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Abstract The nanostructured Co;0, particles were
prepared by a simple and inexpensive precipitation
method, which can be used as electrode materials in
pseudocapacitive energy storage devices. The effect
of temperature on the crystal structure and morphol-
ogy of the material was discussed to obtain a suit-
able condition for the fabrication of the electrodes.
The results showed that the Co;0, calcined at 400 °C
(C4) with an average particle size of 34.1+4.0 nm is
suitable for electrode fabrication. This is due to the
superior electrical conductivity and high purity of the
phase structure with a larger specific surface area and
porosity compared to the samples calcined at 600 and
800 °C. Moreover, the different oxidation states of Co
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ions in electrochemical reactions are the main factor
for the high capacitance values of the sample. The
maximum specific capacitance of 115.3 F/g at a cur-
rent density of 1 A/g was achieved by the C4 sample.
The charge/discharge stability measurements with
maximum a of 5000 cycles showed that the sample
can achieve excellent retention of specific capacitance
of almost 100% for up to 1900 cycles at a current
density of 5 A/g.

Keywords Co;0, nanoparticles - Precipitation
method - Electrochemical properties -
Supercapacitors - Life cycle stability - Energy storage

Introduction

In recent decades, preparation methods of nano-
structural materials with various morphologies, such
as nanoparticles [1], nanotubes [2], nanowires [3],
and nanosheets [4], among others, have facilitated
the expression of distinctive physical and chemical
properties appropriate to specific applications [5].
Recently, transition metal oxide nanoparticles have
received considerable interest owing to their wide
range of applications, such as in photocatalysis [6],
gas sensors [7], magnetic materials [8], and electrode
materials for supercapacitors [9], among others. This
is due to their superior physical, chemical, and elec-
trical properties. Among transition metal group com-
pounds, such as RuO,, MnO,, NiO, and Fe;0,, cobalt
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oxide (Co;0,) is a spinel structured p-type semi-
conducting material with chemical stability at high
temperatures. Although Co has no advantage over
Fe and Ni, Co;0, is one of the attractive transition
metal oxides for supercapacitor application compared
to materials with excellent capacitor properties such
as RuO, due to its lower cost, good redox properties,
controllable particle size and shape, high chemical
and structural stability and high theoretical capaci-
tance (~3650 F/g). [8—11]. Additionally, cobalt oxide
is a polymorphic material that can be found in three
different forms in nature, CoO, Co0,0;, and Co;0,.
The Co;0, form has become an alternative material
for supercapacitor electrode applications, replac-
ing expensive and highly toxic metal oxides such as
Ru, 03, the material with the highest specific pseudo-
capacitance currently known [5, 8]. Several methods
have been reported to synthesize Co;0, nanoparti-
cles. They are categorized into either chemical or
physical treatments, including hydrothermal, solvo-
thermal, physical vapor deposition (PVD), chemical
vapor deposition (CVD), solid-state reaction, sol—gel
process, and precipitation methods [12]. Among the
various approaches, precipitation is one of the most
attractive methods to prepare these nanoparticles.
This is because it can easily be used to control mor-
phology and the size of the resulting particles. Addi-
tionally, it uses inexpensive synthetic precursors, low
reaction temperatures, and produces highly homog-
enous products [10, 13].

The aim of this work is to develop a simple and
inexpensive synthesis of uniform Co;0, nano-
particles with high crystallinity by a precipitation
method. The microstructure and surface properties
of the as-synthesized powders were characterized
using several techniques, including X-ray diffraction
(XRD), field emission scanning electron microscopy
(FESEM), transmission electron microscopy (TEM),
and X-ray photoelectron spectroscopy (XPS), as well
as the Brunauer—-Emmett-Teller (BET) and Bar-
rett—Joyner—Halenda (BJH) techniques. The calcined
Co;0, powders were used as raw materials to fabri-
cate electrodes without either carbonization or alkali-
activation process. The electrochemical properties of
the cells were investigated using cyclic voltammetry
(CV), galvanostatic charge/discharge (GCD), and
electrochemical impedance spectroscopy (EILS). Anal-
ysis of the results showed that all samples produced
had intrinsic pseudocapacity. A maximum specific
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capacitance of 115.27 F/g was achieved at a current
density of 1 A/g within a potential window of 0.1 to
0.45 V. Interestingly, excellent long-term stability
with 100% capacitance retention was achieved after
1900 charge/discharge cycles at a current density of
5 Alg.

