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ARTICLE INFO ABSTRACT

Keywords: Two-dimensional metal carbides and nitrides, known as MXenes, have good metallic conductivity and hydro-
Electromagnetic Interference philic surfaces. An elegant exfoliations approach was used to prepare a two dimensional (2D) metal carbide
Hydrophilic Ti3C, MXene from layered Ti3AlC, MAX phase by removing ‘Al’ layer by chemical etching. Here, we demonstrate
x;i‘;zﬁc the potential of MXene TisC, and its composite with Polyaniline (PANI) for EMI shielding. The morphology,

phase composition, magnetic properties and microwave absorbing properties of the samples were characterized
by scanning electron microscopy, X-ray diffraction, vibrating sample magnetometer and vector network analyzer
respectively. Microstructure investigation using the scanning electron microscope showed an average grain size
of 6 um for TizC, MXene. The saturation magnetization of MAX and MXene phases is 49.16 emu/gm and 49.28
emu/gm respectively. The coercivity is much higher in MXene as compared to MAX phase. The Electromagnetic
Shielding properties like complex permittivity, complex permeability, S-parameters and various shielding ef-
fectiveness for the MXene-PANI composite (50% wt) were studied in the microwave frequency range
(8.2-12.2 GHz). A good enhanced EMI-shielding effectiveness of =~ 23 dB with the sample thickness of 1.5 mm is

achieved for the lightweight MXene-PANI composite.

1. Introduction

Electronic devices are getting smarter, being miniaturized and
growing in number every day. Electromagnetic wave (EM) pollution,
which mainly arises from the rapid development of electronic devices,
has been a threat to public health and precision instruments. Any
electronic device that transmits, distributes, or uses electrical energy
creates electromagnetic interference (EMI) that has negative impacts on
device performance and the surrounding environment. An effective EMI
shielding material must both reduce undesirable emissions and protect
the component from external signals. The new shielding materials meet
the requirements for the next generation effective shielding mainly,
light weight, minimal thickness, powerful absorption, and wide fre-
quency bandwidth [1,2] to fulfill the rising demands in environmental
protection devices, anti-electromagnetic interference (EMI) coatings
[3-6]. Mainly, two mechanisms for EMI shielding can be defined,
electromagnetic reflection and absorption where reflection is due to
mobile charge carriers in the material such as electrons while absorp-
tion is due to electric and/or magnetic dipoles. Also we can account for
the multi-reflection during the interaction of electromagnetic waves
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[7,8]. Both the reflection and absorption performance of the EMI
shielding materials are dependent on the high electrical conductivity.
When EM radiation interacts with electrical or magnetic dipoles of
shielding material, it will be absorbed and turn into heat energy. For
good electromagnetic interference EMI shields, the absorber plays an
important role in the electromagnetic performances. Traditional ab-
sorbers, like metals and ferrites could make a strong absorption.
However, the complicated morphological tailoring is needed. Besides,
the thicknesses are often too thick for practical applications [9]. Carbon
materials have also been used in EMI shielding applications with the
advantages of low density, excellent chemical resistance and diverse
microstructures [10,11]. To achieve the objective, extensive work has
been done by many researchers to study polymer matrix composites
with embedded conductive fillers for EMI shielding, including a silver
nanowire-polyimide hybrid [12,13], graphene-polymer nanocompo-
sites [14], and polypropylene-stainless-steel fiber composites [15]. For
most of the polymer-conductive filler hybrids, the low thermal con-
ductivity, poor heat resistance, ease of aging, and relatively high
thickness usually restrict their applications in the smart and small-scale
electronics fields. Therefore, it is highly desirable to develop polymer
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matrix composites with uniform dispersions of conductive fillers having
strong interfacial interactions with the polymer to achieve a good
shielding effectiveness [16]. Recently, Gogotsi and co-workers prepared
metallically conductive and hydrophilic 2D transition-metal carbide
(MXene) film, which exhibited a good EMI-shielding performance
compared to other synthetic materials with similar thicknesses [17].
MXenes are a unique family of two-dimensional (2D) transition metal
carbides and/or nitrides with the formula M, ,,X,Ty, where M is an
early transition metal (e.g., Ti, Zr, V, Nb, Ta, or Mo) and X is carbon
and/or nitrogen. MXene flakes are terminated with surface moieties
(Ty), such as a mixture of —OH, =0, and —F [18]. About 20 different
MXenes have already been reported. Metallic conductivity and good
mechanical properties coupled with hydrophilicity make them a good
candidate for use in polymer composites. Till now, MXene TizC,Ty, has
been most commonly studied and widely used in various applications
with different polymer matrices. Ti;C, MXene material is considered as
the ideal EM shielding materials because of its ultrahigh electrical
conductivity (> 4600 S/cm), high specific surface area, hydrophilicity,
and flexibility [19,20]. The MXene-polymer composites exhibited im-
proved tensile strength [21,22]. Compared with traditional functional
fillers, a novel family of electrically conductive, lightweight laminated
metal carbides, carbonitrides, and nitrides (collectively referred to as
MXene) opens a door for the development of multifunctional applica-
tions, especially since the discovery of TizC, MXene. The laminated
Ti3C, MXene with a superior specific surface area plays a dominate role
in the enhanced microwave absorbing performance. Herein, we report
the synthesis and EMI shielding properties of the lightweight TisC,Tx/
PANI composites. Since TizC, possesses higher electronic conductivity,
better chemical and environmental stability, excellent mechanical
properties and exhibits stable EMI shielding efficiency so it can be a
suitable option in electronic devices, weapons, and robots as a shielding
material. This work confirms the great potential of the few-layered
MXene as great candidates in EM absorption field.

