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� The composite was prepared by
electrohydrodynamic atomization
deposition, layer-by-layer stacking
and hot pressing technology.

� The synergistic strengthening effect
of van der Waals forces and covalent
bonds improved the tensile strength
of the composite.

� The composite showed outstanding
resistance stability, flexibility and
electromagnetic interference
shielding stability.
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a b s t r a c t

It is a challenge to design Ti3C2Tx MXene-based electromagnetic interference (EMI) shielding composites
with excellent mechanical properties. Herein, a highly robust, flexible and durable Ti3C2Tx MXene/carbon
fiber fabric/thermoplastic polyurethanes (Ti3C2Tx MXene/CFf/TPU) composite was fabricated through
simple electrohydrodynamic atomization deposition, layer-by-layer stacking and hot pressing technol-
ogy. The synergistic strengthening effect of van der Waals forces and covalent bonds can improve the ten-
sile strength of the composite up to170.2 MPa, which is far greater than that of other MXene-based
composites previously reported. In addition, the EMI shielding performance of the Ti3C2Tx MXene/CFf/
TPU composite also improved with increasing MXene mass fraction, reaching 40.4 dB, which can be
attributed to the dielectric loss provided by conductive fillers and the enhanced absorption within the
sandwich structure. More interestingly, the composite retained excellent resistance stability, EMI-SE sta-
bility and flexibility, even after multiple bending and releasing cycles. This work provides a facile and
environmentally-friendly method for preparing composites with excellent EMI shielding properties
and mechanical properties, which may provide more possibilities for applications in intelligent wear
and electronic wireless communication equipment.
250061,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.matdes.2022.110382&domain=pdf
https://doi.org/10.1016/j.matdes.2022.110382
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:shizhenyu@sdu.edu.cn
mailto:guilong@sdu.edu.cn
https://doi.org/10.1016/j.matdes.2022.110382
http://www.sciencedirect.com/science/journal/02641275
http://www.elsevier.com/locate/matdes


N. Duan, Z. Shi, Z. Wang et al. Materials & Design 214 (2022) 110382
� 2022 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent years, the development of flexible wearable products
and wireless communication technology has made electromag-
netic interference become an inevitable problem [1–4]. Currently,
commonly used metal materials have the characteristics of low
flexibility, high density and susceptibility to corrosion, which make
it difficult to meet the increasing EMI demand. Polymer composites
possess the advantages of good flexibility, light weight, low cost
and chemical stability, which are considered to be suitable for
application in flexible electronic products [5–8]. To date, research-
ers have done outstanding work in the development of lightweight
EMI shielding materials [9–11]. For example, Zhang et al. fabri-
cated a polydimethylsilane/reduced graphene oxide/single-wall
carbon nanotube nanocomposite, and found that the electromag-
netic interference shielding effectiveness (EMI-SE) of the
nanocomposite could reach 31 dB [9]. Chen et al. manufactured a
lightweight and flexible graphene foam composite. The EMI-SE of
the composite remained stable even after multiple bending cycles
[10]. Although many polymer materials have satisfactory electro-
magnetic shielding properties, poor ductility and complex prepara-
tion process limit their application in electronic products, and their
mechanical properties and EMI shielding properties need to be fur-
ther improved [12,13].

Recently, two-dimensional transition metal carbides and
nitrides (MXenes) have received considerable attention, due to
their unique layered structure, metal-like conductivity and hydro-
philic surface characteristics [14]. MXene materials have many
surface groups, such as OH, O and F, and it is the presence of abun-
dant surface ends on MXene materials that enable them to be dis-
persed over many substrates [15]. Therefore, MXene materials will
be a strong competitor in the next generation of EMI shielding
materials [13,16]. Wang et al. used multilayered casting to fabri-
cate the poly (vinyl alcohol)/MXene composites, with the EMI-SE
reaching 44.8 dB for a composite thickness of 27 lm. Furthermore,
a multilayered structure is conducive to absorption and reflection
of electromagnetic microwaves [17]. Various MXene/natural rub-
ber nanocomposite films with excellent flexibility and electrical
conduction properties have also been reported [18], the film with
a 6.71 vol% MXene loading exhibited an EMI-SE of 53.6 dB, and a
tensile strength of approximately 19 MPa owing to the enhanced
interface interaction. Wei et al. prepared a Ti3C2Tx MXene/aramid
nanofiber (ANF) composite, with a Ti3C2Tx MXene to ANFs mass
ratio of 1:1, which exhibited a tensile strength of 116.71 MPa
[19]. Although these outstanding achievements undoubtedly pro-
vide more possibilities for building lighter EMI materials, there
remains considerable scope for improving the mechanical proper-
ties of EMI shielding materials, which is one of the problems with
MXene-based composites that may limit their application to wear-
able and flexible electronic products [20,21]. To meet the mechan-
ical property requirements of EMI shielding materials in electronic
products, the design of new EMI shielding materials with excellent
mechanical properties is urgently required.

