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ABSTRACT: Core—shell composites, Fe;O,@C, with 500 nm Fe;O, micro-
spheres as cores have been successfully prepared through in situ polymerization
of phenolic resin on the Fe;O, surface and subsequent high-temperature
carbonization. The thickness of carbon shell, from 20 to 70 nm, can be well
controlled by modulating the weight ratio of resorcinol and Fe;O, microspheres.
Carbothermic reduction has not been triggered at present conditions, thus the
crystalline phase and magnetic property of Fe;O, micropsheres can be well
preserved during the carbonization process. Although carbon shells display
amorphous nature, Raman spectra reveal that the presence of Fe;O,
micropsheres can promote their graphitization degree to a certain extent.
Coating Fe;O, microspheres with carbon shells will not only increase the
complex permittivity but also improve characteristic impedance, leading to
multiple relaxation processes in these composites, thus the microwave absorption
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properties of these composites are greatly enhanced. Very interestingly, a critical thickness of carbon shells leads to an unusual
dielectric behavior of the core—shell structure, which endows these composites with strong reflection loss, especially in the high
frequency range. By considering good chemical homogeneity and microwave absorption, we believe the as-fabricated Fe;O,@C

composites can be promising candidates as highly effective microwave absorbers.
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1. INTRODUCTION

Recent advances in the field of novel functional composites are
paving the way for exciting applications in modern science and
technology, because composite materials not only inherit the
properties from their individuals, but also provide the
possibility for enhanced functionality and multifunctional
propertles owing to the interaction between individual
parents.'® During the past decades, there has been a
tremendous increase in constructing composites based on
iron oxides particles because of their compatible magnetic and
electrochemical properties, which endowed these composites
with potential applications in many fields, such as Li-ion
batteries, microwave absorptlon, catalysis, absorption and
separation, biosensors, etc -1z Among those composites,
Fe;0,/C composites have received much attention as a result
of tunable properties and highly chemical stability of carbon
materials, as well as significant synergetic or complementary
behavior between Fe;O, and carbon. Up to now, various
carbon materials, for example, carbon nanotubes, carbon
nanofibers, mesoporous carbon, graphene, have been exten-
sively utilized as main components of Fe;0,/C composite-
s."*""7Although expected improvement in property can be
achieved by these composites, it is important to mention that
Fe,O, particles are usually distributed in carbon matrix in a
random way, and the poor chemical homo§ene1ty will not be
favorable for their practical applications."
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More recently, many scientists have shown their interests in
constructing core—shell structures as an effective route to
improve the chemical homogeneity and enhance the function-
ality of Fe;0,/C composites.”®>® For example, Xuan et al.
designed a simple method for Fe;O,@C composites under
hydrothermal conditions by using glucose as both the reducing
agent and carbon precursor, where the amount of glucose had a
great impact on the morphology of the final products;*® Li et al.
transformed Fe,O;@PAA nanoparticles into core—shell
Fe;0,@C chains and rings by high-temperature carbothermic
reduction, and the unique microstructure endowed them with
high rever51ble capacity and good cycling stability as electrode
materials;>* An et al. chose ferrocene as the single regent to
produce core—shell Fe;O,@C microspheres under hydro-
thermal conditions, which could be used as highly active
SERS substrate after decorating with Ag nanoparticles on their
surface;”> Zhang et al. and You et al. employed Stober method
and microwave hydrothermal method, respectively, to manip-
ulate the synthesis of core—shell Fe;O,@C composites with
tunable carbon shell thickness.”>**

As mentioned above, Fe;0,/C composites have been taken
as one of the popular topics in microwave absorbers because
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they combine magnetic loss ability and dielectric loss ability
effectively, which is quite beneficial to improve microwave
absorption.”’™** In comparison with conventional Fe;0,/C
composites, core—shell Fe;O,@C composites show superior
chemical homogeneity and structural advantages, thus it will be
promising and meaningful to develop the microwave
absorption of core—shell Fe;0,@C composites,”® especially
to investigate the effect of the carbon shell thickness on the
electromagnetic properties systematically. Unfortunately, there
are very few correlative literatures accessible.

