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ABSTRACT

Designing high-performance microwave absorption materials become a
prominent demand with the rapid development of information technology. In
this work, needle-like morphology of aluminum nitride (AIN) decorated multi-
walled carbon nanotubes (MWCNTs) as microwave absorbers has been suc-
cessfully fabricated through a facile oil bath treatment. The MWCNTs/AIN
composites exhibit outstanding microwave absorption performance with dif-
ferent content of MWCNTs, and the mass ratio of MWCNTs/AIN to paraffin is
2:3. The minimum reflection loss can reach to — 47.34 dB at 9.12 GHz when the
absorber thickness is 2.9 mm and the effective absorption bandwidth is
3.28 GHz with the composites containing 7 wt% MWCNTs. More importantly,
the lowest density of MWCNTs/AIN composites can reach 0.316 &+ 0.0294 g/
cm®, which is beneficial for practical applications. The significant improvement
in microwave absorption properties of MWCNTSs/AIN is major attributed to the
enhancement of impedance matching, dielectric loss and multiple scattering by
introducing different content of MWCNTs. This work might build an ideal to
design novel lightweight, high-performance and broaden applications of
microwave absorption materials, which can be widely used in practical fields
under special conditions.
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Introduction Owing to excellent dielectric properties, carbon-

Due to the development of anti-electronics devices,
network technologies and small-scale communica-
tion equipment, much attention has been focused on
microwave absorbing materials to solve the growing
problems of electromagnetic interference and pollu-
tion, which could influence the property and widely
applications of electronic equipment, even bring
serious threats to information safety and the human
health [1-4]. Although numerous remarkable
accomplishments have been achieved by designing
high-performance microwave absorbing materials,
traditional microwave absorbing materials are still
restricted in practical application due to their poor
stability and high density. The ideal microwave
absorbers require ultra-thin, lightweight, broad
bandwidth and strong absorption [5-7].
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based materials have attracted much attention in the
last few years for the field of electromagnetic wave
absorption application [8, 9]. Multi-walled carbon
nanotubes (MWCNTs) as a typical one-dimensional
carbon-based material, which possesses low density,
high specific surface area and outstanding physical
performance, have been widely studied as high-effi-
ciency microwave absorbing material [10-12]. Nev-
ertheless, the electromagnetic attenuation of
MWCNTs caused by the single dielectric loss and the
poor characteristic of synergistic effect requires
improvement as microwave absorber [13-15].

In general, there are two criteria to evaluate a good
microwave absorber: strong microwave absorption
and broad bandwidth. Therefore, inducing magnetic
nanoparticles onto or into the surface of MWCNTs is
an effective approach to enhance the microwave
absorption capacity of MWCNTs [16-21]. Li et al. [10]
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fabricated the coated CNTs with optimized Fe;O4
nanocoating structure via solvothermal method and
the RL i, reached — 28.7 dB with the widest band-
width of 8.3 GHz. Zhang et al. synthesized carbon-
coated RGO/CoFe,Os hollow particles-modified
MWCNTs composites, and the corresponding RL
bandwidth was 13.1 GHz with thickness from 1.2 to
4 mm [22]. Zhang et al. [23] fabricated a CoFe,O4/
CNTs nanocomposite through solvothermal method.
The results showed that RL of CoFe,O,/CNTs
nanocomposites reached — 15.7 dB with the band-
width of 2.5 GHz when the solvothermal tempera-
ture increased to 260 °C. However, most of the
reported materials show low resistance to severe
conditions (high temperature, strong acid and alkali,
high mechanical strength, etc.). Consequently, it is a
promising and meaningful to design and fabricate
novel microwave absorbing materials by choosing
unconventional materials with excellent performance
in other aspects.

Owing to low thermal expansion coefficient, high
thermal conductivity and the strong resistance to
molten metal erosion, aluminum nitride (AIN) as a
good heat-resistant material has been attracted con-
siderable interest in the fields of microelectronic and
optoelectronic devices [24, 25]. Besides the thermal
conductivity of MWCNTs and AIN as microwave
absorber, the good dielectric property of AIN is rare
reported [26]. Introducing AIN and the defects of
MWCNTs are conducive to enhance dielectric,
polarization and synergistic effect of MWCNTs/AIN
composites, which might be beneficial to achieve the
goal of ideal absorber design and be applied to more
critical fields with relative restrict conditions.