Experimental methods
Material preparation

Cobalt tetraoxide nanoparticles (Co;0, NPs) were
synthesized via a precipitation method as previ-
ously described [10]. Typically, a 1:2 molar ratio of
Co(CH;CO,),-4H,0 and NaOH solution were used as
the starting materials. Initially, 1 M cobalt (II) acetate
was dissolved in 20 ml distilled water with vigorous
mixing on a hot plate stirrer at 80 °C for 30 min. After
that, a 2 M NaOH solution was added dropwise into
the above solution until the pH was 10. The reaction
was then continued with magnetic stirring at 80 °C
for 2 h. After producing a homogeneous mixture, the
prepared solution was then left to stand overnight at
room temperature. The precipitate was collected via
centrifugation and washed several times with dis-
tilled water followed by ethanol and was subsequently
dried in vacuum oven at 80 °C for 24 h. Finally, the
obtained Co;0, precursor powders were calcined for
3 h at different temperatures; 400, 600, and 800 °C,
and referred to thereafter as the C4, C6, and C8 sam-
ples, respectively.

Characterizations

The structural properties of the samples were deter-
mined using XRD with Bruker D8 Advance equip-
ment. Crystallite sizes were calculated from X-ray
line broadening. Fourier transform infrared (FTIR)
spectra were determined using a JASCO FT-IR-480
Plus spectrophotometer in the wavenumber range
4000-400 cm™'. The microstructure and morphol-
ogy of the materials were studied under FESEM
(JEOL-JSM-7800F) and TEM (FEI Tecnai G2 20).
XPS (AXIS Ultra DLD, Kratos Analytical) was
employed to find the valance and chemical states
of the calcined Co;0, samples. The specific sur-
face area was evaluated using the BET approach
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through nitrogen adsorption—desorption isotherm
measurements. Pore size distributions were ana-
lyzed by applying BJH methodology employing the
desorption branch of the isotherms. Electrochemi-
cal properties were tested at room temperature in a
beaker-type three-electrode system using 6 M KOH
as an electrolyte solution. The calcined Co;0, NPs
were used as working electrodes. A platinum plate
and saturated Ag/AgCl electrode were employed
as counter and reference electrodes, respectively.
The preparation of the electrodes and the experi-
mental procedures are described as follows. First, a
mixture of active materials, including Co;0, pow-
der, acetylene black, and polyvinylidene fluoride
(PVDF), was dissolved in N-methyl-2-pyrrolidone
(NMP) in a weight ratio of 80:10:10. The obtained
paste was applied to a Ni foam substrate with an
active area of 1x2 cm? This was then used as a
current collector after being dried in a vacuum
oven at 60 °C for 12 h. The specimens were uni-
axially compressed under a load of 100 MPa and
then impregnated with an electrolyte solution for
6 h prior to electrochemical testing. Cyclic voltam-
metry was carried out at room temperature at scan
rates of 5, 10, 20, 50, and 100 mV/s under a poten-
tial window that ranged from —0.1 to 0.45 V. Gal-
vanostatic charge/discharge tests were performed
employing current densities of 1, 2, 5, 10, and 20
Al/g. The ESI spectra of the prepared working elec-
trodes were measured using an AC-bias voltage of
5 mV in the frequency range of 0.01-100 kHz.

Results and discussion
Material characterizations

The crystal structures of the prepared Co;O4 NPs
calcined at 400, 600, and 800 °C were determined
using an XRD technique. The diffraction patterns of
all the samples are shown in Fig. 1(a). It is notable
that the diffraction peaks at around 31.3, 36.9, 38.6,
44.8,55.7,59.4, 65.2, 74.1, 77.3, 78.4, and 82.6° are
analogous to (220), (311), (222), (400), (422), (511),
(440), (620), (533), (622), and (444) lattice planes,
respectively, of a cubic spinel, structured Cos;0,
within a Fd3m space group. All diffraction peaks
were consistent with the standard pattern, JCPDS No.
42-1467, with no trace of other phases or impurities.

