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HIGHLIGHTS

e Oxygen-vacancy-rich SiC@MoO; nanocomposite with strong reflection loss (— 50.49 dB at 1.27 mm thickness) and broadband

absorption band (8.72 GHz at 2.68 mm thickness) were constructed via in situ etching strategy.

e The presence of oxygen vacancy leads to an increased conductive loss and defect-induced dipole polarization, which plays significant

role in attenuating the incident electromagnetic wave.

ABSTRACT Defect engineering in transition metal oxides semiconductors . 1
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(TMOs) is attracting considerable interest due to its potential to enhance
conductivity by intentionally introducing defects that modulate the electronic

structures of the materials. However, achieving a comprehensive understand-
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out, facilitating the precise adjustment of electromagnetic properties to enhance the microwave absorption performance of the material. Remark-

cess for the deposition of a MoO; layer onto SiC nanowires, achieved via

intentional creation of oxygen vacancies within the MoOj; layer was carried

ably, the SIC@MO-t4 sample exhibited an excellent minimum reflection loss of — 50.49 dB at a matching thickness of 1.27 mm. Furthermore,
the SiC@MO-t6 sample exhibited an effective absorption bandwidth of 8.72 GHz with a thickness of 2.81 mm, comprehensively covering the
entire Ku band. These results not only highlight the pivotal role of defect engineering in the nuanced adjustment of electromagnetic properties but
also provide valuable insight for the application of defect engineering methods in broadening the spectrum of electromagnetic wave absor ption
effectiveness. SIC@MO-t samples with varying concentrations of oxygen vacancies were prepared through in-situ etching of the SiC@MoO;
nanocomposite. The presence of oxygen vacancies plays a crucial role in adjusting the band gap and local electron distribution, which in turn
enhances conductivity loss and induced polarization loss capacity. This finding reveals a novel strategy for improving the absorption properties

of electromagnetic waves through defect engineering.
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1 Introduction

With the advancement of technological innovation, wireless
communication facilitated by electromagnetic wave has sig-
nificantly reduced the spatial distances among individuals.
Simultaneously, the widespread integration of smart appli-
ances and advanced office automation equipment is pro-
gressively reshaping societal habits. However, the ongoing
degradation of the electromagnetic environment not only
disrupts the reliable operation of precision instruments but
also risks causing irreversible harm to human health [1-3].
Consequently, scholars universally agree on the urgent need
to develop innovative electromagnetic wave-absorbing mate-
rials that are highly performant, easily manufacturable, and
environmentally sustainable, with the goal of effectively mit-
igating the harmful impact of electromagnetic waves [4, 5].
To date, a diverse array of electromagnetic wave-absorbing
materials has emerged, encompassing carbon-based sub-
stances, ceramics, metal composites, conductive polymers,
and meta-materials [6-8].

Transition metal oxides (TMOs) are recognized as con-
ventional dielectric loss absorbers that can effectively atten-
uate incident electromagnetic waves over a broad frequency
range through conductive loss and dielectric polarization,
thereby achieving better performances than magnetic loss
absorbers [9, 10]. Among them, molybdenum oxide (MoOs3),
noted for its distinctive layered structure, low density, wide
availability of raw materials, ease of preparation, corrosion
resistance, and environmental compatibility, has emerged as
a prominent member of the dielectric loss absorber family.
However, bare MoOj; often exhibits suboptimal electrical
conductivity, limited relaxation polarization channels, and
poor impedance matching. These shortcomings lead to weak
reflection loss, a narrow effective absorption bandwidth, and
undesirable matching thickness. These limitations have per-
sistently resulted in inferior electromagnetic wave absorption
performance, impeding its broader application [11-13].

For dielectric loss absorbers, interfacial polarization,
dipole polarization, and relaxation polarization play sig-
nificant roles in the attenuation of electromagnetic waves.
Research has revealed that employing materials with high
electrical conductivity as substrates/carrier and combining
them with MoOj to fabricate MoO;-based nanocomposite
absorbers enhances not only their electrical properties but
also leverages the interfacial polarization at the composite
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interface [14—16]. This methodology significantly enhances
the complex permittivity of the absorber, thereby signifi-
cantly increasing the attenuation of electromagnetic waves
and consequently yielding an absorption performance supe-
rior to that of single-component absorbers.

Building upon the previously outlined research strategy,
researchers have already attained some valuable results in
the study of the electromagnetic wave absorption perfor-
mance of MoO;-based nanocomposite. However, several
critical challenges persist, mainly including (1) The propor-
tion of the biphase interface area on the surfaces of MoO,
and the substrate components is exceedingly small, resulting
in a limited interfacial polarization effect. This fails to fully
exploit the advantage of the high specific surface area of
nanomaterials. (2) The strategies adopted to enhance electro-
magnetic wave absorption performance are consistent with
those used for non-semiconducting transition metal oxides,
neglecting the semiconducting nature of MoOj; and not inter-
vening in the electron transport process. (3) The attenuation
effect of oxygen vacancies on electromagnetic wave is com-
monly ascribed to induced dipole polarization, yet there is
a lack of microscopic understanding and investigation of
the fundamental mechanisms underlying electromagnetic
attenuation.

Currently, the induction of oxygen vacancies has become
one of the prevalent methods for modulating the physi-
cal properties of semiconductor nanomaterials [17, 18].
Research has shown that the introduction of oxygen vacan-
cies can create defect states within the band gap, which alters
the band edges and band gap structure, providing additional
free electrons that increase electrical conductivity. Addi-
tionally, this can affect the magnetic ordering and exchange
interactions of intrinsic products, and also enhance photo-
catalytic activity by trapping charge carriers and reducing
recombination rates [19-22]. This consequently improves
impedance matching and increases the dielectric loss of the
materials in an alternating electromagnetic field, thereby
attaining electromagnetic wave absorption performance that
surpasses pristine samples.

In this study, MoO;, characterized as a wide-band gap
semiconductor, served as the subject of research, beginning
with the modulation of its electronic structure. Using SiC
nanowires as a carrier, SiC@MoOQO; nanocomposites were
successfully synthesized via electro-deposition and calcina-
tion processes. Subsequently, through in-situ etching with
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KBH,, SiC@MO-t samples exhibiting diverse morphology
and oxygen vacancy concentrations were prepared. By intro-
ducing oxygen vacancy defects into the intrinsic products,
the conductive and induced dipole polarization loss effects
associated with MoO; upon incident electromagnetic waves
were enhanced. This simultaneously improved the imped-
ance matching of these products, resulting in improved elec-
tromagnetic wave absorption performance. Furthermore, in
concert with insights from density functional theory calcula-
tions, a mechanism understanding of how oxygen vacancies
contribute to the enhanced electromagnetic wave absorp-
tion performance of SiC@MoO; nanocomposites has been
proposed. This study provides a systematic framework for
employing vacancy engineering to enhance the electromag-
netic wave absorption properties of TMOs and paves the
way for the development of efficient, scalable absorbing
materials.

2 Experimental Section
2.1 Materials

The raw materials employed in this investigation were
sodium hydroxide (NaOH, AR), anhydrous ethanol
(C,H;0OH, AR), ammonium molybdate tetrahydrate
((NH,)¢Mo,0,,-4H,0, AR), and potassium borohydride
(KBH,, AR). All of these reagents were procured from
China Pharmaceutical Group Chemical Reagents Co., LTD.,
and used without any additional purification.

2.2 Preparation of SiC@MoO; Nanocomposite

In this work, the substrate material was SiC nanowires, a
product of our past research [23]. Initially, the SiC nanow-
ires were immersed in a 3 M sodium hydroxide solution to
eliminate the impurities on the surface. Subsequently, the
residual impurities were removed by rinsing with deion-
ized water followed by immersion to achieve neutrality for
later use. Electro-deposition was carried out in a standard
three-electrode configuration, with SiC nanowires serving
as the working electrode, Pt wires and a saturated calomel
electrode (SCE) were employed as the counter electrode
and reference electrode, respectively. MoO; deposition on
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SiC nanowires proceeded from an aqueous electrolyte solu-
tion of 15 mmol L™ (NH,)(Mo,0,,-4H,0 using a CHI660e
(Chenhua Instrument Co., Shanghai, China) electrochemical
workstation operating at — 10 mA cm™2 for 400 s. The SiC@
MoO; nanocomposite was then obtained through calcination

at 350 °C for 90 min under air at a ramp rate of 2 °C min~".

2.3 Preparation of Various SiC@MO-t Samples

The as-prepared SiC@MoO; nanocomposites were
immersed in a 2 M KBH, aqueous solution for 2, 4, 6, and
8 min, respectively, resulting in the acquisition of nanocom-
posites with different oxygen vacancy concentrations. These
products were denoted as SIC@MO-t2, SiIC@MO-t4, SiC@
MO-t6, and SiC@MO-t8, respectively. Figure 1a depicts the
preparation processes of SiC@MoO; nanocomposites and
various SiC@MO-t samples, where the red dotted rings in
the ball-and-stick model indicate different concentrations of
oxygen vacancies.

2.4 Characterization

The morphology of the nanocomposites was examined using
a scanning electron microscope (SEM, Hitachi S-4800),
while the micro-structure was verified using transmission
electron microscopy (TEM, Hitachi H-8100). The phase
composition of the SiC@MoO; nanocomposite and SiC@
MO-t samples was examined using a Rigaku D/max-2400
powder X-ray diffractometer (XRD). The chemical bonding
and surface valence states were analyzed using X-ray Photo-
electron Spectroscopy (XPS, Thermo ESCALAB 250X1).
Electron paramagnetic resonance (EPR) measurements were
performed using a Germany Bruker EMX plus paramag-
netic resonance spectrometer. The resistance was measured
using a multifunctional digital four-probe tester (ST-2258C
multifunction digital four-probe tester). To evaluate the elec-
tromagnetic wave absorption properties, the samples with a
filling ratio of ~30 wt% were combined with paraffin wax
and compressed into a small ring with an inner diameter
of 3 mm, an outer diameter of 7 mm, and a thickness of
3.04 mm. The electromagnetic parameters were measured
in the 2—-18 GHz frequency range using a Vector Network
Analyzer (Agilent, N5230A).