In this article, we demonstrate the synthesis of core—shell
Fe;0,@C composites and investigate their microwave
absorption. The thickness of carbon shell can be well controlled
in the range of ~20—70 nm by modulating the amount of
resorcinol and formaldehyde. It is realized that introduction of
carbon shell can effectively increase dielectric loss properties
and improve matching characteristic impedance of the
composites, resulting in enhanced microwave absorption
performances. More interestingly, microwave absorption
properties and dielectric behaviors of the Fe;0,@C composites
can be easily tuned by the shell thickness. Especially when the
thickness of carbon shells reaches a critical point, there will be
an unusual dielectric behavior arising from the core—shell
structure, which endows these composites with strong
reflection loss in the corresponding frequency range.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Fe;0, Microspheres. Fe;O, microspheres were
prepared by solvothermal method similar to a previous literature.>®
Briefly, 540 g of FeCl;-6H,0 and 10.0 g of sodium acetate were
dissolved in 140 and 60 mL of ethylene glycol, respectively. And then,
two solutions were mixed and stirred for 0.5 h. The obtained
homogeneous yellow solution was transferred into a Teflon-lined
stainless-steel autoclave and sealed to heat at 200 °C for 24 h. The
obtained black magnetite particles were washed with distilled water
and absolute ethanol to remove any residues, and then dried at 50 °C.

2.2. Synthesis of Core—Shell Fe;0,@C Composites. The
Fe;0,@C core/shell microspheres were prepared by in situ polymer-
ization and high-temperature carbonization. In a typical recipe, 1.0 g of
Fe;0, microspheres were dispersed in a stock solution, which contains
80 mL of water, 32 mL of absolute ethanol, and 0.4 mL of ammonia,
and the mixed solution was treated by ultrasonication for 1 h to
produce a uniform suspension. Then, the required amount of
resorcinol was added into the solution. The mixture was mechanically
stirred at room temperature for 30 min before adding formaldehyde
solution (38 wt %) to start the polymerization for another 24 h. The
obtained Fe;O,@phenolic resin composites were collected by
magnetic separation and redispersed in distilled water under
ultrasonication. This process was repeated at least three times until
the water phase after sample collection became colorless, and then the
composites were dried in a vacuum drier at 50 °C. Finally, the Fe;O,@
phenolic resin composites were carbonized in a horizontally tubular
furnace under N, atmosphere at 350 °C for 2 h and 650 °C for 2 h,
where the heating rate was controlled at 1 °C/min. Through the
experiments, the molar ratio of resorcinol to formaldehyde was fixed at
1:2. The product samples were denoted as S1, S2, S3 S4, S5, where the
amounts of resorcinol were 0.1, 0.2, 0.3, 0.4, and 0.6 g, respectively.

2.3. Characterization. Powder X-ray diffraction (XRD) data were
recorded on an XRD-6000 X-ray diffractometer (Shimadzu) with a Cu
Ka radiation source (40.0 kV, 30.0 mA). The thermogravimetric
analysis was carried out on a SDT Q600 TGA (TA Instruments) in
the temperature range of room temperature to 800 °C ata heating rate
of 10 °C/min. Scanning electron microscope (SEM) images were
obtained on anQuanta 200S (FEI), and the samples were mounted on
aluminum studs by using adhesive graphite tape and sputtercoated
with gold before analysis. Transmission electron microscope (TEM)
images were obtained on a Tecnai G* F30 operating at an accelerating

voltage of 200 kV. Raman spectra were performed on a confocal
Raman spectroscopic system (Renishaw, In Via) using a 633 nm laser.
An HP-8722E vector network analyzer was applied to determine the
relative permeability and permittivity in the frequency range of 1—18
GHz for the calculation of reflection loss. A sample containing S0 wt %
of obtained composites was pressed into a ring with an outer diameter
of 7 mm, an inner diameter of 3 mm, and a thickness of 2 mm for
microwave measurement in which paraffin wax was used as the binder.

3. RESULTS AND DISCUSSION

During the high-temperature carbonization process, phenolic
resin can be converted into carbon species through pyrolysis.®
It is well-known that there are possible interactions between
carbon species and iron oxides under high-temperature
conditions, where carbon species can induce carbothermic
reduction to produce metal Fe, while iron oxides or metal Fe
may promote the graphitization de%ree of carbon materials,
even to generate crystalline graphite.”” Therefore, it is primarily
important to determine the crystalline phases of various
composites. As shown in Figure 1, all composites exhibit
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Figure 1. XRD patterns of Fe;O, microspheres and different core—
shell Fe;0,@C composites.

