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Despite Si-based materials and their derivatives have recently emerged as potential electrode materials in advanced energy
conversion and storage applications, a review article has not been reported hitherto for Si-based supercapacitors. In this review,
the representative progresses of Si-based materials have been illustrated including synthesis, properties, surface modification,
and electrochemical properties. A variety of nanomaterials are presented regarding the electrode material design and booming
device constructions. Effective strategies for the preparation of Si-based materials and their derivatives are summarized
especially including silicon/silicon carbide nanowires, silicon substrates, silicon particles, three-dimensional silicon structures,
and silicon-based doping materials. Meanwhile, the overall behaviors in supercapacitor application have been illustrated in
terms of specific capacitance, rate capability, cycling life, and energy density. Furthermore, large-voltage microsupercapacitors
are outlined for next-generation integration devices.

1. Introduction

In past decades, the development of sustainable energy stor-
age devices has been witnessed as one of the most important
topics owing to the booming growth of renewable energy
sources and devices such as electric vehicles, digital devices,
and pulsing techniques [1–3]. Among the energy storage sys-
tems, supercapacitors are of significance with representative
intrinsic advantages including high power density, superior
rate capability, short charging time, safe operation, a long
cycle life, and moderate energy density [4–6].

In general, supercapacitors can be categorized into elec-
trochemical double-layer supercapacitors (EDLCs) and pseu-
docapacitors (PCs) according to the energy storage
mechanism. Firstly, the energy storage mechanism of EDLCs
relies on the ion of adsorption/desorption on the electrode
surface-electrolyte interface. Secondly, PCs store electric
charges based on rapid redox reaction at the electrode sur-
face. Compared to PCs, EDLCs are widely used to offer high
power density and superior cyclic stability but suffer from
moderate energy density [7–9].

Silicon-based materials and their derivatives have
attracted considerable attention as electrode materials for
applications in supercapacitors with favorable performances
due to the following beneficial features [10–13]. Firstly, sili-
con is abundant in natural sources and then silicon-based
materials are featured with low price. Secondly, silicon-
based materials for extended application attributed to their
high stability, nontoxicity, and well-established fabrication
technique. Thirdly, silicon is high carrier mobility, which
renders good electrolyte accessibility and short diffusion dis-
tances for enhancing mass transport efficiency. Literatures
have witnessed silicon-based materials and their derivatives
with great potential in energy storage systems [14–17].

Microsupercapacitors in miniaturized, reliable, and effi-
cient characteristics are required to meet the development
of portable and integrated power sources [18–20]. When
applied in an energy storage system, microsupercapacitors
perform high power density, fast changing/discharging time,
and cycle stability as other types of supercapacitors. Besides,
microsupercapactiors can be integrated and scaled down
with electronics or other energy conversion and/or storage
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systems on the same chip [21–23]. Silicon as the basic semi-
conductor has been employed in EDLC-based
microsupercapacitors.

Plenty of work has involved Si-based materials and their
derivatives as electrode materials instead of EDLC electrode
materials to broaden the application in portable devices
[24]. Miscellaneous Si-based materials and their derivatives
have attracted scientific focus owing to their superior electri-
cal conductivity and favorable surface area.

Nevertheless, the use of Si-based materials and their
derivatives as electrode materials in supercapacitors has not
been reported hitherto. In this review, we have summarized
the current state-of-the-art improvements in Si-based super-
capacitors concerning the material nanostructure construc-
tion and booming device measurement as shown in
Scheme 1. From the electrode material perspective, effective
strategies were explored for the preparation of silicon nano-
structures including silicon/silicon carbide nanowires, silicon
substrates, silicon particles, three-dimensional silicon struc-
tures, and silicon-based doping materials. Besides, the as-
prepared Si-based materials and their derivatives are con-
structed in microsupercapacitor devices and the device per-
formances are revealed in terms of specific capacitance,
cycling stability, rate capability, energy density, power den-
sity, and so on. Furthermore, high-voltage microsupercapaci-
tors are illustrated with the optimized electrolyte to improve
the unsatisfied energy density of supercapacitors compared
to batteries.

2. Material Synthesis

Generally, controlling the morphology and structure is vital
to their performance in supercapacitors. In the past decade,
some advanced methods have been applied to synthesize
and construct Si-based electrode materials in various sizes
and morphologies (nanowire, nanosheet, particles, etc.). To
achieve superior electrochemical performances, the electrode
materials can be modified as follows. Firstly, a high surface
area is desirable to offer more accessible paths for efficient
ion diffusion. Secondly, excellent electrical conductivity is a
benefit for decreased internal resistance so that it facilitates
the accumulation of electrostatic charges.

2.1. Si Nanowire. Silicon nanowires (SiNWs) with one-
dimensional (1D) nanostructure have awakened intensive
attention for supercapacitive application [25]. Compared to
traditional supercapacitor materials, SiNWs displayed fur-
ther advantages in microelectronic devices attributed to their
compatibility with standard fabrication and integration proc-
essed for the construction of microelectronic devices.

2.1.1. Bare SiNW-Based Materials. SiNWs have been used in
the self-charging power packs with a combination of hybrid
solar cell and supercapacitor [26]. Figure 1(a) has illustrated
the scheme of the hybrid devices wherein the top was the
solar cell for harvesting energy and the bottom was the super-
capacitor for storing energy. A supercapacitor in the hybrid
device was based on SiNWs with the morphology of verti-
cally aligned arrays as shown in Figure 1(b).

Chemical vapor deposition (CVD) is one of the effec-
tive strategies for the preparation of silicon nanowires
(SiNWs). Thissandier et al. have obtained SiNWs grown
by CVD on a silicon wafer [27]. Moreover, SiNWs can
be synthesized by a one-step electroless metal-assisted etch
technique [28]. Compared to the CVD method, this
process the SiNWs in this method can be produced by
low-temperature electrochemical etching, which avoids
the metal catalyst preseeding step and high-temperature
growth conditions. The SiNW arrays were produced via
wet etching of Si substrates using an oxidant/etchant bath
with different times under the bath temperature of 50°C,
as shown in Figure 1(c). Followed by coating with a silicon
carbide passivation layer, the SiC/SiNW electrode achieves
capacitance of 1.7mF cm-2, robust cycling stability, and
outstanding rate capability.

