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A B S T R A C T   

We report electromagnetic interference (EMI) shielding efficiency in the PANI-wrapped 
BaFe12O19 and SrFe12O19 with rGO composites. Barium and strontium hexaferrites were syn-
thesized using the nitrate citrate gel combustion method. These hexaferrites were polymerized in 
situ with aniline. The PANI-coated ferrite-based composite materials were developed along with 
reduced graphene oxide (rGO) in acrylonitrile butadiene styrene (ABS) polymer, and their 
shielding effectiveness was assessed in X-band frequency range (8.2–12.4 GHz). The reflection 
(SER) and absorption (SEA) mechanism of shielding effectiveness was discussed with the different 
rGO concentrations. The results reveal that 5 wt% of rGO with PANI-coated barium and strontium 
hexaferrite polymer composites exhibit shielding efficiency of 21.5 dB and 19.5 dB, respectively, 
for 1 mm thickness composite. These hexaferrite polymer-based composite materials can be used 
as an attractive candidate for EM shielding materials in various technological applications.   

1. Introduction 

Wide use of electronic devices in automotive, digital assistants, and communication devices generates radiation, which interferes 
with the nearby electronic circuits and leads to electromagnetic interference (EMI). EMI harms the vital functioning and efficiency of 
electronic devices and military applications [1–3]. It also incurs harmful effects on health and the environment [4]. EMI is a major 
concern of modern society, and thus, it is critical to protect electronic devices from EMI. This can be achieved by developing materials 
that effectively shield the EMI signal to protect the electronic components of devices. Therefore, shielding materials that attenuate EMI 
signal has become a focal point of research, even in the industrial sector. 

Shielding material attenuates EM signal mainly in two ways shielding by reflection (SER) and shielding by absorption (SEA). 
Reflection occurs due to the interaction of electromagnetic radiation with the free charge present on the surface of a material; it is due 
to impedance mismatch between air and the surface of a material. Whereas absorption is caused by the interaction of electric and 
magnetic dipoles present in the materials [5,6]. Metals are suitable material that effectively shields the EM radiation because they 
possess free electrons on their surface and has high electrical conductivity [7]. However, the use of metals in EMI shielding applications 
is limited by properties, such as high density, low flexibility, poor resistance to corrosion, and difficulty processing the material. 
Therefore, polymer-based nanocomposites have gained interest due to their lightweight nature, easy processability, resistance to 
corrosion, and fine-tuning of desired properties of fillers with polymer matrix required for shielding applications [8]. Therefore, 
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research focused on development of materials that overcome the above-mentioned disadvantages of metals has gained traction. 
A shielding material having electric and magnetic dipoles can shield by interacting with electric and magnetic components of EM 

waves [9,10]. Earlier, carbon-related materials such as multiwall carbon nanotube (MWCNT), graphene, carbon black, and reduced 
graphene oxide served reliably in electromagnetic shielding applications because of their lightweight nature, increased conductivity, 
and enhanced mechanical strength with high aspect ratio and flexibility [11–13]. These materials mainly absorb EM radiation through 
conduction loss, Thus, Composites containing both conducting and magnetic material will be more effective in shielding EM waves 
[14]. Therefore, addition of magnetic material enhances the EM absorption by an impedance mismatch between air and the surface of 
the material, resulting in EM waves entering into the material and getting absorbed [15]. Magnetic material like hexaferrite are used in 
EM shielding applications because of their high saturation magnetization (Ms) [16] and large Snoek’s limit, at higher frequencies >1 
GHz permeability decreases and approaches constant value unity beyond the limiting value of frequency. Due to weak 
magneto-crystalline anisotropy and attenuated permeability, the eddy current phenomenon limits their usage at high frequencies [17]. 
Therefore, coating these materials with conducting material could improve absorption ability by elevating surface anisotropy energy 
and limiting the eddy current [18,19]. Conducting polymer composites with hexaferrite increases the dielectric loss of a shielding 
material; polyaniline (PANI) coating enhances the shielding efficiency [20,21]. There are several studies are done on core-shell 
composites using PANI; the advantage of core-shell heterostructures is taken into account as shells to increase the effectiveness of 
their microwave shielding. Han et al. reported a 3-D porous nickel metal foam/PANI heterostructure for superior absorption-based EM 
shielding [22]. Yang and co-workers developed polyaniline-coated bagasse fiber composite with core-shell heterostructure for 
effective EM performance [23], they also reported the bending durability of flexible polyethylene terephthalate/polyaniline composite 
and their shielding performance [24]. Zhangjing et al. synthesized polyaniline on insulating bamboo fiber and studied the EM shielding 
behavior of composites [25]. Though there are several studies done on the EM shielding properties of these core–shell composites, 
more research is required to explain the effects of core materials on the electrical conductivity of the PANI shell and their underlying 
EMI shielding mechanisms, which are significant factors influencing the EMI shielding properties. Here we choose hexaferrite as a core 
material because their magnetic properties and insulating in nature make it ideal for coating the PANI layer to regulate conductivity 
[16]. 

