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a b s t r a c t

Graphene/magnetic metal hybrid nanostructures are promising candidates of novel microwave ab-
sorption materials. Although many efforts have been devoted to fabricate various graphene/magnetic
metal hybrid composites, the microwave absorption performance of these materials is still far from in-
dustrial demand due to the not well balance between electric field and magnetic field characteristics.
Herein, we report single layer graphene encapsulating FeCo alloy nanoparticles (FeCo@Cs) with excellent
microwave absorption performance, which deliver a reflection loss value exceeding �10 dB in the whole
Ku-band, whole X-band, whole C2-band, and even in the whole C1-band by varying the absorber
thickness. The control experiments and numerical simulations demonstrate that the introduction of
graphene coating on FeCo alloy nanoparticles can improve the microwave absorption performance
greatly by increasing the electrical loss. Moreover, decreasing the coating thickness to single layer gra-
phene can render a good match between electric field and magnetic field, and thus resulting in an
electrifying microwave absorption performance. This work gives new insights into the absorption
enhancement of graphene/magnetic metal hybrid structures and contributes to guide the design and
development of highly efficient microwave absorption materials for practical application.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

With the rapid rise in communication technology, high-power
electronic instruments, and new style radar, it is essential to
develop high-performance microwave absorption materials with
strong absorption ability, broad absorption bandwidth, and high
stability to eliminate adverse microwaves effectively in healthcare,
electronic safety, and national defense security [1e20]. Graphene/
magnetic metal hybrid nanostructures become popular candidates
of novel microwave absorption materials due to their excellent
, lixueai@ysu.edu.cn (X.A. Li),
ferromagnetic resonance properties, which may improve the
impedance matching and broaden absorption bandwidth [21e25].
Therefore, tremendous efforts have been devoted to construct
various graphene/magnetic metal composites, such as magnetic
metal nanoparticles growing on graphene surfaces [26e30] and
magnetic metal@multilayer graphene core@shell structures
[31e34]. Compared to the magnetic particles supported on the
graphene surface, the core@shell structures can isolate the metal
core from air and keep it from oxidation, which can efficiently
enhance the absorption performance [35e39]. However, the pre-
viously reported graphene shells are mainly multilayers, and the
number of layers coated on themetal core is not controllable. These
lead to the complexity of the core@shell structures and degrade the
absorption performance due to the reduced magnetic loss [34,40].
In addition, the mechanism of microwave absorption for magnetic
metal@graphene is still far from being completely understood.
Hence, it is highly desired to construct a well-defined magnetic
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metal@graphene core@shell structure to improve the microwave
absorption performance, which can also serve as an ideal model to
investigate the mechanism of microwave absorption for magnetic
metal@graphene. On the other hand, the microstructure of
core@shell structures is at the nanometer scale, but the wavelength
of microwave is at the order of centimeters, which leads to the
eigen values of the mathematical model differing by several orders
of magnitude, and the numerical solution of the model cannot be
obtained. Therefore, it is also urgent to develop a numerical
simulation method to overcome the great numerical gap between
nanostructures and microwave wavelength to reveal insight into
the microwave absorption mechanism. Herein, we propose a
strategy to construct single layer graphene encapsulating FeCo
alloy nanoparticles (FeCo@Cs) with excellent microwave absorp-
tion performance, which deliver a reflection loss (RL) value
exceeding �10 dB in the whole Ku-band, whole X-band, whole C2-
band, and even in the whole C1-band by varying the simulation
thickness. More importantly, a numerical simulation method has
been proposed to get a deep understanding of the absorbing per-
formance enhancement of single layer graphene for FeCo alloy
nanoparticles. The simulation results indicate that the Poynting
vector increased obviously at the contact position of the FeCo@Cs
spheres and the introduction of the graphene layer can improve the
microwave absorption performance greatly by increasing the
electrical loss. In addition, decreasing the coating thickness to
single layer graphene can render a good match between electric
field and magnetic field, and thus resulting in an electrifying mi-
crowave absorption performance.

