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Abstract: Two-dimensional (2D) transition metal carbide MXene-based materials hold great potentials 
applied for new electromagnetic wave (EMW) absorbers. However, the application of MXenes in the 
field of electromagnetic wave absorption (EMA) is limited by the disadvantages of poor impedance 
matching, single loss mechanism, and easy oxidation. In this work, MoO3/TiO2/Mo2TiC2Tx hybrids 
were prepared by the annealing-treated Mo2TiC2Tx MXene and uniform MoO3 and TiO2 oxides in-situ 
grew on Mo2TiC2Tx layers. At the annealing temperature of 300 ℃, the minimum reflection loss 
(RLmin) value of MoO3/TiO2/Mo2TiC2Tx reaches −30.76 dB (2.3 mm) at 10.18 GHz with a significantly 
broadening effective absorption bandwidth (EAB) of 8.6 GHz (1.8 mm). The in-situ generated oxides 
creating numerous defects and heterogeneous interfaces enhance dipolar and interfacial polarizations 
and optimize the impedance matching of Mo2TiC2Tx. Considering the excellent overall performance, 
the MoO3/TiO2/Mo2TiC2Tx hybrids can be a promising candidate for EMA.  

Keywords: MoO3/TiO2/Mo2TiC2Tx composites; Mo2TiC2Tx MXene; electromagnetic wave absorption 
(EMA); impedance matching; interfacial polarization; dielectric loss  

 

1  Introduction 

At present, the problems of electromagnetic wave 
(EMW) leakage and mutual interference are gradually 
becoming more complicated and serious, which not 
only affects the operation of communication equipment, 
but also endangers human health [1–3]. The development 
of new high-performance electromagnetic wave absorption 
(EMA) materials is an important approach to solve  
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such problems. Two-dimensional (2D) transition-metal 
carbides (MXenes) have abundant chemically active 
sites, various functional groups, and other characteristics, 
becoming a promising candidate in the EMA field [4,5]. 

In 2016, Qing et al. [6] first discovered that Ti3C2Tx 
nanosheets have microwave absorption properties with 
a reflection loss (RL) value of −17 dB. The studies have 
shown that different etching time, etchant concentrations, 
etching temperatures, and the mixing ratios of Ti3C2Tx 
nanosheets and paraffin wax can affect the microwave 
absorption properties of Ti3C2Tx nanosheets [7]. However, 
the absorbing performance of MXenes alone still 
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cannot meet the requirements of modern wave-absorbing 
materials due to their single loss mechanism, impedance 
mismatch caused by high complex permittivity and low 
complex permeability, and susceptibility to oxidation [8,9]. 

To solve the mentioned drawbacks, the research 
focused on compounding MXene with magnetic substances 
to optimize impedance matching and enhance magnetic 
loss, preparing MXene with carbon materials or 
conducting polymers to enhance dielectric loss, and 
exploring new MXenes and their composites other than 
Ti3C2Tx for EMA applications [10–12]. Very recently, 
we have reported a new double transition metal MXene 
with excellent EMA properties, named Mo2TiC2Tx, 
where the Mo atoms hold the outer layers, and the Ti 
atoms load the middle layers compared to Ti3C2Tx [13]. 
Nevertheless, the narrow effective absorption bandwidth 
(EAB) and the common RL intensity of pure Mo2TiC2Tx 
limit its application in the field of EMA. It has been 
shown that the introduction of oxides can modulate the 
impedance matching situation of MXenes, while increasing 
the number of heterogeneous interfaces, thus enhancing 
the interfacial polarization losses [14]. Fan et al. [15] 
also proved that the 2D-layered Ti3C2/TiO2 hybrids are 
expected to exhibit the enhanced EMA performance 
thanks to the appropriate complex permittivity, matching 
impendence, and high dielectric loss due to the 
introduction of TiO2 oxides. 

In this work, MoO3/TiO2/Mo2TiC2Tx composites with 
different oxidation levels were obtained by annealing 
treatment on the multilayer Mo2TiC2Tx (m-Mo2TiC2Tx) 
powders. A large number of heterogeneous interfaces 
generated by MoO3 and TiO2 were successfully 
introduced into 2D m-Mo2TiC2Tx to construct 0D/2D 
heterogeneous structures. Meanwhile, MoO3 and TiO2 
can optimize the impedance matching of Mo2TiC2Tx 
MXene, which greatly increases the EAB of Mo2TiC2Tx 
MXene. Obviously, it is a very promising broadband 
absorbing material, which is worthy of further research 
and application. 

