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Abstract The fabrication of lightweight graphene oxide aerogel (GOA) composites with barium
ferrite (BF) nanoparticles is investigated in this study as a method of shielding electronic and
telecommunication equipment from electromagnetic radiation. The effects of various weight per-
centages of barium ferrite nanoparticles on the microstructure, phase, magnetic characteristics,
and wave absorption were investigated. The XRD, FTIR, Raman spectroscopy, X-ray Photoelec-
tron spectroscopy (XPS), thermal gravimetric analysis (TGA) and differential scanning calorimetry
(DSC), FESEM, and vibrational magnetometry (VSM) and the vector network analyzer (VNA)
were used to characterize the sample.

Results show that barium ferrite nanoparticles had a saturation magnetization of 42.94 emu/g,
whereas graphene oxide aerogel composite containing 67 wt% of barium ferrite nanoparticles
had a saturation magnetization of 29 emu/g. The Coercivity of the composite rose when the amount
of barium ferrite nanoparticles was reduced. Within the matched frequency of 12.1 GHz and an
effective absorption bandwidth (RL < —10 dB) of 2.6 GHz, the graphene aerogel nanocomposite
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sample with a thickness of 4 mm and 40 wt% of barium ferrite nanoparticles had the highest level of

reflection loss (—43 dB).

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Electromagnetic pollution is progressively created by industrial and
electronic equipment, seriously threatening human health (Zhou
et al., 2019). This issue has led to the rapid development of electromag-
netic wave-absorbent materials (Liu et al., 2023). Over the past dec-
ades, ferrite materials, conductive polymers, composite materials,
magnetic metal powders, and ceramics have been examined. These
materials have limited applications due to large density, heavyweight,
and environmental degradation in aerospace as well as electronic and
communication technologies. High protectivity within a wide fre-
quency range, small thickness, and lightweight concurrently are the
necessities for these materials (Shen et al., 2019; Xu et al., 2021; Zhu
et al., 2023; Magisetty et al., 2018; Majcher et al., 2020; Cheng et al.,
2020).

Graphene materials, as a very lightweight and low-density material,
have a two-dimensional structure and have been of interest to research-
ers as part of absorbent materials for electromagnetic (EM) wave
absorption (Sun et al., 2020; Xia et al., 2022).

In all cases, special methods should be designed to fully exploit gra-
phene properties to convert two-dimensional materials to three-
dimensional structures. Thus, the preparation and characterization
of graphene materials with a three-dimensional structure, such as aero-
gels, hydrogels, and thick films are very important (Zhang et al., 2016;
Yiet al., 2020; Jia et al., 2021). Among these structures, aerogels have
great potential and have been extensively examined. It suffices to state
that these materials show higher electric conductivity, which has been
prepared through the dispersion of graphene sheets (Shen et al., 2019;
Sun et al., 2020).

Graphene aerogel (GA) is a low-density and porous material com-
posed of a lattice of graphene-compressed sheets. By blending and mix-
ing magnetic particles and dielectric materials, the aerogel of graphene
composites can be synthesized, which is very effective in electromag-
netic wave absorption properties (Huang et al., 2021). Zhao et al. pre-
pared a three-dimensional ACNT/BF/rGO aerogel composite
consisting of reduced graphene oxide (rGO), amorphous carbon nan-
otubes (ACNT), and barium ferrite (BF) nanoparticles through a
self-propagating combustion process for electromagnetic wave absorp-
tion in the frequency range of 2 to 18 GHz. ACNT and rGO were used
to enhance conductivity and dielectric losses, while barium ferrite
nanoparticles were incorporated to improve magnetic losses. The
ACNT/rGO/BF composite exhibited a reflection loss of —19.03 dB
at 11.04 GHz, and the frequency bandwidth was 3.8 GHz at —10 dB
(Zhao et al., 2017).

Zhang and coworkers (Zhang et al., 2018) synthesized reduced gra-
phene oxide/ polypyrrole nanotubes/Fe;O4 aerogel (GPFA) nanocom-
posite for exploring the protective features against electromagnetic
waves via the hydrothermal method. The maximum rGA reflection loss
(RL) was —37.8 dB at 7.8 GHz with a thickness of 4.5 mm; the max-
imum reflection loss of GFA was —47.1 dB at 8.15 GHz with a thick-
ness of 4.5 mm; and the maximum RL value of GPFA was —49.2 dB at
11.8 GHz with a thickness of 3 mm. The bandwidth of reflection loss of
the GA, GFA, and GPFA was 3.7, 4.3, and 6.1 GHz within frequency
ranges of 6.2-9.9, 6.65-10.95, and 9.8-15.9 GHz, respectively. It was
found that upon adding Fe;O4 nanoparticles and PP, nanotubes, the
absorption properties of the EM wave increased in the RGO aerogel
(Zhang et al., 2018).

Gupta et al. (Gupta et al., 2019) synthesized 3D graphene oxide
aerogels composed of cobalt ferrite (CFO) nanoparticles and zinc
oxide nanorods. The G-01 (GO/1%CFO) aerogel reflection loss

increased from —2.56 to —4.22 dB, while the RL value also rose from
25.07 dB to 28.10 dB in (GO/1%CFO/1%ZnO aerogel), indicating the
essential role of ZnO nanorods. With the increase in the reflection loss
due to the mixing of nonconductive CFO nanoparticles and ZnO
nanoparticles, impedance matching was increased. Better protection
of EMI waves with dielectric losses is due to ZnO nanoparticles, and
the magnetic losses are due to the presence of CFO nanoparticles.
Overall, due to low density, high porosity, and wide area, graphene
aerogel showed a total EMI protective effect of 25.07 dB at a thickness
of 5 mm, which would grow to 42.10 dB upon adding cobalt ferrite
nanoparticles. They indicated the addition of magnetic cobalt ferrite
not only contributed to increasing total protection against EMI in
aerogels but also led to an improvement in EM wave absorption from
37.738% to 87.788%. With a further combination of ZnO nanorods
alongside cobalt ferrite nanoparticles in aerogels, the total EMI protec-
tive effect and EM wave absorption increased to 38.56 dB and
93.655%, respectively (Gupta et al., 2019).

