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Abstract: Electrochemical energy storage systems, such as batteries and supercapacitors, form the most significant parts of
today's energy infrastructure. This review includes state-of-the-art electrode materials, electrolytes, and cell design and takes
an in-depth look at their impact on the performance metrics for energy density, power density, and cycle life. We will paint a
picture of the intrinsic mechanisms working together to drive advances in storage capacity, charge/discharge rate capabilities,
and longevity by deconstructing these major elements in an energy storage device. We also look into the most meaningful
developing technologies and trends holding promise for increased efficiency and sustainability of electrochemical energy
storage technologies, complemented by observations on their potential applications and a pathway to further development.

Keywords: Electrochemical energy storage, batteries, supercapacitors, electrode materials, electrolytes, cell design, energy
density, power density, cycle life, emerging technologies.

1. Introduction

The growing interest in efficient and sustainable solutions in energy storage has located electrochemical energy storage systems at
the top of technological innovative thought. Along with increasing interest in renewable sources of energy and electric mobility,
the requirements for reliable energy storage with high performance grow. Electrochemical energy storage, that manages batteries
and supercapacitors, has some promising solutions to meet these demands, in which mechanisms would store and deliver energy
by electrochemical reactions.?

It forms an integral part of many applications, from electronic gadgets to electric vehicles and large grid storage. The key benefits
provided by such systems are compact storage of electrical energy and dispensing it when required. This certainly plays a very
crucial role in balancing supply and demand for intermittent sources of energy generation and hence provides the backbone for
renewable systems. The development of the technologies is therefore critical in supporting further development and
commercialization of electric vehicles, which depend on requiring an efficient, durable, and safe energy storage technology if they
are going to compete with conventional vehicle designs using fossil fuel. Batteries and supercapacitors are, therefore, the two
major categories for electrochemical energy storage devices. Batteries, including lithium-ion and solid-state variants, boast a large
energy density—normally useful in applications requiring long-term energy storage. Supercapacitors deliver high power density
and fast charge/discharge cycles, making them inordinately effective in applications that require quick spasms of energy. Knowing
how these technologies differ is critical in their optimal application use and could perhaps provide valuable insight that will be
helpful in future research and development.?

The main purpose of this review is therefore to provide a broad picture of recent developments related to electrochemical energy
storage using batteries and supercapacitors. It reviews recent advances in electrode materials, electrolytes, and cell design and
examines their roles for both energy and power densities along with cycle life. The review gives an overview of the different
developments that have caused an increase in storage capacity and efficiency, accompanied by lengthening of the lifetime. The
review further contextualizes the field within discussions of emerging technologies and trends that one day, so radically will shift
the field's trajectory, pointing the way toward new opportunities and future challenges. The organization of this review will be in a
way to introduce the basics related to fundamental principles governing batteries and supercapacitors, followed by a detailed
analysis of the recent developments on materials and design. Measurement metrics of the different technologies will then be

1Yu, A., Chabot, V., & Zhang, J. (2013). Electrochemical supercapacitors for energy storage and delivery: fundamentals and applications (p.
383). Taylor & Francis.

2Y00, H. D., Markevich, E., Salitra, G., Sharon, D., & Aurbach, D. (2014). On the challenge of developing advanced technologies for
electrochemical energy storage and conversion. Materials today, 17(3), 110-121.
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compared, outlining tradeoffs and synergies among them. It will finally turn to the future landscape of electrochemical energy
storage and debate possible future breakthroughs and consequences for several industries and applications. Specifically, this
review provides a revealed position with regard to completeness on electrochemical energy storage for the community of
researchers, engineers, and policymakers—how things are now and in the future.

2. Fundamentals Concepts and Basic Operating Principles of Batteries and Supercapacitors

The batteries are electrochemical energy storage devices. Basically, each battery cell consists of three components—an anode, a
cathode, and an electrolyte. At these electrodes, electrochemical reactions take place during discharge, enabling electrons to flow
through an external circuit and thus creating an electric current. The electrolyte stemmed the flow of ions between the anode and
the cathode and closes the circuit internally.®

e Anode: It is the negative electrode where the process of oxidation occurs with the release of electrons into the external
circuit.

e Cathode: It is the positive electrode at which reduction occurs accompanied by the acceptance of electrons from the
external circuit.

o  Electrolyte: Provides the medium of conduction for ions between the anode and the cathode.

