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Basalt fiber/nickel core–shell heterostructures with different thicknesses of nickel shells are fabricated
successfully. The electromagnetic parameters of basalt fiber/nickel-paraffin composites ranging from 8.2
to 12.4 GHz (X band) are measured for investigating the microwave absorption properties. The electro-
magnetic parameters of basalt fiber/nickel are several times higher than those of naked basalt fibers due
to the formation of the core–shell interface. The measured results indicate that effective electromagnetic
match is realized in the whole X band. The values of complex permittivity and permeability of basalt
fiber/nickel increase monotonically with the increasing thicknesses of the nickel shells. It is interesting
omposite materials
lectromagnetic properties
icrowave absorption properties

that the reflection loss of basalt fiber/nickel do not show the monotonic character with the increas-
ing thicknesses of the nickel shells. The basalt fiber/nickel with the nickel shell thickness about 300 nm
shows the strongest reflection loss. The value of reflection loss is more than 15 dB in the whole X band
and reaches 40 dB at 8.9 GHz, while the naked basalt fibers hardly exhibit any microwave absorption.
The excellent microwave absorption properties of the basalt fiber/nickel core–shell heterostructures are

ctrom
attributed to the good ele

. Introduction

With the development of radar and microwave communica-
ion technology, the study of microwave absorbing materials has
ttracted worldwide attention due to their applications in high-
nergy storage systems, electromagnetic interference shielding
nd radar systems [1–8]. In recent years, nanoscale structures, par-
icularly one-dimensional (1D) nanostructures, provide a kind of
nteresting candidates for microwave absorbers [9–17]. Microwave
bsorption properties of materials are determined by the complex
ermittivity (ε′ − jε′′), complex permeability (�′ − j�′′), electro-
agnetic impedance match, and their microstructures. Many

esearch works have shown that these nanostructures represent
igh complex permittivity, particularly in low-frequency regions.
common point of view is that the space-charge polarization and

nterface polarization give rise to the high permittivity of nanos-

ructures, due to large interface and high density of defects of
he nanostructures [18–22]. Nevertheless, the imbalance of the
lectromagnetic parameter match is still an important problem
o be solved. Generally, the excellent microwave absorption is
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agnetic match between the dielectric loss and magnetic loss.
© 2010 Elsevier B.V. All rights reserved.

believed to result from the efficient complementarities between
the relative permittivity and permeability. Either only the dielec-
tric loss or only the magnetic loss may induce weak microwave
absorption due to the imbalance of the electromagnetic match [23].
For better electromagnetic match, ferromagnetic core–shell struc-
tures, such as CNTs/Fe [24,25], CNTs/CoFe2O4 [26], Fe3O4/SnO2
[27], and ZnO-coated iron nanocapsules [28], have been fabricated
by various methods [29–32]. The core–shell structures show the
microwave absorption better than the pure core or shell mate-
rials [31,32]. However, the complicated fabrication process of
these core–shell structures has been challenging for putting such
core–shell structures into commercial applications. Therefore, it is
significant to search other approaches to fabricate core–shell struc-
tures with excellent microwave absorption. In previous works, we
have fabricated basalt fiber/nickel core–shell heterostructures and
investigated the effect of the orientation of the heterostructures on
the electromagnetic properties [33,34]. Based on these results, we
fabricate basalt fiber/nickel core–shell heterostructures with dif-
ferent thicknesses of nickel shells and investigate their microwave
absorption properties. Moreover, the corresponding mechanism is

discussed.