In this work, we prepared MWCNTs/AIN com-
posites with superior absorption performance by a
one-step method. The results indicate that the RLyin
value of MWCNTs/AIN composites reaches
— 4734 dB at 9.12 GHz with a thickness of 2.9 mm
and the effective absorption bandwidth is 3.28 GHz
when the content of MWCNTs increases to 7 wt %.
We proposed a possible microwave absorption
mechanism for interfacial interaction and synergistic
effect. This work may pave the way for designing
novel absorbing materials with lightweight and high-
performance.
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Experimental section
Materials and reagents

All chemicals reagents in our experiment are analyt-
ical grade and used without further purification.
DMF (N, N-Dimethylformamide) and absolute etha-
nol are provided from Li Anlong Pharmaceutical
Chemical Reagent Co. Ltd (Tianjin, China). MWCNTs
of 5-10 pm in length and 30-50 nm in diameter are
purchased by Xianfeng nanomaterial science and
technology Co. Ltd (Nanjing, China). AIN
nanopowders with 5-10nm in diameter and
80-120 nm in length are obtained from Chaowei
nanotechnology Co. Ltd (Shanghai, China). In addi-
tion, absolute ethanol and deionized water were used
to clean products.

Synthesis of MWCNTSs/AIN composites

The fabrication of MWCNTs/AIN composites is
illustrated in Fig. 1. The MWCNTs were treated by
strong acid solution under stable ultrasonication to
functionalize MWCNTs with -OH or -COOH.
Afterward, the products were washed with deionized
water till their pH value was close to 7, and then the
functionalized MWCNTs were dried at 70 °C for
24 h. Next, different content of functionalized
MWCNTs (20, 50, 70 and 100 mg) and AIN
nanopowders (0.98, 0.95, 0.93 and 0.9 g) were dis-
persed into 300 mL dimethyl formamide (DMF)
ultrasonication for 2 h. Thereafter, the dispersion was
transferred to a flask with condenser and followed
with stirring at 120 °C for 8 h. Finally, the precipitates
were rinsed with deionized water and absolute
ethanol many times and followed with drying in
oven at 85 °C for 24 h, the MWCNTs/AIN compos-
ites were obtained.

Characterizations

X-ray diffractometer (X'Pert, NL) with Cu K « radi-
ation (1 = 1.541 A) was applied to analyze composi-
tion and phase structure of samples through X-ray
diffraction (XRD) patterns. The morphology analyses
were performed on transmission electron microscopy
(TEM, TF20-FEI, USA) and scanning electron micro-
scopy (SEM, JSM-5600LV, Japan). The chemical
bonds of the samples were analyzed by Fourier
transform infrared (FTIR) spectra within the range of
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Figure 1 The synthesis schematic illustration for MWCNTs/AIN composites.

600-3600 cm ™. The existing disordered and ordered
crystal structures of carbon-based materials were
tested by HR-800 Raman Spectrometer (HJY, FRA)
equipped with a He-Ne Laser. The Brunauer-Em-
met-Teller (BET) surface area was measured by N,
adsorption—desorption isotherms.

Measurements of electromagnetic
performance

The different contents of MWCNTs/AIN (0 {S-0}, 2
{S-2}, 5 {S-5}, 7{S-7} and 10 {S-10} wt%) were mixed
through paraffin wax (2:3) and molded into cylin-
drical shape with outer and inner diameter of
700 mm and 3.04 mm. The relative permittivity
((&y = ¢ —j¢")) and permeability ((u, = ' —u")) as
core index for electromagnetic parameters to estimate
the absorption performance of composites. The
complex permittivity (e;) and permeability (u) of
MWCNTs/AIN-paraffin samples were measured on
a vector network analyzer (VNA, N5232B, Agilent) at
room temperature with the transmission coaxial
method in the range of 2-18 GHz.

