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Economical synthesis of composites of FeNi alloy
nanoparticles evenly dispersed in two-dimensional
reduced graphene oxide as thin and effective
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Developing electromagnetic wave absorbing materials prepared by a facile and economical way is a great
challenge. Herein, we report a feasible route to synthesize a series of two-dimensional FeNi/rGO
composites by a hydrothermal method followed by a carbonization process. The characterization
confirms that nano-sized FeNi alloy nanoparticles are evenly supported onto graphene sheets without
aggregation. The homogeneous dispersion of the nanoparticles may result from the introduction of
glucose and the oxygen-containing groups on the surface of the graphene oxide. Measurements show
that the microwave attenuation capability of the composites can be improved dramatically by adjusting
the proportion of dielectric and magnetic components. Consequently, the two-dimensional magnetic
material (FeNi/rGO-100) exhibits an excellent microwave absorption performance. In detail, the
minimum reflection loss of —42.6 dB and effective bandwidth of 4.0 GHz can be reached with a thinner
thickness of 1.5 mm. This study demonstrates that synergistic effects among the magnetic particles,
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Accepted 10th February 2018 reduced graphene oxide and amorphous carbon layers give rise to the highlighted microwave
attenuation ability. Overall, the FeNi/rGO composite is a promising candidate to be used as a microwave

DOI: 10.1039/c7ra13737k absorber, and the feasible and economical method has shown potential application to construct
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1. Introduction

With the extensive use of electronic products these days, prob-
lems associated with radiation have been highlighted as
needing to be resolved."™ The various kinds of absorbers are
normally classified into two categories: dielectric materials and
magnetic materials, which have been successfully synthesized
to ease electromagnetic (EM) wave pollution by means of
absorbing unwanted electromagnetic signals.>*” An ideal EM
wave absorption material is generally required to possess these
low

features: strong absorption, wide absorption band,
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multitudinous two-dimensional materials.

thickness, lightweight, good thermal stability, and antioxidant
properties.®™**

Carbon-based materials are potential candidates for EM
absorbers, owing to their satisfactory characteristics of high
dielectric loss, chemical resistance and light weight.”>** As is
well known, the EM wave absorption performance of a material
is determined by complex permittivity, complex permeability
and impedance matching, which are affected by its compo-
nents, microstructure, size and so on.'* Hence, by rational
cooperation of the magnetic components (Fe;0,4,'*" Fe, 2!
Co,”? Ni,® NiCo,,** NiFe,0,>*) and carbon-based materials
(carbon nanotubes,* carbon fiber,”” graphene,*® porous carbon
materials*®) within the magnetic/carbon-based hybrids,
competent EM wave absorbers can be achieved.

Reduced graphene oxide (rGO), as an important derivative of
graphene, is one of the most intensively researched materials in
virtue of its intrinsic features of two-dimensional structure,
large surface area, high aspect ratio and low density."**°
Meanwhile, the abundant functional groups and defects
residing on the sheets of rGO render to this material modest
electric conductivity and optimistic polarization as a potential
EM wave absorber.** To satisfy the impedance matching
conditions, magnetic/rGO-based composites have been
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investigated to pursue an improved microwave absorption
capability. For example, Zeng et al. synthesized the hollow
reduced graphene oxide microspheres embedded with Co
nanoparticles by a simple and efficient two-step method. The
minimum reflection loss value reached —68.1 dB at 13.8 GHz
with a thickness of 2.2 mm.> Moitra et al. prepared BiFeO;-rGO
nanocomposites and exhibited minimum reflection loss value
of 28.68 dB at 10.68 GHz.®

Compared with ferrite and monometallic materials, metal
alloy materials come into sight as widely used microwave
absorbers due to their high curie temperature, high perme-
ability and high saturation magnetization.**** These features
are beneficial to impedance matching behaviour and perme-
ability values including the real part (u’) and the imaginary part
(u"). For example, Yang et al. prepared NiCo,/GNS nanohybrids
and an optimal RL of —30 dB was achieved at 11.7 GHz for
a thickness of 1.6 mm.* Cheng et al. synthesized FeCo alloys
with various morphologies and optimal reflection loss of —53.6
dB was achieved at 14.3 GHz with a thickness of 1.55 mm.*
Chen et al. synthesized Co,Fe;@SiO, core-shell nanoparticles
and RL,,, was up to 68.5 dB with a thickness of 1.8 mm.** The
incorporation of alloy into graphene materials is an effective
approach to enhance microwave absorption performance of
reduced graphene oxide. However, the preparation methods
mentioned above involve inefficient multiple steps and violate
the requirements of low cost and simple operation for future
practical applications. Therefore, a facile and economical
strategy that can develop metal alloyed rGO-based 2D materials
is highly demanded.

