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Abstract

Magnetic and electrically conductive polymeric nanocomposites were fabricated using polystyrene (PS) as matrix, Nickel
Ferrites (NiFe) as magnetic nanofiller and polyaniline (PANI) as electrically conductive nanofiller. Electromagnetic interfer-
ence (EMI) shielding and infrared (IR) blocking are the main application of these nanocomposites. PANI and NiFe were
successfully prepared by chemical and co-precipitation methods respectively. The successful fabrication of nanofillers was
confirmed by the X-ray diffraction technique. DC conductivity and dielectric properties were first analyzed and a huge
increase in both dielectric constant and DC conductivity was observed. Dielectric Constant seemed to be increased from
2.2 for PS to 5.5 for PS/PANI/NiFe composite. For the measurement of EMI shielding effectiveness (SE), Vector Network
Analyzer was used in 0.1-20 GHz frequency range. IR spectroscopy was used to measure IR transmission in near-infrared
(NIR) region of 700-2500 nm wavelength range. PS film is transparent for both NIR waves and microwaves, by observing
almost 90% transmission in the NIR range and about — 3 dB SE in the microwave region. IR transmission reduces to less
than 0.5% for PS/PANI/NiFe composite in the whole NIR range. Also, in the microwave region, — 3 dB shielding enhanced

to less than —35 dB in a broad range of frequency from 0.1 to 20 GHz.
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1 Introduction

Nowadays the problem of electromagnetic interference
(EMI) has increased very rapidly due to excessive use of
electronic equipment’s like electronic and telecommunica-
tion devices in different applications e.g. satellite broad-
cast systems (11.5-12.1 GHz), radar (12.3-18.1 GHz), LAN
systems (2.43, 4.9, 19, 21, 60 GHz) and mobile phones
(0.7-1.6 GHz) [1-3]. These cause serious health issues
on the person working in the surrounding of equipment
emitting EM wave. Different materials have been used
for EMI shielding. These materials could be reflective and
absorbing like carbon nanotubes (CNT), graphene, metal-
licand non-metallic. Intrinsically conducting polymers like

polyaniline (PANI), polypyrrole (PPy) and polythiophene
are also used as shielding materials. These materials are
lightweight, easily processable and are of low cost [4].
Among all these materials PANI is the most widely
used material due to its low cost, high conductivity, and
easy processability. Due to poor mechanical properties
of polyaniline, it is blended with different polymers like
thermoplastic polyurethane (TPU), Styrene-Butadiene
rubber (SBR), Nitrile rubber (NR) and Polyvinyl chloride
(PVC) [5-9]. The PVC/PANI composites and blends showed
higher conductivity when exposed to UV radiation [8].
These films are used in strain sensors, EMI shielding, cor-
rosion-resistant devices, and chemical sensor applications.
Polyaniline (PANI)/Graphene (GN) nanocomposites were
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prepared through the in-situ polymerization method. By
increasing the graphene content EMI shielding effective-
ness increased. These are used as lightweight materials in
electronic devices to protect from radiations [10]. PANI in
combination with PVC, PS and other thermoplastic pol-
ymers was used and observed very good EMI shielding
properties [6, 7, 11]

Conventionally, materials having good magnetic prop-
erties i.e. permeability, high saturation magnetization like
Co, Mn, Zn, and Ba ferrites were used as microwave absorb-
ing materials [1, 12-15]. The magnetic ferrites are mostly
used due to their low eddy current losses and high electri-
cal resistivity. Conducting polymers is used to shield the
waves generated from the electric source while the waves
generated from an electromagnetic source at a lower fre-
quency can be shielded effectively through the magnetic
source. Due to this reason, different composites were fab-
ricated from PANI and magnetic ferrites for EMI shielding
purposes [16]. Blend of PS and PANI were also fabricated
and found out to be very effective in the microwave region
[17]. Blends of Nickel spinel ferrites (NiFe) NiFe,O, and
polymethyl methacrylate (PMMA) crystals were made as
3D network structure 80-250 nm Pore diameter for EMI
shielding purpose through salt precipitation method. This
network structure has greater reflection loss as compared
to NiFe nanoparticles with the lightweight property as EMI
shielding materials [18]. Barium ferrite and graphite were
incorporated into PANI to make a conductive composite
for EMI shielding purpose which shows shielding effective-
ness (—37.1 dB) in X-band (8.2-12.4 GHz) range depends
on dielectric loss [1].

