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A B S T R A C T   

Layered structure Ti3AlC2 (TAC) has good thermal stability and excellent electrical conductivity, which is ex
pected to be a great high-temperature electromagnetic microwave absorber. Herein, we derive TAC@C@SiO2 
composites by catalytic chemical vapor deposition (CCVD) technology and Stöber process. Core-shell engineering 
can accomplish a mass loss of just 0.20% at 500◦C for 1 h. An outstanding microwave absorption performance 
can be achieved with a minimum reflection loss of − 31.63 dB and the maximum absorption bandwidth of 2.08 
GHz at the matching thickness of 2.0 mm with the synergistic effect of abundant polarization mechanism and 
multiple scattering. Additionally, this research can serve as a guide for the utilization of TAC in the field of high- 
temperature microwave absorption materials, and can also provide suggestions for the design of environment- 
adaptable core-shell absorbers.   

1. Introduction 

Electromagnetic waves (EMWs) are now widely employed as a me
dium for wireless control and information on electronic equipment in 
detection, positioning, and communication [1–3]. Naturally, the derived 
electromagnetic pollution (electromagnetic radiation and electromag
netic interference) has become the focus due to the harm to human or
gans and the failure of electronic equipment [4,5]. 
Microwave-absorbing materials (MAMs) can attenuate EMWs and 
convert them into heat or other forms of energy, which are employed as 
an important way to address electromagnetic pollution [6,7]. 

Extreme application situations, such as those with high tempera
tures, high humidity heat, and salt spray conditions, need MAMs with 
not only exceptional microwave absorption performances (MAPs), but 
also additional functional features (e.g., oxidation and corrosion resis
tance) [8,9]. MAMs with good high-temperature stability can be 
employed in the aero engine’s heat shield and tailpipe, which is the 
central piece in the multi-functional absorption material field [10,11]. X 
Jian et al. prepared FeSiAl@SiO2@Al2O3 composite structure by plasma 
induction technique [12]. It exhibited good high-temperature oxidation 
resistance with the oxidation starting temperature up to 1279 ◦C. The 
minimum reflection loss (RLmin) was − 46.29 dB at 16.93 GHz with a 
thickness of 2.0 mm. The maximum absorption bandwidth (MAB) was 

up to 7.33 GHz (<–10 dB) at a matched thickness of 2.5 mm. Never
theless, it is hardly possible for magnetic materials to exert magnetic loss 
at high temperatures due to the Curie temperature limitation [13]. Z Y 
Jiang et al. created temperature-insensitive reduced graphene oxide@
carbon spheres through the design of the structure and composition 
[14]. The MAB of the carbon-based composites with 3.0 wt% reduced 
graphene oxide@carbon could cover the entire X-band ranging from 20 
to 200◦C. However, the poor high-temperature stability of carbon-based 
materials at over 400◦C limits their promotion in the field of 
high-temperature microwave absorption [15]. Spray drying and 3D 
printing technologies were used to create SiC nanowires (SiCnw)/SiC 
whiskers (SiCw) foam with a “wire-on-sphere” hierarchical structure 
[16]. At room temperature, the MAB and RLmin of SiCnw/SiCw foam 
could reach 4.0 GHz and − 57.0 dB, respectively. At 600◦C, the MAB and 
RLmin were 3 GHz and − 15 dB, respectively. SiCnw/SiCw foam may retain 
MAB ranging from 2.7 to 3.9 GHz and RLmin ranging from − 16.0 dB to 
− 64.0 dB even after being oxidized at 1000–1500◦C. However, the 
complex preparation process setup severely restricts the widespread use 
of SiC-based composites [17]. It follows that finding or creating a 
microwave-absorbing material with good high-temperature stability is 
still required. 

Ti3AlC2 (TAC) is an essential candidate for high-temperature MAMs 
because of their particular layered structure, good high-temperature 
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thermal stability and excellent electrical conductivity [18–20]. TAC was 
manufactured in two steps by X Q Li et al., and also demonstrated their 
oxidation behavior at 1300◦C [21]. The oxidation behaviour of TAC 
ceramics exhibited anisotropy. In addition, the textured side surface 
exhibits better oxidation resistance due to the rapid diffusion of Al in 
basal planes and the formation of an Al2O3 protective layer. J Li et al. 
fabricated Fe-doped TAC through the solid-phase reaction method [18]. 

