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In this work, we demonstrate the enhancement of microwave attenuation capability of Ti3C2 enabled

microwave absorbing materials (MAMs) within a frequency range of 2–18 GHz. Ti3C2 nano-sheet/paraffin

composites exhibit enhanced microwave absorbing performance with an effective absorbing bandwidth

of 6.8 GHz (11.2–18 GHz) at 2 mm and an optimal reflection loss of �40 dB at 7.8 GHz. Moreover,

mechanisms for the dielectric responses of the Ti3C2 MXene nanosheets are intensively discussed. Three

typical electric polarizations of Ti3C2 are illustrated with the Cole–Cole diagram. The enhanced

microwave absorbing properties can be ascribed to the high dielectric loss accompanied with the strong

multi-reflections between MXene layers.
1. Introduction

Driven by the demand for eliminating the adverse effects of
electromagnetic waves (EMWs), more and more effort has
been devoted to the development of light weight and high
performance electromagnetic interference (EMI) shielding
and/or absorbing materials. Among them, carbon-based
materials have been widely studied as good electromagnetic
interference (EMI) shielding and/or absorbing materials.1–6

The last decades have witnessed intensive interest towards
carbonaceous ller enabled polymer composites.7–9 Recently,
Shahzad F. et al.10 reported a Ti3C2Tx lm with an outstanding
EMI shielding effectiveness of 92 dB, and demonstrated the
considerable potential of a new two-dimensional family:
MXenes11 and their polymer composites for EMI shielding
application.

However, EMI shielding materials mainly focus on the
reection of radiation using charge carriers which could
interact with incident electromagnetic waves directly. But the
reected radiation could still have adverse effects on the
surroundings and electrical devices.12–14 Therefore, electro-
magnetic wave absorbing materials (MAMs) with reduced
reections and enhanced internal attenuations are consid-
ered to be more competitive candidates for EMI. With the
development of graphene15,16 and graphene-based compos-
ites,17–21 two dimensional microwave absorbing materials
have gained more and more attention, owing to their
eramics, Institute of Nuclear Physics and

g Physics, Mianyang, 621900, China.

aep.cn

te of Super-microstructure and Ultrafast

th University, Changsha, 410083, China

ally to this work.
enhanced multi-internal-reections, low density and supe-
rior mechanical exibility. Recent years, a novel family of
electrical conductive two-dimensional transition metal
carbide/nitride labeled as MXene,11 have been demonstrated
to be popular alternatives for MAMs, due to laminated
morphologies, unique mechanical and electronic
properties.22,23

Ti3C2 is a representative among the big MXene family. Owing
to the laminated morphology and unique combination of
metallic conductivity and hydrophilicity, Ti3C2 has been widely
studied to be as attractive candidates for energy storage
devices,24–28 catalysts,29 sensors,30 electromagnetic interference
(EMI) shielding materials31 and microwave absorbing mate-
rials.32–34 Besides, as demonstrated previously,35–37 microwave
absorbers with ake-shaped llers exhibit superior microwave
absorption performance compared to those with spherical
llers. Therefore, it is reasonable to assume that the MXenes
with two-dimensional nanocrystals have a great potential for
application in MAMs. Nevertheless, exploration on underlying
mechanism of dielectric behaviors for this novel MAMs with
Ti3C2 is urgently needed.

Herein, we demonstrate the enhancement of microwave
attenuation capability of Ti3C2 enabled MAMs within
frequency range of C-band (4–8 GHz), X-band (8–12 GHz) and
Ku-band (12–18 GHz). Moreover, mechanisms of dielectric
responses for MAMs lled with Ti3C2 nanosheets are inten-
sively discussed. These ndings point to important guide-
lines to reveal underlying mechanism of electromagnetic
responses for Ti3C2 composites, which is benecial to regu-
lation for microwave absorption performance of MXene
functionalized absorber including but not limited to Ti3C2

composites, and pave the way for the development of novel
MAMs.
This journal is © The Royal Society of Chemistry 2018
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2. Experimental
2.1. Sample preparation

As starting materials, commercially available titanium,
aluminum and carbon powders (purity > 95%, d50 ¼ 30 mm),
were kindly provided by Forsman Scientic (Beijing) Co., Ltd.,
and were used to prepared Ti3AlC2 powders through pressure-
less sintering at 1560 �C for 1 h. Aer that, Ti3AlC2 powders were
immersed in 49 wt% aqueous HF at ambient temperature in an
ultrasonic homogenizer for 4 h. The as-derived Ti3C2 MXene
nanopowders were separated by centrifuge and washed with
distilled water until pH z 6.
Fig. 1 XRD patterns of pressureless-sintered Ti3AlC2 and as-derived
Ti3C2 MXene.
2.2. Characterization

