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ABSTRACT: Synthesis of Fe;O4/polyaniline (PANI) core/shell hybrid microspheres through an in situ polymerization route with the
300 nm Fe;O,4 microspheres as the cores and nucleation sites for PANI is reported. PANI shell thickness, from 30 nm to 120 nm, can
be controlled by modulating the weight ratio of aniline monomer and Fe;O, microspheres. Fe;O, microspheres that are actually com-
prised of many small nanoparticles display super paramagnetic feature, which has been maintained in Fe;0,/PANI core/shell hybrid
materials. Fe;O,/PANI core/shell hybrid materials have enhanced microwave absorption than both the Fe;0, microspheres and PANI,
where a maximum reflection loss of —37.4 dB at 15.4 GHz has been reached from the sample with a PANI shell thickness of 100 nm.
Introduction of dielectric loss, interfacial loss, and improved impedance from coating the Fe;O, microspheres with PANI should
account for the improved microwave absorption properties of the prepared Fe;O,/PANI core/shell hybrid materials. © 2013 Wiley

Periodicals, Inc. J. Appl. Polym. Sci. 130: 1909-1916, 2013
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INTRODUCTION

Rapid development in telecommunications, digital and elec-
tronic systems, and fast processors has brought great concerns
about electromagnetic interference (EMI) issues.”” In order to
eliminate or at least reduce the harmful EMI to human beings,
a variety of materials have been used microwave absorbers over
the past decade,”” which can absorb electromagnetic (EM)
waves effectively by converting the EM energy into thermal
energy or dissipating the EM waves through interference. To
date, microwave absorbers are required to possess the character-
istics of high efficiency, light weight, small thickness, and wide
frequency range response.® '

Magentic materials, with magnetic loss features, have been real-
ized as an very important component in microwave absorbers.
However, pure magnetic metals like Co and Ni usually possess
very limited microwave absorptions in the range of 1-18
GHz,""™"* where their high densities also betray the diea of light
weight microwave absorbers. Magnetite (Fe;O,), with unique
magnetic features, is an important functional material that has
been widely used as microwave absorbers with low cost and
strong EM wave absorption.”™” In our previous study, we
found the prepared porous Fe;O, flower-like nanostructures can
break through the Snoek’s limit and show strong absorption at

the GHz frequency range.'® However, Fe;O, suffers from easy
oxidation and narrow absorption band, and thus core/shell
structures with Fe;O, as the core are widely developed as poten-
tial candidates with broadband microwave absorption. Recently,
Fe;04/TiO,,'"*" Fe;04/Sn0,,%! Fe;04/Zn0,* Fe;04/Fe/SiO,,*
and Fe;04/C** core/shell structures are successfully prepared,
which show promising EM wave absorption performances at
the GHz range.

In order to meet further requirements of broadband microwave
absorbers, the concept of combining both magnetic loss and
dielectric loss has been extensively studied.”” Conducting poly-
mers, such as polyaniline (PANI) and polypyrrole (PPy), with
excellent chemical stability, have been recognized as suitable
dielectric media in EM wave absorption applications.”>~2® Nano-
composites with Fe;0, core and conducting polymer shell, such
as Fe;0,Poly(3,4-ethylenedioxythiophene),” Fe;0,/PPy,”® have
been demonstrated with sound electromagnetic properties. In
the past few years, it has been widely reported that embedding
the magnetic particles (ferrites, Ni, etc.) in conducting polymer
matrices can lead to enhanced EM wave absorption and wider
responsive frequency range.’’* Conducting polymers hybri-
dized with carbon materials are also found to be good candi-
dates as EMI and microwave absorption materials.”®**
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In this study, we demonstrated the successful preparation of
core/shell Fe;0,/PANI hybrid microspheres through an in situ
polymerization technique. The shell thickness of the conducting
polymer can be well controlled by modulating the weight ratio
of aniline monomer and Fe;O, microspheres, and the EM wave
absorption properties can be greatly changed by the shell thick-
ness (amount of PANI). It is realized that the introduction of
PANI can largely enhance the dielectric loss properties and
improve the matching impedance of the hybrids, and thus leads
to enhanced EM wave absorption performances. The obtained
Fe;0,/PANI hybrid materials show improved microwave
absorption properties than the reported magnetic core/conduct-
ing polymer shell hybrid materials.”*~*

