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HIGHLIGHTS

e A multifunctional SiC@SiO, nanofber aerogel (NFA) was successfully prepared, which exhibits ultra-elastic, fatigue-resistant, high-

temperature thermalstability, thermal insulation properties, and signifcant strain-dependent piezoresistive sensing behavior.

e The SiC@SiO, NFA shows excellent electromagnetic wave absorption performance with a minimum refection loss value of —50.36

dB and a maximum effective absorption bandwidth of 8.6 GHz.

ABSTRACT Traditional ceramic materials are generally brittle and
not flexible with high production costs, which seriously hinders their

practical applications. Multifunctional nanofiber ceramic aerogels are
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highly desirable for applications in extreme environments, however,
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the integration of multiple functions in their preparation is extremely /€0 gases ) Bl
challenging. To tackle these challenges, we fabricated a multifunc- /I ,/ i ga_s;o“a“;n‘ qechnicar, TR
tional SiC@SiO, nanofiber aerogel (SiC@SiO, NFA) with a three- ~Haation e %” =15
dimensional (3D) porous cross-linked structure through a simple h ﬁw:

chemical vapor deposition method and subsequent heat-treatment \\s}égsa powder i
process. The as-prepared SiC@SiO, NFA exhibits an ultralow density CaCOyactivated

carbon powder
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(~11 mg cm™?), ultra-elastic, fatigue-resistant and refractory perfor-
mance, high temperature thermal stability, thermal insulation proper-
ties, and significant strain-dependent piezoresistive sensing behavior.
Furthermore, the SiC@SiO, NFA shows a superior electromagnetic

wave absorption performance with a minimum refection loss (RL, ;) value of —50.36 dB and a maximum effective absorption bandwidth

‘min
(EAB,,,,) of 8.6 GHz. The successful preparation of this multifunctional aerogel material provides a promising prospect for the design

and fabrication of the cutting-edge ceramic materials.
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1 Introduction

Ultralight ceramic aerogels have the characteristics of low
density, high porosity, large specific surface area, excellent
thermal and chemical stability, which hold great potentials
in the applications of energy storage [1], catalytic [2], ther-
mal insulation [3], environmental [4, 5], electromagnetic
wave (EMW) absorbing [6, 7] and electromagnetic interfer-
ence shielding [8—10] fields. However, conventional ceramic
aerogels typically have poor mechanical properties because
they are composed of necklace-like linked nanoparticles
[11]. Polymer or carbon aerogels can achieve superelastic-
ity, but there are few literature reports on the realization of
superelasticity based only on ceramic component aerogels
[12, 13]. It is due to the fact that the elastic bending strain
of ceramics is not as good as that of polymers or carbons,
thereby achieving superelasticity in ceramic aerogels is
quite challenging [5]. In addition, most of the currently
reported ceramic aerogels still lack structural integrity and
stable fiber-to-fiber cross-linking, which can only exhibit
limited elastic deformation, resulting in their poor mechani-
cal properties. Current methods to enhance their mechani-
cal properties usually involved the addition of polymer or
carbon components [14, 15], which restricts these aerogels
from applications in high temperature or harsh environ-
ments owing to the limited heat resistance of the polymer/
carbon components [16, 17]. Thus, it is an extremely chal-
lenging goal to realize the versatility of ceramic aerogels for
their practical applications under various harsh conditions.

The properties of aerogels generally depend on the
intrinsic properties, density and cellular structure of the
solid components [18]. Maintaining the structural integ-
rity of ceramic aerogels under stress is a prerequisite for
practical applications, and among various ceramic materi-
als, nanofibrous ceramic materials exhibit high mechani-
cal efficiency [19]. Notably, SiC nanofibers exhibit excel-
lent physical, chemical, electrical, and optical properties
[20-22] and are an ideal candidate for the construction of
multifunctional ceramic aerogels. Compared with ordinary
one-dimensional (1D) SiC nanowires, the chemical and
thermal stability of SiC/SiO, nanofibers is higher [23].
Thus, 3D cross-linked aerogels composed of SiC/SiO,
nanofibers have wider applications. This superb structure
constructed from SiC/SiO, nanofibers with a high aspect

© The authors

ratio has sparked great interests in the design of multifunc-
tional ceramic aerogels.

Various methods have been proposed to synthesize
nanofiber ceramic aerogels, including electrospinning
[24], and freeze-drying [19, 25]. However, these strate-
gies still have disadvantages such as expensive or toxic
reagents, cumbersome processing routes, strict operating
conditions, and complex equipment, which are difficult
to produce at a large scale [26]. It is worth noting that
CVD is a convenient, simple and sustainable method for
fabricating nanofiber ceramic aerogels [27]. Although the
as-prepared nanofibrous aerogels possess high compress-
ibility and excellent chemical and thermal stability, their
practical application is hindered by expensive raw materi-
als and/or the size limitation of the fabrication tools. Addi-
tionally, compared with the reported high-performance
absorbing materials, such as magnetic materials [28, 29],
carbon materials [30, 31], and conducting polymers [32,
33], SiC matrix materials could be used as a high-temper-
ature absorbing material, however, the narrow effective
absorbing bandwidth is an intrinsic problem [34, 35].

Herein, we report the realization of a 3D porous cross-
linked SiC@Si0O, NFA via a simple CVD method and
subsequent heat treatment process by using low-cost raw
materials. The SiO, nanolayer is introduced to the surface
of the SiC nanofiber through the oxidation process, which
not only optimizes its impedance matching to improve
the microwave absorbing properties, but also enhances its
high-temperature thermal stability.

2 Experimental Section

2.1 Raw Materials

Activated carbon (C, analytically grade) and calcium car-
bonate (CaCOj;, analytically grade) were obtained from
Sigma-Aldrich (USA). Silicon nanopowder (Si, analyti-

cally grade, 200 mesh) and silica (SiO,, analytically grade,
80 mesh) were procured from Aladdin Co., Ltd (USA).

