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ABSTRACT

In this study, a facile hydrothermal technique was used, and the commercially important cobalt oxide nanoparticles
were synthesised for pseudocapacitor electrodes in supercapacitor applications. The prepared particles were subjected
to different characterization techniques to determine their phase structure, topography, and elemental composition
by XRD, FE-SEM, TEM, and EDAX. The XRD pattern confirmed the formation of pure cubic spinel CosOa phase
with well-defined diffraction peaks and without any impurity phases, indicating high crystallinity of the synthesized
nanoparticles. In addition, Raman spectroscopy exhibited prominent vibrational modes at around 469, 514, and
684 cm!, corresponding to the Fog and Aig modes of the spinel CosOs structure, further confirming the successful
formation of phase-pure cobalt oxide with strong crystalline quality. Further, the particles electrochemical properties
were investigated in an alkaline electrolyte at 3 M. The electrochemical studies confirmed that during galvanostatic
charge and discharge studies, the built electrode displays a maximal specific capacitance value of 450 Fg' at 6 Ag.
In addition, the cyclic stability experiments confirmed that the prepared electrode exhibits a retaining ability of 87%

even after cycles at 10 Ag™'. Further, the constructed symmetrical structure achieved a highest power density of 1312

*CORRESPONDING AUTHOR:
Senthilkumar Velusamy, School of Applied Physics, Papua New Guinea University of Technology, Lae 411, Papua New Guinea; Email: velusamy.
senthilkumar@pnguot.ac.pg

ARTICLE INFO
Received: 24 August 2025 | Revised: 20 September 2025 | Accepted: 27 September 2025 | Published Online: 4 October 2025
DOI: https://doi.org/10.55121/nefm.v4i2.689

CITATION
Osora, H., Edison, T.J.I., Kolkoma, D., et al., 2025. Electrochemical Energy Storage Studies on Sustainably Synthesized Co0s;O4 Nanoparticles for
Supercapacitor Electrodes. New Environmentally-Friendly Materials. 4(2): 1-13. DOI: https://doi.org/10.55121/nefm.v4i2.689

COPYRIGHT
Copyright © 2025 by the author(s). Published by Japan Bilingual Publishing Co. This is an open access article under the Creative Commons Attri-
bution 4.0 International (CC BY 4.0) License (https://creativecommons.org/licenses/by/4.0).


https://ojs.bilpub.com/index.php/nefm
https://orcid.org/0000-0003-4617-1385
https://orcid.org/0000-0001-8471-6804 
mailto:velusamy.senthilkumar@pnguot.ac.pg
mailto:velusamy.senthilkumar@pnguot.ac.pg
https://doi.org/10.55121/nefm.v4i2.689
https://doi.org/10.55121/nefm.v4i2.689
https://creativecommons.org/licenses/by/4.0

New Environmentally-Friendly Materials | Volume 04 | Issue 02 | November 2025

W kg ! with an energy density of 19 Wh kg™', measured at a current density of 10 Ag™'. These results demonstrate that

hydrothermally synthesized CosO4 nanoparticles are promising, low-cost, environmentally benign electrode materials

for high-power supercapacitor applications such as power buffering in renewable-energy systems and short-duration

backup for portable electronics.