Feng et al. (2016) demonstrated that the CoNi/nitrogen-doped gra-
phene hybrids, utilizing the optimized combination of magnetic prop-
erties of CoNi nanoparticles and electrical properties of nitrogen-
doped graphene, exhibit a maximum RL value of —22 dB at 10 GHz
with a thickness of only 2.0 mm. The effective absorption bandwidth,
with a reflection loss below —10 dB, ranges from 3.6 GHz to 18 GHz
for thicknesses of 1.35 mm to 5.0 mm.

Ding et al. (2016) synthesized a 3D CoFe,O,4 / N-doped reduced
graphene oxide (CNGA) aerogel composite via solvothermal and
lyophilization methods. The CNGA sample showed the best micro-
wave absorption performance, with a fine thickness of 2.1 mm. The
CNGA showed a minimum reflection loss of —60.42 dB and maximum
effective absorption bandwidth of 6.48 GHz within 11.44 — 17.92 GHz.
In this composite, the minimum reflection loss was —32.36 dB at a
thickness of 2.2 mm, covering the X band at 3 mm. Ding et al.
(Wang et al., 2013) synthesized reduced graphene oxide (RGO)
nanocomposites with embedded Fe;04/Fe nanoparticles
(FeNR@rGO) via the hydrothermal method for investigating the elec-
tromagnetic wave absorption properties. This nanocomposite sample
(thickness = 4.0 mm) exhibited a minimum RL value of —23.09 dB
at 9.16 GHz.

Wang and his colleagues (Wang et al., 2013) synthesized a type of
nanocomposite for electromagnetic wave absorption in the frequency
range of 2 to 18 GHz using graphene nanosheets (GNS) and Nij g-
Zng,Ce gsFe;.9404 nanoparticles via a deoxidation technique method.
The NijgZng->CegosFer.0404/GNS nanocomposite exhibited a mini-
mum RL value of —37.4 dB at 12.3 GHz. Additionally, it displayed
a broad peak with a bandwidth below —10 dB, ranging from 10.7 to
15.2 GHz.

Ferrites nanoparticles as an EM wave absorbent have been studied
extensively. Barium ferrite is used in electromagnetic wave absorbent
materials due to high magnetic permittivity. Also, high Curie temper-
ature, good chemical stability, and good corrosion resistance are
among the advantages of barium ferrite (Mathews and Rajan Babu,
2021). To the best of our knowledge, there is no report on the effect
of hexagonal barium ferrite nanoparticle content on the EM wave
behavior of GO-barium ferrite aerogel composites. Furthermore, the
majority of reports obtained good reflection loss with three compo-
nents and high density (Huang et al., 2021; Zhao et al., 2017; Zhang
et al., 2018; Gupta et al., 2019; Feng et al., 2016; Wang et al., 2020;
Ding et al., 2016; Wang et al., 2013), however, in this works light-
weight EM wave absorbent was prepared with two parts of GO
nanosheets and BF nanoparticles.
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Table 1 The materials used in the synthesis of samples.

Material name Chemical formula Company
Iron chloride FeCl;-6H,O Merck
Barium chloride BaCl,-2H,O Merck
Sodium hydroxide NaOH Merck
Graphene oxide GO Merck

In this research, a graphene aerogel structure containing ferrite
nanoparticles is used, so that through the good dielectric loss proper-
ties of graphene aerogel, the magnetic losses of ferrite nanoparticles
would cause attenuation of electromagnetic waves inside the final
product. It is expected that the 3D and porous structure of this product
would cause a synergistic effect on the absorption mechanism and
enhance the electromagnetic wave absorption properties of the com-
posite materials compared to conventional materials.

2. Experimental

2.1. Materials

The raw materials used in this research are outlined in Table 1.
The materials have been used without purification.

2.2. Synthesis of graphene aerogel/barium ferrite nanoparticle
composites

For synthesizing the nanocomposite, 0.25 g graphene oxide
was added to 70 ml deionized water and homogenized via
ultrasound device (Toposonic model, Iran) for 30 min. Next,
0.8 g of barium ferrite nanoparticles was added to the mixture
and ultrasonicated for 30 min. The mixture was immediately
transferred into the Teflon-lined autoclave, and the autoclave

barium ferrite nanoparticles
(BaFe O,,)

1219

Graphene oxide

Ultrasonic

homogenizer i

Fig. 1

Aerogel graphene

‘ composites

Schematic of the synthesis step of graphene oxide/barium ferrite aerogels composite.

was placed in the oven at 150 °C for 5 h. Once the autoclave
cooled down to room temperature, the graphene hydrogel/bar-
ium ferrite nanoparticles were placed inside a freeze drier(Dena
Company, Iran) for 24 h. Fig. 1 shows a schematic of the syn-
thesis steps of graphene oxide aerogel nanocomposites with the
addition of barium ferrite nanoparticles.

For the synthesis of 3D nanocomposite samples, the
amount of graphene oxide was kept constant, while the
amount of barium ferrite nanoparticles was changed at
0.125 g, 0.166 g, 0.375 g, and 0.5 g. The aim was to investigate
the effect of different weight percentages of barium ferrite
nanoparticles on graphene oxide sheets on the EM wave
absorption. The samples are named according to Table 2.

2.3. Test methods

For phase characterization of the composites, in this research,
an XRD device (ASENWARE, AW-XDM300) (Sadeghi et al.,
2022; Sivaraman et al., 2022; Jalil et al., 2021; Radjehi et al.,
2023; Ghasemvand et al., 2023) was used with an X-ray wave-
length of CuK, = 0.15140 nm.

To detect functional groups in the synthesized nanoparti-
cles, an FTIR device (Infralum ft-08, LUMEX Co., Russia)
(Suanto et al., 2022) was used within the wavenumber of
400-4000 cm~'. The bulk density of the sample was measured
in paraffin solution (density of 0.775 g/cm®) according to
Archimedes’ principle.

