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Silicon carbide (SiC) nanomaterials have emerged as promising candidates for supercapacitor electrodes
due to their unique properties, which encompass a broad electrochemical stability range, exceptional
mechanical strength, and resistance to extreme conditions. This review offers a comprehensive overview of
the latest advancements in SiC nanomaterials for supercapacitors. It encompasses diverse synthesis
methods for SiC nanomaterials, including solid-state, gas-phase, and liquid-phase synthesis techniques,
while also discussing the advantages and challenges associated with each method. Furthermore, this review
places a particular emphasis on the electrochemical performance of SiC-based supercapacitors, highlight-
ing the pivotal role of SiC nanostructures and porous architectures in enhancing specific capacitance and
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cycling stability. A deep dive into SiC-based composite materials, such as SiC/carbon composites and SiC/
metal oxide hybrids, is also included, showcasing their potential to elevate energy density and cycling stabi-
lity. Finally, the paper outlines prospective research directions aimed at surmounting existing challenges and
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1 Introduction

Supercapacitors, emerging as a novel class of energy storage
device, have garnered substantial attention owing to their dis-
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fully harnessing SiC's potential in the development of next-generation supercapacitors.

tinctive attributes.”” They offer solutions to modern energy
challenges, including higher power density, longer cycle life,
rapid charge-discharge rates, low maintenance costs, environ-
mental sustainability, and versatility across a wide temperature
range.>* This position supercapacitors as a potential game-
changer in energy storage across various domains. One prom-
ising application of supercapacitors lies within the electric
vehicle sector, where they can complement traditional
batteries.””® By doing so, they improve vehicle acceleration per-
formance, enhance range, optimize energy efficiency, and
reduce fuel consumption.’™" In renewable energy, particularly
solar and wind power generation, supercapacitors can effec-
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tively store surplus energy and balance supply-demand
fluctuations."””™ In the smart grid context, supercapacitors
can act as energy buffers, stabilizing power supply and promot-
ing grid resilience.'®® In essence, supercapacitors offer a sus-
tainable approach to energy storage, reducing carbon foot-
prints and fostering a greener future.>’">*

It is essential to acknowledge, however, that like any techno-
logy, supercapacitors have limitations. Four key limitations
warrant attention:**">® (a) Lower energy density. Supercapacitors
typically exhibit lower energy density compared to traditional
battery technologies, which remains a significant challenge in
the field.”® Bridging the gap between supercapacitor energy
density and practical requirements remains a central focus of
supercapacitor research. (b) Self-discharge. Supercapacitors
suffer from self-discharge, a phenomenon wherein stored
energy dissipates over time at a higher rate compared to bat-
teries. (c) Temperature sensitivity. Supercapacitors are sensitive
to temperature variations, leading to fluctuations in their elec-
trical performance. Extreme temperatures can result in
reduced capacitance and increased internal resistance, thereby
impacting overall energy storage efficiency. Mitigating this
limitation may necessitate additional thermal management
systems, introducing complexity and cost considerations. (d)
Cycle stability. The cycle stability of supercapacitors is influ-
enced by multiple factors, including the type of electrode
material. Carbon materials, known for their high cycle stabi-
lity, are commonly used as electrode materials for electric
double-layer capacitors. In contrast, metal compounds and
conductive polymers, exhibiting pseudo-capacitance or battery-
like behavior, often exhibit weaker cycle stability.

Supercapacitors consist of four main components: electro-
des, current collectors, electrolytes, and separators. Among
these, electrode materials play a pivotal role in determining SC
performance and production costs.’*> Thus, a key strategy
for overcoming supercapacitor limitations lies in the research
and development of high-performance, low-cost electrode
materials. Currently, the most widely researched electrode
materials for supercapacitors encompass carbon materials,****
metal oxides (or hydroxides),>®>” and conductive
polymers.*®**° Carbon materials primarily include activated
carbon, carbon nanotubes, and graphene, each of which pre-
sents unique challenges in controlling the pore size and low
utilization of specific surface area, scalable production, high
costs, respectively.*’** Despite the favorable specific capaci-
tance exhibited by (or hydroxides) and conductive polymers,
their conductivity and structural stability are comparatively
inadequate, thereby constraining their utility in
supercapacitors.’>*>™*” Hence, there arises a need to cultivate
an enhanced electrode material, which can surmount the
imperfections of supercapacitors.

