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Abstract

To enhance the EMI shielding capability in the X-band of a polymeric system (poly(vinylidene fluoride-trifluoroethylene)) P(VDE-
TrFE) containing f-MWCNTs, magnetic ionic liquid (MIL) (1-butyl-3-methylimidazolium tetrachloroferrate ([Bmim][FeCl,])
has been used in the present study. The porous structure formation due to the incorporation of the magnetic ionic liquid in the
polymer has been seen in the scanning electron micrographs while the pore volume and their area has been measured using
BET technique. The XRD, FTIR and RAMAN studies have thrown light on the interaction between the different constituents
of the polymer composite. The synthesized polymer composite systems with 5 wt% of f-MWCNTs has high conductivity of
~0.65 S.cm™! and moderate shielding effectiveness of ~29.43 dB at 8.2 GHz. The shielding effectiveness has been found
to improve to ~34 dB on addition of 20 wt% of MIL of which the major contribution is due to the absorption mechanism
(absorption loss ~ 24 dB) which is attributed to the dielectric, magnetic and multiple reflection losses between interfaces. The
above obtained result suggests that the MIL based polymer composite system having only three constituents, is a promising
EMI absorbing material in the X-band due to the contribution of the MIL to both the conductivity and the magnetic loss.

Keywords Electromagnetic shielding effectiveness - Magnetic ionic liquid - Functionalized MWCNTSs

Introduction

Technologically, the rapid development of communication
and its extensive utilization in electronic devices (like local
area network, military, radar systems, etc.) has created pol-
lution/noise due to electromagnetic interference (EMI). The
over exposure of this pollution is a potential threat for human
health as well as for electronic devices [1-3]. This is likely
to get more serious with the arrival of the 5G era. Hence,
an intense effort is required to develop high-performance
EMI shielding materials (such as plastics, ceramics, compos-
ites and functional materials). A good EMI shield material
must have moderate conductivity, high dielectric constant
and high magnetic loss. As all these properties cannot be
envisaged in a single material, multi-component materials
have been pursued. Traditionally, metal-based EMI shield-
ing materials were preferred due to their high electrical
conductivity [4, 5]. However, their application was limited
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due to major drawbacks like corrosion, structural stiffness,
high density and most importantly, ample surface reflec-
tion which sent back the EM waves in the surroundings/
atmosphere. To overcome these problems, shield materials
with polymer matrices having mostly carbon based fillers
(e.g., multiwall carbon nanotubes, carbon fiber, graphene,
and MXene, etc.) [6] were focused upon. Properties of these
fillers like high mechanical stability, ultrahigh specific sur-
face area, and high conductivity [7] were the reasons for
their preferred usage. Also, magnetic nanoparticles have
been used as fillers (e.g., Fe, Co, Ni, ferrite, and alloys)
[8] as they provide large magnetic losses. In EMI shielding
mechanism, both dielectric and magnetic fillers play sig-
nificant roles in dissipating EM energy through dielectric
and magnetic losses [9, 10]. Kim et al. [11] have reported
shielding effectiveness (SE) with MWCNTs containing Fe
catalyst in PMMA polymer matrix of ~27 dB while Che
et al. [12] have reported SE of ~25 dB in Fe encapsulated
with CNTs. Kallumottakkal et al. [13] have reported ~43 dB
SE in CoFe in PU matrix.

As MWCNTSs possess many exceptional properties like
high mechanical strength and conductivity, light weight,
low density and high aspect ratio, they are mostly used
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in the field of EMI shielding [7]. However, the carbon
nanofillers have a tendency to aggregate in polymeric
matrix due to the strong intrinsic Van der Waals attrac-
tive force [14-16] making it difficult to disperse. There-
fore, for proper dispersion as well as interfacial interac-
tion between MWCNTSs and the polymeric matrix, various
techniques (e.g., ultrasonication, surface modification)
have been used. For surface modification of MWCNTs,
chemical functionalization (covalent and non-covalent
bonding techniques) and oxidative acid treatments have
been reported [17, 18]. This study has used the oxidative
acid treatment for functionalization.

It is well known that the absorption of EM waves is based
on the change of these waves into heat or another type of
energy and/or radiation [19, 20]. This is achieved via the
shield material's electric and/or magnetic dipoles ability to
interact with the EM wave. Normally, the polymer matrices
are insulating in nature through which the EM waves can
pass through. Also, they have low density, can be made very
thin and flexible. The ever decreasing size of modern day
electronics and telecommunications devices requires flex-
ible materials which can be moulded into desired shapes
and sizes. Polymer matrices fulfil all these requirements.
The work in this paper is on polymer composites using
the polymer polyvinylidene fluoride-trifluoroethylene
(P(VDF-TrFE)). P(VDF-TrFE) [21-23] has attracted much
attention of scientist/technologists as it exhibits piezoelec-
tric, pyroelectric and ferroelectric properties. Many studies
are available on PVDF and its copolymers being exploited in
modern electronic devices for energy storage and harvesting
applications. The five crystalline phases (viz., a, B, v, 9, and
) of PVDF can be obtained by varying the synthesis pro-
cess. Among these, the B-phase has ferroelectric properties.
In the case of its copolymer, P(VDF-TrFE), the p-phase being
inherently present gives it a ferroelectric nature [24-27].
The high dielectric constant of (P(VDF-TrFE) 70/30 mol%)
makes it a good choice as EMI shielding material.

