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a  b  s  t  r  a  c  t

CNTs/SiC  composites  were  synthesized  by  pyrolysis  of  methane  over  SiC  supported  nickel  catalysts.  The
composites  show  good  microwave  absorption  ability  in  the  frequency  range  of  2–18  GHz.  The  pyrolysis
temperature  has  profound  influences  on  the  microwave  absorption  characteristic,  and  700 ◦C is the most
suitable temperature  for preparation  of  the  composites.  The  microwave  absorption  characteristic  is also
influenced  by  the  Ni loading.  By  varying  the Ni loading  from  5 wt.%  to  7.5 wt.%,  the bandwidth  of  reflection
eywords:
bsorber
arbon nanotubes
ermittivity
ermeability

loss  below  −10 dB can  be broadened  by  1.5 GHz  under  the  same  conditions.  For  the composite  obtained
from  7.5  wt.%  Ni loading  and  the  pyrolysis  temperature  of  700 ◦C,  a minimum  reflection  loss  of −37.6  dB
can  be  obtained  at 14.5  GHz  with  a  thickness  of  1.9 mm  and  the bandwidth  of  reflection  loss  below  −10  dB
can reach  5.1  GHz  (from  12.4  to 17.5  GHz)  with  a thickness  of  2 mm.

© 2012 Elsevier B.V. All rights reserved.

ilicon carbide

. Introduction

Due to extensive application requirements in electromagnetic
nterference shielding, microwave absorbing materials (MAMs)
ave been widely studied in recent years [1–4]. Especially, the stud-

es about microwave absorption properties of ferrites and magnetic
etal particles have achieved great progress [5,6]. However, these
aterials usually have large density and are susceptible to corro-

ion. Moreover, ferrites and magnetic metals are apt to decrease
agnetic loss over GHz due to Snoek’s limit, and eddy current and

kin depth, respectively [5–9]. These factors restrict the extensive
pplications of these materials.

Carbon nanotubes (CNTs), known for their unique structure, and
xcellent electrical, thermal and mechanical properties, have been
xtensively studied in many fields such as hydrogen storage [10],
eramic reinforcement [11], electrodes [12], and sensors [13]. As
AMs,  they also perform well for their excellent dielectric loss

bility. CNTs with a helical shape [14], CNTs filled with Fe [15], Co
16], or Ni [17], and CNTs-polymer composites [18,19], have been
eported to have great potentials as MAMs.

SiC is a kind of semiconductor materials. It has good thermal
onductivity and stability, chemical stability, mechanical strength,
nd adjustable electrical conductivity. These properties make it a

ood candidate for MAMs.  To be an efficient absorbent, however, it
ust be surface-modified, composited, or doped with other materi-

ls [20–24].  As electrically conductive materials, CNTs usually have
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relatively large real and imaginary parts of permittivity, which are
difficult to match with the complex permeability [14,25–27].  The
semiconductor property of SiC could help to tailor the complex per-
mittivity of CNTs, and therefore be suitable to match the complex
permeability with a low magnetic metal content.

In this work, SiC supported nickel catalyst was employed to grow
CNTs by pyrolysis of methane to produce in situ CNTs/SiC com-
posites with enhanced microwave absorption ability. The unique
physicochemical properties of SiC and CNTs enable the composites
to be very promising as MAMs,  especially for application in severe
environments.

2. Experimental

2.1. Materials preparation

The SiC used in this work was prepared by a sol-gel method [28]. Its specific
surface area is 35 m2 g−1. Typically, a certain amount of SiC powder was  dispersed
into a 1 wt.% Ni(NO3)2 solution under magnetic stirring. The mass ratio of nickel to
SiC  in the final mixture was in the range of 5–7.5:100. After 12 h stirring, the solution
was dried in a drying oven at 100 ◦C for 10 h, and then calcined in a muffle furnace
at 500 ◦C for 4 h. To grow CNTs, the obtained NiO/SiC catalyst was placed in a quartz
tube and heated to 700 ◦C at a rate of 5 ◦C min−1, under a methane flow of 40 sccm.
The  growth time for all samples was  1 h.

