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A B S T R A C T   

To protect against the adverse effects of electromagnetic (EM) radiation in the range of radio- to micro-waves, we 
have developed new polymer-based nanocomposites consisting of high dielectric, magnetic, and conducting 
columns. We have optimized the synthesis of γ-Fe2O3 and ZnO in different potential matrices such as multiwall 
carbon nanotubes (MWCNT) and graphene oxide (GO), termed as FZ@MWCNT and FZ@MWCNT-GO. Saturation 
magnetization, coercive field and MT curve suggest the mixture of superparamagnetic and ferrimagnetic 
nanoparticles blocked at room temperature. The electromagnetic attenuation of these composites containing 60 
wt% with paraffin wax shows a significant improvement in the maximum shielding efficiency of 56.7 dB, making 
FZ@MWCNT and FZ@MWCNT-GO very good candidates for electromagnetic shielding. In addition, the extra- 
ordinary enhancement of absorption is attributed to the synergistic effect of dielectric losses due to conductiv-
ity, interfacial polarization as well as magnetic losses due to magnetic resonances and eddy current impact.   

1. Introduction 

Now-a-days the artificial intelligence which is the driving factor 
behind the next generation of scientific and technological developments 
is considered as the most strategic high-tech future. The explosive growth 
of the intelligent era is inextricable from the advancement of various 
electronic and electrical smart devices, especially with the coming 5G era 
[1–3]. But the harmful effects of radiations in the range of radio and 
microwaves emitted from different essential electronic components of 
communication devices are a burning issue in today’s and tomorrow’s 
society. People and electronic devices are not safe for the rapid use of 
microwave devices in all parts of society [4,5]. Low-dimensional EM 
functional material with electromagnetic interference (EMI) shielding 
devices are widely desirable to be protected from the ill effects of mi-
crowaves [6]. Due to this rapid expansion of science and technology, the 
EMI affects the water bodies and also creates air pollution [7,8]. From the 
human perspective, the adverse effect of EMI is surprisingly profound 
because it can demolish DNA, weaken the biological immune system, and 
extensively threaten social health [9]. Besides, microwaves are 

universally used for detection, navigation, and air communications in the 
defense system. In current research, there is now a challenge to protect 
humans, as well as others mentioned above from the ill effect of EMI [10]. 
Most research in this area is looking for a practical and cost-effective EMI 
shielding material that can safely protect against all adverse effects in 
society. To overcome these microwave risks and to protect living and non- 
living entities, it is necessary to design and fabricate shielding devices. 
For a good microwave shielding material, it must be physically and 
chemically stable, have low specific gravity, high absorption, flexibility, a 
large absorption frequency range, better conductivity, easy imple-
mentation, and an economic cost [11]. Since low reflection loss indicates 
efficient energy conversion and heat production, high electromagnetic 
absorption allows the material extremely useable on multifunctional 
electromagnetic nano-micro devices [12]. Conventional applications of 
metal plates as shielding materials are fundamentally dependent on 
reflection, not on absorption, which reduces with increasing frequency 
[10]. The difficulty of application of the metallic system as EMI shielding 
is limited due to low corrosion resistance, heavy processing, heavy-
weight, secondary pollution, high risk of oxidation, and also it needs 
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surface modification. An EM wave absorber is, in general, a functional 
material that minimizes the reflection and transmission of microwaves 
and absorbs it dramatically by converting wave energy into thermal en-
ergy [13]. In many cases, carbonaceous nanomaterials blended with 
polymer promptly overcome metal performance deficiencies [14]. 

Zhu et al. [15] synthesized the porous Fe3O4 sphere anchored on the 
CNT matrix by the solvothermal method, which developed the 3D 
network connecting nanoparticles with CNT and in this case the mi-
crowave absorption is quite good (− 51 dB) where the bandwidth is also 
high. Large surface areas and the porous formation of Fe3O4 magnetite 
nanoparticles and controllable permittivity are responsible for this good 
synergetic performance in microwave absorption. Jian et al. [16] re-
ported an easy synthesis method to fabricate nanoscale Fe3O4/graphene 
capsules (GCs) by catalytic chemical vapor deposition and hydrothermal 
process. The unique morphology contributes to a better synergy among 
Fe3O4 particles and GCs to boost microwave absorption (− 32 dB). The 
best performance is based on the reasonable impedance matching, the 
occurrence of the interface, and the polarization of free carriers. Wang 
et al. demonstrated a chemoselective route to induce Fe3O4@ZnO core- 
shell nanoparticles decorating carbon nanotube to build MWCNT/ 
Fe3O4@ZnO heterotrimers with a moderate reflection loss value of 
− 40.9 dB [17]. Singh et al. [18] prepared Fe3O4 nanoparticles (15 nm) 
infiltrated vertically aligned MWCNT sandwiched with rGO sheets 
network for high-performance EMI shielding (− 37 dB). Hekmatara et al. 
[19] concluded that the combination of magnetite (Fe3O4) with MWCNT 
influences the electric field component of the microwave that may help 
the attenuation of wave along with other causes. Tsonos et al. analyzed 
the parallel investigation of Fe3O4/MWCNT and Fe3O4/graphene 
nanoparticles in the PVDF matrix [20]. Guo et al. [21] noted that pol-
ypyrrole coated Fe3O4 also improved the EM wave absorption due to 
increased surface area, eddy current impact, and anisotropy strength. 