EXPERIMENTAL

Synthesis of Fe;0, Microspheres

Fe;0, microspheres were prepared according to a previous liter-
ature.”® Briefly, 5.40 g of FeCl; - 6H,0 were dissolved in 200
mL of ethylene glycol under magnetic stirring, and then 14.4 g
of sodium acetate were added. The obtained homogeneous yel-
low solution was transferred into a Teflon-lined stainless-steel
autoclave and sealed to heat at 200°C for 8 h. The obtained
black magnetite particles were washed with distilled water and
absolute ethanol to remove the residues, and then dried under
vacuum at 50°C for 12 h.

Synthesis of Fe;0,/PANI Core/Shell Microspheres

The Fe;0,/PANI core/shell microspheres were synthesized by an
in situ polymerization method.”® In the experiment, 1.5 g of
Fe;O,4 microspheres and the required amount of aniline mono-
mer were dispersed into 100 mL of diluted HCI solution (20
mM) under ultrasonication for 30 min to obtain a uniform sus-
pension. Note that here diluted HCI solution is used to mini-
mize the reaction with Fe;O, microsphere, and protonalized
aniline adsorbed on Fe;O, microsphere can reduce the corro-
sion. The mixture was cooled and mechanically stirred in an
ice-water bath for 1 h before adding pre-cooled ammonium
persulfate (APS) aqueous solution for oxidative polymerization
for 20 h. After polymerization, the products were collected by
magnetic separation and re-dispersed in distilled water to purify
the final products. This process was repeated at least three times
until the water phase after sample collection became colorless.
Finally, the products were dried in a vacuum drying cabinet at
50°C for 12 h. Throughout the experiments, the molar ratio of
aniline monomer to APS was fixed at 1 : 1.1. The final samples
were denoted as S1, S2, S3, S4, S5, and S6, where the amounts
of aniline monomer were 0.15, 0.30, 0.45, 0.60, 0.75, and 0.90
g, respectively (designed weight ratios of aniline and Fe;O, at 1
:10,2:10,3:10,4 : 10, 5: 10, and 6 : 10).

Characterization

Powder X-ray diffraction (XRD) data were recorded on an
XRD-6000 X-ray diffractometer (Shimadzu) with a Cu Ko radi-
ation source (40.0 kV, 30.0 mA). Scanning electron microscopic
(SEM) images were obtained on the S-4800 (Hitachi), and the
samples were mounted on aluminum studs by using adhesive
graphite tape and sputtercoated with gold before analysis.
Transmission electron microscopic (TEM) images were obtained
on a Tecnai G>-STWIN operating at an accelerating voltage of
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220 kV. The magnetic properties (intrinsic coercivity, saturation,
and remanent magnetization) were measured by using a vibrat-
ing sample magnetometer (VSM, Lake Shore 7410). The ther-
mogravimetric (TG) analysis was carried out on a SETSYS
Evolution TGA (Setaram) in the temperature range of room
temperature to 800°C at a heating rate of 10°C min~'. An HP-
5783E vector network analyzer was applied to determine the rel-
ative permeability and permittivity in the frequency range of 1—
18 GHz for the calculation of reflection loss, with an input
power level of —7 dBm. A sample containing 50 wt % of the
obtained products was pressed into a ring with an outer diame-
ter 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.

