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Both SiC and porous carbons have been widely used in the fields of catalysts, ceramics, electrode materials
and electromagnetic materials since their advantages of excellent chemical and thermal stability, good
conductivity, flexibility and stiffness. However, pore construction of SiC still faces considerable difficulty
comparing to carbon materials with a large variety of pores. Herein, by developing a novel method com-
bining the silanization of SBA-15 template, acetylene CVD and magnesiothermic reduction reaction (MRR)
technology, a novel porous material of OM-SiC@OMC that the ordered mesoporous SiC interfaces with the
Ordered mesopores ordered mesoporous carbon has been successful synthesized. The silanization enhances the activity of
Interfaced pores carbon deposition into the pores of SBA-15 template, MRR results in the formation of SiC between the
sic interface of SiO, and carbon. After the template removal, a novel mesoporous composite material of OM-
Magnesiothermic reduction reaction SiC@OMC has been successfully obtained. Interestingly, OM-SiC@OMC contains two types of ordered me-
Supercapacitor sopores interfacing with each other by the pore wall of SiC phase and carbon phase, respectively. As
electrode materials of supercapacitors, OM-SiC@OMC exhibits a capacitance of 194.8 F g”! with an excellent
retention rate of 97.8% after 10,000 cycles. The present study explores a novel ordered porous materials
constructed by the interfaced pores of carbon and carbide, it is promising to find good applications of these
multi-interfaced porous materials.
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1. Introduction exhibited its potential in the electrode materials of lithium ion
batteries and supercapacitor [12-16]. Using Ag coated porous AAO
substrate as collector, Sanger et al., synthesized SiC nano-cauli-

flowers (NCs) by performing a DC magnetron co-sputtering [17]. The

Silicon carbides (SiC) have many fascinating physical properties
of excellent chemical and thermal stability, high hardness, out-

standing oxidation and corrosion resistance, and low electrical re-
sistivity and thus are promising materials for many applications
[1-5]. Porous SiC has been widely used in catalyst supports, porous
ceramics and gas sensors [6-11]. Most recently, porous SiC has also
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obtained SiC NCs exhibited a capacity of 188 F g™ ' at 5 mV s~ ! with
good cycling stability in 1 M Na,SO,4 solution. Kim et al., prepared
porous SiC containing micro-, meso- and macropores at 1250 °C,
which has a capacity of 336.5 F g! in 1 M Na,SO, electrolyte at a
scan rate of 5 mV s™! [18]. The advantages of SiC is much better
demonstrated by an all solid-state micro-supercapacitors based on
SiC nanowire, at temperatures above 450 °C which can supply a high
areal capacitance of 92 uF cm™ with a retention of over 60% after
10,000 cycles [19]. However, it still faces considerable difficulties in
synthesizing, constructing and tuning pore structure of SiC since
their high stiffness and characteristic of covalent bonds between


http://www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2021.160442
https://doi.org/10.1016/j.jallcom.2021.160442
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2021.160442&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2021.160442&domain=pdf
mailto:lxli2005@126.com
mailto:chenyiqing2003@163.com
mailto:bgan@ustl.edu.cn
https://doi.org/10.1016/j.jallcom.2021.160442

X. Liu, H. Zhao, S. Jiang et al.

silicon atom and carbon atom. Common routes to prepare porous SiC
are carbothermal reduction of silica and the pyrolysis of precursors
containing organic silicon [20-22]. These methods are complicated
process, energy waste and high cost. And it is still difficult to con-
struct and control pore structure and size of porous SiC.

