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Structural, microstructural, 
magnetic and electromagnetic 
absorption properties of spiraled 
multiwalled carbon nanotubes/
barium hexaferrite (MWCNTs/
BaFe12O19) hybrid
Nurshahiera Rosdi1*, Raba’ah Syahidah Azis1,2*, Ismayadi Ismail1, Nurhidayaty Mokhtar2, 
Muhammad Misbah Muhammad Zulkimi1 & Muhammad Syazwan Mustaffa2

Microwave absorption properties were systematically studied for synthesised barium hexaferrite 
(BaFe12O19) nanoparticles and spiraled multiwalled carbon nanotubes (MWCNTs) hybrid. BaFe12O19 
nanoparticles were synthesised by a high energy ball milling (HEBM) followed by sintering at 1400 °C 
and structural, electromagnetic and microwave characteristics have been scrutinized thoroughly. The 
sintered powders were then used as a catalyst to synthesise spiraled MWCNTs/BaFe12O19 hybrid via 
the chemical vapour deposition (CVD) process. The materials were then incorporated into epoxy resin 
to fabricate single-layer composite structures with a thickness of 2 mm. The composite of BaFe12O19 
nanoparticles showed a minimum reflection loss is − 3.58 dB and no has an absorption bandwidth 
while the spiraled MWCNTs/BaFe12O19 hybrid showed the highest microwave absorption of more than 
99.9%, with a minimum reflection loss of − 43.99 dB and an absorption bandwidth of 2.56 GHz. This 
indicates that spiraled MWCNTs/BaFe12O19 hybrid is a potential microwave absorber for microwave 
applications in X and Ku bands.

Microwave is an electromagnetic (EM) radiation with a frequency range between 300 MHz to 3 THz. The 
increasingly growing use of electronic devices operating at microwave frequencies has resulted in the increase of 
electromagnetic (EM) interference and non-ionising radiation. This leads to the increased demand of microwave 
absorbing materials to reduce interference, shield devices, regulate shield rooms and chambers for EM com-
patibility and reduce the harmful effects of EM waves on biological tissues. For example, in the field of defense 
(military)1,2, this microwave absorber is used as the coating or painting of defense equipment and installations 
such as stealth aircrafts, warships and military uniforms, particularly for the guards. The microwave absorbing 
materials (MAMs) can be categorised into two: magnetic and dielectric absorbing materials. Excellent MAMs 
should be lightweight, thin, wide-coverage, absorbent and simple (having simple coating-layer structure). The 
material’s conductivity, dielectric permittivity and magnetic permeability could affect absorption loss. As a result, 
heat loss due to the interaction of the EM field with the electrical and/or magnetic dipole causes absorption loss 
in the material. In this case, magnetic (″) and dielectric (″) losses are accounted for most absorptions.

M-Type barium hexaferrite (BaFe12O19) forms SRS*R* crystal structure, in which R and S indicate three 
and two oxygen-ion layer blocks. These ferrites are effective microwave materials due to their high magneto-
crystalline anisotropy, low cost, high Curie temperature, and competent saturation magnetization properties3. 
Meanwhile, multiwalled carbon nanotubes (MWCNTs) are the most widely researched materials for radar 
absorbing applications because of their specific characteristics such as high conductivity, elevated aspect ratio 
and super mechanical strength4–6. CNTs composites have many advantages due to their ability to adapt to the 
dielectric properties and to possess lightweight structures without reducing the mechanical properties. Based 
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on the literature, many researchers reported on the preparation of CNTs mixture with ferrite7–9. In the present 
research work, spiraled MWCNTs/BaFe12O19 hybrid will be synthesised via CVD process by using BaFe12O19 
sintered powder as a catalyst. MWCNTs/BaFe12O19 will be attached to each other, and this will increase the 
energy transfer from one medium to another medium. Hypothetically, the EM wave absorption becomes more 
efficient. The spiraled MWCNTs/BaFe12O19 hybrid will be prepared to investigate its performance on the EM 
wave absorption with a wideband frequency capability. The spiraled MWCNTs/BaFe12O19 hybrid may be used 
as a potential microwave absorber as well as a protective coating.

Experimental procedure
Preparation of BaFe12O19.  The details of extraction and purification of Iron oxide (Fe2O3) from mill scale 
waste have been reported elsewhere10. Fe2O3 obtained by oxidation process from mill scale waste was mixed 
and weighed with barium carbonate (BaCO3) (99.8%, Alfa Aesar) according to stoichiometry formula. Then it 
underwent a high energy ball milling with 10:1 ball to powder ratio (BPR) using a SPEX8000D HEBM milling 
machine for 3 h. Then the milled powders were sintered at 1400 °C for 6 h in an ambient atmosphere.

Preparation of spiraled MWCNTs/BaFe12O19 hybrid.  The sintered powder of BaFe12O19 was used as a 
catalyst and ethanol solution (C2H5OH) (96%, Sigma Aldrich) as a carbon source to synthesis spiraled MWCNTs 
via chemical vapour deposition (CVD) method (Fig. 1). 1.0 g of BaFe12O19 was inserted into the middle of the 
furnace with an argon flow of 100 sccm. As the furnace reached the targeted synthesis temperature of 750 °C, the 
evaporated ethanol solution at 100 °C temperature was flowed in for 30 min. Then the furnace was left to cool 
down to room temperature under an argon environment before the sample was taken out for further analysis. 
The synthesised temperature using CVD was at 750 °C while the temperature of BaFe12O19 phase formation was 
set at 1400 °C. Hence, when low temperature was used to synthesise CNTs as compared to the high temperature 
of BaFe12O19, there were no phase changes detected.