Probably the most popular example is that of the lithium-ion battery. When a lithium-ion battery discharges, lithium ions move
from the anode, normally made of graphite, to the cathode, typically made of metal oxides of lithium; while on charging, they
move in the reverse direction.

Supercapacitors, also referred to as ultracapacitors or electrochemical capacitors, store their energy via electrostatic charge storage
rather than any chemical reaction. There exist two main types of supercapacitors: electric double-layer capacitors and
pseudocapacitors.

e EDLCs: EDLCs store their energy through the electric double layer of charge at the interface of an electrode of large
surface area, such as activated carbon, and an electrolyte. This mechanism falls under rapid charge/discharge cycles.

e Pseudocapacitors: Pseudocapacitors store their energy through fast surface redox reactions of the electrode material. The
materials normally used in pseudocapacitors are metal oxides and conducting polymers.

Generally, in comparison to batteries, supercapacitors show higher power density with increased cycle life but lower energy
density. Key Performance Metrics Energy density Power density Cycle life ;*

o Energy Density: It is referred to as the measure of stored energy per unit volume or mass. It becomes a very important
parameter for applications where weight and available space represent a critical resource, such as in portable electronics
and electric vehicles.

o Batteries: Batteries generally have large energy densities, hence they find application in long-term energy storage. For
instance, the energy density for lithium-ion batteries is between 100 - 265 Wh/kg.

e  Supercapacitors: In comparison, the energy density for supercapacitors is much smaller and typically lies within the
range of 5-10 Wh/kg, hence their application is limited to uses that need only short duration of energy.

Power Density:

e  Power density refers to the rate of delivery or absorption of energy per unit volume or mass and is, hence, quite important
where the requirement is to have fast delivery of energy—for example, power backup systems and regenerative braking
in electric vehicles.

e Batteries: Although they're capable of delivering moderate power densities, they quite often fail to deliver at the rapid
discharge rates that supercapacitors can. Representative values for lithium-ion batteries are in the 0.5 to 2 kW/kg range.

3 Naoi, K. (2013). Evolution of energy storage on the platform of supercapacitors. Electrochemistry, 81(10), 775-776.
4Lu, P., Xue, D., Yang, H., & Liu, Y. (2013). Supercapacitor and nanoscale research towards electrochemical energy storage. International
Journal of Smart and Nano Materials, 4(1), 2-26.
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e  Supercapacitors: Their power density is very high, typically above 10 kW/kg, making them highly suitable for
applications where rapid charge and discharge cycles are required. °

Cycle Life:

It is described by the number of full charge-discharge cycles a device can complete before its capacity falls appreciably. The long
cycle life is of immense requirement in applications such as grid storage and electric vehicles, which require the device to cycle
frequently.

o Batteries: Batteries have a medium cycle life, which is usually in the range of 500 to 2000 cycles for lithium-ion
batteries. Material and design optimizations are underway to enable further increases in cycle life.

e  Supercapacitors: Supercapacitors offer an exceptionally long cycle life, often in excess of 1 million cycles, since they
rely on physical charge separation rather than chemical reaction.

These simple concepts and metrics of performance have to be grasped in the process of optimization of battery and supercapacitor
applications. This also provides a standard by which recent advances and emerging technologies related to electrochemical energy
storage are evaluated.®

3. Advancements in Electrode Materials

Traditional electrode materials have been the backbone of battery and supercapacitor technologies for decades. In batteries,
materials such as graphite (used in anodes) and lithium cobalt oxide (used in cathodes) have been the standard due to their stable
electrochemical properties and good performance metrics. In supercapacitors, activated carbon has been widely used for its high
surface area and excellent conductivity. However, the demand for higher energy and power densities, longer cycle life, and
improved safety has driven research into novel electrode materials. These new materials aim to enhance the performance of
electrochemical energy storage systems by offering superior electrochemical properties, higher capacity, faster charge/discharge
rates, and better thermal stability.”