Compared to carbides, porous carbons with diverse morphology
and structure, such as activated carbons, fullerenes, carbon nano-
tubes (CNTs), graphenes, template carbons etc., have been widely
developed in many fields [23-30]. Owing to structure tunability,
carbon materials have much more diversity and novelty in pore
structure and size than other materials. Amorphous carbons, gra-
phitized carbons, ordered porous carbons, hierarchical porous car-
bons have been successfully prepared. Direct carbonization or
pyrolysis of carbon containing precursors at high temperature and
post-treatments are common methods to prepare porous carbons
and tune their pore structure, but the pores as obtained are tedious,
disordered distribution and difficult to tune [31-33]. In contrast,
template carbons are the replicas of molecular sieves like SBA-15
and thus own an ordered pore structure and a focused pore size. The
microporous, mesoporous and macroporous carbons with the or-
dered pore structure in three-dimensions have been synthesized by
template methods. Therefore, template method becomes one of the
most widely used technologies to design structure and control pore
size of carbon. Aligned CNTs, three-dimensional graphene networks
and ordered porous carbon have been synthesized using AAO, nickel
foam, SBA-15 and zeolite as templates and exhibit good performance
in many fields, especially in the energy storage and conversion
system of battery, supercapacitor and fuel cell [34-44]. It could be a
feasible route using the template containing silica to prepare and
construct porous SiC.

Previously, our groups developed a method to deposit carbon
layers into pores of the silanized SBA-15 by the direct CVD of acet-
ylene and acetonitrile vapor, a porous carbon material with the dual
ordered pores and the dual nitrogen-doped interfaces had been
successfully obtained [45]. Since the carbon deposited SBA-15 con-
tains the interfaces of SiO, and carbon, which could make the for-
mation of Si or SiC at the interface through magnesiothermic
reduction reaction (MRR) [46-48]. MRR can be used to prepare si-
licon with high purity by using silica as raw materials at temperature
of 650 °C through the reaction (1) [49]. Traditional method of car-
bothermal reduction of silica to produce silicon requires the reaction
temperature as high as 1600 °C. Therefore, MRR has significant ad-
vantages of much lower temperature to prepare silicon. When
carbon phase exists to form the interface of carbon and silica, the
following reaction of (2) and (3) can occur at the temperature of no
less than 650 °C.

SiOy(s) + Mg(s)—Si(s) + 2MgO(s) (1)
SiOy(s) + Mg(s) + C(s)—Si(s) + C(s) + 2MgO(s) (2)
SiOa(s) + Mg(s) + C(s)—SiC(s) + 2MgO(s) 3)

Since the free energy for SiC formation is lower than Si, reaction
(3) is thermodynamically preferred to produce SiC. In the reaction
(3), SiO,, is initially reduced by magnesium to form Mg,Si, and then
Mg,Si encounters carbon to form SiC by a solid state diffusion pro-
cess [50]. It was also found that the larger contact area of SiO, and
carbon results in more SiC [51].

Herein, by combining CVD of acetylene with MRR technology
using the silanized SBA-15 as template, a novel porous material that
the ordered mesoporous SiC interfacing with the ordered meso-
porous carbon (OM-SiC@OMC) has been successfully prepared. As
the electrode material of supercapacitor, this OM-SiC@OMC exhibits
a specific capacitance of 194.8 F g™! at 0.2 A g”'. Even at the large
current density of 5.0 A g, it still keeps the capacity of 120 F g™
after 10,000 cycles. To our best knowledge, it is the first report on the
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composite material with a novel structure of the ordered porous SiC
interfacing the ordered porous carbon. It could make us utilize the
advantages of both carbides and carbonaceous materials better.

2. Experimental
2.1. Chemicals and regents

Isopropyl alcohol (C3HgO, A. R. grade, > 99.7%), Hydrochloric acid
(HCI, A. R. grade, 36.0-38.0%), Potassium hydroxide (KOH, A. R.
grade, > 99.7%), were purchased from Sinopharm Chemical Reagent
Co., Ltd. Hexamethyl disiloxane (HMDSO, C¢H150Si,, 99.0%), poly-
tetrafluoroethylene (PTFE (CoF4),, 60 wt%) and magnesium powder
(Mg, 2 N) were obtained from Shanghai Aladdin Biochemical
Technology Co., Ltd. SBA-15 (hexahedron, about 6-11 nm of pore
size), was obtained from Advanced Materials Technology Co., Ltd.
Hydrofluoric acid (HF, > 40%) was obtained from Macklin
Biotechnology Co., Ltd. Ultrapure N, and C,H, were supplied by
Anshan Angang Gas Co.,Ltd.