Preparation of spiraled MWCNTs/BaFe12O19 hybrid/epoxy.  The composite was produced by mixing 
spiraled MWCNTs/BaFe12O19 hybrid powders with an epoxy resin (Araldite 506, Sigma Aldrich) in a 2 wt%, 4 
wt%, 6 wt%, 8 wt% and 10 wt% of filler content. The mixture was poured into a different rectangular-shaped 
sample holder (model WR 90) of 2 mm thickness and left dried overnight at room temperature.

Characterisations.  The phase identification was determined using X-Ray Diffraction (XRD) (Philips X’pert 
Diffractometer model 7602 EA Almelo) with CuKα radiation that was set at a wavelength of λ = 1.5406 Å. The 
surface morphology was observed using the Field Emission Scanning Electron Microscopy (FESEM) (FEI Nova 
NanoSEM 230) and the High-Resolution Transmission Electron Microscopy (HRTEM) (LEO 912AB Energy 
Filter). The elemental composition of the samples was detected with an Energy-Dispersive X-ray (EDX) (Oxford 
Instruments) system. The determination of the molecular structure and the degree of graphitisation of the CNTs 
were studied using Raman spectroscopy (WITec Raman spectrometer model Alpha 300R). The measurement 
of electromagnetic EM wave properties of spiraled MWCNTs/BaFe12O19 hybrid was performed using a Vector 
Network Analyzer (VNA) (PNA N5227A) in the frequency range of 8–18 GHz.
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Figure 1.   Schematic diagram of a chemical vapour deposition (CVD) set up in its simplest form.
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Results and discussion
Phase and microstructural analysis.  X-ray diffraction patterns of both BaFe12O19 and spiraled MWC-
NTs/BaFe12O19 hybrid were detected (Fig. 2), and all peaks were identically indexed to BaFe12O19 with no impu-
rity phases detected based on the ICSD card no. 98-004-7018, (Fig.  2a). The prominent peaks of BaFe12O19 
were located at 2θ = 30.48°, 32.37°, 34.31°, 37.32°, 56.69° and 63.25°. The XRD spectra of spiraled MWCNTs/
BaFe12O19 hybrid was ascribable to the MWCNTs carbon peaks and the BaFe12O19 patterns (Fig. 2b). The diffrac-
tion peak appeared at 2θ = 25.9° with an hkl index of (002) corresponded to the MWCNTs structure11 and other 
carbon peaks located at 2θ = 42.73°, 43.45° and 44.81°. However, there were some traces of BaFe12O19 detected 
due to the low amount of BaFe12O19 which was about 1 g used as the catalyst. The signal of BaFe12O19 was sup-
pressed by a higher signal of MWCNT (Fig. 2b). The existence of MWCNTs peaks confirmed the successful 
synthesis of spiraled MWCNTs/BaFe12O19 hybrid.

The particles of BaFe12O19 with an average size of approximately ~ 3.19 µm were homogeneously distributed 
with agglomeration particles due to the magnetic attraction behaviour (Fig. 3a). The hybridisation of spiraled 
MWCNTs/BaFe12O19 after the CVD process showed that the carbon structures were mostly formed in a straight-
like, spiral and twisted fibre structures (Fig. 3b). However, we observed net-like fibres which were created by the 
aggregation of excellent fibres and particle-like carbon, and we also noticed that the fibres were highly aggre-
gated and favoured in spiral coil form. The average outer diameter of the spiraled MWCNTs/BaFe12O19 hybrid 
synthesised was approximately ~ 120.74 nm (Fig. 3b). Furthermore, the presence of BaFe12O19 nanoparticles 
structures in the enlarged image can be clearly seen in (Fig. 3c). Absorption and dissociation of a carbon pre-
cursor on the surface of a catalyst particle and dissolution of carbon into the catalyst particle are the commonly 
suggested mechanisms for carbon fibre growth. The carbon crystallises the metal particle after the catalyst par-
ticle is loaded with carbon and extruded to form CNTs or CNF12,13. CNTs are commonly found as cylinders of 
rolled-up graphene sheets14, resulting in single-walled, double-walled, and multi-walled entities. Coiled tubes 
occur in one of the two types of helical materials where an inner hollow occurs along the length of the coil15. 
Both straight, spiral fibres and dark spot which BaFe12O19 particles can be seen from the HRTEM image have an 
average outer diameter of approximately ~ 142.45 nm (Fig. 4). The presence of hollow and tube-like structures 
confirms the tubular nature structure of MWCNTs (Fig. 4), and we believe that the coil growth process involves 
a core cluster formation followed by a helical tube formation. As shown in the FESEM and HRTEM morphology 
images (Figs. 3b, c, 4), the BaFe12O19 nanoparticles are strongly attached to the surface and tips of MWCNTs. 
The HRTEM morphology image displayed the conductive MWCNTs pathways formed by an interconnected 
network of spiraled MWCNTs/BaFe12O19 hybrid embedded in the composites resin matrix. The network struc-
ture of a nanocomposite with a large surface area is expected to result in a variety of interfacial polarisation in 
the hybrid nanocomposite. The difference in electrical conductivity between spiraled MWCNTs and BaFe12O19 
nanoparticles also create high interfacial polarization in the hybrid nanocomposite. The interfacial polarisation 
occurs when the motion of moving charge is impeded at the interfaces of a material. There could be multiple 
interfacial polarisation due to the large specific areas of both MWCNTs and BaFe12O19 nanoparticles, which can 
lead to an increase in complex dielectric permittivity values (Fig. 9). Based on the previous article, a researcher 
reported on the detailed mechanism of the reaction28.

