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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
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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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types (Fig. 1A) [41]. Flexible SCs, designed for wearable technologies,
integrate high-specific-surface-area(HSSA) electrodes including carbon
nanotubes(CNTs), conductive polymers(CPs), and MOs [42,43]. They
offer high PD (>10 kW kg™), rapid charge-discharge, over 100,000
cycles, safety, and adaptability in thin-film, sandwich, or planar struc-
tures [23,44-50]. Fig. 1B shows the cyclic voltammetry (CV) curves and
galvanostatic charge-discharge (GCD) behavior of SCs and batteries. In
Fig. 1B-a, SCs display a rectangular hysteresis curve with a nearly con-
stant current during charging and discharging. In contrast, batteries
show discrete spikes that indicate Faradaic reactions (Fig. 1B-b). The
GCD curve of an SC (Fig. 1B-c) typically has a constant slope. In contrast,
batteries involve Faradaic reactions, resulting in a CV curve with distinct
redox peaks. Batteries maintain a consistent voltage except near full
charge or discharge, as seen in the flat region of the GCD curve. SC GCD
curves show high slopes and a steady gradient, whereas batteries have a
rather flat charge/discharge profile under constant voltage (Fig. 1 B-d).
SCs are high-power energy storage devices widely utilized in consumer
electronics, smart meters, and transportation [41-43,51]. However,
they have limitations such as high ED requirements and long working
hours. Additionally, SCs can only store charge on the electrodes’ sur-
faces, with lower ED than batteries. Despite these shortcomings, SCs
have shown promising performance in a few applications. The ED (E,
Wh.g™1) of a full capacitor is determined using the formula: E = 1/2
CV2, which relates to the specific capacitance (C) (Ah.g™!) of the elec-
trode material and the voltage window (V) between the positive and
negative electrodes. Porous nanoelectrode materials can boost ED by
increasing the SSA. Carbon materials, recognized for their great surface
area, low cost, availability, and electrical conductivity, have the po-
tential to revolutionize the use of capacitors in various applications.
Ceramics are especially useful in batteries and SCs due to their strong
ionic conductivity, thermal stability, and mechanical robustness, which
inhibit dendrite formation and increase device lifetime [52,53].
Advanced ceramics, including lithium compounds, titanium dioxide
(TiO2), tin dioxide (SnO2), barium titanate (BaTiOs), and lead zirconate
titanate (PZT), are being investigated as solid electrolytes, electrodes, or
dielectric materials due to their high ED, strong breakdown strength,
rapid charge-discharge rates, and energy storage efficiency [52-55].
TMOs, including ruthenium dioxide (RuO:) and manganese dioxide
(MnO2), improve SC electrode performance by increasing capacitance
and electrical conductivity [56]. Ceramics are also ideal for
high-temperature applications such as molten salt thermal energy stor-
age in concentrated solar power (CSP) facilities, and ceramic coatings
enhance electrode safety, conductivity, and lifespan [57-59]. SC elec-
trodes are made of a variety of materials, including carbon-based com-
pounds, conductive polymers (CPs), oxides, sulfides, carbides, nitrides,
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metal-organic frameworks (MOFs), covalent organic frameworks
(COFs), transition metal dichalcogenides (TMDs), and MXenes [60-78].
Electrode performance is primarily governed by capacitance, equivalent
series resistance (ESR), and operating voltage, all of which influence ED
and PD, while cycle stability is determined by both electrode and elec-
trolyte characteristics [70-73]. Layered materials, such as MXenes and
transition metal carbides/nitrides, have a large surface area, rapid ion
diffusion, and redox-active sites, which enhance charge transport and SC
efficiency [74,75]. Ceramics are appealing despite their small surface
area because of their thermal insulation, lightweight nature, huge sur-
face area, and stress resistance [79-82]. Recent advances, including
Jiang’s all-ceramic V203/MnO: hybrid electrodes [83], Liu’s
CuO/Laj xSrxCoO3_5 3D-printed electrodes [84,85], and Chang’s hard
B4C@C core-shell ceramics for flexible all-solid-state SCs (SSCs) [86],
demonstrate improved electron transport, ion diffusion, and overall
device performance. Overall, the combination of improved ceramics,
high-specific-surface-area(HSSA)materials, and novel electrode designs
is propelling the development of flexible, high-performance, and
long-lasting SCs and SSBs, meeting the critical demand for sustainable
energy storage solutions.

This study summarizes recent improvements in ceramic-based SCs. It
investigates a wide range of ceramic electrodes, such as MOs, multi-
elemental oxides, hydroxides, sulfides, carbides, nitrides, carbon-based
ceramics, and hybrid or membrane structures, focusing on their
composition, structural design, and electrochemical performance. The
paper also examines advancements in manufacturing techniques, ap-
plications, and industrial potential, as well as important problems,
including reaching high ED, extended cycling stability, and high PD.
Finally, it discusses further research directions to enhance ceramic
materials for next-generation SCs.

2. Mechanisms
2.1. Charge storage mechanisms

2.1.1. Distinguishing between pseudocapacitive and double-layer behaviors
in ceramics

The primary distinction is that double-layer capacitance retains
charge electrostatically without electron transfer (non-faradaic). In
contrast, pseudocapacitance uses quick, reversible surface or near-
surface redox processes, electrosorption, or ion intercalation (fara-
daic). Fig. 2a illustrates the ED and PD of different energy storage sys-
tems using the Ragone plot. Traditional and EDLC-based SCs exceed all
batteries in terms of PD, but not ED. The EDLC is a device with a high PD
due to the rapid adsorption and desorption of electrolyte ions, which
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Fig. 1. (A)Types of SCs with their diverse electrode materials and sophisticated uses [41]. (B-a,b) CV curves and (B-c,d) GCD curves of SCs and batteries [51].
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Fig. 2. (a) Ragone graphic comparing various electrochemical energy conversion and storage systems, (b) a schematic representation of an EDL capacitor’s charge
storage mechanism, (c) representations of EDLC structures, charge storage methods in pseudocapacitors, (d) intercalation (bulk redox), and (e) surface redox.

form an electric double layer (EDL) during charging and discharging
(Fig. 2b) [87].

Helmbholtz described the electric double layer (EDL) in 1853 as an
electrostatically generated layer with no charge transfer (Fig. 2¢). Gouy-
Chapman established a diffuse layer because of ion mobility, and Stern
later split the compact layer into inner and outer Helmholtz planes,
inner Helmholtz plane (IHP), and outer Helmholtz plane (OHP) in
EDLCs [88]. Ceramic electrodes for SCs are designed with a high surface
area, large pores, and efficient ion transport, resulting in a thin IHP and a
larger OHP that extends into a diffuse layer and produces a potential

difference that influences charge storage [89].

In PCs, reversible Faradaic surface redox processes involving ion
intercalation at the electrode/electrolyte interface produce better
capacitance and ED than EDLCs, as well as faster energy delivery than
batteries [90]. Intercalation occurs when ions tunnel through layers or
intercalate inside ceramic electrode materials during Faradaic transfer
without changing their crystal structure or phase [91]. This
intercalation-based redox method is frequently employed in battery
materials [92]. The charge-storing mechanism of a PC is schematically
depicted in Fig. 2d,e. Fig. 2 shows a complete description of the various
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charge storage methods in SC [93]. PCs have higher energy storage
properties due to chemical interactions within the bulk material. TMOs
and conductive polymers are pseudocapacitive materials, with charge
storage methods classified as capacitive non-Faradaic (EDLC), capaci-
tive Faradaic (pseudocapacitive), and non-capacitive Faradaic (battery).

2.1.2. Redox activity in layered ceramics and its impact on energy density

Redox activity in multilayer ceramics increases ED by allowing for
many oxidation states; nevertheless, excessive activity may create
structural instability. Balancing redox activities with structural stability
is critical for improving performance. Material selection and grain
boundary engineering to manage porosity and density are particularly
important. The addition of soda lime glass or zinc oxide to a well-known
ceramic[(Ba;xSrx)TiO3] increased densification, GB strength, and
breakdown field while lowering the spark plasma sintering (SPS) tem-
perature [94]. Lanthium doping of another ceramic (Pb(ZrxSnyTi;.x.y)
O3) resulted in a pore-free and uniform fine-grain structure with optimal
SPS characteristics. Researchers also investigated relaxor ferroelectrics
(Pb(Zn; /3Nbg,3)03-BaTiO3) for high ED storage [95]. Researchers have
created a microstructural model for a reverse boundary layer capacitor
(RBLC), which exhibits higher electrical conductivity than the grain due
to glass additives [96]. Simulations reveal that layered ceramics have
higher ED than traditional glass-phase composites, making them inter-
esting for advanced storage devices like hybrid electric vehicles (HEVs)
and medical electronics. Ideal materials should have high ED and PD,
extended cycle life, stability, and efficiency, as well as cost-effectiveness,
sustainability, and tunability for practical use. The molecular structure
of various ceramics is given in Table 1[97]. Complex phase diagrams in
ceramics cannot be fully investigated due to compositional modifica-
tions and differences in expected properties. Modeling approaches like
ab initio, atomistic ansatz, molecular dynamics, and discrete element
modeling are used.

2.2. Ion transport and structural stability

Ceramic nanoparticles can dramatically improve ion conductivity
and thermal stability by forming amorphous patches inside the polymer
matrix [98]. This results in a more porous structure, which enhances
electrochemical and mechanical properties. Alvarez-Sanchez and his
team found that polymer-ceramic-based separators outperformed
traditional separators in mechanical and electrochemical performance
[99]. This idea has been validated for solid-state electrodes (SSEs) in
lithium-sulfur batteries and is predicted to apply to structural SCs.
Ceramic separators are utilized in high-temperature solid-state batteries
(SSBs) [100]. They are not suitable for regular liquid electrolytes due to
their low boiling temperatures [101]. Ceramic separators offer excellent
thermal, physical, and electrochemical properties for SCs. However,
current ceramic separators in SSCs have inadequate tensile strength,
highlighting the need for improved mechanical properties [102]. Zhao
and colleagues designed a functional separator for lithium-ion batteries
by integrating uneven ceramic fibers into a matrix [103]. The use of
irregular ceramic fibers improves the separator’s thermal stability and
mechanical strength while also enhancing electrolyte wettability,
potentially leading to safer and more efficient lithium-ion batteries
(LIBs). These fibers have superior mechanical capabilities, with tensile
strengths of up to 6 GPa and Young’s modulus of up to 420 GPa [104].
Yamamoto and team also developed a method for growing aligned CNTs
on ceramic fibers, increasing bonding and porosity, and boosting ionic
conductivity [105]. Ceramic materials are created and optimized using
solid-state chemistry principles, considering structural stability, atomic
size ratio, and point defects. However, performance and stability often
trade off, with multicomponent ceramics offering higher stability,
creating complex compositions for temperature-resistant materials and
catalysts.

Sustainable Chemistry for Energy Materials 2 (2025) 100024

3. Ceramics materials

Ceramic is a versatile material noted for its high mechanical
strength, outstanding thermal and chemical durability, and substantial
electrical, optical, and magnetic capabilities. It also contains no harmful
ingredients. Recent research on advanced ceramics highlights the
incorporation of organic components to enhance functionality [106].
Organic-inorganic hybrid materials [107,108] are gaining attention for
their ability to combine the benefits of both types. Scientists are devel-
oping organized hybrid materials [109] through modifications to the
classic sol-gel method [110].

Advanced ceramics are used in flexible and wearable energy storage
devices like batteries and SCs [111], enabling multifunctional systems
[112]. Future research should focus on increasing environmental sus-
tainability [113] and addressing compatibility and stability issues
[114]. Optimizing the interface between ceramic electrolytes and elec-
trodes is crucial for reducing resistance and maximizing ion transport in
SSBs [115]. Ceramic materials are becoming increasingly important in
energy applications as long-term alternatives to fossil-based technology.
Their resilience to corrosion, heat, radiation, and stress makes them
ideal electrode choices for SCs. Research is focusing on modifying their
size, structure, and morphology to increase performance.

3.1. Ceramic-based carbon materials

Carbon and hybrid materials have been popular in energy storage
over the last two decades. Wood-derived carbon-based composites,
while promising, usually have poor electrochemical performance due to
their small surface areas [116]. Wang et al. [117] coated wood-derived
monoliths with Ag nanoparticles and NiCo204, resulting in an
outstanding areal capacitance of 6.09 F cm ™2 electrode with 84.5 %
stability after 10,000 cycles, as well as exceptional rate capability at
50 mA cm 2. This was made possible by improved electron transport
and lower OH- adsorption energy. Polyamide-derived carbons also
perform better when combined with nanomaterials, with dense aromatic
polyimides promising as precursors due to their ease of synthesis and
high chemical and thermal stability [118]. Li et al. [119] developed
hierarchical porous cellulose/polyimide carbon (CPC)-Fe/Zn electrodes
with high capacitance and retention, which are appropriate for energy
storage applications. The hierarchical porosity structure, combined with
Fe/Zn inclusion, creates an abundance of active sites and stable path-
ways in SCs, leading to high capacitance and durability. Similarly,
nitrogen-doped porous carbon nanoparticles [120] and zinc salt-treated
carbon materials from flax fiber [121] displayed remarkable SC per-
formance, with the latter obtaining 292 F/g and 102 % retention after
10,000 cycles. Nitrogen doping and zinc salt treatment improve carbon
materials’ conductivity and surface reactivity, resulting in the stated
capacitance and cycling stability. Overall, the performance of most MOs
in PCs is restricted, prompting the creation of hybrid electrodes that mix
MOs with high-surface-area carbon, such as activated carbon(AC),
CNTs, and carbon aerogels(CAs). Table 2 highlights the various
MO/carbon composite electrodes utilized in SCs [116-136].