Here, we report a feasible and direct preparation strategy to
synthesize a series of two-dimensional FeNi/rGO composites.
The facile approach involves introducing glucose to serve as
both a reductant to convert metallic oxide into alloy and
a stabilizer which can retain graphene's two-dimensional
structure. In addition, the remnant glucose is carbonized
and deposited on the surface of graphene, which acts as an
extra dielectric material to regulate absorption property. By
controlling the proportion of raw materials, we prove that the
existence of each component plays a specific role in directing
two-dimensional structure and improving absorption capa-
bility. Among all, FeNi/rGO-100 composite exhibits the most
desirable microwave absorption performance. The microwave
absorption mechanism of FeNi/rGO composites is discussed
in detail.

2. Experimental section
2.1 Materials

The graphite was obtained from Sigma-Aldrich (282863).
Iron(m) nitrate nonahydrate, nickel(u) nitrate hexahydrate, and
p-glucose were ordered from Sinopharm Chemical Reagent Co.
Ltd, China. Alcohol was purchased from Tianjin Tiantai Fine
Chemical Reagent Co. Ltd, China. All chemicals were analytical
grade and used directly without further purifying treatments.
Deionized water was employed to prepare the solutions
throughout.
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2.2 Preparation of graphene oxide (GO)

Graphene oxide (GO) was prepared from purchased natural
graphite by a modified Hummer's method. The detailed
description was shown in a previous report.>®

2.3 Preparation of FeNi alloy/reduced graphene oxide (FeNi/
rGO)

The two-dimensional FeNi alloy/reduced graphene oxide
samples were synthesized via a hydrothermal method and
carbonization process. Briefly, 20 mg of GO was added into
10 mL of deionized water and sonicated for 30 min. Afterwards,
0.36 mmol of ion(m) nitrate nonahydrate, 2.5 mmol of nickel()
nitrate hexahydrate and 7.6 mmol of p-glucose were introduced
into the above solution under stirring. After being stirred for
another 4 h, the mixture was transferred into a 30 mL Teflon-
lined stainless-steel autoclave and heated at 180 °C for 22 h in
an electric oven. The black precursors were collected by suction
filtration, washed several times with water and ethanol, and
dried at 80 °C in the oven overnight. Finally, the sample was
carbonized at 700 °C for 2 h under the protection of inert gas in
a tube furnace. It was denoted as FeNi/rGO-20. For comparison,
some composites were prepared using similar steps by adjust-
ing the content of GO, which were 60 mg and 100 mg, and the
corresponding samples were denoted as FeNi/rGO-60 and FeNi/
rGO-100, respectively. In addition, while the content of GO was
kept at 20 mg, different dosages of glucose (0 and 2.8 mmol)
were introduced into the reaction system under identical
experimental procedures, which were designated as FeNi/rGO-
0glu and FeNi/rGO-2.8glu, respectively.

2.4 Characterization

The phase composition of samples was examined by power X-
ray diffraction (XRD, Rigaku D/MAX 2550) in the angular
range of 20 = 5-80° with Cu Ko radiation. The operating voltage
and current were kept at 50 kV and 200 mA in an ambient
environment. The morphology and size were characterized by
scanning electron microscopy (SEM, JSM-6700F) and trans-
mission electron microscopy (TEM, Tecnai G2 S-Twin F20).
Thermogravimetric analysis (TGA) was carried out on a Netzsch
STA 449C TGA Q500 analyzer with a temperature ramp of
10 °C min~'. The magnetic property was assessed using
a magnetic property measurement system (SQUID-VSM) with an
applied force of —10 000 to 10 000 Oe at room temperature. The
elemental chemical state was characterized by an ESCALAB250
photoelectron spectrometer equipped with a charge neutralizer
and an Mg Ko X-ray source. The Raman spectrum was obtained
on a Micro-Raman system (Renishaw, model INVIA), equipped
with an Ar laser (514.5 nm).

