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ABSTRACT: To alleviate and even eliminate electromagnetic pollution problems, it is
inevitable to evolve materials that exhibit a desirable effect on attenuating microwaves with
broad response frequency bandwidth and high absorption capacity, while thickness and
weight are equally important. The combination of Fe/N-codoped carbon-based
nanospheres (0 dimension) and graphene (2 dimension) are highly desirable for
improving microwave absorption properties due to producing advantages between
different portions. Herein, hollow Fe3O4 nanoparticles were selected as a hard template;
through oxidation polymerization and high temperature carbonization processes in inert
atmosphere, the designed structure, Fe/N-codoped hollow carbonaceous nanospheres, was
anchored on the surface of reduced graphene oxide. As expected, the lightweight designed
nanocomposites exhibited enhanced microwave absorption properties due to increased polarization loss (interfacial and dipole
polarization), conductivity loss, and multiple resonance behaviors, with the minimum value of reflection loss achieved as −49.08
dB at 7.15 GHz, while the thickness is 2.5 mm, and the filler ratio is only 5%. In addition, the effective absorption bandwidth
can be tuned from 3.1 to 18 GHz, validating them as promising next-generation microwave absorbing materials during practical
application.
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1. INTRODUCTION

With the prosperity of science and technology, high-tech
communication facilities are required in both civil and military
fields, which require urgent resolution of the problems caused by
current electromagnetic wave (EMW) pollution.1−4 Conse-
quently, EMW-absorbing materials with high absorbing
capability are in high demand. With respect to the energy
dissipation mechanism, conventional EMW absorbers can be
broadly divided into dielectric-loss materials and magnetic-loss
materials that have different mechanisms of microwave
absorption.5−8 Many efforts have been undertaken to obtain
high-performance EMW absorbers, especially in the gigahertz
(GHz) range. Magnetic absorbers,9−11 which include ferro-
magnetic (Fe, Ni, Co), ferrite, and related magnetic composites,
can significantly weaken the EM waves by natural ferromagnetic
resonance, exchange resonance, and eddy current effect in the
frequency range of 2−18 GHz. However, the magnetic metal
nanoparticles (those that possess a high value of saturation
magnetization with Snoek’s limit12,13 in the gigahertz frequency
ranges), which can produce an enormous magnetic loss,
experience restricted usage owing to their poor corrosion
resistance and high density. However, dielectric absorbers,
which include carbon-based materials,14−18 conjugated poly-
mers,19−22 and ceramic materials,23,24 can absorb electro-
magnetic energy due to their high electrical conductivity and
powerful polarization-relaxation process. Carbon-based materi-
als, especially the low-dimensional materials,25,26 have been

widely used as microwave absorbers since they possess
significant dielectric-loss ability with good corrosion resistance,
good electrical conductivity, large specific surface area, and
ultralight weight. Moreover, doping N atoms into the carbon
framework can introduce active cavities into the structure,27−29

enabling the generation of uneven charge distribution, which is
beneficial for producing polarization, thereby enhancing the
dielectric-loss ability of the microwave absorbers.
Because single-loss-factor microwave-absorbing materials

cannot simultaneously provide adequate magnetic loss and
high dielectric loss, double-loss mechanisms and the synergistic
effect between dielectric and magnetic constituents are required
to satisfy the strict requirements of excellent microwave-
absorption performance. Consequently, combinations of
ferromagnetic and carbon-based materials were adopted by
many researchers,30−33 which possess the advantages of easy-
accessibility, compatibility, and low cost. Among the various
kinds of construction of microwave-absorbing composites, a
core−shell structure34−38 exhibits distinct positive advantages
including enhanced interfacial polarization, facile synthesis
methods, multiabsorption behaviors, and corrosion resistance
of the inner core: these advantages assist in transforming,
attenuating, and dissipating microwaves by effectively and
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efficiently converting electromagnetic energy to thermal energy.
Chen et al.37 synthesized porous Fe3O4/C nanorods with a
core−shell structure using the hydrothermal method and
annealing treatment; a minimum reflection loss value of −27.9
dB was obtained at 14.96 GHz for a thickness of 2 mm,
suggesting the suitability of using these specific composites in
the microwave absorption region. Our group39 synthesized a
Co@C core−shell structure via the facile post-treatment of Co-
MOF-74 and obtained a superior microwave reflection loss
value of−62.12 dB. However, the solid metallic cores used were
heavy, violating the prerequisite lightweight requirement of
next-generation microwave absorbers. Herein, hollow struc-
tures40,41 have captured attention for their prominent
contribution to reduce weight, and they have been used in
fields such as biomedical science, catalysis, batteries, and giant
magnetoresistance induction. Moreover, the increase in
interfacial specific surface areas42 also shows potential in
microwave absorption, which can be achieved by combining
0-dimensional nanoparticles and 2-dimensional nanosheets.
Therefore, the design of hollow-core/shell nanoparticles
anchored on nanosheets, exhibiting both dielectric loss and
magnetic loss mechanisms, has become an irreplaceable and
promising trend to replace the conventional structures in the
future.
In this study, hollow iron oxide (H-Fe3O4) nanoparticles are

