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KEYWORDS Abstract A core-shell structured PANI/Liy sFe; 5. Gd, O4 (0.0 < x < 0.2) nanocomposite mate-
PANI: rial has been prepared by in situ emulsion polymerization method as is evidenced by X-ray diffrac-
Nano-ferrites: tion and Scanning electron microscopy. Transmission electron microscopy confirms the formation
Magnetic properties; of core (ferrite)-shell (PANI matrix) structured nanocomposite material. These materials have been
Dielectric properties; investigated for electromagnetic interference (EMI) shielding in the X-band (8-12 GHz) frequency
EMI shielding range. Higher shielding effectiveness (SE7) of around 42 dB has been obtained in this study than

many other systems reported recently. The main contributing factor has been ascribed to the
absorption (SE, = 34-36 dB) instead of reflection (SEz = 4.0-6.3 dB), owing to the enhancement
in the electromagnetic attributes. Effect of increasing Gd** ion content in PANI/Li, sFe, s_.Gd. O,
nano-composite has been analyzed for the electromagnetic attenuation. It depicts a decreasing trend
of SE with Gd*>* doping except for x = 0.2 sample. This has been attributed to the increasing par-
ticle size of ferrites, resulting into the decrease in dielectric (¢ = 59-56 at 9.5 GHz) attributes owing
to increased grain to grain contact. Higher value of SE for x = 0.2 sample can be due to the sec-
ondary phase formation in ferrite, which increases the number of grain boundaries and thereby
increases ¢'. However, increasing magnetization with Gd>* doping is less likely a factor affecting
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shielding as compared to dielectric attributes. Such a material with high SE demonstrates the poten-
tial of these materials for making future microwave shields.

© 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The rapid growth of electronic devices and telecommunication equip-
ments has evolved the problem of electromagnetic interference (EMI),
owing to which the lifetime and competence of the instruments are
considerably reduced. This also affects the safety operation of many
electronic devices. It occurs due to the mutual and unintentional inter-
action of electromagnetic radiation emitted from the electronic devices
(Dar et al., 2012a; Singh et al., 2011). For this purpose, current
research is focussed on the design and synthesis of new materials. That
can act as shield for such emissions so as to mitigate EMI to ensure
uninterrupted performance of gadgets and to avoid its harmful effects
on humans. The primary mechanism to EMI shielding is reflection for
which the material needs to be conducting. Metal based materials were
therefore of premier use but owing to their high density, corrosion
susceptibility, uneconomic processing and low specific shielding effec-
tiveness, their use is a matter of debate (Saini and Arora, 2012; Xie
et al., 2013). The secondary mechanism is absorption, which demands
the material to possess electric and magnetic dipoles so as to interact
with electric and magnetic fields of incident radiation. For this pur-
pose, material needs to have a high value of dielectric constant and
magnetic permeability. Such materials include ferroelectrics and fer-
rites respectively. Because of their high density and poor processing,
their use has not been much impressive. In addition to above two
mechanisms, one more mechanism is the multiple internal reflections
to shielding for which the material should be nano sized (Najar and
Majid, 2015; Kumar et al., 2014; Dar et al., 2012b; K. Singh et al.,
2013). On the other hand, conducting polymers with finite conductivity
and non-transparency to microwaves are found to offer an attractive
solution. Particularly, synthetic metals such as polyaniline (PANI)
based composites have received special attention due to tunable
conductivity, adjustable permittivity or permeability, low density,
non-corrosiveness, nominal cost, and good thermal and environmental
stability resulting in a wealth of techno-commercial applications (Saini
et al., 2012; Tantawy et al., 2013; Joseph et al., 2015; Wang et al., 2013;
Liu et al., 2016).

In view of above, a core-shell structured PANI/Lij sFe, 5. Gd,O4
(0.0 < x < 0.2) nanocomposite material has been prepared by surfac-
tant assisted in situ emulsion polymerization of aniline monomer for
the investigation of its EMI shielding properties. An effect of Gd ion
doping on the electromagnetic properties of PANI/Liy sFe; sO4 ferrite
nanocomposites has also been investigated. It has been found that a
very high value of shielding effectiveness has been obtained in the pre-
sent system than many other systems reported, thereby paving way for
its use in practical applications.

