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a  b  s  t  r  a  c  t

We  propose  and demonstrate  a scheme  to enhance  microwave  absorption  property  through  mesoporous
structure  with  high  regularity.  The  mesostructured  nanocomposites,  embedding  �-Fe2O3 within  carbon
matrix,  exhibit  a strong  and  broadband  attenuation  of  microwave  in  the  frequency  range  of 0.5–18  GHz,
mainly  due  to the  better  impedance  matching.  C-2Fe-900  exhibits  strong  absorption  characteristics  with
vailable online 19 May 2011
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an absorption  peak  of  −32.0  dB  at  6.4  GHz.  The  absorption  peak  intensity  and  position  can be  adjusted
by  changing  the  matching  thickness  of  the  coating.  Reflection  loss  below  −10 dB  (i.e.,  absorption  above
90%)  is obtained  in  the frequency  range  of  1.9–10.7  GHz.

© 2011 Elsevier B.V. All rights reserved.
agnetic properties

. Introduction

Electromagnetic wave absorption materials are in high demand
or both civil and military targets due to the increasing electro-

agnetic interference pollution [1,2]. Recently, the development
f carbon-based materials with designed pore architecture may
rovide the possibility of a promising candidate for microwave
bsorbers, especially in the cases of light weight and harsh envi-
onment [3–7]. Their unique structure and properties can be
tilized to overcome the shortcomings of conventional microwave
bsorbing materials [8–13]. Ordered mesoporous carbon CMK-3
mbedded in mesoporous silica SBA-15 are built for electromag-
etic interference shielding materials in the X band [14]. It was

ound that the unique mesostructure in the mesoporous car-
on/fused silica composites largely favors microwave absorption.
urthermore, template strategy to prepare mesoporous carbon
llows easily tuning the chemical component of framework in a
ery wide range. By simply adding inorganic salt, multifunctional
ybrid mesoporous carbons have been synthesized via a solvent-
vaporation induced self-assembly (EISA) approach [15,16]. In

articular, ordered mesostructures with high metal content and
ispersion can be obtained using metal citrate complex as precursor
17,18].
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The purpose of this study was  to demonstrate the effect of
ordered mesoporous structure on the dissipation of electromag-
netic wave in the frequency range of 0.5–18 GHz. Mesostructured
�-Fe2O3/carbon nanocomposites prepared with different contents
and carbonization temperatures were investigated. It is found that
the combination of ordered mesoporous structure and incorpo-
ration of magnetic species contribute to the better impedance
matching, which results in the improved microwave absorption in
a wide band.

2. Experimental

2.1. Materials

Poly(propylene oxide)-block-poly(ethylene oxide)-block-poly(propylene
oxide) triblock copolymer Pluronic F127 (Mw = 12 600, PEO106PPO70PEO106) was
purchased from Sigma–Aldrich. Phenol, formaldehyde solution (37 wt%), ethanol,
ferric citrate, and NaOH were purchased from Sinopharm Chemical Reagent Co.,
Ltd.  All chemicals were used as received without any further purification. Millipore
water was  used in all experiments.

2.2. Synthesis

Ordered mesoporous �-Fe2O3/C nanocomposites were prepared by a simple
EISA route, where triblock copolymer F127 was used as a structure-directing agent,
ferric citrate as a metal precursor, and resol as a carbon precursor [18]. According
to  the solvent evaporation, the concentration of F127 in the sol begins to exceed
its  critical micelle concentration, and the self-assembly of precursors is triggered at

the  same time. In a typical run, the carbon source (a low-molecular-weight phenol-
formaldehyde resin [15]) was primarily prepared according to the previous report.
Subsequently, F127 (1.0 g) was poured into ethanol (20.0 g) with vigorous stirring to
obtain a clear solution. Ferric citrate solution (20 mL) and the carbon source (5.0 g,
20 wt% in ethanol) were added in succession. After stirring for 30 min, a homoge-

dx.doi.org/10.1016/j.jallcom.2011.05.042
http://www.sciencedirect.com/science/journal/09258388
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[9] and Co nanochains [25]. It may  be regarded as the radiation
of magnetic energy [26]. As mentioned above, the conductivity of
the nanocomposites pyrolyzed at 900 ◦C are enhanced. When they
experience a changing electromagnetic field, the Lorentz force on
Fig. 1. TEM im

eous solution was  obtained. The solution was transferred into dishes to evaporate
thanol at room temperature and then thermopolymerized in an oven at 100 ◦C for
4  h. The carbonization was carried out under N2 atmosphere using always a heat-

ng rate of 1 ◦C min−1. The resulting nanocomposites are denoted as C-xFe-y, where
 and y represent the content (×0.5 mmol) of ferric citrate added initially and the
nal temperature (◦C) of carbonization, respectively.