Another viable novel approach is using magnetic ionic
liquids (MILs) in the polymer matrix having MWCNTs.
MILs are room temperature ionic liquids (RTILs) and
obtained by the incorporation of a paramagnetic component
as either the cation or anion in the IL structure [28, 29].
MILs are attracting much attention over the conventional ILs
due to their ability to exhibit permanent magnetic response
to an external magnetic field without the need of further
adding magnetic particles as the magnetic properties origi-
nate either from the anion or cation or from both [30-32].
The magnetic, electrical, mechanical and electromechanical
properties of MILs have been enlisted in an earlier study
[33]. These MILs can be used as alternative to magnetic
fillers as they have the added advantage of enhancing the
mobile charge carrier density (and thereby conductivity) of
the material along with the magnetic losses. Kowsari et al.
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[34] have reported MIL (1-methylimidazolium tetrachloro-
ferrate) conducting GO/epoxy resin composites and found
the SE to be ~ 25.21 dB in X-band.

The main focus of this work is to develop a class of
MIL based polymer composites using the host matrix of
P(VDF-TrFE) dispersed with f-MWCNTs. EMI shielding
materials based on (Poly(vinylidene fluoride-trifluoroethylene)
P(VDF-TrFE)/f-MWCNTs/1-butyl-3-methylimidazolium
tetrachloroferrate ([Bmim][FeCl,])) have been synthesized
and characterized. With the addition of f-MWCNTs in the
pristine P(VDF-TrFE), conductivity as high as 0.65 S.cm™!
has been achieved which is credited to the formation of the
connecting pathways by the f-MWCNTs and large interfacial
area between the host matrix and the f-MWCNTs. The incor-
poration of MIL in the above polymer composite imparts it
the following properties; (i) provides additional free charge
carriers for conduction, (ii) improves magnetic losses, and
(iii) enhances the porosity (leading to multiple scattering
of EM waves). Here, the addition of 20 wt% of MIL in the
polymer composite has given a total shielding effectiveness
(SEp) of ~ 34 dB in X-band (corresponding to maximum
absorption loss (~24 dB)). This enhancement in SE can be
attributed to the magnetic losses, multiple reflection losses,
and dielectric losses.

Experimental section
Preparation of functionalized MWCNTs

Acid treatment has been used for the surface modification
of the pristine MWCNTSs (50-90 nm diameter and >95%
carbon basis, procured from Sigma Aldrich, USA). Oxygen
containing groups (viz., carboxyl groups) have been intro-
duced onto the surfaces of pristine MWCNTs. Initially, the
pristine MWCNTs (1.0 g) have been taken in a glass plate
and added to a 200ml solution of nitro-sulfuric acid [(3:1
ratio (v:v) mixture of H,SO, (98%)/HNO; (68%)]. There-
after, the above solution has been ultrasonicated (at 40 °C)
for 3 h. Then, the mixture has been filtered and washed with
deionized water (4-5 times) till a pH of ~7 is attained. The
obtained product has been dried in a vacuum oven at 70 °C
for 24 h. Finally, functionalized MWCNTs (f-MWCNTs)
have been obtained. The schematic representation of the
above functionalization process has been shown in Fig. 1.

Synthesis of polymer composites

Polymer composites have been prepared using the solution
cast technique. In this technique, first, the polymer (P(VDF-
TrFE), 70:30 mol in powder form procured from Sigma
Aldrich, USA) has been dissolved in acetone at 45 °C and
then continuously stirred for 6 h using a magnetic stirrer. The
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Fig.1 Schematic of surface mod- [
ification of pristine MWCNTs

H,SO,/HNO;
(3:1/v:v, 200 ml)

Washed and dried

Pristine MWCNTs

f-MWCNTs dispersed in acetone are then ultrasonicated for
1 h before adding to the polymer solution. This mixture is
again stirred for 6 h at 45 °C. The resulting solution is then
poured into Petri dishes. The solvent evaporates at room tem-
perature in a few days and a dry film is obtained. The opti-
mized weight% of P(VDF-TrFE):f-MWCNTs has been found
to be 1:5 corresponding to the highest EMI shielding property.

In this optimized P(VDF-TrFE):f-MWCNTs mixture,
now different amounts (10, 20, and 30 wt%) of the mag-
netic ionic liquid (1-butyl-3-methylimidazolium tetrachloro-
ferrate) [Bmim][FeCl,] (purity >98.0%, My, ~336.88 g
mol~!, purchased from TCI Chemicals (India) Pvt. Ltd) has
been added. This mixture has been stirred for 4 h at 45 °C.
Like above, the obtained solution has been poured into Petri
dishes and left to dry for 3-4 days at room temperature.

Before characterization of the prepared films, they have
been vacuum dried at 1073 torr for 4-5 days to remove traces
of moisture/solvent giving free-standing flexible films. The
schematic of the entire procedure is shown in Fig. 2. Also,
the codes for the prepared samples along with their respec-
tive composition are given in Table 1.