Raman spectra were carried out on a LabRam HR laser
confocal Raman Spectroscopy (Made by HORIBA, Japan)
with a laser wavelength of 532 nm.

X-ray photoelectron spectroscopy (XPS) was performed
under a very high vacuum on the model ESCALAB 250
(USA). The XPS peaks were calibrated regarding C and O
elements.

Autoclave PTFE

Oven
150°C ,5h )

uoyRULIOY [9)
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Table 2 Properties of the samples.

Sample Barium ferrite nanoparticle content (BaFe;,0,9) Graphene oxide content (GO) GO:BaFe,0,9 Sample code
Weight (g) Weight percentage (%) Weight (g)  Weight percentage (%)  ratio

GO - - - - - GO

BF 0.250 100 0 0 0:1 BF

1 0 0 0.25 100 1:0 GA

2 0.080 25 0.25 75 3:1 3GO/BF

3 0.125 33 0.25 67 2:1 2GO/BF

4 0.166 40 0.25 60 3:2 3GO/2BF

5 0.250 50 0.25 50 1:1 GO/BF

6 0.375 60 0.25 40 2:3 2GO/3BF

7 0.500 67 0.25 33 1:2 GO/2BF

Thermal stability using thermal gravimetric analysis (TGA)
of Labsys Evo device at room temperature up to 800 °C with a
rate of 10 °C/min under argon atmosphere (Shi et al., 2023).
Differential scanning calorimetry (DSC, DSC131 evo) device
was applied from room temperature to 600 °C at a rate of
10 °C/min under air atmosphere.

The magnetic properties of the samples, including hysteresis
curves, saturation magnetization, and coercive field were eval-
uated using a vibrating sample magnetometer (Meghntis
Daghigh Kavir, made in Iran) device in a 1.5 Tesla field
(Khorshidi et al., 2022; Marras et al., 2008; Song et al.,
2023; Xu and Liu, 2023; Ngafwan et al., 2021).

PVANS222A device (Malaysia) was used with a frequency
range of 0-26 GHz to measure the dielectric constant and mag-
netic permittivity of the samples.

Field emission scanning electron microscope (FE-SEM)
(MIRA3, TESCAN Co.) was used with a resolution of
1.5 nm at a voltage of 15 kV (Fu et al., 2020; Suanto et al.,
2022) to explore the morphology (Raya et al., 2022; Jasim
et al., 2022; Guo et al., 2022; Fu et al., 2020; Bokov et al.,
2021) of the barium ferrite nanoparticles, graphene oxide
sheets, and distribution of barium ferrite nanoparticles onto
the graphene oxide sheets.

3. Results and their analysis

3.1. Examining the XRD Patterns

Fig. 2a indicates the XRD pattern of graphene oxide (GO)
powder. Two peaks at 20 of 12° and 43° represent the (001)
and (100) planes of GO sheets, respectively (Kumar et al.,
2019; Ain et al., 2019). Also, Fig. 2a depicts the XRD pattern
of graphene oxide aerogel. GO aerogel has two reflections at
23.98° and 42.92°, being related to (002) and (100) planes,
respectively (Pavithra et al., 2017; Jiao et al., 2017). Since the
structure of GO aerogel differs from that of GO powder in
terms of inter-plane distance, and the distance between the
GO aerogel planes is lower than that of GO powder due to
the reduction of C=C functional groups, the diffraction angle
of GO aerogel grows; accordingly, the diffraction at 12° of GO
nanopowders is transferred to 24° in GO aerogel (Fig. 2a), but
the diffraction of (100) plane does not change in the aerogel
process (Jiao et al., 2017).

Fig. 2b displays the XRD pattern of barium ferrite
nanoparticles. The XRD pattern indicates the presence of a
barium ferrite phase with a hexagonal crystalline system

matching the reference code of 078-0.133 and iron oxide impu-
rity matching the JCPDS No. 013-0534.

The diffraction emerging at angles of 30.485, 32.326,
37.252, 40.501, 42.614, 55.318, 56.847, 60.282, 63.384, 67.662,
72.961, and 77.971° are related to planes of (110), (107),
(114), (203), (205), (206), (217), (2011), (2012), (220),
(2014), (317), and (405) for the barium ferrite nanoparticles
structure. The peaks observed at 20 of 24.299, 33.280,
35.744, 40.972, 49.555, 62.540, 64.080, 72.033, and 75.515°
are attributed to (012), (104), (110), (113), (024), (214),
(300), (1010), and (220) planes of iron oxide phase (Fe,O3).

To determine the crystallite size, the Scherrer equation was
used. The crystallite size of the barium ferrite nanoparticles,
using this relation, was found at 15-48 nm. Also, the crystallite
size of iron oxide was achieved by 28—60 nm.

Also, Fig. 2b reveals the XRD pattern of the GO/2BF gra-
phene oxide aerogel composite sample. As seen, most diffrac-
tions of barium ferrite nanoparticles, as explained earlier,
exist in this XRD pattern. Also, the presence of the wide
diffraction within the 26 range of 20° confirms the presence
of GO aerogel. The XRD pattern of other synthesized samples
is also similar to that of the GO/2BF sample, with the differ-
ence that in some samples, the intensity of the barium ferrite
nanoparticles peaks has diminished. This can be attributed
to less separation of GO planes from each other as well as
the low BF nanoparticles to GO ratio. In Fig. S1 of the appen-
dix, the XRD patterns of all samples, including GO/2BF,
2GO/3BF, GO/BF, 3GO/2BF, 2GO/BF, and 3GO/BF are
shown.

