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Abstract: Reduced graphene oxide (RGO) was successfully prepared by reducing graphene
oxide (GO) by zinc powder in this paper. Then the reduced graphene oxide (RGO) was
combined with Fe and Ni nanoparticles to form RGO/Fe and RGO/Ni composite absorbing
materials. The morphology, chemical composition, magnetic properties and electromagnetic
parameters of RGO/Fe and RGO/Ni were characterized by means of scanning electron
microscopy(SEM), X-ray diffraction(XRD), vibrating sample magnetometry (VSM) and vector
network analysis (VNA) to study absorbing mechanism of the as-prepared
RGO/magnetic-metal composites, including the effect of magnetic particles Fe and Ni on the
absorbing properties. The results showed that in the frequency range of 2-18 GHz, the effective
absorption band of RGO/Fe was wider than that of RGO/Ni, with larger reflection loss.

1. Introduction

Recently, microwave technology is developing rapidly in digital equipment and radar detection.
Inevitably, electromagnetic radiation came into being. Therefore, the national security problems
caused by electromagnetic radiation and electromagnetic environment are also becoming more and
more serious. Therefore, it is a key and urgent task to develop electromagnetic absorbing materials
that reliably and effectively reduce electromagnetic radiation™l,

Graphene is a new type of functional material with low density, large specific surface area, good
electrical conductivity, and high dielectric constant. It can make external electrons easily polarize and
relax under electromagnetic field and consume electromagnetic waves. Therefore, it has a very good
application prospect in the field of electromagnetic protection and electromagnetic stealth® 1,
Sang-Eui Lee et al. combined graphite sheet with a volume fraction of 5% with epoxy resin to prepare
an absorbing sample, and achieved a reflection loss (RL) of -22 dB at a thickness of 7 mm(®l. Singh et
al. mixed 10% of layered porous graphene with nitrile rubber, and the results showed that the
graphene/butyronitrile rubber exhibited a very high dielectric loss tangent!”l. However, according to
the theory of electromagnetic complementation, single or excessive dielectric loss and magnetic loss
are not conducive to the improvement of absorbing performance. The impedance mismatch of
graphene is due to the high complex permittivity, which severely limits the microwave absorption
properties of graphenel®. At the same time, absorbing materials with a single loss mechanism are
increasingly difficult to meet the ever-expanding microwave frequency band. Wherefore, it is an
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effective solution to combine graphene with other absorbing mechanism materials to improve
impedance matching and enhance electromagnetic wave absorption performance through the
synergistic effect of electromagnetic parameters. Soft magnetic metal is an ideal matching material
with graphene because of its high magnetic permeability®. Due to the adjustable complex
permeability and complex permittivity, graphene/magnetic metal has received more and more
attention[7,

In this paper, zinc oxide was used to reduce graphene oxide and metal ions by redox method.
Graphene oxide reduced by zinc powder was structurally stable, which contained some residual
defects and oxygen-containing functional groups. Moreover, it could introduce polarization relaxation
and dipole relaxation ™4, In order to reduce the influence of agglomeration on the absorbing properties
of composite materials, the thick graphene oxide prepared by Hummer method was used in this paper.
Here, two metal elements, Fe and Ni, were selected to study the effects of magnetic metals on
graphene composites.

2. Experiment

2.1. Synthesis of graphene@soft magnetic metal nanocomposites

The graphene oxide (GO) was prepared by the modified Hummer method, and the reduced graphene
oxide(RGO) suspension was obtained by reducing GO with zinc powder. The average thickness of the
RGO was ~19 nm.

The specific steps for preparing RGO/soft magnetic metal nanocomposites were as follows: First,
transparent uniform ferric sulfate (FeSO4) solution was prepared by dissolving 5.56 g of FeSO4 ¥H20
in 400 mL of deionized water. In addition, 60 mg RGO suspension was weighed to added into the
above FeSO4 solution, and stirred well until a uniform mixed solution A was obtained. Next, solution
B was formed by dissolving 9.07 g of NaBH4 and 0.8 g of NaOH in 240 mL of deionized water, and
magnetically stirred for 10 min to evenly mixed. After the above two solutions of A and B were
completed, the two mixed solutions A and B were slowly dropped into the reaction tank to carry out
reaction. The mixture was allowed to stand for 6 hours to ensure adequate response. After it was fully
reacted, the obtained product was vacuum-filtered and dried, then grinded, an RGO/Fe nanocomposite
was obtained. Identically, for the goal of obtaining the RGO/Ni nanocomposite, 5.56 g of
FeSO4 7H20 was replaced with 5.257 g of NiSO4 6H20, and the above preparation was repeated.

