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Abstract: Poor high-temperature stability (HTS) and weak
microwave absorption performance (MAP) are a major
restriction for wave-absorbing materials in elevated tem-
perature ambient. Consequently, the Stöber process and
the sol–gel method are first devised and used to create
multi-core/shell SiO2@Al2O3 nanostructures (MCSNs) on
Ti3AlC2 (TAC). The MCSNs with a thickness of 135–215 nm
raise the starting oxidation temperature of the matrix by
400°C. Furthermore, the weight gain drops from 17.44 to
2.32% within 1 h at 800°C. The effective absorption band-
width with a reflection loss (RL) ≤ −10 dB of the MCSNs-
coated TAC is 3.25 GHz (8.68–11.27 and 11.63–12.29 GHz) at
a thickness of 2.0mm, which is 4.7 times that of the matrix.
The minimum RL is reduced by a factor of 2.77 from −10.68
to −29.55 dB. The enhanced MAP is due to the introduced
multiple reflection events and scattering mechanism as well
as the enhanced electronic polarization, interface polariza-
tion, and polarization relaxation. The growth of the MCSNs
provides a reference for the design and preparation of
bifunctional materials with good HTS and MAP.

Keywords: Ti3AlC2, multi-core/shell SiO2@Al2O3 nanos-
tructures, high-temperature stability, microwave absorp-
tion properties

1 Introduction

The extreme electromagnetic environment (including high
temperature, high damp heat, and salt fog) have brought
high-temperature (>300°C), oxidation-resistant microwave
absorbing materials (MAMs) into focus [1–4]. These mate-
rials can be used in civil, military, and aerospace equipment
(such as for the nozzle, heat shield, and nose cone) [5–8].
Therefore, materials with outstanding high-temperature
stability (HTS) and microwave absorption performance
(MAP) are widely studied [9,10]. In order to meet these
requirements, various MAMs have been developed, mainly
including magnetic materials (such as magnetic metals
[11,12] and ferrites [13]), carbon-based materials (such as
carbon nanotubes [14,15], carbon fibers [16], and graphene
[5]), and ceramic-based materials (such as SiCnp/Cf [17],
PyC–SiCf/SiC [18], and Cf/SiCnw [19]). The general use of
magnetic materials in high-temperature situations is
severely constrained by the low Curie temperature [20].
Furthermore, once the temperature reaches 300°C, carbon-
based materials begin to oxidize [21]. Naturally, SiC-based
materials with good HTS and chemical stability become one
of the best choice for high-temperature MAMs [22]. However,
the low carrier concentration and single polarization mechanism
prevent SiC from achieving excellent MAP.

Until now, the introduction of dielectric materials to
tune the complex permittivity and polarizationmechanism
of SiC-based materials has been a commonly used strategy
to improve their MAP [18,23]. Han et al. prepared SiC nano-
wires reinforced SiCf/SiC composites via chemical vapor
infiltration [24]. The conductivity and complex permittivity
of the composites showed a significant uplift dependence
on temperature. Furthermore, the minimum reflection loss
(RLmin) was −47.5 dB at a thickness of 2.5 mm at 11.4 GHz
and 600°C, and the effective absorption bandwidth (EAB;
RL ≤ −10 dB) was 2.8 GHz. Huo et al. prepared heteroge-
neous SiC/ZrC/SiZrOC hybrid nanofibers containing different
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highly conductive ZrC phases via electrospinning and high-
temperature pyrolysis [25]. When the content of ZrC was up
to 10wt%, the conductivity of the SiC/ZrC/SiZrOC hybrid
nanofibers increased from 0.34 to 2.57 S/cm. For SiC/ZrC/
SiZrOC hybrid nanofibers containing 7wt% ZrC, the initial
oxidation temperature was around 600°C.When the thickness
of the absorber was 3mm, the EAB was 3GHz (8.2–11.2 GHz),
and the RLmin was −17.5 dB at 10.3GHz. These results indicate
that the inclusion of dielectric materials can considerably
improve the MAP of SiC. However, the excellent chemical
properties of SiC are degraded, especially its HTS. Therefore,
finding a MAM with good HTS and complex polarization
mechanism is necessary.