2.2 Preparation of the SiC@SiO, Nanofiber Aerogel

Firstly, a mixture of activated carbon and CaCO; (C/CaCOs;,
molar ratio=1:1) was selected as the carbon source, which

https://doi.org/10.1007/s40820-022-00905-6
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was ball milled for 5 h at 300 rpm. Then, a mixture of SiO,
and Si nanoparticles (molar ratio of Si/SiO,=1:1) as the
silicon source was ball-milling pretreated for 5 h at 300 rpm.
Thirdly, the C/CaCO; and Si/SiO, mixtures successively
transferred into the graphite crucibles were heated in a
nitriding furnace (ZSL 1600X, Zhengzhou Kejing Elec-
tric Furnace Co., Ltd, China) set at 1500 °C for 5 h under
Ar atmosphere to prepare the SiC nanofiber aerogels (SiC
NFA). The graphite crucible was taken out of the furnace
after it had cooled down. Fourthly, to exfoliate the SiC NFA,
a graphite lid deposited with the nanofiber aerogel was cal-
cined at 700 °C for 2 h in air. Finally, the resulting aerogel
was calcined again at 1100 °C for 30 min to oxidize the SiC
NFA, and the final product was obtained: a nanofiber aerogel
coated with a nanolayer of SiO,, named SiC@SiO, NFA.

2.3 Characterization

The microstructures of the SiC@SiO, NFA were examined
by scanning electron microscopy (SEM, Apreo 2, Thermo
Fisher Scientific, USA) and transmission electron micros-
copy (TEM, Talos F200X S/TEM, Thermo Fisher Scien-
tific, USA) from Thermo Fisher Scientific. Raman spectra
were acquired using a confocal Raman microscope system
(Raman, LabRAM HR Evolution, HORIBA Jobin Yvon
S.A.S., France). The phase formations of the SiC@SiO,
NFA were identified by X-ray diffraction (XRD, Smartlab,
Rigaku Corporation, Japan). The chemical structures of the
sample were characterized via Fourier transform infrared
(FTIR, Nicolet iS10, Thermo Fisher Scientific, USA) and
X-ray photoelectron spectrometry (XPS, Escalab Xi+,
Thermo Fisher Scientific, USA). The thermal stability of
the SiC@Si0O, NFA was characterized by thermogravimet-
ric analysis (TGA, STA 409 PC/4/H, NETZSCH-Geritebau
GmbH, Germany) in an air/Ar atmosphere. N, adsorption
and desorption isotherms were obtained using a quan-
tachrome instrument (BSD-PM1/2, Beishide Instrument
Technology Co., Ltd., China). The thermal conductivities
were measured via the transient hot-wire method (HCDR-S,
Nanjing Huicheng Instruments Co. Ltd., China). A contact
angle analyzer was used to characterize the hydrophilic/
hydrophobic properties of the samples (CA500S, Kunshan
Beidou Precision Instrument Co., Ltd., China). The com-
pressive stress of the as-prepared samples was measured
by using an electronic universal material testing machine
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(JHYC, Nanjing Juhang Technology Co., Ltd., China). The
piezoresistive response of the materials was recorded using
a source meter system (KEITHLEY 6514, Keithley Instru-
ments, Inc., USA), which was linked to a motor unit and
a computer. The heat transfer process in the sample was
assessed by using an infrared imaging system (FLIR E750,
FLIR Systems, USA). A vector network analyzer was used
to evaluate the EM parameters of the samples (Agilent
N5234A, Keysight Technologies, Inc., USA).

3 Results and Discussion

3.1 Preparation Mechanism, Structural
and Compositional Characterization of the SiC@
SiO, NFA

As illustrated in Fig. 1, the SiC@SiO, NFA was fabricated
via a simple CVD method and subsequent heat treatment
process, which was divided into five steps: (1) First, SiO,
and Si nanopowder were selected as silicon sources, and
CaCOj; and activated carbon hybrid particles were selected
as carbon sources. Then, these materials were poured into
a graphite crucible and calcined at 1500 °C for 5 h in Ar in
a nitriding furnace. At high temperature, the Si and SiO,
mixed nanoparticles reacted chemically to generate SiO gas
(Eq. (1) inserted in Fig. 1). The SiO gas then reacted with
the free carbon on the lid of the graphite crucible, providing
the formation possibility of the SiC nuclei (Eq. (2) inserted
in Fig. 1). As the temperature increased, CaCO; began to
decompose to form CO, gas (Eq. (3) inseted in Fig. 1). The
CO, gas reacting with the activated carbon led to the CO
gas (Eq. (4) inserted in Fig. 1). The large amount of SiO
and CO gases generation ensured the continuous growth of
SiC nanofibers (Eq. (5) insert in Fig. 1). (2) As the reaction
proceeded, the nanofibers continued to nucleate and grow
on the surface of the grown nanofibers forming a 3D net-
work. (3) When the reaction was complete, SiC nanofibers
were deposited on the surface of the graphite lid, forming a
certain thickness of aerogel. Notably, we needed to exfoliate
the aerogel from the graphite lid by a calcination process at
700 °C for 5 h in air, labeled as SiC nanofiber aerogel (SiC
NFA). (4) The SiC NFA was punched into circular tablets
with a diameter of 2 cm. (5) Finally, the as-prepared sample
was calcined at 1100 °C for 30 min in air to partially oxidize
the surface of the SiC nanofibers. After this treatment, SiC

@ Springer
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at 1500 °C for
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3D network.

Ultralight SiC@SiO,
stand on a foliage.

Step 3: Detaching
the SiC NFA from Step 4: Cutting the
the graphite.

Si (s) + SiO, (s) — 2SiO (g), ™)
SiO (g) + 2C (s) - SiC (s) + CO(g),  (2)

CaCo;, (s) — CO, (g) + CaoO (s), ()

CO, (g) + C (s) — 2CO (g), (4)
SiO (g) + 3CO (g) — SiC (s) + 2CO, (g), (5)
SiC (s) + 20, (g) — SiO, (s) + CO, (g)- (6)

Step 5: Oxidation
at 1100 °C for
30 min in air.

paper like aerogel
into pieces by
a die.

