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Abstract. In this work, the open-cell material has been prepared by phase separation-sol-gel method, where trans-polyisoprene (TPI) is used as the raw material. Dichloromethane (DCM) has been used as a good solvent for TPI, and anhydrous
ethanol as a poor solvent to achieve the phase separation. The formation of pores has been tuned and studied by adjusting
the quantity of anhydrous ethanol. It has been determined that the best ratio of raw materials, good solvents and poor solvents
is 1:12:1.5. On this basis, the preparation process has been improved, and an open cell superhydrophobic composite material
with good electromagnetic interference shielding effectiveness (EMI SE) and self-cleaning functions has been prepared.
Multiwalled carbon nanotubes (MWCNTs) filler can form an effective 3D conductive network, and the material can be regarded as a disorderly accumulation of countless petal-like TPI flake particles with 1–10 μm size, forming interconnected
and scattered cells through free overlap. The structure can make the composite material rough and form a multi-scale rough
surface. The prepared TPI/MWCNTs open-cell composites (TMOCs) material has a low density of 0.27 g/cm3 and a water
contact angle (CA) of 153.5° (in line with super-hydrophobic characteristics) and the EMI SE can be up to 26 dB at a
thickness of 5 mm and the corresponding specific EMI SE has been achieved as high as 95.6 dB/(g/cm3), which is far exceeding that of many carbon-based composite materials with similar density. This simple and inexpensive preparation process
with excellent self-cleaning property and EMI SE of the materials can promote the practical application of such materials.
Keywords: polymer composites, trans-polyisoprene, superhydrophobic, self-cleaning, electromagnetic interference shielding
effectiveness

1. Introduction

and multifunctional EMI shielding material. Conductive polymer composites (CPCs) has the advantages of lightweight, good processability, tunable
conductivity, corrosion resistance, etc., which has attracted great attention in electromagnetic interference
shielding effectiveness (EMI SE) [1–6]. Many carbonbased materials, including carbon fibers, carbon
nanofibers, carbon nanotubes and chemically derived
graphene, have been used as conductive fillers for
electromagnetic shielding composites due to their
high electrical conductivity, light weight, and large aspect ratio [7–9]. Along with the high electromagnetic

With the development of society and the progress of
science and technology, modern electronic products
with highly integrated circuits have developed rapidly. These electronic products benefit mankind, however they produce serious electromagnetic radiation,
which have an adverse effects on equipment performance, human health and the surrounding environment. This scenario promotes the continuous improvement of electromagnetic interference (EMI)
shielding materials and devices. In recent years, researchers have devoted themselves to explore novel
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heating fibers, light-to-heat conversion functional
films [24], bio-antifouling materials [25] and foaming materials [26], which has also promoted the research and application of TPI, and has developed a
new direction for the application of TPI and path.
In order to meet the needs of electronic equipment
for material performance, to obtain the conductivity,
self-cleaning and light weight of the material, and
further expand the application range of TPI, in the
present work, we have used TPI as the matrix, multiwalled carbon nanotubes (MWCNTs) as conductive fillers, and used a simple phase separation-solgel synthesis route to prepare superhydrophobic
TPI/MWCNTs open-cell composites (TMOCs) with
good EMI SE and self-cleaning functions. During
the phase separation of the material, the cell structure
of the material and the conductive network are formed
at the same time, and a material with a complete conductive network can be obtained. The material can
be regarded as a disorderly accumulation of countless petal-like TPI flake particles with a size of only
1–10 μm. During the accumulation process, the
MWCNTs attached to the surface of the TPI particles
are connected to each other to form a 3D conductive
network. At the same time, the disordered accumulation of particles formed a well-connected cell structure. A micro-nano-level dual structure of the material has maintained by controlling the amount of phase
separation agent to adjust the size of the TPI particles. Such a rough structure finally makes the surface
of the porous material super-hydrophobic. The obtained material has a large water CA (152.7±2.3°)
and good EMI SE which can reach 26.0 dB with the
thickness of nearly 5 mm. The density of the material
is low and the material has excellent electromagnetic
interference shielding performance, conductivity and
super-hydrophobic self-cleaning properties. The application range of TPI has been expanded. The final
prepared material is expected to be used in electronic
devices that are severely affected by electromagnetic
interference.

