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Abstract: Polymer-derived ceramic (PDC)-SiOC is a highly promising microwave-absorbing material characterized by high
temperature resistance, lightweight, high strength, and extremely low cost. The weak electromagnetic wave (EMW)
attenuation capacity and poor flexibility of single precursor-derived SiOC ceramics significantly limit their further application.
This study employs a simple electrospinning technique to uniformly distribute Co and TiO, within amorphous SiOC
nanofibers. The three-dimensional porous structure formed by continuous nanofibers endows Co/TiO,/SiOCs with high
porosity, significantly reducing the thermal conductivity and enhancing the conductive loss of electromagnetic waves within
the nanofiber mats. Additionally, the introduction of Co and Ti promotes nanostructuring of the fibers and introduces
polarization interfaces and defects, thereby enhancing the polarization loss of the samples. With a filler content of only
5 wt%, the Co/TiO,/SiOC sample heat-treated at 800 °C (in silicone resin) exhibits an effective absorption bandwidth (EAB)
of up to 8.64 GHz (9.36-18.00 GHz) at a thickness of 3.25 mm, achieving a minimum reflection loss (RL,,,) value of
-66.00 dB at 17.11 GHz with a matching thickness of 2.50 mm. Moreover, the nanofiber mats also demonstrate excellent
thermal insulation performance (thermal conductivity ranging < 0.041 W-m™-k™"), remarkable flexibility (the resistance
change rate after 1500 cycles of 180° bending test is less than 4%), and impressive resilience performance (residual strain
< 12% after 500 cycles under 60% strain conditions). The successful preparation of such multi-functional nanofiber mats is

promising for the application of thermal and microwave protection.
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1 Introduction

Rapid advancements in the electronics industry have provided
significant convenience to the civilian uses but have also
contributed to electromagnetic pollution, posing risks to human
safety [1,2]. To meet the diverse requirements of civilian
applications, such as devices with varied curved surfaces and
clothing for different working environments, electromagnetic
wave (EMW) absorbers must not only provide effective
absorption but also be lightweight, easily processed, and
sufficiently flexible [3,4]. Additionally, EMW-absorbing materials
face challenges under extreme conditions commonly encountered
in construction and transportation industries, including high
temperatures, frequent vibrations, and pressure impacts [5,6].
Hence, exploring materials with admirable thermal insulation,
remarkable flexibility and resilience, superb processability, and
ultra-lightweight characteristics represents the development trend
of multifunctional EMW absorbers [7—-10].

Polymer-derived ceramics (PDCs) have broad prospects for
development as high-temperature EMW absorbers [11]. PDC-
SiOC is particularly attractive owing to its robust mechanical
properties and high-temperature resistance in extreme
environments, as well as its low density, high strength, and low
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raw material cost. These features highlight its impressive potential
for applications in the field of high-temperature, lightweight
multifunctional absorbing materials [12,13]. Nevertheless, SIOC
ceramics derived from a single precursor polymer exhibit poor
EMW absorption performance due to their low dielectric
properties. To improve EMW attenuation performance, it is
common to introduce a second phase into the SiOC matrix,
leveraging the advantages of various components to enhance the
EMW absorption [14]. The introduction of SiOC-based
composite materials with high dielectric loss phases (such as n-
SiC/SiOC  ceramics [15], C/SiOC nanocomposites [16], SiC
nanowires/SIOC  [17], SiC nanowires/C/amorphous SiOC
composite ceramic materials [18], and one-dimensional (1D)
nanostructures/SiOC ceramics [19]) has been reported to
optimize impedance matching with free space and improve
microwave dissipation, thereby enhancing EMW absorption
performance. Additionally, magnetic materials are also promising.
For instance, the introduction of Fe source involving ferrocene
[20], tetrabutyl titanate [21], and Sc,O; [22] has been reported to
improve the crystallinity and magnetic loss of SiOC ceramics. In
addition, the incorporation of multiphase structures (such as
Co,S5i@Si0C/Co;0, [23], FeSi/SiC@SiOC [24], and carbon
nanotube (CNT)/CoSi/SiOC [25]) has improved the dielectric
properties.