Fig. 1 Preparation process for the SiC@SiO, NFA. ® Step 1: Preparation at 1500 °C for 5 h in Ar. @ Step 2: The self-assembly into a 3D highly
porous aerogel. ® Step 3: Detachment of the SiC NFA from the graphite lid at 700 °C for 2 h in air. @ Step 4: The aerogels are punched into cir-
cular tablets with a diameter of 2 cm. ® Oxidation of SiC NFA to form stable cross-linking junctions at 1100 °C for 30 min in air and SiO, coat-
ing on each nanofiber, marked as SiC@SiO, NFA. ® The as-prepared SiC@SiO, NFA with ultralow density (~ 11 mg cm™>) standing on foliage

nanofibers coated with SiO, nanolayers were obtained as the
product (Eq. (6) inserted in Fig. 1), designated as SiC@SiO,
nanofiber aerogel (SiC@SiO, NFA). Moreover, some of the
SiC were oxidized and decomposed to generate SiO and CO
gases during the oxidation process. These gases would be
involved in the regeneration of SiC nanoparticles/nanofibers,
which tightly cross-linked the nanofibers together through a
large number of junction nodes to form a more stable 3D net-
work structure. Notably, the density of the as-prepared SiC@
SiO, NFA obtained by this method was only ~ 11 mg cm™,
with a porosity of ~99.6% (Table S1), and it is so light that
it can even stand on a foliage ((6) inserted in Fig. 1).

The microstructures of the SiC@SiO, NFA were charac-
terized by using SEM and TEM. Figure 2a shows the SEM
image of the resulting SiC@SiO, NFA, which consisted
of cross-linked SiC@SiO, nanofibers. These nanofibers
are hundreds of micrometers in length and 200 —400 nm
in diameter and are well interconnected through junction

© The authors

nodes. These fiber-to-fiber junctions are greatly beneficial
for promoting the structural integrity and maximizing the
mechanical strength. A magnified SEM image of a junc-
tion node formed by three SiC@SiO, nanofibers cross-
linked together is shown in Fig. 2b, and the illustration
further demonstrates its tightly wrapped feature (insert in
Fig. 2b). The SiC nanofibers have an angular microstructure
with hexagonal prism-like structures (Fig. Sla). The cor-
responding results of the energy dispersive spectrum (EDS,
Fig. S1b) show only signals of C and Si elements from the
SiC nanofibers. In contrast, a smooth nanolayer covers the
surface of the SiC nanofiber through the oxidation process
(Fig. 2¢), and the corresponding elemental mapping con-
firms that the SiC@Si0O, nanofibers are mainly composed
of C (blue dots), Si (red dots), and O (green dots) elements
(Fig. 2d—f). Furthermore, the inset EDS spectrum in Fig. 2c
further demonstrates that the nanofibers mainly contain C,

https://doi.org/10.1007/s40820-022-00905-6
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Fig. 2 Microscopic structure of the SiC@SiO, NFA. SEM images of a line cluster cross-linking microstructure of the SiC@SiO, NFA, b three
cross-linked SiC@SiO, nanofibers to form a junction and a schematic of a SiC nanofiber coated with a nanolayer of SiO, (inset), ¢ the SiC@
SiO, nanofibers with a smooth and round surface and the corresponding EDS spectrum for the nanofibers (inset), and d—f the corresponding
EDS mappings from ¢. TEM images of g the SiC@SiO, nanofibers cross section with a core—shell structure, h a SiC@SiO, nanofiber cross sec-
tion at magnification, i boundary between the SiC and SiO,, and j-1 the corresponding element mapping for h

Si, and O, confirming the oxidation of SiC nanofibers and
the formation of SiO,. The TEM image in Fig. 2g shows the
cross section of SiC@SiO, nanofiber junction in the SiC@
Si0, NFA, and the corresponding cross section preparation
process is presented in Fig. S2a—e. Moreover, the core—shell
structure composed of SiC and SiO, can be observed. The
crystal structure of the SiC core (Fig. 2h) is further charac-
terized using HRTEM and confirmed its 3C-SiC structure,

u\

) SHANGHAI JIAO TONG UNIVERSITY PRESS

o

corresponding to the (111) plane with a lattice spacing of
0.25 nm in the image (Fig. S3a) [36]. The corresponding
selected area electron diffraction (SAED) pattern (Fig. S3b)
further proves that the SiC core of the SiC@SiO, nanofiber
is a single crystal structure [37]. The boundary between
SiC and Si0O, is presented in Fig. 2i, and the lattice structure
of SiO, on one side of the boundary cannot be observed.
Meanwhile, element mapping analysis (Fig. 2j—1) shows the

@ Springer
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elemental distribution of Si, C, and O elements, which fur-
ther proves the successfully synthesized SiO, coatings on
the SiC nanofiber.

In Fig. 3a, a typical XRD pattern for the SiC@SiO, NFA
is presented. The main diffraction peaks correspond to
the (111), (200), (220), (311), and (222) planes of 3C-SiC
(JCPDS No. 29-1129) [38]. A weak peak appeared at 33.6°
is considered to be the stacking fault of plane (111) [39], and
this completely corresponds to the XRD diffraction peaks
observed for the SiC NFA (Fig. S4). In addition, a broad
peak of silica (SiO,) phase appears at 20 =26°, due to the
partial oxidation of SiC nanofibers during the oxidation pro-
cess at 1100 °C [40]. The FT-IR spectrum for the SiC@SiO,
NFA (Fig. 3b) is compared with that of the SiC NFA (Fig.
S5); not only Si—C bonds are observed at approximately
838 cm™!, but also Si—O absorption bands appear at 1095,
779, and 455 cm™! [41]. There are two characteristic peaks

