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Abstract

In recent times, carbon-based material has received a keen interest in the
fabrication of electrodes because it enhances the performance of energy
storage devices. Amalgamated composites of three transition metals
(Co30,@CuO@NIiO) and graphene oxide (GO) were fabricated employing the
hydrothermal method. The performance of some fabricated electrodes was
optimized by annealing using various temperatures, examined for super-
capacitor application using a three-electrode system. Our results indicate
that Co;0,@CuO@NiO-amalgamated electrode optimized using 100°C tem-
perature shows enhanced features compared to deposited and other samples
annealed at various temperatures. These discoveries also showed that
Co30,@CuO@NiO-amalgamated electrode optimized using 100°C tempera-
ture delivered a specific capacitance of 1312 F/g from cyclic voltammetry anal-
ysis using 10.0 mV/s scan rate and 1258 F/g from galvanostatic charge-
discharge analysis using 1.0 A/g current density. The cycling stability of
electrodes annealed at 100°C was 92.5% after 10 000 cycles, indicating that
annealing at 100°C enriched electrode characteristics.
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1 | INTRODUCTION

Recently, research on electrochemical energy storage
devices has been of higher attention; this can be linked to
the higher demands for environmental-friendly energy
options, technological advancements, and the more
demands for wireless electrical systems.

Supercapacitors possess highly fascinating proper-
ties such as greater power density, high durability, and
exceptional performance when compared with the
conventional electrochemical storage systems (like
batteries and traditional capacitors).' Thus, super-
capacitors have bridged the gap among the small
energy density capacitors and the small power density
batteries.*” Nevertheless, recent research has focused
on improving the specific capacitance as well as the
energy/power density of supercapacitors. Electrochemi-
cal double-layer capacitance (EDLC) and pseudo-
capacitance are the basic storage mechanisms
associated with the majority of today's practical super-
capacitors.® EDLC mechanism involves an accretion of
two opposite charges over the electrode-electrolyte
edges, thus inducing a double layer effect. This primar-
ily requires a countermigration of excess electrolyte
ions to balance the insufficient conduction band elec-
trons within near-surface area of the electrode/
electrolyte boundary. EDLC mechanism is associated
with carbon electroactive materials (such as graphene,
carbon black, activated carbon, carbon aerogels, and
carbon nanotubes).”!’ These carbon materials have
enough surface area, excellent conductivity, and stabil-
ity. However, supercapacitors made of carbon materials
lack a remarkable energy density and specific capaci-
tance.'"'> The pseudocapacitive mechanism arises
from the effect of a quick and reversible charge migra-
tion across the electrode-electrolyte layer caused by a
faradaic process.'**> Unlike batteries, which also have
a similar charge storage behavior, the pseudo-
capacitance in supercapacitors is a relay of the degree
of charge reception and voltage fluctuation.'®'” Nowa-
days, metal oxide and conducting polymer are used as
the main sources of electrode materials that exhibit the
pseudocapacitance effect.'®'® Pseudocapacitors possess
significant energy density and specific capacitance aris-
ing from a redox effect, compared to the electrochemi-
cal double-layer capacitors. Low-power density is,
however, a major drawback of pseudocapacitors.?”*!

Electrodes comprising a mixture of carbon material
and metal oxides have been widely reported to achieve
improved electrochemical presentation. This denotes
optimal synergistic influence between highly conductive
carbon derivatives and redox-active metal oxides.***
Among the transition metal oxides, Co304, CuO, and

NiO are among the recently researched electrode mate-
rials for applications in high-performance super-
capacitors; this is because of their facile synthesis
method, non-toxic nature, and remarkable theoretical
capacitance.”*?°