2. Experimental

There are many different protocols for synthesizing MXene mate-
rials reported in literature [23]. Synthesis of MXene (M, 1X,) begins
with etching the A-element atomic layers (Al, Ge, Ga etc.) in a MAX
phase (M, ;1AX,, like Ti3AlC,, TizGeC,, Cr,GaN etc.) from the M, ; X,
layers adjacent to the A-element layers. After the etching done (com-
plete removal of the A-element layers), the solution is centrifuged and/
or filtered to separate the solid MXene powder from residual contents
with the help of deionized water till the pH of suspension reaches a safe
value of 6-7. A pictorial representation of synthesis process of MXene
(Ti3C,) by MAX (Ti3AlC,) is given in Fig. 1. Exfoliation of the powder is
also a necessary step for synthesis of MXene which can be done by
ultrasonication in an organic solvent (methanol, propylene carbonate
etc.).

2.1. Synthesis of MXene Ti3C»

High purity MAX phase Ti3AIC, (make) was used to synthesis
MXene TizC,. Obtained MAX was annealed in Argon atmosphere at
1300°C for 5h as TizAlC, is stable at 1350 °C or even higher tem-
peratures. One gram of the sintered powder was added to 10 ml 48%
HF, stirring for 2h at room temperature [24,25]. After etching, the
suspension was filtered, dispersed in water, and filtrated again. It is
extremely important to take safety protocols and to be aware of risks
while handling with hazardous HF. The washing procedure was re-
peated 5-6 times by using centrifuge rotator with 2500 rpm to remove
any remaining acid and/or reaction byproducts. The obtained powder
was sonicated in the presence of methanol and dried at room tem-
perature. The obtained Ti3C, powder was kept for further experiments
and characterization.
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Fig. 1. Schematic route for synthesis of MXenes from MAX phases by etching
and sonication.

2.2. Synthesis of PANI

Polyaniline (PANI) in emeraldine state was prepared by the che-
mical oxidation of aniline monomer in aqueous solution of hydrochloric
acid. In a typical procedure, aniline (0.2 M) dissolved in 100 ml of HCl
(1 M) was taken in 250 ml round bottom flask and stirred well. The
reaction occurred in ice bath and the pre-cooled solution of ammonium
persulfate (0.25 M) was slowly added over a period of 2h as an oxi-
dizing agent. The reaction was allowed to proceed for 6-8 h, below 5 °C
[26,27]. At the end of the reaction, a dark green suspension of Poly-
aniline was formed. Obtained suspension was filtered and washed with
deionized water and propanol several times to get pure conducting
polyaniline powder.

2.3. Synthesis of composite

The composite was prepared by mechanical blending of polyaniline
powder with MXene powder in 1:1 wt ratio. Due to the equal con-
centration of both materials, there should be better interfacial inter-
action between them [28]. The rectangular sample of parameter
25 x 12 X 1.5mm was prepared using hydraulic press to calculate
shielding parameters in X-band.