Nanostructures confront difficulties in real-time applications due to
scale constraints for accurate size control [137]. Ceramic nanostructures
have rapidly advanced, resulting in high-performance electrodes. Tiwari
etal. [138] created MnS/CNT and MnO/CNT core-shell heterostructures
with high areal capacitances (0.41 and 0.6 Fcm™, respectively), using
asymmetric designs and work function discrepancies. Hu et al. [139]
combined NiCoO: nanosheets with CNTs to create self-supporting 3D
electrodes with excellent conductivity, efficient ion transport, and fast
Faradaic reactions, improving stability and capacitance. Guo et al. [140]
created carbon aerogel-Ni cubic carbon networks for lignin polymeri-
zation in hypersaline conditions, whereas Zhou et al. [141] created 3D
carbon aerogels with MnOx nanoparticles using radish as a low-cost
catalyst. CNTs enhance ion transport, achieving gravimetric capaci-
tances of up to 557 F g at 1 A g”! . Kumar et al. [142] discovered that
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Table 1
Molecular structure of various ceramics [97].
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Table 2
An overview of the various metal oxide/carbon composite electrodes utilized in SCs.
Material Potential Electrolyte Cop/ Retention/% areal mass ED PD Reference
Window/V F g’1 (Cycles) loading (Wh (kW
(Scan Rate or (m) kg’l) kg)’1
Current Density) (mg cm~?)
ZrO, carbon nanofibers 0-1 6 M KOH 1401 Ag™h 82.6 (10,000) > 1.0 56.1 0.349 [116]
RuNiO, /rGO composites 0-1 0.5M 792(1 A g’l) 93 6.9 3.93 — [117]
NaySO4 (10,000)
NiO/activated carbon composites 0-0.4 2 M KOH 568.7 (0.5A g) 90.6 — 22.6 0.8 [118]
(5000)
NiCoy, »5 oxide/carbon nanofibers -1-0 6 M KOH 431.2(1 A g’l) 94 2.0 35.5 1.0 [119]
(2000)
MnO/Fe,03/carbon nanofibers 0-1 6 M KOH 437 (1 A g’l) 94 - 7.9 0.12 [120]
(800)
ZnO/MnO/ 0-1.6 6 M KOH 1080 (1A g™ 96 - - - [121]
carbon nanofibers (800)
Au-Mn304 /GO nanocomposites —-0.2-1 0.5M 475 (1 A g’l) 94 - 4.86 0.250 [122]
H2S04 (10,000)
Bi;O3 /MWCNT composites -1.2-0.2 6 M KOH 437(1Ag™hH 88.7 2.0 110 0.500 [123]
(3000)
NiO/MnO, /MWCNT composites 0-0.55 2 M KOH 13200 AghH 93.5 4.0 52.4 0.800 [124]
(3000)
Carbon nanosheets/MnO2/NiCo,0,4 composites 0-1 1M KOH 1254 (1 A g’l) 81.9 - - - [125]
(5000)
ZrO,/C nanocomposites 0-1 1 M HySO4 214(1.5Ag’1) 97 - 6.5 0.125 [126]
(2000)
NiO/porous amorphous carbon nanostructure 0-1.6 6 M KOH 508 (1Ag™Y) 78 - - - [127]
(3000)
Defective mesoporous Carbon/MnO, -0.8-0.8 1 M NaySO4 292 (0.5A¢g™ ) 78 ~1.1-1.2 55.8 4.5 [128]
nanocomposites (2000)
Activated carbon/MWCNT/ZnFe,0,4 composites -0.1-0.6 3 M KOH 609 (1 A g’l) 91 (10,000) - - - [129]
NiO/C@CNF composites —0.1-0.5 3 M KOH 7422 (1Ag™h 88 - - - [130]
(5000)
N-doped carbon quantum dots/Co304 -0.4-0.6 6 M KOH 1867 (1 A g’l) 96 - 22.2 0.7279 [131]
nanocomposites (500)
Mn304 /Fe;04@Carbon composites -0.4-1.2 1 M NaCl 178 (1Ag™hH 95 (1000) 1.0 29 1.5 [132]
1GO/CNTs/MnO2composites// 0-1.8 1 M Na SO4 332.5(0.5A gfl) 89.2 (10,000) - 7 0.586 [133]
(HPC)/polyaniline (PANI) nanowire 0-1.8 1 MH SO4 1080 (1A g™ 91.6 3.0 34 0.1 [134]
(5000)
Cyclodextrin polymer functionalized —0.2-0.8 6 M KOH 437 (0.1Ag™H 81 1.0 - - [135]
polyaniline (CDP)//porous carbon composites (5000)
(PC)
MnO, /Graphene Oxide/Polyaniline composites ~ 0-1 1 M Na SO4 512 (0.25A g™ 97 2.68 58.43 1947 [136]
(5100)

RGO/Co composites may be prepared in less than 90 s to improve SC
electrode performance. Overall, integrating carbon-based and pseudo-
capacitive materials with high-surface-area carbon aerogels improves
capacitance, discharge efficiency, and stability.

Ceramic composites that include reinforcing components in a
ceramic matrix can be utilized to reduce the brittleness and low fracture
toughness of conventional ceramics. Reinforcements can include:

e Ceramic particles (e.g., silicon carbide (SiC) and silicon nitride
(Si3Ny4)) enhance toughness and wear resistance.

e CNTs improve hardness, electrical, and thermal conductivity.

e Graphene nanoplatelets increase fracture toughness by crack
deflection and bridging.

e Hybrid reinforcements, including CNTs and graphene or nano/
microsecond-phase particles, offer both strength and versatility.

The matrix-reinforcement interface plays a key role in performance.
A weak interphase enables crack deflection along the interface, which
increases toughness, whereas an overly strong interphase causes cracks
to penetrate reinforcements, resulting in brittleness like monolithic ce-
ramics. Thus, by carefully selecting reinforcement types and optimizing
interfacial interactions, ceramic composites can attain exceptional me-
chanical characteristics, making them appropriate for demanding high-
performance applications.

3.2. Metal oxide ceramics for supercapacitors

Metal-based materials, particularly MOs, are extensively explored
for electrochemical energy storage due to their high theoretical capac-
ities and abundance; however, low conductivity and cycle stability limit
performance [143-149]. Compositing, element doping, and producing
oxygen vacancies (V,) can improve conductivity and electrochemical
behavior. Multi-component MOs and composites, such as FeCo20.@-
NiCo-LDH [143] and NiC0204/MnO: [144], exhibit high C, ED, and PD
due to synergistic effects and abundant active sites. Combining hy-
droxides with metal quantum dots or organic compounds enhances
performance [145]. Nanostructure and microstructure engineering are
important for enhancing surface area, ion transport, and electrolyte
wettability. For example, 1D NiCo20. nanowire-coated reduced gra-
phene oxide (RGO) achieves 1248F g'[146], whereas 2D
MnMos+-H:20@MnO: nanosheets achieve 3560.2 F g' and an ED of
45.6 Wh kg™ [147]. Using metal-organic frameworks (MOFs) as pre-
cursors enables tailored MO microstructures, albeit research is currently
limited to a few prominent MOFs. Low electroconductivity is still a
challenge [148], but it can be overcome by combining with highly
conductive materials such as MXenes, a family of 2D transition metal
carbides and nitrides [149].

Transition metal oxides (TMOs) have aroused broad interest due to
their low cost and eco-friendliness. Ruthenium dioxide (RuO>) is suitable
for pseudocapacitive electrodes due to its high theoretical capacitance
(2000 F g'), rapid Faradaic redox processes, superior electrical
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conductivity, chemical and thermal stability, and wide operating
voltage range [150]. However, its high cost limits large-scale usage;
thus, composite synthesis has been employed to reduce costs while
maintaining electrochemical performance [151]. TMO ceramics (MnOs,
Mns0a4, C0304, NiO, ZrO2, V20s), Al20s, and SnO: have been extensively
studied as SC electrodes (Table 3 [152-170]). TMO ceramics provide
high energy density through fast redox reactions. Lang et al. [152]
created a MnO: electrode with a nanoporous Vz0s skeleton, resulting in
electrical outputs up to 422 W cm™ and better pseudocapacitance due
to improved charge transfer at the MnO2/V20s interface. Electrospinning
has been utilized to fabricate ultrathin Cos04 nanowires [161] and NiO
nanowires [163], resulting in high capacitance, low resistance, and
excellent cycling stability. Additionally, MnO: films produced via elec-
trospinning exhibit favorable pseudocapacitive behavior [153]. SCs
might potentially benefit from Al;03 and SnO; ceramics. Some results
were obtained, as illustrated in Fig. 3A [171]. Liet al. [169] provided an
easy and fast approach for creating planar micro-SCs using alumina
ceramic plates (Fig. 3A-a). The plates were subjected to selective laser
etching, yielding SH and SHL patterns (Fig. 3A-b). Graphene ink was
then introduced to cover the patterned interdigital electrode region
based on the etched surface’s wettability difference (Fig. 3A-c). The
interdigital electrode area was electrolyte-applied with polyvinyl
alcohol-sulfuric acid (PVA-H3SO4) gel (Fig. 3A-d), resulting in an SC
with a C of 5.5 mFem ™2 (Fig. 3A-e). SnO,, with its unique optical and
electrical properties and strong chemical stability, provides SnO»-based
materials with distinct qualities [172]. Barium stannate (BaSnOs) is a
potential material for thermally stable capacitors due to its dielectric
properties [173]. The performance of ceramics and MOs is determined
by microstructure, grain size, density, flaws, and conductivity.
Designing MOs with improved microstructures and higher conductivity
is critical for enhancing SC performance.
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3.3. Multi-element oxide ceramics for supercapacitors

3.3.1. Spinel oxide ceramics

Spinel oxide ceramics are made up of two metals with a more com-
plex redox chemistry than single-component oxides [174]. Spinel oxides
are often produced by solid-phase, liquid-phase, or vapor-phase pro-
cesses. The solid-phase approach is straightforward and exothermic,
requiring grinding and heat treatment to ensure phase purity.
Liquid-phase processes are more adaptable, allowing for large-scale
manufacturing while controlling particle size, shape, and morphology.
In contrast, vapor-phase procedures rely on precursor vaporization and
condensation, providing accurate deposition but necessitating compli-
cated equipment. Spinel ferrites (MFe304) are used in SC electrodes due
to their superior electrical conductivity and electrochemical activity
compared to single-component oxides. The study investigated NiFe,O4
ceramic powders produced through combustion synthesis,
polyol-mediated, and sol-gel procedures (Fig. 3B-a)[175]. The shape of
the EDLCs seen in this NiFe;O4 ceramic powder regulated the behavior
of the EDLCs. The NiFe;04 ceramic produced using the sol-gel technique
achieved the highest C of 97.5 Fg~! due to its well-balanced micro and
mesoporosity (Fig. 3B-b). The electrochemical performance remains
unchanged even after 100 CV cycles. Rani and associates developed a
safer co-precipitation method for creating a cobalt-doped zinc-ferrite
ceramic, CoxZng g4.xFe204 (x = 0, 0.01, 0.02) [176], which consists of
large clusters and nanoparticles (Fig. 3B-c). The electrode C was
increased by approximately 377 Fg~! through cobalt substitution at a
scan rate of 10 mVs~* (Fig. 3B-d). Anandhan and colleagues developed
mesoporous spinel zinc ZnMny04(ZMO) for potential use in electric
devices like SCs, using sol-gel-assisted electrospinning and calcination
procedures [177]. The study by Kovalenko and his team found that
ceramic nanofibers containing hexagonal ZnMnOs; and MnO phases
have a large SSA (79.51 m?g™!) and four band gaps after calcination,
making them a potential electrode material [178]. Researchers have
discovered that NiCo204, a nanocrystalline material with 25-30 % open

Table 3
A description of some metal oxide ceramics used in SCs.
Materials Shapes Methods Capacitance areal mass ED PD Reference
loading (Wh kw
(m) kg™ kg)™!
(mg cm™2)
MnO, Film Electrophoretic deposition 0.34 F/cm? at - - - [152]
2mV/s
MnO, Film Electrophoretic deposition - - - - [153]
KMnO,_ ,(H20)z Film Electrodeposition 353 F/gat2mV/s 0.045 - - [154]
MnOx Cellular foam Hydrothermal and mild templating route ~ — - - - [155]
MnO,-MWCNT Nanocomposites Liquid-liquid extraction method 5.7 F/cm? at 36 - - [156]
2mV/s
Mn304,-MWCNT Nanocomposites Liquid-liquid extraction method 3.1 F/em? at 36 - - [156]
2mV/s
MnO,-foamed nickel Film Spray Pyrolysis 45F/g - - - [157]
Mn304-CNT Flakes Chemical precipitation and electrostatic 5.04 F/cm? at 36 - - [158]
hetero coagulation 2mV/s
(Fe, Zn)OOH-PNT Composite Chemical precipitation 4 F/cm? at 2 mV/s 36 - - [158]
V203/MnO4 Corundum-type Pulsed electrodeposition 1172 F/cm® at 36 - - [159]
crystalline 10 mV/s
Co304 Urchin-like particles Hydrothermal - - - - [160]
Co304 Urchin-like Nanowires Electrospinning 1110F/gat1 A/g 2.0-2.5 ~47.6 ~1.400 [161]
CuOeCo304 Nanowires Electrospinning 1277 F/gat 2 A/g - 52.6 ~15 [162]
NiO Nanowires Electrospinning 670 F/gat5A/g - - - [163]
NiO Nanoplatelet Chemical precipitation 1000 F/g at 2 A/g ~1 17.4 1085 [164]
NiO/Ni Core-Shell Colloidal processing 755F/gat2A/g 1 - - [165]
nanoparticles
NiOZrO, Membranes Template method 342F/gat2A/g 200-250 - - [166]
(Zr03)0.6(In203)0.4 Nanocrystalline power Citrate sol-gel method - - - - [167]
V205 Scaffold’s lamellar Sol-gel method and freezing - - - - [168]
structure
Al,03 Micropillars Selective laser etching 5.5 mF/cm? at - - - [169]
Sn0,/CaSn0O3-Ba Core-shell Spray pyrolysis

(shell)/Dye

5mV/s - - - [170]
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Fig. 3. (A-a) Production of graphene-based planar MSCs on an alumina ceramic plate. (A-b) SEM photographs of laser-etched ceramic surfaces, (A-c) optical rep-
resentations of graphene-based MSCs, and (A-d) self-assembly graphene ink photos with interdigital patterns lasting 2-12 s. (A-e) Galvanostatic charge-discharge
curves of graphene-based MSCs. (A-f) Graphene-based MSC-GCD curves [151]. (B-a) SEM picture of NiFe,O4 ceramic powder made via sol-gel technique, (B-b)
Specific capacitance values for NiFe,O4 generated using various methods, (B-c) SEM picture, and (d) galvanostatic charge-discharge curve of Cog g2Zng o2Fe204

ceramic calcined at 800°C [151].

porosity, can be created by combining nitrate crystallization with heat
and ultrasonic treatment [178]. Combining crystallization with ultra-
sonic treatment results in porous NiCo20« with a high surface area,
enhancing ion transport and electrochemical activity. Exploring novel
synthesis processes will broaden the scope of potential applications for
these materials.