Herein, to solve the problem of insufficient strength of the
MXene-based composites, highly robust, flexible and durable Ti3-
C2Tx MXene/carbon fiber fabric/thermoplastic polyurethanes (Ti3-
C2Tx MXene/CFf/TPU) composites were prepared through
electrohydrodynamic atomization (EHDA) deposition, hot pressing
and layer-by-layer stacking technology. Through ordinary
atomization deposition, two-dimensional Ti3C2Tx nanosheets were
well-distributed on the surface of the CF fabric. The MXene content
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can be controlled by changing the number of atomization deposi-
tion cycles. The tensile strength of the Ti3C2Tx MXene/CFf/TPU
composite reached a maximum of 170.2 MPa, which is far better
than that of many other competitive MXene-based materials. The
main damage modes of the Ti3C2Tx MXene/CFf/TPU composite
were interfacial debonding and fiber breakage. The EMI shielding
performance and shielding mechanism of the Ti3C2Tx MXene/CFf/
TPU composite were also analyzed. The EMI-SE of the Ti3C2Tx
MXene/CFf/TPU composite can reach 40.4 dB, which can perfectly
meet the commercial standard for shielding effectiveness of EMI
materials. More interestingly, the composite prepared in our work
also shows excellent resistance stability, EMI-SE stability and flex-
ibility even after multiple bending and releasing cycles.
2. Experimental

2.1. Materials

Ti3AlC2 powder (38 lm, 98% purity) was obtained from Jilin 11
Technology Co., Ltd. Concentrated hydrochloric acid (HCl), concen-
trated nitric acid (HNO3), acetone and lithium fluoride (LiF) were
purchased from Shanghai Aladdin Biochemical Technology Co.,
Ltd. Carbon fiber fabric (CFf) was supplied by Yixing Luote Carbon
Fiber Weaving Co., Ltd. Thermoplastic polyurethane elastomer
(BTE-75A) was provided by Shandong Yousuo Chemical Technol-
ogy Co., Ltd.

2.2. Preparation of the Ti3C2Tx MXene colloidal solution

Ti3C2Tx MXene was prepared by a modified etching method
[22,23]. First, LiF (2 g) was dissolved in HCl (25 mL) in a beaker. Ti3-
AlC2 (1.3 g) was then added to the mixed solution, and the beaker
was heated to 40 �C for 24 h. After that, the products were washed
with deionized water and centrifuged at 3500 rpm for 5 min. The
centrifugation was performed eight times. Deionized water was
then mixed with the precipitate to prepare a 150 mL dispersion
by manual shaking. The dispersion was then centrifuged at
3500 rpm for more than 1 h, and the supernatant, corresponding
to a dispersion of few-layer or single layer Ti3C2Tx MXene, was
collected for further use.

2.3. Fabrication of lightweight Ti3C2Tx MXene/CFf/TPU composites

A schematic of the Ti3C2Tx MXene/CFf/TPU composite prepara-
tion process is shown in Fig. 1a. The CF fabric was first placed in
acetone reflux for 24 h, and then repeatedly washed in deionized
water and dried to obtain the desizing CF fabric. To introduce more
oxygen-containing functional groups on the surface of the CF fab-
ric, the desizing CF fabric was treated in a concentrated nitric acid
solution at 70 �C for 1 h. The treated CF fabric was washed five
times with deionized water and then dried in a vacuum oven at
100 �C for 24 h. The electrohydrodynamic atomization is a simple
and effective deposition method [24,25]. The device mainly con-
sisted of a stainless steel needle, a syringe pump, a power supply
and a motion platform. The outlet of the atomizing needle was con-
nected to the power supply through a metal wire, and the MXene
dispersion was sprayed out. The distance between the nozzle and
CF fabric was 20 cm. During the atomization deposition process,
the nozzle moved back and forth at a speed of approximately
5 cm/s to ensure complete and uniform coverage. As shown in
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Fig. 1. (a) A schematic of the Ti3C2Tx MXene/CFf/TPU composite preparation process; (b) Schematic diagram of the EHDA deposition; (c) Chemical reaction on the surface of
CF fabric.
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Fig. 1b, the Ti3C2Tx MXene solution was uniformly atomized on one
side of the CF fabric, and then dried at 50 �C for 1 h. Subsequently,
the other side of the CF fabric was treated in the same way. The
weight ratios of MXene in the MXene/CF fabric were calculated
to be approximately 0.32%, 0.57% and 1.06%, which can be denoted
as MXene/CFf-1, MXene/CFf-2 and MXene/CFf-3, respectively. The
chemical reactions on the surface of the CF fabric are shown in
Fig. 1c. New bonding interactions facilitate the combination of
MXene and TPU.