On the other hand, the inherent brittleness of SiOC ceramics
severely hinders their use in complex environments [26].
Researchers have adopted strategies such as microcrack
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toughening, phase transition toughening, and whisker toughening
to prepare flexible ceramic films or membranes that can withstand
some degree of bending. However, these approaches have
difficulty in releasing external stress under large bending
deformation, resulting in limited improvement in flexibility.
Compared with films or sheets, 1D ceramic nanofibers possess a
higher aspect ratio and gratifying continuity, which help to
withstand large deformation and enhance the flexibility.
Moreover, the fibrous structure could further create abundant
interfaces and conductive networks to improve the EMW
absorption efficiency [27]. Nanofibers of SiC and SiO, (such as
Co/SiC [28], Fe;Si/SiC [29], ZrC/SiC [30], HfC/SiC [31],
PIP-SiC/SiC [32], C-SiC [33], ZrO,/SiC [34], PVDF/SiC/FeCl,
[35], SiC@SiO,/carbon [36], PAN/SiO,~-TiO,-NH, [37], and
PVC/SiO,/SiO,@Ag [38]) have improved mechanical properties
substantially. However, breakthroughs are still needed to optimize
the EMW absorption performance and mechanical properties
(flexibility, compressive strength, and thermal insulation
performance) of SiOC nanofibers.

In this case, electrospinning is a versatile method for producing
1D micro-nanofiber materials with uniform size distribution and
consistent morphology. Examples of nanofibers successfully
prepared by electrospinning include TiO,/Co/carbon nanofiber
(CNF) nanocomposites [39], SiO, [40], ZrO, [41], graphene
nanofibers [42], and CoO,/C [43]. 1D fibers obtained through
electrospinning exhibit high anisotropy and conductivity,
significantly enhancing the microwave attenuation capability
[44,45]. Moreover, precise control of fiber diameter and
microstructure can be achieved by adjusting process parameters,
providing greater flexibility in the preparation process. To
improve both the flexibility and EMW absorption performance,
the strategy of multi-phase composition could be applied in the
electrospinning process of SiOC nanofibers. Co is renowned as a
ferromagnetic material widely used for microwave attenuation.
Owing to its natural resonance, Co exhibits significant magnetic
loss at high frequencies, improving attenuation efficiency [46].
Among numerous dielectric materials, TiO,, a widely studied n-
type semiconductor material, exhibits excellent dielectric loss
performance [47]. Xia et al. [48] synthesized hydrogenated TiO,
nanocrystals, and their enhanced performance was attributed to
significant polarization under EMW activation. Qiao et al. [39]
also demonstrated that introducing the TiO, phase can
significantly enhance the EMW absorption intensity without
affecting the maximum effective absorption bandwidth (EAB).

Herein, Co and TiO,-modified SiOC nanofibers were
innovatively synthesized using a straightforward and controllable
electrospinning technique, which resulted in an excellent three-
dimensional (3D) continuous network structure and a
homogeneous distribution of composites within the fibers. The
introduction of Co and Ti elements improved the spinnability of
the solution and facilitated the nanonization of the fibers. This
staggered composite network significantly enhanced the EMW
absorption with a filler content of merely 5 wt%, covering the EAB
of 8.64 GHz with a thin thickness. The 1D and nano-dimensionall
fibers guarantee the flexibility, compressive resistance, and thermal
insulation properties of Co/TiO,/SiOCs.

2 Experimental
2.1 Fabrication of modified SiOC fibers
The preparation process consists of two steps. First, the SiOC

precursor solution, which was a mixture of 09 g of

https://doi.org/10.26599/JAC.2024.9220968

polyvinylpyrrolidone (PVP, Shanghai Macklin Biochemical Co.,
Ltd., China, number-average molecular weight (M) = 1,300,000),
12 mL isopropanol, 2 mL N,N-dimethylformamide (DMF,
Shanghai Aladdin Bio-chem Technology Co., Ltd., China), and
1.8 g of poly(methylsilsesquioxane) (MK, Kestro Co., Ltd., China,
average M, = 2500) as the precursor, was stirred for 1 h until it
was completely dissolved. Further, 0.06 g dibutyltin dilaurate
(Nanjing WANQING chemical Glass ware & Instrument Co.,
Ltd,, China) as a catalyst, 0.27 g of cobalt(III) acetylacetonate
(Co(acac);, Shanghai Macklin Biochemical Co., Ltd., China), and
0.72 g titanium acetylacetonate (TiO(acac),, Shanghai Macklin
Biochemical Co., Ltd., China) were added to the solution. The
mixture was stirred for 3 h to form a homogeneous MK precursor
solution. Subsequently, the precursor solution was transferred into
a 10 mL plastic syringe without a plunger for electrospinning.
During the electrospinning process, a stainless steel needle (with
an inner diameter of approximately 0.62 mm) was connected to
the syringe, which was pumped at a flow rate of 0.03 mL-min™,
and a positive voltage of 15 kV was applied to the needle. The as-
spun MK precursor nanofibers were collected by a low-speed
roller rotating at 150 r/min with an applied negative voltage of
5 kV. The distance between the tip of the needle and the roller
collector was 14 cm. At this stage, the modified SiOC precursor
nanofibers were prepared. Second, the modified SiOC precursor
nanofibers were cured at 190 °C in air for 1 h at a heating rate of
5 °Cmin™. The cured nanofiber mats were pyrolyzed at a rate of
2.5 °C-min™ to 700/800/900 °C in an Ar atmosphere and then held
at the target temperature for 2 h (samples were labeled as CTS-
700/800/900).

