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Facile synthesis of porous Fe;0,@C core/shell
nanorod/graphene for improving microwave

absorption propertiesy

Chen Fu,® Dawei He* Yongsheng Wang and Xuan Zhao

Porous FesO4@C core/shell nanorods decorated with reduced graphene oxide (RGO) were fabricated
through a facile one-pot method. The microwave absorption properties of the samples can be adjusted
by the weight ratio of RGO. The addition of RGO not only effectively reduces the agglomeration of
Fez04@C, but also has a great effect on impedance matching and dielectric loss, resulting in enhanced
microwave absorption abilities. The thickness corresponding to optimum reflection loss (R,) decreases as
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the weight ratio of RGO increases. For the Fez0,@C/RGO composite, a maximum R, value of —48.6 dB

can be obtained at 13.9 GHz with a thickness of 3.0 mm, and the absorption bandwidth with R_ below
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1. Introduction

More and more microwave radiation is generated through the
development of science and technology, causing pollution to
the environment and cause harm to human beings. So over the
past few years, tremendous research efforts have been focused
on the fabrication of microwave absorption materials."™*
According to absorption mechanism,® traditional microwave
absorption materials can classified into magnetic loss materials
such as ferrite® and magnetic metal powders,” and dielectric
loss materials such as metal oxides,® carbon materials® and
conduction polymers.’® Compared with conductive loss mate-
rials, magnetic loss materials have a high density and a narrow
bandwidth."" It is efficient to combine magnetic loss materials
with conductive loss materials in order to enhance microwave
absorption ability.’

As a traditional microwave absorption material, Fe;O, has
great potential due to its strong absorption properties and low
cost.”> However, its high density and narrow absorption
frequency bandwidth limit the application of pure Fe;O,
material.”® For a magnetic material Fe;0, has a relatively small
permittivity, which limits its widespread use in the microwave
absorption field." Meanwhile, the microwave absorption
properties of absorbers also depend on their size, structure and
morphology.*® Therefore various Fe;0, of different structures,
and its composites combined with ZnO,* polyaniline,*

Key Laboratory of Luminescence and Optical Information, Ministry of Education,
Institute of Optoelectronic Technology, Beijing Jiaotong University, Beijing 100044,
China. E-mail: dwhe@bjtu.edu.cn; Tel: +86 10 51688018
(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c8ra01838c

15358 | RSC Adv., 2018, 8, 15358-15365

—10 dB is 7.1 GHz from 10.9 GHz to 18 GHz. These results demonstrate a facile method to prepare
a highly efficient microwave absorption material with special microstructure.

graphene,"”*® and other dielectric materials,’*** have been
explored to improve the balance between permittivity and
permeability. Liu et al. synthesized heterostructured nanorings
of Fe;0,@C and Fe;0,/Fe@C, which show enhanced absorp-
tion properties and absorption bandwidth.* Sun et al. obtained
hierarchical dendrite-like materials of Fe;0,, y-Fe,O; and Fe
with excellent microwave absorption ability at low or middle
frequency.” Core-shell Fe;0,@C composites with different
thicknesses of the carbon shell were prepared and the rela-
tionship between absorption ability and thickness of the carbon
shell was explored according to Du’s work.”

Because of high surface areas, low density and carrier
mobilities coupled with abundant defects and hydroxyl, epoxy,
and carboxyl groups, reduced graphene oxide (RGO) has
received much attention in the microwave absorption field.**
Pristine RGO has unsatisfactory microwave absorption because
of agglomeration effects and a permittivity that is too high,
which is disadvantage to impedance matching.”® On the other
hand, due to its special microstructure RGO can serve as
a template for the growth of metal oxide nanoparticles and
polymers. Therefore, decorating RGO with magnetic and
dielectric materials such as ZnO,?® Fe;0,,” C0304 MnO,,”
NiFe,0,4,%* and polyaniline,** is an effective method to solve the
problem of impedance matching, and it can also prevent the
aggregation of nanoparticles. Ren et al. fabricated a 3D
SiO,@Fe;0, core/shell nanorod array/graphene composite with
a maximum R;, of —31.9 dB.*