2.2. Testing and characterization

According to the transmission line theory, for a single-layer absorbing material with a metal backing
plate, based on the measured complex permittivity, permeability data and the given thickness, the
usual reflection loss (RL) can be calculated by the following formula & *21:

1/2
zZ. =[M) tanh( 1(2—”) fd “'S“J (1)
&6, c
RL=201g((Z,,~Z,)/(Z,, +Z,)| )

Where Z, is the impedance of free space, Z, is the input impedance between free space and the
material interface, c is the speed of light, f'is the frequency of the microwave, and d is the thickness of
the absorbing material.

The complex permittivity and permeability need to be characterized by vector network analyzer
using the coaxial reflection/transmission technique in the 2-18 GHz band. Therefore, paraffin-bonded
graphene/magnetic metal composite particles were used to press a ring-shaped sample having an outer
diameter of 7 mm, an inner diameter of 3.04 mm, and a thickness of 2 mm, wherein the mass fraction
of the composite particles was 40%.
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3. Results and discussion

3.1. Characterization of the samples

Spherical magnetic metal nanoparticles were successfully deposited on the surface of the reduced
graphene oxide (RGO), and no agglomeration occurred. In the high-power diagram, it could be clearly
seen that there were some wrinkles on the RGO film, and the nanoparticles were uniformly grown on
the RGO film. The spherical nanoparticles were uniform in size, about 100 nm.

[t ,-'.‘- (b)

£

Figure 1. (a), (b) and (c), (d) are the SEM images of RGO/Fe and RGO/Ni nanocomposites.

The XRD pattern of the composite material was shown in figure. 2(a). The diffraction peak of
RGO/Fe was located at 26=23°and 45°, and diffraction peak at 45°corresponded to the (110) crystal
plane of iron. While the diffraction peaks of the RGO/Ni were located at 26=23 and 44.8°, and the
diffraction peaks at 44.8 Tnatched the nickel (111) crystal plane. The weak diffraction peak at 23 0f
RGO/Ni and RGO/Fe all corresponded to the RGO (002) crystal plane. Figure. 2(b) showed the
hysteresis loop (M-H curve) of RGO/Fe and RGO/Ni at normal temperature. Both materials exhibited
typical ferromagnetic properties. The saturation magnetization and coercive force of RGO/Fe were
93.48 emu/g and 76.42 Oe, respectively, while the saturation magnetization and coercive force of
RGO/Ni were 3.54 emu/g and 16 Oe, respectively. The magnetic properties of materials were closely
related to their morphology, structure, size and crystallinity!®l. The magnetocrystalline anisotropy of
the materials can be determined by the value of M,./M . Under the applied electromagnetic field,
the magnetocrystalline anisotropy energy of RGO/Fe was 0.039, which was about 3 times that of
RGO/Ni. Higher magnetocrystalline anisotropy enabled it to have a larger coercive force Hc, and
larger Hc was often able to make RGO/Fe to obtain a larger imaginary part («") of magnetic
permeability, which in turn gived RGO/Fe better absorbing properties.

(a)

Intensity (a.0.)

......

Magnetization (emuwg)

Field (kO¢)

Frequency (GHz)

Figure 2. (a) and (b) are the XRD patterns and hysteresis curves of RGO/Fe and RGO/Ni
nanocomposites.

3.2. Microwave absorption

It could be obtained from figure. 3 that the real part (¢') and the imaginary part (¢") of permittivity of
the two composite materials had large fluctuations in the frequency range of 2-18 GHz. The ¢' of
RGO/Fe gradually decreased with increasing frequency, which was caused by the polarization lag of
the electric dipole. The overall trend of the complex permittivity of RGO/Ni was gradually decreasing
with increasing frequency at 2-13 GHz, while large fluctuations appeared at 14-18 GHz. The ¢" of
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RGO/Fe and RGO/Ni slowly increased with frequency in the low frequency band. After 8 GHz, the &"
of RGO/Fe fluctuated around 4, yet RGO/Ni was fluctuating violently. The fluctuations of the two
composite materials at higher frequencies were due to that the dipole moment orientation polarization
gradually dominated in the composite material as the frequency increased and the electron polarization
was caused by the non-coincidence of the equivalent center.

(@)= (b)
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Figure 3. (a) and (b) are the curves of real and imaginary permittivity; (c) and (d) are the curves of the
real and imaginary parts of the permeability of RGO/Fe and RGO/Ni with the change of frequency.

The real part (u') of the complex permeability of RGO/Fe increased first with increasing frequency
and then tended to stabilize and then increased, accompanying by slight fluctuations in 5-18 GHz. The
y' of the RGO/Ni magnetic permeability droped sharply at 4-5 GHz and 12.5-14 GHz, and rised
slowly in other frequency bands. Whether it was the real part or the imaginary part of the magnetic
permeability of RGO/Ni, there were obvious peaks at both the 4 GHz and 13 GHz frequencies. The p"
of RGO/Fe showed a small peak at about 2.5 GHz, which fluctuated slightly in the subsequent bands.