Currently, there is a growing interest in nanoscale silicon
carbide (SiC) as a potential solution to enhance energy storage
and power density*®*® This interest arises from its unique
physical and chemical properties, which include high tempera-
ture resistance, good mechanical strength, and excellent
chemical stability compared to traditional carbon-based
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materials. In the field of supercapacitors, the advantages of
SiC are particularly prominent. Firstly, SiC can remain stable
up to 1600 °C, enabling it to operate stably even under extreme
conditions.”® This is particularly beneficial in high-tempera-
ture and harsh environments where temperature fluctuations
are common, such as in electric vehicles or industrial pro-
cesses. Secondly, SiC’s excellent mechanical properties provide
exceptional toughness and wear resistance, making it a robust
material for use in harsh environments. Thirdly, SiC’s chemi-
cal stability ensures long-term performance and durability in
various environments, making it a reliable material for super-
capacitor applications. Moreover, SiC’s good electrical conduc-
tivity and tailorable pore structure allow for efficient charge-
discharge processes, leading to improved specific capacitance
and rate capability. The tunable pore structure of SiC results in
a large electrochemical reaction surface and short ion
diffusion paths, further enhancing its performance as a super-
capacitor material.*”>" Furthermore, SiC’s excellent cycling
stability, even under high current densities, makes it as a
potential candidate for supercapacitors used in electric
vehicles or other demanding applications. Finally, SiC’s semi-
conductor properties enable integration with other electronic
components;**>* SiC-based supercapacitors offer the promise
of improved energy storage, higher energy density, and
enhanced durability, making them an enticing choice for a
spectrum of applications, including electric vehicles, renew-
able energy storage, and portable electronics.’>™>’

Given their potential to address specific energy storage
requirements, this comprehensive review aims to analyze
recent advancements in SiC-based supercapacitors, exploring
their material design, fabrication methods, and electro-
chemical performance. The subsequent sections will provide
an in-depth overview of SiC’s physical and chemical properties,
methods of SiC nanomaterial preparation, and recent develop-
ments in SiC-based supercapacitors, emphasizing their appli-
cations and breakthroughs in the field.

2 Crystallographic structures and
properties

The initial appeal of SiC arises from its exceptional wear resis-
tance and hardness, boasting a Moss hardness rating of
9.2-9.5, surpassed only by carbonized diamond and cubic
nitriding shed.’® The initial application of SiC was in the field
of abrasives, followed by its widespread adoption across
various industries (see Fig. 1). Furthermore, due to its high
thermal conductivity and excellent thermal stability, SiC has
also been utilized in refractory materials.> Its small thermal
expansion coefficient and low thermal stress make it suitable
for high-frequency high-power devices and high-temperature
electronics.®® Additionally, the synthesis of SiC typically
involves the reaction between silicon and carbon under high
temperatures. The resulting SiC components exhibit excep-
tional radiation resistance, ensuring reliable functionality even
when exposed to high-energy cosmic rays.®* This characteristic
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Fig. 1 The utilization of SiC in various fields.

makes them particularly advantageous for applications in
space exploration, aerospace engineering, and nuclear energy
instrumentation. The chemical properties of SiC are primarily
demonstrated by its exceptional chemical stability.®> For
instance, SiC exhibits remarkable resistance to extreme con-
ditions such as high temperatures, strong acids, and strong
alkalis.®* Such a feature holds significant advantages for the
use of SiC in catalysis and catalyst support.®® In this section,
we will provide a concise overview of the structure and nano-
scale properties of SiC.
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3 Crystallographic structures of SiC