The aim of this work was to synthesize core/shell nano-
structures using GO as the template. Herein, porous Fe;0,@C
core/shell nanorods decorated with reduced graphene oxide
were synthesized by a facile one-pot method. We also explored
the microwave absorption properties of Fe;0,@C/RGO for

This journal is © The Royal Society of Chemistry 2018
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different weight ratios of RGO. The experimental results show
that this composite has an enhanced microwave absorption
ability with strong absorption (maximum reflection loss of
—48.6 dB), small thickness (3.0 mm), and a broad effective
absorption bandwidth (7.1 GHz) when Ry, < 10 dB. The results
indicate that porous Fe;O,@C core/shell nanorod/RGO
prepared though this facile method, which possesses excellent
microwave absorption ability, is an ideal candidate for micro-
wave absorbers.

2. Experimental

All chemicals were obtained from Alfa Aesar and used without
further purification except the aniline monomer. The aniline
monomer was purified by distillation under the protection of
high purity N, before use. Graphene oxide (GO) was prepared
through a modified Hummer’s method.* Deionized water was
prepared by Aquapro EDI2-3002-U.

2.1 Synthesis of porous Fe;0,@C core/shell nanorod

0.8 g FeCl;-6H,0, 1.8 g urea and different concentrations of
glucose (0.1, 0.2, 0.3 M) were added into 30 ml DI H,O and
stirred for 1 hour to ensure full dispersion. The resultant solu-
tion was transferred into a 100 ml Teflon-lined stainless steel
autoclave and kept at 180 °C for 8 h. The black solution was
centrifuged and washed with ethanol and DI H,0, and then
dried by vacuum cryogenic desiccation for 12 h. At last, the
powders were sintered at the temperature of 400 °C for 1 h
under Ar atmosphere. The synthesis method of pure Fe;O, was
the same as for Fe;0,@C, but without glucose.

2.2 Synthesis of porous Fe;0,@C core/shell nanorod/
graphene (Fe;0,@C/RGO)

A certain amount of GO powder was dispersed in 30 ml DI H,O
and stirred for 12 hours under strong magnetic stirring, fol-
lowed by sonication for 4 hours to obtain a GO suspension of
differing concentrations (0.2, 0.4, 0.8, 1.2 mg ml™'). 0.8 g
FeCl;-6H,0, 1.8 g urea and 1 g glucose were added into the GO
solution and stirred for 1 hour to obtain a clear solution. The
resultant solution was transferred into a 100 ml Teflon-lined
stainless steel autoclave and kept at 180 °C for 8 h. The black
solution was centrifuged and washed with ethanol and DI H,0,
and then dried by vacuum cryogenic desiccation for 12 h. As was
done for Fe;O0,@C, the powders were also sintered at the
temperature of 400 °C for 1 h under Ar atmosphere. The
samples with different concentrations of RGO were named
CFG1 (0.2 mg ml™"), CFG2 (0.4 mg ml™"), CFG3 (0.8 mg ml™ )
and CFG4 (1.2 mg ml™").

2.3 Measurements

The morphology of the products was observed by transmission
electron microscopy (TEM: 1200EX, JEM) and a high-resolution
transmission electron microscope (HRTEM: Tecnai G2 F20 S-
TWIN, FEI). The structural and elemental characterization of
the samples was carried out by powder X-ray diffraction (XRD:
D8 Advance, Bruker) using Co Ko radiation, Raman
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spectroscopy (Renishaw inVia) and Thermogravimetric Analysis
(TGA: TGA/DSC 1 SF/1382, METTLER). The magnetic properties
were studied by a vibrating-sample magnetometer (ASM: Squid-
VSM, Quantum Design). X-ray photoelectron spectra were ob-
tained using an X-ray photoelectron spectrometer (XPS: Thermo
ESCALAB 250XI, Thermo Electron Corporation).

The samples for electromagnetic parameter measurement
were prepared by mixing paraffin with 40 wt% sample, which
was pressed into toroidal shapes of 3 mm in inner diameter,
7 mm in outer diameter, and a thickness of 2 mm. The complex
permittivity and complex permeability of the samples was
characterized by a HP8722ES vector network analyzer in the
frequency range 1-18 GHz. The reflection loss (Ry) is calculated
according to the following equations:*

Zin—1
Ry =20 1g’Zm+1’ 1)
Zin=v /er/er tanh [J(zﬂ?fd/c)\/FE} [2)

where Z;, is the input impedance, ¢, and u, are the relative
complex permittivity and permeability respectively, f is the
frequency of the microwaves, d is the layer thickness and c is the
velocity of microwaves in free space.

