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Abstract

In this study, a straightforward process was employed to synthesize Fe;O. nanoparticles-
decorated porous carbon derived from rice husk waste (Fesz0./C). The composite material
was made by using pyrolysis and then coprecipitation. FezO4 nanoparticles were dispersed
evenly across the surface of a porous carbon structure made from rice husks (PC) in three
dimensions (3D). The highly graphitized porous carbon framework makes the tracks for
electromagnetic waves that propagate longer and increases the loss of conductivity. With its
unique structure and the effects of great attenuation and good impedance matching, FezO4/C
is much better at absorbing microwaves than pure porous carbon. Most samples have a
minimum reflection loss (RL) of less than -10 dB (90% reduction) over a wide range of
electromagnetic frequencies (3.6 - 18.0 GHz) when the thickness of the absorber varies from
1.5 - 4.0 mm. With a thickness of 3.0 mm, the best RL is -70.8 dB, and with a thin thickness
of 1.5 mm, the effective absorption bandwidth (EAB) is 14.4 GHz. According to the findings
of this study, the use of Fes04/C material for electromagnetic wave absorption applications
holds great promise due to the low cost and extensive benefits of the preparation process, as
well as its excellent electromagnetic absorption performance.
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1. Introduction

The exponential growth of telecommunication gadgets has brought forth
unparalleled prospects for societal advancement and addressing public demands [1].
Nevertheless, this sudden increase unavoidably gives rise to a multitude of
electromagnetic (EM) difficulties, including concerns such as electromagnetic
interference (EMI), electromagnetic pollution, and electromagnetic leakage [2]. The
increasing need to address the issue of severe electromagnetic pollution has prompted a
pressing search for improved materials capable of absorbing microwaves. The utilization
of microwave absorption presents an innovative approach to tackle these difficulties, by
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directing EM energy towards thermal or other energy sources, resulting in the creation of
an ideal EM environment [3].

Carbon compounds are notable in the realm of dielectric loss materials because of
their impressive conductivity and the presence of many functional groups on their
surfaces, which act as polarized centers. The distinctive features of these phenomena have
sparked significant research interest in the field of electromagnetic absorption [4]. Porous
carbon composites, which are derived from biomass, demonstrate notable characteristics
in terms of their lightweight nature and effectiveness in microwave absorption [5]. With
a minimum reflection loss (RLmin) of -47.5 dB at 2.8 mm and an effective absorption
bandwidth of 3.4 GHz, high porosity carbon was produced from rice husks by Wu et al.
via KOH activation and one-step carbonization [6]. Almond shells were used by Fang
et al. to produce porous carbon with an effective absorption bandwidth of 13.8 GHz and
RLmin of -30 dB [7].

The composite materials that incorporate biomass carbon exhibit remarkable
properties, especially when they are combined with other substances like ferrite, further
enhancing their absorption capabilities [8-10]. In addition, the incorporation of a bio-
based carbon component offers a sustainable and environmentally beneficial attribute,
effectively resolving concerns related to the environment [11]. The application process of
this composite material is facilitated by its lightweight nature. The results are
encouraging, especially when considered in conjunction with the low-effort integration
of Fe3Os nanoparticles onto its surface using conventional methods. This composite
makes use of both the biochar’s porous structures and FezO4’s magnetic properties. In
their study, Zhao et al. conducted an experiment where they integrated FezOs
nanoparticles with highly porous carbon derived from walnut shells [12]. The resulting
composite material exhibited an RLmin 0f -40.3 dB at a thickness of 2.0 mm, along with
an effective absorption bandwidth spanning 6.6 GHz. Wang et al. successfully combined
porous carbon from jute with Fe3O4 nanoparticles, resulting in an impressive RLmin of
-39.5 dB at 2.0 mm and a wide effective absorption bandwidth of 4.0 GHz [13]. Currently,
researchers have identified a constraint on the concurrent improvement of two factors:
the intensity of absorption and the width of the effective absorption band.

