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ABSTRACT: Cobalt is a promising soft metallic magnetic
material used for important applications in the field of
absorbing stealth technology, especially for absorbing centi-
meter waves. However, it frequently presents a weak dielectric
property because of its instability, aggregation, and crystallo-
graphic form. A method for enhancing the electromagnetic
property of metal Co via phase-controlled synthesis of Co
nanostructures grown on graphene (GN) networks has been
developed. Hexagonal close-packed cobalt (α-Co) nanocrystals
and face-centered cubic cobalt (β-Co) nanospheres with
uniform size and high dispersion have been successfully assembled on GN nanosheets via a facile one-step solution-phase strategy
under different reaction conditions in which the exfoliated graphite oxide (graphene oxide, GO) nanosheets were reduced along
with the formation of Co nanocrystals. The as-synthesized Co/GN nanocomposites showed excellent microwave absorbability in
comparison with the corresponding Co nanocrystals or GN, especially for the nanocomposites of GN and α-Co nanocrystals
(the reflection loss is −47.5 dB at 11.9 GHz), which was probably because of the special electrical properties of the cross-linked
GN nanosheets and the perfect electromagnetic match in their microstructure as well as the small particle size of Co nanocrystals.
The approach is convenient and effective. Some magnetic metal or alloy materials can also be prepared via this route because of
its versatility.
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1. INTRODUCTION

In recent years, the influence of electromagnetic (EM)
radiation on health has received increasing attention with the
development of technology. Considerable theoretical and
experimental investigations have been focused on designing
and fabricating effective electromagnetic wave absorption
materials with promising applications in electronic devices for
commercial, industrial, and military affairs. Because of the
tremendous progress in absorbing stealth technology, EM-
absorbing materials with a thin thickness, light quality, high
reflection loss, and broad band are required. According to these
requirements, the crucial factors that influence the performance
of the absorbing materials are their complex permittivity and
permeability. Therefore, magnetic and conductive nanomateri-
als continue to play a leading role in the investigation and
application of microwave absorbers. It is well-known that small
sized metal cobalt nanocrystals have advantages for high-EM
performance because they are typical soft metallic magnetic
materials and show large magnetic anisotropy.1−5 However, Co
nanoclusters are readily agglomerated and oxidized when
exposed to the air, which may result in antiferromagnetic
cobalt oxide and decreased dielectric properties. Therefore,

dispersing and preserving the natural structure of cobalt
nanoparticles with oxygen-impermeable guest materials are
necessary prerequisites for their potential use in microwave-
absorbance applications. To meet these demands, significant
progress has been made to design materials that can protect the
cobalt nanomaterials, including the utilization of different
structured carbon materials,6−9 various polymers,10−14 zeolite-
structured materials,15−17 and so on. GN nanosheets are perfect
substrates to support the active nanoparticles for use in
applications as functional materials because of their excellent
electrical properties, large surface area, light weight, flexibility,
and corrosion resistance.18,19 Since graphene was successfully
reported by Geim and co-workers in 2004,20 many important
research results have been reported on the preparation of
magnetic graphene nanocomposites including nanoparticles of
Mn3O4,

18 MoS2,
21 Fe3O4,

22−27 FePt,28 Ni(OH)2,
29 Ge,19 and

so on. However, to the best of our knowledge, face-centered
cubic Co nanocrystals growing on graphene have rarely been
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studied apart from several reports on hexagonal close-packed
cobalt.30−34 Magnetic Co nanostructures with different phases
and sizes grown on graphene nanosheets have been of great
interest for EM-wave-absorption applications because of the
excellent magnetic property of Co nanostructures. Moreover,
for EM-wave-absorbing materials, GN nanosheets can acts as a
crucial component because of their advantages described above,
which may make the nanocomposites more attractive than
polymer matrix nanocomposites. In addition, compared with
other carbon composites such as fullerene, carbon black, and
carbon nanotubes, GN nanosheets can also supply good
dispersion and protection for magnetic metal nanocrystals and
provide a high monodirectional electrical conductivity of the
overall microwave-absorbing device, which is favorable for
obtaining an excellent dielectric property. Generally, most of
the present absorbing materials often show the EM-wave-
absorption region at high frequency (12−18 GHz). It is still a
challenge to prepare microwave absorbers that possess strong
absorption at the frequency of the low (1−6 GHz) or middle
(6−12 GHz) band. Therefore, it is significant to study materials
with an absorbing property at a low or middle frequency in the
range of 1−18 GHz and to determine clearly the correlation
between the microstructure and electromagnetic performance.
As is known, metallic Co has three crystal structures (i.e., the

