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Abstract

The Li0.35Zn0.3Fe2.35O4 micro-belts were prepared by cotton template for the first time. The nickel-coated carbon fibers were obtained

by the electroless plating method. The formation mechanism of the ferrite micro-belt was studied. The microwave absorption properties

of the two layers absorbers containing Li0.35Zn0.3Fe2.35O4 micro-belts and nickel-coated carbon fibers composites were investigated in

the frequency range of 30–6000 MHz. The absorbers of the Li0.35Zn0.3Fe2.35O4 micro-belts/nickel-coated carbon fibers composites have

much better microwave absorption properties than the nickel-coated carbon fibers absorbers, and the microwave absorption properties

of the composites are influenced by the content of the absorber.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

With the increasing environmental concern for micro-
wave irradiations and the stealth technology for military
platforms, microwave absorbing materials have attracted
much attention [1–3].Generally, they can be classified into
single-layer absorber and multi-layer absorber. Sun et al. [4]
reported the single-layer absorber containing the hierarchical
dendrite-like magnetic materials of Fe3O4, g�Fe2O3, and
Fe. Ding et al. [5] investigated the microwave absorbing
properties of SiC fiber woven fabrics. Han et al. [6] found
that the FeCo/C nano-capsules exhibited the broadband
electromagnetic wave absorption. Recently, researchers are
interested in double and multi-layer microwave absorbers
[7–9], as one layer absorbing materials are usually hard to
meet demands simultaneously for wide frequency range and
thin absorption layer. The double-layer microwave absorber
based on the M-type BaFe12O19 and W-type BaCo2Fe16O27

ferrites and short carbon fibers were studied by Shen et al.
[10]. When the W-type ferrite (60 wt%) was used as the
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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absorbing layer and the M-type ferrite (60 wt%) composite
filled with short carbon fibers (0.2 wt%) was used as the

matching layer with the total layer thickness of 2.0 mm, the

absorption band width could reach 3.2 GHz where the RL

value was below �10 dB, and the minimum RL value was

�22.0 dB at about 12.7 GHz. Wang et al. [11] prepared the

double-layer microwave absorbers consisting of carbonyl iron

(CI) as the matching layer, and carbon black (CB) as the

absorbing layer. With 50 wt% of CI and 40 wt% of CB, the

minimum RL is about �23.3 dB at 5.3 GHz and the RL value

was less than �10 dB in the frequency ranges of 5.1–6.2 GHz

and 13.7–15.8 GHz, when both the matching layer thickness

and absorption layer thickness were 2.0 mm. Qing et al. [12]

investigated the single-layer and double-layer microwave absor-

bers of BaTiO3 and carbonyl iron powders with various

constituents. The results showed the double-layer absorber with

thickness of 1.4 mm, which consisted of the matching layer with

50 wt% BaTiO3 and the absorbing layer with 60 wt% BaTiO3

and 20 wt% carbon iron had a much better microwave

absorption characteristic than the single-layer absorber, with

the absorption band width of 10.8–14.8 GHz (RLo�10 dB)
and the minimum RL of �59 dB at 12.5 GHz.
ll rights reserved.
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In the past decades, spinel ferrites have been used as
microwave absorbents in various forms due to their light-
weight, low cost, and good design flexibility [13,14].Wu
et al. [15] discussed the electromagnetic and microwave
absorbing properties of Ni0.5Zn0.5Fe2O4/bamboo charcoal
core–shell nanocomposites. Meanwhile, as ferromagnetic
metals have a high saturation magnetization and complex
permeability, they were studied as microwave absorbers for
many years [16–18]. However, the ferromagnetic metals
usually have a high electric conductivity and their perme-
ability will drastically decrease at high frequencies due to
the eddy current effect induced by microwaves [19]. As the
spinel ferrite and ferromagnetic metallic fibers are generally
characterized with shape anisotropy, they can be used as
the structural and functional materials in various fields.
NiCFs and their polymer composites, from both mechan-
ical and electrical point of view have attracted much
interest especially for EMI shielding (typical applications
are for EMI gaskets) [20–25]. To the best of authors’
knowledge, few studies are available dealing with EM
properties of NiCF reinforced composites in the microwave
range. In the present work, we have reported the electro-
magnetic characteristics and microwave absorption proper-
ties of the belt-like Li0.35Zn0.3Fe2.35O4 and nickel-coated
carbon fibers.

