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properties and their practical applications†
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To eliminate the increasing adverse effects of electromagnetic pollution in everyday life, the shielding

abilities of ferrite nanoparticles, multiwalled carbon nanotubes, and graphene oxide based hybrid

composites have been investigated. The conceivable applications of the best investigated shielding

composite samples on wearable and construction materials were investigated. Zinc substituted nickel

and cobalt ferrite nanoparticles were synthesized using a sol–gel method with average crystallite size of

15–20 nm and incorporated with MWCNT and MWCNT–GO in a 1 : 1 weight ratio. Detailed

investigations have been done on the prepared nano-composites by using X-ray diffraction, scanning

and transmission electron microscopy, Fourier-transform infrared spectroscopy (FTIR),

thermogravimetric analysis, magnetic hysteresis loops, and vector network analysis. The microwave

shielding capacity of the multiwalled carbon nanotube-zinc doped cobalt ferrite–graphene oxide hybrid

composite was significantly enhanced up to 81.6 dB for the thickness of 2.4 mm in the X-band

frequency region. Such a high SE indicates attenuation of the entire incoming EM radiation, which

corroborates the potential of these materials in terms of high efficiency, tuneable, stable, and lightweight

shielding applications. The synthesized MWCNT–CZFO–GO nanocomposite was used as an absorbent

and was incorporated with cotton fabric, camouflage fabric, cement, and gypsum for high-efficiency

daily life radiation shielding applications. These incorporated shielding samples (52.3 dB for cement, 31.4

dB for gypsum, 40.8 dB for camouflage fabric, and 28.6 dB for cotton fabric) showed a high attenuation

capacity with more than 99.999% attenuation of the incident EM radiation establishing a promising

behaviour to neutralize the harmful effects of radiation in day-to-day life.
1. Introduction

We are currently living in an environment which is completely
based on the large scale use of much developed and advanced
communication technology, various kinds of electronic gadgets
or instruments to make our life very convenient and easy. But
this advancement of technologies has teamed up with a new
kind of pollution called Electromagnetic Interference due to the
excessive presence of undesired electromagnetic radiation in
the environment which not only degrades and adversely affects
the performance and accuracy of electronic devices but also has
hazardous effects on both living and non-living species.1 Image
wavering or sound alterations in television, radios and
iversity of Delhi, Delhi, India

niversity of Delhi, Delhi, India. E-mail:

inducollege.ac.in

ya University, Gorakhpur, Uttar Pradesh,

tation Centre, IIT Roorkee, India

tion (ESI) available. See DOI:

the Royal Society of Chemistry
computer screens, the interconnection of signal lines in mobile
communications, and disfunctioning of wireless devices by
interruption of various electrical, radio, or satellite signals are
some examples of EMI in our day-to-day life.2,3 Hence over the
past years, EMI shielding materials possessing properties like
low density, lightweight, less thickness, strong absorption
capacity and large bandwidth, which convert the unwanted EM
energy into thermal or other forms of energy have gained high
signicance by either reection or absorption of incident radi-
ations.4,5 Metals, even though the most traditional EM shielding
materials, possess many disadvantages such as high density,
poor corrosion resistance, and complex processing. The elec-
tromagnetic interference shielding behaviour of various mate-
rials such as polymer composites, carbon materials, ferrites,
ceramics and 2D materials have also been studied in order to
achieve high shielding effectiveness (SE). As a prerequisite to
process materials with high shielding effectiveness, it is
essential to explore carbon-based materials which when mixed
with different absorbers, can be used to fabricate lightweight
and highly efficient shielding materials. The shielding effec-
tiveness (SE) of these conducting carbon materials mainly
originates from the reection phenomena of incident EM
RSC Adv., 2021, 11, 9775–9787 | 9775
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radiations on the surface of materials.6 Carbon nanotubes
(CNTs) and graphene-based llers are predominantly consid-
ered as potential candidates for designing microwave shielding
due to their conductivity, high aspect ratios and skin effects,
leading to a high-frequency bandwidth.7–9 Multiwall carbon
nanotubes have unique structural arrangements possessing
small diameter, high aspect ratio, high electrical conductivity
and good tensile strength, which makes them promising
candidates in designing for high shielding capacity applica-
tions.10,11 Graphene oxide (GO) due to its superior mechanical,
thermal, electrical, chemical and optical properties with the
presence of defect sites and attached functional groups, can
serve as low density, high mechanical strength and efficient
shielding material.12 The C–C interfacial layers in the MWCNT
or GO based composite materials create uneven electronic
structures, which attenuate the transmission of EMWs in the
materials. EM wave absorbing materials which can be used as
llers to the carbon materials, shield the devices more effi-
ciently by converting the incident EM wave energy into thermal
energy with the help of electric and/or magnetic losses and
dissipating it through the surface.13,14 Shielding strength of any
material is determined by the term called shielding effective-
ness (SE) which depends on the dielectric strength of the
material, the magnetic permeability of the material, thickness
of shield and frequency of incident radiations. Since, both CNT
and GO possess low magnetic response or nonmagnetic nature
due to which the presence of magnetic losses which are
responsible for absorption of incident EM radiations are very
less. Therefore, to enhance the absorption of the incident EM
radiations, ferrite nanoparticles can be embedded to host
carbon materials-based matrices which leads to the formation
of composites having both electric and magnetic losses.15,16 In
a common process, the carbon-based materials possess high
electric loss capacity to the incident electromagnetic wave while
the electromagnetic losses in ferrites are generally because of
their highmagnetic absorption.17–19 In our earlier works, we also
have studied the effect of different ferrite nanomaterials (cobalt,
nickel, zinc and zinc doped ferrites) along with conducting
polyaniline and we have found that saturation magnetization of
ferrite nanoparticles, their dispersibility and thickness of
materials play a major role in achieving the high shielding
effectiveness.20 In the current study, we dealt simultaneously
with both electrical losses and magnetic losses by incorporating
ferrite nanoparticles into multiwalled carbon nanotubes and
a hybrid phase of both with graphene oxide to propose light-
weight hybrid composite materials with highly efficient EMI
shielding. So, to achieve the high shielding absorption
response, we have taken the modied composition of cobalt
ferrite and nickel ferrite. Zn doped nickel and cobalt ferrite
nanopowders (Ni0.7Zn0.3Fe2O4 and Co0.7Zn0.3Fe2O4) exhibits the
optimum magnetic properties.20–22 High shielding effectiveness
of 81.6 dB at 10 GHz for a thickness of 2.4 mm was achieved for
MWCNT–CZFO–GO composite sample. This composite mate-
rial was further incorporated into cotton fabric, camouage
pattern fabric, cement and gypsum to explore the possible
shielding applications in defence, daily life etc. As the
increasing EMI pollution is imposing adverse effects on human
9776 | RSC Adv., 2021, 11, 9775–9787
health, so to secure the life sustainability we tried to gain high
shielding through the basic wearable and construction mate-
rials which are of most common use and applicability. Cement
and gypsum are elementary construction materials regularly
used in daily life in every eld of the community while the
fabrics are also an essential entity for the human being used in
various forms and various ways. Hence, the composite samples
of MWCNT–ferrites–GO may be useful to reduce the electro-
magnetic interference effect and good candidate to suppress the
radiation in environment.

