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1. Introduction

Dependence of electromagnetic interference
shielding ability of conductive polymer composite
foams with hydrophobic properties on cellular
structuret

3¢ Ruoming Wang,? Yang Li,° Yumei Ren,? Xiao Li,° Xiaogin Guo,*®
29 and Chul B. Park (0 *¢

Biao Zhao,
Rui Zhang

The introduction of a cellular structure in conductive polymer composites is supposed to be an effective
way to ameliorate the electromagnetic interference (EMI) shielding properties. Moreover, the wetting
behavior should be taken into consideration when exposed to a moist environment. Herein, oleophilic
conductive poly(vinylidene fluoride) (PVDF)/multiwall nanotube (MWCNT) composite foams were
successfully fabricated through a simple and effective batch foaming process. PVDF/MWCNT
nanocomposite foams with various microcellular structures were obtained by controlling the foaming
parameters (MWCNT content and impregnation temperature). The electrical conductivity (EC) and EMI
shielding properties critically depended on their microcellular structure. Interestingly, the EC and EMI
shielding properties declined with a higher degree of foaming in the range of 37-67% for PVDF/1 wt%
MWCNT (FC1) and PVDF/2 wt% MWCNT (FC2) nanocomposite foams. Conversely, for the PVDF/5 wt%
MWCNT (FC5) and PVDF/8 wt% MWCNT (FC8) nanocomposite foams, the EC and EMI shielding proper-
ties gradually increased with an increased degree of foaming in the range of 27-40 wt%. The optimal
EMI shielding properties of PVDF-based nanocomposite foams containing MWCNT contents of 1 wt%,
2 wt%, 5 wt% and 8 wt% reached 18.6 dB, 31.5 dB, 88.3 dB and 132.6 dB, respectively, at a sample
thickness of 4.0 mm. Analysis of the EMI shielding mechanism found that absorption resulting from
multiple reflections and scattering, and strong conduction band polarization loss were the main
contributing factors. Superior water repellency and high stability under wet conditions were also
observed. For example, an FC5 foam sample with a void fraction of 39.4% displayed an average water
contact angle of 113.6° and an average methyl-silicone oil contact angle of 10.5°. Thus, the PVDF/
MWCNT foams could be a competitive candidate for EMI shielding and oil/water separation multi-
functional applications.

such as cellular and satellite communications, and antenna
measurements, including everyday communication and sensing

The electromagnetic wave facilitates our daily life, for example
the Ko-band (26.5-40 GHz) with various strategic applications
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applications."™ However, due to the fast progress of electronic
devices and communication equipment, serious EMI problems
inevitably occur, which adversely affect the function of nearby
precious electronic devices and cause the disclosure of
information.>® Moreover, EM pollution inevitably has a negative
effect on human beings.”'® To address this issue, we need to
explore advanced EMI shielding materials in order to eliminate
or reduce EM pollution.™™ In general, when an EM wave
encounters a material, it will experience reflection, absorption
and transmission. EMI shielding materials block EM waves
through reflection or absorption. In a homogeneous system,
through the interaction of the irradiation with dipoles, free
carriers, defects or impurities, EM waves will be attenuated by
means of the corresponding polarization, conductive losses
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and scattering. Furthermore, in heterostructure systems, the
existence of interfaces between various phases would cause
additional dissipation of the EM waves. Poor impedance matching
between individual components accounts for such interfacial
scattering. In multiple media, multiple scattering mechanisms
are responsible for the EM shielding, resulting in the dissipation
of EM waves."* '

