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ABSTRACT: In this study, a minimum reflection loss of −70 dB was achieved
for a 6 mm thick shield (at 17.1 GHz frequency) employing a unique approach.
This was accomplished by engineering nanostructures through decoration of
magnetic nanoparticles (nickel, Ni) onto graphene oxide (GO) sheets. Enhanced
electromagnetic (EM) shielding was derived by selectively localizing the
nanoscopic particles in a specific phase of polyethylene (PE)/poly(ethylene
oxide) (PEO) blends. By introduction of a conducting inclusion (like multiwall
carbon nanotubes, MWNTs) together with the engineered nanostructures
(nickel-decorated GO, GO-Ni), the shielding efficiency can be enhanced
significantly in contrast to physically mixing the particles in the blends. For
instance, the composites showed a shielding efficiency >25 dB for a combination
of MWNTs (3 wt %) and Ni nanoparticles (52 wt %) in PE/PEO blends.
However, similar shielding effectiveness could be achieved for a combination of
MWNTs (3 wt %) and 10 vol % of GO-Ni where in the effective concentration of Ni was only 19 wt %. The GO-Ni sheets
facilitated in an efficient charge transfer as manifested from high electrical conductivity in the blends besides enhancing the
permeability in the blends. It is envisioned that GO is simultaneously reduced in the process of synthesizing GO-Ni, and this
facilitated in efficient charge transfer between the neighboring CNTs. More interestingly, the blends with MWNTs/GO-Ni
attenuated the incoming EM radiation mostly by absorption. This study opens new avenues in designing polyolefin-based
lightweight shielding materials by engineering nanostructures for numerous applications.
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■ INTRODUCTION

Because of electromagnetic radiations emitted by electronic
gadgets, electromagnetic interference (EMI) is a major concern
in the current era. In addition to interfering with the precise
electronic circuitry, they also pose several health issues.1−3

Thus, there is an urgent need to develop materials that can
block these EM radiations. Though EM radiations can be
attenuated by reflecting or absorbing the incoming radiations,
the latter is more desirable for many applications.2 Metals are
the primary choice for shielding, but they suffer from certain
limitations such as difficulties in processability, structural
flexibility and environmental stability.4−9 However, these
difficulties can be overcome by using polymeric composites
because of their excellent processability, flexibility, and tailor-
made properties.7

Polymeric materials are insulators, inherently nonmagnetic,
and thus are transparent to these radiations. In this context,
incorporation of conducting inclusions and magnetic nanoma-
terials can shield the incoming radiations. For high electrical
conductivity, multiwall carbon nanotubes (MWNTs) is an ideal
choice because of their high aspect ratio that lowers their
percolation threshold in contrast to metal nanoparticles.10

However, the lack of magnetic dipoles restricts their application
in shielding by absorption. In this context, ferromagnetic

materials like iron (Fe), cobalt (Co), and nickel (Ni) can be
promising materials for shielding EM radiations. They can be
introduced either by decorating or by physical mixing with
CNTs. The latter in general is preferred because decoration of
CNTs with metal nanoparticles often results in defects, which
in turn lead to deterioration of electrical properties of CNTs
and, hence, might affect the overall shielding efficiency.
Furthermore, the size of these decorated magnetic nano-
particles is usually small and their effect on EM absorption is
weaker. In addition, although the basic mechanism of shielding
in these ferromagnetic materials is by absorption but it is
realized only at higher loadings.7

Polymer blends are a class of materials that possess superior
properties than their components and are also versatile in
context to ecological and economical viewpoint.11 Polymer
blends have widespread use and can replace traditional
materials, such as metals, for many functional applications.12

In addition, the percolation threshold of conducting nano-
particles can be reduced significantly by selectively filling one of
the phases of the blends.13−15 This increases the local
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concentration of the nanoparticles resulting in more
interconnections. For instance, the percolation threshold of
MWNTs was reduced significantly in immiscible blends of PE
and PMMA with respect to their components.14 In the recent
past, several studies have reported enhanced shielding efficiency
in MWNTs based polymeric composites. For instance, Singh et
al.,16 reported a shielding effectiveness of −22 dB was reported
in LDPE (low density polyethylene) composites with 10 wt %
MWNTs. Similarly Al-Saleh et al.,17 reported that incorporation
of 7.5 vol % MWNT in polypropylene (PP) exhibited a
shielding effectiveness of 35 dB. In the case of polystyrene (PS)
with 7 wt % MWNTs, an shielding effectiveness of 20 dB was
reported by Yang et al.18 Further, Hoang et al.,19 reported that
with the addition of 25 wt % MWNTs in polyurethane, the
shielding effectiveness of 25 dB can be obtained. With the
addition of 15 wt % SWNTs in epoxy matrix, Huang20 reported
a shielding effectiveness of 20−30 dB EMI SE in the X-band
range. Liang et al.21 also reported that 15 wt % of graphene
sheets in epoxy matrix exhibit a shielding effectiveness of 21 dB.
EMI shielding effectiveness was tested over a frequency range
of 8.2−12.4 GHz (X-band), and 21 dB shielding efficiency was
obtained for 15 wt % (8.8 vol %) loading, indicating that they
may be used as lightweight, effective EMI shielding materials.
Maiti et al.,22 reported a shielding effectiveness of 23 dB in
polycarbonate (PC) with the addition of 2 wt %
MWNT.PMMA with addition of 40 wt % MWNTs exhibited
a shielding effectiveness of 27 dB.23 Recently, Kar et al.,24