Additionally, the diffraction peaks became sharper
and narrower as the calcination temperature increased
from 400 to 800 °C. The average crystallite size of
Co;0, NPs was calculated using the diffraction peaks
of the (220), (311), (400), (422), (511), and (440)
planes employing the Debye—Scherer equation:

kA
B B cosO )

where D is the crystallite size, k is a constant with a
value of 0.98, 4 is the wavelength of the Cu—Ka radi-
ation (1.5406 A), B is the full width at half maximum
(FWHM), and @ is the diffraction angle [14]. It can
be clearly seen in Table 1 that the calculated crystal-
lite size of the samples increased from 19.3 + 1.4 nm
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Fig.1 a XRD patterns and b FTIR spectra of Co;04 NPs cal-
cined at different temperatures
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to 98.0+5.2 nm with increasing calcination temper-
ature from 400 to 800 °C. Furthermore, the lattice
parameters were calculated using the peak positions
corresponding to the Co;0O, phase, and the results
are shown in Table 1. The analysis of the results
revealed that the lattice parameter tended to decrease
from 8.089 to 8.083 A with increasing calcination
temperature from 400 to 800 °C. This is attributed to
the increased thermal energy contributing to a more
orderly arrangement of elemental ions, which is
related to the size of the unit cells within the lattice
structure of the materials [15].

FTIR spectra were recorded over the range of
4000-400 cm™', to determine the various functional
groups associated with the calcined Co;0, samples.
In Fig. 1(b), the FTIR spectra display two distinct and
sharp absorption bands at 572 and 667 cm™!, which
originate from the stretching vibration modes of the
Co-0 bonds. They confirm the formation of a spinel
structure of Co;0,. From a refined analysis of the
fingerprint area of the material, it was found that the
peak at 572 cm™! corresponded to the vibrations of
the Co**—O bond in the octahedral sites. The peak
at 667 cm™! is attributed to the Co**~O bond in the
tetrahedral sites of the spinel lattice structured Co;0,
[16, 17]. The minor peaks at 1029 and 1387 cm™,
clearly observed in C4, were attributed to the C-O
stretching vibration and the symmetric CH; deforma-
tions, respectively, due to the residual acetate group
of the precursor [16]. The peaks at~1627 cm™' and
the strong broadband in the range of 3000-3700 cm™!
were correlated with the bending and stretching
modes of molecular water and hydrogen bonds, O-H
groups adsorbed on the surface of Co;0, nanopar-
ticles [15-17]. Considering the absorption spectra
of the samples calcined at various temperatures, it
was found that the intensity of the broadband cover-
ing the wide range between 3000 and 3700 cm™' and
vibrating band centered ~ 1627 cm™' decreased with

increasing calcination temperature. This is attributed
to a reduction in the water molecules along with some
organic impurities of the samples with increased cal-
cination temperature. Considering the effect of tem-
perature on the structural transformation of Co;0,, a
slight shift of the peaks at about 572 and 667 cm™
to a higher wavenumber is observed. It was also
observed that the peak at about 592 cm™' was particu-
larly pronounced in the C8 sample, which could be
due to the change in surface defects when the calcina-
tion temperature is increased.

