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Superior Electric Double Layer Capacitors Using 

Micro- and Mesoporous Silicon Carbide Sphere 

Myeongjin Kim, Ilgeun Oh and Jooheon Kim* 

Three-dimensional silicon carbide-based frameworks with hierarchical micro and mesoporous structures 

(MMPSiC) are prepared by employing the template method and carbonization reaction via the aerosol-

spray drying method. The mesopores are generated by the self-assembly of a structure-directing agent, 

while the micropores are derived from the partial evaporation of Si atoms during the carbonization 

process. MMPSiC has a unique three-dimensionally interconnected micro and mesoporous network; it 

also exhibits a faster ion-transport behavior and a larger utilization of the surface area of the electric 

double-layer capacitors. MMPSiC shows a high-charge storage capacity, with a specific capacitance of 

253.7 F g-1 in 1 M Na2SO4 aqueous electrolyte at a scan rate of 5 mV s-1. In addition, a specific 

capacitance of 40.3 F g-1 is measured in the 3-ethyl-3-methylimidazolium bis(trifluorosulfonyl)imide 

ionic-liquid electrolyte at a scan rate of 5 mV s-1, with an energy density of 68.56 Wh kg-1; and ~98.4 % 

specific capacitance being retained over 20000 cycles. Such a high supercapacitor performance may arise 

from a synergistic effect ensured by the dual-pore system, which can provide a large accessible surface 

area for ion transport/charge storage by the mesopores and a continuous increase of charge 

accommodation by micropores. These encouraging results demonstrate the great potential of MMPSiC as 

high-performance electrode materials for supercapacitors. 

 

1. Introduction 
 

Electrical double-layer capacitors (EDLCs), also simply named as 

supercapacitors, are a class of energy-storage devices that store 

charges in an electric double layer formed through the physisorption 

of electrolyte ions onto porous electrode materials.1-4 With a 

promising combination of features such as high-power density and 

excellent cycling stability, EDLCs find use in several applications, 

including high-power electronic devices and electric and hybrid-

electric vehicles.5-7 However, in most of these applications, EDLCs 

suffer from a limited energy density, which is typically of the order 

of 4-5 Wh/kg for fully assembled cells—an order of magnitude 

lower than that of batteries.8 Extensive research has been conducted 

toward the improvement of their energy densities by (i) increasing 

the capacitance with high-surface area electrode materials, and (ii) 

broadening the operational voltage with electrolytes that possess 

high-potential windows.9,10 

In order to obtain a high surface area, porous carbonaceous 

materials such as activated carbon, carbide-derived carbons, ordered 

mesoporous carbons, and carbon aerogels have been studied as high-

surface area electrodes for EDLCs.8,11-16 However, the low electrical 

conductivity of these materials may hinder the formation of a 

conductive network (which decreases the internal resistance of an 

electrode) and the application of electrostatic charges on the surface 

of the electrode (which form the electric double layer).17 To address 

these issues, a few new approaches have been proposed that make 

use of semiconductors or cermet nanowires as EDLC electrode 

materials instead of traditional carbon-based materials. Various types 

of EDLC materials such as silicon nanowires, silicon carbide 

nanowires, titanium nitride nanowires, titanium dioxide nanotubes, 

and nanowires have attracted considerable interest because of their 

high surface area and excellent electrical conductivity.18-23 Among 

these, silicon carbide, especially nanowire-type silicon carbide, is 

considered as a promising EDLC material owing to the high electron 

mobility and low band gap with high surface area. However, because 

the working materials are grown directly on the current collector, 

these nanowire structures are not ideal for the fabrication of hybrid 

composites consisting of metal oxide or conductive polymers and for 

application as macroscale supercapacitor electrodes.  