A hierarchical composite of NiO-Co3;0,4,-NiO with a
fish thorns-like morphology (NiO NSAs@ Co050,4-NiO
FTNs) was synthesized through a chemical method for
application in supercapacitors. This material offered a
good areal capacity of up to 313 pAh/cm?® using a current
density of 4.0 mA/cm® and KOH electrolyte. The hierar-
chical composite was observed to exhibit an enhanced
electrochemical behavior when compared to their lone
pairs (Co30,4-NiO FTNs and NiO NSAs). These improved
features were credited to huge and porous surface area of
the hierarchical composite electrode, coupled with a sig-
nificant interaction among the mixed metal oxides.”’
Kim et al.*® synthesized the composite of CuO/Co30,
through a hydrothermal approach for application in
supercapacitors. The electrode offered a high specific
capacitance of up to 806.25 F/g in a current density of
2 A/g, and 99.75% capacitance retention after 2000 cycles,
which are of less value to that of the Cos;0, electrode.
The composite electrode also exhibited a remarkable per-
formance even under bending positions, which affords a
promising material for flexible energy storage devices. A
composite electrode comprising of an equal ratio of Co
and Ni yielded a high specific capacitance of up to
1832 F/g in 2.0 mA/cm current density and KOH electro-
lyte. The electrode also retained up to 98% capacitance
after 1000 charging and discharging cycles.”® A hybrid
structure comprising NiO@ Co;0,@GQDs for applica-
tions in lithium-ion batteries and supercapacitors was
synthesized by Yini et al.>° using a solvothermal tech-
nique. When used as a cathode in a supercapacitor, the
composite electrode offered an improved specific capaci-
tance value of up to 1361 F/g under a current density of
1 A/g, while 76.4% capacitance was retained after 3000
cycling test. The exceptional performance of this hybrid
electrode is credited to the multiple redox sites, enhanced
conductivity, and improved ion diffusion, which are facil-
itated by the graphene material that also acted as a con-
ductive support to NiO@Co3;0,4. An optimal synergistic
effect between the metal oxides (NiO and Co50,) and the
graphene quantum dots majorly contributed to the
increased electrochemical performance of the electrode
when compared to single metal oxide.>'** Our previous
studies have also recorded an improved electrochemical
behavior of mixed metal oxides when combined with
graphene.**?*

The effect of calcination temperature on electroactive
material was reported by Shaikh et al.*® and Jadhav
et al.’” It was observed that both the redox capability and
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electrochemical stability of the electrode increased signif-
icantly with the annealing temperature. This is due to the
optimized oxidation and reduced particle boundary den-
sity caused by the higher temperature.

In this work, we, hereby, present studies, findings, and
performance of annealing optimization of graphitized
hierarchical Co;0,@CuO@NiO for fabricated electrodes
for supercapacitor applications. Our work employed in the
enhancement of Co;0,@CuO@NiO electrodes by increas-
ing surface area, rate capability, reaction kinetics, provid-
ing sufficient electroactive spots, multiple ion transport
pathways, superior charge collection ability and rapid
redox reaction kinetics occasioned by the addition of
graphene oxide (GO), and increasing redox capability and
electrochemical stability due to increased annealing opti-
mization of Co;0,@CuO@NiO electrodes.

2 | EXPERIMENTAL SECTION

2.1 | Materials

Modified Hummers technique was employed in the syn-
thesis of graphene oxide. Other chemicals and reagents
used were obtained from Sigma-Aldrich. The entire
reagents used were of analytical grade.

2.2 | Synthesis techniques

About 50.0 ml, 0.5 M each of CoCl,-6H,0, Cu(NOs),
- 6H,0, and Ni(NO3), - 6H,O solutions was formed sepa-
rately. Various salt solutions were mixed together in a
beaker and 0.01 g of GO was produced using modified
Hummer's technique and dissolved in 20 ml of distilled
water and was transferred inside the mixed solution. All
the mixed solutions were stirred for 30 min for homoge-
neousness. A neutral solution was needed; therefore,
1.0-M sodium hydroxide (NaOH) solution was added
dropwise, while stirring with a magnetic stirrer was con-
tinued for another 30 min until a solution with pH 7 was
obtained. This stirred, homogenous, and neutral solution
was dispensed inside a 300-ml autoclave and four 2 by
2 cm? pieces of fluorine-doped tin oxide glass substrates
were fixed in the autoclave using Teflon tape and rod.
This autoclave was placed into an oven and heated to
180°C for 7 h. In the end, a thin film of composite mate-
rial was formed on the glass substrates, removed, and
rinsed using distilled water and was used for various ana-
lyses. The synthesis process employed in the course of
the experimentation is shown in Figure 1.
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FIGURE 1 Synthesis procedure used in fabricating electrodes
2.3 | Characterizations