2.4. Characterization

XRD patterns for structural analysis of MAX (as purchased), MAX
(sintered in argon atmosphere) and MXene were carried out using a
Bruker D4 X-ray diffractometer with Cu-Ka radiation having wave-
length A = 1.5406 A in the range 20 =5 — 80°.The surface mor-
phology of all the samples was investigated by SEM (JEOL SEM 450,
30kV). The magnetic properties of the samples were recorded by vi-
brating sample magnetometer (Lakeshore, 7410). The EMI shielding
properties were measured by a vector network analyzer (Agilent
PNAN5244A) using the waveguide method in frequency range of
8.2-12.2 GHz.

3. Results and discussions
3.1. X-ray Diffraction:

X-ray diffraction patterns for the TizAlC, powder (MAX as ob-
tained), Ti3AlC, (MAX sintered in Ar atmosphere), TizC, (MXene pre-
pared from the sintered MAX powder) and Polyaniline are illustrated in
Fig. 2. MAX powder (as obtained) showed a maximum intensity peak at
around 20 = 40° and two other low intense peaks as shown in Fig. 2(a)
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Fig. 2. XRD Patterns of (a) as obtained TizAlC, (b) Annealed Ti3AlC, (c) TizCs
in the 26 range 5-80"

which indicated the presence of Ti3AlC, phase with the existence of
Al,O3 impurity. To obtain the pure MAX phase, the sample was sintered
in argon atmosphere at 1300 °C for 5h. XRD patterns of Ti3AlC, and
TizC, depicted an existence of mixed phase with the impurities like
Ti,AlC, TiC, TiAl,Os and Al,O3 which can be considered due to the fact
that titanium is a very reactive element [29,30]. Considerable loss in
crystallinity and structural order is observed in the XRD pattern of the
MAX sample after HF treatment. A common impurity in TizAlC, is
Ti»AlC. The coexistence of Ti»AlC MAX phase in TizAlC, can lead to a
mixed phase MXene of Ti3C, with Ti,C which is depicted in Fig. 2(c).
The presence of Al impurities in XRD patterns of Ti3AlC, and TizC,
maybe because the residual AI** will follow the migration of inside
water to the surface and separate out during the oven-drying process,
forming an Al,O3 or TiAl,Os nanocrystals. Ti3AlC, phase vanished after
chemical etched using a HF solution for 2 h and replaced by Ti3zC, phase
given by the reaction, Ti3AlC, + 3HF — AlF3 + 3/2H, + Ti3C,.

The formation of extra phases with Ti3C, can be reduced by ultra-
sonication in methanol which leads to exfoliation of MXene Ti3C,. XRD
patterns of the conducting polymer polyaniline and the composite of
Ti3C, with the polymer are shown in Fig. 3. XRD pattern of Polyaniline
(Fig. 3a) indicates the amorphous state with diffraction peak centered
at around 20 = 25.1°. The curve indicates that the polymeric chains are
strongly disordered. The observed peak at 26 = 25.1° is due to the
presence of benzenoid and quinoid rings of Polyaniline chain. Fig. 3(b)
shows the obtained XRD pattern of the composite sample with a in-
tensity change as compared to the pure TizC, graph and indicates a
peak for the polymer addition around 25°.

3.2. Surface properties

The microstructure characteristics of the samples are revealed by
SEM micrographs as shown in Fig. 4. SEM image shown in Fig. 4(a)
reveals the microstructure of TisAlC, (as obtained) which consists of
uniform grains with an average grain size of 6 um. Fig. 4(b) shows the
typical morphology of layered TizAlC, (MAX annealed at 1300 °C) with
agglomeration of various impurities [31]. The SEM image of layered
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Fig. 3. XRD pattern of (a) Polyaniline in the 26 range 20-80° (b) Ti3C,-PANI
composite.

Ti3C, (Fig. 4c), confirms the successful exfoliation of TizC, similar with
reported exfoliation [32], where Al layers have been selectively etched
and the whole grains are exfoliated into massive stacked layers. Some
blisters are observed on the surface of the exfoliated MXene, which may
be due to the bubbles liberated due to the release of H, gas during the
etching of the MAX phase in the presence of HF [33].

