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ARTICLE INFO ABSTRACT

Keywords: This study explores the potential of using cobalt ferrite (CF) nanoparticles grown in situ on
Electromagnetic waves eggshell membranes (ESM) to mitigate the increasing problem of electromagnetic interference
Carbon

(EMI). A simple carbonization process was adopted to synthesize CF nanoparticles on ESM. The
study further examines the composites’ surface morphology and chemical composition and
evaluates their microwave absorption performance (MAP) at X-band frequency. Results showed
that the composite of CF and ESM - CESM@CF, exhibited a strong RL peak value of —39.03 mm
with an optimal thickness of 1.5 mm. The combination of CF and ESM demonstrates excellent
impedance matching and EM wave attenuation. The presence of numerous interfaces, conduction
loss from the morphology, interfacial polarisation, and dual influence from both CF and ESM
contribute to the high MAP of the composite. CESM@CF composite is projected as an excellent
biomass-based nano-composite for EM wave absorption applications.

Cobalt ferrite
Carbonization and microwave absorption

1. Introduction

Electromagnetic radiation has become a primary global concern due to the environmental pollution arising from the extensive
usage of wireless communication and electronic appliances in our everyday lives, endangering human health and substantially
impeding the regular performance of some electric gadgets [1-5]. To overcome the problem of EMI, researchers have been working
tirelessly to produce effective microwave absorption materials [6,7]. Microwave absorbers (MA) should have significant absorption
ability, be lightweight, have wide absorption bandwidth, have a small thickness, have non-laborious, inexpensive cum simple synthesis
procedures and have good thermal stability to suit the growing demand for practical applications [8-10]. Metal powders, metallic
oxides, ferrites, and other magnetic materials have all been extensively studied in MA applications. Metallic oxides such as Fe3Oy,
Co304, and CoFey04 have greater complex permittivity and complex permeability features than other materials, resulting in better
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IMPM characteristics [11-13].

On the other hand, metallic oxides are constantly hampered by their elevated specific gravity, restricted absorption bandwidth,
poor IMPM, high density, and effective absorption bandwidth [14,15]. On the other hand, microwave absorption materials made of
Carbon provide several benefits, including lightweight, excellent electrical conductivity, and good stability [16,17]. Recent research
has found that carbon materials with porous structures have been discovered to have significant EM wave absorption capability.
Carbon-based materials (like carbon nanotubes (CNTs) and graphene) have been extensively utilized in EM wave absorption appli-
cations due to their exceptional dielectric loss capabilities [18,19]. Also, they posses good thermal stability, are low in weight, and
have better electrical and mechanical properties, which are essential for enhanced EM wave absorption [20,21]. The creation of new
types of EM wave absorption materials has emerged from the combination of carbon-based materials with magnetic materials, e.g.,
Lip.3Zng.3C0¢.1Fes.304@MWCNT [22], CoFes04 hollow sphere with carbon spheres template [23], Co and Ni-doped Fe;04/RGO
nanocomposite [24], CoFe304/rGO porous nanocomposite [25] and Ni@Co/CNT@Ppy [26]. However, their laborious synthesis and
high processing cost limit their use [27].

The use of Activated Carbon (AC) generated from biomass as a dielectric loss material has shown promising results in recent years
[16]. The mesopores and micropores in AC offer a mix of solids and vacuum, allowing them to function as a suitable medium for
improved IM [28,29]. Besides their lightweight, good thermal stability, simple and inexpensive preparation methods make them the
right candidate for EM absorption applications [30,31]. Several microwave-absorbing materials have been developed by integrating
the AC obtained from biomass with magnetic loss materials. For instance, a pine nutshell-derived AC/NiO nanoflake absorber was
prepared by Wang et al. [32], and a minimum Reflection loss (RL) of —33.8 dB was achieved at a 6 mm absorber thickness. In another
study by Sun et al. [33], a Nip.5Coq.sFe204 decorated AC (pomelo peel) absorber was fabricated. The composite exhibited a good MAP
with an RL peak of —41.6 dB with an effective absorption bandwidth (EAB) of 4.3 GHz. The skeleton structure enhanced IM by boosting
absorber attenuation through Debye relaxation, numerous reflections, and scattering, improving IM. The MAP of Coffee waste-derived
bio-carbon/MnFe;04 composites was studied by Hassan et al. [2]. An enhanced minimum RL was achieved from —7.07 dB to —38.80
dB at a sample’s thickness of 2.5 mm and an EAB of 3.5 GHz. The MAP of AC (coconut shell) loaded with magnetic FeOy nanoparticles
was reported by Wang et al. [34], with a minimum RL peak of —29.5 dB at an absorber thickness of 2.7 mm and EAB of 6.4G GHz.
Further studies also reveal that adding biomass-derived AC significantly improved the absorption performance of magnetic metal and
their oxides. For example, the AC (banana peel)/Co304 absorber prepared by Yusuf et al. [35] showed an outstanding RL of —51.5 dB
at 2.5 mm thickness. Thair et al. [36] also designed a Co/Fe;03/AC with RL peak of —69.39 dB at 11.19 GHz at an absorber thickness of
3 mm with 15% filler loading. In addition, Hu et al. [27] also synthesized biomass-derived carbon/NiCo,S4 with an RL peak of —62.74
dB at 2.24 mm thickness. The absorber showed a good absorption bandwidth of 7.62 GHz at an absorber thickness of 1.96 mm.