3.3.2. Barium titanate ceramics

Polymers have been separated using various alkaline earth metal
titanites. The combination of polyvinylidene fluoride (PVDF), poly-
propylene (PPG), and lithium chloride resulted in the formation of a
sponge-shaped polymer called barium titanate (BaTiOs), which was
phase-inverted through solvent precipitation and heating [179].
Lithium chloride enhances porosity for faster charge transfer, while
BaTiO3 ceramics increase the dielectric constant of the polymer BaTiO3
film (PCC/BTA), making it a suitable separator electrode material with
an electrochemical resistance of 42.5 Q and a C of 305.6 Fg ™. Gu and his
team utilized roll coating and heat curing to create BaTiOs/polymer/Al
(BPA) composite films [180]. The size of BaTiOg particles (Dgp=0.83pm)
affects their dielectric characteristics and electrochemical performance.
BaTiOg ceramics were developed to enhance nanocomposite material,
creating high aspect ratio BaTiO3 nanowires in a polymer matrix [181].
The synthesized material showed an ED of 10.48 J/cc at 300 MV m*
and a core-shell structure with a low volume percentage of 17.5 %
BaTiOs3. Chung and colleagues identified a secondary phase of BayTi-
Si»0g, a ferroelectric material having electrochemical properties, near
the core-shell boundary (fressnoite) [182]. BaTiOs particles
(300-500 nm in diameter) were sintered using the Stober process and
covered with a silica shell. Advanced sintering methods like spark
plasma sintering created a bulk composite with low dielectric loss and
temperature stability [183]. This material demonstrated strong SC per-
formance due to Ti** reduction, space charge relaxation, internal grain
conductivity, and silica barriers. The structure helped build large
dielectric properties in ferroelectric cores, exceeding ferroelectric con-
straints under high electrical stress [183]. Chung and team used a silica
shell to improve conductivity and reduce dielectric losses [184], iden-
tifying BaTiO3@Sis as a good SC electrode material. Although BaTiOs
ceramics are commonly employed in SCs due to their high dielectric

constant and low dielectric loss, their poor energy storage density limits
their employment in high-energy devices. Ion doping has developed as a
viable approach for modifying electronic structures, increasing con-
ductivity, and improving overall performance.

3.3.3. Multi-elemental Oxide Ceramics

Doping ceramics with rare-earth elements (such as TiO2 and NiO)
improves dielectric characteristics [185]. Transition metals in CaCus-
Ti4«0+2 (CCTO) enhance conductivity, reduce activation energy, and
boost C [186]. The high dielectric permittivity is attributed to the
electron-pinned defect-dipole (EPDD) or Maxwell-Wagner (M-W) po-
larization mechanism, which enables the use of multi-elemental oxide
ceramics in superconductors and SCs. Table 4 [187-211] highlights
commonly used ceramics in SCs. Shiri et al. [187] developed polypyrrole
(PPy)/ yttrium aluminum garnet (YAG) thin-film electrodes with
254 F g at 25 mV s . YAG nanoparticles enhanced capacitance and
cycling stability. Yttria has also been employed in separators, where
YSZ-NiO-graphite composites produce porous, low-resistance mem-
branes [190]. Maity et al. [197] developed CCTO nanocubes with 1185
mF cm™ at 10 mV s, while CCTO/PANI composites achieved a C of
610 Fg'at 0.5A g'. A symmetric SC with 5 % CCTO-PANI obtained
30 Wh kg™ ED, 20 kW kg™! PD, and 80 % capacitance retention (CR)
after 2000 cycles using Lio.ssLao.ssTiOs electrodes [202]. Li* caused ionic
migration and lattice modifications, resulting in pure capacitive
behavior at 2V. Overall, these examples show how compositional
tweaking, defect engineering, and composite synthesis in oxide ceramics
affect dielectric characteristics, ion transport, and electrochemical per-
formance of SCs.

Liu et al. [203] used CuO nanoparticles on a ceramic substrate called
Laj.xSrxCo03.4 (LSC; 0 < x < 0.8) (Fig. 4A-a). The material’s porous
shape, good conductivity (Fig. 4A-b), and evenly scattered CuO nano-
particles make it ideal for energy storage devices. Its high C (545 Fg™1)
and 74.1 % CR after 3000 cycles at 20 mA cm 2 make it a reliable choice
(Fig. 4A-c, A-d). This material created a quasi-solid-state asymmetric SC
with a PVA/KOH gel electrolyte and a carbon fiber anode. At
1 mA cm~2, the SC device exhibited a capacitance of 1.26 F cm™2.
Lag.7Srp.3C003.q4 (LSC) electrodes were synthesized using a solid-state
method, with Sr’* substitution increasing electrical conductivity
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Table 4
A summary of the most used multi-elemental oxide ceramics in SCs.

Materials Shapes Methods Capacitance Reference

PPy/Al5Y3012 Nanoparticles Electro-polymerization 254 F/g at [187]
25mV/s

Ba,TiSizOg Particles Ball-milling - [188]

(Zr03)0.6(In303)0.4 Membrane Sol-gel method - [189]

NiO/YSZ Membrane Mixing and calcination 272 F/g at [190]
1A/g

Carbon-Si05/TiO5/YZr0O,/Al;03 Monoliths Sintering and decomposition - [191]

LiyLagZry0qo Rounded lines/columns 3D-print and sinter - [192]

(Nbg 5Gag 5)x(Tip.0Zrp.1)1.x02 Octahedron Solid-state reaction - [193]

CaCusTigO12 Grains Ball-milling and calcination - [194]

CaCu3Tis012 Spherical particles Solid-state reaction 4 F/cm? at [195]
2mV/s

CaCu3TigO12 Nanocubes Molten salt method 1185 mF/cm? at 10 mV/s [186]

Cep.9Cdg.0501.975/Ti/Al Films Femtosecond laser micro-process - [196]

PANI/CaCusTigC03012 Nanofiber Chemical oxidative polymerization 610 C/g at [197]
0.5A/g

Bag,Sro.4Ti03/PVDF Nanoparticles Tape casting method - [198]

Nag sBig 5TiO3 Nanoparticles and Films Solid-state reaction - [199]

Lig.sLag sTiO3 Tetragonal Solid-state reaction - [200]

LigxLaz/3.xTiO3 Cubic Solid-state chemistry - [201]

LisyLap,3.xTiO3 Cubic Solid-state reaction 0.28 mF/g at [202]
10 mV/s

CuO-La;4SryCo03.q Porous substrate Solid-state reaction 545 F/g at [203]
1 mA/cm?

NiO/Lag 7S1r9.3C003.q Porous substrate Solid-state reaction 1064.1 F/g at [204]
20 mA/cm?

CagH5(P04)6.5H,0 Plate-like Solution precipitation 6 mAh/g [205]

LisV5(POy)3 Nanoparticles Heat treatment 116.4F/gat0.5A/g [206]

Liy 3Alg 3Ti; 7P3012 Bulk Solid-state reaction 0.13 F/cm at [207]
2mV/s

Lij 4Alg 4Ti; .6(PO4)3 Pellets Sol-gel method 55 pF/g at [208]
50 mV/s

Lij 4Alg 4Ti; 6(PO4)3 -SWCNT Nanoparticles Sol-gel method 3.16 mF/g at [209]
5mV/s

Li;xAlTiz x(PO4)3 Bulk Heat treatment - [210]

LiMy(PO4)3 (M=Ti/Ge) Bulk Heat treatment - [211]

[204]. NiO nanoparticles were loaded onto LSC, improving
electrode-specific capacity. Phosphates have been used as SC electrode
materials with glass-ceramic electrodes [205-211], containing
LigV2(PO4)3[206], exhibiting a remarkable C of 116.4Fg_1 at O.5Ag_1,
and ceramic (Lij 3Alp 3Ti; 7P3012)(LATP) used as an electrolyte [207].
Liao and colleagues [208] utilized single-walled CNTs (SWCNTs) with
LATP ceramic electrolytes to enhance the contact area, achieve a C of
0.13 Fem ™! at 2 mVs’l, and reduce total resistance. Multi-elemental
oxide ceramics are promising SC electrode materials due to the syner-
gistic effects of multiple metal elements and richer redox chemistry,
which improve C, conductivity, and stability via mechanisms such as the
cocktail effect and higher oxygen vacancy concentration.

3.4. Metal hydroxide ceramics for supercapacitors

Metal hydroxides can create SCs with high capacity and mechanical
strength, such as the Cu(OH), lattice electrode [212]. A ceramic lattice
substrate was fabricated using 3D printing, electroless copper plating,
and electro-oxidation (Fig. 4B-a, B-b). The 3D-printed CLS maintained
its size after sintering (Fig. 4B-c), while the Cu(OH), had an urchin-like
structure (Fig. 4B-d). The Cu(OH)y/Cu/CLS composite exhibited a
coulombic efficiency of about 98.1 % and excellent redox reversibility
(Fig. 4B-e). The Cu(OH)2/Cu/CLS-based solid-state SC demonstrated
great coulombic efficiency and outstanding redox reversibility, with
high volumetric capacitance and CR of around 60 % at 200 Acm >
(Fig. 4B-f)[212]. The SC achieved 24.3 Wh kg™ 'ED and 314.4 Wkg™!
PD, comparable to previously published SCs (Fig. 4B-g). The 3D spatial
framework architecture and hierarchical ion transport pathway were
responsible for the remarkable performance. Gonzalez and colleagues
[213] used NiO films for SC electrodes, while Zhitomirsky and col-
leagues discovered octyl gallate as a good extractor for FeOOH ceramic

particles [156]. This led to FeOOH-MWCNT electrodes with a 2.4 Fem ™2
C at 2 mVs~l. Metal hydroxide ceramics, particularly bimetallic and
ternary systems, have high capacitance, good redox activity, and are low
in cost, with nanostructuring, binder-free electrodes, and new synthesis
processes improving performance even further. MOs and hydroxides can
acquire charge in either the positive or negative regions of the potential
window. As a result, different MOs and hydroxides with enhanced redox
kinetics can be combined in positive and negative electrodes to give high
charge storage capacity, excellent responsiveness, and long-term sta-
bility. These asymmetric combinations can considerably boost the ED of
SC cells while maintaining a suitable power response in aqueous elec-
trolytes. It is worth noting that asymmetric systems with battery-like
responsive electrodes will be known as hybrid SCs.

Controlling the intrinsic properties of MOs and hydroxide electrodes
is an important way to increase electrochemical performance. However,
intrinsic limitations such as the low electronic conductivity of oxides
and hydroxides, as well as the structural instability of hydroxides, make
it difficult to overcome merely by intrinsic materials engineering. As a
result, extrinsic engineering and functionalization techniques, such as
cation or anion doping and composites with other materials, have
emerged as effective options for enhancing charge storage performance.
Hybrid electrodes, for example, provide a higher storage capacity
because of greater electron conductivity and surface area. Similarly,
composites of metal oxides and hydroxides with conductive metals or
carbon-based nanomaterials comprise a popular research route focused
on improving electrode performance.

3.5. Metal Sulfide Ceramics for Supercapacitors

Metal sulfides (MSs) are crucial for energy storage due to their large
surface area and diverse oxidation states [214]. EDL and
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pseudo-capacitive charge storage technologies enable them to store high
energy [215]. Ultrathin nanosheets with a vast surface area and multiple

oxidation states store charges electrostatically, resulting in high C

and

ED [216]. MSs with anisotropic crystal structures offer high reactivity
for effective electrochemical processes [217]. However, low conduc-
tivity and re-stacking hinder their potential as advanced SC electrodes

[218]. 2D-MSs with a wide surface area and active edge sites enhance
catalytic activity and substrate compatibility. Manganese cobalt sulfide
(MnCoSs) nanospheres allow electrodes to expand and compress during

charge-discharge cycles

[219]. MnCoSs nanospheres possess a

mixed-phase, porous structure and HSSA, enabling them to perform
various redox processes [220]. The SCs demonstrated high electronic
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Fig. 5. (A-a) SEM picture, (A-b) GCD data, and (A-c) EIS data for RGO/NiO electrodes. (A-d) SEM picture, (A-e) GCD data, and (A-f) Nyquist diagram of the RGOF/
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CN-CNT-RGO composites [151].
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conductivity and achieved a C of 992 Fg~!, retaining 102 % after 5500
cycles at 10 Ag™L. Liu and colleagues electrochemically coated carbon
fibers with polypyrrole (PPy) [221], creating a PPy/CugSg@C-CC
nanocomposite with a C of 270 Fg~! and 80 % CR after 3000 cycles. MSs
and mixed MSs, which have high redox activity, have higher conduc-
tivity and flexibility than MOs and carbon materials because the pres-
ence of sulfur improves electron transfer, whereas MO- and
carbon-based electrodes suffer from low volumetric capacitance,
agglomeration, and fabrication issues.

