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Abstract: Currently, electromagnetic pollution management has gained much attention due to the
various harmful effects on wildlife and human beings. Electromagnetic absorbers can convert energy
from electromagnetic waves into thermal energy. Previous reports have demonstrated that reduced
graphene oxide (rGO) makes progress in the electromagnetic absorption (EA) field. But the high value
of permittivity of rGO always mismatches the impedance which results in more electromagnetic wave
reflection on the surface. In this work, sandwich-like rGO/CuS/polypyrrole (PPy) nanoarchitectures
have been synthesized by a facile two-step method. The experimental result has shown that a paraffin
composite containing 10 wt.% of tGO/CuS/PPy could achieve an enhanced EA performance both
in bandwidth and intensity. The minimum reflection loss (RL) value of —49.11 dB can be reached.
Furthermore, the effective bandwidth can cover 4.88 GHz. The result shows that the as-prepared
rGO/CuS/PPy nanoarchitectures will be a promising EA material.

Keywords: reduced graphene oxide; interfacial polarization; dielectric loss; effective bandwidth

1. Introduction

The swift expansion of communication devices, such as mobile phone, wire-less internet as
well as military equipment, have caused an increase in electromagnetic pollution [1-6]. Because of
its harmful effects on the environment and organisms, it has become a serious danger for modern
society. To solve this problem, electromagnetic absorbers have become indispensable. They are a
kind of material that can provide an alternative to the attenuation of electromagnetic waves [7-10].
For practical applications, qualified electromagnetic absorbers should possess several characteristics
such as wide absorption, strong electromagnetic absorption (EA) capability, high thermal stability,
antioxidant capacity, and low weight [11-15]. In the design process, strong attenuation capability and
proper impedance matching are important factors for high-performance absorbers. Generally, if |Z;,/Z
=1 (Zy = 376.7 Q) is the intrinsic impedance of free space, Z;, is the input characteristic impedance of
the absorber), an electromagnetic wave can hardly reflect on the surfaces of the material [16-19].

Carbon materials are representative absorbers, beneficial for their dielectric loss, but the high
value of their conductivity from this kind material always makes their impedance mismatch [20-22].
According to a previous report [23], the calculated minimum reflection loss (RL) of graphene can
hardly reach up to —10 dB. As a traditional absorber, ferromagnetic materials have been used since
the First World War. However, practical applications have demonstrated that ferromagnetic materials
have a lot of drawbacks such as high density, large disparities in electromagnetic parameters, and poor
anticorrosion ability [24-26].
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Advances in the field of EA studies has increasingly paid attention to features such as light
weight, low density, strong absorption intensity, and broad effective bandwidth [27,28]. Numerous
multiple-component materials have been reported to absorb electromagnetic waves. For example,
Feng et al. [29] synthesized ZnFe,;0,@rGO@TiO, microspheres with a yolk-shell structure. The effective
absorption bandwidth can cover 4.1 GHz, and a minimum RL value of —44.3 dB can be achieved
at 15.92 GHz. Pan et al. [30] prepared the novel Fe;0,@SiO,@rGO nanocomposite, and a paraffin
composite with 20 wt.% Fe;0,@5i0,@rGO showed enhanced EA properties. A minimum RL value of
—26.6 dB can be achieved at 9.7 GHz, and the effective absorption bandwidth can cover from 4.4 to
17.3 GHz (2-5 mm). A tunable method for the preparation of multi-interfacial materials is desired
in the field of EA, because the composite can produce extensive interfacial polarization to absorb
electromagnetic waves, and such property is not available in the single-phase.