employed as the hard template. Further, when combined with
graphene oxide, Fe/N-codoped hollow carbonaceous nano-
spheres anchored on reduced graphene oxide (Fe/N-C−RGO)
are synthesized via the hydrothermal method with self-template-
oxidized polymerization, followed by high-temperature calcina-
tion in an inert atmosphere. The synergistic effect between zero-
dimensional hollow nanospheres and two-dimensional reduced
graphene oxide significantly influences the properties of the
absorbers. The minimum value of the reflection loss attains a
value of −49.08 dB at a frequency of 7.15 GHz with a thickness
of 2.5 mm, while the absorbers constitute only 5% of the filler. In
addition, it shows a bandwidth of reflection loss smaller than
−10 dB for the response frequency ranging from 3.1 to 18 GHz,
covering 93.13% of the whole microwave frequency range. In
this material, the absorber primarily comprises carbon-based
materials, which are significantly more lightweight than most
reported materials. Compared with those of a hollow iron oxide
precursor, it exhibits a promising enhancement in themicrowave
absorption properties; further, it provides an effective and
successful synthesis as well as enhances the development of
composites in practical applications.

2. EXPERIMENTAL SECTION
2.1. Fabrication of Porous Hollow Fe3O4 Template. The

hollow Fe3O4 nanospheres were prepared via hydrothermal reaction.
Typically, FeCl3·6H2O (0.005 mol) was dissolved in ethylene glycol
(70 mL) with sonication, followed by the addition of ammonium
acetate (0.05 mol) mixed into the former transparent yellow solution
with continuous sonication for an hour. After that, the homogeneous
vicious solution was transferred into a Teflon-lined stainless-steel
autoclave and heated in the chamber of a blast oven at 200 °C for 8 h.
The obtained black precipitates were separated from the solvent and
washed with ethanol through centrifugation three times after cooling
down to room temperature naturally, followed by drying in vacuum at
60 °C for the whole night.
2.2. Fabrication of Intermediate Fe-Based/Polypyrrole

Nanospheres Anchored on Graphene Oxide. The Fe-based/
polypyrrole nanospheres anchored on graphene oxide (Fe/PPY−GO)
were prepared through an in situ polymerization process. To be specific,

hollow Fe3O4 nanospheres (0.15 g) were dispersed on graphene oxide
(GO) after ultrasonication for 1 h, followed by dropping pyrrole
monomers (2 mL) with continuous sonication to make sure that the
pyrrole monomers fully covered the outer and inner surface of hollow
Fe3O4 nanospheres. After that, hydrochloric acid (6%, 1 mol/L) was
mixed into the reaction, and the mixture was kept under sonication.
Some sediment appeared gradually, which means pyrrole monomers
were carrying on in situ oxidized polymerization on the interfaces of
Fe3O4 nanospheres. After full reaction, the black product was
centrifuged with ethanol three times and dried at 60 °C in a vacuum
oven for 12 h. By comparison, hollow Fe3O4 anchored on reduced
graphene oxide was fabricated by a hydrothermal method, which is
similar to the fabrication of the hollow Fe3O4, except adding quantities
of GO named as H-Fe3O4−RGO into aqueous solution with stirring. In
addition, though controlling the polymerization time, nanocomposites
with different Fe contents were obtained similarly.

2.3. Fabrication of Fe/N-Codoped Hollow Carbon Nano-
spheres Anchored on Reduced Graphene Oxide. In order to
transform conductive PPy into Fe/N-codoped carbon-based shells, Fe/
PPY−GO was placed in corundum crucibles and pyrolyzed in a quartz
tube at 750 °C for an hour, with a given ramp rate (5 °C/min) in an
atmosphere of high purity argon. After the calcination process, Fe/N-
codoped hollow carbon nanospheres anchored on reduced graphene
oxide (Fe/N-C−RGO) were obtained.

2.4. Characterization. The crystalline structure of the composite
wasmeasured by powder X-ray diffraction (pXRD, Rigaku) on a D/max
X-ray diffractometer with Cu Kα radiation (λ = 0.15418 nm) at a scan
speed of 5°/min. The thermal properties of Fe/PPY−GO were
analyzed through thermal gravimetric analysis (TGA) measurements
on SDT-Q600 at a heating rate of 10 °C/min from 20 to 800 °C in an
inert atmosphere (N2). The chemical compositions of the elements
were detected through X-ray photoelectron spectroscopy (XPS) on an
Axis Ultra DLD spectrometer (Kratos). A magnetic property
measurement system (MPMS3, Quantum Design) was used to
measure magnetic properties of the samples at room temperature
with the magnetization field from−30000 to 30000 Oe. An accelerated
surface area and porosimetry system (ASAP2460, Micromeritics
Instrument Corporation) was used to obtain the surface areas and
the pore size distribution of the samples. The electrical conductivity was
tested using a four-point probe resistivity measurement system. FT-IR
spectroscopy was carried out on a Nicolet 6700 FT-IR spectrometric
analyzer with KBr pellets. Atomic force microscopy (AFM) was
adopted to evaluate the number of layers of reduced graphene oxide.
The intensity of Raman spectra (with wavenumber ranges from 45 to
4000 cm−1) and scanning electron microscopy (SEM) images were
obtained together on a scanning electron microscope−Raman
spectroscopy combined system (RISE-MAIA 3 GMU SEM), while
the spot size of Raman spectra was 2 mm on a 532 nm argon ion laser
(10mW), and the acceleration voltage was 5 kV. After the samples were
pretreated by embedding in epoxy resin in a lacey support film and
ultrathin sectioning, the atomic structure of the interfaces, transmission
electron microscopy (TEM) with high-angle annular dark field
(HAADF) images, elemental mapping spectra, and selected area
electric diffraction (SAED) were performed by utilizing a high
resolution TEM system (JEM-ARM200F) equipped with cold field
emission gun and Cs correctors (CEOS GmbH, Heidelberg,
Germany), in order to demonstrate the morphology of the nano-
composites, the distribution of different elements, and the degree of
crystallinity of the graphitic carbon in depth.