Most of the synthesised MWCNTs fibres show a spiraled structure. A regularly orientated nucleation of 
pentagonal, hexagonal and heptagonal carbon rings along the nanotube body plays essential roles in producing 
a coiled nanotube, and details of its growth mechanisms have been proposed and described previously16,17. This 
spiral structure brings advantages in attenuating and EM wave within the material as reported by18. On the other 
hand, short fibre structure improves the performance of EM wave absorption as compared to microparticles19. It 

Figure 2.   XRD pattern of (a) barium hexaferrite (BaFe12O19), (b) spiraled MWCNTs/BaFe12O19 hybrid via 
CVD.
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is due to their properties of high surface-to-volume ratio, quantum size effects and the network structure effect 
of the material in the composite3. The black spots in HRTEM image are the catalyst from BaFe12O19 due to higher 
atomic number compared to CNTs which give black contrast to the image.

Raman analysis.  The presence of spiraled MWCNTs/BaFe12O19 hybrid is further confirmed by analysing 
the Raman spectrum in a frequency range of 500–2500 cm−1 (Fig. 5). The stretching of sp2 hybridised carbon in 
MWCNTs is reflected in two influential bands which appeared at around 1350 and 1600 cm−1 as the defect (D) 
band and graphite (G) band respectively. The ratio of the intensity of G- to D-bands in the spectrum of spiraled 

Figure 3.   FESEM images of (a) barium hexaferrite (BaFe12O19), (b) FESEM images of spiraled MWCNTs/
BaFe12O19 hybrid, (c) enlarge image of BaFe12O19 nanoparticles.
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MWCNTs/BaFe12O19 hybrid is ∼ 0.74 that shows many defects are formed with higher intensities compared to 
the graphite peak. It has been reported that the defects in CNTs structure can act as polarisation centres and may 
contribute to strong microwave absorption20. Since the composite samples prepared were spiraled MWCNTs, 
they are found to have more defects due to their complicated structures, and this indicates better microwave 
absorption which was mainly attributed to the dielectric relaxation20.

Elemental analysis.  Quantitative elemental analysis of BaFe12O19 and spiraled MWCNTs/BaFe12O19 
hybrid was employed using energy-dispersive X-ray (EDX) to confirm the chemical composition in those sam-
ples (Fig. 6a, b). The EDX spectra of BaFe12O19 nanoparticles revealed the presence of oxygen (O), barium (Ba), 
iron (Fe) and carbon (C) peak. The appearance of carbon (C) peak may be due to the carbon tape from the 
preparation of a sample for characterisation (Fig.  6a). The analysis result from EDX shows that the average 
contents of Ba, Fe, O and C elements in powders are about 7.75%, 54.39%, 26.55% and 11.32% respectively. 
Meanwhile, the EDX spectra of spiraled MWCNTs/BaFe12O19 hybrid also revealed the existence of oxygen (O), 
barium (Ba), iron (Fe) and carbon (C) peaks with no other contaminated constituent as perceived in Fig. 6b. 
The analysis result from EDX shows that the average contents of Ba, Fe, O and C elements in powders are about 
2.17%, 10.4%, 5.18% and 82.25% respectively. Ba, Fe, O and C elements in spiraled MWCNTs/BaFe12O19 hybrid 
were distributed as seen in Fig. 7.

Magnetic properties.  Figure 8 shows the hysteresis curves for BaFe12O19 nanoparticles powders and the 
spiraled MWCNTs/BaFe12O19 hybrid. The ferromagnetic trend with a very small saturation magnetisation 
could be observed in the hysteresis loop of MWCNTs21. The hysteresis loops show that the values of satura-
tion magnetisation (Ms) of spiraled MWCNTs/BaFe12O19 hybrid are lower than the BaFe12O19 nanoparticles 
sample (Table 1). This is due to the presence of MWCNTs as a phase with a very low saturation magnetisation 
structural distortion in the surface of hexaferrite nanoparticles caused by the interaction of the metal ions transi-

Figure 4.   HRTEM image of spiraled MWCNTs/BaFe12O19 hybrid.

Figure 5.   Raman spectra of spiraled MWCNTs/BaFe12O19 hybrid.
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tion with the oxygen atoms in the magnetoplumbite structure and strain between hexaferrite nanoparticles and 
MWCNTs21–23. As for coercive force (Hc), the value increased for the spiraled MWCNTs/BaFe12O19 hybrid com-
pared to BaFe12O19 nanoparticles (Table 1). This could also be related to the improvement of some of the surface 
homogenities of ferrite nanoparticles and the surface pinning of the magnetic moment. The surface magnetic 
anisotropy of nanoparticles could be increased in the interface of CNTs and nanoparticles that may lead to the 
increase of coercivity.

