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ABSTRACT: This paper presents for the first time a
successful synthesis of quaternary nanocomposites consisting
of graphene, Fe;O,@Fe core/shell nanopariticles, and ZnO
nanoparticles. Transmission electron microscopy measure-
ments show that the diameter of the Fe;O,@Fe core/shell
nanoparitcles is about 18 nm, the Fe;O, shell’s thickness is
about 5 nm, and the diameter of ZnO nanoparticles is in range
of 2—10 nm. The measured electromagnetic parameters show
that the absorption bandwidth with reflection loss less than
—20 dB is up to 7.3 GHz, and in the band range more than
99% of electromagnetic wave energy is attenuated. Moreover,
the addition amount of the nanocomposites in the matrix is

only 20 wt %. Therefore, the excellent electromagnetic absorption properties with lightweight and wide absorption frequency

band are realized by the nanocomposites.
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B INTRODUCTION

As a new class of two-dimensional carbon nanostructure,
graphene (G) has attracted wide attention because of its
excellent mechanical, electrical, thermal and optical properties."
Abundant chemical groups such as —OH and —C=0 are
introduced on its surface with a result that graphene can serve
as an ideal substrate for the deposition of other functional
materials. These functionalized graphenes exhibit new or
enhanced physicochemical properties, and are promising for
the apphcatlons in wide areas including energy storage and
conversmn, - chemlcal catalysts,"*">* optoelectronic devi-
ces,23 and sensors, ¢ etc. Recently, exciting properties have
been achieved by constructing the graphene-based ternary
composites.”” >' For example, reduced graphene oxide—
porphyrin—Zn0O, graphene—Fe,O;—polyaniline, and Pt—
ITO—graphene ternary nanocomposites have been synthesized
for the applications in photoconversion, photovoltaics, super-
capacitors etc. Therefore, the construction of multi-function-
alized graphene-based nanocomposites is very promising for
their further applications.

Electromagnetic (EM) wave absorbing materials have
attracted much attention due to the expanded EM interference
problems. The traditional absorbers, such as ferrite, have strong
absorption properties, but the thickness required is too large.
Therefore, some kinds of nanomaterials, including magnetic
metals, conducting polymer, and carbon nanotubes, have been
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studied for EM absorption.>* > However, the absorption
property of such single material needs to be further improved.
Recently, heteronanostructured materials with new or
enhanced EM absorption properties have been reported.*~**
For example, Ni/Ag core/shell nanoparticles showed dual-
frequency EM absorption ability compared to the naked Ni
particles;*® polyaniline—multiwalled carbon nanotube nano-
composites could be used as both EM absorption and EM
interface shielding materials;>’ the reflection loss reached —25
dB for carbon nanotube/Fe composites with a thickness of 1.2
mm.** Thus, good EM absorption property can be achieved by
a reasonable construction of heteronanostructures.

Graphene has a very large surface area, resulting in its
potential applications in lightweight EM absorbers. However,
its high conductivity may degrade its EM absorption ability.*
Although EM interface shielding properties of graphene and the
ferromagnetic graphene composites have been investigated,
their EM absorption properties have been seldom re-
ported.”***” Herein, we design and synthesize new quaternary
nanocomposites composed of graphene, Fe;0,@Fe core/shell
nanoparticles, and ZnO nanoparticles as eflicient and light-
weight EM absorbing materials. Fe;O,@Fe core/shell nano-
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Figure 1. Structural characterizations of the G/Fe;0,@Fe ternary nanocomposites. (a) Low-resolution TEM image, (b, c) magnified TEM images,

and (d) HRTEM image.
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particles**™* and ZnO nanoparticles® are used as magnetic

and dielectric loss materials, respectively. And the graphene
serves as an ideal substrate for the deposition of the
nanoparitcles. Because of their synergetic effect, interfacial
polarization induced by multiple interfaces in the nano-
composites, and the charge—carrier transfer between Fe;O,
and ZnO, the quaternary nanoscomposites (G/Fe;O,@Fe/
ZnO) exhibit excellent EM absorption performances.

