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Abstract: In this work, we synthesized and investigated the microwave absorption properties of
SrFe 2019, SrFe12019/rGO and SrFe12014/SiO, materials prepared by chemical method. The phase
structure, surface morphology, magnetic properties, and electromagnetic wave absorption
characteristics of the samples were studied and compared. The SEM images of SrFe;201/rGO
sample showed a good stability in the distribution and dispersion of SrFe12019 nanoparticles on rGO
sheets. For SrFe12010/SiO, composite samples, it is shown that SiO, coating is enwrapped on the
SrFe12019 surface, forming SrFe12014/SiO2 nanocomposites with core-shell structure. The average
particle size was found in the range of 60 — 120 nm. The composite SrFe12010/rGO sample exhibited
a minimum reflection loss reached -56.21 dB at 18 GHz with EAB of 12 GHz with a thickness of 3.5
mm. One can suggest that composite SrFe;201o/rGO materials possessing a best performance in both
reflectivity and bandwidth can be used in the field of microwave absorption.

Keywords: Microwave absorption properties, hexaferrite, rGO, SiOa.

1. Introduction

Nowadays, the rapid advancement of technology has enabled the development of new
telecommunication and electronic devices, which are used in the fields of military, commercial activities
and medicine, etc. Therefore, electromagnetic (EM) wave pollution has become a serious issue in both
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civilian and military sectors. EM wave pollution not only threatens information security but also causes
numerous health problems for humans. Thus, the harmful effects of EM waves, especially in the field
of EM radiation in military areas, must be mitigated. In recent years, thin and lightweight
electromagnetic wave absorbing materials that exhibit broad bandwidth and high absorption
performance have received more attention. Studies have shown that traditional wave-absorbing
materials with a single structural phase and single component hardly meet above mentioned
requirements [1-6]. In order to overcome these difficulties, many researchers have made efforts to
develop materials comprising two or three components. Among them, composite materials that combine
magnetic and dielectric materials are promising candidates for improving wave absorption performance
[2, 6-13]. Hexagonal ferrites have been extensively studied regarding magnetic loss because of their
high complex permeability, high saturation magnetization, and low-cost production. Furthermore,
hexagonal ferrite materials with flake-like structures can produce a strong interfacial polarization and
possess enhanced microwave absorption properties because of the large surface areas [14]. Combining
hexaferrite materials with dielectric materials gives a positive effect on the enhancing absorption
performance and broadening the absorption bandwidth due to improved impedance matching and
interfacial polarization [15]. The minimum reflection loss (RL) of - 52.21 dB at a frequency of 10.72
GHz with a thickness of 2.1 mm was obtained for the reduced graphene oxide (rGO)/BaFe1201g
composite [10]. While the minimum RL of SrFe120:9/G composites with the thickness of 3.0 mm
reached - 34.8 dB at 13.6 GHz, and the effective absorption bandwidth (RL < -10 dB) was of 5.7 GHz.
However, the minimum RL of the SrFei;2019 particles reached - only 13.5 dB, and the effective
absorption bandwidth was of 4.6 GHz. Optimization of the samples thickness towards microwave
absorption enhancement in three-layer absorber based on SrFe;2019, SiO.@S SrFe;2019 and
MWCNTs@ SrFei2019 nanocomposites has also been reported [16]. The minimum RL is reached to -
42 dB at 9.5 GHz with 4.2 GHz effective bandwidth which composed of three distinct resonance peaks
at 9.5, 10.5 and 11.5 GHz.

In this work, we focused on studying the microwave absorption capabilities of SrFe;20ss,
SrFe12010/rGO and SrFe2010/Si0O, materials. The samples can have both the good electrical
conductivities and electromagnetic properties, in order to significantly improve the microwave
absorption performance of the nanocomposite.