at 795 and 972 cm™ ! in the Raman spectrum of the SiC@
Si0, NFA (Fig. 3c), corresponding to that observed for
the SiC NFA (Fig. S6), which are related to the transversal
optic (TO) and longitudinal optic (LO) modes of Si—C vibra-
tions at the I" point, respectively [42]. Besides, the peaks at
499 and 605 cm™! are assigned to the bending motion and
stretching vibration of the Si—O bond, respectively [43]. It
should be mentioned that the Raman effect of SiO, is much
weaker than that of SiC due to its amorphous structure. The
TG curves measured from 25 to 1350 °C are used to evaluate
the mass changes of the SiC@SiO, NFA in air and in argon
atmosphere (Fig. 3d). The results show a straight line under
the argon atmosphere, indicating that no chemical reaction
occurs. Moreover, the sample weight only increased by
0.69% in air. This result indicates that the SiO, nanolayer
formed during the oxidation process can effectively slow the
inward diffusion of oxygen in the nanofibers thus protecting
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Fig. 3 Crystal structure, thermal stability, pore structure, and chemical composition of the SiC@SiO, NFA. a XRD patterns, b FTIR spectra, ¢
Raman spectra, and d TGA curves, e N, adsorption/desorption isotherms and corresponding adsorption pore size distribution (inset), f XPS sur-
vey spectrum and high-resolution g Si 2p, h C 1s, and i O 1s XPS spectra for the SiC@SiO, NFA
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the nanofibers from further oxidation. Figure 3e presents
the N, adsorption/desorption isotherm and BJH pore size
distributions of the SiC@SiO, NFA. In the relative pressure
range of 0.5—1.0, the curve presents a type-IV isotherm with
an obvious capillary condensation phenomenon, showing
that the aerogel has a 3D mesoporous network structure [44].
The BET specific surface area of the SiC@SiO, NFA is
185.3 m? g~ ! while the pore size of the SiC@Si0, NFA is
distributed at approximately 22 nm (Fig. 3e, insert), and the
corresponding results are listed in Table S1. The elements
in the samples were scanned with high resolution by an XPS
analyzer, and the chemical information on the surface of the
samples was analyzed. As shown in Fig. 3f, the XPS survey
spectra show the signals of C, Si, and O elements, which is
in consistence with the EDS results. The Si 2p peak (Fig. 3g)
reveals two peaks at 101 and 102.8 eV due to Si—C and Si-O
bonds, respectively [45]. As presented in Fig. 3h, there are
two peaks at 282.3 and 284.4 eV in the C 1s spectrum, cor-
responding to the C—Si and C—C bonds, respectively. For the
high-resolution scans for O 1s (Fig. 3i), a characteristic peak

located at 532.6 €V is observed, which is associated with the
O-Si bond of the SiO, nanolayer.

3.2 Superelasticity of the SiC@SiO, NFA under Severe
Temperature Variations

The elastic property of the materials plays a key role in high-
level EMW absorption and piezoresistivity and pressure
sensing applications. Although the SiC@SiO, NFA is heat-
treated at different temperatures, it is still able to maintain its
macrostructural integrity, as shown in Figs. 4a and S7. The
SiC@Si0, NFA can be easily compressed into thin sheets,
which then return to their original shape when the pressure
was released, demonstrating its excellent mechanical prop-
erties that allows for large compression deformations with-
out structural failure (Fig. 4b). In detail, Fig. 4c shows the
stress—strain curves at 10%, 20%, 40%, and 60% strains, and
the SiC@SiO, NFA recovers its original configuration even
after 60% strain at~25 °C. The loading process for the SiC@
SiO, NFA also exhibits deformation stages similar to those

i
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Fig. 4 Temperature-invariance hyperelasticity of the SiC@SiO, NFA. a The SiC@SiO, NFA placed inside the flame of an alcohol blowtorch
(~700 °C) and immersed in liquid nitrogen (~—196 °C). b Compression test for the SiC@SiO, NFA, which can quickly recover to its original
shape. Compression stress—strain curves for the SiC@SiO, NFA at ¢~25 °C, e~700 °C, g~ —40 °C and i~ —196 °C. Cyclic compression
stress—strain curves for the SiC@SiO, NFA at d~25 °C, f~700 °C, h~ —40 °C and j~ —196 °C. k The maximum stress and Young’s modulus
as a function of the compression test cycles. 1 Comparison of the specific modulus of the SiC@SiO, NFA with that of other aerogels with ran-

dom structures
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reported for nanofibrous aerogels [46]: linear elastic defor-
mation state (¢ <20%) and a nonlinear regime with a steep
increase in stress (¢ >20%). This resilient compressibility is
further highlighted by a durable cyclic performance at 60%
strain with a high strain rate of 80 mm min™ : (Fig. 4d). The
SiC@Si0, NFA possesses a ceramic nature and nanofiber
microstructures, which are expected to achieve stable super-
elasticity at various extreme service temperatures. First, the
hyperelasticity of the SiC@SiO, NFA at high temperature
is confirmed by compression testing after heat treatment
with an alcohol torch. As expected, the stress—strain curves
after high-temperature treatment show a deformation trend
similar to that found for original SiC@SiO, NFA (~700 °C,
Fig. 4e). The heat-treated aerogel also endures 1000 fatigue
cycles at 60% strain with a strain rate of 80 mm/min
(Fig. 4f). This high speed in the loading—unloading cycles
demonstrates the superb elastic recovery ability of the SiC@
Si0, NFA. After 1000 cycles, the SiC@SiO, NFA almost
retains its original macroscopic shape completely with only
a slight permanent deformation. Then, the SiC@SiO, NFA
was placed on an iron plate above a jar filled with liquid
nitrogen to measure its superelasticity at low temperature
(~—40 °C). The stress—strain curves obtained for the SiC@
SiO, NFA (Fig. 4g) at 10%, 20%, 40%, and 60% strain are
similar to those at room temperature, indicating that the
SiC@Si0, NFA still has excellent mechanical properties
after low-temperature treatment. The aerogel also exhibits
good cyclic fatigue resistance (strain rate: 80 mm/min), as
displayed in Fig. 4h. Finally, the SiC@SiO, NFA also shows
excellent robust hyperelasticity at ultralow temperatures
(~—196 °C) under direct immersion in liquid nitrogen. The
stress—strain curves obtained at different strains (Fig. 4i) and
1000 compression cycles test (Fig. 4j) for the SiC@SiO,
NFA show that there is not much difference compared to the
test results obtained at~ —40 °C.