During this research work, the nanocomposite based on
PANI, Nickel spinal Ferrite (NiFe) and polystyrene (PS) were
fabricated and characterized for EMI shielding application
in microwave (0.1-20 GHz) frequency region and also in
NIR (700-2500 nm) wavelength range. The initial assess-
ment was done by using electrical conductivity and dielec-
tric properties and then tested for EMI shielding by Vector
Network Analyzer (VNA) for the microwave region and IR
spectroscopy for the NIR region. VNA results showed less
than — 35 dB shielding effectiveness which is more than
99.9%. IR spectroscopy reveals that nanocomposite films
with a thickness of 0.25 mm showed less than 0.5% trans-
mission in the whole NIR region.

2 Materials

Aniline was purchased from Sigma-Aldrich of 99% purity,
Ammonium Persulfate (APS) was obtained from DAE-
JUNG-Korea, Nickel Nitrate, Iron Nitrate, Sodium Hydroxide
were also purchased from Sigma-Aldrich of 99% purity.
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Chloroform from Fisher chemicals UK and Polystyrene
were donated by Chawla enterprises Pakistan.

3 Experiment
3.1 Preparation of Nickel Ferrites

The co-precipitation method is used for the preparation of
Nickel Ferrite (NiFe) [19]. 0.1 M and 0.2 M solution of nickel
nitrate and iron nitrate were prepared and mixed together
at 80 °C temperature. Another 3 M solution of NaOH was
prepared and poured dropwise in the first solution keep-
ing the temperature at 80 °C with continuous stirring.
The color of the solution changed to dark brown and pre-
cipitates started to appear as the 1st drop of NaOH solu-
tion touched the salt solution. The solution then stirred
for 1 h at 80 °C and then for 24 h at room temperature to
complete the formation of precipitates. Stirring was then
turned off and give settling time to precipitates. Washed
with distilled water 5-6 times to get 7 pH of solution. Pre-
cipitates were then filtered and dried at 700 °C for 1 h. Cal-
cination was done in a muffle furnace at 850 °C for 6 h and
ground in a ball mill to get fine particle size. A flowchart is
shown in Fig. 1 for a better understanding of the prepara-
tion steps of NiFe particles.

3.2 Preparation of polyaniline (PANI)

The chemical oxidative method was adopted for the prep-
aration of electrically conductive “Emeraldine Salt” struc-
ture of polyaniline (PANI) [20]. Excessive formic acid was
used as a dopant and also reaction medium for the polym-
erization of aniline. 2.4 g of APS was dissolved in formic
acid at 50 °C then place in an ice bath to reduce its tem-
perature. The second solution of 1 ml of aniline in 25 ml of
formic acid also prepared and placed in an ice bath. After
achieving 0-5 °C temperature of both solutions, the APS
solution poured dropwise in aniline solution. The green-
ish color of PANI particles started to appear just after the
addition of APS solution and polymerization began. The
solution was stirred for 3 h for complete polymerization
and PANI precipitates formed and settled down at the bot-
tom of the beaker. After the formation of PANI precipitates,
it was filtered and vacuum dried at 300 mbar pressure and
80 °C for 16 h. A flowchart is shown in Fig. 2 for better
understanding the preparation steps of PANI particles.

3.3 Preparation of nanocomposite films
Nanocomposite films were fabricated using solution

casting method and chloroform was used as a solvent. PS
is dissolved in chloroform by stirring for one hour. PANI



SN Applied Sciences (2020) 2:706 | https://doi.org/10.1007/542452-020-2535-4

Research Article

Fig. 1 Preparation of Nickel
Ferrite

and NiFe particles were dispersed in chloroform sepa-
rately and sonicated for 2 h to avoid agglomeration of
particles. These three solutions mixed together in a way
to get the desired compositions of nanocomposite films.
Table 1 is showing the details of sample compositions.
The whole solution was stirred for 24 h, poured in a petri
dish, placed on horizontal surface and dried at ambient

condition for 5 h to get uniform thickness of the film and
then dried in vacuum at 50 °C and 300 mbar pressure
overnight to remove traces of solvent left. The complete
process is shown in Fig. 3. 250 to 300-micron film thick-
ness was achieved and it was measured by both microm-
eter screw-gauge and SEM (JEOL-instrument JSM-6490A)
shown in Fig. 4.
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Table 1 List of samples and their composition