The RLmin of Fe-doped TAC composites can achieve − 33.3 dB, and the 
MAB could reach 3.9 GHz with a thickness of only 1.5 mm. Despite this, 
preparing high-temperature stability and good MAP of TAC is still a 
problem. 

Herein, we propose a novel approach for creating a high-temperature 
stable electromagnetic absorbent that takes advantage of component 
synergy and seeks to address this problem. To this end, TAC@C@SiO2 
composites with beneficial high-temperature stability and MAP were 
prepared by catalytic chemical vapor deposition (CCVD) technology and 
Stöber process. Core-shell engineering can help TAC achieve a mass loss 
of only 0.2% at 500◦C for 1 h. With a good polarization mechanism and 
multiple scattering synergies, good MAP can be achieved with a mini
mum reflection loss of − 31.63 dB and the widest absorption bandwidth 
of 2.08 GHz at a matched thickness of 2.0 mm. This work provides a 
reference for the design of high-temperature stable, and efficient 
microwave-absorbing TAC-based materials. 

2. Experimental 

2.1. Materials 

TAC (99.0%) was obtained from Nanjing Mingchang New Material 
Technology Co. Ltd. It was prepared by the high-temperature solid-state 
sintering process. Tetraethyl orthosilicate (TEOS, 99.0%), ammonia 
solution (25.0 wt%) and absolute alcohol (99.7%) were all obtained 
from Chengdu Jinshan Chemical Reagent Co. Ltd. 

Scheme 1. Illustration of synthetic process of TAC-based composites.  

Fig. 1. SEM images of (a) TAC, (b) TAC@C, (c–d) TAC@C@SiO2. (e) TEM image of TAC@C@SiO2 and (f–l) the corresponding elemental mapping distribution of 
region 1 in (e). (f–g) HRTEM images of TAC@C@SiO2 (inset: Contrast intensity profile in f). 
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2.2. Synthesis of TAC@C 

As depicted in Scheme 1, the TAC was treated by CCVD technology 
and a carbon layer was grown on its surface. In detail, TAC was initially 
placed in a quartz boat in the middle position of the tube furnace. The 
temperature was then raised to 650 C while being shielded by Ar at a 
rate of 10◦C/min. Afterwards, acetylene (C2H2) was introduced into the 
tube furnace at a flow of 40 mL/min for 15min at 650◦C. The tubular 
furnace was finally cooled to room temperature, and the sample ob
tained was given the name TAC@C. 

2.3. Preparation of TAC@C@SiO2 

A mixture of 100 mL absolute alcohol, 25 mL deionized water, and 
2.67 mL ammonia solution was agitated at 30◦C for 10 min. After this, 
10 g TAC@C was added to the above-mixed solution, which was 
continuously stirred for 10 min to form a pre-hydrolysis solution. 
Finally, 33 mL TEOS was dropwise added into the pre-hydrolysis solu
tion and stirred for 8 h. The TAC@C modified by TEOS were named 
TAC@C@SiO2. 

