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ABSTRACT: Yolk—shell microspheres with magnetic Fe;O,
cores and hierarchical copper silicate shells have been
successfully synthesized by combining the versatile sol—gel
process and hydrothermal reaction. Various yolk—shell
microspheres with different core size and shell thickness can
be readily synthesized by varying the experimental conditions.
Compared to pure Fe;O, the as-synthesized yolk—shell
microspheres exhibit significantly enhanced microwave
absorption properties in terms of both the maximum reflection
loss value and the absorption bandwidth. The maximum
reflection loss value of these yolk—shell microspheres can
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reach —23.5 dB at 7 GHz with a thickness of 2 mm, and the absorption bandwidths with reflection loss lower than —10 dB are up
to 10.4 GHz. Owing to the large specific surface area, high porosity, and synergistic effect of both the magnetic Fe;O, cores and
hierarchical copper silicate shells, these unique yolk—shell microspheres may have the potential as high-eflicient absorbers for

microwave absorption applications.
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1. INTRODUCTION

Since the emergence of military products in the 1930s,
electromagnetic interference (EMI) shielding materials have
been widely used in military, industrial, and commercial
fields."™” To date, the demand for innovative EMI shielding
has increased to meet growing needs for novel high-efficient
microwave absorbers with lightweight, thin thickness, wide
absorption bandwidth, and strong absorption characteristics.®
As an important class of functional nanomaterials, magnetite
(Fe;0,) nanoparticles have been extensively investigated as
microwave absorbers with low cost and strong absorption
characteristics.”~'> However, the Fe;O, materials have main
disadvantages such as high density and narrow absorption
bandwidth, which restrict their further applications. It has been
reported that nanocomposites are appropriate for broadband
lightweight absorbers.”>~'> Recently, many core—shell struc-
tured nanocomposites containing Fe;O, cores (e.g,, Fe;0,/ c,'°
Fe;0,/Zn0,"” Fe;0,/Sn0,,'"® or Fe;0,/Ti0,'”*°) show the
microwave absorption performance better than the pure core or
shell materials. Very recently, Wang et al. have reported an
atomic layer deposition strategy to coat carbon nanocoils with
magnetic Fe;O, or Ni for the synthesis of coaxial multilayer
nanostructures, which exhibit remarkably improved microwave
absorption properties compared to the pristine carbon
nanocoils.*" Tt is well-known that the absorption properties of
a material are closely related to the structure of microwave
absorber.”** Recent advances show that excellent microwave
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absorption properties can be obtained from hierarchical
nanostructures with complicated geometrical morpholo-
2324 Nonetheless, it is still a big challenge to fabricate
hierarchical nanostructures with desired composition, control-
lable core size, and well-defined shell structure, which can
greatly enhance the microwave absorption performance.
Yolk—shell structures refer to hollow nanostructures with a
void space between the core and the shell, which have recently
attracted considerable attention in a wide range of applications
including nanoreactors,”> >’ catalysis,z&29 lithium-ion bat-
teries, >~ and biomedical fields.>*™3¢ In considering their
unique properties such as low density, large surface area,
functional nanostructure, and synergistic effects of both the
cores and shells, yolk—shell structures with magnetic Fe;O,
cores and hierarchical shells may have the potential to satisfy
the increasing demand of lightweight, thin thickness, wide
absorption bandwidth, and strong absorption characteristics for
innovative EMI shielding systems.® More recently, we have
reported a facile “hydrothermal-assisted crystallization” route to
synthesize hierarchical magnetic yolk—shell microspheres with
mixed barium silicate and barium titanium oxide shells, which
are demonstrated to be attractive candidate materials for
microwave absorption enhancement.’”” To the best of our
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knowledge, studies on the synthesis of Fe;O,-based yolk—shell
structures for microwave absorption have been rarely reported.
Importantly, an understanding of the relationship between the
yolk—shell structure and the microwave absorption properties
of these materials is therefore necessary in order to understand
how to optimize the structure of microwave absorbers.