Recent studies have shown the silicon carbide microsphere 

particles to have great potential as EDLC materials; however, the 

porous properties of these silicon carbide microsphere particles (such 

as surface area and pore volume) are not satisfactory, because of 

their non-porous structure; this results in a low capacitive 

performance, e.g., 72.4 F g-1 at a scan rate of 10 mV s-1 in Na2SO4 

aqueous electrolyte.24-26 Thus, in order to obtain a high surface area, 

silicon carbide particles with a porous structure need to be 

developed. The most widely used porous carbon materials for 

EDLCs contain a large proportion of micropores (pore diameter < 2 

nm), which are not always fully accessible to ions.27 In addition, the 

small micropores are not easily wetted by the electrolyte, and the 

exposed surface of the micropores cannot be utilized for charge 
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storage. Moreover, even if the micropores were wetted by the 

electrolyte, the ionic motion in such small pores would be so slow 

that a high-rate capability would not be achieved. Therefore, the 

dual-pore system combined with mesopores, which provide the ion-

transport pathways with a minimized resistance, can be expected to 

provide a favorable electrochemical environment to achieve a fast 

ion-transport and high-charge storage capability.28-30 

Herein, we developed novel micro and mesoporous silicon carbide 

(MMPSiC) spheres by employing the template method and 

carbonization reaction via the aerosol-spray drying method. These 

dual-pore systems are expected to exhibit the advantages typical of 

each pore size producing a synergistic effect during the 

electrochemical charge-discharge process. The prepared MMPSiC 

exhibits a large specific surface area of 1713 m2 g-1 with excellent 

electrical conductivity (187.9 S cm-1), which is a desirable property 

for EDLC electrode materials. Finally, we successfully assembled a 

two-electrode symmetrical supercapacitor with a Na2SO4 aqueous 

electrolyte and the 3-ethyl-3-methylimidazolium 

bis(trifluorosulfonyl)imide ([EMIM][TFSI]) ionic-liquid electrolyte. 

Electrochemical characterizations indicated that the supercapacitor 

with the aqueous electrolyte can be reversibly cycled between 0 and 

1.6 V, exhibiting a specific capacitance of 61.6 F g-1 at a scan rate of 

5 mV s-1. Furthermore, the supercapacitor with the ionic-liquid 

electrolyte can be operated between 0 and 3.5 V, showing a specific 

capacitance of 40.3 F g-1 at a scan rate of 5 mV s-1 with an energy 

density of 68.56 Wh kg-1; ~98.4 % specific capacitance was retained 

after 20000 cycles. These properties ensured a performance that is 

clearly superior to other commercially available devices (<3 W h kg-

1). These encouraging results showed that the obtained MMPSiC 

materials have a great potential as supercapacitor electrodes ensuring 

a high energy and power density. 

 

2. Experimental 
 

2.1 Synthesis of Micro & Mesoporous Silicon 
Carbide (MMPSiC) 
 

In a typical synthesis, 0.917 g of Si nanoparticles (of about 5 nm) 

was dispersed in 33 mL of D.I. water. Subsequently, 0.014 mL of 

hydrogen chloride (HCl), 43.3 mL of ethanol (C2H5OH), and 1.9742 

g of C16H33(EO)10 (Brij56) were added and stirred for 1 h. The 

resulting solution mixtures were ultrasonically sprayed with a home 

humidifier (60 MHz and 35 W). The droplets were carried by argon 

(Ar) gas (purity: 99.999%) at a flow rate of 100 sccm (standard 

cubic centimeter per minute) into a tubular reactor. The tubular 

reactor is separated by two segments, namely the drying zone and 

heating zone. The drying-zone tubular reactor (30 mm in diameter 

and 700 mm in length) was heated up to 150 °C; the heating-zone 

tubular reactor (30 mm in diameter and 1000 mm in length) was 

heated up to 1250 °C. At the entrance of the heating zone, C2H5OH 

was ultrasonically and carried by Ar gas at a flow rate of 60 sccm. 

The particles were recovered by filtration at the outlet of the heating-

zone tubular reactor. After the reaction was terminated and the 

reactor was cooled to room temperature, the resulting products were 

exposed to air and heated to 600 °C for 4 h to eliminate the 

superfluous carbon. Finally, the SiO2 layer adsorbed on the surface 

of the MMPSiC particles was removed by treatment with 

hydrofluoric acid (HF). MMPSiC powder (10 g) was placed in 300 

mL of 10% HF solution and stirred for 24 h. The sample was then 

leached with distilled water until the pH of the leaching water 

reached a value of 7–8. 