2.2. Material preparation

Molecular sieve of SBA-15 was used as template to prepare OM-
SiC@OMC. Since the inert surface of pore walls of SBA-15 for carbon
deposition, the silanization of SBA-15 was carried out to improve the
activity of carbon deposition. The hexamethyl disioxane (HMDSO)
(6.5 g), 2-propanol (7.5 g) and 5 M HCI (15.0 g) were mixed and
stirred at 75 °C for 0.5 h and then SBA-15 powder (0.2 g) was added
to the solution. The resulting biphasic mixture was vigorously stirred
at 75 °C for 1.0 h and then which was filtered and dried in air at 80 °C
for 5.0 h. Finally, the silanized SBA-15 was obtained.

Chemical vapor deposition (CVD) of acetylene was performed to
deposite the carbon layers onto the surface of pore walls of silanized
SBA-15. A certain amount of the silanized SBA-15 powder were
loaded in a ceramic boat, then the powder was placed into a vertical
CVD furnace. Before ascending temperature, pure nitrogen gas with
a flow rate of 50 mL min~! was flowed through the CVD furnace for
10 min and then the furnace was heated with a ramp of 10 °C min"!
in a pure nitrogen flow of 50 mL min~. Once the temperature gets to
600 °C, the high pure acetylene with a flow rate of 5 mL min™! was
flowed together with nitrogen gas with a flow rate of 45 mL min™!
into the furnace. To control the carbon layers deposited on the pore
walls of the silanized SBA-15, the CVD of acetylene at 600 °C was
carried out for 5.0 h. After the CVD of acetylene, the furnace was
naturally cooled to the room temperature in pure nitrogen atmo-
sphere. The samples as prepared by the CVD of acetylene are the
porous composite of carbon layers coated SBA-15 and labeled as
C@Sio,.

MRR technology was used to make the interface reaction of SiO,
phase of SAB-15 and the carbon layers to produce SiC phase. A cer-
tain amount of pure magnesium powders and C@SiO, were mixed
and loaded in a ceramic boat, which was then moved in a muffle
furnace filled with pure nitrogen gas. The furnace was ascended to
700 °C with a ramp of 10 °C min~! and kept for 4.0 h. Then it was
cooled to the ambient temperature in pure nitrogen atmosphere and
the obtained sample was taken out. 1.0 M HCI solution was used to
remove byproduct of MgO of sample. The unreacted SiO, was re-
moved by 10.0 wt% HF solution. Finally the obtained sample was
filtered and washed by deionized water and then dried in vacuum at
80 °C. The product is named OM-SiC@OMC.

2.3. Material characterization
Fourier-transform infrared spectra (FTIR, BRUKER Alpha, KBr

pellets) of samples were collected in the range of 400-4000 cm™'. X-
rays diffractions (XRD, Rigaku X'pret Powder, D/MAX-2500X, Cu Ka)
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were used to analyze the compostion of samples. The morphology
and microstructure of samples were observed by using scan electron
microscopy (SEM, FEI Apreo, operated at 1.0 kV) and transmission
electron microscopy (TEM, FEI Talos F200X, operated at 200.0 kV).
Nitrogen adsorption/desorption isotherms of samples were mea-
sured using a physical adsorption analyzer (Micromeritics,
ASAP2020). The specific surface area (SSA) of samples was de-
termined according to the Brunauer-Emmett-Teller (BET) method.
Pore related parameters of samples were analyzed using the NLDFT
model based the N, adsorption/desorption isotherms.

2.4. Electrochemical tests

The supercapacitor performance of OM-SiC@OMC was examined
by an electrochemical analysis system (Reference 3000 workstation,
Gamry Instruments, USA) and a battery tests system (ArBin BT 2000
battery). Cyclic voltammetry (CV) tests were cariried out by using a
three-electrode cells where a Hg/HgO electrode and a platinum
mesh with apparent surface area of 1.0 cm [2] were used as re-
ference electrode and counter electrode, respectively. Galvanostatic
charge/discharge (GCD) was tested by using a symmetric two-elec-
trode system. Electrochemical impedance spectra (EIS) measure-
ments were carried out at open circuit potential (OCP) with sine
amplitude of 5.0 mV in frequency range of 100 kHz to 10 mHz. The
working electrodes were prepared as the following process. OM-
SiC@OMC, carbon black and 10.7 pL mg™! PTFE binder were weighed
as a mass ratio of 8:1:1 and the they were dispersed in ethanol so-
lution and then dried in a vacuum oven at 75 °C for 3.0 h. Then an
certain amount of the mixtures were uniformly dispersed onto the
two pieces of nickel foam, which was pressed at a pressure of
10.0 MPa to obtain the desired working electrode plates. Before
electrochemical tests, the working electrodes were immersed in
6.0 M KOH solution for 72 h to make it fully wetted by the elec-
trolyte. The specific capacitance value (C) derived from the GCD data
was calculated according to the following equation:

