Est. 1984

ORIENTAL JOURNAL OF CHEMISTRY

An International Open Access, Peer Reviewed Research Journal

www.orientichem.org

ISSN: 0970-020 X
CODEN: OJCHEG
2025, Vol. 41, No.(5):
Pg. 1567-1577

Electrochemical Approaches In Energy Storage & Conversion

K. KOTESWARA RAO™, A. SRITHAR?, V. RAJASEKHAR REDDY?, K. R. MANJULA?,
UTPAL NATH® and KAMESWARARAO®

™Department of Chemistry, GMR Institute of Technology, Rajam, Andhra Pradesh-532127, India.
2Department of Physics, R. P. Sarathy Institute of Technology, Poosaripatti, Salem, Tamilnadu-636305, India.
3Department of FME, St.Martin's Engineering College, Dhulapally Road, Near Kompally, Medchal-Malkajgiri,
Secunderabad, Telangana-500100, India.

“V.S.R Government Degree and PG College, Movva, Krishna, Andhra Pradesh, India.
*Department of Chemistry, Assam Engineering College, Jalukbri, Kamrup (Metro), Assam-781013, India.
%Department of Chemistry, Lendi Institute of Engineering and Technology, Vizianagaram, Andhra
Pradesh-535005, India.

*Corresponding author E-mail:k.koteswararao @ gmrit.edu.in

http://dx.doi.org/10.13005/0jc/410512

(Received: May 20, 2025; Accepted: September 03, 2025)

ABSTRACT

Electrochemical solutions have become key points of focus in the quest to solve universal
need of efficient, sustainable and scalable energy storage and conversion solutions. Batteries,
supercapacitors, and fuel cells are examples of systems that provide the capability to store renewable
energy and convert it to useable forms with high efficiency. This paper presents the basic principles,
modern developments and methodological approaches to the development of electrochemical
devices with particular attention to lithium-ion battery, redox-flow battery, electrochemical capacitor,
and hydrogen-based fuel cell. The findings and discussion show performance parameters relative to
energy density, power density, cycle life and cost-effectiveness as well as the increasing importance
of nanostructured electrodes and improved electrolytes in improving device performance.

Keywords: Electrochemical energy storage, Batteries, Fuel cells, Supercapacitors,
Renewable energy, Conversion technologies, Nanomaterials.

INTRODUCTION

The very fast rise in the development of
world energy usage, along with the growing depth
of environmental interest, has added extra pressure
to the significance of a good and productive energy
storage and conversion system. Traditional energy
generation using fossil fuel is also contributing to the
global escalation of greenhouse gas emissions and

climate change and there is a strong urgency to find
clean and renewable and environmentally friendly
alternatives to fossil fuel energy generation. Solar and
wind energy is also a good alternative energy as it is
renewable but because it is intermittent it cannot be
utilized directly and continuously'. Thanks to this fact,
the combination of renewable sources of power with
efficient systems of power storage and conversion
is one of the most burning lines of research in the
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field of energy science nowadays. Batteries, super
capacitors and fuel cells have all been developed to
assist in solving such issues since they enable energy
to be stored, delivered and converted in numerous
locations where energy is consumed.

LiBs and, specifically, the battery
transformed the portable electronics and could
be considered the pillar of the rapidly expanding
electric vehicle market. Their high energy density
has enabled them to attain a long cycle life, and
have made them the preferred choice of applications
in the commercial world. However, the challenges
of inaccessibility of materials, the environmental
effects of mining, safety, and thermal runaway
as well as mass recycling challenges reveal that
additional innovation is needed. In the meantime,
electrochemical capacitors/super capacitors have
very large power densities and charge rates, and
are essential where very high power peaks are
required. Hydrogen-fueled fuel cells and, more
generally, fuel cells represent a potentially good
direction of sustainable fuel conversion, and one
of the highest conversion rates and a by-product
(water). These electrochemical systems combined
are a complementary ecosystem, covering the range
of energy requirements, all the way down to small
scale equipment at the extreme of grid-scale storage
and high-pressure transportation.