The morphology of Co;0, particles calcined at
different temperatures of 400, 600, and 800 °C was
investigated using the FESEM technique. The result
is shown in Fig. 2. It can be clearly seen that the as-
synthesized Co;0, particles have an approximately
polygonal shape with a strong agglomeration of fine-
grained particles. In Fig. 2(a), it can be seen that in
the sample calcined at 400 °C, the particles were rela-
tively agglomerated and exhibited magnetic behavior,
which was more pronounced in the very small Co;0,
particles than in the C6 and C8 samples. Therefore, it
is quite difficult to determine the exact mean value of
the particle size of the sample because the magnetic
field leads to blurred microimages. Higher calcina-
tion temperatures resulted in significant grain growth
of the particles. As shown in Figs. 2(a), 2(b), and
2(c), the average particle size was estimated from the
micrographs and was 38.3+5.7 nm, 94.6+15.6 nm,
and 379.9+81.2 nm for calcination at 400, 600, and
800 °C, respectively. The large standard deviation is
related to the distribution of size over a large area and
the asymmetric shape of the particles. Figure 3 shows
the microstructure of Co;0, calcined at different tem-
peratures investigated by TEM. In the figure, the con-
tinuous arrangement of particles without boundaries
between the Co;0, grains can be observed, especially
for the C4 and C6 samples. This could be due to the
magnetic properties that occur in the nanometer-sized

Table 1 The average crystallite size, lattice parameter, and average particle size evaluated by FESEM and TEM, specific surface
area, pore volume, and average pore size of Co;0, NPs calcined at different temperatures

Samples  Crystallite size Lattice FESEM parti- TEM particle size (nm)  Surface Pore volume Average
(nm) parameter, a  cle size (nm) area (mz/g) (cm3/g) pore size
A (nm)
C4 193+1.4 8.089 38.3+5.7 34.1+4.0 133.2 0.57 16.2
C6 432+4.2 8.084 94.6+15.6 99.9+£22.6 103.1 0.44 29.2
C8 98.0+5.2 8.083 379.9+81.2 294.3+49.3 67.5 0.13 56.5
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Co;0, particles. The average particle sizes of the see Figs. 3(a-1), 3(b-1), and 3(c-1). These results
samples were determined by measuring the equiva- are listed in Table 1. It can be seen that the aver-
lent diameters of the particles from each TEM image, age particle sizes of the C4, C6, and C8 samples are
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34.1+4.0 nm, 99.9+22.6 nm, and 294.3+49.3 nm,
respectively. The lower deviation indicates a good
uniformity of the particle size of the prepared C4
sample compared to the other samples. The increas-
ing particle size with increasing temperature is prob-
ably due to the effect of thermal energy on ion dif-
fusion at grain boundaries, which causes the growth
of Co;0, particles with increasing agglomeration
[15]. Compared to the C4 sample, abnormal grain

@ Springer

growth was found more frequently in calcined sam-
ples with higher temperatures. As a result, the aver-
age particle size of C8 is larger and exhibits higher
variability compared to other samples. The corre-
sponding selected electron diffraction patterns of
C4, C6, and C8 are shown in Figs. 3(a-2), 3(b-2) and
3(c-2), respectively. The spotty ring SAED patterns
shown in Figs. 3(a-2) and 3(b-2) are related to the
polycrystalline cubic structure of Co;0O,, while the
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neatly arranged point diffraction patterns shown in
Fig. 3(c-2) are from a single crystal with large grains
in the submicrometer range of the cobalt tetraoxide
particles. From the microstructural results, the lat-
tice spacing of about 0.4667 nm is related to the (111)
plane of the cubic spinel structure of Co;0,. It can
be seen that the decrease of interplanar spacing from
0.4840 to 0.4693 nm, as shown in Figs. 3(a-3), 3(b-
3), and 3(c-3), with the temperature of heat treatment,
is consistent with the change of lattice constant and
crystallite size obtained by X-ray diffraction analysis.