XRD peaks at ~30.0°, 35.4°, 43.0°, 53.4°, 57.0°, 62.5°, which
can be typically indexed to the spinel phase of Fe;0, (JCPDS
01-1111),* indicating the Fe;O, phase can be well preserved
during the carbonization process. Meanwhile, no evident
differences can be found between pristine Fe;O, microspheres
and these composites. Particularly, the absence of characteristic
peaks assigned to crystalline graphite in these composites
implies the amorphous nature of carbon components in these
composites. These results suggest that chemical interactions
between carbon species and iron oxides do not occur under
current conditions (650 °C, N, atmosphere). It is important to
point out that when the carbonization temperature increases to
700 °C, the carbothermic reduction will be ignited drastically,
and one can obtain single phase of metal Fe without any
residuals of Fe;O, phase (Supporting Information Figure S1).

Figure 2 shows the morphology evolution of Fe;O0,@C
composites with different carbon content. Through the typical
process, obtained Fe;O, microspheres are fully composed of
spherical particles with an average diameter of about 500 nm
(Figure 2a), and these microspheres are essentially assembled
by nanoparticles that are less than 30 nm in size (Supporting
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Figure 2. SEM images of Fe;O, microspheres (a) and different core—
shell Fe;0,@C composites: S1 (b), S2 (c), S3 (d), and S4 (e), and SS
(f). Inset in each SEM image is the TEM image showing the thickness
of the carbon shell after Fe;O, is removed by acid treatment. Scale
bars in SEM and TEM images are S00 and 200 nm, respectively.

Information Figure S2). Using the as-prepared Fe;O, micro-
spheres as cores, carbon coating can be achieved on these
microspheres through in situ polymerization of phenolic resin
following by a carbonization process, producing composites
with core—shell structures. It should be mentioned that
although there is carbon coating on the surface, the particle
size of S1 is a little smaller than that of as-prepared Fe;O,
microspheres, resulting from a shrinkage of Fe;O, microspheres
during the high-temperature carbonization process.” The sizes
of the core—shell composites display monotonic increase with
more resorcinol and formaldehyde applied in the experiments.
When the amount of resorcinol reaches 0.3 g (S3, Figure 2d),
adherence between adjacent microspheres appears in the
composites, but further aggregation is still avoided because
noncoating phenolic resin has been eliminated effectively by
our magnetic separation process. In order to better understand
the thickness of carbon shell in these composites, we removed
the Fe;O, cores by strong acid treatment. As shown in the
TEM images inset in Figure 2, one can see that the thicknesses
of carbon shells for S2, S3, S4, and SS are about 20, 30, 42, and
66 nm, respectively, while the carbon shell of S1 collapses after
removing the Fe;O, cores due to its low carbon content. Our
results indicate that with proper control of the experimental
conditions and relative ratios of resorcinol to Fe;O, micro-
spheres, carbon shells can be successfully fabricated on the
cores and more importantly, the shell thickness can be
modulated at the nanoscale. Low-magnification TEM images

and statistical data (Supporting Information Figure S3)
demonstrate that the distributions of carbon-shell thickness in
S2, §3, and S$4 are quite narrow, while it becomes a little wide in
SS. Besides, we also observe some sporadic carbon spheres in
SS (Supporting Information Figure S4), which implies that this
may be the critical point for the formation of core—shell
Fe;0,@C structures. If more resorcinol is applied, we will get
Fe;0,@C composites with more pure carbon spheres and
nonuniform carbon shells, but not isolated core—shell
structures.

From the thermogravimetric (TG) curves in Figure 3, one
can see two weight losses due to the removal of adsorbed water
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Figure 3. TG curves of different core—shell Fe;O,@C composites,

where the actual carbon contents of S1, S2, S3, S4, and S5 are
calculated to be 5.64, 9.97, 14.20, 17.84, and 23.41 wt %, respectively.