Keywords: Hydrothermal; Supercapacitor; Cyclic Voltammetry; Symmetrical Device

1. Introduction

An issue of paramount importance for both estab-
lished and emerging nations is the world’s energy con-
sumption rising annually, highlighting the critical need for
renewable energy sources that are both clean and environ-
mentally friendly . Consequently, researchers are con-
centrating on a potential alternative solution to this prob-
lem by enhancing energy conversion and storage systems
7 In the energy storage device category, supercapacitor
exceeds secondary batteries in several ways, including
eco-friendliness, charging speed, cycle life, and energy
density ™. In recent years, glucose-derived carbon has
attracted attention in energy storage because of its renew-
able source, tunable porosity, and good conductivity. It has
been combined with transition metal oxides to improve ca-
pacitance, though challenges remain with stability, rate ca-
pability, and cycle life """, Research on active materials
for pseudocapacitor electrode applications, metal oxides
and their hydroxides, has gained significant importance in
recent years due to their enormous capacitance and quick
redox kinetics "®. Several transition metal oxides, includ-
ing ZnO, NiO, MnO, and RuO, """, are widely used as
pseudocapacitor electrodes due to their multiple oxida-
tion states, different shapes, and structures that improve
electrochemical performance through reversible redox
reactions. Among those materials, researchers are particu-
larly interested in Co,0, nanoparticles due to their unique
characteristics and applications “". Co,0, nanoparticles
are used in sensors, catalysis, batteries, capacitors, field
emission materials, and magneto-resistive devices ****.
Particularly, cobalt oxides and their forms are identified
as an emerging material for use in supercapacitors. For its
cost-effectiveness, high theoretical C, (3560 Fg '), strong
redox activity, and environmental friendliness **. The co-
balt oxide’s spinel structure is formed by the position of
oxide ions in a cubic close packing (CCP) array. Inside this

structure, the Co”" and Co’" ions occur in the tetrahedral 8a

and octahedral 16d sites, respectively. Notably, Co,0, is
an easily reducible oxide material because of its low bar-
riers for oxygen vacancies and weak Co-O bond strength.
This makes it a very good choice for use as an electrode
in supercapacitors . Supercapacitors need to be viewed
alongside other storage technologies such as lithium-ion
batteries and fuel cells. Although supercapacitors have
lower energy density, they provide faster charging and lon-
ger cycle life. Progress in batteries includes scalable mi-
crowave-assisted production of TisC.TxMXene for Li-ion
and Na-ion systems “”. For supercapacitors, NiFe-LDH/
PANI composites made via microwave-assisted methods
have also shown strong performance . Together, these
studies highlight both competition and complementarity
between different energy storage systems. Furthermore, it
is well known that the performance of supercapacitors is
significantly impacted by the crystallographic structure and
crystallinity, shape, surface area, combination of chemical
elements, and framework stability of nanostructured mate-
rials. Due to these merits, extensive work has been focused
on synthesising Co;0, with controlled size, morphology,
and crystal structure ****. The hydrothermal technique is
frequently used to synthesise nanostructured materials,
which have the advantages of easy control of size, shape,
crystal structure, and low reaction temperature. Also, nano-
materials with high vapor pressures can be generated by
the hydrothermal process with low material loss ',

In this work, the Co;0, nanoparticles are synthesised
using a straightforward hydrothermal technique for their
implementation as an electrode in supercapacitors. The
crystalline phase and morphological properties of synthe-
sised Co;0, nanoparticles were analysed by XRD, FE-
SEM, and TEM measurements. The chemical stability,
oxidation process, and capacitive behavior of the prepared
Co30a-based electrode were investigated through an elec-
trochemical workstation. Finally, a symmetrical device is
fabricated and tested for its energy density and power den-

sity.
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2. Experimental Methodology

2.1. Preparation of Nano-Sized Cobalt Oxide
(Co0304) Particles

All the compounds have been used without any ad-
ditional purification. The synthesis comprised stirring 0.5
g of cobalt (II) acetate tetrahydrate (Co (CH;CO,),"4 H,0)
with 75 mL of ethanol in a magnetic stirring device for
an hour to get a clear solution. In another beaker, 0.05 g
of sodium carbonate (Na,CO;-10H,0) was dissolved in

Cobalt —precursor
+
Co (CH,C0,),-4 H,0
+
C;H;0H
(Cobalt —precursor)

Na,€0,.10H,0+ C,H;0H

)
= m m "‘
- K
/ EE -

20 mL of ethanol. Further, both solutions were combined
and placed into a hydrothermal unit. The temperature of
the reaction was held steady at 170 °C for a duration of 16
hours. Once the material reached the surrounding tempera-
ture, it underwent many rounds of centrifugation using eth-
anol and deionized water. Finally, to characterize, followed
by electrode preparation, the obtained compound was an-
nealed for one hour at 500 °C. Figure 1 illustrates an ex-
ploded diagram of the complete hydrothermal processing

steps for the synthesis of CosO4 nanoparticles.