2. Experimental

2.1. Synthesis of samples

SrFe12019 particles were synthesized by sol-gel method with following technical parameters: Fe/Sr
molar ratio is of 10.5, pH is of 1.0, the molar ratio of (Sr?*+Fe3*)/ CsH4(OH)(COOH); is of 1/3, and the
evaporated temperature is of 80 °C [16]. Fe(NO3); (1 M) and Sr(NOs)s (1 M) were dissolved in deionized
water and then mixed in a Fe/Sr ratio of 10.5. Citric acid was added into the solution at a fixed
[Sr#*+Fe®*]: CsHa(OH)(COOH); molar ratio of 1/3. Then, the mixture was gelation at 80 °C with a brown
color. The samples were dried at 100 °C for 24 h and then heated at 450 °C for 2 h to remove all residuals.
To obtain the hexagonal ferrite phase, the product was calcined in air at 950 °C for 2 h. Synthesis of
SrFe12010/rGO was carried-out two steps as follows.

Step 1: GO was synthesized using the modified Hummer’s method [17].

Step 2: GO sheets were dispersed in a mixture of deionized water and ethanol; and sonicated for 60
min, to stabilize the GO. Then, SrFe12019 nanoparticles were added to the dispersed solution with the
weight ratio SrFe12019/rGO of 9/1 and the mixture was stirred for 24 h. The resulting nanocomposite
was separated magnetically and dried at 80 °C overnight in air.



74 T.T.V.Nga et al. / VNU Journal of Science: Mathematics — Physics, Vol. 40, No. 4 (2024) 72-81

SrFe12019/SiO2 nanoparticles were synthesized via a modified Stéber method. Firstly, the surface of
1.0 g of SrFe12049 particles will be modified by dispersing them in 20 ml ethanol ultrasonically for 2 h.
After that 5 ml of deionized water and 1 ml of tetrathyl orthosilicate (TEOS) were added to the solution
and sonicated for 30 min. Then, 0.2 ml of NH,OH was added into the mixture under stiring for 8 h at room
temperature. Finally, the products were washed with deionized water and dried at 60 °C for 24 h.

2.2. Characterization

Experiment results indicated that the samples combined with paraffin have a mass concentration of
30%, displaying promising blending characteristics. Upon undergoing toroidal molding, the mixtures
acquired an internal diameter of 3.04 mm and an external diameter of 7.00 mm. The microwave
absorption properties were studied by using the Keysight PNA-X N5242A vector network analyzer. The
characteristics of the microwave absorption were determined by employing the transmission line method.
The following equations furnished an all-encompassing understanding of RL [18]:

Zin — ZO , (1)
in 0

’ . 2nfd
Zin =2, %tanh(Jn?\/ursrj' )
r

In analyzing absorber input impedance (Zin), intrinsic impedance of free space (Zo), the intricate
relative permittivity (er) and permeability (u) were considered. The thickness of the samples (d),
frequency of the incident light (f), and velocity of light propagation in a vacuum (c) are the additional
factors to be considered in this work.

The crystalline structure the samples were identified via X-ray powder diffraction (XRD) using a
Siemens D5000 diffractometer (Cu-Ka radiation; A = 1.54056 A). The morphology and the particle size
were observed via scanning electron microscopy (SEM; JEOL-JSM 7600F). The Raman spectra were
obtained using a Raman spectrometer in the 200+2000 cm™! range. The chemical groups were analyzed
using Fourier transform infrared (FTIR) spectroscopy measurement (Nicolet 6700) in the range of 400
cm'to 4,000 cm™!. The magnetic properties were measured using a vibrating sample magnetometer
(Lakeshore 7410) with applied magnetic fields of up to 15 kOe.

RL(dB) = 20.log

3. Results and Discussion
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Figure 1. XRD patterns of SrFe12019, SrFe12019/rGO and SrFe12,014/SiO; samples.
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Fig. 1 shows the XRD patterns of SrFe12019, SrFei12019/rGO, SrFe;2014/SiO, samples. For all
samples, all detected diffraction peaks correspond to those of strontium hexaferrite (PDF file number
00-033-1340). After combining with GO and SiO,, we did not observe any characteristic peaks of SiO»
and GO. This may be attributed to the weight percentage of GO (10%) is much smaller than SrFe1201g
(90%) [17] and SiO, formed an amorphous manner in the composited samples [19]. Figure 2 shows
FTIR spectra of SrFe;20:0/rGO and SrFe1,014/SiO, samples, the samples show a peak at 582 ¢cm
corresponding tothe metal-oxide boning in strontium hexaferrite structure [20-22]. The spectrum of
SrFe12010/rGO sample includes all the peaks of pure SrFe12010 and additinal peaks at 3460 cm™, 1630
cm?, 1215 cm? and 1090 cm belong to the stretching mode of OH group, C=C stretching mode,
stretching of C-OH in COOH group ,and C—-O-C stretching vibrations, respectively [22-24]. While the
spectrum of the SrFe;2014/SiO; sample exhibits distinctive peaks corresponding to SiO, bonds (Si-O
and Si—O-Si) in the range of 800 cm™ to 1221 cm™, the vibration at a wavenumber of 1624 cm™
indicates the presence of Si— OH bonds [21, 22]. These results confirm the presence of both rGO and