Brief mechanism

A possible microwave absorption mechanism is
depicted in Fig. 2. It is well known that a part of the
incident electromagnetic waves cannot be absorbed
on the surface of absorbing materials and other
electromagnetic waves enter inside of materials
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then occur multiple reflections and multiple scat-
tering until are attenuated as possible and finally
the surplus waves are transmitted. It is expected
that the input impedance of materials can close to
that of free space by design in order to improve the
absorption efficiency of materials for electromag-
netic wave energy [27]. The network structures of
MWCNTs play a critical role in increasing trans-
mission of electromagnetic waves due to the pres-
ence of effective permittivity. What's more, the
“bridge-frame” connections between MWCNTSs and
AIN in the network structure might prolong the
propagation paths for electromagnetic waves and
improve the attenuate efficiency of the incident
electromagnetic waves. The dielectric loss is nor-
mally considered composed of polarization loss and
conductivity loss according to the Debye theory
[28]. Herein, the interactions between MWCNTs
and AIN interfaces lead to the appearance of the
interfacial polarization and the surface functional
groups could also induce the dipole polarization. In
addition, MWCNTs/AIN composites can create
conductive network environment for charges
migrating and hopping.

Results and discussion

Figure 3 presents the XRD patterns of different con-
tent of MWCNTs/AIN samples. The diffraction
peaks at 20 = 33.29°, 36.15°, 37.82°, 49.89°, 59.49°,
66.04°, 69.78°, 71.51° and 72.68° of MWCNTs/AIN
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Figure 2 Schematic illustration of the possible electromagnetic
wave absorption process in MWCNTSs/AIN composite absorber
a Multiple reflections and scatterings, b TEM image of MWCNTs/
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Figure 3 a XRD patterns and b the magnified peaks of different content of MWCNTSs/AIN.

can be assigned to (100), (002), (101), (102), (110),
(103), (200), (112) and (201) crystal planes of AIN
(JCPDS No. 25-1133), respectively [29]. In addition,
the characteristic diffraction peaks of MWCNTs at
26.17° which ascribe to (002) crystal planes (JCPDS
No. 26-1076) are also observed in MWCNTs/AIN
samples [30]. Figure 2b shows that the peak’s inten-
sity of MWCNTs/AIN increases with the increase in
MWCNTs content. Besides MWCNTs and AIN pat-
terns, no other diffraction peaks are found, it

demonstrates the obtained composites maintained
the individual phase as prepared [31].

Figure 4 displays the microscopic morphology of
different content of MWCNTs/AIN samples. As
shown in Fig. 4a, SEM images of pure MWCNTs
exhibit the typical tube structure with diameter of
30-50 nm. Figure 4b demonstrates the nano-scale
AIN are densely stacked with irregular distribution.
Figure 4c-d shows the morphology of sample of
S-7. The AIN nanoparticles are decorated on the

@ Springer



J Mater Sci (2021) 56:9807-9823

500 nm

500 nm
e

500 nm

S00 nm <

500 nm

S00 nny 3 500 nm
= ——s

500 nm

Figure 4 SEM images of a MWCNTs, b AIN, ¢, d S-7, e S-2, i S-5, m S-10 and the corresponding EDS images of S-2 (f-h), S-5 (j—

1) and S-10 (n—p).