From the previous discussion, it is noteworthy that composite of 
γ-Fe2O3 and ZnO including CNT or GO upgrade the microwave absorption 
in comparison with pristine γ-Fe2O3 counterpart due to the synergistic 
influence of dielectric and magnetic loss, impedance matching, multiple 
reflection, and various polarization. According to our perception, there is 
hardly any report concerning the EMI shielding effectiveness of γ-Fe2O3 
and ZnO composite with MWCNT and GO matrix prepared by the co- 
precipitation approach. These composite may have higher magnetic 
and dielectric losses and may exhibit enhanced interfacial polarization as 
well as dielectric relaxation. Since EM waves have both electric and 
magnetic vector fields, these composite materials, including dielectric 
and magnetic materials, deliver a significant reservation for dielectric 
and magnetic losses. Magnetic materials will contribute to the afore-
mentioned loss mechanisms by magnetic resonance or eddy current effect 
[22], and dielectric materials serve the similar by polarization or con-
ductivity loss. Among the family of microwave absorber materials, 
maghemite is well suited for materials with magnetic loss and unusual 
magnetic permeability, moderate expense, non-toxicity, and environ-
mental benignity [23]. However, poor impedance matching, limited 
conductivity, inefficient dielectric loss, and narrow absorption band-
width limit its subsequent application [24]. Although there are some 
limitations of MWCNT and GO such as agglomeration and accumulating 
nature due to Van der Waal forces, we still consider it due to its high 
aspect ratios, impedance matching, conductivity, high absorption band-
width, dielectric property, lightweight, thermal stability and skin depth 
[25,26]. Also the reflection, transmission and absorption of microwaves 
can be monitored by using the large active surface areas of graphene 
electrodes [27]. GO and MWCNTs are the most promising for impedance 
matching, broadening of absorption bandwidth whereas performance of 
dielectric ZnO, and magnetic maghemite nanoparticles easily recover the 
dielectric and magnetic losses. In the present study, we propose a very 
simple, highly effective and inexpensive non-conventional route to avoid 
agglomeration of nanoparticles: MWCNTs including GO are dispersed in a 
polymer mold such as paraffin wax while nanoparticles are further 
intercalated on the surface. It can be seen here that the composites of 

maghemite, ZnO and GO incorporated separately in MWCNT are prom-
ising microwave absorbers. 

2. Synthesis of γ-Fe2O3-ZnO composite with GO and MWCNT 

A two-step procedure is followed to prepare a mixture of γ-Fe2O3 and 
ZnO. During the preparation of γ-Fe2O3 through conventional chemical 
route it has been found in many cases that along with the desired phase 
some other impurity phases, the most common was α-Fe2O3, also get 
developed [28,29]. To avoid this fact in the present case we have 
considered an unconventional technique for the preparation of maghe-
mite nanoparticles via the preparation of magnetite particles following 
the next reaction [30] 

2 Fe3+
(ac) +Fe2+

(ac) + 8 OH− →Fe3O4(↓) + 4 H2O(l)

2 Fe3O4(pp) +
1
2
O2(g) →

[H+]
3 γ − Fe2O3(↓)

For this, FeCl3 and FeCl2 salt (2:1 mol) are chosen as precursor salts. 
Moreover, the solution of Fe+2 and Fe+3 is prepared by their aqueous 
suspension in triple-distilled water. After heating the solution at 50 ◦C 
for 15 min, the solution is then co-precipitated with an ammonia solu-
tion with constant stirring. Finally, the black color particles are 
precipitated, and those particles are thoroughly washed by distilled 
water with continuous mechanical stirring. The obtained precipitation 
changes its color from black to brownish black during washing. Then 
these obtained precipitation is separated and exhausted for slow evap-
oration at room temperature to obtain the desired nanoparticles.For the 
preparation of ZnO, the aqueous salt of ZnO is precipitated by adding an 
aqueous solution of NaOH drop-wise. The final pH is kept at ~10 and 
this condition is maintained for another 2 h under stirring to complete 
the reaction. The final product is then filtered and the precipitated hy-
droxide nanoparticles are thoroughly washed to isolate unwanted ions 
from the desired one. Finally, the filtered precipitate is annealed at 
450 ◦C for 4 h to obtain ZnO nanoparticles. 

The nanoparticles of ZnO and maghemite (1:1) are exposed in a 
xylene medium for ultrasonication for 1 h. In this medium MWCNT is 
slowly added under ultrasonication, keeping the weight ratio of γ-Fe2O3- 
ZnO to MWCNT as 9:1. Then ultrasonication continues for another 1 h 
and the xylene is slowly evaporated out from the mixture and the 
product sample γ-Fe2O3-ZnO @ MWCNT is designated as 
FZ@MWCNT. In the same procedure, maintaining the weight ratio of 
γ-Fe2O3-ZnO, MWCNT and GO to 9:0.5:0.5, nanocomposite of 
FZ@MWCNT-GO is prepared. Whereas GO is prepared by modified 
Hummer’s method. Now for the cylindrical shape paraffin wax is melted 
at 55 ◦C and then composites with 60 wt% are taken to the melted matrix 
for well and uniform dispersion. The melted matrix is then taken to the 
cylindrical shape holder designed of outer diameter 3.5 mm and an inner 
diameter of 1.52 mm. 