3.2. Fourier transform infrared (FTIR) spectroscopy

Fig. 3 displays the results of FTIR of the pure barium ferrite
nanoparticles, GO, and GO/BF nanocomposites. In the FTIR
analysis of barium ferrite nanoparticles, the presence of two
bands at 578 cm™' and 432 ecm™' is related to oxygen-metal
(M—O0) bonds (Feng et al., 2017). Based on Fig. 3, the band
at 432 cm™ ' is related to Fe—O bonds at octahedral sites in fer-
rite lattice (Forushani et al., 2023a), while the wavenumber of
578 ecm™! is associated with the M—O bonds at tetrahedral
sites in the hexagonal structure of the barium ferrite. Thus,
FTIR analysis confirms the presence of hexagonal barium fer-
rite nanoparticles (Vinay et al., 2018; Ghzaiel et al., 2016).

In the FTIR analysis related to GO and GO aerogel, the
presence of a wide peak at 3422 cm ™! is related to stretching
vibrations of O—H in the GO sheets (Gong et al., 2015). Also,
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Fig. 3  FTIR spectroscopy of the GO nanopowders, graphene oxide aerogel (GA) and GO/barium nanocomposites.

the band at 2920 cm ™~ indicates aliphatic stretching vibrations
of C—H, bonds (Zhao et al., 2023; Marras et al., 2008; Zhang
etal., 2016; Wang et al., 2021; Zhang et al., 2022). The band at
1716 cm™! confirms the presence of C—=O0 stretching vibrations
of the carboxylic group, while the peak at 1650 cm ™! originates
from the bending modes of water molecules integrated into the
GO structure (Fig. 3). In the FTIR spectrum of GO/BF
nanocomposite, the wavenumber of 1211 cm™" is related to
the C—O stretching vibrations of GO nanosheets. FTIR dia-
grams of all samples are shown in Fig. S2 of the Appendix.

3.3. X-ray photoelectron spectroscopy (XPS) analysis

Fig. 4 shows the XPS analysis of a graphene oxide/barium fer-
rite aerogel composite (3GO/2BF sample). Based on these
curves, the peaks that originate from constituents of this com-
posite, namely carbon, oxygen, iron, and barium, are
observed. Fig. 4a is related to the full XPS spectrum of gra-
phene oxide/barium ferrite aerogel composite and the elements
in it are specified. In Fig. 4b, the peak of 779.35 eV corre-
sponds to Ba 3d and Ba 3ds, and the peak of 793.45 eV is
related to Ba 3d;, of the barium element. Fig. 4c is related

to the iron element (in BF nanoparticles), which has two peaks
of 709.75 eV and 723.25 eV corresponding to Fe 2p3, and Fe
2p1 2, respectively (Anand et al., 2020; He et al., 2023).

Fig. 4d shows the spectrum of oxygen (O 1s) at the binding
energy of 530.55 eV, which can be quantitatively distinguished
into three different parts. The oxygen is related to metal oxides
with a binding energy of 528.91 eV, metal carbonates with a
binding energy of 530.98 eV and C—O located at 535.38 eV.
Fig. 4e shows the C 1s peaks with a binding energy of
283.55 eV, which can be quantitatively divided into two spe-
cies, which are C—C peak at 283.47 eV and C—O—C with
the binding energy of 286.01 eV (Anand et al., 2020; He
et al., 2023). Fig. 4f shows other peaks of barium elements cor-
responding to the 4d, 5s, and S5p orbitals transition. More
information, including the surface area and content of each
element, is listed in Table 3.

3.4. Raman spectrum analysis

Fig. 5 illustrates the Raman spectra obtained using a laser
wavelength of 532 nm for barium ferrite nanoparticles, gra-
phene oxide sheets, and graphene oxide nanoparticles/barium
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Table 3 Weight atomic ratio, FWHM, and peak areas of the elemental composition of the AGO/BF by XPS analysis.

Elements Position FWHM Area Wt. %

Cls 283.55 3.130 3447.56 74.86

O 1s 530.55 4.531 3073.82 23.44

Fe 2p Fe 2ps), 709.75 4.005 710.69 71.23 1.38
Fe 2py) 723.25 4.030 287.11 28.77

Ba 3d Ba 3ds) 779.35 5.604 404.06 68.24 0.32
Ba 3d;), 793.45 4.500 188.02 31.76

ferrite composite aerogel (sample 3GO.2BF). For a strong
Raman signal, a shorter wavelength (532 nm) is more advanta-
geous as the intensity of the Raman band is inversely propor-
tional to the fourth power of the excitation wavelength
(Hanson et al., 2016).

Two distinct bands at 1353 cm ™! (D-band) and 1586 cm ™!
(G-band) (Budi et al., 2022; Salahdin et al., 2022) for graphene
oxide (GO) indicate that after the fabrication of the graphene
oxide composite aerogel, the D band remains unchanged while

the peak of the G-band shifts to 1598 cm™" (Boruah et al.,
2017). The relative intensity ratio of Ip/Ig was calculated to
be 0.89 for graphene oxide and 1.04 for the graphene oxide
composite aerogel, representing an increase from 0.89 to
1.04, indicating the augmentation of defect points and struc-
tural changes (Hanson et al., 2016; Feng et al., 2022; Sun,
2023).

Furthermore, the peaks of the barium ferrite nanoparticles
(red curve in Fig. 5) used in the fabrication of the graphene
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(3GO.2BF) (blue).

aerogel composite match the peaks of the 3GO.2BF aerogel
composite sample (blue curve in Fig. 5).

3.5. Thermal stability analysis using TGA and DSC

Fig. 6 shows TGA and DSC analysis of pure graphene oxide
aerogel and graphene oxide aerogel/barium ferrite (3GO.2BF)
composite. By examining the thermal analysis (TGA) in the
GA sample, it can be seen that from the temperature of 180
to 280 °C, a weight loss of 3.93% is seen due to the release
of CO, CO, gas (Sun, 2023) and evaporation of adsorbed
water (Kim et al., 2017). After that, the decomposition of
the graphite substructure begins, which results in a greater
weight loss for GO aerogel at temperatures higher than
400 °C (Du et al., 2023). Graphene oxide aerogel lost 11.4%
of its weight up to a temperature of 800 °C (Fig. 6a), but,
the 3GO.2BF sample shows a weight loss of 3.36%. thus,
3GO.2BF aerogel nanocomposite has higher thermal stability
than pure GO aerogel (Fig. 6b).