@ Springer
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Fig.1 a Schematic illustration of SiC@MoO; nanocomposite and SIC@MO-t samples synthesized at different KBH, soaking time. b—-d SEM
images of SiC@MoOj; nanocomposite. e—i C, Si, Mo, and O element mappings of SiC@MoO; nanocomposite. j Content of different elements in
SiC@MoO; nanocomposite. k—n Representative TEM and HRTEM images of SiC@MoO; nanocomposite
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3 Results and Discussion

3.1 Chemical Structure and Morphology of Oxygen
Vacancy-Rich SiC@MoQO; Nanocomposites

SEM characterization was employed to examine the micro-
structure and morphology changes of the prepared products,
and the corresponding results are shown in Figs. 1b—d and
S1. Figure S1 displays SEM images of bare SiC nanowires,
revealing that the surfaces of the nanowire are smooth, while
their diameters exhibit bamboo-like periodic variations, with
protruding nodules approximately 1 pm in diameter and
constricted necks approximately 0.8 pm. Additionally, the
aspect ratio of individual nanowires exceeds 20. In contrast
to previously reported SiC nanowires with uniform diam-
eters, the present structure features a higher specific surface
area, offering a greater number of active sites for the growth
of MoOj; [24]. Moreover, different SiC nanowires within the
field of view intertwine randomly, forming a dense network
structure. According to previous studies, the presence of this
unique intertwined structure may enhance electron mobility
and lead to significant conductive loss for incident electro-
magnetic waves [25-27]. Figure 1b—d presents representa-
tive SEM images of the SiC@MoO; nanocomposite. The
surface of the bare SiC nanowires is covered by flaky MoO;,
with adjacent flakes overlapping at various angles, forming
a thick shell. As depicted in Fig. 1d, the MoO; flakes con-
sist of numerous, orderly stacked nanosheets. Additionally,
after successful modification with MoOj flakes, the diameter
of the nanowires increased to 1.1 pm, and their surfaces
became significantly rougher, enhancing the potential for
multiple reflection and scattering effects compared to those
of smooth pure SiC nanowires [28].

Figure le-i illustrates the elemental mapping of the SiC@
MoO; nanocomposite. The elements C and Si are predomi-
nantly located in the central region, corresponding to the
size and position of the SiC nanowire core. The elements
Mo and O are primarily distributed on either side of the
Si and C elements and originate predominantly from the
MoO; nanoshell. Figure S2 presents a representative EDS
spectrum of the SiC@MoO; nanocomposite. The compo-
nents and their relative amounts identified in the spectrum
closely correspond to those observed in the elemental map-
ping. Figure 1k presents the TEM image of a single SiC@
MoO; nanocomposite with a diameter of approximately
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1 pm, a dimension consistent with the results shown in the
SEM images of Fig. 1b. To further refine the lattice struc-
ture information of the product, HRTEM analyses were
conducted on both the SiC nanowire core and the external
MoOs; shell, with the results presented in Fig. 11-n. Fig-
ure 11 illustrates distinct lattice fringes with a spacing of
approximately 0.25 nm between adjacent crystal planes. This
spacing is consistent with the cubic SiC (111) plane (JCPDS
No. 29-1129), indicating that the SiC core is preferentially
oriented along the [111] direction [29]. Additionally, some
dark lattice fringes within the field of view have been noted,
which can be attributed to stacking faults (S.F.) in the lattice
according to previous studies [30]. Figure 1m, n presents the
HRTEM images of the MoO; shell, taken from the yellow
and green square areas in Fig. 1k, respectively. The images
show interplanar spacing of 0.35 and 0.32 nm, correspond-
ing to the (400) and (210) planes of MoOj; [31]. These spac-
ing indicate that the MoO; grains exhibit varied crystal ori-
entations across different thin film locations, demonstrating
an overall poly-crystalline structure.

Figure 2a—d depicts the SEM, TEM, HRTEM, and EDS
mapping images of SiC@Mo0O; nanocomposites fabricated
under various KBH, soaking time conditions. SEM charac-
terization results demonstrate that after soaking treatment,
various SiC@MO-t samples preserve their original linear
morphology. However, compared to untreated samples, the
surface of MoO; nanosheets grows increasingly rougher,
and the diameter of the nanowires progressively decrease as
soaking time is extended. TEM images of samples prepared
under various soaking times reveal that, due to the potent
reducing action of KBH,, MoO; nanosheet structures, ini-
tially hundreds of nanometers thick, are reduced to smaller,
tens of nanometers thick.

The surface contour undergoes a gradual transition from
150 degrees (SiIC@MO-t2, as depicted in Fig. 2a2) to 120
degrees (SiIC@MO-t4, as illustrated in Fig. 2b2), and then
to 100 degrees (SiC@MO-t6, as depicted in Fig. 2¢2), ulti-
mately leading to a coral-like morphology (SiC@MO-t8,
as illustrated in Fig. 2d2), the schematic illustration was
shown in Fig. 2e. Figure 2a3 presents a typical HRTEM
image of the SIC@MO-t2 sample, displaying clear lattice
fringes. The spacing between adjacent crystal planes is
approximately 0.32 nm, corresponding to the (210) crys-
tal plane of MoO; [32]. At the edge of the crystalline area,
very small dark spots are scattered (highlighted by yellow

@ Springer
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Fig. 2 al-a7 SEM, TEM, HRTEM images and EDS mapping elements dispersion of SiC@MO-t2 nanocomposite. bl-b7 SEM, TEM, HRTEM
images and EDS mapping elements dispersion of SiC@MO-t4 nanocomposite. ¢1-¢7 SEM, TEM, HRTEM images and EDS mapping elements
dispersion of SiC@MO-t6 nanocomposite. d1-d7 SEM, TEM, HRTEM images and EDS mapping elements dispersion of SiC@MO-t8 nano-
composite. e Schematic illustration of the etching process of SiC@MO-t samples

circles), likely resulting from the reduction of oxygen atoms  (210) planes, oxygen vacancy defects similar to those in the
in the MoOj lattice by KBH,, resulting in oxygen vacancies.  SiC@MO-t2 sample can also be observed within the field of
In Figs. 2b3—d3, besides the corresponding interplanar spac-  view. Additionally, as the soaking time increases, the gen-
ings that can be respectively labeled as the (201), (101), and  erated oxygen vacancies gradually extend from the crystal
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surface to the crystal interior (as indicated by the pink
arrows in the figures). Notably, in Fig. 2c3, d3, small amor-
phous regions appear within the MoOj lattice (highlighted
by blue curves), possibly due to the disordered arrangement
of atomic structures resulting from a high concentration of
oxygen vacancies [20, 33]. The O and Mo elemental dis-
tribution mappings of various samples exhibit phenomena
consistent with the described changes in nanowire diameter
and morphology.

Figure 3a displays the XRD patterns of the SiC@MoO;
nanocomposite and SiC@MO-t samples. Compared with the
XRD pattern of bare SiC nanowires, the major diffraction
peaks at 35.6°, 41.4°, 59.9°, 71.7°, and 75.5° are identified
as the cubic SiC (JCPDS card No. 29-1129) planes (111),
(200), (220), and (311), as marked by the orange arrows in
the figure [29]. Furthermore, the diffraction peaks at 23.3°,
25.7°, 27.4°, and 33.7° are assigned to the MoO; planes
(101), (400), (210), and (111) (JCPDS card No. 89-7112),

confirming the presence of MoOj; and aligning with HRTEM
characterization results [31, 34]. Figure 3b presents an
enlarged view of the (210) diffraction peak of MoQO;, illus-
trating that as KBH, soaking time is extended, the diffraction
peak shifts noticeably towards smaller angles. According to
the Bragg equation, this shift is likely associated with lattice
distortions due to high concentrations of oxygen vacancies
[35]. Noteworthily, the relative intensity of the diffraction
peaks corresponding to MoO; gradually decreases, while the
intensity of the characteristic diffraction peaks correspond-
ing to the SiC nanowires does not show significant changes
across the samples. It can be reasonable speculated that this
phenomenon may be related to the following two reasons:
first, the partial etching of MoO; when immersed in KBH,
leads to a reduction in coating thickness and a decrease in
the relative content of MoOj; in the nanocomposite. Sec-
ondly, the introduction of oxygen vacancies into the MoO;
lattice induces changes in the intrinsic crystal structure,
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Fig. 3 a XRD patterns of SiC@MoO; nanocomposite and SiC@MO-t samples. b Partial enlarged detail of (210) diffraction peak. ¢ Raman
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causing lattice distortion. In regions with a high concentra-
tion of oxygen vacancy defects, the disorderly arrangement
of atoms is triggered, resulting in decreased crystallinity and
weakened diffraction peaks. Figure 3¢ depicts the Raman
spectra of the SiC@MoO; nanocomposite and SiC@MO-t
samples within the 600—1200 cm™! range. The characteristic
peak near 850 cm™! corresponds to the TO mode of the SiC
nanowire core, while the peak near 1000 cm™" is potentially
associated with the stretching vibrations of [MoOg] octahe-
dral units comprising MoOj; [36, 37]. Compared to the SiC@
MoO; nanocomposite, soaking in the reducing agent KBH,
causes a shift of the Raman absorption peak associated with
symmetric stretching vibrations towards lower wave-num-
bers. The longer the soaking time, the more pronounced the
red-shift, indicating that the introduction of oxygen vacan-
cies leads to a reduction in Mo®" cations.

XPS spectroscopy was employed to study the chemical
bonding information and surface valence state changes of
the SiC@MoO; nanocomposites and SiC@MO-t samples,
with their corresponding total spectra are depicted in Fig.
S3. Given the high stability of the SiC nanowires used, no
significant changes were observed before and after soaking
treatment. Therefore, only the O 1s and Mo 3d spectra were
analyzed in detail, with the results displayed in Fig. 3d, e,
respectively. The O 1s spectra derived from the SiC@MoO;
nanocomposite and SiC@MO-t samples typically exhibit
two distinct fitted peaks, corresponding to lattice oxygen
(Mo-0) at 530.5 eV and defect oxygen (oxygen vacancies)
at 532.2 eV. Importantly, the defect oxygen characteristic
peak shifts towards higher binding energies as the duration
of the reducing agent treatment is extended, indicating a rise
in the concentration of oxygen vacancies in the products
[38, 39]. In Fig. 3d, only Mo®" signals are observed in the
SiC@MoO; nanocomposite, with fitted peaks at 233.2 and
236.3 eV corresponding to Mo®" 3ds, and 3ds),, respec-
tively [40, 41]. In the produced SiC@MO-t samples, the
characteristic peaks of Mo®" 3ds,, and 3d,), shift towards
lower binding energies, and characteristic signals of Mo+
3ds,, and 3d,, emerge near 231.8 and 234.7 eV, potentially
linked to the presence of oxygen vacancies in the lattice.
To further explore the concentration of oxygen vacancies
and the valence states of bonded atoms in different sam-
ples, the integral areas of various characteristic peaks were

© The authors

calculated, yielding the ratio of Mo>*/Mo®* to the content
of defect oxygen, as depicted in Fig. 3f. Clearly, as the soak-
ing time increases, the content of Mo+ and the concentra-
tion of oxygen vacancies increase. The ratio for SiC@MoO;
nanocomposite materials is very small (almost negligible).
When the immersion time is short (2 and 4 min), the ratio
of the integrated area of the Mo>*/Mo®" characteristic peaks
slightly increases in the SiIC@MO-t2 and SiC@MO-t4 sam-
ples compared to the initial sample. However, with longer
immersion times (6 and 8 min), the ratio of the integrated
area of the Mo’*/Mo®" characteristic peaks for the SiC@
MO-t6 and SiC@MO-t8 samples rises sharply, reaching
values several times higher than those of the SIC@MoO;
nanocomposite materials. Figure 3g is the integrated area
ratio of the O defect peak relative to the combined area of
the O defect and Mo-O peaks, exhibiting the same trend as
in Fig. 3f, with the SiC@MO-t8 sample having the highest
ratio. To verify and quantify the concentration of oxygen
vacancies in SiC@MO-t samples, EPR testing was employed
as a reference method. As depicted in Fig. 3h, the g-factor
for all samples remains consistently at 2.003, largely because
the oxygen vacancies in all samples capture electrons [42,
43]. The figure clearly illustrates that the EPR signal of
SiC@MoO; nanocomposite is significantly weak, suggest-
ing a minimal presence of oxygen vacancies in the sample.
With prolonged exposure to the reducing agent KBH,, the
EPR signal of the SiC@MO-t samples increase in intensity,
reflecting an upward trend in oxygen vacancy concentration,
which corroborates the findings from earlier XRD and XPS
analyses.

