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Abstract

A high-performance microwave absorption material is highly demanded. Herein, the laminated Ti;C, Mxene was synthesised
via HF etching process, and the flaky carbonyl iron (FCI) particles were prepared by high-energy ball milling. The hybrid
Ti,C,/FCI powders with different mass ratios were fabricated by ultrasonic mixing method. Electromagnetic and microwave
absorption properties of the single layer Ti;C,/FCI coatings were investigated in 2-18 GHz. A broadened microwave absorp-
tion property can be realized by optimizing the Ti;C, and FCI content. Especially, the coating with 20 wt% Ti,C, and 40 wt%
FCI loading presents the measured absorption bandwidth (RL < —10 dB) of 8.16 GHz with the thickness of 1.0 mm. The
remarkable microwave absorbing performance was attributed to the good impedance matching and moderate attenuation
ability. These results indicate that the Ti;C,/FCI composites have great potential to be a broadband microwave absorbent.

1 Introduction

The rapid development of microwave electronic devices
leads to increasingly electromagnetic (EM) interference
problems. Microwave absorption materials can eliminate
adverse electromagnetic energy, and have attracted extensive
interests [1-3]. Broadband microwave absorption is criti-
cal for a microwave absorption (MA) material since micro-
wave electronic devices work in a wide frequency range.
To achieve this goal, the key problem focus on exploration
of materials exhibiting multiple EM waves loss mechanism
and good impedance matching property [4—6]. Considerable
researches have shown that the combination of dielectric
absorber and magnetic absorber is a good choice to solve
this problem [7-10].

Two dimensional (2D) materials with laminated, porous
and 3D-network structures are proved to be high-perfor-
mance microwave absorbers. Specially, newly emerged
2D material labeled as Ti;C, MXene is kinds of dielectric-
type absorption material with potential broad absorption
bandwidth. Qing et al. [11] successfully synthesized Ti;C,
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MXene nanosheets and absorption bandwidth of 5.6 GHz
was obtained with a thickness of 1.4 mm. Feng et al. [12]
reported that the Ti;C, MXene nanosheets exhibited an
effective absorbing bandwidth of 6.8 GHz at 2 mm. The
microwave absorption property of the Ti;C, MXene is
mainly attributed to its 2D laminated morphology, active
surface functional groups, native defect and extraordinary
electric conductivity [11, 12]. Nevertheless, a relatively high
permittivity for the Ti;C, MXene is unfavorable to imped-
ance matching and dissipation of EM waves. Mixing a mag-
netic absorber with Ti;C, MXene is necessary. In previous
reports, the Ti;C, MXene/Ni, sZn sFe,0, [13] and Ti;C,
MXene/Fe;O, [14] have been studied for enhanced micro-
wave absorption. However, the complex fabrication process
of these composites restricted their practical application.
Also, the large-scale synthesis of these composites remains
a significant challenge. Compared with Ni sZn, sFe,O, and
Fe;0,, the carbonyl iron (CI) particles are so far consid-
ered as the most attractive magnetic absorbents, with the
advantages of high magnetic loss in GHz range, large-scale
fabrication and low cost [15, 16]. Furthermore, flaky car-
bonyl iron (FCI) have larger values of permeability since
its Snoke’s limit is located at a higher frequency [5, 17-19].
Besides, broad absorption bandwidth has been reported in a
variety of dielectric materials/FCI composites [3, 20, 21]. In
view of this, we focus on the combined dielectric loss of the
Ti;C, MXene and magnetic loss of the FCI to firstly develop
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single-layer microwave absorbing coating with broadband
microwave absorption.

2 Experimental and characterizations

The Ti;C, MXenes were synthesized via HF etching pro-
cess [11, 12]. The commercial Ti;SiC, powders (Forsman
Scientific Co. Ltd. Beijing) were chosen as a raw material.
Initially, 10 g Ti;SiC, was added into HF solution (40 wt%)
of 100 mL. The acidic solution was magnetically stirred for
72 h at room temperature to extract Si from the Ti;SiC, par-
ticles. Then the obtained solution were washed with deion-
ized water several times to remove the residual HF until the
pH of the solution was about 7. Finally, the mixture was cen-
trifuged to obtain black powders, and the resulting powders
was dried at 80 °C for 1 h to obtained the Ti;C, MXenes.
The FCI particles were prepared by high energy ball-
milling reported in our previous study [21]. Raw spherical
carbonyl iron (SCI) powders were purchased from Jiangsu
Tianyi Ultrafne metal powder Co. Ltd.. Typically, 2 kg SCI
powders, 30 kg bearing steel ball (®3 mm) and 3 kg abso-
lute ethanol were milled in vertical ball mill machine with
900 rpm for 6 h. The as-milled mixture was filtered and dried
under vacuum at 60 °C for 5 h to obtain the FCI particles.
The hybrid powders were fabricated by blending Ti;C,
MXenes with the milled FCI thoroughly in the ultrasonic
bath. The mass ratios of Ti;C, MXenes to FCI were 1:0,
2:1, 1:1, 1:2, and 0:1, respectively. Following, the hybrid