The crystal configurations, morphologies, and composi-
tions of electrodes were examined using X-ray diffraction
(XRD), scanning electron microscopy (SEM), and energy-
dispersive X-ray (EDS), respectively. The XRD patterns of
various electrodes were measured on a Shimadzu XRD-
6000 X-ray diffractometer with a range of 20 = 10°-60°
using Cu Ka radiations (k = 0.154178 nm) and high-
resolution SEM operating with EDS, respectively. The
functional groups present in the pristine electrode were
examined using Fourier transform infrared (FTIR). The
UV-visible spectrophotometer was used in assessing the
absorption properties of various electrodes amid 350-
1100 nm range of wavelength.

2.4 | Electrochemical analysis

Cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), and electrochemical impedance spec-
troscopy (EIS) examinations of various electrodes were
tested with Gamry potentiostat using 1.0-M Na2SO04
aqueous electrolyte under the three-electrode arrange-
ment. We maintained the tested area of electrodes at 1.5
by 1.5 cm?®. Saturated Ag/AgCl and graphite rod were
employed as the reference and counter electrodes corre-
spondingly. EIS assessment was executed using fre-
quency ranges of 1.0-100.0 kHz. Pristine electrodes
stability test was conducted using a current density of
1.0 A/g over 10 000 cycles employing a three-electrode
scheme.
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3 | RESULTS AND DISCUSSIONS

3.1 | Phase analysis

The powder XRD machine was employed to study
the phase and crystallographic properties of various
samples and X'pert high score was used for the analysis.
Figure 2 presents the XRD spectra of graphitized
C05;0,@CuO@NiO annealed at different temperatures.
These spectra consist of orthorhombic phases of cobalt
copper oxide (CoCu,03) with JPCDS No. 00-021-0288 and
tetragonal copper nickel oxide (CuNiO,) with JPCDS
No. 00-006-0720. The 20 peak positions of CoCu,0;
appear at 29.70°, 33.00°, 36.71°, 39.29°, and 48.38° with
corresponding reflections of (011), (012), (103), (004), and
(014), respectively. CuNiO, possesses 26 angle peak posi-
tions at 36.71° and 42.50° with reflection planes of (111)
and (200), respectively. The peaks of GO and rGO
appeared at 20 angle approximately equal to 10.85° and
25.01° in the pristine and 100°C annealed samples, respec-
tively. However, for samples annealed at 200 and 300°C,
the peak of GO disappeared, while the peak of rGO
remains, but there is a reduction in rGO peak intensity as
annealing temperature increases. Various samples possess
a common peak at 26 angle equal to 36.71° confirming a
synergistic collaboration among various transition metal
oxides in the composite. The pristine and annealed sam-
ples are closely indexed to the standard pattern of their
pure oxides without any impurities. Sharp peaks observed
in all the XRD spectra confirm the formation of high crys-
talline Co30,, CuO, and NiO samples, and these sharp
peaks are reduced as annealing temperature increases.
Crystallite sizes of various nanomaterials were estimated
using the Scherrer equation as shown in Equation (1).>*

D— 0.91
pcosf

1)

where D stands for crystallite size, A represents incident
radiation wavelength (1 = 1.5406 A), p is the peak width

Intesity (a.u)

20 (Degree)

FIGURE 2 XRD spectra of pristine and annealed electrodes.
XRD, X-ray diffraction

TABLE 1 Summary of electrodes and crystallite sizes
S/N Electrodes Crystallite sizes (nm)
1 Pristine 36.58
2 Annealed at 100°C 32.44
3. Annealed at 200°C 28.22
4 Annealed at 300°C 24.78

at its half maximum compared with 26, and 6 is diffrac-
tion angle. Table 1 shows the summary of electrodes and
crystallite sizes.