3. Results and discussion

The morphologies of Fe;0,4, Fe;0,@C and Fe;0,@C/RGO were
investigated by TEM (Fig. 1 and S1t). As shown in Fig. 1a, the
pure Fe;O, nanorods are like needles 50-90 nm in size.
Following the addition of glucose, Fe;O,@C has a porous
structure. When the concentration of glucose is 0.1 M
(Fig. S1bt), it exhibits no significant change compared with
pure Fe;0,. Continuing the increase in concentration of glucose
to 0.2 M (Fig. 1b and Sict), a thin carbon film is coated on the
Fe;0,4 nanorod with a porous structure. From Fig. S1d,t when
the concentration of glucose is larger than 0.3 M, the poly-
merization of more glucose will link Fe;0,@C together to form
a film resulting in an aggregation phenomenon. In order to
prevent the aggregation of Fe;0,@C, graphene was introduced
into the synthetic system. As shown in Fig. 1c, Fe;0,@C growth
on the surface of graphene sheets is relatively scattered
compared with that for pure Fe;0,@C (Fig. 1c). More impor-
tantly, the HRTEM (Fig. 1d) shows a clear core/shell structure.

To further investigate the structure of Fe;0,@C, the samples
were subjected to thermal treatments of different temperature
under air atmosphere. In this process, the carbon atoms which
are coated on Fe;O, can react with oxygen in the air: C + O, =
CO,. Thus, pure and porous Fe;O0, nanorods without carbon
could be obtained. In Fig. 2b, there is still a carbon film coating
on the Fe;0, nanorods following thermal treatment at the
temperature of 300 °C. However, following thermal treatment at
the temperature of 400 °C, the carbon atoms had reacted
sufficiently. But with a further increase to the temperature of
thermal treatment the structure of Fe;O, breaks, which can be
obviously seen in Fig. 2d.

The structure and magnetic properties of Fe;0,@C/RGO
(CFG2) were investigated by XRD, Raman, TGA and using the
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Fig. 1 TEM images of (a) FesO4 nanorods, (b) Fes04@C, (c) Fes04@C/RGO (CFG2), and (d) HRTEM of Fes0,@C/RGO (CFG2).

magnetisation curve. Fig. 3a demonstrates the X-ray diffraction
patterns of Fe;0,@C and Fe;O,@C/RGO. The diffraction peaks
of Fe;0,@C are observed at 26 = 21.2°, 35.1°,41.4°, 50.4°, 62.9°,
67.2° and 74.2° corresponding to the (11 1),(220),(311),(4
00),(422),(511)and (4 4 0) reflections of Fe;0,, respectively.
These peak values of Fe;O, matched the standard XRD pattern
(JCPDS no. 19-0629)." For Fe;0,@C/RGO, the main peaks of
Fe;0,@C can be found which prove the successful synthesis of
Fe;0,@C and the existence of RGO has no effect on the crystal
structure of Fe;0,. In Fig. S2,T two lattice spacings can be seen
which correspond to the (2 2 0) and (3 1 1) reflections of Fe;0,.
The broad peak appearing at 30° is attributed to amorphous
carbon.” In the Raman spectrum of Fe;0,@C/RGO (Fig. 3b) the

D band at 1338.44 cm™* and the G band at 1584.44 cm ™', which
correspond to defects or the edge and vibration of sp> hybrid-
ized carbon-carbon bonds, were observed.*> The TGA pattern of
Fe;0,@C/RGO shows two weight losses. The first slow decrease
of the TG curve before 230 °C is attributed to the removal of
residual functional groups on RGO.** The second is in the range
230-450 °C, and is due to the decomposition of RGO and other
amorphous carbon. After 450 °C the TG curve remains stable,
revealing the complete removal of RGO and amorphous carbon.
For CFG2, the weight ratio of Fe;0, is 36.5%. To understand the
magnetic properties of Fe;0,@C/RGO, the room-temperature
magnetic properties of CFG2 were examined with a magnetom-
eter. As shown in Fig. 3d, significant hysteresis loops in the M-H

no thermal treatment
& @ ™"