This work used CF nanoparticles as the magnetic loss material due to their chemical stability, good magnetic saturation, and
mechanical hardness [37]. ESM was used as the precursor for the dielectric material due to its availability and low cost. Using a simple
carbonization technique, the CF nanoparticles were grown in situ on the carbonized eggshell membrane (CESM) and uncarbonated
eggshell membrane (UCESM). The samples were labeled CF, CESM@CF, and UCESM@CF composite, respectively. The UCESM@CF
composites achieved an RL peak of —39.03 dB at 10.44 GHz, compared to pure CF, owing to a low filler loading ratio of 20% and a thin
matching thickness of 2.0 mm. As a result, the CESM@CF composite can be a good choice for ultralight, high-efficiency microwave
absorbers.

2. Methodology
2.1. Material

ESM, Fe(NOs3)3-9H50, Co(NO3),-6H50, NaOH, Citric acid, Ethanol, Distilled water, and Paraffin wax. All the chemicals acquired
from R&M chemicals Malaysia were of analytical grade.

2.2. Preparation of carbonized eggshell membrane (CESM)

The ESM were rinsed with hot and cold water to remove the impurities. Then, the ESM were vacuum dried at 80°C for 12 h 10 g of
the dried ESM was carbonized at 800°C in a tube furnace with a ramping rate of 5 'C/min for 1 h under steady nitrogen flow. The
obtained carbonized ESM was labeled CESM, and the remaining dried ESM was labeled as uncarbonized ESM (UCESM).

2.3. Synthesis cobalt ferrite (CF)

1:2 ratio of Co(NO3), and Fe(NO3)3 were dissolved in 30 mL of distilled water under vigorous stirring for 30 min. 2.0 M of an
aqueous solution of NaOH was added drop-wise into the dissolved Co(NOs); and Fe(NO3)3 solution to maintain the pH. The pH was
maintained in the range of 9-10. Then, the mixture was heated at 60°C on a hot plate stirrer for an hour. The formation of the pre-
cipitate was observed afterwards, and the precipitate was filtered. The filtered product was washed with distilled water and dried at
80°C in a vacuum oven. The dried product was finally calcined at 500°C for 1 h in a tube furnace (5 QC/min) and allowed to cool
naturally. The product was then collected, stored in an airtight container, and labeled CF.
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2.4. Preparation of Cobalt Ferrite and Carbonized Eggshell Membrane (CESM@CF) and Cobalt Ferrite and Uncarbonized Eggshell
Membrane (UCESM@CF) nanocomposites

First, The cobalt ferrite solution was prepared by dissolving 1 M of Co(NO3)2-6H20, 2 M Fe(NO3)3-9H20 in 15 mL ethanol, and 7 mL
deionized water. 3.0 g citric acid was added, and the mixture was stirred vigorously to obtain a homogeneous solution. Then, 1 g of
CESM was immersed into 20 mL of the prepared CoFe204 solution and labeled CESM@CF. Also, 1 g of the dried uncarbonized eggshell
membrane (UCESM) was immersed in 20 mL of the CoFey04 solution and labeled UCESM@CF. Both samples were allowed to dry
naturally (complete evaporation). The samples were finally calcined at 800°C in an inert environment (See Fig. 1).