3.2 Microwave Absorption Performance of Oxygen
Vacancy-Rich SiC@Mo0O; Nanocomposites

The effectiveness of electromagnetic wave absorbing mate-
rials can be assessed by examining the relationship among
thickness, electromagnetic wave frequency, and reflection
loss (RL) values. The formula employed is as follows [44]:

2rxfd
Zo =20y [ tanhy<”7f> Vie] (M)
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where Z;, denotes the input impedance of the absorber,
while Z, denotes the impedance of free space. The rela-
tive complex permittivity and relative complex permeabil-
ity are denoted by €, and p,, respectively. Here, ¢ denotes
the speed of light, f denotes the frequency of the incident
electromagnetic wave, and d denotes the thickness of the
absorber. Figures S4 and S5 depict the relationship between

effective absorption bandwidth (EAB) across varying match-
ing thicknesses in SiC@MoO; nanocomposite and SiC@
MO-t samples, as functions of frequency. As depicted in
the figures, each sample exhibits a significant frequency
dispersion effect. Specifically, as the matching thickness
increases, the RL,;, values progressively transition from the
high-frequency to the mid-low frequency range. Figure 4a—e
presents two-dimensional projection drawings correspond-
ing to Fig. S6. As demonstrated in Fig. 4a, the benchmark

sample (SiC@MoO; nanocomposite) achieves an optimal

the most pronounced minimum reflection loss (RL

) and

‘min

RL
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min comparison of different samples at
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6 GHz) and features a preferred EAB of 1.04 GHz, with
corresponding matching thicknesses of 5.43 and 5.32 mm,
respectively. As depicted in Fig. 4b, the SIC@MO-t2 sample
achieves an optimal RL,;, value of — 39.92 dB at a matching
thickness of 2.41 mm and exhibits an optimal EAB value
of 4.32 GHz at 2.07 mm matching thickness. At a match-
ing thickness of 1.27 mm, the SiC@MO-t4 sample (Fig. 4c)
exhibits the strongest RL,;, value of -50.49 dB, with its opti-
mal EAB value of 4.64 GHz occurring at a matching thick-
ness of 1.42 mm. As shown in Fig. 4d, the SIC@MO-t6
value of -49.83 dB ata
matching thickness of 2.68 mm. At a matching thickness of

‘min

sample displays the strongest RL_;,
2.81 mm, its EAB value achieves an impressive 8.72 GHz
(9.28-18 GHz), encompassing the entire Ku band. For the
SiC@MO-t8 sample (Fig. 4e), the optimal RL
— 35.96 dB at a matching thickness of 5.41 mm, whereas
the optimal EAB value is 2.48 GHz at a matching thick-
ness of 2.58 mm. Previous reported work pointed out that

min Value is

the introduction of oxygen vacancies plays a critical role in
modulating the frequency range over which electromagnetic
wave attenuation occurs [45]. Compared to the SiIC@MoO;
nanocomposite, the SIC@MO-t samples with increased

oxygen vacancies exhibit a shift in their RL,; values and

min
preferred EAB from lower frequency (C-band) to the mid-
range (X band) or higher frequency (Ku-band). This shift is
accompanied by reductions in their required matching thick-
nesses. These observations underscore the significance of
oxygen vacancies in enhancing the electromagnetic wave
absorbing performance of such materials. Obviously, the
RL

to low frequency, which is in accordance with the 1/4 wave-

min and EAB values gradually shift from high frequency
length theory (as exhibited in Fig. S6). To further explore
the absorption characteristics of the absorber, the relation-
ship between the matching frequency (f,,) and the matching
thickness (z,,) was analyzed by the following equation.

;= — _— =
"4 3
A/ |1l )

where ¢, is the matching thickness of the absorber, A is
the wavelength of the incident electromagnetic wave,
C represents the speed of light in vacuum, and f,, is the
corresponding matching frequency. It can be clearly seen
that the perfect matching relationship between the thick-
ness of the prepared series of samples and the propagation
wavelength (M4, 3\/4) is demonstrated, indicating that the

© The authors

quarter-wavelength theory effectively enables multi-band
absorption performance. In comparison, SiC@MO-t4 and
SiC@MO-t6 achieve optimal multi-band and multi-thick-
ness effects, corresponding to excellent impedance match-
ing capabilities of the material. They exhibit a wide range
of exceptional matching performance in various bands
and thicknesses. Figure 4f depicts the trends in RL,;, and
EAB values at the optimal matching thicknesses for vari-
ous samples. Interestingly, it reveals that the enhancement
in electromagnetic wave absorption performance due to
oxygen vacancies does not exhibit a monotonically increas-
ing trend. Instead, as the concentration of oxygen vacan-
cies increases, the optimal values of RL;, and EAB values
initially increase and subsequently decrease. To provide a
more comprehensive and intuitive depiction of the elec-
tromagnetic wave absorption performance of each SiC@
MO-t sample, bar charts illustrating the changes in RL
and EAB values across various matching thicknesses were
developed, as shown in Figs. 4g and S7. As indicated, both
the SIC@MO-t4 and SiC@MO-t6 samples, possessing a
moderate concentration of oxygen vacancies, demonstrate
the highest RL
nesses, highlighting their superior absorption capabilities.

min and broadest EAB across multiple thick-
Analysis of the XRD spectra and HRTEM images presented
in Figs. 2 and 3 reveal that prolonged exposure to the reduc-
ing agent could result in an excessively high concentration
of oxygen vacancies. This excess may disrupt the original
MoO; structure, consequently leading to suboptimal electro-
magnetic wave absorption performance in the SiIC@MO-t8
sample compared to the SIC@MO-t6 sample. As previously
discussed, while a small number of oxygen vacancies func-
tion as dipoles in an alternating electromagnetic field and
exert limited effects, an excess of oxygen vacancies not only
increases the concentration in local areas of the MoOj; shell
but also significantly compromises its structural integrity.
This results in an overall decrease in oxygen vacancy content
within the shell. From both perspectives, there are limited
improvements in the electromagnetic wave absorption per-
formance of SiC@MoO; nanocomposite. In contrast, both
the SiC@MO-t4 and SiC@MO-t6 samples, which contain
a moderate level of oxygen vacancies, strike an optimal
balance between concentration and content, thereby sig-
nificantly enhancing the electromagnetic wave absorption
performance of the initial product. Figure 4i and Tab. S1
present a comparative analysis of the electromagnetic wave
absorption performance of the SiC@MO-t4 and SiC@
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MO-t6 samples with recent reports on absorbers involving
Mo and other oxides [46—53]. The results indicate that the
synthesized SiC@MO-t4 and SiC@MO-t6 samples exhibit
a wider EAB and more impressive RL,;, values. These char-
acteristics align with the ideal properties of absorptive mate-
rials, namely thinness, broad bandwidth, lightweight, and
high efficiency.

The complex permittivity (er=¢'—je"") and complex per-
meability (ur=p'—jp"’) are crucial parameters in evaluating
the performance of electromagnetic wave absorbing materi-
als. The real parts (¢’ and p) and the imaginary parts (¢ and
p'") respectively denote the storage and attenuation capaci-
ties of these materials for the electric and magnetic energy
of incident electromagnetic waves [54]. These values are
derived using the following formulas:

€y~ € .
£r=£m+mzel—]£l 4)
e =e_+ . N

T T T Qa2 )
2nfr(e, — €4
e = —f ( ) 6)

1+ (2zf)*z?

herein, e, represents the optical permittivity, e, indicates
the static permittivity, T signifies the relaxation time, and f
denotes the frequency. Considering that both SiC nanowires
and the MoOj shell are non-magnetic materials, their real
and imaginary parts of permeability values exhibit minor
fluctuations around 1 and O, respectively [26]. The nano-
composite demonstrates negligible magnetic loss to incident
electromagnetic waves (Fig. S8), which can be reasonably
disregarded in this analysis. This research focuses on the
impact of dielectric loss on the attenuation of electromag-
netic waves by these materials. Figure 5a, b depicts the
frequency-dependent variations in &’ and €" values for the
SiC@MoOj; nanocomposite and various SiC@MO-t sam-
ples, respectively. At low frequencies, the dielectric con-
stant increases with increasing frequency because molecular
polarization requires a certain amount of time. Conversely,
at high frequencies, the dielectric constant decreases with
increasing frequency because the relaxation time for molecu-
lar polarization is too short to complete polarization [55-57].
The €' and €" values of the pure SiC@MoO; nanocomposite
remain stable at approximately 4 and 0.13, respectively. This
stability may account for the lack of frequency-dependent
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variations in the RL_; values observed in Figs. 3a and S4.