Graphene has already obtained an enormous reputation because of its wide range of practical
applications. Recently, graphene has been at the forefront in the field of materials research and is
remarkable due to the fact of its high carrier mobility, high surface area, low density, and abundant
defects [31-36]. Generally, graphene is called reduced graphite oxide (rGO). In the EA area, it has
always been utilized as a substrate to synthesize rGO-based absorbers. In recent years, numerous
studies have focused on the combination of rGO with magnetic materials to construct EA materials.
However, in the frequency of 2-18 GHz, large-scale magnetic materials always exhibit low permeability
with little fluctuation which is difficult to handle while the permittivity can obtain modulation in a
simple way. Thus, it is reasonable to fabricate EA materials by modulating the dielectric’s permittivity.
Summarily, it is a permittivity regulating strategy. Quan et al. [23] prepared MoS,/rGO composites
using an effective hydrothermal method. The minimum RL value of —67.1 dB could be obtained
at 14.8 GHz, and the effective EA bandwidth could cover 5.92 GHz (12.08-18.00 GHz). The results
fully demonstrated that Quan’s [23] work acquired absorber with strong attenuation ability and
suitable impedance matching simultaneously. Feng et al. [37] constructed an rGO/ZnO composite
through an in situ crystallization approach. The composite showed an enhanced EA performance
with high absorption intensity (minimum RL value of —77.5 dB) and broad effective EA bandwidth
(6.9 GHz). In light of the existing literature, in this work, we used a facile two-step method and
successfully prepared a ternary rGO/CuS/PPy absorber with sandwich-like nanoarchitectures. As far
as we know, this ternary composite has rarely been reported to date. We aimed to construct an absorber
with the consideration of both moderate impedance matching and attenuation and attenuation
capability. In addition, the EA enhancement in the present work can also be originated from the
intensified polarization of the rGO-CuS interface, rtGO-PPy interface as well as CuS-PPy interface.
Based on the results, the as-prepared sandwich-like rtGO/CuS/PPy absorber exhibited the features of
lightweightedness, strong absorption intensity, and wide effective EA bandwidth which satisfied the
requirements of an excellent EA material.

2. Materials and Methods

2.1. Materials

All chemical regents applied in this study were of analytical grade. The graphene oxide (GO)
powder used in this work was provided from XFNANO, XFNANO Materials Tech Co., Ltd., Nanjing,
China. Pyrrole (Py) monomer, cupric acetate monohydrate (Cu(CH3COO), H,0O), and thiourea were
purchased from GENERAL-REAGENT. Ethanol, ferric chloride hexahydrate (FeCl; 6H,0), and ethylene
glycol (EG) were provided from Shanghai Sinopharm Chemical reagent Co. Ltd., Shanghai, China.

2.2. Synthesis of Ternary rGO/CuS/PPy

Sandwich-like rGO/CuS/PPy nanoarchitectures were prepared by a two-step approach. In the
first step, 35 mg GO and 150 mg Cu(CH3COO), H,O were dissolved in EG (70 mL) and ultra-sounded
for 2 h to achieve a uniform dispersion. One hundred and seventy milligrams of thiourea were then
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added to the mixed solution and magnetically stirred for 30 min. After the reaction, the mixture was
transferred into a Teflon-lined stainless-steel autoclave. The autoclave was maintained at 180 °C for
12 h and then allowed to cool to room temperature. The resulting composite (rGO/CuS) was washed by
ethanol and deionized water until neutral by centrifugal machine. In the second step, 30 mg rGO/CuS
and 135 mg pyrrole was ultrasonically dispersed in a solution containing 2 mL ethanol and 2 mL
deionized water. Then 1.6 g FeCl3 6H,0O mixed in 1.0 mL absolute ethanol and 1.0 mL deionized water
was added into the rGO/CuS/pyrrole solution. The mixed solution was mechanical stirred for 5 min,
and the final product was obtained by aging for 24 h. The rGO/CuS/PPy hybrid was taken out and
washed to remove the impurities. At last, the composite was dried at 60 °C in vacuum.

2.3. Characterization and Measurement

The Raman spectroscopy was collected on a Renishaw in via Raman Microscope equipped with
an excitation line of 532 nm. The structural analysis of the products was collected by X-ray diffraction
(XRD, D8-Advance, Bruker, Karlsruhe, Germany) using a Cu Ko radiation (A = 0.15418 nm) in the
scattering range (20) of 10-80" at an accelerating voltage of 40 kV. Transmission electron microscopy
(TEM, JEM-2100F, JEOL, Tokyo, Japan) and scanning electron microcopy (FE-SEM, 5-4800, Hitachi,
Tokyo, Japan) were used to characterized the morphologies. In the frequency range of 2-18 GHz,
the electromagnetic parameters of permittivity (¢ = ¢’ — je”) and permeability (u, = u’ — ju”) were
collected by vector network analyzer (VNA, N5242A PNA-X, Agilent, Agilent Technologies Inc.,
Santa Clara, CA, USA). The samples prepared in this study were mixed with wax and pressed into
toroidal-shaped samples.