2. Results and discussion

Single layer graphene encapsulating FeCo alloy nanoparticles
were prepared through a chemical vapor deposition (CVD) method
[41]. First, metal-containing precursors were filled into the channel
of SBA-15 by an impregnation method. Then the materials were
reduced to metal nanoparticles with temperature programmed
from room temperature to 800 �C under 50% H2/Ar; thereafter
single layer graphene was coated on the metal nanoparticles in the
channels of SBA-15 by means of CH4 pyrolysis at 800 �C. Finally, the
samples were treated in 4% hydrofluoric acid (HF) aqueous solution
to remove SBA-15 and bare metal nanoparticles. As shown in
Figs. 1a and S1, transmission electron microscopy (TEM) images
indicate that FeCo@Cs consist of uniform spheres with the diameter
in the range of 6e10 nm. The high-resolution (HR) TEM analysis
further indicates that the nanospheres consist of metal nano-
particles, which are completely encapsulated by the graphene shell
with layer thickness around 3.4 Å (Figs. 1b, S1). According to the
statistical analysis by HRTEM (Fig. S1), most of the graphene shells
(>98%) consist of only one layer. In addition, the metal nano-
particles exhibit a spacing of 2.0 Å, in line with the (110) plane of
the FeCo alloy. Thus, it can be deduced that as-prepared products
are FeCo nanoparticles encapsulated by the single layer graphene
shell (Fig. 1c). Fig. 1def shows the high-angle annular dark field
scanning TEM (HAADF-STEM) image and the elemental maps of the
concentration of Fe and Co. Fe and Co atoms distribute homoge-
neously over all nanoparticles and they are completely overlapped
with the STEM images, further confirming the alloy structure of
FeCo. Note that the single layer graphene shells on FeCo nano-
particles by HAADF-STEM are invisible due to the much weaker
contrast grade of carbon compared with Co and Fe metals. The
crystal structure of FeCo alloy nanoparticles was also confirmed by
X-ray diffraction (XRD) patterns (Fig. 1g), which shows character-
istic peaks at 44.9�, 65.3� and 82.7�, in good agreement with the
(110), (200) and (211) planes of the FeCo alloy, respectively. In
addition, almost no carbon signal can be observed in the XRD
2

patterns, which further evidences that the shells encapsulating
FeCo nanoparticles are extremely thin, in consistent with the
HRTEM results. Furthermore, Raman spectrum was adopted to
identify the graphene shell. As shown in Fig. 1h, the Raman spec-
trum of the FeCo@Cs displays three bands, at 1,350 cm-1, 1,580 cm-1

and 2,700 cm-1, which correspond to the D, G, and 2D bands of
graphene. The intensity ratio (ID/IG) is about 0.7, indicating that the
graphene encapsulating FeCo alloys is with some lattice defects,
which may be caused by the high curvature of graphene. Note that
the shape and intensity of the second-order two-phonon mode
located near 2,700 cm-1 has often been utilized as a ‘fingerprint’ to
identify the number of layers in graphene materials [42]. FeCo@Cs
sample exhibits a sharp and symmetric peak, which suggests a
single-layer nature of the graphene sample, further confirming the
HRTEM analysis. The chemical states of these nanoparticles by X-
ray photoelectron spectroscopy (XPS) (Fig. 1i) suggest that both Fe
and Co in FeCo@Cs maintain their metallic state, which is also
consistent with the XRD analysis and HRTEM results. Combining
TEM images, XRD patterns, Raman spectrum, and XPS analysis, we
find that FeCo nanoparticles are completely encapsulated by the
single layer graphene shell, and such a structure will avoid the
oxidation or corrosion of FeCo alloy when exposed to air or humid
condition.