 

2.2 Characterization Methods 
 

X-ray diffraction (XRD) patterns were collected (New D8-

Advance/Bruker-AXS) at a scan rate of 1° s−1 within the 2θ range 

5°–80° using CuKα1 radiation (0.154056 nm). The morphologies of 

the samples were observed using high-resolution transmission 

electron microscopy (HR-TEM, JEM-3010) and field-emission 

scanning electron microscopy (FE-SEM, SIGMA, Carl Zeiss). X-ray 

photoelectron spectroscopy (XPS) analysis was performed on a 

VGMicrotech ESCA2000 system using a spectrometer with a Mg 

Kα X-ray source (1253.6 eV) and a hemispherical analyzer. During 

the curve fitting, the Gaussian peak widths were constant in each 

spectrum. Nitrogen sorption analysis was carried out using an ASAP 

2020 accelerated surface area and porosimetry instrument 

(Micromeritics), equipped with an automated surface area at 77 K, 

using Brunauer–Emmett–Teller (BET) calculations for the surface 

area. The pore-size distribution plots were recorded from the 

desorption branch of the isotherms based on the nonlocal density 

functional theory (DFT). 

 

2.3 Preparation and Characterization of 
Supercapacitors 
 

The working electrodes were fabricated as follows. First, the as-

prepared materials, carbon black and poly(vinylidenefluoride) 

(PVDF) were mixed in a mass ratio of 85:10:5 and dispersed in N-

methylpyrrolidone (NMP). The resulting mixture was then coated 

onto an aluminum foil substrate (1 cm × 1 cm) and dried in a 

vacuum oven at 60°C for 6 h. The loading mass of each electrode 

was approximately 3 mg. In a three-electrode cell, the above-loaded 

aluminum foil substrate, a platinum foil, and a Ag/AgCl (KCl-

saturated) electrode were used as the working, counter, and reference 

electrodes, respectively. All measurements, including cyclic 

voltammetry (CV), galvanostatic charge/discharge characteristics, 

and Electrochemical impedance spectroscopy (EIS) measurements, 

were carried out on a CHI 660C electrochemical workstation in 1 M 

Na2SO4 aqueous solution at room temperature. EIS measurements 

were carried out by applying an AC voltage with 5 mV amplitude in 

a frequency range of 0.01 to 105 Hz at open-circuit potential. For 

quantitative considerations, the specific capacitances (Cs) are 

calculated from the CV curves using the following equation : 

∫-

c

a

V

Vac
s I(V)dV

)VvM(V

1
=C

 

                      (1) 

where Cs is the specific capacitance (F g-1), v is the potential scan 

rate (mV s−1), Vc − Va represents the sweep potential range (V), M is 

the weight of active materials in the working electrode (g) and I(V) 

denotes the response current density (A g−1). 

To construct symmetrical MMPSiC-based supercapacitor devices, 

the electrodes were prepared by same procedure mentioned above.  
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The two symmetrical electrodes were separated using a celgard 2400 

membrane in a CR2032 stainless steel coin cell. The CV, 

galvanostatic charge–discharge, and EIS tests for these devices were 

performed in both 1M Na2SO4 aqueous electrolyte and the 3-ethyl-3-

methylimidazolium bis(trifluorosulfonyl)imide, [EMIM][TFSI] ionic 

liquid electrolyte. The specific capacitance of symmetrical 

MMPSiC-based supercapacitor was calculated from the Eq. (1). In 

case of the two electrode system, the specific capacitance was 

obtained using the total mass of active materials on the two 

electrodes. EIS was also performed in the frequency range of 0.01 to 

105 Hz at open circuit voltage with an alternate current amplitude of 

5 mV. The equivalent series resistance (ESR) was estimated using 

the IR drop (Vdrop) at a certain constant current density (Icons) with the 

following equation: 

cons

drop
ESR I×2

V
=R                                     (2) 

The energy density and power density of symmetrical supercapacitor 

systems were calculated using the following equations: 

2)V∆(C
2

1
=E                                     (3) 

 

t

E
=P                                             (4) 

where P, C, ∆V, t, and E indicate the power density (W kg-1), 

specific capacitance of the total symmetrical system (F g-1), cell 

voltage for charging and discharging (V), discharge time (s), and 

energy density (Wh kg-1), respectively. 