Unique hybrid structures based on silicon nanowires
have been developed for a supercapacitor via a novel yet sim-
ple hybrid material passivation strategy [29]. The hybrid
structures were prepared via the deposited NiCo2O4 (NCO)
nanoflakes on the surface of SiNWs. This strategy can allevi-
ate the rapid oxidation of SiNWs in an aqueous electrolyte,
and then, the supercapacitors achieved increased energy stor-
age capacity and aqueous electrolyte stability.

2.1.2. SiNW-Based Composite Materials. To elaborate the
capacitive properties of electrodes, cost-effective and scalable
approaches have been proposed. For example, poly(3,4-ethy-
lenedioxythiophene) (PEDOT) was coated onto chemical
vapor deposition- (CVD-) grown silicon nanowires (SiNWs)
by electrochemical deposition [30]. Supercapacitor investiga-
tion displayed enhanced electrochemical capacitance of as-
obtained PEDOT@SiNWs with a high areal capacitance up
to 17mF cm-2 at 100mVs-1 under a three-electrode cell
configuration.
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Scheme 1: The brief illustration of silicon-based supercapacitors.
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Carbon derived from sucrose was coated over silicon
nanowires by drop casting. Superior to bare SiNWs
(96μF cm-2), carbon@SiNWs displayed a significantly
higher areal capacitance of 3.3mF cm-2 [31]. Novel archi-
tecture has been developed by coating SiNWs with gra-
phene by an easy and efficient electrophoretic deposition
technique [32]. Compared to bare SiNWs, the graphene@-
SiNWs show superior capacitance with up to four times
values. Manganese dioxide (MnO2) nanoparticles have
been applied for SiNWs grown at low temperature using
hot-wire chemical vapor process (HWCVP) [33]. The as-
prepared SiNW@MnO2 hybrid exhibited stable specific
capacitance of 2.1mF cm-2 in 1M Na2SO4.

SiNWs decorated with ruthenium nanoparticles
(Ru/SiNWs) have been proposed through a common
vapor-liquid-solid (VLS) growth mechanism [34]. Herein, a
simple electroless process is used to deposit Ru nanoparticles.
At first, Ru/SiNW-based microsupercapacitors were fabri-
cated in Na2SO4 aqueous electrolyte and displayed favorable
electrochemical performances with a specific capacitance up
to 36.25mF cm-2 at 1mAcm-2 and high stability over 25000
cycles. Secondly, Ru/SiNWs were applied as symmetric elec-
trodes to construct a solid-state supercapacitor in polyvinyl
alcohol/sulfuric acid electrolyte. The solid-state device exhib-
ited the specific capacitance of 18mF cm-2 at 1mAcm-2, a
high specific power density of 0.5mWcm-2, and outstanding
stability over 10000 galvanostatic charge-discharge cycles.

The electrical conductivity of SiNWs is of significance to
enhanced electrochemical performances, and enhanced elec-
trical conductivity of SiNWs can be achieved by doping.

SiNWs as a pure powder have been produced by a versatile,
low-cost, and easily scalable synthesis method [35]. Air-
stable diphenylsilane, gold nanoparticles, and micron-sized
NaCl particles served as Si source, catalyst, and sacrificial
support, respectively. The diameters of SiNWs can be con-
trolled precisely at 10 nm with a high production yield.
Phosphorus-doped SiNWs proved required high electrical
conductivity. In this work, doping SiNWs have been fabri-
cated with N-type doping by adding diphenylphosphine as
a nitrogen source at various concentrations. The electrode
of doping SiNWs exhibited outstanding electrochemical
properties in symmetric supercapacitor devices with a spe-
cific capacitance of 0.25mF cm-2 and stable retention over
one million cycles.

Soam et al. have integrated an on-chip microsupercapaci-
tor based on SiNWs by hot-wire chemical vapor process [36].
The growth of SiNWs at low temperature of 350°C in the
electrode fabrication renders them prospective flexible elec-
tronic electrode materials. The on-chip microsupercapacitors
have been tested in an ionic electrolyte with an areal capacity
of 13μF cm-2 and energy density of 0.1μJ cm-2.

SiNWs with boron-doped diamond coating have been
employed as electrode materials for microsupercapacitor
using an aqueous electrolyte (0.1M LiClO4) [37] and ionic
liquids [38]. The nanometric boron-doped diamond coating
played important roles in enhanced capacitive performances
as follows: Firstly, the electrochemical window can be up to
3V in the aqueous electrolyte and 4V in the ionic liquids
due to the deposition of the diamond coating. The enhanced
voltage window rendered enhanced energy density. Secondly,
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Figure 1: (a, b) The scheme of the self-charging power packs with a combination of hybrid solar cell and supercapacitor and the SEM images
of the silicon nanowires in the hybrid devices. Reprinted with permission from Ref. [26]. Copyright 2018, American Chemical Society. (c)
Etching SEM images of the hybrid composed by silicon carbide and silicon nanowire arrays for different times. Reproduced with
permission from Ref. [28]. Copyright 2012, AIP Publishing.
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the presence of coating can decrease rapid silicon oxidation
and improve the stability. Consequently, the device in the
aqueous electrolyte exhibited superior capacitive perfor-
mances such as high specific capacitance (0.4mFcm-2), high
power density (50mWcm-2), and outstanding cycling stability
over 2 ∗ 106 cycles. Besides, the properties of the device in the
ionic liquids reached an areal capacity of 105 μFcm-2, energy
density of 84μJ cm-2, and good stability over 10000 cycles.