Fig.1 The morphology of a
Ti;SiC, and b Ti;C, MXene; ¢
EDS spectrum and d XRD pat-
terns of the Ti;C, MXene
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absorbers were mechanically dispersed in epoxy resin to
form a homogeneous dispersion. An aluminum plate of
dimensions 180 mm X 180 mm X 5 mm was used as a sub-
strate. The homogenous mixture was sprayed on the alu-
minum plate layer by layer to prepare the absorbing coating
[22]. The actually achieved mass fraction of hybrid absorb-
ers in the absorbing coating were 60 wt%. The coaxial cyl-
inder specimens with outer diameter of 7.00 mm and inner
diameter of 3.04 mm were also made of the mixture of as-
prepared hybrid absorbers (60 wt%) and epoxy resin.

X-ray diffraction (XRD) characterization was acquired
on Rigaku Ultima IV diffractometer (Cu Ka radiation,
A=1.5406 A). The morphology and composition of the sam-
ples were examined by FEI Nova NanoSEM field-emission
scanning electron microscope. The magnetic properties was
obtained on a vibration sample magnetometer (VSM, Lake-
Shore 7307). The relative complex permittivity (g,) and per-
meability (u,) were measured by a vector network analyzer
(Agilent N5230A) in the frequency range of 2-18 GHz. The
RL values of coating were measured by the arched reflecting
method that was detailed described in Ref. [23].

3 Results and discussion

The morphology and microstructure of Ti;SiC, before and
after the HF treatment were investigated by SEM images
and the results are shown in Fig. 1a, b. After etching by
HF, laminated structure of Ti;C, MXene can be observed,
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suggesting the successful exfoliation. Besides, the investi-
gated EDS [see in Fig. 1c] exhibit that the as-prepared Ti;C,
MXene is mainly composed of Ti and C, indicating the elim-
ination of Si. Additional O and F result from etching by HF.
The typical XRD patterns of the Ti;SiC, and Ti;C, samples
are shown in Fig. 1d. Apparently, the observed peaks of
Ti;C, MXene are agreement with the previous study [11,
12], implying the successful synthesis of Ti;C, MXene by
HF etching. In addition, the XRD peaks of the as-prepared
Ti;C, MXene are broadened and shifted to lower angles
(especially for (002), (006) and (008) peaks) compared with
those of raw material Ti;SiC, powders. The unique morphol-
ogy and microstructure of Ti;C, MXene are beneficial to the
improvement of microwave absorption capability.

Figure 2a, b show the morphology of raw CI and FCI
particles, respectively. The particles of raw CI are spherical
shape with a mean size of 3.5 um. The achieved thin flake-
like carbonyl iron particles with the ball milling were pre-
sented in Fig. 2b. No spherical particles can be found. The
diameters of FCI were mostly in the range of 6—15 um. The
identified flake morphology are favorable for the enhance-
ment of complex permeability [17, 18]. Figure 2c shows the
typical XRD patterns of FCI powders. Only three charac-
teristic diffraction peaks at 20=44.5°, 64.9° and 82.2° were
observed. They are respectively associated with the (110),
(200) and (211) of cubic structure a-Fe (identified by JCPDS

Fig.2 SEM image of a raw

CI particles and b milled FCI
particles; ¢ XRD patterns and d
VSM of the milled FCI powder
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06-0696) [15, 16]. The observed broad XRD peaks indicate
larger particle size for FCI. Magnetic hysteresis loops of the
FCI sample is displayed in Fig. 2d. The saturation magneti-
zation (M) and coercivity (H,) are 195.46 emu/g, 20.52 Oe,
suggesting excellent ferromagnetism for the FCI powders.
The larger M, can effectively increase the permeability of the
composites by increasing the FCI powders conten.