2.5 Measurement of EM properties

The complex permeability (u, = u’ — ju”) and permittivity (e, = ¢’
— j¢") were measured on a vector network analyzer (Agilent,
N5222A) in the frequency range of 2-18 GHz for the calculation
of reflection loss. The tested samples were prepared by
uniformly mixing as-prepared composites and paraffin wax

This journal is © The Royal Society of Chemistry 2018
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(mass ratio = 1 : 2) and then sample-to-paraffin mixtures were
pressed into toroidal-shaped samples with an outer diameter of
7.0 mm and an inner diameter of 3.04 mm. Based on the elec-
tromagnetic parameters (¢, ¢, u’, u”) at the given frequency (f)
and different thicknesses (d), the reflection loss (RL) can be
calculated using the transmission line theory, which is
summarized as the following equations:*"**

Zin - ZO
Zin + ZO

RL (dB) =20 log‘ (1)

where the normalized input impedance (Z;,) of the microwave
absorber can be described as

Lin = ZO(/er/Er)llztan h[i(zwfd/c)(“rer)llz] (2)

where ¢, is the complex permittivity, u, is the complex perme-
ability, f'is the microwave frequency, d is the thickness of the
absorber and c is the light velocity in a vacuum. Generally, one
material can be applied in practice when reflection loss value is
below —10 dB, and the corresponding frequency range is
defined as the effective absorption bandwidth.**

3. Results and discussion

The FeNi/rGO composites were prepared via a facile hydro-
thermal approach, followed by the carbonization process in the
inert atmosphere, as illustrated in Scheme 1. Firstly, graphene
oxide was prepared from commercial graphite by using
a modified Hummer's method. Secondly, a homogeneous GO
solution was mixed with a certain amount of Fe** ions, Ni** ions
and glucose, which was then hydrothermally treated in a stain-
less-steel autoclave. Due to the oxygenated functional groups of
GO, such as -OH, -COOH, -CHO, graphene oxide can easily link
together with Fe*" ions, Ni** ions and glucose by covalent bonds
and electrostatic force.** Under hydrothermal treatment, metal
oxide in situ nucleated and grew uniformly on the surface of
graphene nanosheets. After calcination in inert atmosphere,
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Scheme 1 Schematic of FeNi/rGO
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metal oxide precursor was reduced to form FeNi alloy nuclei.
Glucose can serve as both a reductant and a stabilizer which can
retain graphene's two-dimensional structure. The essential role
of glucose in this reaction will be further disclosed when dis-
cussing the morphology of the samples. Meanwhile, residual
glucose was carbonized into the amorphous carbon depositing
on the surface of graphene. The depositional glucose can be
testified by comparing their TG and SEM results of FeNi/rGO-
2.8¢glu and FeNi/rGO-20 composites synthesized via the same
experimental procedures except for the different dosages of
glucose, as shown in Fig. S1.7

The phase compositions of the samples were characterized
by X-ray diffraction (Fig. 1). In Fig. 1, it can be observed that the
as-obtained GO shows a diffraction peak at about 10.2°, corre-
sponding to the (002) plane of graphite oxide, manifesting an
increase of interlayer distance because of the formation of
oxygen-containing functional groups such as hydroxyl, carboxyl
and epoxy groups between the layers.*’ In contrast, all FeNi/rGO
samples have no obvious graphene oxide peak (10.2°) in the
XRD patterns, which is due to the transformation from gra-
phene oxide to reduced graphene oxide with some defects and
residual functional groups.** The distinct diffraction peaks at
44.12°, 51.40° and 75.65° in the powder patterns of FeNi/rGO
match well with (111), (200) and (220) crystal planes of cubic
FeNi alloy (JCPDS no. 65-3244, and space group Pm3m).>**

The morphologies of FeNi/rGO samples are shown in
Fig. 2a-f. By comparing both the SEM and TEM images of these
three samples, FeNi/rGO samples preserve the two-dimensional
nanostructure with the formation of FeNi alloy nanoparticles on
their sheets. Furthermore, TEM images of FeNi/rGO (Fig. 2d-f)
reveal that nano-sized FeNi alloy nanoparticles (dark dots) are
evenly supported onto graphene sheets without aggregation.
Homogeneous dispersion of the nanoparticles may be resulted
from oxygen-containing groups on the surface of graphene
oxide, which is consistent with the mechanism of formation.
Noticeably, no scattered FeNi nanoparticles are found outside
of graphene nanosheets even under vigorous ultrasound,

GO FeNi/rGO-20
FeNi/rGO-60 FeNilrGO-100
(111)
(200)
Mo, o

(220)