In general, metals and graphite, as conventional EMI blocking
materials, possess strong EMI blocking capability, but the EMI
shielding mechanism is mainly dominated by reflection."”” "
However, the reflection would cause secondary EMI pollution,
and absorption-dominant shielding materials are necessary.
Carbonaceous media, such as graphene and carbon nanotubes
(CNTs), possessing outstanding properties as a result of a high
aspect ratio and a high specific surface area, are highly effective as
conductive fillers to fabricate EMI blocking composites, and will
generate an electric network in the polymer substrate. At the
same time, high conductivity and strong interface polarization
will promote the EMI blocking properties.?®>! In particular,
CNTs have emerged as highly promising materials for EMI
shielding applications due to their excellent corrosion resis-
tance, EC and easy processability.>*">* Although such polymer/
carbon nanotube composites with conductive filler dispersed
in polymer particles play a role in absorbing and converting
electromagnetic waves to heat, thus giving rise to mainly an
absorption blocking mechanism, further opportunities to
increase dissipation and reduce the weight of composites
are very difficult to find.>®

Porous conductive composite polymers could simultaneously
have both stronger EM absorption and light weight. The result is
that cellular structures offer an effective route to enhance EM
wave shielding capability, owing to inner multiple scattering and
EM field-induced currents that occur in walls and/or struts of
pores.”**” Additionally, the lightweight nature of the materials
tallies with sustainable development on account of the savings of
material and energy, and is especially favorable for practical EMI
shielding application in aircraft and spacecraft fields.>>***° For
example, Yang et al. first used chemical foaming to fabricate a
CNT/polystyrene composite foam, and the resultant foam with a
density of 0.56 g cm ™ displayed effective EMI shielding of 19 dB
at 7 wt% CNT loading.*® Chen et al.*® reported that supercritical
carbon dioxide foaming was utilized to prepare a polystyrene/
MWCNT composite foam with segregated conductive networks.
The composite foam exhibited an ultra-low percolation threshold
of 0.07 vol%, excellent EC of 8.05 S m™ ! and an EMI SE of
23.2 dB. Zhang et al.®' fabricated microcellular epoxy/MWCNT
composite foams by a batch foaming process with supercritical
carbon dioxide and investigated their EMI shielding perfor-
mance. The results revealed that the absorption was increased
from 59.5% for solid composites to 79.5% for composite foams at
3 wt% MWCNT content. Kuang et al.** fabricated poly(i-lactic
acid)-MWCNT nanocomposite foams using supercritical CO,
foaming. The nanocomposite foams had the features of low-
density (~0.3 g cm™3), low thickness (~2.5 mm) and high
conductivity (~3.4 S m™') as well as a high EMI shielding
performance of ~23 dB.
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According to the mentioned literature, it can be deduced
that the cellular structure significantly affected the EC, the EMI
shielding properties and the shielding mechanism. Unfortu-
nately, studies of the relationships amongst the EC, the EMI
shielding properties and the degree of foaming of conductive
polymer/MWCNT foams have rarely been reported. Particularly,
the contradictory conclusions that the addition of a cellular
structure could enhance or decrease the EC (and/or EMI
shielding) have been reported, which would confuse the readers.
For example, Shen et al.*® introduced a microcellular structure
into a graphene system to improve the EMI shielding properties
(~26.3 dB), but a reduced electrical conductivity was observed.
Ameli et al.** injection molded polypropylene/carbon fiber com-
posite foams to demonstrate the reduction of the percolation
threshold from 8.5 to 7 vol% carbon fiber with foaming,
while enhancing the through-plane conductivity and the spe-
cific EMI SE up to 65%. Zhang et al.*>* prepared microcellular
PMMA composite foams by supercritical fluid processing with
two nanofillers, MWCNTs and GNPs, having different dimen-
sions. An interesting bimodal cellular structure was found to
yield enhanced electrical conductivity and EMI shielding
performance. How to design materials with the target EC
and EMI shielding properties through the degree of foaming
is still an enormous challenge. Moreover, the surface wetting
condition of EMI shielding materials should be considered
when applied in a moist environment.