2. Experimental methods
2.1 Materials

Ammonium hydroxide solution, nickel nitrate (Ni(NO3)2$6H2O),
zinc nitrate (Zn(NO3)2$6H2O), ferric nitrate (Fe(NO3)3$9H2O),
cobalt nitrate (Co(NO3)2$6H2O), citric acid and dime-
thylformamide (DMF) of analytical purity have been obtained
from Fischer Scientic (India). Multiwalled carbon nanotubes
(MWCNTs, d ¼ 9.5 nm, l ¼ 1.5 mm) and graphene oxide nano-
powder were acquired from Ultra nanotech private limited
(India). Cotton fabric, camouage fabric, cement and gypsum
were purchased from local sources.

2.2 Synthesis of ferrite nanoparticles

Nanoparticles of Ni0.7Zn0.3Fe2O4 (NZFO) and Co0.7Zn0.3Fe2O4

(CZFO) were synthesized by using the sol–gel method. Nitrate
precursors were separately dissolved in de-ionized water in
appropriate stoichiometric amounts for homogenous mixing of
the precursors on the magnetic stirrer. Then, the citric acid was
added to the solution as complexing agent with equal molar
ratio to the total metal nitrate precursors under the constant
stirring. The pH of the solution was adjusted to 7 using
ammonia solution. The resulting solution was then evaporated
at about 70 �C until the transparent sol obtained. Then the
solution was further heated with the stirring till it became
viscous and brown gel was formed. The brown gel then further
attained dry state and very fragile foam was obtained with an
exothermic reaction which was further grinded to obtain ne
powder. The ne powders so obtained were nally calcined at
450 �C for 1 hour to conquer phase formation of ferrite nano-
particles in crystalline form.

2.3 Synthesis of composite materials

Composite samples were chemically synthesized by incorpo-
rating ferrite nanoparticles to host MWCNT matrix with 1 : 1
weight ratio for MWCNT–NZFO, MWCNT–CZFO samples and
0.5 : 1 : 0.5 for GO–NZFO–MWCNT and GO–CZFO–MWCNT
which helps in achieving the impedance matching for both
electric and magnetic losses and also enhance the interfacial
phase interaction. Firstly, the MWCNTs and graphene oxide
nanopowder were uniformly dispersed in the DMF solution
through the ultrasonication method for 2–3 hours. Then, the
ferrite nanoparticles were dissolved to the solution in appro-
priate weight ratio bymagnetic stirring in the DMFmixture. The
obtained solution was then centrifuged with deionized water
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Structural parameters of ferrite nanoparticles computed from
XRD patterns

Sample

Crystallite
size using
XRD (nm)

Lattice
constant
(Å)

X-ray density
(g cm�3)

Particle
size using
TEM (nm)