B EXPERIMENTAL SECTION

G/p—FeOOH nanohybrids were first synthesized, and ZnO nano-
particles were then deposited on them, forming G/f—FeOOH/ZnO
nanocomposites. After the nanocomposites were annealed under an
Ar/H, atmosphere, G/Fe;O,@Fe/ZnO quaternary nanoscomposites
were successfully obtained. The detail synthesis process, structural
characterization, and electromagnetic measurements were described in
the Supporting Information (SI-1).

B RESULTS AND DISCUSSION
Growth of f—FeOOH Nanocrystals on Graphene.

Figure Sla (Supporting Information) shows a low-resolution
TEM image of the as-synthesized G/f-FeOOH nanohybrids. It
can be clearly seen that the f-FeOOH particles with a diameter
less than S nm grow densely on the surface of graphene. Clear
lattice fringes are observed in the high—resolution TEM
(HRTEM) image (see Figure S1b in the Supporting
Information), suggesting a crystal nature of the nanoparticles.
Their selected area electron diffraction (SAED) pattern (see
Figure Slc in the Supporting Information) shows diffraction
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rings, corresponding to (002), (200), (006), and (301)
crystalline planes of orthorhombic S-FeOOH, respectively.
The results above reveal that f-FeOOH nanocrystals have
successfully grown on the surface of graphene by the present
method.

Formation of G/Fe;0,@Fe Ternary Nanocomposites.
p-FeOOH is transformed into Fe;0, and a-Fe after the G/f-
FeOOH nanohybrids are thermally treated at 420 °C for S h
under Ar/H, flow, as shown in Figure S2a (Supporting
Information). An additional small and broad diffraction peak
appears at 20 in range of 22.5—27.5° in the XRD pattern, which
can be indexed to the disordered graphene sheets (Figure S2b,
Supporting Information). Thus, the G/Fe;O,@Fe ternary
nanocomposites have been synthesized through the above
annealing process. It should be noted that iron oxides, such as
y—Fe,0;, may present in the product. Thus, X-ray photo-
electron spectroscopy (XPS) measurements were carried out.
Figure S3a (Supporting Information) shows the Fe 2p core
level XPS spectra of the product. Two main peaks, located at
711.0 and 724.2 eV, correspond to Fe 2p;, and Fe 2p,,,,
respectively. The signals are broadened, indicating that the Fe**
and Fe® states coexist in the nanohybrids. Moreover, no
shakeup satellite peaks, which are the fingerprints of the
electronic structures of iron oxides such as a-Fe,O; and y-
Fe,0;, can be identified. It indicates that Fe,O; does not
present in the nanohybrids.>

The morphologies and structures of the ternary nano-
composites were further investigated by TEM measurements.
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Figure la shows a low-resolution TEM image of the ternary
nanocomposites. It can be clearly found that uniform
nanoparticles with an average diameter of about 18 nm are
deposited on the graphene’s surface. Importantly, these
nanoparticles disperse very well. Magnified TEM images
(Figure 1b, c) show that the nanoparticles have very interesting
structures, i.e, are composed of core and shell parts and the
shell thickness is about 5 nm. Clearly lattice fringes are
presented in both regions, as shown in Figure 1d, indicative of
the crystal nature of the nanoparticles. However, the lattice
spacings in the core and shell regions are significantly different.
The spacing labeled in the core region is about 0.201 nm,
corresponding to (110) plane of a-Fe, whereas it is about 0.293
nm in the shell region, corresponding to (220) plane of Fe;O,.
Therefore, in terms of the TEM observations and the XRD and
XPS analyses, we can draw a conclusion that S-FeOOH
nanocrystals deposited on the graphene have been transformed
into Fe;O,@Fe core/shell nanoparticles through the annealing
process above, which has not been reported before.
Formation of G/Fe;0,@Fe/ZnO Quaternary Nano-
composites. The XRD analysis shows that Fe;O,, a-Fe, and
ZnO are presented in the quaternary nanocomposites, as
shown in Figure 2. The diffraction peaks of both graphene and
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Figure 2. XRD pattern of the G/Fe;O,@Fe/ZnO quaternary
nanocomposites.