There have been numerous reports about the effect of
wettability on the EMI shielding properties of materials. For
instance, Liu et al>® fabricated a freestanding, flexible and
hydrophobic MXene foam, which can effectively retain the
stability and reliability of the EMI shielding properties when
applied in moist or wet environments. Choi et al.*® prepared
Al (3 wt%)-doped ZnO (AZO)/Ag/AZO multilayer films with
excellent EMI shielding ability, hydrophobicity and strong
antibacterial activity against Escherichia coli and Staphylococcus
aureus. Raagulan et al.®” fabricated a MXene-graphene foam
material that showed hydrophobicity with a higher contact
angle of 126°, an excellent conductivity of 13.68 S cm™" and
an EMI shielding of 53.8 dB. The wettability became a crucial
issue for the EMI shielding materials.

In this work, a batch foaming approach is demonstrated for
fabricating highly conductive and hydrophobic PVDF/MWCNT
nanocomposite foams with exceptional EMI shielding beha-
vior. The influence of the degree of foaming on the EC and EMI
shielding properties of the PVDF/MWCNT (various MWCNT
contents) nanocomposite foams was studied in detail. The
results show that composite foams with the features of light
weight (high degree of foaming), low EC and feeble EMI
shielding properties at a low MWCNT content can be easily
obtained. At high MWCNT loadings, the composite foams had
the characteristics of superior EMI shielding properties, high
EC and relatively high density (low degree of foaming). Further-
more, PVDF/MWCNT foams are hydrophobic with a water
contact angle above 100°, which prevents the degradation of
the composite foams in high humidity environments while
retaining satisfactory EMI shielding.

This journal is © The Royal Society of Chemistry 2020
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2. Experimental section
Fabrication of the PVDF/MWCNT composite foams

The information on the raw materials is provided in the ESL Fig. 1
shows a schematic illustration for the PVDF/MWCNT nanocompo-
site foam fabrication procedure. In order to prepare composite
foams, a three-step approach was adopted composed of solvent
blending, casting and compression molding, and batch foaming.
First, the unfoamed PVDF/MWCNT nanocomposite was fabricated
according to the previously reported fabrication procedure for
PVDF-based nanocomposites.***® Typically, PVDF particles and
MWCNT nanomaterial powder were added to DMF solvent. Secondly,
the solid PVDF/MWCNT nanocomposite was obtained by film casting
and compression molding. Subsequently, a self-regulating batch
foaming equipment was used to investigate the PVDF/MWCNT
nanocomposite samples’ foaming behavior. The foaming system
(Fig. S1, ESIT) was composed of a syringe pump filled with CO,, a
foaming cavity with thermocouples, along with a heater and a
pressure reducing valve. The polymer matrix composite was posi-
tioned in the cavity, which was pressurized at 2000 psi (13.8 MPa) to
impregnate CO, for 1 h at the set temperature. The pressure was then
quickly released and the chamber was cooled with ice water. Foaming
temperatures were focused in the range from 169 °C to 172 °C.*%*'
The mass fraction of MWCNTS contained in the foam, 1%, 2%, 5%
and 8%, obtained at various impregnation temperatures (7/°C, from
169 °C to 172 °C) were denoted as FC1-1 to FC1-7, FC2-1 to FC2-7,
FC5-1 to FC5-7 and FC8-1 to FC8-7, respectively, as shown in Table 1.

Wetting behavior of the PVDF/MWCNT composite foams

Contact angle measurements were conducted directly on the
PVDF/MWCNT composite foams at room temperature. The data
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Fig.1 Schematic diagram for the fabrication process of the PVDF/
MWCNT nanocomposite foams.
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were collected by using OCA20 (Dataphysics). First, the PVDF/
MWCNT foams were cut into 1.5 cm x 1.5 cm x 10 mm pieces
and immersed in methyl-silicone oil (5 mL) and deionized water
(5 mL) for 30 min. Then, the samples were removed from the
liquids and their wettability was determined by measuring the
volume change of the liquid or the mass change of the sample.

