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Abstract Iron nanospheres, nanoflakes and nanofibers
were synthesized via a simple pyrolysis method. When the
pyrolysis temperature increased from 523 to 623 K and the
flow rate of Ar carrier gas maintained at 100 sccm, the as-
prepared iron nanocrystals showed a morphology evolution
from isotropic nanospheres to isotropic nanofibers. The
phase structures and morphologies of the composite were
characterized by X-ray diffraction and scanning electron
microscopy. The complex permittivity (¢ — j&”) and per-
meability (¢’ — ju”) of these composites were measured
using the transmission/refection coaxial line method in the
frequency range of 1-18 GHz by a vector network ana-
lyzer. The iron nanofibers exhibited superior microwave
absorbing properties compared to iron nanoparticles and
nanoflakes. The optimal reflection loss (RL) reached
—17.8 dB at 9.9 GHz with a layer thickness of 2.0 mm.
The RL below —10 dB can be obtained in the frequency
range of 7.3-11.7 GHz. Considering the low cost and high
efficiency; the iron nanofibers are favorable for application
as microwave absorber.

Q.Liu-Z.Zi-D. Wu - Y. Sun - J. Dai ()

Key Laboratory of Materials Physics, Institute of Solid State
Physics, and Hefei High Magnetic Field Laboratory, Chinese
Academy of Sciences, Hefei 230031, People’s Republic of China
e-mail: jmdai @issp.ac.cn

Q. Liu-Z.Zi
School of Physics and Electronics Information, Huaibei Normal
University, Huaibei 235000, Anhui, People’s Republic of China

Introduction

In recent years, with the use of GHz electromagnetic waves in
wireless communications, satellite communications, radar
systems and military applications, several problems such as an
electromagnetic interference and information leakage have
emerged [1]. Thus, the development of the microwave
absorbing materials (MAMs) is now strongly demanded [2-6].
Generally, the electromagnetic absorbing performance of any
MAM is linked to its intrinsic electromagnetic properties
(i.e., conductivity, complex permittivity and permeability) as
well as to extrinsic properties such as the thickness and
working frequencies [7]. Majority of the MAMs are composed
of magnetic powders such as ferrite, nickel, alloys and other
dielectric loss materials such as carbon materials, conducting
polymers [8—12]. Among the candidates for electromagnetic
wave absorbers, metallic soft magnets are particularly inter-
esting [13-15] because they have larger saturation magneti-
zation values than ferrites [16]. Iron nanowires are regarded as
one of the most promising materials for the electromagnetic
wave absorber in the GHz range due to their high permeability
and shape anisotropy [17]. Therefore, it is possible to make
thin absorbers in gigahertz range. Several methods, including
thermal and sonochemical decomposition of organo-metallic
precursors [ 18], high-temperature reduction of metal salts [19]
and chemical vapor condensation of organometallic precursors
[20], have been applied to fabricate iron nanowires. However,
they showed unavoidable disadvantages of complicated mul-
tisteps, toxic iron-containing metal-organic complexes, harsh
synthesis conditions (e.g., high temperature) and high-cost.

In this paper, the main objective is to develop a simple
method to control size and morphology by tuned fabrica-
tion of iron nanostructures. For such a purpose, iron nan-
ospheres, nanoflakes and nanofibers were synthesized via a
simple pyrolysis method.
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Experimental
Synthesis of iron nanocrystals

Fe(CO)s5 (99.7%) was purchased from Jiangsu Tianyi Ultra-
fine metal powder Co., Ltd. The aluminum substrate (8§ cm in
length and 4 cm in width) was sonicated in acetone for
10 min, followed by repeated rinsing with distilled water. In a
typical procedure, a long aluminum plate was placed at the
center to act as the deposition substrate. Ten milliliter Fe(CO)5
was placed at a ceramic boat which was inserted at the
entrance of the horizontal quartz tube furnace (8 cm in inner
diameter and 100 cm in length, equipped with temperature
and gas-flow controller). The horizontal distance between the
ceramic boat and the aluminum substrate was maintained at
30 cm. The pyrolysis of Fe(CO)s was carried out at a selected
temperature (523 or 623 K) for 1 hin a flowing atmosphere of
Ar which act as both protecting medium and carrying gas. The
furnace temperature was allowed to cool down to room tem-
perature naturally before the product was taken out. Alterna-
tively, as the flow rate of Ar carrier gas (50400 sccm, sccm
denotes standard cubic centimeters per minute) and the tem-
perature (523 or 623 K) changed, the morphology of the
products also changed.

Characterization

The phase identification was performed by X-ray diffrac-
tion (XRD) on a Bruker Advance D8 X-ray diffractometer
with CuKa radiation (4 = 1.5418 A) in the range from
20 = 15° to 85° with a scanning rate of 5°min. The
morphologies and surface characteristics were observed by
JEOL-6610LV scanning electronic microscopy (SEM).
The as-prepared iron nanocrystals were mixed uniformly
with molten paraffin wax with a ratio of 50 wt% and
molded into toroidal-shaped specimens for microwave
tests. The coaxial cylindrical specimen had an outer
diameter of 7.00 mm and inner diameter of 3.04 mm. The
scattering parameters (S11, S21, S22, S12) of the paraffin
compacts were measured by a vector network analyzer
(VNA, AV3629D) in the range of 1-18 GHz after a full
two-port calibration (SHORT-OPEN-LOAD-THRU).

