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Abstract
In this study, a rubber composite was prepared based on two-dimensional (2D) material (MXene) and ethylene propylene 
diene rubber (EPDM). The MXene was efficiently prepared by etching Ti3AlC2 powder with LiF-HCl solution and subsequent 
vacuum drying, and the dispersion of MXene in EPDM was improved by optimizing the grinding process, ultrasonic stripping 
and stirring method. In the process of exploring the electrical conductivity of this material system, the composite exhibits 
low percolation threshold of 2.7 wt%, a high conductivity of 106 Sm−1 and superior thermal conductivity of 1.57 W/m K at 
the MXene content of 6 wt%. In addition, MXene (6 wt%)/EPDM with 0.3-mm thick exhibits an EMI shielding performances 
(SE) up to 48 dB in the X-band (8.2–12.4 GHz) and 52 dB in the Ku-band (12.4–18 GHz) (SE) which are much better than 
the electromagnetic shielding properties of other rubber blends, and these properties indicate MXene/EPDM composite has 
great potential for versatile applications.

Keywords  Two-dimensional materials (MXene)/EPDM · Percolation threshold · Thermal conductivity · Electromagnetic 
interference shielding

1  Introduction

With the rapid development of modern electronic indus-
try, electronic appliances and wireless communication are 
widely used, and electromagnetic interference (EMI) has 
become an urgent problem need to be solved in electronic 
industry and daily life [1–3], at the same time, a lot of heat 
is generated by some electronics, which can harm the per-
formance and lifetime of these source electronics and other 
nearby electronics [4]. Therefore, EMI shielding and thermal 
dispersion are indispensable in the design and application 
of electronic devices, and excellent flexible materials for 
electromagnetic shielding and thermal dispersion are immi-
nently desired.

Metals and alloys, the most commonly used for EMI 
shielding material, not only have excellent conductivity, but 
also have the function of absorbing and reflecting electro-
magnetic interference [5]. However, the large density, poor 
flexibility and limited thermal conductivity limit their range 
of application and effect of use [6]. In order to solve these 
problems, various alternative nanomaterials are used to 
design EMI materials, such as carbon nanotubes (CNTs)-
based composites [7, 8] and graphene-based composites 
[9]. The EMI shielding materials are designed reasonably 
by CNTs, but in general, the EMI shielding of CNTs-based 
composites is about 23.8 dB (poly(ε-caprolactone)/multiwall 
carbon nanotube) [8], 26–73 dB (30 wt% MWCNT/silicone) 
[10], and the EMI performances may be different from the 
expected since it is not possible to avoid entangled aggre-
gates due to a non-uniform dispersion of the fillers within 
base material which affects the mechanical and the elec-
trical response of the obtained nanocomposites. Similarly, 
for the graphene blend EMI shielding materials, although 
its conductivity is larger than that of carbon nanotubes, its 
dispersion is a hard nut to crack, which leads to unsatisfac-
tory EMI shielding of 5 wt% graphene/cyanateester (38 dB) 
[11], 8 wt% GnPs/EPDM(33 dB) [12] and 10% graphene 
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enhanced flexible expanded graphite film (48.3  dB) [13] 
In view of the influence of difficult dispersion of carbon 
nanotubes and graphene on EMI shielding properties, it is 
necessary to find a high-performance EMI nanomaterial 
which is easy to disperse.

Two-dimensional (2D) materials have attracted wide 
attention due to their excellent properties (electronic, ther-
mal, electromagnetic, etc.) [14–17], the 2D transition metal 
carbides or nitrides called MXenes [18, 19], MXene phases 
that generally conforms to the formula of MnAXn−1, where 
“M” usually represents early transition metal (Ti, Mo, V, 
etc.), “A” is aluminum (Al), silicon (Si) or other groups of 
IIIA or IVA element [20]. X is carbon or nitrogen [21, 22]. 
Up to now, MXene series includes Ti3C2, Ti2C, (Ti0.5, Nb0.5) 
2C, (V0.5, Cr0.5) 3C2, Ti3CN, Ta4C3 [23], Nb2C, V2C [24] 
and Nb4C3 [25]. What’s worth mentioning is that the out-
standing hydrophilicity and lipophilicity of MXenes make 
them attractive as fillers in many polymers. The MXenes 
also show distinguished conductivities, for instance, the con-
ductivity of pure MXene films is as high as 2.4 × 105 S/m 
which is much higher than the graphene (about 6000 s/cm 
[26]) and the carbon nanotube (about 200 s/cm). Besides, 
MXene shows the excellent electromagnetic shielding per-
formance, the shielding performance of MXene films up to 
92 dB [27] higher than graphene (52.2 dB) [28]. The hydro-
philicity/lipophilicity, conductivity, makes the MXene-based 
composites to be a promising EMI material in the field of 
nanomaterial–polymer composites.

