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Abstract:

The growing demand for efficient and sustainable energy storage
systems has stimulated extensive research into advanced supercapacitor
electrode materials. Among the various transition metal oxides, those
based on cobalt and nickel have emerged as promising candidates due to
their rich redox behaviour, multiple oxidation states, and high theoretical
capacitance. Notably, mixed Co/Ni oxides have demonstrated superior
electrochemical performance compared to individual metal oxides,
attributable to the synergistic interaction between cobalt and nickel ions.
Recent advancements in nanostructure engineering have significantly
enhanced the electrochemical properties of these materials by improving
surface area, electrical conductivity, and ion/electron transport pathways.
This review offers a comprehensive overview of Co/Ni oxide-based
materials for high-performance supercapacitor applications. The
fundamental mechanisms of charge storage and key electrochemical
parameters are succinctly examined. Various synthesis methods,
including hydrothermal, sol-gel, co-precipitation, and electrodeposition
techniques, are analysed with a focus on their impact on morphology and
electrochemical behaviour. Various nanostructured architectures, such as
nanosheets, nanowires, nanoflowers, and hierarchical structures, are
analysed with respect to their specific capacitance, rate capability, and
cycling stability. Furthermore, the primary challenges related to
conductivity, structural degradation, and large-scale fabrication are
examined, alongside potential strategies for enhancing performance.
Ultimately, future directions for the advancement of durable and efficient
Co/Ni oxide supercapacitors are discussed.

Keywords:  Supercapacitors, pseudocapacitor, Co/Ni  oxides,
Nanostructured electrodes, Electrochemical performance

This is an Open Access article that uses a funding model which does not charge readers or their institutions for access and distributed under

the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0) and the Budapest Open Access Initiative

(http://www.budapestopenaccessinitiative.org/read), which permit unrestricted use, distribution, and reproduction in any medium, provided

original work is properly credited.

45
Survase L. et. al., 2026



International Journal of Multidisciplinary Science and Innovation (1JMSI)
International Conference on Advances in Physical, Chemical and Mathematical

Sciences for Sustainable Development
Organized by
D.M.S. Mandal’s Bhaurao Kakatkar College, Belgaum, Karnataka, India
Website: https://ijmsi.in/
ISSN: 3107-5754 | Vol. 2, Special Issue 1, 2026 | Page No.: 45-73

1. Introduction

The continuous growth of modern technologies,
including portable electronic devices, electric
vehicles, smart grids, and wearable systems, has
created a strong demand for efficient and sustainable
energy-storage devices.[1] [2]Conventional energy-
storage systems such as batteries possess high
energy density but often suffer from slow charging
rates and limited power delivery. In contrast,
conventional capacitors provide rapid power output
but store only a small amount of energy. [3] To
overcome these limitations, supercapacitors have
emerged as an important class of electrochemical
energy-storage devices because they combine fast
charge—discharge capability, high power density,
excellent reversibility, and long cycle life. Based on
their charge-storage mechanism, supercapacitors are
generally divided into three categories: electric
double-layer capacitors (EDLCs), pseudocapacitors,
and hybrid supercapacitors. [4], [S] EDLCs mainly
store energy through electrostatic charge
accumulation at the electrode—electrolyte interface
and commonly use carbon-based materials as
electrodes. Although they exhibit excellent cycling
stability, their energy density is relatively low.
Pseudocapacitors store energy through fast and
reversible faradaic redox reactions occurring on the
surface of electroactive materials such as transition
metal oxides and conducting polymers, resulting in
higher capacitance and energy density. Hybrid
supercapacitors combine the features of EDLCs and
pseudocapacitors to achieve improved overall
electrochemical performance. [6] [7]Among the
various electrode materials investigated for
supercapacitor applications, transition metal oxides
have attracted significant attention due to their
multiple oxidation states, rich redox activity, high
theoretical capacitance, and relatively low cost. [8]
[9] These materials can participate in reversible
electrochemical reactions, making them suitable for
high-performance pseudocapacitive energy storage.
[10] [11] In particular, cobalt- and nickel-based

oxides have been widely explored because of their
superior electrochemical properties and excellent
redox behaviour. Co/Ni mixed oxides, especially
binary oxides such as NiCo020s, are considered
promising electrode materials for supercapacitors
because they exhibit better electrochemical
performance than individual cobalt or nickel oxides.
[12] [13] The synergistic interaction between cobalt
and nickel ions improves electrical conductivity,
enhances electrochemical activity, and provides
multiple pathways for electron transfer. In addition,
Co/Ni oxides can be synthesized in various
nanostructured forms, including nanosheets,
nanowires, nanoflowers, and hierarchical
architectures, which increase the active surface area
and facilitate efficient ion diffusion during
electrochemical processes. [14] [15] [16]

Despite these advantages, Co/Ni oxides still face
challenges such as moderate conductivity, structural
degradation during repeated cycling, and limited
rate capability at high current densities.
[17][18]Therefore, extensive research has focused
on improving their electrochemical performance
through morphology engineering, composite
formation, and optimized synthesis techniques. The
present review summarizes recent progress in Co/Ni
oxide-based electrode materials for supercapacitor
applications. The review discusses the fundamentals
of supercapacitors, structural and electrochemical
properties of Co/Ni oxides, synthesis approaches,
nanostructure  design, and electrochemical
performance. [19] [20] Furthermore, the major
challenges and future prospects associated with
Co/Ni oxide supercapacitors are highlighted to
provide guidance for the development of advanced

energy-storage materials.

2. Fundamentals of Supercapacitors

Supercapacitors, also referred to as electrochemical
capacitors or ultracapacitors, represent advanced
energy-storage devices that effectively bridge the
gap between traditional dielectric capacitors and
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rechargeable batteries. [21][22] These devices are electrode surface and the electrolyte. Upon the
characterized by their ability to deliver high power application of a potential, positive and negative ions
density, rapid charge-discharge rates, and from the electrolyte are drawn toward oppositely
exceptional cycling durability. Due to these charged electrode surfaces, resulting in the
attributes,  supercapacitors  have  garnered formation of an electric double layer. [27], [28]As
considerable  attention for their potential this process does not involve any chemical reactions,
applications in portable electronics, electric the charge-storage mechanism is highly reversible,
vehicles, backup power systems, and renewable thereby offering excellent cycling stability. Carbon-
energy technologies. [23][24][25]The performance based materials, including activated carbon,
of a supercapacitor is primarily determined by its graphene, carbon nanotubes, and porous carbon, are
charge-storage mechanism and the electrochemical extensively utilized as EDLC electrode materials
properties of the electrode materials. [26] due to their large surface area, superior electrical
2.1 Charge Storage Mechanism conductivity, and chemical stability. [29][30]The
Supercapacitors store energy through two primary capacitance in EDLCs is primarily dependent on the
mechanisms  classified as electric double-layer accessible surface area of the electrode and the
capacitors (EDLCs) or pseudocapacitors. effective interaction between electrolyte ions and the
Electric Double-Layer Capacitor (EDLC) electrode surface. Although EDLCs demonstrate
Mechanism high power density and prolonged cycle life, their
In electric double-layer capacitors (EDLCs), energy energy density is generally lower compared to that
storage is facilitated through the electrostatic of pseudocapacitors. [31], [32]

accumulation of ions at the interface between the
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FIG 1:(a) Schematics of various types of capacitors. (b) Charge and discharge energy storage principles of an
EDLC where black arrows represent ions in the electrolyte and red arrows reflect the direction of ion movement.

[155]

Pseudocapacitive Mechanism near the electrode surface. [33]This mechanism
Pseudocapacitors store charge through rapid and involves charge transfer between the electrode
reversible faradaic redox reactions occurring at or material and electrolyte ions, resulting in
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significantly higher capacitance compared to
(EDLCs).

Transition metal oxides, metal hydroxides, and

electric ~ double-layer  capacitors
conducting polymers are frequently employed as
pseudocapacitive electrode materials due to their
multiple oxidation states and high electrochemical
activity. [34][35] Among these materials, transition
metal oxides such as cobalt oxide, nickel oxide, and
mixed cobalt/nickel oxides have garnered
considerable attention because they can undergo

rapid  oxidation-reduction reactions  during
electrochemical cycling. These redox processes
contribute to enhanced charge-storage capability
and improved energy density. [36] However,
pseudocapacitive  materials may experience
structural degradation and reduced cycling stability
compared to EDLC materials due to repeated ion
insertion and extraction during charge—discharge

processes. [37]
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2.2 Key Electrochemical Parameters

The electrochemical performance of supercapacitors
is assessed through several critical parameters,
including specific capacitance, energy density,
power density, and cycling stability. These
parameters offer insights into the charge-storage
capacity, energy-delivery efficiency, and long-term
durability of the device. [38][39]

Specific Capacitance:

Specific capacitance is a critical parameter for
assessing supercapacitor electrodes, as it quantifies
the charge stored per unit mass, area, or volume of
the active material. A higher specific capacitance
signifies enhanced energy-storage capability of the
electrode material. This parameter is typically
derived from cyclic voltammetry (CV) or

galvanostatic charge—discharge (GCD)
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measurements. The specific capacitance value is
significantly affected by factors such as surface area,
electrical conductivity, pore structure, morphology,
and the electrochemical activity of the electrode
material. [40]

Energy Density:

Energy density refers to the quantity of energy stored
within a supercapacitor, typically measured in watt-
hours per kilogram (Wh kg™). This parameter is
crucial for assessing the practical utility of
supercapacitors in energy-storage systems. While
supercapacitors generally exhibit lower energy
density compared to batteries, the incorporation of
pseudocapacitive materials and hybrid systems can
markedly enhance their energy-storage capabilities.
Common strategies to augment energy density
include expanding the operating voltage window
and improving the capacitance of electrode
materials. [41]

Power Density:

Power density is a critical parameter that quantifies
the rate at which a supercapacitor can deliver stored
energy, typically measured in watts per kilogram (W
kg™). Supercapacitors are renowned for their high
power density, attributable to their ability to charge
and discharge rapidly with minimal energy loss. The
power density of a supercapacitor is influenced by
several factors, including internal resistance,
electrical conductivity, ion diffusion rate, and
electrode architecture. Materials characterized by
high conductivity and porous structures generally
demonstrate enhanced power performance. [42],
[43]

Cycling Stability:

Cycling stability denotes the capacity of a
supercapacitor to maintain its electrochemical
performance following numerous charge—discharge
cycles. This parameter is crucial for assessing the
long-term durability and reliability of electrode
materials. Materials based on electric double-layer
capacitors (EDLCs) typically demonstrate excellent

cycling stability, as their charge-storage process
does not entail significant structural alterations. [44].
Conversely, pseudocapacitive materials may
experience gradual performance degradation due to
repeated redox reactions and structural stress during
cycling. Consequently, enhancing the structural
stability of electrode materials is imperative for the
development of durable, high-performance
supercapacitors. [45], [46]

3. Co/Ni Oxides as Electrode Materials
Transition metal oxides have emerged as promising
electrode materials for supercapacitor applications
due to their rich electrochemical activity and
capacity for reversible redox reactions. Among
these, cobalt- and nickel-based oxides have garnered
significant attention owing to their high theoretical
capacitance, multiple oxidation states, and
favourable electrochemical reversibility. Notably,
mixed Co/Ni oxides demonstrate superior
performance compared to individual metal oxides,
attributed to the synergistic interaction between
cobalt and nickel ions. Their distinctive structural
and electronic properties render them suitable
candidates for high-performance pseudocapacitors.
3.1 Structural and Electrochemical Properties
Nickel Oxide (NiO)

Nickel oxide (NiO) is a widely investigated
electrode material for supercapacitors, attributed to
its high theoretical capacitance, environmental
stability, and relatively low cost. Typically, NiO
exhibits a cubic crystal structure and demonstrates
excellent electrochemical behaviour through
reversible redox reactions between Ni** and Ni**
oxidation states in alkaline electrolytes. [47] [48]
These reactions significantly contribute to its high
pseudocapacitive  performance and enhanced
charge-storage capability. Nanostructured NiO
materials, including nanosheets, nanowires,
nanoparticles, and porous architectures, have
demonstrated improved electrochemical
performance due to their increased surface area and

reduced ion-diffusion pathways. Nonetheless, the
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structural instability during prolonged cycling. [49]

[50], [51]

Table 1. Recent Structural and Electrochemical Properties of NiO for Supercapacitor Applications.