Hydrothermal
Process

Centrifugation

el
16hrs @ 170°

ﬁw
l

Anealed at 500°/1hr

Figure 1. A schematic outline representing the synthesis procedure for Co:O4 nanoparticles.

2.2. Material Characterizations

The XRD measurements were conducted by Mal-
vern PANalytical instruments to determine the crystalline
form of the samples that were prepared. The composition,
particle dimensions, and surface morphology were ex-
amined, incorporating a field emission scanning electron
microscope (FESEM, ZEISS SmartSEM, Germany) and
a high-resolution transmission electron microscope (HR-
TEM, JEOL JEM 2010, performed at 200 kV). Raman
spectra were acquired by using a confocal Raman micro-
scope (WITec alpha 300 RA, Ulm, Germany) that featured

a 532 nm excitation wavelength green laser.

2.3. Electrochemical Characterization

Electrochemical efficacy was assessed by employing
a GAMRY electrochemical workstation (Model: Interface
1010E) with a 3M KOH aqueous electrolyte at ambient
temperature. The working electrode was constructed by
preparing a paste that included 80% produced active mate-
rial, 10% porous carbon, and 10% PVDF in NMP solvent.
This mixture was uniformly applied onto pre-cleaned nick-
el foam using a pressing process. To ensure adequate adhe-
sion and get rid of residual solvent, the coated electrodes
had been dried at 80 °C for 15 h. A three-electrode setup

was employed, incorporating a silver reference electrode
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and a platinum foil to be the counter electrode. The elec-
trochemical characteristics of the prepared electrodes were
carefully investigated through cyclic voltammetry (CV),
galvanostatic charge-discharge (GCD) tests, and imped-
ance spectroscopy (EIS).
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3. Results and Discussion

3.1. Structural and Morphological Studies

The XRD diffraction patterns of the synthesised co-
balt oxide are presented in Figure 2.
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Figure 2. XRD profile of CO304 nanoparticles (a) and (b) Williamson-Hall plot.

Noticeable diffraction peaks at 18.98, 31.17, 36.88,
38.50, 44.74, 55.45, 59.22, 65.07, 74.11, and 77.38, which
correspond to reflections from the planes (1 1 1), (2 2 0),
(311),(222),(400),(422),(511),(440),and (53 3).
The obtained peaks are well aligned with the face-centred
cubic crystallographic structure of the Fd3m space group
(JCPDS:431003). The XRD spectrum depicts the absence
of other impurity-related peak profiles, thus indicating
higher purity of Co;O,. Further, high-intensity peaks indi-
cate that the synthesised powders are crystalline in nature.
The Deby-Sherrer equation was applied to determine the

average crystallite size, as shown below ">*:

kA

ﬁ\(hkl\)cose(hkl)

Here, k, A, B, and 0 represent the Scherrer constant
(0.89), X-ray source wavelength, FWHM of the diffraction
peak, and the Bragg reflection angle, correspondingly. The
estimated average crystallite size was determined to be 23
nm. Additionally, the crystallite size was further analysed
using the Williamson-Hall method, applying the following

equation Y.

Bcosd = % + 4¢ sinb

In Figure 2, the y-intercept of the linear fit relates to
the crystallite size, whereas the slope of the fitted line re-
flects the lattice strain within the material. The synthesised
C,;04 nanoparticles had a lattice strain of and an extracted
particle size of 32 nm. The Sherrer formula yields a low-
er calculated crystallite size for C,304 than the W-H plot
methods. In general, intrinsic micro-strain in nanocrystals
is caused by stacking defects, point defects, triple junc-
tions, and grain boundaries **. Hence, the broadening of
X-ray diffraction peaks is additionally influenced by lattice
strain and defects. The higher crystallite size value derived
from the W-H plot estimates peak broadening by factoring
in the enlargement of the diffraction peak width as a func-
tion of 26, which incorporates lattice strain and defects,
whereas the Sherrer equation considers only peak broaden-
ing .

Further, FE-SEM was implemented to examine the
surface profile and microstructural characteristics associ-

ated with the Cos04 nano-sized particles, as presented in
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Figure 3. Noticeably, the particles are well-crystallised
nanocrystals with weakly agglomerated assemblies. The

agglomeration is mainly caused by the coulombic force

between the particles due to the Van der Waals force. The
size of the particles was determined and indexed utilizing

Imagel software, as in Figure 3.