Results and discussion

The phase purity of the as-synthesized iron nanofibers was
investigated using XRD. As shown in Fig. 1, the 20 values
at 44.35°, 64.53° and 81.66° could be indexed to the (110),
(200) and (211) planes of a body-centered cubic «-Fe with
the lattice constant a = 2.884 A (PDF-2 entry: 85-1410,
space group: Im3m). No impurities such as o«-Fe,O3,
y-Fe,03 or Fe;0,4 were observed in XRD pattern.

@ Springer

(110)

@11)

(200)

Relatively Intensity (a.u.)

‘

20 30 40 50 60 70 80
20 (degree)

Fig. 1 XRD pattern of the as-synthesized iron nanofibers

The morphologies of the samples synthesized under dif-
ferent reaction conditions are shown in Fig. 2. A typical
SEM image of the product pyrolysis at 523 K for 2 h at a
carrier gas rate of 50 sccm is presented in Fig. la, which
shows that the particles are sphere-like and each sphere has a
diameter in the range of 80—120 nm. This can be explained
by considering that at a relatively high temperature [higher
than the decomposition temperature of Fe(CO)s], the iron
nuclei will form before the growth process starts. After a
period of time, the nuclei aggregate together and form the
sphere-like iron nanoparticles. When the carrier gas rates
increases to 100 sccm, a larger mount of iron nuclei were
produced from the decomposition of Fe(CO)s. Compared
with iron nanospheres obtained at 50 sccm, these nano-
spheres (Fig. 2b) obtained at 100 sccm have a larger average
diameter and some nanospheres aggregate together. As the
carrier gas rate increased to 200 sccm, all the iron spheres
aggregate together (Fig. 2c). From this image, it can be
observed that the surface of the iron spheres is not smooth.
It is built-up of many small nanoparticles, which makes the
spheres look very rugged. These small nanoparticles con-
stitute many active positions on the surface and make the
spheres with a larger surface area than that of smooth
spheres. It makes the site of each small nanoparticles act as
nucleation centers for a daughter generation. When the car-
rier gas rates increases to 300 sccm, the sphere-like iron
particles become larger and produce a daughter generation
nanospheres (Fig. 2d). The inset image in Fig. 2d is a higher
magnification image. From the image, we can clearly
observe many daughterly nanospheres with the diameter of
about 60—-80 nm. On the basis of the results mentioned
above, it can be clearly seen that the carrier gas rate, which
was related to the carrying quantity of Fe(CO)s into the
quartz tube, has great influence on the morphology of the
final product in the present route.
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Fig. 2 SEM images of iron nanocomposites pyrolysis at 523 K for 2 h in different Ar carrier gas rates a 50 sccm, b 100 sccm, ¢ 200 scem,

d 300 sccm, inset the corresponding image in high magnification

Fig. 3 SEM images of iron nanocomposites pyrolysis at 623 K in different carry gas rates a 50 sccm, b 100 sccm

When the furnace temperature increased to above 623 K
and the flow rate of Ar carrier gas was maintained at 50 or
100 sccm, the iron nanoflakes or nanofibers were obtained,
respectively (Fig. 3). From Fig. 3a, it can be seen that the
sample includes large amounts of flake-like structure with
the thickness of about 30-50 nm. In contrast, increasing
flow rate of Ar carrier gas (100 sccm), iron nanofibers are
obtained. Figure 3b indicates that most of the iron nanof-
ibers are about 30 nm in diameter and 30 um in length,
with an aspect ratio of 1,000. The plausible formation
processes for the 1D fiber-like iron nanostructures are
schematically illustrated as follows. When the furnace
temperature increased to above 623 K, Fe(CO)s can
decompose to iron nuclei in a short time. These iron nuclei
aggregate to the aluminum substrate and form the iron
nanoparticles. At this moment, the temperature of the iron

nanoparticles rapidly increases to 623 K. Subsequently, the
Fe(CO)s will decompose on the surface of iron nanopar-
ticles and gradually attach to the iron nanoparticles instead
of the aggregation. Therefore, 1D iron nanofibers are
formed by the anisotropic growth.

