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Uniform core-shell SiO>@Fe;04@C microspheres were prepared by a one-step hydrothermal method with SiO, microspheres as
the template, and the hollow Fe;0,@C (HFC) microspheres were achieved via etching SiO, template. By changing the sizes of
Si0; microspheres, a series of HFC microspheres with variable cavity sizes were obtained to study the relationship between cavity
size and microwave absorbing (MA) performance for the first time. The morphology and structure of samples were characterized in
detail. The results showed that the MA performance of HFC sample depended on its cavity size. In particular, the hollow structure
was good for improving MA performance and could make MA move to the high-frequency region. More importantly, as the
cavity size increases, the resonance frequency of HFC-i (i=1,2, 3, 4) samples moved to a low frequency, and the optimal matching
thickness of HFC-i samples was increasing. Among all HFC-i samples, HFC-3 showed the most excellent MA performance,
which could be mainly explained by the quarter-wavelength matching model, intrinsical magnetic and dielectric loss. Furthermore,
the MA performance of HFC mixture blended by the equal mass fraction of HFC-2, HFC-3 and HFC-4 was the comprehensive
results of three HFC-i samples. All the above suggested that the cavity size in HFC sample had a great influence on the MA

performance.
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1 Introduction

In the modern day, environmental pollution has become more
and more diversified, not only includes the visible pollution
such as air pollution and wastewater [1,2], but also contains
the invisible pollution such as omnipresent electromagnetic
radiation (EMR) [3,4]. Due to the rapid development of elec-
tronic information technology, their negative influence on the
environment and human health has become more and more
serious. In the scientific community, considerable attention
has been paid on the exploration of microwave absorber [5,6].
However, the high-efficiency absorber with the light weight,
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thin thickness, strong absorption and wide bandwidth is still
a challenging task due to the complexity of electromagnetic
wave.

In general, there are two common approaches to improve
the microwave absorbing (MA) performance of absorber,
namely the impedance matching property and attenuation
characteristic.

Impedance matching property, i.e., the intrinsic impedance
of absorber should be close to that of free space, is an essen-
tial prerequisite for the excellent absorber. But in strict sense,
the ideal impedance matching property is impossible to come
true in the whole frequency range. Encouraging, it could be
remedied by regulating the geometrical microstructure of ab-
sorber [7]. On the other hand, attenuation characteristic is
the final criterion to evaluate MA performance of absorber. It
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has mentioned that only the absorber with a good impedance
matching property can make microwave enter preferably, but
if the incident microwave can be not effectively attenuated by
absorber, it will pass through absorber. Therefore, an excel-
lent absorber should possess the good attenuation character-
istic.

Ferromagnetic materials with the advantageous magnetic
loss, as the most traditional absorber, have been reported
widely due to the distinguished magnetic performance, such
as Fe;04, nickel ferrite, barium ferrite, and manganese ferrite
[8-11]. However, the application of ferromagnetic materials
has been severely limited owing to its high density and
narrow absorbing bandwidth. On the contrary, the carbon
materials with the low density and excellent dielectric loss
have been investigated in the MA field, including carbon
black, carbon fibre, graphene, etc. [12—14]. However, the
MA performance of these absorbers, depended only on the
single loss mechanism, namely magnetic loss or dielectric
loss, can not meet the practical requirement. It has been
demonstrated that the excellent MA absorber need a proper
impedance matching through the efficient complementarity
between complex permeability and permittivity [15]. A lot
of researching work has been carried out focusing on above
concept, such as CoFe,04-graphene, barium ferrite-polypyr-
role, and Fe;O4-carbon [16—18]. However, the contradictions
between impedance matching and attenuation characteristic
of materials are difficult to be overcome.

Researchers have attempted to resolve the above contradic-
tions by regulating the structure and morphology of absorber.
Among them, the hollow or porous structure shows a huge
advantage, because the porous structure is helpful for the pen-
etration of microwave, and the hollow structure can increase
the multiple reflection and diffuse scattering of microwave in
the inner of absorber [19]. For example, Li ef al. [20] pre-
pared the hollow FesO4 nanosphere with the good absorp-
tion properties. In addition, many other absorbers, such as
the hollow polypryyole, hollow carbon@Fe@Fe;04, hollow
graphene-wrapped ZnO [21-23], have been reported and dis-
played a good MA performance. From the work of Zhang’s
group [24], the MA performance can be tuned by adjusting
the void space of graphene, speculated that the cavity size
should have a great influence on MA performance.