The Ti3C2Tx MXene/CFf/TPU composites were subsequently fab-
ricated by hot pressing and layer-by-layer stacking. MXene/CFf-1
was placed between two TPU plates, forming a sandwich structure.
They were covered tightly with greaseproof paper, and then placed
on a hot-press device for high-temperature and high-pressure
treatment comprising hot-pressing at 180 �C and 8 MPa for
25 min. Hot pressing is a very good method to prevent oxidation.
Under a pressure of 8 MPa, the CF fabric coated with MXene was
tightly clamped by TPU, and MXene molecules were not in direct
contact with air, similar to a vacuum environment. Thus, the oxida-
tion of MXene under high temperatures can be effectively avoided.
After treatment, the samples were cooled at room temperature,
completing the fabrication of the Ti3C2Tx MXene/CFf-1/TPU com-
3

posite, which can be denoted as Ti3C2Tx MXene/CFf/TPU-1. The Ti3-
C2Tx MXene/CFf-2 and Ti3C2Tx MXene/CFf-3 composites were
obtained similarly.
2.4. Characterization

2.4.1. Scanning electron microscopy
The morphologies of Ti3C2Tx MXene, CF and the Ti3C2Tx MXene/

CFf/TPU composites were studied using scanning electron micro-
scopy (SEM, JSM-6610LV) with an acceleration voltage of 10 kV.
2.4.2. Fourier transform infrared spectroscopy
The surface groups of Ti3C2Tx MXene/CFf were examined using

Fourier transform infrared spectroscopy (FTIR, Nicolet iS50). The
FTIR spectrum of the sample was collected in the range of 400–
4000 cm�1, with a resolution of 4 cm�1.
2.4.3. X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) was performed using

an X-ray photoelectron spectrometer (Thermo ESCALAB 250XI)
with an Al Ka X-ray source. The voltage was 15 kV and the power
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was 600 W. The samples were vacuum-dried for 24 h before
testing.

2.4.4. Transmission electron microscopy
Transmission electron microscopy (TEM, JEM-2100) was used to

investigate the morphologies of the Ti3C2Tx MXene using an accel-
eration voltage of 200 kV.

2.4.5. Electrical conductivity measurement
The RTS-8 four-probe resistivity meter (Guangzhou Four Probe

Technology Co., Ltd.) was used to test the sheet resistance and con-
ductivity of the composites. Each sample was tested ten times to
reduce the error and the average value was taken.

2.4.6. Mechanical property measurement
The tensile strength and interlaminar shear strength were mea-

sured using an electronic universal tensile testing machine
(ME0030, Shenzhen Senke Xinchuang Technology Co., Ltd.). All
the tests were conducted at a speed of 5 mm/min. The tensile tests
were conducted according to the ASTM D 3039 standard. The inter-
laminar shear tests were conducted according to the GB-T 15598–
1995 standard. Each sample was tested at least five times.

2.4.7. EMI shielding measurement
The S parameters were measured using a vector network ana-

lyzer (N5234A, Agilent, USA). The size of the specimen was 22.86
mm � 10.16 mm � 0.5 mm. The waveguide method was adopted
to test over a frequency range of 8.2–12.4 GHz. The calculation for-
mula is as follows [11]:

SE ¼ SEA þ SER þ SEM

R ¼ S11j j2 ¼ S22j j2 ð2Þ

T ¼ S21j j2 ¼ S12j j2 ð3Þ

A ¼ ð1� R � TÞ ð4Þ

SER ¼ �10logð1� RÞ ð5Þ

SEA ¼ �10 log 1� Að Þ ¼ �10log½T=ð1� RÞ� ð6Þ
T, R, and A are the transmission coefficient, reflection coefficient
and absorption coefficient, respectively. When SET is greater than
15 dB, SEM is usually neglected [26].

3. Results and discussion

3.1. Morphology and structure characterization

Fig. 2a presents the SEM image of Ti3C2Tx MXene. Uniformly
exfoliated MXene layers were obtained from a diluted Ti3C2Tx col-
loidal solution on a silicon wafer. The TEM images of Ti3C2Tx
MXene are shown in Fig. 2b–c. Interestingly, the prepared Ti3C2Tx
MXene suspensions displayed an obvious Tyndall effect, which
indicates that Ti3C2Tx exhibits stable and excellent dispersibility
in aqueous solution (Fig. 2b). As shown in Fig. 2c, the thickness
of the exfoliated Ti3C2Tx flakes was approximately 1.03 nm. The
SEM images of CF with different mass fractions of Ti3C2Tx are
shown in Fig. 2d–g. The surface of untreated CF was relatively
smooth, and there were no gullies and other defects (Fig. 2d).
When Ti3C2Tx flakes were deposited on the surface of the CF, the
surface became rougher, and as the mass fraction increased from
0.32 wt% to 1.06 wt%, this phenomenon becomes progressively
more obvious. As shown in Fig. 2g, Ti3C2Tx MXene was uniformly
deposited on the CF surface for a mass fraction of 1.06 wt%. Fur-
4