reported a high shielding effectiveness of 23 dB with very low
fraction of MWNTs in PVDF. Further, Zhang et al.25 reported
that ultralight and highly compressible graphene foams exhibit a
3D conductive network which plays a vital role in resulting in
EM absorption as high as 2.2 × 105 dB cm2 g−1. It is well
evident from the above literature that high shielding
effectiveness can be obtained at relatively higher fraction of
conducting nanoparticles. However; the structural properties
can deteriorate at such high loadings. Hence, a great deal of
research is being focused toward developing EMI shielding
materials with low amounts of functional nanoparticles in order
to design lightweight and flexible shields.
It is well reported that the material should possess both

electric and/or magnetic dipoles, which interact with the
electromagnetic field and block the incoming radiation. Thus,
incorporation of nanoparticles like Fe (iron), Ni (nickel), Co
(cobalt), etc., along with MWNTs can further enhance the
shielding. For instance, Kar et al.,24 reported that incorporation
of Fe3O4 along with MWNTs (modified with ionic liquid) in
PVDF/ABS led to significant enhancement in the shielding
effectiveness. Similarly, Pawar et al.,7 developed Fe3O4 magnetic
nanoparticles grafted MWNTs that exhibited shielding
effectiveness of 28 dB in PC/SAN blends. In this context, Ni
is preferred over Co or Fe because of its superior oxidative
resistance26

In the development of conducting polymer nanocomposites,
high aspect ratio nanoparticles are ideal candidates as they
manifest in low geometrical percolation threshold. Thus,
MWNT and graphene are promising materials to design and
develop conducting polymer nanocomposites. MWNT possess
high intrinsic conductivity whereas graphene oxide exhibits high
dielectric constant because of charge accumulation on account
of oxygen moieties on the basal plane of graphene. To
attenuate electromagnetic (EM) radiation, materials should
preferably possess electrical conductivity, dielectric, and
magnetic dipoles. However, MWNT and graphene oxide are

nonmagnetic and thus are transparent to magnetic field
associated with EM radiations. Hence, various approaches
have been designed to incorporate magnetic materials along
with conducting nanoparticles for developing EMI shielding
materials. However, incorporation of magnetic nanoparticles
can lead to agglomeration in the polymer matrix. Interestingly,
by nucleating magnetic nanoparticles on the graphene sheet,
the quality of dispersion can be improved to a significant extent.
Thus, in the present study, a unique approach has been adopted
to block EM radiation by absorption through synergistic effects
from GO, Ni, and MWNTs in a techno-commercial blend like
PE and PEO.
The rationale behind this work is to reduce the concentration

of nanoparticles required to achieve efficient shielding of EM
radiations. This will help in the design of polymer based
lightweight and flexible shielding materials. The blends of PE
and PEO were chosen because of their ease of processing,
chemical inertness, and low density. Various strategies were
adopted like physical mixing the magnetic nanoparticles along
with conducting inclusions (MWNTs), decorating magnetic
nanoparticles on MWNTs and graphene oxide (GO) sheets,
etc. The engineered nanostructures were observed to be more
efficient when compared to physical mixing both the entities in
the blends. By selectively localizing the nanostructures in the
PE phase, an efficient charge transport was facilitated, as
manifested from electrical measurements. The nanostructures
were well-characterized using microscopic and spectroscopic
techniques. The EM shielding parameters were assessed using a
vector network analyzer coupled to a coaxial set up in a broad
frequency range encompassing both X and Ku-band.

■ EXPERIMENTAL SECTION
Materials. PE (low density polyethylene with MFI of 25 g/10

min), PEO (poly(ethylene oxide) MV of 400 000 g/mol), and nickel
chloride hexahydrate (NiCl2·6H2O) were procured from Sigma-
Aldrich. The multiwalled carbon nanotubes (MWNT) with ∼1.5 μm
long and 9.5 nm average diameter (NC 7000 of 90% purity) were
obtained from Nanocyl (Belgium). Acrylic acid was procured from
Alfa Aesar (Germany). All other solvents and reagents of analytical
grade were procured from SD. Fine chemicals (India) and used
without any further modification.

Synthesis of Graphene Oxide (GO). GO was synthesized as
described in our previous work.27 Briefly, graphitic flakes were oxidized
with KMnO4 in the presence of H2SO4 and H3PO4 (9:1 v/v), and the
mixture was kept at room temperature. After 72 h, oxidation was
stopped by the addition of hydrogen peroxide. The mixture was then
filtered and washed with distilled water, hydrochloric acid and ethanol
was added successively. Thus, the obtained GO lumps were vacuum-
dried at room temperature.

Synthesis of Ni Nanoparticles Decorated MWNTs and GO
Sheets. Ni-decorated MWNTs were synthesized by grafting PAA
onto MWNT and the carboxyl moieties were utilized for the
attachment of Ni particle as described elsewhere in the literature.28

MWNT-Ni and GO-Ni were prepared by reducing NiCl2·6H2O salt
on to PAA-MWNT and GO using hydrazine hydrate as the reducing
agent and in the presence of sodium hydroxide as a catalyst in ethylene
glycol (EG).28 Briefly, 30 mg of PAA-MWNT or GO was sonicated in
50 mL of EG, along with 62 mg of NiCl2·6H2O and 0.26 g of NaOH
as catalyst. Then the reaction mixture was kept at 80 °C for 2 h,
washed and centrifuged with DI water (5 times). To synthesize Ni
nanoparticles, all the steps mentioned above were followed without the
PAA-MWNT and GO sheets.

