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Bio-silica incorporated barium ferrite composites: Evaluation of structure, morphology,
magnetic and microwave absorption traits

ABSTRACT

Wireless communications and electronic devices based on microwave (MW) frequicy are useful
due to several implications. In this view, a series of bio-silica ion incorporated barium-ferrite-
composites with the composition of (x)Bio-Si02:(80-x)Fe203:(20)Ba0, where x = 0, 1. 2. and 3
wt% was prepared using the modified solid-statJreaction. The impact of different bio-silica
(extricated from sintered rice husk) substances on the s@iface morphologies. structures, and
magnetic characteristics of these composites were assessed. The relative complex permittivity and
permeability were resolved using the Nicholson-Ross-Weir strategy in the frequency range of
8-13 GHz. Meanwhile, the reflection loss was considered through the Transmission/reflection line
theory to assess the MW absorption properties of the composites. Incorporation of bio-silica in
barium ferrite composites generated a new hexagonal phase of BasFe320s1. and a tetragonal phase
of BaFeSi4O1o lead to decreasing in the saturation magnetization and significant shifting in peaks
of MW frequency absorption.

Keywords: bio-silica, barium ferrite, magnetic properties, permittivity, permeability, reflection
loss

1. Introduction

In recent times, microwave (MW) absorbing materials became one of the key high-tech
candidates for the development of the high-performance device in the field of anti-radar
technology. wireless communications, and shielding of electromagnetic wave interferences [1-3].
The coating of the targets with MW absorbing materials emerged as a strategy to reduce the
intensity of the reflected electromagnetic waves, This technique utilizes the absorption or
dispersion of electromagnetic energy in the material medium between the electromagnetic wave
source and the protected target. For such purposes, materials must bed'lt for weakening and
dispersing the overabundance measure of the electromagnetic radiation in the form of heat through
the mechanisms of magnetic and dielectric loss [4]. Likewise, innovative magnetic materials
particularly ferrites based, are uncovered to be suitable for absorbing the MW and have frequently
been investigated [5-13].

It has been verified that a barium ferrite system (a magnetic material) with a wide crystalline
anisotropic magnetic field can potentially be used in the GHz frequency range compared to other
ferrites with spinel and garnet structures [2,14]. Thus, the barium-hexaferrites (BHFs) owing to

their amazingly strong uniaxial anisotropic magnetic field were prepared as MW absorbing




material [6-8,15,16]. The literature revealed that the replacement of Fe'* by trivalent lanthanide
ions (used as doping agent) is an effective way to shift the resonant frequency (f) and change the
anisotropy field (Hu), influencing the MW absorption capacity of the magnetic material [2.9,17-
21]. However, the scarcity and high prices of rare earth materials limit their widespread usages.
Thus. the exploration of the doping agent alternative to the rare-earth ions (acts as an activator)
became mandatory to fulfill such need.

Categorically, silica is a famous semiconducting material that can be obtained ecither
commercially or from plentiful natural resources. Interestingly, rice husk after complete
combustion can be a great source of bio-silica [16,17]. Such bio-silica derived from rice husk (as
abundant raw material) has several advantages compared to silica minerals, including the existence
of fine grain, high reactivity, low cost and can function as a heavy metal binder. Encouraged by
these notable benefits of rice husk extracted bio-silica, we prepared sorra bio-silica integrated
barium ferrite composites (hereafter called SiBFCs) to reduce the values of coercive field (H.) and
saturation magnetization (M;), in that way enhancement of the selective MW absorption capacity
of the achieved SiBFCs.

This paper reports the synthesis and characterizations of the newly prepared SiBFCs,
wherein the bio-silica at various con&nualions were merged in pure barium hexaferrites (BHFs).
The undoped and doped composites were synthesized via solid—state reactions. These as-prepared
SiBFCs were charzaterized using diverse analytical apparatuses to assess the impact of varying
Si*" doping levels on the microstructure, morphology. magnetic propertics, and MW reflection
losses in the frequency range of GHz. The obtained BaFeSiaO10 and Ba3Fe320s1 composites were

given away to be valuable for several applications.

2.  Experimental Procedures

Four sampleﬁyf SiBFCs with the composition of (x)Bio-SiO2:(80-x)Fe205:(20)Ba0, (x = 0.
1, 2 and 3 in wt%) were synthesized via the modified solid-state reaction. Highly pure powders of
BaCOs (from Merck \\ah purity of 99%), bio-silica, and y-Fe203 as primary raw constituents to
prepare these SiBFCs. The BaCO; powder was calcined at 350 °C for 15 minutes to eliminate the
presence of the carbon component. The bio-silica was obtained by sintering the rice husk ash in
the furnace at a temperature of 1000 °C for three hours. Meanwhile, Fe3Ous was extracted from

iron sand [22] and sintered at 850 °C for three hours to obtain y-Fe20s. Afterward, We mixed bio-




silica powder gradually with y-Fe203 and BaO powder. The mixed constituent powder was
compressed to yicld the pellet of 1 mm thick and 1 cm diamct%[l‘)]. Additionally, all the pellets
were strengthened and sintered at 800 °C (for one hour) and 1100 °C (for 5 hours) before they
were cooled down to the room temperature naturally. The acquired pellets were named as SiBFO0,
SiBF1. SiBF2, and SiBF3, depending on the matching bio-silica content of 0. 1. 2. and 3 wt%. For
further characterizations, we crushed and glued some pellets with resin to get a rectangular-shaped
sample of dimension (2.3 cm * 1.0 cm * 0.5 cm) using a WR90 sample holder.