thermore, the chemical composition of the CF surface coated with
MXene was analyzed by elemental mapping, as shown in Fig. S1.
The distribution and content of C, O and Ti elements can be seen
in the EDS hierarchical diagram. Fig. 2h-i shows the cross-
sectional views of the Ti3C2Tx MXene/CFf/TPU composite. The com-
posite had an obvious layered structure, similar to a sandwich
structure. Because the single layer CF fabric is woven orthogonally,
there will be horizontal and vertical tows. In some areas, the TPU
melt completely covered the CF. The resin infiltration into the fiber
interior enhanced bonding, which directly affects the performance
of the composite. To roughly study the infiltration effect of TPU
melt, a simple penetration infiltration model was used for the anal-
ysis. Darcy’s law is usually used for its penetration mode infiltra-
tion model [27] as follows:

dz
dt

¼ Kp
g

dP
dz

ð7Þ

z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2PKpt
g

s
ð8Þ

Where z is the infiltration distance, t is the infiltration time, Kp is
the transverse permeability of the CF bundle, g is the viscosity of
the TPU melt, and P is the pressure.

The Gebart formula is commonly used to calculate the Kp of
fiber-reinforced composites [28].

KP¼ C1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vf ;max

Vf
� 1

s !2:5

R2
f ð9Þ

Vf is the fiber volume content in the fiber bundle, and Rf is the
radius of the fiber monofilament. There are two main types of fiber
arrangements, a quadrilateral arrangement and a hexagonal
arrangement. These values are listed in Table 1.

According to the calculation, Kp is 3.414 � 10-14 m2 and z is
54 lm. From Fig. 2h, the average thickness of the CF layer is
196 lm, and the thickness of the CF fabric used in this study is
0.29 mm, it can be concluded that the actual infiltration thickness
was 47 lm, which is slightly less than the theoretically simulated
infiltration thickness. This may be due to the existence of MXene,
which affected the infiltration of the TPU melt, as the MXene layer
was completely infiltrated by the melt TPU. Overall, the molten
TPU was well infiltrated inside the CF bundles under high temper-
ature and pressure conditions. This provides a basis for improving
the performance of the composites.

3.2. FTIR and XPS analysis

The FTIR spectra of Ti3C2Tx MXene and Ti3C2Tx MXene/CF
nanocomposites are shown in Fig. 3a. In the FTIR spectrum of Ti3-
C2Tx, the characteristic peaks at 3437 cm�1 and 551 cm�1 corre-
spond to the stretching vibration of OAH. The peaks at
1614 cm�1 and 1388 cm�1 can be assigned to the stretching vibra-
tions of C@O and CAF, respectively. After Ti3C2Tx MXene was
evenly distributed on the CF fabric, the typical peaks of the Ti3C2-
Tx MXene/CFf nanocomposite include the stretching vibration of O-
H (3413 cm�1 and 555 cm�1), C@O (1625 cm�1) and CAF
(1380 cm�1). The strong absorption peak at 756 cm�1 is ascribed
to the C-H bending vibration in double bonds [29]. Fig. 3b shows
the XPS spectra of Ti3C2Tx MXene and the Ti3C2Tx MXene/CFf
nanocomposites. The elements of C, O, Ti, and F can be clearly seen.
In the spectra of Ti 2p (Fig. 3c), the peaks at � 455.5 eV, 456.1 eV,
457.3 eV, 459.8 eV, 461.9 eV and 463.1 eV can be attributed to the
TiACATx (2p3/2), Ti (II) (2p3/2), Ti-O (2p3/2), Ti-C-Tx (2p1/2), Ti (II)
(2p1/2) and TiAO (2p1/2) bonds, respectively. In the spectra of O
1s spectra (Fig. 3d), the peaks at � 529.4 eV, 530.3 eV, 532.3 eV



Fig. 2. (a) SEM images of Ti3C2Tx MXene; (b-c) TEM of Ti3C2Tx MXene; SEM images of (d-g) CF coated with different Ti3C2Tx MXene mass fractions; (h-i) Cross-sectional views
of the Ti3C2Tx MXene/CFf/TPU composite.

Table 1
Constant values of permeability formula.

Fiber arrangement C1 Vf,max

Quadratic C1 ¼ 16
9p
ffiffi
2

p p
4

Hexagonal C1 ¼ 16
9p
ffiffi
6

p p
2
ffiffi
3

p
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and 533.0 eV correspond to TiO2, CATiAOx, CATiA(OH)x and H2O,
respectively [22,30]. As shown in Table S1, compared with pure
MXene, the elemental composition of MXene/CFf nanocomposites
changes significantly. The ratio of the C/Ti atom content in pure
MXene is 1.01, and the ratio of the C/Ti atom content in MXene/
CFf is 13.97. The results showed that the ratio of the organic com-
ponents increased [29]. As shown in Table S2, the binding energies
of Ti-C (2p3/2), Ti (II) (2p3/2), Ti-C (2p1/2) and Ti (II) (2p1/2) were sig-
nificantly improved by the introduction of CF. As shown in
Table S3, when MXene was introduced into CF, the atomic percent-
age of C-Ti-Ox increased, indicating an interaction between the
MXene layer and CF fabric. In addition, according to the analysis
of the Ti spectrum, the existence of a small amount of TiO2 indi-
cates that local oxidation occurred during the preparation of Ti3C2-
Tx MXene. However, it is worth noting that this has a negligible
effect on the experimental results, and similar results have been
reported in other studies [13,31]. Thus, it can be concluded that
the Ti3C2Tx MXene molecules were deposited on the surface of
the CF fabric [32].
5