In this study, we report the synthesis of unique yolk—shell
microspheres with magnetic Fe;O, cores and hierarchical
copper silicate shells (Fe;O,@CuSilicate). Various Fe;0,@
CuSilicate yolk—shell microspheres with different core size and
shell thickness can be successfully synthesized by varying the
experimental conditions. When evaluated as microwave
absorbers, the as-synthesized yolk—shell microspheres exhibit
significantly enhanced microwave absorption properties in
comparison with pure Fe;O,. Our results suggest that these
unique yolk—shell microspheres with controllable size,
composition, and structure can be effective in microwave
absorption enhancement, which can also be extended to design
other high-efficient absorbers for microwave absorption
applications.

2. EXPERIMENTAL SECTION

2.1. Materials. Ferric chloride hexahydrate (FeCl;-6H,0), copper
nitrate (Cu(NO;),-3H,0), ethylene glycol (EG), diethylene glycol
(DEG), sodium acetate, trisodium citrate, tetraethyl orthosilicate
(TEOS), ethanol, and ammonia solution (28 wt %) were all purchased
from Shanghai Sinopharm Chemical Reagent Co., Ltd. All chemicals
were of analytical grade and used without further purification.
Deionized water obtained from Milli-Q system (Millipore, Bedford,
MA) was used in all experiments.

2.2. Preparation of Uniform Fe;O, Particles. The Fe;O,
particles were prepared by a solvothermal method as described
previously.>>*” Typically, FeCl;-6H,0 (1.95 g 7.2 mmol) and
trisodium citrate (0.1 g) were first dissolved in EG (40 mL). A
solution of 40 mL of DEG containing 4.0 g of sodium acetate was then
added under stirring. After that, the mixture was stirred vigorously for
30 min and then transferred into a Teflon-lined stainless-steel
autoclave with a capacity of 100 mL. The autoclave was heated at
200 °C and maintained for 10 h and then allowed to cool to room
temperature. Finally, the black precipitates were washed with water
and ethanol by magnetic decantation for four times and dried at 60 °C
for 6 h in vacuum.

2.3. Synthesis of Fe;0,@SiO, Core—Shell Microspheres. The
Fe;O,@SiO, microspheres were synthesized through a modified
Stéber method.”” Briefly, as-prepared Fe;O, particles (0.1 g) were
dispersed in a mixture of ethanol (40 mL), water (10 mL), and
ammonia solution (1 mL). Afterward, 0.8 mL of TEOS was added
dropwise, and the reaction was allowed to proceed for 10 h under
stirring. The resulting Fe;O,@SiO, microspheres were washed with
ethanol by magnetic decantation for four times and dried at 60 °C for
6 h in vacuum.

2.4. Synthesis of Fe;0,@CuSilicate Yolk—Shell Micro-
spheres. The Fe;O,@Cusilicate yolk—shell microspheres were
synthesized according to the previously reported method*® In a
typical process, 0.02 g of the Fe;O,@SiO, microspheres were
dispersed in 36 mL of water by ultrasonication for 20 min, followed
by addition of 2 mL of ammonia solution under stirring. After stirring
for $ min, an aqueous Cu(NO;), solution (1.2 mL, 0.1 M) was added
dropwise and stirred for another S min. Then, the mixed solution was
transferred into a Teflon-lined stainless-steel autoclave with a capacity
of 50 mL. The autoclave was heated at 120 °C for 12 h and then
allowed to cool to room temperature. The products were centrifuged
and rinsed with ethanol several times and dried at 60 °C for 12 h in
vacuum. Finally, the powder was calcinated at S50 °C in Ar
atmosphere for 2 h with a heating rate of 5 °C min™' to obtain
highly crystalline phase.
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2.5. Characterization. The size and morphology of the products
were characterized by a field-emission scanning electron microscope
(FESEM, HITACHI, S-4800) and transmission electron microscope
(TEM, JEOL, JEM-2100F). High-resolution TEM (HRTEM),
selected-area electron diffraction (SAED), energy dispersive X-ray
spectroscopy (EDS), bright-field and high angle annular dark-field
scanning transmission electron microscopy (BF/HAADF-STEM)
were performed on a JEOL JEM-2100F transmission electron
microscope equipped with a postcolumn Gatan imaging filter (GIF-
Tridium) at an acceleration voltage of 200 kV. Powder X-ray
diffraction (XRD) measurements were acquired using a Bruker D8
X-ray diffractometer with Ni-filtered Cu Ka radiation (40 kV, 40 mA).
Magnetic properties were determined with a superconducting
quantum interference device (SQUID, Quantum Design) magneto-
meter. Nitrogen adsorption isotherm measurements were carried out
at 77 K with a Micromeritics Tristar 3020 analyzer.