3. Results and discussion

3.1. Characterization of PVDF/MWCNT nanocomposite foams

To get information about how the MWCNT content and the
impregnation temperature influence the cells’ morphological
development, a series of control experiments was carried out.
Fig. 2, 3 and Fig. S2 S3 (ESIt) display the microcellular shapes
and the degree of foaming of various PVDF/MWCNT nano-
composite foams. For FC1 foams (Fig. S2, ESIt), FC2 foams
(Fig. 2), FC5 foams (Fig. S3, ESIT) and FC8 foams (Fig. 3), the
degree of foaming gradually increased and then deceased with
gradually increasing impregnation temperature. Interestingly,
at low MWCNT contents (1 wt% and 2 wt%), a uniform
microcellular structure could be observed (Fig. 2 and Fig. S2,
ESIt). However, the presence of non-uniform cells was evident
in the PVDF composite foams with high MWCNT contents
(5 wt% and 8 wt%, Fig. S3, ESIt and Fig. 3), which might result
from the uneven distribution of MWCNTs in the polymer at
high MWCNT content. It is believed that these changes in the
cellular morphology with the foaming temperature resulted
from the variations in the crystal structure of the PVDF matrix
that had been treated at different impregnation temperatures.*>**
Expectedly, as the impregnation temperature increased, the poly-
mer viscosity and the resistance to microcellular growth decreased.
At the same time, the diffusivity of CO, in the polymer was
enhanced.** Additionally, an increase in the temperature of foam-
ing would reduce the solubility of CO, in the polymer materials.*®
Moreover, when the saturated temperature increased, it was
advantageous to release CO, via the surface of the foam.***”
As a result, the degree of foaming first increased and then
decreased with increased impregnation temperature.*’

To obtain more information about the microstructure of the
PVDF/MWCNT foams, more characterization techniques were
performed taking FC2 foams as an example. Fig. S4 (ESIT)
shows the XRD curves of the FC2 nanocomposite foams that
were prepared at various impregnation temperatures. The
typical diffraction peaks were observed at 20 ~ 17.5°, ~18.2°,
~19.9° and ~26.4°, which are attributed to the reflection
planes of (100), (020), (110) and (021) that correspond to the
non-polar o-phase polymorph,*® which is similar with our

Table 1 PVDF/MWCNT composite foams obtained at various impregnation temperatures

VF

T (°C)

MWCNT

169 °C

169.5 °C

170 °C

170.5 °C

171 °C

171.5 °C

172 °C

1 wt% MWCNT
2 wt% MWCNT
5 wt% MWCNT
8 wt% MWCNT

FC1-1 37.9%
FC2-1 36.1%
FC5-1 28.0%
FC8-1 27.2%

FC1-2 43.2%
FC2-2 44.9%
FC5-2 28.4%
FC8-2 28.6%

This journal is © The Royal Society of Chemistry 2020

FC1-3 56.7%
FC2-3 57.7%
FC5-3 31.6%
FC8-3 34.0%

FC1-4 59.3%
FC2-4 67.1%
FC5-4 33.4%
FC8-4 35.1%

FC1-5 64.7%
FC2-5 64.8%
FC5-5 39.5%
FC8-5 38.4%

FC1-6 51.4%
FC2-6 59.4%
FC5-6 34.4%
FC8-6 39.3%

FC1-7 47.6%
FC2-7 49.2%
FC5-7 29.5%
FC8-7 31.5%
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Fig. 2 SEM images of the cryo-fractured FC2 nanocomposite foams: (a) FC2-1, (b) FC2-2, (c) FC2-3, (d) FC2-4, (e) FC2-5, (f) FC2-6 and (g) FC2-7
samples. (h) Various FC2 foams’ degree of foaming. Insets are the corresponding high magnification SEM images.

