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ABSTRACT: Ideal electromagnetic attenuation material should not only shield the
electromagnetic interference but also need strong absorption. Lightweight microwave
absorber with thermal stability and high efficiency is a highly sought-after goal of
researchers. Tuning microwave absorption to meet the harsh requirements of thermal
environments has been a great challenge. Here, grape-like Fe;O,-multiwalled carbon
nanotubes (MWCNTSs) are synthesized, which have unique multiscale-assembled
morphology, relatively uniform size, good crystallinity, high magnetization, and favorable
superparamagnetism. The Fe;0,-MWCNTs is proven to be a smart microwave-absorber
prototype with tunable high intensities in double belts in the temperature range of 323—
473 K and X band. Maximum absorption in two absorbing belts can be simultaneously
tuned from ~—10 to ~—15 dB and from ~—16 to ~—25 dB by varying temperature,
respectively. The belt for reflection loss <—20 dB can almost cover the X band at 323 K.
The tunable microwave absorption is attributed to effective impedance matching,
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benefiting from abundant interfacial polarizations and increased magnetic loss resulting from the grape-like Fe;O, nanocrystals.
Temperature adjusts the impedance matching by changing both the dielectric and magnetic loss. The special assembly of
MWCNTs and magnetic loss nanocrystals provides an effective pathway to realize excellent absorbers at elevated temperature.
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B INTRODUCTION

With the rapid increase of electric information technology, such
as the high speed processors, information counterwork, satellite
communication, and broadband radar, the negative influence
from electromagnetic radiation on the environment and human
health has become increasingly severe. Electronic devices can
generate considerable heat emission and release undesirable
electromagnetic radiation, which would compromise the
function and lifetime of the nearby electric components. An
ideal electromagnetic attenuation material could not only shield
the electromagnetic interference (EMI) but also exhibit strong
absorption to keep the surrounding environment clear.
Additionally, the heat emission would also influence the
performance of attenuation materials. Therefore, tuning
microwave absorption (MA) to meet the harsh requirements
of thermal environments has been a great challenge. Thermally
stable, highly efficient, and lightweight MA materials are highly
demanded to attenuate and even eliminate adverse electro-
magnetic waves effectively in a wide range of processes
including national defense security, electronic safety, healthcare,
and so on.' >

Some kinds of conventional MA candidates, such as
ferroelectric, ferrites, and carbides, are widely investigated.é_8
Although good MA performance appears in some cases, the
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drawbacks, including high density, large thickness, and high
loading content, have severely limited their practical
applications. In recent years, carbon materials, such as ordered
mesoporous carbon,” carbon nanotubes,'®™*® carbon nano-
coils,” reduced graphene oxides and graphene,l%28 etc., have
exhibited potential application in MA. Multiwalled carbon
nanotubes (MWCNTs) and their heterostructures, as light-
weight absorbers, have been extensively researched due to the
high specific surface areas and carrier mobility.”” > Unfortu-
nately, pure MWCNTs or the ones decorated with dielectric
loss materials suffer from improper electrical conductivity or
poor impedance matching due to single dielectric loss. It has
been realized that the combination of dielectric and magnetic
loss materials could be an effective solution to improve MA
capacity.36_49 Fe;O, nanoparticles are important magnetic
functional nanomaterials with extensive applications. They have
been proven to exhibit potential MA properties whenever they
are the only component or one component in heterostruc-
tures.”’">> However, the applications of MA materials should
pay great attention to harsh thermal environment factors. Only

