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Abstract: In order to improve the absorbing properties of M-
type barium ferrite absorbing materials, M-type barium
ferrite/ graphene oxide composites with different graphene
oxide contents synthesized by the sol-gel
combustion method. X-ray diffraction ( XRD), a scanning
electronic microscopy ( SEM ), a physical properties
measurement system ( PPMS-9), and a vector network
analyzer were used to analyze their structure,
morphology, magnetic and absorbing properties, respectively.
The results show that the absorbing band of the composite
absorbing material is widened and the absorbing strength is
increased compared with the pure M-type barium ferrite. The
sample with the content of doped graphene oxide of 3% has
the minimum reflectivity at 10 to 18 GHz frequencies. Hence,
the doped graphene oxide effectively improves the absorbing
properties of M-type barium ferrite.
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were auto-

surface

he increase in electromagnetic pollution due to the
Trapid development of gigahertz ( GHz) electronic
systems and telecommunications has resulted in a growing
interest in electromagnetic absorption technology''™ . An
ideal electromagnetic wave absorber should exhibit a thin
matching thickness, low density, broad bandwidth, and
strong electromagnetic absorption'*™® . Nanostructured fer-
rite-based materials have attracted considerable attention
from scientists and technologists. M-type barium hexa-
gonal ferrites ( BaFe, O,), also named magnetoplum-
bite, are one absorption of the mostly used ferrites with
applications in permanent magnets, high density magnetic
recording media and millimeter wave devices due to their
low cost, suitable saturation magnetization, good chemi-
cal stability, high resistivity, high magnetic coercivity,
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etc ferrites, as conventional absorbing
materials, have some disadvantages, such as a narrow ab-
sorbing band, low efficiency, high density and quality,
etc, thus restricting their applications to a certain extent
P79 Therefore, it is necessary to synthesize composite
microwave absorbing materials for widening the micro-
wave absorbing band, increasing the absorption intensity
and decreasing the absorbers’ density.

To our best knowledge, much research on composite
microwave absorbers has been reported. Zhan et al.""" de-
veloped a simple, effective and reproducible solvothermal
method for the self-assembly of magnetite nanoparticles a-
long with carbon nanotunes (CNTs), which are believed
to have potential applications in the microwave absorbing
area. Ghasemi et al.!"”! reported that the structural, mag-
netic, and reflection loss characteristics of barium ferrite/
functionalized multi-walled carbon nanotube nanocompos-
ites were evaluated. Wang et al.'"' also reported that Sr-
Fe,0,,/multi-walled carbon nanotube composite exhibits
good absorbing performance at a lower frequency (0 to 6
GHz) with good electromagnetic properties. Previous re-
ports demonstrated that the composites of CNTs and mag-
netic materials would exhibit excellent microwave absorb-
ing properties. Therefore, as a kind of new carbon mate-
rial, graphene oxide may also be a potential microwave
absorbing material similar to CNTs!"*"" . Wang et al.'"”
found that the chemically reduced grapheme oxide shows
enhanced microwave absorption compared with graphite
and carbon nanotubes, and can be expected to display
better absorption than high quality graphene, exhibiting a
promising prospect as a microwave absorbing material.
He et al.""” demonstrated a simple and efficient chemical
approach to prepare multifunctional nano sheets of graph-
eme/Fe, O, with scalable, cost-effective, highly repro-
ducible, and well controllable properties.

However, so far there are few reports on the absorbing
properties of ferrite/graphene oxide composites in the
field of electromagnetic wave absorbers. In this paper,
M-type barium ferrite/graphene oxide composite micro-
wave absorbers are synthesized by the sol-gel auto-com-
bustion method. Then, the effects of doping different
amounts of graphene oxide (0%, 3%, 5%, 7%, 9%)
into the composites on the crystal structure, surface mor-
phology, magnetic and absorbing properties of compos-
ites are investigated.
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1 Experimental
1.1 Sample preparation

The M-type barium ferrite/graphene oxide composite
microwave absorber was prepared by the sol-gel auto-
combustion method. B, (NO,), and Fe(NO,), were dis-
solved in deionized water with a molar ratio of 1:12. Cit-
ric acid was used as a chelating agent to form the homog-
enous, steady and trans-parent sol solutions. The molar
ratio of citric acid to metal nitrates was 2: 1. The gra-
phene oxide was dissolved in alcoholic solution and then
mixed homogenously for 1 h using an ultrasonic agitation
machine. These three solutions were mixed and the pH
value of the solution was adjusted to 7 by adding ammo-
nia solution. The polyethylene glycol (PEG) was added
to the mixed solution'"”’. Then, the obtained solution was
heated at 80 C in a water bath for 4 h to form a sol. The
obtained sol solutions were heated at 120 C for 20 h for
dehydration. During this process, the sol solutions firstly
became viscous gels, and then gels were dried and finally
a self-propagating combustion phenomenon was seen.
When all the dry gels were completely burnt out, fluffy
powders ( called precursor powders) were obtained. The
precursor powders were then fired at 850 ‘C for 3 h to ob-
tain final prepared powders.