Good electrical characteristics and high-temperature
oxidation resistance are displayed by the ternary-layered
compound Ti3AlC2 (TAC) [26,27]. TAC is a promising
replacement for SiC due to these benefits. The notion
that TAC has a good HTS is supported by the modest
mass gain at 800°C [28]. The abundant interface and
the Ti–C bond endow TAC with a high interface polariza-
tion and electronic polarization. Li et al. successfully
doped TAC with Fe (xFe-TAC) through high-temperature
solid-state sintering [29]. Doping has the ability to improve
defect dipole polarization and considerably diversify the
phase interface of TAC. They found that when the absorber
thickness was 1.5mm, the RLmin was −33.3 dB, and the
EAB was 3.9 GHz. In addition, the core–shell design based
on a heterogeneous interface can adjust the complex
permittivity and interface polarization mechanism,
thus optimizing impedance matching [30]. It is envisaged
that TAC with a core–shell structure can achieve not only
an excellent MAP but also a good HTS. SiO2 can be
exploited in this aspect since it has high thermo-stability,
antioxidant properties, and high microwave transmit-
tance characteristics [31]. It hardly inhibits the coupling
between matrixes. On the other hand, the antioxidant
Al2O3 also holds the potential to maintain the diffusion
barrier integrity by supplying adequate environmental
protection [32].

Herein the Stöber process (SP) and the sol–gel method
(SGM) based on heterogeneous interface engineering were
used to construct multi-core/shell SiO2@Al2O3 nanostruc-
tures (MCSNs) in situ on TAC. The results show that the
MCNMs with a thickness of 135–215 nm have a significant
effect on the HTS and MAP of TAC. In instance, they can
nearly double the initial oxidation temperature of TAC
(from 400 to 800°C) and reduce the mass gain of TAC by
a factor of 6.52 (from 17.44 to 2.32%). Furthermore, the EAB
can be broadened by a factor of 4.7 (from 0.69 to 3.25 GHz)
with a thickness of 2.0mm, and the RLmin can be increased
by a factor of 2.77 (from −10.68 to −29.55 dB). The results

presented in this work can serve as a guide for designing
MAMs with good MAP and HTS.

2 Experimental method

2.1 Materials

The high-temperature solid-state sintering method was
employed to create the TAC that was used in the current
study. Figure S1 displays the comprehensive process and
composition analysis. The reagents used mainly include
tetraethyl orthosilicate (TEOS; Si(OC2H5)4), aluminumnitrate
(Al(NO3)3·9H2O), ammonia (NH3·H2O), absolute ethanol
(EtOH), and deionized water (H2O). The above reagents
were analytically pure and were purchased from Sinopharm
Group Chemical Agent Co. Ltd.

2.2 Sample synthesis

First, a solution was made by combining 14 ml of deio-
nized water, 56 ml of EtOH, and 2ml of ammonia. After
5 g TAC was added to the aforementioned solution and
mechanically mixed (300 rpm) for 10min, 14.4ml of TEOS
was added and reacted for 6 h at 30°C. The reaction pro-
ducts were then cleaned, dried for 24 h at 80°C in a
vacuum drying oven, and the resulting sample is known
as TAC@SiO2.

Next 14 ml of deionized water and 56ml of EtOH were
mixed together in a solution. 5 g TAC@SiO2 and 5 g Al
(NO3)3·9H2O were added sequentially, and the solution
was mechanically stirred for 10min at 300 rpm. Then,
ammonia water was added dropwise, so that the PH
was corrected to 11. The reaction took place for 6 h at
30°C. Furthermore, the product obtained by suction fil-
tration of the solution was repeatedly washed and dried
in a vacuum drying oven for 24 h at 80°C. Finally, the
dried product was placed in a tube furnace for annealing;
the obtained product is named TAC@SiO2@Al2O3. The
annealing temperature was 800°C (heated at the rate of
10°C/min). The annealing time was 2 h, the protective gas
was N2, and the gas flow was 80ml/min.