Therefore, employing a two-step production procedure, the present study developed
a composite material comprising FesO4 nanoparticles and porous carbon generated from
rice husk. A comprehensive analysis was conducted on the absorption characteristics of the
composite material within the frequency range of 2 to 18 GHz. The composite material
exhibits distinct features that significantly boost its efficiency in absorbing microwaves,
rendering it an especially attractive candidate for application in the electromagnetic realm.
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2. Experiment
2.1. Material synthesis

Porous carbon (PC) material was synthesized from rice husks using a two-step
carbonization process. The rice husks were first subjected to purification through a
process of washing with deionized water, followed by drying at a temperature of 50°C.
Subsequently, the husks were carbonized in a tube furnace under a nitrogen environment,
at a rate of 5 °C/min, for a duration of 1 h, at a temperature of 400°C. A 150 mL solution
of 5 mol/L KOH was used to immerse 5 g of carbonized rice husks for 24 h. Following a
washing procedure using a HCI and water solution, the rice husks underwent vacuum
drying at a temperature of 60°C. The carbonized rice husks underwent annealing at a
temperature of 700°C in the presence of flowing nitrogen for a duration of 2 h, with a
heating rate of 5°C per minute. The resulting samples were further neutralized to achieve
a pH level using a 1 mol/L HCI solution and distilled water. The samples were then dried
at a temperature of 60°C to obtain the porous carbon materials. Coprecipitation was used
to make the Fe304/C composite material. 100 mL of DI water, 4 mmol of FeCls, and
2 mmol of FeCl> were mixed together to form a solution. Stirring at room temperature
was carried out for 30 minutes, allowing the porous carbon to gradually add into the
mixture. The observed mass fraction between Fe3O4 and Carbon is determined to be in a
ratio of 2:1. The stirring process continued for an hour. Subsequently, 4 mL of NHs
solution was added dropwise to the mixture. Mechanical stirring was maintained for 4 h
at 60°C to facilitate the coprecipitation reaction. After several washes with water and
ethanol, the powder was dried under vacuum at 60°C for 12 h.

2.2. Material characterization

The structural properties of the FesO4/C composite were investigated by X-ray
diffraction (XRD) from 10° to 70° on a Bruker D5 with CuK1 radiation = 1.54056 A. The
morphological properties were characterized using scanning electron microscopy (SEM
- S4800), and energy-dispersive X-ray spectroscopy (EDX). The magnetic measurements
were conducted using a Lakeshore 7400 vibrating sample magnetometer (VSM). The
measurement of the specific surface area and pore structures of composite materials was
conducted by the process of nitrogen adsorption-desorption.

The experiment revealed that the FesO4/C material exhibited encouraging blending
characteristics when combined with paraffin wax at a concentration of 30% by mass.
Once the mixes were molded into a toroidal configuration, their internal diameter
measured 3.04 mm, while the external diameter measured 7.00 mm. The microwave
absorption properties were determined using the Keysight PNA-X N5242A vector
network analyzer. The microwave absorption characteristics were calculated using the
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transmission line method. The following equations provide a comprehensive
comprehension of the reflection loss (RL) [14]:

RL(dB) = 20.log Zin —1 Y

In

f 2nfd ——
Zin = % tanh ( J TET Hr&r j (2)
r

The analysis of absorber input impedance (Zin) involved the consideration of
intricate relative permittivity (er) and permeability (ur). Additional factors considered in
this study were the thickness of the sample (d), the frequency of the incident light (f), and
the velocity of light propagation in a vacuum (c).

3. Results and discussion

The porous carbon compounds that result from rice husks are shown as SEM images
in Fig. 1a. The image demonstrates that the porous 3D carbon structures are formed from
rice husks with numerous pores on the surface. The SEM images of the Fes04/C
composite are shown in Fig. 1b. The results demonstrated the presence of Fe3Os
nanoparticles on the surfaces of carbon-based materials. Because of their porous structure,
the FezO4 ferrite particles are rather evenly spread and have a tendency to adhere to
surfaces. The diameter of Fe3O4 nanoparticles ranges from 5 to 10 nm.

In order to further examine the porous structure of the sample, the N2 adsorption-
desorption isotherms of both the carbon and Fez04/C samples were measured. The data
presented in Fig. 1(c, d) demonstrates a notable trend in the adsorption capacity as a
function of relative pressure. Specifically, it is observed that at low relative pressures, the
adsorption capacity exhibits a rapid increase. This suggests that the adsorption process is
highly efficient in this regime. Furthermore, the adsorbed N> molecules are found to
occupy the micropores in the form of monolayers, indicating a single layer of molecules
being adsorbed on the surface. The observed phenomenon of an evident hysteresis loop
in the curve, in response to an elevated relative pressure, suggests the presence of
mesoporous characteristics in carbon and FesO4/C materials. The porous carbon has an
impressively high specific surface area of 48.8 m?/g. This suggests that there is a great
deal of surface area accessible for interactions. The material has small pores, with an
average pore diameter of between 1.98 and 3.50 nm (Fig. 1e). Significant amounts of
interacting surface are present on the Fe304/C material, as indicated by its high specific
surface area of 220.6 m?/g. The material's typical pore diameters are highly concentrated
at 1.10 and 1.36 nm (Fig. 1f), indicating the presence of clearly defined pore structures.
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Because of its surface interactions and pore accessibility, the material has a wide range
of possible uses. The specific surface area of the Fe304/C material is about 4.5 times
higher than that of pure carbon, making it a distinguishing feature. It has been discovered
that surface modification aids in the formation of pore structure. Increasing the sample's
specific surface area increases its ability to absorb electromagnetic waves and lengthens
the path along which they propagate.
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Fig. 1. SEM images (a, b), N2 adsorption-desorption isotherms (c, d), and pore diameter
distribution curves (e, f) of PC and Fe;04/C.
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Fig. 2. XRD patterns of PC (a) and Fe;0./C (b).

