by annealing in air at 300 °C made it possible
to obtain samples of a hexagonal solid solution of h-Zn-Co-O with an admixture of the
Co304 phase, and after annealing in nitrogen or Hj at 300 °C, a pure h-Zn-Co-O phase
without traces of CozO4 phase was obtained. The obtained samples were treated in an
alkaline electrolyte by mixing 0.5 g of the sample and 5 mL of a 3.5 M KOH solution; the
treatment time was varied, and then the powder was washed in water and dried.

2.3. Characterization Technigues

A MiniFlex X-ray diffractometer (Rigaku) operating with CuK« radiation at a wave-
length of 1.5418 A using an accelerating voltage of 40 kV and a current of 15-40 mA was
used to study the phase structure of the samples. The morphology of the samples was
examined using a Quanta 200i 3D scanning electron microscope (SEM) (FEI) and JEM-2100
transmission electron microscopy (TEM) (JEOL). An NEXSA X-ray photoelectron spec-
trometer (Thermo Scientific, Waltham, MA, USA) was used to investigate the chemical
composition of the materials. Raman spectra were studied on an NTEGRA Spectrometer
(NT-MDT, Zelenograd, Russia) with solid-state laser excitation at a wavelength of 473 nm.

2.4. Electrode Preparation

To manufacture electrodes from ZnO/Co30, and h-Zn-Co-O on nickel foam, a prelim-
inarily annealed powder or as-synthesized sample was used. The required volume of NMP
solvent was added to an agate mortar, followed by the addition of PVDF and acetylene
black (CB), and the mixture was stirred, and then the powdered sample was added. The
mass ratio of the sample, carbon black, and PVDEF was 8:1:1. Nickel foam (NF) substrates
with a thickness of 2 mm were cut into pieces with an area of 1 cm?, boiled in acetone, and
immersed in 10% nitric acid for a few seconds, followed by rinsing in water and drying for
complete cleaning of their surface. ZnO-Co304 /NF or h-Zn-Co-O/NF pseudocapacitor
electrodes were prepared by pre-weighting the NF substrate first, followed by applying the
required amount of dispersion or paste containing the sample to the substrate, and drying
the electrode in a vacuum oven at 60 °C for at least 3 h. The operation was repeated several
times to obtain samples with the required mass loading. Then, the resulting electrode was
pressed at ~10 MPa and the mass of the electroactive material was worked out from the
difference in mass between the manufactured electrode after electrochemical studies and
the initial substrate. For the preparation of an activated carbon (AC) electrode, the required
amount of AC powder was mixed with acetylene black (CB), used as the conductivity
enhancer, and PVDEF, used as the binder, in a weight ratio of 8:1:1. The mixture was ground
in an agate mortar, then mixed with the NMP solution and the resulting paste was applied
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on the surface of a piece of clean nickel foam as the substrate, and dried in a vacuum oven;
then, the AC/NF electrode was pressed.

2.5. Electrochemical Analysis of Electrode and Hybrid Supercapacitor

The electrochemical properties of the prepared electrodes were studied with a P-
40X-FRA-24M potentiostat (Elins) in a three-electrode system consisting of a working
electrode (prepared electrodes), a reference electrode (Ag/AgCl), and a counter electrode
(platinum), using a 3.5 M KOH solution as the electrolyte. To study the electrochemical
characteristics of the asymmetric hybrid supercapacitor, which had a negative capacitor-
type electrode and a positive battery-type oxide electrode, a two-electrode cell of the
Swagelok type was used; the contact area of the electrode was 1 cm?, and a filter paper
or a hydrophilic PTFE filter was used as the separator. The positive electrode consisted
of NF with a deposited sample, where an AC/NF electrode was used as the negative
electrode. The electrochemical characteristics of the materials and the performance of the
asymmetric hybrid supercapacitor were studied through different measurements using
cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and electrochemical
impedance spectroscopy (EIS) methods in the frequency range of 0.1 Hz-500 kHz at a
sinusoidal potential amplitude of 20 mV.