Preparation of Blend Nanocomposites. PE (70 wt %) and 30
wt % PEO blends with MWNTs, Ni, and GO-Ni were melt mixed in a
twin screw extruder (Thermo Haake Minilab II) at 150 °C and 60 rpm
for 20 min under N2 atmosphere. The recirculation channel ensured
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homogeneous mixing of particles in the blend. Prior to melt mixing,
PE and PEO was vacuum-dried to remove traces of moisture.
Characterization of Nanoparticles and Blend Nanocompo-

sites. The size and morphology of the nanostructures were analyzed
by transmission electron microscopy (TEM), using a Tecnai G2T20,
and field emission scanning electron microscopy (FESEM) using
ULTRA 55 from Carl Zeiss. The various functional groups on the
nanostructures were assessed using Fourier transform infrared (FTIR)
from PerkinElmer Frontier. The crystal structure was evaluated by X-
ray diffraction (XRD) using a Cu Kα source. The magnetic properties

were evaluated using a Vibratory Sample Magnetometer (VSM) (from
Lakeshore) at room temperature with an applied field of −2000 to
2000 Oe. The phase morphology of the extruded strands was studied
using SEM. To enhance the contrast, the PEO phase was etched using
cold water.

AC electrical conductivity of the various blend nanocomposites
were studied using an Alpha-N Analyzer, Novocontrol with the
frequency range from 10−1 to 107 Hz. The electromagnetic
interference (EMI) shielding effectiveness (SE) was measured in the
frequency range of 2−18 GHz. Specimens for EMI SE measurement

Scheme 1. Ni Decoration on the Surface of MWNT

Figure 1. (a) XRD pattern, (b) TEM (inset shows the diffraction pattern), and (c) SEM micrograph of Ni-MWNT.
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were prepared using compression molding. The various EMI shielding
parameters was evaluated using Anritsu MSA4642A, two port vector
network analyzer (VNA) coupled with a coaxial setup (from
Damaskos). Prior to the measurements, absorption and reflection
losses arising due to the transmission line and sample holder were
avoided by full SOLT calibration through two ports.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of Ni Nanoparticles
and Ni-Decorated MWNT and GO. Among the various
strategies for decorating nickel (Ni) on MWNTs like
immersion of MWNTs in salt solution, heat treating the coated
MWNTs under H2 atmosphere,29 electro-evaporation of Ni in
MWNT dispersed solution,30 etc., chemical reduction of Ni salt
on MWNTs is the most efficient, simple, versatile, and easily
scalable.31 Ni decoration on to MWNTs is governed by many
functional groups present on the surface of MWNTs. Out of
the various functional groups, the carboxylic groups are
commonly utilized for decorating Ni nanoparticles.32,33 The
carboxylic functional groups can be introduced via oxidation of
the surface of MWNTs.34,35 However, oxidation of MWNTs
results in defects.36 In the present work, acrylic acid was in situ
polymerized in the presence of MWNTs which results in the
introduction of many carboxyl groups on the surface of
MWNTs, as shown in Scheme 1 Further, carboxylic groups
thus introduced on the surface were utilized for nucleation of
Ni during chemical reduction using hydrazine hydrate. The
reduction of NiCl2·6H2O on the surface was further confirmed
by XRD (see Figure 1).
In Figure 1a, the peaks corresponding to 2θ of 44, 51, and 76

(JCPDS card no. 00-001-1258) are attributed to [111], [200],
and [220] crystal planes of cubic Ni.37 This further supports
that Ni is in pure metallic state. The graphitic peak
corresponding to (002) reflection is observed at 2θ = 26.4°.
But in case of MWNTs, a downward shift at 2θ = 25.9° is noted
and is attributed to sp2, CC layers spacing.38 Park et al.39

reported that decoration of silver on the MWNT showed a 2θ
= 25.9° along with silver peaks at 38.0°, 44.4°, 64.5°, and 77.5°
that suggests the presence of MWNT along with silver.
Similarly, in our study, we observed the MWNT peak at 2θ =
25.51° along with 2θ = 44.5°, 51.8°, and 74.4° that can be
assigned to (111), (200), and (220) (2θ) reflection of face-
centered cubic Ni crystals suggesting the presence of MWNT,
along with nickel.
TEM micrograph (Figure 1b) suggests Ni nanoparticles of

∼49 nm are decorated on the surface of MWNTs. The inset in
Figure 1b shows the selected area electron diffraction (SAED)
of Ni, which exhibits a symmetrical dotted lattice of Ni. SEM
micrograph of Ni-MWNT (Figure 1c) shows distribution of Ni
on the surface of MWNTs.
Similarly, Ni was decorated on the surface of GO, which was

synthesized by oxidation of graphite by Hummers method,40 as
shown in Scheme 2. From Figure 2i, it is evident that upon
oxidation of graphite, the carboxyl (1710 cm−1), epoxy (1050
cm−1), and hydroxyl groups(broad peak at 3300 cm−1) are
introduced on to the surface of GO. Ni was decorated on the
surface of GO by in situ reduction of NiCl2using hydrazine
hydrate in the presence of NaOH. However, during this process
GO undergoes partial reduction, as revealed from FTIR. From
Figure 2i, it is evident that the absence of carboxyl and
reduction of hydroxyl peak suggest partial reduction of GO
during the synthesis of GO-Ni.

