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A B S T R A C T

The solid waste material cenosphere (fly ash, by-product of thermal power plants) was nickel oxide nanoparticle
coated (NiOC, core shell structure) by chemical heterogeneous precipitation and thermal reduction method. in
situ synthesis of polyaniline (PANI) and NiOC composite (PNiOC) was carried out at -30±2 °C under nitrogen
and characterized. The free standing films of as synthesized PNiOC composite were prepared by solution casting
(followed by acid vapor treatment) and electromagnetic interference (EMI) shielding effectiveness (SE) was
investigated in the J-band (5.8–8.2 GHz), X-band (8.2–12.4 GHz) and Ku-band (12.4–18 GHz). An average EMI
SE of ~24 dB, ~27–24 dB, ~21 dB was observed for 81±3 μm thicker flexible free standing PNiOC film in the
J, X and Ku-band respectively. Effective EMI shielding due to absorption (SEA) was found to be dominant for
PNiOC film. Unlike PANI emeraldine salt (ES) film, the EMI shielding due to absorption (SEA) was found more
than two times higher for PNiOC film. Due to the presence of NiOC hollow microspheres in PANI, the time
average power of incident electromagnetic wave decreases resulting in an increase of EMI SE (SEA). This film can
be considered as a novel coating material for various applications such as unmanned vehicles, robotic and
microwave engineering to protect against EMI.

1. Introduction

Intrinsic conducting polymers (ICP) have received tremendous
attention because of its useful applications in sensors, batteries,
actuators, microwave absorption and electromagnetic interference
shielding (EMI shielding) [1–4]. Recently, electromagnetic interference
(EMI) shielding materials are in demand due to the rapid use of radio or
microwave frequencies for satellite-telecommunications, military ap-
plications etc. [4,5]. Moreover, these are non-ionizing electromagnetic
radiations and have a bad impact on biological systems, animals and
the environment [6]. By using conducting filler in polymer foams and
films, EMI shielding and reflectance can be increased. The use of ICPs
and its composites for EMI shielding has many advantages over
traditional metallic sheets [5]. ICPs are lightweight, flexible and easy
to synthesize [1,3,5,7]. The advantages of polyaniline over the ICPs are
tuneable conductivity, adjustable permittivity/permeability, easy
synthesis, low density, non-corrosiveness, good thermal and environ-
mental stability [5,8–10]. In case of normally synthesized PANI, the
presence of cross-linking is high, the conductivity is less and solution
processing is difficult. The solution processing of PANI can be

performed in emeraldine base form (EB, semiconductor, which becomes
conductor under protonic acid doping and converts to emeraldine salt)
by using N-methyl-2-pyrrolidone (NMP) and dimethyl-propylene urea
(DMPU). However, DMPU is believed as a better solvent [11,12].

Cenospheres, the by-products of power generating thermal plants,
are considered as solid wastes and causes environmental pollution.
Typically, these are hollow ceramic microspheres having alumina and
silica as major constituents and are light-weight, low density and
nontoxic. Moreover, it is highly dispersive in the polymer matrix
[13–17]. Metal – cenosphere core shell has been proposed for many
potential applications [13–20]. Many techniques have been employed
for coating of cenosphere, e.g. magnetic sputtering, electroless plating,
physical vapour deposition, sol-gel and heterogeneous precipitation
thermal reduction method [17–20]. Heterogeneous precipitation results
in homogenous unit distribution and requires inexpensive reactants.
Surface treatment of cenosphere is important for microwave absorp-
tion; metal (Cu) deposited cenospheres have been reported for large
band width (~2 GHz) microwave absorption at a minimum thickness
(~0.7 mm) [21]. As conducting polymer, porous or hollow microsphere
based composites are well known for microwave absorption, therefore

http://dx.doi.org/10.1016/j.coco.2017.04.002
Received 2 October 2016; Received in revised form 26 March 2017; Accepted 26 April 2017

⁎ Corresponding author at: Interdisciplinary Centre for Energy Research (ICER), Indian Institute of Science, Bangalore, India.
E-mail address: onegroupb203@gmail.com (P.C. Ramamurthy).