Figure 3. FE-SEM pictures of Co304 nanoparticles with low to high magnifications.

The measured average particle size is closely
matched with the XRD results. Additionally, a mapping
examination was conducted to investigate the chemical
composition of cobalt (Co) and oxygen (O) components in
the scanning electron microscope. The mapping images of
the selected area, the mixed cobalt and oxygen, cobalt (Co),
and oxygen (O), are shown in Figure 4. The mapping sur-
vey images demonstrate that Co and O are uniformly dis-
tributed, and as a result, the elemental chemical composi-
tion ratio is almost in near proximity. EDAX analyses were
conducted to inspect the purity and stoichiometry. As dis-
played in Figure 4, it is clearly shown that Co and O only
appeared in the EDAX spectrum. The other two peaks,
around 0.28 and 2.15 keV, are caused by the conducting
carbon tape and sputtered Au. The atomic weight % of co-
balt (Co) and oxygen (O) were determined to be 60.02%
and 39.98%, respectively. These values closely align with
the expected ratio of Co;0,. No additional elemental trac-

es can be found, confirming the high purity of the Co,0,

nanoparticles.

Figure 5 displays the transmission electron micros-
copy image of Co304 nanoparticles with different magni-
fications. TEM analysis provides information on the size,
shape, and state of aggregation of the Co304 nanoparti-
cles. The TEM picture in Figure 4 reveals that the
Co30O4nanoparticles are in an irregular shape, and the
measured particle size lies in the range of 17-31 nm,
which agrees with the XRD and FE-SEM measurements.
The measured interplanar distance value of 0.24 nm corre-
sponds to the reflection plane of (311) for cubic Co304
(refer Figure 5). It is also clearly evidenced from the
SAED pattern of Figure 5 that the prepared Co304 is crys-
talline in nature. According to the SAD pattern, the diame-
ter of each diffraction ring is proportional to Jh’+i*+1,
where (hkl) denotes the Miller indices of the respective
planes.The measured diffraction fringe pattern corresponds
tothe (220),(311),(222),(400),(422),(511),and
(4 4 0) planes, which are in line with the peak profiles re-



New Environmentally-Friendly Materials | Volume 04 | Issue 02 | November 2025

ported in the XRD results.

Raman analysis is an effective technique to deter-
mine the sample’s purity as well as its oxygen vacancies,
the degree of crystallinity, stacking faults, and size effects
of the nanoparticles. The spinal structure of Co;O, crystal-
lises in the cubic Fd3m space group. For the Fd3m sym-

metry, the space group theory predicts the following active

modes. From the aforesaid vibrations, and are Raman ac-
tive modes. Among the vibrations originated from modes,
four are vibrations of infrared active Raman modes, where-
as one is a vibration of the acoustic mode. The other ex-
isting vibrations (, , and ) are the inactive modes of Co,0,
[37

! The room temperature Raman spectrum of the Co,0, is
presented in Figure 6.
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Figure 4. The selected area for the elemental mapping of Co304 nanoparticles (a), the overlapping of cobalt and oxygen (b), elemen-

tal mapping for cobalt (¢), oxygen (d), and the EDX spectrum (e).

Figure 5. TEM picture of cobalt oxide at different magnifications (a—c), high-resolution TEM picture (d), and SAED pattern (e).
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Figure 6. Raman spectra of Co304 nanoparticles.

The strongest peak at 666 cm ' showed the typi-
cal characteristics of the octahedral sites of A,, mode,
whereas the peaks at 193, 505, and 607 cm ' were clas-
sified as F,, mode. The vibration at 465 cm ' was related
to the E, modes of Raman active vibration. The E, and
F,, modes were linked to the corresponding vibrations of
tetrahedral and octahedral oxygen motions "' The minor
shift seen at the peak can also be explained by size-de-
pendent effects or by stresses and strains developed by
the surface. The positions of the peaks are consistent
with those previously recorded for crystalline Co,0,"”.
The low intensity with the broadened nature of the peaks
establishes the formation of nanocrystalline Co;0,. The
results obtained from the Raman spectrum agreed well
with the XRD results.
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3.2. Electrochemical Analysis

