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Fe304—carbon sphere composite was synthesized by a simple hydrothermal method. The as-synthesized
products were characterized by field-emission scanning electron microscopy (FE-SEM), energy dispersive
spectrum (EDS), X-ray diffraction (XRD), vibrating sample magnetometer (VSM), and Raman spectrum.
The complex permittivity and permeability of paraffin wax and Fe;04-carbon sphere composite with
different volume fraction of the composite were measured by vector network analysis. A wide region

of microwave absorption was achieved due to dual dielectric and magnetic losses. When the matching
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thickness is 4 mm, the calculated reflection loss of the sample with 70% volume fraction of Fe304-carbon
sphere composite exhibits a broad microwave absorption ranging from 2.5 to 18 GHz.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

During the past few years, there has been a growing and
widespread interest in microwave-absorbing materials due to their
military and civil applications such as stealth defense system [1,2],
microwave interference protection [3], and microwave darkroom
[4]. In general, microwave absorption materials can be divided into
two types: magnetic materials and dielectric materials, which are
relevant to magnetic loss and dielectric loss, respectively. Recently,
composite microwave absorption materials have attracted much
attention due to their enhanced microwave absorption properties,
which are relevant to multiform electromagnetic losses based on
magnetic or dielectric loss [5-9,3]. We have reported hydrother-
mal synthesis of well dispersed Fe;O4 nanoparticles and their
microwave absorption properties earlier. The as-prepared Fez04
nanoparticles exhibit excellent microwave absorption property,
which is relevant to magnetic loss [10]. When the matching thick-
ness is 3 mm, the calculated reflection loss reaches a maximum
value of —21.2dB at 8.16 GHz with 30% volume fraction of Fe30g4.
In addition, graphitic carbon nanocoil was reported to be of out-
standing microwave absorption properties owing to its dielectric
loss [11]. Therefore, we are interested in designing Fe304-carbon
composite material because their microwave absorption properties
can be improved by dual magnetic and dielectric losses. Moreover,
the reflection loss of Fe304 nanoparticles occurs at low frequency
region below 10 GHz, while the reflection loss of carbon nanocoil
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occurs at high frequency region above 10 GHz, so dual magnetic and
dielectric losses of the composite is hopeful to lead to broad range of
microwave absorption. In this paper, the main objective is to design
a wide range microwave absorption material through dual dielec-
tric and magnetic losses. For such a purpose, Fe304—carbon sphere
composite was synthesized by a simple hydrothermal method, and
the dielectric and magnetic loss and microwave absorption proper-
ties were characterized and investigated by measuring the complex
permittivity and permeability of the mixture of paraffin wax and
Fe304-carbon composite and calculating.

2. Experimental details

Glucose and sodium sulfate were analytical grade and purchased from Shanghai
Chemical Reagents, and Fe304 nanoparticles were prepared by a simple hydrother-
mal method [10]. In a typical procedure, 2 mmol glucose and 1 g sodium sulfate were
dissolved in 60 ml distilled water. After stirring for 20 min, 1.39 g Fe304 nanopar-
ticles was added in the solution and ultrasonically oscillated for 10 min. Then the
black suspension was transferred into a 100 ml teflonlined autoclave, distilled water
was subsequently added to 80% of its capacity. The autoclave was at last sealed and
placed in an oven, heated at 160°C for 24 h. After the reaction, the autoclave was
cooled in air. The suspension was centrifuged sequentially with distilled water and
ethanol both four times at 6000 rpm for 5 min. The resulting black precipitates finally
were dried in an oven at 60°C for 24 h.

The structures of the resulting products were characterized by X-ray powder
diffraction (Rigaku RINT2400 with Cu Ka radiation) and Micro-Raman spectrome-
ter (Jobin Yvon LabRAM HR800 UV, YGA 532 nm). Field-emission scanning electron
microscopy (FE-SEM S-4800, Hitachi) equipped with energy dispersive spectrum
(EDS) were employed for the morphology, size and composition analysis. For EDS
characterization, the sample was dispersed in ethanol and dropped on Cu sheet. The
magnetic properties of the products were characterized by vibrant sample magne-
tometer (VSM, Lakeshore 7304, USA). The compound samples were prepared by
mixing the Fe3;04—carbon sphere and paraffin wax with Fe;O4-carbon sphere vol-
ume fraction ranging from 20% to 70%. The mixture was then pressed into toroidal
shape with an outer diameter of 7 mm, inner diameter of 3.04 mm, and a thickness
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Fig. 1. SEM images of (a) Fe304 nanoparticles and (b) Fe304-carbon composite. (c) EDS image of Fe;04—-carbon composite; the corresponding SEM image was shown in insert

in (c).

of 2 mm for microwave measurement. The complex permittivity and permeability
of the compound samples were measured using an vector network analyzer (Agi-
lent E8363B) in 0.1-18 GHz region and the reflection loss was calculated using the
measured complex permittivity and permeability.