2. Experimental

2.1. Synthesis of Li, sFe,s_.Gd.O, (0.0 < x<0.2)
nanoparticles

LigsFe s .Gd, 04 (0.0 < x<0.2) ferrite nanoparticles have
been prepared by sol-gel auto combustion method. The mech-
anistic details are shown in Scheme 1 in which citric acid has
been used as capping agent to control the particle size of the
given ferrite. However, redundancy in the Gd*>* ions occurs
at x = 0.2 owing to the formation of new phase as has been

reflected in its XRD pattern. It means the amount of Fe* " ions
substituted by Gd®" ions has a limit for doping in
Lig sFe, 5 .Gd O, ferrite. This has already been described in
our earlier published work (Dar et al., 2016).

2.2. Surfactant assisted synthesis of core-shell structured PANI/
LigsFes>s_.Gd,O4 (0.0 < x < 0.2) nano-composite

PANI/Lij sFe> 5 .Gd,O4 (0.0 < x <0.2) nanocomposite has
been prepared by surfactant assisted in situ oxidative chemical
polymerization using ammonium persulfate as oxidant in
aqueous medium. The synthetic procedure adopted is as per
the literature (Dar et al., 2012a). The nano-crystals of
Lig sFe, 5_,Gd, 04 (0.0 < x < 0.2) ferrite prepared above have
been homogenized in 0.3 M aqueous solution of dodecyl ben-
zene sulfonic acid (DBSA) to form a whitish brown emulsion
solution. An appropriate amount of aniline (0.1 M) was added
to the above solution and again homogenized for 2 h to form
micelles of aniline with LiysFe;s Gd.O4 (0.0 < x<0.2)
nano-crystals. The micellar structure of aniline was then poly-
merized by oxidative polymerization using ammonium persul-
fate (NH4),S,0g (0.1 M)) as oxidant at nearly 5°C with
continuous stirring. During stirring, solution appeared green
indicating the successful polymerization of aniline monomer,
and thereby nanocomposite formation. After 12 h of stirring,
the product so obtained was demulsified by treating with an
equal amount of isopropyl alcohol. The precipitates were
filtered out and washed with methanol and then dried at
60 °C. This is graphically shown in Scheme 2. Several
nanocomposites of PANI with different compositions of
LiysFes s +Gd,O4 (x = 0.0, 0.05, 0.10, 0.15 and 0.2) in the
same weight of PANI/Ferrite (4:1) have been obtained. Besides
this, pure polyaniline doped with DBSA was also synthesized
for their comparative study.

3. Results and discussion

3.1. Structural and morphological features of nanocomposite

The X-ray diffraction (XRD) of ferrite particles clearly shows
a single phase spinal structure with characteristic peaks corre-
sponding to the planes (210), (220), (311), (400), (421),
(422), (511) and (440) as shown in the inset of Fig. 1.
However a secondary phase formation occurs at x = 0.2 cor-
responding to GdFeOs, indicating limit to Gd** doping.
The lattice parameter values obtained were found to be in
the expected range of the lattice parameter of cubic spinel fer-
rites. The lattice parameter increases with the increase in Gd
ion concentration as shown in Table 1. The diffraction peaks
obtained in the XRD pattern are broader, which indicates
the nanosized characteristics of the prepared ferrites. The aver-
age crystallite size of the samples was estimated from X-ray
diffraction peak broadening using Scherrer formula. With
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Scheme 1 Schematic representation for the synthesis of Lig sFe, s Gd, O, ferrite nano-crystals by citrate gel auto combustion method.
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Figure 1 XRD pattern of all the samples of PANI/Lij sFe, s .Gd, Oy
nano-composites and inset shows the XRD pattern of
Lig sFe, s Gd, O, ferrites.