2. Experimental

The basalt fibers with an average diameter of 9 �m and length of 1 cm were
used in the experiment. According to previous works [33,35], the basalt fiber/nickel

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:caomaosheng@bit.edu.cn
mailto:yuanjie4000@sina.com
dx.doi.org/10.1016/j.jallcom.2010.01.143
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ore–shell heterostructures were fabricated via the following process: (1) Basalt
bers were pretreated prior to the deposition of nickel. In brief, 0.5 g basalt fibers
ere introduced into 200 mL HF/HCl solution, 200 mL SnCl2 solution, and 200 mL

dCl2 solution in sequence for 5 min for the deposition of Pd–Sn catalytic nuclei on
he surface of basalt fibers. (2) The as-treated basalt fibers were dispersed in 200 mL
eactive solution, which was composed of 0.25 M NiCl2·6H2O, 0.09 M NiSO4·6H2O,
.084 M NaH2PO2·2H2O, 1.84 M NH4Cl, and 0.09 M Na2C6H5O7·2H2O. The solution
as adjusted to a pH value of ∼9.0 by adding NH3·H2O. And then the mixture was

ept at 50 ◦C for the reaction process. The obtained fibers were washed several
imes with distilled water and dried at room temperature. The as-prepared sam-
les were denoted by samples A, B and C for the reaction times 10, 20 and 30 min,
espectively.

The structures of the naked basalt fibers and the basalt fiber/nickel were
nvestigated by X-ray diffractometer (XRD, Rigaku, D/max-RB, Cu-K�). The mor-
hologies and components of the naked basalt fibers and the basalt fiber/nickel
ere characterized by a scanning electron microscope (SEM, HITACHI S-3500N), an

nergy dispersive spectrometer (EDS, OXFORD INCA) and an X-ray photoelectron
pectroscope (XPS, PHI 5300, Mg-K�). The electromagnetic parameters (complex
ermeability and complex permittivity) of the samples were measured in the X band
from 8.2 to 12.4 GHz) by an ANRITSU 37269D vector network analyzer. The samples
sed for the electromagnetic measurement were prepared by dispersing the naked
asalt fibers and the basalt fiber/nickel (samples A–C), cut into about 3 mm into
elting paraffin with a weight fractions of 10%, respectively. Then these mixtures
ere molded into a hollow pipe of a rectangular waveguide cavity with dimen-

ions 22.9 × 11.0 × 2.7 mm3 for the complex permittivity and complex permeability
easurements. The distribution of the basalt fibers and the basalt fiber/nickel in the

amples is random. The paraffin, with its dielectric constant of approximately 2.2 and
ielectric loss tangent of about 1 × 10−3, is an ideal candidate for an electromagnetic
indow material.

. Results and discussion

.1. Microstructure analysis

Fig. 1 shows the XRD patterns of the naked basalt fibers and the
asalt fibers/nickel core–shell heterostructures. It is obvious that
he diffraction peaks of nickel can be observed in the XRD pattern
f the basalt fibers/nickel heterostructures. Fig. 2(a) shows the SEM
mage of the naked basalt fibers with smooth surfaces and Fig. 2(b)
hows the morphologies of the basalt fiber/nickel core–shell het-
rostructures (sample B). It can be seen that the surfaces of the
asalt fibers have been coated by uniform and continuous nickel

hells. The section image of the basalt fiber/nickel core–shell het-
rostructures is shown in Fig. 2(c), which also indicates that the
asalt fibers are coated by continuous nickel shells in thicknesses
f about 100 nm. Fig. 2(d)–(f) shows the element maps of Ni, Si
nd O in the selected area in Fig. 2(c), respectively. The O-map is

ig. 1. XRD patterns of (a) basalt fiber/nickel core–shell heterostructures and (b)
aked basalt fibers.
ompounds 495 (2010) 254–259 255

just the same as the Si-map and shows a circular feature, which
clearly indicates that the oxygen originates from the basalt fibers.
However, the Ni-map shows an annular feature, revealing that the
nickel originates from the shells. The results demonstrate that the
surfaces of the basalt fibers have been well coated by continuous
and uniform nickel shells which are composed of pure nickel rather
than its oxide. Fig. 3(a) shows the XPS of basalt fiber/nickel and
the inset is a high-magnification SEM image of the nickel shells.
The oxygen peaks and carbon peaks in the XPS in Fig. 3(a) come
from the contamination of the XPS equipment. It is obvious that
nickel peaks present in the XPS of basalt fiber/nickel core–shell het-
erostructures, but not in the XPS of naked basalt fibers, as shown
in Fig. 3(b). The high-magnification SEM image indicates that the
nickel shells are composed of nickel nanoparticles with diameters
of about 15–65 nm.