2.3 Characterization

The surface morphology and element distribution of the
samples were observed using a Thermo Quattro S (USA)
field-emission scanning electron microscope (FESEM)
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equipped with an EDAX ELECT PLUS spectrometer. The
working voltage was 10 kV. A FEI Tecnai G2 F20 (USA)
transmission electron microscope (TEM) equipped with
an energy spectrometer (Oxford 80 T) was used for the
microstructure analysis and energy-dispersive spectroscopy
(EDS). The acceleration voltage was 200 kV. The phase com-
position of the samples was analyzed using an Ultima IV
(Japan) X-ray diffractometer (XRD) with a Cu Kα radiation
source. The scanning rate was 5°/min. X-ray photoelectron
spectroscopy (XPS)measurements were carried out using a
Thermo Fisher Nexsa (USA) spectrometer with a standard
Al Kα X-ray source (1486.7 eV). The Raman spectra were
acquired using a Thermo DXR2xi (USA), and the laser wave-
length was 532 nm. Thermogravimetric (TG), differential
thermogravimetric (DTG), and differential scanning calori-
metric (DSC) analyses were performed using an STA 449 F3
(Germany) in the temperature range of 30–1,300°C (the
heating rate was 10°C/min). The electromagnetic para-
meters were measured using a N5230A network vector ana-
lyzer (USA) in the frequency range of 0.5–18 GHz at room
temperature. The samples used for these measurements
consisted of a circular workpiece with an outer diameter
of 7.0mm and an inner diameter of 3.0mm. The samples
were composed of the different TAC-based absorbents and
paraffin with a mass ratio of 4:1. The dielectric dispersion,
power flow, electric field strength, and power loss density of
the absorbers were computed from the measured electro-
magnetic parameters using the CST Studio Suite 2019 pro-
gram. The simulationmodel consisted of a square plate with
a thickness of 2.0mm. Incident electromagnetic waves
(EWs) were set to transmit in the opposite direction along
the z-axis. All directions were open within the boundary
conditions.

3 Results and discussion

The preparation process of TAC@SiO2@Al2O3 is schema-
tically depicted in Figure 1. First, the TAC was coated with

SiO2 using the classical SP. In this process, the silanol
groups’ bonding and dangling bonds at the TAC surface
change the polarity state of the substrate, causing the
TAC@SiO2 particles to couple together [33,34]. Second,
the surface of the coupled TAC@SiO2 particles was coated
with materials containing Al. Furthermore, after annealing
at 800°C for 2 h in N2, a flaky Al2O3 coating was formed
around the linked TAC@SiO2 particles; this sample is
named TAC@SiO2@Al2O3. This is the first report on the
preparation of TAC coated with MCSNs using such a
simple strategy.

Figure 2 displays the microscopic morphology and
composition analyses of the TAC-based absorbents. This
graphic demonstrates how significantly different the mor-
phology and structure of TAC@SiO2 are from those of
TAC. It can be inferred that a coupling reaction occurred
between the TAC@SiO2 particles [35]. Additionally, the
TAC@SiO2 surface is covered with rough products during
the SGM and subsequent annealing process (AP), as
depicted in Figure 2(c). The linked TAC@SiO2@Al2O3 par-
ticles’ TEM images are displayed in Figure 2(d) and (e).
Amorphous SiO2 has a thickness of around 135 nm. The
thickness of the Al2O3 shell is in the range of 10–80 nm.
According to Figure 2(f), the (107) and (103) crystal
planes of TAC correspond to the crystal plane spacings
of 1.8 and 1.3, respectively. The crystal plane spacing of
2.4 Å corresponds to the (140) crystal plane of Al2O3,
which reconfirms the presence of Al2O3, as shown in
Figure 2(g).

The Ti, Al, C, Si, and Al element mappings for the paired
TAC@SiO2@Al2O3 particles are shown in Figure 2(i)–(m).
The Al, Si, C, and O elements are uniformly distributed in
the coupled TAC@SiO2@Al2O3 particles, indicating that SiO2

and Al2O3 interact to generate a homogeneous heterostruc-
ture. The defects in heterostructures can be used as polar-
ization centers to generate a dipole polarization [36].