(about 150 °C) and combustion of carbon (starting at about
320 °C), and one weak weight increase region (transformation
of Fe;0, to Fe,0;) in the temperature range of ~150—320
°C.* As carbon components can be completely burned in air,
the final product will be only Fe,O;. Therefore, the amount of
carbon in these composites can be calculated by
1.5M(Fe,05)

M(Fe,0,)

(1)

where wt % R is the remaining weight percentage after
combustion, and M indicates the molecular weight of the
compound. As deduced from eq 1, the weight percentages of
carbon in these composites, S1, S2, S3 S4, and SS, are 5.64,
9.97, 14.20, 17.84, and 23.41 wt %, respectively. This indicates
that the actual carbon content in the composites is somehow
lower than that as designed. It can be rationalized by the fact
that (1) water-soluble oligomers can inevitably be produced
during the polymerization reaction, which can then be removed
during the washing procedures; (2) phenolic resin without
coating on the Fe;O, microspheres can also be formed, which
cannot be collected using the magnetic separation technique.
Therefore, we normally get less carbon in the Fe;0,@C
composites.

Figure 4 shows the hysteresis loops of Fe;O, microspheres
and Fe;O,@C core—shell composites measured at 300 K. The
as-prepared Fe;O, microspheres, with a saturation magnet-

wt % R = (1 — wt % carbon — wt % water)
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Figure 4. Magnetic properties of Fe;O, microspheres and different
core—shell Fe;O0,@C composites. Insets a and b are the local
enlargement and the relationship between saturation magnetization
and Fe;O, content in the composites, respectively.

ization (M) of 86.3 emu/g, display a quasi superparamagnetic
characteristic, with rather small remanent magnetization (<2
emu/g) andcoercivity (ca. 20 Oe), suggesting that the Fe;O,
microspheres are actually formed by an assembly of small
nanoparticles, which is highly consistent with the result of TEM
(Supporting Information Figure $2).>**' It can be seen that the
remanent magnetization and coercivity increases to about 8
emu/g and 140 Oe (Figure 4, inset a), respectively, after the
Fe;O, microspheres are coated by carbon shell. We believe it
can be attributed to the size growth of nanoparticles in Fe;O,
microspheres during the high-temperature carbonization
process,”” although the slight change in particles sizes has not
been detected by XRD. M, values of S1, S2, S3, S4, and SS are
76.8,72.3, 64.6, 58.9, and 49.8 emu/g, respectively; namely, the
less carbon content, the stronger Ms values of the composites.
From the relationship between M, value and Fe;O, micro-
spheres content (Figure 4, inset b), a quasi linear decrease in
M, can be found with decreasing the Fe;O, microspheres
content in composites, which can be easily understood by the
fact that the carbon shell will not affect the magnetic nature of
the composites, but just reduce the content of Fe;O,
microspheres. These results again verify that Fe;O, can be
well maintained in the preparation process.

Generally, graphitization degree of carbon component will
have a great impact on the electromagnetic parameters and
microwave absorption of carbon-containing absorbers.*>** As
shown by the Raman spectra (Figure S), all Fe;0,@C
composites display two distinguishable peaks in the range of
1000—2000 cm ™!, one broad peak centered at about 1350 cm™
(D band), and one other relatively sharp peak at about 1590
ecm™" (G band). It is very interesting that the values of the
intensity ratios of these two bands, Ij,/I, are almost identical in
all Fe;O,@C composites, which is a hint that carbon
components in these composites have nearly same graphitiza-
tion degree. However, pristine carbon materials, which are
prepared under the same conditions as Fe;O,@C composites
except the presence of Fe;O, microspheres, give an I/I; value
of 0.92 (Supporting Information Figure SS). According to
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Figure 5. Raman spectra of carbon shells from different core—shell
Fe;0,@C composites.

previous literatures,***® D band is a breathing mode of Ay,
symmetry involving phonons near the K zone boundary, which
is forbidden in perfect graphite and becomes active in the
presence of disorder or finite-size crystals of graphite
(nanographite crystals); G band corresponds to the E,, mode
due to stretching vibrations of sp> bond, which can be produced
by all sp” sites and not only by graphitic carbon. Ferrari and
Robertson once interpreted Raman spectra of amorphous
carbon in detail and proposed a three-stage model based on the
variation of the value of I,/I;, where the increased values of I,/
I in amorphous carbon could be the transitional stage from
amorphous carbon to nanocrystalline graphite.*” That is to say,
the presence of Fe;O, has stimulated the formation of
nanocrystalline graphite in these composites, resulting in a
little higher graphitization degree of carbon component than
that of pristine carbon. However, it has been reported that
these nanocrystalline graphite cannot be detected even by high-
resolution TEM techniques.*®