It is also a typical unsaturated polyolefin rubber which 
is mainly used in tires, cables, gaskets, footwear, sporting 
goods and waterproof sheets for construction [29]. Unfortu-
nately, EPDM cannot shield against electromagnetic radia-
tions. Therefore, it is of great significance to use MXene to 
enhance the EMI performance of EPDM. Herein, we used 
simple and efficient methods to prepare MXene/EPDM 
nanocomposites. The dispersion of MXene in rubber matrix 
was increased by grinding and optimizing ultrasonic time, 
and the size of MXene film and the dispersion spacing in 
toluene were controlled. Thermal conductivity and electro-
magnetic shielding were explored by comparing MXene/
EPDM rubber with different contents, and their mechanism 
was analyzed.

2 � Experimental

2.1 � Materials

The ethylene propylene diene monomer rubber (EPDM) 
with a density 0.78 g/cm3 was supplied by Shenyang aircraft 
company, Liaoning Province, China. Titanium aluminum 
carbide (Ti3AlC2) was supplied by Fosman Technology Co, 
Ltd, Beijing China. Lithium fluoride was purchased from 

Panjin (China) Research Front Technology Co, Ltd. Concen-
trated hydrochloric acid (12 mol/L) was provided by Sinop-
harm Chemical Reagent Co., Ltd, Liaoning Province, China.

2.2 � Sample preparation

2.2.1 � Preparation of two‑dimensional (2D) materials 
(MXene)

The MXene was synthesized according to a brief “corro-
sion–stripping” procedure. The bulk MXene precursor was 
slowly dispersed into HCl (9 mol/L)-LiF, and the dispersion 
was stirred with magnetic agitator for 24 h, after which the 
suspension product was washed repeatedly with deionized 
water until the supernatant reached to pH of 6.0, and the 
obtained suspension product was vacuum-dried at 80 °C for 
12 h.

2.2.2 � Fabrication of MXene/EPDM nanocomposites

We adopted a simple and efficient method to prepare MXene/
EPDM, and the scheme is shown in Fig. 1. The EPDM rub-
ber was put into a two-roller roll at room temperature for 
1 h to add vulcanization agent, and the rubber was dissolved 
in toluene(48 h). We dispersed MXene in toluene solution 
by ultrasound (90 min) and blended dispersion with EPDM 
emulsion by the ultrasound method (2 h) and stirred for 
5 h at 200 rpm. The mixture was poured into the mold and 
heated for 2 h at 80 °C in vacuum, and the MXene/EPDM 
composite was stripped from the mold. The curing condi-
tions were heated at 170 °C for 30 min at 10 MPa pressure.

2.3 � Characterization

The structural morphology of MXene/EPDM composites 
was characterized by scanning microscopy (SEM; Zeiss 
supra55). Fourier transform infrared spectroscopy (FTIR, 
Spectrum 100 spectrometer Perkin Elmer, USA) and Raman 
spectra (Thermofisher DXR Raman microscope, Thermo 
Scientific, USA) were used to test MXene lamellar. The elec-
trical conductivity of different contents of MXene/EPDM 
composites was measured by a stand four-probe device 
(RTS-8, 4 PROBES TECH Co., Ltd., China). The thermal 
conductivity was examined by using the TC3000 (Q800, TA 
instrument, USA).

These tests included: (1) The optimal dispersion concen-
tration and ultrasonic dispersion time of MXene were deter-
mined. (2) In order to improve the service performance, the 
conductivity of MXene/EPDM composites was measured 
from 1 to 6 wt%, and the permeation threshold was found. 
(3) The thermal conductivity of MXene/EPDM composites 
with different content is different at room temperature. (3) 
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Test the shielding effectiveness of MXene/EPDM in X-band 
(8.2-12.4 GHz) and Ku-band (12.4-18 GHz).