SiC is a non-metallic carbide compound formed by covalent
bonding between C and Si atoms, both of which belong to
Group IV of the periodic table, allowing only a rigid stoichio-
metry (Si:C = 1:1). It is the only stable compound among
them, and the earth’s crust has abundant reserves of Si and C
elements.®® As shown in Fig. 2i, similar to diamond, SiC has a
tetrahedral crystallographic structure. In any of its crystal
forms, each C atom is closely surrounded by four Si atoms,
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Fig. 2 (i) The fundamental crystal structure of SiC; (ii) sequences of double-layer stacking of 3C-, 4H-, and 6H-SiC.
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and vice versa, each Si atom is tightly surrounded by four C
atoms, interconnected by directed and strong sp®> bonds. The
center distance between two nearest neighboring atoms in SiC
is 0.189 nm (mark b in Fig. 2i). It is precisely because of this
unique crystal structure that SiC possesses advantages such as
high temperature resistance, high mechanical strength, high
thermal conductivity, high hardness, and chemical stability,
which makes SiC-based supercapacitors suitable for harsh
environments and high temperatures.>>°

Despite its robust tetrahedral bonds, SiC exhibits different
stacking sequences of C/Si double layers (see Fig. 2ii). This
variation arises from the low slip barrier between close-packed
staking. Consequently, one of the most distinguishing features
of SiC in its crystal structure is the presence of various
polytypes. Remarkably, over 250 polytypes have been
identified.®>® Among these, the cubic close-packed 3C-SiC
and the hexagonal close-packed 4H, 6H-SiC (a-SiC) are the
most common polymorphic forms. These SiC polytypes
possess identical chemical properties but exhibit significant
differences in physical characteristics, particularly in optical
and electrical performance, including variances in their
bandgap.®*®® This inherent polymorphism enables the
straightforward construction of heterogeneous structures via
in situ self-generation of polymorphic SiC.>"®” These hetero-
structures can establish junctions at interfaces, facilitating
efficient charge transport and promoting favorable surface
reaction kinetics. Consequently, this has the potential to sig-
nificant enhance the capacitance in SC applications.>" %%

4 Properties of nanoscale SiC

Nanoscale SiC, as the name suggests, is characterized by its
nanoscale dimensions, typically ranging from 1 to 100 nano-
meters. This nanoscale morphology imparts exceptional pro-
perties to SiC, including enhanced surface area, quantum con-
finement effects, and improved mechanical, electrical, and
thermal properties.®>’° The unique characteristics of nano-
scale SiC include: (a) Elevated hardness and strength. Nano
silicon carbide (-SiC) exhibits superior hardness and strength
compared to conventional materials, thereby endowing it with
superb wear resistance and corrosion resistance in high temp-
erature, high pressure and severe environments. (b) Rampant
specific surface area. Given the existing nano-scale silicon
carbide fibers, nano SiC possesses a substantial specific
surface area, contributing to more adsorption surfaces and
augmenting the adsorption capacity. (c) Porous structure. Nano
SiC possesses a porous structure, the pore size of which can be
adjusted. This porosity enhances the material’s adsorption
capacity as well as adsorption rate. (d) Exemplary electrical
properties. Nano SiC exhibits remarkable electrical properties,
encompassing high breakdown electric field strength, elevated
thermal conductivity and unmatched chemical stability. (e)
Superior thermal conductivity. SiC is a distinguished thermal
conductivity material. Nano SiC inherits this attribute, thus
presenting significant potential in the field of thermal man-
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agement. (f) Biocompatibility. Nano SiC demonstrates com-
mendable biocompatibility, rendering it an attractive material
in the biomedical sector.

SiC nanomaterials also show outstanding performance in
SiC based supercapacitors. SiC nanomaterials have a high
specific surface area, which facilitates increased contact with
surrounding materials, leading to improved interfacial pro-
perties and better adhesion.” Moreover, their reduced size
allows for efficient dispersion in various matrices, enabling
the development of high-performance nanocomposites.
Therefore, by manipulating the size, structure, and compo-
sition of SiC electrodes at the nanometer scale, higher electri-
cal conductivity, specific surface area, cycling stability, and
lifetime can be achieved, with the potential to significantly
improve the performance of SiC-based supercapacitors.*®°"
Due to the extensive examination of various structural charac-
teristics of SiC in influential research papers, scholarly books,
and comprehensive review articles in recent years, a compre-
hensive analysis of these factors is beyond the scope of this
current contribution, and no further details are provided here.