Composites Communications 4 (2017) 37–42

Available online 11 May 2017
2452-2139/ © 2017 Elsevier Ltd. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/24522139
http://www.elsevier.com/locate/coco
http://dx.doi.org/10.1016/j.coco.2017.04.002
http://dx.doi.org/10.1016/j.coco.2017.04.002
mailto:onegroupb203@gmail.com
http://dx.doi.org/10.1016/j.coco.2017.04.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.coco.2017.04.002&domain=pdf


PANI-cenosphere based systems has drawn attraction for microwave
absorption as well as EMI shielding [22]. Magnetic nanoparticles coated
cenospheres (core shell structure) i.e., soft magnetic microspheres have
been reported as most suitable for microwave absorption [20,22].
However, most of the studies were carried out for powder pressed
samples having thickness more than 2 mm. Recent advances in
microwave engineering demands lightweight flexible thin films for
microwave absorption and EMI shielding [4,5,11].

Nickel oxide (NiO) nanoparticles have been proposed for many
potential applications including dielectrics [23,24]. The tremendous
attention towards NiO nanoparticle is due to its superparamagnetic
behaviour at room temperature and dielectric loss. Recently, it is
reported that a.c. conductivity of polyaniline increases in the presence
of NiO nanoparticle (especially at high frequency), which is also an
important parameter for enhancing electromagnetic wave absorption
[3,22]. The objective of the present work is the study of EMI shielding
mechanism of multiphase nanocomposites (polyaniline -nickel oxide
-cenosphere) in terms of the contribution of effective absorption and
reflection to the total EMI shielding effectiveness.

2. Experimental

2.1. Chemicals

Cenospheres were obtained from National Thermal Power
Corporation (NTPC), India, with particle size range of 15–70 μm.
These were separated by using 50 µm sieve. Other chemicals used
(AR grade) were procured from local suppliers.

2.2. Pretreatment of cenospheres

The cenospheres were cleaned before use. Typically, 5 g of FAC was
dispersed in 5% NaOH solution followed by stirring with 1 M mixture of
nitric acid (HNO3) and sulphuric acid (H2SO4) at 3:1 ratio for 3 h at
room temperature. Obtained precipitates were washed several times
with deionised water and dried at 110 °C for 12 h.

2.3. Chemical synthesis of NiO coated cenosphere

Cleaned cenosphere was nickel oxide functionalized by heteroge-
neous precipitation thermal reduction method. Firstly, 2 g cenosphere
were dispersed in 120 ml of PEG 800 (2 g) suspended aqueous solution.
0.5 M nickel nitrate solution (Ni(NO3)2·6H2O) and 1 M ammonium
bicarbonate (NH4HCO3) solution were gradually added at 3 ml/min
(pH was maintained at 7~8). The solution was kept for stirring for 6 h
at room temperature. The obtained precipitate was filtered and washed
several times with deionised water and kept in oven at 80 °C for 12 h.
Secondly, thermal reduction of this precursor was done at 600 °C for
3 h.

2.4. in situ synthesis of PANI-NiO-cenosphere composite

in situ synthesis of PANI-NiO-cenosphere (PNiOC) and PANI-ceno-
sphere (PC) composites were carried out in nitrogen by oxidative
polymerization of aniline in an immersion cooler (Julabo) [28]. Aniline
was purified by immersing KOH pellets and then double distilled. 1 g of
as prepared NiO-cenosphere was dispersed in 80 ml of 1 M HCl solution
and 10 ml aniline was mixed at -30±2 °C. To reduce the freezing
temperature 6 M LiCl was added. Then the pre-cooled solution of
ammonium persulphate (APS, 0.6 M) also in HCl (1 M, 80 ml), LiCl
(6 M) was added at the rate of 3 ml/min using an external pump to the
aniline solution. The reaction was allowed to proceed for 6 h at
-30± 2 °C. The resulting precipitate was washed repeatedly with
deionised water and deprotonated by stirring in 4 wt. % ammonia
solution for 8 h at room temperature. The obtained composite pre-
cipitate was again washed with deionised water and methanol repeat-

edly. Finally it was kept in vacuum oven at 50 °C for 12 h. Similarly
PANI-cenosphere and PANI were also synthesized under the same
conditions.