RESULTS AND DISCUSSION

As reported,”*° Fe;0, microspheres prepared from a solvother-
mal technique are about 300 nm in diameter with a narrow size
distribution (Supporting Information Figure S1), which are
actually comprised of many small nanoparticles. Using the as-
prepared Fe;O, microspheres as cores, PANI can be uniformly
coating on the microspheres during the in situ polymerization
to produce Fe;O,/PANI hybrid microspheres, where no PANI
particles and aggregation are found, as shown in Figure 1. The
sizes of the hybrid materials display monotonic increase with
more aniline monomers applied in the experiments. In order to
better understand the PANI shell thickness of these samples, we
removed the Fe;O,4 cores by strong acid treatment. As shown in
the TEM images inset in Figure 1, one can see that PANI shells
with thicknesses of about 30, 45, 60, 80, 100, and 120 nm are
grown on the Fe;O, cores with designed weight ratios of aniline
and Fe;O, at 1:10, 2 : 10, 3 : 10, 4 : 10, 5 : 10, and 6 : 10,
respectively. This means that with proper control of the experi-
mental conditions and suitable relative ratios of aniline mono-
mers and Fe;O, microspheres, PANI shells can be well
fabricated on the cores and the shell thickness can be modu-
lated. However, if more aniline monomers are applied, we only
get aggregated bulk materials with many Fe;O, microspheres
encapsulated by PANI, but not isolated single core/shell struc-
tures (Supporting Information Figure S2).

Thermogravimetric (TG) analysis is an ideal tool to determine
the exact amount of PANI in the hybrid, as heating the hybrid
materials to a temperature of 800°C in air will produce only
Fe,0;. From the TG curves in Figure 2, one can see two weight
losses due to the removal of adsorbed water (before 100°C) and
combustion of PANI (starting at about 350°C), and one weak
weight increase region (transformation of Fe;O, to Fe,O3) in
the temperature range of 100-300°C. As HCl doped PANI can
be completely burned in air (Figure 2, inset), the final product
will be only Fe,Os. Therefore, the amount of PANI in the
Fe;04/PANI hybrid microspheres can be calculated by

1.5M (F€203)

wt% R=(1—wt% PANI-wt% water) M(Fe;05)
€30y

(1)
where wt % R is the remaining weight percentage after combus-

tion, and M indicates the molecular weight of the compound. It
is calculated that the weight percentages of PANI in the hybrid
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Figure 1. SEM images of the Fe;O,/PANI core/shell microspheres with designed weight ratios of aniline and Fe;O, at (a) 1 : 10, (b) 2 : 10, (c) 3 : 10,
(d) 4:10, (e) 5: 10, and (f) 6 : 10. Scale bar: 500 nm. Inset in each SEM image is the TEM image showing the thickness of the PANI shell after Fe;O,4

is removed by acid treatment. Scale bar of TEM images: 100 nm.

materials, with designed weight ratios of aniline and Fe;O, at
1:10,2:10,3:10,4:10, 5: 10, and 6 : 10, are 6.2, 10.6,
14.1, 17.8, 20.7, and 27.5 wt %, respectively (Table I). This indi-
cates that the actual PANI amount in the hybrid materials is
somehow lower than that as designed. It can be rationalized by
the fact that: (1) water soluble oligomers can inevitably be pro-
duced during the polymerization reaction, which can then be
removed during the washing procedures; (2) PANI powders
without coating on the Fe;O, microspheres can also be formed,
which cannot be collected using the magnetic separation tech-
nique. Therefore, we get less PANI in the Fe;O,/PANI hybrid
microspheres, and we see well-dispersed hybrid microspheres
from the final products without scattered PANI particles.

Diffraction peaks in the XRD pattern (Figure 3) of the as-pre-
pared Fe;O, microspheres can be well indexed to the (220),
(311), (400), (422), (511), (440), and (533) crystal planes of the
cubic inverse spinel structure of Fe;O, (JCPDS 19-0629).'%%7
The broadening of the diffraction peaks again verifies that the
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Fe;0,4 microspheres, in fact, are assembled from small nanopar-
ticles. PANI has a broad diffraction peak centered at 20 = 25°,
which is overwhelmed by the strong diffraction peaks of Fe;O,
in the hybrid materials. The diffraction peaks of Fe;O, are all
well maintained in the Fe;O,/PANI hybrid microspheres, indi-
cating that the crystal structure of Fe;O, is not destroyed during
the in situ polymerization process. While one can see that the
peak intensity of Fe;O, is gradually decreased with the increase
in PANI content (shell thickness), which is commonly seen in
crystals after a coating process.”®*’