Microwave absorption properties of a absorber are highly
associated with its complex permittivity and complex
permeability, where the real parts of complex permittivity
(¢') and complex permeability (u') represent the storage
capability of electric and magnetic energy, and imaginary parts
(¢” and u") stand for the loss capability of electric and
magnetic energy.*”*° Figure 6 shows the complex permittivity
of all Fe;O,@C composites in the frequency range 1—18 GHz.
€ and €” of bare Fe;O, microspheres are almost constant
throughout the whole frequency range except for a very weak
resonance behavior at about 13.0 GHz. &” values are very close
to zero, indicating very poor dielectric loss of Fe;O,
microspheres. With the increase of carbon content, both &’
and &” are obviously enhanced and become more and more
dependent on the frequency. This enhancement can be
attributed to higher electrical conductivity of carbon shell
than that of Fe;O, microspheres, which is favorable for high
complex permittivity according to the free electron theory.” It
has to point out that pristine carbon materials, e.g. graphene,
mesoporous carbon, carbon nanocoils, carbon nanotubes,
carbon fibers, generally display a frequency dispersion behavior
in the range of 1—18 GHz, that is, their complex permittivity
will gradually decrease with the increasing frequency.*>*#3*7
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Figure 6. Real parts (¢') and imaginary parts (&”) of the complex

permittivity of Fe;O, microspheres and different core—shell Fe;0,@C
composites in the frequency range of 1-18 GHz.

This frequency dispersion behavior will still exist in most
composites of carbon materials with different magnetic
components. In our case, all Fe;O,@C composites also have
common frequency dispersion behavior in &’ values, except that
the variation of &’ values for SS is negligible in the range of 8—
18 GHz. However, it is very interesting that &” values in
Fe;0,@C composites show a distinguishable frequency-
dependence behavior. For example, ¢” values of S1 decrease
from 1.42 at 1 GHz to 0.96 at 7.6 GHz and keep constant in the
rest of frequency range; €” values of S2 decrease from 3.38 at 1
GHz to 1.62 at 7.30 GHz and then present a small fluctuation
with a maximum of 1.94 at 17.5 GHz; when the carbon content
is further increased, £” values increase gradually in the range of
11-18 GHz and the curves of &” value vs frequency become
obviously concave, implying that these composites may have
better dielectric loss abilities in the corresponding frequency
range. Considering that the unique dielectric behavior is rarely
observed in common composites, it is reliable to attribute this
phenomenon to the carbon-based core—shell structure. Similar
results have occasionally appeared in some previous reports
about core—shell composites of carbon and magnetic metals,

but without being paid special attention.**™>* In our opinion,
this phenomenon may be explained from the following aspects.
On one hand, the amorphous nature of carbon shell will result
in many defects on its surface, which can be the polarization
centers under the microwave irradiation.® On the other hand,
interfacial polarization and associated relaxation at the
interfaces will happen between the core and the shell.**
Through the cooperation of different polarization models and
relaxation process, a large amount of charges can accumulate at
the interfaces, especially when the carbon shell possesses
enough thickness, there will be enough charges that can reverse
the conventional dielectric behavior of carbon component
under the assistance of the applied electromagnetic field. In one
word, all of these results indicate that carbon shell plays a
dominant role in determining the dielectric loss properties of
these core—shell composites.