Besides, diamond-coated SiNWs deposited with nano-
metric poly(3,4-ethylenedioxythiophene) films were used as
electrode materials [39]. The supercapacitors were measured
in ionic liquid and performed a specific capacitance (140 F g-
1) at 1mVs-1. In addition, the as-prepared modified elec-
trodes were fabricated into symmetric planar microsuperca-
pacitor and investigated with an outstanding energy density
of 26mJ cm-2, power density of 1.3mWcm-2, Coulombic effi-
ciency, and stable cycling stability over 15000 cycles under
the voltage of 2.5V.

A conformal nanolayer of TiN was deposited on silicon
nanorod arrays via an atomic layer deposition technology.
Herein, silicon nanorod arrays were obtained through a
cyclic deep reactive ion etching process and used as a scaffold
[40]. The TiN-coated silicon nanorods revealed enhanced
performance of 1.55mF cm-2 at the scan rate of 2mVs-1

and 0.95mF cm-2 at the scan rate of 1000mVs-1, respectively.
MnOx can be used to decorate carbonized porous silicon

nanowires through ecofriendly and cost-effective processes,
and the hybrid materials were denoted as MnOx/C/PSiNWs
[41] as shown in Figure 2(a). In brief, firstly, porous silicon
nanowires were obtained from a silicon wafer by chemical
etching under the assistance of metal. Secondly, porous sili-
con nanowires were obtained by chemical vapor deposition
technique using the ultrathin graphitic carbon sheath as tem-
plates, which were denoted as C/PSiNWs. Thirdly, the above
C/PSiNWs were coated by ultrathin MnOx layer during an
electroless deposition process. This electrode material system
based onMnOx decorated SiNWs exhibited excellent electro-
chemical behavior in EMIM-TFSI ionic liquid electrolyte.
The specific capacitance reached 635 F g-1, and an areal
energy and power density achieved 100mWcm-2 and
0.46mWhcm-2, respectively.

Hierarchical MnO2@silicon nanowire heterostructures
on a silicon wafer were fabricated with Li-ion doped 1-
methyl-1-propylpyrrolidinium bis(trifluromethylsulfonyl)i-
mide (PMPyrrBTA) ionic liquids as an electrolyte for
microsupercapacitors, which have been illustrated in
Figure 2(b) [42]. The as-fabricated devices performed a
voltage of 2.2V and displayed excellent capacitive behaviors
with a high areal capacitance (13mF cm-2), high energy
density, and excellent cycling stability. Enhancement of
electrochemical capacitance of SiNWs has been achieved
by modification with MnO2 via a chemical electroless
method [43]. The improved capacitance benefited from
pseudocapacitive behavior of the MnOx coating.

Besides metal oxides/hydroxides, conducting polymer is
one of pseudocapacitive materials for supercapacitors such
as polythiophene, polypyrrole, and polyaniline. Compared
to the bare SiNWs, conducting polymer coating can induce
extra pseudocapacitive behavior for improved electrochemi-

cal properties. For example, a hybrid symmetric microsuper-
capacitor has been developed using silicon nanowires with
poly(3,4-ethylenedioxythiophene) coating as an electrode in
an ionic liquid electrolyte [44]. The devices were investigated
with a specific energy density of 10Whkg-1 within the volt-
age of 1.5V and long electrochemical stability.

CrN has been used to modify SiNW arrays using a one-
step bipolar magnetron sputtering method, and the hybrid
SiNW-CrN materials were applied in microsupercapacitor
application in 0.5M H2SO4 electrolyte [45]. To examine the
factors, different thicknesses of the CrN layers were grown
on SiNWs under the similar procedures. The optimized
hybrid SiNW-CrN materials exhibited an areal capacitance
of 180mF cm-2 at 5mVs-1, which is 116 times more than that
of pristine SiNWs. Porous nickel bundled silicon nanowires
have been used as a supporter to disperse graphene sheets
via the electrochemical exfoliation approach [46]. The direct
and close contact between graphene and Ni-SiNWs resulted
in enhanced conductivity and active sites of the electrode.

2.2. Si Substates. Silicon substrates have been employed in
microsupercapacitor. For example, vertically oriented gra-
phene nanosheets were deposited onto doped Si substrates
via a simple electron cyclotron resonance-plasma enhanced
chemical vapor deposition approach [47]. The SEM images
and TEM images illustrated in Figures 3(a)–3(c) have
revealed the vertically oriented graphene films on the Si sub-
strate uniformly and densely. And Figure 3(d) concludes the
function of deposition time with the thickness of graphene
film on the Si substrate. The as-prepared electrodes were fab-
ricated in symmetric microsupercapacitor devices, and apro-
tic ionic liquids were used as electrolytes with the voltage of
4V. The electrochemical performances revealed the quasi-
ideal capacitive behavior with the specific capacitance of
2m cm-2, the power density of 4mWcm-2, and the energy
density of 4μWhcm-2.

Planar Si substrates have been used as a basic component
for the growth of TiO2 nanotube arrays [48]. After sputtering
and anodic oxidation, the hybrid materials Si/TiO2 have been
obtained and Si/TiO2@MnO2 were obtained with the follow-
ing electrochemical reduction and MnO2 deposition. The
ordered TiO2 nanotube arrays with a high surface area were
favorable for ion diffusion, and the electrochemical reduction
benefited for enhanced electroconductivity for improved
electron transport. The as-prepared hybrid Si/TiO2@MnO2
displayed the areal specific capacitance of 5.6mF cm−2 at
the current density of 0.05mAcm-2.

Si substrates can offer basal for the growth of metal sili-
cide nanowires such as Co2Si [49]. The single-crystalline
Co2Si nanowires/Si materials can be used as freestanding
electrodes to construct on-chip microsupercapacitor in ionic
liquid electrolytes. High performance was investigated with
an areal capacitance of 983μF cm-2, energy density of
629μJ cm-2, and 94% retention after 4000 cycles. Silicon
microchannel plates have been employed as substrates for
the deposition of Co(OH)2/graphene/Ni as the active elec-
trode materials in microsupercapacitors [50].