2.5. Preparation of PANI-NiO-cenosphere composite film

Under stirring, 4 wt. % of synthesized PNiOC composite powder was
added very slowly to the DMPU solvent. This mixture was further
stirred for 5 h. The resulting solution was poured on to glass moulds
and placed into an oven under a dynamic vacuum of 400 mm Hg at
70 °C for 12 h. Thus resulting films were acid vapor treated (1 M HCl)
under vacuum for 72 h to achieve stable conductivity. Finally, it was
dried under ultra-pure nitrogen. Similarly PANI-cenosphere (PC) and
polyaniline film (PANI ES) was also prepared. The average thicknesses
of PANI ES, PC and PNiOC films were found 84±2 μm, 80±3 μm and
81± 3 μm respectively.

2.6. Characterizations

The synthesized samples were coated over carbon tape, sputter
coated with gold and surface morphologies were examined by using
high resolution FESEM (Carl Zeiss). The PANalytical X-ray diffract-
ometer was used for collecting crystallographic data and crystallite size
determination by using Cu Kα radiation (λ=1.540598 Å) in scattering
range (2θ) of 10–80° with a scan rate of 0.06°/sec and slit width of
0.1 mm. The magnetic properties were investigated at room tempera-
ture by using a vibrating sample magnetometer (Lake Shore, Inc.). EMI
SE measurement was carried out by using Agilent NS230A vector
network analyzer. Thru-Reflect-Line (TRL) calibration was performed
in the J-band (5.8–8.2 GHz), X-band (8.2–12.4 GHz) and Ku-band
(12.4–18 GHz) before taking the measurements[25]. Three trials of
each sample film was carried out by clamped tightly between two
coaxial waveguide adapters and the S-parameters, S11 and S21, were
measured.

3. Results and discussion

3.1. Characterization of PANI-NiO-cenosphere composite

The surface morphology of cleaned cenosphere and NiO-cenosphere
composite is shown in Fig. 1. The cenospheres are spherical hollow
microspheres [17,22]. As shown in Fig. 1(c) and (d), surface morphol-
ogy of NiO-cenosphere shows that NiO nanoparticles were coated over
cenosphere surfaces almost homogenously. However, some small
agglomerated regions were also observed and is believed to be due to
the magnetic dipole-dipole interaction between NiO nanoparticles as
cenosphere is non-magnetic [20,22]. In case of defect bearing ceno-
spheres the agglomerated regions are more prominent [22].

The obtained X-ray diffraction (XRD) patterns of NiO-cenosphere,
PANI, PANI-NiO-cenosphere composites are shown in Fig. 2(a). The
characteristic diffraction peaks of NiO-cenosphere at 2θ values of
37.53°, 43.71, 63.51° and 76.10° correspond to (111), (200), (220)
and (311) planes of NiO respectively. It was observed that the (200)
plane of nickel oxide is the most intense. It is due to the minimum
specific free energy of NiO at (200). The crystallite size was estimated
from full width half maxima (FWHM) of the (200) plane by using
Scherrer formula [26] and it was found ~32 nm. The XRD pattern of
PANI shows the amorphous nature and wide diffraction peaks were
observed at ~15° and ~25° corresponds to periodicity (parallel and
perpendicular) and the lower coherence length of PANI [27,28]. The
obtained XRD patterns of composite sample (PNiOC) suggest the semi
crystalline nature, both the NiO-cenosphere and PANI diffraction peaks
were observed.

The magnetic properties of NiO-cenosphere and PANI-NiO-ceno-
sphere composites were measured at 300 K and the obtained magneti-
zation curves are shown in Fig. 2(b). The NiO-cenospheres and PANI-
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NiO-cenosphere composites exhibit soft magnetic behaviour. Saturation
magnetization (Ms) of PNiOC was found at 26.52 emu/kg. The EMI
shielding due to absorption (microwave absorption) depends on the
initial permeability (µi) value and it is related to saturation magnetiza-
tion, Ms [9],

μ
M

aKH M bλξ
=

+i
s

sc

2

(1)

Where a and b are the two constants related to material composition, λ,
ξ and K are the magneto striction constant, elastic strain parameter and
proportionality constant respectively [9].

The surface morphologies of PNiOC films were shown in Fig. 3.
Almost homogenous dispersion of NiO-cenosphere in PANI matrix was
observed. Due to the presence of some defect bearing cenospheres and
magnetic dipole interactions a few small agglomerated regions were
noticed.