3.3. Mechanical performance

Fig. 4a–b shows the tensile stress–strain curves and tensile
strength of the Ti3C2Tx MXene/CFf/TPU composites. The tensile
strength of the CFf/TPU composite can reach 68.6 MPa, suggesting
a relatively low strength. With the Ti3C2Tx MXene mass fraction
increasing from 0.32% to 1.06%, the value of the tensile strength
increases from 96.3 MPa to 170.2 MPa, indicating that the intro-
duction of Ti3C2Tx MXene can improve the tensile strength of the
Ti3C2Tx MXene/CFf/TPU composite. Fig. 4c shows a comparison of
the tensile strengths of Ti3C2Tx MXene/CFf/TPU composites and
other composites in previous studies. The tensile strength of the
Ti3C2Tx MXene/CFf/TPU-3 composite is greater than that of many
other composites. The details are provided in Table S4 in the Sup-
porting Information. Many existing composites have the character-
istics of high density and low tensile strength. However, the
Ti3C2Tx MXene/CFf/TPU composite shows high tensile properties
(170.2 MPa) and relatively low density (1.25 g/cm3). This means
that the Ti3C2Tx MXene/CFf/TPU composites have excellent
mechanical properties, which can satisfy applications where out-
standingmechanical performance is required. Furthermore, folding
tests were conducted to demonstrate the excellent flexibility of the
composites. As shown in Fig. 4d–e, it is apparent that the compos-
ite can be easily folded at a large angle. The bending and twisting
processes of the Ti3C2Tx MXene/CFf/TPU-3 composite are shown in
Video S1. After many folding-releasing operations, the composite
could easily return to its original shape. The surface of the compos-



Fig. 3. (a) FTIR and (b) XPS spectra of Ti3C2Tx and Ti3C2Tx MXene/CF nanocomposite; (c) Ti 2p XPS spectrum of Ti3C2Tx MXene/CF nanocomposite; (d) O 1s XPS spectrum of
Ti3C2Tx MXene/CF nanocomposite.
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ite remained in good condition, without wrinkles and cracks,
which proves that the composite has exceptional flexibility.
Fig. 4f and Video S2 show the image of the Ti3C2Tx MXene/CFf/
TPU-3 composite holding up a 5 kg iron block, indicating that the
composite has a large load-bearing capacity. As shown in Fig. 4g,
the interlaminar shear strength of CFf/TPU, MXene/CFf/TPU-1,
MXene/CFf/TPU-2 and MXene/CFf/TPU-3 composites are
35.76 MPa, 42.54 MPa, 51.86 MPa and 56.71 MPa, respectively.
Compared with the CFf/TPU composite, the interlaminar shear
strength of the MXene/CFf/TPU-3 composite increased by 58.6%.
In addition, as shown in Fig. 2g, MXene nanosheets were observed
on the CF surface. Therefore, it can be inferred that the presence of
MXene significantly improved the bonding strength of the
interface.

Fig. 4h shows the interface strengthening mechanism of the
composites. First, the surface of the treated CF fabric has many
active functional groups (ACOOH), and there are abundant func-
tional groups (AOH) on the surface of Ti3C2Tx MXene, which can
interact with each other to form new chemical bonds. The polymer
increases the chemical bond between the CF fabric and matrix,
thereby increasing the interface strength [33]. In addition, the exis-
tence of mechanical interlocking has an important effect on the
improvement of the tensile strength of the Ti3C2Tx MXene/CFf/
6

TPU composite [34,35]. When the Ti3C2Tx MXene molecules are
deposited on the surface of the CF, TPU molecules can enter the
space between the Ti3C2Tx MXene and the CF, which facilitates
the mechanical interlocking of the interface. As shown in Fig. 2d–
g, the surface of the untreated CF is relatively smooth, but the CF
surface of the CF becomes rough after Ti3C2Tx MXene treatment.
The increase of the internal contact area of the composite improves
the adsorption of TPU, which is conducive to the mechanical inter-
locking effect of the CF surface. In addition, the van der Waals
forces between molecules are beneficial for improving the bonding
performance of the interface [36]. Therefore, the mechanical per-
formance of Ti3C2Tx MXene/CFf/TPU composite improves with
increasing Ti3C2Tx MXene content (0.32 wt% to 1.06 wt%). How-
ever, because the interface interaction of CF/TPU composite was
poor, the mechanical performance was lower than that of the Ti3-
C2Tx MXene/CFf/TPU composite.

