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Abstract: Ti3C2Tx MXene shows great potential in the application as microwave absorbers due to its 
high attenuation ability. However, excessively high permittivity and self-stacking are the main 
obstacles that constrain its wide range of applications. To tackle these problems, herein, the 
microspheres of SiO2@Ti3C2Tx@CoNi with the hydrangea-like core–shell structure were designed 
and prepared by a combinatorial electrostatic assembly and hydrothermal reaction method. These 
microspheres are constructed by an outside layer of CoNi nanosheets and intermediate Ti3C2Tx 
MXene nanosheets wrapping on the core of modified SiO2, engendering both homogenous and 
heterogeneous interfaces. Such trilayer SiO2@Ti3C2Tx@CoNi microspheres are “magnetic microsize 
supercapacitors” that can not only induce dielectric loss and magnetic loss but also provide multilayer 
interfaces to enhance the interfacial polarization. The optimized impedance matching and core–shell 
structure could boost the reflection loss (RL) by electromagnetic synergy. The synthesized 
SiO2@Ti3C2Tx@CoNi microspheres demonstrate outstanding microwave absorption (MA) performance 
benefited from these advantages. The obtained RL value was −63.95 dB at an ultra-thin thickness of 
1.2 mm, corresponding to an effective absorption bandwidth (EAB) of 4.56 GHz. This work 
demonstrates that the trilayer core–shell structure designing strategy is highly efficient for tuning the 
MA performance of MXene-based microspheres. 

Keywords: SiO2@Ti3C2Tx@CoNi; hydrangea-like core–shell structure; spherical capacitor; high- 
performance microwave absorption (MA); interfacial polarization; impedance match 

 

1  Introduction 

To prevent electromagnetic waves from endangering 
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life and communication security, microwave absorbers 
have attracted extensive attention [1–4]. Owing to the 
high intrinsic conductivity, large specific surface area, 
high electron mobility, and rich surface functional 
groups and defects, MXenes (two-dimensional (2D) 
nanosheets formed by etching out A-group element 
from MAX phases, where M is a transition metal, A is 
an A-group element, and X is carbon or nitrogen) have 
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triggered considerable research interests in using these 
2D materials as high-performance microwave absorption 
(MA) materials [4–9]. However, the high conductivity 
and self-stacking of Ti3C2Tx MXene nanosheets result 
in the impedance mismatch and thereby weaken the 
MA properties [10–12]. In addition, the MA performance 
of MXene-based materials is further hampered by the 
high permittivity [13]. 

It has come to light that the characteristic impedance 
matching and distinct electromagnetic attenuation 
mechanism are the key points responsible for high MA 
performance [14]. It is thus conceivable that keeping 
the surface area of Ti3C2Tx MXene nanosheets while 
taking appropriate strategies to ameliorate the 
impedance match will enhance the MA performance 
and promote their application as promising microwave 
absorbers. To achieve such a goal, numerous tactics 
have been exploited to address the impedance mismatch 
and improve the MA capability. For example, the 
one-dimensional (1D) Ni chain, 2D graphene, and 
three-dimensional (3D) hollow microspheres were 
employed to regulate the electromagnetic parameters 
[15–20]. It has been found that constructing 2D 
Ti3C2Tx MXene nanosheets into 3D core–shell structure 
can not only hinder self-stacking and supply larger 
specific surface area but also offer multi-polarization 
loss mechanism and higher porosity, which provides 
more scattering and reflection sites and results in the 
enhanced MA [21–23]. Despite the multiple polarization 
and proper impedance match provided by the 
core–shell structure, the monotonous dielectric loss 
mechanism of Ti3C2Tx MXene nanosheets still results 
in narrow-band MA. To conquer this challenge, 
magnetic materials have been intercalated, which can 
achieve effective wide-band MA and enhance microwave 
attenuation via the synergistic effect of dielectric 
dissipation and magnetic loss [24–27]. However, the 
magnetic materials are prone to agglomerating during 
the synthesis process, leading to a local impedance 
mismatch. To optimize the benefits of combining the 
dielectric and magnetic components, it is necessary to 
design a simple method of Ti3C2Tx MXene-based 
novel magnetic materials. 