3. Results and Discussion
3.1. Morphology and Structure

Curve 1 in Figure 1a shows the XRD pattern of the sample obtained from the synthesis
of NCo+NZn. As a result of annealing the as-obtained sample at 300 °C within an air
atmosphere, a ZnO-Co304 system was formed. Narrow XRD patterns of the ZnO phase and
broad reflections of Co3O;4 characterize the particle sizes, indicating that the ZnO-Co304
powder sample consists of Co3O4 nanocrystals and larger ZnO crystals. SEM images of
this sample (Figure 2a) confirm the XRD data. The well-faceted particles can be attributed
to ZnO, while the Co304 phase is represented by thin lamellar particles.

The XRD curve of the sample obtained after the synthesis of AcCo+NZn followed by
annealing in air is shown in Figure 1b, curve 1. This sample contains the h-Zn-Co-O and
ZnO phases with a small admixture of Co3O4. The h-Zn-Co-O phase is characterized by
fairly broad reflections, coinciding in position with the reflections of ZnO, while narrow
lines correspond to ZnO particles. Note that the pure h-Zn-Co-O phase without impurities
of ZnO and Co30y particles can be obtained using AcCo and NZn precursors after annealing
the as-obtained sample in hydrogen or nitrogen, as will be shown below.

A mixture of h-Zn-Co-O and ZnO nanoparticles is formed when using NCo and NZn
precursors and after annealing the as-obtained sample in hydrogen, as can be seen in
Figure 1c, curve 1. In this case, the CozO4 phase is not observed.

The phase composition of samples containing h-Zn-Co-O and ZnO changed signifi-
cantly even after short-term alkaline treatment, as can be seen in Figure la—c, curves 2. As
seen in Figure 1 and Figure S1 (Supplementary Material), after treating a sample containing
ZnO and Co304 with an alkali, the intensity of the ZnO reflections decreased, while the
intensity of the Co30O4 reflections remained unchanged for this sample (Figure 1a, curve
2). The intensities of the h-Zn-Co-O phase’s XRD reflections decrease (Figure 1b,c) after
treatment in alkali for 10 min, and the hydroxides Co(OH); (PDF card No. 01-089-8616) and
ZnyCo3(OH)19-2H,0 (PDF card No. 00-021-1477) appear as a result of the alkaline treatment.

Figure 3 shows TEM images of samples obtained from AcCo+NZn precursors after
annealing in air, before (Figure 3a) and after 30 min of treatment in a KOH solution
(Figure 3b). A comparison between Figure 3a,b, shown on the same scale, clearly show
that the average particle sizes in Figure 3b are much smaller than those in Figure 3a due
to the disappearance of the large faceted ZnO crystals after KOH treatment. This signifies
that alkaline etching leads to the fact that the contribution of the ZnO and h-Zn-Co-O
phases decreases, and nanocrystals of cobalt hydroxides and oxides are formed. Thus, even
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Figure 1. XRD patterns of samples containing phases of ZnO and Co30y4 (a), h-Zn-Co-O, ZnO and
Co0304, The reflection corresponding to the Zn,Co3(OH)10*2H20 phase (PDF Card No.: 00-021-1477)
is marked with an asterisk in figure (b), and h-Zn-Co-O and ZnO (c). Curve 1 corresponds to the

XRD pattern of the samples before treatment, and curve 2 is the XRD pattern after alkaline treatment

in 3.5 M KOH for 10 min.