interference shielding performance, lightness is another important requirement for effective and practical EMI shielding applications, especially in the
fields of aircraft, automobiles, and rapidly developing electronic products (such as portable electronic
devices and wearable devices). To further reduce the
weight of conductive polymer composites, the researchers have developed foam structures with the
aid of expanding agents such as 2,2′-azoisobutyronitrile and super-critical/subcritical CO2 [10–13].
However, during the foaming process, the conductive network in the matrix will inevitably get disturbed. The EMI SE after foaming is worse than that
of the solid composite material with the same mass
fraction of conductive filler [13]. Larger cells are
easy to crack and embrittle the foam composite material. As a result, the specific EMI SE (i.e. EMI SE
divided by the density) of most foam composites is
only a few times greater than that of typical metals.
On the other hand, apart from EMI SE, electronic
equipment also puts forward new requirements, such
as strong corrosion resistance and good self-cleaning. Building a superhydrophobic surface can make
the self-cleaning material [14–16]. The preparation
of superhydrophobic surface is mainly carried out by
the following two schemes: one is to build a micronano-scale rough structure on the surface of the material; the other is to modify the rough structure with
a low surface energy substance, such as depositing
polydimethylsiloxane (PDMS) on the surface of the
material by vapor deposition to prepare a superhydrophobic surface. Nowadays, many methods for
preparing rough surfaces have been developed, including phase separation method, stencil printing
method, electrospinning method, sol-gel method,
template extrusion method, plasma etching method,
stretching method and etching, etc. [17–20]. The
water contact angle (CA) is often used as a criterion
to decide the hydrophobicity of a solid surface. The
CA greater than 150° and the rolling angle less than
10° are called superhydrophobic surfaces [21–23].
If micro-nano-level open-cell materials can be prepared, it can be widely used in self-cleaning and
other fields.
Nowadays, trans-polyisoprene (TPI) has been practically applied in the fields of tyre modification,
medical splints, orthopedic materials, golf covers,
etc., and has achieved good economic benefits. In
addition to the above-mentioned traditional fields,
TPI can also be used in fields such as conductive

2. Experimental section
2.1. Materials
The TPI used was supplied by Qingdao Di pai New
Material Co., Ltd. It has a molecular weight
30~50 kg/mol, melt flow index (MFI) 1.2 g/10 min
(ASTM D 1238) and density 0.85 g/cm3. Dichloromethane (AR) was purchased from Tianjin Bei chen
Founder Reagent Factory. Anhydrous ethanol (AR)
866

Song et al. – eXPRESS Polymer Letters Vol.15, No.9 (2021) 865–877

anhydrous ethanol into the beaker and sealed the
beaker with plastic wrap. The addition of absolute
ethanol was used to replace the dichloromethane solvent in the mixture. Next, the beaker was placed in
the freezer at a temperature of 6 °C. After 24 h, the
material was poured out and placed in a vacuum
oven, and the temperature was raised and evacuated
by a gradient heating method. Finally, the open-cell
TPI was prepared. Each sample needs 6 grams of
trans-polyisoprene particles, and the rest of the medicines can be taken according to the ratio in Table 2.
The product is a cylindrical with a diameter of
75 mm and a height of 5 mm.

has purchased from Tianjin Bo hua tong Chemical
Product Sales Center. Multiwalled carbon nanotubes
with diameter of 8–15 nm, length of 30–50 μm and
density of 1.50 g/cm3 were purchased from Chengdu
Organic Chemicals, Chinese Academy of Science.
All the chemicals were used as received without any
further treatment.

2.2. Preparation of super-hydrophobic
open-cell TPI
The sol-gel method and phase separation method
were used to prepare open-cell TPI with micro-nanolevel cells. The preparation process is shown in Figure 1. Set the water bath temperature to 36 °C (constant temperature), dichloromethane was added in a
three-necked flask, opened the stirring paddle, and
added the appropriate amount of TPI particles;
stirred for 3 h to fully dissolve the TPI, and then
added an appropriate amount of absolute ethanol, as
shown in Table 1. Stirred it for half an hour and
poured it into a small beaker, micron-sized particles
can be seen during the pouring process. Then poured

2.3. Preparation of super-hydrophobic
TPI/MWCNTs open-cell composites
Based on the preparation of open-cell TPI, TOMCs
with filling amounts of 0, 5, 10, 15 and 20 wt% were
prepared, and they were abbreviated as TMOC0,
TMOC5, TMOC10, TMOC15, TMOC20 respectively. The preparation process have shown in Figure 2.
In short, before dissolving the TPI, the calculated