In this work, SiO,@Fe;04@C (SFC) microshperes are
successfully prepared by one-step hydrothermal method with
Si0O; as the solid template. After the SiO, temple is etched,
the hollow Fe;04@C (HFC) microshperes are obtained. The

ferrocene Q NaOH &
| |
H,0, clching
Sio, Si0,@Fe,0,@C  Hollow Fe,O,@C

Figure 1 The simple synthetic diagram of HFC microspheres (color on-
line).
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simple synthetic schematic diagram is shown in Figure 1. By
changing the sizes of SiO, microshperes, a series of hollow
Fe;04@C microspheres with variable cavity sizes have been
prepared, and the relationship between their cavity size and
MA performance is studied for the first time.

2 Results and discussion

2.1 Morphological and structural characterization

The monodispersed SiO, nanospheres are shown in Figure 2.
It can be seen that the diameter of SiO, nanosphere can be
controlled by varying tetracthyl silicate (TEOS) concen-
tration, the dosage of solvent (EtOH or 2-propanol (IPA)),
H,O and NH;'H»O. The as-prepared SiO, nanospheres
possess the smooth surface and good dispersibility, which
provide a good platform for loading Fe;O4 and carbon.
The obtained SFC microspheres presented in Figure S1
(Supporting Information online) still maintain the good
dispersity. Compared with SiO, nanospheres, the average
diameter of corresponding SFC microspheres has increased
to some extent, indicating that SiO, nanospheres have been
coated successfully. More obviously, the surface of SFC
microspheres is obvious rougher compared with that of SiO,
nanospheres. It can be sure that there are many nanoparticles
of ~20 nm in the surface of SFC microspheres and some
self nucleation Fe;04@C nanoparticles due to the excess
ferrocene. The scanning electron microscope (SEM) and
transmission electron microscope (TEM) images of HFC
microspheres are displayed in Figure 3. It can be found
that HFC microspheres keep the good spherical morphol-
ogy except for very little broken microspheres, while the
existence of broken microspheres provides a strong proof
for the successful etching of SiO, temple and the obtained
hollow structure. HFC microspheres present the obvious
hollow core-shell structure, and the thickness of carbon shell
is about 18 nm. The cavity sizes of HFC-1, HFC-2, HFC-3,
and HFC-4 microspheres are 100, 200, 400 and 600 nm
respectively.

In order to confirm the phase composition of HFC mi-
crospheres further, the X-ray diffraction (XRD) patterns of
related samples have been displayed in Figure 4. The broad
diffraction peak at 20=23°in Figure 4A(a) can be ascribed
to the characteristic peak of amorphous SiO,. However,
no characteristic absorption of SiO, can be observed in
Figure 4A(b—e), suggesting that SiO, microshperes have
been etched completely. The XRD patterns of all HFC
samples present the six clear peaks at 2= 30.3°, 35.5°,
43.4°, 53.8°, 57.3° and 62.8°, which are in agreement with
(220), (311), (400), (422), (511) and (440) crystal face of
spinel-type Fe;O4 (JCPDS No. 19-0629). Furthermore, all
peaks of HFC microshperes display a little shifting compared
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Figure 2 SEM images of SiO, microspheres. (a) 100 nm; (b) 200 nm; (c)
400 nm; (d) 600 nm.
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Figure 3 SEM images of HFC microspheres. (a, b) HFC-1; (¢, d) HFC-2;
(e, f) HFC-3; (g, h) HFC-4. The insets of (b, d, f, h) are the TEM images of
HFC microspheres.

with the pure spinel-type Fe;O4 [25], indicating the strong
interaction between Fe;O, and carbon.

