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ABSTRACT:

Amodified St€ober method is introduced to synthesize Fe@SiO2 nanoparticles (NPs) using 3-aminopropyltriethoxysilane (APTES)
as a primer to render the metal particle surface compatible with silica. High-resolution transmission electron microscopy (HRTEM)
and selected area electron diffraction (SAED) results indicate a highly crystalline iron core coated with a uniform layer of silica.
Polyurethane (PU) nanocomposites filled with 71 wt % Fe@FeO and 71 wt % Fe@SiO2 NPs are fabricated via a surface-initiated
polymerization (SIP) method. The significantly increased coercivity of the resulting nanocomposites than that of the pure Fe@FeO
NPs indicates that the NPs become magnetically harder after being dispersed in the PU matrix. Both Fe@SiO2 NPs and Fe@SiO2/
PU nanocomposites exhibit better thermal stability and antioxidation capability than Fe@FeO and Fe@FeO/PU, respectively,
owing to the barrier effect of the silica shell, revealed by the thermalgravimetric analysis (TGA). Meanwhile, the silica shell greatly
reduces the eddy current loss and increases the anisotropy energy, which is essentially important to acquire higher reflection loss and
broader absorption bandwidth for the microwave absorption. The Fe@SiO2/PU nanocomposites show good electromagnetic wave
absorption performance (reflection loss, RL < �20 dB) at high frequencies (11.3 GHz), while the best RL of Fe@FeO/PU is still
larger than �20 dB even with a larger absorber thickness.

1. INTRODUCTION

Polymer nanocomposites (PNCs) have attracted considerable
interest recently owing to their cost-effective processability, light
weight, and tunable physiochemical properties. Deriving from the
different composition, size, and morphology of the fillers, versatile
unique properties are expected once they are combinedwith specific
polymers. Astonishing progress has beenmade from different filler/
polymer PNCs, suchas the significantly enhancedmechanical strength
and toughness of PNCs reinforcedwith carbonnanofibers (CNFs),1,2

carbon nanotubes (CNTs),3 and graphene;4,5 the improved elec-
trical conductivity in the conductive polymers (such as polyaniline
and polypyrrole) incorporating semiconductive tungsten oxide
nanoparticles (NPs) and nanorods;6,7 and the improved thermal
stability in PNCs with nanoclay as the fire-retardant materials.8,9

The fast development of the wireless communications has
made the electromagnetic (EM) wave absorption materials even

more attractive. The high-efficient EM absorption materials
that possess broad absorption frequency, high absorption
capacity, low weight, good thermal stability, and antioxidation
capability are in great demand, and less work has been done until
now.10�13 PNCs are one of the best candidates which can be
designed to meet the above requirements due to their adjust-
able properties in a wide range. Two groups of fillers are often
introduced in a polymer to fabricate EMwave absorbers. The first
group is carbon-based fillers, such as CNTs, graphite nanoplatelets
(GNPs), and reduced graphene oxide (r-GO). For example, the
shielding effectiveness of the CNTs/polystyrene foam composites
containing 7 wt % CNTs was measured to be 18.2�19.3 dB over
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a frequency range of 8.2�12.4 GHz.14 Even higher reflection loss
of 24.27 dB at 15.3 GHz was observed in the CNTs/varnish
composites with a CNT loading of 8 wt %.15 GNP16 and r-GO17

were also studied as effective fillers for microwave absorption.
The second group is metal and metal oxides, which attract more
interest due to their unique permittivity and permeability property
at microwave frequencies. Materials with large dielectric per-
mittivity (ε), such as barium titanate (BaTiO3, ε ≈ 170018) and
zirconium titanate (ZrTiO3, ε ≈ 200018) are widely studied for
their microwave absorption properties.11,19,20 However, high
permittivity itself does not guarantee a high-efficiencymicrowave
absorption, and high permeability is required especially at the
high-frequency range. Therefore, ferromagnetic fillers, such as
ferrites and carbonyl iron particles (CIPs), are often used to obtain
high permeability; however, their permeabilities are drastically
reduced at frequencies in the gigahertz range.21,22 To obtain high
reflection loss (RL) within a broad absorption frequency, re-
searchers have paid attention to the modification of the filler
structure and composition. For example, Wang et al. synthesized
monodispersed hollow Fe3O4 nanospheres from a template-free
process, and a minimum RL value of �42.7 dB was observed at
2.0 GHz with a thickness of 6.9 mm.12 Zhu et al. coated a TiO2