Figure 3(a) shows the XRD patterns of TAC, TAC@SiO2,
and TAC@SiO2@Al2O3. It can be seen that the XRD pattern
of TAC is made up of 11 diffraction peaks located at 9.5,
19.2, 33.7, 36.8, 39.0, 41.8, 48.5, 56.6, 61.0, 70.6, and 74.1°,

Figure 1: Schematic diagram of the synthesis process of TAC@SiO2@Al2O3.
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corresponding to PDF#52-0875. After the SP, the TAC surface
is coated with SiO2; however, SiO2 cannot be detected, which
is mainly attributed to its amorphous state. Furthermore,
after TAC@SiO2 is subjected to the SGM and the AP, the
major diffraction peaks of TAC are retained, and the Al2O3

diffraction peaks appear at 12.8 and 34.5°, correlating to
PDF#03-0066. This shows that Al2O3 was successfully depos-
ited on to the TAC surface.

The Raman shifts of TAC, TAC@SiO2, and TAC@SiO2@Al2O3

were collected in order to more precisely investigate the
structure and composition of the TAC-based absorbers, as
shown in Figure 3(b). The three Raman bands located at
250, 400, and 600 cm−1 represent the vibration modes of
the non-stoichiometric Ti–C bond in TAC. The two broad
peaks located between 1,300 and 1,600 cm−1 are the D and
Gmodes of the C atom [37]. Interestingly, the Raman peaks
of TAC in TAC@SiO2@Al2O3 appear blue shift and move to
a position with higher Raman shift, which will be caused
by the high bond energy of the Si–O and Al–O bonds [38].
For TAC@SiO2, there are roughly five Raman shifts in
the Raman peak corresponding to the vibration mode
of the non-stoichiometric Ti–C bond. For TAC@SiO2@Al2O3,
the Raman peak representing the non-stoichiometric Ti–C
bond experiences about 25 Raman shifts. In addition, the
intensity ration of D and G (ID/IG) peak of TAC@SiO2@Al2O3

is 1.02, which is comparable to the ID/IG value of TAC@SiO2.
This shows that the MCSNs have not significantly altered
the inherent state of the C atom in TAC. The findings further
indicate that theMCSNs have no significant influence on the
composition and structure of TAC.

Furthermore, the chemical composition and element
valence state of the TAC-based absorbents were revealed
via XPS, as shown in Figure 3(h)–(j). Figure 3(c) shows
the high-resolution Ti 2p spectrum of TAC, which can be
fitted with six peaks. The Ti 2p1/2 peak at 454.0 eV and the
Ti 2p3/2 peak at 460.1 eV correspond to the Ti–C bond in
TAC, confirming the existence of TAC [26,39]. The Ti 2p1/2
peak at 455.0 eV and the Ti 2p3/2 peak at 461.5 eV corre-
spond to the Ti–O bond in non-stoichiometric TiO2 [40].
The Ti 2p1/2 peak at 458.6 eV and the Ti 2p3/2 peak at
464.4 eV correspond to the Ti–O bond in TiO2 [41]. As
shown in Figure 3(d), two peaks with binding energies
of 71.8 and 74.3 eV are observed in the high-resolution
Al 2p spectrum of TAC, corresponding to the Ti–Al bond
in TAC and the Al–O bond in Al2O3, respectively [42,43].
The high-resolution C1s spectrum is fitted with four peaks
(as shown in Figure 3(e)) located at 281.2, 284.8, 286.4,
and 288.9 eV, corresponding to the C–Ti, C–C, C–O, and
O–C]O bonds, respectively [44]. These results show that
the investigated samples are mainly composed of TAC