PVDF/8 wt% MWOCNT foam

S
o

Degree of foaming
—
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Fig. 3 SEM images of the cryo-fractured FC8 nanocomposite foams: (a) FC8-1, (b) FC8-2, (c) FC8-3, (d) FC8-4, (e) FC8-5, (f) FC8-6 and (g) FC8-7

samples. (h) Various FC8 foams' degree of foaming.

previous reports.*>*° Furthermore, the existence of another

peak at 20.1° could be observed, which was associated with
the B-crystalline phase of PVDF.*’ According to the unusual
spectrum, it can be easily seen that the crystal morphology of
PVDF polymer was related to the addition of MWCNTSs. The
polar B phase was desirable because this phase would provide
higher dielectric properties, which could improve the micro-
wave dissipation properties.”>® Fig. S5 (ESI) shows the FTIR
spectra of various PVDF/2 wt% MWCNT nanocomposite foams.
It can be noted that the presence of both a-phase and B-phase
could be found in the FC2 nanocomposite foams. The existence
of peaks at 766 cm ', 795 cm ' and 975 cm ' could be
assigned to a-phase, and the peaks at 840 cm ', 872 cm ™'
and 1274 cm™* were related to the -phase.” The band located
at 1403 cm™* was related to a deformation vibration of CH,,
and the band positioned at 1070 cm~ " was the result of CF,
stretching vibration.>> Based on the FTIR spectra, it can be

7404 | J Mater. Chem. C, 2020, 8, 7401-7410

deduced that the introduction of MWCNT gave rise to PVDF’s
crystal transformation from the a-phase to the B-phase, which
corresponded with the result of XRD measurement (Fig. S4,
ESIY).

3.2. The EC properties of PVDF/MWCNT composites

In general, the EMI shielding properties of materials are closely
associated with their EC, and the EC is related to the micro-
structure.’*”* Numerous studies have demonstrated that the
introduction of a microcellular structure could influence the EC
of polymer/CNT nanocomposites.***>® Contradictory conclu-
sions that the addition of a cellular structure could enhance or
decrease the EC can be found, which would confuse readers.
Fig. 4 displays the relation between the EC and the degree of
foaming for various PVDF/MWCNT nanocomposite foams. Inter-
estingly, the EC of FC1 and FC2 declined as the degree of foaming
increased in the range of 37-67% (Fig. 4a). It is believed that the

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0tc00987c

Published on 16 2020. Downloaded on 17.10.2025 19:41:00.

Journal of Materials Chemistry C

(@) 6

= &

3 51 R>=0.97

E 4- FC2-1 Fic =7 FC2 foams

8 FC2-2 FC2-3

% 3 $ FC2-6

=

S i FC2-5

= 2 FC1 foams

= FCI-1 ST Fas S

s 14 FCI2 kels

= R?=0.98 FC1-4 FC1-5

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70

(b) Degree of foaming

150
z FC8-6
@ 2
.‘g FC8 foams
g FC8-3 £
E 90 FCg4 TCO3
£ FC§-2
s 1 rcs- =
i 60 FCs-4 KFC56 s
b 2 5 foams
= FC5-1 # 7 s

0.26 0.28 0.30 0.32 0.34 0.36 0.38 0.40
Degree of foaming

Fig. 4 The relationship of EC and degree of foaming for (a) FC1 foams and
FC2 foams, and for (b) FC5 foams and FC8 foams.

connections made by affinity of the MWCNT fillers may be broken
with the foaming action, thus decreasing the EC, which results
from the fact that the high cell-to-cell pressure force would
cause adjacent MWCNTs to separate far away from each
other.>” Conversely, the variation of EC was wide for FC5 and
FC8 nanocomposite foams, and the tendency of EC variation
was different. In the foaming degree range of 27-40 wt%, the
EC gradually increased with an increased degree of foaming,
which can be observed in Fig. 4b. The reason is that the feeble
force between cells plays a negligible role in separating
MWCNTs at a lower degree of foaming. Generally, EC in
polymer nanocomposites can occur either via direct “contacts”
between the conductive fillers or “tunneling” of electrons
between sufficiently close conductive particles.>® In the former
case, the conductive fillers physically connect with one another
to produce a conductive network and the electrons can trans-
port like in a typical inherently conducting material. However,
in the “tunneling” model, the electrons can literally tunnel
between two sufficiently close conductive fillers, which can be
separated by a film of macromolecular polymer material.>® For
the FC5 and FC8 nanocomposite foams with a relatively low
degree of foaming, the very close distance between adjacent
MWCNTSs contributes to the EC. Based on the above results,
it can be concluded that the EC increased with an increased
degree of foaming below a critical value (40 wt%); whereas,
when the degree of foaming was higher than 40%, the EC
declined with an increased degree of foaming. Thus, the tendency