S. NiO . Morphologi . 3 .
. Synthesis Structural Electrochemical Specific Cycling Referen
No | Material / . cal . . .
Method Properties A Properties Capacitance Stability ce
Structure Properties
o Spherical
. Cubic NiO .
NiO nanoparticle Good redox 62.51%
. phase, . . k 168.16 mAh
1 nanoparticle Sol-gel . s with activity and ion after 4000 [118]
crystallite . glat6 Ag!
s . porous diffusion cycles
size ~27.9 nm
surface
. CNT- 109%
NiO/CNT Spray Improved Enhanced .
X . connected . 745F g'at5s retention
2 | nanocompos | pyrolysis + crystallinity conductivity and [119]
. . porous Ag! after 1000
ite annealing at 400 °C charge transfer
network cycles
NiO- . . Synergistic Enhanced i
. Mixed oxide- Porous . High
Activated Co- . EDLC + capacitance .
3 L carbon interconnect . i cyclic [120]
Carbon precipitation . pseudocapacitanc with AC .
i structure ed particles . . durability
composite e behavior addition
Ce02/NiO Crystalline Nanograin Reduced charge- Improved Stable
Hydrotherma i . i i .
4 | nanocompos 1 mixed oxide composite transfer capacitance cyclic [121]
ite phases morphology resistance over pure NiO response
Improved Highly . 96.4%
. . . Lower resistance .
Printed NiO Thermal crystallinity porous . retention
5 . . . and better ion 19.54 mF cm™ [122]
electrode annealing with continuous after 1000
. transport
annealing structure cycles
X . . . X Improved Good
NiO-Mns04 Lo Mixed oxide Ribbon-like . .
Electrospinni . electron transport Higher than cycling
6 | nanocompos crystalline nanostructur . [123]
. ng and redox pure NiO performan
ite phases e .
activity ce
Nearly
. . Hollow
NiO Hydrotherma | Nanocrystalli Large electrolyte- Upto 2018 F 100%
7 A nanotubular . [124]
nanotubes 1 ne cubic NiO accessible area g! after 500
morphology
cycles
Highl, Rod-like High Excellent
NiO Hydrotherma & y R Efficient OH™ ion € . .
8 crystalline aligned . pseudocapacita cyclic [125]
nanorods 1 diffusion .
structure arrays nce stability
Long
L . . . cycle life
Ni/NiOx Layered Thin oxide Stable cyclic Good .
Layered o . K . . with
9 layered . Ni/NiOy coating on charging/dischar capacitance . [126]
deposition . . . X . minimal
electrode interface Ni backbone ging behavior retention .
degradatio
n
NiO/ZnO . Heterostructu Uniform Synergistic
Sol—gel spin . . Improved
10 | heterostruct . red oxide thin-film charge storage 1.627F g! . [127]
coating . stability
ure film layers morphology behavior
Cobalt Oxide (C0304) applications. Co30s features a spinel crystal

Cobalt oxide is a significant transition metal oxide

extensively studied for its potential in energy storage

structure comprising both Co?** and Co** ions, which

offer multiple electroactive sites conducive to
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reversible redox reactions. [52]

property
and

[53]This mixed-

valence enhances  charge-transfer

capabilities contributes to  improved
pseudocapacitive behaviour. CosOs+ demonstrates
high

electrochemical

theoretical  capacitance and  notable

activity,  particularly = when

synthesized in nanostructured forms such as

nanoflowers, hollow spheres, nanorods, and

hierarchical architectures. [54], [S5]These structures
facilitate electrolyte penetration and enhance ion
diffusion during electrochemical cycling. Despite
these advantages, cobalt oxide is challenged by
limited electrical conductivity and structural
degradation following repeated charge—discharge

cycles. [56] [57]

Table 2. Recent Structural and Electrochemical Properties of CosO4 for Supercapacitor Application.

Survase L. et. al., 2026

Sl Co;04 . Crystal Surface Specific .
. Synthesis ) Cycling Referenc
No Material/Syste Structure / Morphology Area / Capacitanc .
Method K Stability e
m Phase Porosity e
91%
Pure Co304 Co- Cubic spinel Spherical 612 Fg'at after
1 . L . Mesoporous [128]
nanoparticles precipitation C0304 nanoparticles 1Ag! 5000
cycles
89%
C0304 Hydrotherma Spinel cubic Ultrathin High after
2 . 742 F g! [129]
nanosheets 1 phase nanosheets porosity 3000
cycles
90%
C0304 hollow Template- . Hollow Hierarchical after
3 . Cubic Co304 X 915F g [129]
spheres assisted microspheres pores 4000
cycles
Carbon- Enhanced
Co304/carbon . . . 96%
4 . Sol-gel Cubic spinel coated ion 1350 F g! . [129]
composite . . retention
nanoparticles diffusion
. 95%
. . High
C03041GO Hydrotherma Spinel + Sheet-like L. after
5 . . . conductivit 1280 F g! [129]
composite 1 + reduction graphene composite 5000
y network
cycles
. . . . Large active 93%
6 C0304 nanowires | Solvothermal Cubic spinel 1D nanowires 801 F g . [130]
surface retention
CNT .
. . Conductive
Co0304/CNT Chemical . . interconnecte 94%
7 . . Cubic spinel porous 1105 F g . [131]
composite deposition d . retention
. matrix
nanoparticles
. . Improve
Fe-doped Cos04 Spray Polycrystallin Spherical Compact 720 F g at
8 . . . . d [132]
thin film pyrolysis e cubic grains porous film 2mVs™! .
stability
92%
Porous Co030a Hydrotherma Spinel cubic Flower-like High pore after
9 . 980 F g! [133]
nanoflowers 1 phase architecture volume 5000
cycles
Chemical Mesoporous . 90%
Mesoporous . . High
10 bath Spinel Co304 interconnecte 850 F g! after long [134]
Co30s4 electrode . . surface area .
deposition d grains cycling
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Nickel Cobalt Oxide (NiC0:04)

Among cobalt- and nickel-based oxides, NiCo:04 has garnered considerable attention due to its superior
electrochemical performance relative to single-component oxides. [S8] NiCo204 features a spinel crystal
structure, wherein nickel and cobalt ions occupy distinct lattice positions, thereby enhancing electronic
conductivity and redox activity. [59] [60] The presence of Ni**/Ni** and Co?*"/Co** redox couples offers numerous
electrochemically active sites and facilitates rapid electron-transfer processes. [61] Furthermore, NiCo204
typically demonstrates higher electrical conductivity than individual NiO or CosOs4, leading to improved specific
capacitance and rate capability. Various nanostructured forms of NiCo20s, such as nanosheets, nanowires, hollow
structures, and porous networks, have been developed to further augment electrochemical performance by
increasing the active surface area and promoting ion transport. Owing to these advantages, NiCo204 is regarded
as one of the most promising electrode materials for high-performance supercapacitor applications. [62] [63]

Table 3. Recent Structural and Electrochemical Properties of NiCo204for Supercapacitor Applications.

SL NiC0.0. . Crystal Surface Specific .
Synthesis . Cycling | Referenc
No | Material/Syste Structure Morphology Area/ Capacitan -
Method . Stability e
m / Phase Porosity ce
. Cubic 91% after
Pure NiC020.4 Hydrotherm ) X Mesoporous | 1120 F g™
1 . spinel 1D nanowires 5000 [135]
nanowires al . structure atl Ag!
iC0204 cycles
NiCo20 yel
Inverse
NiCo0204 Solvetherm spinel . High active 93%
2 . Ultrathin nanosheets 1358 F g . [136]
nanosheets al cubic surface area retention
phase
. 92% after
Porous NiCo20s« | Hydrotherm Cubic Flower-like porous Hierarchical
3 _ _ _ 1480 F g 4000 [137]
nanoflowers al spinel architecture porosity
cycles
N Template- Spinel
NiC020. hollow . . Hollow Mesoporous 90%
4 assisted cubic . 1265F g . [138]
spheres . microspheres shells retention
synthesis phase
. Hydrotherm Spinel + Conductive 95% after
NiCo:204rGO Sheet-network
5 . al + graphene . porous 1820F g 5000 [139]
composite . . composite .
reduction hybrid matrix cycles
: . X . . Enhanced
NiCo020s/CNT Chemical Cubic CNT interconnected . 94%
6 . . . . ion 1650 F g . [140]
composite osition spine nanoparticles retention
p dep pinel particl h
pathways
Microwave- Excellent
. Zn-doped Increased
Zn-doped assisted . . X long-
7 . . cubic Nanoparticles BET surface | 1705 F g™ [141]
NiC0204 spinel hydrotherm . cycle
spinel area .
al stability
Stable
NiCo:0:@NiMo Hierarchic High
Hydrotherm . . after
8 Oa al spinel Nanosheet arrays electroactive | 3.74 F cm™ [142]
al growth . repeated
heterostructure composite area .
cyeling
Branch-
One-step . ) . N . 86.7%
structured Spinel Nanoplates@nanowi | Hierarchical 1380 F g
9 X . hydrotherm . after 5000 [143]
NiCo204 on Ni NiC0204 res ly porous atS5Ag!
f al cycles
oam
96%
. Cubic Improved .
NiCoz04/carbon Sol-gel . Carbon-coated . capacitan
10 . spinel . conductivity | 1900 F g [144]
hybrid electrode method . nanoparticles X ce
hybrid and porosity .
retention
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3.2 Advantages

Multiple Oxidation States

The primary advantage of Co/Ni oxides lies in the
presence of multiple oxidation states in cobalt and
nickel ions. These varied valence states facilitate
rapid and reversible redox reactions during
electrochemical cycling, thereby enhancing charge-
storage capacity. Furthermore, the coexistence of
different oxidation states improves electron-transfer
processes  and
electrochemical reversibility. [64] [65]

Good Redox Activity

The remarkable redox activity of Co/Ni oxides

constitutes a significant factor in their enhanced

contributes  to  superior

electrochemical performance. The reversible redox
reactions occurring at the electrode surface facilitate
efficient energy storage and rapid charge-transfer
kinetics. [66] Additionally, the nanostructured
Co/Ni oxides offer increased contact areas between
the electrolyte and the electrode surface, thereby
enhancing the electrochemical utilization of active
materials. [67]

3.3 Limitations

Poor Conductivity

While Co/Ni oxides demonstrate commendable
electrochemical activity, their inherent electrical
conductivity remains comparatively low relative to
highly conductive carbon materials. This limited
conductivity impedes the rapid transport of electrons
during charge—discharge processes, thereby
adversely impacting rate capability and power
performance. [68] [69], [70]

Structural Degradation

The repeated insertion and extraction of ions during
electrochemical cycling can induce volume
expansion and contraction within the electrode
material. These structural alterations may result in
cracking, pulverization, and a gradual loss of active

material, thereby diminishing cycling stability and

capacitance retention over prolonged operation. [71]
[72]

4. Synthesis Methods

The electrochemical performance of Co/Ni oxide
electrode materials is significantly influenced by
their synthesis route. Various preparation methods
can modulate the crystal structure, particle size,
surface area, porosity, and morphology of the
resulting materials, which directly impact ion
diffusion and electron transport  during
electrochemical processes. [73] Consequently,
selecting an appropriate synthesis method is crucial
for achieving high-performance Co/Ni oxide
electrodes for supercapacitor applications. Among
the diverse preparation techniques, hydrothermal
synthesis, sol—gel processing, co-precipitation, and
electrodeposition are the most commonly employed
methods due to their simplicity, controllability, and
effectiveness in producing nanostructured materials.
[74]

4.1 Hydrothermal Method

The hydrothermal method is a prevalent technique
for synthesizing Co/Ni oxides with controlled
morphology and high crystallinity. In this approach,
metal precursors are dissolved in an aqueous
solution and subjected to heating in a sealed
autoclave under regulated temperature and pressure
conditions. [75] The elevated temperature
environment facilitates crystal growth and the
formation of nanostructured materials.
Hydrothermal synthesis is capable of producing a
diverse array of morphologies, including
nanosheets, nanowires, nanorods, nanoflowers,
hollow spheres, and hierarchical architectures. [76]
The morphology can be modulated by adjusting
reaction temperature, precursor concentration, pH,
and reaction time. Materials synthesized through
this method typically exhibit high surface area and
porous structures, which enhance -electrolyte
penetration and enable rapid ion transport.

Electrochemically, Co/Ni oxides synthesized via
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hydrothermal methods often demonstrate enhanced
specific capacitance, good rate capability, and
improved cycling stability due to their well-defined
nanostructures and  efficient charge-transfer
pathways. However, this method may necessitate
relatively long reaction times and specialized high-

pressure equipment. [77]

4.2 Sol-Gel Method

The sol-gel method is a versatile chemical synthesis
technique employed for the preparation of
homogeneous metal oxide materials with controlled
composition and particle size. In this process, metal
salts or alkoxides are dissolved in a solution to form
a colloidal sol, which gradually transitions into a gel
through hydrolysis and condensation reactions. The
resultant gel is subsequently dried and calcined to
yield the final oxide material. [78] This method
affords excellent control over chemical composition
and uniform distribution of metal ions. Sol-gel
synthesis is commonly utilized to produce
nanoparticles, porous structures, and interconnected
oxide networks characterized by relatively small
particle sizes and high purity. [79] The sol-gel
method is a versatile chemical synthesis technique
employed for the preparation of homogeneous metal
oxide materials with controlled composition and
particle size. In this process, metal salts or alkoxides
are dissolved in a solution to form a colloidal sol,
which gradually transitions into a gel through
hydrolysis and condensation reactions. The resultant
gel is subsequently dried and calcined to yield the
final oxide material. [80] This method affords
excellent control over chemical composition and
uniform distribution of metal ions. Sol-gel synthesis
is commonly utilized to produce nanoparticles,

porous structures, and interconnected oxide

networks characterized by relatively small particle
sizes and high purity. [81]