Fig. 4(a) shows the schematic illustration of the fabrication of
basalt fiber/nickel core–shell heterostructures. Firstly, Pd–Sn cat-
alytic nuclei are formed on the surfaces of the naked basalt fibers,
which act as seeds for the deposition of Ni. Secondly, the basalt
fibers with Pd–Sn catalytic nuclei are introduced into the chem-
ical reaction solution, the redox reaction occurs on the Pd–Sn
catalytic nuclei, and Ni2+ is reduced to the metal nickel. Thirdly,
the reduced nickel promotes the proceeding of the redox reac-
tion as nickel is an autocatalytic metal, and the reduced nickel
particles are adsorbed on the surfaces of the basalt fibers. Thus
the basalt fiber/nickel core–shell heterostructures are formed. By
adjusting the reaction time, the basalt fiber/nickel core–shell het-
erostructures with the nickel shells of different thicknesses can be
successfully obtained. Fig. 4(b)–(d) shows the SEM images of sam-
ples A, B and C, respectively. The insets are the high-magnification
SEM images. The average thicknesses of the nickel shells for sam-
ples A, B and C are approximately 70, 300 and 700 nm, respectively.
The nickel shells are uniform and continuous. Even with only sin-
gle 70-nm nickel shells coated on the surfaces of the basalt fibers
(Fig. 4(b)), no obvious crack can be seen on the surfaces of nickel
shells.

3.2. Electromagnetic properties of basalt fiber/nickel

The electromagnetic parameters of basalt fiber/nickel core–shell
heterostructures as well as naked basalt fibers and paraffin com-
posites are investigated in the X band. Fig. 5(a) shows the SEM
image of basalt fiber/nickel-paraffin composites and Fig. 5(b) shows
the fracture surface of the composites. It can be seen that the
basalt fiber/nickel heterostructures disperse in the paraffin matrix
randomly. The holes observed in Fig. 5(b) present as a result of
the evulsions of basalt fiber/nickel during the preparing process.
The electromagnetic parameters of naked basalt fibers and basalt
fiber/nickel core–shell heterostructures are shown in Fig. 6. It is
found that the electromagnetic parameters of basalt fiber/nickel
are much higher than those of naked basalt fibers and are sensitive
to the thicknesses of the nickel shells. The values of the complex
permittivity (ε′ and ε′ ′) increase explicitly with the increasing thick-
nesses of the nickel shells, as shown in Fig. 6(a) and (b). The ε′ value
of naked basalt fibers has a constant of 2.35, slightly larger than that
of the paraffin. The ε′ values of samples A and B decrease slightly
with the increasing frequency, with average values of about 5 and
8, respectively. The ε′ value of sample C decreases from an initial
high value of 25.6 to 12.2 as the frequency increases. The ε′ ′ values
of samples A–C are higher than 1 and the highest value of sample
C reaches 19.47. The ε′ ′ value of sample C exhibits a fluctuant fea-

ture with a reverse trend to ε′, i.e., ε′ ′ gradually increases with ε′

decreasing when the frequency changes from 8.2 to 12.4 GHz. Even
with only 70-nm nickel shells coated on the basalt fibers (sam-
ple A), ε′ ′ is almost two order of magnitudes higher than that of
naked basalt fibers (from ∼0.05 to ∼1). Fig. 6(c) and (d) shows the
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ig. 2. SEM images of (a) naked basalt fibers and (b) basalt fiber/nickel core–shell h
eterostructures. (d)–(f) Maps of nickel, silicon and oxygen of the selected area in (