2.2 Characterization

The morphology and microstructure of the samples were
captured by a scanning electron microscope (SEM; S-4700,
Hitachi, 15 kV) and a transmission electron microscope (TEM; F-
30, FEI-Tecnai, 300 kV). An X-ray diffractometer (XRD; Rigaku
Ultima IV with Cu Ka radiation), a Modular Raman Microscope
(Jobin Yvon, HORIBA; laser source wavelength of 514 nm), and
an X-ray photoelectron spectrometer (XPS; ESCALAB 250Xi,
Thermo Fisher) were used to obtain the crystal structure, Raman
spectra, and chemical structure. Static electrical conductivity of the
modified SiOC nanofibers was determined by using a direct
current resistance tester (6220, Keithley) with a four-probe
method. The mechanical compression properties were tested by
using an Instron 5500 universal testing machine. To measure the
microwave absorption properties, 5.0 wt% SiOC nanofibers (3
layers) were mixed with silicone resin, and toroid-shaped
composite samples (outer toroidal diameter (D,,) = 7.0 mm,
inner toroidal diameter (D,) = 3.0 mm) were prepared with our
self-made stamping die mold. Complex permeability and
permittivity of the composites were tested in APC7 coaxial line
mode with an Agilent HP8722D vector network analyzer by
measuring the reflection coefficient S;; and the transmission
coefficient S,,.

3 Results and discussion

3.1 Phase composition and microstructure of samples

The synthetic process for modified SiOC fibers is displayed in
Fig. 1(a). CTSs exhibit phenomenal compressive and flexibility
properties, as represented in Figs. 1(b) and 1(c). Additionally, the
free-shaping capability of CTSs allows them to adapt to various
macrostructures for specific application scenarios (Fig. 1(d)). The
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Fig.1 (a) Schematic illustrations for preparation route of CTSs. (b) Flexible demonstration of CTS-800. Digital photographs showing (c) whole fiber mat after heat
treatment and (d) free-shaping macrostructure. (e) Infrared thermal image of the CTS-800 composites.

infrared thermal image (Fig. 1(e)) illustrates the reduced thermal
radiation difference between the hand and the samples. These
excellent performances can be attributed to the unique
microstructure of CTSs [44].

The SEM image in Fig. S1 in the Electronic Supplementary
Material (ESM) illustrates the discontinuity of pure SiOC fibers
with an average diameter of approximately 1.17 pm. Figures 2(a2)-
2(a4) show SEM images of CTSs, which consisted of intertwined
SiOC nanofibers. A large number of uniformly and randomly
distributed nanofibers, with diameters of 400-800 nm (Fig. S1 in
the ESM), overlap to form a three-dimensional micro-network
structure. This fiber-to-fiber distribution significantly facilitates
structural integrity and maximizes flexibility and thermal
insulation. Additionally, the rough and wrinkled morphology
increases the specific surface area, providing more active sites that
promote the loss of EMW [49]. The high-resolution transmission
electron microscopy (HRTEM) images display the nanocrystal-
attached SiOC nanofibers (Fig. 2(b)), in which the observed
interplanar spacings of selected lattice stripes are 0.20 and
0.35 nm, which can be attributed to the (100) plane of Co crystal
particles and the (101) plane of TiO,, respectively (Fig. 2(d)).
Additionally, the HRTEM and selected area electron diffraction
(SAED) images of the SiOC nanofiber matrix indicate that no
lattice fringes are present in the matrix, suggesting the presence of
amorphous SiOC (Figs. 2(c) and 2(d)). Furthermore, the EDS
mapping images of CTS-800 also exhibit that all the elements (Co,
Ti, Si, O, and C) are uniformly distributed on the surface of the
composite nanofibers (Fig. 2(e)), corresponding with the TEM
results.