3. Experimental section 

3.1. Characterization techniques used 

XRD analysis of the bare and composite system was recorded by 
powder X-ray diffractometer, Model BRUKER D8 Advance with the 
Vinchi, using Cu Kα radiation (λ = 1.5405 Å). XRD patterns of the 
samples are analyzed by the Rietveld method using the MAUD program 
(version 2.33). For the morphological investigation TEM images were 
taken using a JEOL JEM 2100 HRTEM operating at 200 kV. Static 
magnetic properties were carried out using a VSM with maximum 
applied field of 5 T at different recording temperatures. Magnetization 
vs. temperature (M-T) curves were recorded under field cooled (FC) and 
zero field cooled (ZFC) conditions in the temperature range of 10–300 K. 
Electromagnetic shielding effectiveness was measured in different bands 
of microwave region using KEYSIGHTN5232B PNA-L network analyzer. 
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3.2. XRD and Rietveld analysis 

The XRD profiles of γ-Fe2O3, ZnO, FZ@MWCNT, GO and 
FZ@MWCNT-GO are shown in Fig. 1 respectively. Phase formation is 
further verified by analyzing the XRD profiles of γ-Fe2O3, ZnO and 
FZ@MWCNT using the Rietveld method (Figs. 1 a-c). The observed XRD 
patterns are simulated by repetitive refinement of various structural and 
microstructure parameters using space groups such as P4132 and P63mc 
in the case of γ-Fe2O3 and ZnO, respectively and both these two phases 
along with the hexagonal phase P63/mmc in case of the nanocomposite, 
FZ@MWCNT. The goodness of fit is nearly 1 in each case (1.21, 1.60 and 
1.83, respectively) implying pure phase formation in each sample. Based 
on the Popa model for size and r.m.s. lattice strain, the crystallite sizes of 
γ-Fe2O3 and ZnO are obtained as ~8 and 41 nm while r.m.s. lattice 
strains are 2.51 × 10− 3 and 5.79 × 10− 5, respectively. According to the 
analysis, the atomic structure of γ-Fe2O3 contains three sites for the Fe3+

ions two of which are octahedral sites with atomic positions (0.875, 
0.875, 0.875) and (0.125, 0.875, 0.125) and the third is the tetrahedral 
site with atomic position (0.5, 0.5, 0.5). In this atomic structure, O2−

ions are located at two sites with atomic positions (0.125, 0.142, 0.643) 
and (0.613, 0.613, 0.613). All these results, as well as the cell parameter 
of 8.3657 Å, confirm the pure phase formation of γ-Fe2O3 [31]. While 
the Zn+2 and O− 2 ions are located at sites, (1/3, 2/3, 0) and (1/3, 2/3, 
0.377) in ZnO, respectively with cell parameters a = b = 3.2496 and c =
5.2072 Å. XRD pattern of the nanocomposite, FZ@MWCNT is fitted 
considering three phases, P4132, P63mc and P63/mmc simultaneously 
and without making any alteration in the atomic structures of γ-Fe2O3 
and ZnO obtained from the refinement of individual profiles. XRD pro-
file of the nanocomposite FZ@MWCNT was fitted accurately only when 
the three phases mentioned above are considered collectively. This fact 
confirms the coexistence of the three constituents, γ-Fe2O3, ZnO and 
MWCNT in the nanocomposite. The relative weight percentages of these 
three phases are 34, 52 and 14%, respectively which are close to the 
percentages of the three constituents taken during preparation of the 
nanocomposite. 

3.3. TEM analysis 

From the micrographs obtained for FZ@MWCNT displayed in Fig. 2 
(a-c) and based on the size analysis performed in the previous section, 
larger nanoparticles are marked ZnO and smaller nanoparticles γ-Fe2O3 
(Fig. 2a). The encapsulation of nanoparticles in MWCNT is authenti-
cated from the micrographs (Fig. 2b), and also it is prominent that the 

nanoparticles are well dispersed throughout the complete matrix by a 
cluster pattern associated with the matrix. These kinds of cluster im-
provements occur through the π interaction within MWCNTs and 
nanoparticles. The nanoparticles are attached to the MWCNT’s surface 
through this π interaction bond by magnetophoresis. Even by applying a 
strong magnetic field gradient, these nanoparticles cannot be separated 
from the conjugate materials [32]. Again MWCNTs are weakly 
diamagnetic i.e. they have a very light magnetic response; magnetic 
nanoparticles can be bound to MWCNTs. The crystal lattice spacing, 
calculated as 0.309 nm from Fig. 2d is ensuring (220) crystalline planes 
of γ-Fe2O3. Rings with different diameters of the SAED pattern (Fig. 2e) 
are assigned to different crystallographic planes viz. (100) [for ZnO], 
(311), (400), (220) [for γ-Fe2O3], (002) [for MWCNT] which confirms 
the presence of different components in the nanocomposite state. The 
corresponding lognormal fitting of histogram (Fig. 2f) shows that the 
average particle size is ~10 nm indicating that the nanoparticles 
observed in the micrograph are mainly crystallites of γ-Fe2O3. Finally to 
ensure the coexistence of γ-Fe2O3 and ZnO in the nanocomposite, EDAX 
analysis (Fig. 2 g) is performed which assures the presence of elements in 
the ratio which is quite consistent with the proposed composition ratio. 