 

3. Results and Discussion 
 

Scheme 1 illustrates a schematic diagram for the preparation of 

the MMPSiC spheres. The solution mixtures of Brij56 and aqueous 

suspension of small Si particles (about 5 nm) are ultrasonically 

sprayed into a tubular reactor with two different reactor-temperature 

segments, namely the drying zone (150 °C) and the heating zone 

(1250 °C). At the threshold of the heating zone, C2H5OH, which was 

used as a carbon source, was sprayed and carried by Ar gas. In the 

drying zone, when the solvent evaporates from the solution mixtures, 

Brij56 form micellar rods and self-assemble into a hexagonal array, 

and then the Si particles are trapped in the voids of the Brij56 

micellar rod, leading to formation of Si walls.31-33 In the heating 

zone, the Brij56 micelles are removed, resulting in the formation of  

 

ordered hexagonal arrangement of mesopores, and then the resulting 

mesoporous Si sphere frames are converted to micro & mesoporous 

SiC spheres by the carbonization using C2H5OH as the carbon 

source.34 

 

Figure 1. (a) FE-SEM image of MMPSiC. (b) FE-TEM image of 

MMPSiC. (c,d) High-magnification FE-TEM image of MMPSiC 

and SAED pattern (inset in (d)). 

   

The SEM image in Figure 1(a) and S1 shows that the diameter of 

the MMPSiC particles prepared by the aerosol-spray drying method 

ranges between 1 and 3 µm; the image confirmed that the particles 

have a spherical morphology. The HR-TEM analysis of the 

MMPSiC particles (Figures 1(b) and (c)) clearly shows disordered 

mesopores and channels. The hexagonally aligned mesopores in the 

Si sphere frames are collapsed and integrated with neighboring 

mesopores during the carbonization process due to the partial 

evaporation of Si atoms in the walls of the ordered mesopores. 

Furthermore, Figure 1(d) reveals that a large fraction of the 

micropores of the MMPSiC particles is randomly orientated. The 

formation of the micropores on mesoporous SiC can be attributed to 

a partial evaporation of the Si atoms from the mesoporous Si sphere 

 

Scheme 1. Chemical route for the synthesis of MMPSiC. 
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frames and carbonization of the remaining micro and mesoporous Si 

sphere frames at high temperature. At the heating temperature of 

1250 °C, some of the Si atoms are released from the mesoporous Si 

sphere frames, forming micropores; this in turn leads to the 

formation of micro and mesoporous Si sphere frames. At the same 

time, the remaining micro and mesoporous Si sphere frames react 

with active-carbon species decomposed from C2H5OH to form micro 

and mesoporous SiC spheres. After carbonization, the mother 

mesoporous Si spheres were completely converted into micro and 

mesoporous SiC spheres.34 These micro-mesoporous structures with 

a three-dimensional interconnection of MMPSiC can be expected to 

provide a favorable path for the transportation and penetration of 

electrolyte ions, which are both critical for a fast ion transfer.35 In 

order to confirm the successful conversion of silicon carbide, the 

crystalline structure of MMPSiC was investigated. Figure 1(d) 

shows a typical HR-TEM image in which the lattice structures of 

MMPSiC are evident. The lattice interlayer distance is 0.252 ± 0.01 

nm with a (1 1 1) spacing of β-SiC.36 The inset of Figure 1(d) 

illustrates the selected-area electron diffraction (SAED) pattern of 

the shells with three clear diffraction rings, which correspond to the 

(1 1 1), (2 2 0), and (3 1 1) diffraction planes of β-SiC; this provides 

further evidence that the converted MMPSiC consists of well-

crystallized β-SiC nanocrystals.37 

Figure 2. (a) XRD pattern of MMPSiC. (b) XPS wide scan survey 

spectra of MMPSiC. 