2. Experimental procedure

2.1. The preparation of Li0.35Zn0.3Fe2.35O4 micro-belts

The detailed process of Li0.35Zn0.3Fe2.35O4 micro-belts
preparation could be described as follows: Li (NO3)2
Zn(NO3)2 and Fe(NO3)3 � 9H2O (the mole ratio of Li2þ /
Zn2þ /Fe3þ were 0.35:0.3:2.35) were dissolved in 200 ml
de-ionized water. Then citric acid (the mole ratio of citric
acid/metal ion were 1:1) was added to the above mixture.
Subsequently, the solution was heated and agitated until
the volume was approximately 140 ml to form sol. The sol
was dripped onto the prepared dry absorbent cotton.
Further, the dipped absorbent cotton was dried for 24 h
at room temperature and then dried in a drying cabinet at
70 1C. The dried gels were calcined under 1200 1C for 2 h
to obtain Li0.35Zn0.3Fe2.35O4 micro-belts.

2.2. The preparation of nickel-coated carbon fibers

First, CNFs were cleaned and dispersed in ethanol and
deionized water, respectively. This process eliminates the
residual metal particles on the surface of CNFs and
enhances the interfacial adhesion between the CNFs and
metal layers. The pre-treated CNFs were then sensitized and
activated in an aqueous solution containing SnCl2, PdCl2,
and HCl for about 5 min. These steps allow the adsorption
of colloidal Sn2þ and Pd2þ on the surfaces of the CNFs. Pd
particles function as catalytic nucleation seeds.

In the next step, the activated CNFs were accelerated
by immersing them for 3 min in an aqueous solution
containing H2SO4. This procedure helps to remove the
Sn2þ protecting Pd2þ and assists with the deposition of
finer Pd particles onto the surface of CNFs.
Finally, the pre-treated and catalyzed CNFs were

immersed in a metal plating bath (1 L flask) and stirred with
a mechanical stirrer. Ni plating solution consists of NiCl �
6H2O (20 g/L), Na-PH2O2 � 6H2O (10 g/L), NH3Cl (40 g/L)
and deionized water. Electroless Ni–P plating was performed
with the stirring speed of 300 rpm at 90 1C for 1 min.
The mechanical stirring system was used in order to

continuously keep up the good dispersion state during
electroless plating. The setup consists of the bath, a
temperature controller, a condenser and the mechanical
stirrer. At this stage, the density and temperature of the
plating solution and the stirring speed of the mechanical
stirrer are the most important factors for a uniform
deposition of metal onto the surface of the CNFs.
2.3. Measurement of properties

The crystalline structure of the samples was deter-
mined by D/max-A diffractometer (Cu Ka radiation,
l=0.154056 nm) studies. The morphology of as-prepared
samples was investigated by a scanning electron microscope
(SEM). The samples for measuring microwave properties
were prepared by dispersing the composites powders in
paraffin wax. The powder/wax composites were die-pressed
to form cylindrical toroidal specimens with 7.0 mm outer
diameter, 3.0 mm inner diameter, and 3 mm thickness. The
measurements of microwave loss property for the specimens
were carried out using a PNA 3629D vector network
analyzer in the 30–6000 MHz range.
3. Results and discussion

3.1. Phase analysis and the SEM morphology

The single phase crystalline nature of the belt-like
Li0.35Zn0.3Fe2.35O4 and nickel-coated carbon fibers was con-
firmed by powder X-ray diffraction. As shown in Fig. 1A, the
peak position and relative intensity of all diffraction peaks for
the product of Li0.35Zn0.3Fe2.35O4 match well with the
standard powder diffraction data, and no impurity peak is
observed, which indicates that high purity crystalline
Li0.35Zn0.3Fe2.35O4 has been synthesized. The (3 1 1) peak
was chosen for calculating the average crystalline size. The
Scherrer formula analysis shows that the size of the
Li0.35Zn0.3Fe2.35O4 is about 9.0 nm. Fig. 1B shows the
XRD pattern of the NCF. The peak at 2y¼24.91 is the
(0 0 2) plane of graphite carbon and the other four peaks at
44.51, 51.91,76.41 and 92.91 correspond to the (1 1 1), (2 0 0),
(2 2 0) and (3 1 1) planes of nickel, respectively.
Fig. 2 shows the SEM images of the prepared Li0.35Zn0.3