—
-

Intensity (a.u.)
4

|
e e
s
=

(002)

10 20 30 40 50 60 70 80
2 Theta (degree)

Fig. 1 XRD patterns of GO, FeNi/rGO-20, FeNi/rGO-60 and FeNi/
rGO-100 samples.
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Fig. 2 SEM images of FeNi/rGO-20 (a), FeNi/rGO-60 (b) and FeNi/
rGO-100 (c); TEM images of FeNi/rGO-20 (d), FeNi/rGO-60 (e) and
FeNi/rGO-100 (f); and size distributions of FeNi/rGO-20 (g), FeNi/
rGO-60 (h) and FeNi/rGO-100 (i).

manifesting that magnetic particles are strongly adhesive on the
surface of graphene nanosheets.** The HRTEM image of FeNi/
rGO-20 composite is displayed in the bottom left corner of
Fig. 2d. The clear lattice fringes with interplanar distance of
0.205 nm are indexed as (111) crystal planes of FeNi alloy, which
further verify the phase of those black nanoparticles.*® Besides,
with the amount of GO increases (Fig. 2d—f), the loading density
of FeNi nanoparticles decreases gradually. The result demon-
strates that the mass ratio of (FeNi)/(GO) has an important
effect on the loading density of nanoparticles on the graphene
nanosheets. This may be due to the reason that the fixed
quantity of Fe*" and Ni** ions is dispatched to the increasing
number of GO sheets, thus leading to the decrease in the
average density of FeNi particles.** Moreover, the average
particle sizes of FeNi alloy (Fig. 2g-i) are 17.23, 18.90 and
21.04 nm, respectively, indicating that the diameters of FeNi
nanoparticles increase with the increasing amount of GO. To
disclose the effect of glucose, FeNi/rGO-0glu composite was
synthesized by the same synthesis method without adding
glucose. The phase and morphology of this composite were
characterized by XRD, SEM and TEM, as shown in ESI. All the
powder diffraction peaks in Fig. S27 can be well assigned to
metal oxide phase, demonstrating that there is not enough
reductive agent to reduce metal ions during the whole reaction
process. Moreover, SEM and TEM images (Fig. S3(a, b)) reveal
that the shape of the obtained nanoparticles is irregular with
the average size about 200 to 400 nm. The result suggests that
the original two-dimensional flake nanostructure of graphene
oxide cannot be kept due to the lack of glucose. Combined with
Fig. 2, it illustrates that the existence of glucose can be used as
both a reductant and a stabilizer for a desired two-dimensional
structure.

The carbon contents in FeNi/rGO-20, FeNi/rGO-60 and FeNi/
rGO-100 composites were investigated by thermogravimetric
analysis (TGA) under an air atmosphere at a heating rate of
10 °C min ™. As presented in Fig. 3, we can see that the curves
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Fig. 3 TG curves of FeNi/rGO-20, FeNi/rGO-60 and FeNi/rGO-100
composites.

have a slight weight loss below 250 °C, which can be ascribed to
the evaporation of H,O or removal of surface functional
groups.* The main weight loss between 250 °C and 600 °C is
related to the oxidation of rGO and carbon and the trans-
formation from FeNi alloy to metal oxide. As the rGO and
carbon components are completely combusted in air, the
residual products are a mixture of Fe,O; and NiO, so the total
content of rGO and carbon can be calculated by

2 M(FeNis)
M(Fe,0;) + 6 M(NiO)

wt%o,Gorc = 1 — Wt%Remains (3)
where Wt%gemains 1S the residual mass percentage after
combustion. According to the equation, the mass percentage of
both rGO and carbon can be calculated as 72.18%, 77.16% and
78.9%, respectively. It is obvious that the higher GO content in
the raw materials, the higher ratio of carbon-based component
in the products.

The magnetic properties of FeNi/rGO-20, FeNi/rGO-60 and
FeNi/rGO-100 composites were assessed using a vibrating

30

FeNi/rGO-20
FeNi/rGO-60
FeNi/rGO-100

2

[——FenirGo-20
[——FeNiIrG0-60
|-—— FeNiIrGO-10

50 100 150 200)
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Fig. 4 Magnetic hysteresis loops of FeNi/rGO-20, FeNi/rGO-60 and
FeNi/rGO-100 composites at 300 K. Inset shows the enlargement of
corresponding magnetic hysteresis loops.