2  Experimental 

2. 1  Materials and reagents 

Mo2TiAlC2 powders (≥ 99% purity, 200 mesh) were 
bought from 11 Technology Co., Ltd., China. Hydrofluoric 
acid (HF) (≥ 49 wt%) and absolute ethanol were 
purchased from Shanghai Macklin Biochemical Co., 
Ltd. (Shanghai, China). All the chemicals are analytical 

grade, commercially available, and used without 
further treatment. The deionized water used in this 
work was provided by an ultra-pure water purification 
facility.  

2. 2  Synthesis of m-Mo2TiC2Tx MXene 

The m-Mo2TiC2Tx was prepared by the conventional 
acid etching method. Briefly, 2 g of Mo2TiAlC2 ceramic 
powders were slowly added in 40 mL of highly 
concentrated HF solution (≥ 49 wt%). The whole 
process was in a 100-mL Teflon beaker at 50 ℃ and 
magnetic stirring for 48 h. The mixture was centrifugally 
washed with deionized water until pH ≈ 6. The 
precipitate was collected and vacuum-dried at 50  ℃

for 12 h to obtain m-Mo2TiC2Tx MXene powders. 

2. 3  Synthesis of MoO3/TiO2/Mo2TiC2Tx hybrids 

0.3 g m-Mo2TiC2Tx MXene powders were placed in a 
30-mL alumina crucible and spread out fully with a lid. 
The Mo2TiC2Tx MXene powders experienced the 
annealing in a muffle furnace, and the temperature was 
set to 100  with a rate of 5℃  /min for 2 h. The ℃

powders were cooled down to room temperature and 
labeled as T1. Similarly, the samples were labeled as 
T2, T3, T4, and T5 at the setting temperatures of 200, 
300, 400, and 500 , respectively. ℃  

2. 4  Characterization 

The crystal structures of the as-prepared samples were 
indicated by the X-ray diffractometer (XRD; D/max-3C, 
Rigaku, Japan) equipped with a Cu Kα radiation 
source (λ = 0.15418 nm) at 40 kV, with scanning angles 
(2θ) of 5°–90°. The electron dispersive spectroscopy 
(EDS) mappings and surface micromorphology images 
of the hybrid materials were observed using a field 
emission scanning electron microscope (FE-SEM; 
JEOL, JSM-7001F, Japan). The transmission electron 
microscope (TEM; JEOL, JEM-2100F, Japan) provided 
microscopic morphologies of the samples and high- 
resolution transmission electron microscopy (HRTEM) 
images and selected area electron diffraction (SAED) 
patterns. The X-ray photoelectron spectrometer 
(ESCALAB 250Xi K-Alpha, Thermo Fisher Scientific, 
USA) was used to analyze the surface chemical 
information of the 2D MoO3/TiO2/Mo2TiC2Tx composites. 
All the high-resolution spectra were corrected by 
shifting the C 1s peak at 284.5 eV. 
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2. 5  EMA measurements 

In this study, the electromagnetic parameters of the 
synthesized samples were tested by the means of a 
vector network analyzer (5234A, Agilent, USA) using 
the coaxial line method. All the samples were then 
tested by mixing and melting the samples with paraffin 
wax in a mass ratio of 6:4, followed by pressing into 
rings (inner diameter of 3.04 mm, outer diameter of 
7.00 mm) using a customized mold. The electromagnetic 
parameters (εr, μr) of the absorbing rings are measured 
in a selected test mode at frequencies from 2 to 18 
GHz, and the EMA performance of the sample is 
finally evaluated. 

3  Results and discussion 

3. 1  Characterization of Mo2TiC2Tx and 
MoO3/TiO2/Mo2TiC2Tx 

The preparation process of MoO3/TiO2/Mo2TiC2Tx 
hybrids is shown in Fig. 1. First, m-Mo2TiC2Tx was 
synthesized by selectively removing the Al layer from 
the parent Mo2TiAlC2 MAX phase via the aggressive 
HF etching process, during which the functional groups 
such as –O, –OH, and –F were decorated. Subsequently, 
the annealing treatment of m-Mo2TiC2Tx powders was 
to obtain MoO3/TiO2/Mo2TiC2Tx hybrids with different 
oxidation levels. As m-Mo2TiC2Tx was exposed in hot 
air at the various setting temperatures, the functional 
groups on the surface of the nanosheets were replaced 
by –O groups, and then Mo and Ti atoms were oxidized 
and in-situ generated MoO3 and TiO2 on m-Mo2TiC2Tx 
layers. 