The maximum stress and Young’s modulus during cyclic
compression for the SiC@SiO, NFA treated at various tem-
peratures are shown in Fig. 4k and Table S2. For the first
cycle, the maximum stress and Young’s modulus at ~25 °C
are 29.33 and 41.17 kPa, respectively. After 1000 cycles,
the maximum stress and Young’s modulus are 28.12 and
37.08 kPa, respectively. It can be observed that both the
maximum compressive strength and Young’s modulus show
only a slight decrease, indicating that the SiC@SiO, NFA
has a nearly constant compressive strength at~25 °C. Like-
wise, the values for the maximum compressive strength and

© The authors

the Young’s modulus also show only a small drop after 1000
cycles at~700,~ —40, and~ — 196 °C, respectively. These
results are similar to those obtained for the SiC@SiO, NFA
at~25 °C. In addition, the Young’s modulus (E) of the aero-
gel at~25 °C is approximately 41.17 kPa. The calculated
specific modulus (E/p) is~3.74 kN m kg~!, which is sig-
nificantly higher than that of other work (Fig. 41) [47-50].
These highlight that the present SiC@SiO, NFA has excel-
lent mechanical properties.

3.3 Piezoresistivity and Pressure Sensing Properties
of the SiC@SiO, NFA for Detecting Human
Motions

The SiC cores of the SiC@SiO, nanofibers are semicon-
ducting, and their resistance value will change accordingly
with compression deformation; hence, a SiC@SiO, NFA-
based piezoresistive pressure sensor is fabricated. Figure Sa
displays the change in resistance (AR/Ry=(Ry—R)/R, (7)
[51], where R, and R represent the incipient resistance and
momentary resistance, respectively) of the SiC@SiO, NFA
for a gradual increase in strain from 5 to 40% at a compres-
sion rate of 6 mm min~'. The AR/R, increases proportionally
with the strain, suggesting that the SiC@SiO, NFA pos-
sesses remarkable strain-dependent piezoresistive sensing
behavior. As shown in Fig. 5b, AR/R, varies under different
cyclic strains. The resistance can completely return to its
initial value owing to the excellent compressive recover-
ability and fatigue resistance, which exhibits outstanding
strain-sensing reversibility for every stage. Furthermore, the
change in the relative resistance and the increase in com-
pression strain show a clear linear relationship, yielding a
gauge factor (GF=(AR/R)/e (8)) of 1.23 (inset Fig. 5b).
This result demonstrates the huge potential of using the
SiC@SiO, NFA in sensors with excellent repeatability to
detect various strains. Meanwhile, the dependence on the
speed of the external compression was also examined. Fig-
ure Sc exhibits the AR/R,, for the piezoresistive pressure
sensor at varying compression rates of 6, 12, 24, 36, and
48 mm min~!. The various compression rates have little
effect on the maximum AR/R, value under the same strain
of 30%, which is crucial for the stability of the sensor in
practical applications. It is noteworthy that the resistance
variation ratio of the SiC@SiO, NFA sensor for 30% strain
with a compression rate of 6 mm min~' shows no noticeable

https://doi.org/10.1007/s40820-022-00905-6
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change after 1000 compression cycles (Fig. 5d), and the
inset displays no obvious attenuation, which originates from
the excellent superelasticity and microstructural reversibil-
ity of the SiC@SiO, NFA. In addition, the sensor can be
exposed to the moisture in the air in practical applications; in
particular, it will inevitably come cross human sweat in the
process of detecting human motion. Therefore, it is particu-
larly important to simulate the effect of human sweat on the
sensor resistance. As shown in Fig. 5e, AR/R,, decreases sta-
bly as an aqueous solution of NaCl is gradually dripped onto
the sensor. The possible reason for this is that the penetration
of NaCl solution into the interior of the SiC@SiO, NFA
increases its electrical conductivity, thereby reducing the
resistance. Therefore, the amount of human motion can be
effectively detected according to the real-time change in the

SHANGHAI JIAO TONG UNIVERSITY PRESS

resistance to ensure the health of the human body. Figure 5f
shows a schematic of the SiC@SiO, NFA sensor used to
detect human motion and the mechanism of the piezoresis-
tive sensing performance. In practical applications, pressure
sensors can be used to detect human activity and tiny pres-
sures and then transmit this information to mobile phones.
The principle of realizing this function is that SiC@SiO,
NFA is compressed and bent upon loading, which leads to
the nanofibers touching and interlinking with neighboring
nanofibers. A large number of temporary junction contacts
shorten the transport path for electrons through the aero-
gel, thereby reducing the electrical resistance [52]. These
contacts disappear after unloading, and the resistance fully
returns to its original value. It is believed that the superb
structural integrity and compressive recoverability of the
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SiC@Si0, NFA dictate the piezoresistivity of the sensing
behavior.