This work uses a synergetic approach to attenuate EM waves using reduced graphene oxide (rGO) with PANI-coated hexaferrite and 
MWCNT to shield EM waves. rGO was synthesized using graphite and oxidized to graphene oxide (GO) by modified Hummer’s method. 
Subsequently, GO was chemically reduced using hydrazine hydrate to obtain rGO. Hexaferrites were synthesized by nitrate citrate gel 
combustion method and were coated with PANI by in-situ emulsion polymerization of aniline. Different weight ratios of rGO with 
PANI-coated hexaferrite were incorporated in acrylonitrile butadiene styrene (ABS) matrix with MWCNT by using the solution casting 
method, and samples were compression-molded at 230 ◦C to get uniform films. The morphology, magnetic properties, coercivity and 

Scheme 1. Synthesis of (a) graphene oxide and (b) reduced graphene oxide.  
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saturation magnetization of hexaferrite and their PANI-coated composites were studied. Furthermore, the effect of adding different 
weight percentages of rGO on the microwave absorption efficiency in the resultant ternary composites was also studied. 

2. Experimental section 

2.1. Materials 

Pristine MWCNTs length NC 7000 (1.5 μm and diameter 9.5 μm) were obtained from Nanocyl SA (Belgium). Graphite and acry-
lonitrile butadiene styrene (ABS) were procured from Sigma-Aldrich (USA). Barium nitrate Ba(NO3)2, sodium nitrate Na(NO3)2, 
ferrous nitrate Fe(NO3)2, ammonium persulphate, aniline (C6H5NH2), hydrogen peroxide (H2O2), ethanol, acetone, and tetrahydro-
furan (C6H8O) were purchased from commercial sources. 

2.2. Synthesis of graphene oxide (GO) 

Graphene oxide was synthesized using modified Hummer’s method [26,27] which involves the oxidation of graphite into graphene 
oxide. Briefly, 1 g of graphite flakes were added to a 9:1 ratio of H2SO4 and H3PO4, followed by ultra-sonication for about 30 min. To 
this, 4 g of KMnO4 was added slowly by maintaining the reaction temperature below 10 ◦C using an ice bath. Then the reaction mixture 
was heated at 65 ◦C for 4 h. The mixture was poured into ice-cold water taken in a beaker; a bright yellow-brown color precipitate is 
formed. To this, 10 ml of H2O2 was added for the complete oxidation of KMnO4. The obtained precipitate was treated with 1 M HCl 
solution and finally washed with distilled water and ethanol. The resulting product, graphene oxide (GO), was dried at 40 ◦C in a 
vacuum oven (Scheme 1a). 

2.3. Synthesis of reduced graphene oxide (rGO) 

1 mg/ml of GO was dissolved in distilled water was taken in a beaker and ultra-sonicated for an hour. To this, 15 μL of hydrazine 
hydrate was added along with few drops of ammonium hydroxide. The reaction mixture was heated for about 12 h at 90 ◦C with 
constant stirring [28,29]. The black precipitate was washed with distilled water, followed by acetone. The final compound, reduced 
graphene oxide (rGO), was dried at 90 ◦C in a vacuum oven. (Scheme 1b). 

2.4. Synthesis of BaFe12O19 and SrFe12O19 

BaFe12O19 and SrFe12O19 were prepared by nitrate citrate gel combustion method. In a typical synthesis of BaFe12O19, barium 
nitrate and ferric nitrate was taken in the ratio of 1:11 and dissolved in a distilled water. To this, citric acid (CA) was added to form 

Scheme 2. Polymerization of magnetic nanoparticles.  
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chelate with Ba2+ and Fe3+ ions, such that the mole ratio of CA to nitrate solution was maintained at 1:1. The mixture was maintained 
at pH 7 by adding dilute ammonia solution, and the beaker was kept on a hot plate with constant stirring at 150 ◦C. When the solution 
became viscous, the temperature was raised to 200 ◦C; at this stage, the gel gets ignited and burnt to form a brown-colored powder. The 
obtained powder was calcined at 1000 ◦C for 2 h, with a heating rate of 10 ◦C/min to get hexagonal ferrite phase [30,31]. Similar 
procedure was adopted to prepare the SrFe12O19 phase by using strontium nitrate in place of barium nitrate. 