The effect of in situ electrochemical action can differ significantly from simple etching
in an electrolyte. This effect of in situ electrochemical action on ZnO-CozO4/NF and
h-Zn-Co-O/NF electrodes was investigated using the CV and GCD methods. Figure 4a
shows the XRD patterns of the electrodes that were annealed at 300 °C within air (curves 1
and 2), or in hydrogen at 300 °C (3 and 4). Curves 1 and 3 correspond to the as-prepared
electrodes, where all of their XRD reflections correspond to a h-Zn-Co-O solid solution.
The half-width of reflections for samples annealed in hydrogen is noticeably higher than
the half-width of the reflections of the samples after annealing in air. Using the Scherer
formula, the average crystallite sizes in the samples were estimated as 19.2 nm and 10.9 nm
for the samples after annealing in air and hydrogen, respectively. Curves 2 and 4 in
Figure 4a show XRD patterns of the electrodes after CV measurements for 10 min in the
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3.5 M KOH electrolyte. Figure 4a shows that, within 10 min, the in situ electrochemical
action has already led to a noticeable change in the phase composition of the h-Zn-Co-O
samples. This occurs as, firstly, the intensity of reflections from the hexagonal structure
of the ZnO type has decreased noticeably, especially in the sample annealed in hydrogen,
and secondly, new XRD reflections corresponding to the Co(OH), lattice (PDF Card No.:
01-089-8616) have appeared. The presence of another additional peak at 11.5° for these
samples can be attributed to the hydroxide phase of Zn,Co3(OH);¢*2H,0O (PDF Card No.:
00-021-1477). The average crystallite sizes, estimated using the Scherrer formula, also
changed to the values of 16.1 nm and 13.8 nm for the samples after annealing in air and
hydrogen, respectively. Thus, the effect of short-term electrochemical exposure in situ is
similar to the effect of treatment in an alkaline solution.

(a) (b)

Figure 2. SEM images of a sample obtained using cobalt and zinc nitrates (NCo and NZn) as
precursors, followed by annealing at 300 °C in air (a) and after etching in 3.5 M KOH for 10 min (b).

(a)

Figure 3. TEM images of AcCo+NZn samples before (a) and after treatment in KOH (b). The scale

bar corresponds to 200 nm.
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Figure 4. h-Zn-Co-O/NF electrodes annealed in air at 300 °C (curves 1 and 2) and in hydrogen
at 300 °C (3 and 4) before CV measurements (1, 3) and after CV measurements in 3.5 M KOH for
~10 min The reflection corresponding to the Zn,Coz(OH)0*2H,0 phase (PDF Card No.: 00-021-1477)
is marked with an asterisk in figure (a). XRD pattern of h-Zn-Co-O electrode before and after GCD
measurements for 300 cycles (b).

Figure 4b shows the change in structure after long-term (24 h) GCD measurements. As
can be seen in Figure 4b, the XRD patterns of the h-Zn-Co-O disappear and only the Co3zO4
nanoparticles” XRD pattern is present. The average size of CozOj crystallites, estimated
using the Scherer formula, turned out to be 5.5 &= 0.7 nm. Thus, the intensity of h-Zn-Co-O
reflections decreases, and cobalt hydroxides appear in the initial stage of in situ oxidation;
subsequently, only reflections of the Co304 fine nanocrystals remain.

3.2. Raman Spectra

As mentioned above, the samples, which were obtained from the synthesis using cobalt
acetate (AcCo) and zinc nitrate (NZn) as precursors followed by annealing in nitrogen or
hydrogen atmosphere at 300 °C, showed only XRD reflections of the h-Zn-Co-O phase.
The Co304 and ZnO phases, as well as other phases, were not observed. Since a growth
solution with an equimolar composition of zinc and cobalt was used in the synthesis, the
composition of the obtained Zn;.,CoxO samples corresponds to x~0.5. The Raman spectra
of such samples correspond to the Zn1-xCoxO phase at x~0.5 [75], as shown in Figure 5
(bottom spectrum).