The reflection loss (RL) at different thicknesses was calculated as shown in figure 4. When the
thickness of the sample was 2 mm, the maximum reflection loss of RGO/Fe at 9.22 GHz was -25.6 dB,
and the effective bandwidth (RL < -10 dB, electromagnetic wave absorption reached 90%) was
located at 7.9-11.1 GHz with 3.2 GHz absorption band. As the thickness increased, the absorption
peak gradually shifted to the low frequency, movin from 9.22 GHz to 3.6 GHz; and the absorption
intensity increased from -25.6 dB at 2 mm to -51.06 dB at 4 mm. The RGO/Ni composite exhibited
multiple absorption peaks. When the thickness was 2 mm, it had a broad absorption peak at 8-10 GHz.
However, in the 2-18 GHz, the electromagnetic wave absorption was less than -10 dB. When the
thickness increased to 3 mm, the maximum reflection loss reached -17.4 dB at 4.44 GHz and the
effective bandwidth covered 3.2-7 GHz.

(a) . [

RGO/Fe

@

wemey (GH)

Figure 4. (a) and (b) are respectively the reflection loss curves of RGO/Fe and RGO/Ni with different
thickness; (c) (d) are impedance matching curves of RGO/Fe and RGO/Ni with different thickness.

Basic characteristics of electromagnetic absorbing materials: impedance matching and loss
capability™], The impedance matching (the input impedance of the absorbing material matches the
free space impedance) allows the electromagnetic wave to easily enter the material for less reflection.
The ideal impedance matching condition is Zin/Z0=1, but it is often not achieved in practice, so often
by adjusting Zin/Z0 to be close to 1. It could be seen from figure 4(c) that the best frequency of
impedance matching of RGO/Fe at 2-4 mm thickness were 9.22 GHz, 5.9 GHz, and 3.6 GHz,
respectively, which corresponded to the frequency of the maximum absorption peak of RGO/Fe.
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Meanwhile, it was also found that as the thickness of these samples increases, the frequency with the
best impedance matching moved from 9.22 GHz to 3.6 GHz. That was, it moved toward the low
frequency, which was consistent with the direction in which the absorption peak moved. From figure
4(d), RGO/Ni had similar results to RGO/Fe.

The dielectric loss tangent (tan8,) and magnetic loss tangent (tan ;)  of the two materials
were calculated to further understand the loss mechanism. The RGO/Fe dielectric loss tangent went up
with fluctuations in the 2-18 GHz, varying from 0.15 to around 0.5. However, the magnetic loss
tangent had a peak at 2.5 GHz and then gradually stabilized around 0.1. It could be inferred that the
dielectric loss tangent of RGO/Fe was lower than the magnetic loss tangent in 2-4 GHz, while the
dielectric loss in the 4-18 GHz was the main loss mechanism. The RGO/ Ni dielectric loss tangent and
the magnetic loss tangent curves had two sharp peaks in the whole test frequency band.

[

Figure 5. (a) and (b) are tangent curves of dielectric loss and magnetic loss of RGO/Fe and RGO/Ni
nanocomposites; (c) and (d) are RGO/Fe and RGO/Ni col-cole semicircle; (e) is the value of CO of
RGO/Fe and RGO/Ni nanocomposites changes with frequency curve.

As is well known, Dielectric loss includes the extremely important loss mechanism of Debye
relaxation 6 171, From the transmission line theory, the complex permittivity can be expressed by the

following formula (8 191;
PO o 2 E.-& 2
2 -
1 S 00 n S 00 3
(5 — j -‘r(é‘ ) _[ 2 j ( )

Where 7, &, and &g are the polarization relaxation time, the permittivity in optical frequency and
the static dielectric constant, respectively. Each Cole-Col semicircle corresponded to a Debye
process?%l. These relaxation processes resulted from the migration of carriers between the reduced
graphene oxide and the magnetic metal particles, and interfacial polarization, which was due to the
accumulation of a large amount of charge between particles and paraffin. Both samples had multiple
Cole-Cole semicircles. Compared with RGO/Ni, the Cole-Cole semicircle of RGO/Fe was obviously
distorted. These curves showed that in addition to the Debye relaxation process, residual defects in
RGO and oxygen-containing functional groups could accumulate electrons which caused electron
polarization to form dielectric relaxation.

4. Conclusion

In this paper, RGO/Fe and RGO/Ni nanocomposites were successfully prepared by zinc oxide
reduction of graphene oxide and metal ions. The effects of morphology, electromagnetic parameters,
impedance matching and Debye relaxation on the absorbing properties were systematically
investigated. At a certain thickness, the absorption peaks of RGO/Fe and RGO/Ni are at the best
impedance matching frequency. As the thickness increases, absorption peak moved to the low
frequency band as well as impedance matching frequency. Meanwhile, due to the large coercive force,
good impedance matching and strong loss capability of RGO/Fe, electromagnetic waves could enter
the absorbing material as much as possible to induce large attenuation. The visual representation was
that the RGO/Fe absorption band was wider with better absorbing performance.
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