.3. Characterization

The samples were characterized by transmission electron microscopy (TEM, FEI
echnai G2) and X-ray powder diffraction (XRD, Bruker D8 Advance diffractome-
er with Cu K� source). Hysteresis loops were measured by a vibrating sample

agnetometer (Lakeshore VSM-7407) at room temperature.
For the studies of microwave absorption properties by using coaxial reflec-

ion/transmission technique, the prepared powder was  dispersed in commercial
poxy resin which was  used as binder matrix (the weight ratio of the prepared
owder was about 40%), and then the mixture was pressed into toroid with outer
iameter of 7.0 mm and inner diameter of 3.04 mm.  The complex relative dielec-
ric  permittivity and magnetic permeability were obtained over 0.5–18 GHz using

 vector network analyzer (Agilent E8363A). Reflection loss of powder–resin com-
osites can be calculated using the measured dielectric permittivity and magnetic
ermeability according to transmission line theory.

. Results and discussion

Fig. 1 reveals the mesoporous structure by TEM. It can be clearly
een that a parallel bands-like pore channels are highly arranged
n the 1 1 0 direction, indicating a large region of ordered meso-
ores in the nanocomposites C-2Fe-700 (Fig. 1a). TEM image also
hows high dispersion of small and uniform dark spots that cor-
espond to iron oxide nanoparticles, which endows mesoporous
arbon with a magnetic property [19]. The high-resolution TEM
mage, as shown in Fig. 1b, clearly indicates that an iron oxide
anoparticle with 40 nm in diameter incorporates in the ordered
esoporous structure, while the framework is poorly crystallized.
Supporting the TEM results, small-angle XRD pattern (Fig. 2a) of

-2Fe-700 shows a well-resolved diffraction peak around 2� angle
f 0.9◦, which belongs to a typical ordered mesostructure. Wide-
ngle XRD pattern (Fig. 2b) of the mesostructured nanocomposites
yrolyzed at 700 ◦C present six resolved diffraction peaks. All the
eaks are assigned to maghemite �-Fe2O3 (JCPDS card 89-5892).

n this mesostructure, the high porosity would decrease the bulk
ensity of the prepared powder undoubtedly, making it possible to
esign a lighter and thinner electromagnetic wave absorber.

The electromagnetic parameters were measured over
.5–18 GHz. Fig. 3a shows the imaginary part (ε) of the com-
lex relative permittivity of the powder–resin composites. After
eat treatment at 700 ◦C, the ε has a slight increase. The trends

f permittivity with frequency are similar for the samples with
ncreasing Fe content. For the sample just heat-treated at 500 ◦C,
he ε of C-2Fe-500 is relatively low, indicating very poor dielectric
oss. As the pyrolysis temperature increases, the complex permit-
or C-2Fe-700.

tivity of C-2Fe-900 becomes the largest one. It is noteworthy that
there is a resonance peak around 5–14 GHz in the curves of ε. It
reaches a maximum of 7.0 at 12.3 GHz, indicating that a higher
level of graphitization would greatly enhance the dielectric loss.
As we  know, ε is related to electrical conductivity � by the relation
[20],

ε = �

2�fε0
(1)

where ε0 is the permittivity of free space and f is the frequency.
The dielectric loss is enhanced through the raising carbonization
temperature, which yields the semi-graphitic nature and in turn
the high conductivity. Therefore, the main contribution for the high
dielectric loss is the conductance loss and the dipole relaxation loss
[21] in the �-Fe2O3/carbon coupled objects.

The imaginary part (�) of the complex relative permeability
versus frequency is shown in Fig. 3b. A resonance peak around
3 GHz appears in the curves of �. This nanocomposite with isolated
magnetic particles possesses high surface area and large porosity,
thus its surface anisotropy energy would be remarkably increased
[22]. It leads to an increase of the effective anisotropy field and the
shift to gigahertz region of the resonance frequency compared to
sintered ferrite [23,24]. Interestingly, it is found that the � values
are negative, and the minimum value is up to −0.46 at 12.7 GHz
for C-2Fe-900. Moreover, this trough is corresponding to the reso-
nance peak of the imaginary permittivity, which is consistent with
the phenomenon of the porous Fe3O4/SnO2 core-shell nanorods
Fig. 2. Small-angle XRD (a) and wide-angle XRD (b) pattern for C-2Fe-700.
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Fig. 3. Frequency dependences of imaginary part of (a) comple

lectrons causes them to circulate around, forming eddy currents.
he eddy currents then produce an induced magnetic field, which
pposes the applied field. Energy is then radiated out. The eddy
urrent loss can be written by the following expression [27–29].