Figures 2(a)–2(d) exhibit the SEM images of 
Mo2TiAlC2, Mo2TiC2Tx, and MoO3/TiO2/Mo2TiC2Tx 
 

 
 

Fig. 1  Schematic diagram of the preparation of MoO3/ 
TiO2/Mo2TiC2Tx hybrids. 

 
 

Fig. 2  SEM images of (a) Mo2TiAlC2, (b) m-Mo2TiC2Tx, 
(c) T2, and (d) T3. (e–i) EDS mappings of MoO3/TiO2/ 
Mo2TiC2Tx MXene (T3) corresponding to (d). 

 

composites. The Mo2TiAlC2 MAX phase shows a tightly- 
packed laminar structure. The Mo2TiC2Tx MXene after 
etching Mo2TiAlC2 MAX with high concentration of 
HF acid is shown in Fig. 2(b). The prepared sample 
shows a 2D lamellar structure due to the dissolution of 
the Al atomic layer by the acid, and the Ti–Al metal 
bonds are replaced by hydrogen bonds or van der 
Waals forces [16]. In Fig. S1(a) in the Electronic 
Supplementary Material (ESM), the delamination of 
T1 is more uniform compared to m-Mo2TiC2Tx MXene. 
While the interlayer space of T2 is greatly enlarged to 
nearly 300 nm, as marked with the red circle in Fig. 2(c). 
Figure S1(b) in the ESM displays that the interlayer 
and surface of the Mo2TiC2Tx MXene are covered by 
fine oxides after annealing at 300 , resulting in the ℃

roughness and increased thickness of the lamellae, 
which more visually demonstrates that the MoO3/TiO2/ 
Mo2TiC2Tx hybrids were generated. When the temperature 
is increased to 400  (Fig. S1(c) ℃ in the ESM), the 
lamellae of MXene are further opened, showing a more 
scattered layered state. Figure S1(d) in the ESM shows 
that the surface of T5 is covered by dense and fine 
oxide spheres, and its interlayer is fully filled, 
indicating that Mo2TiC2Tx MXene is highly oxidized at 
the annealing temperature of 500 .℃  

To further observe the element distributions in the 
sample, the EDS mappings of T3 were snapped, as 
shown in Figs. 2(e)–2(i). The layered structure of T3 
can be observed from Fig. 2(d). In the EDS mappings, 
it can be observed that the co-existence of Mo, Ti, C, O, 
and F elements uniformly distributed in MoO3/TiO2/ 
Mo2TiC2Tx composites, confirming the feasibility of 
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acid etching and annealing treatment for the synthesis 
of this type of 2D MXene-based hybrids. 

Figure 3(a) shows the X-ray diffraction (XRD) 
patterns of Mo2TiAlC2 MAX, Mo2TiC2Tx MXene, and 
MoO3/TiO2/Mo2TiC2Tx hybrids obtained by the 
annealing treatment. The XRD data of m-Mo2TiC2Tx 
are consistent with the previously reported X-ray 
diffraction data of Mo2TiC2Tx MXene, indicating that 
Mo2TiC2Tx MXene was successfully delaminated during 
the HF etching process [17]. With the increase of 
annealing temperature, the (002) diffraction peak of 
Mo2TiC2Tx gradually shifts to a lower angle, as shown 
in Fig. S2 in the ESM. The crystallographic d-spacing 
value of the (002) crystal plane of Mo2TiAlC2 is  
0.926 nm (2θ = 9.54°). Experienced the annealing 
process, the d-spacing values of the (002) peaks of 
Mo2TiC2Tx, T1, T2, and T3 increase to 1.064 nm (2θ = 
8.33°), 1.108 nm (2θ = 7.94°), 1.161 nm (2θ = 7.59°), 
and 1.254 nm (2θ = 7.04°), respectively, indicating that 
the generated oxides further increase the crystalline 
spacing of the layered MXene [18]. Meanwhile, the 
(002) peak disappears at 400 , and the (020) peak of ℃

MoO3 appeared at 500  (2℃ θ = 12.74°, JCPDS No. 
47-1320). T1–T5 show diffraction peaks of anatase 
TiO2 at 2θ = 37.64° and 2θ = 38.70° compared to 
Mo2TiC2Tx, corresponding to the (004) and (112) 
crystal planes, respectively (JCPDS No. 21-1272) [15]. 
In addition, the characteristic peaks of Mo2TiC2Tx at 
30°–40° gradually decrease and even disappear, and in 
contrast, the diffraction peaks of MoO3 (plum marker) 
and TiO2 (square sheet marker) show up, further 
indicating that the oxides are in-situ generated on the 
basis of Mo2TiC2Tx MXene, and the layered hybrids 
are obtained. 