The remarkably low €" value of the sample results in insub-
stantial dielectric loss to incident electromagnetic waves,
posing challenges to achieving satisfactory wave absorption
performance. Furthermore, a difference in values exceed-
ing 20-fold indicates significant alterations to the imped-
ance matching characteristics [58]. With the introduction of
oxygen vacancies, the €’ value of the SIC@MO-t samples
rises markedly, indicating an enhanced capacity for elec-
tric field energy storage. Within the 2-9 GHz frequency
range, the €’ values of the samples remain stable, display-
ing smooth curves, with the SIC@MO-t4 sample exhibiting
significantly higher values than the others. Meanwhile, the
SiC@MO-t6 sample exhibits values comparable to those of
SiC@MO-t8 sample in this frequency region, suggesting
their indistinguishable electric field storage capability. In
the frequency range of 9—12 GHz, most of the SIC@MO-t
samples (SiC@MO-t2 ~ SiC@MO-t6) exhibit a gradually
decrease in &' values. For the SiC@MO-t8 sample, the
declining trend commences at approximately 12-14 GHz.
Additionally, throughout the mid to high frequency range,
all SiC@MO-t samples display multiple distinct resonance
peaks, potentially linked to polarization effects induced
by oxygen vacancies [2]. As illustrated in Fig. 5b, the "
values of the SiC@MO-t samples initially increase and
subsequently decrease. With an increase in the concentra-
tion of oxygen vacancies, the €' values of the SIC@MO-t
samples exhibit an overall trend of initially increasing and
then decreasing. Notably, the SiIC@MO-t4 sample demon-
strates the highest €" values compared to the other samples
across the entire measured frequency range, indicating its
superior attenuation capacity for the electric field energy
of incident electromagnetic waves, with a peak value near
10 GHz, approximately 12.9 [59]. Throughout the entirety of
the testing frequency range, the € values of the SIC@MO-t6
sample consistently range between 2 and 4, indicating its
stable attenuation capacity for the electric field energy of
incident electromagnetic waves. Additionally, the maximal
e'" values of each SIC@MO-t sample are observed within
either the X or Ku band, accompanied by multiple distinct
resonance peaks. In Fig. 5a, the ¢’ values of SiIC@MO-t2 and
SiC@MO-t8 are either slightly higher than or equivalent to
those of the SiC@MO-t6 sample across the entire range of
tested frequencies. However, in Fig. 5b, the values of the
former two are consistently lower than those of the latter
throughout the entire tested frequency range. This suggests
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a more pronounced disparity between their capabilities in
storing and attenuating electric field energy, which may sig-
nificantly influence the impedance matching characteristics
of the materials and potentially have a detrimental effect
on electromagnetic wave attenuation. Figure 5c presents

© The authors

the frequency-dependent curves of the loss tangent values
(tand,=¢'"/¢e") for various products. Within the 2-10 GHz
frequency range, a uniform trend is observed across all sam-
ples. The maximum tand, values for the SiIC@MO-t samples
with oxygen vacancies are observed within the 10-13 GHz

https://doi.org/10.1007/s40820-024-01478-2
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frequency range, exhibiting a variation tendency similar to
that of various samples exhibited in Fig. 5b. It is noteworthy
that, in contrast to the results in Fig. 5b, the SiC@MO-t4
sample presents two distinct peaks in tand, values, and the
disparity in tand, values between the SiC@MO-t4 and SiC@
MO-t6 samples is notably reduced. These findings indicate
that, in addition to €', other parameters also significantly
impact the electromagnetic wave attenuation characteristics.

Generally, the dielectric loss in wave-absorbing materials
can be primarily attributed to conductive and polarization
loss [60]. To elucidate the attenuation characteristics of inci-
dent electromagnetic waves on varied SiC@MO-t samples,
resulting from oxygen vacancies, the values of conductive
and polarization loss as functions of frequency were cal-
culated using the prescribed formula. In this context, &,
denotes polarization loss, €. denotes conductive loss, o rep-
resents the conductivity, and g, (e,=8.854x 107> Fm™)
represents the permittivity of free space [61].

€' =€ +e =(g,—€y) 2nf G 7
p c ey 1 + (27;]4‘)21_2 zn-feo ( )
8// _ [0}
¢ 2nrfe, ®)
6// _ (g e Zﬂf‘[ (9)
r Y+ Qa2

The relationships between the conductive and polariza-
tion loss of the various samples as functions of frequency
are depicted in Fig. S9, respectively. Notably, the €,. and
e.» values of the SiC@MoO; nanocomposite remain sta-
ble with increasing frequency, maintaining low levels, and
their combined impact on dielectric loss is negligible. This
observation aligns with the trends depicted in Fig. 5a, b.
Furthermore, as the frequency increases, the €. values of the
various SiC@MO-t samples gradually decrease, indicating
a diminishing contribution of conductive loss to the overall
dielectric loss. The e, values of the SIC@MO-t4 sample
consistently exceed those of other samples across all tested
frequency ranges, indicating its pronounced conductive loss
capability. The e_. values of SiIC@MO-t2, SiC@MO-t6, and
SiC@MO-t8 closely align, and given the notable differences
in their electromagnetic wave absorption capabilities, it can
be inferred that polarization loss plays a predominant role
in mitigating the effects of incident electromagnetic waves
on these samples. Figure S9b illustrates the polarization loss

| SHANGHAI JIAO TONG UNIVERSITY PRESS

curves of each SiC@MO-t sample plotted against frequency,
showing that the €. values follow the trends depicted in the
Fig. S9a. Notably, the polarization loss values in the SiC@
MO-t2, SiC@MO-t6, and SiC@MO-t8 samples exceed their
respective conduction loss values by a factor of one, confirm-
ing that polarization loss associated with oxygen vacancie
predominates as the source of dielectric loss in these materi-
als. Despite minimal difference in conduction loss values,
the polarization loss values of the SiIC@MO-t2 and SiC@
MO-t8 samples are notably higher than that of the SiC@
MO-t6 sample. This contrasts with the preceding results on
reflection loss, implying that impedance matching associated
with oxygen vacancies may exert a more significant influ-
ence on the enhancement of absorption performance than on
dielectric loss performance. For the SiC@MO-t4 sample, in
the S-band, its conduction loss values surpass its polariza-
tion loss values, whereas in the remaining measured bands,
the contribution of polarization loss to dielectric loss is pre-
dominant over conduction loss. The conductivity (Fig. S10)
of the SiC@MoO; nanocomposite is notably lower than that
of the SiIC@MO-t samples containing oxygen vacancies, and
its conductivity is correlated with the sequence of curves in
Fig. 5b. This effect is likely attributed to oxygen vacancies
that introduce defect levels into the band-gap of the MoO;
semiconductor, enhancing the migration and hopping capac-
ity of surface electrons and thus resulting in significantly
improved conductive loss characteristics [62].

To examine the polarization loss of the samples, the relax-
ation behavior of the various products was analyzed using
Debye relaxation theory. The typical relationship between
¢" and €' can be described by the following equation [45]:

, (55"‘500) ? 2 (€2 Eq 2
<g_—2 )= (257) (10)

Figure S11 exhibits the Cole—Cole curves of SiC@MoO;
nanocomposites. It can be observed that a single semicircle
can be marked, suggesting that limited Debye relaxation phe-
nomena occur, which cannot effectively dissipate the energy
of the incident electromagnetic wave. The Cole—Cole plots
of SiC@Mo0O; nanocomposites and SiIC@MO-t samples are
depicted in Fig. 5d—g, respectively. It can be found that the
introduction of oxygen vacancies in the SIC@MO-t sam-
ple results in additional semicircles, indicating a more pro-
nounced Debye relaxation phenomenon relative to the SiC@
MoO; nanocomposites. Similar to the results presented in
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Fig. 5b, the SiC@MO-t4 and SiC@MO-t6 samples with
optimal oxygen concentration, exhibit the most semicircles,
indicating the strongest relaxation behavior among them and
corresponding to better electromagnetic wave loss properties
[63]. Furthermore, the long-tail phenomenon at the end of
the Cole—Cole curve indicates the conduction loss of vari-
ous samples, representing the conductivity loss contributing
to electromagnetic wave attenuation of the absorber [64].
Analysis of the graph reveals that the calculated slope values
of the samples are correlated with the relative magnitude of
their conduction loss. Additionally, the different Cole—Cole
curve tail slope values were calculated, as indicated by the
blue line in Fig. 5h, revealing that SiC@MO-t4 sample
exhibits strong conduction loss. It is well known that the
excellent absorption performance of absorptive materials
depends on two important parameters: impedance matching,
which reflects the extent of electromagnetic waves penetrat-
ing the absorbing material, and the attenuation coefficient,
which reflects the attenuation capacity of the absorber for
incident electromagnetic waves. These two parameters may
be calculated using the following formulas [65]:

a= @C \/(M”e” —We) +V(W'e" — We Y+ (e + e’
an

Figure 5i depicts the attenuation coefficient variations of
the SiC@MoO; nanocomposite and SiC@MO-t samples.
Across the entire frequency range, the a values for each
SiC@MO-t sample exceed those of SiC@MoO; nanocom-
posite, with the relative positions of the curves correspond
to those in Fig. 5b, which suggests a stronger attenuation
capacity for the incident electromagnetic waves. These
findings provide further evidence that oxygen vacancies
promote electromagnetic wave loss, consistent with the
observations from the polarization loss curve shown in
Fig. S9. The maximum value for the SiC@MoO; nano-
composite is observed at approximately 6 GHz, reaching
nearly 100. In other examined frequency ranges, the val-
ues are relatively small and exhibit negligible variation,
indicating a poor attenuation capability against incident
electromagnetic waves. In the S-band, the attenuation coef-
ficient values for each SIC@MO-t sample appear to be
comparatively uniform. In the C and X bands, the attenu-
ation coefficient values for each SiC@MO-t sample dem-
onstrate a gradual increase with respect to frequency. In
the Ku frequency band, the attenuation coefficient values

© The authors

for each SiC@MO-t sample tend to fluctuate in proxim-
ity to their maximum values. The delta function (IAl) was
computed to evaluate the impedance matching of SiC@
MoO; nanocomposite with various SiC@MO-t samples
with the following equation [66]:

|A =] sinh2<k?d) M| (12)

The constants K and M can be determined from the rela-
tionship between complex permittivity and complex perme-
ability, as indicated in the following equation:

AR
4n p@@n(%)

K= (13)
€c0sd,cosd
M 44’ cos 5,1 cos 8,
(' cos 8, — €' cos §,,)* + [tan (@)1204! cos 8, + £’ cos §,,)?
(14)

Optimal impedance matching in the absorbers is achieved
when the absolute value of |Al approaches zero. Effective
impedance matching for electromagnetic wave absorbing
materials occurs when |IAl falls below 0.4. Figure 5j—m
depicts the |Al values for a range of samples under optimal
conditions. Notably, the SiC@MO-t4 and SiC@MO-t6 sam-
ples exhibit a broader range where |Al is less than 0.4, sug-
gesting enhanced impedance matching that enables incident
electromagnetic waves to penetrate the material more effec-
tively. This indicates that while excellent attenuation capac-
ity is crucial for superior electromagnetic loss performance,
combing it with excellent impedance matching is equally
fundamental [67]. Based on the aforementioned evidence,
one can conclude that oxygen vacancies have a significant
impact on both the attenuation coefficient and the impedance
matching characteristics of SiC@MoO; nanocomposite.