The nanosizing of SiOC fibers mainly contributes to the
optimization of the electrospinning solution, whose viscosity and
conductivity were investigated and are shown in Fig. 2(f). After
the addition of the precursor MK, the viscosity of the precursor
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solution significantly accumulates to 160 mPa-s, while the
conductivity of the solution significantly drops. With the addition
of the composite materials TiO(acac), and Co(acac);, the viscosity
of the solution decreases almost linearly from 160 to 88 mPas,
whereas the conductivity rapidly increases to 1.71 psm™. At
relatively lower viscosities, the entanglement of polymer molecular
chains decreases, making electrospinning to form nanofibers
easier. On the other hand, the enhanced conductivity
simultaneously heightens the spinnability of the electrospinning
precursor solution. Consequently, the augmented charge on the
electrospinning jet promotes stretching, leading to the formation
of more uniform and nanoscale fibers [50].

The XRD peak images of SiOC-800 and CTS-700/800/900
(Fig. 2(g) and Fig. S2 in the ESM) reveal a broad peak between 15°
and 35°, indicative of amorphous SiOC. Additionally, a weak peak
at 41.7° corresponds to the (100) reflection of hexagonal close-
packed Co (JCPDS No. 89-4308), while the peak at 53.9° is
attributed to the (105) plane of anatase TiO, (JCPDS No. 21-1272)
[51]. The images suggest that SiOC, TiO,, and Co in the prepared
samples are essentially amorphous structures with relatively low
crystallinity [52]. This agrees with the results of TEM and SAED,
which reveal amorphous microstructures.

The degree of graphitization is a crucial parameter of
amorphous carbon derived from organic components, directly
determining its conductivity [53]. The electrical conductivity of
EMW absorbing materials should be controlled within an
appropriate range to ensure sufficient conduction loss while
avoiding EMW reflection caused by excessive electrical
conductivity [54]. Figure 2(h) presents the Raman results of the
prepared CTSs (mixed Gauss-Lorentz fit of the D-band and G-
band for CTSs shown in Fig. S3 in the ESM). The D band at
~1350 cm™ is attributed to the disordered structure caused by
carbon vacancies, amorphous carbon species, and lattice defects,
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Fig.2 (al) Digital image of CTS-800. SEM images of (a2-a4) random distribution and rough surface microstructure; (b) TEM images and (c) SAED pattern of single
CTS-800 nanofiber; (d) HR-TEM image of corresponding region in (b); (e) coincident EDS elemental maps; (£) effects of addition of precursors or complexes on viscosity
and conductivity of electrospinning solution; (g) XRD patterns of pure SiOC-800 and CTSs at various thermal treatment temperatures; (h) Raman spectra of SiOC-800

and CTSs.

while the G band at ~1590 cm™ is associated with graphitic
carbon. The intensity ratio of the D band to the G band (Ip/I;)
represents the degree of disorder [55] and the level of
graphitization in the carbon structure [56]. The I,/I; ratios of
CTSs exhibit the opposite trend (from 2.21 to 2.01) with the rising
of heat treatment temperature. During the heat treatment of SiOC-
800 and CTSs, the carbothermal reduction reaction promotes the
conversion of free carbon in the nanofibers into graphite carbon,
thereby enhancing the graphitization of the samples. The Raman
spectroscopy results indicate that the graphitization degree of the
samples increases with increasing heat treatment temperature.

The surface chemical composition of the CTS-800 nanofibers
was analyzed by via XPS. The wide-scan XPS spectra (Fig. S4 in
the ESM) confirmed the presence of Co, Ti, Si, C, and O elements.
Table S1 in the ESM summarizes the contents of Co, Ti, Si, C, and
O in the CTS-800 nanofibers. In the Si 2p spectra, the presence of
Si—-O-C bond (corresponding to the peak at 102.1 eV) confirms
the generation of amorphous SiOC, with additional peaks at 102.9
and 103.6 eV corresponding to Si-O and O-Si-O units,
respectively, which verify the existence of SiO, phase. The Co 2p
spectrum shows two characteristic peaks centered at 782.0 and
796.0 eV, corresponding to Co 2p;, and Co 2p,),, respectively.
The peak at 777.9 €V can be attributed to metallic Co, while the
peaks at 780.2 and 783.6 eV are attributed to the presence of Co*
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and Co™. In the Ti 2p spectra, both rutile TiO, phases (crystalline
Ti*, 459.1 and 465.0 eV) and disordered or low-crystalline TiO,
(amorphous Ti*, 458.5 and 464.0 eV) are present in the CTS-800
nanocomposites, while CTS-800 also contains incompletely
oxidized Ti* (456.2 and 462.0 €V) [57]. The XPS results also
corroborate the uniform distribution of Co and TiO, nanocrystals
in the SiOC fibers, which is in accordance with the results from
TEM and XRD.