Sampleno  Samplename  PSwt%  PANIwt%  NiFe wt%
1 S1 100 0 0
2 S2 90 10 0
3 S3 80 20 0
4 S4 90 0 10
5 S5 80 0 20
6 S6 60 20 20

Fig. 3 Preparation of nano-

composites

4 Results and discussion
4.1 X-ray diffraction

The x-ray diffraction technique was used for the confirma-
tion of the successful polymerization of PANI. PANI is semi-
crystalline in nature and 2 peaks appear in the XRD pattern
at 26=19°and 26=25° as shown in Fig. 5. These two peaks
are corresponding to the perpendicular and parallel poly-
mer chain periodicity [21, 22]. Similar results for PANI were
also found in the literature [2, 23-25]

Figure 6 shows the XRD pattern of NiFe nanoparticles.
Face centered cubic structure of NiFe was confirmed

2
2
o
T
~
<
o
=1
M
=
<
o
)

Stirring For
24 Hour$S

SN Applied Sciences

A SPRINGER NATURE journal



Research Article

SN Applied Sciences (2020) 2:706 | https://doi.org/10.1007/s42452-020-2535-4

Fig.4 Measurement of thickness of prepared samples by SEM
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Fig.5 X-ray diffraction pattern of polyaniline

through sharp peaks observed in the XRD pattern. It was
examined that no secondary phase peaks were noticed.
The sharp peaks appearing at 26=30.2°,35.7°,43.4°,57.4°,
and at 63° corresponds to (220), (311), (400), (511) and
(440) planes of the spinel ferrite crystal lattice as discussed
by T. Shanmugavel [14]. These values were matched with
the standard JCPDS data. Similar results were shown by
M Ali Ahmad and co. at temperature ranges from 500 to
1000 °C. Researchers showed that by increasing the tem-
perature, the size of nanoparticle and crystallinity also
increased. In addition, the samples which were heated at
400 and 500 °C showed superparamagnetic property but
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Fig.6 X-ray diffraction pattern of Nickel spinal Ferrites

at this temperature, some unstable phases also exist [19].
The same XRD results were also reported before [26].
Figure 7 shows the XRD pattern of prepared polymer
nanocomposite films. As PS is amorphous in nature and
no crystallinity can be found in its structure so its graph
doesn't exhibit any prominent peak. As 10 and 20 wt%
PANI is added in PS, characteristic single broad peak of
PANI appeared at its exact positions indicating that it's
only physically dispersed and there is no chemical inter-
action between both polymers, same is the case for S4
and S5. In sample S6, both PANI and NiFe were added in
20 wt%, both of their characteristics peaks appeared and
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Fig.7 X-ray diffraction pattern of polymer nanocomposites

neither a new peak appeared nor existing peaks disap-
peared confirming that their interaction is strictly physical
not chemical.

4.2 Scanning electron microscopy (SEM)

Nanostructure of prepared polymer nanocomposites
was observed by SEM (JEOL-instrument JSM-6490A).

X50,000 0.5um

X50,000 0.5um

Fig.8 SEMimagesofaS1,b S3,¢S5,d S6

Polymer films were frozen in liquid nitrogen and break
it to get a fresh surface area to avoid chain elongation.
As pure PS is completely amorphous in nature and thus
no prominent features appeared on the SEM micrograph.
SEM images of samples S1, S3, S5, and S6 are shown
in Fig. 8. It is evident that both PANI and NiFe created
nano level interconnected network structure inside the
PS matrix and their shape and size is almost similar to
each other. When both PANI and NiFe were added in
20 wt% each, the density of structure doubled keeping
the shape and size intact. A mature and dense intercon-
nected network structure is formed that is evident from
Fig. 7d and evident from high DC conductivity and EMI
shielding explained in the next sections.

4.3 DC conductivity

2 probe method was employed to measure the DC con-
ductivity of prepared sample films. Rectangular strips
were cut with a dimension of 30 mm * 10 mm. 2 probes
with the voltage difference of 10V were used at 20 mm
separation as shown in Fig. 9. Using 10 V across the
probes, current (I) flow from the film was obtained, by
using the following 3 relationships, DC conductivity is
calculated and reported in Table 2.
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Fig.9 Schematic of 2 probe
method for the measurement
of DC conductivity

20mm &

Table 2 DC conductivity values of prepared samples

DC conduc-
tivity (S/cm)

Sample no Sample name

S1 1.3 x 1072
S2 29 x107°
S3 6.7 x 1077
S4 1.8 x 107"
S5 2.1 x 107"
S6 8.4 x 1077

a1 AW N =

3)

whereV, |, A, L, p, and o are applied voltage, current, area
through which current is flowing, the distance between
the probes, resistivity and DC conductivity respectively.
Polystyrene is an insulator proved by its DC conductiv-
ity value. The increase in DC conductivity values by the
addition of PANI clearly indicated that the interconnected
network structure was formed by PANI that provided an
optimum path for electrons to move throughout the film.
DC conductivity is not that much affected with the addi-
tion of NiFe because NiFe nanoparticles don't have free
electrons in its structure.