2.5. Synthesis of PANI-coated BaFe12O19 and SrFe12O19 composites 

The synthesized magnetic hexaferrites, BaFe12O19 and SrFe12O19 were in-situ polymerized using aniline. For this, 0.1 g of BaFe12O19 
was added in a round-bottom flask containing 40 ml of 0.1 M HCl solution. The suspension was ultrasonicated for about 10 min and 
kept in the ice bath for 10 h at 5 ◦C to settle down the particles. Subsequently, the HCl solution was decanted to isolate the particles. 10 
ml anhydrous ethanol and 0.1 ml of aniline were added to the particles, and the mixture was subjected to ultrasonication for 10 min to 
obtain a uniform dispersion of the particles. Following this, the mixture was placed in an ice bath for 12 h at 5 ◦C. 0.17 ml of 12 M HCl 
was then added to this mixture, followed by dropwise addition of APS aqueous solution (0.04 M, 30 ml). The mixture was constantly 
stirred for 3 h. The obtained product was collected and washed with distilled water and ethanol several times and dried in a vacuum 
oven [32,33]. Similar experimental procedure was employed to prepare strontium hexaferrite-PANI composite, using strontium 
hexaferrite in place of barium hexaferrite (Scheme 2). 

2.6. Preparation of rGO/PANI-hexaferrite/MWCNT/ABS nanocomposites 

Synthesized rGO, PANI-coated hexaferrite, and MWCNT were taken in a separate beaker and probe sonicated with tetrahydrofuran 
(THF) for 20 min to remove primary agglomerates and bath sonicated for another 20 min to remove secondary agglomerates. On the 
other hand, ABS polymer was dissolved in THF solution. The solutions of rGO, PANI-coated hexaferrite, and MWCNT were added into 
the dissolved ABS and sonicated for 1 h. The obtained solution was poured into a glass Petri dish and kept overnight for solvent 
evaporation. The formed polymer composites were subjected to compression-molding at 230 ◦C to get uniform films. 

Fig. 1. XRD patterns of (a) Graphite, (b) GO, and (c) rGO.  

G.P. Abhilash et al.                                                                                                                                                                                                    



Heliyon 9 (2023) e13648

5

2.7. Characterization 

Powder X-ray diffraction pattern (PXRD) was recorded to determine the phase purity by using a PANalytical X’Pert diffractometer 
of Cu Kα source (λ = 1.5418 Å) Ni-filter at operating voltage 45 kV and current 30 mA. A Fourier-transform infrared spectroscopy 
(FTIR) spectrum was recorded by using a PerkinElmer Spectrum 1000. A field emission scanning electron microscope (FESEM, ULTRA 
55), at an accelerating voltage of 15 kV, was used to get the morphology of the prepared materials and composites. Thermal analysis 
was done using Mettler Toledo system using N2 as a carrier gas up to 600 ◦C with an incremental 5 ◦C step size to determine the stability 
of the prepared sample. A lakeshore vibrating sample magnetometer (VSM) was used to determine the magnetic properties of the 
prepared hexaferrite materials with applied force − 50000 to 50000 Oe at room temperature. Electromagnetic interference shielding 
was studied using Keysight N9921A vector network analyzer that uses corresponding waveguide in the frequency range 8.2–12.4 GHz 
(X-band). Before measuring, SE full setup was calibrated by SOLT (short-open-load-through). For most measurements, a rectangular 
sample of 5 mm thickness prepared by compression molding at 230 ◦C was used. The S parameters obtained from VNA (Vector 
Network Analyzer) measurements were used to calculate SER, SEA, and SET. 