2.5. Characterization

The nanocomposites’ surface morphology was studied using Zeiss (Supra V55) Field Emission Scanning Electron Microscopy
(FESEM) at 20 kV. Energy Dispersive X-ray (EDX) spectroscopy was used to estimate elemental distribution. All samples’ functional
groups and chemical bonding were analyzed using a PerkinElmer (Frontier 01) FT-IR spectrometer. The IR spectrum was studied in the
range of 4000-400 cm > and the KBr method was used during the FTIR analysis. The samples’ crystalline structure and phase analysis
were investigated using the Panalytical Xpert 3 Powder X-ray Diffractometer (XRD) (20° to 80°). The surface area and porosity (SAP)
study was performed using a Micromeritics (Tristar II 3020) surface area and porosity analyzer.

2.6. Microwave absorption characterization
The samples’ electromagnetic properties, i.e., pr (the complex permeability) and er (complex permittivity), were measured using a

Vector Network Analyzer. The samples were filled in 30 wt% paraffin wax and molded into a rectangular shape for EM measurement.
The MAP was calculated based on equations (1) and (2).

2fd
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Fig. 1. Flowchart diagram for preparation of CESM@CF and UCESM@CF Nanocomposite.



H. Soleimani et al. Heliyon 9 (2023) e13256

3. Results & discussion

XRD was used to ascertain the crystalline structure and phase identification of the samples, and the diffraction pattern is presented
in Fig. 2a. The Braggs diffraction peak of 20 at 18.73°, 29.58°, 36.2°, 43.02°, 48.0°, 54.09°, 57.84°, 63.84°, and 77.3° represent the
(111), (220), (311), (222), (400), (422), (511), and (440) planes of the CF with face-centred cubic spinel structure [38]. The carbon
peaks were not visible in the UCESM@CF and CESM@CF due to the amorphous nature or presence of distorted Carbon. Besides the
in-situ growth of CF nanoparticles on the ESM surface, it can also result in low crystallinity of Carbon in UCESM@CF and CESM@CF
samples. From the XRD analysis, it can be concluded that all samples have a cubic crystal structure. Fig. 2b shows the FTIR spectra of
the samples. A broad peak between 3400 and 3440 cm™! corresponding to O-H bending was observed in all the samples due to the
adsorbed water [39]. A sharp peak was found at 1392.5 cm ™! in the CF sample, which corresponds to the COO- anti-symmetric
stretching vibration [40]. Three peaks were observed at 802.40 cm_l, 640 cm™ " and 464-474 cm_l, representing the M — O
stretching vibration of Co?" ions in tetrahedral voids, Fe>* ions in tetrahedral voids, and octahedral respectively [41]. Due to the
presence of ESM, some peaks were only observed in UCESM@CF and CESM@CF. These peaks include a weak peak at 2016 cm ™! (-C-H)
and another peak at 2340-2424 cm ! (C-H stretching vibration) [42]. A C-O bending vibrations modes peak was also observed at
1070 cm ! and an aromatic stretching vibration of the C=0 at 1719-1716 cm~ . In both CESM@CF and UCESM@CF, a weak C=C
aromatic group was observed at 1528 cm™!. Additionally, the peak observed between 1448 and 1485 cm ™! in CESM@CF corresponds
to C—=C which could be ascribed to the two-time carbonization for the CESM@CF [39]. The FTIR analysis confirms the successful
doping of CF on ESM as well as the carbonization process of ESM.

The structure of the UCESM@CF and CESM@CF nanocomposite was investigated using FESEM. The FESEM image of both
UCESM@CF and CESM@CF nanocomposite can be seen in Fig. 3a&b and Fig. 3c&d. The CESM@CF nanocomposite revealed the
presence of well-developed pores compared to the UCESM@CF nanocomposite (Fig. 3c&d). This could be ascribed to the dual
carbonization in CESM@CF (Fig. 3a&b). CESM@CF and UESM@CF showed a porous skeleton structure on which the CF nanoparticles
are grafted to the surface. From the FESEM images, it can be concluded that the CF nanoparticles were well distributed on the surface of
the CESM, as shown by the elemental mappings of the CESM@CF and UCESM@CF nanocomposites in Fig. 4.