The chemical composition of TizC, (MXene) surface is determined
by X-ray photoelectron spectroscopy (XPS) depicted in Fig. 5. It can be
observed from the Fig. 5(a) that the sample has the presence of Ti, C
and O elements. Figure shows the peaks located at 284.4 eV which
corresponds to C 1s state, at around 460 eV corresponding to Ti 2p
states and at 530 eV attributed to O 1s state. In addition the peaks lo-
cated at 50.1eV and 55.4 eV corresponds to Ti 3p and 3s state re-
spectively. Ti 2p core level shown in Fig. 5(b) exhibits two predominant
peaks at 458.2 and 464.3 eV, which correspond to Ti 2p5,» (Ti-O bonds)
and Ti 2p; /» (Ti-C bonds) respectively. The presence of Ti-C and Ti-O
bonds depict the formation of TizC, MXene. The O 1s peak suggests the
presence of attached OH functional group to Ti3C, as mentioned earlier,
which cause polarization relaxations useful for microwave absorption
performance.

3.3. Magnetic properties

The magnetic properties of the samples Ti3AlC, (as obtained),
Ti3AlC, sintered in Ar atmosphere and the MXene (TizC,) were in-
vestigated by VSM at room temperature. Fig. 6 shows the magnetization
(M) versus the applied magnetic field ( = 2T) curves for all the samples.
The M-H loops of the samples exhibits clear hysteresis behavior. The
magnetic parameters such as saturation magnetization (Ms), remnant
magnetization (Mr) and coercivity (Hc) have been determined by the
hysteresis loops are given in Table 1. Ti3AlC, (as obtained) shows a soft
magnetic behavior with saturation magnetization value of ~2.4 emu/
gm. From the Table 1 it is clear that saturation magnetization of TizAlC,
(sintered) and Ti3C, are almost same with values 49.16 emu/gm and
49.28 emu/gm respectively. TizC, shows high coercivity having value
2740 Oe in comparison to TizAlC, having coercivity 287 Oe. This might
be due to the etching in presence of HF which removes the Al layer from
the MAX precursor which increases the orderness in the sample and also
the reduction in the particle size with the removal of al layers. Ti3C, has
the layered structure with the presence electrically conductive groups
on the surface of layers which may contribute to the increase in its
coercivity. As per our best knowledge, till now magnetic properties
have not been reported for these MAX or MXene phase samples.
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Fig. 4. SEM images of MAX and MXene powders studied here. SEM of (a) Ti3AlC, (MAX as obtained) (b) TizAlC, (MAX Annealed) (c) Ti3Co,

3.4. Shielding properties

To understand the probable microwave absorption property, the
relative complex permittivity (e, = ¢’ — je”), relative complex perme-
ability (4, = @’ — ju”) and shielding effectiveness (mainly consisting of
reflection and absorption) of the MXene-PANI composite have been
measured from VNA in the X-band (8.2-12.2 GHz) frequency range.
Fig. 7 shows the real and complex parts of electrical permittivity and
magnetic permeability and their tangent losses.

The relative complex permittivity with the real part denoted as ¢’
which represents the storage ability of electromagnetic energy, ima-
ginary part denoted as ¢“ which gives the energy dissipation and tan-
gent loss denoted as tan 8 = ¢”/¢' have been investigated for Ti3Co-
PANI composite. As illustrated in Fig. 7a and b, it is obvious that the ¢’
and ¢“ values are high due to high conductivity of Ti;C, and also due to
the composite formation with a conducting polymer. Also the variation
in permittivity at 10.4 GHz can be attributed to the typical dielectric
relaxation behavior which may be due to the micro dipole relaxation
and/or hopping migration relaxation [34,35]. Also the magnetic losses
(Fig. 7d and e) have an important role in microwave absorption, which
can be theoretically explained from domain wall resonance, hysteresis
loss, natural resonance and eddy current effect [36,37]. The tand curves
(Fig. 7c and f), which are used to measure the EM dissipation capability
of samples, also show large values which can be explained on the highly
conductive nature of composite sample which leads to presence of ac-
tive polar groups in the polymer matrix. Presence of charge carriers in
the defective places and the presence of functional groups form many
dipoles under the presence of alternating EM field. The electrical tand
plot (Fig. 7¢) of composite slightly fluctuates over 10-11 GHz which
mainly arises from the polarization. From Fig. 7f, the magnetic tangent

loss of composite show the similar trend to the imaginary part of per-
meability. It is widely considered that loss tangent tand (i.e. ratio of
imaginary to real part) is one of the typical physical quantities to
characterize the microwave absorbing performance as higher the loss
tangent which leads to enhanced seriousness of the impedance mis-
match between air and the absorber.