This journal is © The Royal Society of Chemistry 2018
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sample magnetometer (VSM) at 300 K. Fig. 4 shows the
magnetic hysteresis loops of as-obtained samples, which indi-
cates ferromagnetic behaviour of all samples.*® The saturation
magnetization (M), remanent magnetization (M,) and coer-
civity (H.) of three samples are displayed in Table 1. It can be
observed that the values of M decline with increasing the mass
percentage of non-magnetic components. However, the M, and
H_.values increase, which may be due to the different crystal size
and loading density of FeNi nanoparticles.*

Raman spectra were mainly utilized for analysing the struc-
tural distinction of as-obtained samples (Fig. 5). There are two
typical peaks, which can be distinctly observed at 1349 cm ™"
and 1593 cm™ " assigned to D band and G band, respectively.
Based on previous research, the D band is associated with
a breathing mode of k-point photons of A;, symmetry, while G
band arises from the first order scattering of the E,; phonon of
sp>-banded carbon atoms. The intensity ratio of these two
bands (Ip/lg) is sensitive to the disorder degree, and its
increasing value manifests the formation of defects.”**® From
Fig. 5, Ip/I; values of three composites are calculated as 0.855,
0.872 and 0.893, respectively. It indicates that higher degree of
defects is introduced into the composites as increasing the
contents of GO, which is beneficial to improve the dielectric loss
of rGO-based materials.

The element states of GO and FeNi/rGO samples were char-
acterized by X-ray photoelectron spectroscopy (XPS), as shown
in Fig. 6. The C 1s spectrum of GO can be fitted by four
deconvoluted peaks. The peaks centered at 284.6, 286.8, 287.9

Table1 The static magnetic properties of FeNi/rGO-20, FeNi/rGO-60
and FeNi/rGO-100 composites: Ms, M, and H. are the saturation
magnetization, remanent magnetization and coercivity, respectively

Sample name M, (emg g ) M, (emg g™ ! H. (Oe)
FeNi/rGO-20 21.9 0.515 31.4
FeNi/rGO-60 21.4 0.770 41.3
FeNi/rGO-100 20.6 1.413 64.8

FeNi/rGO-100)
FeNi/rGO-60
FeNi/rGO-20

1,1,=0.893

1,1,=0.872

Intensity (a.u.)

1,/1,=0.855

750 1000 1250 1500 1750 2000 2250

Raman Shift (cm™)

Fig. 5 Raman spectra of FeNi/rGO-20 (a), FeNi/rGO-60 (b) and FeNi/
rGO-100 (c) composites.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances
a — RaW b — RaW
e Fitted curve e Fitted curve|
s C-C/C=C s C-C/C=C
—_— w—C-O — e C -O
E] —C=0 5 —C=0
s 0-C=0 s
£ Z
[ 7]
- c
e g
£ ]

. 2 s N N N N . . .
282 284 286 288 200 292 280 282 284 286 288 290
Binding Energy (eV) Binding Energy (eV)

c — R AW d —RaW
e Fitted curve e Fitted curve.
@ C-C/C=C @ C-C/C=C

- e C-O — s C-O

5 — C=0 5 —C=0

s s

z 2

@ 7]

c c

e e

£ £

N N " N
282 284 286 288 282 284 286 288 290

Binding Energy (eV) Binding Energy (eV)

Fig. 6 C 1s spectrums of GO (a), FeNi/rGO-20 (b), FeNi/rGO-60 (c)
and FeNi/rGO-100 (d).

and 289.4 eV can be attributed to the aliphatic carbon group (C1
C-C/C=C), epoxy groups or alkoxy (C2 C-0O), carbonyl group (C3
C=0) and carboxyl group (C4 O-C=0), respectively.** By
contrast, the C2, C3 and C4 peaks in these FeNi/rGO samples
are significantly attenuated or even eliminated. It proves that
graphene oxide is enormously converted to reduced graphene
oxide, which may contribute to the EM wave absorption
property.*’