It is to be noted that due to the following two reasons, the
MIL remains confined in the polymer matrix: (i) MILs are
known to have very high viscosity which helps in containing
them within the pores and (ii) when MIL enters the pores,
electrostatic interactions occur between the MIL’s ions and
the polymeric matrix dispersed with f-MWCNT attributed
to the presence of charges in its structure and ease of forma-
tion of hydrogen bond (due to the presence of OH™ groups
and H terminations) and n-& interactions (i.e., cyclic struc-
ture and double bonds) [35].

Characterization

Powder XRD data has been obtained using Shimadzu D8
DISCOVER X-ray diffractometer. Raman-scattering meas-
urements have been done (at room temperature) using a Ren-
ishaw micro-Raman system with a grating of 2400 lines/
mm. Fourier transform infrared (FTIR) spectra have been

40°C, 3 hours

in vacuum oven

f-MWCNTs

recorded in transmission mode using PerkinElmer FTIR
infrared spectrometer in the range 4000-400 cm™! having
resolution 2 cm™! to investigate the nature of the chemical
bonds. Magnetic studies of the MIL and composite films
have been investigated (at room temperature) using Vibrat-
ing Sample Magnetometer (VSM) (The Microsens ADE-
Model EV9) in an external field up to 1 kOe. The surface
morphology of the P(VDF-TrFE)/f-MWCNTs/[Bmim]
[FeCl,] films has been obtained with a Scanning Electron
Microscope (SEM, JEOL, JSM 5600) operated at acceler-
ating voltage between 10 and 30 kV. Thermal studies of
the polymer composites have been done in N, atmosphere
(at heating rate 10 °C/min) by using Thermo Gravimetric
Analysis (TGA) equipment from Perkin Elmer. The ionic
conductivity has been determined using Electrochemi-
cal Impedance Spectroscopy (EIS) measurements at room
temperature. To investigate the electromagnetic shield-
ing parameters, dielectric studies, and magnetic studies in
the X-band (8.2-12.4 GHz) at room temperature, Agilent
E8362B Vector Network Analyzer has been used. To obtain
the EMI shielding parameters and dielectric properties,
rectangular strips of polymer composites films have been
placed inside the sample holder with dimensions 28 mm x
13 mm x 2.6 mm (length x width x thickness).

Results and discussion

Structural studies and surface morphology
of MWCNTs and f-MWCNTs

Figure 3i shows the XRD profiles of pristine MWCNTs and
f-MWCNTs. In Fig. 3i, the characteristic peaks for pristine
MWCNTs have been observed at 25.99° [002], 43.03° [100]
and 54.40° [004] while these peaks appear at 25.44° [002],
43.30° [100] and 54.22° [004], respectively, for -MWCNTSs
[36, 37]. The diffraction peaks at 25.9° and at 25.4° both cor-
respond to pristine MWCNTs and -MWCNTSs exhibiting the
hexagonal graphite structure [38]. This observation shows
that although the acid treatment of pristine MWCNTSs does
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Ultrasonication
for 1 h
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P(VDE-TrFE)

P(VDF-TrFE)
in solvent

Fig. 2 Fabrication steps for obtaining composite films

not change its nanotube like structure [38], it does enhance
the peak intensity in f-MWCNTs. This increase in inten-
sity shows a highly graphitized (crystalline) structure of the
f-MWCNTs as reported earlier [39].

Figure 3iia-b show the surface morphology of acid-
treated MWCNTs along with pristine MWCNTs. It can be
seen that acid treatment has resulted in the f-MWCNTSs hav-
ing nanotubes which are randomly and loosely entangled
while the pristine MWCNTSs have a higher level of aggrega-
tion. Additionally, the morphology of functionalized MWC-
NTs is found to remain intact even after acid treatment.

'

& Magnetic ionic liquid

Mixing

B -MWCNTs dispersed
~ in solvent

L8

[Bmim]*  [FeCl,]

PFEStM20MIL

To know the possible conformational changes and to
confirm the attachment of functional groups at the surface
of MWCNTs, FTIR has been used. The FTIR spectra of
(a) MWCNTs and (b) -MWCNTs have shown in Fig. 3iii.
The band at 1745 cm™! corresponds to the C= O stretching
vibration of -COOH, curve (b), which confirms that the
—COOH groups were attached with MWCNTs. The peak
at 3423 cm™ ! is ascribed to the —OH stretching of -COOH
groups, present on the nanotube surface [40]. The presence
of the above functional groups at the surface of -MWCNTs
confirms the surface modification of MWCNTs.