hexagonal close-packed (hcp) α-phase,35−37 the face-centered
cubic (fcc) β-phase,38,39 and a primitive (or pseudo-) cubic ε-
phase).40−44 Both hcp- and fcc-Co phases are more stable than
ε-phase Co. Although the only crystalline structure difference is
the stacking sequence of the atomic plane in the (111)
direction, Co nanocrystals with different crystal structures may
show distinguishing magnetic properties.45 Therefore, it is
urgent to design small magnetic Co nanocrystals with different
crystal structures that are tightly assembled on GN with
excellent electrical properties for use as stable, effective, light
weight, and environmentally friendly microwave absorbers.
Very recently, a facile one-step solution-phase route for
assembling Ni nanocrystals with uniform size and high
dispersion decorated on GN nanosheets under different
reaction conditions was proposed by our research group.46 It
may be a more promising strategy to synthesize cobalt
nanoparticles because the method is low cost, versatility, and
potential for large-scale production. Herein, we propose and
realize an effective strategy for enhancing the electromagnetic
performance of cobalt through the phase-controlled synthesis
of hexagonal and cubic cobalt nanocrystals tightly assembled on
GN nanosheets. The Co/GN nanocomposites are produced by
a facile one-step solution-phase method, which shows much
improved EM-wave-absorption properties in comparison with
pristine Co nanostructures or GN nanosheets when used as an
absorbing device for microwave absorbers.

2. EXPERIMENTAL SECTION
As illustrated in Figure 1, the synthesis route for Co/GN
nanocomposites and their application are schematically presented.
Specific experimental details are as follows.
2.1. Preparation of Graphene Oxide. GO was synthesized from

natural graphite by the modified Hummers’ method, which was used
as the raw material for the fabrication of Co/graphene hybrid
nanomaterials.
2.2. Preparation of α-Co/GN Nanocomposites. In the first

step, 40 mg of GO was added into 40 mL of 2-pyrrolidone, and after
sonication for 2 h the mixture turned to a homogeneous brown
solution. In the second step, 2 mmol Cobalt(II) acetylacetonate and 2
g of octadecylamine were added into the above-mentioned solution,

and then the solution was heated at 120 °C and maintained at this
temperature for 30 min to form the Co complex (the intermediate
compound) as the precursor of the Co nanoparticles. In the third step,
the temperature of the solution was increased to 245 °C, which is the
boiling temperature of 2-pyrrolidone, and maintained for 2 h. During
the first three steps of the reaction, the reaction system was
magnetically stirred under a flow of argon gas, and the color of the
solution turned from red to brown. In the fourth step, when the
reaction was finished, 20 mL of ethanol was injected into the solution
to make the temperature drop quickly. In the last step, the final
product was separated by centrifugation, washed alternately several
times with n-hexane and acetone, and dried at 40 °C under vacuum.

2.3. Preparation of β-Co/GN Nanocomposites. Similar to the
synthesis of α-Co/GN composites, we employed oleylamine instead of
2-pyrrolidone as the solvent, whose boiling temperature is about 350
°C. As a result, the temperature was maintained at 290 °C for 2 h in
the third step, obtaining cauliflower-like β-Co/GN nanocomposites.
The separation and washing method were the same as that in the
preparation of α-Co/GN composites.

2.4. Characterization. The structures of the resulting samples
were analyzed by X-ray powder diffraction (XRD) employing a Phillips
X’pert Pro MPD diffractometer (Cu Kα, λ = 1.54056 Å). The
morphology, size, and details of the as-synthesized samples were
investigated by employing a field-emission scanning electron micro-
scope (FESEM, acceleration voltage of 5 kV, S-4800, Hitachi) and a
high-resolution transmission electron microscope (HRTEM, an
acceleration voltage of 200 kV, JEM-2010, JEOL). Fourier-transform
infrared (FT-IR) spectra of the samples were recorded on a Nicolet-
380 Fourier-transform infrared spectrometer using the KBr method in
the range of 480−4000 cm−1. Raman spectra were taken from 1200 to
1800 cm−1 on a microscopic confocal Raman spectrometer
(LabRAMAramis, Horiba JobinYivon) using a 633 nm He−Ne laser.
X-ray photoelectron spectroscopy (XPS) was recorded on an
ESCALAB 250Xi spectrometer (Thermo Fisher) to characterize the
surface composition. These products were uniformly blended with
paraffin matrix with a mass ratio of 3:2 (60 wt %), and the microwave
absorbing devices were prepared with a cylinder shape (Φouter = 7.00
mm and Φinner = 3.04 mm) for the characterization of their EM
parameters in the 1.0−18.0 GHz band by employing a vector network
analyzer (HP-E8362B, Agilent).