Microwave characteristics.  The dielectric and magnetic properties of the composites were investigated 
by measuring the complex permittivity (ɛr = ɛ′ − jɛ″) and the complex permeability (μr = μ′ − jμ″) in a frequency 
range of 8–18 GHz. The variation of real (ε′) and imaginary (ε″) parts of complex permittivity (ɛr) with a fre-
quency of BaFe12O19 and spiraled MWCNTs/BaFe12O19 hybrid with different filler contents are presented in 
Fig. 9. The value of complex permittivity is higher at low frequencies and lowers down at high frequencies for 
all samples. These behaviours could be explained by electronic and ionic polarisation considerations, intrinsic 
electric dipole polarisation and electron hoping24. As expected, the imaginary (ε″) parts of complex permit-
tivity of barium hexaferrite sample could significantly be improved by adding spiraled MWCNTs (Fig. 9b)25. 
Generally, the complex permittivity (εr) values of spiraled MWCNTs/BaFe12O19 hybrid decrease and remain 
almost constant with the increase of frequency, which is in agreement with the regular rules of polarisation 
relaxation26. The polarisation of the inner electric dipole in dielectrics was unable to keep pace with the change 
of frequency. Due to the rising of the frequency, the polarisation weakened, and the complex permittivity (εr) 
values diminished27. Therefore, a significant enhancement is achieved in both ε′ and ε″ with the increasing filler 
content of spiraled MWCNTs/BaFe12O19 hybrid loading, ranging from 2 to 10 wt%. The enhancement of εr fur-
ther confirms the shift of obtained RL peak as shown in Fig. 12a for as-prepared composites. Prior to the 10 wt%, 
the increment of εr may be attributed to the enhanced dipole polarisation, interfacial polarisation or both27. The 
frequency dependency of real (μ′) and imaginary (μ″) parts of the complex permeability (µr) values for BaFe12O19 
and spiraled MWCNTs/BaFe12O19 hybrid with different filler contents are presented in Fig. 10. Based on the 

Figure 6.   EDX pattern of (a) barium hexaferrite (BaFe12O19) and (b) spiraled MWCNTs/BaFe12O19 hybrid.
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Figure 7.   EDX an elemental mapping figures distribution of spiraled MWCNTs/BaFe12O19 hybrid.

Figure 8.   Room temperature hysteresis loop of barium hexaferrite (BaFe12O19) and spiraled MWCNTs/
BaFe12O19 hybrid.

Table 1.   Saturation magnetisation, Ms and coercivity, Hc value for barium hexaferrite (BaFe12O19) and 
spiraled MWCNTs/BaFe12O19 hybrid.

Sample code Saturation magnetisation, Ms (emu/g) Coercivity, Hc (Gauss)

BaFe12O19 45.10 202.94

MWCNTs/BaFe12O19 3.75 293.64
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findings of this study, we suggest that MWCNTs do not have a significant impact on the complex permeability 
(µr) of spiraled MWCNTs/BaFe12O19 hybrid. This is due to an expected behaviour resulted from negligible or a 
low magnetic property of MWCNTs. However, the values of μ′ and µ″ decrease with the increased frequency of 
samples between 2 to 10 wt%. Generally, the decreasing trend values of µ′ and µ″ were attributed to the relaxa-
tion of magnetisation induced by domain wall displacement at a lower frequency and spin rotation at an upper 
frequency in the samples28. However, in this experiment, the domain wall contribution did not happen, and it 
depended on spin relaxation since we were measuring the frequency at between 8 and 18 GHz. The magnetic 
spin resonance governed the relaxation of BaFe12O19 as shown by these formulae29:

where Ms is the saturation magnetisation and K is the total anisotropy. This is because the size of BaFe12O19 was 
made smaller (3.18 µm) due to HEBM process; hence, the domain wall formation does not occur, and only spin 
rotation plays the role of absorbing the EM wave. Moreover, there is no visible resonance behaviour in the μ″ 
spectrums of samples with BaFe12O19 and spiraled MWCNTs/BaFe12O19 hybrid (Fig. 10b). The dielectric and 
magnetic tangent loss of BaFe12O19 and spiraled MWCNTs/BaFe12O19 hybrid with different filler contents with a 
thickness of d = 2 mm are presented in Fig. 11. We observed that all samples exhibited much higher tan δɛ values 
than those of tan δµ in the whole frequency range, indicating the dielectric loss plays the main role in the EM 
wave absorption. The spiraled MWCNTs/BaFe12O19 hybrid exhibits enhanced tan δɛ values with increasing filler 
content while the tan δµ values slightly increased, and then dropped at 10 wt% when the spiraled MWCNTs/
BaFe12O19 hybrid content increased with the increasing of the frequency.

Electromagnetic reflection loss (RL) of BaFe12O19 and spiraled MWCNTs/BaFe12O19 hybrid with different 
filler wt% and a thickness (d) of 2 mm in the 8–18 GHz frequency range is presented in Fig. 12a. The EM wave 
absorption parameters of the prepared samples are tabulated in Table 2. According to the transmission line theory, 
a general expression for normalised input impedance, Zin, of the metal-backed microwave absorption layer is30:

(1)Xspin = 2πMs 2/K

Figure 9.   Frequency dependency of (a) real and (b) imaginary parts of the complex permittivity (εr) values for 
BaFe12O19 and spiraled MWCNTs/BaFe12O19 hybrid with different filler contents (2, 4, 6, 8 and 10 wt%) and with 
thicknesses of d = 2 mm.
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where Z0 = (μ0/ε0)1/2 is the impedance of vacuum, c is the velocity of light in free space, d is the thickness of the 
absorber, f is the frequency of the electromagnetic wave while ɛr and µr are the complex permittivity and complex 
permeability of the composite medium. The impedance matching condition representing the perfect absorbing 
properties is given by Zin/Zo = 1.