2.6. Electromagnetic Measurements. The composite samples
used for electromagnetic measurements were prepared by mixing the
products and epoxy resin (EP) in a mass ratio of 1:S. A portion of the
composite was coated on an aluminum substrate (180 mm X 180 mm)
with a thickness of 2 mm to measure the reflection loss of the samples.
The remaining sample was molded into the hollow pipe of a
rectangular waveguide cavity with dimensions of 10.2 mm X 2.9 mm X
1.2 mm for complex permittivity and permeability measurements at
8—18 GHz and molded into a coaxial waveguide with a size of 3 mm
(inside) X 7 mm (outside) X 3 mm (height) for measurements at 2—8
GHz. The complex relative permittivity, permeability, and reflection
loss were measured with an HP8510C vector network analyzer and a
reflection loss measurement system in the 2—18 GHz range.
According to the transmission line theory, the reflection loss (RL)
values of different composites at a given frequency and thickness layer
can be defined with the following equations:'®~"®

RL(dB) = —20log, |(Z;, = 1)/(Z;, + 1)

Zi, = /€, tanh[—j(2xfd/c) [ue;]

where €, and g, are the relative complex permittivity and permeability
of the absorber medium, f is the frequency of microwave in free space,
¢ is the velocity of light, d is the coating thickness, and Z,, is the input
impedance of the absorber.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Fe;0,@
CuSilicate Yolk—Shell Microspheres. The strategy for
synthesizing Fe;O,@CuSilicate yolk—shell microspheres is
schematically depicted in Scheme 1. First, uniform Fe;O,

Scheme 1. Schematic Illustration of the Synthesis Procedure
for the Fe;O,@CuSilicate Yolk—Shell Microspheres

TEOS Cu?
—
NHJ'Hzo NH;H,0

Fe,0 i
3% Fe,0,@Si0, Fe,0,@CusSilicate

particles prepared via a solvothermal reaction were coated
with silica layer by the Stober method to obtain Fe;O,@SiO,
core—shell microspheres. Second, the obtained Fe;O,@SiO,
core—shell microspheres were hydrothermally treated in
aqueous Cu(NOs;), and ammonia solution at 120 °C, leading
to the formation of Fe;O,@CuSilicate yolk—shell micro-
spheres.
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Figure lab shows TEM and FESEM images of the Fe;O,
particles, which possess uniformly spherical shape and a mean

Figure 1. (a) TEM and (b) FESEM images of the Fe;O, particles. (c)
TEM and (d) FESEM images of the Fe;O0,@SiO, core—shell
microspheres.

diameter of ~450 nm. It can be clearly seen in the FESEM
image that the Fe;O, particles with very rough surface are
actually composed of small primary nanocrystals. The volume
ratio of EG/DEG (v/v in mL) controls the size of the Fe;O,
particles. For example, the ratios of 30/50 and 20/60 can lead
to the synthesis of the Fe;O, particles with average sizes of 330
and 150 nm, respectively (Figure S1, Supporting Information).
By the use of the Stober method, the Fe;O, particles can be
easily coated with a silica layer of ~120 nm in thickness (Figure
1c). Figure 1d shows the FESEM image of the obtained
Fe;0,@Si0, core—shell microspheres. It can be seen that the
Fe;0,@Si0, microspheres exhibit more regular spherical shape
with smooth surface compared with the Fe;O, particles, due to
the deposition and growth of the silica layer. The thickness of
the silica layer can be readily controlled by changing the TEOS
amount. When the TEOS amount increases from 0.4 to 0.6 and
0.8 mL, the thickness of the silica layers for the Fe;O,@SiO,
microspheres can be varied from ~92 to ~120 and ~145 nm,
respectively (Figure S2, Supporting Information).