omplex permeability of naked basalt fibers and basalt fiber/nickel
eterostructures. It can be seen that the real permeability �′ of the
aked basalt fibers is approximately 1.0 and the imaginary perme-
bility �′ ′ is about 0.01, which indicates that the naked basalt fibers
re nearly nonmagnetic. For samples A–C, �′ and �′ ′ increase with
he increasing thicknesses of the nickel shells, showing a similar
rend with the permittivity. Based on the data in Fig. 6, we cal-
ulate the dielectric loss tangent tan ıe (ε′′/ε′) and the magnetic
oss tangent tan ım (�′′/�′), as shown in Fig. 7. Both tan ıe and
an ım of basalt fiber/nickel heterostructures have been strongly
nhanced as compared with that of the naked basalt fibers. More-
ver, tan ıe and tan ım of basalt fiber/nickel increase monotonically
ith the increasing thicknesses of the nickel shells. The values of

an ıe of basalt fiber/nickel are in the range of 0.15–1.57, depending
n the frequency and thicknesses of nickel shells, whereas those of
an ım are in the range of 0.04–0.19. This reveals that the basalt
ber/nickel heterostructures are high-loss materials and effective

omplementarities between the dielectric loss and the magnetic
oss are realized.

In general, two mechanisms are considered to be responsi-
le for the nature of frequency-dependent permittivity of the
core–shell”-type nanocomposites: space-charge polarization and
tructures (sample B). (c) Cross-sectional image of the basalt fiber/nickel core–shell

dipole polarization [36,37]. Space-charge polarization is caused
by charge accumulation at the heterogeneous interface and is
more prominent at lower frequencies. In the basalt fiber/nickel
heterostructures, dipole polarization is the major mechanism for
permittivity enhancing. Dipole polarization is lossy and leads to
the increase of complex permittivity of the basalt fiber/nickel het-
erostructures. Moreover, according to the dielectric theory, crystal
lattice defects will lead to electron relaxation polarization in the
external electric field by forming weak bound electrons. For nickel
particles with particle sizes of about 15–65 nm, there are lots
of defects on the surfaces of nanoparticles such as dislocations,
vacancies and dangling bonds. These defects may lead to elec-
tron relaxation polarization, which will attenuate electromagnetic
wave. As a consequence, the values of complex permittivity of
basalt fiber/nickel heterostructures are much higher than that of
the naked basalt fibers. It is clear that the complex permeability
of the basalt fiber/nickel heterostructures originate from the nickel

shells rather than the basalt fibers. As we know, nickel is a ferromag-
netic metal and magnetization occurs in the nickel particles in the
external electromagnetic field. The easy magnetization direction of
the nickel particles is along the depositional direction of the nickel
shells. During the magnetization process, magnetic domain form an
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Fig. 3. XPS of (a) basalt fiber/nickel core–shell heterostructures and (b) naked basalt
fibers. Inset in (a) is the high-magnification SEM image of the nickel shell.

Fig. 4. (a) Schematic illustration of fabrication for basalt fiber/nickel c
ompounds 495 (2010) 254–259 257

array along the depositional direction of the nickel shells. However,
small thicknesses of the nickel shells may resist the magnetiza-
tion process, which may lead to the increase of the magnetic loss.
Thus, the basalt fiber/nickel heterostructures show a good electro-
magnetic match, which is favorable for the microwave absorption
properties.

3.3. Microwave absorption properties of basalt fiber/nickel

The reflection losses RL of the naked basalt fibers and samples
A–C is calculated by the following equations based on the transmit-
line theory [38]:

zin =
√

�r

εr
tanh

[
j
(

2�

c

)√
�r

εr
fd

]
, (1)

RL (dB) = 20 log
∣∣∣ zin − 1

zin + 1

∣∣∣ , (2)

where Zin is the normalized input impedance, c is the veloc-
ity of electromagnetic waves in free space, f is the frequency of
microwaves, and d is the thickness of the absorber (in our case,
d = 3 mm). The calculated results of RL are shown in Fig. 8. It is clear
that the naked basalt fibers hardly exhibit any microwave absorp-
tion. However, RL increases obviously when the basalt fibers are
coated by the nickel shells with thicknesses of about 70 nm (sam-
ple A), 300 nm (sample B) and 700 nm (sample C). For sample A, RL
is more than 10 dB in the range of 9.2–12.4 GHz and increases up to
nearly 20 dB. RL of sample C is in the range of 5.3–7.9 dB in the whole