Figure 4 shows the hysteresis loops of Fe;O, microspheres and
Fe;0,4/PANI core/shell microspheres measured at 300 K. The as-
prepared Fe;O, microspheres, with a saturation magnetization
(Ms) of 88.6 emu/g, display a super paramagnetic characteristic,
without magnetization and coercivity. This again verifies that
the 300 nm Fe;O, microspheres should be assembled by nano-
particles with sizes small than 30 nm.*® It can be seen that the
super paramagnetic property is retained when the Fe;0,
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Figure 2. Thermogravimetric (TG) curves of the Fe;O,/PANI core/shell
microspheres with designed weight ratios of aniline and Fe;O, at (S1) 1 :
10, (S2) 2 : 10, (S3) 3 : 10, (S4) 4 : 10, (S5) 5 : 10, and (S6) 6 : 10, where
the actual PANI contents are calculated to be 6.2, 10.6, 14.1, 17.8, 20.7,
and 27.5 wt %, respectively. Inset shows the TG curve of HCl-doped
PANI. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

microspheres are coating with PANI. M; values of the Fe;O,/
PANT core/shell microspheres with a PANT shell thickness of 30,
45, 60, 80, 100, and 120 nm are 79.4, 72.8, 67.4, 62.9, 57.8, and
49.0 emu/g, respectively (Table I); namely, the thinner the PANI
shells, the stronger the M; values of the hybrid materials. From
the relationship between M, and PANI content inset in Figure 4,
a linear decrease in M, can be found with the increase in PANI
content in the Fe;O,/PANI core/shell microspheres, which can
be easily understood by the fact that the polymer shell will not
affect the magnetic nature of the hybrid materials, but just
lower the content of Fe;O,. It should be noted here that with
increase in the PANI content, the electrical conductivities of the
composites are monotonically increased.

According to the transmission line theory, the normalized input
impedance Z;, of a metal-backed microwave-absorbing layer is

given byz‘"3 441

Table I. Designed Weight Ratio of Aniline and Fe;O,, PANI Content
From TG Measurement and Saturation Magnetization of Fe;04/PANI
Core/Shell Microspheres

Fes04/ Designed weight PANI content from Saturation

PANI ratio of aniline TG measurement  magnetization
Sample and Fez04 (wt %) Ms (emu/g)
S1 1:10 6.2 79.4

S2 2:10 10.6 72.8

58 8l 141 67.4

S4 4:10 17.8 62.9

S5 5:10 20.7 57.8

S6 6:10 27.5 49.0
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Figure 3. X-ray diffraction (XRD) patterns of PANI, Fe;0, microspheres,
and Fe;0,/PANI core/shell microspheres with a PANI shell thickness of 30
nm (S1), 45 nm (S2), 60 nm (S3), 80 nm (S4), 100 nm (S5), and 120 nm
(S6). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]

Zin= \/gtanh [j (2;) Mfd} (2)

where p, and ¢, are the relative permeability and permittivity,
respectively, of the composite medium, c is the velocity of elec-
tromagnetic waves in free space, f is the frequency of micro-
waves, and d is the thickness of the absorber. The reflection loss
(RL) is related to Z, as