3. Results and discussion 

3.1. Structure, functional and morphological properties of prepared composite materials 

Powder X-ray diffraction (XRD) patterns of (a) graphite, (b) GO, and (c) rGO are shown in Fig. 1. The intense sharp peak (002) of 
graphite was observed at 2θ value of 26.3◦ with interlayer d-spacing of 0.33 nm (Fig. 1a) Upon oxidation, the graphite peak shifted to 
lower 2θ at 9.3◦ with interlayer spacing 0.94 nm (Fig. 1b), indicating the oxidation of graphite to graphene oxide. After the chemical 
reduction of GO with hydrazine hydrate, the diffraction peak at 9.3◦ disappeared and shifted to a higher angle with a broader peak 
around 2θ value 24◦ (Fig. 1c), which confirms the formation of reduced graphene oxide (rGO) [34,35]. The results obtained from XRD 
analyses of graphite, GO and rGO are in agreement with the reported literature [27]. To determine whether the hexaferrite undergo a 
structural or phase change by polymerization with aniline, the base chemicals (BaFe12O19 and SrFe12O19) and their polyaniline (PANI) 
derivatives were subjected to powder X-ray diffraction analysis. All the diffracted peaks in the powder X-ray diffraction pattern of 
barium hexaferrite (BaFe12O19) are well-matched with M-type barium hexaferrite (JCPDS card no. 43–0001) (Fig. 2i, lower panel) 
After polymerization of BaFe12O19 particles with PANI, a slight decrease in the intensity is observed in the BaFe12O19-PANI composite, 
due to the amorphous coating of aniline (Fig. 2i, upper panel), which confirms that there is no change in the crystal structure of barium 
hexaferrite [36]. Similarly, in the powder X-ray diffraction pattern of strontium hexaferrite (SrFe12O19), the diffraction peaks are 
well-matched with the JCPDS card No. 80–1197 (Fig. 2ii, lower panel). The observed pattern is ascribed to M-type strontium hex-
aferrite. After polymerization with PANI, no change was observed in the diffraction pattern, except a small decrease in the peak 

Fig. 2. XRD patterns of (i) BaFe12O19 and BaFe12O19-PANI composite and (ii) SrFe12O19 and SrFe12O19-PANI composite.  
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intensities (Fig. 2ii, upper panel) [37], which shows that in situ polymerization with PANI does not affect the phase of hexaferrites. 
Thus, powder X-ray diffraction analysis confirmed that addition of PANI to the hexaferrites does not affect the basic structure or phase 
of the hexaferrites. Fig. S1, shows PXRD of bare ABS and ABS with prepared fillers, which infers that after incorporation of fillers in ABS 
polymer matrix, there is no structural change in the PANI coated hexaferrite, which signifies PANI layer does not peel off from the 
surface of hexaferrite during polymer composite preparation. 

Fig. 3 shows the FTIR spectra of GO and rGO. Upon oxidation of graphite, oxygen-based functional groups are attached to the 
graphite layers. In the spectra of GO, the peak at 1580 cm− 1 corresponds to C––C in plane stretching vibrations of sp2 hybridized carbon 
atoms (Fig. 3a). Likewise, peaks for C––O (1720 cm− 1), C–O (1050 cm− 1), and C–O–C (1220 cm− 1 and 846 cm− 1) corresponds to 
asymmetric stretching and bending modes, respectively (Fig. 3a). In the FTIR spectra of rGO, the peak at 1578 cm− 1 corresponds to C–C 
stretching mode indicating restoration of sp2 regions, and the disappearance of peak at 1731 cm− 1 confirms reduction of C––O groups 
(Fig. 3b). Absence of other peaks indicate the effective reduction of graphene oxide (Fig. 3b) [38,39]. Thus, oxidation of graphite and 
reduction of graphene oxide was confirmed using FTIR spectra analysis. 

Fig. 4 shows the FTIR spectra of hexaferrite, PANI, and PANI-coated hexaferrite. In the curve for BaFe12O19 (Fig. 4i a), the ab-
sorption peaks at 570 cm− 1 and 538 cm− 1 corresponds to the vibrational stretching frequency of tetrahedral site of Fe and O, and the 
one at 420 cm− 1 is for the vibrational stretching frequency of octahedral site. These three characteristic absorption peaks indicate the 
structure of M type hexaferrite [40]. Similar vibrational bands were observed for SrFe12O19 (Fig. 4 ii a). The curve for BaFe12O19-PANI 
composite shows characteristic peaks of both PANI and the hexaferrite (Fig. 4 i a and c). The peak at 1586 cm− 1 corresponds to C––N 
stretching vibration of the benzenoid or quinoid ring; the peak at 1495 cm− 1 is assigned to C––C of the benzenoid or quinoid ring; the 
peaks at 1298 and 1238 cm− 1 are from the C–N stretching vibration of the benzenoid ring; 1114 cm− 1 peak corresponds to the in-plane 
bending vibration of the C–H quinoid ring and the peak at 816 cm− 1 is due to the out-of-plane bending vibration of C–H and N–H of the 
benzenoid or quinoid unit [41]. Furthermore, the characteristic peaks of hexaferrites at 570 cm− 1, 538 cm− 1 and 420 cm− 1 are also 
observed (Fig. 4i b). Similar results obtained for SrFe12O19-PANI composite shown in (Fig. 4 ii a, b and c). Thus, these FTIR spectra 
confirm the chemical bonds formed in the PANI-coated hexaferrite composites. FTIR spectra of ABS polymer along with ABS with 
fillers are given in Fig. S2. 