−1(�′)−2�′′ ≈ 2��0�d2

3
(2)

here �0 is the permeability of free space. If the magnetic loss
esults from eddy current loss, the values of f−1(�)−2� should be a
onstant when the frequency is varied. As shown in Fig. 4, the values
f f−1(�)−2� increase by 0.20 in 0.5–4 GHz. Therefore, the natural
esonance is dominant in the low frequencies and the correspond-
ng resonance peaks are around 3 GHz. Additionally, the values have

 little change over 4–18 GHz. The magnetic loss is mainly caused
y eddy current loss in the high frequencies. Thus it can increase

 and lead a negative �.
To investigate the static magnetic property of the nanocom-

osites, hysteresis loops are shown in Fig. 5. The saturation
agnetization of the �-Fe2O3/C nanocomposites is found to

ncrease from 2.1 to 15.8 emu/g with the increase of Fe content
nd pyrolysis temperature, respectively. The values are much lower
han that of the bulk �-Fe2O3 (83 emu/g) [18], mainly due to a low
ontent of �-Fe2O3 (<15%) in the nanocomposites. The coercivity
f the nanocomposites is ranging from 41 to 123 Oe, which sug-
ests that there is an increase for effective anisotropy field of these

anocomposites comparing with that of the bulk �-Fe2O3 or �-Fe
22]. Furthermore, the introduction of Fe species endows meso-
orous carbon with a magnetic property, which would facilitate
he balance of impedance matching.

Fig. 4. Values f−1(�)−2� of as a function of frequency for C-2Fe-900.
tive permittivity and (b) permeability of the nanocomposites.

On the basis of the previously measured electromagnetic param-
eters, reflection loss (R) of powder–resin composites can be
obtained by calculation and simulation according to transmission
line theory [30–32]. It is calculated as follows [13,33]:

Zin =
√

�r

εr
tanh[j

2�fd

c

√
�rεr] (3)

R = 20 log
∣∣∣Zin − 1

Zin + 1

∣∣∣ (4)

where �r and εr are the complex relative magnetic permeability
and dielectric permittivity of the composite medium, respectively,
c is the velocity of electromagnetic waves in free space, f is the
frequency of microwaves, and d is the thickness of an absorber.

Fig. 6a is the calculated reflection loss of the nanocomposites
at the matching thickness of 3 mm.  C-Fe-700 powder shows max-
imum reflection loss of only −4.8 dB and there is no absorption
ranges under −10 dB. The effective absorption bandwidth, which
is lower than −10 dB is 4.3 and 2.9 GHz as Fe content increases.
For C-2Fe-900, it exhibits strong absorption characteristics with
an absorption peak of −32.0 dB at 6.4 GHz. Fig. 6b shows a typical
relationship between reflection loss and frequency for C-2Fe-900
at different thickness. The absorption peak shifts to a low fre-
quency along with the increasing thickness. It exhibits microwave
absorption bands could cover 1.9–10.7 GHz when adjusting the
thicknesses from 2 to 9 mm.  The behavior is important because it

reveals that absorption peak frequency of the nanocomposites can
be tuned easily by changing the matching thickness. The matching
thickness can be optimized according to the needs. Additionally, it
can be seen that the coupling of dielectric loss and magnetic loss

Fig. 5. Magnetic hysteresis loops at 300 K of the nanocomposites.
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Fig. 6. Frequency–reflection curves of (a) the nanocomposites with a mat

ontributes the reflection loss [13], due to the better impedance
atching. For carbon materials, it is highly efficient for incorporat-

ng magnetic constituent to achieve a better impedance matching
34]. In this way, the electromagnetic wave can easily propagate
ithin the absorber rather than directly reflect on the surface.

urthermore, electromagnetic wave could transmit through the
esoporous structure and generate the energy dissipation in many

ites. This allows a sufficient absorption from all directions in the
obust mesostructure.

. Conclusions

Mesoporous �-Fe2O3/C nanocomposites were prepared to real-
ze a nanoscale impedance matching. The key feature of this

ethod is the introduction of ferric citrate. At high carbonization
emperature, the ordered mesostructure can ensure a fast and suf-
cient absorption of microwave. This material offers high corrosion
esistance, lightweight and wide-frequency attenuation for use as
ultifunctional camouflage coatings.
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