5 Synthesis of SiC nhanomaterials

SiC finds wide applications in fields like chemistry, physics,
and biology due to its remarkable chemical properties, physi-
cal stability, and biocompatibility.®>®> Therefore, a vital aspect
of applied research centers on synthesizing SiC nanoscale
materials. Currently, through the continuous efforts of
researchers, numerous technical methods have emerged for
the preparation of SiC nanomaterials. In this paper, we cat-
egorize the preparation methods of SiC nanomaterials into
three main categories based on the states of reactants, phase
transitions during the reaction process, and the states of pro-
ducts: solid-phase, vapor-phase, and liquid-phase synthesis
methods (see Fig. 3). This section offers a concise overview of
these preparation methods, including their formation mecha-
nism and advancements. Additionally, we cite relevant litera-
ture to underscore the current state of research in this field.

5.1 Solid-phase synthesis method

Solid-phase synthesis involves the direct reaction of precursor
materials containing silicon and carbon source under con-
trolled temperature and pressure conditions. The reaction is
generally performed at high temperatures, to facilitate the
diffusion of Si and C atom, leading to SiC formation. Solid-
state synthesis holds promise for production of porous SiC
nanomaterials and offers advantages such as simplicity, scal-
ability, and control over the final product properties. Further
research is warranted to optimize the synthesis conditions,
enhance yield, and explore novel applications of SiC nano-
materials across various disciplines. Method for solid-phase
synthesis SiC nanomaterials include electrospinning, sol-gel,
and template method.

5.1.1 Electrospinning. Electrospinning is a versatile and
widely employed technique for fabricating nanofibers and
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Fig. 3 The strategy for synthesizing SiC hanomaterials.

nanostructured materials.”>”?

Fig. 4a illustrates that an
electrospinning setup typically consists of a high-voltage power
supply, a syringe pump for controlling the polymer flow rate,
and a collector. It involves applying an electric field to draw a
charged polymer solution or melt into a fine jet, which then
solidifies to form ultrafine fibers with diameters ranging from
tens of nanometers to several micrometers.”*”® The electro-
spinning process can be controlled to produce continuous
fibers, non-woven mats, porous spherical forms or aligned
fiber arrays (see Fig. 4b-e), depending on specific application
requirements.

One significant advantage of electrospinning lies in its
ability to prepare fibers with a porous structure. For example,
Kim’s research group successfully synthesized SiC fibers by
electrospinning technology. They carried out electrospinning
of polycarbosilane (PCS) solution at 20 kV and thermally cured
the electrospun fibers, resulting in 1 to 3 um SiC fiber.”” Our
group, on the other hand, achieved mesoporous 3C-SiC hollow
fibers (Fig. 4b). These fibers featured completely mesoporous
walls, uniform diameter, and high purity in morphology. This
accomplishment was realized through single-spinneret electro-
spinning of a polyureasilazane (PSN) and polyvinylpyrrolidone
(PVP) solution, followed by high-temperature pyrolysis treat-
ment.”® Additionally, Wang et al. employed a straightforward
approach to fabricate well-aligned SiC nanofibers (Fig. 4c)
through the carbothermal reduction of electrospun polyacrylo-
nitrile (PAN) nanofibers and silicon powder.”® Furthermore,
Wei et al. the successful synthesis of a flexible ultra-long SiC
NWs membrane (Fig. 4d) via electrospinning and subsequent
high-temperature sintering, using phenolic resin and silica sol

508 | Nanoscale, 2024, 16, 504-526
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as precursors. System characterization revealed that SiC NWs
had a smooth and uniform surface with a diameter distri-
bution primarily ranging from 50-300 nm and a length exceed-
ing tens of micrometers, forming a network structure.®®
Electrospinning proves to be a promising and powerful tech-
nique for fabricating nanostructured materials,*"**> offering
unique advantages such as high surface area,®* morphology
control,®* composition flexibility,***> and scalability.***”
However, electrospinning also has some disadvantages: first,
the composition of the electrospun materials is limited by the
solubility of the components in the spinning solution, which
can restrict the preparation of certain complex materials;
second, electrospinning requires the spinning solution to have
good electrical conductivity, limiting the choice of materials
that can be used. Third, the diameter of the electrospun fibers
is relatively challenging to control, making it difficult to
produce fibers with diameters below a few nanometers.
Finally, electrospun materials often require post-treatment
steps such as calcination or chemical vapor deposition to
obtain the desired properties. These additional steps can
increase the complexity and cost of the overall process.