Figure 2: SEM images showing the surface appearance of (a) TAC, (b) TAC@SiO2, and (c) TAC@SiO2@Al2O3. (d) and (e) TEM images and
(f) and (g) corresponding high resolution TEM images of TAC@SiO2@Al2O3. (h) TEM image of the as-fabricated TAC@SiO2@Al2O3 and
corresponding elemental mapping of (i) Ti, (j) Al, (k) C, (l) Si, and (m) O.
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and contain only small amounts of TiO2 and Al2O3.
Figure 3(f) and (g) show the high-resolution Si 2p and
O 1s spectra of TAC@SiO2. Figure 3(f) shows that the
high-resolution Si 2p spectrum can be decomposed into
three peaks with binding energies of 99.7, 102.4, and
103.5 eV, corresponding to SiOx (0 < x < 2), SiOx (0 < x <
2), and SiO2, respectively [45–47]. The high-resolution O 1s
spectrum of TAC@SiO2 can be divided into two peaks
located at 530.2 and 532.2 eV, as shown in Figure 3(g),
corresponding to the Si–O and C–O bonds, respectively
[48]. The high-resolution Si 2p and O 1s spectra of
TAC@SiO2 confirm the existence of SiO2. The position

difference in the O 1s peaks of TAC and TAC@SiO2 is
mainly caused by the C–O bond in air [49]. In the high-
resolution Al 2p spectrum of TAC@SiO2@Al2O3, an intense
peak is observed at 75.0 eV, corresponding to Al2O3 [50,51],
as shown in Figure 3(h), while the peak at 72.3 eV corre-
sponds to AlOx [52]. The appearance of Al2O3 is derived
from the annealing of Al(OH)3 in N2·Al(OH)3 is from the
hydrolysis of Al3(NO3)3·9H2O in NH3·H2O. The specific reac-
tion equation is shown in equations (1) and (2).

Al NO 9H O 3NH H O 27H O
3Al OH 9NH NO ,

3 3 3 2 3 2 2

3 4 3

( )

( )

· + · +

→ ↓ +

(1)

Figure 3: (a) XRD patterns of TAC, TAC@SiO2, and TAC@SiO2@Al2O3. (b) Raman spectra of TAC, TAC@SiO2, and TAC@SiO2@Al2O3. (c) High-
resolution Ti 2p spectrum, (d) high-resolution Al 2p spectrum, and (e) high-resolution C 1s spectrum of TAC. (f) High-resolution Si 2p
spectrum and (g) high-resolution O 1s spectrum of TAC@SiO2. (h) High-resolution Al 2p spectrum and (i) high-resolution O 1s spectrum of
TAC@SiO2@Al2O3.
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2Al OH Al O 3H O.3 2 3 2( ) → + (2)

In the high-resolution O 1s spectrum of the coupled
TAC@SiO2@Al2O3 particles (Figure 3(i)), the peaks at 529.9
and 531.9 eV correspond to the Al–O and C–O bonds,
respectively [53–55]. The above analysis results fully con-
firm the successful preparation of TAC@SiO2@Al2O3. More
importantly, the structural synergy of the three substances
is the key to improve the HTS and MAP of the TAC-based
absorbents.

The TG analysis can reveal the thermal stability and
oxidation stability of samples at different temperatures
and atmospheres. Therefore, we examined the HTS of
the TAC-based absorbents from room temperature to
1,300°C, as shown in Figure 4. It is evident that all sam-
ples exhibit almost the same characteristic curves, as
shown in Figure 4(a). It can be observed that the initial
oxidation temperature of TAC is approximately 400°C.

The initial oxidation temperature of TAC@SiO2 is around
500°C. Furthermore, the initial oxidation temperature of
TAC@SiO2@Al2O3 is up to 800°C. As demonstrated, the
MSCNs raise the TAC’s initial oxidation temperature by
400°C. Thus, it is clear that the MSCNs greatly enhance the
HTS of TAC. It is possible mainly because of the MSCNs’
ability to significantly decrease the number of transport
channels connecting oxygen and TAC. SiO2@Al2O3 can
constitute a dense network structure [56]. This network
structure can effectively reduce the number of transport
channels between oxygen and the ceramic matrix and
restrict oxygen diffusion to the interior, improving TAC’s
high-temperature oxidation resistance. Figure 4(b) shows
the DTG curves of TAC, TAC@SiO2, and TAC@SiO2@Al2O3. It
can be noted that the weight gain rate of TAC is 0.03%/°C.
On the other hand, the weight gain rate of TAC@SiO2@Al2O3