2.4. Characterization 

The surface micromorphology of all samples was examinded by a 
scanning electron microscope (SEM, Ultra plus, Germany) with an ac
celeration voltage of 15 kV. X-ray diffraction (XRD) patterns were ach
ieved in the implementation of an Ultima (Rigaku, Japan) 
diffractometer, using Cu Kα radiation (λ = 1.5406 Å) with a scanning 
rate of 5◦/min. Transmission electron microscopy (TEM) images were 
collected in an FEI Tecnai G2 F20 X-Twin. Raman shift of all samples was 
gleaned through using a thermo DXR2xi (USA) with a 532 laser. The 
surface chemical composition and group distribution of TAC-based 
samples were analyzed by X-ray Photoelectron Spectrum (XPS, 
Thermo Scientific Nexsa, USA) under ultra-high vacuum using a mon
ochromated Al Ka X-ray source (hυ = 1468.68 eV). The working voltage 
was 12.0 kV. The electron emission angle was 58◦, and the analysis area 
was 400*400 μm. The binding energies of all samples were calibrated by 
reference to the work function of TAC with a value of 4.78 eV [20]. From 
the literature [22,23], the sum of C 1s binding energy and the work 
function of TAC is fixed at 289.58 ± 0.14 eV, allowing the C 1s value to 
be estimated from the work function value. The C 1s value was used to 
calibrate the XPS spectra of other elements. Thermogravimetric (TG) 
analysis of the TAC-based composites was obtained on an STA 449 F3 
simultaneous thermal analysis (Netzsch, Germany), under airflow (20 
mL/min) with a heating rate of 10 ◦C/min between 30 and 1300 ◦C. 
According to the mass ratio of 4:1, the TAC-based composites and 
paraffin are uniformly mixed, and pressed into a ring sample with a 3.0 
inner diameter and a 7.0 outer diameter. The electromagnetic charac
teristics were tested by a vector network analyzer (N5230A, Agilent, 

USA) through a coaxial approach between 0.5 and 18.0 GHz. 

3. Results and discussion 

The surface morphology of all samples was observed by SEM. The 
SEM image of TAC is given in Fig. 1(a), which is an irregular polyhedron 
structure. The surface morphology of TAC after undergoing CCVD 
technique has no significant change, as shown in Fig. 1(b). After being 
treated by Stöber process, the surface of TAC is surrounded by a large 
number of spherical SiO2 nanoparticles, as displayed in Fig. 1(c). Fig. 1 
(d) shows a partial magnification of Fig. 1(c). It is discovered that the 
agglomeration of TAC@C@SiO2 nanoparticles occurred. The phenom
enon may have been brought on by the change in the substrate’s surface 
polarity due to the bonding of the silane groups and the dangling bonds 
of the deposited SiO2 nanoparticles [24]. In particular, the dimension of 
TAC@C@SiO2 is significantly larger than that of TAC. The interface and 
crystal structure of TAC@C@SiO2 are further displayed in the 
high-resolution TEM (HRTEM) images, as depicted in Fig. 1(e–g). Fig. 1 
(e) shows that spherical SiO2 nanoparticles were evenly dispersed across 
the surface of TAC. The lattice spacing in Fig. 1(f) is 0.22 nm, which 
match with the (104) crystal planes of the TAC. At the same time, it can 
be clearly seen that the carbon layer deposited on the surface of TAC is 
amorphous with a thickness of about 5 nm. The amorphous carbon layer 
and TAC have excellent atomic-level cohesiveness, according to their 
interfacial lattice. Moreover, it is discovered that the 200 nm-thick SiO2 
layer produced on the surface of TAC@C is amorphous as well. The 
amorphous carbon and SiO2 layer can induce a significant number of 
interfaces and form a “micro capacitor” structure, which is helpful for 
enhancing impedance matching and producing interface polarization 
[25]. The element mapping images of region 1 for TAC@C@SiO2 verify 
that Ti, Al, C, Si, and O were distributed uniformly, as shown in Fig. 1 
(h–l). 

The crystal structure of all samples was analyzed by XRD. Fig. 2(a) 
demonstrates the characteristic peaks of TAC (PDF#52–0875) that are 
positioned at 9.5◦, 19.2◦, 33.7◦, 36.8◦, 39.0◦, 41.8◦, 48.5◦, 56.6◦, 60.3◦, 
70.6◦, 74.1◦, and 83.5◦.These peaks correspond to the (002), (004), 
(100), (103), (104), (105), (107), (109), (110), (200), (118), and (0016) 
crystal planes of TAC, respectively. The CCVD technology and the Stöber 
process have little effect on the TAC’s distinctive diffraction peaks. 
Diffraction peaks attribute to amorphous carbon can be seen in addition 
to the typical characteristic peaks obtained for TAC [26], as seen in the 
inset in Fig. 2(a). Due to the amorphous form of SiO2, the characteristic 
diffraction of SiO2 is not observed [27]. No significant characteristic 
peaks of impurities are found in all XRD patterns, confirming that no 
additional impurity phases were introduced during the production of 
TAC@C@SiO2. Fig. 2(b) shows the Raman peaks of TAC@C. The distinct 
D and G peaks are noted in TAC@C. Here, the ratio of the intensity 
(IG/IG) obtained for the D and G peaks is 0.92, indicating a high degree of 
graphitization of the carbon layer. The carbon layer facilitates the 