For electromagnetic parameter (the real and imaginary parts of
permittivity and permeability) measurement, the Fe/N-C−RGO
samples were dispersed in paraffin wax (which is transparent to
electromagnetic waves) homogeneously with a mass ratio of only 5%,
followed with pressing them into 3 mm-thick rings with inner diameter
of 3.04 mm and outer diameter of 7 mm. After the pretreatment, those
parameters were measured at frequency range from 2 to 18 GHz
through a vector network analyzer (VNA, Agilent N5224A) with the
guidance of transmission/reflection coaxial line method.
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3. RESULTS AND DISCUSSION
The preparation process of Fe/N-C−RGO nanocomposites is
schematically shown in Figure 1. The hollow-structured Fe3O4
nanoparticles were initially prepared through the hydrothermal
method. Ferric chloride (FeCl3·6H2O) was employed as the Fe

resource, whereas ethylene glycol was selected as the solvent
because its hydroxyl functional groups can promote the
reduction of Fe3+. Meanwhile, this solvent possesses high
viscosity and permittivity, which helps to dissolve the highly
polar inorganic materials. Traditional sodium acetate

Figure 1. Schematic representation of the fabrication of the Fe/N-C−RGO microwave absorber.

Figure 2. (a) TG curves of Fe/PPY−GO; (b) XRD patterns, (c) Raman spectra, (d) PPMS curves, and C 1s (e) andN 1s (f) XPS spectra of Fe/N-C−
RGO and correspondences.
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(CH3COONa) was replaced by ammonium acetate
(CH3COONH4) for dissolving the particles in order to prevent
agglomeration and create a hollow core by releasing NH3 inside
the cavities during the hydrothermal reaction. Subsequently,
Fe3+ ions were released from hollow Fe3O4 via acid etching,
anchoring onto the surfaces of GO due to the electrostatic force
between Fe3+ ions and numerous oxygen-containing functional
groups. When the pyrrole monomers contact Fe3+ ions on the
surface of nanoparticles, in situ oxidation polymerization occurs
under an acidic environment. Through tuning the polymer-
ization time, the content of dopant can be also controlled with
different properties. Therefore, unique hollow-core Fe/PPY
nanospheres were obtained and anchored on GO nanosheets.
Notably, the nanospheres and nanosheets exhibit chemical
bonding with each other, as they can be separated neither by
physical ultrasonication nor by harsh high-temperature
calcination. Eventually, the Fe/PPY−GO were set into a tube
furnace surrounded by argon gas atmosphere. Calcination in
inert atmosphere can decompose and transform the PPy coating
into a N-doped carbon-based framework to be used as shells,
while the residual Fe atoms were doped on the carbon shell,
along with the reduction of GO into reduced GO (RGO).
Finally, the Fe/N-codoped hollow carbonaceous nanospheres
anchored onto reduced graphene oxide (Fe/N-C−RGO) were
successfully fabricated, exhibiting the designed structure with
ultralight weight.
The thermal gravimetric properties of Fe/PPY−GO were

obtained under nitrogen atmosphere (Figure 2a). The initial
weight loss of approximate 29.73% before 200 °C can be
attributed to the evaporation of solvent molecules and residual
water. With increasing temperature, the Fe/PPY−GO slowly
loses weight by 13.05% until 600 °C, attributable to the
decomposition of the unpolymerized molecule, implying that
chemical interaction of polypyrrole does not occur yet. Upon
increasing the temperature further, a sharp weight loss of 17.97%
appears, representing the thermal decomposition of polypyrrole
and the complete reduction of residual Fe3O4 to Fe. At this
point, PPy is decomposed and transferred into the carbon shell
with random doping of both Fe and N atoms, leading to the
formation of Fe/N-codoped carbon-based nanospheres. Simul-
taneously, Fe promotes the graphitization of the carbon shell
and the reduction of GO under high temperature. However,
excessively high temperature will not only crystallize graphite
but also contribute to a misbalance between dielectric loss and
magnetic loss factors, leading to microwave reflection rather
than absorption. Therefore, 750 °C was selected as optimal
carbonization temperature in this situation. In addition, TGA
measurement conducted under oxygen atmosphere illustrates
that the Fe content of the composites is 6.95%; this amount of Fe
ions can also serve as a ferromagnetic source. The crystalline
structures of the nanoparticles were detected by the powder
XRD pattern, shown in Figure 2b. First and foremost, the
featured diffraction peaks of precursor (hollow Fe3O4) were
detected, and the peaks showing at around 31.25° (d = 2.86),
36.82° (d = 2.44), 44.76° (d = 2.02), 55.62° (d = 1.65), 59.30°
(d = 1.56), and 65.19° (d = 1.43) correspond well to the (220),
(311), (400), (422), (511), and (440) planes of iron oxide
(Fd3̅m, JCPDS No. 26-1136), respectively, demonstrating a
face-centered cubic (fcc) structure,43 verifying the successful
formation of Fe3O4 from a hydrothermal method, even through
the hollow cores were induced. After the oxidation polymer-
ization treatment of Fe3+(derived from the release of Fe3O4
through acid etching), polypyrrole covers the surface of