3.4 Application as a Super Thermal Insulator
at Extreme Temperatures

The as-prepared SiC@SiO, NFA exhibits excellent chemi-
cal and thermal stability at high temperature, which is cru-
cial for high-temperature EMW-absorbing applications. As
shown in Fig. 6a, the macroscopic shape of the SiC@SiO,
NFA does not change when the aerogel is placed in the alco-
hol flame for 10 min, indicating that it has superb ablation
resistance and thermal stability. The temperature-dependent
thermal conductivities of the SiC@SiO, NFA in an argon
atmosphere are presented in Fig. 6b and Table S3. Notably,
the thermal conductivity of the SiC@SiO, NFA at room
temperature is only 0.027 W m~' K~!, suggesting that the

obtained aerogel is an excellent thermal insulator. The ther-
mal conductivity increases with increasing temperature from
20 to 600 °C, which is mainly related to thermal radiation at
high temperature [53]. As shown in Fig. 6c, a flower is car-
bonized within 10 s when it is placed onto a heated asbestos
mesh. However, the fresh flower can survive after 10 min
heating when being placed on a piece of aerogel (thickness,
10 mm, Fig. 6d). This result further proves that the SiC@
Si0, NFA has excellent thermal insulation properties. Fig-
ure 6e shows the real-time temperature measured from the
side of the SiC@SiO, NFA on a heating platform. After
10 min, the temperatures at the top (Spl), middle (Sp2),
and bottom (Sp3) are 82.5, 186.3, and 366.2 °C, respec-
tively. The temperature at the top is much lower than that at
the bottom and middle and reaches a relatively stable value
of ~82 °C after 7 min under the same heating conditions.
The corresponding real-time temperatures are shown in

Sp1 34.1°C
Sp2 163.3 °C
Sp3 343.7°C

Sp2 186.3 °C
Sp3 366.2 °C

Time (min)

h) 20
o
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Fig. 6 Fire and high/low-temperature resistance and thermal insulation performance of the SiC@SiO, NFA. a Digital photographs of the SiC@
SiO, NFA exposed to the flame of an alcohol lamp. b Thermal conductivities of the SIC@SiO, NFA at various temperatures in an argon atmos-
phere. ¢ A flower placed onto the asbestos network and d a flower placed onto the SiC@SiO, NFA in a burner flame. Thermal images of the SiC
NFAS recorded during e heating on a heated platform and g freezing on a refrigeration platform with the corresponding (f and h) temperature vs.
time curves. i Schematic of the thermal insulation mechanism for the SiC@SiO, NFA
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Fig. 6f. Additionally, Fig. 6g shows the real-time tempera-
tures measured for the SiC@SiO, NFA on a refrigeration
platform. The corresponding temperatures at the top (Spl),
middle (Sp2), and bottom (Sp3) are 15.9, 2.1, and—28 °C
after 10 min, respectively. It can be observed that the tem-
perature at the top is much higher than that at the bottom
and middle, as evident from the corresponding real-time
temperature vs. time graph (Fig. 6h). This result indicates
that SiC@Si0, NFA also has excellent thermal insulation
properties at low temperature. The SiC@SiO, NFA can also
be cut into various shapes owing to its superior flexibility.
The letters “SiC@Si0,” cut from the SiC@SiO, NFA are
clearly visible in the thermal image against a heated plat-
form (~306 °C), as shown in Fig. 6i, suggesting that SiC@
SiO, NFA has great potential for blocking infrared signal
transmissions. The thermal insulation mechanism mainly
involves two aspects: (1) when heat flux is transferred in
the 3D network structure of the SiC@SiO, NFA, the lim-
ited contact surface among the SiC@SiO, nanofibers can
effectively reduce the solid-phase heat conduction; (2) the
SiC@SiO, NFA possesses a large number of mesoporous
structures, which can shackle air molecules to decrease the
gas-phase thermal convection. These results also confirm
that SiC@Si0, NFA possesses outstanding thermal insula-
tion properties, therefore, it can be used as a potential high-
performance thermal insulation material in the aerospace
field.

3.5 High Absorption Capacities and Self-cleaning
Properties of the Oil-modified SiC@SiO, NFA

The pristine SiC@Si0O, NFA is superhydrophilic with a
water contact angle (WCA) of ~0°, as displayed in Fig.
S8. Hydrophilic SiC@Si0O, NFA can be converted to a
hydrophobic material by oil impregnation of the surface
of the aerogel [54]. In Fig. 7a, a blue acidic water droplet
at pH =1 displays a WCA value of ~ 148.58° on the sur-
face of a piece of the oil-modified SiC@SiO, NFA. At
pH =7, the orange color water droplet is recorded with a
WCA value of ~149.2° (Fig. 7b). Similarly, the rose-red
alkaline water droplet still has a spherical morphology on
the surface of the oil-modified SiC@SiO, NFA, which
exhibits a slightly lower WCA value (~ 144.94°) than
the other two water droplets, as shown in Fig. 7c. These
results demonstrate the excellent hydrophobicity of the
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oil-modified SiC@SiO, NFA in various solutions, which
lays the foundation for investigating the self-cleaning
property of the prepared aerogel. To confirm the self-
cleaning performance of the obtained aerogel, silicon
nanopowders were dispersed across the surface of the oil-
modified SiC@SiO, NFA. Then, a 2.5 mL syringe was
used to flush a piece of dusty sample surface with water
droplets to confirm the self-cleaning performance of the
obtained aerogel. As shown in Fig. 7d—g, the powder-
laden surface is well cleaned by the water droplet. To
further expand the practicality of the oil-modified SiC@
Si0, NFA aerogels in terms of hydrophobicity, their
adsorption of organic solvents and oils was investigated.
As demonstrated in Fig. 7h—j, a kerosene/Sudan I solu-
tion was quickly absorbed, which can also be consumed
by combustion (Fig. 7k).