Received: June 23, 2015
Accepted: August 18, 2015
Published: August 18, 2015

DOI: 10.1021/acsami.5b05595
ACS Appl. Mater. Interfaces 2015, 7, 19408—19415


www.acsami.org
http://dx.doi.org/10.1021/acsami.5b05595

ACS Applied Materials & Interfaces

Research Article

Scheme 1. (A—D) The Synthesized Process of Grape-Like Fe;0,-MWCNTs; (E) Photograph of SiO,-Matrix Composite
Loading with Fe;0,-MWCNTs for Dielectric Test; (F) SEM Image of the Multiscale-Assembled Grape-Like Fe;O,-MWCNTSs
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few works have focused on the evolution law of MA
performance with changing temperature.”*®> More important,
the study on the electromagnetic impedance matching of
magnetic material/dielectric material at elevated temperature
still remains unexplored up to date. In addition, although there
have been works on the MA capacity of MWCNT decorated
with Fe;O, particles, all the microstructures of the hybrids are
similar and single.”***** Novel microstructures of the hybrids
of MWCNT and Fe;O, deserve to be further studied. In our
previous work, we have fabricated a hybrid with new
microstructure consisting of MWCNT and Fe;O, crystals.
This work is the further investigation of our previous work.”
Here, we fabricated multiscale-assembled grape-like Fe;O,-
MWCNTSs by coprecipitation. We demonstrated dielectric and
MA properties of the nanostructure in the temperature range of
323—473 K and X band. Results show that the nanostructure
possesses double-belt absorption; the maximum absorptions are
—24.8 and —14.3 dB in the belts, separately. The belt for
reflection loss (RL) < —20 dB can almost cover the X band at
323 K. More significantly, the double belts can be
simultaneously tuned by varying temperature, which confirms
that the grape-like Fe;O,-MWCNTs is a promising prototype
for lightweight and smart absorber at elevated temperature.

B RESULTS AND DISCUSSION

The synthesized process of Fe;O,-MWCNTs is shown in
Scheme 1A—D. The supernatant containing well dispersed
MWCNTSs can be obtained by treating the neutral aqueous
solution of the acid-treated MWCNTSs with ultrasonic cell
disruptor. Without drying treatment, the supernatant was
concentrated and directly added with NH,Fe(SO,),-12H,0
and (NH,),Fe(SO,),-6H,0. This process could keep the
dispersity of MWCNTs in the solution. As shown in Scheme
1C,D, Fe;0, nanocrystals were synthesized by the coprecipi-
tation of Fe’* and Fe** under the presence of NH;-H,O. The
Fe;O, nanocrystals were bounded on the MWCNTSs probably
through the hydrogen band. The combination among Fe;O,
nanocrystals is likely aroused by the magnetic dipole—dipole
attraction.”” Products with different reaction times (5, 15, and
30 min) were collected to study the synthesized process,
Sample I, Sample II, and Sample III, respectively. Figure S1I

shows the morphology of three samples. First, one or several
Fe;O, nanocrystals are immobilized on the MWCNTs; then,
the nanocrystals are assembled into Fe;O, clusters, which
finally become bigger to be grape-like clusters. Scheme I1F
reveals a macroscopic assembly of the network interconnected
by individual MWCNTs or Fe;O, clusters. Scheme 1D—F
exhibits the multiscale assembly of grape-like Fe;O, and
MWCNTs.

The crystal structure of the end-product Sample III was
identified by the X-ray diffraction (XRD) patterns in Figure 1A.
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Figure 1. XRD (A) and Raman spectrum (B) of grape-like Fe;O,-
MWCNTSs and pure MWCNTs.

All the diffraction peaks marked with red bars can be indexed to
the cubic spinel structure of Fe;O,. No other diffraction peaks
of impurities could be found.*® The characteristic peak centered
at ~26.5° indicates that MWCNTs were well preserved during
the synthesis process of the heterostructures, which could also
be proven by the almost unchanged intensity ratio of D and G
band in the Raman spectrum of Fe;O,-MWCNTSs and pure
MWCNTs in Figure 1B.

The micromorphology of Sample III is shown in Figures 2
and 3. As shown in Figure 2A,B, several or dozens of Fe;O,
nanocrystals aggregate and are bounded on the MWCNTs,
which look like grape clusters hung on the grapevine as shown
in Figure 2C. The scanning electron microscopy (SEM) images
in Figure 2D show that grape-like Fe;O, nanocrystal clusters
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Figure 2. (A, B) Colored TEM images of multiscale-assembled grape-
like Fe;0,-MWCNTSs; (C) photograph of a bunch of grapes; (D)
SEM image of the Fe;0,-MWCNTs with various morphologies; (E—
G) three kinds of morphologies magnified from the green circles 1, 2,
and 3 in (D), respectively.

are randomly decorated on the MWCNTs. Figure 2E shows
that one grape-like Fe;O, nanocrystal cluster is hung on the
MWCNT. Figure 2F,G shows the other situations of the
junctions between MWCNTs and the clusters. The trans-
mission electron microscopy (TEM) images in Figure 3A,B
further infer that grape-like Fe;O, nanocrystals are decorated
on the MWCNT. Figure 3C is the diffraction profile generated
by the inserted SAED pattern, which indicates the cubic spinel
structure of Fe;O,, keeping consistent with the XRD results. As
shown in Figure 3D,E, the Fe;O, nanocrystals with relatively
uniform size are spherical and mostly around 6—16 nm in
diameter. The particle size distribution of Fe;O, nanocrystals is
relatively concentrated (Figure S2). Adjacent Fe;O, nanocryst-
als grow together tightly; the Fe;O, nanocrystals are bounded
on the surface of the MWCNT as shown in Figure 3F,G. The
interfaces marked with a green dashed line in Figure 3H-]
further indicate that the lattice mismatch generates abundant
interfaces among dozens of Fe;O, nanocrystals and MWCNTs.
These interfaces generate polarizations and capacitor-like
structures, which have significant influences on the dielectric
and electrical properties of grape-like Fe;O,-MWCNTs.