2.2. Materials characterization

The crystalline structures of the samples were characterized by X-Ray diffraction
(XRD) with Cu K� radiation (Model D/max-RB, Rigaku, Japan). The morphologies

of  the composites were observed by field emission scanning electron microscope
(FE-SEM, Model S-4800, Japan) operating at a accelerating voltage of 10 kV, and
by  a high-resolution transmission electron microscope (HRTEM, Model JEM-2100,
Japan) operating at accelerating voltage of 200 kV. Raman spectrum was analysed on
a  Renishaw Invia micro-Raman spectrometer. Thermogravimetric (TG) results were

dx.doi.org/10.1016/j.jallcom.2012.01.050
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Fig. 1. HRTEM images of 7.5 wt.% Ni/SiC catalyst.

btained by a thermal analysis system (Model STA 409 PC, Netzsch, Germany) using
a.  5.0 mg  of samples and a heating rate of 10 ◦C min−1 in air. The complex permit-
ivity and permeability of the composites were measured by a coaxial line method
n  the range of 2–18 GHz with a vector network analyzer (Agilent N5230A, USA).
he  samples were mixed with paraffin (80 wt.%) and pressed into a toroidal shape
ith an external diameter of 7 mm,  an internal diameter of 3 mm,  and a thickness

f  2 mm.

. Results and discussion

Fig. 1 shows the HRTEM images of NiO/SiC catalysts. From Fig. 1,
t can be seen that the diameter of metallic nanoparticles ranges
rom 5 to 15 nm,  and the lattice spacing of the nanoparticle is
.209 nm,  which corresponds to the NiO (2 0 0) crystal plane. Fig. 2
hows the HRTEM images of the CNTs/SiC composites prepared at
he pyrolysis temperature of 700 ◦C. As seen from Fig. 2, the CNTs

ave an inner diameter ranging from 5 to 20 nm and an outer diam-
ter ranging from 20 to 50 nm.  These CNTs are grown on SiC by
he connection of nickel particles (Fig. 2b). Fig. 3 shows FE-SEM
mage of the CNTs/SiC composite. It can be seen from Fig. 3 that the

Fig. 2. HRTEM images of the CNTs/SiC composit
Fig. 3. FE-SEM image of the CNTs/SiC composite prepared from 7.5 wt.% Ni/SiC at
700 ◦C.

surface of SiC is covered by CNTs. Fig. 4 shows the XRD patterns of
the CNTs/SiC composites obtained from different pyrolysis temper-
atures. The main diffraction peaks can be assigned to graphite and
�-SiC. The existence of the graphite peak indicates that the CNTs
are graphitic. There are also characteristic peaks of nickel, which
result from the reduction of nickel oxide by methane. However,
the nickel peaks are relatively weak because of the relatively low
content of nickel.

The graphite properties of the composites are further confirmed
by Raman analysis. The Raman spectra (Fig. 5) of the composites
exhibit two  main peaks, which are characteristic peaks of car-
bon atom bonding state. The D (disordered carbon) band around
1350 cm−1 is a breathing mode of A1g symmetry involving phonons
near the K zone boundary. This mode is forbidden in perfect
graphite and only become active in the presence of disordered car-
bon. The G (graphitized carbon) band around 1590 cm−1 is assigned

to zone center phonons of E2g symmetry. This mode results from
the stretching vibrations of sp2 carbon atoms. In general, the inten-
sity ratio of D to G peaks is used to evaluate the crystallinity of
carbon [29,30]. From Fig. 5, it can be seen that the value of ID/IG

e prepared from 7.5 wt.% Ni/SiC at 700 ◦C.
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Fig. 4. XRD patterns of CNTs/SiC composites prepared from 7.5 wt.% Ni/SiC at dif-
ferent pyrolysis temperatures: (a) 600 ◦C, (b) 700 ◦C, and (c) 800 ◦C.
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ig. 5. Raman spectra of CNTs/SiC composites prepared from 7.5 wt.% Ni/SiC and
ifferent pyrolysis temperatures: (a) 600 ◦C, (b) 700 ◦C, and (c) 800 ◦C.

s the smallest for the sample prepared at the pyrolysis temper-
ture of 800 ◦C. In other words, the crystallinity of carbon in the
ample is the best, and this is also in agreement with the XRD
esults.

Fig. 6 shows the TG curves of the composites. As the pyroly-
is temperature increases, the relative content of carbon increases,
oo. In addition, the burning temperature of the composites
lso increases with the pyrolysis temperature, indicating that
he crystallinity of carbon becomes better to some extent. This
s consistent with the XRD and Raman results. According to
he original ratio of the catalysts and the TG results, the rela-

ive contents of SiC, Ni and CNTs are calculated and showed in
able 1.

able 1
he constituent of different CNTs/SiC composites.

Composite Ni/SiC-600 ◦C Ni/SiC-700 ◦C Ni/SiC-800 ◦C

Mass ratio (SiC:C:Ni) 1:0.46:0.075 1:0.53:0.075 1:0.77:0.075
Fig. 6. TG results of CNTs/SiC composites prepared from 7.5 wt.% Ni/SiC and different
pyrolysis temperatures: (a) 600 ◦C, (b) 700 ◦C, and (c) 800 ◦C.