surface of MWCNTs, part of the AIN plays a role of
junctions to connect the neighboring MWCNTs and
yield the network. Besides, the morphologies of S-2,
5-5 and S-10 are also presented in Fig. 4e, i, m for
comparison. It can be clearly observed that the
presence of MWCNTs is increasing and the increase
in the twining degree may change the path of
charges propagation in the composites. Energy-
dispersive X-ray spectroscopy (EDS) is performed
to identify the element distribution and chemical
compositions of the samples. Figure 4(f-h), (j-1) and
(n—p) shows the distribution of C, Al and N ele-
ments in S-2, S-5 and S-10, respectively, it demon-
strates successful synthesis of MWCNTs/AIN,
which is consistent with the XRD data. The formed
MWCNTs network structures through AIN might
enhance the electrical conductivity due to the
formed conductive paths and it could potentially
improve the permittivity and allow MWCNTs/AIN
composites to perform an excellent property of
microwave absorption.
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The microscopical and morphology of MWCNTs,
AIN and MWCNTs/AIN (S-2, S-5, S-7 and S-10)
composites are studied by TEM. Figure 5a-b clearly
shows typical tube structure of the MWCNTs with
the outer and inner cavities diameter of 4045 and
8-16 nm, respectively. Figure 5c shows the needle-
like morphology of AIN nanoparticles with the
length of about 100 nm and a diameter ranging from
5 to 10 nm. For S-5 (Fig. 5d-f), it shows that the sur-
face of MWCNTs is attached with slightly agglom-
erated AIN, it is attributed to chemical bonds
between MWCNTs and AIN. For comparison,
Fig. 5 g-i presents the morphology of S-2, S-5 and
5-10, respectively. It reconfirms that the gradually
increased content of MWCNTs results in the serious
twining and stacking. Meanwhile, AIN with different
degree of agglomerate is not uniformly decorated on
the surface of MWCNTs. These modifications are
harmful to the free-transfer of electrons and decrease
the dielectric loss properties of composites. The
results indicate that the conductive matrix of
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Figure 5 TEM images of a, b MWCNTs, ¢ AIN, d—f S-7, g S-2, h S-5 and i S-10.

MWCNTs could tune the dielectric loss performance
and determine the final absorption property of
MWCNTs/AIN composites with the proper content
of MWCNTs.

The densities p of the as-prepared samples can be
calculated by the formula: p = my/v, v = (m1—my)/
Pwater and the density of deionized water used is
defaulted to 1 g/cm’ in this density measurement
where m; and m, are regarded as the weights of
equivalent products in air and in deionized water.
Figure 6a shows the densities of MWCNTs, AIN, S-2,
S-5, S-7 and S5-10. Obviously, AIN has the lowest
density, which is 0.850 + 0.0154 g/ cm3, and the
densities of MWCNTs/AIN samples gradually
increase as the content of MWCNTs increases in the
final composites. The density of S-2 is
0.683 £+ 0.0184 g/ cm3, which the density of 5-10 is
0.316 & 0.0294 g/cm®. These results indicate that the
densities of the as-obtained samples can be easily
adjusted through changing the content of MWCNTs

in the MWCNTs/AIN composites. The specific sur-
face areas of S-2, S-5, 5-7 and 5-10 are measured by
the N, adsorption-desorption isotherms. As pre-
sented in Fig. 6b, the specific surface area of S-2, S-5,
S-7 and S-10 is 45.66, 57.31, 59.32 and 61.72 m*/g,
respectively. This tendency is major attributed to the
increased content of MWCNTSs and their high specific
surface area. The result indicates that the good sta-
bility of MWCNTs/AIN morphology with the dif-
ferent content of MWCNTs is beneficial for the
enhancement of microwave absorption performance
of MWCNTs/AIN composites.

Figure 7a shows the Raman spectra of MWCNTs,
AIN and MWCNTs/AIN (S-2, S-5, S-7 and S-10)
composites in the range of 500-3500 cm™'. For
MWCNTs, there are three dominant Raman peaks at
1332, 1579 and 2651 cmfl, which are corresponding
to the first-order vibration of sp> (D band), the sec-
ond-order vibration of sp (G band) and the in-plane
vibration of sp® bond (2D band), respectively [16].
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Figure 6 a Densities of MWCNTSs, AIN, S-2, S-5, S-7 and S-10; b N, adsorption—desorption isotherm of S-2, S-5, S-7 and S-10.

