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ABSTRACT

The rising global energy demand combined with the rising trend on renewable en-
ergy systems underlines the necessity of having efficient, sustainable, and scalable
storage technology for energy. This chapter looks into the foundational chemistry
of advanced energy storage systems, which lies in next-generation batteries, super-
capacitors, and hydrogen storage technologies. The chapter highlighted challenges
associated with energy storage devices along with the role of innovative materials
and electrochemical mechanisms. It then discusses some recent breakthroughs in
material science, with an emphasis on the development of high-performance elec-
trodes, electrolytes, and solid-state materials. The chapter concludes by outlining
future trends which push the design and optimization to accelerate energy storage
systems, so that the next generation of technologies can set the stage for a more
sustainable and energy-efficient future.
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1. INTRODUCTION

The global energy landscape is undergoing profound change, pushed by the
growing urgency to diminish reliance on fossil fuels and mitigate adverse impacts of
climate change. Among these alternatives are solar and wind as renewable sources,
which have made tremendous gains but still offer several challenges because they
are inherently intermittent and variable. It will require the design and deployment of
energy storage systems that are critical enablers for the global energy transition by
ensuring efficient utilization and management of energy. Such energy storage systems
play a very fundamental role as they help to integrate energy supply and demand
at various scales and provide much-needed flexibility, reliability, and resilience in
power grids, thus enabling the widespread integration of renewable sources of ener-
gy (Raut et al., 2024). Beyond grid-scale applications, energy storage technologies
are indispensable in modern advancements such as portable electronics, electric
vehicles, and smart grids, where efficient, durable, and sustainable energy manage-
ment is paramount. At its heart, chemistry underlies any energy storage technology
that governs the capture, storage, and release of energy. Consequently, chemical
principles dictate the efficiency, capacity, charge-discharge dynamics, safety, and
lifespan of the systems. From this myriad of energy storage technologies, the two
most significant ones to date are batteries and supercapacitors, largely because of
their complementary advantages. Batteries work through electrochemical reactions,
where the energy is stored in the form of chemical potential and released through
redox reactions (Oyedotun & Mamba, 2024). The development of battery technol-
ogy has been quite phenomenal, from the traditional lead-acid and nickel-cadmium
batteries to the advanced lithium-ion batteries that dominate the market today. The
high energy density and impressive cycle life associated with the ability to serve
applications varying from consumer electronics to large-scale energy storage are
among the reasons for the high penetration of lithium-ion batteries. These, however,
come with problems such as resource availability, thermal instability, and environ-
mental issues, and researchers have been directed into new generations of battery
technologies: solid-state batteries, lithium-sulfur-based batteries, and others including
sodium-ion or magnesium-ion systems (Lim et al., 2023). Instead, supercapacitors
store their energy by charging electrostatic charge build-up and, by contrast to battery
storage, there is no consumption of chemicals by chemical reactions involved; this
provides fundamentally different supercapacitor designs. Supercapacitors therefore
demonstrate exceptionally high-power densities, ultrafast charge/discharge rates,
long cycle lives. Supercapacitors have strong potential for real-time energy distri-
bution applications; besides, it represents a lot in the utilization, such as systems
of regenerative braking, supplementary power supply backup, hybrid solution for
energy sources (Venkateswarlu et al., 2023). However, they have a major limitation
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