In the preparation of SFC microspheres, the Fe** in fer-
rocene can be oxided to Fe;O,4 under the high temperature,
which has been confirmed by above XRD patterns. Accord-
ing to Ref. [26], the cyclopentadienyl in ferrocene can be
decomposed into the carbon. Herein, the XPS survey spec-
trum (Figure 4(B) insert) shows the coexistence of elements
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Figure 4 (A) XRD patterns of SiO, (a), HFC-1 (b), HFC-2 (c), HFC-3 (d)
and HFC-4 (e); (B) C 1s XPS spectra of HFC-3 and the insert is XPS survey
of HFC-3 sample (color online).

C, O and Fe in the HFC-3 sample. And the C 1s spectrum in-
cludes three main components, namely the C=C/C—Cin aro-
matic rings, C—O of alkoxy and C=0Ogroups [26], suggesting
that cyclopentadienyl has been partially oxidized. In addi-
tion, the Raman spectrum is used to explore the structure of
carbon further. As shown in Figure S2, the Raman peaks of
SFC-3 sample located at 1390 and 1598 ¢cm™ are indepen-
dently assigned to the D and G mode of carbon. And it can
be clearly seen that the D peak is broader and weaker than G
peak, indicating that the carbon have a tendency of graphitiza-
tion due to the aromaticity of cyclopentadienyl. So, it can be
speculated that the carbon layer in HFC microspheres maybe
have the good dielectric loss.

2.2 Magnetic properties

The magnetic hysteresis loops of related samples are shown in
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Figure 5, the magnetic parameters including saturation mag-
netization (M;) and coercivity (H.) are listed in Table 1. The
M; values of HFC samples are in the range of 21-23 emu g!
and are less than that of Ref. [26]. It is well known that the M;
value of composite mainly relies on the magnetic component,
according to M;=pms (Where ¢ and m; are the volume frac-
tion and saturation magnetization of magnetic component, re-
spectively [27]), here the m, of Fe;O, decides the M, of HFC
samples. Furthermore, the m of Fe;O, is related to its size
[28]. So it can be suggested that the Fe;O, nanoparticles in
as-prepared HFC samples are small, which is beneficial to in-
crease the interface between Fe;O4 and carbon. In addition, as
shown in Table 1, the HFC samples with variable sizes have
little change in H..

2.3 Microwave absorbing performance

The MA performance of as-prepared samples has been eval-
uated by the reflection loss (RL). The reflection loss (RL) is
calculated as following:

RL = 20l0g| 2120 1
Og in+ ZO ( )
U, (2
Zy = Z,, | tanh\j| == | fd [, @)

where Z;, is the input characteristic impedance, Z; is the
impedance of free space, fis the microwave frequency, ¢ is
the light velocity, d is the thickness of absorber medium, &

20 -

= 104

()

>

E

2 0

c

Q

5 —— HFC-1

= 10 ——HFC-2
——HFC-3
——HFC-4

-20 4

-15000 -10000 -5000 0 5000 10000 15000
Magpnetic field (Oe)

Figure 5 Magnetic hysteresis loops of HFC microspheres (color online).

Table 1 Magnetic parameters of HFC microspheres

Sample M, (emu g™ H. (Oe)
HFC-1 21.071 11.176
HFC-2 21.616 11.248
HFC-3 22.559 10.834
HFC-4 23.004 10.903
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(&r=e:—je") and pr (r=1:'-ju:"") are the relative complex per-
mittivity and permeability of absorber medium, respectively.

Figure 6 displays the relationship between RL and fre-
quency (f) of samples with different thickness in the range
of 2-18 GHz. At first, comparing the RL curves of SFC-2
and HFC-2, it can be easily known that the hollow structure
is good for improving the MA performance of absorber, and
the resonance frequency (f..) corresponding to the RLmin of
HFC-2 is higher than that of SFC-2, suggesting that hollow
structure makes MA move to the high-frequency region. It
may be because that the microwave with high frequency
possesses the enough energy to penetrate into the inner of
absorber and is absorbed by absorber. Furthermore, contrast-
ing the fr. of HFC-i samples (i=1,2, 3, 4), it moves to the low
frequency with the increasing cavity size, which is to say
that there is a negative correlation between cavity size and
fre. It has been observed that there is relationship between the
MA performance of HFC-i (i=1,2, 3, 4) and its inner cavity,
and the reflection loss of HFC-3 sample is minimum among
them. This indicates that the influence factors on the MA
performance have not only cavity size but also the thickness
of the spheres shell. When the quality of SiO, spheres are
certain, the bigger the cavity is, the more the reflecting times
of microwave are, and the more the attenuated microwave
is. However, the bigger the cavity is, the thinner the spheres
shell are, and the less the microwave attenuated by the
spheres shell is. Above all, the MA performance of HFC-3
is better than HFC-4.