coated with the MSCNs is only 0.008%/°C. Furthermore, the

Figure 4: HTS analysis of the TAC-based absorbents at high temperature. (a) TG, (b) DTG, and (c) DSC analysis of TAC, TAC@SiO2, and
TAC@SiO2@Al2O3. (d) TG curves of TAC, TAC@SiO2, and TAC@SiO2@Al2O3; these curves were obtained at 800°C in air over the period of 1 h.
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exothermic peaks of TAC, TAC@SiO2, and TAC@SiO2@Al2O3

are located at 944.59, 1,178, and 1,220°C, respectively, as
shown in Figure 4(c). All these point to the fact that MSCN
can greatly increase TAC’s high-temperature oxidation
resistance. The TAC-based absorbents were submitted to
isothermal TG tests at 800°C in air over the course of 1 h
to verify that the HTS of TAC is improved, as shown in
Figure 4(d). It is obvious that TAC’s mass increase can
reach 14.70%, whereas TAC@SiO2@Al2O3’s mass increase
is just 2.72%.

To establish the MAP of MAMs, electromagnetic char-
acteristics are crucial. As a result, we examined the real
part (ɛ′) and imaginary part (ɛ″) of the TAC-based absor-
bers as well as the dielectric loss tangent (tan δε) of the
complex permittivity, as shown in Figure S3. ɛ′ represents
the capacity of a material to store electric energy, while
ɛ″ and tan δε indicate the capacity of a material to dis-
sipate the incident EWs. As is well known, TAC, SiO2, and
Al2O3 are all non-magnetic materials, and the complex
permeability is thus not considered here. The ɛ′ of TAC,
TAC@SiO2, and TAC@SiO2@Al2O3 decreases with the
increase in frequency, as shown in Figure S3(a) and (b).
This is because the dipoles in the TAC-based absorbers
rearrange when an electric field is applied. The dielectric
polarization caused by the rearranged dipoles is reduced
as the frequency rises, preventing them from following
the electric field and causing a decrease in the dielectric
response. In addition, the ɛ′ of TAC is 15.9–18.0 in the range
of 0.5–18 GHz, and the ɛ′ of TAC coated with the MCSNs is
15.1–17.9. The ɛ″ of TAC is 0.007–0.33 at 0.5–18 GHz, and
the ɛ″ of TAC@SiO2@Al2O3 is 0.04–0.51. It can be seen
that the ɛ″ of TAC@SiO2@Al2O3 is significantly lower than
that of TAC at 7–14 GHz. The TAC@SiO2@Al2O3 has a
greater ɛ″ than TAC at 0.5–15 GHz. Additionally, the tan δε
values of the TAC-based absorbers were determined. It was
discovered that the tan δε of TAC@SiO2@Al2O3 is higher
than that of TAC in the range of 0.5–13 GHz. It is clear that
TAC@SiO2@Al2O3 has a greater ability than TAC to disperse
incident EWs. In addition, the MAP of TAC@SiO2@Al2O3

around 11 GHz is almost unaffected by sample thickness.
Two main reasons cause this: when the thickness of the
absorber layer increases to a certain level, the absorption
capacity of the material will reach its limit, i.e., saturation
state [57]. Second, due to the particular shape and size of the
TAC, there may be a resonance phenomenon at a specific
frequency point [58]. That is, when the frequency of the
microwave is equal to the resonance frequency of the mate-
rial, the absorption performance will reach its peak.

In order to more intuitively analyze the impact of the
MCSNs on the properties of the TAC, the RL values of the
TAC-based absorbers were calculated using equations (3)

and (4). The 3D RL maps of the TAC-based absorbers
with a thickness of 0.5–5 mm in the frequency range of
0.5–18 GHz are shown in Figure 5(a)–(c) [59,60].