doping the average crystallite sizes were found to increase from
25.2 to 31.1 nm as shown in Table 1 (Dar et al., 2016). The
X-ray diffraction pattern of PANI/LiysFe>s_.Gd O4 nano-
composites is shown in Fig. 1. The broad diffraction peaks
centered at 20 = 20.1° and 25.7° can be ascribed to the period-
icity parallel and perpendicular to the polymer chains. It indi-
cated that the resulting polymer (PANI) was in the form of
highly doped emeraldine salt and had good crystallinity. It is
clearly evident that both the characteristic peaks of PANI cen-
tered at around 260 = 20.1° and 25.7° and Lij sFe;s_,Gd. Oy
ferrite nanocrystals appear in the XRD patterns of the nano-
composites. The intensities of the characteristic peaks of PANI
became weaker after introducing ferrite nanocrystals into the
polymer matrix, revealing the decrease in the concentration
of PANI in the nano-composite. The peak broadening has also
been found on introducing PANI into the ferrite matrix. It
may be attributed to the amorphous nature of PANI, which
overwhelms the crystalline nature of Lijy sFe, s Gd, Oy ferrite
nanocrystals. The presence of a conducting shell encapsulating
the magnetic nanocrystals is helpful for the proper impedance
matching. It is necessary for enhancing the absorption of the
electromagnetic waves.

SEM images of ferrite nano particles exhibit granular mor-
phology with a grain size in the range of 280-370 nm for differ-
ent compositions as shown in Table 1. SEM images have also

indicated that with the increase in Gd ion concentration, the
density increases and porosity decreases. The increase in Gd
content led to the increase in average grain size up to
x = 0.15. However, the average grain size for sample with
x = 0.20 decreases (Dar et al., 2016). Fig. 2 shows the SEM
images of PANI and PANI/LiysFe,s_.Gd O, ferrite nano-
composites. It is evident that polyaniline exhibits continuous
morphology, while in nano-composites there is clearly a sec-
ondary phase due to ferrite particles. A change in the ferrite
composition by different Gd** content viz x = 0.0, 0.1, 0.15
and 0.2 changes the surface morphology of corresponding
nanocomposite. This is owing to the change in the grain size
of ferrite particles which is clearly reflected in nano-
composites. Moreover, a cross linked network type structure
has been envisioned in the nano-composites as observed from
SEM images.

The TEM micrographs of LiysFe, s_,Gd, Oy ferrite nano-
crystals doped with different concentrations of Gd ion
(x = 0.05 and 0.10) are presented in the inset of Fig. 3. The
average size of the particles for these two compositions was
found to be in the range of 22-31 nm and 24-32 nm, which
are in good agreement with that obtained by XRD measure-
ments (Dar et al., 2016). Also, an obvious agglomeration of
particles has been observed which can be either due to the
nano size of particles or the presence of magnetism. Nano-
composites on the other hand clearly exhibit a core-shell type
structure in which ferrite particles act as dark core and PANI
as light shell owing to different penetrability. These core-shell
structured particles are interconnected to one another through
PANI chains thereby supporting SEM (Fig. 2). In comparison
with the uncoated ferrite particles, the PANI formed on the
surface of ferrite particles leads to the increase in the particle
size as is evident from Fig. 3. The average size of particles in
both the nano-composites (x = 0.05 and 0.10) was found to
be approximately 25.3-33.8 nm and 26.2-37.8 nm respectively.
Such results are in consistent with PANI/Mng sZn, sFe,O4 pre-
pared by same method as reported in the literature (Dar et al.,
2012a).

3.2. Magnetic properties

The magnetic hysteresis loops for LigsFe,s_Gd, Oy
(0.0 < x £0.2) ferrites were measured using vibrating sample
magnetometer (VSM) as shown in inset of Fig. 4. The value
of saturation magnetization obtained from the curves was
found to increase with Gd doping up to x = 0.15. The satura-
tion magnetization obtained at room temperature has been
increased from 44.5 emu/g to 69.6 emu/g due to the doping
of G&*" ions in LiysFey s Gd, Oy ferrite. However a small

Table 1 Various structural and magnetic parameters of LiysFe; s .Gd, O4 and PANI/Lij sFe, 5 .Gd, O, ferrite nano-composites.