According to the transmission line theory, the reflection loss
(RL) of the composites can be calculated by the following equations
[31,32].

RL(dB) = 20 lg
∣∣∣Zin − 1

Zin + 1

∣∣∣ (1)

Zin =
√

ε�

��
tan h

[(
2�fdj

c

)
×

√
ε� ��

]
(2)

where Zin is the normalized input impedance in free space, d the
thickness of the absorber, c the velocity of light, f the frequency
of the electromagnetic wave, ε� = ε′ − jε′′ the complex relative per-
mittivity and �� = �′ − j�′′ the permeability of the material.

Fig. 7 shows the frequency dependence of RL of the composites
obtained from different Ni loadings and pyrolysis temperatures.
The match thicknesses of all samples are 2 mm.  It can be seen from
Fig. 7a that the CNTs/SiC composites prepared at the pyrolysis tem-
perature of 700 ◦C exhibit better absorption ability in the frequency
range of 2–18 GHz than the pure SiC. The absorption ability of the
composite obtained from 7.5 wt.% Ni is better than that from 5 wt.%
Ni. It can also be seen from Fig. 7a, the bandwidth of RL below
−10 dB can reach 5.1 GHz (from 12.4 to 17.5 GHz), which is 1.5 GHz
broader than that of 5 wt.% Ni loading under the same conditions.
Moreover, the absorption peak shifts towards low frequency with
the increase of Ni loading. From Fig. 7b, it can be observed that the
composites prepared from the pyrolysis temperatures of 600 ◦C and
800 ◦C show lower absorption ability than that from 700 ◦C. These
results suggest that the pyrolysis temperature has profound influ-
ence on the microwave absorption ability of the composites. Similar
phenomenon has also been observed for pure carbon [33].

Fig. 8 shows the RL of the composite obtained from 7.5 wt.% Ni
loading and pyrolysis temperature of 700 ◦C, with different match
thicknesses. The bandwidth of RL below −5 dB can reach 10 GHz
(from 8 GHz to18 GHz) under the thickness of 2.7 mm.  A minimum
reflection loss of −37.6 dB can be obtained at 14.5 GHz under the
thickness of 1.9 mm.  Moreover, the absorption band can be tuned by
changing the match thickness. For comparison, Table 2 shows the
microwave absorption properties of different absorbers reported
in previous references and this work.
In order to understand the possible absorption mechanism, the
real and imaginary parts of the complex permittivity and per-
meability of the composites were investigated. The real part (ε′)
and imaginary part (ε′ ′) of the complex permittivity represent
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Fig. 7. Frequency dependence of reflection loss of CNTs/SiC composites prepared from different (a) Ni loadings, and (b) pyrolysis temperatures. The match thicknesses of all
samples are 2 mm.

Table 2
Microwave absorption properties of different absorbers in literature and this work.

Absorbers Thickness (mm)  Minimum RL and frequency Bandwidth over −10 dB (GHz) Ref.

Fe-filled CNTs 3.5 −22.7 dB at 15.6 GHz 13.1–17.3 [15]
Co-filled CNTs 6.0 −10.1 dB at 2.1 GHz 2.1–2.2 [16]
Ni-filled CNTs 4.0 −23.1 dB at 8.0 GHz 6.4–11 [17]
Co–P-coated SiC 2.3 −32.0 dB at 6.3 GHz 5.8–8.1 [7]

 GHz 

8 GHz
5 GHz

t
p
p
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e
r
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e
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d

F
d

SiC  nanowires 2.0 −31.7 dB at 8.3
CNTs/T-ZnO/EP 2.2 −23.2 dB at 12.
CNTs/SiC 1.9 −37.6 dB at 14.

he energy storage and dissipation capability, respectively. The
ermittivity loss mainly includes damping loss (arising from the
olarization) and ohmic loss (arising from free charge carriers such
s electrons in conductors, electrons and holes in semiconductors,
nd ions in electrolytes) [33]. Both the effect of damping and ohmic
osses are included in the imaginary part of the complex permittiv-
ty, ε′′ ≈ 1/(2��ε0f), where � is the resistivity [5,34].