Ni0.7Zn0.3Fe2O4 16 8.3687 5.35 19
Co0.7Zn0.3Fe2O4 18 8.3906 5.33 21
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several times and then dried and grinded to synthesize the nal
phase composite materials. All the composite samples were
synthesized in the same manner except that in the next two
composites graphene oxide was also sonicated with the
MWCNT solution in order to form a three phase composite
material. GO–CZFO–MWCNT sample was further deposited on
two different kind of fabrics by dipping in the solution the
sample for about 24 hours. The fabric pieces were then brought
out from the solution, washed with distilled water and further
dried at room temperature for about 2–3 hours. In order to
minimise the wide spreading EM pollution in daily life having
adverse effects on human sustainability, we tried to develop EM
shielding efficient constructions materials which can control
the unwanted radiations present in environment. For this
purpose, GO–CZFO–MWCNT nanocomposite sample was
mechanically blended with the cement and gypsum in 1 : 1
weight ratio about 5–6 hours for each sample in order to obtain
a homogenous composition.

3. Results and discussions
3.1 X-ray diffraction analysis

X-ray diffraction measurements were performed in order to
examine the phase formation, crystalline nature and structural
analysis of all the samples. Fig. 1(a) represents the XRD patterns
of all pristine samples or the precursors which are required for
synthesis of composites i.e. multiwalled carbon nanotubes,
graphene oxide and ferrite nanoparticles. Fig. 1(b) depicts the
XRD patterns of all the composite samples recorded in 2q range
of 10�–80�. The characteristics peaks were identied and well
indexed with the corresponding miller planes of the samples as
Fig. 1 Structural analysis curves with (a) XRD patterns of MWCNT, GO
corresponding MWCNT).

© 2021 The Author(s). Published by the Royal Society of Chemistry
matched with the standard JCPDS (Joint Committee on Powder
Diffraction Standards) data les. From the Fig. 1(a) it can be
observed that raw MWCNTs show a characteristics peak at
26.28� (d ¼ 3.3883), which corresponds to the (002) plane of the
interplanar hexagonal carbon and also a peak at 42.65� which
corresponds to (101) plane (JCPDS: 89-8487). The XRD pattern
of graphene oxide depict the characteristics peak at 2q ¼ 10.65�

(d ¼ 8.2961) which corresponds to (002) plane indicating the
oxidation of graphene and the presence of a small peak at 2q ¼
26.46� concludes the presence of small amount of graphene in
the oxide material (JCPDS: 87-0712).23 The obtained XRD
patterns of ferrite nanoparticles are completely consistent with
their cubic inverse-spinel structure having diffraction peaks at
2q � 30.2�, 35.5�, 43.1�, 57.0� and 62.5�, which correspond to
the (220), (311), (400), (511) and (440) crystal planes of ferrite
nanoparticles, (JCPDS: 75-0033).

The crystallite size of the nanocrystalline ferrites was calcu-
lated by Scherer's equation, D ¼ 0.9 � l/b � cos q, where the
wavelength of the X-ray is l, b is the full width of the diffraction
line at half of the maximum intensity, and q is Bragg's angle.
, NZFO and CZFO, (b) XRD patterns of composite samples (C peak

RSC Adv., 2021, 11, 9775–9787 | 9777
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Fig. 2 FTIR spectra of (a) pristine and (b) composite samples in wave region of 400–4000 cm�1 recorded in transmission mode.

Fig. 3 HRTEM images of (a) NZFO, (b) CZFO (inset showing size distribution), (c) MWCNT and (d) GO showing their surface morphology and
structural appearance.

9778 | RSC Adv., 2021, 11, 9775–9787 © 2021 The Author(s). Published by the Royal Society of Chemistry
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The crystallite size of NZFO and CZFO samples is found to be
16 nm and 18 nm respectively. The X-ray density of the ferrite
nanoparticles has also been computed by using the formula r¼
8M/Na3, and is observed to be 5.30 g cm�3 for NZFO and
5.32 g cm�3 for CZFO sample. The lattice constant for the cubic
structure of nanocrystalline NZFO and CZFO samples is calcu-
lated as shown in Table 1.

XRD patterns of composite samples shown in Fig. 1(b), with
the characteristics peaks of ferrites, MWCNT and graphene
oxide which conrms the formation of hybrid phase structure
in the composites with presence of both host matrix as well as
ller particles. Meanwhile, no diffraction peak of graphite
(�26�) can be observed in the hybrid nanocomposites, which
indicates the accumulation of GO nanopowder remarkably
intimidated by the incorporated ferrite nanoparticles.24 Addi-
tionally, it can also be observed that the peaks also got slightly
shied to higher degrees indicating the enhancement in crys-
talline nature of composite samples with the addition of ferrite
particles.
3.2 Infrared spectroscopy

FTIR spectroscopy is a powerful technique to characterize the
characteristics vibrational bands/modes within the material
and presence of various functional groups associated the bonds
in the compound. Fig. 2(a) shows the FT-IR spectra for pristine
NZFO, CZFO, MWCNT and graphene oxide while Fig. 2(b)
displays NZFO–MWCNT, CZFO–MWCNT, MWCNT–NZFO–GO
and MWCNT–CZFO–GO composite samples in a wavenumber
range of 4000–400 cm�1. From Fig. 2(a) it is clear that the ferrite
nanoparticles have their characteristics peaks band at 400 cm�1

and 560 cm�1 corresponding to their octahedral and tetrahedral
Fig. 4 SEM images with corresponding elemental composition table of c
MWCNT (/) and GO (,).