Supercapacitor is a promising device for energy 
storage in a wide range of applications. For the MA 
materials, the supercapacitor structure is beneficial to 
enhancing the storage capacity, which is conducive to 
its excellent microwave absorbing properties. Herein, 
we proposed a strategy to construct the SiO2, Ti3C2Tx 

MXene nanosheet, and magnetic CoNi alloy into a 
trilayer core–shell spherical structure, which resembles 
a micro-size spherical supercapacitor. In this trilayer 
spherical structure, SiO2 is crucial in controlling the 
dielectric constant of Ti3C2Tx MXene nanosheet and 
preventing its self-aggregation, which ensures the 
impedance matching. Besides, SiO2 microspheres can 
also act as a template for core–shell nanosphere formation. 
To experimentally build the trilayer hydrangea-like 
core–shell structure, a novel electrostatic assembly and 
hydrothermal method was used in this work. Using this 
combinatorial method, the agglomeration of the 
magnetic components is significantly reduced by the 
strong link formed by electrostatic adsorption between 
the MXene and CoNi. As we will show in Section 3, 
the synthesized trilayer SiO2@Ti3C2Tx@CoNi 
microspheres can simultaneously enhance the 
interfacial polarization and impedance match due to the 
constructed magnetic coupling network and conductive 
network, resulting in excellent MA performance. In 
addition, the microwave reflection and scattering are 
also enhanced by the unique hydrangea-like core–shell 
structure. The minimum reflection loss (RL) value of 
the trilayer SiO2@Ti3C2Tx@CoNi microspheres is 
−63.95 dB at an ultra-thin thickness of 1.2 mm, 
corresponding to an effective absorption bandwidth 
(EAB) of 4.56 GHz. These results prove the feasibility 
of designing and synthesizing MXene-based hydrangea- 
like core–shell structured microspheres, which pave 
the way for producing excellent MA materials. 

2  Experimental 

2. 1  Raw materials 

The starting materials were Ti3AlC2 particles with 400 
mesh in size (Jilin 11 Technology Co., Ltd., China), 
lithium fluoride (LiF; 99%, Shanghai MacLean 
Biochemical Co., Ltd., China), ethanol (99.7%) and 
hydrochloric acid (HCl; 36%–38%) (Luoyang Chemical 
Tiancheng Reagent Co., Ltd., China), ammonia with 
analytical purity (Guangdong Xilong Technology Co., 
Ltd., China), aminopropyl triethoxy silane (3-APTS; 
Aladdin, China), hydrazine hydrate (N2H4·H2O), cobalt 
chloride (CoCl2·6H2O), nickel chloride (NiCl2·6H2O), 
and methanol (Sinopharm Chemical Reagent Co., Ltd., 
China). All of the reagents were used without further 
treatment. The SiO2 and modified SiO2 microspheres 
were prepared by the method reported in Ref. [28]. 
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Briefly, under N2 environment, 3-APTS was added to 
the dispersed SiO2 (prepared by the sol–gel method) 
ethanol solution and reacted for 10 h at 70 ℃. 

2. 2  Preparation of hydrangea-like core–shell 
structured SiO2@Ti3C2Tx@CoNi microspheres 

As the first step, core–shell structured SiO2@Ti3C2Tx 
was prepared using the method described in Ref. [29]. 
Briefly, the modified SiO2 (4 mmol) and Ti3C2Tx 
MXene (10 mL, 5 mg/mL) were mixed and stirred for 
1 h to obtain SiO2@Ti3C2Tx. Secondly, the SiO2@Ti3C2Tx 
particles were dispersed in 60 mL of deionized water 
and agitated for 30 min. After that, 4 mL of N2H4·H2O 
and 5 mL NH3·H2O were dropwise added while 
stirring for 30 min, followed by the addition of 
NiCl2·6H2O and CoCl2·6H2O to create homogenous 
solution. The solution was transferred into a stainless 
steel autoclave with a Teflon liner and kept at 180 ℃ 
for 10 h for hydrothermal treatment. Finally, after five 
rounds of washing in ethanol and deionized water and 
8 h of drying, the SiO2@Ti3C2Tx@CoNi microspheres 
with a hydrangea-like core–shell structure were 
produced. The samples were labeled with S1, S2, and S3 
based on the injected amounts of Co2+ and Ni2+ ions at 
3, 4, and 5 mmol, respectively. The 2D Ti3C2Tx@CoNi 
nanosheets were obtained with the same procedure for 
the preparation of SiO2@Ti3C2Tx@CoNi microspheres 
except that the SiO2@Ti3C2Tx powders were replaced 
by Ti3C2Tx MXene nanosheet solution (the same mass 
of Ti3C2Tx MXene nanosheets). 