Z Z
μ
ε

j πf
c

d μ εtanh 2 ,r

r
r rin 0 ⎛

⎝

⎞

⎠
= · (3)

Z Z
Z Z

RL 20lg ,in 0

in 0
=

−

+

(4)

where Zin and Z0 stand for the input impedance and
internal impedance, respectively. Additionally, μr stands
for the complex permeability, εr represents the complex
dielectric constant, f is the microwave frequency, dmarks
the thickness of the absorber, and c specifies the speed of
light.

According to the comparisons of the RL curves of
the TAC-based absorbers with a thickness of 2.0 mm at
0.5–18 GHz, it is found that the EAB of TAC is 0.69 GHz
(9.75–10.44 GHz), and the RLmin is −10.68 dB (10.09 GHz).
The EAB of TAC@SiO2 is 1.50 GHz (9.03–9.42 GHz and
9.99–11.12 GHz), and the RLmin is −20.70 dB (10.39 GHz).
The EAB of TAC@SiO2@Al2O3 is 3.25 GHz (8.68–11.27 and
11.63–12.29 GHz), and the RLmin is −29.55 dB (10.52 GHz).
Compared with pure TAC, the EAB of TAC coated with
MCSNs is 4.7 times higher and the RLmin is 2.77 times
higher, demonstrating outstanding microwave absorp-
tion capabilities. This can be explained by the following
two aspects: First, the multi-peak resonances induced by
the heterogeneous interfaces broaden the EAB of the TAC.
TAC@SiO2@Al2O3 is mainly composed of TAC, amor-
phous SiO2, and Al2O3. The four resonance peaks located
at 6.64, 9.82, 12.64, and 14.56 GHz, as shown in Figure S3(b),
are induced by the three-phase interactions, surface geo-
metric enhancement effect, and local space charge accumu-
lation [61–63]. Compared with the three resonance peaks of
TAC located at 7.48, 11.38, and 13.76 GHz, both the number
and intensity of the resonance peaks of TAC@SiO2@Al2O3

are higher. It is noteworthy that the resonance peak of TAC
coated with the MCSNs moves to a lower frequency. This
can be explained by the quarter-wavelength resonance
equation f k c t n2 – 1 4m m[( ) ] ( )= / [11], where fm is the reso-
nant frequency, tm stands for the resonant thickness, k is a
positive integer, and n ε μRe r r( )= denotes the refractive
index of the compositematerial. Second, the combination of
the TAC and the MCSNs induces the establishment of mul-
tiple lossmechanisms. SiO2 and Al2O3 are wave transmitting
materials with two predominant functionalities: First, being
window materials, a small amount of RL is converted into
heat energy when the EWs are refracted and penetrate into
the absorber. Second, given a certain amount of incident
EWs, wave transmitting materials can promote more of
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Figure 5: Frequency and thickness dependence of the simulated three-dimensional (3D) RL maps of (a) TAC, (b) TAC@SiO2, and (c)
TAC@SiO2@Al2O3. (d) RL curves of the TAC-based absorbers with a thickness of 2.5 mm in the range of 0.5–18 GHz.

Figure 6: (a) Power flow, (b) electric field, and (c) power loss density distribution diagrams of TAC, TAC@SiO2, and TAC@SiO2@Al2O3 with a
thickness of 2.0mm at 10.48 GHz.
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these EWs to penetrate into the absorber. In this process,
the electronic polarization, interface polarization, and polar-
ization relaxation generated by the conductive TAC core
attenuate the incident EWs. According to the Debye relaxa-
tion theory, themain lossmechanisms of dielectric materials
are polarization relaxation and conduction loss [64]. Gener-
ally, polarization relaxation and conduction loss can be stu-
died using the Cole–Cole plots, as shown in Figure S4. ε′ and
ε″ can be expressed using the following equation [65,66]:

ε ε ε ε ε ε
2 2

,s
2

2 s
2

⎛
⎝

( ) ⎞
⎠

( ) ⎛
⎝

⎞
⎠

′
−

+

+
″

=

−

∞ ∞ (5)

where εs denotes the static permittivity, and ε∞ presents
the high-frequency limited permittivity.