Zin—1
Zin +1

RL(dB)=20log| | (3)
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Figure 4. Magnetic properties of Fe;O, microspheres and Fe;0,/PANI
core/shell microspheres with a PANI shell thickness of 30 nm (S1), 45 nm
(S2), 60 nm (S3), 80 nm (S4), 100 nm (S5), and 120 nm (S6). Inset
shows the relationship between saturation magnetization and PANI con-
tent in the hybrid microspheres. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Microwave absorption properties (thickness = 2 mm) of Fe;Oy,
PANI, and Fe;0,/PANI core/shell microspheres with a PANI shell thick-
ness of 30 nm (S1), 45 nm (S2), 60 nm (S3), 80 nm (S4), 100 nm (S5),
and 120 nm (S6). [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Figure 5 shows the RL values of Fe;0,, PANI, and Fe;O,/PANI
core/shell microspheres in the frequency range of 1-18 GHz,
with a thickness of 2 mm. Fe;0, microspheres barely have any
microwave absorption in the GHz region, with a maximum RL
of —1 dB at about 5.6 GHz. As reported,” conducting poly-
mers themselves can be microwave absorbers due to their
intrinsic dielectric loss properties. Here, the as-prepared PANI
does show some reflection loss in the GHz range, but the RL
values are all above —10 dB in the whole frequency range of 1-
18 GHz, with a maximum of —9.6 dB at 11.4 GHz, which is
not enough as a strong microwave absorber. However, when
Fe;O, microspheres are coated with PANI of different shell
thicknesses, the microwave absorption behaviors are greatly
altered, and the PANI amount (shell thickness) is critical to the
microwave absorption abilities of the hybrid materials. Since
Fe;0, microspheres only have negligible RL values, introduction
of PANI can more or less bring enhanced RL values for all
Fe;0,4/PANI core/shell microspheres. The microwave absorption
performances of the hybrid materials are therefore compared to
that of pure PANI. With limited amount of PANI (SI and S2 in
Figure 5), no absorption enhancement can be observed (RL val-
ues are above —10 dB), but the absorption band is shifted to
higher frequency ranges. When the PANI content is higher than
14% (shell thickness larger than 60 nm), as samples S3—-S6, one
can see RL values below —10 dB. Notably, the maximum RL
value is largely dependent on the PANI shell thickness, which
increases from —17.2 (15.6 GHz), —32.5 (15.6 GHz), to —37.4
dB (15.4 GHz) when the shell thickness is 60, 80, and 100 nm,
respectively. RL values above —30 dB are rarely reported in
Fe;0, based composites.””*> However, with even more PANI
(shell thickness of 120 nm), the maximum RL value is actually
decreased to —24.7 dB at 14.8 GHz. This means introduction of
proper amount of PANI can enhance the microwave absorption
of the Fe;O,/PANI hybrid microspheres, but too much PANI
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will then decrease the microwave absorption. Unfortunately,
these composites only perform well at a narrow frequency
region, which however may be appealing where strong micro-
wave absorption at a specific frequency is required.

Taking the sample with the largest maximum RL values (S5,
shell thickness of 100 nm) for example, the thickness dependent
microwave absorption behaviors are studied. In Figure 6, the
position of the maximum RL shifts to lower frequencies with
increased thickness of the absorber. It is worth noting that a
maximum RL below —20 dB can be obtained from all thick-
nesses except for 1.5 mm, which means the as-prepared Fe;O.,/
PANI hybrid microspheres with a PANI shell thickness of 100
nm can be a highly efficient microwave absorber in various fre-
quency bands simply by adjusting the thickness.

In order to better understand the microwave absorption mecha-
nisms of the Fe;O,/PANI core/shell hybrid microspheres, the
two important electromagnetic parameters for microwave
absorbers, complex permittivity [real (¢/) and imaginary (&")
parts] and permeability [real (i) and imaginary (W) parts], are
plotted as a function of frequency in Figure 7. PANI has very
high complex permittivity and an obvious frequency dispersion
(both ¢ and &) in the whole frequency range of 1-18 GHz,
where ¢ decreases from 31.2 at 1 GHz to 9.5 at 18 GHz, and &’
decreases from 37.1 at 1 GHz to 8.3 at 18 GHz. This high com-
plex permittivity responds to the dielectric loss properties of
PANL As for the Fe;0, microspheres, ¢ stabilizes at about 6 in
1-18 GHz, and &” almost keeps constant at about 0.1. From the
magnified insets, one can see very weak fluctuations. When the
Fe;0, microspheres are coated with PANI, both the & and &’
are increased, and more PANI content leads to higher ¢ and &”
values. It should be noted that the frequency dispersion behav-
ior could be maintained in the Fe;0,/PANI hybrid materials.
PANI has almost constant ' values at 1 with small fluctuations,
while very limited p’ (~0) in the whole frequency range. i’ of