3. RESULTS AND DISCUSSION
As shown in Figure 1, with the presence of a high-boiling-point
solvent and a reducing agent, the pyrolysis reaction of
cobalt(II) acetylacetonate with a long-chain organic compound
generally generates monodisperse Co nanocrystals. Moreover,
the critical factor to prepare monodisperse nanocrystals is to
keep the reaction solution at 120 °C for at least half of an hour
before it is heated to reflux at 245 °C in 2-pyrrolidone or at 290
°C in oleylamine. However, if the reaction solution was directly

Figure 1. Schematic illustration of the Co/GN nanocomposites
formation route and their application.
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heated to the boiling point from room temperature, then cobalt
nanocrystals with a wide size distribution often occurred, which
means that their nucleation and growth are a slow process. In
the reaction system, octadecylamine is important for the
formation of Co/GN, which acts as a surfactant and reductant.
The final reaction temperature is another key factor in this
system, which mainly affects the phase and size of the Co
nanocrystals. Higher reaction temperatures can generate larger
nanoparticles and can be more favorable to form a cubic phase.
Because of the difference in the phase and size of Co
nanoparticles, β-Co nanoparticles easily self-assembled into the
microspheres as a result of their high surface energy and
magnetic interactions. The results are similar to our previous
reports.46 In the process of this reaction illustrated in Figure 1,
GO nanosheets with negative charge possess a strong capability
to attract the dissolved Co2+ ions through electrostatic
interactions and the actions of bonding because some
functional groups, such as −OH and −COOH, were first
suspended in the solvent. Subsequently, the formation of Co
nanocrystals, the reduction of GO nanosheets, and the
assembly of Co nanocrystals on GN nanosheets occurred
simultaneously via the effective in situ route in the presence of
octadecylamine. It is worth mentioning that there were no
additional molecules to bridge the Co nanocrystals and GN
matrixes. However, Co nanocrystals can be firmly anchored on
the GN sheets because of the electrostatic interactions, the
actions of bonding of the remaining group, and the flexibility of
GN.
XRD patterns for the as-obtained nanocomposites of α-Co

and β-Co nanostructures with GN nanosheets in comparison
with original graphite, graphite oxide, and graphene are
illustrated in Figure 2. For graphite, the peaks at 26.5° in

Figure 2a was attributed to the characteristic (002) diffraction
peak of the lattice plane (002), with d spacing of ca. 0.34 nm.
As shown in Figure 2b, when the graphite was oxidized, the
diffraction peak shifted to the lower angle at about 10.9° with a
larger d spacing of 0.76 nm, and the two weak peaks at about
23° and 42° were not found, which confirmed that the
oxidation of graphite was effective. From Figure 2c, two weak
and broad diffraction peaks appeared at 23.5° and 41.9°, which
were identified as the lattice planes of (002) and (100) for GN,
respectively. These results confirmed the existence of an

amorphous carbon structure, indicating that GO was well-
reduced and the stacking of graphene was substantially
disordered. As illustrated in Figure 2d, four peaks observed at
a 2θ of 41.59, 44.26, 47.39, and 75.89° well match the JCPDS
card no. 89-4308, which could be indexed to the hexagonal
close-packed (hcp) structure α-phase of cobalt with lattice
parameters of a = b = 2.505 nm and c=4.089 nm, without
impurity phase observed. In this reaction system, the reaction
temperature affect on the phase of the Co nanoparticles, so β-
Co/GN nanocomposites can be obtained by varying the
reaction temperature. The XRD pattern of the as-prepared β-
Co/GN nanocomposites shown in Figure 2e matches the face-
centered cubic structure β-phase Co with lattice parameters of a
= b = c = 3.544 nm (JCPDS card no. 89-4307). From Figure
2d,e, regardless of whether GO was present, we also confirmed
that pure α-Co and β-Co nanostructures with the same
morphologies can be produced via the thermal decomposition
of an organometallic precursor by controlling the reaction
temperature or by varying the solvent. The weak peak at 23.5°
for both of the nanocomposites is attributed to GN coreduced
from GO nanosheets accompanied by the generation of Co
nanocrystals.
FT-IR spectroscopy was further used to examine the degree