It is evident from Figure 2ii(b) that Ni is uniformly
distributed on the surface of GO sheets. Metal ions carry a
positive charge and tend to get stabilized in the presence of
negatively charged GO sheets41 during sonication. Further,
hydrazine hydrate, a reducing agent is utilized for reduction of
these stabilized Ni ions to metallic Ni. This reduction at specific
sites prevents agglomeration of Ni nanoparticles on the surface
of GO sheets. In addition, attachment of Ni nanoparticles
hinders the restacking of GO sheets. From Figure 2ii(a), it is
evident that Ni nanoparticles prepared under identical
experimental conditions tend to agglomerate to form large
particles. Hence, GO sheets tend to efficiently support the
growth and distribution of Ni particles on the surface because
of its large surface area.
TEM micrograph of Ni (Figure 2iii(a)) suggests agglomer-

ation of Ni particles with an average size of 150−200 nm. The
TEM micrograph of GO-Ni (Figure 2iii(b)) showed that Ni
particles of 6−15 nm are uniformly distributed on the GO
sheets, which is due to interaction of GO sheets with Ni ions.
Similar observations have been reported earlier.42

Figure 2iv shows the XRD pattern of Ni nanoparticles and
GO-Ni and it is evident that both Ni and GO-Ni exhibit
characteristic peaks at 44°, 51°,and 76° that can be attributed to
[111], [200], and [222] crystal planes of cubic structure of Ni
(JCPDS card no. 00-001-1258). The broadening of peak at 24°
suggests the reduction of GO sheets, as shown in the inset of
Figure 5. Further, XRD supports the observations made from
XPS, as shown in Figure 2v. From XPS, the peaks
corresponding to 2p3/2 and 2p1/2 spin states of Ni are evident
at binding energies of 855 and 873 eV, respectively.
Quantitative elemental analysis manifested 44% (atomic %)
of nickel.

Electrical Conductivity. It is reported that the selective
localization of conducting filler in one phase of blend can lead
to synergistic improvement in the conductivity.43 This
synergism in the improvement of conductivity is attributed to
effective increase in concentration of filler in a given phase and
usually observed in cocontinuous type of microstructures.
However, in case of PE/PEO blends, more the PEO, poorer is
the structural properties of the blends. This infers that high
concentration of PEO will limit its use for structural
applications. Hence, we vary the concentration of PEO in the

Scheme 2. Synthesis of Ni-Decorated GO Sheets
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blends from 10−50 wt % and evaluated the bulk electrical
conductivity with 1 wt % MWNTs.
As shown in Figure 3, the concentration of PEO (dispersed

phase) was varied between 10−50 wt % in PE matrix with 1 wt

% MWNT (for conductivity). It is observed that the composite
with 50 wt % PEO exhibited a conductivity of ∼10−7 S·cm−1

however resulted in poor mechanical properties. This reduction
in mechanical properties (tensile strength) with increase in
PEO (dispersed) content suggests a negative deviation from
mixing rule.44 This indicates a poor adhesion at the interface
because of phase separation of PEO in PE phase. The lower

PEO content leads to a decrease in electrical conductivity (as
10 wt % PEO exhibit conductivity of 10−12 S·cm−1). Hence, for
further studies, the composite with 30 wt % PEO and 70 wt %
PE was chosen from practical viewpoint, which exhibit a good
set of electrical and mechanical properties.
The electrical conductivities of 70/30 wt./wt. PE/PEO

blends with 1−3 wt % MWNTs and Ni-MWNT and PAA-g-
MWNT were assessed at room temperature by broadband
dielectric spectroscopy from 10−1 Hz to 10−7 Hz. It is evident
from Figure 4a that with an increase in MWNT concentration,
electrical conductivity increases. Further, addition of 3 wt % of
MWNT exhibited a conductivity of 10−6 S.cm−1, an increase of
7 orders of conductivity with respect to neat blends. This
increase in conductivity is attributed to transport of electrons
through 3D network. In the present work, MWNTs are
restricted in the PE phase, as reported in our earlier work.14

Further, it is worth noting that the percolation concentration in
PE matrix reported in 3.6 vol % (∼6 wt %).45 The effect of
selective localization is evident in PE/PEO (70/30 wt./wt.)
blend wherein percolation of MWNTs is achieved at 3 wt %.
Thus, further studies were restricted to 3 wt % MWNT in (70/
30) PE/PEO blend.
Further, to achieve high EMI shielding, high electrical

conductivity and magnetic properties are desired. To our
surprise, the PE/PEO blends with 3 wt % of Ni-MWNT
nanoparticles exhibited a conductivity, which is 4 orders lower
than MWNT. This contradicts the observation made by Ryu et
al.,46 who reported that Ni decorated CNT showed one order
increase in conductivity in contrast to pristine CNTs in epoxy
matrix. In order to understand this phenomena, 3 wt % PAA-g-
MWNT were mixed with PE/PEO blends. The PAA-g-MWNT

Figure 2. (i) FTIR spectra of (a) graphite, (b) GO, and (c) GO-Ni. (ii) SEM micrograph of (a) Ni and (b) GO-Ni. (iii) TEM micrograph of (a)
graphite and (b) GO. (iv) XRD pattern of Ni and GO-Ni (inset shows rGO broad peak at 24°). (v) XPS spectrum of (a) Ni and (b) GO-Ni.