© 2021 The Author(s). Published by the Royal Society of Chemistry
site vibrational modes. From Fig. 2(a), it can also be stated that
IR spectra for MWCNT display a strong and broad peak around
3430 cm�1, which corresponds to the stretching mode of the
O–H group. The bands around 2950 and 2830 cm�1 are attrib-
uted to the asymmetric (aCH2) and symmetric (sCH2) stretching
of C–H bond and the peak at 1630 cm�1 is due to the C–C
stretchingmode. InMWCNT, the peak at 1384 cm�1 is due to C–
OH stretching vibrations and the peak at 1043 cm�1 is due to
C–O stretching vibrations. The IR spectra of graphene oxide
conrm the oxidised state of graphite or phase conrmation of
graphene oxide with the characteristics bands at 3363 cm�1

corresponds to the O–H bond tension vibration, which is
accompanied by the C–OH band at 1151 cm�1 due to the
hydroxyl groups of the GO. At 1651 cm�1 the tension band C]C
and at 1078 cm�1 the C–O–C band appears. It can be observed
from Fig. 2(b) that all samples display an intense and wide peak
around 3433 cm�1, which corresponds to the stretching vibra-
tional mode of the O–H group associated with C–OH groups and
water molecules on the nanotubes surface while the peak at
3745 cm�1 is attributed to the free hydroxyl groups.25 The
characteristics peaks present around 2935 and 2864 cm�1 are
ascribed to the asymmetric and symmetric vibrations of C–H
bond and the peak appearing around 1638 cm�1 is due to the
C]C stretching mode which corresponds to graphene.26,27 In
the spectra, obtained peaks around 1397 cm�1 and 1053 cm�1

are because of C–OH and C–O stretching vibrations in the
multiwalled carbon nanotubes. The vibrational band present at
around 1541 cm�1 can be attributed to the occurrence of
carbonyl groups (C]O) in the composite materials for the host
carbon based matrices. The incorporation of graphene oxide in
the two composite samples is indicated by the appearance of
omposite samples with uniformly distributed ferrite nanoparticles (B),

RSC Adv., 2021, 11, 9775–9787 | 9779
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new characteristics peaks at around 882 cm�1, 1214 cm�1 and
1440 cm�1, which can be associated to the C–N bond, C–O–C
stretching vibrations and C–N vibrational modes respectively28

The peaks observed at around 560 cm�1 and 655 cm�1 in all the
samples corresponds to the octahedral and tetrahedral vibra-
tional sites of ferrite nanoparticles having the inverse spinel
structure which also conrms the incorporation of ferrite
nanoparticles to all the composite samples. Hence the FTIR
spectroscopy is in complete agreement with the compositional
analysis of synthesized composite materials.

3.3 Surface morphology

Fig. 3(a) and (b) displays high resolution transmission electron
microscope (HRTEM) images of Ni0.7Zn0.3Fe2O4 and Co0.7-
Zn0.3Fe2O4 ferrite nanoparticles synthesized at 450 �C by using
the sol–gel method. It was found that the average size of NZFO
and CZFO nanoparticles was nearly equal to 19 nm and 21 nm
respectively computed using ImageJ soware. It can be
observed from gure that the ferrite nanoparticles depicted
a nanocluster morphology and they showed a relatively broad
size distribution due to the agglomeration. TEM images for
MWCNTs is depicted in Fig. 3(c). The images portray a clear
morphology of these compounds. MWCNT exhibits the smooth
surface with curled and entangled tubes. The observed diameter
of carbon nanotubes from TEM image is in range of 8–15 nm
while tubes are longer in length. The TEM image of the GO
displayed in Fig. 3(c) clearly reveals the sheet-like structure as
also reported by Satish B. et al.29
Fig. 5 SEM images of fabrics and MWCNT–CZFO–GO deposited fabric

9780 | RSC Adv., 2021, 11, 9775–9787
To study the microscopic morphology of composite samples,
the SEM images and corresponding elemental composition
table has been recorded and shown in Fig. 4. SEM micrographs
of all composite samples clearly reect that the ferrite nano-
particles were successfully decked in random arrangements on
the outer surfaces of MWCNTs and later with a mixture of both
MWCNT and graphene oxide. The MWCNTs have a tendency to
form bundles and entanglements because of the van der Waals
forces of attraction. The random dispersion of the MWCNT in
the composite samples is clearly visible and the structure of
MWCNTs is not damaged aer all treatment.30 As exhibited by
SEM images, the surfaces of MWCNTs are encumbered with
abundant ferrite nanoparticles and further twined with gra-
phene oxide. It can be stated that the microstructural properties
of MWCNT–ferrite–GO hybrid composites lead to formation of
interconnected electromagnetically active network and struc-
turally layered materials with conductive/magnetic/conductive
structure which could enhance the internal reection and
absorption mechanism of EM waves.31