This paper aims at critically analyzing the
electrochemical energy storage and conversion
systems, a review of the developments in this field and
an assessment of the opportunities and challenges.
Specifically, the paper aims to: (1) briefly discuss
the concepts underlying batteries, super capacitors,
fuel cells; (2) compare performance indices, such as
energy density, power density, cycle life, efficiency
and cost; (3) identify recent technological advances
related to electrode and electrolyte design; and (4)
conclude with a discussion of current limitations in
practicality and a view of future research direction of
next-generation systems. By this, this work not only
tries to recapitulate the existing information, but it also
tries to give some hints on the strategic trends which
are sure to influence the future of the electrochemical
energy technologies?®.

It is also recognized in this paper that
no technology can meet all the performance
requirements. An example of this is that batteries
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are designed to store energy over extended
periods, and unable to release it quickly, whereas
super capacitors are able to release it quickly, but
unable to store energy over extended periods. The
combination of these technologies offers the hope
of a hybrid energy system and the benefit of a single
region to counteract all the ineffectiveness of the
other. Such integrated solutions would be relevant
to address a broad spectrum of energy issues such
as stabilizing power grids with a high proportion of
renewables or the future of electric transportation.
Thus, not only is this paper an individual study
of the electrochemical systems but also how the
electrochemical systems liaise with one another as
far as addressing the multifaceted energy needs of
the contemporary world is concerned®.

Novelty and Contributions

This research has a number of original
contributions that will make it unique among the
reviews and other research papers on the topic of
electrochemical energy storage and conversion.
First, most of the available literature considers a
single technology (lithium-ion batteries or hydrogen
fuel cells) but this paper is comparative and
comprehensive. It analyzes batteries and super
capacitor and fuel cells systematically according
to the performance parameter of energy density,
power density, cycle life, efficiency, safety, and
cost. | suspect the comparative approach will
yield better data on trade-offs and complements
and consequently is easier to generate a more
application-oriented conceptualization®-'3,

Second, the paper includes a methodological
analysis, which bridges the gap between laboratory
level development and deployment issues in real-
life. The majority of the studies have not proceeded
to material level innovations and have not taken
into consideration the scaling and other practical
constraints. On the other hand, this article also
points out the practical limitations of electrochemical
systems, including corrosion of electrodes, thermal
flammability, safety concerns, and infrastructure
considerations. By doing so, it also creates a first-
order relationship between industrial practicability
and scientific studies that will be required in future
investment and policy.

Third, another aspect of hybrid and
integrative systems where many electrochemical
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methods are combined is also mentioned in this
paper. This paper focuses on demonstrating that
the three can be complementary, rather than
positioning batteries, capacitors, and fuel cells in
opposition to each other. Examples are to add the
super capacitors and lithium ion batteries to improve
the power and energy capacity and renewable
sources and hydrogen fuel cells in order to build
clean long-duration storage. That point of view brings
the discussion further than isolated technology
optimization to system innovation.

It not only talks about the ongoing
developments, but also offers brief recommendations
on how the existing limitations can be overcome,
such as interdisciplinary research of material
science, electrochemistry and systems engineering.
And it will not just synthesize knowledge in the paper,
but it will serve as a guide as to how to conduct
research in the future and application.

In other words, the paper is novel because
it is very broad, comparative, and future-oriented
in approach, but its contributions are based on the
theoretical knowledge of the practical means of
constructing next-generation electrochemical energy
storage and energy conversion systems'.

Literature review

Due to the significant role of energy
storage and conversion technologies in facilitating
the implementation of renewable and sustainable
energy systems on a global scale, their study has
been intensively conducted over the decades.
Investigations of lithium-ion battery designs have
shown over time that their energy density is generally
superior to that of other systems and thus are used
in electronics and other consumer applications, as
well as in electric cars and grid-level energy storage.
Storage capacity and cycling stability have been
increased dramatically through the development of
highly improved cathode and anode materials, in
the form of layered transition metal oxides, lithium
iron phosphate as well as silicon based composites.
Degradation, side reactions, safety concerns, these
began to be examined too; these may feature the
need to refine the electrololite formula and coverings
to maximize the operating life of the electrode, and
the ability to operate in harsh environment.