3.2 | Morphology studies

Scanning electron microscopy equipment was engaged
for more understanding of the morphology of the fabri-
cated electrode as shown in Figure 3A-D. SEM images
present spherical and platelets of randomly adhered
particles covering the whole substrate surface with some
accumulations to form constellations of particles at
some points. The presence of some white patches at some
points on the surface of various substrates indicates the
presence of GO, which enhances the uniformity and ele-
mental anchoring on the skeleton of GO, demonstrating
that GO has an indispensable influence on the crystal
growth of these electrodes.” Figure 3A shows the SEM of
pristine Co3;0,@CuO@NiO electrode; it indicates the
presence of spherical, platelet, and few rod-like structures
with bigger grains of particles compared to annealed elec-
trodes. Figure 3B presents SEM image of graphitized hier-
archical Co;0,@CuO@NiO sample electrode annealed
using the temperature of 100°C, the platelets and rods
observed in the pristine electrodes disappeared, and only
spherical particles persisted with few agglomerations.
Figure 3C reveals the SEM image of graphitized ranked
C03;0,@CuO@NiO electrode annealed at 200°C; the size
of the spherical particles reduced, while the number of
particles and agglomerations increased. Figure 3D dis-
closes the SEM image of Co;0,@CuO@NiO electrode
annealed at 300°C; there is a drastic reduction in spheri-
cal particle size and increased formation of aggregates of
particle indicating movement to amorphization of the
electrode. However, electrodes’ porous nature assisted
various ions' migration and integration, which means,
enhancing the electrochemical performance of various
electrodes, especially for electrodes annealed at 100°C.

3.3 | Elemental compositional analysis

The equivalent EDS pattern of pristine graphitized hier-
archical Co03;0,@CuO@NiO electrode is shown in
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FIGURE 3
electron microscopy
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FIGURE 4 EDS spectrum of Co;0,@CuO@NiO electrode.
EDS, energy-dispersive X-ray

Figure 4. The spectrum obtained confirmed that the fab-
ricated pristine electrode has Co, Cu, Ni, O, C, and Cl ele-
ment peaks alone without impurities in the fabricated
electrode. It also confirms that the electrode was synthe-
sized without impurities, showing corresponding metal
ions used, while the outstanding manifestation of oxygen

e ed WILEY._ s

SEM micrographs of Co;0,@CuO@NiO electrodes (A) pristine, annealed at (B) 100°C (C) 200°C (D) 300°C. SEM, scanning

peak with prominent intensity indicates that the elec-
trode was efficiently fabricated and each metal ion trans-
formed to their respective metal oxides.’ The presence of
carbon (C) element peak in the EDS spectrum confirmed
the presence of reduced graphene oxide, a derivative of
carbon. The presence of chlorine is also observed in the
EDS spectrum; this chlorine emanated from hydrogen
chloride acid (HCI) used during the synthesis of reduced
graphene oxide, which formed a part of GO functional
groups.

3.4 | Functional groups analysis

Figure 5 displays the FTIR spectroscopy showing the
molecular sensations of various functional groups exis-
ting and contained by the 500 cm™'-4000 cm ™' wave-
length ranges. The obvious hollow in the spectrum of the
pristine electrode around 3420 and 1450 cm ™' occurred
because of stretching and vibrations of water molecules.*
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FIGURE 5 FTIR spectrum of pristine Co;0,@CuO@NiO
electrode. FTIR, Fourier transform infrared

TABLE 2 Analysis of functional groups in pristine and
graphitized Co;0,@CuO@NiO electrode

S/N Wavenumber ranges Functional groups
1 3550-3200 Hydroxyl compound
2 1432-1621 Aromatic ring

3. 1150-911 C-0O-C group

4 858-733 C-H

Various functional groups captivate sun energy at a given
specific frequency, which matches with given vibrations
including epoxy, hydroxyl, carboxylic, aromatic, and car-
bonyl.***° Various chemicals utilized in GO synthesis
and metal oxide vibrations all contributed to these func-
tional groups present in the pristine electrode. Table 2 is
the breakdown of functional groups in pristine and
graphitized Co;0,@CuO@NiO electrode.