2.4 � Analytical model

The MXene resistance source connection network mainly 
composed of two parts: the inherent resistance of MXene and 
the resistance of MXene connection. MXene has two types of 
junctions: (1) full contact with overlap and (2) tunnel junctions 
over a certain distance, as shown in Fig. 2. It is believed that 
the relative contribution of the inherent piezoelectric behavior 
and discrete damage accumulation is considered significant 
before the penetration threshold. With the increase in MXene 

content, the conductive network gradually formed. After the 
percolation threshold, MXene is connected to each other by 
overlapping or/and tunnel connection, and the change of the 
connection distances will result a change in potential, and it 
makes the current carrier transmission unstable and produces 
the change of resistivity [30].

2.4.1 � EMI shielding performance

The electromagnetic shielding performance of nanocomposite 
film is tested by a two-port vector network analyzer (PAN-
LN5230L Agilent Technologies) using the waveguide method 
in X-band (8.2–12.4 GHz) and Ku-band (12.4–18 GHz). 
The size of the sample is 22.86 × 10.16 mm for X-band and 
15.79 × 7.89 mm for Ku-band. The total shielding effectiveness 
(SET), shielding effectiveness absorption (SEA) and shielding 
effectiveness reflection (SER) are determined by the following 
formula according to the measured parameters.

(1)R = |S11|2 T = |S21|2

(2)A = 1 − R − T

(3)
SER(dB) = −10log(1 − R) SEA(dB) = −10log(T∕(1 − R))

(4)SET(dB) = 10log
(
PI

PT

)
= SER + SEA

Fig. 1   Schematic illustration 
of the fabrication process of 
MXene/EPDM composites

Fig. 2   Modeling of distribution of MXene platelets in EPDM
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where R is the reflection coefficient and T is the absorption 
coefficient. PI is the incident power, and PT is the transmis-
sion power.

3 � Results and discussion

3.1 � Characterization of MXene/EDPM mixture

MXene dispersions are obtained from peeling MXene raw 
materials which etched and peeled by HCL-LiF fine as 
shown in Fig. 3a. It can be seen that the MXene dispersions 
in the water exhibit obvious Tyndall effect, which indicates 
that MXene has good dispersion. Figure 3b shows that the 
MXene powder has a small particle size. The MXene pow-
der is dispersed in the rubber matrix and molded at 170 °C 
and 10 Mpa pressure for 30 min to obtain MXene/EPDM 
composite material as shown in Fig. 3c and d. The obtained 
MXene/EDPM rubber sheet with a smooth surface, uniform 
thickness of 0.3 mm and good flexibility allows MXene/
EPDM to act as commercial portable flexible electrons.

In order to understand the effect of MXene on the electri-
cal properties and thermal dispersion properties of MXene/
EPDM composites, it is necessary to study their morphol-
ogy. The morphology of MXene and MXene/EPDM com-
posites was characterized respectively by SEM. As shown 

in Fig. 4a and b, the typical stripping 2D morphology of 
Ti3C2Tx with different directions was observed, and MXene 
powder has an obvious accordion structure and the layer 
spacing of about 500 nm. The folded surface can promote 
the dispersion of MXene in EPDM matrix and improve 
the permeability level. At the same time, these nanosheets 
with many wrinkles and ripples are important to induce the 
attenuation of electromagnetic waves, because the structure 
can act as attentive centers of electromagnetic waves and 
electric trap centers, leading to dielectric losses [31–33]. 
As we can see in Fig. 4c and d, the MXene nanosheets still 
have a complete structure about 2 microns after ultrasound 
and evenly dispersed in the rubber matrix. And some MXene 
will connect together to form conductive network, and these 
interconnected MXene nanosheets network also can estab-
lish electrical and thermal conduction pathways in the whole 
MXene/EPDM nanocomposites, which is responsible for 
improving the conductivity and thermal conductivity of 
MXene/EPDM nanocomposites.