NP layer on the Fe3O4 nanotubes to obtain a core�shell structure,23

which shows a minimum RL value of �20.6 dB at 17.28 GHz
with an absorber thickness of 5 mm due to the reduced eddy
current effect and improved anisotropy energy from TiO2 shells.

Magnetic nanostructures of iron have been of great interest for
EM wave absorption applications, which are supposed to retain
high EM parameters in a high-frequency range due to their large
saturation magnetization (Ms) and high Snoek’s limit.24�26

The Snoek's limit,27 μ = F(f), is calculated from materials pre-
senting cubic magnetocrystalline anisotropy in the absence of an
external EM field. Above the limit, μ cannot have values.
However, the weak magnetocrystalline anisotropy and attenu-
ated permeability due to the eddy current phenomenon usually
limit their applications at high frequencies.28 Coating the iron
particles with an insulating material is realized as an effective way
to increase the surface anisotropy energy and reduce the eddy
current effect.29 Extensive studies have been conducted on the
uniform coating of the metal NPs with silica shells.30�33 The silica
shell not only enhances the colloidal stability but also controls the

distance between the core particles within the assemblies through
shell thickness. Fe2O3

34 and Fe nanocubes35 coated with silica
have been reported for microwave absorption with a minimum
RL of about �5 and �18.2 dB, respectively. However, a RL lower
than �20 dB is required for real applications. Our recent result
reports on thepureFeNPs, and themicrowave absorptionbandwidth
becomes narrow due to the eddy current loss though with a sig-
nificant weight reduction.36 To find suitable microwave absorp-
tive PNCs with an enlarged RL and wide bandwidth is not a trial.

In this work, microwave absorptive polyurethane (PU) PNCs
filled with Fe@SiO2 NPs are reported with a much higher
absorption capacity and broader absorption bandwidth at high
frequency than the PU PNCs filled with the Fe@FeO NPs. The
silica shell surrounding the Fe NPs is synthesized by a modified
St€ober method with 3-aminopropyltriethoxysilane (APTES) as a
primer to promote the deposition and adhesion of silica on the
nanoparticle surface. The PU PNCs are fabricated with a surface-
initiated polymerization (SIP) method. The thermal stability,
electrical, magnetic, and microwave absorption properties are
comparatively investigated in both PNC systems. The antioxida-
tion capability is improved due to the protective silica shell.

2. EXPERIMENTAL SECTION

2.1. Materials. Core�shell structured Fe@FeO NPs, with an
average size of 25 nm and shell thickness of 0.5 nm, are provided
by QuantumSphere, Inc. 3-Aminopropyltriethoxysilane (APTES,
99%) is purchased from Sigma-Aldrich, and tetraethyl orthosilicate
(TEOS, 99+%) is commercially available by Alfa Aesar. Ammo-
nia (28%, lab grade), ethanol (99%), and tetrahydrofuran (THF,
99%) are purchased from Fisher scientific. All the chemicals are
used without any further purification. The molecular structures
of the APTES and TEOS, as well as the silica coating procedure,
are shown in Scheme 1. The details of the silica coating are des-
cribed in Section 2.2.
The PU is supplied by PRC-Desoto International, Inc., which

contains three parts: part A and part C are accelerators and
catalysts, and part B is the base compounds. The synthesis of PU
is shown in Scheme 2.
2.2. Preparation of the Core�Shell NPs. In a typical

procedure, Fe@FeO NPs (3 g) are ultrasonically dispersed in a
mixture solution of ethanol (120 mL) and APTES (0.4 mL) for
30 min at 25 �C. After that, the suspension is kept still for 1 h to
ensure the complexation between the amine groups of APTES
and the nanoparticle surface. The silica shell growth follows the
well-known St€ober method.37 To be specific, the suspension is
vigorously stirred at 500 rpm, and TEOS (1.8 mL) is rapidly