3.4. Static magnetic properties 

The static magnetic properties of the γ-Fe2O3 sample and its com-
posites are recorded in the temperature range from 10 K to 300 K. To 
study the response of magnetization to the magnetic field magnetic 
hysteresis loops are recorded at 10 K and 300 K, which are as presented 
in Fig. 3. From the figure, we observe that the magnetization of γ-Fe2O3 
sample and its composites show a steady increase with the increase in 
the magnetic field up to ~1 T and beyond that magnetization increases 
slowly with the applied magnetic field. This increase continues until the 
maximum applied field of ~5 T even at 10 K. This type of variation 
confirms the presence of superparamagnetic (SPM) NP along with 
magnetically ordered state. The values of the coercive fields (HC) 
extracted from the graph for the samples γ-Fe2O3, FZO, FZ@MWCNT, 
and FZ@MWCNT-GO are 7.5, 19.2, 6.7 and 4.2 Oe at 300 K and 198.8, 
159.1, 167.6 and 315.1 Oe at 10 K, respectively. Such low value of HC at 
RT also provides evidence of presence of SPM particles in the samples. 
The corresponding values of the saturation magnetization (MS) are 66.2, 
35.9, 29.5 and 34.7 emu/g at 300 K and 75.7, 42.2, 35.2 and 39.2 emu/g 
at 10 K, respectively. The observed value of MS of γ-Fe2O3 at 10 K is 
about 90% of the saturation magnetization of the bulk ferrimagnetic 
maghemite (γ-Fe2O3) [33]. This decrease in the maximum magnetiza-
tion value is due to the presence of fraction of SPM particles in the 
samples [34]. We also observed that the value of MS at RT is much lower 
as compared to that at 10 K. This may be due to the shift of the SPM 
particles present at RT to the blocked state at such low temperature. To 
study this in detail we have recorded Zero field cooled (ZFC) and field 
cooled (FC) magnetizations of the samples and the observed values are 
compared in Fig. 4. We have recorded the ZFC and FC magnetizations of 
the samples at different temperatures from 300 K down to 10 K. The FC 
magnetization curve is recorded after cooling the sample in presence of 
an applied field of 500 Oe. From Fig. 4, we observe that FC and ZFC 
curves are bifurcated below RT. This bifurcation is observed due to the 
presence of the SPM relaxation in the nanoparticles. The blocking 
temperature for monodisperse magnetic nanoparticles is defined as the 
temperature below which the SPM relaxation is blocked. However, for 
magnetic nanoparticles with a size distribution, there is no particular 
temperature below which the phenomenon of blocking can be observed. 
In this type of sample, the blocking temperature will also be distributed 
according to the size distribution of the nanoparticles [35]. Thus, in case 
of a system with distributed particle size, the SPM relaxation blocking 
phenomenon is described by two temperatures (TB and TP). In this case, 
TB is the temperature where ZFC and FC magnetizations are started to 
bifurcate due to larger group of particles and TP is the temperature 
where ZFC magnetization shows maximum value in its thermal 

Fig. 1. XRD pattern of samples (a) γ-Fe2O3 (b) ZnO (c) FZ@MWCNT (d) GO (e) 
FZ@MWCNT-GO [Both the experimental and the generated pattern from 
Rietveld analysis are shown by dotted and continuous line]. 
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variation. After TP ZFC magnetization decreases due to smaller groups of 
particles in the system and TP is lower than TB. Here in the present case 
also, we get distinct values of TB and TP. The values of TB are 250 K, 242 
K, 240 K and 235 K and TP values are 64 K, 62 K, 61 K, and 59 K as 
obtained from the graph for the γ-Fe2O3, FZO, FZ@MWCNT, and 
FZ@MWCNT-GO samples respectively. Thus from the above observation 
we see that the samples are in mixed phase of ordered magnetic particle 

with fraction of SPM nanoparticles. From the M-H loops of the samples, 
we observe that the value of MS has decreased systematically in FZO, 
FZ@MWCNT as compared to γ-Fe2O3 due to the introduction of non- 
magnetic component like ZnO and MWCNT in the composite state. 
However, the value of MS of FZ@MWCNT-GO is little bit higher as 
compared to FZ@MWCNT, although the fraction of non-magnetic 
components is same in both the samples. This fact can be explained 

Fig. 2. (a - c) Micrographs (d) HRTEM Fringe pattern (e) SAED pattern (f) Particle size distribution of γ-Fe2O3 (g) EDAX of the FZ@MWCNT sample.  

Fig. 3. (a) MH at 10 K (b) MH at 300 K of the γ-Fe2O3, FZO, FZ@MWCNT and FZ@MWCNT-GO sample.  
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due to the charge transfer effect or due to the existence of various defects 
on GO that can shows the ferromagnetism [36,37]. Nanoparticles of 
γ-Fe2O3 and ZnO decorated over the MWCNT matrix induce notable 
magnetization which harmonizes the dielectric property to the magnetic 
property and provides the impedance matching. 

4. Electromagnetic shielding effectiveness 

A detailed experimental observation as electromagnetic shielding 
effectiveness in the microwave range and the analysis of the recorded 
absorption open a new challenge in this subject. Even today, there are so 
many diverse reports that have not allowed us to draw a definitive 
conclusion and here, an effort has been made to enrich the platform. EM 
wave shielding is accomplished by the total effectiveness of shielding 
(SET) and expressed in dB. It is a dissipated quantitative measure of the 
EM pulse. Overall, the shielding effectiveness can be ascribed to three 
components such as reflection (SER), absorption (SEA), and multiple 
reflections (SEMR) and is expressed by the following relation 

SET = SEA + SER + SEMR (1) 

The value of SET > 10 dB implies that the material is capable of 
attenuating the signal by 90%. Fig. 5 shows an optical photo of mea-
surement suits and depicts a schematic representation of EM wave 
shielding that illustrates the different attenuation mechanism of EM 
wave by absorbent materials. The attenuation of the EM wave within the 
sample occurs through a variety of relaxation or resonance mechanisms, 
while other essential factors, such as conductive loss, impedance 
matching, eddy current loss etc., are further explained in details in 
supplement copy S1. 