The cyclic voltametric test for the Co;O, nanoparti-
cle electrode was conducted in a 3M KOH aqueous elec-
trolyte with diverse scan speeds, as depicted in Figure
7. The applied working potential window was fixed be-
tween —0.25 and 0.3 V. It is clear from the CV curve that
there are two significant oxidation peaks (A, and A,) and
the related two reduction peaks (C, and C,) in the range
of 0.07-0.24 V and —0.05-0.12 'V, respectively (refer to
Figure 7). The oxidation and reduction peaks that were
seen are caused by reversible redox transitions from Co™
to Co” and Co™ to Co™. On the basis of the Co,0, elec-
trode CV profiles in an alkaline medium, the two redox
couples that were observed may be explained by the fol-

. 40,41
lowing redox processes “**".

(b) 0
120 —02mVs’
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Figure 7. (a) Cyclic voltammetry profile of Co304 electrode at 30mVs-1 and (b) different scan speeds (inset: reduction peak current

density vs scan speed).
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C0,0, +H,0 + OH = 3CoOOH + ¢~
CoOOH+OH +=Co0, +H,0+¢"

The redox pairs of A, and C,from the CV profile
indicate the electron transfer process between Co™ and
Co”. During the reaction, there is a reversible intercala-
tion of ions into Co,0,, which is then reduced to CoOOH.
As a result, the electrode’s charge storage capacity is en-
hanced via pseudocapacitance. The A, and C, redox peaks
indicate the transformation of Co™ from Co"™ due to the
adsorption of ions on the near surface, which thus pro-
duces CoO, during the reduction process. The process is
irreversible and non-faradaic, although it still contributes
to capacitance. The deviation of the CV curve from a rect-
angular shape suggests that the charge-storing mechanism
is attributed to the pseudocapacitive process, which arises
from reversible redox reactions >*!. The distortions of CV
curves upon positive and negative scans reflect irreversible
redox features that are controlled by polarization effects,
along with the ohmic resistance experienced through the

process of Faradaic process **. Additionally, the inset in

Figure 7 reveals an almost linear dependence between the
oxidation peak current density and the scanning rate. The
confirmed existence of surface redox processes supports
the characteristics of the pseudocapacitive electrode be-
haviour of Co,0,.

Enhanced cycle reliability and higher-rate discharge
capabilities are necessary for the material to be success-
fully utilised for supercapacitive electrode applications.
The charge/discharge evaluation was done for the Co,0,
electrode with numerous current densities over a potential
range of —0.25 to 0.25 V, as presented in Figure 8. The
nonlinear structure of the discharge curve confirms that
Co030s exhibits pseudocapacitive behaviour due to adsorp-
tion/desorption along with the redox processes triggered
within the electrode and electrolyte interface °"*. The
Co,0, electrode’s specific capacitance (C,) was determined

using the GCD curves from the relationship as follows “**"):

_ Discharge current(I) < Discharge time\(At\)
Active material mass(m) = Voltagerange\(AV")

8

The specific capacitance (Cs) of the CosOa4 electrode

at different current densities is displayed in Figure 8.
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Figure 8. (a) Galvanostatic charge-discharge (GCD) analysis of the CosOa4 electrode at different current densities; (b) Specific capac-
itance (Cs) variation as a function of current density; (¢) Cycling stability and capacity retention over multiple charging-discharging

cycles; and (d) Impedance profile of the CosOa.
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The electrode achieves a maximum specific capac-
itance (Cs) of 450 F g! at a current density of 6 A g™
Even when the current density increases to 20 A g, the
capacitance remains at 305 F g!, demonstrating that the
electrode has efficient charge storage capability. Assess-
ing the electrode’s cycling stability is essential to evaluate
its structural integrity and electrochemical durability in
supercapacitor applications. To examine the durability of
the material, the CosO4 electrode carried out continuous
charge-discharge cycles under an applied current density
of 10 A g'. As demonstrated in Figure 8, the electrode
preserved 89% of its original capacitance, confirming its
robustness and sustained electrochemical behavior. These
findings underscore the material’s potential for reliable en-
ergy storage in supercapacitors.