Figure 3. AC conductivity at 1 Hz and tensile strength of PE/PEO
blends with varying PEO concentration (the lines are only intended to
guide the eye).
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also exhibited conductivity in the range of 10−10 S cm−1 similar
to Ni-MWNT. Hence, we attribute the drop in conductivity
due to wrapping of PAA on the surface of MWNT. Therefore,
Ni-MWNT may be not be a good candidate as a shielding
material. Hence, for our further studies, we have used Ni and
GO-Ni in PE/PEO along with MWNT.
Blends with Ni and GO-Ni were assessed through electrical

conductivity where MWNT concentration (3 wt %) was kept
constant (Figure 4b). Addition of Ni and GO-Ni both
manifested enhanced electrical conductivity over blends with
3 wt % MWNTs. Interestingly, blends with 10 vol % of Ni (52
wt %) and GO-Ni (19 wt %) manifested similar electrical
conductivity though weight fraction of GO-Ni is strikingly
smaller over Ni nanoparticles. Blends with 10 vol % GO-Ni
along with 3 wt % MWNTs manifested highest electrical
conductivity of 2 × 10−4 S/cm. These observations suggest that
approach of decoration of GO sheets with Ni nanoparticles
resulted in enhanced conductivity at very small fraction of filler
loading. Further incorporation of Ni and GO-Ni exhibited
synergetic effect on conductivity due to the conducting path
provided by nanoparticles.
Magnetization of GO-Ni and Ni Nanoparticles. It is well

reported that magnetic dipoles play a vital role in the
attenuation of EM radiation.7 Thus, the magnetic properties
of the Ni and GO-Ni nanoparticles were determined at room
temperature. The magnetization curve of MWNT (depicted in
Figure 5a) exhibited a negligible magnetization value of 0.3 emu
g−1 which can be attributed to the residual metal catalyst
present during the synthesis. Further from Figure 5b it evident

that both Ni and GO-Ni nanoparticles exhibited a ferromag-
netic behavior, with a saturation magnetization of 56.9 and 23.4
emu g−1 respectively. Various magnetization values are listed in
Table 1. The remnant magnetization (Mr) of Ni is 21.4 and the

saturation magnetization (Ms) of Ni is 56.9 emu g−1, which is
similar to the earlier reported magnetization values.47 Ni has
multiple crystal domains that result in the enhancement35 of
the effective magnetic moment. Further, GO-Ni showed
remnant magnetization (Mr) of 8.9 and saturation magnet-
ization (Ms) of 23.4 emu g−1. This decrease in saturation
magnetization is attributed to presence of relatively non-
magnetic GO sheets.
The coercivity (Hc) is an ability of material to withstand

external magnetic field without getting demagnetize. The
coercivity (Hc) is dependent on the shape and crystallite size
of material, nature of the boundaries, and also the surface and
initial layer properties. The coercivity (Hc) of Ni is 257 and
GO-Ni to be 312 Oe, as shown in Figure 5 inset. This increase
in Hc is attributed to smaller Ni particles present on the surface
thus resulting in magnetization reversal to withstand an external

Figure 4. (a) AC conductivity of 70/30 PE/PEO neat, with 1−3 wt %
of MWNT, with 3 wt % Ni-MWNT and with 3 wt % PAA-g-MWNT,
and (b) conductivity of 70/30 PE/PEO blends.

Table 1. Magnetization Values of Ni, GO-Ni, and MWNT

particle Ms (emu·g−1) Mr (emu·g−1) Hc (Oe) Mr/Ms

Ni 56.9 21.4 257 0.37
GO-Ni 23.4 8.9 312 0.38
MWNT 0.3 0.2 250 0.67

Figure 5. Magnetic hysteresis loops of (a) MWNT and (b) Ni and
GO-Ni versus magnetic field at room temperature (inset shows the
zoomed magnetic hysteresis loops of Ni and GO-Ni versus magnetic
field).
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magnetic field without becoming demagnetized. This higher Hc

in case of GO-Ni nanoparticles can further leads to enhanced
absorption of magnetic field associated with EM radiation
through hysteresis magnetic losses.
Blend Morphology. The morphology of cryo-fractured

70/30 wt./wt. PE/PEO blends with 3 wt % of MWNT, with Ni
nanoparticle and GO-Ni was analyzed by FESEM. PE/PEO
exhibited typical sea−island type of morphology with PEO
dispersed uniformly in PE. Figure 6a shows the morphology (i)
of PE/PEO with 10 vol % Ni and Figure 6a (ii) illustrates the
Ni mapping. It is evident from EDAX mapping that Ni is
mostly localized in the PE phase. It is interesting to note from
Figure 6a (ii) that Ni nanoparticles are mostly agglomerated in
the PE phase. This is attributed to strong van der Waals’ force
between the Ni nanoparticles. Similarly, Figure 6b reflects the
morphology of PE/PEO blends with 10 vol % GO-Ni and the
corresponding EDAX mapping, as shown in Figure 6b (ii),

illustrates the localization of GO-Ni in the PE phase. It is
interesting to note that unlike Ni nanoparticles, the GO-Ni
nanoparticles are uniformly distributed in the PE matrix. Thus,
decoration of Ni nanoparticles on the GO sheet facilitates in
efficient dispersion of GO sheets in the blends.

Attenuation of EM Radiations. The attenuation of
electromagnetic (EM) radiation was measured using scattering
parameter and expressed as shielding effectiveness (SE). From
basic phenomenon of EMI shielding, it is well-known that
electrically conducting materials are good for EMI shields.
Apart from electrical conductivity, magnetic dipoles also play a
vital role in attenuating the incident EM radiations.23,48 The
shields are considered to be exhibited by three main
mechanisms, that is, reflection (SER), absorption (SEA), and
internal multiple reflection (SEMR). SER is exhibited by
materials containing free electron or mobile charge carrier.
SEA is exhibited by materials with electrical and magnetic

Figure 6. Morphology and EDAX mapping of 70/30 PE/PEO without etching PEO with 3 wt % MWNT and 10 vol % Ni is shown in panel a and
with 3 wt % MWNT and 10 vol % GO-Ni is shown in panel b: (i) blend morphology, (ii) one-to-one Ni mapping, and (iii) EDAX spectrum.
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dipoles. SEMR occurs due to reflections across the internal
surfaces. EMI SE total (SET) is expressed as

= + +SE SE SE SET R A MR (1)