Scheme 1. Schematic Illustration of Silica Coating on Fe@FeO NPs

Scheme 2. Synthesis of PU
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injected into the suspension. Then, ammonia (12 mL) is added
to the suspension by dropping slowly. The mechanical stirring is
continued for 5 h, and then the particles are separated using a
magnet. The particles are washed with ethanol and DI water
three times and then dried in a vacuum oven overnight at room
temperature. Finally, the dried particles are annealed at 650 �C
for 2 h under an H2/Ar (hydrogen ratio: ∼5%) atmosphere to
reduce the iron oxides to iron and complete the reaction from
TEOS to silica.
2.3. Preparation of PUNanocomposites.The Fe@FeONPs

(5 g) are initially mixed with a diluted mixture solution contain-
ing accelerators part A (0.36 g) and catalysts part C (0.40 g) and
THF (20 mL), followed by 1 h sonication at room temperature
to allow the adsorption of part A and C on the nanoparticle
surface. Then, base compound part B (2.24 g) is added in the
suspension, and the mixture suspension is mechanically stirred at
200 rpm in the ultrasonic bath for 1 h. The sonication is still on,
and the temperature of the ultrasonic bath is controlled at 50 �C.
The suspension is observed to become more viscous as the
reaction proceeds. Finally, the viscous suspension is transferred
into a mold and kept at room temperature for an additional
7 days to ensure the complete reaction and solvent evaporation.
The final weight loading of the NPs is estimated to be 71 wt %,
and the sameweight of Fe@SiO2 is used to synthesize theFe@SiO2/
PU PNCs following the same procedures.
2.4. Characterization. The core@shell structures of the

Fe@FeO and Fe@SiO2NPs are examined by transmission electron
microscopy (TEM). The samples are observed in a FEI Tecnai
G2 F20 with a field emission gun at a working voltage of 200 kV.
All images are recorded as zero-loss images by excluding the
contributions of inelastically scattered electrons using a Gatan
Image Filter.
The thermal stability of the Fe@FeO, Fe@SiO2, and their

corresponding PNCs is studied by thermogravimetric analysis
(TGA, TA Instruments TGA Q-500). TGA is conducted on these
samples from 25 to 800 �C with an air flow rate of 60 mL/min
and a heating rate of 10 �C/min.
A high resistance meter (Agilent 4339B) equipped with a

resistivity cell (Agilent, 16008B) is used to measure the volume
resistivity after inputting the sample thickness. This equipment
allows resistivity measurement up to 1016Ω. The source voltage
is set at 0.1 V for all the samples. The reported values represent the
mean value of eight measurements with a deviation less than 10%.
Themagnetic properties of the PNCs at room temperature are

carried out in a 9 T physical properties measurement system
(PPMS) by Quantum Design.
The relative complex permeability and permittivity are mea-

sured using a transmission line technique. A washer-shaped
specimen is cut from a thin sheet (∼2 mm) of magnetic
composites. The nominal outer and inner diameters of the speci-
men are 7.00 and 3.04 mm, respectively. The specimen is faced
by abrading with a 320-grit SiC abrasive paper on a granite flat
until a smooth and uniform surface is achieved. The specimen
is then placed in a sample holder, which is located between the
rigid beaded airline (APC-7) and the flexible coaxial airline
(APC-7) that are connected to the network analyzer (HP model
8510B). The frequency generator is used to generate electro-
magnetic waves from 2 to 18 GHz. The permeability and per-
mittivity are then deduced from the scattering parameters using a
Nicholson�Ross algorithm.38,39 The metal-backed reflection
loss (MBRL) is calculated from the measured permittivity and
permeability.

