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A B S T R A C T

Supercapacitors (SCs) are emerging as efficient and long-lasting energy storage devices, and ceramic materials 
have gained popularity due to their thermal stability, wide operating range, and structural strength. However, 
factors such as low specific surface area (SSA), poor intrinsic conductivity, and limited surface activity limit their 
performance. Recent advances in ceramic electrodes, including metal oxides (MOs), hydroxides, sulfides, car
bides, nitrides, MXenes, and ceramic-based hybrids, show promise in strategies such as nanostructuring, 
compositing with conductive carbons or metals, heterostructure design, and defect/doping engineering to 
improve charge storage, electron transport, and cycling stability. Despite these advancements, scalable fabri
cation, mechanical integrity, and long-term stability remain significant challenges. This paper critically examines 
existing work, highlights typical fabrication and optimization methodologies, and offers future research pros
pects for high-performance, sustainable, and economically viable ceramic-based SCs for advanced energy 
storage.

1. Introduction

The decline of traditional energy sources alarms us to investigate 
renewable energy resources for enhanced energy storage and conversion 
systems [1–3]. Energy storage involves various energies, technologies, 
sizes, and applications [4–7]. Portable energy storage solutions, such as 
batteries, fuel cells, and SCs, are becoming more significant [8,9]. Over 
the last decade, advances in electrochemically active materials and 
innovative device topologies have resulted in major advances in elec
trochemical energy storage (EES) devices [10]. SC technology was less 
widespread than hybrid electric vehicles from 1957 to the 1990s. This 
strategy aims to improve electrode material performance, making SCs 
more competitive than high ED (energy density) batteries [11]. Due to 
their lengthy life cycles and high PD (power density), SCs are ideal en
ergy storage devices [12]. SCs, also known as electrochemical 
double-layer capacitors, have high PD and rapid charge-discharge ca
pabilities, complementing batteries in electric cars and allowing for 
swift acceleration [13,14]. Their performance is determined by the 
charge storage method as well as electrode and electrolyte characteris
tics [15,16]. Unlike conventional capacitors, SCs form an electronic 
double layer with carbon-based separators, allowing for rapid cycles in 

seconds or milliseconds [17–19]. Advanced electrode designs (core-
shell, heterostructures, and hierarchical structures) increase ED while 
maintaining high power [20]. SCs are most suited for short-term energy 
delivery, energy harvesting, and integration with other storage devices 
to increase efficiency and lifespan [21–23].

Materials science is driving the development of next-generation en
ergy storage technologies, with polymer electrolytes (PEs) gaining 
popularity in SCs due to their solvent-free operation, flexibility, trans
parency, broad electrochemical stability, thin-film processability, and 
high ionic conductivity [24]. Solid-state materials, metals, polymers, 
and ceramics are critical in this context [25], with polymers reducing 
leakage [26] and ceramics providing high thermal strength, chemical 
inertness, and cycling stability, enabling applications in batteries, SCs, 
fuel cells, thermoelectrics, and energy harvesting [27–31]. Smart films 
improve reactivity to environmental stimuli [32–34]. SCs are known as 
clean, robust devices with high ED, extended lifetime, and a wide range 
of applications, but their performance is restricted by electrode mate
rials [35,36] and current manufacturing and costs [37–39]. SCs, unlike 
dielectric ceramic capacitors with ultrafast discharge [40], work by 
electrochemical mechanisms. They are classed as electrochemical 
double-layer capacitors (EDLCs), pseudocapacitors (PCs), and hybrid 
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