3.5 | Optical analysis

Light absorption features of graphitized hierarchical
C05;0,@CuO@NiO electrodes were analyzed with the
help of a UV-visible spectrophotometer using a wave-
length range of 350-1100 nm. Figure 6A shows the
schemes of optical wavelength against absorbances of
various electrodes. The electrode absorbance fell from the
visible part of the electromagnetic spectrum and
advanced by diminishing, while wavelength increased in
the direction of the near-infrared region, as observed in
all electrodes. The results of electrode absorbance show
low absorbance properties for pristine and electrode
annealed at 100°C, but high absorbance for electrodes
annealed at 200 and 300°C. Low absorbance recorded in
pristine and electrode annealed at 100°C may be attrib-
uted to the presence of GO in the electrode. However,
when the temperature rises, the absorbance of electrodes
annealed at 200 and 300°C rises, which could be due to

GO to rGO conversion. Tauc's equation was used to cal-
culate the optical bandgaps of these electrodes, as pres-
ented in Equation (2).

a=A(h—E,)" (2)

However, in a straight bandgap transition, a is the
absorption coefficient, Eg is the absorption bandgap, and
A s a constant and n is .

The assessed bandgap energies for pristine graphi-
tized Co;0,@CuO@NiO and annealed at 100, 200, and
300°C electrodes are 2.00, 1.90, 2.47, and 2.52 eV corre-
spondingly. Extrapolating the undeviating portion of
each plot of (ahv)® against (hv) axis yielded various
bandgap energy values for each electrode. The synergistic
alliance among transition metal oxides GO*' produced a
reduced bandgap energy suitable for applications in an
energy storage device.

3.6 | Electrochemical studies
The redox nature of various electrodes was examined
using CV plots shown in Figure 7A-D. Scan speeds of
10, 20, 30, 40, 50, 70, 80, 90, and 100 mV/s with a voltage
window of 0.0-0.7 V were used to record various curves
of fabricated electrodes. The appearance of faradic revers-
ible redox peaks prompted by surface adsorption of ions
between electrodes and electrolyte explains the double-
layer capacitance storage mechanism of fabricated
electrodes.*” The nonexistence of shape distortion in CV
curves in all scan rates demonstrated the redox stability
of the fabricated electrodes.*” The large integrated area of
CV loops indicates that these electrodes are good double-
layer capacitive electrodes.****

Equation (3)*> was used to estimate the specific
capacitance value of various electrodes produced using
CV curves.

Cop i(V)av (F/g) (3)

- mVs

where m is the mass loaded in mg, V is the potential win-
dow used in volts, S is the sweep rate in mV/s, and i is
the current applied in ampere (A).

The calculated specific capacitance of various fabri-
cated electrodes using 10.0 mV/s scan rate, which is the
scan rate with the highest specific capacitance, is 1146,
1312, 875, and 772 F/g for pristine, annealed at 100, 200,
and 300°C, respectively. These results indicate that mod-
erate annealing enhances the performance of synthesized
electrodes.
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We measured electrodes’ specific capacitance, energy,
and power densities using GCD with 1.0 A/g current den-
sity, as shown in Figure 8A. The electrolytic conditions
employed in the GCD investigation were the same as
those used in the CV measurements. Equation (4)** was
used to compute the specific capacitance.

o= F/8) @

where dV/dt denotes GCD's slope, m denotes active mass
loaded, and I stands for current employed throughout the
test. The computed specific capacitances from Figure 8A

0.0 0.1 02 03 04
Potential (V vs Ag/AgCl)

0.5 06 0.7 00 01 02 03 04 05 06 0.7
Potential (V vs Ag/Ag/Cl)

show that pristine, annealed at 100, 200, and 300°C, respec-
tively, achieved 1022, 1258, 945, and 715 F/g. Results
obtained show that sample electrode annealed using 100°C
performed better matched with other fabricated electrodes.
This bizarre behavior could be attributed to recrystallization
that occurred after the annealing temperature provided
heat energy.” The energy (E4) and power (P) densities were
calculated using Equations (5) and (6)."*