The three-dimensional nano-Ni electrodes based on Si
microchannel plates have been applied in electrochemical
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double-layer capacitors [51]. After the deposition of nano-
nickel, the silicon-based microchannel plate can be stable in
most electrolytes. Compared to bare Si-based microchannel
plate, the three-dimensional nano-Ni electrode based on Si-
based microchannel plate has achieved increased specific
capacitance due to the enhanced electron/ion transport
derived from porous structure and three-dimensional archi-
tecture. Layered Si-based nanosheets have been obtained
and used as electrode materials in supercapacitors with the
voltage of 4V [52]. The Si-based nanosheets exhibited excel-
lent electrochemical properties including high areal specific
capacitance (4.43mF cm-2), outstanding volumetric energy
density (7.65mWhcm-3), and power density (9312mWcm-

3), as well as stable cycling stability over 12000 cycles.

2.3. Si Nanoparticles. Si nanoparticles have been potential
candidates for high-performance supercapacitors. Liu et al.
have dispersed ultrasmall silicon nanoparticles in polyaniline
to form a composite Si/PANI material as the active material
for supercapacitors [53]. For the composite Si/PANI, silicon
nanoparticles and polyaniline provided electrode double-
layer capacitance and pseudocapacitance, respectively. Elec-
trochemical characterizations of the composite Si/PANI dis-
played superior performances in terms of high power density
of 220 kWkg-1, energy density of 30Whkg-1, and good
cycling stability over 1000 charging/discharging times.

Gardner et al. have demonstrated electrochemical capac-
itors consisting of porous silicon nanostructures with very
high surface-to-volume ratios [54]. Nanopore morphologies
and passivation coatings played important role in maximiz-
ing energy and power densities. Besides, enhanced electro-
chemical properties can be achieved through atomic layer

deposition (ALD) titanium nitride or chemical vapor deposi-
tion (CVD) carbon coatings.

A unique conductive bacterial cellulose composite with
silicon nanoparticles has been described using bacterial cellu-
lose as a template for binding silicon nanoparticles [55].
Followed the in situ polymerization process, a conformal
coating of polyaniline was formed on the modified silicon
nanoparticles to prepare composites. The composites fea-
tured with flexible and stable electrical conductivity for elec-
trochemical applications. Ternary hybrid materials
Fe3O4/carbon-coated Si have been fabricated with enhanced
electrochemical performances [56]. The carbon layers were
grown on the surface of Si by the thermal vapor deposition,
which not only afford anchoring sites for the deposition of
Fe3O4 but also improve the contact between Si and reactive
electrolyte. The deposition of Fe3O4 nanoparticles offers
pseudocapacitive behavior for the hybrid materials to achieve
enhanced electrochemical performances.

2.4. Si 3D Structure. Three-dimensional structures are favor-
able to boost the capacitive behaviors of Si-based supercapa-
citors due to their large surface-to-volume ratio and more
available active sites for enhanced charge transfer. For exam-
ple, three-dimensional silicon microchannel plates have been
used to construct an electronic double-layer supercapacitor,
wherein the 3D structure served as substrates for the deposi-
tion of positive active MnO2 nanoflakes [57]. Benefited from
the 3D structure, increased active sites render superior elec-
trochemical performances in the organic electrolyte to that
of a planar structure.

Figure 4 displays the morphologies of the samples Ni/Si-
MCPs and MnO2/Ni/Si-MCPs, wherein Ni/Si-MCPs
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meaned three-dimensional nickel/silicon microchannel
plates and MnO2/Ni/Si-MCPs were prepared after electrode-
position of MnO2 on Ni/Si-MCPs [58]. Nickel covers on
Ni/Si-MCPs effectively decrease the internal resistance up
to less than 1 Ω. Three-dimensional structures allowed ade-
quate sites for facilitated ion diffusion. The presence of inter-
twined MnO2 nanoflakes was deposited on Ni/Si-MCPs
densely and largely contributed to the capacitance. Microsu-
percapacitors based on MnO2/Ni/Si-MCPs have been mea-
sured with the capacitance of 0.961 F cm-2 (323.1 F g-1) and
91.1% retention after 1000 cycles, demonstrating the robust-
ness and durability in a neutral 1M Na2SO4 solution.

Hybrid Ba0.65Sr0.35TiO3(BST)/NiSi2/silicon microchan-
nel plate has been fabricated as supercapacitor electrodes by
combining with the sol-gel method and silicon microfabrica-
tion technology [59]. An electrochemical etching silicon
microchannel plate (MCP) was utilized as a backbone of
the 3D architecture, and followed nickel layer was deposited
on the surface. A layer of Ba0.65Sr0.35TiO3 was synthesized by
the sol-gel technique in conjunction with multiple steps of
vacuum spin-coating onto the nickel-coated silicon MCP
which serves as current collector. The supercapacitor with
3D structure exhibits double-layer capacitance characteristic
with a maximum capacitance (784 F g-1). The capacitance
displayed a slight decrease with loss of 6.3% after 700 char-
ging/discharging cycles. It resulted from the presence of the
3D structure which favors for faster ion conductivity com-
pared to the 2D planar structure.

Unique 3D silicon-diatom@MnO2 electrodes have been
fabricated, wherein 3D silicon-diatoms were conversed from
diatomites (SiO2) via the magnesiothermic reduction method
and MnO2 nanosheets were deposited onto 3D silicon-
diatoms [60], as illustrated in Figure 4(a). Figures 4(b) and
4(c) display the SEM images of silica before and after the
magnesiothermic reduction method. Benefited from the syn-
ergic effects between silicon-diatoms andMnO2 layers, excel-
lent electrochemical properties were investigated with a high
specific capacitance of 341.5 F g-1 at 0.5A g-1, good rate capa-
bility (47.7% retention at the current density of 10Ag-1), and
outstanding cycling stability over 2000 cycles).

Ruthenium oxide (RuO2) has been combined with Si cur-
rent collector to fabricate the three-dimensional RuO2/Si
configuration [61]. Si current collectors served as templates
for the deposition of tubular RuO2. Due to the advantages
of Si, Si/RuO2 were assembled on a chip symmetric superca-
pacitor with a high areal capacity of 23mF cm-2 at 10mAcm-

2. The tubular morphology and pseudocapacitive behavior of
RuO2 rendered the single electrode to perform a specific
capacitance of 99.3mF cm-2 and 70 F g-1 at 5mVs-1 and sat-
isfied cyclability in neutral Na2SO4 solution.