To evaluate the microwave absorption properties of as-prepared
FeCo@Cs nanostructures, the relative complex permittivity (εr) and
the relative complex permeability (mr) of the FeCo@Cs-based sam-
ple were measured by a vector network analyzer in the frequency
range of 2e18 GHz (Fig. S2a, and b). Then the RL values were
calculated according to transmission line theory. As shown in
Fig. 2a, the FeCo@Cs sample exhibits excellent microwave absorp-
tion performance, not only with high absorption capability but also
with broad effective absorption bandwidth. With a thickness of
2.1 mm, the RL value can reach �32 dB at 12.8 GHz. Moreover, the
effective absorption (RL < �10 dB) bandwidth can reach 8.3 GHz
(9.7e18.0 GHz), covering the entire Ku bands. Usually, according to
the working frequency for the electronic instruments, the micro-
wave is divided into several bands, e.g., in the frequency of
2e18 GHz, the microwave is further divided into S band (2e4 GHz),
C band (4e8 GHz), X band (8e12 GHz), and Ku band (12e18 GHz).
The working frequency for communication satellites is usually in
the C band, and for the digital broadcast satellites it is usually in the
Ku band. Besides, different radars can be designed to work in the C,
X, and Ku bands, respectively. Therefore, the effective absorption
frequency of the microwave absorption materials should entirely
cover one or more bands. As mentioned above, with a thickness of
2.1 mm, the RL < �10 dB can cover the whole Ku-band, while it
exceeds�20 dB over the 11.8e13.9 GHz range, absorbingmore than
99% of the incident microwave in the frequency range. Further-
more, with a thickness of 2.5 mm, the effective absorption band-
width is 5.6 GHz (7.9e13.5 GHz), which can completely cover the
whole X-band (8e12 GHz). When the thickness increases to
3.1 mm, the RL can reach a value of �46 dB at 7.8 GHz, and the
effective absorption bandwidth is 4.2 GHz (6.0e10.2 GHz),
completely covering the whole C2-band (6e8 GHz). It should be
pointed out that there are few reports concerning the microwave
absorption materials with effective absorption in the range of
2e6 GHz [43e46]. In the present case, with a thickness of 4.5 mm,
the sample shows considerable absorption in the C1 band
(4e6 GHz). The RL value of the sample is up to �33 dB at 4.9 GHz,
and the RL exceeds �10 dB in the whole C1 band, which have been
barely reported in the literature. These results suggest that
FeCo@Cs nanostructures have great practical applied foreground in
the field of microwave absorption materials.

For graphene/magnetic metal hybrid nanostructures, the mag-
netic property dominates the magnetic loss for the microwave



Fig. 1. Morphology and structural characterizations of FeCo@Cs. (a) Typical TEM images; (b) HRTEM images; (c) a schematic illustration of the FeCo@Cs structure; (def) HAADF-
STEM image and corresponding energy dispersive X-ray detector (EDX) mapping images; (g) XRD patterns; (h) Raman spectrum; and (i) XPS spectra.

Fig. 2. The calculated reflection loss curves of the samples with the frequency from 2 to 18 GHz. (a) FeCo@Cs; (b) FeCo@oxides; and (c) FeCo alloy encapsulated by multilayer
graphene.
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absorption. In the present case, the unique core@shell structures
ensure that the FeCo alloy particles can be protected from oxidative
corrosion by the graphene, which endows the FeCo@Cs with typical
ferromagnetic characteristics. The FeCo@Cs sample presents a
strong saturation magnetization (Ms, 156 emu/g) and a low
intrinsic coercivity (Hc, 43 Oe) (Fig. S3). The higherMs and lower Hc
are favorable to the improvement of the initial permeability, which
usually indicates a strong magnetic loss ability [47,48]. In contrast,
without graphene cages, FeCo nanoparticles prepared in the
3