Table 1. The formulation of open- cell TPI.
Material
TPI
CH2Cl2
C2H5OH

Experimental formula
1#

2#

3#

4#

5#

6#

7#

8#

9#

1

1

1

1

1

1

1

1

1

12

12

12

12

12

12

12

12

12

0.5

1.0

1.2

1.4

1.5

1.6

1.8

2.0

2.5

Table 2. The formulation of TPI /MWCNTs open-cell composite material.
Material

Experimental formula
TMOC0

TPI
CH2Cl2

TMOC5

TMOC10

TMOC15

TMOC20

1

1

1

1

1

12

12

12

12

12

C2H5OH

1.5

1.5

1.5

1.5

1.5

MWCNTs

0

0.053

0.111

0.176

0.25

Figure 1. Schematic diagram of preparation of open-cell TPI.
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Figure 2. Schematic of preparation of TMOCs.

with the tear side up to observe the microstructure
of the tear surface of the sample; Put the sample strip
in liquid nitrogen, freeze for 3 minutes, then the sample strip clamped with two pliers (with a spacing of
about 1 mm), the sample strip was braked; a knife
was used to cut a 1 mm × 1 mm × 1 mm piece at a position with a brittle section. The sample block was
placed on the sample stage with the fragile section
of the sample facing up to observe the microstructure
of the fragile section of the sample. The sample was
sprayed with gold. The sample stage put into the
scanning electron microscope to observe the clear
interface structure of the product by adjusting the
magnification and other parameters. When observing the 3D network structure, take the brittle section
of the sample and observe it at a voltage of 3.0 kV.
The static water contact angle (CA) of droplets on
the open-cell material surfaces have been measured
by using a contact angle measuring instrument
(JC2000D, Shanghai Chen Zhong Digital Technology Limited, China). First, we cut out a 40 mm ×
10 mm × 30 mm sample strip with the sample surface as the upper surface, and placed the sample surface upward on the sample table to test the static
contact angle; fix the sample strip with pliers, and
teared off a 10 mm × 10 mm × 30 mm sample block
with another pliers on one end of the sample strip, and
then placed the sample on the sample stage with the
torn side up to test the static contact angle; then we
put the sample strip in liquid nitrogen for a period of
time, and then use two pliers (with a spacing of about
1mm) clamp the sample strip, break the sample strip,
then we used a knife to cut a sample block of 10 mm×
10 mm × 30 mm at the position with the brittle section, and place the sample on the sample table with
the brittle section facing up to test static contact angle.
We moved the sample table to find a relatively flat
position of the sample, and placed deionized water
droplets (5 μl) on the surface of the object to be
measured, and 5 points were recorded at different

MWCNTs was added to the solvent dichloromethane
(DCM), and then ultrasonically dispersed it for 1 h
for further use. Set the water bath temperature to
36 °C (constant temperature), DCM containing multiwalled carbon nanotubes was added in a three-necked
flask, opened the stirring paddle, and added the appropriate amount of TPI particles; stirred for 3 h to
fully dissolve the TPI, and then added an appropriate
amount of absolute ethanol, as shown in Table 2.
Stirred it for 30 minutes and poured it into a small
beaker, micron-sized particles can be seen during the
pouring process. Then poured anhydrous ethanol
into the beaker and sealed the beaker with plastic
wrap. The addition of absolute ethanol was used to
replace the DCM solvent in the mixture. Next, the
beaker was placed in the freezer at a temperature of
6 °C. After 24 h, the material was poured out and
placed in a vacuum oven, and the temperature was
raised and evacuated by a gradient heating method.
Finally, the open-cell TPI was prepared. Each sample needs 6 grams of trans-polyisoprene particles,
and the rest of the medicines can be taken according
to the ratio in Table 2. The product is a cylinder with
a diameter of 75 mm and a height of 5 mm. The
dosage of various materials have shown in Table 2.