2 It
T mav

In the equation, I is the current density of discharge, At is the
discharge time, m is the mass of the active materials of single
electrode, and AV is the potential window.

3. Results and discussion
Fig. 1 is a schematic diagram of preparing OM-SiC@OMC by using

the silanized SBA-15 as template through the CVD of acetylene and
MRR technology. FTIR spectra of SBA-15 before and after the
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Fig. 2. FTIR of SBA-15 before and after silanization.

silanization are shown in Fig. 2. The bands of Si-OH, Si-O-Si and Si-O
that are inert for carbon deposition can be clearly observed around
3425, 1053 and 810 cm™! for SBA-15, respectively. After the silani-
zation these bands become weak, in addition, the new formed bands
of C-H at 2998 cm™" and Si-C at 841 cm™' can be observed. [52-54] It
confirms that the silanization makes SBA-15 matrix coupled with
alkyl and Si-C band, which can bring the SBA-15 a good activity for
carbon deposition.

XRD was used to analyze the composition and structure of
samples. Fig. 3(a) shows XRD patterns of samples in the small-angle
diffraction. Both SBA-15 and the silanized SBA-15 show three dif-
fraction peaks at 26 of 0.87, 1.50 and 1.72° corresponded to the (100),
(110) and (200) reflections of 2D hexagonal ordered structure, which
suggests that the silanization does not change the originally ordered
structure of SBA-15 [55]. Furthermore, the XRD pattern of OM-SiC@
OMC also contains the peaks located at the same 26 degree of 0.87°
although the diffraction peak intensity becomes weak. It indicates
that the ordered pore structure of SBA-15 is still kept after the
carbon coating by the CVD, MRR and template removal. Fig. 3(b)
shows the wide-angle XRD patterns of samples. Both SBA-15 and the
silanized SBA-15 consist of amorphous phase of SiO, characterized
by the diffraction peaks around 26 of 22.8°. The resultant OM-SiC@
OMC consists of -SiC discerned by the peaks around 26 of 35.9, 60.2
and 72.8° corresponding to the crystal face of (111), (220), (311) of
SiC (JCPDS 29-1129), respectively, and carbon phase assigned to C

C@sSio,

mngncsmthcl mal
reduction

U

Mg powder

Fig. 1. Schematic diagram of preparing OM-SiC@OMC.
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Fig. 3. XRD patterns of samples in (a) small-angle and (b) wide-angle.

(002) around 26 of 25.1°. The formation of SiC should be attributed
to the reaction of SiO, and carbon at the interface by MRR at 700 °C.

N, adsorption-desorption isotherms of samples are shown in
Fig. 4(a). All the samples show the type IV isotherms with parallel H1
type hysteresis loops, indicating the characteristic of mesoporous
structure of samples. However, the hysteresis loop of OM-SiC@OMC
shifts to the lower relative pressure of 0.4-0.6 comparing with the
SBA-15 and the silanized SBA-15 whose loops are in the relative
pressure of 0.6-0.8. It suggests a decrease in the pore size of OM-
SiC@OMC owing to the carbon layers coated on the wall of silanized
SBA-15 template.