Composition (x) Lattice parameter (A) Crystallite size (nm) (Dxrp) Grain size (nm) (Dsgnm) Mg (emu/g)
Ferrite Composite
0.00 8.316 25.2 280 44.5 20.6
0.05 8.331 27.9 324 50.1 28.6
0.10 8.345 29.7 359 58.9 32.4
0.15 8.367 31.1 404 69. 35.2
0.20 8.379 28.1 372 30.9 134




Electromagnetic attributes

5115

N ) 200
AL

s

Figure 3 TEM micrographs of PANI/LiysFe; s_.Gd, O4 (x = 0.05 and 0.10) ferrite nano-composites.

value of saturation magnetization has been obtained for sam-
ple with x = 0.20. This increase in saturation magnetization
has been attributed to the higher magnetic moment associated
with Gd*" ions in comparison with Fe’" jons. Saturation
magnetization is also influenced by extrinsic factors such as

microstructure, grain size and porosity of the material. The
formation of magnetic domain walls becomes easy on increas-
ing grain size. Hence, the value of saturation magnetization
increases due to the domain wall movement under the action
of an applied magnetic field. The gradual increase in average



5116 M.A. Dar et al.
36 _e—0.00 by the incident (subscript I) wave and can be calculated from
Ele 0:05 ; : any of the energy intensities viz electric (E), magnetic (H)
27E|—0—0.10 S and electromagnetic power (P) using relation (I):
E|—0—0.15
4 E H P
18(]—+—0.20 SEr(dB) = 4010ng = fIOIOgFT = fIOIOgFT I
B 1 I 1
= 9— L'o‘sFez.S-dexoaﬂ.)ANl The attenuation of electromagnetic radiation can be owing
QE, SNane: Compusifes to (1) reflection losses from the front face of material, for
5 which the material needs to be conducting (2) absorption

-2400 -1200 0

H (Oe)

1200 2400 3600 480

Figure 4 M-H curves of  PANI/LiysFe,s_.Gd, Oy
(0.0 < x < 0.2) ferrite nano-composites and inset shows the M-H
curves of Lig sFe, s_,Gd, Oy ferrites.

crystallite size with the addition of Gd ions, agrees well with
the increase in saturation magnetization. Also, it can be attrib-
uted to the decrease in porosity from x = 0.0 to x = 0.15. A
low value of saturation magnetization (27 emu/g) has been
obtained for the sample with x = 0.2. This can be attributed
to the secondary phase formation, which dilutes the magnetic
structure. It can also be attributed to the decrease in grain size
(Dar et al., 2016). The core-shell structured PANI/Lig sFe,s_ .
Gd O, ferrite nanocomposite exhibits similar magnetic behav-
ior as shown in Fig. 4. The value of saturation magnetization
obtained for PANI/Lij sFe; s Gd O, ferrite nanocomposites
was reduced in comparison with pure ferrite samples as shown
in Table 1. This is still a very high value (35emu/g for
x = 0.15) and is therefore useful for the attenuation of electro-
magnetic waves via absorption losses. Such a high value of sat-
uration magnetization has been attributed to the prevention of
free magnetic spin orientation available on the ferrite surface
owing to the development of hydrogen bonding between
—O— of ferrite and —N— atom of polyaniline. This can also
lead to the reduction in particle-particle exchange interaction,
thereby allowing easy alignment of magnetic spins with the
applied magnetic field (Dar et al., 2012a). Furthermore,
retention of magnetization in PANI coated ferrite has been
observed with reduced magnetization, compared to pure
ferrite. This has been attributed to the presence of non-
magnetic PANI in the magnetic ferrite matrix. These results
are in consistent with SEM and TEM results.