Figure 3 displays the real part (¢") and imaginary part (e")
of permittivity for the Ti;C, MXene/FCI composites with
different mass ratios in 2—18 GHz. It is obvious that both &’
and &" rise across the whole frequency range with the mass
ratio of Ti;C, increasing. €' and &” for the sole FCI-filled
specimen are 13.68 and 0.72 at 2 GHz, respectively. This
low complex permittivity indicates weaken dielectric loss.
When only the Ti;C, MXene loading, €' and " increase to
44.61 and 20.39, suggesting a larger dielectric loss. In addi-
tion, the &' and " curves show typical nonlinear resonant
characteristics. Such phenomena can be attributed to vari-
ous polarizations. Generally, the &' mainly arises from the
dipole polarization and interfacial polarization in GHz fre-
quency range [24, 25]. In compared with the FCI particles,
a large quantity of lattice defects and functional groups were
created in Ti;C, MXene synthesis processing, resulting in
more electric dipoles and dipole polarization under an alter-
nating electrical. Besides, the SEM image of Ti;C, MXene
shows a laminated morphology and large surface area. When
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Fig.3 Frequency dependence of complex permittivity for the Ti;C, MXene/FCI composites with different mass ratios

the laminated Ti;C, MXenes were embedded in insulated
matrix, abundant interfaces can be found between Ti;C,
MXene and insulated matrix. Those abundant interfaces
finally inducing stronger interface polarization under the
alternating electrical field. On the other hand, &” is known
as an expression of the dielectric loss ability of materials.
The value of &” is related to the relaxation polarization loss
and the electric conductance loss [26, 27]. The Ti;C, MXene
is highly electrical conductive absorber in compared with the
FCI. Increased mass ratio of Ti;C, makes a contribution to
forming the conductive network and enhanced polarization
ability, which results in the enhancement of &”.

The real part (¢') and imaginary part (u”) of permeabil-
ity for the Ti;C, MXene/FCI composites with various mass
ratios in 2—18 GHz are illustrated in Fig. 4. Apparently, both
' and u" increase with the FCI content increasing. As the
Ti;C, MXene/FCI mass ratios change from 1:0 to 0:1, u'
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increases from 1.05 to 3.24, and " raise from 0.03 to 0.95.
Specially, the u’ and u" of the Ti;C, MXene sample nearly
1 and 0, indicating inexistence of magnetic loss. For the
individual FCI specimen, in contrast, the maximum values
of y' and " are 3.24 and 1.23, respectively. Moreover, the u"
curves of all FCI-filled samples exhibit broad peaks, which
contributes to broaden absorption bandwidth and strengthen
absorptivity of electromagnetic waves. This characteristic
can be attributed to the high ferromagnetic resonant fre-
quency for flaky FCI particles. The similar result was also
reported in previous work [17, 18]. Therefore, the magnetic
characteristics of the hybrid Ti;C, MXene/FCI powders are
mainly dominated by those of FCI, in view of the fact that
Ti;C, MXene is a nonmagnetic material. As a result, the
above results indicate that the electromagnetic properties of
the coating can be tailored via changing the mass ratio of
the filled absorber.
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Fig.4 Frequency dependence of complex permeability for the Ti;C, MXene/FCI composites with different mass ratios
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To further investigate the influence of Ti;C, MXene/FCI
ratio on the EM wave absorption properties, The absorbing
coatings based on different mass ratios of Ti;C, MXene/FCI
[see in Fig. 5(b)] were prepared with thickness of 1.0 mm.
The RL values in 2-18 GHz were measured and shown in
Fig. 5a. The most important and interesting observation is
that the RL is found to depend sensitively on the mass ratios
of the Ti;C, MXene/FCI. Relative to all coatings, the coating
with mass ratios of 1:2 loading displays optimized micro-
wave absorbing capability. The effective absorption band-
width (RL < —10 dB) of 8.16 GHz was realized. As shown
in Fig. 5c, the SEM image of the coating with mass ratios of
1:2 loading shows the uniform dispersion of two absorbent
in epoxy resin. The excellent microwave absorption prop-
erty is attributed to the coexistence of dielectric loss and
magnetic loss. Detailed RL values of the Ti,C, MXene/FCI
composites and a comparison of other representative FCI-
based and Ti;C, MXene-based composites reported in recent
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literatures were summarized and listed in Table 1. Obvi-
ously, by combing the properties of dielectric absorber and
magnetic absorber has been used to improve the absorption
efficiency of the absorber. The Ti;C, MXene/FCI composite
with appropriate mass ratio prepared in this work exhibits
superior performance at a broad absorption bandwidth and
thin thickness. Those results indicate the promising perspec-
tive of the Ti;C, MXene/FCI absorber in the development of
broadband microwave absorbing coatings.