SET in X and KU band of frequencies depends on three basic com-
ponents: specifically reflection from the incident surface, absorption of 
incident energy and multiple reflections. Besides, multiple reflections 
can be overlooked when SET is more than 10 dB [38] and in that case, eq. 
(1) can be recorded as 

SET = SEA + SER (2) 

SET is obtained from different scattering parameter S11, S12, S22, S21 
which are directly measured by VNA and expressed as [39]. 

SET(dB) = 10 log10

(
1

S2
12

)

= 10 log10

(
1

S2
21

)

(3) 

Now, SEA and SER are defined as 

SEA = 10 log10

(
1 − S2

11

S2
12

)

(4a) 

SER = 10 log10

(
1

1 − S2
11

)

(4b) 

Frequency depended reflection (R), transmission (T) and absorption 
(A) coefficients of the samples are shown in Fig. 6. R, T and A represent 
the reflected, transmitted and absorbed power of the sample and are 
calculated from the S parameters [40]. From Fig. 6a and Fig. 6c it is clear 
that FZ@MWCNT shows the maximum shielding mechanism through 
reflection at 12.4 GHz and 16 GHz where at the same frequency it shows 
the minimum absorption power. Also, Fig. 6b depicts that all the sam-
ples have almost zero transmitted power except paraffin wax which 
shows the maximum transmitted power. FZ@MWCNT has the domi-
nating nature of reflection power loss over the FZ@MWCNT-GO sample 
whereas FZ@MWCNT-GO shows higher absorption power over 
FZ@MWCNT. This is due to the addition of GO to the sample which 
increases the attenuation power of the sample. All the samples shows its 
higher absorption values at the frequencies ~10 GHz, 14 GHz and 18 
GHz where its surface impedance matching is improved. This fact is the 
clear indication that at that frequency regions EM wave penetrates the 
sample and attenuated inside the sample. Fig. 7a shows the SET in the 
frequency band of 8.2 to 18 GHz, where we can detect considerable 
shielding effectiveness due to the addition of MWCNT. Maximum SET for 
the sample, FZ@MWCNT is − 36.9 dB at 15.7 GHz holding sample 
thickness 3.5 mm, and further improvement is noticed for the addition of 
GO matrix where SET is − 56.7 dB with same sample thickness. A com-
parison of current work with some publications is reported in Table 1. 

The amplitude of the transmitted EM wave depends on the imped-

Fig. 4. MT measurement of the samples at 500 Oe (a) γ-Fe2O3 (b) FZO (c) FZ@MWCNT (d) FZ@MWCNT-GO.  
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ance of the shielding material that decays exponentially due to ab-
sorption. Therefore, in the first part, reflection from the incident surface 
should be the primary concern, i.e., the impedance matching of the 
sample with the air and the value of this characteristic impedance 
should be expected to 1 for more efficient penetration of EM wave 

[38,49]. The characteristic impedance is estimated by the ratio of the 
real part of permittivity to permeability. If the real part of permittivity is 
extremely high from the real part of permeability, most of the EM wave 
will be reflected due to the low surface impedance. Under this circum-
stance, the magnitude of reflection can be estimated as [50]. 

Fig. 5. Optical photo and Pictorial illustration of EM wave shielding effectiveness.  

Fig. 6. Frequency dependent (a) Reflected power (b) Transmitted power and (c) Absorbed power of all the samples.  
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SER = − 10 log10

(
σT

16ε0ωμr

)

(5) 

Here σT and μr represent conductivity and relative permeability. 
From this relation, it is obvious that the reflection of the EM wave is 
proportional to the ratio of conductivity and permeability of the sample. 
Fig. 7b indicates the presence of a larger quantity of MWCNT in the 
FZ@MWCNT sample as SER value for this sample is higher than other 
samples. This is due to the highly conductive nature of MWCNT. For 

γ-Fe2O3 and FZO samples, EM wave is reflected from the incident surface 
because of impedance mismatch. Besides, from Fig. 7b and d, due to the 
addition of GO to the FZ@MWCNT sample, the conductivity, as well as 
the relative permeability, harmonized in a certain manner at which the 
EM wave penetrates more at specific frequencies where the impedance 
matches more to the air impedance, and the SEA value increases 
(Fig. 7c). From Fig. 7d, we notice that the impedance matching for the 
sample FZ@MWCNT and FZ@MWCNT-GO has restricted to air 

Fig. 7. (a) Total shielding effectiveness (b) Shielding effectiveness through reflection (c) Shielding effectiveness through absorption (d) Impedance matching factor.  

Table 1 
Comparison of present work with some previously published reports.  

Sr. 
no. 

Matrix System Frequency 
(GHz) 

Sample thick-ness 
(mm) 

Measurement method SET 

(dB) 
Ref. 