Table 1 Compositions of the

Sample Name Polymer composites Weight ratio
P(VDF-TrFE)/f-MWCNTs/MIL
composites system P(VDE-TrFE) P(VDE-TrFE) 100
PFE5fM P(VDF-TrFE):f-MWCMTs 95+5
[1:0.05]
PFE5fM10MIL P(VDF-TrFE):f-MWCNTs:[Bmim][FeCl,] 85.7+4.3+10
[(1:0.05)+ 10 wt%]
PFE5fM20MIL P(VDF-TrFE):f-MWCNTs:[Bmim][FeCl,] [(1:0.05) +20 wt%] 76.2+3.8+20
PFE5fM30MIL P(VDF-TrFE):f-MWCNTs:[Bmim][FeCl,] [(1:0.05) +30 wt%] 66.7+3.3+30
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Fig.3 i XRD, ii SEM images, iii FTIR study, and iv Raman spectra of pristine MWCNTSs and f-MWCNTSs

The Raman spectra of the pristine MWCNTs and -MWC-
NTs are shown in Fig. 3iv. The characteristic peaks located at
~1356 cm™! (D-band), ~1582 cm™' (G-band), ~2454 cm™!
(D’-band) and ~2707 cm™' (G’-band) of pristine MWCNTs
are seen in Fig. 3iva. The D band indicates the amorphous

nature of carbon which may be due to the structural defects/
vacancy present in the graphitic structure. The stretching
in the graphitic plane which leads to tangential shear mode
of carbon atoms is reflected in the G-band [41-43] whose
strength is either due to the amount of disordered graphite or

Table 2 Assignment of the vibrational modes of P(VDF-TrFE), [Bmim][FeCl,] and polymer composites

Wavenumber (cm™ )

Mode of vibration

P(VDF-TrFE) [Bmim][FeCl,]

PFESfM PFESfM10MIL PFESfM20MIL PFESfM30MIL

Aromatic C-H vibrations of
[Bmim]* cations

Aliphatic C-H vibrations of
[Bmim]* cations

CF, symmetric stretching

CF, anti-symmetric stretching,

CH, rocking

CH, wagging, C-C stretching

CH, rocking, CF, anti symmetric
stretching

CH, scissoring, C-C stretching,
CF, symmetric stretching

CH, wagging, C-C stretching
C-C and C-N bending vibra-

tions in [Bmim][FeCl,]

840
880

1076
1165

1283

1402

619, 647, 1162, 3148 -

831,740,1462, 2961, 2934 -

- 840
- 879

- 1075
1167

- 1282

- 1398
1563 -

738, 1452

840
878

1075
1168

1282

1398
1565

738, 1458

840
879

1076
1163

1282

1398
1566

738,1461

840
879

1075
1162

1282

1398
1563
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the conjugation disruption in the graphene sheet [44]. After
the functionalization of MWCNTSs, the position of the bands
(D, G, D’, and G’) is shifted towards higher wave numbers
(~2-3 cm™!) as shown in Fig. 3ivb. This shift may be due to
the breaking of bonds and/or attached chemical groups which
can lead to defects in the structure. These observed shifts in
bands once again, confirm that the oxidation groups do not
damage the graphitic structure of MWCNTSs [45, 46] on func-
tionalization. Also, for quantification of disorder in the struc-
ture, the intensity ratio of the D and G bands (Ip/I;, i.e., R)
has been calculated and given later in Table 2. This value of
R is less for MWCNTSs in comparison to the f-MWCNTSs. The
obtained value of R confirms that covalent functionalization
results in higher structural defects in the f-MWCNTSs.

Structural studies and surface morphology
of composite films

XRD studies

Figure 4 shows the XRD patterns of different composite
films. In Fig. 4a, the prominent peaks of polymer P(VDF-
TrFE) appear at 19.5° [110/220], 34.48° [001], and 40.53°
[201] overriding a broad halo in the range 10°-45° which
are associated with the B-phase of the polymer [47]. The
addition of f-MWCNTs in the P(VDF-TrFE) matrix shows
a slight reduction in the intensity of all the peaks along with
the appearance of a new peak at 26~27.2° [002], a signature
of f-MWCNTs. The minor shift in diffraction peaks may be
due to the complex formation between the P(VDF-TrFE)
and f-MWCNTs, Fig. 4b-e. Further, with the incorporation
of MIL in the PFESfM film, an additional new peak is seen
at 20 ~29.45° (JCPDS file No. 00-001-1059) (which is of
FeCl;) and marked by “*’ in Fig. 4c. However, on further

(e) PFESfM30MIL

(d) PFESfM20MIL

-
- NG SN (5

o (c) PFE5fM10MIL ,@»ﬁk (?z
>\ aA K / 5;'/“*} 2
2 WA, 4 2 um
g (b) PFE5fM s =
- W

(a) P(VDF-TrFE)

W Y —

25 30 35 40
20 (degree)

Fig.4 XRD patterns of a P(VDF-TrFE), b PFE5fM, ¢ PFESfM-
10MIL, d PFESfM20MIL, and e PFESfM30MIL composite films
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(> 10 wt%) addition of MIL, this peak is found to disappear.
This observation can be corroborated with the SEM stud-
ies given below. On increasing the MIL content to 30 wt%,
there is an increase in the halo region and a reduction in the
crystalline peaks' intensity.

Morphological studies

Figure 5 shows that SEM images of pure P(VDF-TrFE),
PFESfM, and polymer composite films with different wt% of
MIL. Figure 5a shows the pristine polymer film with voids.
The addition of f-MWCNTs to the polymer, Fig. 5b, shows
uniform dispersion of the nanotubes (due to ultrasonication
before dispersion) as well as enhancement in the voids’ size
in the composite films. The f-MWCNTs are seen to be com-
pletely wrapped by the polymer. Further, on the introduc-
tion of MIL to the polymer composite, Fig. 5c-e, it can see
that the voids is maximum for 30 wt% of MIL content and
minimum for 20 wt%. It is worth mentioning that the cubes
observed in the PFESfM10MIL polymer composite (Fig. 5c)
are that of FeCl; whose signature is also seen in the XRD
pattern (marked by *). The FeCl; formation is attributed to
the reduction of the MIL's anions.