Fig. 2 TEM images of Fes0,4@C after thermal treatments at different temperatures.
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curve are observed, indicating the ferromagnetic behavior of
CFG2. The values of magnetization (M;) for CFG1, CFG2, CFG3
and CFG4 are 22.0, 24.8, 23.8 and 22.4 emu g~ ', which are
smaller than the corresponding bulk value (92 emu g~ ')* due to
the present of nonmagnetic graphene and amorphous carbon.
The higher value of M, for CFG2 can be attributed to the better
dispersion of Fe;0,. The lower value of M of CFG3 and CFG4 is
due to the increased weight of graphene which influences the
M, more than the dispersion.
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(a) XRD pattern, (b) Raman spectrum, (c) TGA graph, and (d) magnetization curve of CFG, of Fes0,@C.

The detailed elemental composition of CFG2 was charac-
terized by XPS; the resulting spectra are shown in Fig. 4. In the
full scan XPS spectrum (Fig. 4a), four sharp peaks with binding
energies of 285, 399, 532 and 711 eV, were attributed to C 1s, N
1s, O 1s and Fe 2p, respectively; this result confirms the pres-
ence of C, N, O and Fe elements in the composite. Among these,
the presence of N indicates the participation of urea in the
synthetic process. For further investigation the electronic states
of the elements were determined from the high-resolution
spectra. In the C 1s spectrum (Fig. 4b) the fitted peaks with

(b)

Intensity (a.u.)

298 296 294 292 290 288 286 284 282 280
Binding Energy (eV)

(d)

Intensity (a.u.)

544 542 540 538 536 534 532 530 528 526
Binding Energy (eV)

Fig. 4 XPS spectra of the CFG2 composite: (a) overview; (b), (c) and (d) are the high-resolution spectra of C, Fe, O, respectively.
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Fig.5 The real part (a) and imaginary part (b) of the permittivity, and the real part (c) and imaginary part (d) of the permeability for Fes0,@C/RGO

composites with different compositions of RGO.

binding energy of 284.7, 285.9 and 288.6 eV can be attributed to
C-C, C-O and C=0, respectively. Fig. 4c shows that the Fe 2p
spectrum can be divided into two fitted peaks, corresponding to
Fe 2py;, (725.1 eV) and Fe 2p;p, (711.1 eV).*® Two peaks are
present at 533.4 eV and 532.0 eV in the high resolution spec-
trum of O 1s in Fig. 4d, which can be attributed to C-O/C=0
and Fe;0,. The high-resolution spectrum of N shown in Fig. S31
demonstrates N doping in the composite. From the high-
resolution XPS spectrum of N (Fig. S37), three peaks corre-
sponding to imine (-N=), amine (-NH-) and protonated amine
(-N"-) can be found. The XPS results further confirm the
reduction of GO, during which the Fe;0,@C nanorods were
formed on the surface of the graphene sheets.

To understand the possible microwave absorption mecha-
nism, the relative complex permittivity and permeability of the
Fe;0,@C and Fe;0,@C/RGO composites were investigated in
the frequency range 1-18 GHz (Fig. 5 and S4f). Fig. 5a and
b show the real (¢/) and imaginary (¢”) parts of the relative
complex permittivity (e, = ¢ — jé¢”) of the Fe;0,@C/RGO
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composites with differing compositions of RGO. The values of
¢ and ¢’ prominently increase compared with those of Fe;0,@C
(Fig. S4a and bf). For Fe;0,@C/RGO composites, when
increasing the content of GO, the value of ¢ shows differing
levels of improvement. For CFG1 and CFG2, ¢’ slightly increases.
But, when further increasing the weight ratio of GO, the ¢
values are obviously enhanced. This is due to a better con-
ducting network, which can be formed when more GO is added
into the materials system. The rise in the RGO weight ratio of
Fe;0,@C/RGO composites benefits the increase in conduc-
tivity, resulting in strong dielectric loss. Two dielectric relaxa-
tion peaks can be found in the ¢’ curve ranged from 6-16 GHz,
which can be attributed to dipole polarization and interfacial
polarization from the interface of Fe;O, cores, C shells and
RGO. Following an increase in the weight ratio of RGO the
dielectric relaxation peaks are more notable, which proves that
the aggregation of Fe;0,@C can be prevented by the addition of
RGO, resulting in more contact interface with microwaves. The
real (u') and imaginary (u”) parts of the relative complex