The values of Ip/I; for S-2, S-5, S-7 and S-10 are 0.77,
0.79, 0.81 and 0.82, respectively, which are stronger
than that of MWCNTs (Ip/Ic = 0.69). The increase in
Ip/Ig values indicates the reducing of average size
sp> and the enlarging of defects and disorder degree
of MWCNTs/AIN composites with the increase in
MWCNTs content, which are beneficial to the
enhancement of conductivity properties [11]. Besides,
three Raman peaks are observed at 613, 652 and
689 cm ™!, which correspond to the A;(TO), Ey(high)
and E;{(TO) modes of AIN [32]. Significantly, the
Raman peaks (D, G and 2Ds) of the MWCNTSs/AIN
composites compared with MWCNTs and AIN
slightly right shift, which indicates charges redistri-
bution on some interfaces. This is attributing to the
needle-like AIN attached onto the surface of
MWCNTs [12].

FTIR is an influential technique to explain the
changes in chemical structures. Figure 7b—c displays
the FTIR spectra of MWCNTs, AIN and MWCNTs/
AIN (5-2, S5, S-7 and S-10) composites within
3600-600 cm~'. The asymmetric strong and broad
band between 3000 and 3595 cm™' belongs the
stretching vibration of O-H band from carboxylic
groups and adsorbed water molecules on the surface
of MWCNTs. The functionalized MWCNTs present
characteristic graphite structure peak at 1630 cm™"
[33]. Besides, a peak at 1072 cm ™! can be ascribed to
the stretching of carbonyl groups (C=0). The pristine
AIN exhibits two strong characteristic peaks at
around 710 and 3456 cm™!, which belongs to the
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vibration of AIN band and the stretching vibration of
hydroxyl group (-OH), respectively. In addition, a
weaker peak at about 1641 cm™' belongs to in-plane
deformation of -N-H-, which suggests a high reac-
tivity and affinity to water of AIN [29, 34]. For
MWCNTs/AIN (5-2, S-5, S-7 and S-10) composites,
the presence of peaks includes all the characteristic
peaks both MWCNTs and AIN and the correspond-
ing intensity of peaks become much strong with the
increase in MWCNTs content. Moreover, two peaks
at around 2917 and 2856 cm™' correspond to asym-
metric and symmetric stretching vibrations of v,(-
CH,;) and vs(CH,) of MWCNTs [35]. These
characteristic peaks prove that AIN has been grafted
on the surface of MWCNTs, which may play a critical
role in absorption performance of the products.

The microwave absorption performance of mate-
rials is normal estimated by the relative complex
permeability  (y,=u' — ") and  permittivity
(¢, =¢ —j&"). The real ¢and imaginary &’parts of
MWCNTs, AIN and MWCNTs/AIN composites with
the different content of MWCNTs are displayed in
Fig. 8. From Fig. 8a, b, the relative permittivity values
of MWCNTs, AIN and MWCNTs/AIN composites
keep a decreasing tendency with the increase in fre-
quency in the range of 2-18 GHz. Furthermore, the
complex permittivity values of MWCNTs/AIN
composites are less than that of pure MWCNTs,
indicating the introduction of AIN can reduce the &
values. Besides, the ¢ values of S-7 decline from 13.7
to 10.2 within the range of 2-8.5 GHz and then the
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Figure 7 a Raman and b, ¢ FTIR spectra of MWCNTs, AIN and MWCNTSs/AIN (S-2, S-5, S-7 and S-10) composites.

value of ¢ gradually increases till 10.4 GHz to
achieve the maximum of 10.8. Later on, ¢ decreases
over the range from 10.4-14.8 GHz and remains till
18 GHz. For S-2, S-5 and S-10, ¢ decreases from 5.8 to
5.2,12.3 to 5.6 and 17.5 to 9.1, respectively, over the
whole frequency range. Figure 8b presents the &”
values of S5-7 declines from 6.2 to 3.3 with fluctuations
at some frequencies and similar trends are also
observed in S-5 and S-10, while S-2 almost keeps a
constant approximate 0.4 in the range of 2-18 GHz.
We all know that the dielectric loss is an important
factor to estimate the microwave absorption perfor-
mance of materials. The dielectric loss tangents
tand, = ¢ /¢, are presented in Fig. 8c. The dielectric
loss of MWCNTs/AIN composites gradually increa-
ses with the change of AIN content, indicating that

the dielectric loss is improved due to the introduction
of proper content of AIN. The results suggest that
AIN-modified MWCNTs play a critical role in the
conductive behavior, proper content of MWCNTs is
the major effect on the response performance of the
electrical component to determine the absorption
properties of composites within the measured fre-
quency. In addition, the real permeability (1) is
regarded as 1, while the imaginary permeability p” is
close to 0 due to no magnetic materials are additive in
the composites and it also implies that the magnetic
loss is negligible toward the incident electromagnetic
wave.