Microwave absorption materials with wide absorption
bandwidth require stronger EM wave dissipation ability as
well as excellent EM impedance matching property. The
attenuation constant (y) is usually applied to evaluate the EM
dissipation ability. The y can be illustrated as follows [31]:

2
y = if\/(ﬂ//g// — e+ \/(M//g// _ [4’6’)2 + (e + ”//6;)2
c
(H

Fig.5 a The measured RL and b photograph of absorbing coating based on different mass ratios of Ti;C, MXene/FCI composites; ¢ the typical

SEM image of coating with mass ratios of 1:2

Table 1 Microwave absorption properties of the FCI-based and Ti;C, MXene-based composites reported recently

Sample Thickness Maximum RL (dB)  f,, (GHz) Bandwidth (GHz)  Frequency range (GHz) References
(mm) (maximum (RL < -10dB)
RL)
1:0 1.0 -12.80 10.72 2.80 10.08-12.88 This work
2:1 1.0 —-13.23 13.92 4.48 12.24-16.72 This work
1:1 1.0 - 13.61 13.20 4.72 11.12-15.84 This work
1:2 1.0 - 1552 12.80 8.16 9.84-18.00 This work
0:1 1.0 —12.81 15.12 6.88 11.12-18.00 This work
Ti;C,/Ni, sZn, sFe,0, 6.5 —42.50 13.50 3.00 12.00-15.00 [13]
Ti;C,/Fe;0, 1.9 -57.30 10.10 2.00 9.10-11.10 [14]
Ti;C,/CNTs 1.5 -52.90 4.46 4.46 13.54-18.00 [28]
Ti;C,/nano-carbon sphere 2.0 —19.96 11.90 2.55 10.68-13.24 [29]
FCI/MnO, 1.5 - 17.78 11.98 8.02 8.84-16.86 [30]
FCI/Ti;SiC, 24 -19.20 10.00 3.20 8.47-11.67 [20]
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Fig.6 a Attenuation constant versus frequency, and b 1Z; /Z| versus
frequency of the Ti;C, MXene/FCI composites with different mass
ratios

The y—f curves of the coating with different mass ratios
of Ti;C, MXene/FCI are calculated and displayed in Fig. 6a.
The attenuation constant value directly elucidates the ampli-
tude attenuation of electromagnetic waves inside the coating
sample. It is unfortunate that the attenuation constant of the
coating with mass ratios of 1:2 loading is not the maximum
value. According to the Eq. (1), all of the f, &', ", ¢’ and
" value are related to the y, and larger €” and u" result in
higher y value. Therefore, moderate £” and u" value for the
coating with mass ratios of 1:2 loading presents the middle
y value. However, the absorption performance is also influ-
enced by impedance matching condition. The characteristic
impedance 1Z; /Z| directly decide the EM impedance match-
ing feature, and can be described by the below equation [32]:

Zi Hy Zﬂfd
Z—: = 8—tanh< T\/Mr6r> (2)

It is known that if the characteristic impedance 1Z; /Z|
is close to 1, the most of the electromagnetic wave can eas-
ily enter into the material, denoting an excellent impedance
matching with the free space. According to Eq. (2), we can
calculate the normalized input impedance of all samples.
As illustrated in Fig. 6(b), the impedance of the coating
containing mass ratios of 1:2 is apparently closest to 1 in
2-18 GHz, indicating more electromagnetic wave can enter
the coating. This result suggests that combination of the die-
lectric absorbers and magnetic absorbers possess excellent

@ Springer

EM impedance matching feature and considerable EM wave
attenuation ability, which finally lead to superior absorbing
performance.

4 Conclusion

In summary, the laminated Ti;C, Mxene and flaky carbonyl
iron were successfully prepared. The electromagnetic and
microwave absorption properties of hybrid Ti;C, MXene/
FCI powders were investigated systematically in 2—18 GHz.
The electromagnetic parameters and absorbing performance
of the hybrid powders could be tuned by simply adjust-
ing the Ti;C, and FCI content. The complex permittivity
increased while the complex permeability declined with
rising the Ti;C, MXene content. Measured absorbing band-
width (RL < —10 dB) of 8.16 GHz is obtained in the coating
with 20 wt% Ti;C, MXene and 40 wt% FCI loading and
the thickness of 1.0 mm. The Ti;C, MXene/FCI composites
with appropriate mass ratio are a promising candidate as
broadband microwave absorbent.
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