4.4 Electrodeposition

Electrodeposition is an electrochemical synthesis
technique wherein active materials are directly
deposited onto conductive substrates via controlled
electrochemical reactions. In this process, metal ions
from an electrolyte solution undergo reduction or
oxidation under an applied potential or current,
resulting in the formation of thin films or
nanostructured oxide coatings on the substrate
surface. [82]

advantages, including low processing temperature,

This technique offers several

precise thickness control, rapid synthesis, and direct
growth of active materials on current collectors.
Electrodeposition can yield various morphologies
such as nanosheets, porous films, nanoflakes, and
interconnected network structures. [83]  [84]
Electrodeposited Co/Ni oxides frequently exhibit
excellent electrochemical performance due to their
strong adhesion to the substrate and reduced contact
resistance. Direct deposition on conductive
substrates enhances electron transport and improves
the utilization of active materials. Furthermore, the
porous morphology generated during deposition
facilitates electrolyte diffusion and enhances rate
performance. Despite these advantages, achieving
uniformity and crystallinity during large-scale
deposition can sometimes be challenging. [85]
[86]Overall, the synthesis method plays a critical
role in determining the structural and
electrochemical properties of Co/Ni oxide electrode
materials. Proper control of morphology, porosity,
and particle size through suitable synthesis
techniques can significantly enhance specific
capacitance, rate capability, and cycling stability,
thereby improving the overall performance of

supercapacitors. [87]
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R Electrochemical
. Typical Temperature / Morphology .
Synthesis Method Principle / Process ) . Advantages Limitations Performance References
Precursors Conditions Obtained
Features
Chemical reactions
occur in a sealed Nickel nitrate, Nanorods, Excellent High specific
autoclave under cobalt nitrate, nanosheets, crystallinity, Long reaction capacitance,
Hydrothermal 120-220 °C for 6~ ry ¥ . 8 P .
Svnthesis high temperature urea, 2ah nanoflowers, controlled time, autoclave improved ion [145]
Svnl =
. and pressure to ammonium hierarchical morphology, requirement diffusion, enhanced
form crystalline fluoride structures high porosity cycling stability
nanostructures
Formation of a . R
Metal . High purity,
homogeneous . Gelation at room Porous . .
Hloidal sol alkoxides, ) " el compositional Shrinkage and Large surface area
colloidal sol emperature; nanoparticles, . . . . N
Sol-Gel Method cobalt acetate, e ) B uniformity, low- cracking during and improved redox [146])
followed by . calcination at interconnected X .
nickel acetate, temperature drying activity
gelation and . 300-600 °C networks .
L citric acid processing
caleination
Simultaneous I N .
L Ni(NO3)2, R . Particle Good capacitance
precipitation of o Ambient to 90 °C | Nanoparticles and Simple, cost- .
o Co(NO3)2, v agglomeration with economical
Co-Precipitation metal hydroxides followed by agglomerated effective, 1147]
. NaOH, . and lower large-scale
from solution using annealing clusters scalable o .
. NH40H crystallinity production
precipitating agents
Electrochemical . .
. . . . Binder-free .
deposition of active | Nickel sulfate, | Room temperature Thin films, ectrod Limited mass Low resistance and
electrodes,
Electrodeposition material directly cobalt sulfate, under controlled porous coatings, ise thick loading, substrate excellent rate [148]
recise thickness .
onto conductive chloride salts current/voltage nanosheets s trol dependent capability
contro
substrates
Controlled Good surfi
. . . ood surface
deposition from Metal nitrates, Uniform thin Low cost, easy Lower .
Chemical Bath ) 60-95 °C in . . . accessibility and
. aqueous precursor ammonia, films and scale-up, simple crystallinity [149]
Deposition (CBD) aqueous bath . maoderate
solution via slow thiourea, urea nanoflakes equipment without annealing )
. capacitance
release of ions
Exothermic redox
reaction between Metal nitrates . . Difficult High surface area
Combustion o 300-500 °C rapid Porous Fast synthesis, N
. . fuel and oxidizer with urea or X morphology and rapid charge [150]
Synthesis . . heating nanopowders energy efficient N
produces oxide glycine fuel control transter
powders rapidly
Microwave ]
o . Few minutes to 1 o n iali
) irradiation Metal nitrates, Uniform Rapid synthesis, Specialized Enhanced
Microwave-Assisted h under ) ) -
. N accelerates ethylene ) nanoparticles and reduced energy equipment conductivity and fast [151]
Synthesis R microwave R X .
nucleation and glycol, urea heati nanosheets consumption required ion transport
eatin;
crystal growth ¢

Table 4: Common Synthesis Methods for Co/Ni Oxide Electrodes for Supercapacitor Applications

5. Nanostructured Co/Ni Oxides

Nanostructure engineering has emerged as an
the

oxide

effective approach  for  enhancing

electrochemical performance of Co/Ni
electrode materials in supercapacitor applications.
The electrochemical behaviour of transition metal
oxides 1is significantly influenced by their
morphology, particle size, surface area, and pore

structure. [88] Designing materials at the nanoscale

can substantially improve the accessibility of
electroactive sites, reduce ion-diffusion pathways,
and enhance electron transport during charge—
discharge processes. [89] Various nanostructured
architectures, including nanosheets, nanowires,
nanoflowers, and hollow or hierarchical structures,
have been extensively investigated to address the
limitations of bulk Co/Ni [90] This

nanostructures offer large active surface areas and

oxides.
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improved contact between the -electrolyte and capacitance, superior rate capability, and improved

electrode surface, resulting in enhanced specific cycling stability. [91][92]
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FIG 4 :(a) A schematic show of this facile process of synthesizing Ni-Co oxide nanosheets electrode materials.
SEM images (b) and (c), inset image in (b) showing a typical Ni-Co oxide particle. TEM image (d) and the
corresponding annular dark field scanning TEM (ADF-STEM) image (inset) and (e) high resolution TEM
(HRTEM) image of Ni-Co oxide. The lattice spacing of around 0.242 nm and 0.21 nm are in good agreement of
with the data of (311) plane for NiCo,04 and (200) plane for NiO, respectively [157]

AW

(a) =5

FIG 5: (a,d) Scanning electron microscope (SEM) images of Ni MW/NF. (b,e) SEM images of Ni NW@Ni—Co
precursor/NF. (c,f) SEM images of Ni NW@NiCo,04/NF. (g) Formation mechanism of the Ni
NW@NiCo,04/NF.[158]

56




International Journal of Multidisciplinary Science and Innovation (1JMSI)

International Conference on Advances in Physical, Chemical and Mathematical

Sciences for Sustainable Development
Organized by
D.M.S. Mandal’s Bhaurao Kakatkar College, Belgaum, Karnataka, India
Website: https://ijmsi.in/
ISSN: 3107-5754 | Vol. 2, Special Issue 1, 2026 | Page No.: 45-73

(h) TR
Ni

(<] o 12 15 18 21
Energy (KeV)

(6)) )
Mo [ @) O

FIG 6: TEM and elemental analysis results of as prepared electrode materials. (a,b) TEM images of

NiCo,04 naowires. (¢) HR-TEM image of a single NiCo,04 naowire. (d) TEM image of an individual hierarchical
core-shell NiCo,04@NiMo0O4 nanowire. (¢) HR-TEM image of an individual NiMoO4 nanosheet outside. (f-k)
EDS and elemental mapping of a single hierarchical core-shell NiCo,O4@NiMoO4 nanowire under TEM

mode.[159]

FIG 7 :Fig. 7a—c presents SEM images of the
NiCoN heterostructures at different magnifications.
The SEM images reveal a nanoporous, flower-like
structure composed of highly rough nanosheets.
These nanosheets were firmly interconnected,
facilitating efficient charge transfer between the
active components of NiCoN and the current
collector. The loosely arranged nanostructures along
with abundant interconnected open spaces, clearly
indicate a large electroactive surface area, which is

beneficial for enhancing the electrode's

electrochemical performance. Additionally, energy-

dispersive X-ray spectroscopy (EDS) analysis was
performed to investigate the elemental composition
and distribution within the NiCoN material. The
EDS spectrum, as shown in Fig. 7d, confirms the
presence of Ni, Co, and Ni atoms within the
synthesized material. EDS mapping images (Fig.
Te—g) further demonstrate the uniform distribution
of these elements throughout the NiCoN electrodes,
underscoring the homogeneity of the material.
Furthermore, the morphological and crystalline
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characteristics of the NiCoN electrodes were
analyzed using TEM and high-resolution TEM (HR-
TEM). The TEM images in Fig. 7h and i depict the
hierarchical, flower-like structure composed of
porous nanosheets, which aligns with the SEM
observations. The measured d-spacing of 0.22 nm
corresponds to the (002) crystal planes of NiCoN, as
confirmed through detailed analysis (Fig. 7j). The
selected area electron diffraction (SAED) pattern
in Fig. 7k displays a of well-defined
concentric rings, confirming the polycrystalline
nature of the NiCoN material.[160]

series

6. Electrochemical Performance

The electrochemical performance of Co/Ni oxide
electrode materials is significantly influenced by
their composition, crystal structure, morphology,
and synthesis method. Parameters such as specific
capacitance, rate capability, cycling stability, and
energy—power characteristics are commonly
employed to assess the suitability of these materials
for supercapacitor applications. In recent years,
exhibited

remarkable electrochemical properties due to their

nanostructured Co/Ni oxides have
enhanced surface area, improved conductivity, and
efficient ion/electron transport pathways.

Specific Capacitance Comparison
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The specific capacitance is a critical parameter for

evaluating the charge-storage capacity of

supercapacitor electrodes. Co/Ni oxide materials
typically
capacitance compared to carbon-based EDLC

demonstrate  significantly = higher
materials, attributable to their faradaic redox
behaviour. Among the various Co/Ni oxides, mixed
oxides such as NiCo:0s frequently exhibit superior
electrochemical performance relative to individual
NiO or Co0304, due to the synergistic interaction
between cobalt and nickel ions. [93] [94]The
capacitance values of Co/Ni oxides are significantly
affected by their morphology and synthesis
conditions. Nanostructured materials, including
nanosheets, nanowires, and hierarchical
architectures, offer increased electroactive sites and
enhance electrolyte accessibility, thereby improving
capacitance. Porous structures also promote efficient
ion diffusion and enhance the utilization of active
materials during electrochemical cycling. Generally,
nanostructures synthesized hydrothermally exhibit
higher capacitance due to their well-defined
morphology and larger active surface area.
Similarly, electrodeposited thin films often show
improved electrochemical utilization as a result of

direct contact with conductive substrates. [95] [96]
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FIG 8: (a) CV curves of NiCo,0;4 at various scan rates in KOH electrolyte, (b) CV curves of NiCo,04 at various
bending angles in KOH, (c) Charge-discharge characteristics of NiC0,04 in various electrolytes and (d) Ragone

plots of NiC0,04 in various electrolytes.[161]

58
Survase L. et. al., 2026


https://pubs.rsc.org/en/content/articlehtml/2025/ra/d4ra07757a?utm_source=chatgpt.com#imgfig3
https://pubs.rsc.org/en/content/articlehtml/2025/ra/d4ra07757a?utm_source=chatgpt.com#imgfig3
https://pubs.rsc.org/en/content/articlehtml/2025/ra/d4ra07757a?utm_source=chatgpt.com#imgfig3

International Conference on Advances in Physical, Chemical and Mathematical

Sciences for Sustainable Development
Organized by
D.M.S. Mandal’s Bhaurao Kakatkar College, Belgaum, Karnataka, India
Website: https://ijmsi.in/
ISSN: 3107-5754 | Vol. 2, Special Issue 1, 2026 | Page No.: 45-73

—~ 100mv /= 0.5
= @] < >
e
SmV/s /' =]
2ol — 0.3
= 4 =
= 1 — O
£ o - 2 — =
= n V———\ - O-1 1A/
i) 10} =
- 5 oo
o =
20 . - - P 0.2 Sl
-0:1 0.0 0.1 0.2 0.3 o.a o.s o 20 a0 = so 100
Potential (V vs Hg/HgO) Time (s)
Ng 164 100mV/s o ©°-5 (d)
o0
= 12 %)0.4
sSmV/s o
g ] —: 03
-— - 0.2
= ] — o.
Z a = — 1A/
= °] = o
= =
E -4 _§ 0.0 10A /=
o /—~ o1
-0.1 0.0 0.1 0.2 0.3 0.4 o.s o 20 40 60 s0 100
Potential (V) vs. Hg/HgO Time (s)
__ 70
B0 e (€5
=
=
Sk
=2 2
g
=,
o
1 23 I a 3 P2 7 s S 10

Current desnity (A/g)

y €

> o 10

2. 3 a s s s
Current desnity (A/g)

Fig 9 : (a) CV profile of Co sample at the scan rates of 5-100 mV/s. (b) GCD curve of Co sample at current
densities of 1-10 A/g. (c) CV profile of Ni sample at the scan rates of 5-100 mV/s. (d) GCD curve of Ni sample

at current densities of 1-10 A/g, (e) current density vs specific capacitance plot of Co sample and (f) current

density vs specific capacitance plot of Ni electrode. [162]
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FIG 10: cyclic voltammograms of (a) ZIF-67, NiC0,04, and C0304/NiC0,0; at a scan of 5 mV s™!, (b—d) ZIF-
67, NiCo0,04, and Co304/NiCo,0; at different scan rates, and (e) square root of scan rate versus current density
for Co304/NiC0,04.[163]
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FIG 11: GCD curves (a) several electrodes at a current of 0.5 A g”'; (b—d) ZIF-67, NiC0,04, and
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ZIF-67, NiC0,04, and C0304/NiC0,04; and (f) the specific capacitance of ZIF-67, NiCo,04, and

C0304/NiC0204. . [ 1 63]

7. Challenges and Future Perspectives
Co/Ni oxide-based electrode materials demonstrate
considerable promise for high-performance
supercapacitor applications, attributed to their
high

capacitance, and adaptable nanostructures. Despite

extensive redox chemistry, theoretical

significant progress in recent years, several
challenges persist that hinder their practical
implementation in commercial energy-storage
systems. Addressing these limitations is essential for
the of durable,
economically feasible
future

improving conductivity, structural stability, scalable

advancement efficient, and

supercapacitor devices.

Therefore, research should focus on

fabrication methods, and advanced device
integration. [97] [98]
Conductivity Issues
One of the primary limitations of Co/Ni oxides is

their relatively low intrinsic electrical conductivity.