Fe;0, are suppressed because of strong diffraction intensities of
ZnO. Similar to that of G/Fe;O,@Fe ternary nanocomposites,
Fe,O,@Fe core/shell nanoparticles still cover over the surface
of the graphene in the quaternary nanocomposites, as shown in
Figure 3a. HRTEM image (Figure 3b) of an individual Fe;0,@
Fe nanoparticle reveals that the core and shell materials are still
a-Fe and Fe;0,, respectively. The possibility of other iron
oxide phases is ruled out by the XPS analysis (Figure S3b).
Besides Fe;O,@Fe core/shell nanoparticles, smaller nano-
particles with a size ranging from 2 to 10 nm are also clearly
observed in the Figure 3a and Figure S4a (Supporting
Information). According to XRD analysis the smaller nano-
particles should be ZnO. The presence of crystalline Fe;O,, a-
Fe, and ZnO in the nanocomposites is also confirmed by the
SAED pattern, as shown in Figure 3c. The diffraction rings in
the pattern can be assigned to cubic Fe;O, and body-centered
cubic a-Fe, respectively, whereas the diffraction spots marked
with white circles are due to hexagonal ZnO. Similar to the
uniform distribution of Fe;O,@Fe core/shell nanoparticles, the
ZnO nanoparticles also disperse well in the quaternary
nanocomposites. The elemental distribution in the quaternary
nanocomposites was further investigated by angular dark-field
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(ADF) STEM and energy-dispersive X-ray (EDX) element
mapping analyses (see Figure SS in the Supporting
Information). The ADF STEM image and the EDX element
mapping demonstrate that Fe, O and Zn elements are
uniformly distributed in the nanocomposites. The ZnO
nanoparticles are on the surface of graphene or on the surface
or at the grain boundaries of Fe;O,@Fe core/shell nano-
particles, as shown in Figure 3a. Thus, four kinds of material
interfaces, ie., G—ZnO, G—Fe;0,, Fe;O0,—Fe, and Fe;O,—
ZnO, are presented in the unique quaternary nanoscomposites.
Figure 3d shows a magnified TEM image of the quaternary
nanocomposites. The locations of graphene, Fe;O,, a-Fe, and
ZnO are marked with white lines. HRTEM images of ZnO
nanoparticles marked with the white and black frames in the
Figure 3d are shown in the upper left and lower left insets of
Figure 3c, respectively. The lattice spacings are 0.262 + 0.004
nm, corresponding to (002) plane of hexagonal ZnO. The
TEM image also shows that parts of ZnO nanoparticles are
bonded with both graphene and Fe;O,@Fe core/shell
nanoparticles, and thus graphene—Fe;0,~ZnO triple junctions
also form in the quaternary nanocomposites. The content of
graphene in the quaternary nanocomposites is determined by
the energy dispersive spectroscopy (EDS) analysis, as shown in
Figure S4b (Supporting Information). The molar ratio of C to
Fe, Zn, and O is about 1.5:1:0.3:1.

Magnetic Properties of the Ternary and Quaternary
Nanocomposites. The field dependence of magnetization for
the ternary and quaternary nanocomposites was measured at
room temperature by a vibrating sample magnetometer, as
shown in Figure 4. Significant hysteresis loops in the M—H
curves indicate the ferromagnetic behavior of both the ternary
nanocomposites and the quaternary nanocomposites. The
saturation magnetization (M), coercivity (H.), and retentivity
(M,) are 98.5 emu/g, 235.9 Oe, and 11.6 emu/g respectively
for the ternary nanocomposites, and 13.8 emu/g, 197.8 Oe, and
3.3 emu/g respectively for the quaternary nanocmposites. The
magnetic measurements above demonstrate that the nano-
composites are ferromagnetic, suggesting that they may be used
to attenuate EM irradiation because of multidomain walls in the
Fe;0, nanoparticles.** >

The analyses above reveal that multi-interfaces and triple
junctions exist in the ferromagnetic G/Fe;0,@Fe/Zn0O
quaternary nanocomposites, which would have important effect
on their EM absorption properties. The addition amount of the
nanocomposites into the paraffin matrix is 20 wt % for the
investigation of the EM absorption properties as detailed below.