Base on the transmission line theory, the following equations can be used to calculate the theoretical
RL [38,39]:

RL = 201og|(Zin — Zo) / (Zin + Zo)| 1)

r 2 d\/ rér
Zin = 7o /if—tanh(j#) @)

where Zj and Z;,, are the impedance of free space and the normalized input impedance of absorber, c is
the velocity of light, d is the thickness, and f is the frequency. In general, a bandwidth lower than —10
dB (means more than 90% of the electromagnetic energy was absorbed) considered as an effective EA
bandwidth [40,41].

3. Results and Discussion

3.1. Characterization of Samples

The XRD spectra of rGO/CuS/PPy is given in Figure 1la. The diffraction peaks at 27.9°, 29.3°,
31.6°, 33.1°, 47.8°, 52.4°, 59.6°, and 74.0° can be attributed to (101), (102), (103), (006), (110), (108),
(116), and (208) planes of CuS according to PDF 85-0620. The diffraction peak widened which may be
caused by the small grain structure of the sample. It can be observed that a broad peak appeared near
26° and covered the characteristic peak of graphene (002) near 25° which indicated that the PPy in
rGO/CuS/PPy had an amorphous structure, and the scattering pair of protic interplanar molecular
chains of PPy should have a diffraction peak in this range. In general, chemically synthesized PPy was
linked to a—oc bonds, but some «—f3 bonds can cause molecular disorganization and lead to amorphous
PPy. There were no other impurity peaks in Figure 1, indicating that the product prepared in the
experiment was of high purity. Raman spectral characteristic peaks of carbon materials were D-band
at 1341 cm~! and G-band at 1574 cm™!. The D peak was caused by defects in the graphite edge and
inside the graphite, while the G peak was caused by the in-plane stretching vibration of carbon atom
sp? hybridized in the same plane. The strength ratio of peak D to peak G (Ip/Ig) can be used to study
the crystallinity of carbon materials, and the higher Ip/Ig value represents the crystallinity of the lower
carbon. Figure 1b shows the Raman spectrum of rGO/CuS/PPy. After calculation, the Ip/Ig value of
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the composite was 1.02, higher than the Ip/Ig value of GO (0.93), indicating that the graphitization
degree of rGO/CuS/PPy increased and GO was successfully restored to rGO in this experiment.
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Figure 1. XRD spectra (a) and Raman spectra (b) of rGO/CuS/PPy sample.

Figure 2 shows the SEM diagram of rGO/CuS/PPy. The result shows that the product morphology
can be clearly observed in which dense PPy particles evenly cover the surface of graphene and forming
a “sandwich” structure. It can be observed from the enlarged SEM that the surface of graphene was
rough and some excessive PPy particles condensated together to form an irregular banded structure.
No exposed graphene surface and CuS particles growing on the graphene surface were found in the
SEM of rGO/CuS/PPy, indicating that PPy completely enveloped the RGO/CuS composite. The TEM
was used to further characterize the morphology and dimension of rGO/CuS/PPy ternary composites
prepared in this experiment, and the results are shown in Figure 3. As can be seen from the figure,
both the graphene and PPy were translucent, and the dark fringes of the graphene sheet corresponded
to excessive PPy, and CuS particles loaded on the graphene surface were clearly visible (in the dark
shaded area) which is consistent with the results of the SEM. In addition, the distribution diagram of
EDX elements (Figure 4) shows the uniform distribution of C, N, Cu, and S elements on the surface of
graphene, further proving the formation of rGO/CuS/PPy ternary.

Figure 3. Different magnification TEM images of (a,b) rGO/CuS/PPy sample.
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Figure 4. Elemental mappings of C, N, Cu, and S of rGO/CuS/PPy sample.

3.2. Electromagnetic Absorption Property

To reveal the electromagnetic absorption mechanism of tGO/CuS/PPy, the sample was mixed with
paraffin in different proportions and made into a coaxial ring. The electromagnetic parameters of the
material were measured by VNA in the frequency range of 2-18 GHz, and the results are shown in
Figure 5. Because rGO/CuS/PPy lacks magnetic components, the real part of its complex permeability
was close to constant 1, while the imaginary part was close to 0. Samples with different filler loading
were tested in the frequency of 2-18 GHz. 5 wt.% of rtGO/CuS/PPy ¢’ decreased from 6.24 to 3.44,
10 wt.% of rGO/CuS/PPy ¢’ decreased from 9.93 to 5.57, 15 wt.% of rGO/CuS/PPy ¢’ decreased from
15.46 to 7.90, 20 wt.% of rGO/CuS/PPy ¢’ fell to 9.38 from 23.28. The above phenomenon was due to the
increasing applied electric field frequency which makes the inherent dipole in rGO/CuS/PPy paraffin
composite unable to keep up with the changing frequency of the applied electric field, resulting in
dielectric dispersion effect, and the ¢’ value presents a downward trend. More of the electron transfer
between the main and multicomponent and more in the interface of the ternary material related to
interfacial polarization effect.