1 PANI Fe3O4 KU – bBand – Waveguide - 16.8 [41] 
2 Polyetherimid Graphene@Fe3O4 (10 wt%) X- band 2.5 Scalar measurement - 17.8 [42] 
3 Polystyrene Fe3O4@graphene (2.24 vol% graphene) 8–12 – Scalar measurement - 30 [43] 
4 Polyaniline Graphene – Fe3O4 (66.6%) KU – bBand 3.34 Waveguide - 26 [44] 
5 PVP – Paraffin wax Fe3O4 - MWCNT 2–18 3 Coaxial - 35.8 [45] 
6 PS MWCNT (2 wt%), graphene (1.5 wt%) X- band – Industrial standard 

method 
- 20.2 [46] 

7 PC/SAN blend MWCNT grafted Fe3O4 X and KU -band 5 Coax - 32.5 [47] 
8 – MWCNT/Fe3O4@ZnO X- band – – - 40.9 [17] 
9 PC/SAN rGO – Fe3O4(10 wt%) + MWCNT(3 wt 

%) 
8–18 5 Coax - 50.7 [48] 

10 PC/PVDF MWCNT - MnO2 + rGO - Fe3O4 8–18 0.9 Waveguide - 36 [38] 
11 CNT γ-Fe2O3 X band 2 Waveguide - 32 [29] 
12 Paraffin wax FZ@MWCNT 8.2–18 3.5 Coaxial - airline - 36.9 Present 

work 
13 Paraffin wax FZ@MWCNT-GO 8.2–18 3.5 Coaxial - airline - 56.7 Present 

work  
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impedance at 11 to 12 GHz and 15 to 16 GHz, respectively. So the EM 
wave penetrated more at the mentioned frequency ranges and this 
penetration power for paraffin wax is more or less constant for the full 
band of frequency ranges, and well-matched to the outer. Thus, the EM 
wave in this frequency range may be considered as transparent for the 
paraffin wax sample. Conductivity variation of the samples is shown in 
Fig. 8a where paraffin wax shows almost zero conductive nature. Due to 
the addition of FZO, conductivity increases whereas FZ@MWCNT-GO 
reveals high conductive nature due to percolation threshold polariza-
tion and capacitive coupling between the nanoparticles and GO. It is 
well understood that rather than very high electrical conductivity, a 
connecting network of conducting phase which can provide the free 
charge carrier is crucial for better EM attenuation. In the case of 
FZ@MWCNT-GO sample, the concentration of MWCNT is comparatively 
lower than that of the FZ@MWCNT sample so that a lower filler con-
centration facilitates the arrangement of the connecting network rather 
than a high conductivity. Fig. 8b depicts that the skin depth of the FZO 
sample is very low and decreases its value with the increase of frequency 
which attributed to the increased cross-linking and interfacial polari-
zation. For paraffin wax sample calculated skin depth value is 1.98 mm 
at 8.2 GHz which is significantly higher than FZO. As sample thickness is 
more than the skin depth, multiple reflection has a deteriorative effect 
on SET value [48]. In this case, the multiple reflections of the EM wave 
inside the MWCNT surface (very high specific surface area) attenuate 
the energy of the wave mainly by absorption rather than by reflection. 

In addition to the loss parameter, as mentioned above, the attenua-
tion constant (α) is also a crucial factor that enhances the absorption 
ability of the material [51,52]. The large value of the attenuation factor 
signifies the penetration power of EM wave to the absorber and after 
that, the attenuation or absorption of EM waves in this absorber. The 
curves in Fig. 9c confirms that the attenuation factor of FZ@MWCNT is 
lower than that of FZ@MWCNT-GO due to the increase of permittivity 
and permeability parameter. This attenuation amount presents its high 
peaks at the frequency region where maximum absorption occurs. For 
the sample γ-Fe2O3 and FZO, the attenuation factor value is quite less 
than the value for FZ@MWCNT and FZ@MWCNT-GO. Therefore, due to 
the incorporation of heterogeneous nanoparticles into the matrix, both 
the attenuation factor and loss parameter increase simultaneously. In 
the case of paraffin wax, this reaches approximately zero value, which is 
why it has no shielding effectiveness value. 

As the nature of EM wave is oscillatory in the context of its polarity, 
this type of motion initially induces misalignment between the electric 
field of incident EM wave with the charge distribution of nanoparticles. 
Where this type of displacement occurs inside the nanomaterials (via the 
force of applied electric field) a potential is generated within the ma-
terial due to displacement of its original state manifesting as a subse-
quent generation of heat. After depositing nanocomposites within the 
polymer, abundant polarizations (defect polarization, heterogeneous 
interfacial polarization and residual functional groups) forming a mass 