3.3 Electromagnetic Wave Attenuation Mechanism
of Oxygen Vacancy-Rich SiC@Mo0O,
Nanocomposites

To comprehensively understand the impact of oxygen vacan-
cies on electromagnetic wave absorption, the electronic dis-
tribution around these vacancies in various samples was
investigated using density functional theory (DFT) cal-
culations. Since identical SiC nanowires acted as carriers
or substrate, simplifying the model, the alterations in the
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electronic structure of MoOj; across different samples were
investigated. Figure 6a—d depicts atomic structure models
and band structures of intrinsic MoO5; and MoO; with oxy-
gen vacancies. It is well known that in semiconductor mate-
rials, oxygen vacancies (V) can reduce the hybridization
energy level, thereby decreasing the band gap [68]. Under
the influence of oxygen vacancies, neighboring electrons
around the low-coordination Mo atoms enter the conduction
band, thereby increasing the conductivity. Consequently,
the band gap of MoOj; in the SiC@MO-t sample decreases
from the direct band gap of intrinsic MoO; with the value
of 2.27 to 0 eV. This narrowing facilitates electron trans-
fer and hopping, enhancing the conductivity loss effect of
electromagnetic wave [69]. Therefore, compared to SiC@
MoO; nanocomposites, the conductivity loss of SIC@MO-t
samples is significantly enhanced.

Figure 6c¢, d depicts the density of states (DOS) for bare
MoO; and MoO; with oxygen vacancies, respectively. For
samples containing oxygen vacancies, it can be observed

SHANGHAI JIAO TONG UNIVERSITY PRESS

that the valence band maximum is mainly composed of O-2p
orbitals. In the energy region higher than the O-2p orbitals,
some new Mo-4d and O-2p orbitals appear, indicating that
oxygen vacancies cause additional Mo-4d and O-2p elec-
tronic orbitals, resulting in a narrowing the band gap of sys-
tem. From Fig. 6e, {, it can be seen that for intrinsic MoOj,
the charge density distribution shows no significant differ-
ences across the entire model. On the other hand, Fig. 6g, h
displays the charge difference for MoO; with oxygen vacan-
cies, clearly indicating charge transfer at the positions of
missing oxygen atoms. This implies that the absence of lat-
tice oxygen disrupts the symmetric charge distribution, lead-
ing to the induction of electric dipoles and the formation of
positive charge centers, which act as enhanced dipole polari-
zation in alternating electromagnetic fields, contributing to
the attenuation of incident electromagnetic waves [20].
Based on the above analysis, the SIC@MO-t sample can
be regarded as a nanocomposite consisting of SiC@MoO;
coupled with oxygen vacancy defects. The impact of SiC@
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MO-t on incident electromagnetic waves results from the
combined dielectric loss performances. For the SiC@MoO;
nanocomposite, the mechanism diagram illustrating its role
in attenuating electromagnetic waves is shown in Fig. 6i. The
main mechanism can be summarized as follows: (1) Struc-
turally, the densely packed SiC@MoO; one-dimensional
nanomaterials form an interwoven network. The disordered
pore structure, surrounded by adjacent nanowires, functions
as a transmission channel for electromagnetic waves to pen-
etrate into the interior of the network. Simultaneously, it
enhances multiple reflections and scattering of electromag-
netic waves, effectively improving the dielectric loss capac-
ity of the product [70]. (2) While both -SiC and a-MoO;
are wide band-gap semiconductor materials, the band-gap of
latter is approximately 2.72 eV, smaller than that of the for-
mer, which has a value of 3.13 eV. Compared to single SiC
nanowires, the synthesized SiC@MoO; one-dimensional
nanomaterials exhibit a narrower band-gap [71, 72]. This
reduction diminishes the energy barriers for electron migra-
tion and hopping, potentially enhancing the electrical loss
characteristics of the sample to a certain extent. (3) Due
to the significant difference in electron transfer efficiency
between SiC and MoQO;, charge carriers may become trapped
at the hetero-junction interface during migration. This
leads to the accumulation and non-uniform distribution of
charges around the interface region, which in turn generates
abundant interface polarization losses [73]. (4) Within SiC
nanowire structures, stacking faults, along with atoms in the
perfect crystal lattice, may serve as polarization centers. This
induces the redistribution of positive and negative charges,
creating imbalances in dipole moments and subsequent
dipole polarization formation [25, 70]. This mechanism fur-
ther contributes to enhanced dielectric loss properties of the
product. Oxygen vacancy defects in the SiC@MoO; sample
play a crucial role in enhancing its absorption performance
compared to the SIC@MoO; nanocomposite. Firstly, oxy-
gen vacancies modify the intrinsic band structure of MoO;
semiconductors by introducing defect energy levels, thereby
reducing the energy barrier for electron transitions [74]. This
enhancement in electron transport results in stronger electri-
cal loss capabilities relative to SiC@MoO; nanocomposite.
Furthermore, the introduction of oxygen vacancies in the
MoO; lattice induces lattice distortion and serves as polari-
zation centers. These vacancies capture and release charge
carriers, altering the charge distribution around them and
generating strong defect-induced dipole moments [12]. This
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emphasizes the role of polarization loss in attenuating elec-
tromagnetic waves. Moreover, the presence of oxygen vacan-
cies facilitates the tuning of impedance matching between
the SIC@MO-t sample and its surrounding environment,
enabling enhanced penetration of electromagnetic waves that
impinge on the surface of the material into the absorber. This
optimizes the dissipation of electromagnetic wave energy.

To demonstrate the effectiveness of SiC@MoO; nano-
composite and SiIC@MO-t samples, which are rich in oxygen
vacancies, in broadband and wide-angle electromagnetic wave
absorption, this study also aims to verify the stealth perfor-
mance of the absorbers in practical applications. Under the
detection frequency of 14.96 GHz, 3D far-field simulation
maps of the samples were perfectly simulated (Fig. 7c—h).
Figure 7a shows the establishment of a perfect PEC plate
model. Figure 7b shows the PEC model and the maximum
RCS value of SiC@MO-t sample as — 32.93 dB m?. Generally,
the radar cross-section (RCS) value of a material represents
the physical quantity of the F-reflected wave intensity detected
by radar under aircraft coating conditions, and a smaller RCS
value indicates better stealth performance of the material. The
RCS of the aircraft is related to the unit solid angle reflection
in the radar receiving direction [75]. Additionally, the basic
equation describing the radar and the radar intercept signal
value, as well as the power density of target firing, are relevant.
The equation for calculating the cross-section (RCS, &) can be
expressed as [76]:

E |\? H
= > = 1im47zR2< ==
R—o00 Ei R—o0 Hi R—o0

2
S
o(m*) = lim 47rR2< > = lim 47;R2§S

(15)

In the formula, E, and E; represent the intensity of scattered
electric field and incident electric field respectively. H, and
H, represent the intensity of scattering ¢ magnetic field and
incident magnetic field respectively. S and S; represent the
power densities of scattering and incident lengths. Accord-
ingly, a 3D far-field simulation was conducted at a detection
frequency of 14.96 GHz for five materials. Since ko is greater
than 10, and the target size of the aircraft model is larger than
the signal wavelength [77]. In addition, the forward (Fig. 7j)
and top-down (Fig. 7k) RCS (measuring the transverse elec-
tropolarized waves of the returned sensor) of the UAV at the
optimal frequency (14.96 GHz) show that the composite struc-
ture reflects a weaker electromagnetic wave signal than the
basic PEC model. The results show that SiIC@MO-t series
absorbing materials rich in oxygen vacancies have excellent
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electromagnetic wave absorption capability, and exhibit excel-
lent attenuation strategy to effectively regulate the radio wave
absorption under complex conditions.

4 Conclusion

In this study, SiC@MoO; nanocomposites with controlla-
ble vacancy concentration were synthesized by the in situ
growth of MoO; on the surface of pre-obtained SiC nanow-
ires, followed by reduction using KBH,. Characteriza-
tion results indicate that the presence of oxygen vacancies
directly enhances dipole polarization, thereby improving the
effectiveness of electromagnetic loss. Analysis reveals that
the optimized SiC@MO-t4 nanocomposite exhibits supe-
rior electromagnetic wave absorption performance, achiev-
value of -50.49 dB at a matching thickness of
1.27 mm. The SiC@MO-t6 nanocomposite exhibits excep-

ing an RL_;,
tional performance, with an impressive EAB of 8.72 GHz
at a matching thickness of 2.81 mm, covering the entire
Ku band. Remarkably, both nanocomposites outperform
the SiC@MoO; sample in terms of electromagnetic loss

SHANGHAI JIAO TONG UNIVERSITY PRESS

efficiency. Furthermore, the exploitation of vacancy-induced
direct dipole polarization presents a promising approach for
enhancing electromagnetic wave absorption capabilities
through defect engineering. This strategy holds potential
applications in the development and enhanced performance
of other absorbers.

Acknowledgements The work reported here was supported by the
National Natural Science Foundation of China under Grant Nos.
52072196, 52002200, 52102106, 52202262, 22379081, 22379080,
Major Basic Research Program of Natural Science Foundation of
Shandong Province under Grant No. ZR2020ZD09, the Natu-
ral Science Foundation of Shandong Province under Grant Nos.
ZR2020QE063, ZR2022ME090, ZR2023QE059. Moreover, this
work was supported by the Visiting Scholar Fellowship Fund-
ing for Teachers in Shandong Province’s General Undergraduate
Institutions.

Declarations

Conflict of interest The authors declare no interest conflict. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

@ Springer



273 Page 18 of 21

Nano-Micro Lett. (2024) 16:273

adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/
s40820-024-01478-2.