The reflection loss (RL) of the electromagnetic radiation for a single microwave absorbing layer can be 
expressed as shown in Eq. 310,31.

When the characteristic impedance of free space is matched with the input characteristic impedance of an 
absorber; where Zin = Zo, the impedance matching condition may occur. In addition, electromagnetic energy can 
be absorbed completely and dissipated into heat through magnetic and dielectric losses. RL results of BaFe12O19 
and spiraled MWCNTs/BaFe12O19 hybrid with different filler content (wt%) composites are described in Fig. 12a. 
The calculation of the reflection loss was made for composites thickness (d) of 2 mm. The maximum reflection 
loss (RL) (~ − 43.99 dB) and the bandwidth was observed to cover 2.56 GHz for the sample with 10 wt% and a 
matching frequency of 12.96 GHz (Fig. 12a). We also observed that the RL value increases with the increasing 
filler content (wt%) of spiraled MWCNTs/BaFe12O19 hybrid, ranging from RL = − 1.54 dB, − 5.68 dB, − 13.88 dB, 
− 34.85 dB and − 43.99 dB with filler content (wt%) = 2,4,6,8 and 10 respectively. Those RLs are higher than that of 
BaFe12O19 sample without MWCNTs (maximum RL = − 3.58 dB at 2 mm thickness) in the measuring frequency 
range as shown in Table 2. This indicates that the hybridisation of spiraled MWCNTs/BaFe12O19 hybrid helps in 
enhancing the EM wave performance.

As the filler content (wt%) of spiraled MWCNTs/BaFe12O19 hybrid increases, the MWCNTs spontaneously 
form larger aggregates and agglomerates. Meanwhile, the permittivity of the spiraled MWCNTs/BaFe12O19 hybrid 
samples increases as the MWCNTs wt% filler content increases. It can be seen that the imaginary part (energy 
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Figure 10.   Frequency dependency of (a) real and (b) imaginary parts of the complex permeability (μr) values 
for BaFe12O19 and spiraled MWCNTs/BaFe12O19 hybrid with different filler contents (2,4, 6, 8 and 10 wt%) and 
with thicknesses of d = 2 mm.
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loss) of permittivity from (Fig. 9b) and dielectric loss tangent from (Fig. 11a) of spiraled MWCNTs/BaFe12O19 
hybrid with MWCNTs loadings from 2 to 10 wt% are substantially increased, and this also shows the frequency-
dependence that resembles the absorption ratio of the spiraled MWCNTs/BaFe12O19 hybrid. Hence, we conclude 
that the primary enhancement of microwave absorption of the spiraled MWCNTs/BaFe12O19 hybrid samples is 
due to the dielectric loss of the composites.

The bandwidth RL = − 10 dB (The RL = − 10 dB) is an indicator of 90% absorption of the EM wave as reported 
previously32. It is also well known that the enhancement of microwave absorption performance can mainly 
be ascribed to the good impedance matching ratio, high values of tan δɛ and tan δµ, and good compensation 
between the dielectric loss and magnetic tangent loss33. Based on our results, we found that the enhancement 
of microwave absorption abilities of the spiraled MWCNTs/BaFe12O19 hybrid (10 wt%) composite has resulted 
in a maximum absorption loss of RL − 43.99 dB with a bandwidth of 2.56 GHz at a frequency of 12.96 GHz. The 
microwave absorption of the sample with a filler content of 10 wt% has been perceived to be increasing due to 
a suitable matching between the magnetic loss and dielectric loss with a strong attenuation characteristic10. The 
enhancement of microwave absorption properties of the spiraled MWCNTs/BaFe12O19 hybrid originated from 
the good impedance matching between the magnetic and dielectric losses parameter34.

Besides, a normalised impedance of spiraled MWCNTs/BaFe12O19 hybrid sample with 10 wt% filler content 
in the frequency range from 12 to 14 GHz is approximate to 1 (Fig. 12b). Meanwhile, a normalised impedance 
of sample with a filler content of 6 wt% and 8 wt% in the frequency range from 12 to 15 GHz and 11 GHz and 
13.50 GHz respectively shows a nearly matched impedance which is approximately equal to 1 within their fre-
quency range.

To further evaluate the microwave absorption properties of the spiraled MWCNTs/BaFe12O19 hybrid, the 
attenuation constant (α) is introduced35:

The attenuation constants of the samples versus frequency are shown in Fig. 12c. The attenuation constants of 
all hybrid sample are higher than that of pure BaFe12O19. Therefore, the hybrid samples exhibit higher microwave 

(4)α =
√
2π f

c
×

√

(µ′′ε′′ − µ′ε′)+
√

(µ′′ε′′ − µ′ε′)2+ (µ′ε′′ + µ′′ε′)2

Figure 11.   Frequency dependency of (a) dielectric loss tangent (tan δɛ) and (b) magnetic loss tangent (tan δµ) 
values for BaFe12O19 and spiraled MWCNTs/BaFe12O19 hybrid with different filler contents (2, 4, 6, 8 and 10 
wt%) and with thicknesses of d = 2 mm.
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absorption performance due to their optimal impedance matching and larger attenuation constant. As predicted, 
the sample with a filler content of 10 wt% has the highest value of attenuation constant compared to other sam-
ples. Therefore, this sample is the best candidate for the electromagnetic wave absorption compared to others 
because of its excellent impedance matching features with the largest value of attenuation constant.