The Energy Dispersive X-Ray Spectroscopy (EDS) showed the composition of the elements in the nanocomposites. Fig. 4a-h shows
the EDS mapping of both nanocomposites. Based on the figure, the cobalt (Co), iron (Fe), oxygen (O), and carbon (C) elements are
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Fig. 2. (a): XRD diffraction and (b): FTIR Spectra of CF, UCESM@CF, and CESM@CF
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Fig. 3. FESEM image of samples (a-b) CESM@CF (c-d) UCESM@CF nanocomposites.
b) c) d)
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f) g) )
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Fig. 4. Elemental mapping of composite samples (a-d) CESM@CF (e-h) UCESM@CF nanocomposites.

uniformly distributed throughout the surface of both nanocomposites.

Fig. 5 represents the Ny desorption and adsorption isothermal analysis of CF, CESM@CF, and UCESM@CF samples. CF showed a
type IV isotherm with a hysteresis loop (Fig. 5a). The isotherm curves of CESM@CF and UCESM@CF are similar (Fig. 5b&c).
CESM@CF shows maximum Nitrogen adsorption and also exhibits a large surface area. The increasing trend in the CESM@CF surface
area is due to the dual carbonization during the sample preparation. As observed in Fig. 5Sb&c, CESM@CF and UCESM@CF show a type
II isotherm with an Hs hysteresis loop showing the existence of both mesopores and micropores in the sample. The sharp rise in ni-
trogen uptake illustrates mesoporous structures’ presence [38]. The pore distribution and pore volume are shown in Table 1. The
presence of special inner cavities and high surface area with relatively small ores will be beneficial for trapping EM waves thereby
resulting in interfacial polarisation due to the development of abundant interfaces and junctions at the surface of the samples [13].

The MAP of the samples is further analyzed by studying the electromagnetic parameters; u, = y' — ju” and &, = € — je” . The ¢’ and
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Fig. 5. Nitrogen-desorption and adsorption curve for (a) CF (b) CESM@CF and (b)UCESM@CF
Table 1
Pore and surface area distribution of CF, UCESM@CF, and CESM@CF
Sample BET Surface Area (mz/g) Total Pore Volume (cm3 g’l ) Average Pore Size (nm)
CoFe,04 44.6593 0.061503 10.09
UCESM@ CF 93.0915 0.1293-0.1747 5.72
CESM@ CF 107.4590 0.1520-0.1641 7.32

' measure the ability of the sample to store dielectric and magnetic energy, while the ¢’ and p”” measure the ability of the sample to
dissipate magnetic and electric energy. The dielectric loss tangent (tan 5. = ¢ /¢") and magnetic loss tangent (tan 8, = '/ 4”) measures
the power loss ability of the sample.

Fig. 6a shows the real and imaginary permittivity of the samples decreases as the frequency increases. The ¢’ for CF fluctuates across
the X band frequency. Whereas the €'’ also fluctuates across the whole frequency. It is an established fact that complex permittivity is
derived from electronic polarisation, interfacial polarisation, and ionic polarisation, which are significantly influenced by structure
and surface morphology [43]. Thus, the high values ¢’ and €'’ in UCESM@CF and CESM@CF may be attributed to the typical frequency
dispersion characteristic resulting from carbon [43,44]. In addition, the porous structure and large surface area, which was corrob-
orated by the FESEM image and SAP distribution (Table 1), can result in increased charge transport and interfacial polarisation.

Fig. 6b shows the p’ and ' of the CF, UCESM@CF, and CESM@CF samples. The p’ for CF fluctuates across the studied frequency,
whereas the p”” of CF increases to 0.181 due to the uncompensated moments in the CF nanostructure sample. Also, defects such as
strains and stacking faults at the interface contributed to the p’’. The addition of Carbon reduced the magnetic performance of the CF.
This account for the low values of p' and p”” in UCESM@CF and CESM@CF samples across the frequency range. Eddy current loss,
natural resonance, and exchange resonance are attributes of the magnetic loss mechanism in microwave absorption. From Fig. 6c, it
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was observed that the CESM@CF and UCESM@CF have much higher dissipation ability compared to the CF. The magnetic loss
tangents of CF were higher compared to the composites. This suggests that dielectric loss significantly impacts the MAP of both the
CESM@CF and UCESM@CF absorbers. In addition, the porous morphology of the CESM@CF and UCESM@CF allowed the incoming
wave to be trapped in the cavity of the samples, resulting in multiple reflections and multiple scattering of EM waves [45]. The MAP of
the samples is evaluated via RL, which can be calculated based on equations (1) and (2). An absorption performance below —10 dB
indicates that the material has attenuated 90% of the EM wave. Whereas RL below —20 dB denotes that the material has absorbed more
than 98% of the EM wave. The RL values of the samples were simulated at varying thicknesses to determine their MAP.