This poor conductivity impedes rapid electron

transport during charge—discharge processes,
leading to diminished rate capability and reduced
Although

engineering can partially enhance electron-transfer

power performance. nanostructure

pathways, conductivity remains a significant

challenge, particularly at high current densities. [99]
To address this

investigated various strategies, such as integrating

limitation, researchers have
Co/Ni oxides with conductive carbon materials,
including graphene, carbon nanotubes, and activated
[100]Additionally,

and heterostructure

carbon. conductive polymer

coatings formation have

demonstrated promising results in enhancing
electrical transport properties. [101] [102]

Stability Limitations

One of the significant challenges associated with
Co/Ni oxide electrodes is their long-term cycling

stability. Repeated charge—discharge cycles can lead

60
Survase L. et. al., 2026



International Journal of Multidisciplinary Science and Innovation (1JMSI)
International Conference on Advances in Physical, Chemical and Mathematical

Sciences for Sustainable Development
Organized by
D.M.S. Mandal’s Bhaurao Kakatkar College, Belgaum, Karnataka, India
Website: https://ijmsi.in/
ISSN: 3107-5754 | Vol. 2, Special Issue 1, 2026 | Page No.: 45-73

to continuous ion insertion and extraction, resulting
in volume expansion, structural deformation, and
mechanical stress within the electrode material.
These structural alterations may cause cracking,
agglomeration, and a gradual loss of electroactive
sites, ultimately diminishing capacitance retention.
[103] Nanostructured architectures, such as hollow
spheres, porous networks, and hierarchical
structures, have demonstrated enhanced structural
stability due to their ability to better accommodate
volume changes during cycling. Nevertheless,
maintaining high capacitance over extended periods
remains challenging under practical working
conditions. Future research should prioritize
enhancing mechanical integrity and structural
durability through surface engineering, composite
formation, and binder-free electrode design. [104],
[105]

Scalable Synthesis

Numerous  high-performance  Co/Ni  oxide
nanostructures are synthesized through laboratory-
scale techniques that may not be amenable to large-
scale industrial production. Techniques such as
hydrothermal synthesis often necessitate elevated
temperatures, prolonged reaction durations, and
specialized equipment, which can escalate
production costs and constrain commercial viability.
[106] For practical applications, synthesis methods
must be cost-effective, energy-efficient,
environmentally sustainable, and readily scalable.
Consistent control over morphology, particle size,
and composition is also essential to ensure
reproducible electrochemical performance in mass
production. Consequently, future research should
prioritize the development of straightforward and
scalable synthesis strategies capable of producing
high-quality Co/Ni oxide materials with controlled
nanostructures. [107] [108]

Flexible and Hybrid Devices

The growing demand for wearable electronics and
portable energy-storage systems has intensified
interest in flexible and lightweight supercapacitor

devices. Materials based on Co/Ni oxides exhibit
superior electrochemical properties; however, their
integration into flexible systems remains
challenging due to issues related to mechanical
flexibility, adhesion, and structural stability under
[109][110] Hybrid

supercapacitors, which combine battery-type and

bending conditions.

capacitive electrodes, have also attracted attention
because they can enhance energy density while
maintaining high power performance. [111] The
incorporation of Co/Ni oxides into asymmetric and
hybrid device configurations has shown promising
results, yet optimization of electrode balancing,
electrolyte compatibility, and device architecture
remains necessary. [112] [113]

Future Research Directions

Significant progress has been made in the
development of Co/Ni oxide-based supercapacitor
electrodes; however, further advancements are
necessary to satisfy the growing demands of
contemporary energy-storage technologies. [114]
Future research should concentrate on several
critical areas: the development of multi-component
and doped Co/Ni oxides with enhanced conductivity
and electrochemical activity; the design of
hierarchical and defect-engineered nanostructures to
improve ion/electron transport; the exploration of
binder-free and self-supported electrode
architectures; the integration of Co/Ni oxides with
conductive carbon materials and polymers; the
investigation of flexible, wearable, and solid-state
supercapacitors. [115] The wuse of advanced
characterization techniques to elucidate charge-
storage mechanisms and degradation behaviour and
the development of environmentally friendly and
scalable synthesis methods for industrial
applications. Additionally, theoretical modelling and
computational studies could aid in predicting
material behaviour and guiding the rational design
of next-generation electrode materials. [116] The
combination of experimental and theoretical

approaches will be crucial in expediting the
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development of highly efficient and durable Co/Ni
oxide supercapacitors. [117] Overall, Co/Ni oxide-
based materials continue to be highly promising
candidates for advanced supercapacitor
applications.  Ongoing efforts to enhance
conductivity, stability, and large-scale fabrication
are anticipated to further augment their practical

potential in future energy-storage technologies.

8. Conclusion

Co/Ni oxide-based materials have emerged as highly
promising electrode candidates for advanced
supercapacitor applications due to their excellent
redox activity, multiple oxidation states, and high
theoretical capacitance. In recent years, significant
progress has been made in enhancing the
electrochemical performance of these materials
through nanostructure engineering, morphology
control, and optimized synthesis techniques. Various
architectures, such as nanosheets, nanowires,
nanoflowers, and hierarchical porous structures,
have demonstrated enhanced surface area, improved
ion diffusion, and efficient electron transport,
resulting in superior capacitance, good rate
capability, and improved cycling stability. Among
the different cobalt- and nickel-based oxides, mixed
oxides such as NiCo0204 have garnered particular
attention due to the synergistic interaction between
cobalt and nickel ions, which enhances electrical
conductivity and electrochemical activity compared
to single-component oxides. Furthermore, advanced
synthesis methods, including hydrothermal, sol—gel,
co-precipitation, and electrodeposition techniques,
have enabled the fabrication of well-defined
nanostructures with tunble morphology and
improved electrochemical behaviour. Despite these
advances, several challenges remain for the practical
implementation of Co/Ni oxide supercapacitors.
Limitations such as poor intrinsic conductivity,
structural degradation during long-term cycling, and
difficulties in scalable production continue to affect

device performance and commercialization

potential. Therefore, further research is necessary to
develop more stable, conductive, and economically
viable electrode materials. Future progress in this
field is expected to focus on hybrid material design,
defect engineering, flexible electrode architectures,
and environmentally friendly synthesis approaches.
The integration of Co/Ni oxides with conductive
carbon materials, polymers, and advanced
nanostructures may further improve electrochemical
performance and device durability. Additionally, the
development of flexible and  solid-state
supercapacitors could expand the application of
these materials in wearable electronics and portable
energy-storage systems. Overall, Co/Ni oxides
continue to play an important role in the
development of next-generation supercapacitors.
With continued advancements in material design,
synthesis strategies, and device engineering, these
materials are expected to contribute significantly to
high-performance and sustainable energy-storage

technologies in the future.

References:

[1] J. Xu et al, “High-Energy Lithium-Ion
Batteries: Recent Progress and a Promising Future
in Applications,” ENERGY Environ. Mater., vol. 6,
no. 5, p. el2450, Sep. 2023, doi:
10.1002/eem?2.12450.

[2] M. M. Hasan et al., “Advancing energy
storage: The future trajectory of lithium-ion battery
technologies,” J. Energy Storage, vol. 120, p.
116511, Jun. 2025, doi: 10.1016/j.est.2025.116511.
[3] G. Wang et al., “Electroceramics for High-
Energy Density Capacitors: Current Status and
Future Perspectives,” Chem. Rev., vol. 121, no. 10,
pp- 6124-6172, May 2021, doi:
10.1021/acs.chemrev.0c01264.

[4] Y. Wang, Y. Song, and Y. Xia,
“Electrochemical capacitors: mechanism, materials,
systems, characterization and applications,” Chem.
Soc. Rev., vol. 45, no. 21, pp. 5925-5950, 2016, doi:
10.1039/C5CS00580A.

62
Survase L. et. al., 2026



International Journal of Multidisciplinary Science and Innovation (1JMSI)
International Conference on Advances in Physical, Chemical and Mathematical

Sciences for Sustainable Development
Organized by
D.M.S. Mandal’s Bhaurao Kakatkar College, Belgaum, Karnataka, India
Website: https://ijmsi.in/
ISSN: 3107-5754 | Vol. 2, Special Issue 1, 2026 | Page No.: 45-73

[5] N. Kumar, S.-B. Kim, S.-Y. Lee, and S.-J.
Park, “Recent Advanced Supercapacitor: A Review
of Storage Mechanisms, Electrode Materials,
Modification, and Perspectives,” Nanomaterials,
vol. 12, no. 20, p. 3708, Oct. 2022, doi:
10.3390/nan012203708.

[6] J. Wang et al., “Pseudocapacitive materials
for electrochemical capacitors: from rational
synthesis to capacitance optimization,” Natl. Sci.
Rev,, vol. 4, no. 1, pp. 71-90, Jan. 2017, doi:
10.1093/nsr/nww072.

[7] E. Lim, C. Jo, and J. Lee, “A mini review
of designed mesoporous materials for energy-
storage applications: from electric double-layer
capacitors to hybrid supercapacitors,” Nanoscale,
vol. 8, no. 15, pp. 7827-7833, 2016, doi:
10.1039/C6NRO0796A.

[8] Y. Wang, J. Guo, T. Wang, J. Shao, D.
Wang, and Y.-W. Yang, “Mesoporous Transition
Metal Oxides for Supercapacitors,” Nanomaterials,
vol. 5, no. 4, pp. 1667-1689, Oct. 2015, doi:
10.3390/nan05041667.

[9] F. Shi, L. Li, X. Wang, C. Gu, and J. Tu,
“Metal  oxide/hydroxide-based materials for
supercapacitors,” RSC Adv, vol. 4, no. 79, pp.
4191041921, Aug. 2014, doi:
10.1039/C4ARA06136E.

[10] M. B. Sassin, C. N. Chervin, D. R. Rolison,
and J. W. Long, “Redox Deposition of Nanoscale
Metal Oxides on Carbon for Next-Generation
Electrochemical Capacitors,” Acc. Chem. Res., vol.
46, no. 5, pp. 1062-1074, May 2013, doi:
10.1021/ar2002717.

[11] M. B. Sassin, C. N. Chervin, D. R. Rolison,
and J. W. Long, “Redox Deposition of Nanoscale
Metal Oxides on Carbon for Next-Generation
Electrochemical Capacitors,” Acc. Chem. Res., vol.
46, no. 5, pp. 1062-1074, May 2013, doi:
10.1021/ar2002717.

[12] J. Chang, J. Sun, C. Xu, H. Xu, and L. Gao,
“Template-free approach to synthesize hierarchical
porous nickel cobalt oxides for supercapacitors,”

Nanoscale, vol. 4, no. 21, p. 6786, 2012, doi:
10.1039/c2nr31725g.

[13] J. Zhang, F. Liu, J. P. Cheng, and X. B.
Zhang, “Binary Nickel-Cobalt Oxides Electrode
Materials for High-Performance Supercapacitors:
Influence of its Composition and Porous Nature,”
ACS Appl. Mater. Interfaces, vol. 7, no. 32, pp.
17630-17640, Aug. 2015, doi:
10.1021/acsami.5b04463.

[14] Y.-Y. Huang and L.-Y. Lin, “Synthesis of
Ternary Metal Oxides for Battery-Supercapacitor
Hybrid Devices: Influences of Metal Species on
Redox Reaction and Electrical Conductivity,” ACS
Appl. Energy Mater., vol. 1, no. 6, pp. 2979-2990,
Jun. 2018, doi: 10.1021/acsaem.8b00781.

[15] L. Shen, Q. Che, H. Li, and X. Zhang,
“Mesoporous NiCo, O4 Nanowire Arrays Grown on
Carbon Textiles as Binder-Free Flexible Electrodes
for Energy Storage,” Adv. Funct. Mater., vol. 24, no.
18, pp. 2630-2637, May 2014, doi:
10.1002/adfm.201303138.

[16] D. Malavekar, S. Pujari, S. Jang, S.
Bachankar, and J. H. Kim, “Recent Development on
Transition Metal Oxides-Based Core—Shell
Structures  for Boosted Energy  Density
Supercapacitors,” Small, vol. 20, no. 31, p. 2312179,
Aug. 2024, doi: 10.1002/sml1.202312179.

[17] M. Harilal et al, “One-Dimensional
Assembly of Conductive and Capacitive Metal
Oxide Electrodes for
Asymmetric Supercapacitors,” ACS Appl. Mater.
Interfaces, vol. 9, no. 12, pp. 10730-10742, Mar.
2017, doi: 10.1021/acsami.7b00676.

[18] Q. Abbas et al., “Engineering of nickel,
cobalt oxides and nickel/cobalt binary oxides by

High-Performance

electrodeposition and application as binder free
electrodes in supercapacitors,” Sci. Rep., vol. 13, no.
1, p. 15654, Sep. 2023, doi: 10.1038/s41598-023-
42647-4.

[19] P. Sivakumar et al., “Hierarchical NiCo /
NiO / NiCo, Os4 composite formation by

solvothermal reaction as a potential electrode

63
Survase L. et. al., 2026



International Journal of Multidisciplinary Science and Innovation (1JMSI)
International Conference on Advances in Physical, Chemical and Mathematical

Sciences for Sustainable Development
Organized by
D.M.S. Mandal’s Bhaurao Kakatkar College, Belgaum, Karnataka, India
Website: https://ijmsi.in/
ISSN: 3107-5754 | Vol. 2, Special Issue 1, 2026 | Page No.: 45-73

material for hydrogen evolutions and asymmetric
supercapacitors,” Int. J. Energy Res., vol. 45, no. 14,
pp- 19947-19961, Nov. 2021, doi: 10.1002/er.7065.
[20] H.-J. Qiu, L. Liu, Y.-P. Mu, H.-J. Zhang,
and Y. Wang, “Designed synthesis of cobalt-oxide-
based nanomaterials for superior electrochemical
energy storage devices,” Nano Res., vol. 8, no. 2, pp.
321-339, Feb. 2015, doi: 10.1007/s12274-014-
0589-6.