3.6. Carbon-based ceramics for supercapacitors

Carbon-based materials, such as graphene oxide (GO) and graphene,
show promise for energy devices due to their high strength, electrical
conductivity, flexibility, and vast surface area [222]. CNTs also have
great tensile strength, conductivity, and a large surface area, making
them ideal for transistors and SCs [223]. Carbon-based ceramics, such as
RGO, CNTs, and AC, are extensively researched as SC electrodes because
of their rapid charge transfer [224]. 2D-GO is widely used in energy
storage and conversion [225], whereas graphene-ceramic composites
have been produced as SSEs [226]. RGO was electrostatically interca-
lated into NiO nanoplatelets, resulting in a core-shell structure
(Fig. 5A-a), and then electrophoretically deposited on Ni foam collectors
while maintaining structural integrity with ceramic necks. The com-
posite exhibits a C of 940 F g™* at 2 A g* due to its low charge transfer
resistance (Figs. 5A-b, 5A-c) [226]. GO was also employed to fabricate
RGO foam (RGOF)/SiCN electrodes via a preceramic polymer method,
in which ink-written GO scaffolds were infiltrated with a polysilazane
precursor to replicate the 3D structure (Fig. 5A-d). After heat treatment,
the amorphous SiCN matrix embedded with GO achieved 39 F g™! at
0.6 A g™ and showed excellent cycle stability (Figs. 5A-e, 5A-f) [227]. In
addition, a monolithic material composed of polysiloxane microspheres,
graphene, multi-walled CNTs (MWCNTs), and metal nanoparticles was
synthesised (Fig. 5A-g), exhibiting a SSA of 540 m? g™, hierarchical
porosity, and 93 F g™! at 2 mV s (Fig. 5A-h), with enhanced ion mass
transfer (Fig. 5A-i) [228]. Carbon-based ceramic materials for SCs can be
optimized by enhancing SSA and pore volume through controlled
manufacturing, creating hierarchical porous structures, and integrating
metal oxide nanoparticles to combine pseudocapacitance with EDLC.
Other improvements include heteroatom doping (for example, nitrogen)
to boost capacitance and the use of asymmetric or hybrid designs to
increase ED.

1D-CNT hybrid ceramics offer high conductivity and large surface
area, enhancing charge transfer and energy storage [229]. Singh et al.
[230] developed low-frequency plasmonic AIN-SWCNT composites,
where dense composites with low SWCNT content showed increased
negative permittivity due to inductive loops formed by high-aspect-ratio
SWCNTs, improving thermal conductivity. David et al. [231] fabricated
lightweight, porous, self-supporting Si(B)CN-CNT-RGO composite
paper (Fig. 5B-a) sandwiched between graphene sheets (Fig. 5B-b),
functioning as a SC electrode with a C of 269.52F g™' at 5 A g™ and
excellent cycle stability (Figs. 5B-c, 5B-d). Boron-doped SiCN enhances
conductivity, while CNTs and RGO improve porosity and electron con-
duction. Lee et al. [232] combined polypyrrole with CNTs on ceramic
fabric, achieving 152.78 F g' at 1 mA cm™ through improved CNT
adhesion and interconnected networks. Carbide-derived carbon has also
been used as an SC electrode [233], and PVA—ceramic nanoparticle
(Al:0s, SiO2, TiO2) separator films [234] enhance ion conductivity by
forming amorphous regions in the polymer matrix. Carbon-ceramic
composites are being investigated for SCs because they combine the
large surface area and conductivity of carbon materials (e.g., AC, CNTs,
graphene) with the electrochemical activity of ceramic materials (such
as MOs, hydroxides, and carbides). This synergy enhances ED and PD,
leading to higher capacitance, stability, and overall energy storage
performance in advanced SC systems.
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3.7. Carbide and nitride-based ceramics

Carbide and nitride ceramics are increasingly used in demanding
applications due to their low density, high-temperature strength, ther-
mal stability, corrosion resistance, and outstanding electrical properties
[235]. Chang and co-workers [86] developed B4C@C core-shell ceramic
nanoparticles as electrodes, highlighting their potential in SC electrode
materials as shown in Fig. 6a, b, and c. The carbon shell enhanced the
B4C ceramic’s electrical conductivity, enhancing stability during
charging and discharging while combining graphene with B4C@C
nanoparticles, creating flexible all-solid-state micro-SCs (Fig. 6d). SC
electrode materials have been developed using carbide and nitride ce-
ramics, with metal carbide ceramics being commonly utilized. Carbide
and nitride ceramics provide good conductivity and stability, which
makes metal carbides particularly appealing as SC electrode materials. A
new type of lattice SCs has been created using a ceramic matrix. These
SCs exhibited a C of 7.33 mF cm ™2 at a scan rate of 1 mV/s and worked
effectively across a wide temperature range (-25-75°C)(Fig. 6e). The
ceramic matrix-based lattice SCs show consistent capacitance and wide
temperature operation, indicating their promise for practical energy
storage applications. The authors emphasized the mechanical flexibility
of the B4C@C-MSCs devices (Fig. 6f), which maintain 99.4 % of their
initial capacity even after 1200 cycles of deformation (Fig. 6g).
B«C@C-MSCs have great mechanical flexibility and high CR under
repeated deformation, indicating their potential as flexible energy
storage devices. They also highlight their use of SiOC-based polymer--
derived ceramics as SC electrodes. SiOC-based polymer-derived ce-
ramics were employed as SC electrodes, and SiOC fiber mats formed by
electrospinning and pre-ceramic polymers such as H44, MK, and RSN
[236]. SiOC-based polymer-derived ceramics, particularly fiber mats
generated by electrospinning, have adjustable structures and stability,
making them interesting candidates for SC electrodes. Similarly, Kaskel
and colleagues advocated using SiOC-derived carbon (SiOCDC) in SCs
[237]. SiOCDC electrodes produced at 1000°C have a C of 86 Fg_1 at 30
Ag~l. In addition, a SiOC nanostructured material with lamella-like
characteristics was developed and used as an SC electrode [238].
SiOC-derived carbons, particularly SiOCDC and nanostructured
lamella-like forms, exhibit good capacitance and structural properties,
highlighting their potential as effective SC electrodes.

SiC ceramics are extremely strong, flexible, and thermally/chemi-
cally stable [239]. SiC@Ni(OH). nanowires grown on flexible carbon
fabrics supplied 1724 Fg'at 2Ag'and 72.4 Whkg'ED [240],
whereas SiC-N-MnO: nanoneedles were deployed in asymmetric SCs,
achieving 59.9 F g' and 113.92 W kg™' PD [241,242]. After 3000 cy-
cles, the porous SiC nanofiber membranes maintained 189 F g~! and
91.7 % retention [243]. SiC-based composites combine mechanical
toughness with good electrochemical performance, providing superior
capacitance, energy density, and long-term cycling stability for
advanced SC applications. Nitride ceramics, with their high strength,
low thermal expansion, and resistance to wear, corrosion, and thermal
shock, are perfect for aerospace applications [244]. Xia et al. [245]
successfully reached 403 mAh g by adding Co particles into an amor-
phous SisNs matrix. Wei et al. [246] developed a core-shell framework
using Si@SisN4 nanoparticles coated on carbon nanofibers to create
flexible 3D electrodes for SCs [247]. Nitride ceramics not only give
structural and thermal benefits, but when paired with metals or carbon
nanostructures, they enable high capacity and flexible topologies
appropriate for improved SC electrodes. Carbide and nitride-based ce-
ramics are attractive SC electrodes due to their excellent conductivity,
stability, and structural strength. MXenes and other transition metal
carbides/nitrides provide metallic conductivity and many redox-active
sites, while SiC and transition metal nitrides (TMNs) are also being
investigated. Mechanical stability, adhesion to current collectors, scal-
able manufacture, and surface activation are all ongoing concerns. In
practice, carbides enable quick charge transfer but have low capaci-
tance, whereas nitrides exhibit high conductivity and moderate redox
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Fig. 6. (a) Procedure for producing B4C@C ceramic nanoparticles. (b) TEM and HRTEM pictures of B4C@C core-shell nanoparticles. (d) Production of the B4,C@C-
MSCs device. (e) Areal capacitance, (f) optical image, and (g) CR for the B4C@C-MSC device [151].

activity, but are prone to surface oxidation. As a result, they operate best
when used in composites or as conductive support, rather than as pri-
mary active materials.

3.8. Additional unique ceramics for supercapacitors

Innovative ceramics and nanostructures, such as (Smg 02Ag0.94)
(Nbg9Tag 1)0O3 ceramics [248], LipSeP,Ss glass-ceramic electrolyte
[249], and MXene ceramic [250], may provide remarkable energy
storage and conversion performance. MXene is a highly conductive,
layered substance commonly utilized as an electrode for SCs [251].
Gogotsi and his team demonstrated that 2D MXene outperforms EDLCs
at faster rates and has higher volumetric and areal capacitance than
carbon, polymers, or TMOs [252]. They found that using the macro-
porous TizCyTx film on the MXene design demonstrated a C of 210 Fg‘1
at 10 Vs~!, outperforming the best carbon-based SCs. Furthermore,
RuO; particles were combined with Ti3CyTx and MXene to create an
asymmetric SC [253]. MXene-based materials have excellent rate
capability and capacitance. Combining them with RuO: improves
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performance, making them a promising material for next-generation
SCs. MXene was identified as an ideal material for PC electrodes due
to its surface redox reaction capability. Other developing ceramic-based
SC materials include high-entropy oxides, ceramic-ceramic nano-
composites, and carbons formed from MOFs, all of which have higher
ED, C, and stability. High-entropy oxides use multi-elemental compo-
sitions to obtain superior electrochemical characteristics, whereas
ceramic-ceramic nanocomposites combine conductive ceramics and
MOs to boost charge storage efficiency. Meanwhile, MOF-derived car-
bons have well-ordered macro-microporous structures that enable effi-
cient ion transport and electron diffusion, hence improving SC
performance.

3.9. Nanoceramic materials

Nanoceramics are made up of structural units smaller than 100 nm,
such as nanocrystals, nanowires, nanofilms, and bulk materials with
nanocrystalline phases. MO nanoceramics (Coz04, NiO, and CeO:) are
attractive pseudocapacitive electrodes for SCs due to their huge surface
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area, plentiful active sites, quick ion diffusion, and structural flexibility,
enhancing ED and PD. Nonetheless, difficulties such as low intrinsic
conductivity and limited cycling stability persist, necessitating solutions
via improved nanostructuring and composite design.

Nanoceramics, nanoparticles, and nanocomposites exhibit high
strength, hardness, and fatigue resistance, making them ideal for energy
storage applications. They improve performance by boosting mechani-
cal strength, surface area, and changing electrical or thermal properties.
However, processing remains a considerable challenge, especially when
manufacturing bulk nanoceramics. The control of particle size,
contamination, and agglomeration during nanocrystalline powder
manufacture is critical, and numerous chemical techniques are being
investigated to achieve uniform composition and mixing.

Nanoceramic coatings are rapidly gaining popularity for their
hardness, wear resistance, and thermal stability, providing long-lasting
and environmentally beneficial corrosion protection in industries such
as automotive. Nanoceramic composites show considerable potential in
medicinal, wastewater, and energy applications due to their strength,
porosity, and huge surface area. These properties make nanoscale ce-
ramics appealing for SC electrodes because they have outstanding con-
ductivity and durability; yet their restricted surface area and activity
pose problems. Continued optimization and advanced research are
required to enhance charge storage and electron transport capacities.

4. Performance
4.1. Novel ceramic materials

4.1.1. Latest developments in TMOs

Electrode materials in SCs play a crucial role in determining optimal
voltage ranges. Oxidation-reduction reactions correlate with molecular
orbital work function, and materials with significant work function
variations can increase the voltage in asymmetrical SCs [254].
Carbon-based electrodes provide chemical stability and a high PD [255],
but graphene is chosen for its superior structural stability and electrical
conductivity in electrochemical processes. Graphene’s single-layer Sp?
hybrid carbon architecture hinders its widespread use in industrial ap-
plications due to its low PD [256]. Combining conductive
polymer-based PCs with graphene has become a viable approach to
address challenges [257]. The use of TMOs like vanadium (V30s),
manganese (MnO; and Mn304), cobalt (CoO and Co304), nickel (NiO
and Ni»03), copper (Cup0 and Cu0), and zinc (ZnO) as active electrode
materials offer a cost-effective alternative to RuO», with binary/ternary
forms that improve redox activity and conductivity, making them
adaptable and useful electrode materials for SCs. The electrochemical
characteristics of these oxides can be enhanced by binary and ternary
MOs, which introduce additional redox states and enhance electrical
conductivity. Various electrode materials were widely used in SC ap-
plications, including NiO, V205, Fez04, Co304, MnOo, and CuO [258].
Nanostructured TMOs are of significant interest for SC electrodes due to
their excellent structural and electrical properties. They offer higher
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capacitance than carbon-based electrodes because of their greater redox
activity. Research on TMOs’ capacitive properties has progressed
consistently. Nanowire-assembled Co304@NiCo0204 structures on Ni
foam substrate exhibited exceptional pseudocapacitive performance,
with electrodes exhibiting specific capacitance and good flexibility, with
symmetric and asymmetric devices exhibiting the highest areal capaci-
tance [259]. Wei et al. synthesized Co304 nanowires and nanosheets,
demonstrating a C of 2053.1Fg ™! and outstanding cyclic stability [89].
Liu et al. [260] fabricated CuO nanorods, achieving a CR of 96.45 %
even after 4000 cycles. Nanostructured Cos04 and CuO electrodes show
high capacitance and outstanding cyclic stability, underscoring the
importance of morphology control for improving SC performance. Effi-
ciency comparisons of a few TMO electrode materials are shown in
Table 5 [261-266]. Recent advances in TMOs for SCs have focused on
developing high-performance materials using composite architectures,
including TMOs mixed with carbon materials and ternary MOs, to boost
conductivity and surface area. Hydrothermal synthesis and core-shell
architecture design have been key developments in improving stability
and capacitance. Researchers are also looking into ternary oxides such as
Ni-Co-Mn and MOFs to get high C and EDs.

4.1.2. Emerging mixed-metal oxides and perovskite oxides

SCs are symmetric and asymmetric, depending on the electrodes
used for charge storage [267]. Key compatibility factors are high SSA,
pore size dispersion, cost, environmental friendliness, and increased
electronic and ionic conductivity. Considerations include single metal
oxides (e.g., MnO, Fe;03, RuO,), bimetallic oxides (MNOy4, M, and N are
Ni, Co, Zn, Mn), intercalation types, and metal heterostructures [268].
ABOj perovskite oxides show promise due to their deformed structures,
high tap densities, and oxygen vacancies. Recent advances in modified
forms, such as A-site doped (A;.xA'BO3) and B-site doped (AB1-xB'O3)
perovskites, improve long-term stability [269]. MO-based composites
improve material characteristics by creating nanostructures, lowering
diffusion distances for electroactive species, and boosting charge storage
performance. Recent research investigates the charge storage properties
of perovskite derivatives, such as Ruddlesden-Popper(RP) phases and
quaternary perovskite oxides [270]. The structural durability of perov-
skites concerning oxygen vacancies is crucial for their electrochemical
properties, warranting further research. Table 6 shows a variety of uses
for smart and advanced ceramic materials. Although the presented
material does not cover all members of the Perovskite family, their

Table 6
Smart and advanced ceramic materials have several applications.