The RL can reflect the EA performance of materials, and its value can be calculated by
electromagnetic parameters at different frequencies. The calculation formulas have been given
by Equations (1) and (2). As can be seen from Figure 6, the RL peak of all samples moved to the
low frequency with the increase of matching thickness. This phenomenon can be attributed to
the interference caused by the reflection of electromagnetic waves between the upper and lower
interfaces of the coating. When the filler loading was only 5 wt.%, the maximum RL value of the
rGO/CuS/PPy was —10.85 dB, and the corresponding effective absorption band was only 1.8 GHz
(9.04-10.84 GHz). The bad EA performance of 5 wt.% rGO/CuS/PPy was consistent with lower
dielectric loss. For 10 wt.% rGO/CuS/PPy, the maximum RL value reached —49.11 dB at 7.42 GHz
when the matching thickness was 4.0 mm. Meanwhile, when the matching thickness was 2.5 mm,
the corresponding effective absorption band could reach 4.88 GHz (10.96-15.84 GHz). When the filler
loading increased to 15 wt.%, the maximum RL value was —39.55 dB, and the corresponding matching
thickness was 1.5 mm. When the matching thickness was 2.0 mm, the effective absorption band could
cover 4.84 GHz (11.32-16.16 GHz). The contour maps paraffin composites containing different loading
ratio of rGO/CuS/PPy plotted in Figure 7 can more intuitively reflect the EA performance, and it was
obvious that 10 wt.% and 15 wt.% rGO/CuS/PPy had better EA performance. In addition, the amount
of rGO/CuS/PPy filler loading in the paraffin matrix was only 10 wt.% and 15 wt.%, which were far
less than most of the currently reported EA materials.
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Figure 5. Complex permittivity and permeability of rGO/CuS/PPy with the filler loading of 5 wt.% (a),

10 wt.% (b), 15 wt.% (c), and 20 wt.% (d).
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Figure 7. RL contour maps of paraffin composites containing 5 wt.% (a), 10 wt.% (b), 15 wt.% (c),
and 20 wt.% (d) of rGO/CuS/PPy.

Degree of impedance matching can be revealed by impedance matching ratio Z (Z = Z;,/Z).
A higher Z value implies the preferable EA property, Z = 1 indicates the incident wave can enter into
the composite entirely with zero-reflection on the surface. In addition, the energy attenuation should
also be taken into account. The attenuation constant (@) can be expressed as follow [42]:

V2n
f X (‘urrgn — ”Igl) + J(‘urrgn — ”181)2 + (H’E" + ”118/)2 (3)

c

a =

According to the equations respectively, the a and Z of rGO/CuS/PPy composite were calculated,
and the results are plotted in Figure 8. With the increase of the filler loading, the value of @ showed an
increasing trend. While Z showed a decreasing trend with the increase of the filler loading. Because of
the relatively low complex permittivity, tGO/CuS/PPy of 5 wt.% had improved impedance matching
characteristics, but its attenuation capacity was very weak. On the contrary, rtGO/CuS/PPy of 20 wt.%
had excellent attenuation characteristics while impedance matching characteristics were very poor.
The above results are consistent with the analysis of electromagnetic parameters. Furthermore, it can
be seen from the Figure 8 that both rtGO/CuS/PPy of 10 wt.% and 15 wt.% have the upper a value and Z
value, so electromagnetic waves can enter the material to the maximum extent and dissipate its energy
quickly to achieve a better EA performance.
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Figure 8. Attenuation constant (a) and impedance matching ratio (b) for paraffin composites containing
different loading ratio of rtGO/CuS/PPy.