Innovative 3D symmetric microsupercapacitor has been
fabricated using polypyrrole- (PPy-) coated silicon nanotree
(SiNTr) as hybrid electrodes [62]. The PPy coating was depos-
ited via an electrochemical method onto the surface of SiNTr
electrodes which were grown on silicon substrates by chemical
vapor deposition. The hybrid microsupercapacitor device
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Figure 4: (a) The schematic display of the fabrication of silicon-diatom@MnO2 electrodes. (b) SEM image of silica before conversion and (c)
SEM image of silica diatom after conversion. Reproduced with permission from Ref. [60]. Copyright 2017, Royal Society of Chemistry.
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illustrated excellent electrochemical performance benefited
from the synergy between the pseudocapacitive behavior of
PPy and electric double-layer capacitive behavior of SiNWs
in the aprotic ionic liquid (N-methyl-N-propylpyrrolidinium
bis(trifluoromethylsulfonyl)imide; PYR13TFSI). Microsuper-
capacitors based on PPy/SiNTr revealed excellent electro-
chemical properties including a high specific capacitance
(14mFcm-2), a high energy density (15mJ cm-2) at the voltage
of 1.5V, and outstanding cycling stability with a loss of
approximately 30% after thousands of galvanostatic charge-
discharge cycles.

Porous silicon has been considered as candidates towards
microsupercapacitor devices due to its convenient integra-
tion. However, the power efficiency of pristine porous silicon
was limited by the poor wettability and poor chemical stabil-
ity in electrolytes and the high resistance. To modify the sur-
face of nanoporous silicon, graphene with interconnected
networks has been adhered to nanoporous silicon matrix by
electrochemical polymerization of 2,6-dihydroxynaphtha-
lene and following thermal treatment [63]. The graphene/si-
licon can be easily assembled for solid-state supercapacitor
devices via scalable technology. The symmetric supercapaci-
tors displayed remarkable properties especially enhanced
capacity retention at ultrahigh rates. An ultrathin layer of
titanium nitride has been coated by atomic layer deposition
onto the porous silicon matrix (PS-TiN) to achieve excellent
wettability of Si-based electrodes in aqueous and organic
electrolytes [64]. The PS-TiN nanostructures were fabricated
in a chip monolithically and provided outstanding perfor-
mances such as a high specific capacitance of 15 F cm-3, a
high energy density of 1.3mWhcm-3, and power density up
to 214Wcm-3 as well as remarkable stability over 13000
cycles.

2.5. Si-Doped Materials. Silicon-doped carbon-based mate-
rials have been demonstrated with excellent properties and
extended application. Silicon-doped carbon-based materials
are promising to be used as an active material for supercapa-
citors. Silicon doping can modulate the electronic structure
and improve its physical/chemical properties. There are
some reports about Si-doped carbon for application in
supercapacitors.

Ramasahayam et al. have demonstrated the synthesis of
N/P/Si tri-doped C (NPSiDC) through a simple, rapid, and
economical one-pot microwave-assisted method [65]. The
as-prepared electrode materials exhibited tremendous poten-
tial for supercapacitor applications with the highest specific
capacitance value of 318 F g−1 and electrochemically stability
after 2000 cycles in 6M KOH.

Si-doped reduced graphene oxide (Si-rGO) has been syn-
thesized through annealing treatment of triphenylsilane and
graphene oxide [66]. Figure 5 characterizes the morphology
and doping components of Si-rGO. The TEM and SEM
images illustrated two-dimensional geometric transparent
graphene sheets with crumpled structures after the reduction
process. Energy dispersive X-ray (EDX) spectrum was
applied to confirm the doping components and distribution
of Si. The homogeneous Si-doping on graphene was favor-
able for superior electrochemical ability to the pristine gra-

phene. Supercapacitors based on Si-rGO exhibited
significant enhancement in electrochemical properties. The
specific capacity is increased by 48.5%. This suggests that sil-
icon doping can effectively improve the electrocatalytic abil-
ity and electrochemical performance.

Song et al. have illustrated the preparation of multidi-
mensional nanocarbons hybridized with mesoporous SiO2
via a facile and versatile strategy [67]. Mesoporous SiO2 on
nanocarbons were revealed as potential candidates for super-
capacitors. With the coating of SiO2, the nanocarbons
achieved increased surface area and low internal resistance.
Excellent electrochemical performances were revealed with
a high specific capacitance (23.84mFcm-2 at 20mVs-1).

Tri-heteroatom- (N, P, Si-) doped nonporous carbon
nanofibers were synthesized by using tetraethyl orthosilicate,
phosphorus acid, and polyacrylonitrile as the source of Si, P,
and N, respectively [68]. The heteroatom-doped carbon is a
feasible and ecofriendly electrode material for high-
performance supercapacitors with high gravimetric capaci-
tance (243.7 F g-1 at 0.5A g-1), rate capability (83% retention
at 30Ag-1), and stable charging/discharging cycling life. Par-
ticularly, it possessed a high packing density with a maxi-
mum volumetric capacitance of 253.4 F cm-3 at 0.5A g-1.

P-doped silicon (P-Si) with graphene coating has been
demonstrated as a promising electrode in grid-scale and
integrated electrochemical energy storage [69] with a wider
electrochemical window. Wu et al. have demonstrated pas-
sivated porous silicon few-layer graphene sheets in an elec-
trochemical double-layer supercapacitor [70]. The hybrid
structure was investigated with optimized capacitive per-
formances with a high areal capacitance (6.21mF cm-2 at
1000mVs-1) and an unusual cyclic stability of 131% after
10000 cycles.

2.6. Large-Voltage Microsupercapacitors. Energy and power
density are directly proportional to the capacitance and the
square of the operating voltage as follows (C represents the
capacitance,V represents the operating voltage, and ESR rep-
resents the equivalent series resistance).