4.4 Dielectric properties

Dissipation factor (Tand) and capacitance (C) were meas-
ured in the frequency range of 100 Hz to 3 MHz using an
impedance analyzer (Wayne Kerr 6500B). The following
relationships were used to calculate dielectric constant
(€', dielectric loss (¢”) and AC conductivity (o, and are
shown in Fig. 10.
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e =(d + Aeg, 4)
e =tans x € (5)

G, = Weg,e tan § (6)

A, d and C are the area, thickness, and capacitance of film
respectively. @ and g, are angular frequency and permit-
tivity of free space respectively.

It was observed that with the addition of both PANI and
NiFe, all-dielectric parameters increased. In the case of PANI,
the increase was seemed to have more prominent than NiFe
because PANI is electrically conductive due to pi-electrons in
its structure. While NiFe has only magnetic dipoles. Dielec-
tric constant seemed to increase from 2 to 3.5 and 4 with
the addition of 10 and 20 wt% of PANI. The increase in AC
conductivity confirms that PANI forms an interconnected
network structure that enhances the electrical conductiv-
ity and also dielectric properties like a dielectric constant
and dielectric loss. As discussed in DC conductivity. It is evi-
dent from the graph that €’ have very high values at a lower
frequency and drop to constant value independent of fre-
quency. As the electric field is applied, dipoles are induced
in the sample. At low frequency, dipoles can reorient with
changing electric field and so it showed high values of €' but
at high-frequency dipoles ceased on its position and gives
a frequency-independent value. €' values also depend on
surface charge density. PANI/PS interface to act as an elec-
trically conductive interface and have free electrons. The
number of these surfaces increases as the PANI concentra-
tion increases and so €’ and €” increase with the addition of
filler concentration as well. From sample S1 to S6, S6 has the
highest concentration of reinforcement that is 20 wt% PANI
and 20 wt% NiFe nanoparticles and thus exhibit the highest
values of the dielectric parameters.

4.5 EMI shielding

The coaxial cable method was employed for the meas-
urement of EMI shielding effectiveness using a Vector
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Fig. 10 a Dielectric constant, b dielectric loss and ¢ AC conductivity of prepared samples

Network Analyzer with a maximum range of —70 dB. A
donut-shaped sample was prepared with a 7 mm outer
and 3 mm inner diameter with 0.25 mm thickness. A
schematic diagram of a prepared sample for VNA is
shown in Fig. 11. IR spectroscopy technique was used
to measure the transmission of IR radiation of prepared
samples in the NIR region (700-2500 nm) and results are
shown in Fig. 12. S1 showed almost 90% transmission
allowing almost all the radiations to transmit, as 10 wt%

PANI is added the transmission falls to 10% for sample
S2. EMI theory describes that the EM wave reflects back
when falls on an electrically conductive surface and
absorbed when falls on magnetic surface. S4 sample
showed almost 17% transmission, as it contained NiFe
nanoparticle which is magnetic and so IR radiation must
have been absorbed. For sample S3 and S5, the con-
centration of PANI and NiFe increased to 20 wt% from
10 wt%, IR transmission falls to a very low value of less
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Fig. 11 Schematic diagram of
the prepared sample for VNA.
Side and front view

0.25mm

—_ -

than 1% for S3 and 2% for S5. In the case of sample S6,
it contained both PANI and NiFe and so it exhibited less
than 0.5% transmission because of reflection from PANI/
PS interface and absorbance by the NiFe/PS interface.

Shielding effectiveness describes as the logarithmic
ratio of incoming and transmitted energy of EM waves
expressed as follows.

EI
SE =10Log| — (7)
Er

Scattering parameters also called S-parameters
(S11/ S12: So1, @and S,,) were obtained from VNA and by
using the following equations, shielding effectiveness
through reflection (SEg), shielding effectiveness through

87 T T T T T T
84

78

15 1

Transmission (%)
»
1

T T T T T T
750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

Fig. 12 IR transmission
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3mm
7mm

absorption (SE,) and total shielding effectiveness (SE;)
were calculated.