channels of mesoporous silica (SBA-15) were easily oxidized in the
surface and formed FeCo@oxides nanostructures (Fig. S4), and the
FeCo@oxides sample only shows ordinary microwave absorption
properties with an effective absorption bandwidth of 3.6 GHz
(Fig. 2b). In addition, the FeCo oxides encapsulated by the cracked
graphene cages and supported on the graphene were prepared,
respectively (Fig. S5eS7). Their poor microwave absorption per-
formance further evidences the advantage of intact graphene
encapsulating metallic FeCo alloy nanoparticles. It should also be
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pointed out that, too thick graphene shell will also weaken the
magnetic loss ability and the microwave absorption performances
(Fig. S8, Fig. 2c). Moreover, compared to the representative mag-
netic materials/graphene composites, FeCo@Cs exhibited much
better microwave absorption performance (Table S1)
[10e13,19,23,24,35,38,39,49e53]. Thus, the unique structure of
single layer graphene encapsulating metallic FeCo alloy nano-
particles, the proper thickness of graphene layer, and suitable
chemical components could well balance the magnetic loss and
dielectric loss, and effectively improve the microwave absorption
performance, especially broad bandwidth response.

To further get insights into the microwave absorption
enhancement of as-prepared FeCo@Cs, a numerical model was built
in the software of COMSOL to investigate themicrowave absorption
process. The stable arrangement of spheres is shown in Fig. 3a, and
a rectangular simulation domain with Floquet-periodic boundary
conditions is carried out to express the array of the spheres in
Fig. 3a [54]. A transverse electromagnetic wavewith a power of 1W
is excited from the source port and injected into the spherical array.
Perfectly matched layers (PMLs) on the top and bottom of the
computational domain are used to absorb the reflected and trans-
mitted electromagnetic waves respectively. Considering the
amount of numerical calculation and the accuracy of numerical
results, the particle radius is set to 30 mm with the composition
ratio unchanged and the number of particle layers is 40. The se-
lection method of electromagnetic parameters for the metal par-
ticle core and graphene coating is described in detail in the
Supporting information.

The electromagnetic field in the simulation domain is obtained
by solving Maxwell equations in the frequency domain. Based on
the simulated results, the absorption characteristics of the com-
posite material with different thicknesses are shown in Fig. 3b.
Similar to the measured FeCo@Cs sample, the simulation sample
also shows excellent absorption properties, especially the absorp-
tion bandwidth. With the thickness of 1.9 mm, the simulated
effective absorption bandwidth of the FeCo@Cs structure with
single graphene layer is 7.7 GHz (10.3e18.0 GHz), which can
completely cover the whole Ku band. When the thickness increases
to 2.5, 3.1, and 4.1 mm, the effective absorption bandwidths are
5.9 GHz (7.2e13.1 GHz), 4.5 GHz (5.5e10 GHz), and 2.7 GHz
(4.0e6.7 GHz), respectively, which can completely cover the whole
X band, C2 band, and C1 band. Except for some slight differences in
specific values, the absorption bandwidths and their trends are in
good agreement with the measured FeCo@Cs samples in experi-
ments. Compared with FeCo alloy encapsulated by multilayer gra-
phene (Fig. 3c), the microwave absorption performance of FeCo@Cs
sample is much better. With the same simulation thickness, the
simulated efficient absorption bandwidth narrows obviously when
the graphene layer increases from single layer tomultilayer, and the
trend is also similar to the experimental results.
Fig. 3. The geometry of the numerical model and the energy loss curve based on the simu
reflection loss of FeCo alloy encapsulated by single layer graphene; and (c) the simulated r
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In order to further analyze the absorbing mechanism of the
composite sphere, a single sphere with the electromagnetic field
frequency of 10 GHz is selected to investigate the micro-
electromagnetic distribution and loss characteristics. By carefully
comparing the loss characteristics of different layers of spheres, the
absorption characteristics of composite spheres at different posi-
tions are the same, so the distribution of energy loss is also the
same. On the other hand, considering the fact that with the con-
sumption of electromagnetic energy in the propagation process,
the top sphere is closer to the electromagnetic emission port, and
its energy loss intensity is slightly greater than that of the bottom
sphere, so we select layer 34 sphere as the representative of the
numerical model. Fig. 4a presents the Poynting vector of the elec-
tromagnetic field around the micro-sphere and the electric field
intensity of the composite sphere. The thickness of the arrow
represents the magnitude of the Poynting vector. The results show
that the propagation of the electromagnetic field is largely affected
by the spherical structure, and the electric field intensity increases
at the contact points between the spheres. Especially at the contact
point where the tangent plane of the contact point is perpendicular
to the direction of the electric field, and the enhancement of the
electric field is most obvious. When the wave length is larger than
the size of the sphere, the electromagnetic field shows the char-
acteristics of electrostatic field, so the electrostatic concentration
effect appears at the contact position of the sphere.