References

1. N.Qu,G. Xu, Y. Liu, M. He, R. Xing et al., Multi-scale design
of metal-organic framework metamaterials for broad-band
microwave absorption. Adv. Funct. Mater. (2024). https://doi.
org/10.1002/adfm.202402923

2. Y. Liu, X. Zhou, Z. Jia, H. Wu, G. Wu, Oxygen vacancy-
induced dielectric polarization prevails in the electromagnetic
wave-absorbing mechanism for Mn-based MOFs-derived com-
posites. Adv. Funct. Mater. 32, 2204499 (2022). https://doi.
org/10.1002/adfm.202204499

3. Y. Guo, K. Ruan, G. Wang, J. Gu, Advances and mechanisms
in polymer composites toward thermal conduction and electro-
magnetic wave absorption. Sci. Bull. 68, 1195-1212 (2023).
https://doi.org/10.1016/j.scib.2023.04.036

4. Z.Gao, D. Lan, X. Ren, Z. Jia, G. Wu, Manipulating cellulose-
based dual-network coordination for enhanced electromagnetic
wave absorption in magnetic porous carbon nanocomposites.
Compos. Commun. 48, 101922 (2024). https://doi.org/10.
1016/j.coco.2024.101922

5. Z.Hao, J. Zhou, S. Lin, D. Lan, H. Li et al., Customized het-
erostructure of transition metal carbides as high-efficiency and
anti-corrosion electromagnetic absorbers. Carbon 228, 119323
(2024). https://doi.org/10.1016/j.carbon.2024.119323

6. L. Yuan, W. Zhao, Y. Miao, C. Wang, A. Cui et al., Con-
structing core-shell carbon fiber/polypyrrole/CoFe,O, nano-
composite with optimized conductive loss and polarization
loss toward efficient electromagnetic absorption. Adv. Com-
pos. Hybrid Mater. 7, 70 (2024). https://doi.org/10.1007/
s42114-024-00864-z

7. Z.lJia,J. Liu, Z. Gao, C. Zhang, G. Wu, Molecular interca-
lation-induced two-phase evolution engineering of 1T and
2H-MS, (M = Mo, V, W) for interface-polarization-enhanced
electromagnetic absorbers. Adv. Funct. Mater. (2024). https://
doi.org/10.1002/adfm.202405523

8. J. Wen, D. Lan, Y. Wang, L. Ren, A. Feng et al., Absorption
properties and mechanism of lightweight and broadband elec-
tromagnetic wave-absorbing porous carbon by the swelling

© The authors

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

treatment. Int. J. Miner. Metall. Mater. 31, 1701-1712 (2024).
https://doi.org/10.1007/s12613-024-2881-0

C. Li, D. Li, S. Zhang, L. Ma, L. Zhang et al., Interface
engineering of titanium nitride nanotube composites for
excellent microwave absorption at elevated temperature.
Nano-Micro Lett. 16, 168 (2024). https://doi.org/10.1007/
s40820-024-01381-w

C.A.F. Nason, A.P.V. Saroja, Y. Lu, R. Wei, Y. Han et al., Lay-
ered potassium titanium niobate/reduced graphene oxide nano-
composite as a potassium-ion battery anode. Nano-Micro Lett.
16, 1 (2024). https://doi.org/10.1007/s40820-023-01222-2

S. Wu, H. Hou, X. Xue, Quad-band microwave absorbers
based on MoO;_ @ MWCNT with tunable morphologies for
multifunctional multiband absorption. Carbon 201, 1160—
1173 (2023). https://doi.org/10.1016/j.carbon.2022.10.012

X. Su, J. Wang, T. Liu, Y. Zhang, Y. Liu et al., Controllable
atomic migration in microstructures and defects for electro-
magnetic wave absorption enhancement. Adv. Funct. Mater.
(2024). https://doi.org/10.1002/adfm.202403397

Y. Yin, X. Zeng, L. Xia, G. Xiong, H. Zhang et al.,
MoO;-MoC/Co@NC coupled heterostructures with strong
connections and abundant interfaces for electromagnetic
wave absorption. Colloids Surf. A Physicochem. Eng. Aspects
668, 131427 (2023). https://doi.org/10.1016/j.colsurfa.2023.
131427

J.-B. Cheng, Y.-Q. Wang, A.-N. Zhang, H.-B. Zhao, Y.-Z.
Wang, Growing MoO;-doped WO; nanoflakes on rGO aerogel
sheets towards superior microwave absorption. Carbon 183,
205-215 (2021). https://doi.org/10.1016/j.carbon.2021.07.019

C.-Q. Li, X. Shen, R.-C. Ding, G.-S. Wang, Controllable syn-
thesis of one-dimensional MoO;/MoS, hybrid composites
with their enhanced efficient electromagnetic wave absorp-
tion properties. ChemPlusChem 84, 226-232 (2019). https://
doi.org/10.1002/cplu.201800599

H. Wang, H. Ma, Enhancing the microwave absorbing prop-
erties of molybdenum dioxide by designing a double-layered
structure. Mater. Res. Bull. 122, 110692 (2020). https://doi.
org/10.1016/j.materresbull.2019.110692

B. Zhan, Y. Hao, X. Qi, Y. Qu, J. Ding et al., Multifunctional
cellular carbon foams derived from chitosan toward self-
cleaning, thermal insulation, and highly efficient microwave
absorption properties. Nano Res. 17, 927-938 (2024). https:/
doi.org/10.1007/512274-023-6236-7

X. Wu, J. Huang, H. Gu, S. Chen, N. Li et al., Ni doping in
MnO,/MXene (Ti;C,T,) composites to modulate the oxygen
vacancies for boosting microwave absorption. ACS Appl.
Electron. Mater. 4, 3694—3706 (2022). https://doi.org/10.1021/
acsaelm.2¢c00654

C. Gong, J. Ding, C. Wang, Y. Zhang, Y. Guo et al., Defect-
induced dipole polarization engineering of electromagnetic
wave absorbers: insights and perspectives. Compos. Part B
Eng. 252, 110479 (2023). https://doi.org/10.1016/j.compo
sitesb.2022.110479

M. Qin, L. Zhang, X. Zhao, H. Wu, Defect induced polari-
zation loss in multi-shelled spinel hollow spheres for

https://doi.org/10.1007/s40820-024-01478-2


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s40820-024-01478-2
https://doi.org/10.1007/s40820-024-01478-2
https://doi.org/10.1002/adfm.202402923
https://doi.org/10.1002/adfm.202402923
https://doi.org/10.1002/adfm.202204499
https://doi.org/10.1002/adfm.202204499
https://doi.org/10.1016/j.scib.2023.04.036
https://doi.org/10.1016/j.coco.2024.101922
https://doi.org/10.1016/j.coco.2024.101922
https://doi.org/10.1016/j.carbon.2024.119323
https://doi.org/10.1007/s42114-024-00864-z
https://doi.org/10.1007/s42114-024-00864-z
https://doi.org/10.1002/adfm.202405523
https://doi.org/10.1002/adfm.202405523
https://doi.org/10.1007/s12613-024-2881-0
https://doi.org/10.1007/s40820-024-01381-w
https://doi.org/10.1007/s40820-024-01381-w
https://doi.org/10.1007/s40820-023-01222-2
https://doi.org/10.1016/j.carbon.2022.10.012
https://doi.org/10.1002/adfm.202403397
https://doi.org/10.1016/j.colsurfa.2023.131427
https://doi.org/10.1016/j.colsurfa.2023.131427
https://doi.org/10.1016/j.carbon.2021.07.019
https://doi.org/10.1002/cplu.201800599
https://doi.org/10.1002/cplu.201800599
https://doi.org/10.1016/j.materresbull.2019.110692
https://doi.org/10.1016/j.materresbull.2019.110692
https://doi.org/10.1007/s12274-023-6236-7
https://doi.org/10.1007/s12274-023-6236-7
https://doi.org/10.1021/acsaelm.2c00654
https://doi.org/10.1021/acsaelm.2c00654
https://doi.org/10.1016/j.compositesb.2022.110479
https://doi.org/10.1016/j.compositesb.2022.110479

Nano-Micro Lett.

(2024) 16:273

Page 19 0of 21 273

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

electromagnetic wave absorption application. Adv. Sci. 8,
2004640 (2021). https://doi.org/10.1002/advs.202004640

Z. Su, S. Yi, W. Zhang, X. Xu, Y. Zhang et al., Ultrafine
vacancy-rich Nb,Os semiconductors confined in carbon
nanosheets boost dielectric polarization for high-attenuation
microwave absorption. Nano-Micro Lett. 15, 183 (2023).
https://doi.org/10.1007/s40820-023-01151-0

M. Habibi, A. Habibi-Yangjeh, Y. Akinay, A. Khataee, Oxy-
gen vacancy-rich CeO, decorated with Cu;BiS; nanoparticles:
outstanding visible-light photocatalytic performance towards
tetracycline degradation. Chemosphere 340, 139828 (2023).
https://doi.org/10.1016/j.chemosphere.2023.139828

M. Zhang, Z. Li, T. Wang, S. Ding, G. Qiu et al., High yield
synthesis of SiC nanowires and their mechanical performances
as the reinforcement candidates in Al,O; ceramic composite.
J. Alloys Compd. 780, 690-696 (2019). https://doi.org/10.
1016/j.jallcom.2018.11.254

M. Zhang, J. Zhao, Z. Li, S. Ding, Y. Wang et al., Ultralong
SiC/SiO, nanowires: simple gram-scale production and their
effective blue-violet photoluminescence and microwave
absorption properties. ACS Sustainable Chem. Eng. 6, 3596—
3603 (2018). https://doi.org/10.1021/acssuschemeng.7b03908

J. Xiao, B. Zhan, M. He, X. Qi, X. Gong et al., Interfacial
polarization loss improvement induced by the hollow engi-
neering of necklace-like PAN/carbon nanofibers for boosted
microwave absorption. Adv. Funct. Mater. (2024). https://doi.
org/10.1002/adfm.202316722

Y. Guo, M. Zhang, T. Cheng, Y. Xie, L. Zhao et al., Enhancing
electromagnetic wave absorption in carbon fiber using FeS,
nanoparticles. Nano Res. 16, 9591-9601 (2023). https://doi.
org/10.1007/s12274-023-5776-x

W. Zhao, M. Zhang, Y. Miao, C. Wang, A. Cui et al., Struc-
tural design and controllable preparation of SiCyy,@Fe;0,@
NC nanocomposites for electromagnetic wave absorption.
Int. J. Miner. Metall. Mater. (2024). https://doi.org/10.1007/
s12613-024-2911-y

Y. Qin, C. Ni, X. Xie, J. Zhang, B. Wang et al., Multiple reflec-
tion and scattering effects of the lotus seedpod-based activated
carbon decorated with Co;0, microwave absorbent. J. Colloid
Interface Sci. 602, 344-354 (2021). https://doi.org/10.1016/j.
jcis.2021.06.048

Z.Li, X. Wang, H. Ling, H. Lin, T. Wang et al., Electromag-
netic wave absorption properties of SiC@SiO, nanoparticles
fabricated by a catalyst-free precursor pyrolysis method. J.
Alloys Compd. 830, 154643 (2020). https://doi.org/10.1016/].
jallecom.2020.154643

M. Zhang, Z. Li, T. Wang, S. Ding, G. Song et al., Preparation
and electromagnetic wave absorption performance of Fe;Si/
SiC@SiO, nanocomposites. Chem. Eng. J. 362, 619-627
(2019). https://doi.org/10.1016/j.cej.2019.01.039