Surprisingly, the samples that exhibit XRD patterns of the ZnO and Co30, phases
show no known Raman spectra corresponding to the ZnO or Co304 phases; their spectra
are almost identical to the Zn;.,CoxO samples. This is presumably due to the presence
of a thin layer of this phase on the surface of all ZnO or Co3O4 nanoparticles. It can be
concluded that a layer of h-Zn-Co-O solid solution surrounds these nanoparticles during
synthesis and suppresses their further growth, which opens up the possibility of the simple
synthesis of nanoparticles with a high yield. The blue laser excitation used in Raman
scattering studies has a shallow penetration depth compared to the X-rays used in XRD
analysis. With the assumption that the absorption coefficient is not less than ~10* em~1,
the estimation of the effective depth of light absorption was 100 nm, while the thickness
of ~100 microns of the active layer of the electrode is comparable to the X-ray penetration
depth. Therefore, Raman spectra corresponding to ZnO or CozOy are not observed. Short-
term treatment in an alkaline electrolyte modified the spectra (Figure 5, upper spectrum),
indicating the instability of the h-Zn-Co-O solid solution in an alkaline environment.



Energies 2024, 17, 1888

11 of 20

Co/lZn=1

24h in KOH

Intensity (arb. un.)

as-annealed

T T T
0 200

—T T T T T T T
600 800 1000 1200
Raman shift (cm™)

——
400

Figure 5. Raman spectra of the h-Zn-Co-O sample after annealing in N (lower spectrum) and after
exposure to a 3.5 M KOH solution for 24 h (upper spectrum).

3.3. XPS Spectra

The XPS spectra also indicate degradation of the ZnO phase and the formation of
hydroxides. Figures 6-8 show the XPS spectra of the Zn2p, Co2p, and O1ls of the h-Zn-Co-
O/NF electrode before and after treatment for 10 min in 3.5 M KOH. The intensity of the XPS
spectra of Zn2p (Figure 6) decreased significantly after the short-term alkaline treatment,
while the change in the intensity of the XPS peaks corresponding to other elements was not
significant. Thus, a dramatic decrease in the concentration of zinc atoms in the near-surface
region after short-term alkaline etching takes place. Figure 7a demonstrates the Co 2p XPS
spectra before and after treatment of the electrode in 3.5 M KOH for 10 min. It is shown
that even such short-term alkaline processing causes significant changes to the XPS spectra.
Figure 7b shows the decompositions of the Co 2p XPS spectra into three bands, which can
be attributed to the Co®* and Co?* charge states and a satellite peak. It can be seen that
alkaline treatment causes an increase in the contribution of the Co?* states compared to the
Co®* ones, which can be explained by the formation of cobalt hydroxides, where cobalt
demonstrates a +2 valency. The XPS spectra of the oxygen (O1s) within the sample, which
has been annealed in the air and consists of ZnO and Co304 phases (Figure 8a), also change
significantly after short-term alkaline etching, showing a decrease in the intensity of the
line at ~530 eV, which is linked to the presence of lattice oxygen or oxygen in the metal
oxide, and an increase in the intensity of the band at ~531.5 eV, which corresponds to the
hydroxide (OH)~ and perhydroxide (OOH)™ forms of oxygen. This phase change in the
structure of the electrode material results in a rapid increase in the electrode’s capacitance as
discussed in the electrochemical measurements of the electrodes below. The peak at ~533 eV
may be due to structural water. Thus, the XPS spectra of Ols indicate that accumulation of
hydroxide and perhydroxide forms occur as a result of short-term alkaline etching. The
O1s XPS spectra of the sample, which has previously been annealed in hydrogen and
consists of the Zn-Co-O solid solution phase (Figure 8b), undergo less pronounced changes
after alkaline treatment, since after annealing in hydrogen the 531.5 eV band is already
dominant. At the same time, the zinc content in the near-surface areas decreases sharply.
This is consistent with the XRD results.
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Figure 6. XPS Zn2p spectrum of the h-Zn-Co-O/NF electrodes annealed at 300 °C in either air or Hp
atmosphere followed by treatment for 10 min in 3.5 M KOH.
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Figure 7. XPS Co2p spectrum of h-Zn-Co-O/NF electrode annealed at 300 °C in air before (1) and

after treatment for 10 min in 3.5 M KOH (2) (a) Deconvolution of the same spectra into individual
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Figure 8. XPS Ols spectrum of the h-Zn-Co-O/NF electrode annealed in either air (a) or Hy (b)
atmosphere before and after treatment for 10 min in 3.5 M KOH. The deconvolution of the spectrum
into individual components is shown by the dotted lines.
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3.4. Electrochemical Measurements of Electrodes