As shown in Fig. 5a, the surface state of layered MXene 
films was observed by FTIR. In Fig. 5a, the absorption bands 
at 3857, 3754 and 2922 cm−1 are mainly related to hydroxyl 
groups; the absorption bands at 2290 and 2067 cm−1 are 
connected to hydrogen bonds due to the presence of oxygen; 
the absorption bands at 1742 and 1632 cm−1 are related to 
C = O bonds; the absorption bands at 1371 cm−1 are related 

Fig. 3   a MXene dispersion b 
MXene powder after corrosion 
c and d MXene/EPDM
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to hydrogen bonds because of the presence of molecular 
water (O–H); and the energy bands at 1228 and 1006 cm−1 
correspond to oxygen group vibrations. The FTIR result 
shows that the main functional groups on the surface of 
MXene are oxygen and hydroxyl. The F-terminated sur-
faces of MXene etched in LiF-HCl solution are less than 
that etched in HF solution. Due to the low concentration 
of fluorine, there are no peaks or strong peaks associated 

with the existence of F in the FTIR results. The surface of 
MXene prepared by this method contains a lot of oxygen and 
hydroxyl, which enhances its hydrophilicity and makes the 
sensor to have high sensing performance.

As shown in Fig. 5b, the Raman spectrogram shows the 
absorption band at 154 cm−1, which is related to the out-
of-plane vibration of Ti atom; the band at 725 cm−1 is con-
nected to the out-of-plane vibration of C atom, and the peaks 

Fig. 4   a SEM plane images of MXene, b SEM cross-sectional images of MXene and c and d SEM images of MXene/EPDM Composites

Fig. 5   a FTIR spectrum of the delaminated MXene. b Raman spectra of MXene
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at 202, 392 and 630 cm−1 are designated as the in-plane 
(shear) mode of Ti and C and the surface functional group 
atoms. The Raman peaks in the MXene phase correspond 
to Ti–Al and Ti−C peaks. The rise in the peaks of 150-
200 cm−1 and 300-400 cm−1 is due to the introduction of an 
interlayer adsorbent during the etching process. In addition, 
the peak at 650 cm−1 is due to the stretching of sp3 carbon. 
Through Raman spectroscopy, the group structure of MXene 
can be clearly identified and the structural changes can be 
analyzed.

3.2 � The formula design of MXene/methylbenzene

We control the scale and dispersion of MXene in toluene 
solution by optimizing the concentration and ultrasonic 
time. The morphology of MXene/toluene dispersion was 
characterized by polarizing microscope. Figure 6a, b and c 
shows the dispersion of MXene in toluene solution at dif-
ferent ultrasonic time, and Mxene cannot be completely 
dispersed after ultrasound for 15 min. With the increase 
in ultrasonic time, MXene could be completely dispersed 
with 90 min ultrasonic time, excessive ultrasonic dispersion 
can lead to structural damage of MXene, and 90 min can 
be considered the optimal spread time. Figure 6d, e and f 
shows the dispersion of MXene in toluene solution at dif-
ferent concentrations. When the concentration of MXene 
reaches 5%, the distance between MXenes in the dispersion 
is about 500 nm, and the increase in MXene concentration 

reduces the distance between MXenes. However, the high 
concentration of the dispersion makes MXene agglomer-
ate and difficulty to disperse, the dispersion reaches satura-
tion, and part of Mxene will gather at the content of 15 wt% 
MXene. In this experiment, 10 wt% MXene toluene dis-
persion ultrasonic for 90 min was used to prepare MXene/
EPDM composite and the distance between MXenes in the 
dispersion is about 50 nm.

3.3 � The conductivity of MXene/EPDM composite

Figure 7a shows that the initial surface resistance of the 
nanocomposite is about 0.46 kΩ when the distance between 
two probes is one centimeter. The surface resistance mainly 
depends on the structure and composition of the dielectric. 
EPDM rubber shows huge resistance and hardly conductiv-
ity, and MXene exhibits excellent conductivity. As a conduc-
tive reinforcing material, MXene was dispersed in rubber, 
which can greatly reduce the surface resistance of rubber 
and make the surface resistance of rubber reach several hun-
dred ohms or even lower. Figure 7b exhibits that the con-
ductivity of Mxene film measured by the four-probe method 
about 106.6 S/m. The conductive network formed by MXene 
sheets enables the film to obtain relatively low resistance and 
high conductivity.