Generally, the magnetic loss originated from the domain wall resonance and natural resonance36. At micro-
wave frequencies, eddy current and ferromagnetic resonance are factors that contribute to magnetic loss. The 
magnetic loss comes only from the eddy current when Co is constant in the considered frequency range. The effect 
of eddy current coefficient (μ″(μ′)−2f.−1) is investigated by introducing the parameter Co = (μ″(μ′)−2f.−1)36,37. The 
values of Co versus frequency are shown in Fig. 13. The values of the quantity for all the samples fluctuated quite 
distinctly with frequency, except 4 wt%. These results indicated there is just a small contribution from the eddy 
current loss and it does not play a major role in the magnetic loss within this range of frequency. The Co for the 
4 wt% samples decreased with frequency and showed a more stable behaviour beyond about 13 GHz, ascribing 
the phenomenon of eddy current effect. Therefore, that the resonance in all of the samples were principally due 
to natural ferromagnetic resonance within the frequency range. According to previous literature38,39, the eddy 

Figure 12.   Frequency dependency of (a) reflection loss (RL), (b) impedance matching and (c) attenuation 
constant values for BaFe12O19 and spiraled MWCNTs/BaFe12O19 hybrid with different filler contents (2, 4, 6, 8 
and 10 wt%) and with thicknesses of d = 2 mm.

Table 2.   Electromagnetic microwave absorption parameters of prepared composite samples.

Sample ratio (wt%)
Thickness of sample, d 
(mm)

Resonance frequency, 
fm(GHz)

Minimum Reflection 
loss, RL value (dB)

Bandwidth GHz 
(RL < − 10 dB)

BaFe12O19 (without 
MWCNT)

2

12.00 − 3.58 –

2 12.09 − 1.54 –

4 18.00 − 5.68 –

6 13.53 − 13.88 2.46

8 12.00 − 34.85 1.97

10 12.96 − 43.99 2.56
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current loss contribution to the imaginary part of permeability is related to the thickness (d) and the electric 
conductivity (σ) of the composite: μ″ = 2πμo(μ′)2d2fσ where μo is the permeability of vacuum. If the magnetic loss 
only results from the eddy current loss, the values of (μ″μ′)−2f.−1 should be constant when frequency is varied40.

Single semicircle (Cole–Cole semicircle) represents the presence of Debye relaxation (Fig. 14); in particular, 
a distorted semicircle is due to the combined effect of other loss mechanisms41. According to the characteristics 
of the curves, microwaves have multiple relaxations in BaFe12O19 and spiraled MWCNTs/BaFe12O19 hybrid. 
The result in Fig. 14 shows that the dielectric relaxation of BaFe12O19 and spiraled MWCNTs/BaFe12O19 hybrid 
samples could serve as the centre of polarisation and could provide dipole polarisation.

As summary, the mechanism of this microwave absorption can be ascribed to MWCNTs network. MWCNTs 
bear more defects and have more degrees of functionalisation. This defect structure, which has multiple bonding 
linkages, causes interfacial electric polarisation and thus energy dissipation in an alternating electromagnetic 
field by generating continuous current losses. Next, due to the discontinuity of energy states for the BaFe12O19 
nanoparticles on the surface of MWCNTs, the well-known quantum confinement effect allows electrons to 
hop from a lower energy state to a higher energy state and hence increasing microwave absorption. Then, for 
improved microwave performance is also from a suitable combination of epoxy, BaFe12O19 nanoparticles and 
MWCNTs concentration with an adequate thickness which forms a multiple scattering network.

Conclusion
BaFe12O19 and spiraled MWCNTs/BaFe12O19 hybrid have been successfully prepared and synthesised via high 
energy ball milling (HEBM) and via chemical vapour deposition (CVD) technique, respectively. The XRD pat-
terns confirmed the formation of single-phase BaFe12O19 and the existence of peak carbon of spiraled MWCNTs/
BaFe12O19 hybrid. The morphological study of FESEM and HRTEM revealed that the spiraled MWCNTs structure 
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Figure 13.   Co versus frequency of BaFe12O19 and spiraled MWCNTs/BaFe12O19 hybrid with different filler 
content (2, 4, 6, 8 and 10 wt%) and with thicknesses of d = 2 mm.

Figure 14.   Dielectric Cole–Cole semicircle of the BaFe12O19 and spiraled MWCNTs/BaFe12O19 hybrid with 
different filler content (2, 4, 6, 8 and 10 wt%) and with thicknesses of d = 2 mm.
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was formed after the CVD process. The imaginary parts values of the permittivity of BaFe12O19 (~ 0.1–0.5) 
and spiraled MWCNTs/BaFe12O19 hybrid were much higher than those of the pure BaFe12O19 samples without 
MWCNTs. Dielectric losses are the main contributors to the microwave absorption properties of the spiraled 
MWCNTs/BaFe12O19 hybrid with a filler content of 10 wt%. Good attenuation constant properties were exhib-
ited by samples with a filler content of 10 wt% of spiraled MWCNTs/BaFe12O19 hybrid. Eddy current effect was 
shown to be the main contributor of the magnetic losses of spiraled MWCNTs/BaFe12O19 hybrid. The RL peak 
exhibited a maximum loss of − 43.99 dB at a frequency of 12.96 GHz with a bandwidth of 2.56 GHz for losses 
less than − 10 dB at the thickness of 2 mm with a filler content of 10 wt%, and this value also corresponds to 
99.99% of the EM wave being absorbed by the materials. The result also showed good compatibility of dielec-
tric and magnetic properties in the sample. As a result, spiraled MWCNTs/BaFe12O19 hybrid samples have the 
characteristics of a suitable candidate for microwave absorber applications. Also, the RL was dependent on the 
absorber spiraled MWCNTs/BaFe12O19 hybrid with a different filler content wt%.