frequency investigated. However, RL of sample B is more than 15 dB
in the whole X band and reaches 40 dB at 8.9 GHz, which is better
than or comparable to those of CNT/Fe nanocomposites [24,25],
Fe3O4/SnO2 core/shell nanorods [27], hollow glass spheres/nickel
core/shell composite [39] and Ni/C nanocapsules [40]. The excellent

ore–shell heterostructures. (b)–(d) SEM images of samples A–C.
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Fig. 5. SEM images of (a) basalt fiber/nickel-paraffi

icrowave absorption properties of basalt fiber/nickel core–shell
eterostructures are attributed to the effective complementari-
ies between the dielectric loss and the magnetic loss as described
bove. It is interesting that RL of basalt fiber/nickel does not increase
onotonically with the increasing thicknesses of the nickel shells.
ccording to the impedance match condition, the electromagnetic
arameters corresponding to A (dB) attenuation are as follows
41]:

′ = �c

2dω
c tanh

(
�

2
tan ıe

)
1 − 10−A/20

1 + 10−A/20
, (3)

( ) −A/20

′′ = ε′ × tan ıe = �c tan ıe

2dω
c tanh

�

2
tan ıe

1 − 10

1 + 10−A/20
, (4)

′ = �c

2dω
tanh

(
�

2
tan ım

)
1 + 10−A/20

1 − 10−A/20
, (5)

ig. 6. Electromagnetic parameter of naked basalt fibers (up-triangles), samples A (right
ermittivity, (c) real and (d) imaginary part of permeability.
posites and (b) fracture surface of the composites.

�′′ = �′ × tan ım = �c tan ım

2dω
tanh

(
�

2
tan ım

)
1 + 10−A/20

1 − 10−A/20
, (6)

where ω = 2�f is the angular frequency and f is the measure-
ment frequency. From Eqs. (3)–(6), it is clear that A (dB) is
the coupling results of thickness, frequency and electromagnetic
parameters. In this case, complex interaction occurs between the
basalt fiber/nickel heterostructures and high-frequency electro-
magnetic wave. Therefore, different thicknesses of nickel shells
cause different electromagnetic parameters for samples A–C, as
shown in Fig. 6. The change of the frequency-dependent electro-
magnetic parameters may lead to the deviation of the impedance

matching condition. Thus, RL of basalt fiber/nickel heterostructures
do not show any monotonic character with the increasing thick-
nesses of the nickel shells. The results demonstrate that the basalt
fiber/nickel core–shell heterostructures will be good candidates for
applications in microwave absorption devices.

-triangles), B (squares), and C (circles) in X band: (a) real and (b) imaginary part of
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Fig. 7. (a) Dielectric loss tangent tan ıe and (b) magnetic loss tangent tan ım of naked
basalt fibers (up-triangles), samples A (right-triangles), B (squares), and C (circles)
in X band.
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ig. 8. Reflection loss of naked basalt fibers (up-triangles), samples A (right-
riangles), B (squares), and C (circles) in X band. The thickness of absorber is 3 mm.

. Conclusions

In summary, we have fabricated basalt fiber/nickel core–shell
eterostructures with different thicknesses of the nickel shells
nd investigated the microwave absorption properties of basalt
ber/nickel heterostructures. The electromagnetic parameters of
asalt fiber/nickel have been greatly enhanced as compared with
hat of the naked basalt fibers. The basalt fiber/nickel core–shell
eterostructures present high reflection loss, while the naked
asalt fibers hardly exhibit any microwave absorption. It is inter-

sting that the reflection loss of basalt fiber/nickel does not show
onotonic character with the increasing thicknesses of nickel

hells, whereas electromagnetic match plays an important role
n microwave absorption of basalt fiber/nickel core–shell het-
rostructures. The basalt fiber/nickel core–shell heterostructures

[

[
[

[
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with dielectric cores and ferromagnetic shells may become attrac-
tive for applications of microwave absorptive materials.
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