Considering that the graphene is a typical electrical loss mate-
rial, the electric field loss in the graphene layer is much greater than
that in the FeCo core. Besides, the electric field loss at the con-
centration point in the graphene layer is much greater than that in
other places (Fig. 4b). As a magnetic loss medium, the loss of
magnetic field is mainly produced by the FeCo core, as shown in
Fig. 4c. Based on the results shown in Fig. 4b and c, we can see that
the loss density of the electric field in the graphene layer is far
greater than that in the FeCo coremagnetic field. Hence, the coating
of the graphene layer can increase the electric field loss, thus
improving the microwave absorbing performance of the whole
material.

In addition, the effect of the thickness of the graphene layer
encapsulating the FeCo alloy on the microwave absorption perfor-
mance has been investigated. The thickness of the graphene layer is
increased to 0.4 times of the radius of the composite sphere.
Compared with the results of single graphene layer, the most
important change is that the overall reflection coefficient of sphere
arrangement increases for the multilayer coating (Fig. 4d). As a
good conductive medium, graphene has a strong electromagnetic
shielding ability. As shown in Fig. 4d, too thick graphene shell can
enhance the reflected electromagnetic field, which will reduce the
electromagnetic intensity into the particle, thus reducing the mi-
crowave absorption performance of the whole composite. The loss
characteristics of a multilayer graphene encapsulating FeCo sphere
at the same position and electromagnetic frequency as shown in
lated numerical models. (a) The geometry of the numerical model; (b) the simulated
eflection loss of FeCo alloy encapsulated by multilayer graphene.



Fig. 4. The micro-electromagnetic distribution and loss characteristics of the numerical models. (a) The Poynting vector of the electromagnetic field around the micro-sphere and
the electric field intensity of the composite sphere; (b) the electric field loss and electric field vector of single layer graphene encapsulating FeCo sphere; (c) the magnetic field loss
and magnetic field vector of single layer graphene encapsulating FeCo sphere; (d) the reflection coefficients of single layer graphene and multilayer graphene encapsulating FeCo
spheres; (e) the electric field loss and electric field vector of multilayer graphene encapsulating FeCo sphere; and (f) the magnetic field loss and magnetic field vector of multilayer
graphene encapsulating FeCo sphere. The thickness of the arrow represents the size of the electromagnetic vector.
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Fig. 4a are given in Fig. 4e and f. As the emission coefficient in-
creases, the intensity of the electromagnetic field entering the
sphere decreases. The magnitude of the electric field vector in
Fig. 4e is significantly smaller than that in Fig. 4b. Therefore, as the
thickness of the graphene layer increases, the range of electric field
loss increases, while the intensity of electric field loss decreases.
Comparedwith the results in Fig. 4c and f, we can see that the range
and intensity of themagnetic field loss are both reduced in the FeCo
core. Hence, decreasing the coating thickness to single layer gra-
phene can render a good match between the electric field and the
magnetic field, and thus resulting in an electrifying microwave
absorption performance. It should be pointed out that the single
layer graphene coating not only protects the magnetic metal core
with strong magnetic loss but also makes full use of the strong
electric field characteristics of the contact point, resulting in strong
electrical loss. Without the graphene layer coating, the electric field
loss of the bare FeCo particle is reduced greatly (Fig. S13), which
will also reduce the microwave absorption performance of FeCo
particles.