precursors, which can be verified by the broad swelling at
around 24.7°, originating from the poor crystallinity of the PPy
phase.44 After undergoing the high-temperature reduction
process, the PPy layer is transformed into the Fe/N-codoped
carbon shell, while GO is reduced into RGO, determined by the
(002) (d = 0.34 nm) plane at ∼26°. Since most of the Fe3O4
nanospheres were washed by HCl to release Fe3+, the residual of
Fe species served as dopant with only a weak swelling near 43° to
be detected by the X-ray diffractometer, perhaps due to the
(110) plane of α-Fe. The graphitization degree and bonding
state of carbon atoms are closely related to the dielectric loss of
carbon-based materials. However, these properties are different
between Fe/N-codoped nanospheres and RGO nanosheets. To
evaluate this character with selected area, a SEM−Raman
combined system was chosen to replace the traditional Raman
spectrometry (Figure 2c). As mentioned previously,17 two
distinct peaks at about 1350 and 1580 cm−1 were detected,
which belonged toD band andG band, respectively.While theD
band reflects the disorder degree, or the amount of defects, in the
lattices of carbon atoms, G band reflects the stretching vibrations
in sp2 bonding or the graphitic degree. The integrated intensity
ratio, calculated by ID/IG, is a parameter introduced to
demonstrate the graphitization degree of carbon-based materi-
als. This ratio for Fe/N-codoped carbonaceous nanospheres is
1.30, much higher than that of reduced graphene oxide
nanosheets (0.63) and H-Fe3O4−RGO (1.09, synthesized via
the one-step hydrothermal method; Figure S1). This result
indicates that increased defects and disorder emerged due to the
doping of Fe/N atoms into the shell of carbonaceous
nanospheres, along with the suitable reduction (graphitization)
degree of the RGO. These defects act as active sites or cavities on
the carbon frameworks, inducing orientated currents from
specific dimensions. Furthermore, the different intensity values
between nanospheres and nanosheets cause the directional
migration of energy under different dimensions, which can
greatly improve dipole polarization and interfacial polar-
ization,45 enhancing the dielectric loss eventually. In addition
to XRD and Raman spectrometry, AFM (Figure S2) was
adopted to characterize the properties of RGO. The thickness of
RGO was measured to be ∼4 nm. The magnetic-hysteresis (M-
H) curves were characterized at room temperature, shown in
Figure 2d, which can demonstrate the magnetic properties of
Fe/N-C−RGO. In general, the “S” shape of the M-H curve in
the figure represents the ferromagnetic characteristic of the
samples. Specifically, the value of saturation magnetization (Ms)
is 9.60 emu/g, which is clearly smaller than the value of the
precursor (H-Fe3O4, 92.2 emu/g; Figure S3) owing to the
introduction of the nonmagnetic carbon-based framework and
the decomposition of Fe3O4, eventually reducing the magnetic
response behaviors. In addition, the enlarged image of the
central section of the M-H loop (inset of Figure 2d) displays the
value of remnant magnetization (Mr) and coercivity (Hc) of Fe/
N-C−RGO: its Hc value of 40 Oe is larger than that of hollow
Fe3O4 (5 Oe), which is attributed to the reduction of
ferromagnetism and the induction of doping, pores, and defects.
However, this enhanced value of Hc makes a great contribution
to themagnetic loss due to the occurrence of magnetic hysteresis
behaviors.46 When meeting with an electromagnetic wave, the
nanocomposites will apply a reverse magnetic field to hinder the
change of the outer magnetic field, followed by the trans-
formation from EM energy to heat.47 X-ray photoelectron
spectroscopy (XPS) is an effective method to analyze the
chemical compositions of specific elements. The general spectra
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of Fe/N-C−RGO (Figure S4) predominantly exhibit the C 1s,
N 1s, and O 1s peaks, while the signal of the Fe element is too
weak to be detected. The O 1s peak is commonly attributed to

the residual functional groups on the surface of RGO and the
reflection of air on the interfaces. The high-resolution spectra of
C 1s (Figure 2e) reveals four major peaks with binding energies

Figure 3. SEM images of (a) hollow Fe3O4, (b) Fe/PPY−GO, (c) fraction of Fe/PPY−GO, and (d) Fe/N-C−RGO.

Figure 4. TEM images (a, b), corresponding HAADF (c), and EDX-mapping spectra of Fe/N-C−RGO, C (d), N (e), and Fe (f).