Fig. 6(c,d) is related to DSC analysis from room tempera-
tures to 600 °C for GA and 3GO.2BF samples. As indicated

in both graphs, the endothermic part is related to the evapora-
tion of water and the exothermic part is related to the oxida-
tion of carbon in the samples. (Sun, 2023; Kim et al., 2017;
Du et al., 2023; Gongalves et al., 2020; Mazaheri Forushani
et al., 2023; Zhang et al., 2022; Du et al., 2023; He et al., 2023).

3.6. Morphological examination

Fig. 7a reveals the FESEM image of the purchased GO pow-
der. As seen in this figure, the GO morphology is planar.
Expectedly, GO has a layered structure, where the thickness
of the planes is 40—50 nm. Fig. 7b shows a FESEM image of
barium ferrite nanoparticles. As observed, the structure of bar-
ium ferrite nanoparticles is hexagonal planar. Based on the
images, the length of the planes is around 250 nm and its thick-
ness is about 50 nm.

Based on the microscopic images in Fig. 8, the 3D structure
of GO has been formed as interlinked twisted layers. Accord-
ing to Fig. 8a and b, the pores present in the aerogel are micro-
metric. Also, the pores are nonuniform, which may have
happened due to drying the GO hydrogel method.
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3GO.2BF.

Fig. 8e-h reveals the FESEM images of GO aerogel /barium
ferrite nanoparticles composite (3GO/2BF) with different mag-
nifications. As observed, barium ferrite nanoparticles have
been bonded to the GO planes randomly and due to van der
Waals force. Barium ferrite nanoparticles have been attached
and at some points agglomerated due to intrinsic magnetic
properties, the small size of nanoparticles, and the use of a
high weight percentage of BF nanoparticles.

It is expected that this agglomeration and nonuniform dis-
tribution on GO planes would not be useful for the absorption
of electromagnetic waves since these conditions cause a reduc-
tion of magnetic loss on GO planes. Carefully inspecting these
images, it is seen that in addition to GO planes, ferrite
nanoparticles have also been linked at the edges of the planes,
which is useful for enhancing the magnetism of aerogel com-
posites. Also, the use of a very high percentage of barium fer-
rite nanoparticles causes the size of pores to diminish and the
separation of GO planes to decline compared to previous sam-
ples. This elevation of weight percentage will be useful for the
enhancement of saturation magnetization and the absorption
of electromagnetic waves.

Fig. 8i reveals FESEM images and its EDS mapping of the
graphene multiplanar surrounded by barium ferrite nanoparti-

cles. This analysis shows the homogenous distribution of Fe
and Ba elements from BF nanoparticles on the C element from
GO sheets.

Fig. 9 shows the EDS diagrams of GO aerogel and GO
aerogel/ barium ferrite nanoparticles composite. As seen, the
level of carbon and oxygen indicates the presence of GO, while
the existence of Fe and Ba elements reveals the presence of bar-
ium ferrite nanoparticles on the surface of GO nanosheets.

3.7. Magnetic behavior

The magnetic behavior of the samples was studied via a vibra-
tional magnetometer. The main factors affecting the magnetic
Hysteresis curve include ferrite phase content and the quality
of the relationship between the magnetic phase and GO aero-
gel. Saturation magnetization can be associated with the fact
that the distribution of barium ferrite nanoparticles within
the homogeneous aerogel structure and at considerable dis-
tances from each other change the bipolar-bipolar interaction
between BF nanoparticles affects the saturation magnetiza-
tion. With the increase in the amount of barium ferrite
nanoparticles in the sample, the saturation magnetization
increases (bipolar-bipolar interaction functions) (He et al.,
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Fig. 7 SEM images of (a) GO, (b) barium ferrite nanoparticles, and (c) schematic of the hexagonal barium ferrite nanoparticles.

2023; Su et al., 2023; Zhao, 2022; Wang et al., 2020; Sharma
et al., 2017).

According to Fig. 10 and Table 4, barium hexaferrite
nanoparticles have hard ferrimagnetic properties. GO and
GO aerogel does not have magnetic properties. With the
increasing amount of barium ferrite nanoparticles in the sam-
ples, the magnetism of the samples grew due to the dense dis-
tribution of nanoparticles on the GO nanosheets with an
increase in the dipole-dipole bonds. Meanwhile, in the sam-
ples, with an increase in the barium ferrite nanoparticles, as
previously observed in the XRD pattern, there is an iron oxide
impurity phase. This impurity has led to reduced saturation
magnetization of barium ferrite nanoparticles compared to
the pure state. In the GO aerogels/ barium ferrite nanoparticles
composite, the saturation magnetization depends on the
amount of barium ferrite nanoparticles. The lower the percent-
age of barium ferrite nanoparticles, the less saturation magne-

tization would become in proportion with the percentage. The
magnetization of 3GO/BF, 2GO/BF, and 3GO/2BF samples is
close to each other, where an increase in the barium ferrite
nanoparticles does not have much effect on their saturation
magnetization. In the GO/BF, 2GO/BF, and GO/2BF sam-
ples, with increasing the amount of barium ferrite nanoparti-
cles, the magnetization grows from 5-7 emu/g to 13-29 emu/
g. These results suggest that with a 50 wt% increase in the bar-
ium ferrite nanoparticles, the effects of magnetization on aero-
gel composite become evident, and gradually with an increase
in the weight percentage of nanoparticles, the magnetic prop-
erties of the composite have also been enhanced.

According to Table 4 and Fig. 10, the most coercivity of
nanocomposite (H. = 3795.16-4091.55 Oe) was enhanced as
compared to pure BF nanoparticles (H. = 3360.46 Oe). The
reduction in the Hc of 3GO/2BF can be due to the separation
of BaFe|,0,9 nanoparticles by GO nanosheets (He et al., 2023;
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Su et al., 2023; Zhao, 2022; Wang et al., 2020; Sharma et al.,
2017).