Figures 3(b)–3(e) show that the prepared MoO3/ 
TiO2/Mo2TiC2Tx (T3) was examined by the TEM, 
HRTEM, and SAED to further describe its morphology 
and structure. As depicted in the TEM image in Fig. 
3(b), MoO3/TiO2/Mo2TiC2Tx is composed of multiple 
lamellar layers, and the bright gaps are favorable 
illustrations of the layers being opened, demonstrating 
the typical lamellar structure and cross-sectional shear– 
slip morphology of MXene. Unlike the unannealed 
m-Mo2TiC2Tx MXene, T3 has a rougher surface, and 
the layer stacking phenomenon is more scattered, 
indicating that the lamellar structure of Mo2TiC2Tx is 
further opened at 300  with ℃ in-situ growth of oxides 
at its surface and interlayer. Figure 3(c) is an enlarged 
view of the edge of Fig. 3(b). Black area on the right is 
the Mo2TiC2Tx matrix, and light gray on the left is the 
oxide, which has a thickness of about 50 nm. As shown 
in Fig. 3(d), an HRTEM image was performed for the 
above location, and its left part shows a lattice stripe 
spacing of 0.203 nm, which corresponds to the (200) 
crystal plane of MoO3, indicating that the oxide is 
MoO3. Additionally, the right part shows a lattice stripe 
spacing of 0.462 nm, which corresponds to the 
crystallographic spacing of the (006) crystal plane of 
Mo2TiC2Tx MXene [19]. Meanwhile, its diffraction 
rings are observed by the SAED mode in Fig. 3(e), 
indicating that the prepared MoO3/TiO2/Mo2TiC2Tx 
material has a polycrystalline structure. The formation 
of multilayer MoO3/TiO2/Mo2TiC2Tx was confirmed 
from the above TEM analysis. 

The X-ray photoelectron spectroscopy (XPS) was 
used to explore the surface chemical states of Mo2TiC2Tx 
MXene and MoO3/TiO2/Mo2TiC2Tx (T3). The binding 
energies in the XPS spectra depicted in Fig. 4 are 

 

 
 

Fig. 3  (a) XRD patterns, (b, c) TEM images, (d) HRTEM image, and (e) SAED pattern of MoO3/TiO2/Mo2TiC2Tx composit 
annealing treated at 300 .℃  
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Fig. 4  Comparative XPS spectra between Mo2TiC2Tx MXene and MoO3/TiO2/Mo2TiC2Tx composites (T3): high-resolution  
(a, b) Mo 3d, (c, d) Ti 2p, (e, f) C 1s, and (g, h) O 1s spectra. 
 

calibrated to the binding energy of C 1s (284.5 eV). 
Figure S3 in the ESM shows the full XPS spectra of 
Mo2TiC2Tx and T3, where the binding energy peaks 
corresponding to the signals of Mo, Ti, C, O, and F 
elements are observed. To further compare the changes 
of surface chemical information from these elements, 
the high-resolution XPS spectra of Mo 3d, Ti 2p, C 1s 
and O 1s were given. From the Mo 3d spectra in Figs. 
4(a) and 4(b), it can be found that Mo2TiC2Tx has three 
peaks corresponding to Mo–C, Mo–C, and Mo–Ox 
(MoO3) bonds at 229.1, 232.2, and 235.4 eV [20], 
respectively. While the MoO3 peak (235.2 eV) of the 
T3 is more prominent, only one Mo–C peak  (232.1 
eV) is present, indicating that partial oxidation of 
Mo2TiC2Tx has occurred at 300 . ℃  

Figures 4(c) and 4(d) show the Ti 2p spectra of 
Mo2TiC2Tx and T3. For the T3, the Ti–Ox peaks 
corresponding to 458.2 eV and 463.9 eV are the most 
prominent because the TiO2 generated by annealing 
oxidation is distributed on the surface and edges of 
Mo2TiC2Tx, which is easy to be detected [21]. In 

addition, Mo2TiC2Tx also has three Ti-related fitted 
peaks, which correspond to two Ti–C peaks and one 
Ti–F peak at 455.1, 461.1, and 455.9 eV [22]. Meanwhile, 
no Ti–Al bond was found, indicating that the Al atoms 
were etched by the HF solution. 