From Fig. 9a, it can be seen that the ε′ curve of each sample
xhibits a decrease from 2 to 18 GHz, with some fluctuations in the
ange of 6–18 GHz. Meanwhile, the ε′ ′ curve (From Fig. 9b) exhibits
n increase along with the frequency. Especially, the ε′ ′ curves
f the composites obtained from pyrolysis temperature of 700 ◦C,

xhibit obvious peaks around 16 GHz, suggesting the occurrence of
trong resonance. The dielectric tangent loss (tan ıε = ε′ ′/ε′) of this
omposite is shown in Fig. 10.  The tan ıε values larger than 0.25
istribute from 12.5 to 18 GHz, indicating that the main dielectric

ig. 8. Reflection loss of the composite prepared from 7.5 wt.% Ni/SiC at 700 ◦C, with
ifferent match thicknesses.
7.1–9.6 [23]
 10.9–15.3 [25]
 12.4–17.5 This work

loss occurs in high frequency ranges. In terms of electromagnetic
theory such high dielectric loss should result from the intrinsic
physical property and structure of the CNTs/SiC composite [35].
From Fig. 9b, the CNTs/SiC composite, obtained from 7.5 wt.% Ni
loading and pyrolysis temperature of 700 ◦C, has a higher ε′′ value
than others, indicating that the composite has the highest electri-
cal conductivity. This also suggests that the pyrolysis temperature
has significant influence on complex permittivity of the compos-
ites. Meanwhile, the Raman results (Fig. 5) show that the composite
has the highest ID/IG, which means that it has relatively more disor-
dered carbon, rather than crystalline carbon. The disordered carbon
has more defects and dangling bonds, which can increase the inter-
face scattering and induce the polarization at high frequency. The
disordered carbon is also helpful to the formation of conductive
networks. These factors then cause a current loss and energy dis-
sipation that both help to increase the dielectric loss. In addition,
the interfacial polarization and the associated relaxation occurred
at the interfaces among SiC, Ni and CNTs also help to increase the
dielectric loss.

The measured real and imaginary parts of permeability (�′and
�′′) are shown in Fig. 9c and d, respectively. It can be seen that �′ and
�′′ of the samples are almost constant, 1 and 0, respectively, due to
the relatively low content of nickel. The composites obtained from
700 ◦C, however, have relatively larger �′ and �′′. This suggests
that the pyrolysis temperature of methane also has influence on
the complex permeability of the composites.

In general, the magnetic loss of magnetic materials originates
mainly from magnetic hysteresis loss, domain wall resonance, eddy
current effect, natural resonance and exchange resonance. How-
ever, the natural resonance and exchange resonance are the main
magnetic loss factors when the frequency is up to GHz. Accord-
ing to Aharoni’s theory [36], the exchange resonance occurs at a
higher resonance frequency than natural resonance. This predic-

tion is proved in carbon-coated Ni nanocapsules [5],  MCNTs filled
with Co nanoparticles [16], and carbon–silica–Fe nanocomposites
[37]. Therefore, it can be seen from Fig. 9c, the small resonance
peak around 5 GHz can be attributed to natural resonance, and the
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ig. 9. The measured real (ε′) and imaginary (ε′′) parts of the complex permittivi
omposites.

ther two resonance peaks (around 10 GHz and 17 GHz) can be
ttributed to exchange resonance. The effect of natural resonance is
elatively low in these composites. Both �′′ and ε′′ begin to increase
ear 12 GHz for the composites obtained from 700 ◦C. This indicates
hat the increased ε′′ accompanies with the increase of �′′. Similar
ehavior has also been observed in carbon–silica–Fe nanocompos-

tes [37], and CNTs/carbonyl iron [38]. Possibly, the defects and the
angling bonds of carbon, and the interfaces among SiC, Ni and CNTs
elp to enhance the exchange resonance. Furthermore, the forma-

ion of conductive networks increases the electrical conductivity
nd simultaneously induces a magnetic field, which contributes
o magnetic loss. Indeed, it can be seen from Fig. 10 (the tangent
oss of 7.5 wt.% Ni/SiC-700 ◦C sample), the microwave attenuation

ig. 10. The tangent loss of the composite prepared from 7.5 wt.% Ni/SiC at 700 ◦C.
 the real (�′) and imaginary (�′′) parts of the complex permeability of CNTs/SiC

of this composite results mainly from dielectric loss rather than
magnetic loss.

4. Conclusions

A new kind of CNTs/SiC microwave absorber has been prepared
by pyrolysis of methane on Ni-loaded SiC. The CNTs/SiC composites
exhibit good microwave absorption ability in the frequency range
of 2–18 GHz. For the composite obtained from 7.5 wt.% Ni loading
and pyrolysis temperature of 700 ◦C, a minimum RL of −37.6 dB
can be obtained at 14.5 GHz under the thickness of 1.9 mm and
the bandwidth of RL below −10 dB can reach 5.1 GHz (from 12.4 to
17.5 GHz) under the thickness of 2 mm.  The RL comes from both
dielectric loss and magnetic loss, but the former contributes more.
Through the combination of SiC and CNTs, the materials exhibit a
suitable complex permittivity to match the complex permeability
with a low magnetic metal content. The composites are lightweight,
corrosion-resistant, mechanically strong and thermostable candi-
date for microwave absorption.
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