Debye dipole relaxation based on the calculated
results of the permittivity responses is used to
determine the contribution to the loss behavior of
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dielectric component in the microwave absorber.
Debye dipolar relaxation is often considered as the
mainly exist in dielectric interaction and estimated by
Cole-Cole semicircles, as shown in the following
equations [15, 36]:

8/_]‘8// (1)

& — €0

8r:8°°+1+j27rfr:
Here, in &g, ¢x, 7 and f refer to the static permittivity,
relative dielectric permittivity at high-frequency
limit, polarization relaxation time and frequency,
respectively. Meanwhile, ¢’ and ¢” can be specifically
expressed as the following equations:
& — €

1+ (2nf)*z2

" 27‘Ef‘5<83 - 800)
& = P S
1+ (2nf)°72

¢ =ey +

(2)

(3)

By further simplifying, the relationship between &
and ¢’ can be depicted as following:

(-5 e (5 g

The plots of & vs. ¢ reveal the obvious change in
loss permittivity and confirm Debye relaxation as a
major reason for dielectric effect, as presented in
Fig. 9a—f. For the Cole-Cole plots of MWCNTs and
AIN, it can be obviously seen that the existence of one
semicircle at most due to conduction loss plays major
role in dielectric loss. Besides, the distorted semicir-
cles suggest that other effects including conductive
loss, interfacial polarization and oxygen defects may
also contribute to the microwave absorption property
[37]. With the increase in the electromagnetic field,
the semicircle radius of the second stage is reduced
due to the damage of the lattice. The defect of
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MWCNTs/AIN composites increases with the
increase in content of MWCNTs to 7%, and the
dielectric relaxation process becomes less obvious,
which caused by the hysteresis of the induced charge.
Based on Debye theory, ¢’ includes conduction and
the relaxation loss [38]. Cao et al. reported the elec-
tron-hopping model, the electrons can migrate or
jump to the reduce graphene oxide (RGO) sheets or
MWCNTs through the defects or interfaces between
RGO sheets or MWCNTs when microwaves pene-
trate into the hybrid nanocomposites [39]. It is certain
that the occurred Debye relaxation could affect the
dielectric relaxations through the interactions
between MWCNTs and AIN [27, 40, 41]. The results
confirm that the various RL values of samples with
different content of MWCNTs are determined by
Debye relaxation effects.

Normally, the electromagnetic absorption proper-
ties of absorbers are depicted by the reflection loss
(RL) values. RL is calculated according to following
equations [40, 41]:

Zin — 2o
Zin +Zo ®)

Zin = Zg\/gtanh {] <27rcfd) ,/urar} (6)

According to Eq. (6), if Z;, is closer to Z, the better
impedance matching could be obtained and it could
improve the microwave absorption properties of
MWCNTs/AIN composites as absorbers. Herein, Z;,
is the input impedance of absorber, Z; is the impe-
dance of free space, f is frequency, d is thickness of
the samples, c is the velocity of electromagnetic wave
in free space. In order to further study the relation-
ship between RL values and the impedance of the

RL(dB) = 201og
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Figure 9 a—d Cole—Cole semicircles (&” vs. £’): a MWCNTs, b AIN, ¢ S-2, d S-5, e S-7 and f S-10.