The C 1s spectrum of Fig. 4(e) shows deconvoluted 
peaks of Mo2TiC2Tx at 282.5, 284.3, 286.3, 288.1, and 
291.8 eV, which correspond to Mo(Ti)–C, C–C, C–O, 
–COO, and C–F bonds, respectively [23]. The presence 
of C–C may come from external contaminating carbon 
or Mo(Ti)–C structure. Additionally, the C–F bond 
originates from the fluorine functional group on the 
surface of MXene, and the oxygen-containing 
chemical bond is related to the oxygen in air. On the 
one hand, the disappearance of Mo(Ti)–C in T3 is due 
to the destruction of Mo(Ti)–C bond by oxidation 
reaction. On the other hand, Mo2TiC2Tx is covered by 
oxide spheres, and Mo(Ti)–C bond is difficult to be 
detected (Fig. 4(f)). Moreover, the intensity of the C–F 
peak in T3 is reduced because the in-situ generated 
MoO3 and TiO2 occupy or cover the functional groups 
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on the MXene surface. 
Figure 4(g) shows the O 1s spectrum of Mo2TiC2Tx, 

containing three characteristic peaks corresponding to 
Mo(Ti)–Ox (529.8 eV), Mo–OH (531.1 eV), and 
–COO (532.4 eV) [24,25]. Meanwhile, Fig. 4(h) shows 
the O 1s spectrum of T3, and it can be found that 
Mo2TiC2Tx has only one peak left after annealing 
treatment, which is Mo(Ti)–Ox (529.9 eV), indicating 
that MoO3 and TiO2 cover the MXene surface more 
adequately at this time. The above XPS analyses reveal 
the surface chemical information of Mo2TiC2Tx and 
MoO3/TiO2/Mo2TiC2Tx, demonstrating that the in-situ 
generated MXene-based hybrids were successfully 
obtained by a simple annealing treatment of m-Mo2TiC2Tx. 

3. 2  EMA properties 

It is well known that the EMA properties of materials 
are related to their relative permittivity and complex 
permeability. The real part of dielectric constant (ε′) 
and the real part of complex permeability (μ′) symbolize 
the ability of storing EMWs, while the imaginary part 
of dielectric constant (ε'') and the imaginary part of 
permeability (μ'') symbolize the ability of losing the 
incident waves [26]. In fact, since there are no magnetic 
elements in the prepared MoO3/TiO2/Mo2TiC2Tx, the μ′ 
and μ″ values are close to 1 and 0, respectively.  

To investigate the EMA properties of MoO3/TiO2/ 
Mo2TiC2Tx samples treated at different annealing 
temperatures, 60 wt% samples were mixed homogeneously 
with refined paraffin wax and tested from 2 to 18 GHz. 
Figures 5(a) and 5(b) show the ε′ and ε'' of the MoO3/ 
TiO2/Mo2TiC2Tx samples (T1–T5) in the frequency 
range from 2 to 18 GHz. It can be seen that the values 
of ε' are in the range of 4–9, while the values of ε'' are 
between 0 and 2. Meanwhile, the values of ε' and ε'' of 
T3 compared to the other specimens are the highest, 
presumably due to the optimal content of generated 
oxides at the annealing temperature of 300 . Moreover, ℃  
 

there are many fluctuation peaks at high frequencies 
(8–18 GHz) at the ε′–frequency (f ) and ε″–f bends 
from T1 to T5, which are mainly caused by nonlinear 
dielectric resonances due to different polarizations [27]. 

The ε″ values of the samples (T1–T3) fluctuate 
widely, and two relatively obvious dielectric response 
peaks appear. Normally, for dielectric lossy EMW 
absorbing materials, the number of dielectric response 
peaks corresponds to the number of polarization 
behaviors, indicating the existence of multiple typical 
polarization modes for T1–T3 materials. According to 
the free electron theory [28]: 

 
0

  
2πf




   (1) 

where σ is the electrical conductivity and ε0 is the 
vacuum dielectric constant. The ε'' value is positively 
correlated with the value of electrical conductivity. As 
the loading of MoO3 and TiO2 increases, the ε″ values 
of T4 and T5 samples decrease, indicating that the 
electrical conductivity of the composites becomes 
worse. In addition, the tangent loss (tanδ) represents 
the loss performance of the EMW. Figure 5(c) shows 
the tanδε (tanδε = ε″/ε′) for these sample/paraffin mixtures. 
The tanδε values of T1–T3 samples at 10–18 GHz are 
larger than those of T4 and T5, indicating that the 
annealing at too high temperatures reduces the EMW 
loss characteristics. According to the Debye theory [29], 
tanδε is related to the interfacial polarization and dipole 
polarization. At an annealing temperature of 300 , ℃

the heterogeneous interfaces and defects in the hybrid 
material reach saturation, and the generated dielectric 
loss reaches the maximum. After that, too high annealing 
temperatures produce excessive oxides that coat the 
surface and interlayer of MXene, reducing the EMW 
propagation path and current transmission discontinuity 
inside the material. 