In the Cole–Cole plot, a semicircle represents a relaxa-
tion process. The polarization relaxation loss increases
with the semicircle radius. In the Cole–Cole plot, the slope
of a straight line represents the strength of conductive loss.
The greater the slope of the line, the stronger the conduc-
tion loss [18]. As seen in Figure S4, TAC@SiO2@Al2O3 exhi-
bits a stronger polarization loss and conduction loss than
TAC. In addition, the numerous heterogeneous interfaces
(such as those between TAC, amorphous SiO2, and Al2O3)
can heighten the interface polarization. Compared with a
single TAC@SiO2@Al2O3 particle, the coupling of different
TAC@SiO2@Al2O3 particles gives rise to more heteroge-
neous interfaces, further enhancing the interfacial polar-
ization. The existence of defect sites (such as Schottky
defects and Frenkel defects) in the flaky Al2O3 structure
and the SiO2/Al2O3 heterostructure can induce the genera-
tion of a dipole polarization and an atomic polarization
centered on each defect, thereby boosting the polarization
relaxation [67–69]. The attenuation constants of TAC,
TAC@SiO2, and TAC@SiO2@Al2O3 for incident EWs in
the range of 0.5–18 GHz are shown in Figure S5. It is clear
that TAC@SiO2@Al2O3 has a much greater attenuation
capacity than TAC for incident EWs.

In order to visually depict the positive effects of the
MSCNs, the power flow (V·A/m2), electric field (V/m), and
power loss density (W/m3) of the TAC-based absorbers
were simulated using the CST software, as shown in
Figure 6. To guarantee the validity of the result, the simu-
lated S11 coefficient and calculated RL curves of the TAC-
based absorbers were compared, as shown in Figure S6.
The consistency of the S11 and RL results proves the cor-
rectness of the simulation model. The circular spots in
Figure 6(a) show that the power flow of TAC@SiO2 is
noticeably higher than that of TAC based on their size
and color. The power flow of TAC@SiO2@Al2O3 is greater
in the upper portion of the absorber than that of TAC@SiO2.
The power going into TAC@SiO2@Al2O3 at the lower portion

of the absorber is less than that flowing into TAC@SiO2.
The high conductivity of coupled TAC@SiO2@Al2O3, which
results in a potent reflection for the incident EWs, is
responsible for this phenomenon. Figure 6(b) shows the
electric field (V/m) of the TAC-based absorbers. In the
TAC-based absorbers, the electric field intensity decreases
from top to bottom. The reduction in the electric field
strength (where the electric field represents the micro-
waves) indicates that the loss ability for EWs of the
MAMs becomes gradually stronger [70]. TAC@SiO2@Al2O3

has a lower electric field intensity in the upper portion of the
absorber than TAC and TAC@SiO2. Thus, TAC@SiO2@Al2O3

provides the best EW attenuation capability.

4 Conclusion

In this study, a simple combination of the SP and SGM
based on heterogeneous interface engineering is first pro-
posed to prepare MCSNs on TAC. The thickness of the
MCSNs was roughly 145–215 nm. The HTS and MAP of
TAC coated with the MSCNs are significantly enhanced.
The starting oxidation temperature of TAC@SiO2@Al2O3

is 800°C, which is about 400°C higher than that of TAC.
After holding at 800°C for 1 h, the mass gain of TAC is
only 2.32%, which is 14.70% less than that of TAC. The
EAB of TAC@SiO2@Al2O3 is 3.25 GHz (8.68–11.27 and
11.63–12.29 GHz) at a thickness of 2.0mm, which is 4.7
times more than that of TAC. The RLmin is reduced by a
factor of 2.77, from −10.68 dB at 10.09 GHz to −29.55 dB at
10.52 GHz. This is because there are fewer transport path-
ways between oxygen and TAC as a result of MSCNs.
Additionally, they increase the number of multiple reflec-
tion events, strengthen the scattering mechanism, and
enhance the electronic polarization, interface polariza-
tion, and polarization relaxation. Such a simple strategy
to improve the HTS and MAP of the matrix is useful in the
design of MAMs with excellent MAP and HTS.
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