of GO reduction, which is shown in Figure 3. For graphite

oxide, the peaks at 3430 and 1618 cm−1 can be identified as the
O−H stretching vibration of intercalated water and the skeletal
vibrations of unoxidized graphitic regions or the stretching
deformation vibration of intercalated water, respectively. The
bands at 2970 and 1038 cm−1 are the alkyl C−H stretching
vibration and C−O stretching vibrations, respectively. In the
two as-prepared Co/GN nanocomposites, these oxygen-
containing functional groups are distinctly reduced. Compared
to GO, the peaks of some oxygen-containing functional groups
vanished, and a new bands at 2918, 2848, and 1558 cm−1

emerged, which are the alkyl C−H stretching vibration and the
aromatic skeletal CC stretching vibration of GN nano-
sheets.47 Moreover, the absorption of 1628 cm−1 remains,
which is similar to that of natural graphite (Figure 3a),

Figure 2. XRD patterns of (a) graphite, (b) GO, (c) GN, (d) as-
prepared α-Co/GN, and (e) β-Co/GN nanocomposites.

Figure 3. FT-IR spectra of (a) graphite, (b) GO, (c) GN, (d) as-
prepared α-Co/GN, and (e) β-Co/GN nanocomposites.
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demonstrating that GN with a high purity may be obtained. In
view of the above-mentioned data, we conclude that the GO in
the Co/GN nanocomposites is completely reduced. In
addition, the peak positions in patterns c, d, and e are close
despite having very small shifts. This indicates that the
functional groups are similar in the two as-prepared materials
and graphene.
The Raman spectra of graphite, GO, GN, as-prepared α-Co/

GN, and β-Co/GN nanocomposites are illustrated in Figure 4,

which further support the reduction of GO during the synthesis
of Co/GN nanocomposites. Significant structural variations of
the carbon framework were accompanied by the chemical
process of going from graphite to graphite oxide and
subsequently toward GN. The variations were also reflected
in their Raman spectra. However, there are two fundamental
variations observed in the Raman spectra of the samples. One
of these variations is at 1578 and 1332 cm−1 for graphite (curve
a), at 1603 and 1343 cm−1 for GO (curve b), at 1579 and 1327
cm−1 for GN (curve c), at 1595 and 1330 cm−1 for α-Co/GN
(curve d), and at 1596 and 1327 cm−1 for β-Co/GN
nanocomposites, which are attributed to the G and D bands,
respectively. The G band corresponds to the in-plane vibration
of sp2 carbon atoms in a 2D hexagonal lattice, whereas the D
band corresponds to the vibrations of sp3 carbon atoms of
disordered graphite. The typical characteristic for the reduction
of graphite oxide is that the G band shifts to a lower number.27

As shown in Figure 4, the G band of Co/GN nanocomposites
shifts to 1595 and 1596 cm−1 compared to 1603 cm−1 of GO,
indicating the reduction of the latter. The other variation is in
the ordered and disordered crystal structures of carbon that can
be evaluated by employing the intensity ratio of the D and G
bands (ID/IG). From Figure 4a−e, we calculated the value of
ID/IG as 0.30:1 for graphite, 0.96:1 for graphite oxide, 1.38:1 for
graphene, 1.15:1 for α-Co/GN, and 1.24:1 for β-Co/GN,
respectively. The ID/IG ratio increases when GO is reduced.
The variations in the value of ID/IG confirm that the reduction
of graphite oxide can result in small-sized GN nanosheets and
that a large-scale of sp2 carbon atoms appeared in the
structures.27 The conclusions from the Raman spectra and
FT-IR spectra analysis are in accord with the above XRD results

and reveal that Co/GN nanocomposites could be obtained via
this versatile strategy. (The conclusions from the Raman
spectra and FT-IR spectra analysis are well in agreement with
the XRD data and reveal that the Co/GN nanocomposites
could be achieved by the method used here.)
The surface composition of GO and Co/GN nano-