Generally speaking, to evaluate the EMA properties 

 
 

Fig. 5  (a) ε′ and (b) ε″ of the complex permittivity, (c) dielectric tangent loss (tanδε) of MoO3/TiO2/Mo2TiC2Tx composites at 
various annealing temperatures. 
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of a material, three components should be considered: 
the minimum reflection loss (RLmin), the EAB, and the 
absorption coating thickness (d) [30]. In order to 
measure the actual EMA capability of the sample, 
refined paraffin wax was chosen as the matrix frame. 
Since the paraffin matrix is fully permeable to EMW, 
the results obtained by the vector network analyzer are 
considered as the EMA capability of the absorber itself. 
The EMA properties of the as-obtained products are 
affirmed by the RL value agreeing to the transmission 
line hypothesis, which can be evaluated by the 
relationship of εr and μr as demonstrated [31]: 

in 0

in 0

  
RL 20log

  

Z Z

Z Z





 (2) 

in 0 r r r r
2π

  / tanh j
fd

Z Z
c

        
  

 (3) 

where c, f, εr, μr, Zin, and Z0 are the speed of light, the 
frequency of EMW, the complex permittivity, the 
complex permeability, the input characteristic impedance, 
and the impedance of free space, respectively. 

The RL–frequency curves of T1–T5 samples in the 
range of 2–18 GHz for different thicknesses are shown 
in Fig. S4 in the ESM. As the oxidation level increases, 
MoO3/TiO2/Mo2TiC2Tx hybrids exhibit different EMA 
characteristics. In terms of the RL value, T3 has the 
best RLmin value, reaching −30.76 dB (2.3 mm) at 
10.18 GHz, whereas −19.16 dB (2.4 mm) at 10.52 GHz, 
−25.23 dB (2.3 mm) at 11.88 GHz, −20.30 dB (2.3 mm) 
at 10.86 GHz, and −27.43 dB (5 mm) at 17.32 GHz for  
 

T1, T2, T4, and T5, respectively. Figure S4(f) in the 
ESM shows the RL curves of all the samples at the 
same thickness of 2 mm, and it can be found that T3 
has the best RLmin value of −21.74 dB, implying that it 
has the best absorption performance, which may be 
attributed to the optimal interfacial polarization effect 
of MoO3/TiO2/Mo2TiC2Tx prepared at 300 . When ℃

the temperature is higher, the excess oxides will reduce 
the dielectric loss capability of this composite. 

The current bottlenecks of MXene-based composites 
in the field of EMW absorption are mainly the problems 
of narrow absorption band and easy oxidation [32]. 
Based on this situation, the EAB can be analyzed with 
the help of more comprehensive three-dimensional (3D) 
RL mappings. Figures 6(a)–6(e) show the 3D absorption 
plots for T1 to T5, from which it can be seen that the 
EAB reaches 8.6 GHz (7.2–15.8 GHz) for T1 at 2.4 mm, 
8.1 GHz (7.5–15.6 GHz) for T2 at 2.3 mm, 8.6 GHz 
(9–17.6 GHz) for T3 at 1.8 mm, 7.5 GHz (7.4–14.9 GHz) 
for T4 at 2.3 mm, and 7.4 GHz (7.5–14.9 GHz) for T5 
at 2.5 mm. In summary, T3 achieves an absorption 
band of 8.6 GHz at a thinner thickness (1.8 mm) and 
has the best RLmin value (−30.76 dB) at a thickness of 
2.3 mm (Fig. 6(f)). The effective absorption of EMW 
at frequencies from 4 to 18 GHz can be achieved by 
adjusting the coating thickness from 1 to 5 mm, making it 
a prominent EMA material. In terms of application, 
even the MoO3/TiO2/Mo2TiC2Tx prepared by annealing 
at 500  has an EAB value of 7.4 GHz (2.5 mm), ℃

which illustrates the significance of this study. 
Furthermore, we made a comprehensive comparison 

 
 

Fig. 6  3D plots of the RL of (a) T1, (b) T2, (c) T3, (d) T4, and (e) T5 in the paraffin matrix. (f) 2D representations of RL 
connected with different thicknesses of T3. 
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of the absorbing properties of T3 with the existing 
MXene-based composites, as listed in Table 1. It was 
found that the annealed T3 greatly broadened the 
absorbing band of Mo2TiC2Tx and also had the 
advantage of wide band compared with Ti3C2Tx-based 
absorbing materials, demonstrating that it is a very 
outstanding EMA material. 