Thermogravimetric analysis (TGA) measurement gives the information about the decomposition temperature and stability of 
samples. Fig. 5 shows TGA plots for (a) Graphite, (b) GO, and (c) rGO samples, Curve (a) shows graphite powder which does not 
undergo weight loss up to 600 ◦C, indicates the stability of graphite (Fig. 5, curve a). Curve (b) represents the GO sample, in which 

Fig. 3. FTIR spectra of (a) GO and (b) rGO.  
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weight loss is observed at three stages (Fig. 5, curve b). The first stage observes around 20% weight loss (at 150 ◦C) due to the removal 
of adsorbed water molecules. In the second stage, a further weight loss of about 25% takes place due to the removal of functional 
groups like –OH, C––O, and C–O–C which escape from layers of GO forming CO2, CO, and steam. Finally, a mass loss of 15% occurs due 
to pyrolysis of the carbon skeleton. Curve (c) depicts the rGO sample, which shows an initial weight loss of approximately 24% 
occurring between 25 ◦C to 150 ◦C because of removal of the adsorbed water molecule and residual functional groups present in the 
sample (Fig. 5, curve c). After this initial weight loss, rGO does not lose any appreciable weight and behaves like a pristine graphite 
sample (Fig. 5, curve c) [42,43]. From TGA graph it is confirms that, the synthesized GO and rGO shows their characteristic behavior 
which are reported in the literature. TGA graph of prepared ABS polymer composites are shown in Fig. S3, which shows prepared 
polymer composites can withstand temperature up to 300–350 ◦C. 

Fig. 6 shows the FESEM images of (a) BaFe12O19 and (c) SrFe12O19 compounds. The electron micrographs of both barium and 
strontium hexaferrites, exhibit agglomerated morphology with dense packing of particles due to the magnetic dipole interaction 
between the ferrites (Fig. 6a and c) [44]. After polymerization, the surface of the hexaferrite is coated with aniline monomers being 
selectively adsorbed on the surface of the hexaferrite by electrostatic interaction forming H-bond (Fig. 6b and d) [45]. PANI-coated 
hexaferrites eventually form core-shell composite structures (Scheme 2). For elemental analysis of the samples, energy dispersive 
X-ray spectroscopy (EDS) was undertaken. EDS spectrum for (a) BaFe12O19, (b) BaFe12O19-PANI, (c) SrFe12O19, and (d) BaFe12O19--
PANI revealed the atomic percentage of various elements present in the prepared samples (Fig. S4). 

Fig. 7 depicts the room temperature magnetization as a function of applied field for BaFe12O19, BaFe12O19-PANI, SrFe12O19, and 
SrFe12O19-PANI composites. Fig. 7i reveals that, after coating of PANI, the value of saturation magnetization (Ms) decreased from 49.2 

Fig. 4. FTIR spectra of (i) (a) BaFe12O19, (b)BaFe12O19-PANI, (c) PANI, (ii) (a) SrFe12O19, (b) SrFe12O19-PANI and (c) PANI.  
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emu g− 1 for BaFe12O19 to 14.8 emu g− 1 for BaFe12O19-PANI (Fig. 7i). The remanent magnetization (Mr) values also decreased from 24 
emu g− 1 for BaFe12O19 to 7 emu g− 1 for BaFe12O19-PANI (Fig. 7i). Reduction in the Ms and Mr values might be attributed to the 
decreased crystallinity of hexaferrite upon polymerization, which induces a spin disorder enhancement, thereby decreasing the 
saturation magnetization values. Intriguingly, there was no significant change in the coercivity (Hc) for both the samples from − 50000 
to +50000 Oe, which indicate that the hexaferrite retained its hard ferrimagnetic nature after polymerization. Similar behavior was 
observed for SrFe12O19, and SrFe12O19-PANI composites (Fig. 7ii). In Table 1, summarized the values of saturation magnetization, 
coercivity and remanent magnetization. The high coercivity value demonstrates high magnetic crystalline anisotropy, signifying a high 
anisotropy energy (Ha) and resonance frequency (fr) as deduced from the following relations [46]. 

Fig. 5. TGA plot of (a) Graphite, (b) GO, and (c) rGO.  