2.4. Characterization of super-hydrophobic
open-cell TPI and TMOCs
The microstructure of the open-cell TPI were investigated by a field emission scanning electron microscope (FESEM) (JSM-7500f, JEOL, Japan). First,
we took the sample surface as the upper surface to
cut a sample strip of 1 mm × 1 mm × 15 mm, where
we used a knife to take a sample block of 1 mm ×
1 mm × 1 mm, and then placed the sample surface up
on the sample stage to observe the surface microstructure of the sample. We fixed the sample strip with
pliers, and teared off a sample block of 1 mm×1 mm×
1 mm with tweezers at the other end of the sample
strip. The sample was placed on the sample stage
868
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positions for measurement, and the average value
was taken. Each image file was measured by the
angle measurement method. Finally, the water CA
was obtained.
The measurement method of open-cell TPI's water
CA is the same as that of TMOCs’s water CA. The
electrical performance of the samples was measured
using a four-probe method [27] (4-Point Probes Resistivity Measurement System). The basic indicators
of the four-point probe are as follows:
Spacing: 1.00±0.01 mm;
Insulation resistance between pins: ≥1000 MΩ;
Mechanical travel rate: ≤0.3%;
Probe: Tungsten carbide, probe diameter ø0.5 mm;
The pressure of the contact surface between the pins
and the sample: 25.5~81.5 MPa.
Where ø is the probe diameter; the insulation resistance between the pins refers to the resistance between any two pins; the mechanical travel rate refers
to the degree of deviation from the vertical direction
when the probe contacts the sample.
The S parameters (S11 and S21) of the samples were
recorded with vector network analyzer (R&S ZNB20)
using the wave-guide method in X-band (the sample
dimension is 10.16 mm × 22.86 mm × 5 mm), and the
EMI SE as well as SE absorption, SE reflection, Reflection coefficient (R), Transmission coefficient (T),
and Absorption coefficient (A), were determined
based on the measured S parameters as shown by
Equations (1)–(4) [28–32]:
2

R = S11 , T = S22

2

(1)

A = 1-R-T

(2)

SErel !dB$ =- 10 log (1 - R) ,
T
SEabs !dB$ =- 10 log S 1 - R X
P
SEtotal !dB$ = 10 log T PI Y = SErel + SEabs
T

(3)
(4)

where PI is the incident power, and PT is the transmitted power.
The density of the sample was estimated by geometric measurement of the cube sample used for electromagnetic shielding analysis [33].
The volume fraction in the bulk phase of MWCNTs
is calculated by the Equation (5):
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m2
t2

m1
t1

+

m1
t1

(5)

where φ is the volume fraction in the bulk of
MWCNTs, m1 is the amount of MWCNTs added, m2
is the amount of TPI, ρ1 is the density of MWCNTs,
and ρ2 is the density of TPI.
The porosity of TMOC is obtained by the following
Equation (6):
t
P = T1 - t Y $ 100
0

(6)

where P is the porosity of TMOC, ρ is the density of
TOMC, ρ0 is the density of the blend of TPI and
MWCNTs (solid composites).

3. Results and discussion
3.1. Super-hydrophobic open-cell TPI
There are many methods for preparing open-celled
materials, where different materials are suitable for
different preparation methods. For TPI with high crystallinity and low melting point, phase separation-sol
gel method is suitable to prepare open-cell materials
[34, 35]. TPI is easily dissolved by organic solvents
such as alkanes, toluene, and xylene. Therefore, in
this study, DCM was used as a good solvent for TPI,
and absolute ethanol was used as a poor solvent. The
pores formation was tuned and studied by controlling the amount of anhydrous ethanol. The effect of
the amount of different phase separation agents on
the micro-morphology of the material surface, brittle
fracture surface and tear surface has been investigated by microstructural analysis (as shown in Figure 3)
done by FESEM. Microstructural image of the brittle
fracture sample in Figure 3b shows the open-cell TPI
with high pore structure which was prepared by the
phase separation method. This material can be regarded as a disorderly accumulation of numerous
TPI flake particles with a shape like a petal that is
only 1–10 μm in size. An interconnected and scattered
pore structure is formed through free overlap. TPI particles are formed during the phase separation solution preparation. While TPI is completely dissolved
in dichloromethane, the size of the TPI particles can
be adjusted by controlling the amount of phase separation agent. Figure 3a shows the surface micromorphology of the open-cell material. The size of the
TPI flake particles and the size of the pores as well
as the surface roughness of the material significantly
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Figure 3. SEM images of open-cell TPI. (a) Surface; (b) crisp section; (c) tearing surface;
1#: TPI:CH2Cl2:C2H5OH = 1:12:0.5; 5#: TPI:CH2Cl2:C2H5OH = 1:12:1.5; 9#: TPI:CH2Cl2:C2H5OH = 1:12:2.5.