Figure 4a and b show real part (¢) and imaginary part
(&") of the relative complex permittivity of the composites
containing 50 wt% iron dispersed in a paraffin matrix in the
frequency range of 1-18 GHz. The ¢’ and &” represent the
energy storage ability and loss ability, respectively. The ¢
and ¢’ of iron nanoflakes and nanospheres are almost
constant with nearly no variation throughout the whole
frequency range. For the iron nanoflakes, the ¢ and ¢’
values decrease from 40.1, 17.7 to 26.9, 8.3 in the mea-
sured frequency range, respectively. The notable increase
of complex permittivity for iron nanofibers could be
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Fig. 4 The frequency dependence real part ¢ (a), imaginary part ¢’ (b) of complex permittivity and real part u’ (c), imaginary part u” (d) of

complex permeability

attributed to the resistivity and space-charge polarization.
On one hand, according to the free electron theory, &’ = 1/
pwey, where m, & and p are the angular frequency, the
dielectric constant of free space, and the resistivity,
respectively, from which it can be speculated that iron
nanoflakes and nanospheres have higher electric resistivity
than iron nanofibers. On the other hand, the space-charge
polarization in heterogeneous systems with high-aspect
ratio nanofibers is enhanced when compared to that of
nanoflakes or nanospheres. It can be seen that both ¢ and &’
of iron nanofibers are obviously enhanced, which plays a
dominant role in determining the dielectric loss properties.
Figure 4c and d show real part (x') and imaginary part (u”)
of the relative complex permeability of iron nanocrystals.
The ' values of iron nanocrystals exhibit an abrupt
decrease in the 1-7 GHz and retain an approximate con-
stant over 10~18 GHz. The u” curve exhibits a peak in the
1-6 GHz range for all the iron nanocrystals, which attri-
butes to natural resonance. In comparison with Fe bulk
material (f, = 1.6 GHz) [21], the magnetic natural reso-
nance of iron nanocrystals shifted to higher frequency.
As we know, the anisotropic magnetic particles may have a

@ Springer

higher resonance frequency above Snoek’s limit in the
gigahertz frequency range due to their low eddy current
loss coming from the particle shape effects. The skin depth
of ferromagnetic iron at microwave frequencies is about
1 mm which was much larger than the diameters of Fe
nanowires, Fe nanospheres and Fe nanoflakes. Thus, the
eddy current loss due to the skin effect was massively
suppressed in all samples. Besides the main resonance
peaks, there are some minor fluctuations on the spectra,
which might attribute to inhomogeneous particles size.
The electromagnetic reflection loss of samples is simu-
lated by the transmission line theory. The reflection loss
(RL) curves at the given frequency and the matching
absorber thickness are calculated as follows [22]:

Zin = Zon/ 14,/ & tanh{j(2nfd /c) /1) }
Zin— 2y
Zin + ZO

(1)

Ry (dB) = 20log (2)

where . and ¢, are the relative permeability and permit-
tivity, respectively, f is the frequency of incident electro-
magnetic wave, d is the absorber thickness, c is the velocity
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Fig. 5 Reflection loss with a thickness of 2.0 mm

of light, Z; is the impedance of free space (376.7 Q), and
Z;, is the input impedance of absorber.

For the purpose of comparing the microwave absorption
properties of iron nanocrystals with different morpholo-
gies, the relations of matching frequency and reflection loss
were researched. Figure 5 shows the simulation of reflec-
tion loss versus frequency employing the electromagnetic
parameters at the thickness of 2 mm. It can be seen that an
optimal RL reached —17.8 dB at 9.9 GHz for the iron
nanofibers, while the absorption exceeding —10 dB (>90%
power absorption) is obtained in the 7.3—11.7 GHz range.
The iron nanospheres exhibit reflection loss about —8.5 dB
at 5.2 GHz. Although the iron nanoflakes exhibit reflection
loss —16.6 dB at 9.3 GHz, the absorption exceeding
—10 dB is only obtained in the 8.5-10.4 GHz range. The
results indicate that the morphologies of iron nanomaterials
have an obvious effect on the reflection loss of composites.
The optimal RL and bandwidth are increased with larger
aspect ratio. As we know, there are mainly two possible
contributions for microwave absorption, namely magnetic
loss and dielectric loss. The enhancement of microwave
properties of iron nanofibers attributes to the improvement
of dielectric loss as discussed above.

Conclusions

In conclusion, iron nanocrystals with spherical, flaky and
fiber-like shapes were successfully fabricated through a
simple pyrolysis method, respectively. When the pyrolysis
temperature increased from 523 to 623 K and the flow rate
of Ar carrier gas maintained at 100 sccm, the as-prepared
iron nanocrystals showed a morphology evolution from
isotropic nanospheres to isotropic nanofibers. The complex
permittivity of anisotropic iron nanofibers was higher than

that of isotropic iron nanospheres, while the complex
permeability showed a similar variation trend. The iron
nanofibers exhibited superior microwave absorbing prop-
erties compared to iron nanoparticles and nanoflakes. The
optimal reflection loss reached —17.8 dB at 9.9 GHz with
a layer thickness of 2.0 mm. The reflection loss below
—10dB can be obtained in the frequency range of
7.3-11.7 GHz. The reflection loss calculations show that
the prepared iron nanofibers are good electromagnetic
wave absorbers in the microwave range. Thus, the iron
nanofibers could be used as a kind of candidate absorber.
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