Fig. 6. FE-SEM micrographs of (a) BaFe12O19, (b) BaFe12O19/PANI, (c) SrFe12O19, and (d) SrFe12O19/PANI.  
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3.2. Raman spectroscopy 

Raman spectra is a non-destructive technique used to study the structural elucidation of carbon materials like diamond, graphite, 
graphene oxide, reduced graphene oxide, and CNT. Raman spectra of GO and rGO are recorded and shown in Fig. 8. It shows char-
acteristic D and G peaks at 1345 cm− 1 and 1596 cm− 1, respectively (Fig. 8). The D band corresponds to defects that arise during the 
oxidation and reduction of carbon lattice of graphite, while the G band is a graphitic band associated with in-plane vibrations of C–C 
stretching E2g band. Integrated intensity ratio (ID/IG) depicts disorders and is inversely proportional to the average size of defect-free 
sp2 regions. ID/IG ratios of GO and rGO are 1.01 and 1.22, respectively (Fig. 8), suggesting that defect band intensity increases upon 
reduction of GO [42]. 

3.3. AC electrical conductivity of the composites 

Electromagnetic shielding efficiency depends on the conductivity of the shieling materials. Fig. 9 shows the AC electrical con-
ductivity versus frequency at room temperature. Incorporation of BaFe12O19-PANI and SrFe12O19-PANI results in an insulating matrix 

Fig. 7. Room-temperature magnetization curve of (i) BaFe12O19 and BaFe12O19/PANI and (ii) SrFe12O19 and SrFe12O19/PANI.  
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due to the semi-conducting properties of hexaferrites. Addition of MWCNT further enhances the electrical conductivity of the polymer 
composite which is crucial in shielding applications. MWCNT is an excellent conducting material with charge transport efficiency of 
the order 106–107 S/m [43]. Conductivity of polymer composite also depends on interaction with neighboring particles. Composites of 
PANI-coated hexaferrites with MWCNT showed enhanced conductivity in the order of 7.2 × 10− 4 S cm− 1 for the BaFe12O19-PANI 
composite and 4.83 × 10− 4 S cm− 1 for the SrFe12O19-PANI composite (Fig. 9). Increased conductivity obtained following the addition 
of MWCNT to the PANI-coated hexaferrites is essential for effective shielding of EM waves. However, addition of rGO resulted in a 
negligible change in conductivity (Fig. 9), as rGO is known to have lower intrinsic electrical conductivity compared to MWCNT [48]. 

Fig. 8. Raman Spectra of GO and rGO.  

Fig. 9. AC electrical conductivity of the prepared composites.  
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3.4. EMI shielding effectiveness of prepared composites 

EMI shielding is the ability of a material to attenuate the incoming electromagnetic wave, and it is expressed with the unit decibels 
(dB). Equation (1) gives total shielding effectiveness and is defined as the log of incident power (PI) to transmitted power (PT). It is 
expressed by the following relation [48]. 

SET = 10 log
PI

PT
(1)  

where PI is incident power, PT is transmitted power. 
Shielding occurs in a material by three types of mechanisms, shielding by reflection (SER), shielding by absorption (SEA), and 

shielding by multiple reflections (SEMR) [5,49]. Therefore, total shielding efficiency can be expressed in terms 

SET = SER + SEA + SEMR (2) 

SEMR can be ignored if the material is having total shielding efficiency greater than 15 dB or the sample thickness is greater than the 
skin depth of the material represented by equation (3). Therefore, above equation (2) is rewritten as [48]. 

SET = SER + SEA (3)  

experimentally, SET, SER, SEA are calculated by equations (4)–(6) respectively, by using the scattering parameters (S11, S22, S12, and 
S21) obtained from two-port VNA measurement, and their value is derived from the following relations [5]. 

Fig. 10. Total shielding effectiveness of (a) BaFe12O19-PANI and rGO/BaFe12O19-PANI, and (b) SrFe12O19-PANI and rGO/SrFe12O19- 
PANI composites. 
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SET = 10 log
1

|S12
⃒
⃒2
= 10 log

1
|S21|2

(4)  

SER = 10 log
1

(
1 − |S11|

2
) (5)  

SEA = 10 log

(
1 − |S11|

2
)

|S21
⃒
⃒2 = SET − SER (6)  

where S12, S21 are the reverse and forward transmission coefficients, respectively, and S11 is the forward reflection coefficient. 
The EM shielding efficacy of BaFe12O19-PANI/rGO is higher compared to BaFe12O19-PANI composite due to more number of in-

terfaces present in the composite, since EMI property increases with increase in number of interfaces, as well as rGO being semi- 
conducting material and its conductivity depends on the extent of reduction, it shields the EM wave by its free electrons on the 
surface by impedance mismatch causing reflection, multiple reflection by increasing interface in the composites. Also, rGO shields EM 
waves by dipole polarization effect due to the C–O functional groups present on its surface. Fig. 10 (a) shows the total shielding 
effectiveness of the prepared nanocomposites. BaFe12O19-PANI composite showed maximum shielding effectiveness of 10.9 dB at 10.6 
GHz (Fig. 10a). Addition of rGO increases the shielding effectiveness to 21.5 dB at 10.6 GHz frequency for 5 wt% rGO/BaFe12O19-PANI 
composite (Fig. 10a). This enhancement of shielding effectiveness is attributed to an increase in the number of interfaces and an 