SET of materials can be calculated by using the scattering
parameter as

= ×
| |

= ×
| |

⎡
⎣⎢

⎤
⎦⎥

⎡
⎣⎢

⎤
⎦⎥S S

SE (dB) 10 log
1

10 log
1

T
12

2
21

2
(2)

In eq 2, S12 and S21 correspond to reverse transmission
coefficient and forward transmission coefficient, respectively.
From literature, it is clear that the conductivity and

connectivity of MWNT plays a vital role in achieving the
high attenuation of EM radiation. The present work focuses on
establishing MWNTs network by selectively localizing them in
the PE phase. Further partial/unconnected MWNTs are
bridged by Ni nanoparticles/GO-Ni. This connectivity results
in the increase of conductivity, as discussed earlier.
Figure 7 exhibits the total shielding effectiveness (SET) (with

specimen thickness of 6 mm) as a function of frequency for

different blends studied here. The blends with 3 wt % MWNTs
manifested a total shielding effectiveness of −16.3 dB at 18
GHz frequency. Whereas, addition of Ni and GO-Ni
nanoparticles, resulted in enhanced total SE. Thus, addition
of 5 (10 wt %) and 10 vol % (19 wt %) GO-Ni manifested a
SET of −18 and −26 dB, respectively. This observation can also
be easily correlated with electrical conductivity where addition
of Ni and GO-Ni led to increase in conductivity. Furthermore,
total SE was scaled with fraction of Ni and GO-Ni
nanoparticles. In case of blends with 5 vol % (34 wt %) Ni
nanoparticles, SE was significantly enhanced to −23.4 dB over
the blends with only 3 wt % MWNTs (−17 dB) whereas for
blends with 5 vol % (10 wt %) GO-Ni manifested only a small
increment in the SE total to −19 dB at 18 GHz frequency. This
could be due to relatively low weight fraction of GO-Ni
nanoparticles were not enough to form connecting network.
Surprisingly, at higher fraction (10 vol %), though relative
weight fraction of GO-Ni (19 wt %) is very small over Ni

nanoparticles (54 wt %), total shielding effectiveness was
observed to be comparable in both the blends. This may
ascribed to effective network formation of MWNTs and Ni
nanoparticles decorated on graphene oxide sheets. It is well
understood that network of fillers leads to enhancement in EM
attenuation.
In case of polymer nanocomposites containing conducting

fillers, the connecting network can be assessed through
electrical conductivity measurements. Figure 4b shows that
the blend with 3 wt % MWNTs and 5 vol % Ni manifested
higher electrical conductivity in contrast to the blend with 3 wt
% MWNTs and 5 vol % GO-Ni. Moreover, further addition of
GO-Ni (10 vol %) resulted in strikingly enhanced electrical
conductivity. From electrical analysis, it is evident that the
blends with 3 wt % MWNTs and 5 vol % GO-Ni lack
interconnections between the conducting inclusions. However,
10 vol % GO-Ni manifested in a connecting network that
further led to an enhanced EM attenuation.
From EMI shielding analysis, it is clear that dispersion and

connecting network of nanofillers plays a prominent role in
EMI attenuation. In case of blends with MWNTs and Ni
nanoparticles, owing to their magnetic nature of Ni nano-
particles, this led to agglomeration in polymer matrix and
fraction required to form connecting network of filler was
observed to be relatively very high over GO-Ni nanoparticles.
The GO-Ni nanoparticles manifested comparative EMI
shielding attenuation to physically mixed Ni nanoparticles at
very low weight fraction of nanoparticles. Owing to their high
surface area, GO nanosheets acted as an effective substrate to
decorate Ni nanoparticles and assisted in effective dispersion
and network formation. These observations manifests that
strategy of uniform decoration of magnetic nanoparticles on
surface of conducting fillers results in enhanced network
formation at relatively very low fraction of fillers which further
leads to maximum total attenuation and absorption of incident
EM radiation. This opens up new avenues of decorating GO
sheets with Ni rather than Ni nanoparticles for designing cost-
effective and lightweight nanocomposites.
Thickness of the shield has vital role in total attenuation of

EM radiation. In order to analyze the effect of thickness, SE
total was studied at different specimen thicknesses for few
blends. The skin depth of PE/PEO blends with MWNTs and
Ni was observed to be 4 mm. To neglect the multiple
reflections, specimen thickness selected (6 mm) was well above
the skin depth although samples with different thickness has
been studied to gain in depth understanding of the effect of
thickness of SE Figure 8 depicts SE total as a function of
frequency and thickness for blends with Ni and GO-Ni
nanoparticles, respectively. It is evident that SE total scales with
thickness and it is comprehensively evident in both the blends.
From the various studies, it is evident that absorption of EM
radiation scales with thickness. Similar observation was evident
in PE/PEO blends where the total shielding effectiveness
increased with the thickness of specimen and this could be
ascribed to enhanced absorption of EM radiation.