The chemical composition and valence states
of all elements on the surfaces of the Co;0, par-
ticles were investigated by XPS. These results are
reported in Fig. 4. Figure 4(a) shows that the XPS
survey spectra represent the major elemental com-
ponents in the calcined samples, including Co2p,
Ols, and Cls, which correspond to binding ener-
gies of 779.8, 529.8, and 284.8 eV, respectively.
The spectra indicate the presence of cobalt, oxy-
gen, and carbon on the surfaces of the samples.
Overall, the XPS patterns of the samples calcined
at different temperatures appeared to be similar,
but different peak intensities were observed. The
higher peak intensity with increasing calcination
temperature was possibly due to the fact that the
intensity of the XPS spectrum is directly propor-
tional to the area under the peak. Therefore, the
increase in peak intensity observed for the cal-
cined sample at high temperature indicates a quan-
titative increase in the chemical states correspond-
ing to the individual elements on the surface of the
material. The XPS peaks corresponding to Co 2p
and O 1 s were recorded in high-resolution mode,
as shown in Figs. 4(b) and 4(c), respectively. Fig-
ure 4(b) shows that the two main peaks centered
at binding energies of 779.8 and 794.7 eV can
be ascribed to Co 2p3/2 and Co 2pl/2, respec-
tively. In addition, there were two shake-up sat-
ellite peaks centered at 789.7 and 805.1 eV. The
energy separation of the Co 2p spin orbit, 2p3/2,
and 2pl/2 is approximately 15.34 eV, coupled
with the occurrence of satellite peaks about 6 eV
above the main peaks. This indicates the presence
of Co®" and Co*" states in Co;0, [18, 19]. From
the Ols spectra corresponding to all samples as
shown in Fig. 4(c), the deconvoluted peaks were
fitted by the Gaussian function and the analysis
results are summarized in Table S1. It can be seen

that the Ols peaks were deconvoluted into three
main peaks at 530.0+0.2 eV, 531.3+0.1 eV, and
532.3+0.2 eV, which can be attributed to the lat-
tice oxygen (O,,,) of the cubic spinel phases, the
adsorbed O?~ ions (O,y) in the oxygen-deficient
region within Co;0, (oxygen vacancies) and chem-
isorbed and associated oxygen species (O, 0%,
or O7) and OH™ (Ogp) on the surface of the Co;0,
particles, respectively [19-21]. It is noticeable
that peaks at 528.9 eV (4.2%), 529.3 eV (17.7%),
529.2 eV (5.3%), and 533.4 eV (2.7%) were found
in the XPS spectra of the C4, C6, and C8 samples,
respectively. These peaks probably originate from
an artifact of fitting asymmetric XPS peaks with
symmetric Gaussian functions [22]. It is notewor-
thy that the integrated intensity and energy posi-
tion corresponding to O,,,~ peaks increased when
the calcination temperature reached 800 °C. This
indicates a complete spinel phase formation and
a more ordered arrangement of the lattices on the
sample surfaces. In addition, it was also observed
that higher temperatures lead to a decrease in the
defect state associated with oxygen vacancies, so
the maximum oxygen vacancies in the C4 sample
could be a significant factor affecting the elec-
trochemical efficiency of this material [23]. The
C element associated with the XPS peaks can be
attributed to extrinsic hydrocarbon from the XPS
device itself. It can be seen that the XPS results
agree well with those of XRD and FTIR.

Figures 5(a) and 5(b) show the N, isotherms and
the corresponding pore size distribution curves of
the C4, C6, and C8 samples, respectively. Based on
the International Union of Pure and Applied Chem-
istry (IUPAC) classification, the isotherms of all
samples can be categorized as type IV with H3 hys-
teresis loops [19, 24]. This is consistent with a char-
acteristic mesoporous structure with pore diameters
between 2 and 50 nm and a slit-like shape formed by
agglomerated Co;0, nanoparticles [25]. As shown
in Fig. 5(b), the porosity of the samples consisted of
mesopores with pore sizes of 2-50 nm and macropo-
res with pore diameters larger than 50 nm. The
parameters related to the surface properties, includ-
ing the BET specific surface area, the total pore vol-
ume, and the average BJH pore diameters of all sam-
ples are summarized in Table 1. The result shows
that the C4 sample had the highest specific surface
area of 133.2 m%g. The other samples showed a
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lower surface area of 103.1 and 67.5 m%/g at calcina-
tion temperatures of 600 and 800 °C, respectively.
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Compared to the calcination temperatures, the total
pore volume of the samples decreases from 0.57 to
0.13 cm?/g when the temperature is increased from
400 to 800 °C. Moreover, the BJH average pore
sizes increased from 16.2 to 56.5 nm when the tem-
peratures were increased from 400 to 800 °C. This
suggests that increased thermal energy not only
leads to the growth of Co;0, grains, increasing the
particle size but also decreases the porosity of the
materials. It can be said that the high pore volume
and small pore size are directly related to the high
porosity and specific surface area of the C4 sam-
ple. With respect to electrode applications, a large
surface area and a suitable pore size are the most
important factors affecting charge transport between
the oxide surface and the electrolyte. This is directly
related to the specific capacitance of a capacitor [26,
27]. The electrochemical properties of the electrode
films prepared from the fabricated Co;0, particles
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formed at the different scan rates