3. RESULTS AND DISCUSSION

3.1. TEM Investigation of the Core�Shell Structure.
Figure 1(a) shows the microstructure of the Fe@SiO2 core@-
shell NPs. The NPs are observed to be completely encapsulated
by silica. The relatively dark areas in the image are iron NPs,
and the light gray areas surrounding them are SiO2, marked

Figure 1. (a) TEM of Fe@SiO2 core@shell structured NPs. The top
inset exhibits the core@shell structure of the as-reveived NPs with a Fe
core and FeO shell. (b) HRTEM of the Fe@SiO2 NPs. The left inset
shows the selected area electron diffraction (SAED) pattern of the NPs,
and the right inset shows a lattice distance of 2.8 Å corresponding to the
body-centered cubic iron.

Figure 2. Hysteresis loops of the PU nanocomposites filled with 71 wt %
Fe@FeO and Fe@SiO2 NPs.

Figure 3. Resistivity of (a) pure PU, (b) 71 wt % Fe@FeO/PU, and
(c) 71 wt % Fe@SiO2/PU PNCs.
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with arrows in Figure 1(a). The as-received NPs are core@shell
structured with a FeO shell thickness of about 1 nm (inset of
Figure 1a). To ensure the reduction of the iron oxide shell to iron
during the annealing, a high-resolution TEM image of the
Fe@SiO2 NPs is taken (Figure 1(b)). Focusing on the edge of
the Fe@SiO2 NPs, the iron core extends its crystalline structure
to the end of the interface and is covered by a thin layer of
amorphous silica, and the FeO shell disappears in the Fe@SiO2

NPs. This observation confirms that the FeO shell has been
reduced to Fe during the annealing. The selected area electron
diffraction (SAED) pattern (left inset of Figure 1(b)) shows the
crystalline structure of the iron core, and the lattice fringe space
of 2.8 Å (bottom inset of Figure 1(b)) corresponds to the typical
lattice distance of the body-centered cubic iron.40,41

3.2. Magnetic and Electrical Properties. Figure 2 shows the
magnetic hysteresis loops of the PNCs filled with the same
loading of Fe@FeO and Fe@SiO2NPs. Both PNCs are saturated
at a relatively high magnetic field. The Fe@SiO2/PU PNCs
exhibit lower saturated magnetization (Ms) of 72.6 emu/g than
that of the Fe@FeO/PU PNCs (137.1 emu/g), which is due to
the silica shell with an almost zeroMs in the Fe@SiO2NPs.Much
larger coercivities (Hc) of 216.8 and 109.6 Oe are observed in the
PNCs filled with Fe@FeO and Fe@SiO2 NPs, respectively. The
coercivity of the Fe@FeO NPs is reported as 62.3 Oe in our
previous work,42 and the enhanced Hc of the PNCs is due to the
decreased interparticle dipolar interaction, which arises from the

enlarged internanoparticle distance for the single domain NPs,43,44

as compared to the close contact of the Fe@FeO NPs.
Figure 3 shows the volume resistivity of the pure PU and

its PNCs filled with 71 wt % Fe@FeO and 71 wt % Fe@SiO2 NPs,
respectively. The pure PU shows a volume resistivity of about
1011 ohm cm�1, which is in good agreement with the other
reported value.45 The 71 wt % Fe@FeO/PU PNCs still behave
like an insulator even though a significant resistivity reduction as
high as 96.6% is observed. Comparing with the prominent geo-
metrical models created by Kirkpatrick46 and Zallen,47 the
required minimum touching spherical particles is 16 vol %. This
value is in approximate agreement with the most experimental
observations that the critical volume fraction is between 5 and
20 vol % for polymer composites filled with powdery materials.42

However, the much higher spherical Fe@FeO NP loading of
71 wt % (24.8 vol %, estimated from FFe@FeO = 7.80 g/cm3 and
FPU = 1.05 g/cm3) is above the critical volume fraction, and the
Fe@FeO/PU PNCs still remain insulated. This nonconductive
behavior is attributed to the compact insulating PU layer on the
nanoparticle surface from the SIPmethod, which prevents the direct
contact among the Fe@FeO NPs. After coating the Fe@FeO
NPs with a silica shell, the corresponding PNCs exhibit even
higher volume resistivity than that of pure PU, which is due to
the higher resistance of the silica coating (1014�1016 ohm cm�1)
on the NPs.48

3.3. Microwave Absorption. Figure 4 shows the frequency-
dependent real part (ε0) and imaginary part (ε00) of the relative
complex permittivity (εr = ε0 � jε00) and the real part (μ0)

Figure 4. Permittivity and permeability vs frequency of the PNCswith a
71 wt % particle loading of (a) Fe@SiO2 and (b) Fe@FeO.