EM Absorption Properties. According to the previous
report, graphene had weak ability of EM attenuation.” In
contrasts, the G/Fe;O,@Fe ternary nanocomposites and the
G/Fe;O0,@Fe/ZnO quaternary nanocomposites exhibited
significantly improved EM absorption properties. The meas-
ured EM parameters (the relative complex permittivity: €, = &’
— je’, and the relative complex permeability: u, = u’ — ju”)
show that the ternary and quaternary nanocomposites have
relatively larger both dielectric loss and magnetic loss compared
with other magnetic materials (see Figures S6 and S7 in the
Supporting Information), suggesting that they have good EM
absorption properties.**™>* According to the transmission line
theory,” reflection loss (R ) can be calculated by the following
equations

Z = (/)" tanhlj2afd/c) (ue,)*] (1)
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Figure 3. Structural characterizations of the G/Fe;0,@Fe/ZnO quaternary nanocomposites. (a) Low-resolution TEM image, (b) HRTEM image of
an individual Fe;O,@Fe nanoparticle in the nanocomposites, (c) SAED pattern, and (d) HRTEM image for the triple junctions. The upper and
lower insets show HRTEM images of ZnO nanoparticles marked with white and black frames in d, respectively.
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Figure 4. Magnetization hysteresis loops measured at room temper-

atures. (a) G/Fe;0,@Fe ternary nanocomposites and (b) the G/
Fe;0,@Fe/ZnO quaternary nanocomposites.
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where Z; is the input impedance of the absorber, ¢ is the
velocity of electromagnetic waves in free space, f is the
frequency of microwaves, and d is the thickness of the absorber.
The calculated reflection losses (R;) of the ternary nano-
composites are shown in Figure 5a. It can be found that the
minimal Ry values are less than —17 B for the nanocomposites
with the thicknesses in the range of 2—5 mm. However, all of
the values for the graphene are larger than —11 dB.” The detail
comparisons of the R; values between the G/Fe;O,@Fe
ternary nanocomposites and the graphene are listed in Tablel.
Therefore the ternary nanocomposites exhibit greatly enhanced
EM absorption properties in comparison with the graphene.
After the deposition of ZnO nanoparticles on the ternary
nanocomposites, their EM absorption properties are further
improved, as shown in Figure Sb. It can be found that the
minimal R; values are less than —30 dB for the nanocomposites
with the thicknesses 2.5—5 mm. Importantly, the absorption
bandwidth with R; less than —20 dB is up to 7.3 GHz (in the
frequency range of 5.9—15.2 GHz). Because more than 99% of
EM wave energy can be attenuated by the absorber when its Ry,
value is less than —20 dB, the G/Fe;0,@Fe/ZnO quaternary
nanocomposites show excellent EM absorption properties.
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Figure S. Reflection losses of the (a) G/Fe;O,@Fe ternary
nanocomposites and (b) G/Fe;0,@Fe/ZnO quaternary nano-
composites with thickness 2—5 mm.

Considering edge effect (the calculated reflection losses in
frequency ranging from 4 to 16 GHz are more reliable®®) the
absorption band for the ternary nanocomposites is only about
3.5 GHz (from 8.8 to 14.6 GHz). The detailed comparison of
the R values between the ternary and quaternary nano-
composites is also summarized in Table 1. In addition, the
reflection losses for G/ZnO nanocomposites with the
thicknesses in the range of 2—5 mm are larger than —20 dB,
as shown in Figure S8 in the Supporting Information.
Therefore, the G/Fe;0,@Fe/ZnO quaternary nanocomposites
have better EM absorption properties in comparison with the
ternary nanocomposites, G/ZnO nanocomposites and the
graphene.