ACS Applied Nano Materials Article

DOI: 10.1021/acsanm.9b02192
ACS Appl. Nano Mater. 2019, 2, 8063−8074

8067

http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b02192/suppl_file/an9b02192_si_001.pdf
http://dx.doi.org/10.1021/acsanm.9b02192


of 284.7, 285.7, 286.3, and 287.1 eV, which are related to the C−
C, C−N, C−O (epoxy/hydroxyl), and CO (carbonyl)
functional groups, respectively. The C−C sp2 bonding at
284.7 eV can be attributed to the connection of the carbon-
based framework in RGO and carbonaceous nanospheres. In
addition, the C−N bonding is strong evidence for the
occurrence of N atoms, which served as dopants, in the skeleton
to construct a defective framework. C−O/CObonding seems
to be the residual functional groups of RGO. The C 1s results are
in agreement with the FT-IR results (Figure S5), which verify
the chemical bonding in the sample. The N 1s spectrum, which
is shown in Figure 2f, can be divided into four distinct nitrogen
species, identified as pyridinic N (398.2 eV), pyrrolic N (399.5
eV), graphitic N (400.8 eV), and oxidized N (402.1 eV). These
sources of N are generated from the decomposition of PPy. The
existing forms of pyridinic N and graphitic N, which are the
major components (a surplus of 86%) among nitrogen species,
are believed to greatly contribute to microwave absorption,
owing to offering more active sites for polarization centers, as
well as enhancing the electrical conductivity (22.47 S/m
compared to 1.18 S/m).48 In addition, the porosity and specific
surface area of Fe/N-C−RGO were detected using the
Brunauer−Emmett−Teller (BET) system. According to the
IUPAC classification the nitrogen adsorption−desorption
isotherm shown in Figure S6 illustrates that I/IV-type curve
existed, representing the occurrence of nanopores. The value of
SBET is calculated up to 309.03 m

2/g. The pore size distribution
demonstrates an apparent peak at 3.42 nm.
The morphologies and microstructure of Fe/N-C−RGO

were characterized with SEM (Figure 3). The representative
image of the precursors (Figure 3a) shows evenly distributed
nanospheres with a diameter of about 300 nm. At the initial
stage, the pyrrole monomers, which filled the inner and

dispersed in the outer space of the nanospheres, began to
undergo the in situ oxidized polymerization process under
catalysis from free Fe3+ ions (originating from the Fe3O4,
released by HCl). Although Fe/PPY−GO inherits the spherical
structure, the size of the nanospheres increased while the surface
became rougher during the etching reaction, which can be
observed from Figure 3b. A hollow core was found, which
confirms that the core-in-hollow/shell structures were synthe-
sized successfully. After a long period of catalysis, consecutive
polypyrrole can be shaped into smooth shells that covered the
interfaces between the Fe layer and air, while the hard-template
would dissolve eventually. Notably, although covered with
successive carbon coating, the particle size of Fe/N−C is slightly
smaller than that of as-prepared Fe3O4 nanospheres after
thermal decomposition treatment because of the shrinkage of
nanospheres during the high-temperature calcination process
(Figure 3d). More importantly, even after having experienced a
harsh chemical reaction (high-temperature pyrolysis) and
physical treatment (ultrasonication), the carbonaceous nano-
spheres were still embedded on the surface of RGO, which
illustrates that strong chemical bonding, rather than physical
incorporation, has contributed to connecting the different
compositions.
TEM images (Figure 4) further elucidated the structure,

morphology, and relative characterizations of Fe/N-C−RGO.
The diameter of the hollow core is 140 nm for Fe/N−C
nanospheres with a shell thickness of ∼40 nm. Clearly, the
nanospheres (dark contrast) were evenly separated on the thin
RGO surface (light contrast), constructing multidimensional
nanocomposites. The inset images of Figure 4a show the SAED
(selected area electron diffraction) pattern of the RGO
nanosheets, which clearly reveal a weak graphitic crystalline
structure of RGO along the [001] zone axis.49 On the HR-TEM

Figure 5. (a) Real and (b) imaginary parts of permittivity and (c) real and (d) imaginary parts of permeability of hollow Fe3O4, Fe/PPY−GO, and Fe/
N-C−RGO.
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image (Figure S7), multilayer graphitic carbon can be found on
the edge of the nanospheres, but there was no crystalline Fe
species, which verified that Fe is a dopant. High-angle annular
dark field (HAADF) images were obtained using the STEM
module, which clearly show the distribution of the following
elements (Figure 4c): C, N, and Fe elements can be recognized
by different contrast values in the HAADF image, wherein the
larger the relative atomic mass, the brighter the element. The
successful synthesis of the codoped nanostructure can also be
verified via EDX-elemental mapping and energy element loss
spectra (Figure 4d−f), exhibiting clearly distinguished compo-
sitions from different elements and confirming the structure.
Notably, the Fe species were still homogeneously distributed in
the nanocomposite to some extent, and they were mainly
separated in the shell of the nanospheres, thereby inducing
magnetic behavior in the samples. The results demonstrated the
successful in situ formation of multidimensional nanocompo-
sites, being of great potential in lightweight multifunctional
carbon-based materials.
For representing the EMW-absorption properties, the

reflection loss (RL) value is calculated by measuring complex
permittivity and permeability with given frequency and
thickness of the samples. The equations are shown as follows:39

jrε ε ε= ′ − ′′ (1)