Figure 5. Dependence of RL on the thickness of the absorption layer
within the frequency range of 2�18 GHz: (a) 71 wt % Fe@SiO2/PU
and (b) 71 wt % Fe@FeO/PU PNCs.
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and imaginary part (μ00) of the relative complex permeability
(μr = μ0 � jμ00) for the Fe@SiO2 (Figure 4(a)) and Fe@FeO
(Figure 4(b)) core�shell NP filled PU PNCs, respectively. The
ε0 value experiences a slight decrease within the frequency range
of 2�18 GHz in both composite systems. The PNCs reinforced
with Fe@SiO2 particles show the ε0 between 11.5 and 12.5, while
a significantly higher ε0 value of 31.8�36.3 is observed from the
Fe@FeO/PU PNCs. The ε00 shows a slight decrease with
increasing frequency for both PNCs (Figure 4(a)). It is interest-
ing to observe that the μ0 and μ00 curves of both PNCs are quite
similar to each other. The μ0 value slightly decreases from 2 to 18
GHz, which is in the range of 1.53�1.02 and 1.66�0.88 for the
Fe@SiO2/PU and Fe@FeO/PU PNCs, respectively. This is
favorable for a microwave surface impedance match because
the wavelength in the microwave absorber decreases with increas-
ing frequency.49 The spectra of μ00 show a convex curve, which is
recognized as the frequency dispersion phenomena. The frequency
dispersion of the PNCs is attributed to themagnetic resonance of
the NPs and domain wall turning.22,49 The nonmagnetic silica
coating on the magnetic NPs enhances the effective reluctance of
the PNCs and thus results in the relatively weak frequency disper-
sion phenomena (relative flat curve of μ00 in Figure 4a than in
Figure 4b).
To acquire the microwave absorption properties, the MBRL is

calculated according to transmission line theory.50 The RL of EM
radiation, under normal wave incidence at the surface of a single-
layer material backed by a perfect conductor, can be defined as51

RL ¼ 20 log10

�����
Z� 1
Z þ 1

����� ð1Þ

where Z is the input impedance at the interface of free space and
material

Z ¼
ffiffiffi
μ

ε

r
tanh � i

2πfd
c

ffiffiffiffiffi
με

p� �
ð2Þ

where f is the frequency of the electromagnetic wave; d is the
thickness of the absorbing material; ε and μ are the relative
complex permittivity and permeability; and c is the velocity of
electromagnetic waves in free space. The RL of both the
Fe@SiO2/PU and the Fe@FeO/PU PNCs with the sample
thickness varied from 1 to 3 mm is calculated (Figure 5). The

minimum RL reaches �21.2 dB at 11.3 GHz for the Fe@SiO2/
PU absorber with a thickness of 1.8 mm. Moreover, the absorp-
tion bandwidth with the RL below �10 dB is up to 7.5 GHz
(from 5.5 to 13.0 GHz). For the Fe@FeO/PU PNCs, the
absorption bandwidth of RL below �10 dB is only 3.4 GHz
(from 3.0 to 6.4 GHz), and the minimum RL is not able to reach
�20 dB even when the absorber thickness is increased to 3 mm.
Since the Fe@SiO2/PU PNCs obtain the higher relative RL, a
broader absorption bandwidth, and a smaller absorber thickness
than those of the Fe@FeO/PU PNCs, these Fe@SiO2/PU PNCs
are poised to be very promising for new types of EM wave
absorptivematerials. On the basis of the results observed above, it
is indicated that the silica shell plays a positive role in the microwave
absorption properties of the Fe@SiO2/PU PNCs. The results
are comparable to the results obtained from Fe3O4�TiO2

core�shell nanotubes.23 The reasons can be explained from
two aspects: the decrease of the eddy current effect and the
increase of the anisotropy energy of the Fe@SiO2 core�shell
NPs. For the ferromagnetic absorber, the EM absorption proper-
ties are usually subjected to degradation caused by the eddy
current effect in the high-frequency region. The eddy current loss
can be evaluated by eq 352