H Functional ceramics

Piezoceramics
Magnetoceramics
Package ceramics
Optical ceramics
Conductive ceramics

Bioceramics

Automotive ceramics

Nuclear ceramics

Ceramics used in cutting tools
Tribological ceramics

Table 5
Comparison of several TMO electrode materials.
TMOs Cyclic stability Capacitance (current density/scan rate) Electrolyte used Potential Reference
(no. of cycles)
MgCo204 99.06 % (5000 cycles) 626.5 F/g 2 M KOH 0-0.58 V [261]
1 A/®
IrO,@Mn304 nanocomposite 91 % (10,000 cycles) 1027 F/g 1 M NaySO4 -1.0-1.0V [262]
(1mAcm™ ?)
NiO 90.1 % (800 cycles) 1000 F/g 1M KOH 0-0.55V [263]
(0.5A/g)
NiCo,04 NPs 82 % (1500 cycles) 1073 F/g 2 M KOH 0-0.5V [264]
MnO2-rGO 88 % (3500 cycles) 759 F/g 1 M Na2SO4 0-09V [265]
(2A/%)
Co304/CNF 74 % (2000 cycles) 586 F/g 6 M KOH —0.05-0.45V [266]
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existence and contribution to the energy storage field are unavoidable
(Fig. 7A).

Perovskite oxide materials possess high entropy and can be fine-
tuned, promoting dual ion intercalation. The RP structure
(Ap11BnO3ny1), consisting of alternating rock salt and ABOs layers,
regulates diffusion rates and enhances charge storage in the bulk [270].
Quaternary perovskite oxides with mixed metal cations further improve
pseudo-capacitive charge storage [271]. Thus, producing RP perovskites
with higher n values is essential for efficient SC electrodes [272]. Rud-
dlesden-Popper perovskite oxides, especially quaternary compositions
with higher n values, enable tunable structures and dual-ion intercala-
tion, enhancing diffusion and pseudo-capacitive charge storage for SC
electrodes.

Emerging mixed-MOs and perovskite oxides are gaining popularity
for SC applications due to their structural plasticity, abundance of ox-
ygen vacancies, high C, and attractive electrochemical characteristics.
Perovskite oxides (ABOs) have tunable crystal frameworks and compo-
sitions that can be engineered to optimize charge storage performance.
Mixed-MOs have strong redox activity and good conductivity, especially
when integrated with complementary nanomaterials like MXenes or
transition metal selenides (TMSes). Together, these materials have great
potential for producing SCs with higher ED, power capability, and long-
term cycling stability.

4.2. Hybrid ceramic materials

4.2.1. Ceramic-polymer and ceramic-carbon composites

PCC separators combine polymer strength with ceramics’ high
dielectric constant, ionic conductivity, and thermal stability [273]. PCCs
such as PVDF, polypropylene, and titanates improve porosity, decrease
resistance, and raise dielectric constant [274]. Heat treatment improves
strength (71 % increase in Young’s modulus) but decreases capacitance
due to pore closure [275]. The schematic of ion transport in SCs
(Fig. 7B-a) demonstrates that pore size and distribution have a major
impact on separator performance. A p-n gate membrane was used as a
diode-like separator (Fig. 7B-b), whereas PVA-ceramic composites
(Alz0s, SiO2, TiO2) improved conductivity and stability without
considerable deterioration [234]. PVA-TiOz enhanced capacitance by
68.6 % (Fig. 7B-c) and maintained capacitance retention (CR) for 5000
cycles (Fig. 7B-d). A BaTiOs/PEDOT: PSS-PVA separator in a graphene
SC lowered resistance (42 Q) [276,277], giving C of 195 Fg™ . Liu et al.
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[278] created low-cost Al20s nanowire/polyvinyl butyral membranes
with high porosity, strength, and ionic conductivity, outperforming
commercial separators (Fig. 7B-e). High-temperature SCs use solid
organic electrolytes, ionic liquids, and ceramic composites [279,280].
NiO-ZrO: ceramic separators with carbon electrodes and KOH-glycerine
electrolyte achieved excellent capacitance at 140 °C with 30 % graphite,
but higher loadings reduced stability [281]. Porous Al-Os-based mem-
branes and NiO-ZrO: ceramic separators offer improved ionic conduc-
tivity and thermal stability, making them ideal for high-temperature SC
applications.

Ceramic-based separators promise scalable SCs in wearable elec-
tronics due to their compactness, flexibility, and high energy storage
capacity. Planar asymmetric SCs with MnO2/PEDOT: PSS, boron nano-
ride separators, and graphene nanosheet electrodes retained 99 %
capacitance after 180°C bending and 92 % after 5000 cycles, with a
volumetric power density of 8.6 mW cm™ [275,282]. Separators for
energy storage require mechanical strength. Vertically aligned carbon
nanotubes (VACNTs)-derived Al.Os structural separators improved
tensile strength by 47 % and stiffness by 131 %, while interlaminar
voids reduced strength by 6 % [283-285]. Multipurpose devices that
combine energy storage and structural load-bearing capabilities are
recommended for reducing system weight [284]. TMOs, including TiOx,
Zn0, Fe20s, CuO, MnO2, RuO2, NiO, Vz20s, and Co0s04, have various
nanostructures (nanoparticles, rods, fibers, platelets, flowers) and are
extensively studied for their pseudocapacitive properties [285-287].
Hydrothermal synthesis creates graphene/GO composites with
increased surface area and stability. TiO2 and TiO2/RGO or TiOz nano-
wire/RGO hybrids provide excellent capacitance and little agglomera-
tion for SCs [288,289], while other MO-graphene hybrids improve ED
and cycling stability [290,291]. Qi et al. [291] reported a MnO-@G-CNF
hybrid SC with 612 F g™' at 2 mV s™' and ~100 % CR after 5000 cycles
[292]. The MnO2@G-CNF hybrid SC exhibits high capacitance and great
cycling stability, demonstrating the potential of hybrid nanostructures
for long-lasting energy storage. Fig. 8a—c illustrate the device architec-
ture, SEM images, and performance at varied MnO- loadings. Advances
in 3D printing and graphene-based inclusions have improved the elec-
trical, thermal, and surface properties of ceramic composites for
biomedical implants and wearable electronics [293,294].
Ceramic-polymer composites, which are mostly used as separators,
improve ionic conductivity and safety, whereas ceramic-carbon com-
posites, which have a conductive carbon backbone, serve as
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MnO, concentrations [292].

high-performance electrodes. Filler composition and structure, as
dictated by their kind and volume percentage, influence their specific
applications. Table 7 compares ceramic-polymer and ceramic-carbon
composites for SC applications.

4.2.2. Functionalized ceramics for improved electrical conductivity and
capacitance

Electrical conductivity is a material’s capacity to conduct electricity,
and ceramics often have substantially lower values than metals because
most are dielectric. Conductivity in ceramics is frequency and temper-
ature dependent, as thermal energy provides the activation energy
required for charge migration, which may be calculated using the

Table 7

Comparison of ceramic-polymer and ceramic—carbon composites for SC
applications.

Aspect Ceramic-Polymer Ceramic-Carbon Composites

Composites

Key Components

Ceramics (e.g., MOs,
nitrides) + polymers (e.g.,
PANI, PEDOT, PVDF)

Ceramics (e.g., MOs,
carbides, nitrides) + carbon
materials (e.g., AC, CNTs,
graphene)

Conductivity Enhanced with conductive High because of the
polymers, although often conductive carbon matrix
lower than carbon and ceramics with redox
composites activity

Mechanical Excellent flexibility, High structural rigidity, yet

Properties lightweight, and less flexible
processability

Electrochemical Polymers provide Ceramics increase

Properties pseudocapacitance, while pseudocapacitance, but
ceramics promote stability carbon has a large surface
area and fast electron
transport
Capacitance Moderate to high, based on High due to the synergistic

Energy Density

Cycle Stability

polymer conductivity and
ceramic loading

Polymer pseudocapacitance
improves performance, but
conductivity limits it
Frequently limited by
polymer breakdown when
cycling

effects of the huge surface
area and the redox activity
Higher, due to the
combination of surface and
faradic storage processes
Superior, as the carbon
matrix improves stability and
conductivity

Scalability Easy processing with More difficult synthesis, but
polymer matrices scalable with an appropriate
design
Typical Flexible and wearable High-power and high-energy
Applications energy storage technologies supercapacitors for grid,

automotive, and industrial
applications
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Arrhenius relation and a.c. conductivity analysis. Capacitors require
large surface areas and thin dielectric layers to provide high capaci-
tance. Porous carbon electrodes, nanometer-scale dielectrics, and
electrolyte-filled structures are used in SCs, which are commonly made
by layering aluminum foils of regulated thickness and contact terminals.
Ceramic-based SCs have a longer charge-discharge cycle life than other
technologies. Ceramic materials have high ionic and electronic con-
ductivity, making them suitable for electrochemical applications [295].
They can be created with a variety of substitution and doping strategies
to improve stability in multicomponent ceramics, yielding complex
compositions for temperature-resistant materials, LIBs, and catalysts
[296].

5. Fabrication
5.1. Innovative synthesis methods

5.1.1. Sol-gel method

The sol-gel technique involves dissolving ceramic precursors in a
solvent to form a sol that gels into a solid. The gel is then dried and
calcined to eliminate the solvent, yielding the finished ceramic product
[297]. This process includes hydrolysis and condensation of metal alk-
oxides or salts, resulting in a gel with colloidal particles (Fig. 9a). The
sol-gel technique is a method used to create thin ceramic films, coatings,
and nanoparticles for energy storage devices like batteries and capaci-
tors. It achieves high purity and uniformity at low temperatures,
enabling fine microstructure development [298]. However, the pro-
cedure is time-consuming and necessitates exact conditions to ensure
reproducibility. Drying and calcination can induce cracking and
shrinkage, which could compromise the final material’s integrity and
performance. Sol-gel processing uses metal-organic compounds, pri-
marily metal alkoxides, as precursors. High pH hydrolysis forms oxide
particles, while low pH results in a gel. The alkoxides dissolve in a
nonaqueous solution, which gels when water is added. The gel is
transformed into powder through annealing. The hydrolysis reaction of
an alcoholic alkoxide solution can be represented by the following Eq.
1):

M(OR), + nH20 —(OH), + nROH (€D)]

M(OH), molecules undergo condensation and polymerization re-
actions to form colloidal polymers, with properties influenced by water
content, pH, and temperature. This method offers advantages in rheo-
logical characteristics, allowing for complex shapes, substrate deposi-
tion, or spraying, and enhancing chemical homogeneity through
molecular-level mixing.
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Fig. 9. (a) Sol-gel method. (b) Scheme of spray pyrolysis technology.

5.1.2. Hydrothermal technique

Hydrothermal synthesis is the process of reacting precursors in an
aqueous solution at high temperatures and pressure. The precursors are
dissolved in water and heated in a sealed autoclave reactor, producing
crystalline ceramic materials that are then rinsed, dried, and optionally
annealed [299]. This technology is commonly used to generate ceramic
nanoparticles and nanocrystals with exact control of size, shape, and
crystallinity for energy storage applications such as batteries and ca-
pacitors. It offers advantages such as creating highly crystalline mate-
rials at low temperatures and maintaining control over particle
morphology while using water as a solvent. However, the necessity for
high-pressure containers, long reaction times, and the possibility of
undesirable secondary phases or contaminants can reduce throughput
and raise production costs.

5.1.3. Spray pyrolysis method

Spray pyrolysis (SP) has long been a popular process for depositing
thin films of numerous materials, including metals, semiconductors, and
oxides. Although most of the SP process is recognized, several aspects of
the deposition process are still unclear [300]. Many researchers claim
that the deposition process is like chemical vapor deposition (CVD). CVD
is a chemical procedure in which gaseous precursor molecules deposit
ceramic thin coatings on substrates [301]. SP is a low-cost, easy, and
adaptable process for producing high-purity, homogenous ceramic
powders with consistent sizes and spherical morphology [302]. It is used
for producing submicron and spherical luminous materials [303],
multicomponent oxides, chlorosilicates, metals, catalysts, and nano-
powders [304]. SP is a four-step process for material production. The
process begins with the precursor forming droplets, which diminish
following evaporation. The precursors react to form oxides, which so-
lidify. Chamberlin and Sharman invented the SP method in 1966 as a
modified version of chemical bath deposition methods for developing
CdS thin films for solar cell applications (Fig. 9b). Pawar et al. [305]
employed SP to manufacture vanadium oxide (V20s) electrodes with
high C, demonstrating that this technique is useful for manufacturing
ceramic SC electrodes with superior electrochemical characteristics.
Joshi et al. [306] employed SP to produce sodium-doped CuO thin films,
proving that doping can enhance SC performance by adjusting ceramic
properties. SP allows for easy control of film characteristics by adjusting
parameters like substrate temperature, airflow pressure, and precursor
concentration [307]. This technology operates at moderate tempera-
tures (100-500°C), making it possible to produce films on low-quality
substrates. The chemical spray technique typically requires an atom-
izer and a heated substrate, but it can also be conducted using a
single-fluid nozzle that atomizes liquid under pressure. To address hol-
lowness and porosity issues in large-scale SP products, enhanced pro-
cedures employ artificial colloidal solutions, which allow greater control
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over the final material’s composition and morphology.