jrμ μ μ= ′ − ′′ (2)
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Herein, εr and μr stand for the complex permittivity and
permeability, respectively; Zin andZ0 (377Ω) are the impedance
input of the absorber and free space, respectively; c represents
the velocity of light; the microwave frequency ( f) ranges from 2
to 18 GHz; and the thickness (d) of the absorber can change
from 1 to 5 mm as required. According to the electromagnetic
energy conversion principle,39 the complex permittivity can be
separated into its real part (ε′) and imaginary part (ε″),
representing the storage and dissipation capability of electrical
energy, respectively. Figure 5a compares the value of ε′ of Fe/N-
C−RGOwith those of the hollow Fe3O4 template and Fe/PPY−
GO intermediate. The value of ε′ shows the opposite tendency
of that of frequency in the whole range of each sample,
commonly described as the frequency dispersion effect; this
phenomenon is advantageous for EMW absorption. Specifically,
a steady decline in ε′ from 18.68 to 9.68 of Fe/N-C−RGO is
shown with slight fluctuation at high frequency. By comparison,
there is a slight decrease in that of hollow Fe3O4 from 4.96 to 3.6,
while for the nanospheres covered with PPy, the ε′ value of Fe/
PPY−GO remains at around 4.9 with little fluctuation.
Dielectric loss consists of both conduction loss and relaxation
loss according to Debye theory, which is influenced by
conductivity loss and polarization loss independently.42 The
enhanced tendency of complex permittivity from hollow Fe3O4
to Fe/N-C−RGO is well in accordance with that of the
conductivity result. The doping of nitrogen atoms further
increases the conductivity of the nanocomposites, leading to
increased conductivity loss. As demonstrated in Figure 5b, the ε″
value of Fe/N-C−RGO drops from the initial 9.22 to the final

0.63, compared with a slight increase from 0.46 to 1.29 of that of
Fe/PPY−GO and a little oscillation at 0.15 in that of hollow
Fe3O4. The minor fluctuation of ε″ at the high-frequency range
is attributed to the shift of current lag50 between interfaces,
which is common in relative studies. Conductivity loss is caused
by intrinsic and hopping conduction, which is common among
carbon-based materials. It is worth noticing that some special
peaks can be observed in the curves, which derive from the
polarization relaxation behaviors. Polarization loss is usually
classified into electronic polarization, ionic polarization, dipole
orientation polarization, and interfacial polarization. In this case,
introduction of both Fe and N atoms in the carbon frameworks
leads to the emergence of multiple defects in the carbon-based
shell, which can be regarded as polarized centers under the
altering electromagnetic field, accelerating the dissipation of
electromagnetic energy by orientation polarization loss.
Furthermore, different interfaces among hollow cores, nano-
spheres, and nanosheets can induce abundant movement of the
space charges, which play a dominant role in promoting the
interfacial polarization effect. Herein, the Debye relaxation
equation44 is built up to demonstrate the polarization
mechanism and clarify the relaxation process, which can be
written as
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Here, ω, τ, εs, and ε∞ are angular frequency, relaxation time,
static permittivity, and relative permittivity at the high-frequency
limit, respectively. Each semicircle (named as the Cole−Cole
semicircle) in the plot indicates a Debye relaxation process. As
can be shown in Figure S8, three semicircles were discovered in
Fe/N-C−RGO; each of them represents a relaxation process.
This result provides important evidence for explaining the
mechanism of dielectric loss in this study when compared to no
semicircle being found in Fe/PPY−GO. Normally, since it is
essential in generating stronger absorption efforts toward
microwave rather than reflection before permeating into the
absorber, a suitable value of εr in the whole frequency range has a
significant impact to meet the requirement. A small value of εr
hardly contributes to microwave absorption, whereas an
excessive value implies that the reflection mechanism would
be predominant, leading to secondary microwave pollution.
Based on previous experiments, a suitable value of εr is from 10
to 30. In this case, the concept of effective permittivity theory
was introduced:51

P
P

( 2 ) 2 ( )
( 2 ) ( )eff 1

2 1 2 1

2 1 2 1
ε ε

ε ε ε ε
ε ε ε ε

=
+ + −
+ − − (8)

where ε1 represents the permittivity of the solid, ε2 is the
permittivity of the void, and P is the volume fraction of the air.
According to the Maxwell−Garnett (MG) theory, which is a
mechanism to identify the effective permittivity, the induction of
a hollow core decreases the value of εeff, leading to the effective
value of permittivity locating under this range, which has
advantageous impact on microwave absorption. Dielectric loss
tangent (tan δε), an index calculated from the ratio of ε″ to ε′, is
used to illustrate the dielectric loss abilities of microwave