Mechanism of Attenuation in PE/PEO Blends Compo-
sites. To obtain more insight about attenuation mechanisms
the relative permittivity and permeability of blends were studied
in a broad frequency range. It is well-known that owing to their
electrical dipoles MWNTs can be used to tailor permittivity
whereas presence of magnetic fillers can tailor the permeability
of composites. The presence of both electrical and magnetic
dipoles plays important role in absorption of EM radiation in

Figure 7. Total shielding effectiveness as a function of frequency for
70/30 PE/PEO with 3 wt % MWNT and 5−10 vol % Ni and GO-Ni
(with specimen thickness of 6 mm).
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polymer nanocomposites. Here, by assistance with MWNTs
and Ni nanoparticles, we could able to design soft nano-
composites with enhanced permittivity and permeability.
Relative permittivity and permeability was estimated using
well established line theory using scattering parameters
extracted from vector network analyzer (VNA).
The SER corresponds to the total reflected EM radiation

from the surface of shield whereas the RL (reflection loss)
represents the maximum absorption of EM waves at particular
frequency due to change in complex microwave properties like
relative permittivity and permeability of the shield. The SER
shows contribution of reflection mechanism in total attenuation
of microwave radiation and is characteristic of conducting
shield. The higher electrical conductivity enhances the both
absorption (SEA) and reflection (SER) and eventually leads to
maximum total microwave attenuation, whereas, RL can be
enhanced by higher value of permittivity and permeability. The

SER, SEA, and RL combined provide clear understanding of
shield material in the wide frequency range.
In case of air filled coaxial line, the reflection coefficient of

EM wave incident on the interface can be expressed as follows:

μ ε

μ ε
Γ =

−
+

=
−

+
Z Z
Z Z

( / 1)

( / 1)
0

0

R R

R R (3)

In case of specimen with particular thickness t, the transmission
coefficient across the specimen thickness may be expressed as
follows:

= =ω με ω μ ε− −z e ej t j c t( ( / ) )R R (4)

εR and μR can be complex permittivity and permeability,
respectively. Z0 is characteristic impedance corresponding to
coaxial line, and Z is new characteristic impedance of specimen
mounting region.
Scattering parameters were obtained from vector network

analyzer (VNA) using coaxial setup and their sum and
difference are mentioned below.
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= −V S S2 21 11 (6)

where S11 and S21 is the forward reflection coefficient and
forward transmission coefficient, respectively.
Reflection coefficient may be estimated using scattering

parameters
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and condition of |Γ| ≤ 1 was satisfied by choosing appropriate
sign.
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The complex permeability and permittivity may be expressed as

μ = c cR 1 2 (11)

ε =
c
cR

1

2 (12)

Figure 9 depicts the change of relative permittivity and
permeability of blends with frequency. The effect of individual
fillers on permittivity and permeability is systematically
interpreted in Figure 9. EM radiations consist of electric and
magnetic fields. In order to attenuate both the fields, materials
should possess electrical conductivity, dielectric, and magnetic
dipoles. The presence of MWNTs and GO in PE/PEO blends
manifests electrical conductivity and electrical dipole that
results in reflection and absorption of electrical field. However,
MWNT and graphene oxide are nonmagnetic in nature thus
transparent to magnetic field associated with EM radiations. To
attenuate the magnetic field, Ni nanoparticles were introduced
in the blends. In this context, blends with 3 wt % MWNTs and

Figure 8. Total shielding effectiveness as a function of frequency and
thickness for 70/30 PE/PEO with (a) 10 vol % Ni and (b) GO-Ni.
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10 vol % GO-Ni manifested highest permeability which
confirms the presence of magnetic dipoles in system that can
further interact with an incident EM radiation. The combined
effect is due to electrical dipoles in MWNTs and GO and
magnetic dipoles in Ni nanoparticles, which led to the highest
attenuation of EM radiation through absorption of electrical
and magnetic field respectively, in the PE/PEO blends. Because
of its electrical dipoles, MWNTs imparted permittivity to
composites, where addition of Ni or GO-Ni manifested no
effect on relative permittivity of composites. However,
interestingly, addition of Ni and GO-Ni imparted striking
enhancement in permeability over blends with only MWNTs.
This observation supports the combined effect of MWNTs and
Ni nanoparticles in absorption of EM radiation where electrical
and magnetic dipoles interact with incident EM radiation.
These mechanisms of attenuations were further analyzed using
different EM parameters like reflection loss (RL), shielding
effectiveness through reflection (SER) and absorption (SEA).
The RL can be calculated from relative permeability and

permittivity estimated using well adopted line theory by
following relation:

= ×
| − |
| + |
Z
Z

RL 20 log
1
1

in

in (13)

Figure 10a shows RL as a function of frequency for different
blends. Blends with MWNTs depicted RL of −6 dB at 16.4
GHz. Interestingly, blends with 10 vol % Ni and GO-Ni
manifested minimum RL of −38.2 and −41 dB at 4.5 and 14.9
GHz, respectively. These minimum reflection losses at
particular frequencies correspond to the synergetic absorption
of both electrical and magnetic fields associated with EM
radiation. The thickness of shield has prominent effect on
attenuation of EM radiations. In order to study the effect of
shield thickness, RL was analyzes as a function of thickness over
broadband frequency range for few blends. Figures 10b and c
depict reflection loss as a function of thickness and frequency
for blends with Ni and GO-Ni, respectively. It was observed
that frequency at which minimum reflection achieved was
altered with variation in shield thickness. In case of blends with
Ni nanoparticles (Figure 10b), the minimum reflection loss was
shifted to higher frequencies with increasing thickness of shield

in the X and Ku-band. However, the bandwidth was unaltered.
A similar trend was exhibited by blends with GO-Ni (Figure
10c). This suggests appropriate choice of shield thickness for
particular application at different frequency ranges. These
observations provide insights for designing the shield for
specific frequencies.
The contribution of reflection and absorption mechanisms

toward attenuation was further estimated using

Figure 9. Relative permittivity and permeability as a function of
frequency for 70/30 PE/PEO blends (open symbols indicate the
permittivity and the closed symbols indicate permeability values).

Figure 10. (a) Reflection loss (RL) dependence on the frequency of
blends for 6 mm thick specimen, and RL as a function of frequency
and thickness for blends with (b) Ni nanoparticles and (c) GO-Ni.
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where S11 is forward reflection coefficient, S12 is reverse
transmission coefficient, and S21 is forward transmission
coefficient. Generally SEMR mechanism have deteriorative effect
on SE moreover when is more than 15 dB SEMR.