3.2 EMW absorption performance

To evaluate the EMW absorption performance of SiOC-800 and
CTSs, the dielectric electromagnetic (EM) parameters (e, = &+
j€¢") were investigated, and the results are depicted in Fig. 3(a).
The ¢ and &' of SIOC-800 remain consistently low in the
frequency range of 2-18 GHz. As the heat treatment temperature
rises, both & and €” of CTSs tend to increase from CTS-700 to
CTS-900. According to Debye theory, ¢ represents the storage
capability of electricity, while ¢ represents the loss capability of
the medium (Egs. (1) and (2)) [10,47]:
& — Eco
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where ¢ represents the stationary frequency dielectric constant; €.,
represents the infinite frequency dielectric constant; €, represents
the permittivity of free space; w, 7, and ¢ represent the angular
frequency, polarization relaxation time, and conductivity,
respectively; 5;/ and ¢, represent the abilities of polarization loss
and conduction loss, respectively.

¢ depends on both & and 8}: . As shown in the inset of
Fig. 3(a), the addition of second-phase materials (Co and Ti)
promotes the nanostructuring and continuity of the fibers,
whereas increasing the processing temperature of CTS samples
enhances the carbon content in the nanofibers. These factors
facilitate electron transfer within the fibers, resulting in low
conductivity for SiOC-800 and increased conductivity for CTS
samples as the heat treatment temperature rises. As shown in Fig. S5
in the ESM, 8;/ significantly increases and then steadily drops,
varying within a narrow range as the frequency increases.
Moreover, the evolution of &, aligns with that of &”. The
contribution of ¢, to & is significantly higher than that of &,
indicating that the primary factor in the EMW attenuation of
CTSs is conductive loss.

Additionally, the higher carbon content accelerates the electron
transfer rate (Table S1 in the ESM), resulting in a significant
increase in electrical conductivity and potentially increasing the
conductive loss [5]. As the degree of graphitization in the samples
increases, the amorphous phase in the nanofibers decreases,
further improving the dielectric performance. Owing to the large
aspect ratio of nanofibers, induced polarization charges are easily
formed at both ends of each CTS [58]. Under a periodically

L. Pan, R. Liu, F. Meng, et al.

alternating electromagnetic field, polar molecules or functional
groups periodically rotate and rearrange, leading to dipole loss
[59]. Additionally, owing to the different dielectric properties of
SiOC, TiO,, and Co, the abundant non-uniform interfaces caused
by their disordered arrangement dramatically promote the
accumulation and rearrangement of local charges [60], resulting in
interface polarization, thereby significantly increasing the value of
¢’ and enhancing the dielectric loss [61,62]. Figures 3(b) and 3(c)
present the dielectric loss and magnetic loss capabilities of all the
samples. Since the ¢’ values are close to 1 and the tand, values are
almost zero, dielectric loss should be the dominant factor [63].
Moreover, tand, reflects the inherent dissipation capability of
dielectric materials [44], which exhibits an escalatory trend from
SiOC-800 to CT'Ss, further confirming the increased dielectric loss
capability of CTSs.

Specifically, the attenuation constant («) reflects the attenuation
ability of the absorbing material to absorb internal EMW [64] (as
shown in Methods in the ESM). Figure 3(d) depicts the variation
in « for samples from 2 to 18 GHz, which reveals a positive
correlation between o« and the heat treatment temperature.
Moreover, the values of « increase with frequency, indicating the
excellent EMW attenuation capability of the samples at high
frequencies. The larger the attenuation coefficient, the greater the
potential for excellent performance in EMW absorption [65].