For layered Ti3C2Tx MXene/CFf/TPU composites, there are three
main damage modes: matrix cracking, interface debonding slip,
and fiber breakage. The mesoscopic damage modes of the Ti3C2Tx
MXene/CFf/TPU composite were analyzed. Fig. 5a shows the inter-
face debonding slip phenomenon of the composite. Interface
debonding is an important damage mode in composites. Some CF
tows were debonded from the TPU. As microcracks are transmitted



Fig. 4. (a) Tensile stress–strain curves of the Ti3C2Tx MXene/CFf/TPU composites; (b) Tensile strength of the Ti3C2Tx MXene/CFf/TPU composites; (c) Comparison of the tensile
strength of the Ti3C2Tx MXene/CFf/TPU composites and other composites in other previous studies. The numbers in (c) are the sample numbers in Table S4 in the Supporting
Information; (d-e) Bending and twisting processes of composites; (f) Photograph of the Ti3C2Tx MXene/CFf/TPU-3 composite supporting the weight of a 5 kg iron block; (g)
The interlaminar shear strength of CFf/TPU and Ti3C2Tx MXene/CFf/TPU composite; (h)The interface strengthening mechanism of the Ti3C2Tx MXene/CFf/TPU composites.

Fig. 5. Damage mode of MXene/CFf/TPU composite: (a) Interface debonding; (b)
Fiber breakage.
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inside the composite, when they encounter the interface, the
microcracks can be deflected and thus spread along the interface
over a large area because of possible micro-defects at the interface,
resulting in an interfacial debonding slip of carbon fibers [37].
Fig. 5b shows the fracture of the fibers inside the composite. As
we know, fibers are the main load-bearing unit of Ti3C2Tx
MXene/CFf/TPU composite. When a large stress is applied, the local
fiber breaks owing to severe stress concentration [38]. When the
stress is high, interface debonding and fiber breakage can coexist.

The synergistic strengthening and interfacial enhancement
mechanism of the Ti3C2Tx MXene/CFf/TPU composite were also
investigated. As shown in Fig. 6a, MXene molecules are connected
to CF by van derWaals forces, which gradually fail when the tensile
force increases. As shown in Fig. 6b, some MXene molecules were
connected to CF by van der Waals forces and covalent bonds. The
strength of the van der Waals force is less than that of the covalent
bond; therefore, the van der Waals forces gradually fail when the
tensile force increases. When the tensile force increased further,
the covalent bonds gradually break. In addition, the presence of
covalent bonds may impose geometric constraints on the motion



Fig. 6. Schematic diagram of the fracture mechanism of MXene/CFf/TPU composite.
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of independent polymer chains, which further leads to the
nanoconfinement effect [39]. Therefore, the synergistic strengthen-
ing effect of van der Waals forces and covalent bonds enhances the
strength of the composite.
Fig. 7. EMI-SE of (a) SET, (b) SEA and (c) SER; (d) Sheet resistance and conductivity of T
composites; (f) SE at various EMI shielding mechanism (% absorption and % reflection) f
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3.4. EMI shielding performance and electrical property

The EMI shielding performances of the TPU, CFf/TPU, Ti3C2Tx
MXene/CFf/TPU-1, Ti3C2Tx MXene/CFf/TPU-2 and Ti3C2Tx MXene/
i3C2Tx MXene/CFf/TPU composites; (e) Power coefficient of Ti3C2Tx MXene/CFf/TPU
or different Ti3C2Tx MXene loading.
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CFf/TPU-3 composites are shown in Fig. 7a. The TPU has a small SET
value, which means that the TPU has little effect on the dissipation
of electromagnetic waves. The CFf/TPU composite had relatively
poor EMI shielding properties, with the SET value reaching
20.8 dB. When the Ti3C2Tx MXene content increased, the EMI-SE
of the Ti3C2Tx MXene/CFf/TPU composites increased significantly.
For a Ti3C2Tx MXene content of 0.32%, the SET, SEA and SER of Ti3-
C2Tx MXene/CFf/TPU-1 composite were 23.9 dB, 20.4 dB and
3.5 dB, respectively. As the Ti3C2Tx MXene content increased from
0.32% to 0.57%, the SET, SEA and SER of the Ti3C2Tx MXene/CFf/TPU-
2 composite exhibited a rising trend of 29.5 dB, 25.3 dB and 4.2 dB,
respectively. When the Ti3C2Tx MXene content increased to 1.06%,
the SET, SEA and SER of the Ti3C2Tx MXene/CFf/TPU-3 composite
were 40.4 dB, 34.8 dB and 5.6 dB, respectively. The results show
that the increase of Ti3C2Tx MXene significantly improved the
EMI shielding properties of the Ti3C2Tx MXene/CFf/TPU composite.
Besides, the SEA and SER of the composites were also measured, as
shown in Fig. 7b–c. The SEA value was much higher than the SER
value. For instance, the SEA of the Ti3C2Tx MXene/CFf/TPU-3 com-
posite was 34.8 dB and the SER was 5.6 dB, which means that
SEA accounts for more than 80% in SET. Fig. 7d shows the average
sheet resistance and conductivity of the Ti3C2Tx MXene/CFf/TPU
composites. The sheet resistance of Ti3C2Tx MXene/CFf/TPU-1
was 16 X/sq. With the increase of Ti3C2Tx MXene content, this
value gradually decreases. The sheet resistance of Ti3C2Tx MXene/
CFf/TPU-2 was 12 X/sq and the sheet resistance of Ti3C2Tx
MXene/CFf/TPU-3 was 5 X/sq. The conductivity of Ti3C2Tx
MXene/CFf/TPU-1, Ti3C2Tx MXene/CFf/TPU-2 and Ti3C2Tx MXene/
CFf/TPU-3 composites were 1.23 S/cm, 1.71 S/cm, 3.47 S/cm,
respectively. This may be due to the increase of Ti3C2Tx MXene
content, which makes the conductive network in the composite
more complex.