Figure 7 shows the y' and p” of all Fe;O,@C composites in
the frequency range 1—18 GHz. Bare Fe;O, microspheres

Real parts of permeability (»')

ol Ry
0.8
I I I ) | 1 1 1
2 4 6 8 10 12 14 16 18
Frequency(GHz)
o —|:|—F6304

—o—81

0.4

0.2

AN
LR
AT

0.0 - ESRES

Imaginary parts of permeability (x")

Frequency(GHz)

Figure 7. Real parts (') and imaginary parts (4”) of the complex
permeability of Fe;O, microspheres and different core—shell Fe;O,@
C composites in the frequency range of 1—18 GHz.

exhibit an abruptly decreased u’ values from 1.74 at 1 GHz to
0.82 at 7.6 GHz, and then gradually increases to 0.97 at 18
GHz; while the u” values increase from 0.38 at 1 GHz to a
maximum of about 0.5 at 3 GHz, and then sharply decrease to 0
at 10 GHz and keep negative in the range of 10—18 GHz,
implying that there is a normal resonance phenomenon
between y’ and p”. It can be seen that complex permeabilities
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of Fe;O0,@C composites display the same trend as that of
Fe;O, microspheres, but there are intersecting points in the
curves of both real parts and imaginary parts between Fe;O,
microspheres and Fe;O0,@C composites. For example,
increasing the thickness of carbon shell (carbon content)
endows Fe;O,@C composites with higher y’ values at relatively
high frequencies, particularly in the range of 4—10 GHz,
whereas inverse changes are distinguished over 1—4 GHz; the
intersecting point becomes 10 GHz in y” curves, beyond which
Fe;O, microspheres give smaller " values. As can be learned,
Fe,;0,@C composites inherit the normal resonance phenom-
enon and magnetic loss ability of Fe;O, microspheres, although
they are gradually attenuated with increasing thickness of
carbon shell. It can be expected that the inherited magnetic loss
from Fe;O, microspheres together with the derived dielectric
loss from carbon shell will bring effective enhancement in the
reflection loss of incident electromagnetic waves.

On the basis of the measured data of the complex
permittivity and complex permeability (Figures 6 and 7), the
reflection loss properties (R(dB)) of Fe;O,@C composites can
be deduced from the transmission line theory,

R (dB) = 201log

in

+1

@)

Z;, refers to the normalized input impedance of a metal-backed
microwave absorbing layer and is given by>>*°

H 2
Z. = |—tanh|j| — |fd./
" \e []( c )/ ﬂré}] (3)

where ¢, (¢, = &' — je") and p, (4, = p’ — ju") are the complex
permittivity and permeability respectively, of the composite
medium, c is the velocity of electromagnetic waves in free space,
f is the frequency of microwave, and d is the thickness of an
absorber. Figure 8 shows the calculated reflection loss of
Fe;0,@C composites with a thickness of 2 mm in the
frequency range of 1—18 GHz, where the reflection loss
properties are sensitive to the thickness of carbon shell. Bare
Fe;O, microspheres exhibit poor reflection loss characteristics,

mn

Reflection Loss (dB)

2 4 6 8 10 12 14 16 18
Frequency/GHz
Figure 8. Microwave reflection losses (absorber thickness = 2 mm) of

Fe;O, microspheres and different core—shell Fe;O,@C composites in
the frequency range of 1-18 GHz.

typically less than —S5 dB in the whole frequency range.
Although the carbon content of S1 is too limited (5.64 wt %) to
form complete shell structure, it still stimulates the enhance-
ment of microwave absorption, where the maximum reflection
loss can reach —9.6 dB at 16.8 GHz. As observed, the reflection
loss properties toward incident electromagnetic waves of
Fe;0,@C composites are enhanced substantially with further
increasing the thickness of carbon shell and the frequency
relating to the maximum reflection loss are also dependent on
the thickness of carbon shell in these composites. The
maximum reflection losses of S2, S3, S4, and S5 are —18.8,
—18.1, —20.6, and —20.0 dB at 15.8, 14.4, 13.4, and 12.1 GHz,
respectively, and the bandwidths exceeding —10 dB (90%
absorption) for these composites are 13.8—18.0, 12.9—17.8,
11.8—15.6, and 10.9—13.6 GHz.