From the Fig. 5 it can be veried that the incorporation of
composite material has formed a porous and uniform pattern in
between the bers of the fabrics which clearly indicates the
presence of MWCNTs, ferrite nanoparticles and graphene
oxide, leads to build an efficient shielding network. It is also
clear that the deposition does not affect the bers or the basic
texture of the fabrics as the interlaced composite structure and
bers appearance are mostly distinguishable.
samples depicting the uniform dispersion on the surface.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Thermogravimetric analysis of composite samples from room
temperature to 700 �C.
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3.4 Thermal analysis

The TGA curves of the composite samples (MWCNT–NZFO,
MWCNT–CZFO, MWCNT–NZFO–GO and MWCNT–CZFO–GO)
are displayed in Fig. 6 where the mass variation has been
carried out in temperature range of 30–700 �C at the rate
5 �C min�1. The residues acquired form the composite samples
MWCNT–NZFO, MWCNT–CZFO, MWCNT–NZFO–GO and
MWCNT–CZFO–GO, are 82%, 87%, 89% and 91% respectively
at 700 �C from the 100% at room temperature. It can be seen
from curves that the weight loss of the composite samples is
comprised of three stages in the measured temperature range.
The rst stage is observed when the temperature rises to 130 �C,
Fig. 7 Magnetic hysteresis loops of (a) zinc doped nickel and cobalt
composites recorded at room temperature.

Table 2 Magnetic parameters of pristine and composite samples evalua

Sample
Saturation magnetization
(emu per g)

NZFO 58.2
CZFO 72.3
MWCNT–NZFO 26.5
MWCNT–CZFO 30.2
MWCNT–NZFO–GO 28.1
MWCNT–CZFO–GO 32.9

© 2021 The Author(s). Published by the Royal Society of Chemistry
a very small amount of weight loss takes place, which can be
accredited to the evaporation of loss of the absorbed water
molecules or volatile acidic residues present in the samples.32

The second weight loss stage can be witnessed in the temper-
ature range of about 250–430 �C due to the loss of bound water.
The third step occurs in the temperature range of about 510–
640 �C because of the decomposition of MWCNTs. It can be
stated that this small weight loss or high thermal stability of the
composite samples in this temperature range is due to the
presence of thermally more stable MWCNTs which enhances
the poor thermal behaviour of ferrite nanoparticles.33 Further
increase in thermal stability of MWCNT and GO incorporated
composite samples is also due to an enhancement in degree of
graphitization, which lessen the number of edge carbon atoms
accountable for oxidation reaction.34

3.5 Magnetic properties

Fig. 7(a) shows the room temperature magnetic hysteresis loops
of the zinc doped nickel and cobalt ferrite nanoparticles
recorded in the eld range of �1 T. The saturation magnetiza-
tion, coercivity and remanence of the samples are depicted in
Table 2, which clearly portrays the ferromagnetic behaviour of
the ferrite nanoparticles. Magnetic moment of ferrites depends
on the magnetic ions in tetrahedral and octahedral sites inverse
spinel nature of ferrites. The doping of zinc ions in cobalt and
nickel ferrites change the arrangement of magnetic ions at each
site (tetrahedral and octahedral) which in turn result to change
in the net magnetic moment of the samples. The process can be
accredited to the fact that the zinc ions replaced Ni/Co ions and
engaged tetrahedral sites, displacing Fe3+ ions from tetrahedral
ferrite, (b) MWCNT–ferrite composites and (c) MWCNT–ferrite–GO

ted from the hysteresis loops

Remanent magnetization
(emu per g)

Coercivity
(Oe)

15.9 115.6
24.7 406.3
7.6 165.7

10.5 431.8
8.0 169.8

12.2 439.9

RSC Adv., 2021, 11, 9775–9787 | 9781
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sites, increasing the concentration of Fe3+ ions in octahedral
sites, which in turn enhances the magnetization of the Ni–Zn/
Co–Zn ferrite.35 This property helps Zn doped nickel and cobalt
ferrite nanoparticles to achieve the high saturation magnetiza-
tion of 58.2 emu per g and 72.3 emu per g which can be
explained on the basis of Neel two sub lattice model.45

The magnetic response of ferrites based composites with
graphene oxide and MWCNT, has been recorded in eld range
of �1 T at room temperature. M–H loops of composite samples
have been shown in Fig. 7(b) and (c) and corresponding
magnetic parameters of the samples are listed in Tables 1–4.M–

H curve of all the samples represented ferromagnetic hysteresis
behaviour with their eld dependent magnetization as
a consequence of ferrite llers in the composite samples. From
Table 2, it can be seen that the coercivity (Hc) of composite
samples has improved by small extent as compared to the pure
ferrite nanoparticles while the saturation magnetization (Ms),
remanent magnetization (Mr) values reduced due to the pres-
ence of nonmagnetic MWCNT and graphene oxide. When the
NZFO ferrite particles were rst incorporated to MWCNTs and
further with MWCNT–GO having 50% weight ratio in the
composite matrix, the saturation magnetization decreased from
58 to 26.5 emu per g and 58 to 28.1 emu per g for MWCNT–
NZFO and MWCNT–NZFO–GO samples respectively. With the
incorporation of CZFO ferrite particles to MWCNT and
MWCNT–GO matrices, the magnetization reduced from 72.3 to
30.2 emu per g and 33.9 emu per g respectively. According to the
equation, Ms ¼ f � ms, where Ms denotes the magnetization of
material, f is related to the volume fraction of the magnetic
Fig. 8 Frequency dependence of (a) total shielding effectiveness, (b) skin
frequency region.