In 2024 C. Sun et al.,"® introduced the
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spurred by the availability and low price of potassium
and sodium, parallel work has been pursued on
sodium-ion and potassium-ion batteries to replace
lithium-ion systems. The alternatives are usually
less energy dense than the lithium-ion counterparts,
but when weighing the permanent benefits of these
alternatives against their possible disadvantages, it
can be stated that these are much more sustainable
and cost-effective. Studies have given indications on
how the layered oxide cathodes and hard carbon
anodes can be improved and aqueous electrolytes,
so as to minimize the performance deficits, and
how large-scale stationary energy storage can be
realized without so much attention to volumetric
energy density. Other, and of special interest, also,
the flow batteries (vLengthy bacteria), which may be
decoupled, and thus made to be long life and high
scaling. Its properties make flow batteries useful in
the renewable integrated power grids still plagued
by the cost of vanadium and low energy density.

Another category of energy storage
devices are electrochemical capacitors, also
known as supercapacitors because of their unusual
characteristic of providing very high power density
and high charge-discharge response. In this field,
the focus has been on increasing the energy
density, which is much lower than that of batteries,
and hence they cannot perform a long-term
storage scheme. Newer electrode designs such as
graphene, carbon nanotubes and transition metal
oxides have demonstrated the potential to increase
capacitance with stability. Alongside this, to fill the
gap between the conventional capacitors and the
lithium-ion batteries, hybrid supercapacitors into
which a battery-type faradaic reaction is coupled
with a capacitor-type electrostatic storage reaction
are being actively studied. These forms of hybrids
will provide a higher energy storage and have a quick
reaction/response time and therefore find usage in
restoration braking within electric cars and frequency
regulation in the electric grid.

In 2024 E. S. Appiah et al.,® suggested the
research in fuel cell has grown substantially and the
focus is on hydrogen-based fuel cell systems where
hydrogen serves as a clean conversion technology.
The most encouraging types of systems studied are
the proton exchange membrane fuel cell (PEMFC)
and the solid oxide fuel cell (SOFC) because
these are the efficient types of fuel cells, with high
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scalability and reduce the harm to the environment.
Tremendous research efforts have resulted in the
production of inexpensive durable catalysts that
substitute or limit the use of precious metals like
platinum. The optimisation of membrane materials,
operational conditions, and water management
methods to increase fuel cell performance and
durability have also been studied. Studies in
hydrogen production, storage and distribution
systems complement the development of fuel cells
since availability of affordable and sustainable
hydrogen is one of the basic ethical considerations
of the large scale adoption of fuel cells. Even with
these difficulties coped with it is still improved, but
the problems on the side of making commercials and
hydrogen store density and infrastructure problem
and the presence of a cost penalty all plays still to
its severe disadvantage the commercialism.

The activation of renewable energy sources
coupled with the use of electrochemical energy
storage system is another area of focus. There is no
base-level generation of power by solar and wind,
and the consumer needs storage technologies that
are flexible with respect to swings in demand and
power supply. Comparative analyses place lithium-
ion batteries better in short- to medium-term storage
and flow batteries in long-term, large-scale storage
because they are less expensive to implement due
to a component-based layout and can be expanded.
Supercapacitors are made to possess the capacity
to cushion abrupt changes in the stability of the
power system, and to charge the grid in regions
with dense charging networks. Combined with the
current generation of renewable hydrogen through
electrolysis, fuel cells may be regarded as the
potential source of both long-duration and carbon-
neutral energy. Incorporation of these technologies
is increasingly being regarded as a condition to the
development of resilient, flexible and sustainable
energy networks®.

Also, sustainability is a concept that has
been broadly stressed in the electrochemical study
area. Extraction points of the raw materials at which
they become useless in the process of device
manufacture and also at the end of the devices
working term have generated environmental issues
which have resulted in the experimentation of
recycling, material replacement and green synthesis
methods. Studies have also reported that, although it
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is possible to recycle lithium-ion batteries currently,
it cannot be done on a large scale. Researchers too
are attempting to learn more on how to create closed
circles using recycling, design-to-recycle systems
with low wastage and high resource recovery
methods. New chemistries and catalysts that utilize
earth-abundant elements are being conducted in
parallel to reduce dependence on limited elements
cobalt, nickel, platinum, etc. These sustainability-
related works can be aligned with more generic
international objectives of creating an evolutional
economy and minimizing the ecological footprint of
technologies currently being developed.