X-ray diffraction (XRD) investigation was performed in order to determine the
carbon phase depicted in Fig. 2a. The diffraction peaks observed at approximately 22°
and 43° can be attributed to the (002) and (100) crystallographic planes of graphite carbon
in the sample. The presence of these wide diffraction peaks suggests a low degree of
graphitization in the PC material, indicating that the carbon structure is amorphous [6].
Fig. 2b shows the XRD patterns of an Fes04/C composite. The diffraction peak
corresponding to C in the Fes04/C sample exhibits a relatively low intensity. This can be
attributed to the extensive presence of FesO4 nanoparticles, which effectively cover the
surface of the porous carbon material. The (111), (220), (311), (222), (400), (422), (511), and
(440) crystal planes of the face-centered cubic trevorite structure are assigned the diffraction
peaks of 18.5°, 30.2°, 36.8°, 36.9°, 43.5°, 54.1° 57.8° and 63.2°, respectively [12]. The
Fe304/C composite’s EDX spectrum is seen in Fig. 3. Carbon-Fe304 nanocomposites
were successfully synthesized, as evidenced by the examination of this picture, which
also reveals the presence of Fe, O, and C inside the sample. Within the composite
material, a minor percentage of silicon is obtained from the organic source of rice husk.
This content facilitates the attachment of FesO4 nanoparticles onto the carbon layer's
surface while also enhancing the efficiency of electromagnetic wave absorption through
dielectric loss.

The magnetic properties of both FesO4 and Fe304/C composite materials were
examined using a vibrating sample magnetometer. As illustrated in Fig. 4, the hysteresis
loops of Fes04 and Fes04/C composites exhibit characteristic S-shaped curves, indicating
the presence of superparamagnetic properties in the samples [8]. The coercive force (Hc)
values of the Fe3sO4 and Fez04/C samples are 3 and 9 Oe, respectively. The remanence
(Mr) of the aforementioned two samples is approximately 0.7 emu/g. Furthermore, the
magnetic saturation (Ms) of FezOs was observed to be 61.5 emu/g, whereas Fez04/C
exhibited a magnetic saturation of 38.9 emu/g. The decrease in the Ms value primarily
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arises from the incorporation of a non-magnetic Carbon component into the composite
material. The observed ratio between the magnetic saturation value of Fe304/C and FezO4
Is in agreement with both the initial material ratio and the results obtained from the EDX

analysis of the composite.
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Fig. 3. EDX spectrum of Fe;O4/C composite.  Fig. 4. Magnetic hysteresis loop of Fe304/C
composite at room temperature.

Figure 5 illustrates the correlation between the frequency-dependent characteristics
of the real and imaginary constituents of complex permittivity and complex permeability.
As the frequency increases, there is a decrease observed in both the real and imaginary
components of permittivity. The electronic polarisation, interfacial polarisation, and ionic
polarisation contributions to the complex permittivity are highly influenced by the
structural features and surface morphology [15]. Charge transport and interfacial
polarisation can be improved by a porous structure's high surface area. The sustained
wave propagation through the three-dimensional structure of the material system is
indicated by a slight frequency-dependent decrease in the real component of complex
permittivity. As the frequency increases, the imaginary part of the complex permittivity
reduces significantly, suggesting that the dielectric absorption process relies mostly on
natural polarisation. Within the frequency range spanning from 2 to 18 GHz, there is a
discernible and consistent decrease observed in the real component of the complex
permeability. Conversely, the imaginary component exhibits very minor variations. The
alterations in the magnetic characteristics occurring at the interface between the Fez04/C
layers, specifically in the presence of surface defects, exert a significant influence on the

distinctions observed in the imaginary component of the permeability.
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Fig. 5. The complex permittivity (a) and complex permeability (b) of Fes04/C composite.