However, a suitable ¢ value is an important criterion for an
ideal absorber. An excessively large & value may result in the
reflection of most EMW from the surface of the absorber layer.
Conversely, EMWs are prone to penetrate the coating, which is
unfavorable for EMW attenuation [61]. Similarly, excessively high
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¢’ values may result in impedance mismatch, impairing the
EMW absorption capability. Therefore, moderate dielectric
performance is crucial in the design of absorbing materials,
aiming to achieve optimal attenuation and matching [66]. The
impedance matching characteristic (|Z,/Z)| (Z)) determines
whether the EMW projected onto the material surface can
effectively enter the interior of the material or be reflected back to
free space again [67]. The values of Z;, and Z; are explained in
Methods in the ESM [68]. The contour maps of Z—1 for SiOC-800
and CTSs are presented in Fig. S6 in the ESM and Fig. 3(e).
Except for the CTS-800, all the samples exhibit indifferent Z—1
values across the frequency range, indicating that CTS-800 will
ultimately generate a wider effective absorption region. Figures 3(f)
and 3(g) and Fig. S7 in the ESM show that CTS-800 achieves
optimal impedance matching at the thickness of 2.50 mm,
coupled with an excellent attenuation constant, and that the
absorber has a minimum reflection loss value of —66.00 dB at the
frequency of 17.11 GHz. In summary, the excellent microwave
absorption performance of the CTS-800 nanofiber mats mainly
originates from the optimal EMW attenuation ability and
appropriate impedance matching.

1671

Reflection loss (RL) is a critical factor in evaluating the EMW
absorption performance of CTSs [69] (as shown in Methods in
the ESM). As a fantastic microwave absorber, a low filling rate is
one of the key judgment indicators [59]. In this experiment, the
microwave absorption performance of the samples was
systematically analyzed at a super low filling rate of 5 wt%. As
shown in Figs. S8(a)-S8(d) in the ESM, the difference in the
absorption intensity of the samples can be intuitively
demonstrated. A comparison of the data in Figs. 4(a)-4(d) reveals
that the RL,;,, of SiOC-800 reaches —25.10 dB, with an EAB,,, of
4.33 GHz at a thickness of 8.22 mm. With the introduction of Co
and TiO,, the fiber continuity of CTSs is enhanced, and the rough
surface morphology and micro-network structure can effectively
amplify the multiple scattering effect, further enhancing the
attenuation capability of the EMW [70]. As shown in Figs. 4(c)
and 4(e), the EAB,_,,, for CTS-800 can reach as high as 8.64 GHz,
corresponding to a frequency range of 9.36-18.00 GHz at a
thickness of 3.25 mm. In contrast, the RL,,, values of CTS-700
and CTS-900 are only —41.80 and —11.50 dB, corresponding to
frequencies of 13.4 and 18.0 GHz, respectively, indicating that
their absorption rates are low across the entire measurement
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range. By comparison, CTS-800 exhibits the best EMW loss
capability (Fig. S9 and Table S2 in the ESM). To further highlight
the excellent microwave absorption performance of CTS-800,
Fig. 4(f) and Table S3 in the ESM compare the RL,;, and EAB, .,
of previously reported SiOC-based composite material absorbers
(the relevant references are shown in the ESM). CTS-800 in our
work clearly exhibits superior microwave absorption performance.
The excellent EM absorption performance primarily originates
from the ideal dielectric attenuation and continuous fiber
structure. Owing to the precise control of the heat treatment
temperature of the nanofiber mats, the optimized CTS-800
exhibits appropriate dielectric loss and impedance matching.
Furthermore, the continuous network endows the fiber mat with
a highly efficient microwave absorption structure. Furthermore,
the loading rate of CTS-800 is significantly lower than those of
other competitors. Such a low filling ratio is beneficial for both
efficient attenuation and lightweight characteristics [71].

According to the context of quarter-wavelength matching
model (A/4) [72], Fig. 4(g) displays the comparison between the
experimental curve obtained for CTS-800 and the theoretical
curve generated by the equation for £, = 3.25 mm. The frequency
range aligns closely with the EAB range of the 2D mapping image
of RL in Fig. 4(c), from 9.36 to 18.00 GHz (for a sample thickness
of 3.25 mm). From the obtained results, we can infer that the
region of EAB in Fig. 4(g) corresponds to the extinction condition
of A/4 (thin thickness region).