In addition, to evaluate the ability of the composite to absorb,
reflect, and transmit electromagnetic waves, the power coefficients
of absorption (A), reflection (R) and transmission (T) were mea-
sured. As shown in Fig. 7e, when the content of MXene increased,
the value of R increased, while A and T decreased. R is always much
higher than A, and A is always higher than T. This can be attributed
to the fact that when electromagnetic waves are directed towards
the composite, the reflection of EM waves always has priority over
absorption. And the mismatch between the external free space and
the composite impedance leads to more reflections, so the value of
R is always greater than A. This indicates that the shielding mech-
anism of the Ti3C2Tx MXene/CFf/TPU EMI shielding composite was
determined by reflection. The the remaining part of the electro-
magnetic waves that penetrate into the interior of the composite
will be absorbed and reflected. In terms of the electromagnetic
waves inside the composites, Aeff is usually used to evaluate the
potential of the composites to absorb electromagnetic waves. As
shown in Fig. S2, the value of Aeff is greater than 0.95, which means
that more than 95% of the power is absorbed. As shown in Fig. 7f,
the value of SEA is much higher than that of SER. Besides, with the
increase of MXene content, the increase of SET and SEA is obvious,
but the increase of SER is slow, which means that the increase of
SET is mainly attributed to the increase of SEA. For example, as
the Ti3C2Tx MXene mass fraction increases from 0.56% to 1.06%,
the SEA of the Ti3C2Tx MXene/CFf/TPU composite increases from
25.3 dB to 34.8 dB, but the SER value increases from 4.2 dB to
5.6 dB. The lower SER and larger SEA indicate that the attenuation
of electromagnetic waves that penetrate into the composite is
dominated by absorption [22].

Fig. 8 shows the EMI shielding mechanism of the Ti3C2Tx
MXene/CFf/TPU composite. When the EM waves radiate into the
composite, there will be a large impedance mismatch between
the external free space and the composite, and part of the EM
waves are reflected on the surface of the Ti3C2Tx MXene/CFf/TPU
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composite, and the rest of the EM waves enter the composite. First,
the incident electromagnetic waves propagate in the TPU layer.
Because the EMI-SE value of TPU is very small, the electromagnetic
waves dissipate little in the TPU layer. The electromagnetic waves
then propagate from the TPU to the CF fabric-coated Ti3C2Tx
MXene. The unique layered structure of Ti3C2Tx MXene and the
composite can expand the propagation path of electromagnetic
waves. As a result, the incident electromagnetic waves can undergo
multiple reflections or scattering processes during which much of
the electromagnetic waves are absorbed. Besides, when the con-
tent of Ti3C2Tx MXene increases, more interfaces are formed, thus
improving the absorption of electromagnetic waves. When electro-
magnetic waves pass through the MXene layer and CFf layer, the
movement of charge carriers will produce micro current [40]. In
the process of movement, an anti-magnetic field can be generated
to offset the initial interference magnetic field. Moreover, these
charge carriers will produce heat loss during motion, which means
that some EM waves dissipate in the form of thermal energy. In
addition, the free carriers in the media will gradually accumulate
at the interface of different media, such as those between Ti3C2Tx
MXene, CF and TPU. This may lead to an uneven distribution of
charge on the interface of different media, further contributing to
the electric dipole moment and causing polarization of the inter-
face [42,43]. The interface polarization that exists in the compos-
ites can be conducive to further absorption of electromagnetic
waves [15,43]. When the incident electromagnetic wave dissipates
in the CF layer, the remaining part of the incident EM wave prop-
agates from the CF layer to the TPU layer on the other side. Again,
the remaining portion of the incident electromagnetic waves can
be absorbed and reflected in the CF layer. Finally, after multiple
absorption and reflection processes, only a small portion of the
electromagnetic waves can pass through the composite directly,
which indicates that the Ti3C2Tx MXene/CFf/TPU composite has
remarkable electromagnetic shielding performance.