of dipoles are introduced. At high-frequency, these mass dipoles estab-
lishes the relaxation mechanisms and transform the EM energy into heat 
energy [53]. Similarly, for the case of an external magnetic field, the 
intrinsic and extrinsic magnetic field of nanomaterials align with the 
incident magnetic field part of EM wave. This creates a potential within 
the nanomaterials, as in the case of charged particles with permittivity 
and alleged thermal energy dissipation i.e. potential degradation [54]. 
From theoretical explanation when a high-frequency EM wave en-
counters a volume through the surface, then it partially reinforces the 
field energy stored inside this volume and the rest is dissipated as heat 
energy. The energy distribution occurs when the damping force acts on 
the polarized atoms or molecules and conductivity of the material. The 
absorption of EM wave is due to the energy loss and the subsequent 
dissipation as heat. However, to shield the EM wave, both the electric 
and magnetic dipoles are essential as the EM wave is the synchronized 
generation of electric and magnetic dipole vectors. Tactically, the en-
ergy conversion of EM wave is transforming of different dipolar relax-
ation or resonances and switching these electrically and magnetically 
generated potential to heat energy [55]. The relative permittivity (ε =
ε′-ε′′) and permeability (μ = μ′ - μ′′) of the materials contains the storage 
part (ε′ and μ′) via polarization mechanism and alignment of magnetic 
dipoles along the direction of magnetic field and energy dissipation part 
(ε′′ and μ′′) resulting from conduction, relaxation and resonance mech-
anism [56]. From Fig. 9a and b it can be observed that ε′ and ε′′ values 
for the samples FZ@MWCNT and FZ@MWCNT-GO are more than those 
for the samples γ-Fe2O3 and FZO. The real part of permittivity for all the 
samples represents a declining trend with the increase of frequency 
because of frequency dispersion behavior whereas there is no such 
declining trend in case of the imaginary part of permittivity, an obvious 
sign of dielectric relaxation of the samples [57,58]. However, in the case 
of FZ@MWCNT and FZ@MWCNT-GO, fluctuations are observed in both 
ε′and ε′′ due to the incoherence of Debye polarization with that of the 
incident EM wave [59]. Moreover, the permittivity curve intimates the 
significant increase in ε′ with the addition of MWCNT and GO. From the 
above characteristics of ε′and ε′′, there is a precise estimation on the 
increment of the ratio of ε′′ to ε′, which is understood as the dielectric tan 
losses. The dielectric losses mainly originate from conductivity loss and 
polarization loss where polarization loss could be additionally classified 
as ionic, electronic, interfacial and dipole orientation polarization [60]. 
However, here only the interfacial polarization (space charge polariza-
tion) is significant because the others such as ionic and electric polari-
zation are caused in the excessive high-frequency region only. The 
defect dipoles and interfacial dipoles are influenced by the charge 
imbalance in the lattice while interfacial dipoles occurs between the 
lattice interfaces. As the relaxation time for grain boundary regions is 
larger than that for bulk, the grain boundary response relaxes at lower 
frequencies than the bulk [61]. Although polarization plays a funda-
mental role in the imaginary part of permittivity, the free electrons, i.e. 
the electrical conductivity are more ruling on it. According to free- 

Fig. 8. (a) Conductivity and (b) Skin depth variation as a function of frequency.  
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electron theory [62] 

ε’’ ≈
σ(T)
2πε0f

(6) 

Where σ(T) is the temperature-dependent electrical conductivity, 
which presents the dominating role in ε′′, ƒ the frequency and ε0 the 
vacuum permittivity. Electrical conductivity, i.e. both migrating 
conductance in the GO plane and hopping conductance among disor-
dered GO layers, increases with increasing temperature and frequency 
[62]. Moreover, this increment in conductivity further enhances the 
imaginary part of permittivity. 

The Cole-Cole plots (Fig. 9d) of ε′vs. ε′′ are carried out to explain the 
dielectric relaxation nature in the composite material. According to the 
Debye dielectric relaxation approach, the relation between ε′ and ε′′ can 
be formulated as [63] 
(
ε′

− ε′

∞

)2
+(ε′′)2

=
(
ε′

0 − ε′

∞

)2 (7) 

Where ε0
′ and ε ∞ 

′ signifies the static dielectric constant and the 
dielectric constant at the highest frequency. Thus the individual Debye 
relaxation process is assigned by a semicircle identified as Cole-Cole 
semicircle. From the plot, we can remark that only one distinguishable 
semicircle is observed for γ-Fe2O3 sample, implying the sole relaxation 
process. However, more than one semicircle is projected for the samples 
FZ@MWCNT and FZ@MWCNT-GO where individual semicircle re-
sembles Debye dipole relaxation. The enhanced polarization relaxation 
may originate from the defects of MWCNTs, which can serve as a po-
larization center under the alternating EM field. Furthermore, the 
abundant oxygenic functional group on the surface of MWCNT such as C 
= O and C - O can offer electronic dipole polarization [64,65]. The 
distorted portion of the semicircle, including the tails of the plots, re-
veals the other loss mechanism, such as leakage conductivity loss [66]. 

In the composite system, the electrons from the polymer may defeat the 
barrier and assembled at the interface of the heterojunction of the 
nanocomposite and build an interfacial polarization of space charge. 
Therefore after incorporation of γ-Fe2O3 and ZnO nanoparticles along 
with the conducting matrix, the value of SET increases significantly by 
several orders due to interfacial polarization and relaxation mechanism. 
The interfacial dielectric polarization of MWCNT and GO with nano-
particles results in the absorption of electric vector components whereas 
magnetic loss due to magnetic materials led to the absorption of the 
magnetic vector component of the incident EM wave. 

Magnetic permeability of all samples is shown in Fig. 10 where μ′′ of 
FZ@MWCNT-GO delivers the resonance peaks at 9.5 GHz, 10.9 GHz, 
13.3 GHz and 17.2 GHz. Magnetic materials with high saturation 
magnetization also provide high initial magnetic permeability and high 
initial magnetic permeability can be predicted to have a high magnetic 
loss. Magnetic loss mainly results from magnetic hysteresis, natural 
resonance, exchange resonance, domain-wall displacement, and eddy 
current effect [67,68]. Since the incident EM waves have a shallow 
magnetic field and a very high frequency, the loss of hysteresis and the 
displacement effect of the domain wall can be excluded. The loss of 
hysteresis plays a role in irreversible magnetization and can be neglected 
for the weak field. Domain wall resonance occurs only in the 1–100 MHz 
range and for multi-domain materials. Finally, natural resonance, ex-
change resonance and eddy current effects are recognized as the most 
responsible factors for high-frequency magnetic losses whereas natural 
resonance normally occurs to a lower frequency than the exchange 
resonance [69]. 