2. 3  Characterization 

The phase compositions of the SiO2@Ti3C2Tx@CoNi 
microspheres were identified by the X-ray diffractometer 
(Empyrean X, PANalytical B.V., the Netherlands) 
using Cu Kα radiation (λ = 0.154 nm). The morphologies 
of the samples were observed in a scanning electron 
microscope (SEM; JSM-7001F, JEOL, Japan), and the 
detailed microstructures of the samples were examined 
in a transmission electron microscope (TEM; JEM- 
2100F, JEOL, Japan). The presence of the electronic 
holography was also revealed by the TEM. The surface 
elemental compositions and chemical bonding of the 
microspheres were analyzed by using an X-ray 
photoelectron spectrometer (K-alpha, Thermo Fisher 
Scientific, USA). To characterize the MA properties, 
the SiO2@Ti3C2Tx@CoNi microspheres (60 wt%) 
were uniformly mixed with paraffin (40 wt%) to 

prepare a coaxial ring with an outer diameter of 
7.00 mm and an sinner diameter of 3.04 mm. The 
complex permittivity (εr) and permeability (μr) of the 
samples were calculated by a coaxial method using a 
vector network analyzer (MS46322B, Anli Co., Ltd., 
Japan). 

3  Results and discussion 

3. 1  Phase composition and microstructure 

The hydrangea-like core–shell structured SiO2@Ti3C2Tx@CoNi 
microspheres were synthesized feasibly, as illustrated 
in Fig. 1. Concisely, the SiO2 and Ti3C2Tx MXene were 
mixed and stirred for 1 h to obtain SiO2@Ti3C2Tx. 
Then the Co2+ and Ni2+ ions were electrostatically 
assembled on the surface of SiO2@Ti3C2Tx, and the 
magnetized SiO2@Ti3C2Tx@CoNi microspheres were 
obtained through the hydrothermal reaction. 

Figure 2(a) compares the X-ray diffraction (XRD) 
patterns of the 2D Ti3C2Tx@CoNi nanosheets and 
hydrangea-like core–shell structured SiO2@Ti3C2Tx@CoNi 
microspheres. Three distinct diffraction peaks at 44.4° 
(111), 51.7° (200), and 76.3° (220) are indexed to the 
CoNi alloy, which are between the cubic Co (PDF#15- 
0806) and cubic Ni (PDF#04-0850) [30]. And the 
peaks at around 8.3°, 34.7°, and 60.1° can match well 
with the (002), (008), and (110) planes of the Ti3C2Tx 
MXene nanosheets, respectively. 

To demonstrate the presence of Ti3C2Tx MXene 
nanosheets and the magnetic CoNi alloy, the magnetic 
hysteresis loops and XPS analysis were conducted. The 
magnetic hysteresis loops (Fig. 2(b)) show that the M 
values of SiO2@Ti3C2Tx@CoNi microspheres and 2D 
Ti3C2Tx@CoNi nanosheets are 24.77, 40.51, 53.81, 
and 94.51 emu/g. The corresponding coercivity values 
are 116.64, 122.25, 99.96, and 119.29 Ω, respectively, 
demonstrating that the M values increase with the 
injected amounts of Co2+ and Ni2+ ions during the 
preparation, while those of the coercivity values are 
comparable. To further confirm the compositions and 
determine the elemental valence states on the surface 
of the samples, the XPS analysis was carried out. As 
shown in Fig. 2(c), the presence of Co, Ni, Ti, Si, C, F, 
and O signals in SiO2@Ti3C2Tx@CoNi microspheres is 
evident. The Co 2p spectra of the SiO2@Ti3C2Tx@CoNi 
microspheres are shown in Fig. 2(d). The deconvolved 
peaks at the binding energies of 781.2, 796.5, 797.8, 
and 803.1 eV correspond to the Co Ni 2p3/2, Co3+ 2p1/2,  
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Fig. 1  Illustration of the preparation method for SiO2@Ti3C2Tx@CoNi microspheres. 
 