were measured and are described in the following

section.

Electrochemical examinations

To investigate the electrochemical properties of the
prepared electroactive materials, CV, GCD, and
EIS were employed. In this work, the CV technique
was carried out at scan rates of 5, 10, 20, 50, and

100 mV/s over an applied potential range of —0.10
to 0.45 V using an aqueous solution of 6 M KOH
as electrolyte. As can be seen in Fig. 6, the cyclic
voltammograms of all samples are analogous to the
electrical double layer and pseudocapacitive proper-
ties. The distinction between anodic and cathodic
peaks is correlated with oxidation and reduction reac-
tions, respectively. These are determined by surface
Faradaic processes occurring at or near the surfaces
of Co;0, electrodes [28]. Considering the reversible
redox state of Co ions, it is possible that the anodic
and cathodic peaks occurring in the potential ranges
of 0.3-0.4 V and 0.2-0.3 V, respectively, are due
to reversible redox reactions between Co’*/Co**
and Co**/Co®*, respectively [27, 29]. The analyti-
cal results strongly indicate the favorable pseudoca-
pacitive properties of Co;0, electrodes. The Faradaic
redox processes occurring in an alkali medium can be
described by the following equations [30, 31]:

Co;0, + OH™ + H,0 = 3CoOO0H + ¢~ @)

CoOOH + OH™ 2 C00, + H,0 + ¢~ 3)

From the appropriate voltammograms, the specific
capacitance (C,) of Co;0, electrodes at different scan rates
can be calculated using the following equation [12]:

oo [1av/v
s_/ AV “

where / IdV is an integral area under the CV curves,
m is mass of the active material, V is the scan rate,
and AV is the applied potential window. The calcu-
lated C; values for the different electrodes are given
in Table 2.

It can be clearly seen in Table 2 that the C4 elec-
trode has a higher specific capacitance at all scan
rates examined. This corresponds to a larger area
under the CV curve than for the C6 and C8 elec-
trodes. The intensity of redox peaks and the shift of
anodic and cathodic peak positions to higher val-
ues were found when the scan rate was increased
from 5 to 100 mV/s, as shown in Fig. 6. This result
contributes to the change in specific capacitance
of the samples as C, tend to decrease with increas-
ing scan rate. At higher scan rates, the OH- diffu-
sion is reduced and the ions can only reach the
outer surface of the electrodes. Since the ion accu-
mulation on the surface of the electrodes is limited,
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the capacitance values decrease [32]. It has been
reported that when the electrode material has high
porosity, i.e., high pore volume and large specific
surface area, the reduction of electrons and ion dif-
fusion pathways are impacted, resulting in more
active sites. This promotes electrochemical reac-
tions and consequently increases the capacitive
performance of the devices [32-34]. In the present
work, the highest specific capacitance, 117.3 F/g,
was obtained with a C4 electrode at a scan rate of
5 mV/s. This is due to the fact that the C4 sample
had the highest specific surface area and porosity
among the samples.