G. Qi, J. Zhang, L. Chen, B. Wang, J. Cheng, Binder-free
MoN nanofibers catalysts for flexible 2-electron oxalate-based
Li-CO, batteries with high energy efficiency. Adv. Funct.
Mater. 32, 2112501 (2022). https://doi.org/10.1002/adfm.
202112501

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

N. Kumar, R. Kumar, Efficient adsorption of methylene blue
on hybrid structural phase of MoO; nanostructures. Mater.
Chem. Phys. 275, 125211 (2022). https://doi.org/10.1016/j.
matchemphys.2021.125211

J. Xiao, X. Qi, L. Wang, T. Jing, J.-L. Yang et al., Anion regu-
lating endows core @shell structured hollow carbon spheres @
MoSxSe,_, with tunable and boosted microwave absorption
performance. Nano Res. 16, 5756-5766 (2023). https://doi.
org/10.1007/s12274-023-5433-4

S. Xie, D. Cao, Y. She, H. Wang, J.-W. Shi et al., Atomic
layer deposition of TiO, shells on MoO; nanobelts allowing
enhanced lithium storage performance. Chem. Commun. 54,
7782-7785 (2018). https://doi.org/10.1039/c8cc04282a

K. Anu, A. Yadav, K.K. Gaur, Haldar, Effect of oxygen
vacancies, lattice distortions and secondary phase on the
structural, optical, dielectric and ferroelectric properties in
Cd-doped Bi,Ti,O, nanoparticles. Mater. Res. Bull. 141,
111373 (2021). https://doi.org/10.1016/j.materresbull.2021.
111373

A. Meng, M. Zhang, W. Gao, S. Sun, Z. Li, Large-scale syn-
thesis of B-SiC nanochains and their Raman/photolumines-
cence properties. Nanoscale Res. Lett. 6, 34 (2011). https://
doi.org/10.1007/s11671-010-9787-7

A. Hermawan, N.L.W. Septiani, A. Taufik, B.Y. Suyatman
et al., Advanced strategies to improve performances of molyb-
denum-based gas sensors. Nano Micro Lett. 13, 207 (2021).
https://doi.org/10.1007/s40820-021-00724-1

Y. Pan, B. Xiong, Z. Li, Y. Wu, C. Yan et al., In situ con-
structed oxygen-vacancy-rich MoO;_,/porous g-C;N, hetero-
junction for synergistically enhanced photocatalytic H, evolu-
tion. RSC Adv. 11, 31219-31225 (2021). https://doi.org/10.
1039/D1RA05620D

S. Shin, J. Yoon, E. Kim, W.-S. Yoon, H. Shin, High capacity
and reversibility of oxygen-vacancy-controlled MoO; on Cu
in Li-ion batteries: unveiling storage mechanism in binder-free
MoO;_, anodes. Energy Technol. 8, 1901502 (2020). https://
doi.org/10.1002/ente.201901502

Y. Feng, Z. Zhong, S. Chen, K. Liu, Z. Meng, Improved
catalytic performance toward selective oxidation of ben-
zyl alcohols originated from new open-framework copper
molybdovanadate with a unique V/Mo ratio. Chem. Eur. J.
29, 202302051 (2023). https://doi.org/10.1002/chem.20230
2051

J. Huang, Z. Deng, S. Bi, X. Wen, S. Zeng, Recyclable endog-
enous H,S activation of self-assembled nanoprobe with con-
trollable biodegradation for synergistically enhanced colon
cancer-specific therapy. Adv. Sci. 9, 2203902 (2022). https://
doi.org/10.1002/advs.202203902

Z. Wang, R. Lin, Y. Huo, H. Li, L. Wang, Formation, detec-
tion, and function of oxygen vacancy in metal oxides for solar
energy conversion. Adv. Funct. Mater. 32, 2109503 (2022).
https://doi.org/10.1002/adfm.202109503

H. Zhang, L. Zhu, Y. Shen, M. Wu, T. Tian et al., Tuning
the oxygen vacancies and mass transfer of porous conduc-
tive ceramic supported IrO, catalyst via polyether-derived
composite oxide pyrolysis: toward a highly efficient oxygen

@ Springer


https://doi.org/10.1002/advs.202004640
https://doi.org/10.1007/s40820-023-01151-0
https://doi.org/10.1016/j.chemosphere.2023.139828
https://doi.org/10.1016/j.jallcom.2018.11.254
https://doi.org/10.1016/j.jallcom.2018.11.254
https://doi.org/10.1021/acssuschemeng.7b03908
https://doi.org/10.1002/adfm.202316722
https://doi.org/10.1002/adfm.202316722
https://doi.org/10.1007/s12274-023-5776-x
https://doi.org/10.1007/s12274-023-5776-x
https://doi.org/10.1007/s12613-024-2911-y
https://doi.org/10.1007/s12613-024-2911-y
https://doi.org/10.1016/j.jcis.2021.06.048
https://doi.org/10.1016/j.jcis.2021.06.048
https://doi.org/10.1016/j.jallcom.2020.154643
https://doi.org/10.1016/j.jallcom.2020.154643
https://doi.org/10.1016/j.cej.2019.01.039
https://doi.org/10.1002/adfm.202112501
https://doi.org/10.1002/adfm.202112501
https://doi.org/10.1016/j.matchemphys.2021.125211
https://doi.org/10.1016/j.matchemphys.2021.125211
https://doi.org/10.1007/s12274-023-5433-4
https://doi.org/10.1007/s12274-023-5433-4
https://doi.org/10.1039/c8cc04282a
https://doi.org/10.1016/j.materresbull.2021.111373
https://doi.org/10.1016/j.materresbull.2021.111373
https://doi.org/10.1007/s11671-010-9787-7
https://doi.org/10.1007/s11671-010-9787-7
https://doi.org/10.1007/s40820-021-00724-1
https://doi.org/10.1039/D1RA05620D
https://doi.org/10.1039/D1RA05620D
https://doi.org/10.1002/ente.201901502
https://doi.org/10.1002/ente.201901502
https://doi.org/10.1002/chem.202302051
https://doi.org/10.1002/chem.202302051
https://doi.org/10.1002/advs.202203902
https://doi.org/10.1002/advs.202203902
https://doi.org/10.1002/adfm.202109503

273

Page 20 of 21

Nano-Micro Lett. (2024) 16:273

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

evolution reaction catalyst for water electrolysis. Adv. Com-
pos. Hybrid Mater. 7, 46 (2024). https://doi.org/10.1007/
s42114-024-00862-1

X. Sun, M. Yang, S. Yang, S. Wang, W. Yin et al., Ultrabroad
band microwave absorption of carbonized waxberry with hier-
archical structure. Small 15, 1902974 (2019). https://doi.org/
10.1002/sml11.201902974

M. He, J. Hu, H. Yan, X. Zhong, Y. Zhang et al., Shape aniso-
tropic chain-like CoNi/polydimethylsiloxane composite films
with excellent low-frequency microwave absorption and high
thermal conductivity. Adv. Funct. Mater. (2024). https://doi.
org/10.1002/adfm.202316691

C. Wei, L. Shi, M. Li, M. He, M. Li et al., Hollow engineering
of sandwich NC@Co/NC@MnO, composites toward strong
wideband electromagnetic wave attenuation. J. Mater. Sci.
Technol. 175, 194-203 (2024). https://doi.org/10.1016/j.jmst.
2023.08.020

Q. Su, Y. He, D. Liu, D. Li, L. Xia et al., Facile fabrication
of graphene/g-C;N, for electromagnetic wave absorption.
Nano Res. 17, 1687-1698 (2024). https://doi.org/10.1007/
$12274-023-6231-z

R.D. Kumar, S. Karuppuchamy, Facile synthesis of honey-
comb structured SnO/SnO, nanocomposites by microwave
irradiation method. J. Mater. Sci. Mater. Electron. 26, 6439—
6443 (2015). https://doi.org/10.1007/s10854-015-3234-6

J. Peng, J. Guo, S. Lv, X. Jiang, Novel ZnFe,0,@MnO,@
MXene composites with ultrathin thickness and excellent elec-
tromagnetic absorption performance. Compos. Commun. 35,
101316 (2022). https://doi.org/10.1016/j.coc0.2022.101316
J. Ge, L. Liu, Y. Cui, R. Li, F. Meng et al., Optimizing the
electromagnetic wave absorption performances of designed
Fe;0,@Si0,@MnO, hybrids. Ceram. Int. 46, 15325-15332
(2020). https://doi.org/10.1016/j.ceramint.2020.03.074

A. Xie, X. Lin, C. Zhang, S. Cheng, W. Dong et al., Oxygen
vacancy mediated polymerization of pyrrole on MoOj; to con-
struct dielectric nanocomposites for electromagnetic waves
absorption application. J. Alloys Compd. 938, 168523 (2023).
https://doi.org/10.1016/j.jallcom.2022.168523

H. Wu, J. Liu, H. Liang, D. Zang, Sandwich-like Fe;O,/Fe;S,
composites for electromagnetic wave absorption. Chem. Eng.
J. 393, 124743 (2020). https://doi.org/10.1016/j.cej.2020.
124743

F. Hu, F. Zhang, X. Wang, Y. Li, H. Wang et al., Ultra-
broad band microwave absorption from hierarchical MoO,/
TiO,/Mo,TiC,T, hybrids via annealing treatment. J. Adv.
Ceram. 11, 1466-1478 (2022). https://doi.org/10.1007/
s40145-022-0624-0

D. Tan, Q. Wang, M. Li, L. Song, F. Zhang et al., Magnetic
media synergistic carbon fiber @Ni/NiO composites for high-
efficiency electromagnetic wave absorption. Chem. Eng. J.
492, 152245 (2024). https://doi.org/10.1016/j.cej.2024.152245
Y. Cao, A.M. Mohamed, M. Mousavi, Y. Akinay, Poly(pyrrole-
co-styrene sulfonate)-encapsulated MWCNT/Fe—-Ni alloy/
NiFe,0, nanocomposites for microwave absorption. Mater.
Chem. Phys. 259, 124169 (2021). https://doi.org/10.1016/j.
matchemphys.2020.124169

© The authors

56

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

. J. Zhou, D. Liu, Y. Xiong, Y. Akinay, A novel approach to
prepare polyaniline/Polypyrrole @ Cu-BTC/NH,-MIL-101(Fe)
MOFs for electromagnetic wave absorption. Ceram. Int. 46,
19758-19766 (2020). https://doi.org/10.1016/j.ceramint.2020.
05.006

H. Niu, P. Liu, F. Qin, X. Liu, Y. Akinay, PEDOT coated Cu-
BTC metal-organic frameworks decorated with Fe;O, nano-
particles and their enhanced electromagnetic wave absorption.
Mater. Chem. Phys. 253, 123458 (2020). https://doi.org/10.
1016/j.matchemphys.2020.123458