Fig. 11. Shielding effectiveness by absorption of (a) BaFe12O19-PANI and rGO/BaFe12O19-PANI, and (b) SrFe12O19-PANI and rGO/SrFe12O19- 
PANI composites. 
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increase in the percolation of the composites. Similar trend was observed for rGO/SrFe12O19-PANI composites, where the shielding 
effectiveness increases from 9.9 dB for SrFe12O19-PANI to 19.5 dB for 5 wt% of rGO/SrFe12O19-PANI composites at 10.6 GHz 
(Fig. 10b). Fig. 11 depicts the EM shielding that takes place by absorption. The absorptive EM shielding efficacy increased from 7.8 dB 
for BaFe12O19-PANI composite to 16.4 dB for 5 wt% rGO/BaFe12O19-PANI (Fig. 11a). Likewise, the EM shielding by absorption 
increased from 9.4 dB for SrFe12O19-PANI composite to 14.4 dB for 5 wt % rGO/SrFe12O19-PANI (Fig. 11b). The increased EM ab-
sorption associated with the addition of rGO results from an increase in the number of interfaces and the multiple reflections from rGO. 
Table 2 summarizes the SET and SEA of different weight percentage of rGO/BaFe12O19-PANI and rGO/SrFe12O19-PANI composites. 

Fig. 12(a and b) shows the percentage of absorption and reflection. The absorption efficiency of 1 wt% of rGO/BaFe12O19-PANI is 
63.9% and that of BaFe12O19-PANI is 61.3% (Fig. 12a). It is observed that an increase in the rGO content of the composite by 2 and 3 wt 
% reduced the absorption percentage to 57.6 and 58.8%, respectively (Fig. 12a). This might be due to reduction in the connectivity of 
MWCNT by agglomeration and a slight increase in interfacial region. Interestingly, the absorption percentage for 5 wt% rGO/ 
BaFe12O19-PANI increased to 66.2% (Fig. 12a). This rise in absorption efficiency might be due to an increase in multiple reflections 
caused by forming 3-D like network, by providing conducting path, by reducing percolation of MWCNT and by eddy current loss with 
interaction between magnetic component of the incoming EM wave. Similarly, SrFe12O19-PANI showed 66.6% absorption compared to 
58.9% for 2 wt% of rGO/SrFe12O19-PANI (Fig. 12b). Further increase in rGO content, absorption percentage increases, 5 wt% rGO 
shows 65% absorption. (Fig. 12b). The similar trend observed in both hexaferrite composites confirms that rGO enhances the total 
shielding effectiveness and absorption efficiency of composites through conduction loss and polarization loss. 

3.5. Shielding of electromagnetic waves by interconnected MWCNT, hexaferrite, and rGO composites 

Shielding effectiveness is directly related to MWCNT concentration, as it shields EM waves by charge transport by forming a well- 
percolated network. MWCNT absorbs EM waves by multiple internal reflections within its network [6]. Adding magnetic particle 
hexaferrite and rGO to the composite hinders the connectivity and leads to an increase in the percolation path of MWCNT. However, 
shielding effectiveness is enhanced due to magnetic losses and multiple internal reflections at the interface, which leads to an increase 
in EM absorption by impedance mismatch in the composite materials [50]. In heterogeneous composites, electric and magnetic pa-
rameters are responsible for the shielding of EM wave. Power loss occurs due to microwave heating, which arises from two components 
of the materials electric field and magnetic field expressed by the following relation. 

P=ω
(

ε0ε′′eff Erms
2 + μ0μ′′

eff Hrms
2
)

(7)  

where P is the power density of the material; Erms and Hrms are the electric field and magnetic field strength, respectively; ε0 represents 
the permittivity in free space; μ0 is permeability in a vacuum; ε′′eff shows dielectric loss; μ′′

eff is the imaginary part of magnetic 
permeability, and ω is the angular frequency of EM wave. 

Electric field component absorbs EM wave by conduction loss, interfacial polarization loss, and dipolar polarization loss [7,47]. In 
MWCNT and rGO-containing composites, electrons will move back and forth in the alternating electric field and induce an electric 
current, which leads to heating of the sample due to resistance generated by the collision of electrons with each other and with 
neighboring atoms. Magnetic loss occurs in the composite due to eddy current loss and hysteresis loss [7]. An alternating magnetic field 
forces the magnetic dipole to align with the magnetic field. The magnetic dipoles are unable to cope with the alternating field, and 
hence, losses due to resonance become insignificant at higher frequencies. 