9782 | RSC Adv., 2021, 11, 9775–9787
particles in the material and ms to the saturation moment of
a single particle.36 The Ms values are almost half of the pure
ferrite samples which conrms the 1 : 1 weight ratio of ferrite
particles to the host matrix as bothMWCNT and graphene oxide
are nonmagnetic in nature.37,38 The coercivity value of the
composites is observed to be increase from 406 to 439 Oe for
CZFO composites and 115 Oe to 169 Oe for NZFO composites
with the addition of MWCNT and GO which is due to the
anisotropy energy. The carbon based matrices have the active
functional groups and centres attached to them which in turn
when mixed with the ferrite nanoparticles, increase the surface
anisotropy energy due to which coercivity value increases.39,40
3.6 Electromagnetic shielding response

The shielding efficiency of any EM shielding material is the
logarithmic proportion of incident and transmitted radiation
power on its surface and is expressed in dB. A total SE of 30 dB,
corresponding to 99.9% attenuation of electromagnetic waves,
is viewed as an elegant level of SE for commercial applications.41

As showed by Schelkunoff's theory, the interaction of any inci-
dent EM radiation with a material can be segmented into three
parts, reection, absorption and transmission of the radiation
as they encounter with the material. Thus, a high shielding
efficiency depends on less measure of transmitted radiation
energy while largely dependent on reection and absorption.
The total SE attained by any shielding material is due to the
contribution from reection (SER), absorption (SEA) and
multiple reections (SEM),
depth and (c) variation of specific SE of composite samples in X-band

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Total shielding effectiveness values for the composite
samples

Sample
Total shielding
effectiveness (dB)

SSE/thickness
(dB cm2 g�1)

MWCNT–NZFO 40.8 172.6
MWCNT–CZFO–CZFO 47.1 204.7
MWCNT–NZFO–GO 71.1 376.1
MWCNT–CZFO–GO 81.6 512.1
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SE ¼ SER + SEA + SEM

The SE obtained as a result of reection and absorption
losses are given by the relationships,

SER ¼ 10 log(1 � R)

SEA ¼ 10 log(1 � Aeff) ¼ 10 log(T/1 � R)

where R and T represent reectance and transmittance,
respectively. They can be described by the following equations:

T ¼ [ET/EI]
2 ¼ [S12]

2 ¼ [S21]
2

R ¼ [ER/EI]
2 ¼ [S11]

2 ¼ [S22]
2

Aeff represents the effective absorbance, which can be
depicted as Aeff ¼ 1 � R � T/(1 � R) with respect to the power of
the effectively incident electromagnetic radiation inside the
shielding material. To determine the shielding performance of
a material intrinsically, the specic shielding effectiveness per
unit thickness can be computed for a material given as-

SSE ¼ SET/(density � thickness)

Fig. 8(a) displays the total shielding effectiveness behaviour
of composite samples in X-band frequency region with the
sample thickness of 2.4 mm computed using the S-parameters
recorded from vector network analyzer.

An effective EMI shielding material prerequisites the
impedance matching condition, where the magnetic perme-
ability value must be close to the electric permittivity value of
the shielding material.42 By introducing a suitable ller ratio of
1 : 1 for the ferrites and host matrix into the composite, the
effect of impedance mismatch can be reduced and the
absorption of EM radiations can be optimized. Also, the high
amount of MWCNTs lead to dense conductive network with
reduced hopping lengths which result in the enhancement of
conduction losses inside the material. The observed highest
shielding effectiveness values of all the samples are listed in
Table 3. To compare the shielding performance of composite
materials more comprehensively, the specic shielding effec-
tiveness per unit thickness has been computed as shown in
Table 3.