The surface morphology and microstructure of the synthesized SiBFCs were characterized
using the scanning electron microscope (SEM, HilachEU 3500y [19,21,23]. The crystalline nature
of the prepared SiBFCs were confirmed using the X-raﬁ diffraction (XRD, SmartLab 3 kW)
furnished with Cu—Kao radiation of wavelength (&) ~ 0.1541874 nm. The vibrating sample
magnetometer (VSM, Oxford 1.2H) was used to scrutinize the magnetic traits of the proposed
samples. The scattering parameters () of the samples were recorded on a vector network analyzer
(VNA, Keysight PNA-L N5232A) operated in the frequency range of 8-13 GHz. The MW
absorption measurement was conducted to yield the scattering parameters such as Si1, Si2, S21, and
S22 (S-parameters). The value of S11 (= S22) signified the reflection coefficient (I') and S21 (= Si2)
represented the transmission coefficient (7). The values of relative complex permeability (z) and

permittivity (&) were obtained following the Nicholson-Ross-Weir (NRW) relations given by:
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where Lo is the wavelength in vacuum, A is the cut-off wavelength. ¢ is the speed of the light. and

d is the thickness of the sample.




3.  Results and Discussions
3.1. étructurcs and Phases
Fig. 1 depicts the XRD pattern of the synthesized bio-silica. It confirms that all diffraction
peaks are attributed to SiOz with a tetragonal crystal system. Fig. 2 displays the XRD
diffractograms of the produced SiBFCs that consisted of many characteristic peaks assigned to
altering crystalline latticeé All the observed peaks in the pristine sample (SiBFO without bio-silica
incorporation) were due to the main hexagonal crystalline lattice of BaFe 12019 and tallied to the
DD card number 00-039-1433 with crystal configurations of a= b = 0.5894 nm, ¢ =2.3215 nm,
o= = 90° and y = 120°, Nevertheless, the appeared peak at 27.52° was due to the monoclinic
crystalline phase of Ba2Fe20s that corresponded to the ICDD card number 00-043-0256. The XRD
pattern of SiBF1 sample revealed that the replacement of Fe?" in the barium ferrite lattice by Si*’
ions at 1 wt% of SiO2 did not cause any significant changes of the crystal structures. The
appearance of two dominant peaks in SiBF1 confirmed the foalalion of the major phase of
BasFe320s51 and minor phase of barium iron silicate BaFeSi4O10. The occurrences of sharp XRD
peaks were due to the hexagonal crystal lattice of Ba_ﬁe?.zOﬂ that corresponded to the ICDD card
number 00-041-0846 with the crystal configurations of @ =5 = 0.5892 nm, ¢ = 2.3198 nm, a. = f§
= 90° and vy = 120°. Morcover, the peaks centered at 26.52° and 35.48° were assigned to the
tetragonal crystal lattice planer orientation of BaFeSisOo (tallied to the ICDD card number 00-
003-0402). The XRD pattern of the composite prepared with two wi% of bio-silica revealed a new
phase of barium silicate Ba3SisO13 with a monoclinic crystalline lattice structure (agreed to the
ICDD number 00-026-0179). The composite containing three wi% of bio-silica exhibited the
dominant barium iron silicate BaFeSisO10 ordered phase. ﬂlwas claimed that the replacement of
Fe'' ions by Si*" in the produced BFCs can create another significant hexagonal phase of
BasFe320s51 and a tetragonal phase of BaFeSiaO10. The observed broadening in the XRD peaks for
all the studied SiBFCs i1s attributed to the insolvent of lattice strain and nano-crystallites size

confinement effects [24,25].
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Fig. 1. The XRD pattern of the bio-silica (SiOz) at 1000 °C
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Fig. 2. The XRD patterns of the Si*" undoped and doped SiBFCs

3.2. Surface morphology

Fig. 3 shows the SEM micrographs of the prepared SiBFCs. The surface morphologies of
the composites consisted of rough microstructures with high porosity. The composite particles
within the samples were bonded tightly to each other and formed some intergranular pores due to

the occupation Si*" ions in the preferred lattice sites. Consequently, more porous microstructures




arc formed on the surface. These pores, in turn, can favor the entrapment of the MW and its
subsequent scattering in all directions by the surface of the particle present in the pores. In all the
synthesized SiBFCs, these particles disclose a typical hexagonal morphology with the particle size
of about 0.5 pm
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Fig. 3. The SEM images of the SiBFCs