[21] Y. Wang, Y. Song, and Y. Xia,
“Electrochemical capacitors: mechanism, materials,
systems, characterization and applications,” Chem.
Soc. Rev., vol. 45, no. 21, pp. 5925-5950, 2016, doi:
10.1039/C5CS00580A.

[22] G. Wang et al., “Electroceramics for High-
Energy Density Capacitors: Current Status and
Future Perspectives,” Chem. Rev., vol. 121, no. 10,
pp- 6124-6172, May 2021, doi:
10.1021/acs.chemrev.0c01264.

[23] G. Wang et al., “Electroceramics for High-
Energy Density Capacitors: Current Status and
Future Perspectives,” Chem. Rev., vol. 121, no. 10,
pp- 6124-6172, May 2021, doi:
10.1021/acs.chemrev.0c01264.

[24] N. Kumar, S.-B. Kim, S.-Y. Lee, and S.-J.
Park, “Recent Advanced Supercapacitor: A Review
of Storage Mechanisms, Electrode Materials,

2

Modification, and Perspectives,” Nanomaterials,
vol. 12, no. 20, p. 3708, Oct. 2022, doi:
10.3390/nan012203708.

[25] D. Linzen, S. Buller, E. Karden, and R. W.
DeDoncker, “Analysis and Evaluation of Charge-
Balancing Circuits on Performance, Reliability, and
Lifetime of Supercapacitor Systems,” IEEE Trans.
Ind. Appl., vol. 41, no. 5, pp. 1135-1141, Sep. 2005,
doi: 10.1109/TIA.2005.853375.

[26] Y. Cheng, H. Zhang, S. Lu, C. V. Varanasi,
and J. Liu, “Flexible asymmetric supercapacitors
with high energy and high power density in aqueous
electrolytes,” Nanoscale, vol. 5, no. 3, pp. 1067-
1073, 2013, doi: 10.1039/C2NR33136E.

[27] H. Shao, Y.-C. Wu, Z. Lin, P.-L. Taberna,
and P. Simon, “Nanoporous carbon for
electrochemical capacitive energy storage,” Chem.
Soc. Rev., vol. 49, no. 10, pp. 3005-3039, 2020, doi:
10.1039/DOCS00059K.

[28] B. Fang and L. Binder, “A Novel Carbon
Electrode Material for Highly Improved EDLC
Performance,” J. Phys. Chem. B, vol. 110, no. 15,
pp- 7877-7882, Apr. 2006, doi: 10.1021/jp060110d.
[29] H. Shao, Y.-C. Wu, Z. Lin, P.-L. Taberna,
and P.  Simon, “Nanoporous carbon for
electrochemical capacitive energy storage,” Chem.
Soc. Rev., vol. 49, no. 10, pp. 3005-3039, 2020, doi:
10.1039/DOCS00059K.

[30] N. L. Torad et al., “Electric Double-Layer
Capacitors Based on Highly Graphitized
Nanoporous Carbons Derived from ZIF-67,” Chem.
— Eur. J., vol. 20, no. 26, pp. 7895-7900, Jun. 2014,
doi: 10.1002/chem.201400089.

[31] F. Zhang et al, “A high-performance
supercapacitor-battery hybrid energy storage device
based on graphene-enhanced electrode materials
with ultrahigh energy density,” Energy Environ. Sci.,
vol. 6, no. 5 p. 1623, 2013, doi:
10.1039/c3ee40509%.

[32] B. Fang and L. Binder, “A Novel Carbon
Electrode Material for Highly Improved EDLC
Performance,” J. Phys. Chem. B, vol. 110, no. 15,
pp- 7877-7882, Apr. 2006, doi: 10.1021/jp060110d.
[33] Y.-M. Wei, K. D. Kumar, L. Zhang, and J.-
F. Li, “Pseudocapacitive materials for energy
storage: properties, mechanisms, and applications in
supercapacitors and batteries,” Front. Chem., vol.
13, p- 1636683, Jun. 2025, doi:
10.3389/fchem.2025.1636683.

[34] V. Augustyn, P. Simon, and B. Dunn,
“Pseudocapacitive oxide materials for high-rate
electrochemical energy storage,” Energy Environ.
Sci., vol. 7, no. 5, p. 1597, 2014, doi:
10.1039/c3ee44164d.

[35] P. Ghasemiahangarani, G. Farhan, D. Del
Mundo, and T. Schoetz, “Charge Storage

64
Survase L. et. al., 2026



International Journal of Multidisciplinary Science and Innovation (1JMSI)
International Conference on Advances in Physical, Chemical and Mathematical

Sciences for Sustainable Development
Organized by
D.M.S. Mandal’s Bhaurao Kakatkar College, Belgaum, Karnataka, India
Website: https://ijmsi.in/
ISSN: 3107-5754 | Vol. 2, Special Issue 1, 2026 | Page No.: 45-73

Mechanisms in Batteries and Capacitors: A
Perspective of the Electrochemical Interface,” Adv.
Energy Mater., vol. 15, no. 12, p. 2404704, Mar.
2025, doi: 10.1002/aenm.202404704.

[36] M. Salanne et al.,, “Efficient storage
mechanisms for building better supercapacitors,”
Nat. Energy, vol. 1, no. 6, p. 16070, May 2016, doi:
10.1038/nenergy.2016.70.

[37] C. Choi et al.,, “Achieving high energy
density and high power density with
pseudocapacitive materials,” Nat. Rev. Mater., vol.
5, no. 1, pp. 5-19, Oct. 2019, doi: 10.1038/s41578-
019-0142-z.

[38] C. Guan et al, “Iron Oxide-Decorated
Carbon for Supercapacitor Anodes with Ultrahigh
Energy Density and Outstanding Cycling Stability,”
ACS Nano, vol. 9, no. 5, pp. 5198-5207, May 2015,
doi: 10.1021/acsnano.5b00582.

[39] F. Zhang et al, “A high-performance
supercapacitor-battery hybrid energy storage device
based on graphene-enhanced electrode materials
with ultrahigh energy density,” Energy Environ. Sci.,
vol. 6, mno. 5 p. 1623, 2013, doi:
10.1039/c3ee40509%.

[40] K. Chen, S. Song, F. Liu, and D. Xue,
“Structural design of graphene for use in
electrochemical energy storage devices,” Chem.
Soc. Rev., vol. 44, no. 17, pp. 6230-6257, 2015, doi:
10.1039/C5CS00147A.

[41] Q. Jiang, N. Kurra, M. Alhabeb, Y. Gogotsi,
and H. N. Alshareef, “All Pseudocapacitive MXene-
RuO; Asymmetric Supercapacitors,” Adv. Energy
Mater., vol. 8, no. 13, p. 1703043, May 2018, doi:
10.1002/aenm.201703043.

[42] Q. Lv et al, “Solid-State Thin-Film
Supercapacitors with Ultrafast Charge/Discharge
N-Doped-Carbon-Tubes/Au-
Nanoparticles-Doped-MnO» Nanocomposites,”
Nano Lett., vol. 16, no. 1, pp. 40—47, Jan. 2016, doi:
10.1021/acs.nanolett.5b02489.

[43] G. An et al., “2D Metal Zn Nanostructure
Electrodes for High-Performance Zn Ion

Based on

Supercapacitors,” Adv. Energy Mater., vol. 10, no. 3,
p- 1902981, Jan. 2020, doi:
10.1002/aenm.201902981.

[44] F. Wang, S. Xiao, Y. Hou, C. Hu, L. Liu,
and Y. Wu, “Electrode materials for aqueous
asymmetric supercapacitors,” RSC Adv., vol. 3, no.
32, p. 13059, 2013, doi: 10.1039/c3ra23466e.

[45] K. S. Kumar, N. Choudhary, Y. Jung, and J.
Thomas, “Recent Advances in Two-Dimensional
Nanomaterials for  Supercapacitor Electrode
Applications,” ACS Energy Lett., vol. 3, no. 2, pp.
482495, Feb. 2018, doi:
10.1021/acsenergylett.7b01169.

[46] C. Guan et al, “Iron Oxide-Decorated
Carbon for Supercapacitor Anodes with Ultrahigh
Energy Density and Outstanding Cycling Stability,”
ACS Nano, vol. 9, no. 5, pp. 5198-5207, May 2015,
doi: 10.1021/acsnano.5b00582.

[47] N. Singer, R. G. Pillai, A. 1. D. Johnson, K.
D. Harris, and A. B. Jemere, “Nanostructured nickel
oxide electrodes for non-enzymatic electrochemical
glucose sensing,” Microchim. Acta, vol. 187, no. 4,
p- 196, Apr. 2020, doi: 10.1007/s00604-020-4171-5.
[48] J. El Nady, A. Shokry, M. Khalil, S.
Ebrahim, A. M. Elshaer, and M. Anas, “One-step
electrodeposition of a polypyrrole/NiO
nanocomposite as a supercapacitor electrode,” Sci.
Rep., vol. 12, no. 1, p. 3611, Mar. 2022, doi:
10.1038/s41598-022-07483-y.

[49] J. Jiang, Y. Li, J. Liu, X. Huang, C. Yuan,
and X. W. (David) Lou, “Recent Advances in Metal
Oxide-based Electrode Architecture Design for
Electrochemical Energy Storage,” Adv. Mater., vol.
24, no. 38, pp. 5166-5180, Oct. 2012, doi:
10.1002/adma.201202146.

[50] P. Hao et al., “1D Ni—Co oxide and sulfide
nanoarray/carbon aerogel hybrid nanostructures for
asymmetric supercapacitors with high energy
density and excellent cycling stability,” Nanoscale,
vol. 8, no. 36, pp. 16292-16301, 2016, doi:
10.1039/C6NROS5385H.

65
Survase L. et. al., 2026



International Journal of Multidisciplinary Science and Innovation (1JMSI)
International Conference on Advances in Physical, Chemical and Mathematical

Sciences for Sustainable Development
Organized by
D.M.S. Mandal’s Bhaurao Kakatkar College, Belgaum, Karnataka, India
Website: https://ijmsi.in/
ISSN: 3107-5754 | Vol. 2, Special Issue 1, 2026 | Page No.: 45-73

[51] F. Luan et al, “High energy density
asymmetric supercapacitors with a nickel oxide
nanoflake cathode and a 3D reduced graphene oxide
anode,” Nanoscale, vol. 5, no. 17, p. 7984, 2013,
doi: 10.1039/c3nr02710d.

[52] P. W. Menezes, A. Indra, V. Gutkin, and M.
Driess, “Boosting electrochemical water oxidation
through replacement of Oy, Co sites in cobalt oxide
spinel with manganese,” Chem. Commun., vol. 53,
no. 57, Pp- 8018-8021, 2017, doi:
10.1039/C7CC03749J.

[53] N. Spataru et al, “Electrochemical
Behavior of Cobalt Oxide Films Deposited at
Conductive Diamond Electrodes,” J. Electrochem.
Soc., vol. 150, no. 7, p. E337, 2003, doi:
10.1149/1.1579037.

[54] C.-C. Kuo, W.-J. Lan, and C.-H. Chen,
“Redox preparation of mixed-valence cobalt
manganese oxide nanostructured materials: highly
efficient noble metal-free electrocatalysts for
sensing hydrogen peroxide,” Nanoscale, vol. 6, no.
1, pp. 334-341, 2014, doi: 10.1039/C3NR03791F.
[55] J. Yang, H. Liu, W. N. Martens, and R. L.
Frost, “Synthesis and Characterization of Cobalt
Hydroxide, Cobalt Oxyhydroxide, and Cobalt Oxide
Nanodiscs,” J. Phys. Chem. C, vol. 114, no. 1, pp.
111-119, Jan. 2010, doi: 10.1021/jp908548f.

[56] W. Shang et al, “Transforming the
Electrochemical Behaviors of Cobalt Oxide from
‘Supercapacitator’ to ‘Battery’ by Atomic-Level
Structure Engineering for Inspiring the Advance of
Co-Based Batteries,” Small, vol. 19, no. 24, p.
2300647, Jun. 2023, doi: 10.1002/sml1.202300647.
[57] J. Yang, H. Liu, W. N. Martens, and R. L.
Frost, “Synthesis and Characterization of Cobalt
Hydroxide, Cobalt Oxyhydroxide, and Cobalt Oxide
Nanodiscs,” J. Phys. Chem. C, vol. 114, no. 1, pp.
111-119, Jan. 2010, doi: 10.1021/jp908548f.

[58] J. Yang et al, “Surface-Confined
Fabrication of Ultrathin Nickel Cobalt-Layered
Double Hydroxide Nanosheets for High-
Performance Supercapacitors,” Adv. Funct. Mater.,

vol. 28, no. 44, p. 1803272, Oct. 2018, doi:
10.1002/adfm.201803272.

[59] X. Deng, S. Oztiirk, C. Weidenthaler, and
H. Tiystiz, “Iron-Induced Activation of Ordered
Mesoporous Nickel Cobalt Oxide Electrocatalyst for
the Oxygen Evolution Reaction,” ACS Appl. Mater.
Interfaces, vol. 9, no. 25, pp. 21225-21233, Jun.
2017, doi: 10.1021/acsami.7b02571.