L. Wang, Z. Ma, H. Qiu, Y. Zhang, Z. Yu et al., Significantly
enhanced electromagnetic interference shielding performances
of epoxy nanocomposites with long-range aligned lamellar
structures. Nano-Micro Lett. 14, 224 (2022). https://doi.org/
10.1007/s40820-022-00949-8

X. Zhong, M. He, C. Zhang, Y. Guo, J. Hu et al., Hetero-
structured BN@Co-C@C endowing polyester composites
excellent thermal conductivity and microwave absorption
at C band. Adv. Funct. Mater. 34, 2313544 (2024). https://
doi.org/10.1002/adfm.202313544

H. Pang, Y. Duan, L. Huang, L. Song, J. Liu et al., Research
advances in composition, structure and mechanisms of
microwave absorbing materials. Compos. Part B Eng. 224,
109173 (2021). https://doi.org/10.1016/j.compositesb.2021.
109173

L. Yao, W. Yang, S. Zhou, H. Mei, L. Cheng et al., Design
paradigm for strong-lightweight perfect microwave absorbers:
the case of 3D printed gyroid shellular SiOC-based metamate-
rials. Carbon 196, 961-971 (2022). https://doi.org/10.1016/j.
carbon.2022.06.004

K. Inzani, T. Grande, F. Vullum-Bruer, S.M. Selbach, A van
der waals density functional study of MoO; and its oxygen
vacancies. J. Phys. Chem. C 120, 8959-8968 (2016). https://
doi.org/10.1021/acs.jpcc.6b00585

L. Xiang, A.K. Darboe, Z. Luo, X. Qi, J.-J. Shao et al., Con-
structing two-dimensional/two-dimensional reduced gra-
phene oxide/MoX, (X = Se and S) van der Waals hetero-
junctions: a combined composition modulation and interface
engineering strategy for microwave absorption. Adv. Com-
pos. Hybrid Mater. 6, 215 (2023). https://doi.org/10.1007/
s42114-023-00793-3

T. Hou, J. Wang, T. Zheng, Y. Liu, G. Wu et al., Anion
exchange of metal particles on carbon-based skeletons for
promoting dielectric equilibrium and high-efficiency electro-
magnetic wave absorption. Small 19, 2303463 (2023). https://
doi.org/10.1002/smll1.202303463

M. Zhang, H. Ling, T. Wang, Y. Jiang, G. Song et al., An
equivalent substitute strategy for constructing 3D ordered
porous carbon foams and their electromagnetic attenuation
mechanism. Nano-Micro Lett. 14, 157 (2022). https://doi.org/
10.1007/s40820-022-00900-x

X. Yang, L. Xuan, W. Men, X. Wu, D. Lan et al., Carbonyl
iron/glass fiber cloth composites: achieving multi-spectrum
stealth in a wide temperature range. Chem. Eng. J. 491,
151862 (2024). https://doi.org/10.1016/j.cej.2024.151862

https://doi.org/10.1007/s40820-024-01478-2


https://doi.org/10.1007/s42114-024-00862-1
https://doi.org/10.1007/s42114-024-00862-1
https://doi.org/10.1002/smll.201902974
https://doi.org/10.1002/smll.201902974
https://doi.org/10.1002/adfm.202316691
https://doi.org/10.1002/adfm.202316691
https://doi.org/10.1016/j.jmst.2023.08.020
https://doi.org/10.1016/j.jmst.2023.08.020
https://doi.org/10.1007/s12274-023-6231-z
https://doi.org/10.1007/s12274-023-6231-z
https://doi.org/10.1007/s10854-015-3234-6
https://doi.org/10.1016/j.coco.2022.101316
https://doi.org/10.1016/j.ceramint.2020.03.074
https://doi.org/10.1016/j.jallcom.2022.168523
https://doi.org/10.1016/j.cej.2020.124743
https://doi.org/10.1016/j.cej.2020.124743
https://doi.org/10.1007/s40145-022-0624-0
https://doi.org/10.1007/s40145-022-0624-0
https://doi.org/10.1016/j.cej.2024.152245
https://doi.org/10.1016/j.matchemphys.2020.124169
https://doi.org/10.1016/j.matchemphys.2020.124169
https://doi.org/10.1016/j.ceramint.2020.05.006
https://doi.org/10.1016/j.ceramint.2020.05.006
https://doi.org/10.1016/j.matchemphys.2020.123458
https://doi.org/10.1016/j.matchemphys.2020.123458
https://doi.org/10.1007/s40820-022-00949-8
https://doi.org/10.1007/s40820-022-00949-8
https://doi.org/10.1002/adfm.202313544
https://doi.org/10.1002/adfm.202313544
https://doi.org/10.1016/j.compositesb.2021.109173
https://doi.org/10.1016/j.compositesb.2021.109173
https://doi.org/10.1016/j.carbon.2022.06.004
https://doi.org/10.1016/j.carbon.2022.06.004
https://doi.org/10.1021/acs.jpcc.6b00585
https://doi.org/10.1021/acs.jpcc.6b00585
https://doi.org/10.1007/s42114-023-00793-3
https://doi.org/10.1007/s42114-023-00793-3
https://doi.org/10.1002/smll.202303463
https://doi.org/10.1002/smll.202303463
https://doi.org/10.1007/s40820-022-00900-x
https://doi.org/10.1007/s40820-022-00900-x
https://doi.org/10.1016/j.cej.2024.151862

Nano-Micro Lett.

(2024) 16:273

Page 21 of 21 273

67.

68.

69.

70.

71.

72.

73.

B. Quan, X. Liang, G. Xu, Y. Cheng, Y. Zhang et al., A per-
mittivity regulating strategy to achieve high-performance
electromagnetic wave absorbers with compatibility of imped-
ance matching and energy conservation. New J. Chem. 41,
1259-1266 (2017). https://doi.org/10.1039/C6NJ03052A

S.A. Ansari, M.M. Khan, S. Kalathil, A. Nisar, J. Lee et al.,
Oxygen vacancy induced band gap narrowing of ZnO nano-
structures by an electrochemically active biofilm. Nanoscale
5, 9238-9246 (2013). https://doi.org/10.1039/C3NR02678G

X. Zhang, X.-L. Tian, Y. Qin, J. Qiao, F. Pan et al., Conductive
metal-organic frameworks with tunable dielectric properties
for boosting electromagnetic wave absorption. ACS Nano 17,
12510-12518 (2023). https://doi.org/10.1021/acsnano.3c021
70

L. Song, F. Zhang, Y. Chen, L. Guan, Y. Zhu et al., Multi-
functional SiC@SiO, nanofiber aerogel with ultrabroadband
electromagnetic wave absorption. Nano-Micro Lett. 14, 152
(2022). https://doi.org/10.1007/s40820-022-00905-6

Y. He, Q. Su, D. Liu, L. Xia, X. Huang et al., Surface engi-
neering strategy for MXene to tailor electromagnetic wave
absorption performance. Chem. Eng. J. 491, 152041 (2024).
https://doi.org/10.1016/j.cej.2024.152041

J. Gao, L. Zhou, J. Liang, Z. Wang, Y. Wu et al., Opti-
cal emission spectroscopy diagnosis of energetic Ar ions
in synthesis of SiC polytypes by DC arc discharge plasma.
Nano Res. 11, 1470-1481 (2018). https://doi.org/10.1007/
s12274-017-1764-3

N. Wu, B. Zhao, Y. Lian, S. Liu, Y. Xian et al., Metal organic
frameworks derived Ni,Se, @NC hollow microspheres with

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

74.

75.

76.

7.

modifiable composition and broadband microwave attenua-
tion. Carbon 226, 119215 (2024). https://doi.org/10.1016/].
carbon.2024.119215

H. Si, Y. Zhang, Y. Liu, Z. Jiang, C. Li et al., Structural
design in reduced graphene oxide (RGO) metacomposites for
enhanced microwave absorption in wide temperature spec-
trum. J. Mater. Sci. Technol. 206, 211-220 (2025). https://doi.
org/10.1016/j.jmst.2024.04.011

Q. Liang, Z. Li, J. Xu, Y. Duan, Z. Yang et al., A 4D-printed
electromagnetic cloaking and illusion function convertible
metasurface. Adv. Mater. Technol. 8, 2202020 (2023). https://
doi.org/10.1002/admt.202202020

W. Huang, M. Song, S. Wang, B. Wang, J. Ma et al., Dual-step
redox engineering of 2D CoNi-alloy embedded B, N-doped
carbon layers toward tunable electromagnetic wave absorption
and light-weight infrared stealth heat insulation devices. Adv.
Mater. (2024). https://doi.org/10.1002/adma.202403322

X. Li, H. Zhou, J. Zhang, X. Zhang, M. Li et al., Construc-
tion of shell-like carbon superstructures through anisotropi-
cally oriented self-assembly for distinct electromagnetic wave
absorption. J. Mater. Chem. A 12, 4057-4066 (2024). https://
doi.org/10.1039/D3TA06822F

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1039/C6NJ03052A
https://doi.org/10.1039/C3NR02678G
https://doi.org/10.1021/acsnano.3c02170
https://doi.org/10.1021/acsnano.3c02170
https://doi.org/10.1007/s40820-022-00905-6
https://doi.org/10.1016/j.cej.2024.152041
https://doi.org/10.1007/s12274-017-1764-3
https://doi.org/10.1007/s12274-017-1764-3
https://doi.org/10.1016/j.carbon.2024.119215
https://doi.org/10.1016/j.carbon.2024.119215
https://doi.org/10.1016/j.jmst.2024.04.011
https://doi.org/10.1016/j.jmst.2024.04.011
https://doi.org/10.1002/admt.202202020
https://doi.org/10.1002/admt.202202020
https://doi.org/10.1002/adma.202403322
https://doi.org/10.1039/D3TA06822F
https://doi.org/10.1039/D3TA06822F

	Enhancing Defect-Induced Dipole Polarization Strategy of SiC@MoO3 Nanocomposite Towards Electromagnetic Wave Absorption
	 Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Materials
	2.2 Preparation of SiC@MoO3 Nanocomposite
	2.3 Preparation of Various SiC@MO-t Samples
	2.4 Characterization

	3 Results and Discussion
	3.1 Chemical Structure and Morphology of Oxygen Vacancy-Rich SiC@MoO3 Nanocomposites
	3.2 Microwave Absorption Performance of Oxygen Vacancy-Rich SiC@MoO3 Nanocomposites
	3.3 Electromagnetic Wave Attenuation Mechanism of Oxygen Vacancy-Rich SiC@MoO3 Nanocomposites

	4 Conclusion
	Acknowledgements 
	References