E = 0:5CV2,

Pmax =
V2

4ESR :
ð1Þ

Besides the charge storage abilities of active materials, the
maximum operation voltage is also directly determined by
the energy density and power density. A large-voltage win-
dow electrolyte is effective to obtain enhanced electrochemi-
cal performances with the open voltage range due to the
quadratic relationship.

EMI-TFSI electrolytes have been illustrated as ionic
media for the cell voltage up to 4V [71]. The supercapacitor
has been fabricated based on two-dimensional Si-based
nanosheets resulting from oxidation and exfoliation of CaSi2.
These silicon-based nanosheets with two-dimensional struc-
ture generated high surface areas for favorable ion diffusion.
The electrochemical properties have been investigated in
Figure 6 by using the cyclic voltammetric (CV) and
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galvanostatic charge-discharge (GCD) measurement. The
CV testing was conducted as shown in Figure 6(a) with a
nearly rectangular shape under various cell voltage, indicat-
ing the EDLC behaviors.

The CV measurements as shown in Figures 6(b)–6(d)
were conducted at different scan rates and performed nearly
symmetrical rectangular which matched the charge storage
mechanism of the electrical double-layer capacitor. Similar
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Figure 5: The morphology and doping components of Si-doped reduced graphene oxide. (a) TEM image, (b) SEM image, (c) EDX spectrum,
(d) the mapping distribution of C element, and (e) the mapping distribution of Si element. Reproduced with permission from Ref. [66].
Copyright 2016, Royal Society of Chemistry.
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Figure 6: Electrochemical performances of two-dimensional Si-based nanosheet electrode in the ionic electrolyte using EMI-TFSI as the
media. (a) CV curves at the scan rate of 1000mV s-1 with the cell voltage ranging 2.0 to 4.0 V. (b) CV curves at different scan rates from
10 to 100mV s-1. (c) CV curves at different scan rates from 200 to 2000mV s-1. (d) CV curves at various scan rates from 5000 to
50000mV s-1. (e) GCD curves at various current densities from 0.2 to 10A g-1. (f) Cycling stability over 12000 charging/discharging
process at 2A g-1. Reproduced with permission from Ref. [71]. Copyright 2020, Wiley-VCH.
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CV curves were investigated even though with high scan
rates of 5000-50000mVs-1. The corresponding specific
capacitances were calculated with 4.43mFcm-2 at a scan rate
of 10mVs-1 and 2.49mF cm-2 at a scan rate of 2000mVs-1.
The GCD curves in Figure 6(e) were tested under different
current densities to verify the results of 1CV measurement.
In addition, the cycling performance of the electrode was
examined at 2Ag-1 as displayed in Figure 6(f). The inset dis-
played outstanding electrochemical reversibility and cycling
stability through the comparison of the capacitive behaviors
after 12000th charge/discharge cycling.

The work voltages are different for various types of
electrolytes and play a vital role in the energy density
and power density of supercapacitors. Aqueous electrolytes
and organic electrolytes can exhibit the stable electrochem-
ical behaviors at 1.3V and 2.7V, respectively. Instead,
ionic liquid electrolytes have been widely explored as alter-
native electrolytes for their high thermal stability (>300°C)
and broad open voltage range (>4V) in Si-based superca-
pacitors. Aradilla et al. constructed symmetric microsuper-
capacitor in an protic ionic liquid (N-methyl-N-
propylpyrrolidinium bis(trifluoromethylsulfonyl)imide)
(PYR13TFSI) electrolyte [72]. The devices operated at a
wide voltage window of 4V, and the Si-based supercapaci-
tors delivered the power density of 182mWcm-2 and the
energy density of 190μJ cm-2. Berton et al. have investi-
gated an ionic liquid electrolyte (EMI-TFSI) for large-
voltage window SiNW-based microsupercapacitors [73].
An extended operating voltage range (up to 4V) can be
obtained and enables with a promising power density of
472μWcm−2. It was noted that the presence of ionic liq-
uid electrolyte soluted the etching of Si-based electrode
materials in common aqueous or organic electrolytes
under a wide voltage.

Another promising approach to widen the cell voltage of
supercapacitors is to develop asymmetric supercapacitors,
which consist of a positive electrode based on pseudocapaci-
tive or battery mechanism and a negative electrode based on
electrode double-layer behavior. Outstanding charge storage
capacity can be investigated due to the synergistic contribu-
tions between the electric double-layer capacitive contribu-
tion and the pseudocapacitive contribution. For example,
an asymmetric supercapacitor has been fabricated via com-
pact integration of fullerene-like carbon decorated carbon
nanotubes (FC-CNTs) regulated by the employed dry-
etched silicon taper nanorod (Si-TNR) scaffold [74]. The
on-chip microsupercapacitors represent the capability of
rapid energy storage (192mF cm-2 at a scan rate of 1mVs-1,
123mF cm-2 at a scan rate of 1000mVs-1).

In particular, Li-ion capacitors (LIC) have been proposed
with a higher voltage and a considerably higher energy den-
sity than other existing capacitor systems [75]. Liu et al. have
manufactured a high voltage of LIC between Si/AC and
AC/LiMn2O4 [76]. The electrode materials are synthesized
by a microdome-patterned process to control the shape of
the current collector and electrode material. The Li-ion
capacitors have been investigated as candidates to broaden
the working voltage window for enhanced energy density
and power density.

The electrochemical performance of the supercapacitor is
also directly determined by ionic media in the electrolytes.
Kim et al. have fabricated asymmetric supercapacitors in var-
ious ionic media with excellent capacitive performances and
energy density, for example, a solid-state asymmetric super-
capacitor based on MgCo2O4 nanoneedles onto porous sili-
con carbide flakes (SiCF). The solid-state asymmetric
supercapacitor was constructed by SiCF/MgCo2O4//SiCF in
the electrolyte system of PVA-KOH-KI [77, 78]. The elec-
trode demonstrated an outstanding specific capacitance
(185.88C g-1) and energy density of (41.308Whkg-1) and
cycling stability.