4. Conclusions

In this paper, starting from the design of component regulation, CuS nanoparticles were first
compounded on the surface of the rGO nanosheet by solvent heat method, and then a layer of PPy was
coated on the surface of rtGO/Cus by in situ polymerization, forming an rGO/CuS/PPy ternary material
with a “sandwich” structure. Them SEM, TEM, and other tests showed that in the ternary materials,
dense PPy particles were uniformly covered on the surface of rGO/CuS by in situ polymerization,
forming a “sandwich” structure. The rGO/CuS/PPy of 10 wt.% had the maximum RL of —49.11 dB at a
matching thickness of 4.0 mm. When the matching thickness was 2.5 mm, the corresponding effective
EA band reached 4.88 GHz. While the filler loading increased to 15 wt.%, the maximum RL value
was —39.55 dB, and the corresponding matching thickness was 1.5 mm. When the matching thickness
was 2.0 mm, the effective EA band reached 4.84 GHz. The introduction of multiple components and
the unique structure of rGO/CuS/PPy not only improves the dielectric loss capacity and impedance
matching characteristics, but also enhances the interface polarization effect thus achieving a better
EA performance.

Author Contributions: X.S. designed the experiments; B.Z. operated the experiments; X.L. wrote the paper;
S.L. and ].Z. analyzed the data. All authors have read and agreed to the published version of the manuscript.

Funding: This project was financially supported by the SAR radar scene virtual target generation technology and
experimental verification (6142206180211).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ren, Y.L; Wu, H.Y,; Lu, M.M,; Chen, Y.].; Zhu, C.L.; Gao, P.; Cao, M.S; Li, C.Y,; Ouyang, Q.Y. Quaternary
nanocomposites consisting of graphene, Fe30,@Fe core@shell, and ZnO nanoparticles: Synthesis and
excellent electromagnetic absorption properties. ACS Appl. Mater. Interfaces 2012, 4, 6436—6442. [CrossRef]
[PubMed]

2. Lu, Y; Wang, Y;; Li, H; Lin, Y,; Jiang, Z.; Xie, Z.; Kuang, Q.; Zheng, L. MOF-Derived Porous Co/C
Nanocomposites with Excellent Electromagnetic Wave Absorption Properties. ACS Appl. Mater. Interfaces
2015, 7, 13604-13611. [CrossRef]

3. Hu, Q.; Qi, X;; Cai, H; Xie, R.; Long, L.; Bai, Z,; Jiang, Y.; Qin, S.; Zhong, W.; Du, Y. Preparation of porous
Fe;O3 nanorods-reduced graphene oxide nanohybrids and their excellent microwave absorption properties.
Sci. Rep. 2017, 7, 11213. [CrossRef] [PubMed]

4. Yuan,];Liu, Q,;Li,S;Lu,Y,;]Jin, S.; Li, K,; Chen, H.; Zhang, H. Metal organic framework (MOF)-derived
carbonaceous Co304/Co microframes anchored on RGO with enhanced electromagnetic wave absorption
performances. Synth. Met. 2017, 228, 32-40. [CrossRef]

5. Jiang,L;Wang,Z;Li, D.; Geng, D.; Wang, Y.; An, J.; He, J.; Liu, W.; Zhang, Z. Excellent microwave-absorption
performances by matched magnetic-dielectric properties in double-shelled Co/C/polyaniline nanocomposites.
RSC Adv. 2015, 5, 40384-40392. [CrossRef]


http://dx.doi.org/10.1021/am3021697
http://www.ncbi.nlm.nih.gov/pubmed/23176086
http://dx.doi.org/10.1021/acsami.5b03177
http://dx.doi.org/10.1038/s41598-017-11131-1
http://www.ncbi.nlm.nih.gov/pubmed/28894160
http://dx.doi.org/10.1016/j.synthmet.2017.03.020
http://dx.doi.org/10.1039/C5RA06212H

Materials 2020, 13, 446 90f 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Zheng, J.; Yu, Z; Ji, G.; Lin, X.; Lv, H.; Du, Y. Reduction synthesis of FeXOy@Sioz core-shell nanostructure
with enhanced microwave-absorption properties. J. Alloys Compd. 2014, 602, 8-15. [CrossRef]

Quan, B,; Liang, X.; Ji, G.; Ma, ].; Ouyang, P.; Gong, H.; Xu, G.; Du, Y. Strong Electromagnetic Wave Response
Derived from the Construction of Dielectric/Magnetic Media Heterostructure and Multiple Interfaces.
ACS Appl. Mater. Interfaces 2017, 9, 9964-9974. [CrossRef]

Peng, C.; Wang, H.; Kan, S.; Shen, M.; Wei, Y.; Chen, S. Microwave absorbing materials using Ag-NiZn
ferrite core—shell nanopowders as fillers. J. Magn. Magn. Mater. 2004, 284, 113-119. [CrossRef]