3.3. Electromagnetic interference (EMI) shielding performance
of the prepared core-shell structured nano-composite

Electromagnetic interference (EMI) shielding refers to the
reflection and/or absorption of electromagnetic radiation by
a material, which thereby acts as a shield against the penetra-
tion of the radiation through the shield. This is expressed by
measuring the shielding effectiveness (SE) of the shield mate-
rial, which is defined as the ratio of residual energy to the
impinging energy. This is equivalent to the electromagnetic
radiation transmitted (subscript T) through the shield divided

losses which demand the material to be dielectric and magnetic
in nature and (3) multiple internal reflections, for which the
material should be nano sized, and is usually significant in thin
shields. Thus for a shielding material, the total shielding effec-
tiveness (SE7) is given by relation (I1):

SE = SEg + SE4 + SEy (11)

where SE and SE are the shielding effectiveness owing to the
reflection and absorption losses and are given by using relation
(IIT) and (IV) respectively:

SEg(dB) (111)

=10log Too s 62:: "

SE,(dB) = 20(d/5)loge = 20d, /%mge (1V)

where d is the thickness of the shield, y, is the magnetic perme-
ability, ¢ is the skin depth, o,. = we,&” is the frequency depen-
dent conductivity, ¢’ is the imaginary part of permittivity,  is
the angular frequency, and ¢, is the permittivity of the free
space. SE), is the shielding effectiveness due to the multiple
internal reflections. It is usually neglected, when absorption
loss is greater than 10 dB (Reshi et al., 2015). In this study,
the EMI Shielding effectiveness of PANI/Lij sFe; s_ . Gd. Oy
(0.0 < x £ 0.2) nanocomposite measured with a thickness of
2 mm in the X-band (8—12 GHz) frequency range has been per-
formed. The EMI shielding effectiveness was found to show
weak field dependence for all the samples as is evident from
Fig. 5. The larger value of SEr and SE, reflects the high
shielding effectiveness of nanocomposite than pristine PANI.
Among the nano-composites, a higher value of SEx (5.1 dB)
and SE, (35.2dB) has been observed for sample with
x = 0.0. On further doping of Gd*" ions in Liy sFe, 5Oy fer-
rite, both the values were found to decrease. However for
the sample with x = 0.02, the values of SE; (6 dB) and SE,
(36 dB) are exceptionally high. The absorption loss mechanism
to shielding was found to be a dominant factor over the reflec-
tion loss. This is clearly reflected in the total shielding effective-
ness of the nanocomposite material as shown in Fig. 5(d, ¢). A
higher value (42 dB) of total shielding effectiveness for the pre-
sent nanocomposite has been observed than many other sys-
tems reported as shown in the Table 2 (Dar et al., 2012a;
Tantawy et al., 2013; Wang et al., 2013; Kumar et al., 2015;
A.P. Singh et al., 2013; Shen et al., 2013; Zhang et al., 2011).

The above stated observations can be explained by the fact
that DBSA doped PANI exhibits lower conductivity owing to
the formation of localized charges (polarons and bipolarons)
leading to the strong divergence and relaxation effect. This is
responsible for its dominant absorption over reflection
(Gupta et al., 2014). Since ferrite nanoparticles being dielectric
and magnetic in nature, their addition in PANI matrix leads to
enhancement in the magnetic and dielectric attributes of the
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Table 2 Comparison of total shielding effectiveness of different composites in the frequency range of 8—12 GHz.

System SEr (dB) References
PANI/Lij sFe; s Gd, 04 (0.0 < x < 0.2) 42 Present work
PANI/Mn sZn, sFe,O4 32 Dar et al. (2012a)
HCl-doped polyaniline 18 Tantawy et al. (2013)
PANI/Mng sZng sFe;Oy4 20 Wang et al. (2013)
Polyaniline/carbon fiber 35 Kumar et al. (2015)
Multi-walled carbon nanotube/Portland cement composites 28 Singh et al. (2013)
Polyetherimide/graphene@ Fe;Oy4 41.5 A.P. Shen et al. (2013)
Polymethylmethacrylate (PMMA)/graphene nanocomposite 19 Zhang et al. (2011)