Electromagnetic parameters (¢, ¢’, @/, u”) of FeNi/rGO-20,
FeNi/rGO-60 and FeNi/rGO-100 samples with a filler loading
ratio of 33 wt% were measured on a vector network analyzer in
the frequency region of 2-18 GHz. Based on previous studies of
electromagnetic parameters, the real parts of permittivity (¢')
and permeability (u') represent the energy storage ability, while
the imaginary parts of permittivity (¢”) and permeability (u”)
signify the energy loss capability.”** Fig. 7 presents the
frequency dependence of EM parameters of these FeNi/rGO
composites in the frequency region of 2-18 GHz. In Fig. 7a,
the real parts of permittivity for the three samples appear
roughly a downward trend. When the GO content is increased
from 20 to 100 mg, the highest ¢ values of FeNi/rGO-100
composite over the entire frequency range manifest that the

24 138 5
a —=—FeNiffGO-20 &' —=— FeNilrGO-20 5" b —e— FeNilrGO-20 '
20p ——FeNilfGO-60 &' —>—FeNIrGO-60 &
T FeNIGO-100 &' ——FeNiGO-100 ]

%,

—e— FeNilrGO-20 p"
15 4 |——FeNilrGO-60 ' —— FeNiIrGO-60 "
—— FeNilrGO-100 j' —— FeNilrGO-100 p"|

PPN 0 PR S %
10 12 14 16 18 2 4 6 8 10 12 14 16 18
Frequency (GHz)

468
Frequency (GHz)

Fig. 7 Frequency dependence of the real and imaginary parts of
permittivity (a); real and imaginary parts of permeability (b) of FeNi/
rGO-20, FeNi/rGO-60 and FeNi/rGO-100 composites.
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real part of permittivity has a strong dependence on the
proportion of GO. A similar phenomenon is also observed for ¢’
curves.?* Moreover, the ¢” curves of these FeNi/rGO composites
exhibit several resonant peaks in the whole frequency range
because of the multiple relaxation processes which are generally
correlated with dipole polarization, conductive loss as well as
interfacial polarization. According to the free electron theory, ¢’
= g/27ef, where ¢ is electrical conductivity (S m™'), ¢, is free
space permittivity (8.854 x 10 > Fm™ %), and fis the microwave
frequency.*® From the equation, the FeNi/rGO-100 composite
possesses higher conductivity, which can account for good
conductive loss. Interestingly, graphene oxide is deoxidized in
favour of enhancing property of microwave absorption, as
conductivity can be improved after oxygen functional groups are
partly removed. As is known, the interfacial polarization can be
caused by the existence of numerous interfaces among FeNi
alloy nanoparticles, graphene nanosheets, carbon layers and
the paraffin wax, which is beneficial to microwave absorption
performance.* Besides, reduced graphene oxide with its own
unique characteristics, to a large extent, exerts influence on
dielectric parameters. The residual oxygen-containing func-
tional groups (discussed in XPS analysis) and defects (studied in
Raman analysis) can be regarded as dipoles and act as polarized
centers, thereby generating dipole polarization relaxations
when EM wave are irrigated on the samples.>*® More signifi-
cantly, it mostly comes from the synergistic effect of FeNi alloy
nanoparticles, reduced graphene oxide sheets, and carbon
layers. These factors are also good explanation for the rising
values of ¢ and ¢” with the increasing proportion of GO.

In generally, the dielectric loss can be interpreted by Debye
theory, and the real (¢/) and imaginary parts (¢”) of permittivity
can be expressed as:**

;o & — Ew
& =¢€u + 1+ ol (4)

& — €o o
=" o+ — 5
1+ w?1? + wey ()

where ¢ is static dielectric constant, ¢, is relative dielectric
constant in high-frequency limit, v is the angular frequency, w
= 27f, f is the frequency, ¢ is electrical conductivity, &, is
dielectric constant in vacuum and 7 is relaxation time. When
ruling out the conductance part, the relationship between ¢ and
¢’ can be deduced from eqn (4) and (5).

- e (52w

According to the formula 6, the plots of ¢’ versus ¢’ will be
a single semicircle, generally denoted as the Cole-Cole semi-
circle. Each semicircle corresponds to one Debye relaxation
process.” The curves of ¢ versus ¢” of these FeNi/rGO compos-
ites are shown in Fig. S4.1 The multiple distinguishable Cole-
Cole semicircles described here represent different Debye
relaxation behaviors, which are doubtlessly ascribed to the
different proportion of GO, the size and load density of FeNi
alloy particles on the graphene nanosheets, and heterogeneous
interfaces between various components. All these factors may
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significantly contribute to the attenuation mechanism for the
dissipation of EM wave.