ACS Applied Nano Materials Article

DOI: 10.1021/acsanm.9b02192
ACS Appl. Nano Mater. 2019, 2, 8063−8074

8069

http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b02192/suppl_file/an9b02192_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsanm.9b02192/suppl_file/an9b02192_si_001.pdf
http://dx.doi.org/10.1021/acsanm.9b02192


absorption materials (Figure S9a). Low tan δε values of hollow
Fe3O4 are ascribed to its small ε″ value in the whole specific
frequency range. The higher tan δε value of Fe/N-C−RGO,
especially before 14 GHz, confirms that Fe/N-C−RGO has
more powerful dielectric loss capacities than the relevant
precursor and intermediate at lower frequency.
Magnetic loss52 is usually believed to originate from different

resonance behaviors, magnetic hysteresis, and eddy current
effect. However, the frequency ranges from 2 to 18 GHz in this
case. Thus, the magnetic loss is only attenuated by the
mechanisms of natural resonance, exchange resonance, and
eddy current effect, because magnetic hysteresis originates from
irreversible magnetization at higher frequency regions, and
domain wall resonance commonly occurs below 2 GHz. Figure
5c,d illustrates the variation of the real part (μ′) and the
imaginary part (μ″) of the complex permeability in the range of
2−18 GHz. The μ′ value of Fe/PPY−GO remains almost
constant with slight fluctuations in the whole frequency range,
caused by the reduction of Fe3O4 while growing the PPy shells,
exhibiting negligible magnetic loss. For hollow Fe3O4, small
peaks occur because of its intrinsic ferromagnetic properties,
while similar but stronger peaks are inherited by Fe/N-C−RGO
after the decomposition of PPy into Fe/N-codoped carbona-
ceous shells. The Fe3+ ions also serve as ferromagnetic active

sites that offer magnetic-loss behaviors, even though the amount
of Fe3+ ions is not large. There is a rapid increase in the value of
μ″ from 0.09 to 1.19 of Fe/N-C−RGO. Two distinguished
peaks, which can be recognized at nearly 13.8 GHz, correspond
to the natural resonance and exchange resonance behaviors,
respectively.53 Similar peaks also occurred in the μ″−frequency
curves of hollow Fe3O4, which can be ascribed to the same
mechanism. The introduction of nonmagnetic compositions
contributes to the decrease of ferromagnetism, leading to the
anticipation of those peaks. In addition, in order to evaluate the
eddy current effect toward magnetic loss behaviors, the
characterized equation is introduced as follows:54

f d
2
3

2 1
0

2μ μ πμ σ′′ ′ =− −
(9)

where μ0 represents the vacuum permeability, σ represents the
electric conductivity, and d represents the thickness of the
sample, which are constant for an independent sample.
Therefore, if the value of left part of the equation remains
constant as C0 under the variation of the frequency, the eddy
current effect is the only factor contributing to magnetic loss. In
this case (Figure S10), the value fluctuates in the whole
frequency range, indicating a major contribution of multiple
resonance behaviors to the magnetic loss, along with a weak

Figure 6. 3D illustration of reflection loss of Fe/PPY−GO (a), Fe/N-C−GO (b), and corresponding thickness and impedance match of Fe/N-C−
RGO (c).
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contribution of eddy current. Representing the dissipation
ability of magnetic energy, the magnetic loss tangent (tan δμ) is
calculated similarly to tan δε, shown in Figure S9b. The values of
tan δμ correspond with those of μ″, demonstrating that the
dominant mechanisms are related to what has been mentioned
above. These correlated loss effects significantly broaden the
effective bandwidth as well as improve the intensity of the
reflection loss, especially at high frequency when the thickness of
the sample is thin.
Reflection loss (RL) is an index used to systemically evaluate

the microwave absorption properties under the guideline of
transition/reflection theory. In addition, the effective absorption
bandwidth (EAB) of RL value, representing the frequency range
with the value of RL under −10 dB, is also required, since EAB
represents the bandwidth that more than 90% of the microwave
is attenuated, which has essential influence on practical
applications. Calculated using eqs 3 and 4 for a specific
frequency range with specific thickness, Figures 6 and S11 show
the 2D and 3D figures of reflection loss depending on frequency
and thickness of Fe/N-C−RGO, Fe/PPY−GO intermediate,
and hollow Fe3O4.precursor. Naturally, the RL peaks are pushed
toward frequency contrasting with the thickness trend, which is
in correspondence with other articles.39 However, the
absorption properties are different. For hollow Fe3O4 (Figure
6a), the maximum RL value is −10.14 dB with a thickness of 5
mm, due to the mismatch of moderate magnetic loss and weak
dielectric loss. In addition, the EAB is too narrow to be
distinguished by different thickness. The weak reflection loss
intensity cannot meet the requirement of next-generation
microwave absorber. Through introducing heterogeneous
compositions, the characteristic peaks can be separated, which
means that the microwave can be absorbed to a certain extent
with the same thickness. However, the reflection loss behaviors
of Fe/PPY−GO are even worse due to the hindrance in
magnetic loss and lack of adequate conductivity loss. By
comparison, Fe/N-C−RGO (Figures 6b,c) reaches the most
outstanding RL peak value of −49.08 dB at 7.15 GHz when the
thickness is 2.5 mm. Additionally, the effective absorption
bandwidth covers from 6.1 to 8.65 GHz at this thickness.
Furthermore, ultrawide effective absorption bandwidth can be
achieved while the thickness is only 1mm from 13.75 to 18GHz.
Moreover, the demand of operation for various frequency bands
from 3.1 to 18 GHz can be feasibly satisfied by tuning the
thickness of the sample. The growth of Fe/N-carbon nano-
spheres on the surface of N-graphene also has significant
contribution toward microwave absorption when compared to
the Fe/N-codoped hollow carbonaceous nanospheres (Figure
S12). It can be seen that the minimum value of reflection loss
(RL) only reaches −25 dB with narrow effective absorption
bandwidth (EAB) in Fe/N-codoped hollow carbonaceous
nanospheres, resulting from the weak dielectric loss behaviors.
Through combination with reduced graphene oxide, the
dielectric loss behavior was strengthened in a broad frequency
range, contributing to the increasing value of RL, along with the
expansion of EAB. In addition, in order to find out the best
microwave absorption performance with different polymer-
ization time (Fe content), comparable experiments were
performed, and the RL values are shown in Figure S13. The
reflection loss behavior did not change much when the
polymerization time was 5 min, perhaps caused by the reaction
just reacted. With continuing the reaction, the EAB began to
broaden, which was obvious after 20 min. However, overlong
reaction time (120 min) incurred the exhaustion of Fe atoms,