It is widely accepted that microwave absorption properties
may be ascribed to several factors, such as magnetic loss,
dielectric loss, characteristic impedance, interface relaxation,
etc.5" The magnetic loss of magnetic materials mainly originates
from hysteresis, domain wall resonance, natural ferromagnetic
resonance, and eddy current effect.”> The hysteresis loss is
negligible in the weak field, and the domain wall resonance loss
usually occurs at much lower frequency (MHz).%® Therefore,
the natural ferromagnetic resonance and the eddy current effect
are two important parameters that should be considered in this
study. Bare Fe;O, microspheres exhibit a natural ferromagnetic
resonance in the range of 1—10 GHz, while it is further
attenuated with increasing the thickness of carbon shell (Figure
7). The eddy current loss can be evaluated by eq 4,°*%

p' = 2mu (') o-d’f /3 4)

where ¢ (S'm™") is the electrical conductivity and yo (H'-m™) is
the permeability in vacuum. If the reflection loss results from
the eddy current effect, the values of Cy (Co=p"(1t')7%f™") are
constant when the frequency is changing. As shown in
Supporting Information Figure S6, the values of C, for bare
Fe;O, microspheres and core—shell Fe;O, composites are
almost constant in the range of 10—18 GHz, confirming the
presence of the eddy current loss. However, bare Fe;O,
microspheres, with both strong natural ferromagnetic reso-
nance and eddy current effect, only show poor microwave
absorption (Figure 8), indicating that the contribution of
magnetic loss to microwave absorption is rather limited.
Figure 9 shows dielectric dissipation factors (tan 8, = ¢"/¢’)
of Fe;O, microspheres and Fe;O,@C core—shell composites.
Bare Fe;0, microspheres show quite low dielectric dissipation
factor in the whole frequency range due to its small &” values
(Figure 6), and a small peak at about 13.0 GHz arising from the
resonance behavior of complex permittivity can also be
observed. With the introduction of carbon species, Fe;O,@C
composites show improved dielectric dissipation factors,
especially when complete carbon shells are formed on the
surface of Fe;O, microspheres, the dielectric dissipation factors
increase gradually with the thickness of carbon shell until the
thickness of carbon shell reaches about 40 nm (S4). Further
increasing the thickness of carbon shell cannot enhance the
dielectric dissipation factor obviously. Very importantly, the
results of microwave absorption are highly consistent with the
variation of dielectric dissipation factors, which means that
dielectric loss plays an important role in microwave absorption
of Fe;0,@C composites. Although dielectric loss contributes to
the microwave absorption positively, it has to point out that the
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Figure 9. Dielectric dissipation factors (tan &,) of Fe;O, microspheres
and different core—shell Fe;O,@C composites in the frequency range
of 1-18 GHz.

&” values and dielectric dissipation factors of these composites
are not outstandin%, and even inferior as compared with some
existing literatures.”*>** There is another important parameter
relating to the considerable reflection loss from the Fe;O,@C
composites, the concept of matched characteristic impedance,
which is determined by the relationship between complex
permittivity and complex permeability.°® In other words, when
the microwave absorbers have some dielectric and magnetic
loss abilities, the key point for their microwave absorption will
be the relationship between complex permittivity and complex
permeability. Specifically, if complex permittivity is much higher
than the complex permeability, most of incident microwave will
be reflected off at the surface due to high surface resistance; on
the contrary, incident microwave will go through the absorbers
without any dissipation.*> For example, Fe;0, microspheres
herein exhibit some magnetic loss abilities, but their imaginary
parts of complex permittivity are too low to produce acceptable
reflection loss characteristics (Figure 7). As the thickness of
carbon shell increases, the complex permittivity of composites
is enhanced gradually, so that the characteristic impedance is
improved effectively. Considering that the values of complex
permeability from Fe;O, microspheres are not high, the
complex permittivity from carbon component should be
controlled in a rational range. Otherwise, the characteristic
impedance will not be well matched, and only poor microwave
absorption can be produced. Therefore, the improved
characteristic impedance should also be responsible for the
enhancement of microwave absorption.