3.2. Electromagnetic interference (EMI) shielding of PNiOC film

Electromagnetic interference shielding refers to the protection of
the propagation of electric and magnetic fields and it is the power of the
incident electromagnetic wave (PI) to that of the transmitted wave (PT).

Fig. 1. Surface morphology of (a, b) cleaned cenospheres, (c, d) NiO coated cenospheres.

Fig. 2. (a) X-ray diffraction pattern and (b) hysteresis loop of NiO-cenosphere, PANI-NiO-cenosphere and PANI.
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It takes place mainly due to reflection and absorption. Thus, EMI
shielding effectiveness (SE) is resultant of the shielding due to reflection
(SER), absorption (SEA) and multiple reflections (SEM) in the following
[4,33]:

P
P

SE(dB) = −10 log = SE + SE + SEI

T
R A M (2)

For electrically thick samples, the value of SEM can be neglected if
SE is ~10 dB [5]. 20 dB EMI shielding effectiveness refers 99 %
shielding [7]. Factors that effects on EMI attenuation are shield
conductivity, permittivity and permeability, frequency, distance be-
tween the shielded and interfering source, shield thickness and shield
materials [3,35]. The S parameters S11 (or S22) and S12 (or S21) of a two
port network system represents the reflection and transmission coeffi-
cients respectively[25]. The value of EMI SE is equivalent to the
attenuation on transmission (S12 or S21 ) of the radiation [29]. The
absorbance (A), reflectance (R) and transmittance (T) of the prepared
films were obtained from the measured S-parameters [22]. The value of
A depends on the power of the incident electromagnetic wave, the
relative intensity of the effectively incident electromagnetic wave
inside the materials after reflection is based on the quantity (1-R).
Therefore, the effective absorbance (Aeff) is given by [30],

R T RA = (1− − )/(1− ), Conventionallyeff

SE R(dB) =−10 log (1− )R (3)

SE (dB) = −10 log (1 − A ) = −10 log T
1 − RA eff (4)

Obtained EMI SE of PANI ES, PC and PNiOC composite films in the
J-band (5.8–8.2 GHz), X-band (8.2–12.4 GHz) and Ku-band
(12.4–18 GHz) frequency range shown in Figs. 4–6 (along with SEA
and SER). In the J-band (Fig. 4(a) and (b)), the average EMI SE of PC
and PNiOC film is ~18 dB and ~24 dB respectively, which is much
higher than PANI ES film (~15 dB). The obtained SEA value of PANI ES
was ~9 dB (SER was ~6 dB) which increases to ~13 dB (SER was
~5 dB) and ~20 dB (SER was ~ 4 dB) for PC and PNiOC film
respectively. Similarly, in the X-band (Fig. 5(a) and (b)), the EMI SE
of PANI ES, PC and PNiOC film were found to be 19–17 dB (SEA
~10–12 dB, SER ~9–7 dB), 22–19 dB (SEA ~15–13 dB, SER ~7–6 dB)
and 27–24 dB (SEA ~20–21 dB, SER ~7–3 dB) respectively. As shown in
the Fig. 6(a) and (b), the EMI SE of PANI ES, PC and PNiOC film was
found to be 14–12 dB (SEA~9–7, SER ~5 dB), 16–14 dB
(SEA~12–10 dB, SER~4 dB) and 21–19 dB (SEA~18–16 dB, SER~3 dB)
respectively in the Ku-band. Thus, EMI shielding due to absorption was
found to be intrinsically dominant for all the films in the J, X and Ku-
band. The observed variation of EMI SE with frequency is believed to be
the unique shielding property of the PNiOC film. As PNiOC film has

multiphases, therefore due to polarization effect and electrical loss EMI
shielding varies with frequency nonlinearly [36]. Moreover, multiple
reflection is another important factor for observed nonlinear EMI
shielding property of the prepared composite films [37]. The important
design parameter for EMI shielding is the thickness of the shield.
According to Simon formalism, EMI SE can be expressed as [38],

EMI SE σ f t σ f= 50 + 10 log( / )+1.7mw mw (5)

Here t represents thickness of the shield (cm), σmw is the shield
conductivity and f is the frequency (MHz). Thus, EMI SE of PC, PNiOC
films can be increased by increasing film thickness. However, here it
was observed that the PNiOC film exhibits 99% EMI shielding efficiency
at the thickness of 81± 3 μm and it is potentially useful to coat over
any substrate.