3.8. EM wave behavior

In the absorption of electromagnetic waves in GO/BF compos-
ite, the most important part is examining the magnetic losses
and dielectric losses of the material. If these losses are high

and their values get close to each other, the maximum absorp-
tion would occur in the electromagnetic absorbent.
According to Relation (1) (Nanni and Valentini, 2011):

(1)

where the real component (W’) is the stored energy and mag-
netic permittivity, while the imaginary component (“p) is the
lost energy or magnetic losses.

= p =y
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Table 4 Magnetic properties of the samples.

Magnetization Coercivity
(emu/g) (Oe)
Graphene oxide (GO) 0 -
Barium ferrite nanoparticles 42.94 3360.46
(BF)
Graphene oxide aerogel 0 -
(GA)
3GO/BF 6.78 4091.55
2GO/BF 5.22 3865.20
3GO/2BF 5.87 2765.85
GO/BF 13 3844.28
2GO/3BF 18 3795.16
GO/2BF 29 3737.75
ex = ¢ —je’ (2)

In Eq. (2), the real part, indicated by ¢, is called the dielec-
tric coefficient, and determines the amount of electrostatic
energy stored in the volume unit of the material at the applied
field. The imaginary part, represented by &”, characterizes th
losses of the energy controlled through a delay in the polariza-
tion as soon as the wave propagates at the time of crossing the
material (Vinay et al., 2018). The tangent of the magnetic
losses is also defined as follows (Vinay et al., 2018):

"

W

tand, = w (3)
tand, = tand, + tand, + tand, 4)
2.
& Absorption 2,
& Y.
A wave @)
Dipole -
L Defect polarization
polarization
Fig. 11

In this definition, tand, represents the tangent of hysteresis
losses, and tand. denotes the residual losses (severe losses are
often prevailing at high frequencies), while tang, is the tangent
of vortexed flow losses (Vinay et al., 2018).

Also, to express the dielectric losses from the dielectric loss
tangent, Relation (5) is used (Ghzaiel et al., 2016, Yusof,
2004).

"

€
tand, = — 5
ans, = & (5)

The larger the imaginary part of the magnetic permittivity
and the imaginary part of the dielectric constant, and the lower
their real parts, the greater the magnetic and dielectric losses
will be in that material, which is more suitable. According to
impedance matching principles, when the magnetic permittiv-
ity becomes equal to the dielectric constant of a material, there
would be no reflection, and the absorption is in the best state.
Also, if the tangent of magnetic losses as well as the tangent of
dielectric losses is close to each other, impedance matching
occurs and the material has good absorption.

To explore the absorptivity of the electromagnetic waves by
the GO aerogel nanocomposites containing magnetic nanopar-
ticles, the schematics of the input electromagnetic wave and its
processes were drawn in Fig. 11.

When the input wave hits the nanocomposite, three states
occur reflection, absorption, and transmission. Since the sam-
ples have GO aerogel and GO planes in them are three-
dimensional and have pores, when the electromagnetic wave
enters and hits the surface of the sample, due to the presence
of pores in aerogel, it penetrates the sample. Then, with a fre-
quent strike to the GO planes, the electromagnetic wave energy
changes into heat energy, whereby the electromagnetic wave is
absorbed into the sample.

@ BaFe,0,
“° 7 Graphene sheet

u Eddy current loss

Schematic of the mechanism of interactions of incident electromagnetic waves with the nanocomposites.



14

R. Ghorbanpour Ghartavool et al.

At the impact of electromagnetic waves on the GO planes,
to which barium ferrite nanoparticles have been bonded, as
previously observed in FESEM images, two states occur so
that the electromagnetic wave would be absorbed. The first
state is dielectric losses on the GO planes due to having electric
conductivity and electric permittivity, which causes absorption
of EM waves with the movement of electrons on the planes
and their transfer to other graphene planes. Also, due to the
occurrence of superficial polarization processes as well as the
dipole polarization on the GO planes, EM wave absorption
occurs.

The barium ferrite nanoparticles linked to GO planes cause
the development of magnetic losses at the time of hitting the
electromagnetic wave to them, whereby wave absorption
occurs in this state. Losses of vortexed flow are one of the three
parts of magnetic loss that cause the absorption of electromag-
netic waves (Mazaheri Forushani et al., 2023; Sharma et al.,
2017).

In the GO aerogel nanocomposites containing barium fer-
rite nanoparticles, due to the 3D state of graphene planes
and the separation that had occurred in the graphene planes
(confirmed by a wide peak at 2theta of 24° in the XRD pattern
of GO aerogel) and observed in the FESEM micrograph, the
dielectric losses resulting from this planar structure will be
high. The presence of pores in nanocomposites causes multiple
impacts of EM waves onto the graphene planes and enhances
the role of dielectric losses in the absorption of electromagnetic
waves.

Nevertheless, the conditions are different for magnetic
losses. This is because the random and nonuniform distribu-
tion of barium ferrite nanoparticles (according to Fig. 8)
causes a reduction of magnetic losses. Meanwhile, based on
the XRD pattern, the detected impure phase (a-Fe,O3) causes
a reduction of magnetic losses. These aforementioned factors
affect the magnetic losses and cause a reduction of these losses
compared to the dielectric losses.

According to Fig. 12, the imaginary part of the magnetic
permittivity of all samples is close to zero, while the real part
of the magnetic permittivity is larger than that. Thus, in the
samples, the magnetic losses are not greater. The imaginary
part of the dielectric constant is close to the real part of the
dielectric constant; so in the composite samples, dielectric
losses are better than magnetic losses. The values of the tan-
gent of the magnetic losses are close to each other. Thus, some
samples can be used as electromagnetic wave absorbents.