Based on the above studies, the shielding mechanism is proposed and illustrated in Scheme 3. In a heterogeneous system, various 
interface and interface charge accumulation sites were created between hexaferrite and PANI. Penetration, diffusion, and recombi-
nation occur at the interface between them. Polarons/bipolarons were trapped at the hexaferrite and PANI interfaces when the 
electrical field was applied due to the dielectric and conductivity difference, forming large dipole centers, which enhances the ability to 
absorb EM waves by dipolar polarization [51,52]. PANI and hexaferrite create a heterostructure, where the PANI layer acts as a charge 
carrier; due to the difference in conductivity, electric dipoles are created between PANI and hexaferrite. The electron cloud at the 
surface of the PANI shell distorts the incoming microwave, which hits the core-shell structure; a strong electric field is formed in 
opposite to the applied electromagnetic field, then the incident wave diffuses onto the PANI shell surface in the incident direction, and 
remaining microwaves travel straight through the inner shell of same PANI shell due to insulating property of hexaferrite. Microwaves 
will reflect at the interface between PANI and hexaferrite because of the difference in conductivity and dielectric constant of PANI and 
hexaferrite. Additionally, the PANI shell strong electrical conductivity significantly enhances the material’s electromagnetic shielding 
effectiveness. Thus, the conductivity properties of the shell and well-constructed interior contacts are crucial for obtaining optimum 
shielding performance [53–55]. 

Table 1 
Analysis of the magnetic properties of samples at room temperature.  

Sample Saturation magnetization (Ms) (emu/g) Coercivity (Hc) (Oe) Remanent magnetization (Mr) (emu/g) 

BaFe12O19 49.2 4626 24.1 
BaFe12O19-PANI 14.8 4626 7.3 
SrFe12O19 30.4 5284 14.7 
SrFe12O19-PANI 15.4 3634 7.6  
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Table 2 
Total shielding effectiveness (SET) and shielding effectiveness by absorption (SEA) of Ba-PANI/MWCNT/rGO and Sr-PANI/MWCNT/rGO composites.  

Sample Shielding effectiveness total (SET) @ 10.6 GHz Shielding by Absorption (SEA) @ 10.6 GHz 

BaFe12O19-PANI + MWCNT 10.90 7.80 
BaFe12O19-PANI + MWCNT + 1 wt% rGO 12.60 9.10 
BaFe12O19-PANI + MWCNT + 2 wt% rGO 14.50 10.20 
BaFe12O19-PANI + MWCNT + 3 wt% rGO 16.10 11.70 
BaFe12O19-PANI + MWCNT + 5 wt% rGO 21.50 16.40 
SrFe12O19-PANI + MWCNT 9.90 9.40 
SrFe12O19-PANI + MWCNT + 1 wt% rGO 11.60 8.15 
SrFe12O19-PANI + MWCNT + 2 wt% rGO 12.70 8.90 
SrFe12O19-PANI + MWCNT + 3 wt% rGO 14.50 10.50 
SrFe12O19-PANI + MWCNT + 5 wt% rGO 19.50 14.40  

Fig. 12. Percentage absorption and reflection of (a) BaFe12O19-PANI and rGO/BaFe12O19-PANI and (b) SrFe12O19-PANI and rGO/SrFe12O19- 
PANI composites. 
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4. Conclusions 

We have synthesized rGO by modified Hummer’s method. Hexaferrites BaFe12O19 and SrFe12O19, were synthesized using nitrate 
citrate gel combustion method, followed by in situ polymerization with PANI to form PANI-coated hexaferrites. Structural and 
morphological properties of the prepared compounds were studied by XRD and SEM characterization techniques. These materials were 
incorporated in ABS matrix and their EMI shielding efficiency were analyzed. The SET value for rGO/BaFe12O19-PANI and rGO/ 
SrFe12O19-PANI was found to be 21.5 dB and 19.5 dB, respectively. Addition of rGO resulted in an increased SET value for both 
BaFe12O19-PANI and SrFe12O19-PANI composites by eddy loss, which arises from the interaction of the conducting rGO, PANI-coated 
hexaferrites and MWCNT with the magnetic component of EM waves. Increased SET value of both the rGO/BaFe12O19-PANI and rGO/ 
SrFe12O19-PANI composites is also aided by interfacial polarization and multiple reflections within the network formed in the com-
posites. Thus, the composites which prepared by inclusion of hybrid nanoparticle will show better shielding behavior compared to 
individual entity being used. 
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