Fig. 7 shows the RL curve for the samples at 20 wt% loadings with paraffin as a function of frequency for different absorber
thicknesses. With increasing thickness, the sample’s absorption maxima move to a lower frequency range, followed by attenuation in
lower frequency bands. The }4 wavelength equation [60] helps explain the changing peaks.

nc
tn = E(frﬂr)

T
w

where t;, denotes the matching thickness, f;,, symbolizes the matching frequency, and c is the velocity of light. As observed in Fig. 7a, a
minimum RL of —41.35, —42.37, and —53.20 dB was obtained for CF nanoparticles at 11.16, 9.8, and 8.56 GHz with a thickness of 3.5,
4.0, and 4.5 mm respectively. The combination of CF and ESM greatly reduced the thickness of the absorber, which is one of the unique
properties of an ideal MA. UCESM@CF possess a minimum RL of —37.26, —39.13, and —46.87 dB at 11.32, 9.76, 8.56 GHz respectively
with an effective absorption bandwidth of 0.53, 1.46 and 1.55 GHz at 2.0 mm, 2.5 mm and 3.0 mm thickness respectively (Fig. 7b). The
CESM@CEF (Fig. 7c) showed an outstanding MAP with an absorber thickness of 1.5 mm, 1.9 GHz EAB, and a minimum RL of —39.03 dB.
It also showed good absorption with RL = —34.67 dB at a thickness of 2.0 mm. The results suggest that the CESM@CF sample can be
used as an ideal and promising EM wave absorber due to its excellent microwave absorption at a thin thickness and low density (20 wt
%).

(€ — ) +€7 = (6, — £)° 4
The Debye polarisation relaxation phenomenon is a well-known way of explaining dielectric loss processes. The €' and €” fulfill
equation (4), and the €' vs. €’ displays a semicircular ring, according to Debye theory. Fig. 7d presents the Cole-Cole curve for CF,
UCESM@CF, and CESM@CF. All the samples possess more than one semicircle, as indicated with a stroke, implying that the samples
exhibit multiple dybe relaxation processes. As observed in Fig. 7d the number of semicircles present in CESM@CF samples increases
compared to CF and UCESM@CF due to ESM (Carbon) in the composite. Thus, indicating that interfacial polarisation or defects in the
composites contribute to the dielectric loss of the CESM@CF sample. CESM and UCESM@CF have good conductivity and conduction
networks, a significant contributor to dielectric loss. The presence of long-tail in UCESM can be attributed to conduction loss.
Fig. 8a—c shows that as the matching thickness (tp,) increases the frequency shifts gradually toward the low frequency. At 8.72 GHz,
the minimum RL is 47.3 dB, or 2.4 mm of matching thickness. The RL of CF, CESM@CF and UCESM@CF reaches the peak value if the
tm and fy, satisfy the abovementioned equation (3). Thus, Fig. 8 shows that the samples obey the */4 cancellation model and exhibit
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good absorption performance.
4. Conclusion

In conclusion, a simple carbonization method was used to fabricate a lightweight, low-cost ESM@CF absorber with good
morphology. The CoFey04 NPs increased CESM’s EM wave absorption capacities from 10.1 to 49.6 dB at 9.2 GHz and showed an
increased EAB, owing to the synergetic impact of CF and ESM. The coupling of CF nanoparticles with ESM reduces the saturation
magnetization of the CESM@CF and UCESM@CF composites due to the weak magnetic properties of Carbon. Furthermore, simulations
of the CESM@CF and UCESM@CF nanocomposite absorbers show that nanocomposites possess greater capacity to attenuate powerful
incident EM waves. At 20 wt% filler loading, the CESM@CF and UCESM@CF composites display exceptional MAP, at an absorber
thickness of 1.5 mm, and a minimum RL value of —39.03 dB at 10.44 GHz. The increased MAP is due to their unique morphology, a
synergistic influence from both the ESM and CF, superior IMPM, and significant attenuation capabilities. Thus, eggshell membrane-
derived composites are potential and promising absorbers for microwave absorption application and provide a novel strategy for
fabricating carbon-based EM wave absorbers with intense absorption strength, wide absorption bandwidth, low filler loading, and thin
thickness.
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