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Lightweight flexible composite films are widely used in the field of smart and wearable devices due to
efficient electromagnetic interference (EMI) shielding effectiveness in the wide frequency domain and
excellent mechanical properties. Herein, the CNTs@MXene composite films with excellent mechanical
properties and EMI effectiveness were prepared by electrophoretic deposition method on carbon
nanotubes (CNTs) substrate. By optimizing the experimental parameters, the optimal deposition time
was determined to be 15 min. Meanwhile, the mechanical properties of the 40 um composite films were
the best and the tensile strength reached about 29.2 MPa. Moreover, the composite films with the same
thickness showed excellent electromagnetic shielding effects of 69.02 dB and 77.32 dB in X-band and
P-band, respectively. The CNTs@MXene composite films showed excellent EMI shielding effectiveness
and mechanical properties. Therefore, the composite films showed great advantages and potentials in

the application of smart and wearable devices.

With the arrival of 5G era, electronic devices have been widely
used in various fields. The widespread use of communication
devices not only brings great convenience to mankind, but
also causes a wide range of electromagnetic wave pollution.
Therefore, there is a great demand for high-performance elec-
tromagnetic interference (EMI) shielding materials, especially
those materials with high shielding effectiveness in the range of
8-18 GHz [1, 2]. The performance requirements of electromag-
netic shielding materials are different in different application
environments. For example, the EMI shielding materials with
flexibility, ultra-thin and wear resistance cannot be prepared
from a single conductive carbon material [3]. Therefore, carbon-
based nanocomposites are considered as the most promising
flexible EMI shielding materials [4].

Due to the advantages of low density, high specific surface
area, excellent mechanical and electrical properties, carbon
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nanotubes (CNTs) composites are widely used in electromagnetic
shielding, sensors, and other fields [5, 6]. In previous reports, Mao
et al. [7] used CNTs as conductive framework to fabricate high-
performance CNTs/epoxy conductive composites with micro-
truss structure. And the composites exhibited a specific tensile
strength of 45 MPa, electrical conductivity of 62.93 S/m, and EMI
shielding effectiveness of 34.5 dB. Similarly, Tao et al. [8] prepared
Fe;0,-PDMS/CNTs/Cu composites with superior mechanical
property and EMI shielding effectiveness using scraping and elec-
tron beam evaporation method. Recently, a novel carbon nanotube
composite film was synthesized by a simple spray and vacuum-
filtration method, which obtained excellent EMI shielding effec-
tiveness (65 dB) [5]. Unfortunately, these reports only focused on
the X-band and did not consider EMI shielding of other bands.
It is well known that CNTs nanocomposites will produce a large
impedance mismatch at the material-air interface, which prevents

more electromagnetic waves (EWs) from propagating into it and
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reduces EMI shielding effectiveness. The EMI shielding effective-
ness can be improved by adding conductive fillers with smaller
size, larger surface area, and better electrical property to balance
the impedance [9, 10].

One-dimensional EMI materials are easy to form carrier
transmission paths along the axial direction under the EM fields
due to the anisotropy and high aspect ratio, and consume the
energy of EM wave through the conduction loss. In comparison,
two-dimensional EMI materials can promote the attenuation of
EM waves, mainly depending on the polarization enhancement
caused by the high specific surface area and the multiple reflec-
tions between the layers. More importantly, the defects between
two carbon materials can improve EMI shielding effectiveness,
because they can reorient the incident electrons along a given
trajectory, resulting in the enhancement of polarization loss [5,
11, 12]. In recent years, two-dimensional transition metal carbon/
nitride materials (MXene) have been widely used in EMI materials
due to their high specific surface area and good conductivity [13].
The EMI shielding efficiency of the 45 um-thick Ti,C, T, film was
up to 92 dB [14]. In addition, it was reported that the graphene@
Fe,0,/PVA/Ti,C,T, composite film with a thickness of 1 mm had
a shielding efficiency of 36 dB in X-band. However, the low tensile
strength (0.03 MPa) of the composites limited its application [15].
Zhang et al. [16] used CNTs as conductive framework to fabricate
high-performance CNTs/MXene conductive composites film with
self-assembly structure and a thickness of 0.055 um had a shielding
efficiency of 46 dB in X-band. However, the low tensile strength
(5.14 MPa) of the composite limited its application. Most reports
directly mixed MXene with other components, which inevitably
led to the aggregation of MXene and weakened its advantages.
Moreover, the adhesion between filler and matrix directly deter-
mined the mechanical performance of the composites [5, 17, 18].
Thus, an effective assembly process for preparing CNTs/MXene
EMI materials should be developed.