 

XRD and XPS analyses were performed to verify the crystalline 

structure and chemical compositions of MMPSiC. The XRD pattern 

of Si nanoparticle as starting material shows distinct Si peaks at 

28.4°, 47.2°, 56° and 68.9° corresponding to the (1 1 1), (2 2 0), (3 1 

1) and (4 0 0) planes, respectively (JCPDS 01-0787) (Figure S2). 

Interestingly, after carbonization reaction, the XRD pattern of 

MMPSiC shows three β-SiC peaks at 2θ = 35.6°, 60°, and 71.7°, 

which were assigned to the (1 1 1), (2 2 0), and (3 1 1) reflections, 

respectively; these indicate a face-centered cubic (fcc) β-SiC 

structure in accordance with the reference data (JCPDS 29-1129, a = 

4.3589 Å) (Figure 2(a)).36,37 These XRD results are consistent with 

those obtained with TEM and SAED. The electrical conductivity of 

MMPSiC was determined to be 187.9 S cm-1 for pressed pellets 

using the four-point probe method. The excellent electrical 

conductivity of MMPSiC can be attributed to its β-polytype 

crystalline structure. It is well known that the β-polytype structure of 

SiC exhibits the highest electronic conductivity among the SiC 

polytypes, because β-SiC possesses the smallest band gap (~2.4 eV) 

and one of the highest electron mobilities (~800 cm2 V-1 s-1 in low-

doped material).38 The XPS survey spectrum of the MMPSiC in 

Figure 2(b) reveals that MMPSiC consists of only three elements, 

namely C, Si, and O. To obtain detailed surface information of 

MMPSiC, the Si 2p and C 1s core-level spectra were deconvoluted 

(see Figure S3, Table S1 and S2 in ESI). The Si 2p region of the 

spectrum of MMPSiC (Figure S3(a)) shows that, besides a strong 

Si–C peak at the binding energy of 99.51 eV, some intermediate 

oxidation products of SiC (SiOC3 at 100.42 eV, SiO2C2 at 101.31 

eV, and SiO3C at 102.2 eV) also exist on the surface.39 The C 1s 

core level (Figure S3(b)) shows strong binding energy peaks of Si–C 

bonds at 282.72 eV, and C–C bonds at 284.61 eV, along with several 

binding energy peaks of SiOxCy at 283.68 eV.40 The peak area ratio 

of Si-C/SiOxCy calculated from Si 2p spectra is 2.43, which shows 

good agreement with Si-C/SiOxCy ratio obtained from C 1s spectrum 

(2.46).  

Figure 3. (a) Nitrogen adsorption-desorption isotherm of MMPSiC. 

(b) Pore size distribution of MMPSiC. (the inset illustrates mesopore 

region of MMPSiC) 

 

The porous properties of the electrode materials are the crucial 

factor that determines the electrochemical performance of a 

supercapacitor. The BET and DFT analyses were employed to 

investigate the surface area and pore structure of MMPSiC and the 

results are shown in Figure 3. The nitrogen adsorption and 

desorption isotherm of MMPSiC is shown in Figure 3(a). The 

adsorption amount increases sharply at low relative pressures (P/Po), 

demonstrating the existence of micropores; a hysteresis loop after 

P/Po = 0.4 can be observed, with an adsorption plateau near P/Po = 

1.0; this indicates the presence of mesopores.27 The total specific 

surface area of MMPSiC is calculated to be above 1713 m2 g-1, with 

micropore and mesopore surface areas of 1372 m2 g-1 and 341 m2 g-

1, respectively. The pore-size distribution of MMPSiC displayed in 

Figure 3(b) shows that its nanopores can be divided into two major 

regions: (i) micropores (<2 nm) with a clear peak at 1.8 nm; (ii) 