When hydrothermally treated in Cu(NO;), and ammonia
solution, the SiO, layer of the Fe;O,@SiO, microspheres is
gradually dissolved in the form of silicate anions. Driven by the
interfacial reaction between Cu®* cations and the silicate anions,
CuSilicate nanograins are grown readily around the surface of
the SiO, layer to form the CuSilicate shell. Herein, the SiO,
layer serves not only as the precursor for the CuSilicate shell
but also as a sacrificial template for the hollow structure.*>*°
After the hydrothermal reaction, the morphology of the
Fe,O,@CuSilicate is examined by the FESEM. As shown in
Figure 2a, the products exhibit an urchin-like shape with an
average diameter of about 666 nm and consist of aligned
needle-like nanosize primary particles. From a broken micro-
sphere, unique yolk—shell structure with an interior core, an
outer shell, and void space in between can be observed (Figure
2b). TEM further confirms that the synthesized microspheres
possess a typical yolk—shell structure. It can be clearly seen in
Figure 2c that the microspheres are composed of a dark particle
individually encapsulated in ultrafine nanoneedle-assembled
shells. The average size of the microspheres is approximately
670 nm, and the shell thickness is about 90 nm. EDS analysis of
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Figure 2. (a,b) FESEM and (c) TEM images of the Fe;O,@CuSilicate
yolk—shell microspheres. (d) HRTEM image and (e) SAED pattern
taken from the shell of the yolk—shell microspheres.

the yolk—shell microspheres indicates strong signals from Fe,
O, Si, and Cu elements (Figure S3, Supporting Information).
To further investigate their microstructure, BE/HAADF-STEM
is employed. This unique yolk—shell structure is clearly
demonstrated by the BF/HAADF-STEM images shown in
Figure 3. Moreover, line scanning profiles reveal the actual

Figure 3. (a) TEM, (b) BF-STEM, and (c) HAADF-STEM images of
an individual yolk—shell microsphere. (d) Line scanning profiles of Fe,
O, Si, and Cu recorded along the line shown in (b).

distribution of Fe, O, Si, and Cu elements in the yolk—shell
microsphere. The Fe element can be clearly seen in the core
region, and the Cu and Si elements can be detected in the shell
region, while the O element can be detected in both the core
and shell regions.

The crystallographic structure and phase purity of the as-
synthesized products are identified by XRD. Figure 4a shows
the XRD pattern of the Fe;O, particles. A few well-defined
diffraction peaks at 26 values of 18.3° 30.1°, 35.4°, 37.1°, 43.1°,
53.4° 56.9°, 62.5°, and 73.9° can be indexed to the (111),
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Figure 4. XRD patterns of the Fe;O, particles (a), Fe;0,@SiO,

microspheres (b), and Fe;O,@CuSilicate yolk—shell microspheres
before (c) and after (d) annealing at 550 °C for 2 h.

(220), (311), (222), (400), (422), (511), (440), and (533)
planes of cubic inverse spinel structure of magnetite (JCPDS
card no. 19-0629). After coating with the SiO, layer, no
characteristic peaks of other materials can be detected,
indicating the SiO, layer is amorphous (Figure 4b). Figure 4c
shows the XRD pattern of the as-synthesized yolk—shell
microspheres. It can be found that there are no characteristic
peaks of other materials, thereby suggesting that the hydro-
thermally synthesized nanoneedle-assembled shells are poorly
crystalline. After annealing at 550 °C for 2 h, XRD pattern of
the yolk—shell microspheres shows new characteristic dif-
fraction peaks (Figure 4d). Three weak diffraction peaks at 20
values of 36.9°, 44.9°, and 46.8° can be assigned to the (042),
(422), and (152) planes of copper silicate (JCPDS card no. 32-
0346). Moreover, the corresponding HRTEM image and SAED
pattern recorded on the shell of the yolk—shell microspheres
demonstrate that the shell is of high crystallinity, as shown in
Figure 2d,e, respectively. It is worth mentioning that, even after
the annealing at 550 °C, the yolk—shell microspheres still
remain intact with almost no apparent collapse of the shell
observed, indicating the excellent structural stability and
integrity of the yolk—shell microspheres. On the basis of the
SEM, TEM, BF/HAADF-STEM, and XRD results, it can be