3. 3  EMA mechanism of MoO3/TiO2/Mo2TiC2Tx 

It is well known that the two main indicators for assessing 
the EMA properties of materials are more EMWs into 
the material (impedance matching) and more losses of 
incident EMWs by the material itself (electromagnetic 
loss capability). Based on these, the EMA mechanism 
of layered MoO3/TiO2/Mo2TiC2Tx hybrids were further 
investigated. 

3.3.1  Well matched impedance and multiple 
scattering by 0D/2D heterojunction 

A well-matched impedance situation is a prerequisite 
for the dissipation of the incident waves. To achieve 
zero EMW reflection at the air–absorber interface, the 
impedance condition of the absorber (Zin) should be 
equal to that of free space (Z0), i.e., Z = Zin/Z0 = 1 [39]. 
Figures S5(a)–S5(e) in the ESM show the plots of 
impedance matching values vs. thicknesses and 
frequencies for the T1–T5 samples. It can be seen that 
the maximum values of impedance matching (Zmax) for 
all the samples occur at a 5-mm thickness, and the 
lowest Zmax value is 1.91 (4.06 GHz) for T3, while the 
Zmax values of all the other samples exceed 2. Figure S5(f) 
in the ESM shows the impedance matching degree (Z)  

 
Table 1  Electromagnetic assimilation properties of 
comparative absorbers 

Sample RLmin (dB) d (mm) EAB (GHz) Ref. 

Ti3C2 nanosheet −17.0 1.4 6.0 [6] 

Ti3C2Tx −27.5 4.0 3.0 [33] 

Annealed Ti3C2Tx −48.4 1.7 2.8 [34] 

Ni@MXene −52.6 3.0 3.7 [35] 

MXene/PI aerogel −41.8 4.0 6.5 [32] 

MoS2/TiO2/Ti3C2Tx −33.5 1.0 3.1 [36] 

NiS/MoS2/Ti3C2Tx −58.4 2.4 5.0 [37] 

NiCo/CeO2/Ti3C2Tx −42.2 2.0 6.3 [30] 

Ni(NiO)/Ti3C2Tx/TiO2 −41.7 1.3 3.2 [38] 

Mo2TiC2Tx −25.3 1.6 3.2 [13] 

Ni/Mo2TiC2Tx −50.3 1.4 3.0 [24] 

MoO3/TiO2/Mo2TiC2Tx −30.7 2.3 8.6 This work

values for all the samples at the same thickness of 2 
mm, and it can be found that the Z value of T3 is the 
smallest in the range of 2–18 GHz. At the same time, T3 
has the widest frequency range of Z values near 1, 
indicating that the hybrid material prepared at 300  ℃

optimizes the impedance matching situation. 
In order to investigate the intrinsic connection 

between impedance matching and absorbing performance 
more comprehensively and deeply, Fig. 7 was further 
plotted. Figures 7(a)–7(c) show the RL–frequency plots 
of T3 and the corresponding thickness simulations and 
impedance matching, and it can be found that the 
thickness of absorber simulated by different thicknesses 
of RLmin value can regulate the effective absorbing 
frequency band, and its corresponding frequency decreases 
with the increase of material thickness, which is consistent 
with the quarter-wavelength principle [40]. In Fig. 7(d), 
the best RL value of T3 is compared with Z value of the 
same thickness, and it can be found that the EAB at 
this thickness (7–15.2 GHz) and Z in the interval of 
0.8–1.2 (6.5–15.1 GHz) fit very well, further illustrating 
the importance of impedance matching optimization as 
a guide to better design the EMA materials [41]. 

Figures 7(e) and 7(f) show the 3D plot of Z values 
and the 2D mapping plot vs. frequency, respectively, 
allowing a more comprehensive observation of the 
specific range of Z values of the T3 samples with thickness 
and frequency. It can be found that the Z value of T3 is 
close to the 0.8–1.2 range or even 1 in the thickness of 
2 mm, and the Z value does not exceed 2 in the 
thickness of 1–5 mm, which proves that this 0D/2D 
structure has good impedance matching. Meanwhile, 
the classical multilayer structure of MXene increases the 
scattering and reflection of the incident wave between the 
sheets, which increases the wave propagation path and 
facilitates the effective attenuation of EMW. 