The conductivity of the MXene films with different mass 
fractions is shown in Fig. 8a. The electrical conductivity 
increases from 0.0732 to 106.6 S/m by orders of magnitude 

Fig. 6   Dispersions of MXene in toluene a sonication 15 min, b 45 min and c 90 min, d Content of MXene in toluene 5%, e 10% and f 15%
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with the MXene concentration increasing from 1 to 6%. 
When the content of MXene is set as low concentration 
(0 wt% ~ 2.7 wt%), the percolating network is not completely 
formed and the conductivity changes slightly, while set as 
2.7–5 wt%, the electrical conductivity increases substantially 
due to the formation of percolating network (i.e., the perco-
lation behavior) [34]. And MXene concentration is set as 
high levels concentration (> 5 wt%), the addition of MXene 
does not cause sudden changes in electrical conductivity, 
and the change of electrical conductivity tends to be stable. 
Because the change of electrical conductivity is smooth after 
the content of 6% MXene, therefore, we discuss the conduc-
tivity of 1–6% in this experiment.

Based on classical percolation theory, the conductivity 
of MXene/EDPM mixture can be described by Eq. (5) [35].

where � is the electrical conductivity of the composite, 
�0 and t are constants, � is the filler content and �c is the 
percolation threshold. The experimental data are classified 

(5)� = �0(� − �
c
)t

into the legal record log � ∝log ( � − �c ), and the fitting line 
will be determined by changing the value of �c [36]. The 
fitting degree reaches the maximum, which is the percola-
tion threshold point. According to the classical percolation 
threshold theory, the conductive network is not formed com-
pletely with the lower MXene content, and the piezoresis-
tive effect exists mainly. However, exceeding the percola-
tion threshold, conductivity increases significantly due to 
the overlap or tunneling effect of MXene.

As can be seen from Fig. 8b, the log curve of conductiv-
ity reflects the change rate of material conductivity. The 
largest growth range of the change rate from 2 to 3 wt% 
is about two orders of magnitude. We can draw the per-
colation threshold in the range of 2–3 wt%, and there is a 
point in this range where �c is the percolation threshold, 
where the fitting degree of log � and log(� − �c ) reaches 
the maximum. The inset of Fig. 8b is the fitting curve of 
the percolation threshold. The value of percolation thresh-
old is 2.7%, and the determination coefficient is 99%. This 
composite has lower percolation threshold and higher elec-
trical conductivity than that of other rubber composites 

Fig. 7   Conductive performance 
of the MXene/EPDM film. 
a Initial resistance and b the 
conductivity

Fig. 8   Electrical conductivity of MXene/EPDM mixture films
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(the percolation threshold of (EPDM)@ABS composites 
reinforced with graphene nanoplatelets (GN) reaches up to 
6.6 wt%; the electrical conductivity of natural rubber–gra-
phene is 0.1S/m) [37, 38].

3.4 � The thermal conductivity of MXene/EPDM 
composite

The thermal properties of composites are also important 
indicators [39]. Figure 9 shows the thermal conductivity 
(k) as a function of the MXene content. The thermal con-
ductivity of the composite (1 wt%) about 0.5 W/m K is 
higher than the pure EPDM rubber (0.26 W/m K), it also 
can be seen that all MXene/EPDM composites exhibit 
much higher thermal conductivity than pure EPDM rubber, 
and the thermal conductivity increases in steps with the 
increase of MXene. Compared with pure EPDM rubber, 
the thermal conductivity of composite EPDM rubber with 
6% MXene content increased from 0.26 to 1.57 W/m K, 
nearly five times higher. In addition, as shown in Fig. 10, 
the MXene/EPDM composites also exhibit greater thermal 
conductivity than 1.96 wt% MXene/SBR, 27.6 vol%BN/
SiC, Polyester/graphene, 5 wt%GO/SR, Gnps/PDMS and 
8 wt%Gnps/EPDM [40–45]; the reason for heat dissipation 
performance is that the increase in interaction between 
MXenes causes the system to form more thermal chains. 
The improved thermal conductivity of MXene/EPDM 
mainly attributed to the excellent thermal conductivity of 
MXene and the formation of a thermal network, but in 
no case exceeds the thermal conductivity of individual 
MXene sheets because of the poor thermal conductivity 
of EPDM.