an important parameter to confirm the hydrophobicity of a material. When the water CA between the surface of the material and water is greater than 150°,
it referred as superhydrophobic. The water CA of the
surface and the tearing surface of the 1# open-cell
TPI are 108.5° and 155°, respectively, and only the
tearing surface had super hydrophobicity. With the
increase of the amount of absolute ethanol, the water
CA of the 5# sample surface and the tear surface are
153.5° and 156.7°. Both have superhydrophobic function. However, when the ratio is 1:12:2.5 (sample 9#),
the surface of the material lost its superhydrophobic
ability, as shown in Figure 4. This is due to the formation of homogeneous system, as TPI is completely dissolved in DCM. Absolute ethanol promotes the
phase separation of TPI, and TPI will gradually condense into small particles. As the content of absolute
ethanol increases, the size of the small particles continues to increase. It states that, when the absolute
ethanol content is small, the particle size is small,

increased with the increase of the absolute ethanol
content. This is because during the free accumulation
of TPI particles in the container, the excessively
small particles are densely packed to form a smooth
surface. The cell size and the surface roughness increases significantly with the increase of TPI particles. Figure 3c shows the micro-morphology of the
tear surface of the material. Like the brittle section,
it not only has a uniform pore structure (1–10 μm),
but also forms many uneven structures with a size
of tens to hundreds of microns. This is because the
interfacial bonding capacity of the porous structure
formed by the natural accumulation of TPI particles
is uneven. During the tearing process, the fracture
occurs first in the weaker part of the adhesion, so a
larger size is formed based on the micro-nano size
secondary rough structure.
Figure 4 shows the effect of the amount of different
phase separation agents on the water CA of the material surface and the tear surface. The water CA is
870
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Figure 4. Water CA of open-cell TPI (1#: TPI:CH2Cl2:C2H5OH = 1:12:0.5; 2#: TPI:CH2Cl2:C2H5OH = 1:12:1.0;
3#: TPI:CH2Cl2:C2H5OH = 1:12:1.2; 4#: TPI:CH2Cl2:C2H5OH = 1:12:1.4; 5#: TPI:CH2Cl2:C2H5OH = 1:12:1.5;
6#: TPI:CH2Cl2:C2H5OH = 1:12:1.6; 7#: TPI:CH2Cl2:C2H5OH = 1:12:1.8; 8#: TPI:CH2Cl2:C2H5OH = 1:12:2.0;
9#: TPI:CH2Cl2:C2H5OH = 1:12:2.5) with surface and tearing surface.

[36]. An appropriate amount of phase separation agent
concentration can form a certain roughness on the
surface of the material, and the construction of the
secondary micro-nano structure can greatly improve
the hydrophobic function of the material.

and when the absolute ethanol content is high, the
TPI particles are larger. The porous structure can be
formed by the free accumulation of these particles, so
it concludes that the size of the TPI particles prepared
by formula (5) helps the accumulation to achieve the
requirements of superhydrophobicity. The surface of
porous materials also can be superhydrophobic. When
the content of anhydrous ethanol is small, the resulting fine TPI particles are tightly packed and cannot
reach the roughness required to be super-hydrophobic. When the mass fraction of anhydrous ethanol is
high, TPI only forms large spheres with almost no
small balls. The surface of the material is mainly
formed by the accumulation of large balls along with
the large pores, so the water CA is small, and the material did not showed the superhydrophobic function.
However, the water contact angles of the tear surfaces of all the samples reached above 150°, indicating that the multi-stage rough structure shown in
Figure 3 helps to form a superhydrophobic surface

3.2. Super-hydrophobic TPI/MWCNTs
open-cell composites
3.2.1. Morphology and dispersion of MWCNTs
in TPI matrix
The microstructure of TMOCs characterized by
SEM, which has shown in Figure 5. The TMOCs
prepared from TPI and MWCNTs presents uniform
distribution of MWCNTs. When the loading of
MWCNTs filler reaches a certain value (20 wt%),
MWCNTs are closely attached to the surface of
TPI particles and connected to each other to form
a 3D network structure, which helps to improve
conductivity of the material (discussed in the next
section).
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Figure 5. Representative SEM micrographs of brittle section of TMOCs; i.e. TMOC20 with close view showing 3D network
structure.