Received: 30 September 2020; Accepted: 22 July 2021

References
	 1.	 Saville P. Review of radar absorbing materials. Defence R&D Canada—Atlantic, Technical Memorandum, DRDC Atlantic TM 

(2005); 2005-003.
	 2.	 Vinoy, K. J. & Jha, R. M. Radar Absorbing Materials—From Theory to Design and Characterization (Kluwer Academic Publishers, 

1996).
	 3.	 Shukla, V. Review of electromagnetic interference shielding materials fabricated by iron ingredients. Nanoscale Adv. 1(5), 1640–1671 

(2019).
	 4.	 Bhattacharya, P., Das, C. K. & Kalra, S. S. Graphene and MWCNT: potential candidate for microwave absorbing materials. J. Mater. 

Sci. Res. 1(2), 126 (2012).
	 5.	 Wang, Z., & Zhao, G. L. Microwave absorption properties of carbon nanotubes-epoxy composites in a frequency range of 2–20 

GHz (2013).
	 6.	 Bhattacharya, P., Sahoo, S. & Das, C. K. Microwave absorption behaviour of MWCNT based nanocomposites in X-band region. 

Express Polym. Lett. 7(3), 212–223 (2013).
	 7.	 Naseri, G. M. et al. Simple synthesis and characterization of cobalt ferrite nanoparticles by a thermal treatment method. J. Nano-

mater. 8, 907686 (2010).
	 8.	 Kumar, P. V., Short, M. P., Yip, S., Yildiz, B. & Grossman, J. C. High surface reactivity and water adsorption on NiFe2O4 (111) 

surfaces. J. Phys. Chem. C 117(11), 5678–5683 (2013).
	 9.	 Lou, J. C. & Chang, C. K. Catalytic oxidation of CO over a catalyst produced in the ferrite process. Environ. Eng. Sci. 23(6), 

1024–1032 (2006).
	10.	 Rosdi, N., Mustaffa, M. S., Abdullah, N. H., Sulaiman, S. & Ling, T. T. Synthesis and characterization of Mg–Ti substituted barium 

hexaferrite (BaMg0.6Ti0.6Fe10.8O19) derived from millscale waste for microwave application. J. Mater. Sci. Mater. Electron. 30(9), 
8636–8644 (2019).

	11.	 Ghasemi, A. The role of multi-walled carbon nanotubes on the magnetic and refection loss characteristics of substituted strontium 
ferrite nanoparticles. J. Magn. Magn. Mater. 330, 163–168 (2013).

	12.	 Dupuis, A. C. The catalyst in the CCVD of carbon nanotubes—a review. Prog. Mater Sci. 50(8), 929–961 (2005).
	13.	 Rodriguez, N. M., Chambers, A. & Baker, R. T. K. Catalytic engineering of carbon nanostructures. Langmuir 11(10), 3862–3866 

(1995).
	14.	 Dresselhaus, M. S. et al. (eds) Carbon Nanotubes: Synthesis, Structure, Properties, and Applications 12–51 (Springer, 2001).
	15.	 Shaikjee, A. & Coville, N. J. The synthesis, properties and uses of carbon materials with helical morphology. J. Adv. Res. 3(3), 

195–223 (2012).
	16.	 Lu, M., Li, H. L. & Lau, K. T. Formation and growth mechanism of dissimilar coiled carbon nanotubes by reduced-pressure catalytic 

chemical vapor deposition. J. Phys. Chem. B 108(20), 6186–6192 (2004).
	17.	 Lau, K. T., Lu, M. & Hui, D. Coiled carbon nanotubes: synthesis and their potential applications in advanced composite structures. 

Compos. B Eng. 37(6), 437–448 (2006).
	18.	 Zhao, P. Y., Wang, H. Y. & Wang, G. S. Enhanced electromagnetic absorption properties of commercial Ni/MWCNTs composites 

by adjusting dielectric properties. Front. Chem. 8, 97 (2020).
	19.	 Chiu, S. C., Yu, H. C. & Li, Y. Y. High electromagnetic wave absorption performance of silicon carbide nanowires in the Gigahertz 

range. J. Phys. Chem. C 114, 1947–1952 (2010).
	20.	 Qin, F. & Brosseau, C. A review and analysis of microwave absorption in polymer composites filled with carbonaceous particles. 

J. Appl. Phys. 111(6), 4 (2012).
	21.	 Gordani, G. R. & Ghasemi, A. Optimization of carbon nanotube volume percentage for enhancement of high frequency magnetic 

properties of SrFe8MgCoTi2O19/MWCNTs. J. Magn. Magn. Mater. 363, 49–54 (2014).
	22.	 Wang, W., Li, Q. & Chang, C. Effect of MWCNTs content on the magnetic and wave absorbing properties of ferrite-MWCNTs 

composites. Synth. Met. 161(1–2), 44–50 (2011).
	23.	 Shi, D., Cheng, J. P., Liu, F. & Zhang, X. B. Controlling the size and size distribution of magnetite nanoparticles on carbon nanotubes. 