Consequently, the essential factors that result in FeCo@Cs with
good microwave absorption performance can be concluded as
below: (1) the graphene shell can avoid the oxidation of FeCo core
and ensure the magnetic loss ability of the composites; (2) the
contact position of spherical particles will produce a strong electric
field, and the introduction of single layer graphene coating takes
advantage of the strong electric loss characteristics of graphene,
resulting in a large energy loss at the electric field enhancement
point; and (3) the core@shell structures increase the electromag-
netic surface via abundant multiple interfaces among the com-
posites, such as graphene shell/graphene shell and magnetic core/
graphene, whichwill also favor themicrowave absorption property.
3. Conclusions

In summary, using the channels of ordered mesoporous silica as
template, single layer graphene encapsulating FeCo alloy
5

nanoparticles were successfully prepared via a CVD-assisted
strategy. The prepared sample shows excellent microwave ab-
sorption performance. The strongest RL values can reach�46 dB, by
varying the simulation thickness, and the RL values of the sample
can exceed �10 dB in the whole Ku-band (1.8e2.1 mm), whole X-
band (2.5mm), whole C2-band (3.1mm), and even in thewhole C1-
band (4.5 mm). The enhanced microwave absorption performance
of FeCo@Cs can be attributed to the synergistic effect of single layer
graphene coating and FeCo alloy cores. Besides avoiding oxidation
of FeCo alloy cores, the numerical simulation results show that the
introduction of the single layer graphene can improve the
absorbing performance greatly by increasing the dielectric loss. It is
also demonstrated that the increase in graphene layer thickness
will increase the reflected electromagnetic field and reduce the
absorbing performance. Our results give new insights into the ab-
sorption enhancement of magnetic metal@C nanostructures and
contribute to guide the design and development of highly efficient
microwave absorption materials for practical application.
4. Experimental section

Single layer graphene encapsulating FeCo alloy nanoparticles
(FeCo@Cs) were prepared through CVD method. First,
Fe(NO3)3$9H2O (1.8 mmol) and Co(NO3)2$6H2O (1.8 mmol) were
filled into the channel of SBA-15 by an impregnation method in
methanol solution, named as FeCo@SBA-15. Then the deposits were
transferred into a CVD furnace, temperature programmed from
room temperature to 800 �C under 50% H2/Ar, followed by CH4 for
5 min at 800 �C. Finally, the samples were treated in 4% HF aqueous
solution at room temperature for 4 h, followed by washing in
distilled water and ethanol, and drying at 80 �C for 12 h.

The morphology and microstructures of the products were
investigated using TEM (FEI Tecnai F20, 200 kV). Elemental map-
ping images were performed with an energy dispersive X-ray de-
tector (EDX) system attached to TEM. The XRD was performed on a
Rigaku D/Max-2500 diffractometer with Cu Ka radiation. XPS was
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measured on a Perkin-Elmer model PHI 5600 XPS system from a
monochromatic aluminum anode X-ray source with Ka radiation.
The effective complex permittivity and permeability were
measured using an Agilent 85071E vector network analyzer in the
frequency range of 2e18 GHz. The RL values were calculated ac-
cording to transmission line theory.

The numerical simulation was performed in the software of
COMSOL multiphysics. In the numerical model (Fig. 3a), large-size
simulated particles are used to replace multiple nano-scale real
particles with the same amount of matter. PMLs on the top and
bottom of the computational domain are used to absorb the elec-
tromagnetic field from the ports. And Floquet-periodic boundary
conditions are carried out to extend the array structure infinitely.
The electromagnetic parameters of FeCo core are obtained by in-
verse solution of experimental results.
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