Based on the Debye theory, the relationship between ¢’ and ¢” is demonstrated by
the Cole-Cole equation (Eg. 3). A Cole-Cole semicircle is evidence of a Debye relaxation
process, as proposed by Debye theory [9].

(s'—gs ;g@ Jz +(&") :(gs ;gw jz ®)

where &, - are the static permittivity and the high-frequency limit relative permittivity,
respectively.

The presence of a large number of discrete semicircles, as seen in Fig. 6a, is
suggestive of a sophisticated relaxation event involving a number of different dielectric
components in the composite material. The presence of dielectric loss-increasing
processes, such as defect polarisation and interfacial polarisation, is demonstrated by
distorted Cole-Cole semicircles [8]. If there is an external electromagnetic field present,
then there is a possibility that additional polarisation centers will arise at the
heterogeneous interfaces of Fe304/C. The polarisation of interfaces is improved as a result
of this impact, as are the relaxation processes that take place at those interfaces.

The magnetic loss caused by eddy currents can be approximated using the
coefficient C,, with the formula C, = z”’/(u.f), where f is the frequency [10]. Eddy
current loss dominates magnetic loss if C, remains constant. It is important to note that
low-frequency variations are caused by natural resonance, whereas high-frequency
variations are caused by exchange resonance [13]. As can be seen in Fig. 6b, the C, value
exhibits rather substantial fluctuations, trending downwards in the low frequency zone
and upwards in the high frequency region. It demonstrates that natural resonance,
specifically exchange resonance, is the primary mechanism of loss. Furthermore, in the
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frequency range from 9 to 11 GHz, the absorption process, which is the eddy current loss,
corresponds to a slight change in the C, value.
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Fig. 6. The typical Cole-semicircle curve (a) and Co - f values (b) of Fes04/C composite.
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Fig. 7. The reflection loss (a) and Zi, (b) of Fe304/C sample.

RL measurements can be taken on objects with a thickness of 1.5 - 4.0 mm and a
frequency of 2 - 18 GHz. The variety of RL values for Fes04/C composites is shown on
a contour plot RL graph in Fig. 7a. The material is ideal for microwave absorbing
engineering applications since it absorbs more than 90% of incident EM. When the
absorber thickness is changed from 1.5 to 4.0 mm, most samples achieve a minimum RL
of less than -10 dB (90% decrease) across a wide range of electromagnetic frequencies
(3.6 to 18 GHz). The effective absorption bandwidth (EAB) is 14.4 GHz (from 3.6 to
18 GHz) at a thickness of only 1.5 mm. Specifically, when the thickness is 4.0 mm, the
EAB spans the entire frequency range from 2 to 18 GHz. As the thickness increases, the
lowest frequency at which the reflection loss reaches its minimum value (RLmin) shifts
downward. With a thickness of just 3.0 mm, the Fe304/C composite displays an
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impressive reflection loss of -70.8 dB at a frequency of 10.1 GHz. Furthermore, the
frequency bands where over 99% of microwave absorption happens at this thickness are
between 8.3 and 11.7 GHz, which is 3.4 GHz.

Figure 7b depicts the impedance values (Zin) of the Fes04/C composite when the
thickness is 3.0 mm. The impedance values of Fe3s04/C demonstrate a close approach to
1 in the frequency range of 9.8 to 12.2 GHz, suggesting an ideal impedance match within
this particular band. The FesO4/C material exhibits a structure that is both hollow and
porous, facilitating the increased penetration of incident electromagnetic waves. As a
result, there is an improvement in impedance matching [13]. It is noteworthy to notice
that there is a strong alignment between the frequency range at which effective impedance
matching takes place and the frequency range of EAB for Fez04/C.

Table 1 compares ferrite-biomass carbon composites. This research found that
Fe304/C composite absorb microwaves significantly. Thin thickness, large absorption
bandwidth, and considerable reflection loss are these features.