composites was further confirmed by XPS measurements. In
the XPS spectra (Figure 5a), the main peaks observed in the
survey scans of the two nanocomposites are C 1s, O 1s, and Co
2p peaks centered at ca. 285, 530, and 778−800 eV,
respectively. For the nanocomposites, the C 1s peak intensity
increases and becomes much higher than the O 1s peak. This
can be interpreted by the existence of the GN matrix. The C 1s
XPS spectra for GO in Figure 5b could be identified into C
entities with oxygen functionalities (i.e., C−C (sp2 carbon, C1),
C−O (C2), and CO (C3) bonds) with a binding energy of
about 284.7, 286.8, and 288.8 eV, respectively. As shown in
Figure 5c,d, the C2 peaks located at 286.0 eV and C3 peaks
located at 287.7 eV became significantly weaker, which was
accompanied by the formation of cobalt nanoparticles. In
addition, the C/O ratio in the two Co/GN nanocomposites
calculated from Figure 5b−d increase in comparison with that
of GO, which is 0.8, 2.0, and 5.0 for the C/O ratio of GO, α-
Co/GN, and β-Co/GN, respectively. On the basis of the XPS
analysis, we conclude that a majority of oxygen-containing
functional groups, such as −OH and −COOH, in the GO
nanosheets were efficiently reduced. In Figure 5e,f, the peaks
located at ca. 778 and 800 eV are assigned to the binding
energy of Co 2p3/2 and 2p1/2, Figure 5e,f also shows the main
peak at 778.03 eV for α-Co/GN and β-Co/GN, which can be
attributed to metallic Co and reveals that zero-valent Co is
obtained after reduction from Co(II).3,48 The peaks at 781.20
and 786.30 eV (the satellite peak) for the two nanocomposites
can be indexed to the Co(II) oxidation state. This result implies
the possible coexistence of metallic Co and Co2+ in the Co/GN
nanocomposites.
Representative transmission electron microscopy (TEM)

images of the as-synthesized α-Co/GN nanocomposites with
increasing magnification are shown in panels a and b of Figure
6, respectively. In Figure 6a,b, large-scale hexagonal close-
packed cobalt (α-Co) nanocrystals with relatively uniform size
were obtained. Almost no agglomeration was observed, and
each piece of the sample shows the same structure. Figure 6a
clearly shows that large-scale Co nanocrystals were successfully
fabricated on the 2D GN nanosheets and that the edges of the
GN nanosheets and Co nanocrystals can be clearly identified.
As shown in Figure 6b, Co nanocrystals are orderly and evenly
adhered to GN nanosheets, indicating that GN can well-
disperse Co nanocrystals. Moreover, from Figure 6a−c, there
are no separate Co nanoparticles and GN sheet substrates,
indicating that the nanocomposites can be achieved by the one-
pot method, which further demonstrated that all of the Co
nanocrystals have grown on the GN nanosheets. Figure 6c,d
presents the high-resolution TEM images of the α-Co/GN
nanocomposites. From Figure 6c, we can clearly observe that
the α-Co nanocrystals have an average diameter of around 3
nm. The HRTEM images and the SAED pattern shown in
Figure 6d indicate that the size of the Co nanocrystal spreading
over the GN surface is about 4 nm and the measured d spacing
of the Co nanocrystals is 0.19 nm, corresponding to the (101)
lattice plane, which is consistent with the above XRD data. The
considerably sharp ring-like features including the diffraction
lattice of the corresponding SAED pattern (the inset of Figure

Figure 4. Raman spectroscopy of (a) graphite, (b) GO, (c) GN, (d)
as-prepared α-Co/GN, and (e) β-Co/GN nanocomposites.
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6d) indicate the polycrystalline nature of the as-obtained
sample with clear (100), (002), and (101) diffractions and the
typical diffraction lattice of GN sheets, which confirmed that
they were well-crystallized.
As shown in Figures 7 and S1, when we changed the second

heating temperature from 245 to 290 °C using oleylamine as
the solvent instead of 2-pyrrolidone, face-centered cubic cobalt
(β-Co) nanospheres/GN nanocomposites can be achieved on a
large scale. Figure S1 clearly indicates that the nanocomposites
are composed of numerous spherical microstructures with
typical diameters in the narrow range of 250−350 nm wrapped
by GN nanosheet matrixes. The inset of Figure S1 also clearly
shows that β-Co nanospheres are completely covered by GN
nanosheets. Figure 7a,b demonstrates that GN nanosheets are
decorated randomly by β-Co nanospheres with a highly
uniform shape and that the average diameter is ca. 300 nm,
which agrees with the results in Figure S1. From Figure 7b,
although it is difficult to distinguish GN sheets on the surfaces
of Co nanospheres because the monolayer carbon sheets are
extremely thin, we can still identify the transparent graphene