In this work, the flexible CNTs@MXene composite films based
on CNTs were prepared by vacuum-assisted filtration and elec-
trophoretic deposition process. The CNTs@MXene composite
films had excellent EMI shielding effectiveness and mechanical
properties. Moreover, the shielding effectiveness of the composite
films could be regulated by changing the thickness of the com-
posite films and MXene content. Therefore, the ultrathin, flexible
CNTs@MXene films with superior conductivity and excellent EMI
shielding effectiveness had promising applications in smart wear-

able electronics.

Basic characterization of CNTs@MXene film

In Fig. 1(a), The CNTs exhibit a typical micro-fibrous struc-

ture with a smooth surface and pores in the formed CNTs
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paper, which facilitate the insertion of MXene Ti,;C,T,
(referred to as MXene) nanosheets. As shown in Fig. 1(b
and c), during the deposition process, the negatively charged
MZXene nanosheets move to the CNTs electrode and the large-
sized MXene nanosheets uniformly cover the CNTs electrode
surface, while the small-sized MXene nanosheets eventu-
ally penetrate into the CNTs network. In order to ensure the
mechanical properties of the composite film, the thick MXene
layer should not be attached to the surface of the film. There-
fore, the thickness of the film changes little before and after
deposition. Figure 1(d) shows the TEM diagram of the CNTs@
MZXene composite films, and it can be seen that the size of
the inserted MXene nanosheets are about tens to hundreds
of nanometers. In Fig. 1(e-h), the cross-sectional SEM image
and element mapping graphs of CNTs@MXene film demon-
strate the well-proportioned distribution of C, O, and Ti, and
further confirm that MXene nanosheets are covered on the
carbon film surface and uniformly fill inside the carbon paper.

The XRD patterns of Ti;AlC, and MXene Ti,C,T, pow-
ders are shown in Fig. 2. There are distinct diffraction peaks
at 9.5°, 19.2°, 33.9° 39°, and 41.8° at 20, corresponding to
(002), (004), (101), (104), and (105) crystallographic planes of
Ti;AlC,, respectively. After etching treatment, these character-
istic peaks show a decrease in peak intensity and an increase in
width. The diffraction peak (002) of Ti;AlC, moves from 9.5°
to 6.05° which indicates an increase in the lattice parameters
and the interlayer spacing of MXene Ti;C,T, [19]. While the
peak intensity (20 =39°) significantly decreases after etching
treatment, which indicates the Al layer of the original Ti;AIC,
has been successfully etched [20].

The surface chemical structures of MXene and CNTs@
MZXene composite films before and after electrophoretic depo-
sition using XPS are shown in the Fig. 3. The results show obvi-
ous signals from Ti, C, O, and F elements. The peaks at binding
energy values of 284, 453, 530, and 682 eV are assigned to Cls,
Ti2p, Ols, and Fls, respectively. Meanwhile, the increase of
O1s signal in CNTs@MXene film is attributed to the oxidation
generated during the electrophoretic deposition process [21].

In order to further investigate the chemical bonding changes
of CNTs@MXene films during electrophoresis, high-resolution
Cls and Ti2p spectra were analyzed [Fig. 4(a and b)]. As shown
in Fig. 4, the Cls spectrum of the composite film consists of
components corresponding to the C-C, C-Ti-T,, C-O, and
C-H, bonds. In addition, the Ti2p spectrum of the sample shows
four major peaks for Ti-C (2p*?), Ti-O (2p*?), Ti (II) (2p"?),
and Ti-O (2p'/?) bonds, respectively. Among them, the C-C
peak width (284.8 eV) enhances in the Cls spectrum due to
the effective binding of Ti,C,T, with different carbons in CNTs.
While the increase in the TiO, bimodal peaks (459.5 eV and
465.5 eV) is mainly attributed to the oxidized carbon [22, 23].
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Figure 1: SEM images of (a) CNTs
film and (b) CNTs@MXene film,

(c) cross-sectional SEM image of
CNTs@MXene film, (d) TEM image
of CNTs@MXene film, (e) High
resolution cross-sectional SEM
image of CNTs@MXene film, the
corresponding EDS images of () Ti,
(9) 0, and (h) C.
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Figure2: XRD patterns of Ti;AIC, and MXene Ti;C,T,. Figure3: XPS spectra of MXene and CNTs@MXene films.
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Figure 4: XPS spectra of (a) C 1 s and (b) Ti 2p for MXene and CNTs@MXene films.
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Figure 5: Tensile stress—strain curves of CNTs and CNTs@MXene films.