The porosity of the polymer composites has been
measured by BET technique. Worth noting is the fact that
although the pore size is minimum for 20 wt% of MIL,
Fig. 5d, the pore area is maximum for this composition (as
listed in Table 3). These observations of surface morphology
and porosity have resulted in enhanced EMI shielding by
films with 20 wt% of MIL which is explained below in detail
in the Section of electrical and shielding studies. When MIL
is added to the polymer composite system, the molecules
of MIL can either get attached at the pore openings or at
the surface considerably changing (decreasing/increasing)
the pore parameters like surface area, volumes, etc. of the
porous material [48].

FTIR analysis

The ATR spectra of pure [Bmim][FeCl,], P(VDF-TrFE),
PFES5fM and PFE5fM + x wt% MIL (where, x =10, 20,
and 30) have shown in Fig. 6i-ii. Figure 6i shows the ATR
spectra of pure MIL and its characteristic vibrations whose
assignments are listed in Table 4 [49, 50]. Figure 6ii shows
the ATR spectra of pure P(VDF-TrFE) and its composites.
The vibrational bands at 840 cm™', 880 cm™', 1076 cm™',
1165 cm™!, 1283 cm™" and 1402 cm™! correspond to the
p-phase of P(VDF-TrFE) [51]. With the addition of f-MWC-
NTs, few p-phase related bands get shifted and become
intense. This may be due to the interaction between f-MWC-
NTs and P(VDF-TrFE) (as already discussed in XRD and
SEM).
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Fig.5 Surface morphology of polymer composites

The incorporation of MIL (in varying amounts) in the  (by ~2-3 cm™!) with increasing content of MIL in the poly-
polymer composite is shown in Fig. 6iic, 6iid, & 6iie. The =~ mer composite. This shift and their corresponding higher
MIL related bands get shifted towards lower wavenumbers  intensity is due to the interaction between the MIL and the
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Table 3 Raman peaks of polymer composites and intensity ratio Ip/I

Samples Position Position Value of R (Ip/I)
of D-band of G-band
(cm™") (cm™")
MWCNTs 1356 1582 0.132
f-MWCNTs 1359 1583 0.133
PFE5fM 1353 1585 0.256
PFESfMIOMIL 1359 1583 0.060
PFESfM20MIL 1359 1584 0.120
PFESfM30MIL 1357 1584 0.136

P(VDF-TrFE). Also, the band related to the 3-phase of the
polymer shifts to lower wavenumbers (listed in Table 4) and
becomes prominent with increasing MIL content.

Additionally, some of the characteristic peaks of pure
MIL at 619 cm™', 647 cm™', 831 cm™"', 1105 cm™' and
1162 cm™! disappear on increasing the MIL content in the
polymer composite. This may be due to the complexation
between the polymer, f-MWCNTs and MIL [52]. The com-
plexation of f-MWCNTSs and the cations/anions of MIL with
the polymer backbone is schematically shown in Fig. 7.

Raman studies

Figure 8 shows the Raman peaks of the polymer compos-
ites. It is seen that for all the polymer composites contain-
ing MIL, the G band shifts towards higher wave number
side compared to that of f-MWCNTs while the D band shift

) 0
. =]
=) =
© 5
~ !
@ 3
e
o
© NS
e
=
E o)
o -
@ € ©
- -
©
—
= —— [BMIM][FeCl,]
/2
T A T T T T T T T
3200 3000 2000 1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm™)

towards the lower wave number side (in Table 2). The shift-
ing of both the D and the G band in the Raman spectra is
attributed to the wrapped polymer-MIL complex on the
nanotube surface. This has been seen in the SEM images
also as discussed earlier. Also, the shift in the G band can
be due to a change in the amount and type of chemical
groups attached to the functionalized MWCNTSs surface
which changes the electronic structure of the f-MWCNTs
[53]. The complexation between the MIL, f-MWCNTs and
polymer matrix can affect the density of electronic states of
f-MWCNTs hence requiring higher energy for vibrations
resulting in Raman peaks at higher frequency [54, 55].

On addition of 5 wt% of f-MWCNTs in the polymer
matrix, the value of R increases as disorder (amorphous
region) in the composite increases which is evidenced in
SEM also (Fig. 5b) [56]. However, a drop in R value has
been seen on the addition of 10 wt% of MIL in PFESfM
polymer composite which is indicative of enhancement
in crystallinity in these films attributed to the formation
of FeCl, crystals explained above in XRD and SEM sec-
tions, Figs. 4c and 5c. On further increasing the MIL con-
tent (> 10 wt%) in the composite, the value of R (Table 2)
again increases because of increased amorphicity (rein-
forced by XRD and SEM, Figs. 4d-e and 5d-e. Also, new
peaks are seen at 112 cm™!(Fe-Cl symmetric vibration) and
334.62 cm™! (Fe-Cl symmetric stretch) which are the signa-
tures of FeCl,™ anions of the MIL [34, 57].