5.1.4. High-entropy ceramics for enhanced structural complexity

High-entropy ceramics (HECs) are a novel family of materials
distinguished by their extraordinary hardness and superior thermal,
electrical, mechanical, and oxidative capabilities when compared to
standard ceramics. HECs, which are made up of many elements in
similar atomic amounts, have a very disordered crystal structure. They
typically contain five or more different cations or anions, such as
(ZI'O_zTaO.szo_sz().zTio.z)C for high-entropy carbides and
(Zry.oHfy 2Tag 2Nbg oTig 2)By for high-entropy borides. HECs can also
form compounds with nitrogen, carbon, boron, and oxygen, resulting in
materials like high-entropy oxides and nitrides. Overall, HECs offer su-
perior properties compared to standard ceramics. They are uniphase
with a simple lattice structure, with atomic diameters determining
uniform element mixing. Entropic stabilization increases with increased
element concentration [308]. HECs typically have rock salt structures,
but six additional structures have been observed, as shown in Fig. 10a
[309].

HECs can outperform traditional ceramics in mechanical properties,
while high-entropy nitrides are valued for their excellent thermal
properties and durability. Their unpredictable nature and the synergistic
effects of their components result in outstanding functional properties,
making HECs ideal for energy storage and conversion [310]. Ceramic
materials are potential SC electrodes, but their performance is hindered
by low SSA and poor surface activity [311]. (FeCoCrMnZn)304 and
(CoCrFeMnMg)304 have shown exceptional performance, with C of
340.3 Fg~! and 193.7 Fg ™}, respectively, demonstrating their potential
for SC applications [312]. Understanding the structure-property rela-
tionship of HECs is critical for improving their applications in energy
storage and thermal management. More research on phase stability,
microstructural evolution, and multi-element effects is required to fully
realize their potential. With their distinct electrochemical properties,
HECs hold potential for next-generation systems such as enhanced
thermal barrier coatings and composite materials that improve strength
and durability.

5.2. Scalable fabrication

5.2.1. 3D printing and roll-to-roll processes for mass production

Additive manufacturing, or 3D printing, creates three-dimensional
structures through the layer-by-layer deposition of ceramic powders.
Techniques like stereolithography, selective laser sintering, and binder
jetting produce complex parts from digital models, which are then
debonded and sintered. Recent research has shown that scalable fabri-
cation approaches, such as on-chip printing of ceramic frameworks that
can operate at 300 °C [313], are critical for obtaining consistent
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of the polymer backbone [327].

performance, high throughput, and practical implementation of
ceramic-based SCs. It also decreases material waste and manufacturing
lead times, allowing for faster modifications and optimizations. 3D
printing offers the ability to create complex parts with unique geome-
tries, but it faces challenges in high-density, defect-free products due to
layer-by-layer  deposition, post-processing requirements, and
high-temperature sintering. Current 3D printing technologies may not
be sufficient for high-volume ceramic component production, posing
scalability issues.

5.2.2. Effective cost-reduction techniques

Roll-to-roll (RTR) manufacturing is a continuous process that in-
volves unrolling flexible substrates and processing them using material
deposition, cleaning, or patterning. It finds widespread use in batteries,
flexible electronics, photovoltaics, fuel cells, multilayer capacitors,
sensors, textiles, and paper products. This cost-effective technology al-
lows the deposition of water-based compounds using methods such as
gravure, offset printing, or flexography, with the substrate being
rewound for further treatments following film deposition. Recent
research highlights the advantages of RTR manufacturing in producing
ceramic materials for SCs [314]. The method enables scalable,
cost-effective, and efficient fabrication techniques, facilitating the
development of high-performance SC for industrial applications [315].
RTR manufacturing has emerged as a transformational technology in the
manufacture of ceramic materials for SCs, providing various benefits
that improve performance and scalability.

TMSs have unique properties such as low band gaps and shallow
valence bands, that distinguish them from MOs. Recent breakthroughs
have resulted in the development of complex morphologies such as
nanoparticles, nanowires, nanoribbons, nanosheets, nanorods, nanoc-
ages, nanoflowers, honeycomb structures, and nanospheres [316],
which allow them to use the full solar spectrum. Hydro-
thermal/solvothermal and co-precipitation methods are widely used
due to ease of control, low cost, and repeatability. Template methods
prepare high-performance hollow nanostructures, while electrodeposi-
tion methods are used for binder-free or flexible electrodes. Table 8
[316] shows the benefits and drawbacks of several techniques for TMS
synthesis.
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Table 8
Advantages and disadvantages of various approaches for TMS synthesis [316].
Synthetic approach ~ Advantages disadvantages Samples
Hydrothermal/ Suitable for Low output, long NiCo,S4
solvothermal laboratory studies, reaction time Cu,S/ NiS/
method different NisSy
nanostructures, easy
control, broad
application, and low
cost
Template method Fabricating hollow Templates are ZnyCd; xS
nanostructures with complicated and hollow
high activity and rate  involve numerous sphere
capabilities processes
Electrodeposition Suitable for creating Requiring CuMnS
method free-standing electrochemical NiCo2S4/
electrodes equipment MoSx
Sol-gel method Suitable for creating Complex synthesis Ce-doped
nanoparticles; high process, volatile ZnS
controllability organic solvents, and  Ni-doped
toxicity Cds
Co-precipitation Suitable for Free-standing Cu-doped
method preparing electrodes are ZnS Fe/Ni-
nanoparticles; easy, difficult to prepare doped ZnS
high efficiency due to their
complicated shape
Exfoliation/ Creating single or Complex process, 1 T-MoS,
intercalation multi-layer volatile organic WS,
method nanosheets solvent, and toxicity
Solid state method Simple operations, High temperature CoS,/NC
large-scale and gas protection Various
production NiS

6. Challenges and obstacles

6.1. Intrinsic limitations

6.1.1. Trade-offs between conductivity, mechanical strength, and
electrochemical stability
Ceramics are commonly employed in nuclear reactors as moderators,

barriers, neutron control materials, and fuels because of their thermal
stability, chemical resistance, and durability. MO-based ceramics mixed
with conductive ceramics result in high-performance electrodes [317],
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whereas ionically conducting ceramics act as excellent catalyst supports
throughout a wide temperature range, enabling electrochemical catal-
ysis for energy storage. Advances in nanotechnology have resulted in
ceramic-ceramic nanocomposites with superior supercapacitor charac-
teristics [318]. MO-based ceramics have a high capacitance, but ioni-
cally conductive ceramics allow for quicker ion movement, resulting in
improved SC performance.

However, obstacles remain, such as maintaining nanoscale
morphology, improving composite composition, and addressing inter-
face compatibility issues [319,320]. Interlayers or surface modification
are critical interface engineering solutions for overcoming thermal,
ionic, and mechanical mismatches [321]. Furthermore, balancing high
energy density with fracture toughness necessitates novel design and
processing to improve durability [322], while the inherent poor ionic
and electrical conductivities of some ceramics continue to limit
charge-discharge efficiency [323].

Ceramic-ceramic nanocomposites have potential in high-power ap-
plications, but ion transport capacities must be improved while main-
taining material stability [324]. Zirconia-toughened alumina
nanocomposites can be used to construct implants with extended life
spans. Recent experimental methods have revealed the atomic structures
of ceramic-ceramic surfaces, with AloO3 and SiC creating an important
interface for various applications, including matrix-nanoparticle com-
posites [325] and high-power electrical devices [326]. Maintaining
chemical homogeneity in electroceramics is challenging due to the
presence of minor reactants. Solid-state reactions often result in aggre-
gated powders, which are undesirable for high-strength components.
Volatile compounds like lead oxide can be removed through evaporation
at high temperatures, like 1373 K. Conventional nonoxide synthesis
involves carbothermic reduction of carbon-oxide combinations to metal,
which is then nitrided to produce silicon nitride (Si3N4) as shown in Eq.

(2).

3SiO2+ 6 C+ 2N—SizNyg+ 6CO (2)

Mechanical grinding of oxide ceramics introduces impurities and
residual oxygen, which negatively impact the mechanical behavior of
fabricated components.

Organochlorosilanes are utilized as starting materials to produce
various silicon-based polymers, including polycarbosilanes, poly-
siloxanes, and polysilazanes, as depicted in Fig. 10b[327]. Organo-
chlorosilanes and bis(trimethylsilyl)carbodiimide react to produce poly
(silylcarbodiimides). SiBCN ceramics can be made in two ways: mono-
mers or by chemically modifying polysilazanes or poly(silylcarbodii-
mides) to make preceramic polymers like polyborosilazane or
polyborosilylcarbodiimide. Chemical modification relies on hydro-
boration and dehydrocoupling reactions.

6.1.2. Degradation mechanisms and long-term cycling performance

ESSs degrade for a variety of reasons, including mechanical, elec-
trical, and design flaws. Mechanical and thermal stresses, chemical at-
tacks, environmental exposure, microstructural changes, wear, and
radiation damage are all major degradation issues in ceramics. These
can result in fractures, fissures, surface degradation, and diminished
mechanical properties over time. Understanding these mechanisms is
critical for improving device durability and extending its lifespan.
Advanced ceramics, with their chemical stability and resistance to harsh
environments, maintain structural integrity and performance in SCs,
batteries, and thermal storage systems, making them excellent for long-
term energy applications. Ceramic SCs suffer from performance degra-
dation primarily due to electrolyte decomposition, structural and
chemical changes in the electrodes (e.g., volume expansion, fragmen-
tation, and dissolution), current collector corrosion, and interphase
instability, all of which contribute to reduced capacitance and cycling
stability.
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6.2. Scalability and environmental concerns

6.2.1. High-demand synthesis techniques and sustainable alternatives

Advanced processing techniques enable the modification of highly
porous ceramics to nano-scale characteristics, making them crucial for
various technical applications in medicine, environmental science,
transportation, energy, aerospace, and military use. Ceramic foams are
macroporous ceramics known for their low efficiency in collecting
minute dust particles, although they are widely used in solid-liquid
contact processes. Recent advancements include the in-situ growth of
nanowires on these porous ceramics using a cost-effective method.
Porous ceramics are essential in energy generation and storage, func-
tioning as catalyst supports, adsorbers, membranes, and thermal pro-
tection components. Innovative processing methods enable the creation
of large, lightweight parts with high mechanical strength. These review
the current developments in porous ceramics across key technological
fields. Advanced ceramics are eco-friendly materials, sourced from
natural resources and processed efficiently, reducing environmental
impact in energy storage technologies [327]. Their integration into
energy storage systems promotes sustainable solutions in line with
environmental goals.

6.2.2. Challenges associated with the integration of ceramics and flexible
wearable devices

Integrating ceramics with flexible wearable devices remains difficult
due to their brittleness, limited stretchability, and interface compati-
bility difficulties. Recent advancements in ceramic fiber materials po-
sition them as a robust platform for the energy industry and electrical
devices. Their inherent stability and porosity make them suitable for
electrodes and battery separators in LIBs and solid-state capacitors
[328]. Furthermore, their substantial surface area, permeability,
microstructure, and adaptable composition enable their use in various
electrical devices [329]. Hybrid electrolytes, combining polymer and
inorganic ceramic electrolytes, enhance all-solid-state batteries [330] by
offering high ionic conductivity, mechanical strength, and good elec-
trode contact. Materials known as "ceramic in polymer" (CIP) or "poly-
mer in ceramic" (PIC) integrate these electrolytes to achieve both high
ionic conductivity and mechanical strength, resulting in impressive
electrochemical performance and mechanical stability in applications
such as flexible rechargeable batteries, SCs, nanogenerators, and bio-
electronics. Despite challenges in developing flexible ceramic devices,
ongoing research focuses on creating flexible and stretchable materials
with superior electrochemical properties, as illustrated in Fig. 11a
[331]. Flexible batteries require flexible components, and advancements
in printing and surface functionalization are driving the development of
sensors for flexible, wearable, and 3D electronics. Advanced ceramics,
with their high mechanical strength and thermal stability, are crucial for
developing smaller, lighter energy storage components for wearables,
medical implants, and Internet of Things(IoT) devices [332], potentially
forming multifunctional systems to enhance device performance.

7. Opportunities and emerging trends
7.1. Integration with novel technologies

7.1.1. Ceramic materials for hybrid supercapacitor-battery systems
Advanced ceramics have the potential to transform solid-state bat-
teries by improving safety, ED, and cycle life over ordinary LIBs.
Ceramic electrolytes with greater ionic conductivity and stability are
being investigated for lithium metal anodes, as well as applications in
Na-ion, K-ion, and Mg-ion batteries, flexible SCs, and energy-harvesting
systems [333]. Their thermal stability makes them ideal for thermal
energy storage. Ceramics are versatile for hybrid energy storage,
including pseudocapacitive ceramic electrodes in capacitors, ceramic
membranes in redox flow batteries, and ceramic electrolytes in SC bat-
teries. They combine the fast kinetics of EDLCs with the higher capacity
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Fig. 11. (a) Flexible energy storage devices and electrodes in their manufacture [331]. (b) The key properties of liquid electrolyte(LE), polymer electrolyte (PE),

ceramic electrolyte(CE), and ceramic-polymer electrolyte(CPE) [359].

of pseudocapacitive and battery electrodes. Sustainable development is
aided by additive manufacturing, environmentally friendly synthesis,
and recycling, whereas nanostructured ceramics and tailored interfaces
promote charge transfer, ion diffusion, and stability in hybrid SC-battery
systems [334,335].

Furthermore, ceramics are being studied for usage with renewable
energy sources in hybrid systems, microgrids, and off-grid applications,
as well as for smart and self-healing designs that improve longevity and
reliability [336]. Their usefulness for space exploration is also under
investigation, as they must endure harsh circumstances such as radia-
tion, low gravity, and temperature variations [337]. Long-term moni-
toring, rapid testing, and precise characterization are essential to
achieve these milestones, while system-level issues influence the
development of next-generation ceramic-based energy storage systems.

7.1.2. Ceramics in renewable energy systems

Advanced ceramics serve as ’invisible heroes’ in renewable energy
and environmental technologies by improving the efficiency and dura-
bility of photovoltaic, wind, and hydropower generation. Ceramics are
used in raw glass production, wear-resistant bearings, thermal decou-
pling, wire rolling, heat sinks, substrates, and plasma chambers in solar
systems, as well as ceramic substrates and heat sinks in wind turbines to
extend service life and reduce maintenance costs.