1.2 Experimental techniques

The phase structure of samples was examined by X-ray
diffraction (XRD), which operates at 40 kV and uses Cu
Ka radiation in the sweep range of 20° to 90°. Scanning
electronic microscopy ( SEM) examinations were per-
formed using a Nova NanoSEM 430 under the accelera-
ting voltage of 0. 1 to 30 kV. The magnetic characteristics
were measured with a physical properties measurement
system (PPMS-9) at the external magnetic field of -2 to
2 T. The complex permeability and permittivity of the
composite were measured in the frequency range of 1 to
18 GHz with an HP8722ES vector network analyzer. The
sample thickness, test temperature, and environmental
humidity are 2 mm, 0 C, 0%, respectively. The tangent
of dialect, magnetic loss and the reflection loss curves
were calculated and discussed.

2 Results and Discussion
2.1 X-ray diffraction analysis

Fig. 1 shows the XRD patterns of M-type barium fer-
rite/ graphene oxide composite microwave absorber, in
which the mass fraction of graphene oxide was 0% , 3%,
5%, 7%, 9%, respectively. M-type barium ferrite
phase was found to co-exist with a small amount of Fe,O,
phase in all samples. Compared with pure M-type barium
ferrite, the M-type barium ferrite doped graphene oxide
had more characteristic peaks and the impure phases had
stronger intensity. Moreover, the main phase was BaFe,
O,, and the impure phase was Fe,O, in all the five sam-
ples. Therefore, the doped graphene oxide and the a-

mount of doped graphene oxide do not change the kinds
of phase structure of the composite absorbing materials,
but to some extent, increase the impure phase’s intensity.
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Fig.1 XRD patterns of M-type barium ferrite samples doped
different contents of graphene oxide

2.2 Morphology analysis

The SEM photographs of M-type barium ferrite/gra-
phene oxide composite microwave absorber, in which the
mass fraction of graphene oxide was 0%, 3%, 5%,
7% , 9% , respectively, are shown in Fig.2. It can be

(e)
SEM photographs of M-type barium ferrite samples
doped different contents of graphene oxide. (a) 0%; (b) 3%;
(¢) 5%; (d) 7% ; (e) 9%

Fig. 2
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observed from Fig. 2(a) that the microstructure of pure
M-type barium ferrite was irregular flakes, substantially
uniform in size and distribution. Although there was a
certain degree of agglomeration, agglomeration was not
very serious. Figs.2(b) to (e) shows that the microstruc-
tures of the composites retained a flake structure, substan-
tially uniform in size and distribution, but the agglomera-
tion phenomenon was more obvious and the sizes of parti-
cles were larger compared with Fig. 2 (a). For M-type
barium ferrite doped with 3% grapheme oxide, the ag-
glomeration phenomenon was the lightest and the size was
the most uniform. It can be seen that the amount of
doped graphene oxide does not change the flake morphol-
ogy of the composite.

2.3 Magnetic property analysis

Fig. 3 shows the hysteresis loops of M-type barium fer-
rite doped with different amounts of graphene oxide.
Tab. 1 shows the magnetic properties of M-type barium
ferrite doped with different contents of graphene oxide. It
is clearly shown that the saturation magnetization (M),
residual magnetization (M,) and coercive force (H,) de-
creased compared with pure M-type barium ferrite. The
decrease in M, M, and H_ could be most likely due to the
existence of graphene oxide, which had no magnetism,
reducing the magnetic moment. We can also see that the
saturation magnetization, remnant magnetization and co-
ercive force of all samples decreased with the increase in
the mass fraction of doped graphene oxide; wherein the
coercive force became gradually smaller, indicating that
permeability was improved. For M-type barium ferrite
doped with 3% grapheme oxide, the saturation magneti-
zation, residual magnetization, and coercive force were
37.32 emu/g, 18.85 emu/g, 2 910 Oe, respectively,
indicating that the magnetic property reached the best per-
formance. According to the Stoner-Wohlfarth model, S =
M_ /M, gradually deviated away from 0.5 with the in-
creasing mass fraction of doped graphene oxide.
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Fig. 3  Hysteresis loops of M-type barium ferrite samples

doped different contents of graphene oxide

Tab.1 Magnetic properties of M-type barium ferrite doped
different contents of graphene oxide