Reflection Loss (dB)

2 4 6 8 10 12 14 16 18
Frequency (GHz)
Figure 6. Thickness dependent microwave absorption properties of Fe;0,/
PANI core/shell microspheres with a PANI shell thickness of 100 nm (S5).
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com. ]
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Figure 7. Real and imaginary part of permittivity and permeability of Fe;O,, PANI, and Fe;O,/PANI core/shell microspheres with a PANI shell thickness
of 30 nm (S1), 45 nm (S2), 60 nm (S3), 80 nm (S4), 100 nm (S5), and 120 nm (S6). [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]

Fe;0, microspheres decreases sharply from 1.63 at 1 GHz to
0.83 at 7.6 GHz, and then gradually increases to 0.95 at 18
GHz. While p” increases from 0.36 at 1 GHz to a maximum of
about 0.5 at 3 GHz, which then sharply decreases to 0 at 10
GHz then keep negative in 10-18 GHz. It can be seen that com-
plex permeabilities of Fe;O,/PANI materials display the same
trend as that of Fe;O,. ' of Fe;O4/PANI decreases with increas-
ing PANI content in 1-4 GHz, which then becomes irregular.
W’ is also becoming smaller with more PANI in 1-8 GHz, and
then turns irregular again. Of note is that all Fe;0,/PANI hybrid
materials have higher p” values in 10-18 GHz. As can be
learned, coating Fe;O4 microspheres with PANI obviously intro-
duce proper dielectric loss to the hybrid materials, while with
the magnetic loss being kept at some level. Enhanced microwave
absorption of core/shell structures has been reported due to the
lag of polarization between the core/shell interfaces,** and here
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there also should be an interfacial relaxation between the Fe;O,4
cores and PANI shells. That is to say, interfacial loss should also
respond to the enhanced microwave absorption of our core/shell
hybrid materials. As can be seen from the transmission line
theory, besides the complex permittivity and permeability,
another important parameter relating to the RL is the input im-
pedance. Ideally, the characteristic impedance of one absorbing
material should be equal to that of free space in order to
achieve zero reflection at the front surface of the material.
Though Fe;O; microspheres have decent magnetic loss, too
small permittivity makes the impedance far away from matching
that of the free space, thus very limited RL can be obtained.
PANI coating not only provides proper dielectric loss, but also
improves the characteristic impedance of the Fe;O,/PANI
hybrid materials. As can be seen from the input impedance
derived from eq. ((3)), introduction of PANI does lead to

©WILEY i ONLINE LIBRARY


wileyonlinelibrary.com
http://onlinelibrary.wiley.com/

Applied Polymer

SCIENCE

improved matching impedance in the hybrid materials (Sup-
porting Information Figure S3). However, too much PANI will
lead to high electrical conductivity and permittivity (micro-
waves are reflected back instead of absorbed), and deteriorated
impedance matching, and thus microwave absorption will be
decreased again.

CONCLUSIONS

With Fe;O, microspheres as the cores and nucleation sites,
core/shell Fe;O,/PANI hybrid materials have been prepared via
an in situ polymerization technique. The shell thickness can be
well controlled by modulating the weight ratios of aniline
monomers and Fe;O, microspheres. The super paramagnetism
of Fe;O, microspheres that are actually comprised of small
nanoparticles can be maintained in the prepared Fe;O,/PANI
hybrid materials, while the saturation magnetization displays a
linear decrease with increased PANI content (shell thickness).
Fe;0,/PANI hybrid materials show enhanced microwave absorp-
tion properties, due to the introduction of dielectric loss, inter-
facial loss, and improved matching impedance after PANI
coating. A maximum reflection loss of —37.4 dB has been
reached with a 100 nm PANI shell on the Fe;O, microspheres,
which is rarely seen in previous reports. Moreover, the respon-
sive frequency band can be modulated by adjusting the thick-
ness of the absorbers. We believe the as-prepared Fe;O,/PANI
hybrid materials can be promising candidates as strong micro-
wave absorbers.
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