Cycling experiments with absorbing and burning organic
solvents were carried out to further evaluate the cycling
stability of the oil-modified SiC@SiO, NFA. As displayed
in Fig. 71, black colour cycles of the combustion test were
performed in an air atmosphere, and no obvious adsorption
capacity change is found during this process. In addition,
the aerogel experienced no change throughout the burn-
ing test, which exhibits good flame retardancy and a robust
structure. The practicability of the oil-modified SiC@SiO,
NFA is further explored, as revealed in Fig. 7m. Specifically,
the broad applicability of the oil-modified SiC@SiO, NFA
for adsorbing organic solvents was verified by adsorbing
n-hexane, gasoline, kerosene, diesel, ethanol, and soybean
oil. The results show that the absorption weight of these
organic solvents is equivalent to 121 to 175 times the weight
of the oil-modified SiC@SiO, NFA, which depends on the
surface tension and density of the adsorbed organic liquid.
Additionally, these absorbed organic liquids were all sub-
jected to 10-cycle combustion tests, as shown in Fig. 7n. The
oil-modified SiC@SiO, NFA retains its original structure
and appearance during these combustion cycle tests, further
demonstrating the excellent three-dimensional structural sta-
bility and ablation resistance of the aerogel. These results
indicate that oil-modified SiC@SiO, NFA can be used as a
highly efficient selective adsorption material. In addition, the
excellent hydrophobicity of oil-modified SiC@SiO, NFA
is the key to its use as a high-performance EMW-absorbing
material.
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3.6 EMW Absorption Performance of the SiC@SiO,
NFA

Reflection loss (RL) is an important factor to evaluate the

EMW absorption property of the SiC@SiO, NFA, which

(H
can be calculated by as follows [55, 56]:

@
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where Z,, is the input impedance of the aerogel, fis the fre-
quency, c is the speed of light, d is the thickness of the aero-
gel, and Z, is the impedance in free space.

We know that a RL value of — 10 dB means 90% absorbed
of the incident EMW radiation, and the corresponding band-
width indicates an effective absorption bandwidth (EAB)
[57, 58]. As shown in Fig. 8a and Table S1, the EAB,
for the SiC@SiO, NFA is 8.6 GHz corresponding to a fre-
quency range of 5.82-14.42 GHz, while the RL,;, value
for the SiC@SiO, NFA is —50.36 dB at 7.44 GHz (thick-
ness, 1.6 mm). According to the quarter-wave attenuation
law [59], the RL,;, value shifts to low frequencies with the
increasing thickness (Fig. 8b):

— " w=1,3,5.)

4t/ || )

Optimization of the impedance matching (IZ,,/Z |) results
in excellent EMW absorption performance. The value 1Z;,
/Z,)| of 1 indicates the absorber has a great impedance match
and let EMW easily enter inside. Figure 8c shows that the
value of 1Z;,/Z | is close to 1 for the SiC@SiO, NFA in the
thickness range of 1.6-2 mm, indicating that the incident
EMW can effectively enter the interior of the aerogel, which
can be converted into heat to be consumed to avoid reflection
into the air at the interface. In Fig. 8d, it further proves that
a good impedance matching can be beneficial to the improv-
ing EMW absorption property of the materials. The other
influence factor of attenuation constant («) can be calculated
from Eq. (4) [60, 61]:
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displayed in Fig. 8e. Moreover, 3D plots and 2D RL dia-
grams for the SIC@SiO2 NFA with various thicknesses at
2-18 GHz are shown in Fig. 8f—g. The 3D and 2D diagrams
for the Z of the SiC@SiO, NFA corresponding to the thick-
ness and frequency are further shown in Fig. 8h—i. The Z
values for the SiC@SiO, NFA with a thickness of 1 ~2 mm
almost always range between 0.8 and 1.2 at frequencies from
4 to 9 GHz. The results demonstrate the superb impedance
matching of the aerogel can be an important factor for the
excellent EMW-absorbing properties.

Oft-axis electron holographic analysis can clearly reveal
the dielectric polarization, especially the potential orien-
tation and charge density distribution at specific interface
regions, which can be characterized intuitively and quanti-
tatively [62]. Figure 9a—d shows the TEM image and cor-
responding charge density images under various amplified
signals obtained for the longitudinal section of a SiC@SiO,
nanofiber. It can be clearly observed that the charges are

concentrated at the SiC/SiO, and SiO,/air interfaces with the
continuous amplification of the signal, resulting in a strong
interface polarization. Furthermore, the two ends of each
SiC@Si0, nanofiber easily form induced polarized charges
during the propagation of EMWs inside the aerogel owing
to the large aspect ratio of the nanofibers. Therefore, each
nanofiber can be regarded as a one-dimensional vibrating
electric dipole and generate periodic motions to dissipate the
EMW energy under alternating EM fields [63]. In addition
to the dipolar polarization, the heterostructure of the SiC@
Si10, nanofibers also contributes significantly to the permit-
tivity enhancement. As shown in Fig. 9e, three fibers are
cross-linked together to form a junction node (TEM image
of the transverse section). The free charges can be trapped
at these nodes originating from the difference in Fermi lev-
els, which is essentially due to the various dielectric con-
stant properties of SiC and SiO, [64]. Figure 9f-h displays
the state of the charge density distribution at the interface

Fig. 9 Off-axis electron holography images of the SiC@SiO, NFA. a TEM image and b—d charge density images of the longitudinal section of
a SiC@Si0O, nanofiber. e TEM image and f-h charge density images of the transverse section of a junction node. i TEM image and j-l charge

density images of the transverse section of a SiC@SiO, nanofiber
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between SiC and SiO, to form an obvious local polariza-
tion field with increasing signal intensity, which will greatly
consume the incident EMWs and enhance the microwave
absorption property. In addition, it can be clearly observed
from Fig. 9i that SiC and SiO, grow closely together and
make it possible for the leakage and tunneling of electrons.
The charges accumulated at the interface (Fig. 9j-1) could
break the potential barrier under a local strong electric field,
which expands the electron transition path and further dis-
sipates the energy of the EMW. The charge density distri-
bution in the SiC core of the SiC@SiO, nanofibers further
confirms that the 3D cross-linked aerogels can be used as an
electron transport network, thus contributing to a conduc-
tive loss.