It can be depicted from the Table 3 that the MWCNT–CZFO–
GO sample achieved the high SE (81.6 dB) and SSE/t (512.1 dB
cm2 g�1) values among all the composite samples. The addition
of MWCNTs with the ferrite nanoparticles demonstrated a high
shielding value of 47.1 dB (MWCNT–CZFO) and 40.8 dB
(MWCNT–NZFO) which shows more than 99.999% of incident
EM radiations are being attenuated by the composite materials.
Themultiwalled carbon nanotubes having high aspect ratio and
high conductivity results to decrease in skin depth which in
turn increase the attenuation capacity of the composite material
and also provide a consistent conductive path for the
© 2021 The Author(s). Published by the Royal Society of Chemistry
dissipation of incident EM radiations resulting to high effi-
ciency shielding performance. The addition of MWCNT has
may enhanced the interface polarization, while dipole polari-
zation increased due to interactions between MWCNT and
ferrite nanoparticles.43 MWCNTs are conductive in nature and
have free electrons, thus the gathering of the charges at the
interface of MWCNT with ferrite particles enhance the space
charge polarizations which also contribute in EMI shielding
phenomenon.44 The incorporation of graphene oxide to the
ferrite–MWCNT composites lead to their SE values to 81.6 dB
and 71.1 dB for MWCNT–CZFO–GO and MWCNT–NZFO–GO
samples respectively. The enhancement in the shielding effi-
ciency can be ascribed to the development of a hybrid con-
ducting network inside the composite materials, which serve as
essential need for an efficient EMI shielding. There are two key
reasons which can be stated for this, rst is that the number of
free electrons, functional groups and defects available to
interact with the EM radiation are highly enhanced by addition
of graphene oxide which cause the formation of electric dipoles
which dissipate the incident EM energy due to their relaxation
losses. Secondly, with the introduction of graphene oxide,
electron hopping across the conductive network of MWCNTs
and GO increases which causes the interfacial relaxation losses,
converting more EM energy into heat energy. Also, maximum
incident EM radiations are being trapped by the hybrid struc-
ture within the multiple heterogenous interfacial regions of
nanosized ferrite particles acting as magnetization centres and
conductive MWCNT and GO networks acting as polarization
centres. The surface of MWCNTs is loaded with ferrite nano-
particles and further twinned with the graphene oxide, the
ferrite nanoparticles serve as electron hoping/migration bridges
between them leading to formation of small current networks
which enhances the conduction losses inside the material.45 In
these kinds of the network structures, interaction of EM waves
induced the micro currents, and as a result, electromagnetic
energy gets vanished in the form of thermal energy. This
process is followed by multiple absorptions and internal scat-
tering of radiations in the interconnected network structure
positioned by MWCNTs and the graphene oxide.46 From our
previous works, it is understood that the magnetization of
ferrite nanoparticles in the composite materials tune up the
absorption mechanism for the shielding phenomena and the
absorption is directly dependent on the magnetic losses of the
shielding material.47 So, the addition of ferrite nanoparticles
along with MWCNTs and MWCNT–GO give rise to shielding
dominated by absorption rather than reection and can be
RSC Adv., 2021, 11, 9775–9787 | 9783
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easily tuned with the help of magnetic behaviour of ferrite
nanoparticles. It can be observed that the high magnetic
response of CZFO nanoparticles than the NZFO nanoparticles
has resulted in a better shielding effectiveness for CZFO based
composites. The distinctive EMI shielding mechanism of the
MWCNT–ferrite–GO composite samples can be recognized by
the interconnected MWCNT–graphene oxide heterostructure.48

The skin depth ‘d’ of the composite samples which denotes the
intensity of penetration of EM waves into the shield has been
computed using the relation d ¼ 8.68 � t/(SEA), where t repre-
sents thickness of shield and SEA the absorption shielding
effectiveness. Critical thickness of the shield and its variation
with frequency has been displayed in Fig. 8(b). It can be
observed that MWCNT–CZFO–GO shows minimum skin depth.
It reveals that the hybrid structure shield has the high absorp-
tion efficiency for the incident EM waves supported by the
enhanced electric and magnetic losses. Table 4 exhibits the
shielding effectiveness of some of carbon-based composite
materials with current results, in various frequency regions re-
ported in the literature, indicating the enhancement in shield-
ing effectiveness due to the hybrid composite networks dened
in this study. Thus, we can conclude that MWCNT–CZFO–GO
composite samples exhibits highly efficient, light weight,
minimal thickness and chemically stable EMI shielding mate-
rial for attenuation of EM waves.

To explore the possibility of shield or reduce health hazards
to human body associated with exposure to electromagnetic
elds and in defence equipments, the composite material
MWCNT–CZFO–GO was deposited on two different kind of
fabrics (cotton fabric and camouage fabric). The development
of fabrics with such shielding effectiveness would be a handy
tool for protection of humans and electronic appliances from
EMI by acting as shield wall. Fig. 9(a) shows the variation of
total shielding effectiveness of composite deposited fabrics with
frequency in X-band frequency region (8–12 GHz). The differ-
ences in the fabrics are pattern density, blend ratios, and linear
density of the warp and we yams due to camouage pattern as
shown in Fig. 5. Due to the camouage pattern incorporation of
composite samples is dense and uniform which helped to
achieve higher SE value 40.9 dB than cotton fabric of 28.6 dB.
Table 4 Comparison of EMI shielding performance of different carbon-

Composite material
Shielding effectiveness
(dB)

MWCNT/Ni0.7Zn0.3Fe2O4 SE ¼ 40.8
MWCNT/Co0.7Zn0.3Fe2O4 SE ¼ 47.1
MWCNT/Ni0.7Zn0.3Fe2O4/GO SE ¼ 71.1
MWCNT/Co0.7Zn0.3Fe2O4/GO SE ¼ 81.6
Co0.2Ni0.4Zn0.4Fe2O4/graphene RL ¼ 53.0
CNT/GNS@CoFe2O4 composite aerogels SE ¼ 29.1
MWCNT/MnZn ferrite/epoxy SE ¼ 44
rGO–CF/polyester SE ¼ 37.8
FeNi/NiFe2O4/NiO/CNF RL ¼ 37.4
NiFe2O4/rGO SE ¼ 39.7
Fe3O4/PPY/CNT SE ¼ 26
rGO/Fe3O4/PANI SE ¼ 51

9784 | RSC Adv., 2021, 11, 9775–9787
Thickness of both the fabrics was nearly 0.30 mm and there was
no considerable variation in thickness of fabric samples aer
the uniform deposition of composite material. The synergy
between MWCNT, GO and ferrites was positive in enhancing
and providing a more reliable and consistent network for the
radiation attenuation in the fabric samples.