In practical applications, EMI shielding materials usually
require higher mechanical properties. For example, some mobile
phone manufacturers (Samsung, Huawei, etc.) have released sev-
eral folding smartphones, which require not only excellent
mechanical properties, but also good stability and cycle durability
of the composite. Therefore, the stability of the Ti3C2Tx MXene/CFf/
TPU composite was analyzed. Taking the Ti3C2Tx MXene/CFf/TPU-2
composite as an example, Fig. 9a shows the bending and releasing
operation of the Ti3C2Tx MXene/CFf/TPU-2 composite. Fig. 9b illus-
trates the variation of the relative resistance of the Ti3C2Tx MXene/
CFf/TPU-2 composite. The relative resistance (R/R0) value of the
composite changed slightly within the range of 0.96 to 1. After
1000 bending-releasing operations, the R/R0 value was 0.99. Even
after 2000 bending-releasing operations, the R/R0 value was 0.98,
still maintaining a large value. The results indicate that the resis-
tance of the composite can still maintain good resistance stability
even after multiple bending-releasing operations. As shown in
Fig. 9c, the EMI shielding performance of the Ti3C2Tx MXene/CFf/
TPU-2 composite after multiple bending-releasing operations was
also measured. The EMI shielding value of the Ti3C2Tx MXene/
CFf/TPU-2 composite did not decrease significantly with the
increase of the number of bending-releasing operations. After
4000 folding-releasing operations, the composite can still maintain
an EMI-SE of 25.9 dB. The results showed that the composite
exhibited excellent resistance stability and EMI stability. To further
explore the properties of the composite, an index of EMI-SE/
Thickness (SE/t) was proposed [13]. Fig. 9d and Table S5 show that
the SE/t value of Ti3C2Tx MXene/CFf/TPU composite can reach
80.8 dB/mm, which is competitive compared to other materials.
Besides, as shown in Table S6 and Fig. S3, compared with other
materials, although the performance of Ti3C2Tx/CFf/TPU composite
is not the best, it is still very competitive. Fig. 9e shows the com-



Fig. 8. Schematic diagram of EMI shielding mechanism of Ti3C2Tx MXene/CFf/TPU composite.

Fig. 9. (a) Bending and releasing operation of Ti3C2Tx MXene/CFf/TPU-2 composite; (b) Relative resistance (R/R0) value of Ti3C2Tx MXene/CFf/TPU-2 composite; (c) EMI
shielding performance of Ti3C2Tx MXene/CFf/TPU-2 after multiple times bending; (d) Comparison of EMI shielding performance of Ti3C2Tx MXene/CFf/TPU with other
reported materials, and the number in (d) are reference numbers listed in Table S5 in the Supporting Information; (e) Comprehensive performance of Ti3C2Tx MXene/CFf/TPU
composite.
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prehensive performance of the Ti3C2Tx MXene/CFf/TPU composite,
such as flexibility, stability, outstanding EMI properties and
mechanical properties. These superior properties enable the
unique Ti3C2Tx MXene/CFf/TPU composite broad application pro-
spects in many areas where lightweight, high mechanical and
EMI shielding properties are needed.

4. Conclusion

In this work, the Ti3C2Tx MXene/CFf/TPU composite was fabri-
cated by EHDA deposition, hot pressing and layer-by-layer stacking
technology. By changing the number of the spray-drying cycles, the
CF fabric with Ti3C2Tx MXene loadings of 0.32 � 1.06 wt% was
obtained. As the content of Ti3C2Tx MXene increased, the tensile
strength of the composite increased, reaching a maximum of
170.2 MPa. This can be attributed to the existence of Ti3C2Tx
MXene, which improves the mechanical interlock between CF fab-
ric and TPU. From the analysis, it can be concluded that interfacial
10
debonding and fiber breakage are the main damage modes of the
composites. Furthermore, the fabricated Ti3C2Tx MXene/CFf/TPU-
3 composite exhibited an EMI-SE of 40.4 dB at a thickness of
0.5 mm when the Ti3C2Tx MXene mass fraction was 1.06%. As the
MXene content increased, the EMI shielding efficiency gradually
increased, corresponding to the change in electrical conductivity.
Moreover, the composite retained excellent resistance stability,
EMI-SE stability and flexibility even after multiple bending and
releasing cycles. In summary, the Ti3C2Tx MXene/CFf/TPU compos-
ite not only has outstanding EMI shielding properties, but also pos-
sesses excellent mechanical properties, which may have broad
application prospects in intelligent wear, wireless communication
electronic equipment and other fields.
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