 
 

Fig. 2  (a) XRD patterns of 2D Ti3C2Tx@CoNi nanosheets and SiO2@Ti3C2Tx@CoNi microspheres, (b) magnetic hysteresis 
loops of SiO2@Ti3C2Tx@CoNi microspheres and 2D Ti3C2Tx@CoNi nanosheets (M represents the saturation magnetization), (c) X-ray 
photoelectron spectroscopy (XPS) survey spectra of SiO2@Ti3C2Tx@CoNi microspheres (S2), and (d–f) high-resolution XPS 
spectra of Co 2p, Ti 2p, and Ni 2p of SiO2@Ti3C2Tx@CoNi microspheres (S2). 

 

Co2+ 2p1/2, and the satellite 2p1/2 peaks, respectively 
[31]. Figure 2(e) proves the existence of Ti3C2Tx. The 
high-resolution XPS spectra of the Ni element are 
shown in Fig. 2(f), from which we can attribute the 
two peaks located at 854.6 and 872.4 eV to Ni 2p3/2 
and Ni 2p1/2, respectively [32,33]. The above results 
further prove the existence of CoNi alloy nanosheets in 

the SiO2@Ti3C2Tx@CoNi microspheres. Furthermore, 
there are no peaks from any impurity phases in the 
XRD pattern, demonstrating the exceptional purity of 
the synthesized SiO2@Ti3C2Tx@CoNi microspheres. 

Based on the foregoing results, the formation of the 
trilayer structured SiO2@Ti3C2Tx@CoNi microspheres 
through the hydrothermal reactions can be described as 
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During the preparing process, the as-prepared 
SiO2@Ti3C2Tx nanospheres are rich in functional 
groups (–OH and –F, as shown in Fig. 3), which makes 
them easier to provide active sites for the Co2+ and 
Ni2+ in an efficient way via the electrostatic force. As a 
result, a garden of the tiny capacitor was formed 
between the dielectric SiO2 core, intermediate Ti3C2Tx 
MXene nanosheets, and metallic layer of CoNi alloy. 

The SEM and TEM images of the as-synthesized 
SiO2@Ti3C2Tx@CoNi microspheres are shown in Fig. 3. 
The as-synthesized 2D Ti3C2Tx@CoNi nanosheets 
show that CoNi alloy was grown on the surface of 
Ti3C2Tx MXene (Fig. 3(a)). Figure S1 in the Electronic 
Supplementary Material (ESM) shows the SEM 

images of multilayer Ti3C2Tx MXene (Fig. S1(a)), 
Ti3C2Tx MXene nanosheets (Fig. S1(b)), and SiO2 
microspheres (Fig. S1(c)). In Fig. 3(b), one can see that 
the core–shell SiO2@Ti3C2Tx microspheres were obtained 
[29]. During the preparation of SiO2@Ti3C2Tx@CoNi 
microspheres, the added Co2+ and Ni2+ ions will be 
assembled on the surface of the negatively charged 
SiO2@Ti3C2Tx. When N2H4·H2O was added, the Co2+ 
and Ni2+ ions were in situ reduced into CoNi nuclei, 
and SiO2@Ti3C2Tx@CoNi microspheres of hydrangea- 
like core–shell structure (with SiO2 core, intermediate 
Ti3C2Tx MXene nanosheets, and CoNi alloy shell) 
were formed (Figs. 3(c)–3(e)). The EDS mappings (Fig. 
3(f)) further confirm this result, where the outmost 
layer is rich in Co and Ni, and the sub-outer layer is 
rich in Ti, C, F, N, and O. Intriguingly, as shown in 
Figs. 3(c)–3(e), the size of SiO2@Ti3C2Tx@CoNi 
microspheres gradually increases with the increasing 
amount of the added Co2+ and Ni2+ ions (the addition 
amounts of Co2+ and Ni2+ ions were 3, 4, and 5 mmol, 
forming 110, 250, and 400 nm CoNi alloy shells, 
respectively), indicating that the TCoNi is tunable 
through controlling the amount of Co2+ and Ni2+ ions. 