Electromagnetic interference preventing is an increasing
demand for the increasing adverse effects of EM pollution in
daily human life. It is in that sense that the construction based
materials which can effectively absorb the unwanted EM radi-
ations would be of much attention due to increasing EMI
pollution day by day. Cement and gypsum are thoroughly used,
rich source and high environment adaptability materials used
in engineering constructions. Cement has the slight conductive
nature as compared with the gypsum. In the eld of construc-
tion based shielding materials, the studies on incorporation of
carbon and ferrite based materials are very few. Ferrites possess
the high absorption properties as well as they can maintain the
mechanical strength of these materials in order to achieve the
high safety and stability.56 Fig. 9(b) displays the electromagnetic
shielding curves for the pure cement, pure gypsum and
MWCNT–CZFO–GO incorporated cement and gypsum
composites measured in X-band frequency region with a sample
thickness of 2.5 mm. From Fig. 9(b) it is evident that the pure
cement and gypsum show very low shielding behaviour with SE
values of 5.9 dB and 10.1 dB respectively. With the incorpora-
tion of MWCNT–CZFO–GO composite sample in 1 : 1 weight
ratio with cement and gypsum, the resulting materials por-
trayed a very high shielding attenuation response achieving the
SE values of 52.3 dB for cement based composite and 31.4 dB for
gypsum based composite material. The high value cement
based composite material as compared to gypsum may be due
to the conductive nature of cement which also contributes to
the resulting shielding mechanism of the composite samples.
Also, cement may have some absorbing properties due to
presence of somemetal oxide andminerals in it.57 The existence
of conducting MWCNT and GO and magnetic losses by ferrite
nanoparticles in the cement or gypsum matrix plays a vital role
in the enrichment of incident EM wave absorption. The ach-
ieved result of high shielding effectiveness of composite based
based composite materials reported in literature and current work

Thickness
(mm)

Frequency region
(GHz) Reference

2.4 8.2–12.4 Present work
2.4 8.2–12.4 Present work
2.4 8.2–12.4 Present work
2.4 8.2–12.4 Present work
3.1 2–18 49
3.0 2–18 50
2.0 8.2–12.4 51
2.0 8.2–12.4 52
2.0 12–18 53
3.0 8.2–12.4 54
3.0 8.2–12.4 55
2.5 8.2–12.4 2

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 EMI shielding applications of MWCNT–CZFO–GO composite incorporated to (a) cotton and camouflage fabric, (b) cement and gypsum
material.
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construction materials proposes that this hybrid structured
composite material can serve as high potential candidate for
future building construction material for electromagnetic
shielding effectiveness applications.

4. Conclusions

Zinc doped nickel ferrite and cobalt ferrite nanoparticles (�20
nm) were synthesized by using the sol–gel method and further
were chemically blended with carbon based MWCNT and
MWCNT–GO host matrix for the composite samples. The spinel
phase of the synthesized ferrite nanoparticles and the hybrid
structure of composite samples was established by the XRD
patterns with no impure peaks. SEM images also indicated
effective dispersion of MWCNTs with ferrite nanoparticles in
the composite samples while the fabrics deposited with the
composite sample showed a well-structured morphology. The
FTIR spectra of composite samples conrmed the structural
presence of both ferrites as well as carbon-based materials
showing all the vibrational bands and functional groups. Ferrite
nanoparticles with high magnetization incorporated in non-
magnetic MWCNT and MWCNT–GO which also exhibits good
magnetic behaviours. The addition of GO with the MWCNT–
ferrite composites had a great inuence on EM wave attenua-
tion performance of composite samples where maximum value
of shielding effectiveness and specic shielding effectiveness is
81.6 dB and 512.1 dB cm2 g�1 at thickness of 2.4 mm achieved
for the composite MWCNT–CZFO–GO at frequency of 11.7 GHz
in X-band frequency region. The other composite samples,
MWCNT–NZFO, MWCNT–CZFO and MWCNT–CZFO–GO
reached high SE values of 40.8 dB, 47.1 dB and 71.1 dB. This
work provides an ingenious and effective approach to fabricate
a high potential and excellent EM absorbing materials with
light weight, strong absorption capability and wide absorption
bandwidth. The development and application of construction
based materials and clothes with high EMI shielding capabil-
ities are urgently needed due to increasing worsened electro-
magnetic environment. MWCNT–CZFO–GO based cement
composites, gypsum composites, cotton fabrics and camouage
fabrics yielded a high EMI shielding effectiveness of 52.3 dB,
31.4 dB, 40.9 dB and 28.6 dB respectively providing a new
© 2021 The Author(s). Published by the Royal Society of Chemistry
direction to control the adverse electromagnetic functions in
human life.
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