sheets from the wrinkles and the vignetting of the TEM image
on the surface of the Co nanospheres (see the arrow in Figure
7b), which confirmed the formation of the β-Co/GN
nanocomposite networks. Figure 7c presents the high-
magnification TEM images of a β-Co nansphere grown on
the GN nanosheets (the arrow). As indicated in Figure 7c,
cauliflower-like β-Co nanospheres are deeply and firmly
embedded into the GN sheets with a tight conjugation of
their edges even after ultrasonication for TEM characterization.
Figure 7c also clearly shows a typical β-Co submicrometer
sphere with a diameter of ca. 270 nm; the sphere is composed
of β-Co nanocrystals with diameters ranging from 20 to 40 nm.
The 2D lattice fringe image throughout the entire face-centered
cubic Co nanospheres formed on GN nanosheets is shown in
the HRTEM image (Figure 7d). The lattice fringes with a
spacing of 0.176 nm may correspond to the (200) plane of face-
centered cubic cobalt, which is consistent with the (200)
diffraction point in the SAED analysis (the arrow in the inset of
Figure 7d). The SAED pattern also clearly shows a typical
diffraction lattice of GN sheets and face-centered cubic crystal

Figure 5. (a) Survey scans for XPS spectra of GO (black), α-Co/GN(red), and β-Co/GN(green) nanocomposites. C 1s peaks of (b) GO, (c) α-Co/
GN, and (d) β-Co/GN nanocomposites. Co 2p peaks of (e) α-Co/GN and (f) β-Co/GN nanocomposites.
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structure, which confirmed that they have a single-crystalline
structure.
To compare and evaluate their microwave absorption

properties, GN, α-Co nanocrystals, β-Co nanospheres, and
their GN nanocomposites were uniformly mixed in a paraffin
matrix (60 wt %), which is transparent to electromagnetic
waves, and assembled into a microwave-absorption device with
an outer diameter of 7.00 mm and an inner diameter of 3.04
mm, and the devices were measured in the range of 1−18 GHz
by an Agilent E8362B vector network analyzer. The microwave
absorption properties of the as-prepared products can be
evaluated by the reflection loss (RL) values, which may be

calculated by employing the permeability and permittivity at a
known frequency and layer thickness on the basis of the theory
for microwave transmission, which is summarized in the
following equations49−54

μ ε π με=Z Z j fd c/ tanh[ (2 / ) ]r r r rin 0 (1)

= | − + |Z Z Z ZRL (dB) 20 log ( )/( )in 0 in 0 (2)

where f, d, c, Z0, and Zin are the microwave frequency, thickness
of the absorber, light velocity, air impedance, and input
impedance of the absorber, respectively. The results are shown
in Figure 8. As illustrated in Figure 8a, the two Co/GN

nanocomposites presents much stronger microwave-absorption
performance than the pure metal nanostructures and the GN
nanosheets. For example, when the thickness is 2 mm, for α-Co
nanocrystals, there is one peak at 6.0 GHz with the minimum
RL of −2.5 dB; for GN nanosheets, there is almost no
electromagnetic wave-absorption peak because of the high real
part of their permittivity, whereas for α-Co/GN nano-
composites, the strongest EM-wave absorption with an RL
value of −47.5 dB appeared at 11.9 GHz. Compared with other
nanocrystals/graphene composites, the microwave absorption
of α-Co/GN with a thickness of 2 mm is superior to those in
the previous reports: GN−Fe3O4 nanohybrids with an average
diameter of 25 nm (−40.36 dB at 7.0 GHz, 5 mm),55 GN-
Fe3O4 nanoparticles with sizes of about 30 nm (−26.4 dB at 5.3
GHz, 4.0 mm),56 monodispersed GN−hematite nanocompo-
sites around 120 nm in diameter (−35.8 dB at 6.1 GHz, 5
mm),57 and our previous report.46 For β-Co nanospheres, one

Figure 6. (a, b) TEM and (c, d) HRTEM images of α-Co/GN
nanocomposites. The inset of panel d is the SAED pattern.