The magnetic properties of Sample I, Sample II, and Sample
III were determined by a vibrating sample magnetometer. It can
be seen in Figure 4A that grape-like Fe;O,-MWCNTs
dispersed in deionized water can be rapidly separated within
1 min by an external magnetic field. This phenomenon can be

Figure 3. (A, B) TEM images of multiscale-assembled grape-like
Fe;0,-MWCNTs with different magnifications; (C) diffraction profile
generated by the SAED pattern of the Fe;O,-MWCNTs, the inset was
recorded from the region of (B); (D, E) magnified TEM images of the
regions marked with red circles 1 and 2 in (B), respectively; (F, G)
high-resolution TEM images of the regions marked with red circles at
(D) and (E); (H-J) the combination situation among Fe;O,
nanocrystals and MWCNTs.

further supported by the hysteresis loops of Sample III with a
saturation magnetization of 50.3 emu/g in Figure 4B. The
saturation magnetization gradually increased with the increase
of Fe;O0, amount on the MWCNTs. The Fe;O,-MWCNTs
show no remanence or coercivity, indicating the Fe;O,
nanocrystal cluster possesses superparamagnetism. It is
probably due to the cluster consisting of small nanocrystals
with 6—16 nm diameter, thus retaining their superparamagnet-
ism, while Fe;O, crystals with microsize commonly exhibit
ferromagnetic behavior.’”*® The saturation magnetization
aroused by Fe;O, sufficiently improves the complex perme-
ability of the Fe;0,-MWCNTs.

The real permittivity (&), imaginary permittivity (&), real
permeability (4'), and imaginary permeability (u”) of the
samples loading with grape-like Fe;O,-MWCNTs (Sample III)
were investigated in the frequency range of 8.2—12.4 GHz and
temperature range of 323—473 K. As shown in Figure SA,CE,
both the ¢’ and &” of the Fe;O,-MWCNTSs samples present an
increasing trend with the increase of grape-like Fe;O,-
MWCNTs loading, changing from 3.0 to 8.5 and 0.17 to 8.5,
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Figure 4. (A) The experiment for magnetism and (B) VSM results of the Fe;O,-MWCNTs. Black, red, and blue lines are for Sample I, Sample I,

and Sample III, respectively.
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Figure S. Plots of the complex permittivity and complex permeability
at 323 K (black line), 373 K (red line), 423 K (blue line), and 473 K
(green line) of the samples with (A, B) S wt %, (C, D) 10 wt %, and
(E, F) 1S wt % grape-like Fe;0,-MWCNTs loading versus frequency.

respectively. Both the ¢’ and &” decrease with the increase of
frequency. The relaxation peaks for €” are observed at ~9.9 and
~11.7 GHz. The &” of the samples with S and 10 wt % loading
decreases with increasing temperature, while the &” for 15 wt %
loading monotonically increases with increasing temperature in
the range of 323 to 473 K The &” demonstrates different
temperature dependences with the changing Fe;0,-MWCNTSs
loading, which could also be seen in Figure S3, referring to the
increasing degree of dipole orientation and the decreasing
internal friction aroused by the rotation of the dipoles with
elevated temperature.'”” Similarly, the dielectric loss tangent
(tan &.) of the samples with S and 10 wt % loading decreases

and increases for 15 wt % loading at elevated temperature
(Figure S4).

In Figure SB,D,F, both the y’ and p” indicate a decreasing
trend with the increase of frequency. All the u” of the samples
with different loading concentrations decreases with the
increase of temperature. The relaxation peak for " is observed
at ~11.0 GHz. The p’ and u” range from 1.1 to 1.4 and 0O to
0.13, respectively. As shown in Figure S4, the maximum values
of the magnetic loss tangent (tan §,,) reach to 0.11. All the tan
O of the samples with 5, 10, and 15 wt % loading show a
decreasing trend with increasing temperature. This phenom-
enon is attributed to the weakening effects of temperature to
magnetism.