Eq=0.5Cs(AV)? (5)

E
Pg= 3.67(1 (6)
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where AV stands for potential window used and
t represents the time to discharge. The calculated energy
densities from Figure 8A were 250.39, 308.21, 231.21, and
175.18 Wh/Kg, respectively, for pristine, annealed at
100, 200, and 300°C with respective power densities of
4.55, 5.69, 4.21, and 3.20 W/Kg.

The electrochemical system's reaction kinetics was
studied using EIS. As shown in Figure 8B, the EIS was
performed at room temperature with a frequency range
of 1.0 Hz-100.0 kHz. In the EIS investigation, the equiva-
lent electrical circuit model of the constant phase ele-
ment (CPE) was adopted. Using the Nyquist plot, CPE
with the diffusion model in Figure 8C was used in calcu-
lating the resistance fitted with a Nyquist plot. The model
was utilized to evaluate the resistance of electrolytic

Scan rates (mV/s)

solution and produced electrodes, and it matched abso-
lutely. Various electrodes have electrolytic resistances
(Re) of 3.0, 1.5, 8.0, and 12.0 for pristine, annealed at
100, 200, and 300°C, and working electrode resistances
(Rw) of 0.05, 0.02, 0.09, and 1.08 for pristine, annealed at
100, 200, and 300°C, respectively.

The cycle stability and efficiency of graphitized
C03;0,@CuO@NiO sample electrode annealed using a
temperature of 100°C having a superior property were
tested using a current density of 1.0 A/g for continuous
10 000 cycles as illustrated in Figure 9A. The result of the
cycling test obtained from the electrode annealed at
100°C, which delivered a healthier performance, also dis-
played advanced cycle stability of 92.5% after delivering
10 000 cycles displaying that optimization by annealing
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using the temperature of 100°C enhanced electrodes’ per-
formance. GCD plots of the ending 20 cycles were shown
as an inset in Figure 9A, varied marginally, indicating
good cyclic stability.*® The coulombic efficiency of graph-
itized Co;0,@CuO@NiO fabricated electrode and opti-
mized with 100°C temperature was assessed by means of
the formula presented in Equation (7). The coulombic
efficiency () defines the efficiency as well as rate of
charge transmission within arrangement or scheme,
which was used in rating electrochemical reactions.

T
n= T—d x 100% (7)

C

where T4 and T. signify the time to discharge and charge
correspondingly. The coulombic efficiency of the elec-
trode annealed at 100°C was estimated to be 92.5%.
Figure 9B presents the specific capacitance vs scan rates
as obtained from the CV of various graphitized
C05;0,@CuO@NiO electrodes. The study showed that
the specific capacitance of various electrodes changed
marginally, confirming an excellent cyclic reversibility.

4 | CONCLUSIONS

Graphitized hierarchical Co;0,@CuO@NiO electrodes
were admirably invented by means of the hydrothermal
technique for use in supercapacitor electrodes. GO was
incorporated in the nanostructured electrodes synthe-
sized because of its pronounced surface area and high
electrical conductivity. The mutual collaboration
between the transition metal mixtures and GO
enhanced electrodes features life span and firmness.
Results obviously indicate that the addition of GO as
well as moderate annealing enhanced the performance
of the electrode; however, restrained annealing is
required because annealing at higher temperature
reduced electrodes’ performance. The interaction
between graphene oxide and composite metal ions
enhanced the performance of Co;0,@CuO@NiO elec-
trodes. It is also observed that moderate annealing
increased redox capability and electrochemical stability,
hence, increasing Co;0,@CuO@NiO electrodes' perfor-
mance. The coulombic efficiency of the electrode
annealed at 100°C is 92.5%, better than pristine and
annealed at higher temperatures, confirming that
annealing at a moderate temperature optimized the per-
formance of the electrode.
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