Fig. 7b demonstrates real part (u') and imaginary part (u”) of
complex permeability for these FeNi/rGO composites with
different GO proportions. The curves of u' and u” for three
samples reveal a similar trend of fluctuation, especially in the
frequency range of 2-11 GHz. Negative u” can be observed
within a certain frequency range, which can be attributed to
radiate out magnetic energy from FeNi/rGO composites.””> In
general, magnetic loss mainly originates from nature resonance
and eddy current loss.”” To evaluate the contribution of eddy
current loss to magnetic loss, the equation w’(u)*f ' =
27tu.d>o is employed, where w, is the vacuum permeability, d is
diameter of particles, and ¢ is electric conductivity of
composite. According to the equation, if u”(u)~%f ' values keep
constant with increasing frequency, eddy current loss is the sole
important element that can be responsible for magnetic loss.”
As displayed in Fig. 8, the curves of u”(u')”*f ' of FeNi/rGO-20,
FeNi/rGO-60 and FeNi/rGO-100 composites can be observed
many fluctuations in the whole range of frequency, so magnetic
loss of these samples not only stems from eddy current loss. For
these FeNi/rGO composites, the nature resonance may be
contributed by the small size effect of FeNi alloy nanoparticles.
The natural resonance as a source of magnetic loss can be
described by the natural-resonance equation:*

H, = 4K]/3uoM; (7)
2ntf, = rH, (8)

where u, is the permeability in free space, H, is the anisotropy
energy, r is the gyromagnetic ratio and K is the anisotropy
coefficient. From the equation, as M value of FeNi/rGO-100
composite is lower than other two composites, thus, it is easy
to understand that FeNi/rGO-100 sample has higher anisotropy
energy. And it is well-known that the higher anisotropy energy is
helpful for microwave absorption performance.

The dielectric loss tangent (tan J. = ¢’/¢’) and magnetic loss
tangent (tan 6, = u”/u’) correspond to materials' capability of

——=FeNi/IrGO-20
=== FeNilrGO-60
—+—FeNi/rGO-100

2 4 6 8 10 12 14 16 18
Frequency (GHz)

Fig. 8 The u” ()~ values of FeNi/rGO-20, FeNi/rGO-60 and FeNi/
rGO-100 composites.
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dielectric and magnetic losses, generally, a higher value repre-
sents more energy loss due to its conversion to thermal energy
or other form of energy.®* As displayed in Fig. 9a, for all
samples, the values of dielectric loss tangent are higher than
those of magnetic loss tangent except for small scale of
frequency domain, making clear that dielectric loss makes
a major contribution to the attenuation of electromagnetic
wave. Obviously, the fluctuation trend of tan d; is just inverse to
that of tan ¢,, which can be interpreted by LRC equivalent
circuit model, where L, R and C are the inductance, resistance
and capacitance, respectively.'**® Moreover, the attenuation
constant («) can be employed to further assess the integrated
damping capability of the material taking into account of both
dielectric loss and magnetic loss, and be calculated by the
following equation:**

V2rf

c

X \/(,LLNEN _ ’ulel) 4 \/([.L"S” _ ulsl)z 4 (/.L,SN +/,L”£/)2
©)

where c is the velocity of light and fis the frequency. The value of
a is an important parameter of attenuation performance, and
a higher value signifies better microwave attenuation. The
frequency dependence of attenuation constant is shown in
Fig. 9b. It is distinctly observed that FeNi/rGO-100 composite
almost exhibits the largest values among all the samples over
the whole frequency, indicating that loss capability of EM wave
can be optimized by adjusting the dielectric and magnetic loss
reasonably. As a result, FeNi/rGO-100 composite is expected to
possess an excellent microwave absorption performance, as
proved below.

With respect to microwave absorption performance of FeNi/
rGO composites with different GO proportions, the reflection
loss (RL) of corresponding coatings of various thicknesses was
estimated according to transmit line theory at the frequency
range of 2-18 GHz, as shown in Fig. 10. The FeNi/rGO-20
composite presents relatively weak absorption performance,
which the minimum absorption is up to —25.5 dB at 7.36 GHz
and effective absorption bandwidth is about 4.33 GHz at
a thickness of 3.0 mm. When content of GO is added up to
60 mg, the minimum RL value is enhanced to —40.2 dB at 5.0
mm, and the astonishing thing is that the strongest absorption
bandwidth of FeNi/rGO-60 sample reaches 5.7 GHz at a thin
thickness of 2.0 mm. It is attractive to discover that FeNi/rGO-