(b),,
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(a) The attenuation constants of Fe;0,@C/RGO with different weight ratios of RGO, and (b) frequency dependencies of |Z;,/Zo|.
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Fig. 7 Refection loss of Fez04,@C/RGO composites with different weight ratios of graphene: (a) CFGL1, (b) CFG2, (c) CFG3, and (d) CG4.

permeability are enhanced by the addition of RGO (Fig. S4c and
dt) and Fe;0,@C/RGO (Fig. 5¢ and d). RGO can prevent the
agglomeration of Fe;O, which enhances the magnetic domain
order with better magnetic performance. Fig. S57 shows the
dielectric loss tangent (t,0e = ¢”/¢) and magnetic loss tangent
(tgou = u"/u') for Fe;0,@C and Fe;0,@C/RGO composites. The
values of t,0¢ and t,0u for Fe;0,@C/RGO are larger than those
for Fe;0,@C, which can be attributed to the addition of RGO.
RGO can increase the conductivity of composites and prevent
the agglomeration of Fe;O,@C, resulting in enhanced micro-
wave absorption abilities. Oxygenic functional groups residing
on the surface of RGO can also generate dielectric loss.?”

The Debye dielectric relaxation model was adopted to
investigate the mechanisms of the permittivity dispersion.
According to Debye theory, the relationship between ¢ and ¢’
can be described as:**

-5 e

in which, ¢ and ¢ are static permittivity and relative dielectric
permittivity at the high frequency limit, respectively. The curve
of ¢ and ¢” would be a semicircle representing a Debye relaxa-
tion process. Fig. S61 shows the ¢'-¢” curves of Fe;0,@C and
Fe;0,@C/RGO composite. It is clearly seen that Fe;0,@C/RGO
composites have more than two semicircles, whereas Fe;0,@C

Table 1 Typical FesO4-based composites for microwave absorption reported in recentliterature

Optimum frequency Optimum thickness

Maximum Absorption bandwidth

Filler Fill loading (GHz) (mm) Ry, (dB) (GHz) (Ry, < 10) Ref.
Carbon@Fe@Fe;0, 50% — 1.5 —40 5.2 42 (2015)
Fe;0,/SiO,/polyvinylidene fluoride  40% 8.1 2.5 —28.6 — 43 (2015)
Polyvinylidene fluoride/ — 16.8 2.5 -21.5 6.1 ** (2016)
Fe;0,@polypyrrole

Fe;0,@Sn0,/RGO 50% 6.4 4.5 —45.5 3 > (2016)
Fe;0,/C 60% 3.44 6.2 —55.68 9.55 (Ry, < 20) 6 (2016)
Fe;0,/graphene capsules 30% 8.76 3.5 -32 11.6 7 (2016)
Fe;0,@BaTiO;/RGO 50% 5 4 —38.2 13.9 8 (2016)
Fe;0,4/polypyrrole/carbon nanotube  20% 10.2 3 —25.9 4.5 9 (2016)
Fe;0,@MnO, 20% 5.7 4 —42.6 6.7 %0 (2017)
Fe;0,@C/RGO 40% 13.9 3 —48.6 7.1 This work

This journal is © The Royal Society of Chemistry 2018
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only has one, indicating more relaxation processes are gener-
ated as a result of the addition of RGO. In the composites,
accumulation of charges at the interfaces and the generation of
dipoles on particles can cause interfacial polarization.*® The
attenuation constant («) is widely used to demonstrate the
dielectric loss ability of microwave absorbers, which can be
expressed by*’

V2rf
o=

c

2

X \/(,u”re//r _ ,U/rf/r) + \/(,U«//rg//r _ ,u/rs/r)z + (,wrf//r + /"'//rglr) .