mesopores (2–50 nm) with a maximum peak at 7.21 nm. According 

to the DFT calculation, the total, micropore, and mesopore volumes 

are 1.233 cm3 g-1, 0.618 cm3 g-1, and 0.615 cm3 g-1, respectively. The 

assembly of micro and mesopores forms a hierarchical construction 

that provides the space for electric double layers and easy access 

channels for the electrolyte ions to the exterior and interior pore 

surfaces.41 

The performance of the MMPSiC materials as supercapacitor 

electrodes was tested with CV, galvanostatic charge/discharge and 

EIS. In particular, Figure 4(a) and S4(a) show the CV curves of the  
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Figure 4. Electrochemical performance of MMPSiC electrode by 

three-electrode configuration. (a) CV curve of MMPSiC electrode at 

a scan rate of 5 mV s-1. (b) Galvanostatic charge/discharge curve of 

MMPSiC electrode at a current density of 1 A g-1. (c) Specific 

capacitance of MMPSiC electrode at different scan rates. (d) Nyquist 

plot of MMPSiC electrode. Inset magnifies the data in the high-

frequency range. 

 

MMPSiC electrode at various scan rate, with potential windows 

ranging between –0.1 and 0.9 V (vs. Ag/AgCl) in 1 M Na2SO4 

aqueous solution. The CV curve has an almost ideally rectangular 

shape, without clear redox peaks, which indicates an ideal capacitive 

behavior of MMPSiC.42 Figure 4(b) displays the galvanostatic 

charge/discharge curve of the MMPSiC electrode measured between 

–0.1 and 0.9 V at a current density of 1 A g-1 in 1 M Na2SO4 

aqueous electrolyte. During the charging and discharging steps, the 

charge curve of the MMPSiC electrode is almost symmetric to its 

corresponding discharge counterpart, revealing an electric double-

layer contribution due to the connective porous structure. In order to 

obtain more information about the capacitive performance, the 

MMPSiC electrode was further analyzed. Figure S4(b) displays the 

galvanostatic charge/discharge curves of the MMPSiC electrode at 

different current densities; the curves become highly linear and 

symmetric as the current density increases. This implies that the 

MMPSiC electrode has an excellent electrochemical reversibility 

and charge-discharge properties.43 Moreover, the IR drop is similar 

and not obvious on all curves, even at 10 A g-1, indicating little 

overall resistance and excellent capacitive properties of the EDLC 

materials.44 The specific capacitances were calculated from the CV 

curves according to Eq. (1); Figure 4(c) displays the relationship 

between the specific capacitance and the scan rate of the MMPSiC 

electrode. In particular, the MMPSiC electrode shows a specific 

capacitance of 253.7 F g-1 at a scan rate of 5 mV s-1. The outstanding 

electrochemical performance of MMPSiC can be explained as 

following: (i) The mesopores of MMPSiC provide low-resistant 

pathways for ion diffusion in the pores and a good charge 

propagation; this leads to an improved electrochemical performance. 

(ii) The abundant micropores play an essential role for the 

optimization of the electric double-layer surfaces, thereby leading to 

an improved capacitance. (iii) The high surface area and pore 

volume of MMPSiC, which stem from the dual-pore system 

(micro/mesoporous), are favorable features that provide the 

electrochemically surface area required for charge accumulation, 

facilitating the transport of electrolyte ions; this improves 

remarkably the overall electrochemical performance. (iv) The 

excellent electrical conductivity of MMPSiC can significantly 

decrease the internal resistance of an electrode by the formation of a 

conductive network and can facilitate the application of electrostatic 

charges, which favor the accumulation of the electric double 

layers.27-30 The Nyquist plot of MMPSiC (Figure 4(d)) shows an 

almost vertical line, which suggests a dominance of the double layer 

charge-storage at low frequencies.10,45 The inset in Figure 4(d) shows 

a magnified high-frequency range for MMPSiC. Diffusion control 

dominates when a phase shift of 45° is the typical feature for porous 

electrodes with respect to the Warburg impedance in the middle 

frequency range. Crucial parameters such as wettability, thickness, 

and porosity for the diffusion of ions into the bulk through the 

porous network of the electrode act on this phase.35 The MMPSiC 

electrode shows negligible Warburg region on the Nyquist plots, 

which can be ascribed to the short and equal diffusion-path length of 

the ions in the aqueous electrolyte. 