The above obtained results on the polymer composites
using XRD, SEM, FTIR, and RAMAN studies are in conso-
nance with each other and further studies given below will
throw light on their effective role as EMI shield material.

Transmittance (a.u.)

1 5I00 1 3I50 1 2I00 1 0I50 960 760
Wavenumber (cm™)

1800 1650

Fig.6 ATR spectra of i pure [Bmim][FeCl,] and ii a P(VDF-TrFE) b PFE5fM, ¢ PFE5fM10MIL, d PFESfM20MIL, and e PFESfM30MIL
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Table 4 Porosity measurements

Sample Pore diameter (nm) Pore area (m*/g)
PFESfM 4.04 0.42
PFE5SfM10MIL 7.38 1.85
PFESfM20MIL 5.13 2.50
PFESfM30MIL 16.93 0.26
Conductivity

Figure 9 shows the room temperature (300 K) conductivity of
the polymer composites with MIL incorporated in different
wt% (i.e., x wt%, where x =10, 20, and 30). The conductivity
varies with MIL content, being maximum for 20 wt% of MIL.
It should be noted that the polymer composite films on addi-
tion of MIL become mixed, i.e., electron (due to MWCNTS)
plus ion (due to MIL) conductors [58]. Liu et al. [59] and De
Volder MFL et al. [60] have reported the electrical conductiv-
ity of pristine MWCNT to be ~ 8 x 10® S/cm. The polymer
composite film with 5 wt% of -MWCNTs without MIL shows
conductivity of ~0.65 mS/cm due to the formation of conduct-
ing network by f-MWCNTs in polymer matrix. After the addi-
tion of 10 wt% of MIL in the composite (PFESfM), conductiv-
ity slightly decreases (~0.52 mS/cm) at ambient temperature
due to plasticization effect of MIL (which is also reflected in
XRD and SEM) which restricts the polymer chain motion

Mixing

i

f-MWCNTs

P(VDF-TtFE)

Polymer composite film

’:T (d) J J AA/

)

2 (c)—————AN\

Qg

E (b\ A v ‘J .A.,
D-band G-band

100 200 300 400 1000 1500 2000 2500
Raman shift (cm™)

Fig.8 Raman spectra of a PFE5fM, b PFESfM10MIL, ¢ PFE5fM-
20MIL, and d PFE5fM30MIL

thereby restricting charge carrier movement. On the incorpo-
ration of 20 wt% of MIL to the PFESfM, the conductivity is
found to be maximum (~1.77 mS/cm) as a large number of
ions of the MIL become available for conduction. However,
on the addition of 30 wt% of MIL to the polymer composite,
the conductivity slightly reduces (~1.24 mS/cm) as the con-
necting pathway for the charge carriers gets disrupted due to
the enhanced pore size of this composite (Fig. Se) [61].

Magnetic Ionic Liquid
([(BMIM][FeCl,])

@ BMIM™ cation
O FeCl, anion

Fig.7 Schematic representation of interaction of f-MWCNTs and the cations/anions of MIL with the polymer backbone
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Fig.9 Conductivity of polymer composites with varying amount of
MIL (at room temperature)

TGA studies

Figure 10 shows the TGA curves of the P(VDF-TrFE), PFESfM,
and PFESfM +x wt% MIL (where, x=10, 20, and 30). The
thermal stability of pristine P(VDF-TrFE) is upto ~410 °C. On
the incorporation of f-MWCNTSs, the thermal stability further
increases to ~430 °C. However, with the introduction of MIL
in the PFESfM composite, the thermal stability decreases to
~350 °C due to the change in the microstructure of the films as
MIL addition increases the porosity of the films, destroying the
crystalline nature leading to an earlier onset of melting.

All the prepared samples are thermally stable up to
~350 °C which is sufficient for practical applications.

Worth mentioning is the fact that the weight loss at each
step in the multi-component system has not been assigned
to individual components as the constituents of the polymer

100
—_~
X s0{ ——P(VDF-TIFE) (b)
~ —— PFE5M
2 —— PFE5fM10MIL
O 60{ —— PFE5M20MIL
= —— PFE5fM30MIL (&)
<)
‘D 404
20+
0

160 260 3('JO 4(')0 560 6(')0 700
Temperature (°C)

Fig. 10 TGA plots of a P(VdF-TrFE), b PFE5fM, ¢ PFE5fM10MIL,
d PFE5fM20MIL, and e PFESfM30MIL
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composites have varying interactions with each other thereby
making it speculative to interpret precisely.

VSM study

Figure 11 shows the magnetic properties of pure MIL,
[Bmim][FeCl,] (inset of Fig. 11) and its composites having
different wt% of MIL (10, 20, and 30) (at room tempera-
ture). As seen in the inset, the MIL exhibits a linear varia-
tion of magnetization with the magnetic field confirming its
paramagnetic nature [62]. Similar linear behaviour has been
observed for the composite films (with varying MIL content
10-30 wt %). As the MIL content is increased, the satura-
tion magnetization also monotonically increases slightly.
Although, the obtained values of saturation magnetization
(My) are low, they are sufficient to contribute to the EMI
shielding effectiveness in terms of magnetic losses.