μ}≈2πμ0ðμ0Þ2σ 3 d
2f=3 ð3Þ

where σ (S 3m
�1) is the electrical conductivity and μ0 (H 3m

�1)
is the permeability in vacuum. If the reflection loss results from
the eddy current loss effect, the values of C0 (C0 = μ00(μ0)�2f�1)
are constant when the frequency is changing. Figure 6 shows the
C0�f curves of both Fe@FeO/PU and Fe@SiO2/PU PNCs. For
the Fe@FeO/PUPNCs, the value ofC0 is almost constant within
the frequency range from 3 to 9 GHz; after that it decrease with
increasing frequency. However, the C0 decreases continuously
from 2 to 16.5 GHz after coating silica on the Fe@FeONPs. This
result implies that the Fe@FeO/PU PNCs have a significant
eddy current effect, which is reduced after coating a silica layer on
the NP surface.
The other reason for the better microwave absorptive perfor-

mance in the Fe@SiO2/PU PNCs is ascribed to the enhanced
anisotropic energy (Ha), which can be expressed in eq 4.

Ha ¼ 4jK1j=3μ0Ms ð4Þ
where |K1| is the anisotropic coefficient. The Ms value of the
Fe@SiO2/PU PNCs is about half of the Fe@FeO/PU PNCs
(Figure 2). Therefore, the anisotropic energy is higher for the

Figure 6. C0�f curves of Fe@SiO2/PU and Fe@FeO/PU PNCs.

Figure 7. TGA curve of the PNCs filled with different particles.
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Fe@SiO2/PU PNCs. The higher anisotropic energy is helpful to
the improvement of EM absorption properties especially at high
frequency.53�55

3.4. Thermalgravimetric Analysis. The thermal stability of
the pure PU, Fe@FeO, Fe@SiO2, and their composites is shown
in Figure 7. The pure PU begins to decompose at around 250 �C
and burns out at 550 �C. Both NPs exhibit a significant weight
increase in the final stage owing to the oxidation in air at elevated
temperatures. The Fe@FeO NPs experience a slight weight loss
at below 100 �C, which is due to the adsorbed moisture on the
particle surface. The weight of the NPs begins to increase at
∼130 �C. After coating with a silica shell, the NPs are protected,
and the oxidation temperature increases to about 215 �C. The
higher weight increase of the Fe@SiO2 at high temperature range
(500�800 �C) than that of Fe@FeO is primarily due to the
reduction of the FeO shell to Fe during the annealing process,
and then the total oxygen content in iron oxide accounts for the
final weight increase after oxidation. The similar weight increase
induced by iron oxidation is also observed in the composites.
Accompanied by the decomposition of PU, the degradation
curves of composites are more complicated, especially within the
temperature range of 300�500 �C. The oxidation process for the
Fe@FeO/PU is finished at ∼460 �C, which shows a flat curve
afterward. However, after coating a silica layer, the oxidation process
is much slower, and the complete oxidation is delayed to 650 �C,
which further confirms the protective behavior of the silica shell.

4. CONCLUSION

Core@shell structured Fe@SiO2 NPs have been prepared
using a modified St€ober method. The silica-coated NPs and the
corresponding PNCs are more thermally stable based on the
TGA results. The insulating silica layer on the magnetic particle
surface is helpful to improve the resistivity of the PNCs, which is
essentially important to acquire a high RL and broad absorption
bandwidth for the microwave absorption. The silica shell greatly
reduces the eddy current loss and increases the anisotropy
energy, which are proved to be essentially important to acquire
high RL and broad absorption bandwidth for the microwave
absorption. The Fe@SiO2/PU PNC absorber with 1.8 mm
thickness shows a good electromagnetic wave absorption per-
formance (RL <�20 dB) at a high frequency of 11.3 GHz, while
the best RL of the Fe@FeO/PU PNC absorber is still lower than
�20 dB, even increasing the absorber thickness to 3 mm.
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