3 3 400
a | ——rFenirco-20 —=— FeNilrG0-20 b
—— FeNilrG0-60 —— FeNilrG0-60 350
[——— FeNifGO-100  —— FeNilrG0-100] 2

| —=— FeNirGO-20

=+ FeNi/rGO-60
300 f s FeNi/rGO-100
250
200
150

100 |

50

attenuation constant («)

2 4 6 8 10 12 14 18 18 2 4 6 8 10 12 14 16 18
Frequency (GHz) Frequency (GHz)

Fig. 9 Frequency dependence of tan ¢, and tan ¢, (a) and attenuation
constant (b) of FeNi/rGO-20, FeNi/rGO-60 and FeNi/rGO-100
composites.
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Fig. 10 EM wave reflection loss of FeNi/rGO-20 (a), FeNi/rGO-60 (b)
and FeNi/rGO-100 (c) composites.

100 composite exhibits more optimized microwave absorption
property. The optimized RL value of —42.6 dB at 14.3 GHz with
a thinner thickness of 1.5 mm is achieved successfully, and the
corresponding effective bandwidth below —10 dB can reach 4.0
GHz (12.3-16.3 GHz). The results of absorption performance
agree well with the above demonstration that rational adjust-
ment of dielectric and magnetic components is an efficient
strategy to improve impedance matching and EM wave attenu-
ation, and further enhance microwave absorption capability.

We can observe that absorption peaks shift to lower
frequency along with increasing coating layer thickness, which
can be well explained as follows:***”

= ——  (n=1,3,5...)
A/ lex ||

where t,, is absorber thickness, f;, is absorption frequency, c is
velocity of light in free space, and |¢;| and |u,| are the modulus
of complex permittivity and permeability, respectively. It indi-
cates that the frequency of absorption peak is inversely

proportion to the absorber thickness.
Based on the above-mentioned analysis, it is reasonable that
FeNi/rGO-100 composite exhibits excellent EM absorption

(10)
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Scheme 2 Schematic illustration of microwave absorption mechanism of FeNi/rGO composites.

capacity, originating from the synergistic effect and rational
adjustment of dielectric and magnetic components that make
material satisfy impedance matching and microwave attenua-
tion as far as possible. The possible microwave absorption
mechanism is illustrated in Scheme 2. The combination of FeNi
alloy and graphene/carbon improves the impedance matching,
which will prompt incident microwave to access to the mate-
rial's interior. Then, the transmission of microwave can
generate multiple reflection and scattering benefited from two-
dimensional layer structures. Except for structural feature, the
existence of magnetic nanoparticles triggers the magnetic loss,
such as eddy current loss, natural resonance. What's more,
a large amount of interfacial polarization at the interfaces
between FeNi particles, reduced graphene oxide and amor-
phous carbon layers can lead to the increase of dielectric loss
and thus affect the microwave absorption ability. In addition,
conductive loss may further enhance the loss capability, which
appears to be amplified with the increasing proportion of GO. It
is worth to note that the introduction of reduced graphene oxide
plays a vital role in the dielectric loss. The defects and residual
oxygen-containing functional groups in the graphene nano-
sheets can serve as polarized and scattering centers, which may
contribute to the improved absorption ability. Beyond that, the
dipole polarization and charge transfer can convert EM wave
energy into thermal energy when subjected to an external EM
field. In general, the excellent EM wave absorption property is
ascribed to the two-dimensional structure and synergistic effect
of magnetic nanoparticles and graphene/carbon.

4. Conclusions

We propose a feasible and economical synthetic strategy to
prepare a series of magnetic two-dimensional materials through
a hydrothermal method followed by carbonization process.
Analysis of those measured data reveals that magnetic nano-
particles, glucose and graphene oxide play rather vital roles in
exploring the microwave absorbers. Among those, glucose is an
indispensable ingredient as a reductant and a stabilizer to
develop a target two-dimensional structure. The minimum
reflection loss value of FeNi/rGO-100 composite can reach —42.6
dB at 14.3 GHz with a low thickness of 1.5 mm and the corre-
sponding effective bandwidth of RL less than —10 dB is 4.0 GHz.
The unique layered structure and synergistic effect of magnetic

8400 | RSC Adv., 2018, 8, 8393-8401

nanoparticles and graphene/carbon contribute to its excellent
microwave absorption ability. These composites offer great
potential in functional electromagnetic absorption materials.
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