Zhao, B.; Guo, X.; Zhou, Y; Su, T.; Ma, C.; Zhang, R. Constructing hierarchical hollow CuS microspheres via
a galvanic replacement reaction and their use as wide-band microwave absorbers. CrystEngComm 2017, 19,
2178-2186. [CrossRef]

Xie, A.; Wu, E; Jiang, W.; Zhang, K.; Sun, M.; Wang, M. Chiral induced synthesis of helical polypyrrole (PPy)
nano-structures: A lightweight and high-performance material against electromagnetic pollution. J. Mater.
Chem. C 2017, 5,2175-2181. [CrossRef]

Xie, X.; Pang, Y.; Kikuchi, H.; Liu, T. The synergistic effects of carbon coating and micropore structure on the
microwave absorption properties of Co/CoO nanoparticles. Phys. Chem. Chem. Phys. 2016, 18, 30507-30514.
[CrossRef] [PubMed]

Sun, X,; Lv, X,; Li, X,; Yuan, X,; Li, L.; Gu, G. Fe30,4@SiO, nanoparticles wrapped with polypyrrole (PPy)
aerogel: A highly performance material as excellent electromagnetic absorber. Mater. Lett. 2018, 221, 93-96.
[CrossRef]

Liu, J.; Che, R.; Chen, H.; Zhang, E.; Xia, F; Wu, Q.; Wang, M. Microwave Absorption Enhancement of
Multifunctional Composite Microspheres with Spinel Fe;0, Cores and Anatase ZnO Shells. Small 2012, 8,
1214-1221. [CrossRef] [PubMed]

Liu, T,; Xie, X.; Pang, Y.; Kobayashi, S. Co/C nanoparticles with low graphitization degree: A high performance
microwave absorbing material. J. Mater. Chem. C 2016, 4, 1727-1735. [CrossRef]

Guan, X,; Qu, P; Guan, X.; Wang, G. Hydrothermal synthesis of hierarchical CuS/ZnS nanocomposites and
their photocatalytic and microwave absorption properties. RSC. Adv. 2014, 4, 15579-15585. [CrossRef]
Jiang, W.; Sun, M.; Zhang, K.; Dai, X.; Xia, Y.; Wang, D.; Xie, A.; Wu, F. Using y-Fe;O3 to tune the
electromagnetic properties of three-dimensional (3D) polypyrrole (PPy) and its broadband electromagnetic
absorber. RSC Adv. 2016, 6, 68128-68133. [CrossRef]

Zhang, K.; Sun, M,; Jiang, W.; Wang, Y.; Wang, D.; Wu, E; Xie, A.; Dong, W. A core-shell polypyrrole@silicon
carbide nanowire (PPy@SiC) nanocomposite for the broadband elimination of electromagnetic pollution.
RSC Adv. 2016, 6, 43056—43059. [CrossRef]

Li, D.; Zhang, B.; Liu, W.; Liang, X; Ji, G. Tailoring the input impedance of FeCo/C composites with efficient
broadband absorption. Dalton Trans. 2017, 46, 14926-14933. [CrossRef]

Zhang, Z.; Liu, X,; Wang, X.; Wu, Y.; Liu, Y. Electromagnetic and microwave absorption properties of
Fe-Sr( gLagFe11.8C0op 2019 shell-core composites. J. Magn. Magn. Mater. 2012, 324, 2177-2182. [CrossRef]
Xie, A.; Sun, M.; Zhang, K ; Jiang, W.; Wu, E; He, M. In situ growth of MoS; nanosheets on reduced graphene
oxide (RGO) surfaces: Interfacial enhancement of absorbing performance against electromagnetic pollution.
Phys. Chem. Chem. Phys. 2016, 18, 24931-24936. [CrossRef]

Chen, Y,; Huang, Z.; Lu, M.; Cao, W.; Yuan, ].; Zhang, D.; Cao, M. 3D Fe3O,4 nanocrystals decorating carbon
nanotubes to tune electromagnetic properties and enhance microwave absorption capacity. J. Mater. Chem. A
2015, 3, 2621-12625. [CrossRef]

Li, B.;, Weng, X.; Wu, G.; Zhang, Y.; Lv, X.; Gu, G. Synthesis of Fe30,/polypyrrole/polyaniline nanocomposites
by in-situ method and their electromagnetic absorbing properties. J. Saudi. Chem. Soc. 2017, 21, 466—472.
[CrossRef]