The thermal conductivity of MXene can be character-
ized by the thermal conductivity enhancement (TCE) and 
expressed by the following formulas.

where K is the thermal conductivity of composites and km 
is the thermal conductivity of the composite matrix. The 
thermal conductivity growth rate can reflect the effect of 
filler on the heat dissipation performance of matrix. At low 
filling rate, the thermal conductivity of composites increases 
slightly due to the fact that fillers cannot contact each other 
directly and hardly interact at all. As shown in Fig. 9, with 
the increase of filler, the thermal conductivity increases sig-
nificantly; however, further increasing fillers will result in 
a slow increase in the thermal conductivity of composites, 
because too many fillers will lead to non-uniform dispersion 
in the matrix, which will affect the thermal conductivity, 
and full dispersion will allow more connecting channels and 
lower thermal resistance between components, so heat can 
be transferred along these channels quickly [46, 47].

3.5 � The mechanical of MXene/EPDM composite

For the film materials used in industry, the mechanical 
properties cannot be ignored. As is shown in Fig. 11, the 
stress–strain curves show that the flexibility of MXene/
EPDM composites is obvious. It is found that the higher 
filler-loaded composite (6 wt% MXene/EPDM) does not 
break at 250% strain which can meet the application require-
ment. The stress–strain relationship in the elastic region is 
liner, as defined by the Hooke’s Law. The MXene/EPDM 
exhibits the stronger mechanical than pure EPDM rubber. 
(Tensile strength increases from 0.85 to 3.06 MPa and elon-
gation at break from 235 to 285%.) The mechanical proper-
ties of EPDM rubber with MXene content of 2% will not 
increase significantly, and tensile strength is 1 MPa, and 

(6)TCE =

(
k − k

m

k
m

)
× 100

Fig. 9   Thermal conductivity and thermal conductivity enhancement 
(TCE) of MXene/EDPM composite as a function of EPDM content

Fig. 10   Comparison of thermal conductivity value of MXene/EPDM 
composite with previously reported literature values
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the Mxene content reaches a high level, and the mechanical 
properties of the composite are significantly increased. The 
reasons for the improvement in mechanical properties are 
as follows:

The excellent mechanical performance of MXene/
EPDM is attributed to MXene structure (the addition of 
Ti3C2 nanosheets into the polymer matrix can provide 
more interfacial interaction, and mechanical performance 
improved significantly) [48]. When an external force is 
applied to the composite, the relative slippage in position 
between the MXene sheets will occur, and a force will be 
exerted between the interfaces to prevent rubber deforma-
tion. Besides, the sufficient dispersion of MXene in rubber 
increases the transfer of stress in rubber, and the sufficient 
dispersion of MXene also can be used as a stress transfer 
center to change the interaction between MXene and EPDM 
and improve mechanical properties [49]. In summary, the 
multilayer structure of MXene is conducive to increasing 
the contact area between layers, the contact force between 
layers and the stress transfer efficiency.

3.6 � Electromagnetic interference(EMI) shielding 
performance

The SET images of MXene/EPDM with different contents 
in the range of 8.2–18 GHz (X- and Ku-bands) are shown in 
Fig. 12a and b, the electromagnetic shielding performance 
of EPDM is about 7 dB, and the shielding performance 
of MXene/EPDM increases obviously with the content of 
MXene. The SET value of 3 wt% MXene/EPDM reaches 
25 dB in X-band and 26 dB in Ku-band, which can meet the 
commercial use standard (20 dB). The MXene/EPDM com-
posite with 6 wt% content shows an average effectiveness 
of 50 dB at 8.2–18 GHz with the thickness of only 0.3 mm. 

In summary, compared with other Mxene-based composites 
(Table 1), such as 50 wt% MXene/PANI (0.6 mm, 23 dB 
at 8.2–12.4 GHz) [50], 6.71 vol% MXene/NR (0.33 mm, 
53.6 dB at 8.2–12.4 GHz) [51]; 20-MXene/SDS (1.5 mm, 
28.5–50.5 dB at 8.2–12.4 GHz) [52], MXene(1000 s/m)/PPY 
(0.45 mm, 42 dB at 8.2-12.4 GHz) [53], 50 wt% MXene/
TOCNF (0.038 mm, 39.6 dB at 8.2–12.4 GHz) [54] and 
5 wt% MXene/Epoxy (2 mm, 41 dB at 8.2–12.4 GHz) [55], 
the new Mxene-based composites in EMI shielding applica-
tions have a low content and a comparable shielding perfor-
mance. In EMI shielding mechanism, shielding efficiency is 
mainly affected by conductivity and polarization. On the one 
hand, with the increase in MXene content, MXene conduc-
tor circuit path is formed, for composite materials, MXene 
has higher mobility charge carrying density (electrons or 
holes) which makes MXene to have a high conductivity 
and thus can improve dielectric loss and increase shielding 
effect. On the other hand, MXene has a laminated structure, 
which increases the interface contact area between MXene 
and EPDM. The interface and defect of the connection can 
induce polarization, and multiple refraction and reflection 
occur when electromagnetic waves enter materials, resulting 
in weakening of EMI performance. In addition, the thickness 
of the material also affects the shielding effectiveness. For 
instance, the shielding efficiency of 10 phr MWCNT/SBR 
composite is about 35 dB with the thickness of 0.3 mm [45], 
while at the same thickness, 6 wt% MXene/EPDM exhibits 
higher shielding efficiency(50 dB) and wider bandwidth.