The power coefficients of reflection (R), transmission (T), and ab-
sorption (A) for the electromagnetic shielding can be calculated using
the scattering parameters, usually called as S-parameters (Sq1, S12, S21
and S,,) observed from VNA. The variation of these parameters along a
shielding material placed in an EM energy source can be represented by
Fig. 8. The total electromagnetic interference shielding effectiveness
(EMI SEy) is calculated by using the following equations [38,39],

SET = SEA + SER + SEM

SEr

—10log(1-R) = —10log(1 — 1S1;?)

SEj = —10log(1 — Acg) = —10log (T/(1—R))
10log ((1 — 1S1112)/ 1S5 )

SET = SER + SEA = —1010g(|521|2)

where SE, is the microwave absorption, SEr is the microwave reflec-
tion, and SE); is the microwave multiple internal reflection.

Fig. 9 represents the electromagnetic shielding behavior for the
MXene-PANI composite showing various shielding effectiveness’ (due
to reflection, absorption and total) with respect to X-band frequency
range. It can be observed that highest value of total shielding effec-
tiveness is 22.7 dB at the frequency 10.8 GHz and also the total effec-
tiveness is almost constant with value of 21-22dB in the entire fre-
quency range. Also the shielding effectiveness’ due to absorption and
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Fig. 5. (a) XPS survey spectrum of Ti5C, and related high resolution (b) Ti 2p spectra of Ti3Co.
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Table 1

Magnetic Parameters, saturation magnetization and coercivity of samples at
room temperature.

Compound Ms (emu/gm) Coercivity (Oe)
As obtained TizAlC, 2.39 73

Annealed TizAIC, 49.16 287

TizCy 49.28 2740

reflection are almost constant with values lying in the range of
16-18 dB and 4-5 dB respectively. This shows that the composite has
sustainable microwave absorption properties in X-band. The EMI
shielding originates from the excellent electrical conductivity and the
layered architecture of the MXene. As electromagnetic radiations
(EMRs) strike the surface of the sample, some EM waves are im-
mediately reflected because of abundant free electrons at the surface of
the highly conductive MXene [24,40,41]. The remaining waves pass
through the MXene layered structure where interaction with the high
electron density of MXene induces currents that contribute to ohmic
losses, resulting in a drop in energy of the EMRs. The remaining EMRs,
after passing through the first layer of Ti3C, encounter the next barrier
layer and the phenomenon of EMW attenuation continues. The EMRs
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can be reflected back and forth between the layers until completely
absorbed in the structure whereas in pure metals that have a regular
crystallographic structure, no interlayer reflecting surface is available
to provide the internal multiple reflection phenomenons. So far, most
research has focused on graphene [42,43], carbon nanotubes [44], iron
oxides [45], ferrites [46], iron aluminum-silicon alloys [47], and me-
tallic-based filler [48] polymer composites. To explore the EMI
shielding properties of MXenes, we studied shielding effectiveness of
the composite of TizC, with polyaniline. Ti3;C, with the good electrical
conductivity gives the better EMI shielding effectiveness among the
studied MXenes [49-51]. The composite of MXene with PANI may lead
us to cost effective, low weight and sustainable EMI shielding material.

4. Conclusions

We report the fabrication of lightweight, cost effective and sus-
tainable composite of MXene and PANI with excellent EMI-shielding
performance. We have synthesized MXene TizC, by exfoliation of
ternary carbides Ti3AlC, in aqueous solution of HF and composites of
Ti3C, with polyaniline by mechanical blending. The magnetic proper-
ties of MAX Ti3zAlC, and MXene Ti3C, have been reported first time
which show a good ferromagnetic behavior for both the samples. High
electrical conductivity and magnetization (49 emu/gm) of TizC, sample
make it suitable filler in polymer matrix. The EMI shielding behavior of
Ti3C,-PANI composite has been intensively studied over the frequency
range of X-band. The Ti3C,-PANI composite showed an excellent
shielding effectiveness with almost steady value of 21-23dB in the
entire X-band frequency range which makes it a suitable candidate as
EMI shielding material.
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