49

Figure 11 demonstrates the contribution of SEA and SER
toward total EM attenuation for different blends studied here.

From contribution of reflection and absorption, it is evident
that blends with only MWNTs depicted attenuation mostly
through reflection whereas addition of magnetic Ni nano-
particles resulted in enhanced absorption. It is observed that
70/30 PE/PEO with 3 wt % MWNT exhibit a SET of −16 dB,
which is primarily through reflection. But with the addition of 5
(34 wt %) and 10 vol % (52 wt %) Ni nanoparticles, SET was
observed to enhance significantly in contrast to MWNTs,
which could be attributed to network formation of MWNTs
assisted by Ni nanoparticles. As shown in Figure 4b, the PE/
PEO blends with 3 wt % MWNTs showed AC electrical
conductivity of 10−6 S/cm, whereas further incorporation of Ni
nanoparticles resulted in enhanced electrical conductivity. This
observation supports Ni nanoparticles assisted network
formation of MWNTs in the blends.
Interestingly, blends with 5 vol % Ni nanoparticles

absorption was enhanced to −9.7 dB in contrast with blends
with MWNTs which manifested negligible absorption.
Attenuation through absorption was further enhanced by
increasing the fraction of Ni nanoparticles where blends
containing 10 vol % Ni nanoparticles showed absorption of
−13.4 dB. This observation could be ascribed to synergetic
absorption of electrical field through MWNTs and magnetic
field by Ni nanoparticles consisting of magnetic dipoles. In
order to attenuate EM radiation by absorption, the material
should be conducting but very high electrical conductivity is

not required. However, to achieve electrical conductivity, a
connecting network of conducting filler is required.26 In order
to further enhance dispersion and network formation between
MWNTs and magnetic particles, Ni nanoparticles were
decorated on GO surface. Interestingly, synergetic network of
conducting MWNTs and GO-Ni was formed, which is evident
from enhanced DC conductivity over only MWNTs. It is
important to note that Ni and GO-Ni nanoparticles also are
part of resulted network and enhanced dispersion, which
resulted in maximum attenuation of EM radiation through
absorption at very low weight fraction of fillers. Interestingly,
mechanism of attenuation was observed to shift from reflection
to absorption for blends with 10 vol % Ni nanoparticles.
The contribution of SE through absorption scaled with

concentration of Ni nanoparticles. This can be supported
through enhanced permeability of blends with addition of Ni
nanoparticles. In case of blends with 3 wt % MWNTs and 5 vol
% Ni, magnetic dipoles are not sufficient to absorb maximum
magnetic field. In order to study the mechanism, SE through
absorption was evaluated. From Figure 11, it is evident that
blends with 3 wt % MWNTs and 5 vol % Ni showed maximum
attenuation through reflection whereas, blends with 3 wt %
MWNTs and 10 vol % Ni manifested 50% SE through
absorption. This clearly indicates that with increasing fraction
of Ni nanoparticles, absorption is the dominating mechanism
for the attenuation of EM radiation.
A similar trend was observed in blends with GO-Ni where SE

and absorption scales with fraction of GO-Ni. The effect of
enhanced network formation in case of blends with GO-Ni is
significantly evident here where total SE and attenuation
through absorption is comparable to blends with Ni at relatively
very small weight fraction of magnetic filler. The use of very
high surface area GO nanoparticles as a substrate to decorate
Ni nanoparticles turns out to be a very efficient strategy to
achieve enhanced EM attenuation through absorption at very
small weight fraction of filler loading. Thus, this opens up new
avenues of decorating GO sheets with magnetic nanoparticles
rather than physical mixing of magnetic nanoparticles for
effective cost and weight saving.

■ CONCLUSIONS

EMI shielding of PE/PEO blends with MWNT, Ni, and GO-Ni
were assessed in a broad range of frequencies. The synthesis of
Ni and GO-Ni particles was well characterized by XRD, XPS,
TEM, SEM, and FTIR. The addition of Ni and GO-Ni along
with MWNT enhanced the electrical conductivity of the blends
significantly. The addition of Ni decorated MWNT led to
increase in contact resistance, whereas GO-Ni facilitated the
network-like structure of MWNTs and hence, resulted in
significantly high electrical conductivity. Further, GO-Ni (with
effective concentration of Ni as 19 wt %) exhibited a
conductivity of ∼10−4 S·cm−1, which is similar to the blends
containing Ni and MWNTs (where the effective concentration
of Ni is 52 wt %). The blends containing 3 wt % MWNTs and
10 vol % Ni (52 wt %) exhibited a SET of −27 dB, whereas
similar SE was obtained for the combination of GO-Ni and
MWNTs. However, in the latter case the effective concen-
tration of Ni was 2.7 times lower. More interestingly, blends
with MWNTs/GO-Ni showed a minimum reflection loss of
−70 dB for a 6 mm thick shield at 17.1 GHz frequency and
blocked the incoming radiations mostly by absorption. This
study opens new avenues in designing polyolefin based

Figure 11. Absorption and reflection components of the total SE at 18
GHz frequency for the blends containing (a) 3 wt % MWNT, (b) 3 wt
% MWNT and 5 vol % Ni, (c) 3 wt % MWNT and 10 vol % Ni, (d) 3
wt % MWNT and 5 vol % GO-Ni, and (e) 3 wt % MWNT and 10 vol
% GO-Ni.
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lightweight shielding materials by engineering nanostructures
for numerous applications.
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