SiO; in the composite material.
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Figure 2. FTIR analysis of SrFei2019/rGO and SrFe1201¢/SiO2 composite samples.
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Figure 3. EDX mapping analysis results of SrFe12019, SrFe12010/rGO, and SrFe12010/SiO, samples.
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The EDX spetra of pure SrFe;2019, SrFe12019/rGO and SrFe2010/SiO, samples are presented in
Fig. 3. One can see that the pure SrFe12019 Sample consists of Sr, Fe and O elements (Fig. 3a), the ratio
of Sr, Fe and O in this sample was determined to be of 1: 12.5: 19.2. While for the SrFe;,014/rGO and
SrFe12010/SiO, composite samples (Fig. 3b, c), except for Sr, Fe and O, other peaks such as C and Si
also exist. These results confirmed graphene and SiO; phases in the composite samples. The XRD, FTIR
and EDS have proved the successful synthesis of SrFe12010/rGO and SrFe12014/SiO2 composite samples.

Figure 4. FESEM micrographs of SrFe;,019, SrFe12014/rGO, and SrFe;2014/SiO, samples.

Figure 4 presents scanning electron microscopy (SEM) micrographs illustrating the morphology of
SrFe12019, SrFe12019/rGO and SrFe;.014/SiO, nanocomposite samples. SrFe1.019 particles exhibited a
hexagonal platelet shape and a smooth surface. The average particle size of these plate-like SrFe12019
was evenly distributed in the range of 50-100 nm. The FESEM images of SrFe12014/rGO sample showed
good stability in the distribution and dispersion of SrFei,0O19 nanoparticles on rGO sheets. For
SrFe12019/SiO, composite sample, one can clearly see that SiO; coating is enwrapped on the SrFe12019
surface forming SrFe1,010/SiO2 nanocomposites with core- shell structure. The average particle size was
distributed in the range of 60 + 120 nm.

Figure 5 compares the hysteresis loops of three samples at room temperature. One can see that all
samples exhibit a hardmagnetic behavior, with coercivity Hc reaching 6.9 kOe. The saturation
magnetization (Ms) of the SrFe;2019, SrFe12010/rGO, and SrFe12014/SiO; are of 59.4, 57.6 and 40.5
emu/g, respectively. This is due to the presence of nonmagnetic contents (rGO and SiOy).
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Figure 5. Hysteresis loops of SrFe12019, SrFe12010/rGO, and SrFe12019/SiO; samples.
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Figure 6. Frequency dependence of the real (a, ¢) and imaginary (b, d) parts of complex permittivity (€)
and complex permeability (i), respectively.

Fig. 6 shows the relationship between the real and imaginary components of the complex
permittivity (¢), complex permeability (L) and their frequency-dependent properties. The real parts of
complex permittivity (¢’) and permeability («’) represent the storage of electric and magnetic energy,
respectively. The imaginary parts of complex permittivity (¢”) and permeability (1") are characteristics
of the loss of electric and magnetic energy, respectively. The real (¢) components of complex
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permittivity (¢) show a decrease with increasing frequency. In the low frequency, the ¢ of
SrFe12019/SiO, sample decrease with increasing frequency and then fluctuates between 3.2 and 3.5. ¢”
of SrFe1,019 and SrFe1,010/rGO samples go up slighly with frequency, where &” of SrFe12010/SiO;
sample go up significantly with frequency. As shown in Figs. 6¢ and 6d, x' and ux" represent a
complicated insituation with an amount of diffraction peak which related magnetism behavior inside a
structure. u" of SrFe12019/rGO and SrFe12014/SiO, samples are larger than the one of SrFe12019Sample,
this indicated an improvement in the magnetic loss of materials. The enhanced magnetic properties,
specifically the real and imaginary parts of the complex permeability of SrFe;2019 @rGO and
SrFe12019/SiO, compared to SrFe;2019 can be attributed to the effect of addition of rGO and SiO,. The
addition of rGO and SiO, makes the increase of the surface area and more interaction sites introduced.
For all parameters, the real part is largeher than the imaginary part. This indicates a tendency to store
energy in these materials.