In addition, PVA-KOH-p-nitroaniline (PVA-KOH-
PNA) gel electrolyte has been employed as a redox active
electrolyte in a quasi-solid-state flexible asymmetric superca-
pacitor. For example, Kim et al. have fabricated a quasi-solid-
state flexible asymmetric supercapacitor in PVA-KOH-PNA
gel electrolyte using micro- and mesoporous SiC/Fe3O4 com-
posites as the electrode materials [79]. The SiC/Fe3O4 flexible
solid-state asymmetric supercapacitor displayed superior
electrochemical properties including a high specific capaci-
tance (97.6 F g-1 at 5mVs-1) and a maximum energy density
(48.94Whkg-1 at the power density of 463.64Wkg-1). Simi-
larly, their group has assembled a novel solid-state asymmet-
ric supercapacitor device wherein the SiCF/MgCo2O4 and
the SiCF/Fe3O4 served as the positive electrode and the neg-
ative electrode in the PVA-KOH-PNA gel electrolyte [80].
The hybrid nanostructure electrodes exhibited outstanding
electrochemical properties such as a high specific capacitance
(161.77 F g-1 at 5mV s-1) and a maximum energy density
(72.79Whkg-1 at the power density of 727.96Wkg-1).

An optimal electrolyte has been prepared and used as
electrolytes for symmetric microsupercapacitors with a large
and stable cell voltage of 3.5V and wide operating tempera-
tures [81]. The electrolyte is derived from the mixture of pro-
pylene carbonate (PC) and N1114TFSI ionic liquid (50 : 50%
w.t). The device in the optimal electrolyte performed compa-
rable properties to those of pure ionic liquid. The device illus-
trated a high areal capacitance (150mF cm-2), a high energy
and power density (1mJ cm-2 and 16mWcm-2), and remark-
able cycling stability over 3 ∗ 106 galvanostatic charging/-
discharging cycles under room temperature. Hybrid devices
based on thin atomic layer deposition coatings have been
constructed to obtain the larger cell voltage [82]. A thin alu-
mina layer on Si-based materials can prevent the oxidation of
Si-based electrodes for enhanced reproducible and stable
electrochemical behaviors. The as-fabricated symmetric
devices performed a large cell voltage of 6V in the EMI-
TFSI electrolyte with an outstanding cyclability over 106

charge/discharge cycles.

3. SiC Electrode Materials

Silicon carbide (SiC) materials have attracted a great deal
of attention in supercapacitors especially on-chip microsu-
percapacitors as electrode materials due to the high con-
ductivity, high surface area, effective electrolyte transport
and high thermal and chemical stability, long life time,
and high-temperature operations [83]. Moreover, silicon
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carbide materials are compatible with standard microfabri-
cation techniques, which render them beneficial for fabri-
cation and integration as on-chip Si-based
microsupercapacitors.

Alper et al. have reported silicon carbide nanowires as
electrode materials in an aqueous electrolyte for microsuper-
capacitors [84]. The SiC nanomaterials here are less than
10mm thick and can withstand 2 ∗ 105 charge/discharge
cycles in an aqueous electrolyte while maintaining over 95%
of their initial capacitance value.

Silicon carbide flakes (SiCFs) with micro/mesopores
were obtained by following carbonization of waste Si wafer
[85, 86]. During the carbonization process, the micropores
resulted from the partial evaporation of Si atoms in waste
Si wafer and the mesopores occurred from the integration
of neighboring micropores. Silicon carbide flakes featured
with a high surface area (1376m2 g-1) without any chem-
ical or physical activation and constructed as electrodes in
two-electrode supercapacitor cells with aqueous and
organic electrolytes. High-charge storage capacities have
displayed the specific capacitance value of 49.2 F g-1 and
38.7 F g-1 at 5mVs-1 in an aqueous and organic electrolyte,
respectively.

Moyano et al. have developed a silicon carbonitride-
graphene oxide hybrid material through a preceramic poly-
mer route [87]. The structures are tested as electrodes for
supercapacitors, reaching a gravimetric capacitance of
39 F g-1 that remains stable after 7000 charge/discharge
cycles.

Silicon carbide spheres with hierarchical pore struc-
tures have been employed to construct symmetrical super-
capacitor in the aqueous electrolyte (1M potassium
chloride, KCl) and the organic electrolyte (1M tetraethy-
lammonium tetrafluoroborate in acetonitrile, TEABF4/AN)
[88]. Hierarchical pore structures consisted of micropores
and mesopores interconnected. Micropores offered higher
specific capacitance 60.3 F g-1 at 5mV s-1 in the aqueous
electrolyte more than that in the organic electrolyte. Meso-
pores offered the higher specific capacitance in the organic
electrolyte benefited from the mesopores allowed for the
effective ion diffusion of organic media. Besides, the wide
operating voltage of the organic electrolyte rendered the
energy density a high value of 102.59Whkg-1 at 5mV s-
1, which is more than three times of the energy density
in aqueous electrolytes.

Silicon carbide nanowire-based composite materials have
been prepared by the growth of SiC nanowire on carbon fab-
ric [89]. The as-prepared SiC nanowire/carbon fabric mate-
rials can be directly used as the EDLC electrode with no
binder, wherein flexible carbon fabric served as a conductive
and stable substrate. Electrochemical performances were
revealed with a high areal capacitance (23mF cm-2 at
50mVs-1) and noticeable cycling stability after 105 cycles at
room temperature. Besides, silicon carbide nanowires on car-
bon fabric performed excellent electrochemical properties for
high temperature. The capacitances increased with the rise of
the working temperature, and 90% of the initial capacitance
was retained after 105 cycles even the measurement temper-
ature of 60°C.

Mesoporous silicon carbide/carbon (SiC/C) materials
have been synthesized via a self-templating method [90].
The synthesis utilizes salt byproducts as the internal self-
forming templates. When using as the supercapacitor elec-
trode, the SiC/C composite exhibited outstanding electro-
chemical properties such as a specific capacitance (220 F g-
1), stable long cycling stability, and a good rate capability.