samples, Fig. 10 displays the relationship between Z;,,
and Z, of AIN-, MWCNTs-, S-2-, S-5-, S-7- and S-10-
based absorbers with different thicknesses. The
brown horizontal line in Fig. 10 indicates that value
of Zin/Zy is 1 and if the distance among the as-pre-
pared samples is closer to the brown line, the corre-
sponding impedance matching is a better one. As
shown in Fig. 10a, b, both the Z values of AIN and
pure CNTs are all far from 1 and the highest Z;,,/Z,
value is about 10.8 and 0.43, respectively, proving
that the impedance matching performance of AIN
and MWCNTs is the weakest. From Fig. 10c, the Z;,,/
Z, values of 5-2 are far from 1 and the highest Z;,,/Z,
value is 3.7, proving that the impedance matching
property of S-2 is the poorest. With the increase in
AIN content, the Z;,/Z, values of S-5 (Fig. 10d) can
be significantly improved. The best Z;,/Z, value is
the closest to 1 at around 7 GHz at 3.5 mm. As shown
in Fig. 10e, the Z;,/Z, values of almost all thicknesses
of S-7 are very close to 1 and the best Z;,/Z, value is
closest to 1 at frequency around 8 GHz at a thickness
of 3.0 mm and it can be assumed that the best RL
should appearance at this situation around. As can be
seen from Fig. 10f, the Z;,/Z, values of S-10 are far
from 1 except the relative better Z;,/Z, value is 1.2 at
around 15 GHz at 1.5 mm, and the impedance
matching values get worse with the further increase
in AIN content. Therefore, the impedance matching

values of samples can be obviously improved with
proper AIN content and they play an important role
in improving the properties of microwave absorption
in MWCNTs/AIN composites as absorbers.

Figure 11 displays the electromagnetic absorption
properties of AIN, MWCNTs, S5-2, S-5, 5-7 and 5-10 at
thicknesses of 1.0-6.0 mm. As shown in Fig. 11a, b, ¢
and d, the RL,,;, values of AIN and MWCNTs are
less than — 3 and — 8 dB with all thicknesses,
respectively, which confirm poor microwave
absorption performance of AIN and pure MWCNTs.
Figure 11e—f displays the RL values of S-2 versus
frequency, which are tunable through changing
thickness of the samples. The value of RL,;, reaches
to —21.65dB at 17.12 GHz with a thickness of
5.9 mm. Result indicates that certain amount of AIN
can significantly improve the absorption properties of
MWCNTs, which attributes to the dielectric property
of AIN. Figure 9g-h shows the RL,;, of S5-5 reaches
— 41.37 dB at 7.44 GHz with a thickness of 3.4 mm.
Figure 9i—j presents the optimal RL,;, value of 5-7 is
— 47.34 dB at 9.12 GHz with a thickness of 2.9 mm
and the effective absorption bandwidth is 3.28 GHz
(7.68-10.96 GHz). Moreover, the whole frequency
range (3.5-18 GHz) can be covered with corre-
sponding effective absorption bandwidth through
choosing proper thickness of the sample. However,
barely absorption performance is obtained from the
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Figure 10 The relationship between Z;, and Z, of a AIN-, b MWCNTs-, ¢ S-2-, d S-5-, e S-7- and f S-10-based absorbers with different

thicknesses.

sample with a thickness of 1.0 mm. This kind of
composite demonstrates that microwave absorption
properties are different with thicknesses of absorbers.

@ Springer

As can be seen from Fig. 9k-1, S-10 value of RL iy, is
— 2758 dB at 14.72 GHz with a thickness of only
1.6 mm, which indicates the microwave absorption
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Figure 11 Microwave
absorption properties of the as-
prepared samples based
absorbers: a, b AIN, c,

d MWCNTs, e, f S-2, g, h S-
5,1,j S-7 and k, 1 S-10.
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property of S-10 is weaker than that of the sample of
5-5 and S-7. The results clarify that both the needle-
like AIN and proper content of MWCNTs