confirmed that the unique yolk—shell microspheres with spinel
Fe;0, cores and ultrafine nanoneedle-assembled copper silicate
shells have been successfully synthesized.

In this work, the thicknesses of the copper silicate shells of
these Fe;O,@CuSilicate yolk—shell microspheres can be
readily tuned by the amount of Cu(NO;), and the SiO, layer
thickness of the Fe;O,@SiO, templates used in the hydro-
thermal reaction. Figure Sa—d shows TEM images of the
synthesized yolk—shell microspheres using the Fe;O,@SiO,
microspheres with ~120 nm SiO, layer thickness as the
templates. When the amount of Cu(NOj), increases from 0.6
to 0.9, 1.2, and 1.5 mL, the thickness of the copper silicate
shells for the Fe;O,@CuSilicate yolk—shell microspheres
(denoted as MCS-1, MCS-2, MCS-3, and MCS-4) can be
varied from ~63 to ~75, ~90, and ~106 nm, respectively.
Moreover, the copper silicate shells of the Fe;O,@CuSilicate
yolk—shell microspheres are dependent on the SiO, layer
thicknesses of the Fe;O,@SiO, templates. Under similar
synthetic parameters to the synthesis of sample MCS-3, except
for the use of the Fe;O,@SiO, microspheres with ~92 and
~145 nm SiO, layer thickness as the templates, the yolk—shell
microspheres with ~55 and ~125 nm copper silicate shells can
be synthesized. The corresponding products are denoted as
MCS-5 and MCS-6, respectively, which are shown in Figure
Se f.

Interestingly, the Fe;O,@CuSilicate yolk—shell microspheres
with different core size and shell thickness can be synthesized
using the Fe;O,@Si0, templates with different Fe;O, core size
and SiO, layer thickness. Figure Sg shows TEM image of the
synthesized yolk—shell microspheres using the Fe;O,@SiO,
microspheres with ~150 nm Fe;O, core size and ~55 nm SiO,
layer thickness as the templates (Figure S4a, Supporting
Information). The average size of these yolk—shell micro-
spheres (denoted as MCS-7) is about 250 nm, and the shell
thickness is about 39 nm. As can be seen in Figure Sh, the
yolk—shell microspheres with ~330 nm Fe;O, core size and
~59 nm shell thickness (denoted as MCS-8) can also be
produced when the Fe;O,@SiO, microspheres with ~330 nm
Fe;0, core size and ~118 nm SiO, layer thickness were used as
the templates (Figure S4b, Supporting Information). Due to
the high alterability of the Fe;O, core size, SiO, coating
thickness, and the amount of Cu(NO,),, it is believed that the
Fe,O,@CuSilicate yolk—shell microspheres with well-defined

Figure 5. TEM images of the Fe;0,@CuSilicate yolk—shell microspheres with different Fe;O, core sizes and copper silicate shell thicknesses: (a)
~450 nm core, ~63 nm shell, (b) ~450 nm core, ~75 nm shell, (c) ~450 nm core, ~90 nm shell, (d) ~450 nm core, ~106 nm shell, (¢) ~450 nm
core, ~55 nm shell, (f) ~450 nm core, ~125 nm shell, (g) ~150 nm core, ~39 nm shell, and (h) ~330 nm core, ~59 nm shell.
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size and shell thickness can be rationally synthesized by this
facile method.