[60] V. Veeramani, R. Madhu, S.-M. Chen, and
M. Sivakumar, “Flower-Like Nickel-Cobalt Oxide
Decorated Dopamine-Derived Carbon
Nanocomposite for High Performance
Supercapacitor Applications,” ACS Sustain. Chem.
Eng., vol. 4, no. 9, pp. 5013-5020, Sep. 2016, doi:
10.1021/acssuschemeng.6b01391.

[61] P. W. Menezes, A. Indra, V. Gutkin, and M.
Driess, “Boosting electrochemical water oxidation
through replacement of Oy, Co sites in cobalt oxide
spinel with manganese,” Chem. Commun., vol. 53,
no. 57, pp. 8018-8021, 2017, doi:
10.1039/C7CC037491.

[62] C. Zhang, Y. Huang, S. Tang, M. Deng, and
Y. Du, “High-Energy All-Solid-State Symmetric
Supercapacitor Based on Niz S; Mesoporous
Nanosheet-Decorated Three-Dimensional Reduced
Graphene Oxide,” ACS Energy Lett., vol. 2, no. 4,
pp- 759-768, Apr. 2017, doi:
10.1021/acsenergylett.7b00078.

[63] X. Zheng, L. Yao, Y. Qiu, S. Wang, and K.
Zhang,  “Core—Sheath  Porous  Polyaniline
Nanorods/Graphene Fiber-Shaped Supercapacitors
with High Specific Capacitance and Rate
Capability,” ACS Appl. Energy Mater., vol. 2, no. 6,
Pp- 4335-4344, Jun. 2019, doi:
10.1021/acsaem.9b00558.

[64] J. Deng, M. R. Nellist, M. B. Stevens, C.
Dette, Y. Wang, and S. W. Boettcher, “Morphology
Dynamics of Single-Layered Ni(OH), /NiOOH
Nanosheets and Subsequent Fe Incorporation
Studied by in Situ Electrochemical Atomic Force

Microscopy,” Nano Lett., vol. 17, no. 11, pp. 6922—

66
Survase L. et. al., 2026



International Journal of Multidisciplinary Science and Innovation (1JMSI)
International Conference on Advances in Physical, Chemical and Mathematical

Sciences for Sustainable Development
Organized by
D.M.S. Mandal’s Bhaurao Kakatkar College, Belgaum, Karnataka, India
Website: https://ijmsi.in/
ISSN: 3107-5754 | Vol. 2, Special Issue 1, 2026 | Page No.: 45-73

6926, Novw. 2017, doi:
10.1021/acs.nanolett.7b03313.

[65] L. Wang et al.,, “Regulating the Local
Charge Distribution of Ni Active Sites for the Urea
Oxidation Reaction,” Angew. Chem. Int. Ed., vol. 60,
no. 19, pp. 10577-10582, May 2021, doi:
10.1002/anie.202100610.

[66] Y. Ren, T. Zhu, Y. Liu, Q. Liu, and Q. Yan,
“Direct Utilization of Photoinduced Charge Carriers
to Promote Electrochemical Energy Storage,” Small,
vol. 17, no. 21, p. 2008047, May 2021, doi:
10.1002/smll.202008047.

[67] Y. Cheng, H. Zhang, C. V. Varanasi, and J.
Liu, “Improving the performance of cobalt—nickel
hydroxide-based self-supporting electrodes for
supercapacitors using accumulative approaches,”
Energy Environ. Sci., vol. 6, no. 11, p. 3314, 2013,
doi: 10.1039/c3ee41143e.

[68] X.-L. Teng, X.-T. Sun, L. Guan, H. Hu, and
M.-B. Wu, “Self-supported transition metal oxide
electrodes for electrochemical energy storage,”
Tungsten, vol. 2, no. 4, pp. 337-361, Dec. 2020, doi:
10.1007/s42864-020-00068-0.

[69] T. Liu, S. Liu, Y. Liao, L. Sun, J. Bai, and
L. Chen, “Two-dimensional nanostructures of
transition metal-based materials towards aqueous
electrochemical energy storage,” Chem. Commun.,
vol. 61, no. 27, pp. 5094-5109, 2025, doi:
10.1039/D4CC06341D.

[70] H. Sun et al., “Hierarchical 3D electrodes
for electrochemical energy storage,” Nat. Rev.
Mater., vol. 4, no. 1, pp. 45-60, Dec. 2018, doi:
10.1038/s41578-018-0069-9.

[71] H. Sun et al., “Hierarchical 3D electrodes
for electrochemical energy storage,” Nat. Rev.
Mater., vol. 4, no. 1, pp. 45-60, Dec. 2018, doi:
10.1038/s41578-018-0069-9.

[72] S. Kajiyama et al, “Sodium-Ion
Intercalation Mechanism in MXene Nanosheets,”
ACS Nano, vol. 10, no. 3, pp. 3334-3341, Mar. 2016,
doi: 10.1021/acsnano.5b06958.

[73] Y. Chen et al., “Interfacial Engineering of
Nickel Boride/Metaborate and Its Effect on High
Energy Density Asymmetric Supercapacitors,” ACS
Nano, vol. 13, no. 8, pp. 93769385, Aug. 2019, doi:
10.1021/acsnano.9b04005.

[74] P. J. Morankar, R. U. Amate, A. M. Teli, A.
A. Patil, S. A. Beknalkar, and C.-W. Jeon,
“Engineering Rare Earth-Assisted Cobalt Oxide
Gels Toward Superior Energy Storage in
Asymmetric Supercapacitors,” Gels, vol. 11, no. 11,
p- 867, Oct. 2025, doi: 10.3390/gels11110867.

[75] V. Subramanian, H. Zhu, R. Vajtai, P. M.
Ajayan, and B. Wei, “Hydrothermal Synthesis and
Pseudocapacitance Properties of MnO,
Nanostructures,” J. Phys. Chem. B, vol. 109, no. 43,
Pp- 20207-20214, Novw. 2005, doi:
10.1021/jp0543330.

[76] J. Chang, J. Sun, C. Xu, H. Xu, and L. Gao,
“Template-free approach to synthesize hierarchical
porous nickel cobalt oxides for supercapacitors,”
Nanoscale, vol. 4, no. 21, p. 6786, 2012, doi:
10.1039/c2nr31725g.

[77] H. Ma et al., “Nickel Cobalt Hydroxide
@Reduced Graphene Oxide Hybrid Nanolayers for
High Performance Asymmetric Supercapacitors
with Remarkable Cycling Stability,” ACS Appl.
Mater. Interfaces, vol. 8, no. 3, pp. 19922000, Jan.
2016, doi: 10.1021/acsami.5b10280.

[78] M. Niederberger, ‘“Nonaqueous Sol-Gel
Routes to Metal Oxide Nanoparticles,” Acc. Chem.
Res., vol. 40, no. 9, pp. 793-800, Sep. 2007, doi:
10.1021/ar600035e.

[79] R. D. L. Smith, M. S. Prévot, R. D. Fagan,
S. Trudel, and C. P. Berlinguette, “Water Oxidation
Catalysis: Electrocatalytic Response to Metal
Stoichiometry in Amorphous Metal Oxide Films
Containing Iron, Cobalt, and Nickel,” J. Am. Chem.
Soc., vol. 135, no. 31, pp. 11580-11586, Aug. 2013,
doi: 10.1021/ja403102;.

[80] J. Zhang, F. Liu, J. P. Cheng, and X. B.
Zhang, “Binary Nickel-Cobalt Oxides Electrode
Materials for High-Performance Supercapacitors:

67
Survase L. et. al., 2026



International Journal of Multidisciplinary Science and Innovation (1JMSI)
International Conference on Advances in Physical, Chemical and Mathematical

Sciences for Sustainable Development
Organized by
D.M.S. Mandal’s Bhaurao Kakatkar College, Belgaum, Karnataka, India
Website: https://ijmsi.in/
ISSN: 3107-5754 | Vol. 2, Special Issue 1, 2026 | Page No.: 45-73

Influence of its Composition and Porous Nature,”
ACS Appl. Mater. Interfaces, vol. 7, no. 32, pp.
17630-17640, Aug. 2015, doi:
10.1021/acsami.5b04463.

[81] R. D. L. Smith, M. S. Prévot, R. D. Fagan,
S. Trudel, and C. P. Berlinguette, “Water Oxidation
Catalysis: Electrocatalytic Response to Metal
Stoichiometry in Amorphous Metal Oxide Films
Containing Iron, Cobalt, and Nickel,” J. Am. Chem.
Soc., vol. 135, no. 31, pp. 11580-11586, Aug. 2013,
doi: 10.1021/j2a403102;.

[82] D. Eisenberg, H. S. Ahn, and A. J. Bard,
“Enhanced Photoelectrochemical Water Oxidation
on Bismuth Vanadate by FElectrodeposition of
Amorphous Titanium Dioxide,” J. Am. Chem. Soc.,
vol. 136, no. 40, pp. 14011-14014, Oct. 2014, doi:
10.1021/ja5082475.

[83] H. Wang, N. Mao, J. Shi, Q. Wang, W. Yu,
and X. Wang, “Cobalt Oxide-Carbon Nanosheet
Nanoarchitecture as an Anode for High-
Performance Lithium-lon Battery,” ACS Appl.
Mater. Interfaces, vol. 7, no. 4, pp. 2882-2890, Feb.
2015, doi: 10.1021/am508208c.

[84] G. Nagaraju, S. M. Cha, S. C. Sekhar, and
J. S. Yu, “Metallic Layered Polyester Fabric Enabled
Nickel Selenide Nanostructures as Highly
Conductive and Binderless Electrode with Superior
Energy Storage Performance,” Adv. Energy Mater.,
vol. 7, no. 4, p. 1601362, Feb. 2017, doi:
10.1002/aenm.201601362.

[85] J. Chang, J. Sun, C. Xu, H. Xu, and L. Gao,
“Template-free approach to synthesize hierarchical
porous nickel cobalt oxides for supercapacitors,”
Nanoscale, vol. 4, no. 21, p. 6786, 2012, doi:
10.1039/c2nr31725g.

[86] Y.-M. Wang, D.-D. Zhao, Y.-Q. Zhao, C.-L.
Xu, and H.-L. Li, “Effect of electrodeposition
temperature on the electrochemical performance of
a Ni(OH)2electrode,” RSC Adv, vol. 2, no. 3, pp.
1074-1082, 2012, doi: 10.1039/C1RA00613D.

[87] J. Xiao and S. Yang, “Sequential
crystallization of sea urchin-like bimetallic (Ni, Co)

carbonate hydroxide and its morphology conserved
conversion to porous NiCo204 spinel for
pseudocapacitors,” RSC Adv., vol. 1, no. 4, p. 588,
2011, doi: 10.1039/c1ra00342a.

[88] M. Khairy and S. A. El-Safty, “Mesoporous
NiO nanoarchitectures for electrochemical energy
storage: influence of size, porosity, and
morphology,” RSC Adyv., vol. 3, no. 45, p. 23801,
2013, doi: 10.1039/c3ra44465a.

[89] D. Malavekar, S. Pujari, S. Jang, S.
Bachankar, and J. H. Kim, “Recent Development on
Transition Metal Oxides-Based Core—Shell
Structures  for  Boosted  Energy  Density
Supercapacitors,” Small, vol. 20, no. 31, p. 2312179,
Aug. 2024, doi: 10.1002/sml1.202312179.

[90] H. B. Wu, G. Zhang, L. Yu, and X. W.
(David) Lou, “One-dimensional metal oxide—carbon
hybrid nanostructures for electrochemical energy
storage,” Nanoscale Horiz., vol. 1, no. 1, pp. 27-40,
2016, doi: 10.1039/C5NH00023H.

[91] X. Sun, G. Wang, J.-Y. Hwang, and J. Lian,
“Porous nickel oxide nano-sheets for high
performance pseudocapacitance materials,” J.
Mater. Chem., vol. 21, no. 41, p. 16581, 2011, doi:
10.1039/c1jm12734a.

[92] W. Gu and G. Yushin, “Review of
nanostructured carbon materials for electrochemical
capacitor applications: advantages and limitations of
activated carbon, carbide-derived carbon, zeolite-
templated carbon, carbon aerogels, carbon
nanotubes, onion-like carbon, and graphene,”
WIREs Energy Environ., vol. 3, no. 5, pp. 424-473,
Sep. 2014, doi: 10.1002/wene.102.

[93] V. Veeramani, R. Madhu, S.-M. Chen, and
M. Sivakumar, “Flower-Like Nickel-Cobalt Oxide
Decorated Dopamine-Derived Carbon
Nanocomposite for High Performance
Supercapacitor Applications,” ACS Sustain. Chem.
Eng., vol. 4, no. 9, pp. 5013-5020, Sep. 2016, doi:
10.1021/acssuschemeng.6b01391.

[94] E. Narayanamoorthi, N. S. K. Gowthaman,
S. Abraham John, and K. P. Elango, “Facile

68
Survase L. et. al., 2026



International Journal of Multidisciplinary Science and Innovation (1JMSI)
International Conference on Advances in Physical, Chemical and Mathematical

Sciences for Sustainable Development
Organized by
D.M.S. Mandal’s Bhaurao Kakatkar College, Belgaum, Karnataka, India
Website: https://ijmsi.in/
ISSN: 3107-5754 | Vol. 2, Special Issue 1, 2026 | Page No.: 45-73

synthesis of flower-like NiCo/NiO—CoO surrounded
by N-doped porous carbon derived from covalent
organic framework for aqueous asymmetric
supercapacitor,” Int. J. Hydrog. Energy, vol. 68, pp.
440448, May 2024, doi:
10.1016/j.ijhydene.2024.04.268.