Figure 7. (a, b) TEM and (c, d) HRTEM images of β-Co/GN
nanocomposites. The inset of panel d is the SAED pattern.

Figure 8. (a) Comparison of microwave reflection losses of the five as-
obtained samples with a thickness of 2 mm. (b) Microwave reflection
losses of α-Co/GN nanocomposites with different thicknesses.
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peak (5.9 GHz, −8.5 dB) was observed, whereas for β-Co
nanospheres/GN nanocomposites, a narrow and strong peak
(3.8 GHz, −24.1 dB) was observed. The absorbtion data
demonstrate that the EM performance of cobalt nanostructures
can be significantly enhanced through the phase-controlled
synthesis of hexagonal and cubic cobalt nanocrystals grown on
graphene nanosheets, which makes them a promising micro-
wave-absorption material for use in effective shielding devices.
The thickness of the absorber, as one of critical factors, will
influence the RL value and the frequency of maximum
absorption. Hence, we fabricated α-Co/GN nanocomposites
with a thickness of 1, 2, 3, 4, and 5 mm to evaluate the results
from the changes of the thickness. As shown in Figure 8b, when
the thickness is 1 mm, there is almost no absorption observed
in the range of 1−18 GHz; however, the other maximum
absorption peaks all reached below −20.0 dB at different
thicknesses covered with the band range of 1−18 GHz, which
ensures the practical application of the full-wave band
absorption materials by adjusting the thickness of the device.
The possible mechanism of the enhanced microwave

absorption could be explained by the comparison of the
complex relative permittivity and permeability of GN, α-Co
nanocrystals, β-Co nanospheres, and their GN nanocomposites
with a thickness of 2 mm. It is obvious in Figure 9 that for GN
the values of the real and imaginary parts of the permittivity are

very high, with permittivity decreases as the frequency increases
(Figure 9a,b), but the value of the real and imaginary parts of
the permeability vary a lot with frequency increases (Figure
9c,d). This result indicates the excellent conductivity of the GN
sample and the lack of magnetic property, which may be the
cause of its unsatisfying performance for microwave absorption.
For α-Co nanocrystals and β-Co nanospheres, the values of the
real and imaginary parts of the permittivity are very low, but the
values of the real and imaginary parts of the permeability are
relatively stable with frequency increases. This result indicates
the relatively weak dielectric properties and the excellent
hysteresis performance of the Co samples, which contribute to
the magnetic loss for microwave absorption. To obtain an
improved EM-absorption property, it is necessary for a
microwave absorbent to possess an excellent dielectric loss
aroused by suitable permittivity. However, for the impedance
match, too high of a permittivity is disadvantageous and will
result in strong reflection and weak absorption. Therefore, a
low real part of the permittivity and an appropriately high
electrical conductivity are favorable for microwave-absorbing
materials.58−61 For the two Co/GN nanocomposites (Figure
9a−d), α-Co/GN has a lower real part of the permittivity, an
appropriate electrical conductivity, and a more appropriate
conductivity for the dielectric loss as well as a more stable
permeability for magnetic loss than the β-Co/Co nano-

Figure 9. Frequency dependence of the (a) real and (b) imaginary parts of complex permittivity and the (c) real and (d) imaginary parts of complex
permeability for the five as-prepared samples.
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composites, which are responsible for their improved micro-
wave-absorbing performance. Thus, we conclude that a perfect
match of the permittivity (a higher dielectric loss) and
permeability (a stable magnetic loss) at an appropriate
thickness of the microwave-absorbing materials is favorable
for the improvement of their microwave absorption.

4. CONCLUSIONS
We have demonstrated an effective and versatile strategy for
synthetizing α-Co nanocrystals and β-Co nanospheres grown
on GN nanosheets, leading to the protection and dispersion of
Co nanostructures through GN networks. As a microwave-
absorbing material for use in effective shielding devices, the α-
Co nanocrystals/GN nanocomposites exhibits excellent electro-
magnetic performance, which can be ascribed to the excellent
electrical properties of the GN nanosheets, the small size and
the phase of the Co nanostructures, and the electromagnetic
match in the microstructures. The method presented in this
work is very useful for enhancing the microwave-absorption
properties of these electromagnetic materials with high RL at
the full-wave band of 1−18 GHz, which expands the potential
application range of magnetic metal nanomaterials used in
microwave-absorbing areas.
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