Electrical and shielding studies

Complex permittivity (¢*) and permeability (u*) of polymer
composite films are written as

e =¢ —ie ¢))

and p* =y —iy” 2

where, ¢/, 4’ and €”, u", respectively, are storage and loss
capability of electric and magnetic energy.

Figure 12i-ii show the frequency dependence of the die-
lectric constant and dielectric loss of the composite films in
the X-band (at 300 K). The dielectric constant is found to
be high with 5 wt% f-MWCNTs as compared to the pristine
P(VAF-TrFE) as shown in Fig. 12i. This high value of the
dielectric constant may be due to the formation of many
micro-capacitors between the MWCNTSs and the polymer
[58]. On incorporation of MIL (10, 20 and 30 wt%) in the
polymer composite (PFESfM), the dielectric constant further
increases and is found to be maximum (~228) for PFE5SfM-
20MIL composite. This enhancement in dielectric constant
is attributed to large number of MIL's immobile anions/cati-
ons (stored charges) attached to the polymer backbone which
do not contribute to the electrical conduction [63]. Conse-
quently, the dielectric loss as well as electrical conductivity
reduce as shown in Fig. 12ii & Fig. 14i.

In the polymer composites with and without MIL, dielec-
tric losses (in high and low frequency region) are attributed
to the dipolar relaxation and interfacial polarization. Also,
the linear behaviour of the dielectric loss at low frequencies
in the above polymer composites may be due to conduction
of free electrons present at the f-MWCNTS' surface [64, 65].

Figure 13i-ii show the frequency dependence of the real
(1) and imaginary (u") parts of the complex permeability.
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Fig. 11 Magnetization curves of
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The p' and p” of PFESfM composite without MIL is less
than 1 which indicates that this composite has minimal
magnetic loss. On incorporation of MIL in PFE5fM, the
values of u' further decreases while 1" increases as shown
in Fig. 13i-ii, respectively. The minimum value of permea-
bility has been obtained for mid-composition, i.e., 20 wt%
loading of MIL in the polymer composite (viz., PFESfM-
20MIL). Although sufficient number of magnetic dipoles
are available in this system, the microstructural changes
observed (as already discussed in SEM and XRD) obstruct
their alignment thereby reducing the permeability.

The effect of incorporating MIL in the PFESfM is rise
in p' above unity (at low frequencies) along with a slight

=}

=}

—=—P(VDF-TIFE) —e— (a) PFE5fM
—a— (b) PFE5M10MIL
—v— (c) PFE5fM20MIL

—e— (d) PFESfM30MIL

(¢)
gs88388

Dielectric constant (¢
R

L et ene L T O

8.5010°9.0x10°3.5x10"1.0x10".1x10'Y.1x10'. 1x10 2010

Frequency(Hz)

150

50 _-MWWW

Dielectric constant (&)

1
-5x10°

[&]

Dielectri

N T T T T T 4 T N T T T T T 4
8.5x10% 9.0x10% 9.5x10% 1.0x10"°1.1x10"°1.1x10"°1.1x10"°1.2x10"

Frequency(Hz)

1
0 5x10°

Magnetic field (Oe)

1x10*

increase in W is slightly increased above zero in the entire
frequency range. This magnetic loss (1”) may be a combined
effect of the motion of magnetic domains, eddy current
losses and natural resonance of ferromagnetic materials [66].

As the microwave absorption by a shield material is due
to the dielectric and magnetic losses being complimentary
[67-69], the high dielectric constant and high magnetic
losses of PFESfM20MIL should lead to high microwave
absorption in this composite film.

Figure 14i shows the frequency dependent electrical con-
ductivity of the composite films at 300 K. Being an insu-
lator, the electrical conductivity of pristine P(VDF-TrFE)
obtained is ~107°-1071° S.cm™!. On dispersion of 5 wt% of

350 17—
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Fig. 12 i Dielectric constant and ii Dielectric loss of P(VDF-TrFE) and its composites
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f-MWCNTs, the electrical conductivity increases due to the
electrons present in the nanotubes. On the incorporation of
10 wt% of MIL in the PFESfM system, the electrical conduc-
tivity further increases. This is due to the anions/cations of the
MIL which make the polymer composites mixed (ion + elec-
tron) conductors. However, on addition of 20 wt% of MIL, the
conductivity is found to reduce. Microstructure and porosity
studies described above indicate at a porous structure with
large area for this composition to which this decrement in
conductivity is assigned to. The electrical conductivity (c,.)
has been calculated using the following relation;

_ "
Ou = WEYE

3

As seen in this equation, the electrical conductivity depends
on the frequency as well as dielectric properties of the mate-
rial which are being tailored in this study.

A broad peak/hump observed at around 1.05 to 1.18 GHz
in all the polymer composites (as shown in Figs. 12 and

12

(i) —a— P(VDF-TrFE)
—e— PFESM
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Frequency(Hz)

13), indicates a resonance behaviour which is expected when
the composite films are highly conducting and skin effect
becomes significant [34].