Ceramics have a variety of applications outside of energy, including
aircraft, cars, optical devices [338], and medical sectors like dentistry
and orthopedics [339]. They help with water purification [340], CO:
adsorption [341], alternative batteries, and thermal energy storage in
solar plants [342]. Additionally, they enhance thermal recovery in tur-
bines and enable low-carbon solutions through nickel replacement and
CO: capture [343]. Advanced ceramics are predicted to enhance energy
production, distribution, storage, and conversion systems, necessitating
strong, cost-effective integration [344]. Although the ceramics industry
is energy-intensive [345], ceramic-based hybrids are becoming
increasingly important for energy harvesting, including hydrogen syn-
thesis by water splitting [346]. Ceramics’ adaptability, stability, and
flexibility allow them to be converted into hybrids and scaled for nuclear
and hydrogen energy applications, demonstrating their outstanding
breadth and usefulness in a sustainable future.
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7.2. Focus on sustainability

7.2.1. Development of bio-derived or recycled ceramics

Ceramics production often involves significant biological costs,
including resource consumption, energy use, and greenhouse gas emis-
sions. To reduce these costs, eco-friendly ceramic materials are being
explored. One approach is using reused or waste-based raw materials,
such as tiles and flatware, to reduce waste and conserve natural re-
sources [347]. Advancements in material-handling technologies can
enhance the use of secondary raw materials without compromising the
quality or performance of ceramic products [348]. Another strategy is to
use renewable sources for binders and additives, such as bio-based
binders from starch, cellulose, and lignin [349]. These bio-based mate-
rials can reduce carbon emissions and improve the economic qualities of
ceramic materials. Microwave sintering, plasma sintering, and 3D
printing technologies provide opportunities for waste reduction and
improved energy efficiency [350]. Sustainable ceramics enhance envi-
ronmental performance and resource efficiency, contributing to the
circular economy.

7.2.2. Lifecycle assessments for environmental compliance

Life cycle assessment (LCA) evaluates the environmental, social, and
economic impacts of a product across its entire lifespan. Lifecycle sus-
tainability assessment (LCSA) is a newer framework that combines
environmental LCA, social LCA, and life cycle costing [351]. For ce-
ramics, mining poses one of the most significant environmental chal-
lenges, as surface extraction heavily disrupts landscapes. After
extraction, raw materials undergo processing to remove impurities and
improve mixing and forming. LCA assesses the environmental implica-
tions of ceramics from manufacturing to disposal or recycling, with a
focus on identifying critical supply chain ’hotspots’ rather than just
measuring impacts. Traditional E-LCAs are limited because they lack
location-specific qualitative data. LCA considers both endpoint conse-
quences, such as human health, resource depletion, and ecosystem
quality, and midpoint impacts, which include climate change, land and
water consumption, toxicity, and pollution. LCA enables product com-
parisons and promotes the production of ceramic materials with smaller
environmental footprints by combining technical and economic
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concerns [352].

Lifecycle energy efficiency is an important parameter for assessing
storage devices, influenced by characteristics such as self-discharge rate,
round-trip efficiency, and lifespan. Higher round-trip efficiency de-
creases adoption barriers and reduces emissions, and longer lifespans
increase total usable energy over time. Recyclability is also important,
since it affects material recovery, end-of-life recycling rates, techno-
logical feasibility, and material value. Considering these issues helps
limit resource use and environmental effect, thereby enhancing the
overall efficiency and sustainability of storage solutions.

7.3. Innovations in electrolyte compatibility

7.3.1. Exploration of ionic liquids, solid-state electrolytes, and gel
electrolytes

Liquid electrolytes (LEs) containing combustible organic solvents
provide a leakage and fire risk during overcharging or misuse,
prompting the adoption of all-solid-state electrolytes in lithium batteries
[353]. Solid-state electrolytes are divided into three types: solid polymer
electrolytes (SPEs), inorganic ceramic electrolytes (ICEs), and solid
composite electrolytes (SCEs). Electrochemical devices for energy stor-
age have used LEs for decades due to their volatility and flammability
[354]. These substances can release flammable gases and pose fire
hazards at extreme temperatures. Thermal decomposition in batteries
and SCs is primarily dependent on the electrolyte, which is crucial for
high-temperature applications. Solid electrolytes (SEs), such as polymer
electrolytes (PEs) [355], ceramic electrolytes (CEs) [356], and
ceramic-polymer electrolytes (CPEs) [357], are excellent choices for
controlling the thermal runaway (TR) of electrochemical devices. SEs
have superior ionic conductivity and voltage safety windows at high
temperatures compared to LEs [358]. Fig. 11b demonstrates that CPE
surpasses LE, PE, and CE in terms of flexibility, thermal stability, me-
chanical durability, electrochemical performance, ionic conductivity,
interfacial contact, and Li dendrite suppression properties [359].

Despite their popularity, oxide, sulphide, and SPEs have electrode
interface issues, chemical instability, and low ionic conductivity [360].
Gel polymer electrolytes (GPEs) are a potential option due to their su-
perior conductivity, processability, and stability [361]. They display
features like LEs and SPEs, and their ion conduction mechanism is
generally consistent with LEs. However, interactions between the
polymer and charge carriers have a considerable influence on ionic
conductivity. Addressing these difficulties demands extensive
investigation.

7.3.2. Tailoring ceramic surfaces for enhanced electrolyte interaction

Hybrid electrolytes (HEs) are electrolytes with various components
that enhance the ionic conductivity and mechanical robustness of solid
SPEs by offering an alternative to regular electrolytes [362]. Active and
passive electrolytes are distinguished by their fillers, including
lithium-ion ceramic fillers, like LisN or LiNbOs, as well as ceramic fillers
like SiO- or TiO,. Active HEs offer better ion conduction due to an extra
ion conduction pathway through the fillers [363]. Passive HEs with
ceramic fillers like SiOg, TiOy, AlyOs, ZrOy, ZnO, and clays exhibit
interesting structural properties. The grain boundary effect [364] im-
proves ionic conductivity due to inorganic species at the polymer chain
interface. Lewis’s acid/base interactions promote ion dissociation and
preferred conduction paths at ceramic nanoparticle limits [365]. The
development of HEs based on ceramic materials with outstanding me-
chanical characteristics and ionic conductivity is critical to the
advancement of smart mobility.
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8. Performance metrics and comparative analysis

8.1. Latest benchmarks for energy density, power density, and cycling
stability

Parameters such as ED, PD, and cyclic stability are all critical factors
in energy storage system performance. The energy storage capacity and
cycle stability of a device are crucial factors to consider for optimal
performance, along with C, output voltage, conductivity, surface area,
and voltage window. Ceramic SCs offer advantages, although they are
still in the development stage. SCs have poor ED compared to batteries,
as they store less energy [366] and have a decrease in voltage output as
they discharge. To address this issue, new ceramic electrode materials
can be explored to efficiently store more charges. The ceramic electrode
structure should have a large surface area and suitable morphologies for
more ceramic electrolyte ions, enhancing device performance. Surface
engineering and selecting electrolytes with a wide working potential
range can also improve performance.

Self-discharge refers to the rapid voltage drop and energy loss of SCs,
which can be detrimental to their performance [367]. This can be caused
by factors like impurities on the ceramic electrode surface, ohmic
leakage, and charge redistribution. To ensure long-term energy storage,
additives, ceramic electrode modifications, an ion exchange membrane,
and proper sealing can be used to suppress self-discharge in SCs. 3D
ceramic electrode materials can overcome ion diffusion by exposing
active sites to electrolytes. However, high production costs and complex
synthesis processes limit practical applications. New synthesis tech-
niques and easier preparation could address this issue.

8.2. Comparative analysis of ceramics with other material systems in
supercapacitors

Research has demonstrated the superior mechanical and electrical
properties of 3D graphene foam, achieved through CVD synthesis on
nickel foam and hydrothermal deposition of MnO; MnOy [368] and
CoMoOy4 [369]. Graphene is a versatile material for flexible and stretchy
composites due to its strong conductivity and mechanical support. Re-
searchers have developed graphene nanocomposites using Co3O4 and
Mn30, starting with Hummer’s method [370,371], resulting in C of 144
and 439.7 Fg~, respectively, and PD values of 44 and 900 Wkg .. The
precursor solution was mixed with GO, and Mn304/Co304 was depos-
ited on RGO surfaces via assisted treatment.

Nanostructured carbon-based electrode materials are widely used in
electrochemical applications due to their low cost, outstanding electrical
properties, thermal and chemical stability, and reversible redox re-
actions. They lack knowledge and have a predictable life cycle. Li et al.
investigated a-MnO: on carbon fibers and the redox transitions between
Mn® * and Mn* during charge/discharge [372]. The researchers devel-
oped a CNT-modified carbon fiber/a-MnO2 composite electrode for
flexible SCs, resulting in high rate capability and extended working
voltage. The a-MnOz/carbon fiber system has reversible Mn® */Mn*
redox transitions, which improve pseudocapacitance and electro-
chemical performance. Researchers developed a flexible CFF/MnOy
electrode material for SC applications by functionalizing CFF with a
coral-like MnO, nanostructure, enhancing its pseudo-capacitive capa-
bilities [373]. CFF was chosen for its great corrosion resistance, low cost,
ease of manufacture, one-dimensional structure, and good electrical
conductivity. The CFF/MnO: electrode exhibits dynamic electro-
chemical activity during cycling, demonstrating substantial interaction
between the carbon framework and MnO., contributing to increased
stability and capacitance. The electrode’s unique shape allowed for
rapid ion diffusion, resulting in a C of 467 Fg~! and 100 % initial
maintenance after 5000 cycles. The device also exhibited an ED of
20 Wh kg~ ! and faster charge and discharge rates. The device demon-
strated a strong interaction between CFF and MnO,, with an ED of
20Whg™! and a PD of 0.175 kW kg™!. Carbon nanoparticles are
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attractive for energy storage devices because of their high conductivity,
huge surface area, and mechanical characteristics. MOs with 3D support,
such as graphene foam, RGO, carbon nanopaper, and electrospun CNF,
are recommended for high-performance SCs. However, these materials
have low values of PD compared to LIBs. Tunable 3D graphene networks
are preferred for efficient ion/charge pathways and large interstitial
surface area, while hybrid carbon nanometal oxide-based materials are
emerging as a novel approach for SC electrodes.

Polymer-derived ceramics (PDCs) are advanced ceramics formed by
the thermal treatment of preceramic polymers, which range from
amorphous to crystalline. PDC technology is a novel chemical approach
for producing near-net-shaped products [374]. PDCs are divided into
binary systems (SiC, SigN4, AIN, BN), ternary systems (SiOC, SiCN,
BCN), and quaternary systems (SiCON, SiBCN, SiBCO, SiAICN, SiAlCO).
A pentanary PDC system has been described [375] for high-temperature
applications because it is resistant to creeping, oxidation, crystallization,
phase separation, and chemical reactions. Its nanoscale structure has
broadened its potential uses, including high-temperature-resistant ma-
terials, hard materials, chemical engineering materials, and functional
materials. SiC compound materials are extensively employed because of
their high lithium-ion intercalation capacity and cyclic stability, and the
in-situ synthesis approach improves anode material electrochemical
performance [376]. The SiC compound material is a novel type of
high-capacity negative material that will be the next lithium-ion battery
advancement trend.

9. Applications and market potential
9.1. Real-world applications

Energy storage, power electronics, and thermal management are all
examples of EV components that use advanced ceramics [377]. Ceramics
are broadly classified into classic types, glassware, abrasives, insulators,
refractories, enamels, and advanced ceramics, as shown in Fig. 12 [378].
Ceramics created by tape casting and screen printing improve electrical
insulation, thermal conductivity, and mechanical strength in EV power
electronics, hence boosting the efficiency of high-power semiconductor
systems [379]. Housings and casings made with additive manufacturing,
such as 3D printing, improve reliability and endurance by resisting
environmental pressures, mechanical stresses, and temperature cycling.

Hot isostatic pressing and powder metallurgy are used to create
ceramic bearings and insulators for EV motors, resulting in high-
strength, wear-resistant components that reduce friction and improve
dependability [380]. Sintering and hot pressing allow the production of
sophisticated magnets like samarium cobalt and neodymium iron boron,
which improve EV efficiency and PD. Thermal barrier coatings (TBCs)
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Fig. 12. Classification of Ceramic Materials [379].

21

Sustainable Chemistry for Energy Materials 2 (2025) 100024

sprayed using physical vapor deposition (PVD) and plasma spraying
help to safeguard battery casings and power electronics modules by
minimizing heat transfer and regulating operational temperatures. EV
heat exchangers use high thermal conductivity ceramics such as SiC,
whilst ceramic electrolytes support solid oxide fuel cells (SOFCs) and
proton exchange membrane fuel cells (PEMFCs), enhancing fuel cell
performance. Advanced ceramics, such as YSZ and perovskite oxides,
are critical for hydrogen energy production, storage, transport, and
utilization [381], with applications including electrolysis cells, ther-
mochemical reactors, membranes, and metal hydride storage systems.
Special and engineering ceramics are the next generation of complex,
multifunctional materials designed for these uses.

Ceramics have a major role in hydrogen compression, storage, and
distribution systems due to their conductivity, stability, and mechanical
durability [382]. They are also used in hydrogen fuel cells, backup
power systems, and portable electronics to improve structural integrity
and efficiency while also functioning as proton-conducting membranes
or separators for purification and separation [383]. Ceramics are also
utilized as hydrogen sensors and detectors in factories, gas stations, and
hydrogen-powered cars [384]. These devices, which use metal oxides,
perovskites, and nanocomposites, have fast response times, low power
consumption, and can tolerate extreme conditions [385]. Ceramic
combustion chambers also help by detecting hydrogen leaks in real time,
ensuring safety, allowing for stable combustion, and promoting
hydrogen-rich fuel applications.

Advanced ceramics are being explored for flexible and wearable
energy storage technologies, including batteries and solar cells, and for
thermal energy storage in industrial processes [386]. Their lightweight,
radiation-resistant, and thermally stable properties make them suitable
for energy storage in space exploration and extraterrestrial habitation
[387], such as in spacecraft and lunar or Mars bases. Future research
may aim to develop energy storage devices capable of operating in
extreme conditions.