nanocomposite material. This helps in the attenuation of elec-
tromagnetic radiations via absorption losses, since it depends
on the electric and magnetic dipoles that can interact with
the electromagnetic radiation (Verma et al., 2015). In order
to establish correlation between observed shielding response
and electromagnetic attributes, complex permittivity (¢*) and
permeability (1) values of samples were also calculated from
experimental scattering parameters using the Nicolson-Ross-
Weir algorithm (Saini and Arora, 2013). The complex permit-
tivity (¢*) of the nanocomposite shows that both the real (&)

and imaginary (¢”) permittivity exhibits decreasing trend with
increasing frequency as shown in Fig. 6(a, b). This has been
attributed to the inability of the dipoles in nanocomposite to
follow the applied field. Moreover, nanocomposites show bet-
ter dielectric properties than pristine PANI. This is owing to
the Maxwell-Wagner type interfacial polarization as there is
a significant difference between the electrical conductivity of
PANI matrix and ferrite nanoparticles. On increasing the con-
tent of Gd*>* ions from x = 0.0 to 0.15, the dielectric attri-
butes decrease. It can be due to the increase in crystallite
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size. This intern decreases the number of grain boundaries and
hence the interfacial polarization also decreases. However, the
higher value of dielectric constant and dielectric loss associated
with x = 0.20 sample can be due to the decrease in crystallite
size. The complex permeability (1*) of PANI/Liy sFe> s Gd. Oy
ferrite nano-composites is shown in Fig. 6(c, d). The magnetic
permeability has been found to increase with increasing
Gd>" ion content in PANI/Lij sFe, s_.Gd,O4 ferrite nano-
composite. This is on account of increased particle size, which
leads to the facile formation of magnetic domain walls thereby
showing better magnetic properties. A lower value of magnetic
permeability for x = 0.20 sample can be due to its small size.
Furthermore, on increasing frequency of applied field (H), the
induced magnetization (B) lags behind the applied field giving
rise to anisotropic effects (magneto-crystalline anisotropy and
shape anisotropy). These anisotropic effects become much
stronger at nanoscale level. This is responsible for magnetic
losses in the magnetic material. An increase in crystallite size
from x = 0.0-0.15 clearly reflects a decrease in the anisotropic
effects, and hence the magnetic losses. These results are in con-
sistent with the results discussed in Section 3.1 (Dar et al.,
2016). Because of this increased complex permeability and per-
mittivity, an improvement in the equality of electromagnetic
attributes takes place. This results into the better impedance
matching which in turn improves absorption of the electro-
magnetic microwave. It also helps in the decrease of surface
reflection in the material as is evident from SEg values.

4. Conclusions

Successful synthesis of a core-shell structured PANI/Liy sFe, s Gd,
04 (0.0 < x < 0.2) ferrite nanocomposite has been prepared by surfac-
tant assisted in situ emulsion polymerization of aniline monomer for
the investigation of EMI shielding in X-band. It has been found that
the present nanocomposite material exhibits a higher value (42 dB)
of total SE than many other systems reported. The main contributing
factor has been ascribed to the absorption (SE, = 34-36 dB) instead
of reflection (SEg = 4.0-6.3dB), owing to the enhancement in

the electromagnetic attributes. An effect of Gd>" jon content on
PANI/Lij sFe, 5_Gd, O, nanocomposite has been analyzed for the
electromagnetic attenuation. It was observed to decrease with Gd*> ™"
doping, except for x = 0.2 sample. This has been attributed to the
increasing particle size of ferrites, resulting into the decrease in dielec-
tric (¢ = 59-56 at 9.5 GHz) attributes owing to increased grain to
grain contact. Higher value of SE for x = 0.2 sample can be due to
the secondary phase formation in ferrite, which increases the number
of grain boundaries and thereby increases &. However, increase in
magnetization with increasing Gd>" is less likely a factor affecting
shielding as compared to dielectric attributes. Such a material with
high SE is conducive for practical applications.
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