(4)

As shown in Fig. 6a, the «a values increase with the increase in
composition of RGO, indicating that a high weight ratio of RGO
can generate a higher energy attenuation. However, a high
dielectric constant also allows for more microwave reflection.
Therefore, matching of characteristic impedance is another
important factor for microwave absorption materials. According
to the principle of impedance matching, when the impedance
of incident (Z;,) is equal to the impedance of freedom space (Z;),
there is no reflection on the interfaces between the materials
and air because of optimal impedance matching with the free
space. Therefore, the closer the value of |Z;,/Z,| is to 1, the
better the impedance matching. Fig. 6b shows the value of |Z;,/
Z,| for Fe;0,@C/RGO for different weight ratio of RGO, and
indicates that CFG2 and CFG3 have better impedance matching
than CFG1 and CFG4. As a result, more RGO can enhance the
energy attenuation, however, it will deteriorate the impedance
matching which degrades the absorption
performance.

In order to evaluate the microwave absorption properties of
Fe;0,@C and Fe;0,@C/RGO composites, the reflection losses
(Ry) were calculated. As shown in Fig. S7,f the R, values of
Fe;0,@C composite cannot reach —10 dB within the thickness
range of 0.5-5.5 mm, and the maximum Ry, is —5.5 dB at 18 GHz
when the thickness is 5.5 mm, revealing poor microwave
absorption ability. However, with the addition of RGO, the Ry, of
Fe;0,@C/RGO composites show significant enhancement.
Fig. 7 displays the relationship between R;, frequency, and
thickness for Fe;0,@C/RGO composites. It can be seen that the
microwave absorption properties of the composites show strong
dependence upon the weight ratio of RGO. For CFG1 (Fig. 7a),
the maximum value of R is —30.1 dB at 8.0 GHz. When the
concentration of GO reaches 0.4 mg ml~" (Fig. 7b), a maximum
Ry, value of —48.6 dB is obtained at 13.9 GHz with a thickness of
3.0 mm, and the absorption bandwidth with the R;, below —10
dB is 7.1 GHz from 10.9 GHz to 18 GHz. Following increase of
the concentration of GO to 0.8 mg ml™' and 1.2 mg ml™ ", the
maximum Ry, of CFG3 (Fig. 7c) and CFG4 (Fig. 7d) decrease to
—30.4 dB and —15.1 dB, respectively. It is well known that too
high a permittivity can result in the strong reflection of micro-
waves due to harmful impedance matching.** The maximum Ry,
corresponding absorption bandwidth, and optimum thickness
are shown in Table S1.1 It is clearly seen that when increasing

microwave
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the content of RGO, the optimum thickness of composite shifts
to a low thickness.

Table 1 presents typical Fe;O,-based composites and their
corresponding microwave absorption properties, from recently
published works. Compared with most of them, the Fe;O,@C/
RGO composites show prominent microwave absorption prop-
erties and are attractive candidates for microwave absorbers. In
this present Fe;0,@C/RGO system, that the Fe;0,@C nanorods
with porous structure enhanced the microwave absorption
properties can be attributed to the following reasons. Firstly, the
porous structure can cause multiple reflections which would
enhance the absorption of microwaves.** Secondly, RGO can be
uses as substrate for the deposition of Fe;0,@C to prevent their
agglomeration, enhancing the contact area between Fe;0,@C
and microwaves. Thirdly, the residual oxygen functional groups
on the RGO surface act as polarized centers which improve
reflection loss.>* Meanwhile, RGO can enhance the impedance
matching of composites due to its improved permittivity.

4. Conclusion

In conclusion, porous Fe;0,@C core/shell nanorods decorated
with reduced graphene oxide were synthesized by a facile one-
pot method. The microwave absorption properties of
Fe;0,@C/RGO composites with different weight ratios of RGO
were investigated. The weight ratio of RGO has a significant
influence on the microwave absorption properties of Fe;0,@C/
RGO. When the concentration of GO is 0.4 mg ml ', the
Fe;0,@C/RGO composite exhibits excellent microwave
absorption properties. A maximum Ry, value of —48.6 dB can be
obtained at 13.9 GHz with a thickness of 3.0 mm, and the
absorption bandwidth with Ry, below —10 dB is 7.1 GHz from
10.9 GHz to 18 GHz. The enhanced microwave absorption
performance of these composites is mainly attributed to
enhanced permittivity, improved impedance matching, the
relative dispersing of Fe;0,@C compared with pure Fe;0,@C,
and the residual functional groups on the reduced graphene
oxide surface. It is believed that such composites will find
widespread applications in the microwave absorption field.
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