5.1.2 Sol-gel method. The sol-gel method is a versatile
technique for producing SiC nanomaterials with precise
control over their properties. This method involves a series of
chemical reactions that transform a liquid “sol” into a solid
“gel”. When it comes to SiC nanomaterials, as illustrated in
Fig. 5, a sol is created by dissolving silicon sources, such as tet-
raethoxysilane (TEOS) or silicon alkoxides, and carbon
sources, such as furfuryl alcohol or phenolic resin, in a suit-
able solvent.”® The precursor solution is then allowed to age,

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Schematic diagram of electrospinning. (b) SEM image of mesporous SiC hollow fibers. Reprinted with permission from ref. 78. Copyright
2017 by Nature Publishing Group; (c) SEM image of aligned SiC nanofibers. Reprinted with permission from ref. 79. Copyright 2017 by Elsevier and
Copyright Clearance Center; (d) SEM image of SiC nanowires, with the inset showing the TEM image of nanostructure. Reprinted with permission
from ref. 88. Copyright 2020 by John Wiley and Sons; (e) SEM image of nanocrystalline porous SiC spherical forms. Reprinted with permission from

ref. 89. Copyright 2010 by Elsevier and Copyright Clearance Center.

leading to gel formation, which is subsequently dried and cal-
cined to obtain the desired SiC nanomaterials.”™"

One of the key advantages of the sol-gel method lies in its
ability to precisely control the properties of SiC nanomaterials.
Firstly, the selection of precursors and solvent allows for tailor-
ing the composition and stoichiometry of the final
nanomaterials.”*°* Moreover, the choice of solvent can influ-
ence particle size and morphology by regulating the rate of
nucleation and growth during gel formation. Additionally, the
introduction of surfactants or modifying agents can be

This journal is © The Royal Society of Chemistry 2024

employed to finely adjust the size, surface area, and porosity of
the resulting SiC nanomaterials.’>*°

The sol-gel technique facilitates the production of
materials with diverse morphologies and structures. For
instance, Guo et al. devised a modified sol-gel method for
preparation of mesoporous silicon carbide, which involved the
use of TEOS and phenolic resin to create a binary carbon-
aceous silicon xerogel. In this process, nickel nitrate was
applied as a pore-adjusting reagent during the sol-gel
process.”® The resulting SiC exhibited a surface area of 112 m?

Nanoscale, 2024, 16, 504-526 | 509
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Fig. 5 Schematic representation of the sol—gel process. Reprinted with permission from ref. 97. Copyright 2016 by Royal Society of Chemistry.

g~' (BET) and an average pore diameter of about 10 nm via the
carbothermal reduction of the binary xerogel. In the same
year, Guo’s group introduced a novel ternary sol-gel route for
synthesizing SiC nanowires (SiCpys) with diameters of about
15 nm and lengths of several um.*® Additionally, Fan et al.
reported the synthesis of monolithic SiC aerogel by carbother-
mal reduction of RF/SiO, aerogel, which was prepared using
the sol-gel method. The resulting monolithic SiC aerogel
exhibited a typical mesoporous structure and exhibited the
highest surface area and pore volume compared to all other
monolithic aerogels.'*°

The sol-gel method stands as a flexible and effective means
for producing SiC nanomaterials with precise control over
their size, morphology, and composition.'°>'%* The careful
selection of precursors, solvents, and process parameters
enables this level of control. Moreover, the use of appropriate
characterization techniques enables researchers to assess and
optimize the quality of the synthesized SiC nanomaterials. The
ongoing development and utilization of SiC nanomaterials
synthesized via the sol-gel method hold great promise for a
wide range of applications in various scientific and engineer-
ing fields. However, challenges related to reactivity, complexity,
lack of mechanistic understanding, and necessary post-proces-
sing steps must be carefully considered. These factors should
be critically evaluated when selecting preparation techniques
suitable for distinct applications or specific material
requirements.