3.3 Resilient compression performance

We investigated the compressibility of laminated CTS-800 using a
universal testing machine. The stress—strain (0-¢) curves of CTS-
800 under various compressive strains (30%-70%) are plotted, as
shown in Fig. 5(a). Curves at different strains form closed loops,
indicating excellent compressive recovery ability. The maximum
compressive stress of CTS-800 sample at 70% strain
approximately attains to 18 kPa, indicating its ability to withstand
thousands of times its weight without structural damage [73]. The
first stage of the loading process is due to the discontinuous
structure between multilayer nanofibers, allowing the nanofibers
enough space to deform at lower compressive strains.
Subsequently, the number of bent nanofibers accumulates, and
the stress gradually transfers to the reinforced bonding points,
resulting in an increasing stress. Finally, owing to the densification
of the overall structure, under applied stress, the contact points
between multilayer nanofibers significantly increase, leading to a
sharp increase in stress [74]. Figure S10 in the ESM demonstrates
that the o—¢ curves remain constant within the testing speed range
of 5-60 mm-min~'. Additionally, the CTS-800 nanofibers exhibit
stable resilience and long-term cyclic compression durability. A
total of 500 cycles of fatigue tests were conducted at a strain of
60% (Fig. 5(b)), and the corresponding o—¢ curves maintain closed-
loop shapes, indicating a consistent rebound behavior. At the
500th cycle, the maximum stress remains above 92% of the value
at the 1st cycle, and the energy loss coefficient is approximately 0.3
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Fig.5 (a) Stress—strain curves of CTS-800 with strain amplitudes ranging from 30% to 70%. (b) Stress—strain curves and residual strain curves (inset) of CTS-800 for up
to 500 compressive cycles (strain = 60%). (c) Stress retention and energy loss coefficient of CTS-800 as a function of number of compressive cycles (strain = 60%).
(d) Resistance change rate of CTSs under cyclic 180° bending test (the inset shows digital photos of CTSs under 180° bending experiments). (¢) Comparison of
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(Fig. 5(c)). These conclusions demonstrate the excellent
compressive durability of CTS-800.

To characterize the bending resistance of the flexible pads, the
resistance change rate (AR/R,) of CTS-800 is presented in Fig. 5(d)
and Fig. S11 in the ESM, where AR represents the resistance
change and R, denotes the initial resistance. The testing process is
shown in Fig. S12 in the ESM (0-3 bending tests and real-time
monitoring videos can be found in Video S1 in the ESM). The
dynamic resistance during repeated bending at 180° was recorded
using a double-probe method. The CTS-700 and CTS-800 mats
exhibit excellent reliability and durability. After 1500 bends, as the
resistance change rate remains less than 5%, no significant
resistance change occurs, indicating that the microstructures of
CTS-700 and CTS-800 remain relatively intact throughout the
experimental process. For CTS-900, the resistance increases by
approximately 20% after 100 cycles, indicating a significant
shrinkage in reliability. However, owing to the wide diameter of
the SiOC-800 fibers and the presence of numerous broken fibers,
the fiber membrane is inherently brittle, making it unsuitable for
bending tests (Fig. S13 in the ESM). In contrast, the admirable
flexibility of CTS-700 and CTS-800 can be attributed to the size
effect of 1D nanofiber materials. When determining the fiber
composition, the one-dimensionalization and nanosizing of fibers
constitute another factor affecting the bending stiffness of the
nanofiber mats. Reducing the fiber size aids in reducing the
number of macroscopic defects and improving the overall
uniformity of ceramic fiber materials, providing more free
surfaces to release stress, thereby demonstrating the excellent
flexibility of nanofibers [75].

To further assess the reliability of CTS-800, the EMW
absorption performance was measured after bending for 1500
times and after 500 cycles of compression at a strain of 60%
(Fig. 5(e)). The ¢’ and &" values of CTS-800 decrease, which can be
attributed to the decrease in conductivity [44] (Fig. S14 in the
ESM). Furthermore, at a frequency of 9.90 GHz, the RL,;, of the
bent CTS-800 nanofiber mat slightly drops to —65.00 dB, while the
RL,;, of the compressed nanofibers declines to —64.00 dB at a
frequency of 10.94 GHz, indicating good reliability. When the
thickness is 3.62 mm, the EAB of bent CTS-800 slightly decreases
to 8.36 GHz, and the compression is 8.12 GHz at a thickness of
3.62 mm. The attenuation in the EMW absorption performance
of bent and compressed CTS-800 is mainly due to the decline in
electrical conductivity caused by the fracture of the internal 3D
conductive network of the mat. However, the fractured fibers may
generate more interfaces, resulting in reflection and scattering of
incident microwaves [44]. Therefore, while adapting to potential
applications (Figs. 5(f) and 5(g)), even after long-term folding and
compression, the EMW energy is effectively converted into
internal energy, resulting in acceptable reliability and durability.