Mass fraction M/ Residual
of graphene v ] magnetization H.,/Oe S=M,/M,
oxide/% (™ &)y /(emu g7')
0 58.05 28.97 3370 0.499
3 37.32 18.85 2910 0.505
5 31.22 15.77 2 001 0.505
7 19.92 9.42 1823 0.473
9 18.77 7.23 454 0.385

2.4 Analysis of electromagnetic parameters and wave
absorbing property

Electromagnetic parameters (u', u”, &', €”) are the in-
trinsic features of absorbing materials. The dielectric loss
tangent and magnetic loss tangent of the absorber medium
are defined as tan§, (u"/u') and tand, (£"/&'), respec-
tively. Figs.4 and 5 show the variations of dielectric loss
tangent and magnetic loss tangent versus the frequency of
M-type barium ferrite doped with different contents of
graphene oxide.
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Fig.4 Dielectric loss tangent of different composites
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In this case, reflection loss depending on the loss tan-

gent value can be evaluated by"™"™>"
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where Z, is the normalized input impedance.

Z = /%tanh[j Z%T/u grfd] (2)

where u, and g, are the relative permeability and permit-
tivity, respectively, of the composite medium; c is the
velocity of electromagnetic waves in free space; f is the
frequency of microwaves; d is the thickness of the ab-
sorber.

According to these equations, using the specific param-
eters of the composite, the relationship between reflection
loss and frequency of the composite of 2 mm and 2 cm
thick are obtained and shown in Figs. 6 and 7. From Fig.
6, the microwave absorbing properties of the samples had
consistent trends. The reflection loss value for the sample
of 3% graphene oxide gradually decreased in the range of
7 to 16 GHz, and reached minimum ( —0.23 dB). From
Fig.7, the microwave absorbing properties of the samples
also had consistent trends. There were two absorbing
peaks which were in the range of 3 to 5 GHz and 11 to 13
GHz, respectively, reaching — 1.5 and - 3.2 dB. The
reflection loss value for the sample of 3% graphene oxide
reached minimum ( —3.2 dB) at 12 GHz. On the whole,
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Fig. 6 Reflection loss of different composites in 2 mm thickness
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Fig.7 Reflection loss of different composites in 2 cm thick-
ness

the sample of 3% graphene oxide has the best absorbing
properties among all the samples.

Compared Fig. 7 with Fig. 6, it is found that as the
thickness of samples increases, absorbing peaks shift to
the left and the absorbing performance is improved signif-
icantly. M-type barium ferrite/ graphene oxide composite
absorbing materials not only widen the microwave absorb-
ing band, but also increase the absorption intensity com-
pared with pure M-type barium ferrite. This is caused by
the following reasons: 1) Graphene oxide has a special
two-dimensional sheet structure, high electrical and ther-
large specific light
weight, which are beneficial to the absorption and attenu-
ation of electromagnetic waves. 2) Absorption of electro-
magnetic waves of ferrite materials and graphene oxide
are based on magnetic loss and dielectric loss. This
makes the ferrite/graphene oxide composite absorbing
materials absorb electromagnetic waves using two absorp-
tion mechanics to improve their absorbing properties. 3)
The reflection loss of ferrites generally occurs in the lower
frequency range ( < 10 GHz), and the reflection loss of
graphene oxide usually occurs in the high frequency range
( >10 GHz), so the composite of two materials is also
beneficial for widening the band absorption.

mal conductivity, surface area,

3 Conclusion

M-type barium ferrite/graphene oxide composites have
been synthesized using the sol-gel auto-combustion meth-
od. The doped graphene oxide did not change the kinds
of phase structure and the flake morphology of M-type
barium ferrite. Moreover, the magnetic properties of the
composite absorbing material decreased with the increase
in the amount of graphene oxide added. The absorbing
band of the composite absorbing material is widened and
the absorbing strength is increased compared with M-type
barium ferrite, wherein the sample with the content of
doped graphene oxide being 3% has the minimum reflec-
tivity in 10 to 18 GHz frequencies, and at 12 GHz, its
absorbing properties were increased by 20% compared
with the M-type barium ferrite.
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