3.1 Recent Developments in Battery Electrodes

Lithium-ion Batteries: Lithium-ion batteries have seen significant advancements in electrode materials to improve their energy
density, cycle life, and safety. Silicon-based anodes have garnered attention due to their high theoretical capacity compared to
graphite. However, challenges such as volume expansion during lithiation and delithiation cycles have prompted the development
of silicon composites and nanostructured silicon to mitigate these issues. On the cathode side, high-nickel layered oxides, such as
NMC (nickel manganese cobalt) and NCA (nickel cobalt aluminum), are being optimized to increase capacity and reduce cobalt
content for cost and sustainability reasons.®

Solid-state Batteries: Solid-state batteries represent a major innovation in battery technology, utilizing solid electrolytes instead
of liquid ones to enhance safety and energy density. Solid-state electrolytes can suppress dendrite formation, a common issue in
lithium-ion batteries that can lead to short circuits and thermal runaway. Novel solid electrolytes, such as sulfide-based and oxide-
based materials, are being explored for their high ionic conductivity and stability. Coupled with lithium metal anodes, these
advancements hold the promise of significantly higher energy densities and safer battery operation.

Other Emerging Materials: Beyond lithium-ion and solid-state batteries, researchers are investigating a variety of other
materials. Sodium-ion batteries, which use abundant and low-cost sodium, are being developed as a more sustainable alternative
to lithium-ion. Additionally, lithium-sulfur batteries are gaining interest due to their high theoretical energy density and the low
cost of sulfur. However, challenges such as the polysulfide shuttle effect and limited cycle life need to be addressed through
advanced material engineering.

3.2 Recent Developments in Supercapacitor Electrodes

5 Zhang, S. S. (2013). Status, opportunities, and challenges of electrochemical energy storage. Frontiers in Energy Research, 1, 8.

6 Zhang, S. S. (2013). Status, opportunities, and challenges of electrochemical energy storage. Frontiers in Energy Research, 1, 8.

7 Jiang, J., Li, Y., Liu, J., Huang, X., Yuan, C., & Lou, X. W. (2012). Recent advances in metal oxide-based electrode architecture design for
electrochemical energy storage. Advanced materials, 24(38), 5166-5180..

8 Jiang, J., Li, Y., Liu, J., Huang, X., Yuan, C., & Lou, X. W. (2012). Recent advances in metal oxide-based electrode architecture design for
electrochemical energy storage. Advanced materials, 24(38), 5166-5180..
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Carbon-based Materials: Carbon-based materials, such as activated carbon, carbon nanotubes, and graphene, have traditionally
been the materials of choice for supercapacitor electrodes due to their high surface area and excellent electrical conductivity.
Recent developments focus on enhancing the electrochemical performance and structural properties of these materials. Graphene,
in particular, has shown exceptional promise due to its high electrical conductivity, large surface area, and mechanical strength.
Researchers are developing hybrid materials and composites, combining graphene with other materials to improve capacitance
and stability.

Metal Oxides: Metal oxides, such as manganese oxide, nickel oxide, and ruthenium oxide, are being explored for their
pseudocapacitive properties, which allow for higher capacitance through redox reactions. These materials can store more charge
compared to purely electrostatic mechanisms in carbon-based materials. Recent advancements include nanostructuring metal
oxides to increase their surface area and improve ion transport, as well as developing composite materials that combine metal
oxides with conductive substrates to enhance their electrical conductivity and mechanical stability.®

Other Advanced Materials: Beyond carbon-based and metal oxide materials, a range of other advanced materials is being
investigated for supercapacitor electrodes. Conducting polymers, such as polyaniline and polypyrrole, offer high capacitance and
flexibility, making them suitable for flexible and wearable energy storage devices. Additionally, metal-organic frameworks
(MOFs) and covalent organic frameworks (COFs) are emerging as promising candidates due to their tunable porosity, high
surface area, and potential for functionalization to enhance electrochemical performance.

The continuous development of novel electrode materials is crucial for advancing the capabilities of batteries and supercapacitors.
By improving energy and power densities, cycle life, and safety, these innovations are paving the way for more efficient and
sustainable energy storage solutions, meeting the growing demands of modern technology and infrastructure.