In 2024 R. Kumar et al.,® proposed the
associated literature points to, in aggregate, the
emergence of rapidly advancing electrochemical
energy storage and conversion cells with each
technology having its own strengths and weakness.
Though great efforts have been put into developing
better performance, cost, safety and sustainability,
no individual system is so far able to supply all
demands of the variety of energy demand. This
literature indicates strongly that future energy
infrastructures will be based on a family of supporting
technologies, which are coordinated appropriately
to achieve efficiencies at various levels of scale and
application. In accordance with this new consensus,
there is a growing awareness of the importance of
sustaining an interdisciplinary research program by
working across materials science, electrochemistry,
systems engineering and sustainability studies to
realise the enormous promise of the electrochemical
energy technologies to meet global energy and
environmental targets.

Conceptual Framework

The proposed research methodology
adopts a comparative and analytical approach to
study electrochemical energy storage and conversion
systems. The focus is on batteries, supercapacitors,
and fuel cells, which are evaluated not as isolated
technologies but as interdependent components
within a broader energy ecosystem. The methodology
begins with a classification of technologies,
followed by performance benchmarking, and finally,
mathematical formalization to unify evaluation
criteria®.

The research is grounded on three
fundamental stages:
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1. Data collection and review of performance
metrics (energy density, power density,
efficiency, cost, and cycle life) from
experimental and theoretical studies.

2. Quantitative modeling, where electrochemical
principles are expressed using mathematical
relationships to compare device performance.

3. Validation through simulation, ensuring that
the proposed models align with realistic
operational data. For instance, the energy
stored in a battery can be expressed as:

E=CxV (1)

Where E is the energy (Wh), C is the
capacity (Ah), and is the nominal voltage (V). This
baseline formula establishes the connection between
electrochemical capacity and usable energy.

To ensure systematic analysis, the
approach integrates theoretical models with practical
constraints. For example, the discharge time of a
device can be estimated as:

t=3 2)
Where t is the discharge time, E is
stored energy, and P is the power output. Such
relations guide both design and evaluation, linking
experimental data to performance projections.

Dimensions of Evaluation

The evaluation framework includes multiple
performance dimensions. Each dimension is
quantified mathematically to ensure fair comparison
between different electrochemical technologies.

Energy Density

Energy density reflects the capacity to store
energy per unit mass. It is mathematically defined
as:

E
ED =_ ()

where ED is energy density (Wh/kg), Eis
stored energy, and is device mass. This parameter is
crucial for portable electronics and electric vehicles.

Power Density
Power density defines the ability to deliver
energy quickly. It is given by:
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PD =— (4)

Where PD is power density (W/kg), P is
power, and m is device mass. High power density
is vital for applications requiring rapid charging and
discharging.

Efficiency

Electrochemical efficiency is defined as
the ratio of output energy to input energy. It can be
represented as:

B,
n =—%x100% (5)
En

This allows assessment of energy losses
due to heat, internal resistance, or conversion
inefficiencies.

Cycle Life
The stability of devices over repeated
cycles can be modeled as:

_ N
€= (6)
Where C, is normalized cycle life, N,is the
number of cycles before capacity drops below , and
is the initial rated cycle life.

Cost per Energy Unit
The economic viability is measured by cost
per kWh:

_ Ciotal
Cp="5 (7)
Where C_is cost per C_, is total device
cost, and is energy capacity.
By combining these metrics, the
methodology ensures a multi-dimensional evaluation
of devices rather than relying on a single parameter.

Mathematical Formalization

To unify the comparison, the study
applies mathematical models that combine
electrochemical principles with economic and
operational parameters.

Battery Discharge Model
The voltage profile of a battery during
discharge can be modeled as:
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V(t) =Vo— I+ Ryge — 22 (8)

Where V_ is the open-circuit voltage, I is
current, R_ is internal resistance, Q(t) is charge

int

consumed, and C is capacity.

Supercapacitor Energy Storage
The energy stored in a supercapacitor
follows the relation:

E =§cv2 9)

where C is capacitance and V is voltage.
This highlights their quadratic dependence on
operating voltage’.