3. Results and discussion

Fig. 1a is the SEM image of Fe304 nanoparticles used in the syn-
thesis of Fe304-carbon composite. General sphere like morphology
is clearly revealed with mean diameter of about 150 nm. Fig. 1b
shows a SEM image of the obtained Fe3O4-carbon composite. It is
found that the mean diameter of those spheres is about 8 pwm. The

size of those spheres is much bigger than that of carbon spheres
reported in literature [12], which may be affected by the agglom-
eration of magnetic Fe30,4. EDS characterization provides further
information for the evaluation of the composition of the compos-
ite, which was shown in Fig. 1c. C, Fe, and O elements can be clearly
identified from the EDS image. The signal near 1keV attributes to
Cu sheet. The insert in Fig. 1c shows the SEM image of the sphere
where the EDS characterization was took place.

Fig. 2a presents the typical XRD pattern of the products. The
peaks can be indexed as face centered cubic Fe304 with lattice
constanta=8.391 A, whichisin good agreement with JCPDS, No. 19-
0629. The small peaks other than those from Fe304 may come from
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Fig. 2. XRD pattern (a) and Raman spectrum (b) of the products.
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Fig. 3. Room-temperature magnetic hysteresis curve of the product; the insert is
corresponding part hysteresis curves (field from —500 to 500 Oe).

carbon (marked with *) [13]. The oxidation of Fe304 was prevented
due to the reductive property of glucose. The Raman spectrum of
the composite was shown in Fig. 2b. In low wave number region,
there are peaks at 207, 286,390 cm~!, which are in accordance with
that of Fe304 [14]. In high wave number region, there are two peaks,
one at 1372cm™"! and the other at 1604 cm~'. In Raman study, it
is well known that the peak at 1580 cm~! is characteristic of crys-
talline graphite (G-band), while the peak at 1350 cm~! (D-band)
is due to disorder of carbon materials [15]. It is apparent that the
Fe304-carbon composite was composed of Fe304 and graphite with
defects.

Fig. 3 shows the hysteresis loop of the as-synthesized
Fe304-carbon composite. The saturation magnetization value was
measured to be 17.6 emu/g, which is lower than that of pure Fe304
nanoparticles [10] (75.37 emu/g) due to the presence of carbon
sphere. According to the saturation magnetization value of pure
Fe30,4 nanoparticles and Fe304—carbon composite, it can be esti-
mated that the mass percentage of Fe30,4 is about 23%. Furthermore,
the insert part hysteresis curve reveals the coercivity of the prod-
ucts is 60.2 Oe, which is much lower than that of bulk Fe304
(115-1500e), and in accordance with that of Fe304 nanoparticles
[10].
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The complex permittivity of Fe304—carbon composite and paraf-
fin wax composites with Fe304—carbon volume fraction ranging
from 20% to 70% are presented in Fig. 4. It can be seen that the val-
ues of the complex dielectric constant do not significantly decrease
with increasing frequency. For real part of complex permeability &,
the values show insignificant variation at frequency ranging from
0.1 to 18 GHz, which could be seen from Fig. 4a. For imaginary part
of complex permeability €”, it can be noticed from Fig. 4b that &”
exhibit three resonance peaks. The first one lays near 1.75 GHz, the
second one lays near 7.5 GHz, and the third one lays near 13.5 GHz.
The resonance peaks were usually attributed to interfacial polariza-
tion [16], and we propose interfaces between Fe30,4 nanoparticles
and carbon spheres and polarization in Fe304 nanoparticles are
the causing of the resonance peaks. The polarization in ferrites has
largely been attributed to the presence of Fe2* jons which give rise
to heterogeneous spinel structure. Since Fe2* ions are easily polar-
isable, the larger the number of Fe%* ions the higher would be the
dielectric constant [17]. Furthermore, it can be noticed that the val-
ues of both ¢” and &” increase with volume concentration due to
the enhancement of the interfacial polarization. The emergency of
some intercross of ¢ between 30% and 40% volume fraction may
come from the errors of the measuring system.