Table 1. Comparison of the microwave absorption properties with other absorbers

Absorber RLmin (dB) EAB (GHz) d (mm) Ref.
C (rice husks) -47.5 3.4 2.8 [6]
C (almond shells) -30.0 13.8 - [7]
Fes04-C (walnut shells) -40.3 6.6 2.0 [12]
Fes0.4-C (jute) -39.5 4.0 2.0 [13]
FeOx-C (coconut shells) -26.5 25 6.5 [16]
Fe/Fe;04/C (agaric) -30.4 2.45 2.0 [19]
NiFe204-C (pomelo peels) -50.8 25 4.9 [18]
Fes04/C (rice husk) %g 11113 1?;.705 This work

The electromagnetic wave absorption properties of Fes04/C materials are
determined by their microstructure. The phenomenon of dielectric and magnetic loss in
nature has been observed to play a role in enhancing impedance matching and
electromagnetic wave absorption [9]. Furthermore, the three-dimensional structure of the
carbon material obtained from rice husks enhances the dispersion of electromagnetic
microwaves within its tubes on multiple occasions. Additionally, it is imperative to
recognize that Fe304/C displays a higher surface area when compared to pure porous
carbon [16]. This specific attribute potentially contributes to its increased ability to
efficiently absorb electromagnetic radiation. The presence of dipole polarization in
porous carbon material is attributed to the presence of functional groups and surface
defects, as mentioned in reference [17]. The spreading of FezOs nanoparticles on the
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surface of the porous carbon layers results in an enhancement of their microwave
absorption characteristic. Enhancements in the microwave absorption properties of
Fe304/C could be potentially attained through the investigation of many aspects, including
polarisation, electron hopping, and the interface between Fe3s04 and C materials [8]. The
process of absorbing incoming wave energy and converting it into thermal energy through
microcurrents can be primarily attributed to the alternating rotation of magnetic domains
and the exchange of magnetic energy between FesO4 nanoparticles [18].

4. Conclusion

In conclusion, the synthesis of well-dispersed Fe3O4 nanoparticles decorated on the
porous carbon surface can be achieved through the combined utilization of the pyrolysis
technique and the annealing process. Fe3O4/C composite, which possesses specific
structural characteristics, exhibits substantially enhanced microwave absorption
capabilities. This improvement can be attributable to the combination of superior
attenuation and impedance matching. The interaction between the number of FesOs
nanoparticles, the material's conductive loss, and the material's polarization relaxation
results in a microwave absorption performance that can be tuned according to specific
requirements. At a filler loading of 30%, the composite obtains a minimum reflection loss
(RLmin) of -70.8 dB with a thickness of 3.0 mm, as well as an effective absorption
bandwidth (EAB) of 14.4 GHz with a thickness of just 1.5 mm. With its low manufacturing
cost and ease of preparation, carbon extracted from rice husks provides the path for the
development of magnetic carbon-based composites with superior wave absorption
properties. The Fe304/C composite suggests a new blueprint for the design of magnetic
biomass carbon composite absorbers.
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TONG HOP HAT NANO Fe;0, TREN CACBON XOP
THU PUCC TU VO TRAU BE TANG CUONG HAP THU VI SONG

Pham Vin Thin?, Lé Dinh Vi, Nguyén Vian Tuan? Nguyén Tran Ha?,
Nguyén Vii Tung?, Nguyén Thi Thanh? Tran Quang Pat?
8Khoa Hoéa - Ly kyp thudt, Truong Dai hoc Ky thudt Lé Quy Don

Tém tit: Trong nghién ctru ndy, mot quy trinh hiéu ning di duoc st dung dé tong hop
cacbon x0p dugc phii bai cac hat nano FesOs cd ngudn gbc tir phé thai vo trdu (Fes0/C).
Vit liéu composite dugc tao ra bang phuong phéap nhiét phan va dong két tia. Cac hat nano FesOs
dugc phan tan déu trén bé mat ciu tric ba chidu ciia cacbon xdp. Khung cacbon xbp duoc graphit
hoa cao tao ra cac ranh cho song dién tir lan truyén 1au hon va lam ting kha niang mat do dan dién.
Véi chu trac doc dao va hiéu ung suy hao 16n, két hop tré khang tét, vat liéu Fes04/C hap thu vi
song tot hon nhiéu so véi cacbon x6p. Hau hét cac mau c6 suy hao phan xa (RL) nhé hon -10 dB
(giam 90%) trén dai tan s6 dién tir rong (3,6 - 18 GHz) khi d6 day ctia mau hip thy thay dbi tir
1,5 - 4,0 mm. Véi d6 day 3,0 mm, RL t6t nhit 13 -70,8 dB va véi d6 day caa mau 1a 1,5 mm, bing
thong hap thu hiéu qua 1a 14,4 GHz. Theo két qua ciia nghién ciru nay, viéc sir dung vat li¢u
Fes04/C cho cac g dung hap thu séng dién tir c6 nhiéu trién vong do chi phi thap va lgi ich mé

rong cua quy trinh diéu ché ciing nhu hiéu suat hip thu cua chung.

Tir khéa: FesOy; ferit; vat liéu sinh hoc; vo trdu; vt liéu hdp thu.
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