Fig. 2. (a) XRD patterns of TAC, TAC@C, and TAC@C@SiO2. (b) Raman shfits of TAC, TAC@C, and TAC@C@SiO2.  
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formation of conductive networks and the construction of heteroge
neous interfaces [27]. Moreover, the carbon layer’s defects may function 
as dipole polarization centers [28]. 

To further expose the TAC surface’s composition and elemental 
valence states after the treatment with catalytic chemical vapor depo
sition and Stöber process, all samples were subjected to XPS analysis, as 
shown in Fig. 3(a–i). Fig. 3(a) shows the XPS survey spectrum, which 
confirms the existence of Ti, Al, C, O, and Si elements. For TAC, in high- 
resolution XPS spectra of Ti 2p (Fig. 3(b)), the characteristic peaks at 

454.1 eV, 455.1 eV, 458.4 eV, 460.2 eV, 461.6 eV and 464.3 eV are 
associated with Ti 2p3/2 in Ti–C, Ti 2p3/2 in TiOx (0 < x < 1), Ti 2p3/2 in 
TiO2, Ti 2p1/2 in Ti–C, Ti 2p1/2 in TiOx, and Ti 2p1/2 in TiO2, respectively 
[29–31]. The appearance of two Ti–O bonds indicates that Ti was 
oxidized during the preparation of TAC; secondly, Ti atoms inside the Ti 
monomer only partially interact with oxygen [32]. The presence of Ti–C 
bond confirms that the matrix is TAC. From the high-resolution spec
trum of Al 2p (Fig. 3(c)), the characteristic peaks locate at 71.6 eV and 
74.4 eV correspond to Zero-valent aluminium [33] and Al–O [34], 

Fig. 3. (a) XPS survey spectrum of TAC, TAC@C, and TAC@C@SiO2.High–resolution XPS spectra of (b)Ti 2p, (c) Al 2p, and (d) C 1s, and (e) O 1s in TAC. 
High–resolution XPS spectra of (f) C 1s, and (g) O 1s in TAC@C. High–resolution XPS spectra of (h) Si 2p, and (i) O 1s in TAC@C@SiO2. 

Fig. 4. (a)TG and (b) isothermal TG curves at 500◦C for 1 h of TAC, TAC@C, and TAC@C@SiO2, respectively.  
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respectively. In the high-resolution XPS spectrum of C 1s (Fig. 3(d)), four 
distinctive peaks can be observed at 281.2 eV, 284.8 eV, 286.1 eV and 
288.8 eV, corresponding to Ti–C, C–C/C––C, C–O and O–C––O [35], 
respectively. The O1s XPS spectrum of TAC confirms the presence of 
TiO2 and Al2O3, as shown in Fig. 3(e). According to the high-resolution 
spectrum of C 1s (Fig. 3(f)) for TAC@C, the peaks at 284.8 and 285.7 eV 
are assigned to C–C/C––C and C–C, respectively [36]. This demonstrates 
that carbon is present on the TAC surface. The peaks at 530.7 and 532.7 
eV in the O 1s high-resolution XPS spectrum (Fig. 3(g)) can be attrib
utable to oxygen vacancies and metal-O (Ti–O/Al–O), respectively [37]. 
For TAC@C@SiO2, the characteristic peak at 104.4 eV in the 
high-resolution XPS pattern of Si 2p corresponds to the Si–O in SiO2 
[38], as shown in Fig. 3(h). This proves that SiO2 successfully grew on 
the TAC surface. The typical peaks in the high-resolution XPS spectra of 
O 1s (Fig. 3(i)) are in the order of Si–O and C–O [39,40], which is 
consistent with the findings of the high-resolution XPS mapping study of 
Si 2p. 