Fe2.35O4 and nickel-coated carbon fibers. It could be found
that the Li0.35Zn0.3Fe2.35O4 is of belt shape. The thickness
of the Li0.35Zn0.3Fe2.35O4 belt ranges from 1 to 10 mm.
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3.2. The formation of the Li0.35Zn0.3Fe2.35O4 micro-belts

The Li0.35Zn0.3Fe2.35O4 micro-belts were synthesized.
In the formation process of the complex sol, the complex
reaction between citric acid and metal ions resulted in the
10 20 30 40 50 60 70 80 90

10 20 30 40 50 60 70 80 10090

0

100

200

300

400

500

600

700

800

900

1000

In
te
si
ty

-100

0

100

200

300

400

500

600

700

800

900

1000

In
te
si
ty

2θ(o)

2θ(o)

Fig. 1. XRD spectra of samples: (A) belt-like Li0.35Zn0.3Fe2.35O4; and

(B) nickel-coated carbon fibers.

Fig. 2. The SEM images of the samples: (A) belt-like Li0
formation of the citric acid complex. This complex was
dissolved in distilled water to form sol. When the solution
of the citric acid complex was heated, the viscosity of solution
increased, thereby forcing the complex molecules to come
together. Therefore, the unstable citric acid complex mole-
cules which did not contain the activated function of the
condensation–polymerization reaction, underwent cross link-
ing through hydrogen bonds, and resulted in the formation of
network structure. Then, when the anions and solvent were
embedded into the network structure, gel was formed.
Absorbent cotton was used as the template in our experiment.
Because the surface of the absorbent cotton was ragged, when
the sol was dripped onto the surface of the absorbent cotton,
the citric acid complex was absorbed first. On the volatiliza-
tion of the moisture content in air, hydrogen bonds formed
between this complex and the –OH on the absorbent cotton
surface. Due to the evaporation of the moisture content, the
excessive active groups in citric acid complex combined with
each other through hydrogen bonds. With the process of the
polymerization reaction of the system, the thickness of the
Li0.35Zn0.3Fe2.35O4 layer increases. In the dry process, both
Li0.35Zn0.3Fe2.35O4 layer and the cotton fiber shrunk with
the decrease of the solvent. However, the shrinkage ratios of
the Li0.35Zn0.3Fe2.35O4 layer and the cotton fiber are different.
Thus, the crack phenomena appear on the surface of the
Li0.35Zn0.3Fe2.35O4 layer. The crack swells with decrease in the
amount of the solvent. In the calcination process, there exists
a large impulse force on the Li0.35Zn0.3Fe2.35O4 layer for the
combustion of cotton fiber. Thus, the Li0.35Zn0.3Fe2.35O4 layer
breaks along the crack, and the Li0.35Zn0.3Fe2.35O4 belts are
obtained. The detailed formation mechanism of belt-like
Li0.35Zn0.3Fe2.35O4 is shown in Fig. 3. The mechanism of
the Li0.35Zn0.3Fe2.35O4 microbelt formation is still not clear,
and should be extensively studied in the future.
3.3. Analysis of electromagnetic parameters and wave

absorbing property

The frequency dependences of the complex permeability
and permittivity of Li0.35Zn0.3Fe2.35O4 microbelt and
.35Zn0.3Fe2.35O4; and (B) nickel-coated carbon fibers.



Fig. 3. The formation mechanism of belt-like Li0.35Zn0.3Fe2.35O4. (R:Li, Fe, or Zn).
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Fig. 4. Frequency dependences of the complex permittivity of samples:

(A) belt-like Li0.35Zn0.3Fe2.35O4; and (B) nickel-coated carbon fibers.
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nickel-coated carbon fibers microwave absorber are shown
in Figs. 4 and 5, respectively. From Fig. 4, it can be found
that, the ‘‘er’’ of the Li0.35Zn0.3Fe2.35O4 microbelt increases
with the increase in frequency. And the resonance peak
appears in the curves. This could be due to the loss process
during the oscillation of the dipoles under the influence of
the TEM wave that dominates in the high-frequency
regime. Ref. [20] reported that the dielectric loss presents
different loss mechanisms as the frequency increases. When
the frequency is relatively low, the loss is determined by
the leak conductance and the loss is independent of the
frequency. As the frequency increases to microwave
frequency band, the mechanisms are relaxation polarization
loss and electric conductance loss. The increase in the
imaginary component of the permittivity as the frequency
increases may be the consequence of the increase of the
relaxation polarization loss and the electric conductance
loss.