Adjustment of electric conductivity is one of the important
parameters in creating EM wave absorbent materials. Increase
in electric conductivity results in increased losses in the vor-
texed flow and conductivity. Meanwhile, with an elevation of
electric conductivity, the extent of apparent resistance coupling
between the environment and absorbent decreases. Thus, the
depth of shells will be very small, and almost all electromag-
netic waves will be reflected by the surface (Forushani et al.,
2023b; Nanni and Valentini, 2011; Wang, 2015).

An increase in the electric conductivity leads to an enhance-
ment in the losses of vortexed flow and conductivity. If a con-
ductive material is placed in an alternating magnetic field, an
induction current would be created in it. This current, which
scatters the energy, is called eddy current loss. The extent of
eddy current losses can be shown at frequencies with low mag-
netic current density with eddy current loss coefficient. For a
sheet with ““d” thickness and electric conductivity of o, the

eddy current loss coefficient (e) is expressed by Eq. (6) (Yang
et al., 2016).

o 47'[2,L;0d20 (6)

Also, if magnetic losses are only a result of eddy current
loss, the Cy constant, which is defined in Relation (7), should
remain constant (Zhang and Cao, 2012).

2

Co = H"\/Wfl = g”#ofm]2 (7)

Using real electric permittivity data (¢), determined based
on the output of the VNA device, the conductivity values
(oac) can be calculated using Egs. (8) and (9):

gAC (S/m) = 2fne0 en (8)

o =2fn 9)

Here, o represents the frequency and gy denotes the electric
permittivity constant in vacuum, which is equal to
8.854 x 107'2 F/m, and e is the Neper number which is equal
to 2.718 (Feher, 2009).

Also, to calculate the electromagnetic wave absorptivity in
an absorbent, it is common to use the reflection loss parameter,
which is obtained from Relation (10) (Ellwood and Legg,
1937).

Z4y—7Zo

RL|(dB) = 20log,,|R| = 20log,)| =——
|RL|(dB) 210/ R| 10 Zi+ Zo

(10)

where Z, represents the free space impedance, defined as
follows:

zoz\/fg‘:s (11)

Ha
- 12
. (12)

ZA:

and Zadenotes the absorbent impedance, defined as follows:

Where the relative dielectric constant “g,” and relative
magnetic permittivity “p,” is frequency dependent.

Also, to calculate the absorbent impedance in the normal-
ized state, an absorbent model with a metal background is
used in which case the absorbent impedance will be expressed
as an Eq. (13)

2nfd
Zeam = Zin =7, \/gtanh (J TET V Hr8r> (13)

where 1, and &, represent the mixed magnetic permittivity and
mixed dielectric permittivity of the material, respectively. Also,
Z, is the impedance of free space, Zram denotes the input
impedance of the interface of composite/ free space, ¢ is the
speed of light in vacuum, f denotes the frequency of the
impacted wave, and d is the sample thickness.

Based on Fig. 13a, the conductivity of the GA sample is
higher than that of other samples due to the 3D state of GO
planes in the GO aerogel. In the GO aerogel composites, due
to the addition of non-conductive barium ferrite nanoparticles,
the electric conductivity is lower than that of GO aerogel. Nev-
ertheless, overall the conductivity of the samples has grown
slightly with the frequency elevation.

According to Fig. 13b, for an increase in the eddy current
losses, the absorbent should have a high thickness and electric
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nanopowders and graphene oxide aerogel.

conductivity. Nevertheless, materials with high electric con-
ductivity have a tendency to create unstable magnetic permit-
tivity at high frequencies, which limits their usage at high
frequencies such as X-band. If the magnetic losses are only
due to eddy current losses, Cy should remain constant in Eq.
(7). The eddy current effect in all samples has the same trend.

Based on Fig. 13c, the minimization of the reflection coef-
ficient is related to the attenuation of wave amplitude at the
time of transmission through the absorbent medium. In other

words, the higher the attenuation coefficient, the greater the
absorption will be. According to the mentioned diagram, the
attenuation coefficient of the EM waves has diminished with
an increase in the amount of barium ferrite nanoparticles. In
Fig. 13d, the impedance of the samples has had the same trend,
where the minimum value is related to GO aerogel and the
maximum to the barium ferrite nanoparticles.

According to Fig. 14, it is observed that in most samples,
the most internal impedance reaches one in a region of the fre-
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quency range 0-18 GHz. If the internal impedance is equal to
one, the impedance matching has occurred for the samples.
When we have impedance matching, absorption of electromag-
netic waves occurs with a high content.

The Em wave absorptivity in an absorbent is usually
expressed through the reflection loss (RL) characteristic. At
this stage, after examining the samples regarding the absorp-
tion of electromagnetic waves and all effective mechanisms,
including magnetic losses, dielectric losses, an increase of elec-
tric conductivity, and impedance matching for every single
sample, their RLs are shown in Table 4. Also, Fig. 15 has
drawn the RL curve for all samples.

GO, barium ferrite nanoparticles, and GO aerogel do not
have much RL value since within the frequency range
0-19 GHz, dielectric losses in GO and GO aerogel alone
cannot be a factor for electromagnetic wave absorption. These
conditions also apply to barium ferrite nanoparticles by having
magnetic losses alone. Nevertheless, barium ferrite nanoparti-
cles at higher frequencies can be absorbent of electromagnetic
waves, and for this absorption by barium ferrite nanoparticles
at X-band, either some elements should be doped in barium
ferrite.

The 3GO/BF, 2GO/BF, and 3GO/2BF samples have three
RL values above 10 dB at a thickness of 1-5 mm. The high sat-
uration magnetization of the samples, as well as the high
weight percentage of the barium ferrite nanoparticles com-
pared to the GO sample, can explain the three RL peaks.

By investigating the RL curves of all samples, the best RL
with —43 dB has occurred at a frequency of 12.1 GHz with a
frequency range of 11-13.4 GHz at a thickness of 4 mm related
to the 3GO/2BF sample. As shown in Table 4, 3GO/2BF aero-
gel composite show less coercivity than other samples due to
the good separation of BF nanoparticles by GO nanosheets.
The GO aerogel nanocomposite containing 40 wt% barium
ferrite nanoparticles with a thickness of 4 can be used as an
absorbent of electromagnetic waves. Other absorption proper-
ties of the electromagnetic waves of the samples are presented
in Table 5.