The electrochemical properties of ZnO-Co304 and h-Zn-Co-O electrodes are also
subject to changes when measurements are carried out on an alkaline electrolyte. The
electrochemical characteristics of all of the tested ZnO/Co304/NF and h-Zn-Co-O/NF
electrodes change rapidly during the initial phase of the CV measurement process, as shown
in Figures 9a and 10a. Figure 9a shows the CV characteristics of a h-Zn-Co-O electrode
prepared by AcCo+NZn synthesis followed by annealing in hydrogen. It can be seen that
the electrode’s capacitance increases rapidly during the first cycles; the CV characteristics
stabilize after approximately 45 cycles or ~18 min of measurements. This increase can be
associated with the processes of change in the phase structure of the electrode material,
as detected by XRD data after a similar alkaline treatment. That is mainly due to the
dissolution of fractions containing Zn, and the formation of cobalt oxide nanoparticles.
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Figure 9. CV curves of the h-Zn-Co-O/NF electrode during the first 45 CV cycles at a speed
of 0.1 Vs~ (a); specific capacitance versus scanning speed of CV curves (b); GCD curves after
establishing stationary CV curves (c); CV curves after stabilization of characteristics (curve 1) and
after a week of aging in air (curve 2) (d).
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Figure 10. CV curves of the ZnO/Co304/NF electrode annealed in air during the first 100 cycles at a
speed of 0.3 V s~! (a); GCD curves after establishing stationary CV curves (b); specific capacitance vs.
current density (c).

After the stabilization of its characteristics, the capacitance of an electrode with the area
of 1 cm? and a mass of 0.0105 g reached a value of 4.689 F after ~18 min cycling at a scanning
speed of 0.003 V s~ ! (Figure 9b). This translates to a specific capacitance of 446 F g~! when
the capacitance is measured using the CV method. The specific capacitance determined
by the GCD method at a current of 1 A g~! (Figure 9c) was 345 F g~!. Figure 9d shows
the CV characteristics of this electrode, with curve 1 corresponding to the measurement
after stabilization, where its shape is close to rectangular along with the main contribution
of the redox reactions Co®"+>Co?* at high potentials of ~0.4 V vs. Ag/AgCl, (a potential
range between 0.32 to 0.45 V) and a significant current contribution at low potentials of
~—0.75V vs. Ag/AgCl, (a potential range of +0.5V) [76,77]. These reactions correspond
to Co?*«»Co®* reactions involving less oxidized divalent cobalt and hydroxyl groups, the
presence of which is already indicated by the XRD and XPS results (Figure 1, Figure 4, and
Figure 7). However, after aging in the air for 7 days, repeated CV measurements (curve 2) of
this electrode show that the capacitance decreases significantly to 3.038 Farads (~289 F g~ 1)
when it is measured using the CV method. From Figure 9d, it can be seen that the capacity
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decreases due to the decrease in the concentration of low-potential redox species. It can be
concluded that these divalent cobalt species are unstable in the air.

Similar results are demonstrated by an electrode from a sample obtained through the
synthesis of AcCo+NZn followed by annealing in air. Figure 10a shows the CV characteris-
tics for such an electrode measured during the first 100 cycles at a scan rate of 0.3 Vs~L.
Here the capacitance also increases significantly during CV measurements until stationary
CV curves were obtained after ~15 min of measurements. Figure 10b,c show the GCD
curves and specific capacitance versus current density for the annealed AcCo+NZn elec-
trode, respectively. The specific capacitance measured using the GCD method at a current
density of 1.2 A g~! was 341 F g~! and this decreased to 89 F g1 ata current of 12 A g~ 1.