The Nyquist graph analysis for the Co,0, electrode
in 3M KOH is seen in Figure 8. It is observed from the
figure that there is a minute semicircle in the higher fre-
quency range and a slanting line in the lower frequency
range, which represents the presence of double-layer ca-
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pacitance along with the supercapacitance of Co;0,. The
obtained Nyquist plot is exactly compatible with the pro-
posed equivalent circuit presented in Figure 8. The total
resistance and capacitance of the Co;0, electrode in KOH
are about 10 Q/cm’ and 3.124 pF/cm’, which are obtained
from the fitted results, respectively. The low resistance and
good conductivity of the Co,0, electrode strongly suggest
it can be applied as a supercapacitor “**”.

The performance and efficiency of electrochemical
supercapacitors are significantly defined by the criteria
of energy and power density. To verify these properties, a
symmetrical device was fabricated using a Swagelok cell.
Each electrode contained 0.32 mg of active material, giv-
ing a total loading of 0.64 mg. A Whatman filter paper was
used as the separator in a 3 M KOH electrolyte. Figure 9
depicts the CV profile, galvanostatic charging/discharging
profiles, and calculated capacitance values of a Co;0,//
Co,0, symmetrical device. Figure 9 presents the CV pro-
files at various scan speeds for the device operating within
a potential range of —0.3t0 0.8 V.
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Figure 9. Electrochemical efficacy results of Co304//C0304 symmetric device: (a) CV profiles at various sweep rates; (b) GCD pro-
files at various current densities; (¢) measured specific capacitance for different current densities; (d) energy density versus power
density plot.
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The structure of the CV profile remains the same
without any redox peaks while increasing the scan speeds,
indicating that the built-in device has excellent reversibili-
ty, rate capability, and a moderate operating cell voltage "
Figure 9 depicts the galvanostatic charge/discharge curves
for the Co,0,//Co,0, symmetrical device at various applied
current densities ranging from 2.5 to 6.5 Ag '. With an in-
crease in current density, the discharge time decreases, and
the charge-storing efficacy of the symmetric supercapaci-
tor device decreases because electrolytic ions cannot effec-
tively reach all of the active sites. Furthermore, IR drops
at the initial portion of the discharge curve are due to the
internal resistance of the symmetrical device. To evaluate
the energy and power densities of the symmetrical device,
the measured capacitance value and discharging time were

used and derived by using the following relationship "

) CS x AV?
Energy density (ED) = =, 5
) EDx3600
Power density (PD) = —

Where Cs, and AV are the specific capacitance (C,)
calculated from the two-electrode system, discharging
time, and operating potential window, respectively. Fig-
ure 9 depicts the energy density vs. power density curve
for the Co,0,//Co,0, symmetrical device. The device dis-
plays a maximum energy density value of 19 Wh kg ' and
a power density of 1312 W kg ™' at a current density of 2.5
Ag ', which are consistent with the previously published
reports °*). Based on the previously discussed research
findings, CosO4 has demonstrated significant potential as
an intriguing electrode material for pseudocapacitor uses
in supercapacitors. Its outstanding electrochemical charac-
teristics, including rich specific capacitance and redox ac-
tivity, as well as stability, allow it to be an attractive option
for enhancing energy storage performance in advanced su-

percapacitor systems.

4. Conclusions

To summarize, a simple, cost-effective hydrothermal
process was employed to synthesize CosO4 nanoparticles
for supercapacitor electrode applications. The XRD profile
confirmed that the synthesized CosO4 nanoparticle had a

face-centered cubic crystal structure. In addition, Raman

analysis also supports the XRD results. The GCD mea-
surements showed the Cos04 electrode delivered a maxi-
mum capacitance of 450 Fg ™' at a current density of 6 Ag™'
in a 3M KOH aqueous electrolyte. The Co3Oa electrode
preserved 87% of its initial capacitance following succes-
sive charge-discharge cycles at a current density of 10 A
g !. Furthermore, the assembled symmetric supercapacitor
proved a peak energy density of 19 Wh kg ' and a power
output of 1312 W kg~' when evaluated at a current density
of 25A g™
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