To further explore the electromagnetic shielding mecha-
nism, we continue to analyze SEA and SER in Fig. 12c and 
d, and it is observed that SET, SEA and SER of 6% MXene/
EPDM at X-band are 47.4 dB, 38.93 dB and 8.47 dB. As can 
be seen from Fig. 12c and d, SEA(82.1%) plays an impor-
tant role in the electromagnetic shielding effect, and with 
the increase in MXene content, the reflection effect is more 
obvious, and the reflection efficiency is almost unaffected 
by the frequency. It means that the prepared MXene/EPDM 
composite is an effective absorbing electromagnetic shield-
ing material.

4 � Conclusion

The conclusions are as follows: (1) MXene/EPDM was 
prepared by a cost-effective method, which combines 
mechanical blending with solution blending and disperses 
by ultrasound. (2) When the concentration of MXene toluene 
dispersion is 10 wt% and 90 min ultrasonic time, the uniform 
dispersion can be obtained, and the spacing of MXene is 
about 50 nm. (3) According to the theoretical model, the 
intrinsic piezoresistive effect and complex internal struc-
ture restrict the conductivity below the percolation thresh-
old. With the increase of filler, exceeding the percolation 

Fig. 11   Tensile stress–strain curves of MXene/EPDM



	 S. Lu et al.

1 3

513  Page 10 of 12

threshold, the overlap of MXene and the tunneling effect 
increase the flow of electronic load, which increases the 
conductivity. (4) MXene/EPDM composites were prepared 
by grading dissolution and optimization of ultrasonic power 
and time. The composites have a low percolation threshold 
of 2.7 wt% and a high conductivity of 106.6 S/m at 6 wt%. 
(5) At MXenes loading of 6 wt%, the thermal conductivity 
increases to 1.57 W/m K. The structure of thermal conduc-
tivity significantly improves the reliability of the material 
and reduces the heat generated by the material in harsh 

environment. (6) The absorption-dominated SET of 6 wt% 
MXene/EPDM reaches 50 dB in X-band (8.2–12.4 GHz) 
and 52 dB in Ku-band (12.4–18 GHz), with a thickness of 
only 0.3 mm. The MXene critical load required for com-
posites meeting commercial EMI shielding applications 
(20 dB) with only 3 wt%. MXene/EPDM can be regarded as 
an ideal shielding material for EMI. (7) MXene/EPDM has 
excellent thermal conductivity, electrical conductivity and 
electromagnetic effect. It can be used in the next generation 
of flexible electronic products by simple and sustainable 

Fig. 12   SET of MXene/EPDM in the X- and Ku-band (a) and (b) the average SEA, SER and SET of MXene/EPDM in the X- and Ku-band (c) 
and (d)

Table 1   Comparison of the 
reported materials and their 
corresponding performance

Matrix Filler Thickness (mm) SET (dB) Shielding frequency References

PANI 50 wt% MXene 0.6 23 8.2–12.4 [50]
NR 6.71 vol% MXene 0.33 53.6 8.2–12.4 [51]
SDS 20-MXene/CNT 1.5 28.5–50.5 8.2–12.4 [52]
PPY 1000 s/m MXene 0.45 42 8.2–12.4 [53]
TOCNF 50 wt%MXene 0.038 39.6 8.2–12.4 [54]
Epoxy 5 wt% MXene 2 41 8.2–12.4 [55]
EPDM 6 wt% MXene 0.3 50 8.2–18 This work
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methods. We believe that MXene/EPDM will provide new 
ways for applications in next-generation commercial port-
able flexible electrons.
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