The time average power of incident electromagnetic wave decreases
inside a material. Mathematically, ∫P E H dS= ( × *)av

1
2 , where E refers

electric field and H refers magnetic field and the asterisk indicates
corresponding complex conjugate of it and it travels by changing phase
and exponentially decreasing the magnitude [31]. Here, PANI surface
supports the incident normal electric field and embedded NiO-ceno-
sphere is supporting tangential magnetic and electric field components
of incident electromagnetic wave. The time varying magnetic fields
interacts with magneto-dielectric layer and thus electric loss takes place
over the cenosphere surface [31,32]. Moreover, some of the radiation
was absorbed within the cenosphere as magneto-dielectric system is
useful for impedance matching as well as microwave absorption
[14,32,33]. The factor which strongly effect on EMI shielding due to
absorption is skin depth (δ). It is defined as the distance up to which the
intensity of the electromagnetic wave decreases to 1/e of its original
strength [4,30], δ μ ωσ= 2/μ ′ mw0 , where, μ΄ is the real part of complex
permeability (μ μ iμ* = ′ − ′′), ω is the angular frequency, σmw is the
shield conductivity and it can be expressed as, ε ε i= ´ −r

σ
ε ω

mw
0
. Thus, it

indicates that the conductive loss and dielectric relaxation loss (corre-
sponds to ε´´) decreases with frequency [39]. According to transmission
line theory, the effective absorption is dominated by impedance
matching and EM attenuation in the interior absorber. In the PC and
PNiOC film, the dielectric and magneto dielectric hollow microspheres
(NiO-cenosphere) are dispersed optimally, therefore electromagnetic
wave has to pass through it and high EM attenuation takes place. The
presence of hollow microspheres in polymer matrix is useful for
microwave absorption. However, use of high dielectric hollow micro-
spheres has benefits. The mathematical module for this kind of layered
structure has recently proposed by Bychanok et.al [40]. As cenosphere
were coated by NiO and followed by conducting polymer, it is superior
for microwave absorption. For far field, the long wave approximation
can be applicable. Hence, the type of ordering of hollow microspheres

Fig. 3. Surface morphology of prepared PNiOC film at (a) low resolution and (b) at high resolution.
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in the mono layer does not significantly affect the EM absorption
properties [40]. In the PNiOC film, the presence of NiO-cenosphere
introducing a homogenisation for the spatial dispersion of the effective
media [40]. As magnetic loss was observed to be less for PNiOC
composite, therefore R, T can be expressed as [41],

R Z
Z

= ( −1)
( +1)

R

R (6)

Here,

Z j Z Z kt j Z Z kt= [1 + ( / ) tan ( )]/[1 + ( / ) tan ( )]R 0 0 (7)

j represents the unit imaginary number and Z ε Ω= (μ / ) = 3770 0 0
1
2 .

⎡
⎣⎢

⎤
⎦⎥Z ε σ

jω
= μ /( + )mw

0

1
2

(8)

⎡
⎣⎢

⎤
⎦⎥k ω ε σ

jω
= μ /( + ) andmw

0

T R kt j Z Z R sinkt= (1+ )cos( ) − ( / )(1− )0 (9)

This is also important to note here that the thin films may absorb up
to half of the incident power even if the thin film thickness t is much
less than the skin depth[41]. Apart from this, enhancement of
anisotropic energy, interfacial polarizations and the synergetic effect
in between PANI and NiO-cenosphere can be considered as another

reason for the enhanced EMI SE as well as shielding due to absorption
[32–34].

4. Conclusions

In Summary,

1. The free standing film of in situ synthesized (-30± 2 °C) PANI-NiO
coated cenosphere composite was prepared by solution processing.

2. The EMI SE of these films were investigated in the J, X and Ku-band
and the shielding mechanism of this multiphase composite was
studied.

3. The 81±3 μm thicker PNiOC film shows the most appreciable EMI
SE ~20 dB (corresponds to 99% shielding).

4. EMI shielding due to absorption was found to be intrinsically
predominant for PNiOC film (comparatively, PANI (ES) film it is
two timer higher).

5. As prepared PNiOC film is a novel inexpensive coating material to
protect against EMI especially for communication devices, robotics
and microwave engineering.
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