Comparing the results of the present research with other
studies (Table 6), it is seen that the best RL value obtained
in this research is —43 dB as bicomponent aerogel; considering
the bicomponent nature of the final product, it has had
suitable RL compared to other aerogels with three components
(Zhao et al., 2017; Zhang et al., 2018; Gupta et al., 2019; Feng

Table 5 Absorption properties of the electromagnetic waves of the samples.

First First reflection loss  Second Second reflection Third Third reflection loss Thickness
reflection  absorption range reflection loss absorption reflection absorption range (mm)
loss (dB) (GHz) loss (dB) range (GHz) loss (dB) (GHz)
GO sample —4.9 - - - 8
BF sample —1.5 — — — 10
GA sample —7.8 - - - 9
3GO/BF sample -29 1.9-2.6 —10 6.8-7 —18 14.2-18 5
2GO/BF sample —18 2.6-3.2 -12 8.4-9.6 5
3GO/2BF sample  —43 11.0-13.4 - - 4
GO/BF sample =22 2.6-3.8 —13 9.2-11.2 5
2GO/3BF sample  —16 9.8-11.6 —11.4 3.1-3.8 4.45
GO/2BF sample -35 12.4-15 - - 3.85
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Table 6 Comparison with other studies.

Sample Reflection loss (dB) Bandwidth (GHz)  Thickness (mm) Bulk density (mg/cm3) Ref.
ACNT/RGO/BF —19.03 3.32 2 (Zhao et al., 2017)
RGO/PPy nanotube/Fe;04 —49.2 3.32 3 (Zhang et al., 2018)
CoNi/N-doped graphene -22 - 2 - (Feng et al., 2016)
CoFe,;04/N-RGO aerogels —60.4 6.48 2.1 - (Wang et al., 2020)
Fe;04/Fe/RGO -23.9 3.9 4 - (Ding et al., 2016)
Nig gZng»Ceg gsFe1.9404/GNS  —37.4 4 3 = (Wang et al., 2013)
rGO/Ni —39.03 43 2 (Zhang et al., 2016)
RGO —25.6 4.8 4 - (Xu et al., 2018)
Graphene foam —34 14.3 (3.7-18 GHz) 10 = (Zhang et al., 2014)
rGO/MWCNTs/Fe;04 -33 3.24 3 (Zhang et al., 2016)
Graphene oxide aerogel —30.53 4.1 1.5 7.6 (Wang et al., 2015)
N-doped graphene foams —53.9 4.56 3.5 16.6 (Liu et al., 2019)
3GO/2BF —43 2.4 4 8.4 This work
GO/2BF =35 2.6 3.85 9.3 This work

et al., 2016; Wang et al., 2020; Ding et al., 2016; Wang et al.,
2013; Zhang et al., 2016; Xu et al., 2018; Zhang et al., 2014;
Zhang et al., 2016; Huang et al., 2018; Gordani et al., 2022;
Wang et al., 2015; Liu et al., 2019). The bulk density of
3GO/2BF aerogels (Table 6) was 8.4 mg/cm®, which was lower
than the 3 components of EM wave aerogels (~10-14 mg/cm?)
(Zhao et al., 2017; Zhang et al., 2018; Zhang et al., 2016;
Zhang et al., 2016).

Due to the high specific surface area of graphene oxide
nanosheets and its good wettability, their loading capacity
for metal oxide nanoparticles such as barium ferrite is high.
However, very large amounts of magnetic nanoparticles may
increase the magnetic and dielectric parameters too much
and decrease the impedance matching with the free space.
Therefore, different amounts of different concentrations of
barium ferrite nanoparticles (from 25 wt% to 67 wt%) were
used in this research (see loading ratio in Table 2). Results
show that the sample with loading 40% BF nanoparticle on
GO nanosheets show the highest reflection loss value
(RL = —43 dB).

4. Conclusion

Using the coprecipitation method, barium ferrite nanoparticles with
hexagonal sheet-like morphology were synthesized. Then, graphene
oxide aerogel/ barium ferrite nanoparticles nanocomposite was synthe-
sized with the hydrothermal method. The electromagnetic properties
and absorption of electromagnetic waves of these nanocomposites
were investigated, with the following results obtained:

- By examining the XRD patterns, it was found that the synthesized
barium ferrite nanoparticles were accompanied by iron oxide impu-
rity due to synthesis conditions, including stoichiometric ratio, low
barium reactivity, calcination temperature, etc. This negatively
affected the magnetic behavior as well as the absorption properties
of the electromagnetic waves.

The results of FTIR spectroscopy confirmed the presence of vibra-

tional bonds related to GO nanosheets and barium ferrite nanopar-

ticles in all nanocomposites.

- By examining the morphology of the synthesized nanocomposites,
the GO planes got detached from each other and had a 3D struc-
ture, while the barium ferrite nanoparticles were distributed onto
the planes.

After exploring the magnetic properties of the nanocomposites, it
was found that having high magnetization does not necessarily jus-
tify the high absorptivity of electromagnetic waves. But the GO/BF
aerogel with less coercivity (3GO/2BF) shows the highest RL value
due to the good separation of BF nanoparticles by GO nanosheets.
By testing the RL value of the samples within the frequency range
1-18 GHz, the 3GO/BF, 2GO/BF, and 3GO/2BF samples had two
RL peaks, while the GO/BF, 2GO/3BF, and GO/2BF samples had
three RL peaks above 10 dB at thicknesses of 1-5 mm.

The results of measuring the absorption properties of the electro-
magnetic waves indicated that the maximum RL value of 43 dB
within the frequency range 11-13.4 GHz with a thickness of
4 mm was related to 3GO/2BF sample.
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