This journal is © The Royal Society of Chemistry 2020
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of EC to decline would flatten, and it could be effectively tuned
by controlling the degree of foaming. Decreasing the EC plays a
negative role in EMI shielding properties because the perfor-
mance is proportional to the EC.®° However, the uniquely porous
structure of foams can neutralize the effects of the decreased EC.

3.3. EMI shielding performance of PVDF/MWCNT materials

The EMI shielding effectiveness (SE or SEg) represents the
capability to protect electronic devices from irradiation by EM
waves. The EMI SE of various PVDF/MWCNT nanocomposite
foams with a thickness of 4.0 mm and with varied degrees of
foaming was measured in the frequency range of 26.5-40 GHz,
as shown in Fig. 5. Notably, the EMI SE was independent of the
frequency and decreased gradually with an increased degree of
foaming for FC1 (Fig. 5a) and FC2 foams (Fig. 5b), whereas it
increased slowly with an increased degree of foaming for FC5
(Fig. 5¢) and FC8 foams (Fig. 5d). The optimal average EMI SE
reached 18.6 dB, 31.5 dB, 88.3 dB and 132.6 dB as the MWCNT
content rose to 1 wt%, 2 wt%, 5 wt% and 8 wt%, respectively,
resulting from the fact that an enhanced conductive network
makes a great contribution to enhancing microwave blocking
capability. For FC8 foams, the SEt of the FC8-2 composite foam
had a higher value than that of the FC8-1 composite foam, and
further reached a maximal value of 132.6 dB for FC8-6 compo-
site foams, which clearly demonstrates that the optimal micro-
cellular structure with a suitable degree of foaming could
effectively boost EMI shielding properties.

Roughly, shielding mechanisms mainly consist of absorption,
reflection and transmission, which are correlated to the mobile
charge carriers, electric dipoles and surfaces/interfaces. Reflection,
principally relying on the impedance mismatch between air and
the shielding material, is the primary mechanism that takes place
when EM waves encounter the top surface of a shielding
material.®* When the mismatch of EC between air and shielding
material is increased, the capacity to reflect EM waves increases.
The remaining EM waves would penetrate into the blocking
sample, and a small amount of the EM waves could be attenuated
as thermal energy by the Joule effect. Furthermore, multiple
reflections would also cause the dissipation of EM energy. Theore-
tically, multiple reflections can always be neglected when the total
shielding is over 15 dB.>

To investigate the EMI blocking mechanism of the PVDF/
MWCNT nanocomposite foams, their average reflection (SEg)
and absorption (SE,) were calculated, based on eqn (S3)-(S6) in
the ESIT and they are plotted in Fig. 6. In general, the SEy is
determined by the EC and impedance mismatch between air
and the material. The SE, is closely related to the dielectric
constant, the sample thickness and magnetic performance.®*°
It can be noted that the SE, was greatly boosted with increasing
EC tuned by the degree of foaming, while the SEr remained
nearly constant in the foamed composites. For instance, for
PVDF/5 wt% MWCNT foams (Fig. 6¢), the SEg, SE, and SEr
values of the FC5-1 foam were 2.9 dB, 46.0 dB and 48.9 dB,
respectively. With increasing degree of foaming (namely,
increasing EC), both SEr and SE, values significantly increased,
and the FC5-5 foam exhibited the highest EMI shielding