J. Alloys Compd. 502(2), 365–370 (2010).
	24.	 Huang, X., Chena, J., Zhang, J., Wang, L. & Zhang, Q. A new microwave absorber based on antimony-doped tin oxide and ferrite 

composite with excellent electromagnetic match. J. Alloys Compd. 506, 347–353 (2010).
	25.	 Gordani, G. R., Ghasemi, A. & Saidi, A. Enhanced magnetic properties of substituted Sr-hexaferrite nanoparticles synthesized by 

co-precipitation method. Ceram. Int. 40, 4945–4952 (2014).
	26.	 Jonscher, A. K. Dielectric relaxation in solids. J. Phys. D Appl. Phys. 32(14), R57 (1999).
	27.	 Peng, J. P., Zhang, H., Tang, L. C., Jia, Y. & Zhang, Z. Dielectric properties of carbon nanotubes/epoxy composites. J. Nanosci. 

Nanotechnol. 13(2), 964–969 (2013).
	28.	 Mustaffa, M. S., Abdullah, N. H., Ismail, I. & Ibrahim, I. R. An investigation of microstructural, magnetic and microwave absorp-

tion properties of multi-walled carbon nanotubes/Ni05Zn05Fe2O4. Sci. Rep. 9(1), 1–7 (2019).
	29.	 Ismail, I., Hashim, M., Matori, K. A., Alias, R. & Hassan, J. Milling time and BPR dependence on permeability and losses of 

Ni0.5Zn0.5Fe2O4 synthesized via mechanical alloying process. J. Magn. Magn. Mater. 323(11), 1470–1476 (2011).
	30.	 Chang, S., Kangning, S. & Pengfei, C. Microwave absorption properties of Ce substituted M-type barium ferrite. J. Magn. Magn. 

Mater. 324, 802–805 (2012).
	31.	 Syazwan, M. M. et al. Co–Ti-and Mn–Ti-substituted barium ferrite for electromagnetic property tuning and enhanced microwave 

absorption synthesized via mechanical alloying. J. Aust. Ceram. Soc. 53(2), 465–474 (2017).



14

Vol:.(1234567890)

Scientific Reports |        (2021) 11:15982  | https://doi.org/10.1038/s41598-021-95332-9

www.nature.com/scientificreports/

	32.	 Lee, S. M. International Encyclopedia of Composites 404–430 (VHC Publishers, 2015).
	33.	 Qi, X. et al. Metal-free carbon nanotubes: synthesis, and enhanced intrinsic microwave absorption properties. Sci. Rep. 6, 28310 

(2016).
	34.	 Wadhawan, A., Garrett, D. & Pérez, J. M. Nanoparticle-assisted microwave absorption by single-wall carbon nanotubes. Appl. 

Phys. Lett. 83(13), 2683–2685 (2003).
	35.	 Xiong, Y. et al. Synergistic effect of silica coated porous rodlike nickel ferrite and multiwalled carbon nanotube with improved 

electromagnetic wave absorption performance. J. Alloys Compd. 802, 364–372 (2019).
	36.	 Zhao, B. et al. Lightweight porous Co3O4 and Co/CoO nanofibers with tunable impedance match and configuration-dependent 

microwave absorption properties. CrystEngComm 19(41), 6095–6106 (2017).
	37.	 Zhao, B. et al. 1D Cu@ Ni nanorods anchored on 2D reduced graphene oxide with interfacial engineering to enhance microwave 

absorption properties. CrystEngComm 19(44), 6579–6587 (2017).
	38.	 Wen, F. et al. Appl. Phys. Lett. 92, 042507–042513 (2008).
	39.	 Wu, M. et al. Appl. Phys. Lett. 80, 4404–4406 (2002).
	40.	 Yang, Y., Xu, C., Xia, Y., Wang, T. & Li, F. Synthesis and microwave absorption properties of FeCo nanoplates. J. Alloys Compd. 

493(1–2), 549–552 (2010).
	41.	 Yan, J., Huang, Y., Chen, C., Liu, X. & Liu, H. The 3D CoNi alloy particles embedded in N-doped porous carbon foams for high-

performance microwave absorbers. Carbon 152, 545–555 (2019).

Acknowledgements
This work is finally supported by the Universiti Putra Malaysia (UPM) and Ministry of Higher Education 
(MOHE) Fundamental Research Grant Scheme (FRGS) FRGS/1/2016/STG02/UPM/01/2.

Author contributions
All authors have contributed to the final manuscript of the present investigation. N.R., R.S.A. and I.I. have 
defined the research topic. N.R. and R.S.A. wrote the manuscript. N.R., M.S.M. and M.M.M.Z. are involved in 
the synthesis, characterization, and analysis of the study. I.I., M.S.M. and N.M. provided suggestions on the draft 
of the manuscript. All authors reviewed the approved the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to N.R. or R.S.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Structural, microstructural, magnetic and electromagnetic absorption properties of spiraled multiwalled carbon nanotubesbarium hexaferrite (MWCNTsBaFe12O19) hybrid
	Experimental procedure
	Preparation of BaFe12O19. 
	Preparation of spiraled MWCNTsBaFe12O19 hybrid. 
	Preparation of spiraled MWCNTsBaFe12O19 hybridepoxy. 
	Characterisations. 

	Results and discussion
	Phase and microstructural analysis. 
	Raman analysis. 
	Elemental analysis. 
	Magnetic properties. 
	Microwave characteristics. 

	Conclusion
	References
	Acknowledgements