Fig. 5 shows the complex permeability (real part Fig. 5a and
imaginary part Fig. 5b) of the compound with Fe304-carbon
volume fraction ranging from 20% to 70% in the frequency of
0.1-18 GHz. It is found that both the real part and imaginary part
of permeability increase with composite volume fraction firstly
and then decrease. For the real part of permeability u/, the values
decrease along with the frequency, which was shown in Fig. 5a.
Fig. 5b is frequency dependence imaginary part of permeability
" of the mixture. It shows three resonance peaks near 4.4, 10.2,
and 15.1 GHz, respectively. The first peak comes from the natural
resonance [18], whereas the resonance frequency is much big-
ger than that of pure Fe304 nanoparticles [10,19]. The other two
peaks ascribe to exchange resonance, which is similar with that
of spherical, monodispersed, ferromagnetic, metallic particles with
equivalent size [19].

In order to investigate the intrinsic reasons for microwave
absorption of Fe304-carbon composite, we calculated the dielec-
tric and magnetic dissipation factor (tandg=¢'/¢”, tandpy = ' [p”,).
It can be seen from Fig. 6a that both the dielectric and magnetic
loss do contribute to the microwave absorption. The total electro-
magnetic loss behavior is similar with that of magnetic loss, but
with bigger value than that. Conventionally, the permittivity can
generally be represented by Debye dipolar relaxation expression
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Fig. 4. Real part ¢’ (a) and imaginary part ¢” (b) of complex permittivity of the mixture of Fe304-carbon composite and paraffin wax with different volume fraction of

composite.
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Fig. 5. Real part p/(a) and imaginary part " (b) of complex permeability of the mixture of Fe304-carbon and paraffin wax with different volume fraction of composite.

(20],
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where f, t, &, and €, are the frequency, relaxation time, station-
ary dielectric constant, and optical dielectric constant, respectively.
From Eq. (1), it can be deduced that,
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(2)
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(3)

According to Egs. (2) and (3), (¢' — €00 )% +(£”)2 = (&5 — £s )%, and the
plot of ¢’ versus &” should be a single circle, which was defined as
Cole-Cole semicircle. Fig. 6b shows the curve characteristics of &’
versus &” for the sample with 70% volume fraction of Fe304—carbon
composite. The presence of two semicircles suggests that there
are dual dielectric relaxation processes. Interfaces between Fe304
nanoparticles and carbon sphere are the causing of dual dielectric
losses.

The relation between the reflection of compound and the
microwave frequency in the region of 0.1-18 GHz was shown in
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Fig. 7. It was calculated as follows:

Zin = /%tanh [jznfdé Mrar}
r

Zin -1
Zin+1

(4)

(5)

RL = 20Lg ’

where u; and ¢, are the relative complex permeability and per-
mittivity of the composite medium respectively, c is the speed
of light, fis the frequency of microwaves and d is the thickness
of the absorber. Fig. 7a is the calculated frequency dependence
reflection loss of composite with Fe304 volume fraction ranging
from 20% to 70% at the layer thickness of 4 mm. It can be noticed
that the reflection loss peak shifts to low frequency along with
increased Fe304-carbon composite volume fraction and the peak
value becomes firstly bigger and then smaller. When the volume
fraction is up to 70%, the reflection loss reaches a broadest band
ranging from 2.5 to 18 GHz. For a contrast, thickness dependent
reflection loss of the composite is also researched. Fig. 7b shows
the calculated frequency dependence reflection loss of the sam-
ple with 70% Fe304—carbon composite volume fraction for layer
thickness ranging from 2 to 7 mm. It is found that broad reflection
losses were achieved and the peak value is enhanced with increas-
ing thickness, shifting to lower frequency. Additionally, from the
permittivity and permeability data shown in Figs. 4 and 5, it seems
that both the dielectric loss and magnetic loss show distinct change.
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Fig. 6. Frequency dependence tand (a) (tan g, tan 8y, and tan &g +tan 8y ) and (b) typical Cole-Cole semicircle of the sample with 70% volume fraction of Fe;04-carbon.
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Fig. 7. Reflection loss of (a) composite with different volume fraction for layer thickness of 4mm and (b) sample with 70% volume fraction of Fe;04-carbon composite for

different layer thickness.

Furthermore, according to expressions (4) and (5), it can be seen
that the combinations of both wu, and &, determine the reflection
loss. Thus, the primary variation of reflection loss with frequency
can be considered to be the integrated result of dielectric loss and
magnetic loss [21].

4. Conclusions

In conclusion, broad microwave absorption ranging from 2.5
to 18 GHz was successfully achieved by designed synthesis of
Fe304-carbon composite that are of dual dielectric and magnetic
loss. The wide range microwave absorption properties makes it to
have potential applications in microwave interference field. This
study way will undoubtedly become a focus for the design and
research of wide range microwave absorption material. However,
the value of reflection loss peak is low, which may due to the
unmatched size of Fe304 and carbon. Further work should be done
on regulating the size of carbon sphere and Fe;04 nanoparticles to
reach an appropriate match of size and an optimum co-effect of
dielectric and magnetic loss.
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