J. Mater. Chem. C, 2020, 8, 7401-7410 | 7405
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Fig. 5 EMI blocking abilities of various PVDF/MWCNT nanocomposites: (a) FC1 foams, (b) FC2 foams, (c) FC5 foams, and (d) FC8 foams.
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properties. The SE, and SEy of the FC5-5 foam were 82.2 dB and
6.1 dB, respectively. The absorption value was much higher
than the reflection value, which indicates that the nanocompo-
site foams possess an absorption-dominated EMI shielding
feature. Intensive studies show that EMI shielding properties
are associated with the material thickness.” Taking PVDF/2
wt% MWCNT foams as an example, Fig. S6 (ESIt) displays
the thickness dependence of the EMI shielding properties of
the FC2-1 foam (28.0% degree of foaming). The total SEr was
boosted with an increased specimen thickness, and a notice-
able increase in the EMI shielding property was found from
12.5 dB to 30.2 dB at 26.5 GHz and 13.2 dB to 39.6 dB at 40 GHz
as the sample thickness increased from 3.0 mm to 6.0 mm.
A detailed analysis of the contributions of the mean SE, and
SEg to the SEt as a function of the sample thickness in Fig. S6b
(ESIT) further indicates that absorption was the main contribu-
tion to the shielding mechanism. Notably, the SE, improved as
the thickness increased, but the SE; remained almost constant.
In short, the increased EMI shielding property was primarily
arising from the increased SE,.

From the above results, it can be noted that the cellular
microstructure can effectively adjust the EC, further affecting
the EMI shielding performance. To directly show the relation-
ship between the degree of foaming and the EMI shielding
properties, the average EMI SEt values are plotted as a function
of the degree of foaming in Fig. 7. It is well accepted that the
EMI shielding properties are nearly linearly correlated to the
EC.*®%%%* In Fig. 4, it can be noted that the EC was nearly
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Fig. 7 The correlation between the mean SEr values and the degree of
foaming for: (a) FC1 and FC2 foams, and (b) FC5 and FC8 foams.
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foams.

linearly related to the degree of foaming. Expectedly, the EMI
shielding properties are closely correlated to the degree of
foaming. Similarly, for FC1 and FC2 foams with a relatively
high foaming degree of 37-67%, the EMI shielding properties
quickly declined with a large slope with an increased degree of
foaming (Fig. 7a). When the degree of foaming was below the
critical value (40%), the average EMI shielding properties of
FC5 and FC8 foams slowly increased with a low slope (Fig. 7b)
with an increasing degree of foaming. This phenomenon is in
good accordance with the trend of variation of EC (Fig. 4).
To give a guide for designing desired EC and EMI shielding
properties by tuning the foaming degree of nanocomposite
foams, the EC and EMI shielding properties were plotted as a
function of the degree of foaming. The two-contour illustration
of the relationship amongst the EC, the EMI SE and the degree
of foaming is shown in Fig. 8. Based on this figure, the design
of EMI shielding PVDF/MWCNT nanocomposite foams can be
controlled by tuning the degree of foaming. At low MWCNT
contents (Fig. 8a), composite foams with the features of light
weight (a high degree of foaming), a low EC and feeble EMI
shielding properties were obtained. At high MWCNT levels
(Fig. 8b), composite foams possessing the characteristics of
superior EMI shielding properties, a high EC and a relatively
high density (a low degree of foaming) were easily obtained.
Fig. 9 schematically depicts the microwave propagation
across the foamed PVDF/MWCNT composites and the corres-
ponding main shielding mechanism. Briefly, when the incident
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Fig. 9 Schematic illustration of EM wave transmission across the PYDF/MWCNT nanocomposite foams and its related shielding mechanism.