MA properties were investigated by the reflection loss (RL),
which is calculated using the relative complex permittivity and
permeability according to the transmit line theory. RL is
defined as in the following equations:

RL(dB) = 20log 1Z,, — Z,/Z,, + Z,| (1)

Z, = Ju/etanhlj(2z/c) Jp/ e, fd] @)

where ¢, and pu, are relative complex permittivity and
permeability of the absorber, respectively; Z,, is the normalized
input impedance of the absorber; Z, represents the impedance
of free space; f is microwave frequency; c is the light velocity; d
is the coating thickness. As shown in Figure 6A,B, the RL of the
sample with 10 wt % grape-like Fe;O,-MWCNTs loading is
much better than that of the sample with equal MWCNTs
loading concentration and same sample thickness d of 3.2 mm.
The minimum RL of the Fe;O,-MWCNTs sample is about 3.3
times larger than that of the MWCNTSs sample. When changing
the d, the maximum MA of the MWCNTs sample could be
achieved at the d of 2.1 mm. It can reach ~—10 dB, which is
still quite weaker than that of the Fe;O,-MWCNTs sample
(Figure SS). The bandwidth of the sample with10 wt % grape-
like Fe;0,-MWCNTs loading reaches about 3.7 GHz for RL
<-10 dB in the whole test temperature range of 323—473 K,
which almost covers the full X band.

Perfect MA materials need the synergy of dielectric loss and
magnetic loss. As a result, the input impedance of the MA
materials is closer to the impedance of free space, and more
energy of the incident EM waves can be attenuated inside the
absorbers, leading to a high efficiency EM absorption.
Therefore, the introduction of magnetic loss is very important
for the enhancement of MA performance. In this work, the
enhanced MA properties of Fe;O,-MWCNTs samples are
attributed to the synergistic effect between dielectric MWCNT's
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Figure 6. Microwave absorption properties of the samples (A) loaded
with 10 wt % MWCNTs versus that of the samples (B) loaded with 10
wt % grape-like Fe;O,-MWCNTs; (C, D) The illustration for main
polarizations and conductivity pathways. Red arrows represent
hopping electrons; black arrows represent migrating electrons.

and magentic Fe;O, nanocrystals. According to the Debye
theory, the &” represents the dielectric loss, which consists of
both polarization loss and conductivity loss. The polarizations
include the interfacial polarizations existing in the abundant
interfaces among grape-like Fe;O, nanocrystals and MWCNTs,
as well as the dipole polarizations caused by surface functional
groups, defects on/in treated MWCNTSs as shown in Figure
6C.** Meanwhile, due to 1D structure and high conductivity &
of MWCNTs, Fe;O0,-MWCNTs can build a conductive
network in the sample for electrons hopping and migrating as
shown in Figure 6D. The formation of the network may also
benefit from increased conductive pathways aroused by Fe;O,
clusters. Figure S6 shows the &” contributed by the & (¢!) of
the composites with S, 10, and 15 wt % grape-like Fe;O,-
MWCNTs loading. With the increase of loading concentration,
the o increases, and the & also increases considerably.
However, it can be seen that & is less than 0.05, which is

much smaller than all the &” for the samples with all three
loading concentrations. Therefore, the polarization loss is a
main contribution to the dielectric loss of the Fe;O,-MWCNTs
samples.

The magnetic loss also contributes to the MA performance.
The magnetic loss of the samples probably originates from
exchange resonance,”** which could be enhanced becuase the
radii of Fe;O, nanocystals fall in the range of the exchange
length ~10 nm.”*>" Natural resonance generally appears at
low frequency below 8.2 GHz, and the eddy current loss in the
Fe;0,-MWCNTSs can also be ignored according to the
unsteady value of u”(u')™*f" for the samples with different
loading concentrations under various temperatures in Figure
= 3942

The Fe;O, amount on the MWCNTs, loading concentration,
sample thickness, and temperature have significant effects on
the MA performance of the samples loading with grape-like
Fe;0,-MWCNTs. The sample with 10 wt % loading has better
MA than the samples with S and 15 wt % loading (Figure S7).
In Figure 8A—D, the sample with 10 wt % loading shows
thermally stable, highly efficient, and tunable MA performance
under different thicknesses and in the frequency range of 8.2—
12.4 GHz and temperature range of 323—473 K. It could be
seen that the samples with 3.2 mm possess the best MA
performance. Meanwhile, double-belt absorption can be seen in
the investigated range; it is superior to common single-belt
absorption.”"”** The maximum absorption in the two belts can
be tuned from ~—10 to ~—15 dB and from ~—16 to ~—25 dB
by varying temperature, respectively. With the increase of
temperature, the intensity in the belt around —14 dB becomes
stronger, while the intensity in the belt around —20 dB remains
high. The belt for reflection loss (RL) < —20 dB can almost
cover the X band at 323 K.