Figure 5(h) presents the possible EMW absorption mechanism
of the synthesized CTS nanofiber mats. First, multiple reflections
and scattering occur. The unique larger specific surface area of 1D
nanofibers facilitates the generation of multiple reflections and
scattering of EMW, thereby promoting their absorption [76].
Second, there is conductive loss. Owing to the unique disordered
distribution and intertwined form of CTS nanofiber mats, the
resulting three-dimensional conductive network structure
provides transmission channels for electron migration and
hopping, effectively accelerating the rate of electron transfer [77].
Finally, polarization loss occurs. The large aspect ratio of
nanofibers, combined with the rich surface defects and polar
functional groups of composite materials, is conducive to the
formation of polarization centers, inducing dipole polarization.

https://doi.org/10.26599/JAC.2024.9220968

Under alternating electromagnetic fields, the abundant interface
between SiOC, TiO,, and Co induces local charge accumulation
and rearrangement, resulting in interface polarization [62].

34 Thermal insulation performance

The prepared CTSs exhibit excellent thermal stability at high
temperatures, which is crucial for high-temperature EMW
absorption applications. The thermal conductivity (k) of CTSs
shows a range of 0.0378-0.0404 W-m™K™ (Fig. 6(a)). Notably, the
thermal conductivity of CTS-900 at room temperature is only
0.0378 W-m™K", indicating that the obtained nanofiber mats are
excellent thermal insulators. Thermal conductivity (k) is closely
related to the density (Table S4 in the ESM) of fiber materials [78],
and the process for testing the density of CTSs is detailed in
Methods in the ESM. To visually demonstrate the thermal
insulation efficiency of CTSs, samples (Fig. 6(b)) were placed on a
heating plate set at 250 °C. The relationship between their thermal
infrared images and heating time was recorded to monitor the
dynamic temperature changes on the surface. The experimental
results show that the temperature on the surface of the samples
remains almost stable at approximately 60 °C for approximately
10 min and approximately 63 °C for approximately 30 min (the
apparent fluctuations could be attributed to the temperature
changes in the heating plate). CTS-800 demonstrates remarkable
heat resistance, as it enables a fresh flower to remain unscathed for
5 min on a metal plate subjected to an intense flame from a
butane blowtorch. Conversely, a flower placed directly on the
metal plate is rapidly charred within mere 90 s (Fig. 6(c)).

The schematic diagram in Fig. 6(d) illustrates effective methods
to reduce the thermal conductivity, including increasing porosity
between fibers to reduce solid conduction (Ay4). Moreover, the
low-density characteristics and interconnected framework formed
by the randomly oriented fiber distribution provide infinite solid
conduction pathways, significantly reducing Ay The gaps
between the nanofiber layers decrease heat convection (Ayynyection)
into the inner layers of the mat and reduce thermal radiation
(Anq)- Additionally, the rough surface of the nanofibers effectively
introduces phonon scattering, further reducing the thermal
conductivity [74]. Consequently, the CTS mats exhibit excellent
thermal insulation performance.

Figure 6(e) and Table S5 in the ESM summarize the details of
our work compared with various multifunctional materials
(including silicon-based fiber composites, foam composites and
aerogel composites) reported in the literature (respective
references are listed in the ESM). The CTS-800 sample exhibits
the most comprehensive multifunctional properties due to its high
porosity and multilayer structure along the thickness (the porosity
and cross-sectional SEM images are shown in Fig. S15 in the
ESM). As shown in Fig. 6(f), EMW or thermal shock waves from
the outside can be significantly attenuated. Additionally,
outstanding flexibility ensures that our findings can be perfectly
grappled with the deformations required in various high-demand
scenarios, thus enhancing work efficiency.

4 Conclusions

1D Co/TiO,/SiOC nanofibers with a randomly distributed and
uniformly sized 3D conductive network were successfully
manufactured through electrospinning and subsequent heat
treatment. The obtained Co/TiO,/SiOC sample heat-treated at
800 °C exhibitsa remarkable EMW dissipation capability, with an
RL,,;, value of —66.00 dB at 2.50 mm and an EAB,,, value of
8.64 GHz at 3.25 mm. Additionally, the flexibility, resilience, and
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CTSs. () Radar graphic for overall appreciation of CTS-800 composite compared with mainstream multifunctional materials. (f) Schematic of CTS-800 composite

microwave absorption and thermal insulation at high temperatures.

thermal insulation properties of the nanofibers are significantly
enhanced. Therefore, this work overcomes the inherent brittleness
of ceramic materials by optimizing the viscosity and conductivity
of the spinning solution, thus pointing the way for the
nanofabrication of ceramic materials and providing insights for
the development of efficient EMW absorbers.
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