[95] Y.-M. Wang, X. Zhang, C.-Y. Guo, Y.-Q.
Zhao, C.-L. Xu, and H.-L. Li, “Controllable
synthesis of 3D NiyCol—y oxides with different
morphologies for high-capacity supercapacitors,” J.
Mater. Chem. A4, vol. 1, no. 42, p. 13290, 2013, doi:
10.1039/c3tal2713c.

[96] T. Zhu et al., “Synthesis of NiCo2S4-based
nanostructured electrodes supported on nickel foams
with superior electrochemical performance,” J.
Mater. Sci., vol. 51, no0. 4, pp. 1903-1913, Feb. 2016,
doi: 10.1007/s10853-015-9497-8.

[97] Y.-Y. Huang and L.-Y. Lin, “Synthesis of
Ternary Metal Oxides for Battery-Supercapacitor
Hybrid Devices: Influences of Metal Species on
Redox Reaction and Electrical Conductivity,” ACS
Appl. Energy Mater., vol. 1, no. 6, pp. 2979-2990,
Jun. 2018, doi: 10.1021/acsaem.8b00781.

[98] X. Wang et al, “Nickel Cobalt Oxide-
Single Wall Carbon Nanotube Composite Material
for Superior Cycling Stability and High-
Performance Supercapacitor Application,” J. Phys.
Chem. C, vol. 116, no. 23, pp. 12448-12454, Jun.
2012, doi: 10.1021/jp3028353.

[99] Y.-Y. Huang and L.-Y. Lin, “Synthesis of
Ternary Metal Oxides for Battery-Supercapacitor
Hybrid Devices: Influences of Metal Species on
Redox Reaction and Electrical Conductivity,” ACS
Appl. Energy Mater., vol. 1, no. 6, pp. 2979-2990,
Jun. 2018, doi: 10.1021/acsaem.8b00781.

[100] C. Mu et al., “Rational Design of Spinel
Cobalt Vanadate Oxide Co, VO4 for Superior
Electrocatalysis,” Adv. Mater., vol. 32, no. 10, p.
1907168, Mar. 2020, doi:
10.1002/adma.201907168.

[101] J. M. Suh et al., “p—p Heterojunction of
Nickel Oxide-Decorated Cobalt Oxide Nanorods for

Enhanced Sensitivity and Selectivity toward Volatile
Organic Compounds,” ACS Appl. Mater. Interfaces,
vol. 10, no. 1, pp. 1050-1058, Jan. 2018, doi:
10.1021/acsami.7b14545.

[102] Y. Wang, J. Guo, T. Wang, J. Shao, D.
Wang, and Y.-W. Yang, “Mesoporous Transition
Metal Oxides for Supercapacitors,” Nanomaterials,
vol. 5, no. 4, pp. 1667-1689, Oct. 2015, doi:
10.3390/nan05041667.

[103] P. A. Shinde and S. C. Jun, “Review on
Recent Progress in the Development of Tungsten
Oxide Based Electrodes for Electrochemical Energy
Storage,” ChemSusChem, vol. 13, no. 1, pp. 11-38,
Jan. 2020, doi: 10.1002/¢cssc.201902071.

[104] Z. Wang, H. Gao, Q. Zhang, Y. Liu, J.
Chen, and Z. Guo, “Recent Advances in 3D
Graphene Architectures and Their Composites for
Energy Storage Applications,” Small, vol. 15, no. 3,
p- 1803858, Jan. 2019, doi:
10.1002/sml1.201803858.

[105] X. Hu, W. Zhang, X. Liu, Y. Mei, and Y.
Huang, “Nanostructured Mo-based electrode
materials for electrochemical energy storage,”
Chem. Soc. Rev., vol. 44, no. 8, pp. 23762404,
2015, doi: 10.1039/C4CS00350K.

[106] S. Jeon and K. Yong, “Morphology-
controlled synthesis of highly adsorptive tungsten
oxide nanostructures and their application to water
treatment,” J. Mater. Chem., vol. 20, no. 45, p.
10146, 2010, doi: 10.1039/c0jm01644f.

[107] G.-R.Li, H. Xu, X.-F. Lu, J.-X. Feng, Y.-X.
Tong, and C.-Y. Su, “Electrochemical synthesis of
nanostructured materials for electrochemical energy
conversion and storage,” Nanoscale, vol. 5, no. 10,
p. 4056, 2013, doi: 10.1039/c3nr00607g.

[108] Y.-F. Sun et al, “Metal Oxide
Nanostructures and Their Gas Sensing Properties: A
Review,” Sensors, vol. 12, no. 3, pp. 2610-2631,
Feb. 2012, doi: 10.3390/s120302610.

[109] H. Ma et al., “Nickel Cobalt Hydroxide
@Reduced Graphene Oxide Hybrid Nanolayers for
High Performance Asymmetric Supercapacitors

69
Survase L. et. al., 2026



International Journal of Multidisciplinary Science and Innovation (1JMSI)
International Conference on Advances in Physical, Chemical and Mathematical

Sciences for Sustainable Development
Organized by
D.M.S. Mandal’s Bhaurao Kakatkar College, Belgaum, Karnataka, India
Website: https://ijmsi.in/
ISSN: 3107-5754 | Vol. 2, Special Issue 1, 2026 | Page No.: 45-73

with Remarkable Cycling Stability,” ACS Appl.
Mater. Interfaces, vol. 8, no. 3, pp. 1992-2000, Jan.
2016, doi: 10.1021/acsami.5b10280.

[110] J. Balamurugan, T. T. Nguyen, V.
Aravindan, N. H. Kim, and J. H. Lee, “Flexible
Solid-State Asymmetric Supercapacitors Based on
Nitrogen-Doped Graphene Encapsulated Ternary
Metal-Nitrides with Ultralong Cycle Life,” Adv.
Funct. Mater., vol. 28, no. 44, p. 1804663, Oct.
2018, doi: 10.1002/adfm.201804663.

[111] W.-L. Hong and L.-Y. Lin, “Design of
nickel cobalt oxide and nickel cobalt oxide@nickel
molybdenum oxide battery-type materials for
flexible solid-state battery supercapacitor hybrids,”
J. Power Sources, vol. 435, p. 226797, Sep. 2019,
doi: 10.1016/j.jpowsour.2019.226797.

[112] C. Zequine et al, “High-Performance
Flexible Supercapacitors obtained via Recycled
Jute: Bio-Waste to Energy Storage Approach,” Sci.
Rep., vol. 7, no. 1, p. 1174, Apr. 2017, doi:
10.1038/s41598-017-01319-w.

[113] W.-L. Hong and L.-Y. Lin, “Design of
nickel cobalt oxide and nickel cobalt oxide@nickel
molybdenum oxide battery-type materials for
flexible solid-state battery supercapacitor hybrids,”
J. Power Sources, vol. 435, p. 226797, Sep. 2019,
doi: 10.1016/j.jpowsour.2019.226797.

[114] D. Malavekar, S. Pujari, S. Jang, S.
Bachankar, and J. H. Kim, “Recent Development on
Transition Metal Oxides-Based Core—Shell
Structures  for Boosted Energy  Density
Supercapacitors,” Small, vol. 20, no. 31, p. 2312179,
Aug. 2024, doi: 10.1002/smll.202312179.

[115] G.-R.Li, H. Xu, X.-F. Lu, J.-X. Feng, Y.-X.
Tong, and C.-Y. Su, “Electrochemical synthesis of
nanostructured materials for electrochemical energy
conversion and storage,” Nanoscale, vol. 5, no. 10,
p- 4056, 2013, doi: 10.1039/c3nr00607g.

[116]  Y.-Y. Huang and L.-Y. Lin, “Synthesis of
Ternary Metal Oxides for Battery-Supercapacitor
Hybrid Devices: Influences of Metal Species on
Redox Reaction and Electrical Conductivity,” ACS

Appl. Energy Mater., vol. 1, no. 6, pp. 2979-2990,
Jun. 2018, doi: 10.1021/acsaem.8b00781.

[117] F. Zhang and L. Qi, “Recent Progress in
Self-Supported Metal Oxide Nanoarray Electrodes
for Advanced Lithium-Ion Batteries,” Adv. Sci., vol.
3, no. 9, p. 1600049, Sep. 2016, doi:
10.1002/advs.201600049.

[118]

Rakesh Singh ¢, Anoop Singh °, Aman Dubey ?, A
amir Ahmed ?, Ashok

K. Sundramoorthy ¢, Sandeep Arya *“Synthesis and
characterization of spherical NiO nanoparticles as a
high-performance supercapacitor electrode”, Next
Research,

February 2026.

[119] Oluwasegun Emmanuel Ojodun, Patrick
Ehi Imoisili, Tien-Chien Jen , “Thermal annealing-
induced structural modifications and
electrochemical enhancement of NiO/CNT
electrodes synthesized by spray pyrolysis for high-
performance supercapacitors”, 2 Electrochemistry

Communications, September 2025.

[120] Moataz G. Fayed, Delvin Aman, Saad G.
Mohamed, “Synergetic Electrochemical Behavior of
NiO and Activated Carbon Composites for
Advanced Supercapacitor”.

[121] Naushad Ahmad, Abdulaziz Ali Alghamdi,
Hessah A. Al-Abdulkarim, Ghulam M. Mustafa,
Neazar Baghdadi, Fahad A. Alharthi, “Structural,
Morphological, and Electrochemical Performance
of CeO2/NiO Nanocomposite for Supercapacitor
Applications”.

[122] Achintya Dutta, Akhil Bonagiri, Aditya
Nirmale, Ramakrishna Nayak, M. Selvakumar,
Shounak De, Vinod Kamath, Prakasha Shetty,
“Effect of Thermal Annealing on Electrochemical
and Morphological Properties of Printed NiO
Electrodes for Flexible Asymmetric Micro-

Supercapacitor Applications “.

70
Survase L. et. al., 2026


https://www.sciencedirect.com/journal/next-research
https://www.sciencedirect.com/journal/next-research
https://www.sciencedirect.com/journal/electrochemistry-communications
https://www.sciencedirect.com/journal/electrochemistry-communications

International Journal of Multidisciplinary Science and Innovation (1JMSI)
International Conference on Advances in Physical, Chemical and Mathematical

Sciences for Sustainable Development
Organized by
D.M.S. Mandal’s Bhaurao Kakatkar College, Belgaum, Karnataka, India
Website: https://ijmsi.in/
ISSN: 3107-5754 | Vol. 2, Special Issue 1, 2026 | Page No.: 45-73

[123] Zahra Shoghi Doroudkhani, Jamal Mazloom,
Majedeh Mahinzad Ghaziani, “Optical and
Electrochemical Performance of Electrospun NiO—
MnsOs Nanocomposites for Energy Storage
Applications”, Scientific Reports,2025.

[124] Farrukh Igbal Dar, Kevin Radakishna
Moonoosawmy, Mohammed Es-Souni,
“Morphology and Property Control of NiO

Nanostructures for Supercapacitor Applications”,

Nano Express,2013.
[125] Farrukh Igbal Dar, Kevin Radakishna
Moonoosawmy, Mohammed Es-Souni,

“Morphology and Property Control of NiO
Nanostructures for Supercapacitor Applications”,
Nano Express,2013.

[126] Zhe Li, Xinzhi Liu, Grace L. Causer, Ko Wei
Lin, Philip Pong, Stephen A. Holt, Frank Klose,
Yang Yang Li, “Structural Evolution of a Ni/NiOx
Based Supercapacitor in Cyclic Charging-
Discharging: A Polarized Neutron and X-ray
Reflectometry Study”.

[127] Nourin Nurain Amina, Md Noushad Hossain,
Muhammad Shahriar Bashar, Munira Sultana, Md.
Salahuddin Mina, “Sol-Gel-Derived NiO/ZnO Thin
Films with Single and Heterostructure Layers for
Electrochemical Energy Storage”.

[128] SakthiMurugan Rajendiran, Manoharan
Chellasamy, Hajasharif Pitchai Sali Mohamed,
Murugan Anbazhagan, Shanmugam Marimuthu,
Udhayan Sekar, “Investigation on Structural,
Magnetic and Electrochemical Characteristics of
Cos0s4  Nanoparticles for Supercapacitor
Applications”. Nanotechnology for Environmental
Engineering (2025).

[129] Xuelei Wang, Anyu Hu, Chao Meng, Chun
Wu, Shaobin Yang, Xiaodong Hong, “Recent
Advance in Co3s04 and Co304-Containing Electrode
Materials for High-Performance Supercapacitors”,
Molecules (2020).

[130] Radhika S. Desai, Vinayak S. Jadhav, Pramod
S. Patil, Dhanaji S. Dalavi, “Recent Advances in
Hydrothermally and Solvothermally Grown Co0s04

Nanostructures for Electrochemical Energy Storage
Applications: A Brief Review”, Materials Advances
(2023).

[131] Maxwell F. L. Garcia, Luis C. C. Arzuza,
Gelmires A. Neves, Francisco J. A. Loureiro, Marco
A. Morales, Daniel A. Macedo, Helio L. Lira,
Romualdo R.
Morphological Properties of Cobalt-Oxide-Based

Menezes,  “Structure  and

(Co304) Materials as Electrodes for Supercapacitors:
A Brief Review”, Materials (Basel), 2025 Jan
17;18(2):413. doi: 10.3390/ma18020413.

[132] Manickam M., Ponnuswamy V., Sankar C.,
Suresh R., Mariappan R., Bose A.C,
Chandrasekaran J, “Structural, Optical, Electrical
and Electrochemical Properties of Fe:Cos04 Thin
Films for Supercapacitor Applications”.