The complex permittivity for the Li0.35Zn0.3Fe2.35O4

microbelt and nickel-coated carbon fibers microwave
absorber is shown in Fig. 5.The imaginary part ‘‘mr’’ of
the complex permittivity increases with increasing
frequency. The imaginary part ‘‘mr’’ of the complex
permittivity for Li0.35Zn0.3Fe2.35O4 microbelt is higher than
that of the nickel-coated carbon fibers (especially in the
3–4 GHz). This is because the Li0.35Zn0.3Fe2.35O4

microbelt is a micropore-like magnetic material. Thus the
magnetic loss of micro-pore structure is larger.

Electromagnetic parameters (m0,m00,e0,e00) are the intrinsic
features of absorbing materials. The normalized input
impedance (Z) with respect to the impedance in free space,
and reflection loss (RL) are given by

Z¼

ffiffiffiffiffi
mr

er

r
tanh �j

2p
c

� �
ð
ffiffiffiffiffiffiffiffi
mrer
p

Þfd

� �

RLðdBÞ ¼ �20 log
ðZ�1Þ

ðZþ1Þ

����
����

� �

where mr and er are the relative complex permeability and
permittivity of the absorber medium, respectively, f and c

are respectively, the frequency of microwave in free space
and the velocity of light, and d is the sample thickness.
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Fig. 6 shows the calculated reflection loss as a function
of frequency for samples. The microwave absorbance of
the samples can be predicted from RL in which the larger
the negative value of RL, the greater the microwave
absorption properties of materials. The most important
and interesting observation is that the reflection loss is
found to depend sensitively on the content of Li0.35Zn0.3-
Fe2.35O4 micro-belts absorber. For the sample F, the
microwave absorbance of the sample in the frequency
bands is very low. For the sample A,B,C, the microwave
absorbance of the sample increases with the increasing
content of the Li0.35Zn0.3Fe2.35O4 microbelt in the compo-
sites. And the resonance peak of the composites can be
adjusted to lower frequency band by adjusting the content
of the Li0.35Zn0.3Fe2.35O4 microbelt. And the band width
bellow �5 dB increased with the increase in the Li0.35Zn0.3-
Fe2.35O4 content. When the content of the nickel-coated
carbon fibers is higher than 40%, the resonance peak of
the composites lies in the lower frequency. However the
negative of the RL is lower than the samples A, B and C.
This is because the higher ratio of nickel-coated carbon
fibers results in the strong reflex phenomenon of the
incident microwave. The variation of reflection loss results
of the samples is coherent with the variation of the
complex permittivity and permeability (Figs. 4 and 5)of
the sample as the formulas above. The band width below
�5 dB of the sample B is up to 3336 MHz. The structure
of the Li0.35Zn0.3Fe2.35O4 microbelt has an effect on the
microwave absorption behavior of the composites.

4. Conclusions

The Li0.35Zn0.3Fe2.35O4 micro-belts were prepared by
cotton template for the first time. The nickel-coated carbon
fibers were obtained by the electroless plating method.
The formation mechanism of the ferrite micro-belt was
studied. The microwave absorption properties of the
Li0.35Zn0.3Fe2.35O4 micro-belts/nickel-coated carbon fibers
composites were investigated in the frequency range of
30–6000 MHz. The absorbers of the Li0.35Zn0.3Fe2.35O4

micro-belts/nickel-coated carbon fibers composites have
much better microwave absorption properties than the
nickel-coated carbon fibers absorbers, and the microwave
absorption properties of the composites are influenced
by the content of the absorber. The structure of the
Li0.35Zn0.3Fe2.35O4 microbelt has an effect on the micro-
wave absorption behavior of the composites.
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