Quan, B,; Liang, X.; Xu, G.; Cheng, Y.; Zhang, Y.; Liu, W.; Ji, G.; Du, Y. A permittivity regulating strategy to
achieve high-performance electromagnetic wave absorbers with compatibility of impedance matching and
energy conservation. New J. Chem. 2017, 41, 1259-1266. [CrossRef]

Dom, R.; Subasri, R.; Hebalkar, N.Y.; Chary, A.S.; Borse, PH. Synthesis of a hydrogen producing
nanocrystalline ZnFe,Oy visible light photocatalyst using a rapid microwave irradiation method. RSC Adv.
2012, 2, 12782. [CrossRef]


http://dx.doi.org/10.1016/j.jallcom.2014.03.002
http://dx.doi.org/10.1021/acsami.6b15788
http://dx.doi.org/10.1016/j.jmmm.2004.06.026
http://dx.doi.org/10.1039/C7CE00235A
http://dx.doi.org/10.1039/C6TC05057C
http://dx.doi.org/10.1039/C6CP05099A
http://www.ncbi.nlm.nih.gov/pubmed/27782256
http://dx.doi.org/10.1016/j.matlet.2018.03.079
http://dx.doi.org/10.1002/smll.201102245
http://www.ncbi.nlm.nih.gov/pubmed/22331748
http://dx.doi.org/10.1039/C5TC03874J
http://dx.doi.org/10.1039/C4RA00659C
http://dx.doi.org/10.1039/C6RA11235H
http://dx.doi.org/10.1039/C6RA06663A
http://dx.doi.org/10.1039/C7DT02840G
http://dx.doi.org/10.1016/j.jmmm.2012.02.107
http://dx.doi.org/10.1039/C6CP04600B
http://dx.doi.org/10.1039/C5TA02782A
http://dx.doi.org/10.1016/j.jscs.2016.11.005
http://dx.doi.org/10.1039/C6NJ03052A
http://dx.doi.org/10.1039/c2ra21910g

Materials 2020, 13, 446 10 of 10

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Qiang, R;; Du, Y.; Chen, D.; Ma, W.; Wang, Y.; Xu, P; Ma, J.; Zhao, H.; Han, X. Electromagnetic functionalized
Co/C composites by in situ pyrolysis of metal-organic frameworks (ZIF-67). . Alloys Compd. 2016, 681,
384-393. [CrossRef]

Wan, G.; Wang, G.; Huang, X.; Zhao, H.; Li, X.; Wang, K; Yu, L.; Peng, X.; Qin, Y. Uniform Fe3O, coating on
flower-like ZnO nanostructures by atomic layer deposition for electromagnetic wave absorption. Dalton Trans.
2015, 44, 18804-18809. [CrossRef] [PubMed]

Lv, H,; Zhang, H.; Ji, G.; Xu, ZJ. Interface Strategy To Achieve Tunable High Frequency Attenuation.
ACS Appl. Mater. Int. 2016, 8, 6529-6538. [CrossRef]

Lu, B.;; Dong, X.L.; Huang, H.; Zhang, X.F,; Zhu, X.G.; Lei, ].P; Sun, ].P. Microwave absorption properties of
the core/shell-type iron and nickel nanoparticles. J. Magn. Magn. Mater. 2008, 320, 1106-1111. [CrossRef]
Feng, J.; Wang, Y.; Hou, Y,; Li, L. Tunable design of yolk-shell ZnFe,O,@RGO@TiO, microspheres for
enhanced high-frequency microwave absorption. Inorg. Chem. Front. 2017, 4, 935-945. [CrossRef]

Pan, Y.; Wang, G.S.; Yue, Y.H. Fabrication of Fe;0,@SiO,@RGO nanocomposites and their excellent absorption
properties with low filler content. RSC Adv. 2015, 5, 71718-71723. [CrossRef]

Liu, X.; Wu, N,; Cui, C.; Bi, N.; Sun, Y. One pot synthesis of Fe304/MnO, core-shell structured nanocomposites
and their application as microwave absorbers. RSC Adv. 2015, 5, 24016-24022. [CrossRef]

Li, W,; Lv, B,; Wang, L.; Li, G.; Xu, Y. Fabrication of Fe304@C core—shell nanotubes and their application as a
lightweight microwave absorbent. RSC Adv. 2014, 4, 55738-55744. [CrossRef]