SE; = SE; + SE, (8)
Both SE and SE, are expressed as:

1

SE; = 10log———— 9
1— 5, ©®)

1— |5,

SE, = 10log
S |”

(10)

SEg, SE, and SE; are calculated and shown in Fig. 13.

These values coincide with EMI theory. Sample S1 didn't
show any reflection or absorption loss because it is neither
electrically conductive nor has any kind of magnetism.
Sample S2 and S3 showed high values of SEg and SE, as
PANI is electrically conductive and EM wave reflected back
from the electrically conductive surface. PANI particles dis-
persed inside the film and some particles were present
on the surface of the film as well. Particles that present
on the surface gave higher SE; value but particles inside
the film gave high SE,. EM wave reflected back from the
PS/PANI interface that is inside the film and the reflected
wave before exiting the film interact again with another
particle and so on. S2 and S3 samples gave high shielding
efficiency of both types i.e. SE; and SE,. In the case of S4
and S5, Nickel spinel ferrites have magnetic domains and
used as absorbing sites of EM wave, so SE, values of sam-
ple S4 and S5 are quite high while SE is very low because
of low electrical conductivity. 20 wt% NiFe and 20 wt%
PANI, both present in S6 and so this sample gave very high
SER vale that came from PS/PANI interface that presents on
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Fig. 13 a SEg, b SE, and ¢ SE; of prepared samples

the surface of the film and high SE, value came from PS/
PANI interfaces that were present inside the film and also
from NiFe nanoparticles. S6 gave SRy of less than —35 dB
in the broad range of frequency of 0.1-20 GHz in which
SE; values dropped even below to —45 dB in 10-14 GHz
frequency range. — 10 dB is the threshold value for a good
EMI shielding film, for polymeric composite, this value is
achieved with very high filler loadings 30-40 wt% of fill-
ers and then get SE; value in range of — 10 to —20 dB and

high shielding effectiveness of less than —30 dB with filler
loading odd 50-70 wt% or from pure conductive/mag-
netic materials [18, 27, 28].

According to EMI shielding theory, the EM wave reflects
back when it falls on the electrically conductive surface
and absorbed when falls on magnetic surface, both PANI
and NiFe particles are dispersed inside the PS matrix and
outer most surface mostly consisted of non-conductive PS.
SEg is not very high indicating that most of the EM wave
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Fig. 14 Schematic of electromagnetic waves attenuation inside
polymer composite film

penetrated inside the shielding film. Once the EM wave
penetrates the shield then the electrically conductive PS-
PANI interfaces and magnetic PS-NiFe interfaces reflect
and absorb EM wave through multiple reflections within
250 micron thin films as shown in Fig. 14.

The aim of this research was to get acceptable value of
EMI shielding (— 10 dB to — 20 dB) with less than 20 wt%
of filler loading and high shielding effectiveness (less than
—35 dB) with no more than 40 wt% of filler loading. The
thickness of the shielding film also plays an important role.
Thickness is directly proportional to the shielding effec-
tiveness. By using conventional macro-level fillers, these
vales of shielding effectiveness achieved with 3-4 mm
thickness [29]. Using new indigenously prepared nano-
level PANI and NiFe particles, less than — 35 dB shielding
effectiveness achieved with 0.25 mm thickness of the film.

5 Conclusion

Magnetic nanoparticles “Nickel Spinal Ferrites” and elec-
trically conductive form of “Polyaniline” were successfully
prepared. Using polystyrene as a matrix, these nanofillers
dispersed separately and in combination, tested for EMI
shielding in the IR region and microwave region. DC con-
ductivity and dielectric properties were first measured that
indicated to have very good shielding effectiveness. Vector
Network Analyzer and IR spectroscopy were used for the
measurement of EMI shielding. It was observed to have
shielding effectiveness less than —35 dB in a broad spec-
trum of microwave region (0.1-20 GHz), also have less than
0.5% transmission in the NIR region (700-2500 nm). Con-
ventionally, EMI shields have high shielding effectiveness
with very high filler loadings (50-70 wt%) and 2-3 mm
thickness. This research achieved a high EMI shielding
with low filler loadings (40 wt%) and with a thickness of
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0.25 mm by using newly developed electrically conductive
polymer and indigenously prepared nickel spinel ferrites.
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