Mechanical properties of CNTs@MXene film

Mechanical property testing shows that the 40 um films before
and after electrophoretic deposition had the highest tensile
strength among the four thickness. In Fig. 5, the 40 um CNTs
film had a tensile strength of 25.7+0.2 MPa. After electro-
phoretic deposition, the tensile strength of the CNTs@MXene
film with same thickness increased to 29.2+1.7 MPa. It can be
seen that the combination of MXene and CNTs can effectively
improve the tensile strength, but reduce the toughness of the
composite film. The interface between MXene and CNTs net-
work can transfer the stress and provide friction energy dissipa-
tion to resist the sliding effect during tensile process [24]. In the
network, randomly oriented CNTs promote stress transfer in
different directions, which make the network strong continu-
ously and provide strong mechanical properties of the composite
film [25]. Moreover, 2D MXene nanosheets with large specific
surface area can increase contact area between network and
substrate [26]. The combination of MXene and CNTs is tighter
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under the action of electric field [27]. Therefore, good adhesion
between filler and substrate has been built, which can improve
mechanical properties of composite films.

EMI shielding effectiveness

In the frequency range of 8.2-12.4 GHz (X-band) and
12.4-18 GHz (P-band), the total SE (SET), SE absorption (SEA),
and SE reflection (SER) were determined based on the measured

S parameters as follows [28]:
R=|S11%, T = |S21)?
A=1—R-T

SER(dB) = —10log(1 — R) x SEA(dB) = —10log(T/(1 — R))
PI
SET(dB) = lolog(ﬁ) = SER + SEA

where R is reflection coefficient, T is absorption coefficient. PI is
the incident power, and PT is the transmitted power.

As mentioned above, 40 um composite films have the
best mechanical properties, so electromagnetic shielding
efficiency of 40 um composite films with various electro-
phoretic deposition time was compared. In Fig. 6, the maxi-
mum electromagnetic shielding efficiency can reach 69.02 dB
in X-band and 77.32 dB in P-band for films deposited for
15 min. The composite films with shorter deposition time
(5 and 10 min) have lower SET, because a small amount of
MXene does not fill the CNTs film sufficiently. For longer
deposition time, overfilling of MXene occurs and small
size MXene flakes cover the surface of the composite films,
which will decrease the SET. With the increase of the depo-
sition time, the SET increases and then decreases slightly.

The enhancement of SET is attributed to the formation of a
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conductive network between CNTs and MXene. When the  an increasing tendency with the increase of thickness in the
deposition time exceeds 15 min, MXene will accumulate on X-band and P-band. Obviously, the thickness of the film has
the surface of the composite film, because MXene nanosheets  a positive effect on the SET. This is because the continu-
have large surface area and strong interlamellar interaction ~ ous CNTs holes are filled with MXene, resulting in multiple
[29]. In Fig. 6(c and d), the SET of composite films show  reflections and scattering inside the material. Therefore, the
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increase of material thickness is beneficial to enhance the
internal absorption loss of the CNTs@MZXene film [30, 31].

The SET of composite films with different thickness but the
same deposition time (15 min) are also compared. As shown in
Fig. 6(c and d), the SET can reach about 55-65 dB in X-band and
55-75 dB in P-band. The SET of pure CNTs and CNTs@MXene
films are also examined, and the results show the improvement
of SET for the composite films. Although CNTs and CNTs@
MXene films with 50 um thickness have the highest SET, but
obtain the lower tensile strength. Therefore, the following dis-
cussion focus on the composite films with thickness of 40 pm.
When the thickness of the composite film exceeds 40 pm, the
tensile strength decreases. This is due to the poor wettability of
CNTs films with excessive thickness, which makes too much
MXene deposited on the surface.

As shown in Fig. 7, the conductivity of CNTs@MZXene films
first increases and then decreases with the increase of depo-
sition time, and the highest conductivity reaches more than
140,000 S/m at 15 min of deposition. It should be noted that
the samples deposited for 30 min showed a larger decrease in

conductivities and SET compared with the films deposited for
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Figure7: Conductivity and electromagnetic shielding effectiveness of
CNTs@MXene film with different deposition times in X-band.
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15 min. This suggests that the MXene nanosheets deposited for
30 min can overfill the 40 pm-thickness CNTs network. This is
due to the accumulation of MXene sheets on the film surface is
caused by the long deposition time, which largely reduces the
surface utilization of MXene and makes the electrical conductiv-
ity decrease. Therefore, the increase of conductivity is the main
factor for the change of shielding performance.