Figure 5. Electrochemical performance of two-electrode 

supercapacitors based on MMPSiC electrodes with 1M Na2SO4 

aqueous electrolyte. (a) CV curve of two-electrode supercapacitors 

at a scan rate of 5 mV s-1. (b) Galvanostatic charge/discharge curve 

of two-electrode supercapacitors at a current density of 1 A g-1. (c) 

Nyquist plot of two-electrode supercapacitors. Inset magnifies the 

data in the high-frequency range. (d) Impedance phase angle versus 

frequency. 
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CV, galvanostatic charge/discharge, and EIS spectra of the 

MMPSiC-based symmetrical two-electrode system in a 1 M Na2SO4 

aqueous electrolyte were recorded. The CV curve of MMPSiC 

exhibits an ideal capacitive behavior with nearly a rectangular shape 

even at a potential window up to 1.6 V, implying fast dynamics and 

good charge propagation (Figure 5(a) and S5(a)). The charge-

discharge curves (Figures 5(b) and S5(b)) at different current 

densities show good linear relationship between charge-discharge 

potentials and time, indicating a rapid I-V response and ideal 

capacitive characteristics.46 From the CV curves, the specific 

capacitance (Figure S5(c)) was calculated as 61.6 F g-1 at a scan rate 

of 5 mV s-1. Moreover, the specific capacitance of the MMPSiC-

based symmetric supercapacitor decreased from 61.6 F g-1 (at 5 mV 

s-1) to 52.1 F g-1 (at 500 mV s-1), this confirming an excellent 

capacitance retention (84.7%). These results indicate that the β-

polytype crystal structure of MMPSiC plays an important role in 

providing a rapid charging-discharging capability, because a high 

electrical conductivity is an essential property of electrode materials 

when a supercapacitor works at high charging/discharging rates.25 

The almost vertical line in the low-frequency region demonstrates 

good capacitive behavior without diffusion limitations (Figure 5(c)). 

As shown in the inset in Figure 5(c), the intercept of the real axis in 

the high-frequency range of the symmetrical two-electrode system in 

the 1M Na2SO4 aqueous electrolyte (1.1 Ω) is significantly higher 

than that of the three-electrode configuration (0.49 Ω in Figure 4(d)), 

due to the additional contact resistance of the separator between the 

two electrodes.25 Furthermore, at high-frequency regions, the phase 

angle is almost zero. In the middle region, a constant increase of the 

phase angle is observed as the frequency decreases. The phase angle 

shifts to negative values, reaching a value of -85.1° in the low-

frequency limitation region, which is close to the value of an ideal 

capacitor (-90°) (Figure 5(d)). 

The electrochemical performance of the MMPSiC-based 

supercapacitors was evaluated in a fully assembled two-electrode 

cell with the [EMIM][TFSI] ionic-liquid electrolyte. The CV profile 

was obtained for the voltage sweeps from 0 to 3.5 V (Figure 6(a)) 