 

 
 

Fig. 3  SEM images of (a) 2D Ti3C2Tx@CoNi nanosheets, (b) core–shell structured SiO2@Ti3C2Tx microspheres, and 
SiO2@Ti3C2Tx@CoNi microspheres with CoNi alloy of different thicknesses TCoNi = (c) 110, (d) 250, and (e) 400 nm. (f) 
Elemental energy dispersive spectroscopy (EDS) mapping analysis of SiO2@Ti3C2Tx@CoNi microspheres. (g) Selected area 
electron diffraction (SAED) patterns of SiO2@Ti3C2Tx@CoNi microspheres. (h–j) TEM and (k) high-resolution TEM (HRTEM) 
images of SiO2@Ti3C2Tx@CoNi microspheres. 
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The TEM observations were conducted to further 
examine the detailed microstructures and phase 
compositions of the SiO2@Ti3C2Tx@CoNi microspheres. 
Figure S2(a) in the ESM shows that the Ti3C2Tx 
MXene nanosheets were obtained after etching and 
sonicating. In the homologous HRTEM image (Fig. S2(b) 
in the ESM), the d-spacing of 0.241 nm is related to 
the (103) plane of Ti3C2Tx MXene [34]. As shown in 
Figs. S2(c) and S2(d) in the ESM, rough surfaces of the 
SiO2@Ti3C2Tx microspheres can be observed, indicating 
the successful encapsulation of Ti3C2Tx MXene nanosheets. 
Furthermore, the SAED pattern of SiO2@Ti3C2Tx@CoNi 
Ti3C2Tx was indexed, which is shown in Fig. 3(g). The 
four diffraction rings are assigned to the (002) plane of 
Ti3C2Tx and the (111), (200), and (220) planes of CoNi 
alloy [35]. As shown in Figs. 3(h) and 3(i), the 
SiO2@Ti3C2Tx@CoNi microspheres exhibit a 3D 
hydrangea-like core–shell structure, which may increase 
the transmission paths of microwaves as well as the 
interfacial polarization, and maximize the MA properties 
of the materials. The higher-magnification TEM image of 
the SiO2@Ti3C2Tx@CoNi microspheres (Fig. 3(j)) shows 
that the CoNi nanosheets are in disarray and uniform 
conspicuously. As shown in Fig. 3(k), the d-spacing of 
0.22 nm is corresponding to the (111) plane of CoNi 
a l loy [36] .  These resul ts  indica te  tha t  the 
SiO2@Ti3C2Tx@CoNi microspheres are successfully  

 

prepared, and the problem of uneven distribution of 
CoNi alloy is solved. 

3. 2  Electromagnetic parameters and MA 
properties 

To evaluate the MA properties, the electromagnetic 
parameters of 2D Ti3C2Tx@CoNi nanosheets and 
SiO2@Ti3C2Tx@CoNi microspheres with various 
contents of CoNi were analyzed. Generally, the εr (= ε′ − 
jε″) and μr (= μ′ − jμ″) determine the MA properties. 
Among them, the real permittivity (ε′) and permeability 
(μ′) represent the capacity of the stored electrical and 
magnetic energy, and the imaginary permittivity (ε″) and 
permeability (μ″) reflect the loss ability of energy [37,38]. 
In the frequency range of 2–18 GHz, the ε′ values vary 
from 15.53 to 19.20 for the 2D Ti3C2Tx@CoNi 
nanosheets, and from 15.57 to 19.18, 13.16 to 14.01, and 
9.10 to 11.08 for SiO2@Ti3C2Tx@CoNi microspheres 
with CoNi alloy of different thicknesses (Figs. 4(a)–4(d)), 
while the ε″ values are in the range from 1.87 to 10.10, 
3.62 to 9.74, 2.48 to 3.33, and 0.88 to 5.78, respectively. 
The self-stacking of Ti3C2Tx MXene nanosheets has been 
found to give the 2D Ti3C2Tx@CoNi nanosheets greater εr 
[39,40]. We have known that the overly large gap between 
the values of ε′ and ε″ of the dielectric constant usually 
causes impedance mismatching and prevents 
electromagnetic waves from entering the inside of the  

 
 