4. Innovations in Electrolytes
4.1 Different Types of Electrolytes: Liquid, Solid, Gel

Liquid Electrolytes: Liquid electrolytes are the most common type used in traditional batteries and supercapacitors.® They
consist of a solvent, usually an organic liquid like ethylene carbonate, mixed with dissolved salts such as lithium
hexafluorophosphate (LiPF6). Liquid electrolytes are favored for their high ionic conductivity and ease of processing. However,
they pose safety risks, including flammability and leakage, and their performance can degrade at extreme temperatures.

Solid Electrolytes: Solid electrolytes, including solid polymer electrolytes and inorganic solid electrolytes, offer significant safety
and performance advantages. They eliminate the risk of leakage and are non-flammable, making them inherently safer than liquid
electrolytes. Solid electrolytes can also suppress the growth of dendrites, which is a common issue in liquid electrolyte-based
lithium-ion batteries. However, achieving high ionic conductivity at room temperature remains a challenge for many solid
electrolyte materials.

Gel Electrolytes: Gel electrolytes, which are hybrid systems combining the properties of both liquid and solid electrolytes, have
emerged as a promising alternative. They consist of a polymer matrix swollen with liquid electrolyte, offering the ionic
conductivity of liquids and the mechanical stability of solids. Gel electrolytes provide a good balance between safety and
performance, making them suitable for a range of applications, including flexible and wearable energy storage devices.

4.2 Role of Electrolytes in Enhancing Performance and Safety

Electrolytes play a crucial role in the overall performance and safety of electrochemical energy storage systems. They facilitate the
movement of ions between the anode and cathode, which is essential for the electrochemical reactions that store and release
energy. The choice of electrolyte impacts several key performance metrics:

9 Jiang, J., Li, Y., Liu, J., Huang, X., Yuan, C., & Lou, X. W. (2012). Recent advances in metal oxide-based electrode architecture design for
electrochemical energy storage. Advanced materials, 24(38), 5166-5180..

10 Zhang, J., Zhang, L., Liu, H., Sun, A., & Liu, R. S. (Eds.). (2011). Electrochemical technologies for energy storage and conversion, 2 volume
set (Vol. 1). John Wiley & Sons..

11 Zhang, J., Zhang, L., Liu, H., Sun, A., & Liu, R. S. (Eds.). (2011). Electrochemical technologies for energy storage and conversion, 2 volume
set (Vol. 1). John Wiley & Sons..
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1. lonic Conductivity: High ionic conductivity ensures efficient ion transport, which is vital for high power and energy
density. Liquid electrolytes generally offer the highest ionic conductivity, but advancements in solid and gel electrolytes
are narrowing the gap.

2. Electrochemical Stability: Electrolytes must be stable over the battery's operating voltage range to prevent
decomposition and side reactions. Stable electrolytes enhance the cycle life and efficiency of the energy storage system.

3. Safety: Non-flammable and non-toxic electrolytes are essential for the safe operation of batteries and supercapacitors.
Solid and gel electrolytes provide better safety profiles compared to liquid electrolytes.

4. Temperature Performance: Electrolytes must perform well across a wide range of temperatures. Solid electrolytes, in
particular, can offer better performance at high and low temperatures compared to liquid electrolytes.*?

4.3 Recent Advancements in Electrolyte Formulations

Liquid Electrolytes: Recent advancements in liquid electrolytes focus on enhancing their safety and stability. Additives such as
flame retardants and solid electrolyte interphase (SEI) forming agents are being incorporated to improve thermal stability and
prevent dendrite formation. Novel solvents and lithium salts are also being explored to enhance ionic conductivity and stability.

Solid Electrolytes: Significant progress has been made in the development of solid electrolytes, particularly in improving their
ionic conductivity and mechanical properties. Sulfide-based solid electrolytes, such as lithium thiophosphate, offer high ionic
conductivity comparable to liquid electrolytes and are relatively easy to process. Oxide-based solid electrolytes, such as garnet-
type and perovskite-type materials, are also being optimized for higher conductivity and stability. Additionally, research into
composite solid electrolytes, which combine the benefits of different solid electrolyte materials, is gaining traction.