Guo, H.; Zhan, Y.; Chen, Z.; Meng, E; Wei, ]J.; Liu, X. Decoration of basalt fibers with hybrid Fe3O4
microspheres and their microwave absorption application in bisphthalonitrile composites. J. Mater. Chem. A
2013, 1, 2286-2296. [CrossRef]

Liu, X.; Nie, X.; Yu, R.; Feng, H. Design of dual-frequency electromagnetic wave absorption by interface
modulation strategy. Chem. Eng. J. 2018, 334, 153-161. [CrossRef]

Zhang, Y.; Quan, B.; Liu, W,; Liang, X,; Ji, G.; Du, Y. A facile one-pot strategy for fabrication of carbon-based
microwave absorbers: Effects on annealing and paraffin content. Dalton Trans. 2017, 46, 9097-9102. [CrossRef]
[PubMed]

Zhang, Y.; Liu, Y.; Wang, X.; Yuan, Y.; Lai, W.; Wang, Z.; Zhang, X.; Liu, X. Towards efficient microwave
absorption: Intrinsic heterostructure of fluorinated SWCNTs. . Mater. Chem. C 2017, 5, 11847-11855.
[CrossRef]

Feng, W.; Wang, Y.; Chen, J.; Guo, L.; Ouyang, ].; Jia, D.; Zhou, Y. Microwave absorbing property optimization
of starlike ZnO/reduced graphene oxide doped by ZnO nanocrystal composites. Phys. Chem. Chem. Phys.
2017, 19, 14596-14605. [CrossRef]

Zhang, Y.; Zhang, M.; Yang, ].; Ding, L.; Zheng, ].; Xu, ].; Xiong, S. Formation of Fe30,@SiO,@C/Ni hybrids
with enhanced catalytic activity and histidine-rich protein separation. Nanoscale 2016, 8, 15978-15988.
[CrossRef]

Yu, M,; Liang, C.; Liu, M; Liu, X,; Yuan, K.; Cao, H.; Che, R. Yolk-shell Fe;04@ZrO, prepared by a tunable
polymer surfactant assisted sol-gel method for high temperature stable microwave absorption. |. Mater.
Chem. C 2014, 2, 7275. [CrossRef]

Li, Z.J.; Hou, Z.L.; Song, W.L.; Liu, X.D.; Cao, W.Q.; Shao, X.H.; Cao, M.S. Unusual continuous dual
absorption peaks in Ca-doped BiFeO3; nanostructures for broadened microwave absorption. Nanoscale 2016,
8,10415-10424. [CrossRef]

Sano, E.; Akiba, E. Electromagnetic absorbing materials using nonwoven fabrics coated with multi-walled
carbon nanotubes. Carbon 2014, 78, 463-468. [CrossRef]

Liu, Z.; Tao, R;; Luo, P; Shu, X,; Ban, G. Preparation and microwave absorbing property of carbon
fiber/polyurethane radar absorbing coating. RSC Adv. 2017, 7, 46060—46068. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jallcom.2016.04.225
http://dx.doi.org/10.1039/C5DT03069B
http://www.ncbi.nlm.nih.gov/pubmed/26458422
http://dx.doi.org/10.1021/acsami.5b12662
http://dx.doi.org/10.1016/j.jmmm.2007.10.030
http://dx.doi.org/10.1039/C7QI00120G
http://dx.doi.org/10.1039/C5RA13315G
http://dx.doi.org/10.1039/C4RA14753G
http://dx.doi.org/10.1039/C4RA10172C
http://dx.doi.org/10.1039/C2TA00562J
http://dx.doi.org/10.1016/j.cej.2017.10.012
http://dx.doi.org/10.1039/C7DT01471F
http://www.ncbi.nlm.nih.gov/pubmed/28660930
http://dx.doi.org/10.1039/C7TC04141A
http://dx.doi.org/10.1039/C7CP02039B
http://dx.doi.org/10.1039/C6NR05078F
http://dx.doi.org/10.1039/C4TC01285B
http://dx.doi.org/10.1039/C6NR00223D
http://dx.doi.org/10.1016/j.carbon.2014.07.027
http://dx.doi.org/10.1039/C7RA07666E
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of Ternary rGO/CuS/PPy 
	Characterization and Measurement 

	Results and Discussion 
	Characterization of Samples 
	Electromagnetic Absorption Property 

	Conclusions 
	References