Fig. 4  Connection between electromagnetic parameters ((a) ε″, (b) ε′, (c) μ″, and (d) μ′) and frequency (f) of 2D 
Ti3C2Tx@CoNi nanosheets and SiO2@Ti3C2Tx@CoNi microspheres (TCoNi = 110, 250, and 400 nm). 
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material, which lowers its MA capacity [41]. As can be 
seen in Fig. 4, due to the establishment of core–shell 
structure, the gap between the values of ε′ and ε″ of 
SiO2@Ti3C2Tx@CoNi microspheres decreased obviously, 
which is beneficial to improving the impedance 
matching. As a result, the MA performance of 
SiO2@Ti3C2Tx@CoNi microspheres is superior to that 
of 2D Ti3C2Tx@CoNi nanosheets. Furthermore, both 
the ε′ and ε″ for SiO2@Ti3C2Tx@CoNi microspheres 
show several fluctuations over the whole frequency 
range, which are attributed to the dielectric polarization 
relaxation behavior [42,43]. Figures 4(c) and 4(d) show 
that the μ′ and μ″ values of SiO2@Ti3C2Tx@CoNi 
microspheres (TCoNi = 250 nm) are the largest among 
these samples, indicating excellent magnetic loss. In 
addition, the phase hysteresis between capacitance and 
inductance on the core–shell structure might be 
responsible for the negative μ″ at high frequencies [44]. 

Undoubtedly, the dielectric–magnetic coupled loss 
plays a key role in terms of improving the MA capacity. 
Figure 5(a) reveals that the dielectric loss tangents 
(tanδε = ε′/ε″) of SiO2@Ti3C2Tx@CoNi (TCoNi = 
110 nm) and SiO2@Ti3C2Tx@CoNi (TCoNi = 250 nm) 
are higher than SiO2@Ti3C2Tx@CoNi (TCoNi = 400 nm) 
and 2D Ti3C2Tx@CoNi nanosheets in most frequency 
bands, demonstrating that the overdosage of CoNi 
alloy would weaken the dielectric loss ability. Owing 
to the well-distributed CoNi alloy on the surface of the  

 

microspheres, themagnetic loss (C0) and magnetic 
loss tangent (tanδμ = μ″/μ′) of SiO2@Ti3C2Tx@CoNi 
microspheres (TCoNi = 250 nm) is much higher than 
that of 2D Ti3C2Tx@CoNi nanosheets (Fig. 5(b)), 
thereby leading to the enhanced MA performance. 
Moreover, the rich interfaces in trilayer 
SiO2@Ti3C2Tx@CoNi microspheres are formed by the 
unique 3D hydrangea-like core–shell structure, which 
considerably enhances the interfacial polarization. The 
aforementioned results demonstrate that the electromagnetic 
parameters can be adjusted by constructing the 
core–shell structure and adding an appropriate 
amount of evenly distributed alloy, which could 
improve the impedance matching and enhance the 
MA performance. 

The 3D graphs of RL values against f and thickness 
are shown in Fig. 6, which are evaluated by Eqs. (4) 
and (5) [45,46]: 

 in 0

in 0

 
RL 20log

 

Z Z

Z Z





 (4) 

 r
in 0 r r

r

2π
  tanh j

fd
Z Z

c


 


     
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where Zin, d, and Z0 represent the input impedance, the 
thickness of a material, and the air impedance, 
respectively. Generally, an excellent MA material should 
demonstrate a broad EAB with an ultra-thin thickness. 

 
 

Fig. 5  (a) tanδε, (b) tanδμ, (c) correlation of frequency (C0 = μ″μ′−2f 
−1), and (d) frequency dependence of attenuation constant (α = 

2 22π
     ( ) ( )

f

c
                          , where c represents the speed of light) of 2D Ti3C2Tx@CoNi nanosheets 

and samples of SiO2@Ti3C2Tx@CoNi microspheres. 
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Fig. 6  3D RL curves and contour mappings of (a) 2D Ti3C2Tx@CoNi nanosheets and (b–d) SiO2@Ti3C2Tx@CoNi microspheres 
with CoNi alloy of different thicknesses (TCoNi = 110, 250, and 400 nm). 