EM microwaves strike the surface of the composite foam, less
reflection occurs and most EM waves enter the composite foam.
Then, when the EM waves strike the cells and CNT nanotubes,
multi-reflections make it difficult for EMI waves to escape from
the nanocomposite foams until dissipated and converted into
thermal energy.”®® Furthermore, the incident EM microwaves
are scattered and reflected numerous times inside the foam to
dissipate the EM energy because of the existence of the
cells.’*®” The conductive MWCNTs acted as the backbone to
offer migration and hopping paths and to ensure fast electron
transportation. When the EM wave propagates into the absorber
surface, numerous electrons in the MWCNT can migrate along
the axial direction or hop. The special intertwined architecture
could build up a 3D conductive network, favoring the formation of
interfacial polarization and conduction loss.°® The Maxwell-
Wagner effect refers to interfacial polarization, which is respon-
sible for capturing movable charges between the interfaces of an
insulator or a conductor.">® Because of the existence of numer-
ous interphases involving the material, such as MWCNT-PVDF
and MWCNT-air, the interface polarization caused by the EM
waves plays an important role in EM dissipation. In brief, the
microcellular structure in the PVDF foams is beneficial for EMI
shielding.

3.4. Wetting behavior of the PVDF/MWCNT nanocomposite
foams

In practical applications, a hydrophobic characteristic is
required for novel EMI shielding materials because it can
protect the electronic devices from corrosion by moisture in a
wet environment.>>’*’" Due to the naturally hydrophobic
nature of pristine PVDF and CNTs, as well as the cellular
structure, the PVDF/MWCNT nanocomposite foams are highly
hydrophobic. Thus, the EC and EMI shielding properties can be

7408 | J Mater. Chem. C, 2020, 8, 7401-7410

Fig. 10 (a) Water droplet and (b) methy!-silicone oil droplet placed on the
outside of the FC5-5 composites. (c) Water droplet and (d) methyl-silicone
oil dropped on the outside of the FC8-6 composites.

retained under moist conditions. Expectedly, as displayed in
Fig. 10a and c, the FC5-5 and FC8-6 nanocomposite foams have
an average water contact angle of 113.6° and 105°, respectively,
while the average methyl-silicone oil contact angles are 10.5°
and 11.6° (Fig. 10b and d), respectively, revealing typical
hydrophilic characteristics. The measured methyl-silicone oil
contact angle of below 12° suggests superior water repellency
and stability under wet conditions as well as oleophilic perfor-
mance. Movie S1 (ESIt) shows the procedure of extraction of
methyl-silicone oil on the surface of the FC5-5 foam used in
water for oil adsorption. Thus, the EMI shielding PVDF/
MWCNT foam is also a promising candidate for oil/water
separation. These results indicate that the nanocomposite

This journal is © The Royal Society of Chemistry 2020
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foams satisfy the requirement of EMI shielding materials in a
moist environment.

4. Conclusions

In summary, a simple batch foaming approach was used to
successfully fabricate PVDF/WMCNT nanocomposite foams.
The PVDF/MWCNT foams with various degrees of foaming
were obtained by controlling the impregnation temperature
and MWCNT content. The incorporation of a cellular structure
into the PVDF/WMCNT composites could effectively tune their
EC and EMI shielding properties. For FC1 and FC2 foams with
a relatively high foaming degree of 37-67%, the EC and EMI
shielding properties declined with a large slope with an
increased degree of foaming. When the degree of foaming
was below the critical value of 40%, the EC and EMI shielding
properties of FC5 and FC8 foams slowly increased with a low
slope. The strongest EMI shielding performance with the SEt
value of 132.6 dB was obtained for the FC8-6 composite foam
with a sample thickness of 4.0 mm. In short, the outstanding
result of EMI blocking was attributed to the absorption
mechanisms, such as multiple reflections and scattering by
the porous structure, interfacial polarization, conductive loss,
etc. Moreover, the PVDF/MWCNT foams were hydrophobic,
indicating that these PVDF/MWCNT foams can be expected
to be used in multi-functional applications including EMI
shielding and oil/water separation.
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