Pore size distribution (PSD) curves shown in Fig. 4(b) further
demonstrate the evolution of pore size of samples. The original pores
of SBA-15 are mainly focused on the size of from 6.5 to 7.5 nm. The
silanization makes SBA-15 coupled with alkyl and Si-C band, but
hardly changes the pore size and its distribution. It is worthy to note
that the mesopore size of OM-SiC@OMC becomes smaller and the
pore size distribution is wider. The decrease in the mesopore size is
mainly attributed to the deposited carbon layers onto the surface of
pore walls of the silanized SBA-15, which is consistent with the re-
sult shown by the isotherm of Fig. 4(a). The wider pore size dis-
tribution of OM-SiC@OMC is most probably attributed to the
formation of two types of pores by tracing back to the preparing

600
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500 -

4004
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200+
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process. One type of mesopore is inherited from the original me-
sopore of SBA-15, the resultant mesopores by acetylene CVD have
the smaller pore size due to the deposition of carbon layers. The
other type of mesopore is produced by etching the pore walls of SBA-
15. After the acetylene CVD, the MRR makes an interface reaction
between the SiO, of SBA-15 and the carbon layers, which results in
the formation of SiC. After etching the unreacted SiO, by HF solution,
a new type of pore is formed and the pore wall is composed of SiC
phase. Since OM-SiC@OMC contains two types of mesopores com-
pared to SBA-15 only with one type of mesopore, OM-SiC@OMC
owns the higher SSA of 757.4m? g! than the SBA-15 template
(531.9m? g™!). For the porous materials of supercapacitor electrode,
small mesopores can supply more active surface for ions accumu-
lation, wide distribution of mesopores from pore size to pore type
can facilitate the transport and diffusion of electrolyte ions. [56-60]
Therefore, OM-SiC@OMC could exhibit a good performance as
electrode material of supercapacitor.

As shown by SEM images of Fig. 5, both SBA-15 and OM-SiC@
OMC have the cuboid-like morphologies consisted of the regular
arrangement of fine rods. It means that OM-SiC@OMC is obtained by
the process of silanization, CVD of acetylene, MRR and HF solution
etching still inherits the apparent feature of SBA-15 well. Especially
noting is that the silanization of SBA-15 successfully make the
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Fig. 4. (a) N, adsorption-desorption isotherms and (b) pore size distribution curves of samples.
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Fig. 5. SEM images of SBA-15 and OM-SiC@OMC: (a) and (c) side-view, (b) and (d) cross-sectional view.

carbon deposited onto the pore walls of template by acetylene CVD,
since there are almost no carbon coatings around the eternal surface
of OM-SiC@OMC particles being observed as shown by the SEM. As
shown by SEM images of Fig. 5, both SBA-15 and OM-SiC@OMC
demonstrate an ordered structure. Form side-view, they have the
cuboid-like morphologies consisted of the regular arrangement of
fine rods. From cross-sectional view, it can be observed that the
pores of both samples are uniformly and ordered distribution, but
the pore type and size of OM-SiC@OMC seem a little different from
SBA-15.

The pore structures and arrangements of samples were further
observed by high resolution TEM (HRTEM) and the results are shown
in Fig. 6. The SBA-15 contains one type of cylindrical pores with size
around 7.0nm and the pore walls with the thickness of around
3.0 nm, and they are ordered arrangement from the cross-sectional
and axial views of HRTEM observation. OM-SiC@OMC shows the
similarity and difference in microstructure contrasted to the original
SBA-15, the pores still keep the ordered arrangements like SBA-15.
However, there are two types of mesopores. One type of cylindrical
mesopore inherits from the SBA-15, but the pore size (2.0-3.0 nm)
becomes smaller due to the carbon layers by the CVD, and the pore
walls are composed of carbon. The other type is the new-formed
hexagonal mesopores by etching the residual SiO, of the pore walls
of SBA-15 and the pore width is 3.0-4.0 nm. The pore wall of this
hexagonal pore is composed of SiC. EDS of OM-SiC@OMC shown in
Fig. 6(e) indicates that the elements of Si, C and O are uniformly
distributed around the pores of OM-SiC@OMC. The oxygen element
should be produced during the removal of template by HF solution.

Combining HRTEM observation with the results of XRD and PSD,
it has been well demonstrated and confirmed that OM-SiC@OMC is
composed of two phases of SiC and carbon, constructed by two types
of ordered mesopores. Especially interesting, these two types of
mesopores interface with each other by the pore walls of SiC and
carbon to produce a novel composite material that the ordered
mesoporous SiC interfacing with the ordered mesoporous carbon.
With our best knowledge, it is the first report about such a novel
porous composite material constructed by two types of the inter-
faced ordered mesopores.