9.2. Economic and industrial perspectives

The development of tougher and mechanically resistant ceramics is
essential for energy storage systems, necessitating innovative design for
industrial-scale production. These materials find applications across
sectors like aerospace, electronics, biomedical, and optics. Engineered
ceramics, including glass and tiles, are hard and brittle yet versatile,
proving superior to metals in cost-effectiveness and weight, particularly
in healthcare. Advanced ceramics are vital for medical devices such as
endoscopy tools and implants, with their complex geometric capabilities
and resistance to heat and chemicals driving market growth.

The ceramic nanomaterials market has the potential to grow signif-
icantly as production processes improve, and production time and cost
are reduced. Ceramic materials like SiC are highly favored in super-
capacitors because of their durability, thermal stability, and long cycle
life, which offer clear industrial benefits by reducing maintenance and
enhancing reliability in challenging conditions. Recent research em-
phasizes scalable production approaches that can offset higher raw
material prices, making ceramics economically viable for large-scale
deployment [388]. Newer microelectronic advancements, including
quantum computing and nanocomposite transistors, are expected to
revolutionize the capabilities and device designs of the advanced ce-
ramics sector. The Japan Fine Ceramics Association (JFCA) was founded
in 1986 to foster collaboration between manufacturers, users, univer-
sities, research institutes, and other sectors of the fine ceramics industry
[389]. They developed the FC Roadmap 2050 in 2021 to reflect market
changes over five years. Fig. 13a displays the global output share of the
fine ceramics sector [389]. The fine ceramics sector, valued at over US
$70 billion in 2018, is dominated by Japan, accounting for over 40 % of
global manufacturing, and the United States, at 30 %. Fig. 13b displays
the most recent global sales market predictions [389]. The global sales
market, primarily driven by China and the US, is expected to grow at an
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Fig. 13. (a) The contribution of the fine ceramic industry to global production. (b)Global sales market share and projections for annual sales [389].

average annual rate of 6.3 % between 2020 and 2027, with Japan ac-
counting for around 8 % of its output.

10. Future Directions and Open Research Questions
10.1. Strategies for overcoming current ceramic limits

Ceramic membranes have long-standing problems, such as expensive
raw material costs, brittleness, and fouling, which hinder widespread
industrial use. These problems can be solved by optimizing sintering
conditions, incorporating additives, and developing powder synthesis
and finishing techniques, whereas emerging manufacturing methods
such as 3D printing and multi-material fabrication improve mechanical
reliability and open new application domains [390]. Structural engi-
neering techniques, such as nanostructuring, porous electrode topol-
ogies, and hybrid electrode designs, have greatly enhanced capacitance,
operating voltage, and overall performance in ceramic SCs [391].
Interfacial engineering is also important, as evidenced by
NASICON-polymer composite electrolytes, which showed that interface
modification with thin solvent layers increased capacitance, ED/PD, and
cycling stability [392]. Composition adjustment and defect management
also address low ionic conductivity and structural instabilities; for
example, Na-excess ceramics processed at high sintering temperatures
reduced glassy phases and increased ionic transport [393]. Furthermore,
hybrid and composite membrane techniques, such as mixing clay with
room-temperature ionic liquids (RTILs), provide mechanical and ther-
mal stability while maintaining adequate ionic conductivity, allowing
for dependable operation at high temperatures and voltages [394].
These tactics highlight the significance of combining compositional
tuning, defect control, structural engineering, and hybrid material
design, as well as advances in electrolytes and scalable production, to
realize the full promise of ceramic-based SCs.

10.2. Identification of unexplored ceramic compositions

Advanced ceramics, divided into oxides, non-oxides, and composites
[395], are designed for high-performance applications. Oxide ceramics,
such as Al20s, ZrO2, and TiO, are highly thermally stable, chemically
resistant, and wear-resistant. Non-oxides such as SiC, BN, and SisNa4 have
excellent mechanical strength and hardness, making them suitable for
high-temperature and wear-intensive applications [396]. Advanced ce-
ramics exceed ordinary ceramics and metals in terms of abrasion,
corrosion resistance, and high-speed machining efficiency. To achieve
densification and improved properties, they go through several phases
of processing with high-purity powders and burning at high tempera-
tures [397]. To decrease reactivity at high temperatures in non-oxide
ceramics, powder preparation, chemical synthesis, and controlled sin-
tering are critical. Ceramic-based composites can contain oxides,
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non-oxides, metals, or polymers, with production processes chosen
based on reinforcement type, geometry, and operating conditions. Slip
casting, powder metallurgy, polymer infiltration, and reaction bonding
are among the most common processes [398].

10.3. Artificial intelligence and machine learning

Artificial intelligence (AI) can speed up ceramic design by assisting
with material selection, shape, and process optimization. Additive
manufacturing (AM) is an ideal platform for Al integration due to its
automation and sensitivity to many process parameters [399]. Future
ceramic production innovations may rely on Al-powered tools for pro-
cess optimization, feedstock design, and real-time fault correction.
While Fig. 14a demonstrates Al’s vast promise in AM, present challenges
include high computer costs, limited datasets, and inadequate automa-
tion of ceramic AM. Near-term progress is predicted in priority areas
such as process optimization, fault detection, and feedstock
development.

Machine learning (ML), a type of Al allows for data-driven process
control and predictive design. Closed-loop automation and autonomous
experimentation are especially important for ceramic AM [400]. How-
ever, these systems necessitate a significant investment in workflow
design, equipment, and software, as well as interdisciplinary skills.
Balancing development costs and practical benefits will remain a sig-
nificant barrier for integrating AI/ML technologies into ceramics
research and manufacture.

10.4. Development of multifunctional supercapacitors

SCs, which were originally conceived as energy storage devices, are
increasingly being investigated for multifunctional applications. Future
systems are planned to incorporate mechanical deformability, self-
healing, self-charging, color tunability, sensing, and actuation for
enhanced electronics (Fig. 14b). Self-healing shape memory SCs
(SHSMCs) are being developed to address device degradation caused by
repetitive mechanical deformation [401]. Self-healing polymers (SHPs)
are being studied as electrode components, using methodologies such as
Leibler’s method [402].

The goal is to incorporate multifunctionality while preserving elec-
trochemical performance. Electrode materials, electrolytes, substrates,
and current collectors must be customized to each application [403].
Ceramic-based electrodes, electrolytes, and collectors can improve sta-
bility, but their heavier weight and volume reduce gravimetric and
volumetric capacitance. Similarly, heavy SHPs, shape memory alloys,
and inflexible substrates (for example, ITO/FTO glass in electrochromic
SCs) limit their usefulness for lightweight applications [404]. Series and
parallel connections of ceramic SCs may assist in meeting energy and
power requirements, but efficiency and durability must be enhanced,
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Fig. 14. (a) The potential of AI in AM. Al models, human expertise, and automation (left column) collaborate to optimize the entire process from design to pro-
duction (middle column), yielding improved part performance and transferable AI models (right column). (b) Illustration diagram of multifunctional SCs, which
include mechanically deformable, self-healable SCs, SC sensors, SC actuators, electrochromic SCs, and self-chargeable SCs (piezoelectric, triboelectric, solar, and

thermoelectric SCs).

especially for implantable devices that require biodegradable materials.

Lightweight, efficient, multifunctional ceramic SCs, together with a
greater understanding of electrochemical phenomena, represent a
feasible route for future research. Progress is contingent on overcoming
specific difficulties such as lowering ceramic nanoparticle production
costs, improving device adhesion and flexibility, and minimizing elec-
trolyte instability.

PH and
concentration
of reagents

Reaction
temperature
and time

Agglomeration
and sintering

11. Perspectives

Ceramic materials show promise as SC electrodes, but their low SSA
and limited surface activity limit their efficacy. SCs remain appealing
energy storage devices due to their high PD, C, ED, long cycle life, and
lack of memory effects. However, obstacles persist, particularly in
selecting appropriate electrolytes and improving ED. Future flexible
electronics will require SCs with deformability, packaging stability, and

Synthesis
reproducibility

Control of
particle size
and
morphology

Fig. 15. Key problems in the production of ceramic nanoparticles.
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consistent electrochemical performance [405]. Nanomaterials have
been intensively studied for low-cost, stable electrodes, with ceramics
being one of the most promising types. To be effective, ceramic elec-
trodes must have increased electrical conductivity and better electron
transport routes. MOs, multi-elemental oxides, hydroxides, MSs, car-
bides, nitrides, carbon-based hybrids, and MXenes are among the most
recent advancements.

Ceramic-based SCs are ideal for applications needing fast charging,
high cycle stability, and extended operating lives, although their ED is
lower than that of rechargeable batteries. Progress is dependent on a
better knowledge of the electrode-electrolyte interface, where interfa-
cial processes have a significant impact on capacity and stability.
Advanced nanoceramics and hybrid materials must be designed to bal-
ance ED, conductivity, and mechanical strength. The ED of SCs is lower
than that of batteries due to the limited C and low solubility of elec-
trolytes in organic solvents. Optimizing electrode materials and elec-
trolytes can improve SC performance, leading to high-performance
devices (Fig. 15). Emerging ceramic electrode research emphasizes the
importance of composition and microstructural design in influencing
performance, cost effectiveness, and industrial scalability. Device
degradation from repeated use necessitates careful investigation.

The production of ceramic nanoparticles remains one of the most
crucial obstacles.

1. Particle size and morphology must be accurately controlled for
optimal functionality.

2. High surface energy causes agglomeration, which reduces
dispersion and efficiency. However, sintering can remove nanoscale
characteristics.

3. Reproducibility is limited due to changes in reaction conditions,
precursors, and reaction periods that affect size, shape, and surface
properties.

4. To protect health and the environment, manufacturing, handling,
and disposal must be strictly regulated.

5. Variations between batches constrain scalability and hinder large
production.

6. High costs hinder wider adoption, requiring cost-effective syn-
thesis methods.

7. Reaction temperature and duration considerably impact nano-
particle development, size, and behavior.

8. Impurities from precursors or processing equipment can lower
performance.

9. Solution chemistry (pH, ionic strength, reagent concentration)
affects nucleation, growth, and surface states.

Overall, ceramic nanoparticle synthesis necessitates precise control
over nucleation and growth, as these processes determine final
morphology, structure, and functioning [406-410].

Densification of nanocrystalline ceramics has been investigated to
utilize nanoscale mechanical capabilities; however, maintaining grain
sizes < 100 nm is challenging due to coarsening during sintering [411].
Precise control of sintering settings is required to avoid contamination
or undesired growth. Advances in nanopowder synthesis and sintering
processes (such as two-step or pressure-assisted sintering) have
permitted the production of fully dense nanoceramics with higher
toughness, strength, and fatigue resistance. Sol-gel [412], hydrothermal,
and solvothermal procedures provide tighter control of particle size,
phase, and morphology, enabling the rational design of functional
nanoceramics.

SCs are increasingly used in remote power and smart devices, but
cost is a major issue. Advances in nanotechnology aim to enhance
electrochemical performance while reducing expenses. Key improve-
ments for longer device lifetimes include minimizing self-discharge and
optimizing electrode and electrolyte designs, as well as utilizing ceramic
electrodes for their strength against corrosion and heat [413]. However,
energy density remains lower than that of batteries due to issues like low
capacitance and electrolyte solubility. Future focus areas include opti-
mizing ceramic-polymer electrolytes to reduce ESR, enhancing ceramic
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electrode flexibility, and developing scalable nanoceramic
manufacturing methods. Additionally, nanoceramic electrodes from
TMOs may facilitate rapid, reversible reactions, potentially closing the
gap with batteries by increasing capacitance. Selecting suitable mate-
rials will be essential for the development of competitive PCs.

Ceramic SCs with simple compositions and low sintering tempera-
tures are being explored for military, aerospace, electric cars, pulsed
laser, fusion systems, power grids, and radar applications. Grain size
engineering, interface design, and lattice/strain modulation are all
fabrication processes that can help increase dielectric and storage
properties. Ceramic-based thin films, which have a higher breakdown
strength and energy storage density than bulk ceramics, are another
viable method; however, the film thickness limits absolute energy
storage. Layered structures, scroll geometries, and automated high-
throughput processing could all help to overcome these limits,
increasing scalability and cost-effectiveness. To progress ceramic SCs,
future research should concentrate on integrating mechanism-based
understanding of pseudocapacitance, creating comparative bench-
marks with batteries and EDLCs, and solving unique technical chal-
lenges such as nanoparticle production costs, scalability, adhesion, and
flexibility. Ceramic SCs could become cost-effective, dependable, and
multifunctional devices for next-generation energy storage by
combining structural design, improved synthesis, and optimal
interfaces.

12. Conclusion and outlook

Ceramic-based SCs have considerable potential for future applica-
tions in flexible, wearable, and high-temperature energy storage.
Ceramic SCs can transition from laboratory-scale studies to viable,
commercial solutions that bridge the gap between batteries and tradi-
tional capacitors by combining advances in material design, scalable
production, and device-level engineering. Ceramic-based SCs are a
rapidly evolving type of energy storage technology that offers excellent
stability, safety, and customizable electrochemical performance. This
paper summarizes current advances in ceramic electrodes, separators,
and composites, with a special emphasis on TMOs, carbides, nitrides,
MXenes, and polymer-ceramic hybrids. Surface area, porosity, conduc-
tivity, and mechanical integrity are important factors in influencing
capacitance, ED, and cycling stability. Collectively, these developments
demonstrate ceramics’ versatility in meeting a wide range of energy
storage applications, from high-power delivery to functioning in severe
situations.

However, significant obstacles persist. Low electrical conductivity,
structural brittleness, and limitations in scalable, low-cost production
continue to impede widespread adoption. To overcome these limita-
tions, approaches such as hybridization with carbon nanostructures,
doping and defect engineering, conductive surface coatings, and 3D-
printed porous architectures are being researched. Furthermore, elec-
trolyte optimization and multifunctional separator design will be
essential for creating high-performance, long-lasting devices.

Looking ahead, ceramic SCs have great promise for next-generation
applications in flexible, wearable, and high-temperature energy storage.
Future research that combines materials innovation, scalable
manufacturing, and device-level engineering will speed up the transition
of ceramic SCs from laboratory prototypes to practical technologies,
bridging the gap between traditional capacitors and batteries.
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