Phase analysis was conducted on X-ray diffractometer (XRD, X0

Pert PRO, Netherlands) using Cu Ka radiation (l ¼ 0.1546 nm)
and a step scan of 0.02� with 1 s per step from 5–65 degree (the
typical XRD peaks of original Ti3AlC2 and derived Ti3C2 MXene
are among 5–65 degrees), operating at 40 kV and 20 mA,
respectively, data analysis with Jade soware. A scanning elec-
tron microscope (SEM, Quanta 400, FEI, America), with an
accelerating voltage of 20 kV was used to obtain micro-
morphology images of derived Ti3C2 MXene akes and
conduct elemental analysis via energy-dispersive X-ray (EDX)
spectroscopy. A transmission electron microscope (TEM,
HT7700, HITACHI, Japan), with an accelerating voltage of 120
kV was also used to obtain high-magnication images of MXene
sheets. For the characterization of dielectric responses ranging
from 2 GHz to 18 GHz, donut-shaped samples with 7.0 mm
outer diameter and 3.0 mm inner diameter were prepared by
mixing the as-prepared Ti3C2 MXene powders with molten
paraffin (weight ratio equals to 1 : 1), and the electromagnetic
(EM) parameters (relative permittivity 3r and permeability mr) of
each samples was determined through coaxial line method with
a vector network analyzer (Agilent AV3618). All the measure-
ments were carried out at room temperature. For accuracy of
measurement, the system is carefully calibrated with Short-
Open-Load-Through (SOLT) approach. Based on theory of
transmission lines,38–40 the reection loss (RL) of ametal-backed
absorber with 3r and mr could be expressed as:

RðdBÞ ¼ 20 log

����Zin � 1

Zin þ 1

���� (1)

and

Zin ¼
ffiffiffiffiffi
mr

3r

r
tanh

�
j

�
2p

c

� ffiffiffiffiffiffiffiffi
mr3r

p
fd

�
(2)

where Zin refers to input impedance, j is the imaginary unit (i.e.

equals to
ffiffiffiffiffiffi�1p

), c is the velocity of electromagnetic waves in free
space, f is themicrowave frequency, and d is the thickness of the
samples.
3. Results and discussion

The pressureless-sintered Ti3AlC2 powders are phase-pure as
determined by XRD showing in Fig. 1. Aer subjected to HF and
This journal is © The Royal Society of Chemistry 2018
ultrasonic treat, the characteristic peaks within range of 33� to
43� of Ti3AlC2 eventually vanish as expected. In addition, the
(002) peaks of Ti3C2 MXene are inclined to shi towards smaller
angle and be broadened compared to that of Ti3AlC2,11 owing to
successful extraction of Al-atoms from Ti3AlC2. The above
changes are widely recognized the formation of MXene, and the
vanish of 39�(104) peak reveals the exhaustion of Ti3AlC2 and
conrms that the derived MXene is phase pure.

The cross-sectional SEM image of Ti3C2 which illustrated in
Fig. 2a suggests that the accordion-like Ti3C2 nanosheets keep
stacked aer etching of Ti3AlC2, and the inter-lamellar spacing
between Ti3C2 nanosheets is estimated to be around 1 nm by
cross-sectional TEM observation (Fig. 2c), which is accordant
with calculated result of 0.98 nm corresponding to (002) peak of
XRD pattern. EDS spectrum (Fig. 2b) reveals that MXene is
composed of Ti, C, O, F, and little Al. Fig. 2d shows a two-layer
Ti3C2 akes, which is thin enough to be electron-transparent.

It should be noted that the Ti3C2 MXene in this work was
synthesized by a erce chemical reaction of Ti3AlC2 and
hydrouoric acid (HF), and the derived MXene sheets were
combined together with hydrogen bonds.11 The erce etching
by HF not only extracted Al atoms from Ti3AlC2, but also eaten
off some of Ti atoms, which created abundant intrinsic defects.
The hydrogen bond is a weak chemical bond between an elec-
tronegative atom, such as uorine, oxygen, or nitrogen, and
a hydrogen atom bound to another electronegative atom, which
is different from the traditional strong interaction of chemical
bonds. Based on the two aspects above, the derived Ti3C2

MXene is not a perfect crystal structure, but between crystal and
amorphous structure and full of intrinsic defects. The unique
microstructure of Ti3C2 MXene, which corresponding to the
broadening of XRD peaks, is supposed to have an impact on the
dielectric behaviors and microwave absorption capability.