3.2.2. DC conductivity of the TMOCs
Based on the importance of electromagnetic shielding, we used the four-probe method to test the electrical performance of the TMOCs very firstly. As
showed in Figure 6, the DC conductivity of the
TMOC material increased with the filler content, i.e.
from 1·10–14 S/m for open cell TPI to 2 S/m for the
TMOC15 and reached to the highest value of
3.28 S/m for TMOC20, which is more than 3 orders
of the magnitude greater than the conventional CNTs
and CDG (chemically derived graphene) based polymer composites. And this value far exceeds the target
value of conductivity of commercial EMI SE material (1 S/m). This should be attributed to the fact that
the filler forms an effective conductive network
structure in the polymer matrix.

3.2.3. EMI SE of TMOCs
Figure 7a shows the EMI SE values of the TMOCs
recorded in the frequency range of 8.2 to 12.4 GHz.
At the same frequency range, the SE gradually increases with the increased MWCNTs filler load. The
EMI SE value of the TMOCs with a conductivity of
2 S/m (15 wt% MWCNTs) (9.1 Vol% MWCNTs) in
the X band is nearly 10 dB, which is still far behind
the EMI SE value required in commercial application (i.e. 20 dB). However, the EMI SE value of the
TMOC20 with conductivity of 3.28 S/m increases to
26 dB exceeding the target value of 20 dB which is
required criterion for the commercial application. In
addition as first proposed by Papageorgiou et al. [7],
the specific EMI SE (i.e. EMI SE divided by density)
is considered more suitable to evaluate the EMI
shielding abilities of low density porous material.
The EMI SE of TMOC15 is 8.1 to 10.2 dB and the
corresponding average EMI SE can reach about
40 dB/(g/cm3) in the measurement frequency range.
This value is higher than the typical metals (i.e.
10 dB/(g/cm3)). The EMI SE value per unit density
of TMOC20 can reach ~95.6 dB/(g/cm3) which exceeds many EMI shielding materials based on the
electrical fillers (see Table 3). However, it can be
seen from Table 3 that the EMI SE value per unit
thickness of the sample is not high, only 5.2 dB/mm.
But, the outstanding SSE value and additional superhydrophobic properties (water CA 153.2º) make the
TMOCs material in the actual EMI shielding still
have strong competitiveness. We have analyzed the

Figure 6. DC conductivity of the TMOCs with different
filler loading [wt%]; 0, 5, 10, 15, 20.
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EMI SE mechanism of TMOCs. It is well known that
when the microwave incidents on electromagnetic
shield, phenomena such as absorption, transmission,

and reflection occurs. The increase in filler loading
increases the amount of mobile charge carrier in the
sample [14], thereby enhancing the SE absorption and

Table 3. Comparison of reported values of EMI SE, SSE for different composites measured in the X-band frequency range.
Filler content
[wt%]

SE per unit thickness
[B/mm]

SE
[dB]

SSE
[dB/(g/cm3)]

Ref.

TPI-MWCNTs

20.0

5.2±0.6

26.0±3

95.6±11

This work

PEI-graphene

Material

10.0

5.7

13.0

44.0

[38]

PS-CNTs

7.0

N/A

19.0

33.1

[10]

PMMA-graphene

5.0

7.9

19.0

24.0

[39]

PDMS-graphene

0.8

20.0

20.0

333.0

[40]

Cellulose-CNTs

10.0

8.4

21.0

219.0

[41]

PLLA-MWCNT

10.0

9.2

23.0

77.0

[42]

PS-graphene

30.0

11.6

29.0

64.4

[43]

7.0

N/A

28.0

N/A

[11]

ALC

N/A

5.1

51.0

455.4

[44]

GN-CNF

N/A

108.0

27.0

270.0

[45]

PVDF-graphene

N/A: not available.

Figure 7. (a) Plots of total SE for the TMOCs with different filler loading [wt%]; 0, 5, 10, 15, 20 in X-band; (b) R–A coefficient of the TMOCs; (c) Schematic description of electromagnetic microwave dissipation in the TMOCs.
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SE reflection. The reason for the reflection is the impedance mismatch between the sample and the air
interface, and the absorption is mainly due to the
large number of unit cell matrix interfaces in the
porous microstructure leading to conductive dissipation and multiple times reflection [4, 7, 18, 20, 22,
28], and interface polarization caused by more interfaces [21, 29–31]. A large number of micro-nanoscale particles attached to MWCNTs are formed during the phase separation process of TMOCs samples.
Therefore, it is speculated that this type of TMOCs
has a shielding mechanism based on absorption [37].
The schematic diagram of electromagnetic microwave dissipation of TMOCs has shown in Figure 7c.
Due to highly open perforated structure, incident
electromagnetic waves can easily enter the perforated material, which also shows that TMOCs has a
shielding mechanism based on absorption. In order
to explore the shielding mechanism of TMOCs further, the corresponding R–A coefficient was calculated according to the S parameters of each sample.
For TMOCs samples with different filler loading, the
R coefficient is around 0.08 to 0.25, which is almost
less than the A coefficient of 0.3 to 0.78 (see Figure 7b). This further confirms that this type of
TMOCs has the shielding mechanism based on the
absorption. Therefore, such kind of material is most
effective to solve the problem of secondary magnetic
pollution caused by electromagnetic wave reflection.