The dielectric (tand. = &''/¢") and magnetic loss tangent (tand, = u"/n’) were determined. Fig. 7 shows
the dependence of tand. and tand, on frequency (f). The dielectric and magnetic loss tangent signifies
the extent to which microwaves lose energy. The order of the dielectric loss between 2 and 12 GHz of
frequency was obtained for SrFe;2014/SiO2, SrFe12019/rGO and SrFe1,019 Samples. Introducing rGO and
SiO; to SrFe12019 System results in the decrease of the resistivity, leading to the increase in the dielectric
loss. However, within the frequency range of 14-18 GHz, the dielectric loss of SrFe;2014/rGO and
SrFe12019 increases, surpassing the dielectric loss of SrFe12014/SiO, sample. The magnetic losses also
show a similar trend with the frequency range from 2 GHz to 18 GHz. The loss tangent values of all
samples are larger than the dielectric loss tangent values over the entire frequency range, suggesting that
the magnetic loss dominates microwave absorption.
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Figure 7. Frequency dependence of the dielectric (tand. = €''/¢") (a) and magnetic loss tangent
(tand, = pn''/n’) (b), respectively.

Usually, when the reflection loss (RL) reaches values of -10 dB and -20 dB, it indicates that a
significant amount of electromagnetic waves (EMW) can be absorbed. Typically, when the reflection
loss is below -10 dB, it indicates that more than 90% of the microwave is absorbed. Only absorbents
with a reflection loss below -10 dB are suitable for practical use. As a result, the frequency range that
shows RL values below -10 dB can be categorized as an electromagnetic absorption band (EAB).

Fig. 8 displays the computed reflection loss values for the SrFei2019, SrFei;2019/rGO and
SrFe12010/SiO, materials. The layer thickness investigated ranges from 1.5 to 5.0 mm, and the frequency
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range analyzed is from 2 to 18 GHz. The RLmin value of SrFe;2019 is -43.55 at 13.2 GHz with an EAB
of 13.2 GHz for thicknesses of 5.0 mm. The SrFe12010/rGO sample achives lower RL with thinner
thickness. The RLmin OF SrFe12010/rGO reaches -56.21 dB at 18 GHz with EAB of 12 GHz for thickness
of 3.5 mm. Whereas SrFe1201¢/SiO2 shows RLnin Of -46.47 dB at 13.92 GHz with an EAB of 9.2 GHz
with test thickness of 2.0 mm. Thus, the rational introduction of graphene layer and tiny silica particles
contributed to the improved microwave absorption performance. On the other hand, all samples show EAB
(reaching more than 13 GHz) indicating a remarkable improvement in microwave absorption ability.

v T M 1 S —— -—
] " " " " "

1ONY 11GHz)

Figure 8. The reflection losses of (a) SrFe1201g, (b) SrFe12010/rGO and (c) SrFe12014/SiO, samples.

4. Conclussion

SrFe12019/rGO and SrFe12019/Si0O, samples were successfully prepared by chemical methods. The
obtained results show that the SrFe1,019 nanoparticles were wrapped by rGO sheet and covered by tiny
SiO; particles that exhibited excellent microwave absorption performance in combination with a wide
absorption band and enhanced reflection loss. Notably, with a thickness of 3.5 mm, the minimum RL of
SrFe1201/rGO sample reachs —56.21 dB at 18 GHz which lower 20% than that of SrFe12014/SiO,
sample. The analysis results reveal that the excellent microwave absorption performance of the samples
is attributed to the multi-component structure, suitable nature of materials. In addition, the synthesis
process of the samples is simple, thus easy to operate. The obtained results of this worksuggests new
approaches for designing broadband and highly efficient microwave absorbents.
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