 

Due to the 3D hydrangea-like core–shell structure 
and uniformly dispersed CoNi alloy, the optimal RL 
value of SiO2@Ti3C2Tx@CoNi microspheres has been 
significantly improved. Notably, the strongest RL 
value of SiO2@Ti3C2Tx@CoNi microspheres (TCoNi = 
250 nm) achieves −63.95 dB at an ultra-thin thickness of 
1.2 mm, corresponding to an EAB of 4.56 GHz (Fig. 7(a)). 

The EAB fluctuates around 15.13 GHz in the thickness 
range of 1–5 mm (Fig. S3 in the ESM). Conversely, the 
2D Ti3C2Tx@CoNi nanosheets only reach a limited RL 
value of −35.22 dB at 2.7 mm. It is obvious that the 
SiO2@Ti3C2Tx@CoNi microspheres (TCoNi = 250 nm) 
exhibit much better MA properties than other reported 
MXene-based magnetic materials (Fig. 7(c)) [37,41,47–58]. 

 

 
 

Fig. 7  (a) MA properties and corresponding thickness simulation and (b) Zin/Z0 of SiO2@Ti3C2Tx@CoNi (TCoNi = 250 nm). 
(c) RL comparison with reported MXene-based or magnetic materials. 
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3. 3  Mechanisms for enhanced MA properties 

The appropriate attenuation loss is a prerequisite for an 
excellent MA material. According to Refs. [59–62], the 
superior MA materials generally possess appropriate 
complex dielectric constants (ε′ = 5–20 and ε″ = 1–10) 
and an optimal α (≈ 25–350). In Fig. 5(d), it is evident 
that the α values of SiO2@Ti3C2Tx@CoNi (TCoNi = 
250 nm) fulfill this condition well, while the values of 
2D Ti3C2Tx@CoNi nanosheets are over 350 in the high 
frequency range. Thus, we can conclude at this point 
that the α values are tunable by controlling the 
morphology of the micro-particles and the distribution 
uniformity of CoNi alloy, which enhances the MA 
properties of MXene-based materials. 

The other precondition for subsequently dissipating 
the incident waves is the favorable impedance match 
[63]. High MA performance can be realized when the 
impedance of the absorber (Zin) is equal to the 
impedance of free space (Z0) [64]. The values of 
impedance match (Z = Zin/Z0) between 0.8 and 1.2 can 
be found over all f of the impedance match diagrams of 
SiO2Ti3C2Tx@CoNi (TCoNi = 250 nm) (Fig. 7(b)), 
which is an indicator of excellent MA properties [65]. 
However, the impedance match values of 2D 
Ti3C2Tx@CoNi nanosheets and SiO2@Ti3C2Tx@CoNi 
microspheres (TCoNi = 110 nm) are below 0.8, and the 
values of SiO2@Ti3C2Tx@CoNi microspheres (TCoNi = 
400 nm) are above 1.2 in most frequency ranges (Fig. 
S4 in the ESM), resulting in big impedance mismatch. 
Therefore, uniform distribution of suitable amounts of 
CoNi alloy can improve the impedance matching. In 
addition, the construction of core–shell structure 

breaks the conductive network and further reduces the 
permittivity, leading to remarkable melioration of 
impedance matching. Due to the above advantages, the 
MA performance of SiO2@Ti3C2Tx@CoNi (TCoNi = 
250 nm) is significantly improved. 

The excellent MA properties of an absorber are also 
determined by polarization loss. The intrinsic dipoles 
originated from the functional groups of –OH and –F, 
and the numerous defects on the surface of Ti3C2Tx 
MXene nanosheets can serve as polarization centers 
combiningand generate dipolar polarization and defect- 
induced polarization, thereby absorbing the incident 
microwave radiation [66]. Besides, the combining and 
coupling of different materials are easy to create 
heterogeneous (Ti3C2Tx/SiO2 and Ti3C2Tx/CoNi interfaces) 
or homogeneous interfaces (CoNi/CoNi and 
Ti3C2Tx/Ti3C2Tx interfaces), as shown in Fig. 8, which 
induct interfacial polarization. Based on the function of 
suppressed cumulation and the accessible interface of 
Ti3C2Tx MXene, the unique hydrangea-like core–shell 
structure of SiO2@Ti3C2Tx@CoNi microspheres is 
favorable for strengthening the interfacial polarization. 
Thus, SiO2@Ti3C2Tx@CoNi microspheres can be 
regarded as a spherical super micro-capacitor 
composed of SiO2, MXene, and CoNi alloy, which will 
also boost the interfacial polarization effect. 