It is well recognized that most majority of microwave atten-
uation materials are frequency dependent, that dependence
constrains the values the real and imaginary parts of the relative
permittivity (3 ¼ 30 � j300) and relative permeability (m¼ m0 � jm00)
RSC Adv., 2018, 8, 2398–2403 | 2399
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Fig. 2 (a) Cross-section SEM image of Ti3C2 particles; (b) EDS spectrum of Ti3C2 MXene, revealing the chemical composition of MXene; (c)
cross-section TEM image of a 4-layer Ti3C2 flake, the estimated inter-layer space is about 1 nm; (d) TEM image of a 2-layer Ti3C2 flake.
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can take. As illustrated in Fig. 3a, both 30 and 300 of composites
lled with 50 wt% Ti3C2 MXene exhibit frequency dispersion
effect, while the mmaintains at around 1 � j$0. Therefore, Ti3C2

MXene is considered to be a typical dielectric loss material.
Fig. 3b shows the reection loss (RL) over 2–18 GHz at three
typical values of thickness. The RL keeps lower than �10 dB
within the whole Ku-band (12.4–18 GHz) when the thickness of
absorber is only 2 mm, which suggests more than 90% of energy
of incident electromagnetic wave have been absorbed. Besides,
an optimal RL of �40 dB (corresponding to 99.94% absorption)
could be achieved at 7.8 GHz. This superior microwave atten-
uation capability demonstrates Ti3C2 MXene to be a promising
candidate for lightweight stealth materials.
Fig. 3 (a) Dielectric and (b) microwave absorbing properties of Ti3C2 na

2400 | RSC Adv., 2018, 8, 2398–2403
In addition, with the help of quarter-wavelength absorp-
tion,41 the absorption peak is inclined to shi from 12.5 GHz to
6 GHz and absorption band (RL < �5 dB) improves signicantly
within frequency range of less than 8 GHz, when thickness of
absorber increased from 2 mm to 4 mm. According to the
resonant absorb theory, when microwave is incident on an
absorber sample backed by a perfect conductor, the predicted
matching thickness d at the matching frequency f is given by:

f ¼ c

4d
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffijmð f Þ3ð f Þjp 	 (3)

where m(f) and 3(f) are complex permeability and permittivity at
the frequency of f, respectively.
no-sheets/paraffin composites.

This journal is © The Royal Society of Chemistry 2018
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Apparently based on eqn (3), the attenuation peaks are
supposed to shi to lower frequency with increasing sample
thickness, and are well consistent with the predicted reection
loss curves (see Fig. 3b). All these results indicate that, in
addition to the intrinsic loss originated from dielectric relaxa-
tion, quarter-wavelength absorption is also one of effective way
to improve microwave absorption for the Ti3C2 MXene nano-
sheets lled composites. It should be noticed here that the
enhancedmicrowave absorbing performance at low frequencies
makes Ti3C2 MXene composites competitive in eld of light
weight MAMs.

Conventionally the relaxation process which can be
described by the Cole–Cole semicircle has an important inu-
ence on permittivity behaviors of microwave absorbing mate-
rials. As clearly illustrated in Fig. 4, experimental points of
permittivity of Ti3C2 MXene composites in Cole–Cole plane are
inclined to distribute on three distinguishable sections of
circular arc with the help of nonlinear tting. This fact suggests
the supposed existence of three types of electric polarization
and relaxation.

Ti3C2 MXene nanosheets are highly electrical conductive,42

and there exists migration of free electrons inside the sheets, as
well as charge accumulation at interfaces between MXene
sheets and insulated matrix (here refers to paraffin) when sub-
jected to external electric eld, which is considered to be the
fundamental mechanism of dielectric polarization. The electric
polarization could be grouped into three types which are
marked as I, II and III respectively (see in Fig. 4). For the type I,
two localized charge layers in neighboring MXene sheets with
opposite charge, which generally referred to as interfacial
polarization or Maxwell–Wagner polarization,43 are supposed to
play the roles of electrodes in ‘mico-capacitances’. It is well
established that the dielectric behavior for interfacial polariza-
tion could be described by the Debye equation:44
Fig. 4 Typical Cole–Cole diagram over 2–18 GHz and three typical ele

This journal is © The Royal Society of Chemistry 2018


30 � 3s þ 3N

2

�2

þ ð300Þ2 ¼

3s � 3N

2

�2

(4)

where 3s and 3N are ‘static’ and ‘innite frequency’ dielectric
constant, respectively. Eqn (4) suggests that the locus of
permittivity in the Cole–Cole plane should be a semicircle with
centered on the 30 axis, which is accordant with the experi-
mental results.