This work compares the relationship between the average
values of microwave reflection (SER), microwave absorption
(SEA), and total EMI shielding efficiency (SET) at 8.0-12.4 GHz
for samples with various thicknesses and deposition times to
further explain the EMI shielding mechanism of CNTs@MXene
film. In Fig. 8(a), with the increase of film thickness, the SET and
SEA of composite films have a significant climb, while the SER
has a decreasing trend, which indicate the absorption shielding
in EMI plays a major role. The increase of the absorption shield-
ing ratio can be attributed to the interconnection of the con-
ducting CNTs networks leading to the elongation of the mean
free path, so the free charge carriers can largely attenuate the
penetrating electromagnetic waves [32]. In Fig. 8(b), the CNTs@
MZXene composite films with an electrophoretic deposition time
of 15 min have the highest SET and the highest percentage of
SER. Although the SEA is dominant, the SER also affects the
value of SET with the increase of electrophoretic deposition
time. Among them, the electromagnetic shielding performance
is related to conductivity, and the conductivity is determined by
filler loading. Therefore, when the thickness of the composite
film is 40 pm and the electrophoretic deposition time is 15 min,
the filling property of MXene in the composite film is the best
and the electromagnetic shielding performance of the composite
film is the best.

In Fig. 9, the EMI shielding mechanism of CNTs@MXene
film is shown. When the electromagnetic waves reach the
surface of CNTs@MZXene film with high conductivity, a large

amount of electromagnetic waves are immediately reflected [33].
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Figure 8: The ratio of average SET, SEA, and SER versus (a) thickness and (b) deposition time in CNTs@MXene films.
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Figure 9: EMI shielding mechanism of CNTs@MXene film.

The remaining electromagnetic waves enter the interior of the
film, and provide a large amount of interfaces and active sites
due to the introduction of a unique three-dimensional progres-
sive laminar structure, the electromagnetic waves enter the sam-
ple are reflected and scattered many times, which improve the
rapid absorption and attenuation of the incident electromagnetic
waves [34].

Meanwhile, the well-separated MXene nanosheets and
CNTs@MZXene network can effectively extend the transmission
path of electromagnetic waves inside the material, and multiple
reflections and scattering can effectively accelerate the conver-
sion of electromagnetic waves into heat loss until the electro-
magnetic waves are completely absorbed. The above factors
achieve the high EMI shielding performance of CNTs@MXene
composite film [35, 36].

By comparing the SETs of various CNTs and MXene com-
posites reported in the literature (their detailed data are listed
in Table. S1), it is clear that the CNTs@MXene composite films
generally show more advantages in making ultra-thin EMI
shielding. By directly comparing the values of total SET, thick-
ness, and tensile strength, the results show that the EMI shield-
ing efficiency, tensile strength, and bandwidth of CNTs@MXene
buckram paper are higher than those of other materials with
larger thicknesses, providing superior performance advantages
and the feasibility of our strategy compared to most CNTs-based
and MXene-based composites (Fig. 10).

In summary, the unique progressive layered CNTs@MXene
composite film has been successfully fabricated by vacuum
filtration and electrophoretic deposition. The unique three-
dimensional structure makes the composite film more efficient
in absorbing electromagnetic waves, and the conductivity of
the composite film can reach about 142033S-m™" at a thickness
of 40 pum, and the EMI value ranges from 64.56-69.02 dB at
8.0-12.4 GHz to 71.71-77.32 dB at 12.4-18.0 GHz. The tensile
strength can reach 29.2 MPa with the same thickness. Mean-
while, the electromagnetic shielding effect is tunable between
full X-band and full P-band by adjusting the loading of MXene.
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Figure 10: Comparison of some typical flexible CNT-based and MXene-
based composite electromagnetic shielding films.

This tunable and efficient microwave absorption performance
is believed to originate from the fact that the large number of
interfaces and internal transmission paths provided by the three-
dimensional progressive laminar structure effectively enhance
the fast absorption and attenuation of electromagnetic waves,
which provide ideas for the design and construction of future

flexible electromagnetic shielding films.