Table 4. The mass fraction (Ω) and volume fraction (Φ) of
MWCNTs and the porosity (P) of sample.
Sample TMOC0 TMOC5 TMOC10 TMOC15 TMOC20
Ω [%]

0

5

Φ [%]

0

2.9

P

[%]

79

77

10
6.0
74

15
9.1
73

20
12.5
72

Ω represents the mass fraction of MWCNTs
Φ represents the volume fraction of MWCNTs
P represents the porosity of the sample.

Figure 8. Densities of the TMOCs (with filler loading
[wt%]; 0, 5, 10, 15, 20) and solid TPI/MWCNTs.

accumulation of many TPI flake particles can still be
observed, which greatly improves the hydrophobic
function of the material. The filler loading does not
affect much the hydrophobicity of the TMOCs, even
at higher filler loading i.e. 20 wt% the water CA is
152° and 153.4° in TMOC material surface and
teared surface respectively. The results show that the
TMOCs have good water repellency and self-cleaning properties. The prepared lightweight material
with superhydrophobicity can open the wide scope
in practical applications.

3.2.4. Lightweight, superhydrophobic, and
self-cleaning properties of TMOCs
After calculation, the mass fraction and volume fraction of MWCNTs and the porosity of sample are
shown in Table 4. As shown in Figure 8, the density
of TMOCs with different filler loading of 5, 10, 15,
and 20 wt% was estimated in the range of 0.18~
0.27 g/cm3, indicating the weight reduction of 72~
79% in comparison with solid composites with density of 0.86~0.97 g/cm3. Lightweight material promotes the application of materials in the field of electromagnetic interference shielding. A large number
of studies have proved that materials with high
hydrophobicity with water contact angles >150°,
shows high water repellency and good self-cleaning
properties [37]. The water CA of the surface and the
tear surface of the TMOCs are all above 150° (as
shown in Figure 9). As shown in Figure 5, in the
TMOC20 sample with high EMI SE, an impact of a
multi-level rough structure formed by the disorderly

4. Conclusions
We have used simple and cost-effective methods (solgel and phase separation method) to prepare lightweight TMOCs with excellent super hydrophobicity,
electrical conductivity, and EMI SE. The prepared
TMOCs material has a low density of 0.27 g/cm3
and multi-scale rough surface morphology along
with a water CA of 153.5°. The open-cell composite
material TMOC20 with MWCNTs filler (20 wt%
MWCNTs, 5.0 mm thickness) can form an effective
3D conductive network having a conductivity of
3.28 S/m. TMOC20 showed EMI SE value of about
26.0 dB (in the frequency range of 8.2~12.4 GHz).
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Figure 9. Water CA of the TMOCs (with filler loading [wt%]; 0, 5, 10, 15, 20) with surface and tearing surface.
[3] Shen Q., Li H., Li L., Li L., Li W., Song Q.: Simultaneously improving the mechanical strength and electromagnetic interference shielding of carbon/carbon
composites by electrophoretic deposition of SiC nanowires. Journal of Materials Chemistry C, 6, 5888–5899
(2018).

The corresponding specific EMI SE has achieved as
high as 95.6 dB/(g/cm3), which is far exceeding that
of metals and many carbon-based composite materials with similar density. Simple preparation methods and excellent performance will promote the
commercialization of such materials in practical applications like electronic devices that are severely affected by electromagnetic interference.

https://doi.org/10.1039/C8TC01313F

[4] Yan D-X., Pang H., Li B., Vajtai R., Xu L., Ren P-G.,
Wang J-H., Li Z-M.: Structured reduced graphene
oxide/polymer composites for ultra-efficient electromagnetic interference shielding. Advanced Functional
Materials, 25, 559–566 (2015).
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