Type II describes the electric polarization in a certain
nanosheet along the direction of lamella (i.e. in the ab plane).
Due to the charge accumulation at two ends of sheets, MXene
nanosheets are more inclined to be equivalent to ‘micro-
dipoles’. And the scattering effect of crystal lattice on the back-
and-forth movement of electrons under alternating EM wave,
which results in thermal energy, predominately contributes to
the dissipation of EM energy. Furthermore, there exists alter-
nating conduction current in the ab plane of MXene nanosheets
under alternating EM wave, owning to the Ti–Ti metallic
bonding.42 Taking these into consideration brings the Debye
equation (eqn (4)) into more empirical and described by:

3 ¼ 3N þ 3s � 3N

1þ jus
� j

�
s

u30

�
(5)

where s refers to relaxation time, u is angular frequency of EM
wave, 30 is permittivity of vacuum (8.85 � 10�12 F m�1), and s is
the conductivity. Aer decomposition of eqn (5) into the real
and imaginary parts, the relationship between 30 and 300 could be
expressed as:



30 � 3s þ 3N

2

�2

þ
�
300 � s

u30

�2

¼

3s � 3N

2

�2

(6)

Apparently, the locus of dielectric behavior for type II
according to eqn (6) should still be a circle, however, whose
center is supposed to locate in the rst quadrant (see circle 3 in
ctric polarization in Ti3C2 composites.

RSC Adv., 2018, 8, 2398–2403 | 2401
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Fig. 4). Note that the vibration of terminations Tx (–OH/–F),
which located on the surface of Ti3C2 MXene nanosheets, is also
supposed to make a contribution to microwave absorption
capability under alternating EM wave (see circle 1 in Fig. 4).
Moreover, due to the strong Ti–C bond, the electrical conduc-
tivity along the c direction is much lower than that in the ab
plane.42 As a result, it is reasonable to assume that the electric
polarization along the c direction, which referred to as type III,
could be neglected compared with that in ab plane which dis-
cussed above.

In addition, multiple reections and scattering between
Ti3C2 MXene layers could also further enhance the microwave
absorbing ability.45 Another important feature should be
noticed is that the transition points for three segments of
circular arc in Fig. 4, corresponding to three types of electric
polarization discussed above, locate at 5.4 GHz and 10.9 GHz,
respectively. If shiing attentions back to the reection loss of
Ti3C2 MXene composites which illustrated in Fig. 3b, it is
tempting to see that the superior microwave attenuation capa-
bility mainly focuses on high frequency especially exceeded 10.9
GHz, while reection loss of Ti3C2 MXene composites seems
difficult to be lower than �10 dB within frequency range of
lower than 5.4 GHz even thickness of absorber reaches 4mm. As
a consequence, it is legitimate to conclude that intrinsic electric
polarization and relaxation loss within Ti3C2 MXene nanosheets
as well as quarter-wavelength absorption play a dominate role of
excellent dissipation capability for microwave energy.

4. Conclusion

Ti3C2 is successfully synthesized by etching pressureless-
sintered Ti3AlC2 in HF under ultrasonic circumstance. The as-
derived Ti3C2 nano-sheets/paraffin composites exhibit
enhanced microwave absorbing performance with an effective
absorbing bandwidth of 6.8 GHz (11.2–18 GHz) at 2 mm and an
optimal reection loss of �40 dB at 7.8 GHz. Moreover, mech-
anisms of dielectric responses for Ti3C2 nanosheets are inten-
sively discussed. Three typical electric polarization in Ti3C2

composites are illustrated with the Cole–Cole diagram. The
enhanced microwave absorbing properties can be ascribed to
the high dielectric loss accompanied with the strong multi-
reections between MXene layers. These ndings point to
important guidelines to reveal underlying mechanism of elec-
tromagnetic responses for Ti3C2 MXene composites, which is
benecial to regulation for microwave absorption performance
of MXene functionalized absorbers.
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