The thickness of sample (d) is also one of the crucial param-
eters influencing the MA performance of absorber. As shown
in Figure 6, the f.. of each HFC-i sample displays a slight
shift to the low frequency with increasing d. When d is less
than 3.0 mm, the RLwmi» of HFC-3 sample is obvious less than
that of other HFC-i samples, besides its RLmi» divides into
two absorption peaks with further increasing d, namely the
RLyini corresponding to fi and the RLmin> corresponding to f>
(fi<f2). More interestingly, the absorption bandwidth (RL<6)
of HFC-3 sample is close to the sum of that of HFC-2 and
HFC-4 when d is greater than 3.5 mm, which suggests that
the HFC-3 sample is the optimal absorber among all HFC
samples.

The RLwmin of HFC-3 is gradually enhancing with the in-
creasing d and may be mainly explained by the quarter-wave-
length matching model. According to the quarter-wavelength
resonance, the f. at the corresponding thickness d can be de-
scribed by the following equation [29]:

c
S = 3
4dRe([u(Ne() ) @)

With satisfying f = f.., where Re() respesents the real num-

ber of ./ u(f)e(f), u(f) and e(f") are independently the com-
plex permeability and permittivity at f.
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Figure 6 The RL curves of samples with different thickness in the frequency range of 2-18 GHz (color online).

Figure 7 shows the simulation results of f.. vs. d accord- Notably, the relationship between fand d is in good agreement
ing to Eq. (3) for HFC-3 sample. It can be seen that the f; with the simulation when d is 4.0 mm, showing that the RLumini
of HFC-3 sample can well fit the quarter-wavelength model. of HFC-3 can achieve the minimum value at d=4.0mm, i.e.,
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Figure 7 The simulation of f. vs. d under the quarter-wavelength model
for HFC-3 sample, where the red dots are the observed values from
Figure 6 (color online).

HFC-3 sample has the best MA performance at this thickness,
which is in agreement with our experimental results. There-
fore, the RLmini of HFC-3 has its root in the quarter-wave-
length resonance.

Furthermore, the RLmin» of HFC-3 sample may be attributed
to its intrinsical magnetic and dielectric loss [30]. The com-
plex permittivity and permeability of HFC-3 sample are dis-
played in Figure 8(a, b). Notably, the &' value is obviously
larger than &”, suggesting that HFC-3 sample has the high
storage ability of microwave energy. And the complex per-
mittivity is greater than complex permeability, so dielectric
loss should make a greater contribution to MA performance
of HFC-3 sample. In addition, the dielectric loss tangent
(tand, = &’’/&") and magnetic loss tangent (tand, = "/ u")
are applied to evaluate the loss capacity of HFC-3 sample
in Figure 8(c). The tand, and tand, can obtain the approxi-
mate value at about 13.6 GHz, indicating that the HFC-3 sam-
ple has the better MA performance in the frequency range of
13—14 GHz due to the good complementarity between mag-
netic and dielectric loss, which is consistent with the result of
Figure 6.

The dielectric loss mainly comes from the conductivity
and polarization loss, where the latter includes the dipole
orientation and interfacial polarization in the frequency
range of 2-18 GHz [31]. According to the free-clectron
theory, &'’ = 1/me,pf, where p is the resistivity, the low
¢ in Figure 8(a) illuminates a high p, which is to say that
HFC-3 sample has a poor conductivity. In addition, it is
worth noting that the dipolar relaxation of magnetite and
carbon can be disregarded in the frequency range of 2—18
GHz [32]. Therefore, the dielectric loss of as-prepared HFC
sample mainly comes from interfacial polarization. For the
interfacial polarization caused by two media with different
conductivity or permittivity, Debye-dipolar relaxation is an
important mechanism, which can be validated by the Cole-
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Figure8 The complex permittivity (a), complex permeability (b), dielectric
loss tangent and magnetic loss tangent (c) of HFC-3 sample (color online).