3.3.2  Enhanced dielectric loss due to in-situ 
generated interfaces and defects 

The conducting chains or localized conducting networks 
in MXene nanosheets provide multiple channels for 
carrier migration and hopping. In the presence of an 
applied electric field, the MoO3/TiO2/Mo2TiC2Tx 
medium is internally polarized, and the intensity vector 
of its polarization lags behind that of the electric field, 
leading to the generation of current. In this case, electrical 
energy is converted into heat by the material, thus 
increasing the conduction loss [42]. 
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Fig. 7  (a) RL curves of T3, (b) relationship between the simulation thickness and peak frequency, (c) impedance matching 
rates (Zin/Z0) of T3, (d) relationship between RLmin and Zin/Z0 of T3 at a 2.3-mm thickness, (e) 3D plot of Zin/Z0 of T3, and (f) 2D 
representations of Zin/Z0 of T3. 

 

In general, the relaxation process described by the 
Cole–Cole semicircle can explain the dielectric loss 
behavior of these materials. On the basis of Debye 
relaxation theory, if the relationship between   and 
   is drawn, it can be found that there are some 
semicircles, and then each semicircle is associated with 
a Debye relaxation process, as shown in Eq. (4) [43]: 

  
2 2

2s s    
    

2 2

   
          

 
 

 
 (4) 

where εs is the static permittivity and ε∞ is the relative 
dielectric permittivity at the high-frequency limit. 

As shown in Figs. 8(a)–8(e), semicircles in the 
Cole–Cole plots of T1–T5 samples indicate that the 
absorption mechanism of MoO3/TiO2/Mo2TiC2Tx can 
be described by the Debye dielectric relaxation model.  
Meanwhile, there are two main sources of dielectric 

loss in these materials: dipolar polarization and interfacial 
polarization [44]. Firstly, the abundant functional 
groups and defects on the surface of Mo2TiC2Tx after 
acid etching can act as polarization centers to produce 
extremely strong dipole polarization effects. Secondly, 
the in-situ generation of oxides on MXene nanosheets 
brings a large number of heterogeneous interfaces, which 
cause the accumulation of charges that will dissipate 
EMW [45,46]. Besides, these interfaces can increase 
the wave propagation path and further attenuate EMW.  

In addition,   is an important index of the EMA 
characteristic absorbers. Concurring to the hypothesis 
of transmission line,   can be calculated [47]: 

2 22π
( ) ( ) ( )

f

c
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Fig. 8  Cole–Cole semicircles of (a) T1, (b) T2, (c) T3, (d) T4, and (e) T5. (f) Attenuation constants (α) of all samples. 
 

 
 

Fig. 9  Schematic illustration of the absorbing mechanism of MoO3/TiO2/Mo2TiC2Tx. 
 

T3 can reach a maximum α value of 256 at 18 GHz, 
indicating its extremely high EMW attenuation 
capability (Fig. 8(f)). 

In brief, the EMA mechanism of the layered 
MoO3/TiO2/Mo2TiC2Tx obtained by the annealing of 
m-Mo2TiC2Tx MXene is shown in Fig. 9. It can be 
summarized that the 0D/2D heterogeneous structure 
obtained by the annealing treatment optimizes the 
impedance matching situation of Mo2TiC2Tx MXene, 
which makes it easier for EMW to enter the interior of 
the material. The conduction loss, dipolar polarization,  

interfacial polarization relaxation, and multiple 
scattering and reflection of EMW by the laminar 
structure can effectively dissipate the incident waves. 

4  Conclusions 

In summary, m-Mo2TiC2Tx was obtained by etching 
Mo2TiAlC2 with high concentration of HF, and the 
layered MoO3/TiO2/Mo2TiC2Tx materials were prepared 
by the simple annealing treatment for Mo2TiC2Tx  
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MXene. The effects of different annealing temperatures 
on the structure, morphology, and microwave absorption 
properties of MoO3/TiO2/Mo2TiC2Tx materials were 
studied. It was found that MoO3 and TiO2 oxide 
spheres uniformly grew among MoO3/TiO2/Mo2TiC2Tx 
layers with increasing the annealing temperature and 
gradually increasing the particle size, enlarging the 
layer spacing of Mo2TiC2Tx nanosheets. The layered 
MoO3/TiO2/Mo2TiC2Tx hybrids treated at 300  exhibit℃  
a minimum RLmin value of −30.76 dB (2.3 mm) at 
10.18 GHz with an ultra-broaden EAB of 8.6 GHz  
(1.8 mm). The analysis reveals that the good impedance 
matching situation, enhanced dielectric loss, and 
multiple scattering and reflection due to the 0D/2D 
structure are the main EMA mechanisms of the 2D 
MXene-based hybrids. 
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