Table 1 The microwave absorption results of AIN, MWCNTs,
S-2, S-5, S-7 and S-10

Samples RL ., (dB) Thickness (mm) Bandwidth (GHz)
AIN — 2.80 6.0 0

MWCNTs — 7.45 1.0 0

S-2 — 21.65 59 1.84

S-5 — 4137 34 2.48

S-7 — 47.34 2.9 3.28

S-10 — 27.58 1.6 4.64

(a) o,

6.0 I bandwidth (GHz)
. [ thickness (mm)
5.5 1
-]0-
5.0 4
4.5 1
& 201 4.0
=2 3.5
-
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significantly affect the electromagnetic wave absorp-
tion property of MWCNTs/AIN composites. What's
more, the electromagnetic wave absorption ability of
the products reduces when the content of MWCNTSs
exceeding to 7%. The reason may be attributed to the
weakening of the binding force between MWCNTs
and AIN. With further increase in AIN agglomeration
onto the surface of MWCNTs, the modified network
structure of MWCNTs/AIN composites is hard to
form due to the increase in the intertwining and
deformation between MWCNTs and all of the results
is consistent with the impedance matching changes of
the as-obtained samples. Besides, all the microwave
absorption properties of the samples including RLin,

MWCNTs AIN ~ S-2 S-5

(C) 1000
—e—AIN

800 { —A—S-2
—v—S-§
——S-7
—<4—S-10

(=)

[—3

(]
1

400

200

Attenuation constant

—a—MWCNTs

Figure 12 a Frequency dependence of reflection loss of
MWCNTs, AIN, S-2, S-5 and S-7 and S-10 samples with a
thickness of 2.9 mm, b effective bandwidths and thicknesses
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corresponding to the best RL values of the as-obtained samples
and c the corresponding attenuation constants.
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thickness and the effective bandwidth are summa-
rized in Table 1.

To compare the electromagnetic wave absorption
property of MWCNTs, AIN, S-2, -5, 5-7 and 5-10, the
related RL with a thickness of 2.9 mm is chosen and
the results are shown in Fig. 12a. The RL,,;, values of
S-5, S-7 and S-10 with the thickness of 2.9 mm are
—36.12, — 47.34 and — 14.08 dB, respectively. On
contrary, MWCNTs, AIN and S-2 show little RL
values, and the results show that it is meaningful to
prepare MWCNTs/AIN composites with different
MWCNTs contents to further study the microwave
absorption properties of samples. Figure 12b presents
effective bandwidths and thicknesses corresponding
to the best RL values of the as-obtained samples.
Normally, the strong microwave attenuation capacity
is also determined by microwave absorbers.
According to the transmission line theory, the
microwave attenuation abilities of materials can be
required by the attenuation constant (), which are
calculated as the followed equation [42, 43]:

o
¢
% \/(#//8// _ #/8/) + \/('u”g” _ M’S’)z—l—(ﬁlu” + 8”,[/)2
(7)

The relationship between attenuation constant o
and frequency of MWCNTs, AIN, S-2, S-5, 5-7 and
5-10 is illustrated in Fig. 12c. Obviously, the
MWCNTs have the largest o values. However, the
corresponding impedance matching is very poor in
2-18 GHz and thus the microwave absorption per-
formance of MWCNTs is significantly weak. Besides,
the o values of S-7 are higher than those of AIN, S-2,
5-5 and S-10 within the range of 2-18 GHz, indicating
that S-7 possesses the best microwave absorption
owing to moderate impedance matching and strong
attenuation loss, which is consistent with the results
of RL.

Conclusion

In this work, MWCNTs/AIN network structured
composites have been successfully synthesized by a
facile method. The results show that different content
of MWCNTs and needle-like AIN can significantly
affect the microwave absorption property. S-7 exhi-
bits the optimum RL,;, value, it can reach to

9821

— 47.34 dB at 9.12 GHz with a thickness of 2.9 mm
and the effective absorption bandwidth of 3.28 GHz.
The outstanding microwave absorption property is
ascribed to the modified network structure, the con-
tent of MWCNTs and synergistic effect between
MWCNTs and AIN. It is expected that carbon-based /
AIN composites might be powerful absorbing mate-
rials with ultra-thin thickness, wide bandwidth and
high-efficient performance and widely used in prac-
tical fields.
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