Cole semicircle [33]. The relative complex permittivity & can
be described by the following equation:

17

gsigsc I’ .
e = ¢ =¢' —je (4)

+
7 1+ 2t

where &,¢_, fand 7 are separately the static permittivity, rel-

ative dielectric permittivity at the high-frequency limit, fre-

quency and polarization relaxation time. Thus, &' and ¢” can

be described as follows:

e—e,

U Gy ®

2 p —
' ljff(ss 8;)2 ©
(2nf)z

Based on Egs. (5) and (6), the relationship betweem &’ and

4
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&" can be obtained:

et e

7 s 0

e’ —

ey = B ] )

Therefore, the curve of &’ vs. &” is a single semicircle, re-
garded as the Cole-Cole semicircle.

Figure 9 shows the &' vs. ¢&" curve of HFC-3/paraffin
mixture. Two obvious semicircles (I and II) demonstrate
that there are two vigorous interfacial polarizations in the
HFC-3/paraffin mixture, namely the heterointerface of
Fe;O4/carbon and FesOs/paraffin.  While the indistinctive
semicircle III may be ascribed to the heterointerface of
carbon/paraffin due to the similar dielectric constant between
carbon and paraffin.

What is more, the MA performance of HFC mixture
blended by the equal mass fraction of HFC-2, HFC-3 and
HFC-4 is presented in Figure 10, and the evaluation pa-
rameters of MA performance obtained from Figure 6 and
Figure 10, including the RLmin, fr. and the best matching
thickness of absorber medium (dbm), are presented in Table 2.
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Figure 9 The Cole-Cole semicircle of the HFC-3/paraffin mixture (color
online).
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Figure 10 The RL curves of HFC mixture with different thickness in the
frequency range of 2—-18 GHz (color online).
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Table 2 The evaluation parameters of MA performance for HFC samples

Sample RLyin (dB) fre (GHz) dpm (Mm)
HFC-2 -10.9 14.7 3.0
HFC-3 -16.1 13.2 3.0
HFC-4 —-13.1 11.1 35
HFC mixture -11.5 13.4 3.0

It can be clearly seen that HFC-3 sample possesses the min-
imal RLmin. As the cavity size increases, fr is reducing and
dvm 18 increasing, suggesting that the cavity size has a great
influence on the MA performance. A careful look at the eval-
uation parameters of HFC mixture reveals that its absorption
bandwidth is greater than that of each HFC-i sample, and its
RLnin is the average result of three HFC-i samples. So the MA
performance of HFC mixture can be reasonably regarded as
the comprehensive results of three HFC-i samples.

3 Conclusions

In summary, a series of HFC samples have been successfully
prepared and displayed different MA performance. By com-
paring the MA performance of SFC-2 and HFC-2 samples,
it can be sure that the hollow structure is good for improving
MA performance and can make MA move to the high-fre-
quency region. Furthermore, there is a negative correlation
between cavity size and f.. Among all HFC-i samples,
HFC-3 shows the most excellent MA performance, more
interestingly, when d is greater than 3.0 mm, the RLuy, of
HFC-3 divides into two absorption peaks. Its RLmini is gradu-
ally enhancing with the increasing d, which can be explained
by the quarter-wavelength matching model. In addition,
the RLmin» of HFC-3 is mainly attributed to its intrinsical
magnetic and dielectric loss, in which interfacial polarization
makes a great contribution to MA performance. At last, the
absorption bandwidth of HFC mixture is greater than that
of each HFC-i sample, and its RLmin is the average result of
three HFC-i samples. So constructing hollow structure will
be a promising route to enhance the MA performance of
absorber, and more importantly, the MA performance can be
modulated not only by the absorber thickness, but also by the
cavity size in absorber to satisfy the application in different
frequency bands.
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