The increase in capacitance during CV measurements can be due to several reasons.
Capacitance can increase due to an enhanced surface area of the electrode being wetted by
the electrolyte solution. This is mainly because of the existence of a smaller hydrophilic
surface area on the fresh electrode. Capacitance can also increase when the surface is
activated during electrochemical redox cycling. It is noteworthy that, when using a CozOy4
sample grown under the same conditions but without the addition of zinc precursors, the
CV characteristics quickly reached stationary values, and the effect of increasing capacity
during cycling was insignificant. The increase in capacitance over ~20 min, shown in
Figures 9 and 10, can be attributed to the processes of the phase change that occur in the
electrode material when it is exposed to the electrolyte. Such changes are confirmed by the
XRD data for samples treated in the electrolyte for a similar time.

Thus, the electrode capacity increases due to both surface activation as well as the
dissolution of ZnO and Zn;_,Co,O. As a result of alkaline etching and the electrochemical
redox action, the ZnO and Zn;_,CoxO fractions disappear, cobalt hydroxides and oxide
are formed, and consequently, the main CozO4 phase remains, as indicated by the XRD
results (Figure 4b). In this case, the Co304 phase consists of nanoparticles, since the active
material in the electrode is immobilized by a binder, and at room temperature, large CozO4
crystallites cannot form as a result of the alkaline dissolution of ZnO and Zn;_,CoxO. The
h-Zn-Co-O phase shell also prevents the formation of large Co3O4 particles. Since the
structure of manufactured electrodes changes significantly as a result of their operation in
an electrolyte, it is necessary to test the electrode for the stability of its parameters during
cycling. This is crucial because cobalt oxide undergoes a very significant volumetric change
during electrochemical oxidation-reduction [41-47], which causes the degradation of the
properties of electrodes.

3.5. Electrochemical Measurements of a Hybrid Capacitor

The cyclic stability of the resulting electrodes was studied in a typical hybrid capacitor,
using a positive h-Zn-Co-O/NF electrode made from the obtained material, and an AC/NF
negative electrode. Figures S2-56 show the electrochemical characteristics of the hybrid
capacitor. Cyclic voltammetry curves measured in a three-electrode configuration at a scan
rate of 0.01 V s~! for a positive electrode with an active mass of 0.025 g and a negative
AC/NF electrode are shown in Figure S2. The CV curves of a h-Zn-Co-O/AC/NF capacitor
composed of these electrodes are shown in Figures S3 and S4. The CV curves are measured
by varying the scan rate and potential range. GCD curves of the h-Zn-Co-O/AC/NF
capacitor at different voltage ranges are shown in Figure S5a. Increasing the potential from
0.8 V to 1.6 V resulted in a linear increase in capacitance (Figure S5b).

The GCD curves (Figure S6a) demonstrate a close-to-linear change in potential over
time, characteristic of supercapacitors at a fixed charge/discharge current. The relatively
rapid drop in capacitance with the increase in current (Figure S6b) is presumably related
to the diffusion nature of the current and the series resistance of the capacitor which was
0.2 Ohm (Figure S7). The Nyquist plot also shows that, at a bias of 1.4 V, the capacitor
leakage currents are already significant (Figure S7). So, the operating voltage of the
capacitor was between 1.2 and 1.4 V.
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dt (s)

The cyclic stability of the h-Zn-Co-O/AC/NF capacitor is shown as a plot of discharge
time (dt) versus cycle number (Figure 11a). Figure 11b shows the charge/discharge curves
of the 100th, 3300th, and 5000th cycles. It can be seen that the capacitance increases at the
initial stage, and ~1000 charge/discharge cycles are required to stabilize. After 10,000 cycles,
the h-Zn-Co-O/AC/NF capacitor retains 87% of its maximum capacitance, indicating the
high stability of the electrode structure consisting of cobalt oxide nanoparticles formed from
the h-Zn-Co-O/NF system as a result of both alkaline etching and the in situ electrochemical
redox process.
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Figure 11. Cyclic stability of the h-Zn-Co-O/AC/NF capacitor as shown by the discharge time (a).
The C/D curves of the 100th, 3300th, and 10,000th cycles (b).