Another parameter which needs to be taken into considera-
tion while designing a microwave shield is the skin depth. The
skin depth (6) has been determined using the following equation,

0.5
5=(—2
H @00

Where, o, 6,,, and ', respectively, are the angular fre-
quency, total electrical conductivity, and relative permeability
of the sample. For PFE5fM, a sample with no MIL but elec-
tronic conduction, the skin depth is very small. On addition
10 and 30 wt% of MIL to the polymer composite, the value of
skin depth does not change much as the conductivity is due
to both electrons and ions in these systems. The skin depth is
found to be maximum (~ 18.38 pm) for PFESfM20MIL poly-

mer composite at 8.2 GHz frequency (as both the conductivity
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Fig. 14 i Frequency dependent conductivity ii Skin depth of P(VDF-TrFE) and its composites
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Fig. 15 Schematic representation of EMI shielding mechanism in porous polymer composite film

as well as permeability (u') decrease here). The variation in
skin depth with frequency is shown in Fig. 14ii.

EMI shielding performance and mechanism

Shielding effectiveness (SE) is the ability of shielding material
to shield against external EM wave and is evaluated using the
equation given below;

% Pin
SE*p = 10 log 7 o)

out

In this equation, P;, and P, are the power (electrical field
strength) of the incident and transmitted EM waves, respec-
tively. The overall shielding effectiveness (SEr) in terms of
reflection loss (SEg), absorption loss (SE,), and multiple

reflection loss (SE,y) is given by the equation;

SE; = (SEg + SE, + SEyz)(dB) (©6)

Multiple reflection becomes insignificant and is generally
neglected when the absorption loss (SE,) is greater than 10

dB. Multiple reflection also depends on the skin depth (and
hence thickness) of the shield materials. It is well known that
multiple reflected waves can be absorbed by the shield mate-
rial whose thickness is greater than skin depth (t> o) [70].

Electromagnetic parameters (S-parameters) are associated
with the reflectance (R = IS,I* = IS,,I?), transmittance (T =
IS,,I* =1S,,?) and absorbance (A = 1-R-T). These electromag-
netic parameters have been obtained experimentally using the
Vector Network Analyzer in the X-band.

The total EMI shielding has been calculated adding the con-
tributions of reflection (SEy) and absorption (SE,) by using
the equations;

SE;, =—10log(l — R)

@)

SE,

—lOlog(%) 8)

Generally, electromagnetic (EM) radiation is reflected from
conducting materials and the extent of reflection depends on
the electrical conductivity and morphology of shield mate-
rial whereas the absorption of EM waves can be controlled
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Fig. 16 EMI SE of the polymer composite with different wt % of MIL in X-band (8.2-12.4 GHz)
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by the magnetic and dielectric properties of the shield mate-
rials. In porous polymer composites, the various interfaces
provide different conducting paths to the charge carriers due
to the heterogeneity in the materials. These interfaces give
rise to multiple-reflections thereby improving the microwave
attenuation of EM waves. These porous structures increase
the path of EM wave propagation in the material contribut-
ing to high EM wave absorption [71]. With changing wt%
of MIL, the pores’ size and area in the films change too
which has been confirmed by BET measurement (as dis-
cussed above).

In brief, EMI shielding comprises of reflection loss gen-
erated on the surface of the shield material, absorption loss
generated inside the shield material and multiple reflection
loss generated between interfaces.

The schematic description of electromagnetic wave travel-
ling across a porous polymer composite is shown in Fig. 15.

Figure 16i-iii represent the SEy, SE,, and SE of the com-
posite films in the X-band (8.2-12.4 GHz). In consonance
with the dielectric constant, magnetic loss and conductivity
observations given above, maximum shielding effectiveness
had been obtained in PFESfM20MIL (SE, ~ 24 dB and SEy
~10 dB at a frequency of 1.23 GHz). Worth noting is the fact
that the SE, values are much higher than SE; values as seen
in Fig. 16i-ii which was aimed at in this study, i.e., absorption
was the dominant factor in the shielding mechanism. Also,
due to the porous structure of the films, multiple reflection
also plays an important role in enhancing the SE} along with
the factors mentioned above.

Figure 17 shows the conductivity and total EMI shielding
effectiveness of the polymer composites with and without MIL.
In PFESfM20MIL composite film, as the pore area increases,
the conductivity decreases due to connecting network being
hindered. This enhanced pore area facilitates multiple reflection
which ultimately enhances the SE. On the addition of 30 wt%

@ Springer

of MIL in the polymer composite, while the pore size increases
yet the conductivity also increases due to large number of ani-
ons/cations of the MIL. The decrement in the magnetic losses
in this film decreases the EMI shielding capability.

Conclusion

In this paper, a shielding material with only three constitu-
ents { P(VDF-TrFE), f-MWCNTs and MIL} which is flexible,
lightweight and a good microwave absorber in the X-band
(8.2-12.4 GHz) has been reported. Here, the magnetic ionic
liquid besides being responsible for the enhanced magnetic
loss also becomes a source for ionic charge carriers (thereby
reducing the need for adding another salt or ionic liquid for
conductivity modification). Most studies reported on poly-
mer composites as EMI shields have constituents more than
three making their synthesis tedious and expensive. This has
been taken care of by the dual role played by the magnetic
ionic liquid. Also, the porosity introduced due to the incor-
poration of MIL in polymer composites results in increased
skin depth. All these features add up to give a shield material
with maximum SE; ~34 dB (PFE5f{M20MIL).
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