Figures 7(a)—(c) show GCD curves of C4, C6, and
C8 at different current densities of 1, 2, 5, 10, and 20
Alg, respectively. From these figures, it can be seen
that there are two different charging and discharg-
ing processes. Considering the first part of the GDC
curve, the discharge process below 0.2 V, the curve
parallel to the potential axis shows a pure double-
layer capacitance behavior due to the charge separa-
tion at the electrode/electrolyte interface. In the sec-
ond part (0.2-0.45 V), the sloped curve corresponds
to a capacitive component due to pseudocapacitance
arising from electrochemical adsorption—desorption
or redox reactions at the electrode/electrolyte inter-
face [32, 35, 36]. In addition, the initial state of the
discharge process may reflect a resistive component
arising from a sudden voltage drop representing the
voltage change due to an equivalent series resistance
(ESR) [28, 37]. Compared to the C4 electrode, the
rapid increase in the slope of the discharge curve with
current density, as seen in Figs. 7(a)—(c), indicates a
higher internal resistance and results in less ion dif-
fusion at the surfaces of the C6 and C8 electrodes.
As a result, the discharge time becomes shorter, and
the specific capacitance possibly decreases. From the
results of GCD, the specific capacitance (Cgep) can
be calculated using the following equation [36, 38]:

1At
Cocp = JAL
6D T LAy )

where I is an applied current density, At is the dis-
charge time, m is mass of the active material, and AV
is applied potential window during the discharge pro-
cess. Calculated discharge-specific capacitance values
of the C4, C6, and C8 electrodes are summarized in
Table 2. The variation of specific capacitance as a
function of current density of different electrodes is
presented in Fig. 7(d). It can be seen that the Cyepy
values decreased with increasing current density. Fur-
thermore, variation in specific capacitance of the dif-
ferent electrodes was in accordance with the C; val-
ues obtained from the CV technique, i.e., the highest
specific capacitance is found in the C4 electrode. The
maximum Cgcp, 115.3 F/g, can be achieved at a cur-
rent density of 1 A/g. This may be attributed to higher
porosity and specific surface area coupled with bet-
ter permeability of charges and ions at the electrode/
electrolyte interface of the C4 sample than for other
samples.

The cycling performance of an electrode is an
important parameter in practical applications. There-
fore, the long-term cycling performance of the C4
electrode was further investigated at a current den-
sity of 5 A/g for 5000 cycles. The results are shown
in Fig. 8. Typically, the electrolyte on the electrode
surface decomposes with increasing cycling time,
resulting in increased irreversible charging capacity
and consequently lower specific capacitance [38]. The
excellent cycling stability with a retention efficiency of
100% was maintained for 1900 cycles. Thereafter, the
specific capacitance gradually decreased from 82.4 to
81.0 F/g after 5000 cycles, corresponding to a capaci-
tive retention of 98%. This indicates excellent elec-
trochemical stability of the as-prepared C4 electrode.
Interestingly, the cycling stability of the fabricated
electrode is higher than the performance reported in

Table 2 The specific

S 1 C, (F/ C, F/

capacitances of the ampres : (Fe) gen (F/2)

electroactive materials Scan rate (mV/s) Current density (A/g)

calculated using cyclic

voltammograms (C.) and 5 10 50 100 1 2 5 10 20

chronopotentiograms (Cgep) ¢y 1173 956 726 561 383 1153 984 815 666 453
C6 95.7 81.4 67.7 50.3 31.2 94.6 86.9 72.8 54.1 334
C8 61.4 45.8 36.2 23.9 14.6 58.7 46.4 39.8 23.1 15.2
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Fig. 7 GCD curves of a C4, b C6, and ¢ C8 electrodes at different current densities and d the change in specific capacitance as a

function of current density

previous works [12, 32, 33, 36]. The inset in Fig. 8
shows the charge—discharge behavior of the C4 sample
at a current density of 1 A/g within a voltage window
from—0.1 to 0.45 V. Additionally, the Coulombic effi-
ciency (#), a parameter indicating the feasibility of a
redox process, can be calculated using the following
equation [39, 40]:

Ip
n= e x 100% (6)
where #;, and 7, are discharging and charging total,
respectively. In the first three cycles of the charge/
discharge process, the Coulombic efficiency is below
100%, indicating an irreversible capacity loss in the
prepared cells. This can be attributed either to the
blocking penetration of the liquid electrolyte into the
porous structured Co;O, materials at the initial state
of the measurement or to the irreversible formation
of the solid electrolyte interface and the decomposi-
tion of the electrolyte [41, 42]. Then, a Coulombic

efficiency of ~100% can be interpreted as a pos-
sible redox process of electrode material during the
charge—discharge processes. Extended cycling tests
can be performed without significantly damaging the
microstructure of the material [28]. As can be seen in
Fig. 8, there was no significant change in charge—dis-
charge over 5000 cycles. This shows that the as-pre-
pared Co;0, nanoparticles calcined at 400 °C have
high pseudocapacitance and good cyclability, indicat-
ing that they are a promising electrode material for
supercapacitor applications.