To further probe the interfacial polarization of the 
hydrangea-like core–shell heterostructure deeply, the 
off-axis holography (Fig. 8) is exploited to characterize 
the distribution of charge density at the spatial potential 
[67]. The technique of off-axis electron hologram can 
form an interference pattern, which is generated by 
overlapping part of the electron wave that has passed 

 

 
 

Fig. 8  (a, e) TEM images and corresponding off-axis electron holograms of (b–d) spatial potential and (f–h) charge density of 
SiO2@Ti3C2Tx@CoNi microspheres. 
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unperturbed through vacuum (reference waves) with 
another part of the electron wave that has passed 
through the sample (object waves). The resulting 
interference patterns encode the phase shift between 
the object and reference waves, which can be utilized 
to reveal local differences in electrostatic potential 
within and around the specimen [68]. Figure 8 shows 
the TEM images and the corresponding charge density 
images under various amplified external electromagnetic 
fields. It is evident that the charges accumulate around 
(Figs. 8(b)–8(d)) and between (Figs. 8(f)–8(h)) the tiny 
capacitors with the continuous amplification of the 
signal, leading to strong interfacial polarization [49,69]. 
Moreover, under the action of external electromagnetic 
fields, multiple carriers can migrate and accumulate 
rapidly around the heterogeneous and homogeneous 
interfaces, which leads to the unbalance of charge 
distribution and the establishment of internal electric 
fields between MXene and CoNi alloys in each 3D 
microsphere unit, thus promoting the strong interfacial 
polarization loss [70]. Compared with those among the 
single component, the interfaces formed among the 
hydrangea-like core–shell structure are more abundant 
and provide intensive and reinforced interfacial 
polarization, thereby dissipating the incident microwave 
energy. Therefore, such multiple polarizations drive the 
enhancement of MA performance. 

The excellent absorbing performance of 
SiO2@Ti3C2Tx@CoNi microspheres is inseparable 
from the loss mechanism brought by the material 
design, which is outlined in Fig. 9. As shown in Fig. 9,  

 

 
 

Fig. 9  Proposed electromagnetic wave absorption 
mechanisms of SiO2@Ti3C2Tx@CoNi microspheres. 

the unique structure promotes the absorption of 
microwaves overshielding and attenuates microwave 
radiation through conduction loss and polarization loss. 
Moreover, the even distribution of magnetic units in 
the synthesized SiO2@Ti3C2Tx@CoNi can effectively 
improve the spatial magnetic distribution, thereby 
further enhancing the magnetic loss mechanism in the 
composite materials. Hence, superior MA performance 
is achieved by introducing multiple loss mechanisms 
caused by core–shell structure and electromagnetic 
synergistic effect. 

4  Conclusions 

Using a combinatorial electrostatic assembly and 
hydrothermal reaction method, trilayer hydrangea-like 
MXene-based core–shell SiO2@Ti3C2Tx@CoNi 
microspheres are prepared, in which the Ti3C2Tx 
MXene nanosheets are dispersed on top of the modified 
SiO2 spheres, and numerous magnetic CoNi nanoflakes 
are uniformly grown on the surface of Ti3C2Tx. The 
obtained SiO2@Ti3C2Tx@CoNi microspheres demonstrate 
exceptionally good MA performance with an RL value 
of −63.95 dB at an ultra-thin thickness (~1.2 mm), 
corresponding to an EAB of 4.56 GHz. Such a novel 
structure concurrently enhances the interfacial polarization 
by forming the trilayer SiO2@Ti3C2Tx@CoNi interfaces, 
optimizes the impedance matching by modified SiO2 
and core–shell structure, and boosts the RL by 
electromagnetic synergy. These results highlight that 
the outstanding MA performance is doubtlessly attributed 
to the noteworthy preponderances of structural features 
of the SiO2@Ti3C2Tx@CoNi microspheres. In conclusion, 
this work provides an innovative hierarchical structure 
design strategy for MXene-based composites with 
high-efficient MA performance. 
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