4. Conclusions

In this work, changes in the structures and properties changes of the materials and elec-
trodes used in ZnO-based supercapacitors, such as ZnO-Co304 composites and Zn;_CoxO
solid solutions with a hexagonal structure, have been studied. It has been shown that,
when using an alkaline electrolyte of 3.5 M KOH, the structure of the electrodes rapidly
changes; in the initial stage, the ZnO content in the ZnO-Co30, and h-Zn-Co-O composites
decreases, and the Znj_,Co,O solid solutions decompose with the appearance of hydrox-
ides Co(OH); and ZnyCo3(OH)19-2H,0, where long-term electrochemical cycling leads to
the formation of the Co304 main phase. These results must be taken into account when
manufacturing supercapacitors using ZnO composite electrodes since, even with a limited
volume of alkaline electrolyte, the surface and near-surface layers of the electrode, which
determine the capacitive properties of the supercapacitor, will be subject to chemical and
electrochemical corrosion. Because the active material in the electrodes is immobilized
on the substrate, as a result of in situ electrochemical action on the ZnO-Co304 and h-Zn-
Co-O systems, Co304 nanoparticles are formed with a high specific surface area, which is
activated by the in situ formation process. This ensures a high specific capacitance of the
electrodes, high charge/discharge currents, and long-term stability during cyclic operation.
Therefore, the formation of supercapacitor electrodes from ZnO-Co30,4 composites and
Zn1.4CoxO solid solutions with subsequent removal of the zinc-containing fraction during
in situ electrochemical processing is a simple method for the formation of an electrode
using nanostructured cobalt oxide. This method does not require special measures for
the formation of nanosized cobalt oxide particles, since, during synthesis, the Zn;.,CoxO
layers envelop the cobalt oxide particles and prevent their growth. The method does not
require high-temperature treatments. It may also be promising to use the resulting material
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immediately after synthesis when cobalt oxide nanoparticles can be obtained by in situ
processing. However, the development of a suitable high-conductivity matrix to achieve a
low series resistance is crucial in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/en17081888/s1, Figure S1: XRD data of the ZnO+Co304 sample
after AcZn+AcCo synthesis and annealing at 450 °C in air (1); the same sample after subsequent
etching in 3.5 M KOH for 40 min (2); Figure S2: CV curves of h-Zn-Co-O/NF sample with an active
mass of 0.025 g as the positive electrode and an AC/NF sample as negative electrode. CV curves
were recorded in a three-electrode system at a scan rate of 0.01 V s~!.; Figure S3: CV curves of
h-Zn-Co-O/AC/NF capacitor at different scan rates of 0.01-0.3 V s7!; Figure S4: CV curves of the
h-Zn-Co-O/AC/NF capacitor at different voltage windows, and at 0.1 V s7! scan rate; Figure S5:
GCD curves of the h-Zn-Co-O/AC/NF capacitor at different operating potential windows, and
at current of 32 mA (a); Plot of the capacity obtained from the GCD curves versus the operating
potential window (b); Figure S6: GCD curves of the h-Zn-Co-O/AC/NF capacitor at different current
(a); Capacitance vs. current (b); Figure S7: Nyquist plots of the h-Zn-Co-O/AC/NF capacitor in the
frequency range of 0.003-5 x 103 Hz at various capacitor voltages; the inset indicates the Nyquist
plots in the high-frequency region.
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