The magnetic properties of the Fe;O, Fe;O,@SiO,, and
Fe;O0,@CuSilicate microspheres were investigated using a
SQUID (Figure 6). Hysteresis loops of all the samples
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Figure 6. Hysteresis loops of the Fe;O, particles, Fe;O,@SiO,
microspheres, and Fe;O,@CuSilicate yolk—shell microspheres meas-
ured at 300 K.

measured at 300 K show no remanence or coercivity,
suggesting a superparamagnetic character. The saturation
magnetization (M) value of the Fe;O, particles is estimated
to be 72.2 emu g™, After coating with the SiO, layer, the M, of
the Fe;0,@SiO, microspheres decreases to 33.8 emu g~'. The
M of the Fe;O,@CuSilicate yolk—shell microspheres for
MCS-1, MCS-3, and MCS-6 are estimated to be 23.0, 16.5, and
15.2 emu g, respectively. The much lower M; of the Fe;0,@
CuSilicate microspheres compared to the Fe;O, particles can
be attributed to the presence of nonmagnetic copper silicate
shells in the microspheres. The thinner the shells, the stronger
is the M of the Fe;O,@CuSilicate microspheres. N, sorption
measurements show that the Fe;O,@CusSilicate yolk—shell
microspheres have a mesoporous structure (Figure 7), derived
from the packing of the ultrafine nanoneedles in the shells. As
calculated by the Brunauer—Emmett—Teller (BET) method,
such a yolk—shell structure gives rise to BET surface area of 135
m® ¢! and a relatively high pore volume of 0.22 cm® g~
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Figure 7. N, adsorption—desorption isotherms of the Fe;O, particles
(a) and Fe;0,@CuSilicate yolk—shell microspheres (b).
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respectively, compared to 11 m® g™' and 0.06 cm® g™" for the
Fe;0, particles.

3.2. Microwave Absorption Properties of Fe;0,@
CuSilicate Yolk—Shell Microspheres. To reveal the micro-
wave absorption properties of the as-synthesized samples, the
complex permittivity real part (¢'), permittivity imaginary part
(¢"), permeability real part (u'), and permeability imaginary
part (1") of the EP composites containing the Fe;O, particles
and Fe;O,@CuSilicate yolk—shell microspheres were inves-
tigated in the frequency range of 2—18 GHz, as shown in
Figure 8. Figure 9 shows the RL data for the Fe;O,/EP and
Fe,O,@CuSilicate/EP composites. The values of maximum RL
of the 150, 330, and 450 nm Fe;O, particles are —10.2, —10.7,
and —11.1 dB at 7 GHz with a thickness of 2 mm, respectively,
while the Fe;O,@CuSilicate yolk—shell microspheres with 150,
330, and 450 nm Fe;O, cores and 39, 59, and 63 nm copper
silicate shells show maximum RL values of —13.2, —16.2, and
—18.4 dB at 7 GHz with the same thickness, respectively. As
can be seen, the Fe;O,@CuSilicate/EP composites display
enhanced microwave absorption properties in terms of both the
maximum RL values and the absorption bandwidths compared
with the Fe;O,/EP composites. For example, the maximum RL
value of the Fe;O,@CuSilicate yolk—shell microspheres with
450 nm Fe;0, cores and 63 nm copper silicate shells is superior
to that of the 450 nm Fe;O, particles, with enhancement by
about 66%. Moreover, the absorption bandwidths with RL
lower than —10 dB increase from 3.2 to 6.6 GHz. Note that the
maximum RL values of the Fe;O,@CuSilicate yolk—shell
microspheres with 450 nm Fe;O, cores and 90 and 125 nm
copper silicate shells are —21.2 and —23.5 dB at 7 GHz with a
thickness of 2 mm, respectively, and the absorption bandwidths
with RL lower than —10 dB are up to 10.4 GHz (from 3.5 to
13.9 GHz). Compared with other reported Fe;O,-based
materials,"*™"? the as-synthesized Fe;O,@CuSilicate yolk—
shell microspheres manifest significantly enhanced microwave
absorption properties with lower reflection loss and wider
absorption bandwidths.