The tunable feature of microwave absorption is attributed to
the changeable impedance matching conditions and microwave
attenuation in the interior absorber adjusted by varying the
temperature.””*® Elevated temperature could decrease or
increase the dielectric loss for the composites with different
loading concentrations and slightly decrease the magnetic loss
through the weakening effects to magnetism. A proper
impedance matching condition would result in excellent MA
properties. The microwave attenuation in the composites with
10 wt % loading, determined by attenuation constant a, is good
and proper (Figure S8). The ability of varying temperature to
tune absorption intensity indicates that the grape-like prototype
can be a smart absorber.
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Figure 7. Frequency dependence of the u” (') >f' of grape-like Fe;0,-MWCNTSs samples.
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B CONCLUSIONS

In conclusion, multiscale-assembled grape-like Fe;O,-
MWCNTS s were fabricated through the coprecipitation method.
The nanostructure demonstrates strong microwave absoprtion
with tunable double-belt absorption in the temperature range of
323—473 K and X band. The maximum absorption in the two
absorbing belts can be simultaneously tuned from ~—10 to
~—15 dB and from ~—16 to ~—25 dB by varying temperature,
respectively. The tunable absorption is attributed to the
impedance matching, benefiting from abundant interfacial
polarizations and increased magnetic loss resulting from the
grape-like Fe;O, nanocrystals. Our findings provide a pathway
to realize promising lightweight, high efficiency, and smart
absorbers at elevated temperature.

B EXPERIMENTAL SECTION

Materials. MWCNTSs of 5—15 pm in length and 20—40 nm in
diameter were obtained from Shenzhen Nanotech Port Co., Ltd.
(China). HNO; solution (65—68 wt %), ferrous ammonium sulfate
((NH,),Fe(SO,),-6H,0), tetrahydrofuran (THF), ammonia—water,
and deionized water were obtained from the Beijing Chemical Factory;
ferric ammonium sulfate (NH,Fe(SO,),-12H,0) was obtained from
Tianjin Fuchen Chemical Reagents Factory. High-purity SiO, xerogel
nanopowders (99.9999 wt %) were purchased from North Star Special
Ceramics Co., Ltd.. All of the reagents were used without further
purication.

Modification of MWCNTSs. One gram of MWCNTs was refluxed
at 140 °C for 24 h in the mixture including 80 mL of nitric acid and
420 mL of deionized water. After refluxing, the precipitate was washed
several times with deionized water until the pH ~ 7. A dispersed
suspension of MWCNTSs can be obtained by treating the neutral
aqueous solution of the precipitate by an ultrasonic cell disruptor for 1
h.

Multiscale-Assembled Fe;0,-MWCNTs Structure. The pre-
vious method reported was improved.* Typically, 20 mL of the
suspension of MWCNTSs (containing 100 mg of MWCNTs) was
dispersed in 20 mL of aqueous solution containing 0.793 g of
NH,Fe(SO,),12H,0 and 0322 g of (NH,),Fe(SO,),-6H,0. The
mixture suspension was sonicated for 10 min; then, NH;-H,O (5 mL,

19413

25 wt %) was dropwise added. After that, it was vigorously stirred for
coprecipitating reaction at S0 °C for S, 15, and 30 min. The resultant
was centrifuged, and the precipitations were collected and washed
thoroughly with deionized water and ethanol.
Samples. In a typical experiment, the Fe;0,-MWCNTs (S, 10, and
15 wt %) and SiO, xerogel nanopowder (95, 90, and 85 wt %) were
added into the THF solvent with vigorous stirring to evaporate the
solvent completely. A certain amount of the prepared mixture was
pressed into a rectangular shape (22.86 mm X 10.16 mm) for
electromagnetism parameter measurement. The test samples were
adjusted with almost the same thickness of ~1.5 mm. The SiO,-matrix
MWCNTSs samples were fabricated using the same method.
Measurement. XRD measurements were performed on an X'Pert

PRO system (Cu Ka). Raman spectra were obtained on a HORIBA
Jobin Yvon HR800 Raman spectrometer. Magnetic properties were
measured by a Lakeshore 7407 vibrating sample magnetometer
(VSM). SEM images were performed on a Hitachi S-4800 SEM
system. TEM images were performed on a JEM-2100 TEM system,
coupled with carbon or holey carbon coated copper grids. The high
temperature DC conductivity was measured by a Keithley 2601A
System SourceMeter coupled with sample heating equipment. The
complex permittivity and permeability were measured on an Anritsu
37269D vector network analyzer by the waveguide method in the X
band (8.2—12.4 GHz).
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