High-temperature oxidation is a crucial factor affecting the stable 
service of high-temperature wave-absorbing materials. TG analysis 
measured the mass change of TAC-based composites in air from 30 to 
1300 ◦C and the mass gain after holding at 500 ◦C for 1 h. The results are 
displayed in Fig. 4. As seen in Fig. 4(a), all samples have an increase in 
mass gain when oxidation-related temperature increased. By extrapo
lating of the TG curves [41], the onset oxidation temperatures of TAC, 
TAC and TAC@C@SiO2 are determined and were 458.5◦C, 500.2◦C and 
538.8◦C, respectively. TAC@C@SiO2 have an initial oxidation temper
ature of 80.3◦C higher than TAC. This indicates that TAC coated carbon 
layer and SiO2 layer exhibit better high-temperature oxidation resis
tance than the TAC at 500◦C. Further, the TAC-based composites were 
held in air at 500◦C for 1 h, as shown in Fig. 4(b). TAC@C@SiO2 exhibits 
good high-temperature stability because the mass gain increase is just 
0.20%, which is 3.17% lower than pure TAC. The higher 
high-temperature stability is ascribed to the presence of C@SiO2 
core-shell, which inhibits the oxidation activity of TAC [42]. On the 
other side, this may be because SiO2 slows down the diffusion rate of 
oxygen on the surface of TAC [43]. In addition, the core-shell structure 
provides thermal protection and reduces heat transfer at high temper
atures [44]. It reduces the internal materials’ temperature and the 

chance of oxidation and corrosion. The core-shell structure provides 
mechanical protection against wear and damage at high temperatures. 

According to equations (1-2), [45], the relationship between the 
thickness and reflection loss of TAC-based materials at 0.5–18 GHz can 
be calculated. Fig. 5(a–c) shows the 3D reflection loss plots related to the 
thickness of TAC-based materials at 0.5–18 GHz. 

Zin =Z0

̅̅̅̅
μr

εr

√

tanh
(

j
2πf
c

d ̅̅̅̅̅̅̅̅̅̅̅̅μr • εr
√

)

(1)  

RL(dB)= 20 log|(Zin − Z0) / (Zin +Z0)| (2)  

here, Zin and Z0 denote the input and internal impedances, respectively. 
The complex permeability and permittivity are represented by μr and εr, 
respectively. f, d, and c are the frequency of the electromagnetic wave, 
the thickness of the absorber, and the speed of light, respectively. 

By comparing the RL values and MAB of the TAC-based absorbers 
with a thickness of 2.0 mm at 0.5–18 GHz, the MAP of TAC@C@SiO2 has 
significant differences compared with TAC and TAC@C. From Fig. 4(d), 
the MAB of TAC is 0 GHz, and RLmin is − 8.3 dB at 7.24 GHz. The MAB of 
TAC@C is 1.47 GHz at 7.64–9.11 GHz, and RLmin is − 20.86 dB at 8.38 
GHz. The MAB of TAC@C@SiO2 is 2.08 GHz at 8.51–10.59 GHz, and 
RLmin is 31.63 dB at 9.51 GHz. With a significant drop in RLmin to 12.56 
dB and an increase in MAB to 1.47 GHz, it can be seen that the MAP of 
TAC@C is somewhat better than that of TAC. There are three causes for 
this phenomenon: First, the surface state of the TAC is considerably 
altered by the core-shell C@SiO2 structure, which further enhances the 
impedance matching between the matrix and free space [46]. This 
makes it easier for incident EMWs to penetrate the absorber’s interior, 
where they can be lost and converted into heat energy. Second, the 
C@SiO2 structure that was deposited produces many interfaces in the 
TAC. The abundant interfaces induce and enhance many loss mecha
nisms, including space charge polarization relaxation, interfacial po
larization relaxation, and dipole polarization relaxation. Amorphous 
carbon flaws can act as polarization centers and cause dipole polariza
tion to relax. The contact between TAC/C/SiO2 is capable of experi
encing interfacial polarization relaxation. Finally, incident EMWs inside 
the absorber may reflect and scatter more often due to the interfaces 
present in the TAC@C@SiO2 [47]. Also, it is encouraged that the 

Fig. 5. 3D (three dimensional) RL maps in the frequency of 0.5–18 GHz for (a) TAC, (b) TAC@C and (c) TAC@C@SiO2. (d) RL curves of TAC, TAC@C, and 
TAC@C@SiO2 with a thickness of 2.0 mm. 
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absorption component loses EMWs. The defects in the amorphous car
bon layer can act as scattering points for multiple scattering of electro
magnetic waves and consume electromagnetic wave energy. 