In our case, the enhanced microwave absorption properties
may probably be attributed to the unique hierarchical yolk—
shell structure. It is believed that the well-defined hierarchical
nanostructures constructed by nanoneedle shells is believed to
increase the geometrical absorption/scattering effect when a
microwave is propagated inside these materials, thus leading to
enhanced absorption abilities.>** At the same time, the
relatively large specific surface area and high porosity, as well
as the void space existing in these yolk—shell microspheres can
provide more active sites for reflection and scattering of
microwave.””*"* It can be seen in Figure 8a—d that the values
of & for the Fe;O,@CuSilicate yolk—shell microspheres are
less than those of the Fe;O,, while the values of &” are higher
than those of the Fe;O, in the whole frequency range.
Moreover, we calculate the dielectric loss tangents (tan &, = &”/
¢') of the Fe;0,/EP and Fe;O,@CuSilicate/EP composites
(Figure SSa, Supporting Information). The relatively high
values of &” and tan J, imply that the Fe;O0,@CuSilicate/EP
composites exhibit intense dielectric losses, which might be
attributed to such mechanisms as dominant dipolar polar-
ization, interfacial polarization, and associated relaxation
phenomena.'”** Generally, the excellent microwave absorp-
tions are strongly dependent on the efficient complementarities
between the relative permittivity and permeability.'®** There-
fore, we calculate the magnetic loss tangents (tan 6, = u"/u") of
the Fe;O,/EP and Fe;O,@CuSilicate/EP composites (Figure

dx.doi.org/10.1021/am3030432 | ACS Appl. Mater. Interfaces 2013, 5, 2503—2509
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Figure 8. Frequency dependence of real and imaginary parts of complex permittivity and permeability of the EP composites containing the Fe;O,
particles and Fe;O,@CuSilicate yolk—shell microspheres: Fe;0, (a), MCS-1 (b), MCS-3 (c), MCS-6 (d), MCS-7 (e), and MCS-8 (f).
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Figure 9. Microwave reflection loss curves of the EP composites
containing the Fe;O, particles and Fe;O,@CuSilicate yolk—shell
microspheres.

SSb, Supporting Information). The significantly enhanced
microwave absorption performance of the Fe;O,@CuSilicate
yolk—shell microspheres with thicker shells may result from the
nice dielectric behavior and effective complementarities
between the dielectric loss and the magnetic loss, which
originate from the synergistic effect of both the Fe;O, cores and
copper silicate shells.*>**”*> All these results suggest that this
hierarchical yolk—shell structure can effectively improve the
microwave absorption properties of Fe;O,-based materials,
which might be attractive candidate materials for microwave
absorption applications.

4. CONCLUSIONS

In summary, we have demonstrated the synthesis of unique
yolk—shell microspheres with magnetic Fe;O, cores and
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hierarchical copper silicate shells by combining the versatile
sol—gel process and hydrothermal reaction. Various yolk—shell
microspheres with different core size and shell thickness have
been successfully synthesized by varying the experimental
conditions. Moreover, the as-synthesized yolk—shell micro-
spheres exhibit significantly enhanced microwave absorption
properties in comparison with pure Fe;O, due to the large
specific surface area, high porosity, and synergistic effect of both
the magnetic Fe;O, cores and hierarchical copper silicate shells.
It is believed that the microwave absorption properties of these
yolk—shell microspheres can be further optimized by tuning the
size, composition, and morphology of both the interior core
and outer shells, which may open up new opportunities for
synthesizing novel high-efficient absorbers for microwave
absorption applications.

B ASSOCIATED CONTENT
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TEM images of the Fe;O, particles with different sizes, TEM
images of the Fe;O,@SiO, microspheres with different SiO,
layer thicknesses, EDS pattern of the Fe;O,@CuSilicate yolk—
shell microspheres, and frequency dependence of dielectric loss
tangents and magnetic loss tangents of different samples. This
information is available free of charge via the Internet at http://
pubs.acs.org.
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