Electrochemical impedance spectroscopy was per-
formed to understand the fundamental charge trans-
port behavior of Co;0, electrodes. The corresponding
Nyquist plots of the different electrodes in Fig. 9(a)
were modeled with an equivalent circuit shown in
Fig. 9(b). R, is the internal solution resistance, which
includes the intrinsic resistance of the electrolyte,
contact, and electrode material. R, is the charge
transfer resistance caused by the Faradaic reactions
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occurring at the electrode surface. CPE is the con-
stant phase element to account for the double-layer
capacitance. Z,, is the Warburg impedance related to
the diffusion of ions [43]. In Fig. 9(a), it can be seen
that the Nyquist diagrams for the different electrodes
are similar. They show a semicircular region in the

high-frequency region and a straight line in the low-
frequency region, as shown in the inset of Fig. 9(a).
The Warburg section is shown between the semicir-
cular arc and the line. The high-frequency intercepts
on the real axis correspond to R, values of 0.31,
0.31, and 0.32 for the C4, C6, and C8 electrodes,

Fig. 9 a Nyquist plots of a
the different electrodes with ( ) 120 - (b) R‘ RCT ZW
the magnified impedance @
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frequency region (inset) 100 4 )
and b the corresponding
equivalent circuit
—~ 801
£
e
O 604
= —ov—Ca
N 404 —o—C6
C8
20 -
. 0 5 10 15 20
0 == Z' (Ohm)
— T T T T T ' T ' T T T T T T 1
0 10 20 30 40 60 60 70 80

@ Springer

Z' (Ohm)



J Nanopart Res (2022) 24: 126

Page 130f 14 126

respectively. The semicircular arcs correspond to R
values of 6.18, 8.18, and 12.06 for the C4, C6, and C8
electrodes, respectively. The lowest R, and R, values
clearly indicate that the C4 electrode has higher elec-
trical conductivity than the C6 and C8 samples. This
facilitates charge transport at the interface between
the electrode and the electrolyte. The present results
suggest that the crystal structure, microstructure
including particle size, pore size, pore volume and
specific surface area, and electrical conductivity are
all key factors promoting the excellent electrochemi-
cal performance of the C4 sample.

Conclusions

The present work demonstrates a facile and inex-
pensive synthesis of Co;0, nanoparticles for use as
working electrodes of supercapacitors. The crystal
structure showed that the Co;0, calcined at different
temperatures exhibited a normal cubic spinel struc-
ture. The crystallite size increased with calcination
temperature. The morphological properties were
studied and it was found that all the samples exhib-
ited polygonal shapes with average particle sizes
ranging from 34.1+4.0 nm to 294.3 +49.3 nm. The
N, adsorption—desorption results showed that the
sample calcined at 400 °C had the highest specific
surface area and pore volume (133.2 m*/g and 0.57
cm?/g, respectively). Electrochemical characteriza-
tion of the as-prepared Co;0, showed that all sam-
ples exhibited intrinsic pseudocapacitive properties.
The highest specific capacitance, 115.3 F/g, was
obtained at a current density of 1 A/g. Higher cyclic
stability was achieved with the C4 electrode at a cur-
rent density of 5 A/g. This can be attributed to the
superior electrical conductivity and high purity of
the phase structure with a larger specific surface area
and high porosity of the C4 material. Moreover, the
different oxidation states of Co ions in electrochemi-
cal reactions are the main factor for the high capaci-
tance values. The results of the current study indi-
cate the possibility of further developing the mass
production of Co;0, for supercapacitor applications.
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