Gel Electrolytes: Advancements in gel electrolytes are focused on enhancing their mechanical flexibility and ionic conductivity.
Researchers are developing novel polymer matrices that can hold higher amounts of liquid electrolytes, thereby improving
conductivity while maintaining mechanical integrity. Furthermore, the incorporation of nanomaterials, such as silica nanoparticles
and carbon nanotubes, into gel electrolytes has shown promise in enhancing both ionic conductivity and mechanical strength.

lonic Liquid Electrolytes: lonic liquids, which are salts in the liquid state at room temperature, are being explored as alternative
electrolytes. They offer high thermal stability, low volatility, and excellent electrochemical stability. lonic liquids can be used
alone or as additives in conventional liquid electrolytes to enhance safety and performance.

Advanced Electrolyte Systems: Hybrid electrolytes that combine the properties of different electrolyte types are also under
investigation. For example, solid polymer electrolytes infused with ionic liquids or gel electrolytes can provide a good balance of
conductivity, stability, and safety. These advanced systems aim to leverage the strengths of each electrolyte type to achieve
superior performance.*®

The continuous innovation in electrolyte formulations is essential for the development of safer, more efficient, and higher-
performing electrochemical energy storage systems. These advancements are crucial for meeting the increasing demands of
modern applications, ranging from portable electronics to electric vehicles and large-scale energy storage solutions.

1) 5. Conclusion

Electrochemical energy storage systems, encompassing both batteries and supercapacitors, are essential components of modern
energy infrastructure, driving the adoption of renewable energy sources and electric mobility. This review has provided a
comprehensive overview of recent advancements in electrode materials, electrolytes, and cell design, highlighting their impacts on
key performance metrics such as energy density, power density, and cycle life.

In the realm of electrode materials, traditional substances like graphite and lithium cobalt oxide are being supplemented and
sometimes replaced by novel materials such as silicon-based anodes, high-nickel layered oxides, and various nanostructured
compounds. These innovations aim to enhance capacity, efficiency, and safety. Similarly, the emergence of solid-state and
lithium-sulfur batteries presents exciting opportunities for achieving higher energy densities and improving battery safety.

12 Diaz, R. (2014). Electrochemical energy storage technologies and applications. Journal of Energy and Power Engineering, 8(5).microgrid:
modeling, control and optimization (pp. 125-150). Singapore: Springer Nature Singapore.
13 Diaz, R. (2014). Electrochemical energy storage technologies and applications. Journal of Energy and Power Engineering, 8(5).microgrid:
modeling, control and optimization (pp. 125-150). Singapore: Springer Nature Singapore.
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Supercapacitor technology has also witnessed significant progress, particularly in the development of carbon-based materials,
metal oxides, and advanced composites. These materials are engineered to optimize the balance between high power density and
extended cycle life, making supercapacitors suitable for applications requiring rapid charge and discharge cycles.

Innovations in electrolytes, including the development of liquid, solid, and gel electrolytes, are equally critical. The shift towards
solid and gel electrolytes, in particular, promises to enhance the safety and stability of energy storage systems, addressing some of
the most pressing concerns associated with traditional liquid electrolytes. The exploration of hybrid and ionic liquid electrolytes
further illustrates the dynamic and evolving nature of this field.

Despite these advancements, several challenges remain. The integration of new materials and electrolytes into commercial
products requires overcoming technical and manufacturing hurdles. Additionally, achieving a sustainable and cost-effective
supply chain for advanced materials is crucial for widespread adoption.**

Future research directions should focus on optimizing the synergies between different materials and electrolyte types, improving
the scalability of novel technologies, and addressing environmental and economic considerations. As the field continues to evolve,
interdisciplinary collaboration will be vital to drive innovation and achieve breakthroughs that meet the growing global demand
for efficient, reliable, and sustainable energy storage solutions.

In summary, the advancements in electrode materials, electrolytes, and cell design discussed in this review highlight the
tremendous potential of batteries and supercapacitors to transform energy storage. Continued research and development in these
areas will pave the way for next-generation energy storage systems, supporting the transition to a more sustainable and energy-
efficient future.

14 Diaz, R. (2014). Electrochemical energy storage technologies and applications. Journal of Energy and Power Engineering, 8(5).microgrid:
modeling, control and optimization (pp. 125-150). Singapore: Springer Nature Singapore.
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