Materials

Multiwall carbon nanotubes powder (CNTs, 95% purity) was
purchased from Suiheng technology Co. Ltd, (Shenzhen,
China). Triton-X 100 was supplied from Sucrose (Germany).
Ti,AlC, powder (600 mesh, 99% purity) was obtained from
Xinxi technology Co. Ltd, (Foshan, China). Lithium fluoride
powder (LiF, 99% purity) was supplied from Aladdin (China)
and hydrochloric acid (HCI, 99.7% purity) was purchased from
Singma-Aldrich (USA). All materials were used without further
treatment.

Preparation of CNTs film

In Fig. S1, the preparation method of CN'Ts monodisperse solu-
tion was consistent with the previous work [37]. Firstly, 500 mg
CNTs and 5 mL Triton-X 100 were ground in a mortar for
30 min and added in 1000 mL distilled water to obtain CNTs
aqueous solution. Then, the CNTs aqueous solution was treated
with ultrasound for three times at 100W for 10 min each time.
After ultrasonic treatment, the aqueous solution of CNTs was
centrifuged at 6000 r/min for 30 min. The centrifuged CNTs
aqueous solution was stirred for 1 h, and the concentration of
CNTs aqueous solution was 0.4 mg/mL. Finally, the CNTs films
were obtained by vacuum filtration device, and the thickness of
the films were 20, 30, 40, and 50 pm, respectively.
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Preparation of MXene Ti;C,T, solution
Firstly, 1.6 g LiF powder was added to 20 mL of a 9 M HCl

aqueous solution at room temperature by stirring for 10 min.
Then, 1 g Ti;AlC, powder was slowly added to above solution
and stirred for 24 h at 35 °C. Subsequently, the mixed solution
was washed with deionized (DI) water for several times until
the supernatant reached a pH value of 6. The mixed slurry was
redispersed in DI and probe sonicated for 30 min in an ice bath
under an Ar atmosphere. Next, the mixed solution was cen-
trifuged at 3500 rpm for 30 min to remove the sediment and
obtain MXene Ti;C,T, solution. The concentrations of MXene
Ti;C,T, solution was 1.0 mg/mL. The above preparation process
was shown in Fig. S1.

Electrophoretic deposition of CNTs@MXene hybrid film
As shown in Fig. S1, the CNTs@MXene hybrid film was pre-

pared through electrophoretic deposition process. The as-
prepared porous CNT films with different thicknesses (20 to
50 um) were cut into regular squares and were used as working
electrode, while Pt sheet was used as the counter electrode, and
MXene colloidal solution (1.0 mg/mL) was used as the electro-
lyte. With a controlled applied constant voltage (5 V) and reac-
tion time (5-30 min), a series of CNT@MZXene hybrids films
were obtained, after which they were vacuum dried at 40 °C
for 5 h.

Characterization

The CNTs@MXene composite films were prepared by elec-
trochemical workstation (PGSTAT 302N, Switzerland). The
microstructure, surface, and cross-sectional morphologies of
CNTs@MZXene hybrid films were observed via transmission
electron microscope (TEM, JEM-2100F, Japan) and field emis-
sion scanning electron microscope (SEM, Sigma500, Netzsch,
Germany). The crystal structures, ingredient information,
and chemical bonds of the all samples were measured using
X-ray photoelectron spectroscopy (XPS, Thermo Scientific,
ESCALAB 250Xi) and X-ray powder diffraction (XRD, Rigaku
RINT2400). Mechanical testing was measured by a TA Instru-
ments Dynamic Mechanical Analyzer(Q800). A four-point
probe (Jandel RM3000) was used for electrical conductivity
measurement. The electromagnetic interference (EMI) shield-
ing measurements (S-parameter measurements, S11 and S21)
were conducted by a two-port Vector Network Analyzer (PAN-L
N5230C Agilent Technologies) using a wave-guide method at
8.2-18 GHz. The S parameters (S11 and S21) of the samples
were measured by a two-port Vector Network Analyzer using
the wave-guide method in the frequency range of 8.2-18 GHz,
including X-band (8.2-12.4 GHz) and P-band (12.4-18.0 GHz).

©The Author(s), under exclusive licence to The Materials Research Society 2023

The dimension of sample holder was 22.86 mm x 10.16 mm for
X-band and 15.79 mm x 7.89 mm for P-band, respectively. Dur-
ing the measurement, the film-like samples were sandwiched

between the waveguide sample holders.
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