The MAP of TAC-based composites is usually analyzed according to 
the complex permittivity (εr = ε′- jε′′). As illustrated in Fig. 5(a), the ε′ of 
TAC gradually declines from 34.12 to 17.99 with increasing frequency. 
ε′ of TAC@C gradually decreases from 29.97 to 20.90. ε′ of TAC@C@
SiO2 gradually decreases from 20.95 to 15.30. It is mainly because the 
amorphous carbon layer and SiO2 layer have fewer moving electrons, 
which can effectively reduce the electrical conductivity of TAC. All 
samples exhibit typical dielectric response characteristics. The 
TAC@C@SiO2 has a lower value of ε′, which is related to the presence of 
the C and SiO2 layers. In addition, the ε′′ of the TAC coated with C@SiO2 
layer decreases from 5.42 to 1.87 with increasing frequency and from 
4.54 to 2.48, as shown in Fig. 6(b) where ε′ denotes the capacity to store 
electrical energy and ε′′ denotes the ability to lose electrical energy. A 
lower ε′′ implies a lower capacity for electrical energy loss. However, 
multiple fluctuations of the sample with increasing frequency can also 
be observed in Fig. 6(a), which implies a significant polarization 
behavior in attenuating the incident EMWs. This could result from 
dipole polarization happening on material flaws or functional groups, as 
well as interfacial polarization brought on by charge accumulation on 
the inhomogeneous junction’s surface [48]. In brief, both polarization 
patterns enhance the absorber’s dielectric loss ability. 

Debye relaxation is the main way to show the dielectric loss of MAMs 
[49,50]. Usually, Debye relaxation can be represented by a Cole-Cole 
curve. According to equations (3)–(5), the correlation between ε′ and 
ε′ ′ can be expressed as follows [51,52]: 

ε′

= ε∞ +
εs − ε∞

1 + (2πf )2τ2
(3)  

ε′′ = 2πf τ(εs − ε∞)

1 + (2πf )2τ2
(4)  

(
ε′

−
εs − ε∞

2

)2
+(ε′′)2

=
(εs − ε∞

2

)2
(5)  

here, τ stands for polarization relaxation time, εs for static permittivity, 
and ε∞ points to the high-frequency limited permittivity. 

As shown in Fig. 6(c–e), more semicircles can be observed in the 
Cole-Cole diagram of TAC@C@SiO2, meaning more relaxation processes 
occur. The mutual coupling induces more relaxation processes from the 
TAC, C and SiO2 layers [53] In addition, a variable number of semi
circles can be seen in other samples, which proves the prevalence of 
Debye relaxation processes in TAC. 

In general, the position of the strongest absorption peak can be 
adjusted to lower frequencies by increasing the thickness of MAMs. This 
can be explained by the quarter-wavelength resonance equation 
fm = [(2k − 1)c]/(4tmn) [54], where fm is the resonant frequency, tm is the 
resonant thickness, k is a positive integer, and n= Re( ̅̅̅̅̅̅̅̅εrμr

√
) is the 

refractive index of the composite. Fig. 6(f and g) shows the plot of RL 
values versus simulated thickness for TAC@C@SiO2. It can be clearly 
implied that the reflection loss curves of TAC@C@SiO2 are in good 
agreement with the quarter-wavelength theory. 

The impedance mismatch degree is also critical in determining the 

Fig. 6. (a) Real part and (b) imaginary part of complex permittivity of TAC–based composites. Cole–Cole curves of (c) TAC, (d) TAC@C and (e) TAC@C@SiO2. 
Frequency dependence of (e) variable RL values and (f) simulated thickness for TAC@C@SiO2. (h) Impedance mismatch degree curve at a thickness of 2.0 mm and (i) 
attenuation constant of TAC, TAC@C, and TAC@C@SiO2. 
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MAP of MAMs. According to Eqs. (7-8), [55], we can get the relationship 
between |Δ| and frequency at a thickness of 2 mm, as shown in Fig. 6(h). 

|Δ| =
⃒
⃒sin h2(Kfd) − M

⃒
⃒ (6)  

here, h denotes the Planck constant. K and M can be determined by the 
complex permittivity and complex permeability of the MAM. 