[133] Radhika S. Desai, Vinayak S. Jadhav, Pramod
S. Patil, Dhanaji S. Dalavi, “Recent Advances in
Hydrothermally and Solvothermally Grown Co03O4
Nanostructures for Electrochemical Energy Storage
Applications: A Brief Review”, Materials Advances
(2023), https://doi.org/10.1039/d3ma00806a.

[134] Maxwell F. L. Garcia, Luis C. C. Arzuza,
Gelmires A. Neves, Francisco J. A. Loureiro, Marco
A. Morales, Daniel A. Macedo, Helio L. Lira,
Romualdo R.
Morphological Properties of Cobalt-Oxide-Based

Menezes, “Structure  and

(Co304) Materials as Electrodes for Supercapacitors:
A Brief Review”, Materials (Basel) (2025),PMCID:
PMC11766530 PMID: 39859884 .

[135] Mohammad Bagher Askari, Parisa
Salarizadeh, Mohammad Taghi Tourchi Moghadam,
“Recent Progress and Perspectives on NiCo020s-
Based Electrode Materials for Supercapacitors”,
Journal of  Energy Storage (2025),
https://doi.org/10.1016/j.est.2025.117348 .

[136] Chenggang Wang, E. Zhou, Weidong He,
Xiaolong Deng, Jinzhao Huang, Meng Ding, Xianqi
Wei, Xiaojing Liu, Xijin Xu, “NiCo0:04+-Based

Supercapacitor Nanomaterials”, Nanomaterials

71
Survase L. et. al., 2026


https://doi.org/10.3390/ma18020413
https://doi.org/10.1039/d3ma00806a
https://pubmed.ncbi.nlm.nih.gov/39859884/
https://doi.org/10.1016/j.est.2025.117348

International Journal of Multidisciplinary Science and Innovation (1JMSI)
International Conference on Advances in Physical, Chemical and Mathematical

Sciences for Sustainable Development
Organized by
D.M.S. Mandal’s Bhaurao Kakatkar College, Belgaum, Karnataka, India
Website: https://ijmsi.in/
ISSN: 3107-5754 | Vol. 2, Special Issue 1, 2026 | Page No.: 45-73

(Basel), 2017 Feb
doi: 10.3390/nan07020041.

[137] Mohammad Bagher Askari, Parisa
Salarizadeh, Mohammad Taghi Tourchi Moghadam,

15;7(2):41.

“Recent Progress and Perspectives on NiCo0204-
Based Electrode Materials for Supercapacitors”,
Journal of  Energy Storage (2025),
https://doi.org/10.1016/j.est.2025.117348.

[138] Chenggang Wang, E. Zhou, Weidong He,
Xiaolong Deng, Jinzhao Huang, Meng Ding, Xianqi
Wei, Xiaojing Liu, Xijin Xu, “NiCo:04+-Based
Supercapacitor Nanomaterials”, Nanomaterials
(Basel) (2017), doi: 10.3390/nan07020041.

[139] Junming Xu, Yang Shi, Jipeng Cheng,
Xinchang  Wang, “Recent Research  of
NiCo:04/Carbon Composites for Supercapacitors”,
Surfaces

(2022), https://doi.org/10.3390/surfaces5030025.
[140] Yanmei Li, Xiao Han, Tingfeng Yi, Yanbing
He, Xifei Li, “Review and Prospect of NiCo0:0a-
Based Composite Materials for Supercapacitor
Electrodes”, Journal of Energy Chemistry (2018)
,https://doi.org/10.1016/j.jechem.2018.05.010.
[141] Ronier A. Oliveira, Pedro Lavela, Mauricio R.
D. Bomio, Fabiana V. Motta, “Engineering Zn-
Doped NiCo20s Spinels for Enhanced Charge
Storage in  High-Performance = Asymmetric
Supercapacitors”, Electronic Materials (2026).
[142] Jiyu Hu, Feng Qian, Guosheng Song, Linlin
Wang, “Hierarchical Heterostructures of
NiCo0:20:@XMo0O.4 (X = Ni, Co) as an Electrode
Material for High-Performance Supercapacitors”,
Nanoscale Research Letters (2016).

[143] Qin Guo, Mengjie Xu, Rongjun Xu, Ying
Zhao, Boyun Huang, “Hierarchically Porous Ni
Monolith@Branch-Structured NiCo20s+ for High
Energy Density Supercapacitors”, Condensed
Matter > Materials Science (2016).

[144] Mansi Pathak, Sang Mun Jeong, Chandra
Sekhar Rout, “Spinel NiCo:0s Based Hybrid
Materials for Supercapacitors: Recent
Developments and Future Perspectives”, Journal of

Energy Storage (2023),
https://doi.org/10.1016/j.est.2023.108881.

[145] Xiong et al., Electrochimica Acta, 2014, 116,
114-120; Wang et al., Journal of Power Sources,
2012, 196, 477-482.

[146] Liu et al., Materials Letters, 2015, 161, 593—
596; Salunkhe et al., Nano Energy, 2014, 11,
211-218.

[147] Xia et al., Electrochimica Acta, 2016, 190,
125-133; Zhang et al., Ceramics International,
2017, 43, 4585-4592

[148] Conway et al., Journal of Electrochemical
Society, 1999, 146, 3390-3395; Chen et al., Applied
Surface Science, 2018, 439, 852—-860

[149] Patil et al., Journal of Materials Science:
Materials in Electronics, 2019, 30, 10385-10394;
Dubal et al., Electrochimica Acta, 2013, 116, 590—
598

[150] Varma et al., Chemical Society Reviews,
2016, 45, 2947-2976; Manikandan et al., Journal of
Alloys and Compounds, 2018, 735, 1852—1863
[151] Bilecka and Niederberger, Nanoscale, 2010,
2, 1358-1374; Li et al., Electrochimica Acta, 2015,
182, 725-732

[152] Perednis and Gauckler, Journal of
Electroceramics, 2005, 14, 103-111; Kim et al.,,
Thin Solid Films, 2016, 599, 98—104

[153] Lu and Zhao, Chemical Communications,
2012, 48, 475-477; Yu et al., Advanced Functional
Materials, 2015, 25, 6692—-6698

[154] Li and Xia, Advanced Materials, 2004, 16,
1151-1170; Zhao et al., Journal of Power Sources,
2017, 343, 448-456

[155] Wei Zhou ,Xiong Zhang, “A Review on
Thermal Behaviours and Thermal Management
Systems for Supercapacitors”Batteries 2023, 9(2),
128; https://doi.org/10.3390/batteries9020128.

[156] Wang, Z.; Zhu, M.; Pei, Z.; Xue, Q.; Li, H.;
Huang, Y.; Zhi, C. Polymers for supercapacitors:
Boosting the development of the flexible and

72
Survase L. et. al., 2026


https://doi.org/10.3390/nano7020041
https://doi.org/10.1016/j.est.2025.117348
https://doi.org/10.3390/nano7020041
https://doi.org/10.3390/surfaces5030025
https://doi.org/10.1016/j.jechem.2018.05.010
https://doi.org/10.1016/j.est.2023.108881
https://doi.org/10.3390/batteries9020128

International Journal of Multidisciplinary Science and Innovation (1JMSI)
International Conference on Advances in Physical, Chemical and Mathematical

Sciences for Sustainable Development
Organized by
D.M.S. Mandal’s Bhaurao Kakatkar College, Belgaum, Karnataka, India
Website: https://ijmsi.in/
ISSN: 3107-5754 | Vol. 2, Special Issue 1, 2026 | Page No.: 45-73

wearable energy storage. Mater: Sci. Eng. R
Rep. 2020, 139, 100520.

[157] Rutao Wang & Xingbin Yan “Superior
asymmetric supercapacitor based on Ni-Co oxide
nanosheets and carbon nanorods” Scientific
Reports volume 4, Article number: 3712 (2014).
[158] Houzhao Wan, Lang Li, Jun Zhang,
HaoWang ,*“Nickel
NiCo,04 Nanorods Arrays Grown on Nickel Foam
as Efficient Electrode”,

Nanowire@Porous

Pseudocapacitor
Electrochemical Energy Storage
Volume 5 - 2017
| https://doi.org/10.3389/fenrg.2017.00033.

[159] Liang Huang, Wei Zhang, Jinwei Xiang,
Henghui Xu, Guolong Li &  Yunhui
Huang “Hierarchical core-shell
NiCo,04@NiMo04 nanowires grown on carbon
cloth as integrated electrode for high-performance
supercapacitors”  Scientific =~ Reports volume 6,
Article number: 31465 (2016).

[160] Mohan Reddy Pallavolu*“, Chandu V. V.
Muralee Gopi?, Samikannu Prabu‘, Punna Reddy

Ullapu, Jae Hak Jung*?, Sang Woo Joo® and R.

Ramesh, “Hierarchical nanoporous NiCoN
nanoflowers with highly rough surface electrode
material  for  high-performance  asymmetric
supercapacitors”,

DOI: 10.1039/D4RA07757A (Paper) RSC  Adv,,
2025, 15, 4619-4627.

[161] Ram K. Gupta, John Candler, Soubantika
Palchoudhury, Karthik Ramasamy & Bipin Kumar
Gupta,”Flexible and High
Supercapacitors Based on NiCo,Osfor Wide

Performance

Temperature Range Applications”  Scientific
Reports volume 5, Article number: 15265 (2015).
[162] Qaisar Abbas, Hafsa Khurshid, Rahana
Yoosuf, Jonathan Lawrence, Bashar A.
Issa, Mohammad Ali Abdelkareem & Abdul Ghani
Olabi ,” Engineering of nickel, cobalt oxides and
nickel/cobalt binary oxides by electrodeposition and
application as binder free electrodes in
supercapacitors”  Scientific Reports volume 13,
Article number: 15654 (2023) .

[163] Jianning Li, Chunyong Zhang,” Design of
ZIF-67 MOF-derived Co0304/NiCo0204 nanosheets
for supercapacitor electrode materials”
https://doi.org/10.1177/17475198211041257.

73
Survase L. et. al., 2026


https://www.nature.com/articles/srep03712#auth-Rutao-Wang-Aff1-Aff2
https://www.nature.com/articles/srep03712#auth-Xingbin-Yan-Aff1-Aff3
https://www.nature.com/srep
https://www.nature.com/srep
https://doi.org/10.3389/fenrg.2017.00033
https://www.nature.com/articles/srep31465#auth-Liang-Huang-Aff1
https://www.nature.com/articles/srep31465#auth-Wei-Zhang-Aff1
https://www.nature.com/articles/srep31465#auth-Jinwei-Xiang-Aff1
https://www.nature.com/articles/srep31465#auth-Henghui-Xu-Aff1
https://www.nature.com/articles/srep31465#auth-Guolong-Li-Aff1
https://www.nature.com/articles/srep31465#auth-Yunhui-Huang-Aff1
https://www.nature.com/articles/srep31465#auth-Yunhui-Huang-Aff1
https://www.nature.com/srep
https://doi.org/10.1039/D4RA07757A
https://doi.org/10.1039/2046-2069/2011
https://www.nature.com/articles/srep15265#auth-Ram_K_-Gupta-Aff1
https://www.nature.com/articles/srep15265#auth-John-Candler-Aff1
https://www.nature.com/articles/srep15265#auth-Soubantika-Palchoudhury-Aff2
https://www.nature.com/articles/srep15265#auth-Soubantika-Palchoudhury-Aff2
https://www.nature.com/articles/srep15265#auth-Karthik-Ramasamy-Aff3
https://www.nature.com/articles/srep15265#auth-Bipin_Kumar-Gupta-Aff4
https://www.nature.com/articles/srep15265#auth-Bipin_Kumar-Gupta-Aff4
https://www.nature.com/srep
https://www.nature.com/srep
https://www.nature.com/articles/s41598-023-42647-4?utm_source=chatgpt.com#auth-Qaisar-Abbas-Aff1
https://www.nature.com/articles/s41598-023-42647-4?utm_source=chatgpt.com#auth-Hafsa-Khurshid-Aff2-Aff3
https://www.nature.com/articles/s41598-023-42647-4?utm_source=chatgpt.com#auth-Rahana-Yoosuf-Aff2
https://www.nature.com/articles/s41598-023-42647-4?utm_source=chatgpt.com#auth-Rahana-Yoosuf-Aff2
https://www.nature.com/articles/s41598-023-42647-4?utm_source=chatgpt.com#auth-Jonathan-Lawrence-Aff1
https://www.nature.com/articles/s41598-023-42647-4?utm_source=chatgpt.com#auth-Bashar_A_-Issa-Aff4-Aff6
https://www.nature.com/articles/s41598-023-42647-4?utm_source=chatgpt.com#auth-Bashar_A_-Issa-Aff4-Aff6
https://www.nature.com/articles/s41598-023-42647-4?utm_source=chatgpt.com#auth-Mohammad_Ali-Abdelkareem-Aff5
https://www.nature.com/articles/s41598-023-42647-4?utm_source=chatgpt.com#auth-Abdul_Ghani-Olabi-Aff5
https://www.nature.com/articles/s41598-023-42647-4?utm_source=chatgpt.com#auth-Abdul_Ghani-Olabi-Aff5
https://www.nature.com/srep
https://journals.sagepub.com/doi/10.1177/17475198211041257?utm_source=chatgpt.com#con1
https://journals.sagepub.com/doi/10.1177/17475198211041257?utm_source=chatgpt.com#con2
https://doi.org/10.1177/17475198211041257