5.1.3 Template method. The template method offers a
structured approach to crafting SiC nanomaterials, relying on

510 | Nanoscale, 2024, 16, 504-526

the use of templates that can be categorized as either hard or
soft. Hard templates encompass nanoporous materials and
porous structures, serving as sacrificial guides for precise SiC
growth. In contrast, soft templates, such as surfactant-assisted
self-assembly and co-assembly, harness molecular self-assem-
bly to form organized structures that subsequently function as
templates for SiC nanomaterial synthesis.

For SiC nanomaterial preparation using the hard template
method, the initial step involves selecting a suitable template
material. Subsequently, precursor materials, typically compris-
ing a silicon source and a carbon source, are introduced into
the template structure. A high-temperature process is then
employed to promote the reaction between the precursor
materials, yielding SiC nanomaterials within the template
structure. The final step entails the removal of the template
material through etching. Commonly used hard template
materials include anodized aluminum oxide, zeolite molecular
sieves, mesoporous materials and carbon nanotubes.'**™*°” An
illustrative example of this approach is found in Kim et al’s
successful synthesis of SiC microtubes from a wood template
with unidirectional pores. The resulting SiC microtubes
exhibit a morphology characterized by the presence of villus-
like and radial grains on their outer surface, and display fine
grains on their inner surface (shown in Fig. 6a)."°® Similarly,
Zhao et al. have achieved the successfully synthesis of highly
ordered mesoporous SiC ceramics by utilizing commercial
polycarbosilane as the precursor and mesoporous silica as
hard templates.'®® Additionally, Xu et al. employed the radio
frequency magnetron sputtering technique to fabricate peri-

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) The synthesized SiC microtubes sample from a wood template. Reprinted with permission from ref. 108. Copyright 2006 by Elsevier and

Copyright Clearance Center; (b) periodic SiC nanostructures on AAO templates. Reprinted with permission from ref. 110. Copyright 2020 by Elsevier
and Copyright Clearance Center; (c) ordered hierarchical macro-mesoporous SiC nanocomposite. Reprinted with permission from ref. 111.
Copyright 2010 by American Chemical Society; (d) mesoporous SiC nanoparticles with high surface area. Reprinted with permission from ref. 112.

Copyright 2018 by American Chemical Society.

odic SiC nanostructures on anodic aluminum oxide (AAO) tem-
plates, with the presence of defects, especially point defects,
on the AAO templates significantly affecting the periodic struc-
ture of SiC (shown in Fig. 6b)."*°

Transitioning to the soft template approach for the syn-
thesis of SiC nanomaterials involves a series of steps, includ-
ing template synthesis, precursor incorporation, self-assembly,
template removal, transformation, stabilization, and character-
ization. This comprehensive process enables the controlled
production of SiC nanomaterials with customized sizes,
shapes, and properties.">™'® Stucky et al, for instance,
present SiC material featuring an ordered hierarchical macro-
mesoporous (OHM) structure, achieved by employing dual
templates of Pluronic F127 block copolymer and polystyrene

This journal is © The Royal Society of Chemistry 2024

spheres.""" As depicted in Fig. 6¢c, the OHM-SIiC displays

ordered micropores with pore diameters of approximately
230 nm, and TEM images reveal mesopores within the
OHMS-SIiC framework. A selected area electron diffraction
(SAED) pattern (Fig. 6¢ inset) shows distinct concentric rings
corresponding to the (111), (220), and (311) diffraction peaks
of 3C-SiC. Favier et al. have synthesized mesoporous SiC
with tunable pore sizes using the triblock copolymers P123
and F127 as soft template,"'” observing that pore sizes
decreased as the C/Si ratio in the precursor increased. In a
similar vein, Yao et al. crafted mesoporous SiC nanostructures
through magnesiothermic of C/SiO,
composites fabricated using P123 as a soft template (shown in
Fig. 6d).""

reduction nano-

Nanoscale, 2024, 16, 504-526 | 511


https://doi.org/10.1039/d3nr05050e

Published on 13 2566. Downloaded on 15/8/2567 3:59:51.

Review

The template method presents a versatile and effective
avenue for generating SiC nanomaterials, enabling precise
control over their size, morphology, and functionalities, par-
ticularly ordered porous structures. The adaptability allows for
the tailoring of SiC nanomaterials properties, opening doors
to diverse applications across various fiel