Metal oxides/hydroxides have been proved to be promis-
ing electrode materials due to their redox pseudocapacitive
mechanism for fast redox kinetics and higher specific capac-
itance. Among these metal oxide materials, MnOx and Fe3O4
have attracted considerable focus and widely used because of
their intrinsic advantages such as environmental friendliness,
natural abundance, and low cost [91]. Composites consisting
of SiC and MnOx or Fe3O4 have been reported in recent
years.

For example, Kim et al. suggested the use of microsphere
silicon carbide/nanoneedle MnO2 (SiC/MnO2) composites in
supercapacitors [92]. SiC was treated with hydrogen peroxide
to obtain oxygen-containing functional groups as anchoring
sites on the surface for the deposition of MnO2. The intro-
duction of MnO2 resulted in the enhanced capacitive proper-
ties with the specific capacitance of 273.2 F g-1 at a scan rate of
10mVs-1 in the three-electrode devices in the aqueous elec-
trolyte (1M Na2SO4). Birnessite-type MnOx was also
composited to silicon carbide microsphere and the compos-
ites denoted as SiC/B-MnOx [93]. The SiC/B-MnOx elec-
trodes were measured with an optimized specific
capacitance (251.3 F g-1 at 10mVs-1) in 1M Na2SO4 electro-
lyte. Silicon carbide/MnO2 nanoneedle composites have been
developed as the positive electrode materials in the asymmet-
ric electrochemical supercapacitor in neutral aqueous
Na2SO4 solution [94]. When activated carbon is applied as
the negative electrode materials, the asymmetric devices per-
formed the operating voltage up to 1.9V.

Composites consisting of SiC and Fe3O4 have been syn-
thesized through the chemical deposition of Fe3O4 on micro-
and mesoporous SiC flakes [95]. The SiC/Fe3O4 electrode
displayed a high specific capacitance (423.2 F g-1 at a scan rate
of 5mVs-1) and a notable rate performance (81.8% from 5 to
500mVs-1) in the aqueous electrolyte using 1M KOH as
media. The outstanding performances benefited from the
electric double-layer capacitive contribution of the SiC and
the pseudocapacitive contribution of the Fe3O4
nanoparticles.

Ni(OH)2 has attracted much attention due to its excellent
electrochemical activity. SiC nanowires@Ni(OH)2@carbon
fabric have been composited via the chemical vapor deposi-
tion (CVD) and following electrochemical cathodic deposi-
tion method [96]. SiC nanowires@Ni(OH)2 were grown on
flexible carbon fabric and directly used as the electrode to
fabricate a solid-state supercapacitor. The SiC nanowires@-
Ni(OH)2@carbon fabric electrode revealed good flexibility,
high areal capacitances of 1724 F g-1, and stable cyclability
properties. The above-mentioned SiC-based materials have
been illustrated in Table 1 in detail.

Silicon carbide nanofiber membranes have been synthe-
sized by solution blowing and calcination process and
pressed onto Ni foam directly as electrodes in
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supercapacitors [97]. SiC-NFMs with high productivity
exhibited good electrochemical performances in supercapa-
citors such as the enhanced specific capacitance of 189 F g-1

and remarkable cyclability with 91.7% retention after 3000
cycles.

SiC have been deposited onto porous alumina substrates
(AAO) with Ag coating via DCmagnetron cosputtering tech-
nique at room temperature and used as binder-free elec-
trodes to fabricate symmetric supercapacitors [98]. The
SiC@Ag-AAO symmetric supercapacitor device operated
the cell voltage of 1.8V and delivered high energy density
of 31.43Whkg-1) and maximum power density of
18.8 kWkg-1 at 17.76Whkg-1 with stable cycling ability over
3000 cycles.

Three-dimensional silicon carbide-based frameworks
have been prepared by employing a template method and
subsequent carbonization via an aerosol spray drying method
[99–101]. Hierarchical micro-, meso-, and macroporous
structures were interconnected and contributed to the
enhanced electrochemical performances. Briefly, micropores
can increase charge accommodation. Mesopores offered
more accessible active sites for ion diffusion. Macropores
allowed shorter charging/discharging time. Consequently,
enhanced electrochemical performances were investigated
for three-dimensional silicon carbide-based frameworks in
the aqueous electrolyte (1M Na2SO4) and the ionic-liquid
electrolyte (3-ethyl-3-methylimidazolium
bis(trifluorosulfonyl)imide).

It is reported that the oxygen-containing functional
groups in porous SiC exerted nonnegligible influence on
the capacitive behavior [102]. Kim et al. have investigated
the electrochemical properties of oxidized micro- and
meso-SiC flakes wherein the oxygen-containing functional
group was introduced during the charge/discharge process.
The oxidized SiC-based electrodes performed superior spe-
cific capacitance (243.3 F g-1 at 5mVs-1) to that of SiC-
based electrodes due to the pseudocapacitive contribution
resulted from the presence of oxygen functional group.

4. Conclusions

In this review, we have summarized the development of
supercapacitors consisting of Si-based materials and their
derivatives. To illustrate the active electrode materials,

aspects of the representative progresses of Si-based materials
and their derivatives have been summarized on synthesis,
properties, surface modification, and electrochemical proper-
ties. The capacitive performances are related to the morphol-
ogy and structure of electrode materials. Hence, a variety of
electrode materials with different morphology and structures
have been outlined as follows: (1) Si nanowire, (2) Si nano-
substrates, (3) Si nanoparticles, (4) Si 3D structure, and (5)
Si-doped materials. Meanwhile, the overall behaviors in
microsupercapacitor application have been illustrated in
terms of specific capacitance, rate capability, cycling life,
and energy density. Furthermore, large-voltage microsuper-
capacitors are candidates for next-generation wearable, por-
table, and stretchable devices. The electrolyte optimized for
Si-based supercapacitors to obtain enhanced energy density.
These encouraging achievements demonstrate the potential
applications of Si-based materials and their derivatives for
high-performance supercapacitors.
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