Fig. 4 represents the room temperature hysteresis loops (M-H curves) of the as-synthesized
SiBFCs. The values of saturation magnetization of the studied SiBFCs are decreased (from 39.5
to 30.4 emu/g) significantly with the addition of bio-silica (from 1 to 3 wt%) into the composites.
However, the coercive field values (altered from 775.9 — 811.0 Oe) are not affected appreciably
due to the increase in bio-silica contents. The maximum reduction in the saturation magnetization
displayed by the SiBF3 sample is ascribed to the presence of dominant tetragonal barium iron
silicate (BaFeSisO1w) crystalline phase in the composite. The coercive field values of the
composites are observed to increase slightly due to the rise in bio-silica contents. With the increase
in bio-silica content from 0 to 2 wt%. the area of the hysteresis loop of the SiBFCs enlarges from
15.9 to 31.0 kOe.emu/g, respectively. Furthermore, the hysteresis loop area of SiBFC shrinks at
three wt% of bio-silica. The observed change in the magnetic permeability of SiBFCs with the
addition of bio-silica into the composites is majorly attributed to the alteration in the saturation

magnetization and coercive field values.




— SR
— SiBF1 40 -
— SIBF2
—SiBF3

20

M (emu/g)

40 -

H(kOe)
Fig. 4. The room temperature M-H loops of the SiBFCs
Fig. 5(a) describes the frequency dependence of the relative permeability (4, = + ' ) of
all the SiBFCs. The real part of the permeability ( z' ) specifies a gradual decrease in their magnetic
energy storing capacity due to polarization of magnetic dipole in higher MW frequency. The 4

value of the composites drops from about 2.5 (for SiBF0 and SiBF2) and 0.9 (for SiBF1 and
SiBF3) to near-zero with the increase in bio-silica content from 0 to 3 wt%. Meanwhile, the
observed magnetic loss is revealed by the imaginary part of the permeability (x"). The x' value
of SiBF0 and SiBF2 declines rapidly from 0.9 to near 0 and almost remains constant near zero for

SiBF1 and SiBF3 due to the relaxation process, which generates dissipation energy of MV as

thermal energy.

Fig. 5(b) displays the frequency-dependent relative complex permittivity (g, =& +¢ ) of all
SiBFCs, where ¢ and &' are the real and imaginary part of the permittivity, respectively. The value
of ¢ indicated the lack of energy absorption by the composite from an externally applied electric
field [26]. The values of & for the composite without bio-silica doping (SiBF0) were dropped
sharply. Conversely, the values of & for composites containing bio-silica (1 to 3 wt%) were
increased significantly above 12 GHz due to the electrical dipole polarization. The values of &

(called the loss factor) denotes the electrical energy dissipation ability of the SiBFCs. The values

of & for all SiBFCs were decreased gradually with the rise in the frequency.
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Fig. 5. Frequency dependent (a) permeability and (b) permittivity of the SiBFCs

The MW absorption properties of SiBFCs were evaluated by calculating the values of
reflection loss (Rr) based on the transmission/reflection line theory [6, 27-29]:
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where Zoand Zin are the corresponding intrinsic impedance in vacuum and the input impedance in
the material, f represents the MW frequency. d denotes the sample thickness. and ¢ is the light
speed in the vacuum.

Fig. 6 illustrates the frequency dependent changes in the values of R; of the prepared
SiBFCs. The value of Ry, for SiBF0 was value less than -10 dB at the frequency of 8.35. 9.37, and
10.60 GHz. The band positions (peak frequencies) of the composites disclose a significant shift
with the change in bio-silica contents with the bandwidth of less than 1 GHz. The sample prepared
with one wt% of bio-silica (SiBF1) reveals the lowest R:. value of -28.56 dB at the frequency of
12.18 GHz. This disclosure affirms that the MW absorption capacity of the proposed SiBFCs can




be essentially customized by controlling the impurity or dopant (bio-silica) concentration,

fulfilling the application demand at various frequencies.
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Fig. 6. Reflection loss of the SiBFCs as a function of MW frequency

Conclusions

Considering the MW absorption potency of barium ferrites and its usefulness in wireless

communications, we synthesized four samples of SiBFCs (without and with bio-silica activation)

via the modified solid-state reaction approach. Rice husk derived abundant and cheap bio-silica

was doped into the barium ferrites to improve their magnetic and MW absorption attributes. The

structure of the studied composites revealed the presence of various crystalline phases. The surface

of SiBFCs disclosed hexagonal morphology with a particle size of about 0.5 pum. The surface

morphology, structure, MW reflection loss, permittivity, permeability, coercivity, saturation

magnetization, and MW absorption of the proposed SiBFCs were found to be sensitive to the

substitution of Fe*" by Si*" ions into the composite matrix. It was established that the MW

absorption ability of the newly composed SiBFCs can be tailored by adjusting the bio-silica

content. Present knowledge may contribute towards the development of SiBFCs based MW

absorption devices.
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