Fuel Cell Power Output
The power output of a fuel cell is modeled
as:

P=Vuy -1 (10)
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Where V_, is the cell voltage and I is

current. Efficiency depends on losses from ohmic,

activation, and concentration polarization.

Ragone Plot Normalization

Comparative visualization is formalized
through Ragone plot coordinates:
x =log (PD),y =log (ED) (11)

This allows mapping devices into a
common performance plane.

Hybrid Performance Index
To unify different metrics, a performance
index (PI) is defined:
Pl=a-ED+[(-PD+y-n—08-Cg (12)
Where a, B, vy, 8 are weight factors
depending on application priority.

Fig. 1. Methodological flow for electrochemical evaluation
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RESULTS AND DISCUSSION

Findings of the study could offer an
analytical view on the concepts of electrochemical
energy storage and conversion systems, and specific
attention will be paid to the functioning of various
systems under the real circumstances of work.
They have been head-on compared on matters
relating to energy density, power density, efficiency,
stability of the cycle, and cost-efficiency. Not only
do these findings demonstrate the relative merits
of batteries, super capacitors and fuel cells, but the
findings also indicate some drawbacks that make
these systems less attractive solutions on a macro
level. Fig. 2. Comparative Energy and Power Density
of Electrochemical Systems graphical analysis
reveals the trends and after the super capacitors, the
lithium-ion batteries are topping the list in terms of
electricity density. The fuel cells however are installed
at different locations and show high long duration
energy at medium efficiency. The figure shows that,
and besides all the specific area of the performance,
every system is dedicated to, there is no possible
system that could be dedicated to the entire range of
performance requirements and support the primary
argument of the hybrid approach.

Fig. 2. Comparative energy and power density of
electrochemical systems
The stability of these technologies on a
cyclic basis is also crucial to deployment in the long
term. Although requiring high energy storage capacity,
batteries decay during extensive cycling because of
wear on the electrode, i.e. side reactions, whereas
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super capacitors exhibit virtually the same behavior
even after thousands of cycles. This is due to the
difference in stability as shown in Fig. 3. Cycle Life
Comparison of Batteries, Super capacitors and Fuel
Cells, where the super capacitor curve is almost
straight when compared with the more gradual
decrease in battery performance as cycles take place.
The degradation curve is consistent, but the cell
moves at a slower rate in fuel cells due to the stability
of catalysts, as well as the stability of the membrane.

Fig. 3. Cycle life comparison of batteries,
supercapacitors, and fuel cells

Another dimension that is discussed in this
study is economic feasibility. The analysis presented
in Table 1. Cost versus Performance Trade-offs of
Electrochemical Systems, is organized such that
the approximate cost per kilowatt-hour is set against
the efficiency and stability indices. The graph shows
that lithium-ion batteries are relatively expensive but
they are still leading commercial markets as their
balance of energy density and reasonable cycle
life. Supercapacitors can compete more cheaply
on a per-cycle basis, but are faced with low energy
density, requiring their use to be confined to niche
applications such as regenerative braking and
auxiliary power. Fuel cells have the most expensive
initial price due to catalyst materials and the cost of
hydrogen infrastructure requirements, but can have
tremendous benefits in the sustainability when paired
with renewable hydrogen produced. According to the
table, when the technical performance is positive,
cost is still a major obstacle to large-scale adoption.

Table 1: Cost versus performance trade-offs of electrochemical systems

Typical cycle life Practical Limitation

Technology Cost per kWh (Approx.) Efficiency(%)
Lithium-ion Battery 150-200 USD 85-90
Supercapacitor 50-100 USD 90-95
Fuel Cell 500-1000 USD 50-60

2000-3000 cycles
>100,000 cycles
5000-10,000 hours

Thermal stability, recycling
Low energy density
Hydrogen storage and cost
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The comparative analysis also shows
the existence of explicit operational synergies
between these technologies. As an example, since
acceleration requires high power bursts for a few
seconds and sustained power on demand over a
long range would be necessary with electricity-
powered vehicles, played-off versions of battery-
capacitor systems may be useful in practice.
Similarly, a fuel cell plus battery system would enable
operation during intervals of renewable feed without
necessarily having to charge batteries over huge
distances. Such a mix is reflected in Fig. 4. Hybrid
System Integration for Energy Applications, which
schematically illustrates the ways in which battery,
capacitors, and fuel cells can be interconnected to
cover different regions of operational space. The
figure shows that, the performance gaps are not only
removed by means of hybridization but the safety
and reliability is also improved along with the system
level efficiency.