Generally, porous materials with a large SSA can supply a high
electric double layers capacitance (EDLC) as electrode materials of
supercapacitors. Since the ordered mesoporous structure with high
SSA of OM-SiC@OMC, its supercapacitor performance was examined
by electrochemical methods. Fig. 7(a) shows CV curves of OM-SiC@
OMC in 6.0 M KOH solution with different scan rates. All CV curves
show a symmetrical quasi-rectangular shape, suggesting EDLC be-
havior and a good charge-discharge rate property of OM-SiC@OMC,
which could be attributed to the dual-ordered mesoporous structure
facilitating transport of electrolyte ions. Galvanic charge-discharge
(GCD) curves of OM-SiC@OMC are shown in Fig. 7(b), the curves
represent by a good symmetrical triangular-shape at different cur-
rents density, suggesting the EDLC behavior and a good rate per-
formance of the supercapacitor, which is consistent with the CV
results. As shown in Fig. 7(c), OM-SiC@OMC exhibits the specific
capacitance of 194.8 Fg™! at 0.2 Ag™! and can supply a capacitance of
123 Fg™! even at a much larger current density of 5.0Ag™". It also
has a good rate performance of OM-SiC@OMC, which shows a 97.8%
retention rate of capacitance at 5.0Ag ' after 10,000 cycles, as
shown in Fig. 7(d). Both two types of ordered mesopores of OM-SiC@
OMC supply the abundant interface for charges accumulation and
the channels for quick electrolyte transport, therefore OM-SiC@OMC
owns a good potential as the electrode material of supercapacitor. As
shown in Fig. 7(e), EIS of OM-SiC@OMC contains a semicircle in the
high-frequency range and a straight line in the low frequency region,
which represents a typical feature of EDLC supercapacitor. In low
frequency region, the straight line has a slope close to 90° indicating
a low diffusion resistance, which could be attributed to the ordered
mesoporous structure of OM-SiC@OMC facilitating transport of
electrolyte ions. In the high frequency region, the real axis intercept
of Ry is the internal resistance including electrode and electrolyte,
which is little higher than activated carbon electrode probably due
to low conductivity of SiC compared to carbon materials in OM-SiC@
OMC [61,62].

The specific capacitance of most activated carbons derived bio-
mass material is in the range of 100-200F g™' [63-66]. The OM-SiC@
OMC can supply the specific capacitance of 1948 Fg™' at 0.2Ag™!
and has a good rate performance. In addition, SiC owns a strong
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oxidation resistance and a good thermal stablility, therefore, OM-
SiC@OMC could be a good candidate for supercapacitor materials.

4. Conclusions

A novel porous material of OM-SiC@OMC that the ordered me-
soporous SiC interfaces with the ordered mesoporous carbon has

Fig. 7. (a) CV curves, (b) GCD curves, (c) rate performance, (d) cycling life and (e) EIS curves of OM-SiC@OMC.

been successfully synthesized by developing a technical route of
combination of silanizing SBA-15, CVD of acetylene and MRR. The
silanization can enhance the activity of SBA-15 for carbon deposition
through coupling with alkyl and Si-C band on the wall of SBA-15.
Acetylene CVD results the carbon layers deposited onto the pore
walls of the silanized SBA-15, which makes it possible to produce SiC
through the interface reaction of the carbon layers and the SiO, of
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template by MRR. OM-SiC@OMC contains two types of ordered
mesopores, one type is cylindrical mesopores with size of
2.0-3.0nm inherited from SAB-15, the pore wall is composed
of carbon phase, the other is hexagonal mesopores with size of
3.0-4.0 nm produced through etching the unreacted SiO, of pore
walls of SAB-15, the pore wall is composed of SiC phase. As electrode
materials of supercapacitor, OM-SiC@OMC exhibits a good perfor-
mance with the capacitance of 194.8Fg™! at 0.2Ag™!, the capaci-
tance retention of 97.8% at 5.0 Ag ' after 10000 cycles.
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