with a scan rate of 5 mV s-1. It can be seen that the CV curve of 

MMPSiC-based supercapacitor deviates from the ideal rectangular 

shape. Moreover, as shown in Figure S6(a), the shape of CV curve 

gradually transforms to oval shape with increasing scan rate. This 

phenomenon is caused by the poor compatibility and ionic 

conductivity of the organic electrolyte.35,41 The typical galvanostatic 

charge/discharge curves (Figure S6(b) in ESI) of the symmetrical 

supercapacitor at various current densities show slight curvature in 

discharge curves to their corresponding charge counterparts due to 

the poor electrochemical activity of organic electrolyte, which was 

confirmed by the CV curve behavior. Figure S6(c) shows the 

specific capacitances of symmetrical supercapacitors as a function of 

scan rates. The specific capacitance of a symmetrical supercapacitor 

was calculated as 40.3 F g-1 at a scan rate of 5 mV s-1. However, the 

capacitive performance in the organic electrolyte is poorer than that 

in the aqueous electrolyte due to the poor compatibility and ionic 

conductivity of the organic electrolyte; this was further investigated 

with the EIS analysis. In a comparison of the Nyquist plot of the 

organic electrolyte (Figure 6(b)) and aqueous electrolyte, the 

magnified high-to-medium-frequency region shows major  

Figure 6. Electrochemical performance of two-electrode 

supercapacitors based on MMPSiC electrodes with 3-ethyl-3-

methylimidazolium bis(trifluorosulfonyl)imide, [EMIM][TFSI] ionic 

liquid electrolyte. (a) CV curve of two-electrode supercapacitors at a 

scan rate of 5 mV s-1. (b) Nyquist plot of two-electrode 

supercapacitors. Inset magnifies the data in the high-frequency 

range. (c) Impedance phase angle versus frequency. (d) Ragone plot 

of two-electrode supercapacitors as a function of cell operating 

voltage. 

 

differences. The emergence of semicircle indicates a lower ionic 

conductivity of the organic electrolyte, and the relatively longer 

length of the 45° phase shift segment implies a higher Warburg 

impedance.35,41 Furthermore, the phase angle of the organic 

electrolyte (Figure 6 (c)) in the lower-frequency-limitation region is 

-82.2°, significantly lower than that of the aqueous electrolyte (-

85.1°), indicating slower ion diffusion in the electrolyte and slower 

ion adsorption onto the electrode surface.47 The poor compatibility 

between the active materials and the organic electrolyte prevented 

the electrolyte from adequately accessing the external surface and 

inner volume of MMPSiC, which resulted in limited outer-surface 

accessibility. The shift of the Nyquist plot towards the real axis is 

due to the ESR value of 2.73 Ω; this is in good agreement with the 

findings obtained from the IR drop observed in galvanostatic 

charge/discharge curves (Figure S6(b)).25,48 The cycling test of the 

cells also shows ~98.4 % capacitance retention over 20000 cycles at 

a current density of 10 A g-1, indicating a good stability of the cell 

(Figure S6(d)). The Ragone plot for the symmetrical MMPSiC-based 

device at different scan rates is shown in Figure 6(d). At a low scan 

rate of 5 mV s-1, the power and energy density values were found to 

be 352.67 W kg-1 and 68.56 W h kg-1, respectively, in a voltage 

window of 0 - 3.5 V, which is superior to commercial devices (<3 W 

h kg-1).49 It should be noted that the applied energy/power densities 

of the cell can be controlled to some extent by selecting a suitable 

working voltage to satisfy practical requirements.50 These 
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encouraging results demonstrate that MMPSiC can be considered as 

a promising new EDLC material for supercapacitors, opening up 

new possibilities for the fabrication of improved porous-inorganic 

materials for energy-storage devices. 

 

4. Conclusion 

 

In summary, MMPSiC spheres were synthesized employing the 

template method and carbonization reaction via the aerosol spray-

drying method. The MMPSiC electrode exhibits high-charge storage 

capacity, with a specific capacitance of 253.7 F g-1 at a scan rate of 5 

mV s-1 with performance rate of 87.9 %, from 5 to 500 mV s-1 in 1 

M Na2SO4 aqueous electrolyte. In addition, a specific capacitance of 

40.3 F g-1 is obtained in the [EMIM][TFSI] ionic-liquid electrolyte at 

a scan rate of 5 mV s-1. Such a high supercapacitor performance can 

be attributed to the high electric double-layer contribution ensured 

by the micro/mesoporosity, with a high effective surface area and 

excellent electrical conductivity of the conductive network. 
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