In addition, compared with other magnetic materials such as
Fe;0,/TiO,, Fe;0,/carbo,n and Fe;0,/SnO, core/shell
nanostructures, G/Fe;0,@Fe/ZnO quaternary nanocompo-
sites exhibit very good EM absorption properties.**>">* For
example, the R; values of the Fe;0,/TiO, core/shell nanotubes
are larger than —20.6 dB as the thickness is in range of 2—5
mm. Moreover, the added weight of these magnetic materials in
the matrix is more than 40 wt %. Thus, the G/Fe;O,@Fe/Zn0O
quaternary nanocomposites can be used as lightweight EM
absorbing materials with good absorption properties.

As pointed out above, the multi-interfaces and triple
junctions are presented in the G/Fe;O0,@Fe/ZnO quaternary
nanocomposites. The enhanced Debye relaxation process
induced by the interfaces has also contributed to the improved
EM absorption properties. According to the Cole—Cole
dispersion laws, the Debye relaxation process is able to be
reflected in the plot of &' — €”. In the plot, each semicircle
corresponds to one Debye relaxation process.” The plots for
the quaternary and ternary nanocomposites (Figure S9,
Supporting Information) show that the quaternary nano-
composites have one semicircle more than the ternary
nanocomposites, indicating that the interface polarization
plays an import role in the enhanced EM properties. In
general, the excellent EM wave absorptions are strongly
dependent on the efficient complementarities between
dielectric and magnetic losses, that is, if dielectric tangent loss
(tan &, = €”/€') is equal to the magnetic tangent loss (tan &, =
u"/u'), the absorber will show the best EM absorption
property. Only magnetic loss or only dielectric loss leads to
poor EM absorption properties.*>*® The relationships between
tan 6, and tan O, show that the complementarities of the
quaternary nanocomposites are better than those of the ternary
nanocomposites especially in low-frequency region (Figure S10,
Supporting Information). In addition, the Fe 2p spectrum in
the G/Fe;O,@Fe/ZnO quaternary nanocomposites shifts
about 0.2 eV lower in binding energy compared to that of
the G/Fe;O0,@Fe ternary nanocomposites. It reveals that the
surrounding ZnO nanoparticles have important effect on the
electric structures of Fe;O, and the charge-carrier transfer
between Fe;0, and ZnO would occur as an external field is
applied,® which contributes to the enhanced EM absorption
properties.

B CONCLUSION

The G/Fe;0,@Fe/Zn0O quaternary nanocomposites have been
synthesized, in which Fe;O,@Fe core/shell nanoparticles and
ZnO nanoparticles are uniformly deposited on the graphene.
The multi-interfaces and triple junctions are presented in the
quaternary nanocomposites, which results in their significantly
enhanced EM absorption properties. The minimal Ry values are
less than —30 dB for the quaternary nanocomposites with the
thicknesses 2.5—5 mm and the absorption bandwidth with the
Ry values less than —20 dB is up to 7.3 GHz. It indicates that
more than 99% of EM wave energy is attenuated by the
nanocomposites. Moreover, the addition amount of the
nanocomposites in the matrix is only 20 wt %. Therefore, G/
Fe,O,@Fe/ZnO quaternary nanocomposites are very promis-
ing for the applications in lightweight EM absorbing materials.
The enhanced EM absorption mechanism is also discussed,
which is attributed to the enhanced Debye relaxation process in
terms of the Cole—Cole dispersion laws, the complementarities
between dielectric and magnetic losses of the quaternary
nanocomposites, and the charge-carrier transfer between Fe;O,
and ZnO. Our results demonstrate that the excellent EM
absorption properties with lightweight and wide absorption

Table 1. Detail Comparison of the R; Values among the Ternary and Quaternary Nanocomposites and the Graphene

d (mm) 2 2.5 3 3.5

Ry, min (dB) -11.0 —94 -8.0 7.0

R, min (dB) -35.2 —29.3 —24.5 —21.4

Ry, min (dB) —184 -32.5 =313 =311
6440
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frequency band are realized by constructing the graphene-based
nanocomposites.
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