which re-dissolved in the solution finally, synthesizing N-doped
carbonaceous nanospheres anchored on graphene oxide.
Magnetic loss was insufficient, attributed to scarcity of Fe
atoms, leading to a worse microwave absorption performance
when compared with the reaction time at 60 min.
Furthermore, according to quarter-wavelength theory,35

when the matching thickness (tm) of the nanomaterials is
linearly dependent on an oddmultiple of the quarter wavelength
(λm),
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an optimal value of the reflection loss could be obtained. As can
be shown in Figure 6c, the peaks of RL with various thickness
drop onto the characteristic line of tm. This circumstance
corresponds to the impedance match (Z) mechanism, while the
value of Z is around 1 in a unique frequency. An excellent
microwave absorber demands both strong microwave attenu-
ation abilities and enough impedance matching characteristics
to enable absorption. For Fe/N-C−RGO, the peaks of each plot
also correspond well to the value of Z, which means that the
microwaves can enter inside the absorbers rather than being
reflected on the surface, preventing secondary pollution of
unwanted microwave radiation. In this situation, it can be
indicated that the absorption loss properties are overwhelmingly
dependent on this mechanism. Moreover, the attenuation
constant α is employed by the following equation to estimate the
attenuation ability of the entering microwave:55
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As shown in Figure S14, while the value of α increases with
frequency, the value for Fe/N-C−RGO is stronger than that for
hollow Fe3O4 and Fe/PPY−GO, especially in the high-
frequency region, indicating the enhancement of attenuation
ability for incident EMW after undergoing polymerization and
calcination processes. The whole dissipation mechanism is
illustrated in Figure 7.
The enhanced microwave absorption performance can be

explained through several aspects: (1) The optimized designed
structure between 0-dimensional nanospheres and 2-dimen-
sional nanosheets constructs a conductive network, while the

Figure 7. Microwave loss mechanisms of Fe/N-C−RGO.
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dopant of N atoms increases the electric conductivity, leading to
better conductivity loss. (2) This nanostructure features a large
number of interfaces, which can be seen as capacitor-like
structures,56,57 improving relaxation loss deriving from inter-
facial polarization and dipole polarization. These performances
can be demonstrated by comparing with the poor microwave
absorption performance of hollow Fe3O4 and Fe/PPY−GO
intermediate, which offer fewer interfaces. (3) The hollow cores
decrease the effective value of permittivity in a suitable range,
while the Fe atoms serve as ferromagnetic active sites. The
synergistic effect between them balances the impedance match
between dielectric loss and magnetic loss, optimizing the
microwave absorption response rather than reflection response
at the moment when the absorber is exposed in an electro-
magnetic field. Furthermore, the hollow cores decrease the
density, which meets the requirement for lightweight absorbers.
(4) Additionally, this unique structure prolongs the pathway of
the microwaves that propagate inside, leading to a trans-
formation from microwave energy into heat and finally
exhausted.47 Thus, lightweight, low thickness, wide bandwidth,
and strong absorption intensity properties were gathered in this
nanocomposite, which meets the requirement toward the next-
generation microwave absorbers. The comparison with other
nanocomposites possessing similar structure is shown in Table
1.

4. CONCLUSION

Generally, an easily operated and novel method was adopted to
synthesize Fe/N-codoped hollow carbonaceous nanospheres
anchored on reduced graphene oxide nanosheets by sacrificing
the precursor with controllable oxidized polymerization and
high-temperature pyrolysis process. Superior microwave
absorption properties can be acquired after making great efforts
to combine the effects of dielectric loss, magnetic loss, and
energy conversion from specific nanostructures. At first, the
ferromagnetic properties of residual Fe have an essential effect
on magnetic loss, which will influence microwave absorption
ability. Meanwhile, interfacial polarization is considerably
improved from a core-in-hollow/shell structure together with
0D−2D nanocomposites. In addition, dielectric loss is also
strengthened by dipole polarization because the doping of Fe/N
atoms offers more active sites for electric carriers (space charges)
to transport in specified and directional pathways. After
penetrating different layers, the electromagnetic wave energy

is transformed into heat energy due to the synergistic effect of
conductivity loss, interfacial polarization, dipole polarization,
and multiple resonance behaviors. Overall, the controllable
synthesis of Fe/N-C−RGO provides a promising electro-
magnetic wave absorber with strong reflection loss, thin
thickness, wide effective response bandwidth, and ultralight
weight, which has great potential in next-generation cutting-
edge advanced nanocomposites.
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