Fig. 4. Hybrid system integration for energy applications
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Details can be found in Table 2. Comparative
Operational Characteristics of Batteries, Super
capacitors and Fuel Cells and the list of usability
pros and cons is summarized with regard to charging
time, safety concerns, availability of materials, and
size. As observed in the table, despite the high
versatility of lithium-ion batteries, they are already
facing serious issues when it comes to thermal
management and recycling. The quick charge and
quick discharge are best accomplished with super
capacitors which cannot be designed to effectively
store energy over time. Taken together, these findings
show that system peculiarities must be considered
with the necessary caution in the requirements of
the application, and that there is no golden bullet,
which is to be given first priority.

The other facet of discussion is the
sustainability of raw materials and the environmental
impact. Batteries are based on lithium, cobalt and
nickel, all of which have mining and ecological impacts
on the supply chain. Even though a carbon-based
electrode is often employed in supercapacitors,
being eco-friendlier, they experience scaling
limitations due to performance factors. Instead,
fuel cells contain issues of platinum group metals,
although there is research on non-precious catalysts
that can replace platinum. These remarks indicate
that the performance improvement should be
accompanied by material replacement and recycling
if the electrochemical technologies will become
long-term viable. The case can therefore extend
past the instant performance to the sustainability
in the lifecycle and correspondence between the
environment and the international energy goals.

Table 2: Comparative operational characteristics of batteries, supercapacitors, and fuel cells

Parameter Lithium-ion Battery Supercapacitor Fuel Cell
Charging Time 1-3h Seconds to minutes Continuous with hydrogen supply
Safety Risk of thermal runaway High safety margin Hydrogen leakage risk
Material Demand Lithium, cobalt, nickel Carbon-based electrodes Platinum group metals
Scalability High (portable to grid) Limited by low energy Dependent on H2 infrastructure

The general discussion above denotes
that the electrochemical systems not only should be
suitably configured to be applied according to what
they are set to do but also should not be judged
independently. In the case of consumer electronics,
lithium-ion batteries cannot be replaced because
of their energy density. To stabilize intermittent
sources of renewable power, supercapacitors have
fast responsiveness to stabilize the grid and hence
regulate the frequency levels. With green hydrogen,
fuel cells offer a long-term solution to transport and

macro-conversion on a large scale. The conclusions
as a whole support the notion that though much
progress has been made the critical factor will
be coordinated, multi-technology solutions that
will be facilitated by the ongoing development of
improved materials, system design, and recycling
procedures®.

CONCLUSION

Energy storage and conversion methods
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based on electrochemical technology offer invaluable
solutions to the rising energy needs worldwide and
adoption of renewable energy systems. Although
lithium-ion batteries have dominated modern
markets, complementary technologies like redox-
flow batteries, supercapacitors, and hydrogen fuel
cells are gaining new roles in a variety of application
areas. Although much has been achieved, there are
still practical constraints such as lack of resources,
degradation of material, electrolyte problems, safety
concerns and high costs of production that limit their
application in large scale and in the long term.

The investigations must be bookmarked,
but not limited by, green selection of the electrode
material (within the available means), solid-state
electrolyte innovation in support of safety, and
the convergence between power and energy
imperatives, respectively. Additionally, recycling
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on an even bigger scale, the reduction of costs
through optimization in manufacturing, and the
development of green hydrogen infrastructure
will be essential to go global. Eventually, the
ECT world will remain strongly interdisciplinary,
with material science, electrochemistry, systems
engineering and others converging in the
development of an extended, sustainable, and
economical energy system.

ACKNOWLEDGMENT

This research did not receive any specific
grant from funding agencies in the public, commercial,
or not-for-profit sectors.

Conflict of interest
The author declare that we have no conflict of
interest.