K =
4π

̅̅̅̅̅̅̅̅
μ′ ε′

√
sin δe

δm

ccosδe cos δm
(7)  

M =
4μ′ cos δeε

′ cos δm

(μ′ cos δe − ε′ cos δm)
2
+
[
tan

( δm
2 − δe

2

)]2
(μ′ cos δe + ε′ cos δm)

2 (8)  

in general, the |Δ| value of EMW is close to 0, which indicates the easier- 
to-incident EMWs [56]. Compared with TAC and TAC@C, TAC@C@
SiO2 has the lowest |Δ| value and is less than 1 at 0.5–16.5 GHz. This 
indicates that TAC and TAC@C have poor impedance matching and 
deteriorate the ability to absorb incident EMWs. 

According to the transmission line theory, the attenuation constant 
(α) can be calculated by Equation (9), which reflects the attenuation 
capability of the MAM [57,58]. Fig. 6(h) shows each sample’s correla
tion curves of attenuation coefficients versus frequency. Each curve has 
a significant change with increasing frequency. Meanwhile, the atten
uation system of TAC@C@SiO2 is more prominent than the other sam
ples, which indicates that TAC@C@SiO2 has more vital attenuation 
ability and MAP for incident EMWs. 

α=

̅̅̅
2

√
πf

c
×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(μ′′ε′′ − μ′ ε′
) +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(μ′ ε′′ + μ′′ε′
)

2
+ (μ′′ε′′ − μ′ ε′

)
2

√√

(9)  

where, μ′ and μ′′ are the real and imaginary parts of the complex 
permeability, respectively. 

Fig. 7 illustrates the absorption mechanism of TAC@C@SiO2 for 
EMWs, revealing how many mechanisms work together to produce their 
remarkable absorption capability. On the one hand, due to the large 
specific surface area of the coupled TAC@C@SiO2, the conductive 
network is more easily constructed and completed, facilitating the ab
sorption of EMWs (Fig. 7(b)). Inner electrons move in a specific direction 
due to the current induction transmission produced by the conductive 
network under the influence of external electromagnetic fields, making 
it easier to transform electromagnetic energy into heat energy [51]. On 

the other hand, the EMWs entering the absorber are reflected and 
scattered. In this process, a large number of EMWs will be attenuated. 
Due to the difference between TAC, C and SiO2, electrons in the different 
layered media between TAC, C and SiO2 can accumulate at the contact 
interface, leading to interfacial polarization, as displayed in Fig. 7(c). 
Thirdly, the presence of carbon defects and oxygen vacancies in the 
TAC@C@SiO2 composites under the action of external electromagnetic 
fields will produce dipole polarization (Fig. 7(d)). 

4. Conclusion 

We constructed TAC@C@SiO2 composite structures based on CCVD 
technology and Stöber process. Based on core-shell engineering, it is 
possible to achieve a mass loss of only 0.20 ± 0.01% at 500◦C for 1 h. 
This is an improvement of 3.17 ± 0.01% compared to pure TAC. The 
good thermal stability is a result of the fact that the C@SiO2 shell 
structure suppresses the oxidation activity of the substrate and slows 
down the oxygen transport rate. At a matched thickness of 2.0 mm, the 
RLmin of TAC@C@SiO2 is − 31.63 dB, and the MAB is 2.08 GHz. The 
good MAP originates from the multiple heterogeneous interfaces co- 
constructed by the core-shell C@SiO2 structure and the substrate, 
generating a rich polarization mechanism and multiple scattering. This 
work provides a reference for the utilization of TAC materials in the field 
of high-temperature microwave absorbers, and also provides ideas for 
the exploitation of environmentally adapted shell-structured absorbers. 
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