Furthermore, the eddy current loss coefficient can be expressed as 

μ’’

f (μ’)
2 ≈

2πμ0d2

3ρ (8) 

Fig. 9. (a) Real Part of Permittivity (b) Imaginary Part of Permittivity (c) Attenuation Constant (d) Cole-Cole plot.  
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Where ƒ, d, and ρ correspond to the frequency, the diameter and the 
electric resistivity of the particle, respectively. We can see from Fig. 11a 
that the eddy current loss for the sample, γ-Fe2O3 is almost constant, i.e. 
independent of frequency which indicates that the magnetic perme-
ability losses are obtained by eddy current loss [49,70] whereas dissi-
pated energy is correlated with the dielectric tangent loss (tan δε = ε′′/ε′) 
and the magnetic tangent loss (tan δμ = μ′′/μ′). With this consideration, 
we inspected from Fig. 11b that the total loss increases due to the 
addition of MWCNT and further improvements are indicated for the 
acquisition of GO in the bare composite of FZ@MWCNT sample. In the 
case of paraffin wax total tan loss value is almost zero, which is why it is 
unable to absorb the EM wave. For the composite samples FZ@MWCNT 
and FZ@MWCNT-GO, we attained two peaks values of the tan loss at the 
region where these samples give a maximum shielding loss. We ensure 
that the charge transport mechanism of electron hopping and/or 
tunneling initiate conductivity losses and interfacial polarization of 
γ-Fe2O3 and ZnO nanocomposite in MWCNT and GO matrix ensures a 
positive contribution to the dielectric loss as well as energy conversion. 
Therefore, when the incoming EM wave reaches the sample, it passes the 
sample across various microscopic boundaries due to the inclusion of 
different nanocomposites, such as γ-Fe2O3 and ZnO, which constitute 
the heterostructure. At the interface of two materials i.e., on the het-
erogeneous edges, the accumulated virtual charge significantly absorbs 
the wave energy through Joule heating and may change the local fields 
which in turn can alter the EM wave as it varies quadratically with field 
intensity [40]. The thermal conductivity of the sample further improves 

due to the enhancement of heterogeneous nanoparticles, and thus, the 
generated heat can easily spread-out. In addition, the shape and size of 
these nanoparticles present an imperative role of dispersion in the ma-
trix. The absorption property of microwave increases with the reduction 
in particle sizes, i.e. on the excellent distribution of nanoparticles. 
Nanomaterials’ size and shape or composition may change the dielec-
tric/magnetic properties to ensure a good match for microwave ab-
sorption between them. When particle size decreases and crystallinity 
increases (compare with the amorphous nanoparticles), the active sur-
face of the nanoparticles increases, and therefore the interaction with 
the nanoparticles developed [71] which further increases the eddy 
current loss, resonance effect and subsequently increase the absorption 
loss [72]. 

5. Conclusions 

We have succeeded in synthesizing new shielding materials with 
unusual efficiency and cost-effectiveness using a simple and unconven-
tional method where the absorption efficiency of these materials is 
remarkably high. They are based on a suitable combination of dielectric 
and magnetic materials in the nanocomposite that consolidates into the 
MWCNT and GO matrices supporting the material for corrosion resis-
tance. To achieve this efficiency, we have also adopted several novel 
approaches that are duly discussed in various sections. In addition, here 
we have invoked an efficient approach in the measurement procedure 
based on the coaxial linear method and this technique is more effective 
for practical purposes than the reflection loss measuring technique used 
by several previous researchers including our investigations. The 
microstructure analysis gives the cluster like formation of nanoparticles 
in the nanocomposite due to the π interaction bond by magnetophoresis. 
The results of magnetic measurements for FZ@MWCNT and 
FZ@MWCNT-GO explain well the relatively low saturation magnetiza-
tion due to the presence of non-magnetic graphite coating with a strong 
magnetic component of γ-Fe2O3 nanoparticles. The incorporation of 
nanoparticles in these matrices amplifies the complex permittivity as 
well as permeability due to the presence of high dielectric carbon and 
magnetic nanoparticles in the desired frequency range. The influence of 
the MWCNT and GO matrices in the nanocomposite system is also 
studied in detail for the increased activity. The dielectric losses attrib-
uted to the Debye relaxation and also the conductivity losses are strongly 
responsible for the improved absorption of EM waves. The presence of 
maghemite nanoparticles introduces magnetic losses by resonance and 
eddy current effect, while the presence of other nanoparticles in the 
composite promulgates dielectric losses influenced by polarization and 
conductivity losses. The coincidence and coherence effect of these losses 
in the present nanocomposite may open the opportunity of making a 

Fig. 10. Magnetic permeability of all samples and μ′′of FZ@MWCNT-GO.  

Fig. 11. (a) Eddy current loss co-efficient (b) Total tan loss.  
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good microwave absorbing material for better performance. A synthesis 
of these mechanisms is described schematically in this work. 
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