Moreover, some studies stated that Debye dipolar relaxations
were also favorable for the enhancement of microwave

absorption.’*™>* According to Debye theory, the complex
permittivity (e,) can be written as,>!
& — &
e, =¢ +ie =g, + ————
1+ iwt, (5)

where 7, & ,nq €, are the relaxation time, the static dielectric
constant, and the dielectric constant at infinite frequency,
respectively. From eq 5, it can be deduced that

’ & ~ €y
=€, —

1 + (w7y) (6)

” a)TO(es - Soo)

& ="
1 + (w7,) (7)

It can be further deduced from eq 6 and 7 that

(6 = &0)” + (e") = (& — &) (8)

Therefore, the plot of ¢” versus & would be a single semicircle,
generally denoted as the Cole—Cole semicircle. Each semicircle
corresponds to a Debye dipolar relaxation. Figure 10 shows
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Figure 10. Typical Cole—Cole semicircles (¢” vs &’) for Fe;O,
microspheres (a) and different core—shell Fe;0,@C composites (b,
S1; ¢, S2; d, S3; e, S4; f, S5) in the frequency range of 1—18 GHz.

&'—¢" curves of Fe;O, microspheres and Fe;O,@C core—shell
composites in the frequency range of 1—18 GHz. It can be
clearly seen that Fe;O, microspheres present a totally
disordered curve, implying that there is no obvious dielectric
relaxation process. Sample S1 consisted of Fe;O, microspheres
and incomplete carbon shell displays only one dielectric
relaxation process. Once carbon shells are formed completely,
it is very interesting to find out that there are four
distinguishable semicircles for S2, S3, S4, and S5, suggesting
that the core—shell structure endows these composites with
multiple dielectric relaxation processes. On the basis of the
results mentioned above, it is believable that the enhancement
in microwave absorption of S2, S3, S4, and S5 comes from the
increased complex permittivity and improved characteristic
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impedance, as well as sufficient interfacial relaxation between
Fe;O, microspheres and carbon shell.

According to eq 3, the thickness (d) of an absorber is one of
the crucial parameters that affect the intensity and responding
frequency of reflection loss; thus, we further investigate the
reflection losses of S2—SS with the different thicknesses of 1.5,
2.0,2.5,3.0,4.0, and 5.0 mm in order to eliminate the influence
from the thickness of the samples. As shown in Figure 11, all
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Figure 11. Microwave reflection losses of core—shell Fe;O,@C
composites S2 (a), S3 (b), S4 (c), and SS (d) at different absorber
thicknesses.

four samples exhibit negative shifts to low frequency with
increasing thickness, and their values of reflection loss
exceeding —10 dB (90% absorption) can be obtained in the
range of 4.0—18 GHz with a variation in thickness from 1.5 to
5.0 mm, indicating excellent microwave absorption properties
of these composites. However, S4 and SS$ still show superior
microwave absorption as compared to S2 and S3, especially in
the high frequency range, which may be caused by the
improved dielectric loss abilities of S4 and SS in high frequency
range (Figure 6). The strong reflection losses over such wide
frequency ranges in S4 and SS are better than those of some
ever reported composites of Fe;O, and various carbon
materials.”*>° A careful look at the reflection loss curves of
S4 and S5 reveals that SS shows much stronger reflection loss
than S4 at a thickness of 1.5 mm, and a little stronger at 2.5
mm. However, at other thicknesses, the values of reflection loss
for SS are slightly inferior to those of S4. Considering that some
scattered carbon microspheres (Supporting Information Figure
S4) and relatively wide distribution of carbon shells thickness
(Supporting Information Figure S3) in sample SS will destroy
its chemical homogeneity, thus sample S4 may be taken as the
best candidate as a promising microwave absorber in this series.

4. CONCLUSIONS

With Fe;O, microspheres as the cores and nucleation sites,
core—shell Fe;O,@C composites have been prepared through
in situ polymerization of phenolic resin followed by high-
temperature carbonization. The thickness of carbon shell can be
well controlled by modulating the weight ratios of resorcinol
and Fe;O, microspheres. Under the current conditions, the

chemical reaction between carbon shell and Fe;O, micro-
spheres is not discovered, but Fe;O, microspheres can promote
the graphitization degree of carbon shell. As a result, the
crystalline phase and magnetic property of Fe;O, microspheres
are well preserved in the final products. Fe;0,@C composites
show substantially enhanced microwave absorption properties,
due to the introduction of dielectric loss, interfacial loss, and
improved matching impedance after carbon coating. Besides,
core—shell structure endows these composites with an unusual
dielectric behavior, leading to strong reflection loss in the high
frequency range. We believe this work will be helpful in the
design and preparation of highly effective microwave absorbers
with improved chemical homogeneity.
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