Actually, SiC is an excellent dielectric loss electromag-
netic wave absorption material [57, 65], and SiO, is an elec-
tromagnetic wave transparent material [66, 67]. When the
electromagnetic wave is incident on the surface of SiC@
SiO, nanofiber, the SiO, nanolayer can lock the electro-
magnetic wave to avoid being reflected, and the SiC core
can effectively convert electromagnetic energy into heat or
electricity energy. These results suggest that the synergis-
tic effect of the SiC cores and SiO, nanolayer of the SiC@
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Si0, nanofiber enables aerogel to exhibit excellent electro-
magnetic wave absorption properties. Herein, we compre-
hensively studied the EMW-absorbing mechanisms for the
SiC@Si0O, NFA from a perspective of dielectric loss, includ-
ing multiple reflection, conduction loss, defect-induced
polarization, interfacial polarization, and dipolar polariza-
tion, and the results are shown in Fig. 10.

The SiC@SiO, NFA was constructed by a large num-
ber of cross-linked SiC@SiO, nanofibers, which have a 3D
porous structure. The incident EMW was attenuated by mul-
tiple reflections among the pores, resulting in the conversion
of EM energy into heat for dissipation [68]. The conduc-
tion loss was caused by the converted energy of the EMW
into an electric current when it propagated in the SiC@SiO,
nanofibers. When the generated current was transported
along the nanofibers, Joule heat was generated due to the
resistance of the SiC@SiO, nanofibers, which consumed
the EMW energy [69].

In general, electron migration and electron hopping are
two common types of conductive loss models. The 3D
network structure constructed from SiC@SiO, nanofibers
shows enhanced electrical conductivity; under an exter-
nal EM field, and the electrons will flow along the radial
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direction of nanofibers and rapidly propagate out to the
entire 3D network [70]. In other words, electron migration
simply refers to the free movement of electrons in the pro-
cess of propagation. Moreover, electron hopping mainly
refers to the transfer of electrons among the SiC@SiO,
nanofibers [71]. However, the SiO, shell on the nanofiber
surface is nonconductive, and the high energy barrier will
greatly limit the electron hopping process.

It is worth noting that defects can also lead to electron
hopping, which also involves another dielectric loss mecha-
nism—defect polarization. It can be determined that oxy-
gen vacancies are introduced during the oxidation process
to form defect sites in the SiC@SiO, nanofibers. The charge
carriers can be trapped at these defect sites, leading to an
imbalanced charge distribution. The resulted polarization
and EM energy loss then occur [72]. Furthermore, 2H-SiC
fragments are embedded in the 3C-SiC grains during the for-
mation of 3C-SiC nanofibers, and the resulting 3C/2H-SiC
heterostructures form stacking faults [73]. Charge separa-
tion easily occurs at the interface of stacking faults, which
induces the generation of dipoles and increases the polariza-
tion loss of dipoles.

The interface polarization effect is also known as the Max-
well-Wagner-Sillars effect [74]. The enhancement of the
interface polarization effect can improve the dielectric loss
capacity, thereby promoting electromagnetic wave loss. The
unique core—shell structure of SiC@SiO, nanofibers con-
tributes to the interface polarization. As discussed before,
in situ growth of a layer of wave-transparent SiO, on the
surface of SiC nanofibers cannot only achieve a good imped-
ance matching but also form a heterogeneous interface at the
connection between SiC and SiO, in the SiC@SiO, NFA.
The accumulated charges and collective interface polariza-
tion can lead to the conversion of EM energy into heat [75].
Therefore, the interfacial polarization and dipole relaxation
induced by the SiO, nanolayers can improve the dielectric
loss. In addition, a local strong electric field is generated due
to the difference in electrical conductivity between the SiC
and SiO, [76]. When the electric field strength is sufficient
to breakdown the SiO, nanolayer, electrons will pass freely
among the SiC@SiO, nanofibers, thereby forming homo-
geneous interfaces. Predictably, the SiC@SiO, nanofibers
are well interconnected by junction nodes (Fig. 2b), and the
SiC cores at the junction also form homogeneous interfaces.

It is well known that dipole polarization involves the
movement of polar or nonpolar molecules under a changing

© The authors

electromagnetic field. As a polar molecule, the inherent
dipole rearrangement of SiC will occur under the action of
an external EM field, so it is called directional polarization
[77]. The SiC cores of the SiC@SiO, nanofibers undergo
dipole polarization and relaxation processes under a change
in the EM field, consuming the EM energy. In addition,
transverse electric fields are formed inside the SiC@SiO,
nanofibers under the action of the dipoles, and the elec-
trons are affected by the transverse electric field during the
movement process, which increases the transmission path
and further consumes the EM energy. Thus, the synergistic
effect of multiple reflection, conduction loss, defect-induced
polarization, interfacial polarization, and dipolar polariza-
tion together enables the excellent EMW-absorbing property
of the SiC@SiO, NFA.

4 Conclusions

We have successfully fabricated 3D porous cross-linked
SiC@SiO, NFAs by combining a simple CVD technique
with a subsequent heat treatment process. The obtained
aerogel displays outstanding properties, including an
ultralow density (~11 mg cm™), thermal superinsula-
tion (0.027 W m~! K1), great recoverable compressibil-
ity (repeated full recovery from 60% strain), good thermal
and chemical stabilities, and significant strain-dependent
piezoresistive sensing behavior. Furthermore, the oil-mod-
ified SiC@SiO, NFA exhibits superb hydrophobicity and
self-cleaning feature, which can adsorb a great quantity of
organic liquids (121-175 times its own weight). The SiC@
SiO, NFA also shows excellent EMW-absorption perfor-
mance, with a remarkable RL,.;, of —50.36 dB at 7.44 GHz
and thickness of 1.6 mm, and a superwide EFAB of 8.6 GHz
over the frequency range of 5.82-14.42 GHz. Given the
excellent multifunctional properties of this material, we
believe it has great potentials for various practical applica-
tions in areas such as elastic components, high-efficiency
oil/water adsorption materials, piezoresistive pressure sen-
sors, and high-performance EMW absorbers in extreme
environments.
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