REFERENCES

1. D. Zhou.; H. Fan.; Q. Ban.; L. Zhao, and X.
Hu, “Flower-like carbon and their composites
for electrochemical energy storage and
conversion,” Renewable and Sustainable
Energy Reviews., 2024, 207, 114973,doi:
10.1016/j.rser.2024.114973.

2. R. Dallaev, “Conductive polymer thin
films for energy storage and conversion:
supercapacitors, batteries, and solar cells,”
Polymers., 2025, 17(17), 2346, doi:10.3390/
polym17172346.

3. E. S. Appiah., “A review on progress and
prospects of diatomaceous earth as a bio-
template material for electrochemical energy
storage: synthesis, characterization, and
applications,” lonics., 2024, doi:10.1007/
s$11581-024-05825-6.

4. Md. Y. Bhat., “Frontiers of MXenes-based
hybrid materials for energy storage and
conversion applications,” Advanced
Composites and Hybrid Materials., 2024,
8,(1), doi: 10.1007/s42114-024-01121-z.

5. J. Zhu., “Recent developments of electrospun
nanofibers for electrochemical energy
storage and conversion,” Energy Storage
Materials., 2023, 65, 103111,doi: 10.1016/j.
ensm.2023.103111.

6. T. Azam.; M. S. Khalid, and Z.-S. Wu, “Lewis
acid molten salt synthesis of 2D MXenes with
fine-tuned surface terminations for energy

storage and conversion,” Materials Today, Jan.
2025, doi: 10.1016/j.mattod.2024.12.004.

7. A. T. Lawal, “Recent application of carbon
nanotubes in energy storage and conversion
devices,” Carbon Trends, p. 100470, Jan.
2025, doi: 10.1016/j.cartre.2025.100470.

8. R.Kumar., “Different energy storage techniques:
recent advancements, applications, limitations,
and efficient utilization of sustainable energy,”
Journal of Thermal Analysis and Calorimetry.,
2024, 149(5), 1895-1933,doi: 10.1007/
$10973-023-12831-9.

9. C. Bandas.; C. Orha.; M. Nicolaescu.;
M.-1. Morariu, and C. L z u, “2D and 3D
Nanostructured Metal Oxide Composites
as Promising Materials for Electrochemical
Energy Storage Techniques: Synthesis
Methods and Properties,” International
Journal of Molecular Sciences., 2024, 25(23),
12521,doi: 10.3390/ijms252312521.

10. F. Zhan., “Recent advances on support
materials for enhanced Pt-based catalysts:
applications in oxygen reduction reactions for
electrochemical energy storage,” Journal of
Materials Science, 2025,doi:10.1007/s10853-
025-10606-1.

11.  S. Liu., “Functionalization Strategies of
MXENE architectures for electrochemical
energy storage applications,” Energies., 2025,
18(5), 1223, doi: 10.3390/en18051223.



12.

13.

RAOQ., Orient. J. Chem., Vol. 41(5), 1567-1577 (2025)

T. Ramachandran.; H. Butt.;L. Zheng, and M.
Rezeq, “A review of 2D metal boride-derived
nanostructures: From synthesis to energy
storage and conversion applications,” Journal
of Energy Storage., 2024, 99, 113425,doi:
10.1016/j.est.2024.113425.

M. Fouiji.; Khalili.; M. A. Torghabeh, and G. B.
Darband, “Deep eutectic electrodeposition for
energy storage and conversion systems. A
comprehensive review,” International Journal
of Hydrogen Energy., 2024, 69, 1511-1538,
doi: 10.1016/j.ijhydene.2024.05.065.

14.

15.

1576

M. Prieto.; H. Yue.; N. Brun.; G. J. Ellis, M.
Naffakh, and P. S. Shuttleworth, “Hydrothermal
carbonization of biomass for electrochemical
energy storage: parameters, mechanisms,
electrochemical performance, and the
incorporation of transition metal dichalcogenide
nanoparticles,” Polymers., 2024, 16(18),
2633,d0i:10.3390/polym1618 2633.

C. Sun., “Ferroelectrics enhanced
electrochemical energy storage system,”
Energy Storage Materials., 2024, 70, 103456,
doi: 10.1016/j.ensm.2024.103456.



