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Controllable permittivity in 3D FesO4/CNTs
network for remarkable microwave absorption
performances

¢

Lingyu Zhu,T Xiaojun Zeng, & +* Meng Chen and Ronghai Yu*

Carbon-based magnetic composites are promising alternatives to pure magnetic nanoparticles (MO,, M =
Fe, Co, Ni) and spinel ferrites (MFe,O4, M = Fe, Co, Ni, Mn, Zn) as electromagnetic (EM) wave absorption
materials, which however suffer from complex processes and have poor microwave absorption
properties. Herein, we anchored FezO, porous spheres onto carbon nanotubes (CNTs) via a simple
solvothermal method. The formed FezO4/CNTs nanocomposites show a three-dimension (3D) network.
The improved effective bandwidth (3.9 GHz) and, more importantly, remarkable EM microwave
absorption performances (—51 dB at 5.52 GHz) are observed in 3D Fez04/5 wt% CNTs nanocomposites.
The enhanced microwave absorption performances are attributed to the high surface areas and porous
structure of magnetic FesO4 spheres, which presented a good synergetic role with CNTs. Furthermore,
the controllable permittivity in nanocomposites was developed by adjusting the CNT content, which
balanced the permeability to obtain a good impedance matching. This work demonstrates a simple
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1. Introduction

Many efforts have been devoted to develop high-efficiency
electromagnetic (EM) microwave absorption materials because
of their great potential applications in military (improvement of
radar invisible of aircrafts, tanks and targets) and civil (dimi-
nution of unprecedented EM radiation and betterment of EM
compatibility) fields."® One type of microwave absorption
materials, magnetic loss materials, e.g. magnetic nanoparticles
(MO,, M = Fe, Co, Ni)*® and spinel ferrites (MFe,O,, M = Fe,
Co, Ni, Mn, Zn),*** are mostly used as efficient wave absorption
materials. Among these magnetic loss materials, Fe;O, has
received much attention as a result of their proper microwave
absorption abilities, good environmental benignity and low
cost. For example, the minimum reflection loss (RL) value of
triangular Fe;O,4 nanoplates has been reported to be —32.1 dB at
11.7 GHz." The epoxy/Fe;O0,-PPy nanocomposites exhibit
a minimum RL of —35.7 dB with a sample thickness of 1.7
mm."* However, the high density and poor wave absorption
properties block their large-scale applications. The other type of
microwave absorption materials, dielectric loss materials, e.g.
MnO,," Cus,* SiC," BaTiO3,"® single negative materials*® and
carbon-based materials,>»*' are also promising in EM micro-
wave absorption fields. Nevertheless, it is hard to reach a good
impedance matching in these unilateral magnetic loss or
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approach to enhancing the microwave absorption performances of EM wave absorption materials.

dielectric loss materials by adjusting the complex effective
permittivity (¢;) and permeability (u,).*** The carbon-based
magnetic composites have attracted much research attention
as EM microwave absorption materials by virtue of their good
magnetic and dielectric properties along with lightweight and
chemical stability.**

Lightweight, wide-absorption bandwidth and high absorp-
tion intensity, are indispensable for a real application of
carbon-based magnetic composites. Among all the carbon
materials, the multiwalled carbon nanotubes (MWCNTSs) have
attracted considerable attention for their low density, high
chemical stability and interesting electrical properties, espe-
cially tuning their relatively high permittivity is an important
approach for achieving a good impedance matching.>>’
Recently, several MWCNTs-based magnetic nanocomposites
have been reported to exhibit good EM microwave absorption
properties. For example, MWCNTs/Fe composite possessed
a minimum RL of —39 dB at 2.68 GHz with a sample thickness
of 4.27 mm.”® MWCNTs/Fe;0, hybrid reached a RL of —35.8 dB
at 8.56 GHz and with a bandwidth of 2.32 GHz.** Moreover, the
v-Fe,0;-MWNTs/PBO composites, fabricated by loading CNTs
with magnetic y-Fe,O; particles and premixing y-Fe,O3-
MWNTs and PHA in solution followed by in situ cyclo-
dehydration, also obtained optimal minimum RL of —32.7 dB.*°
However, few mitigation strategies have been able to control the
complex effective ¢ to improve the microwave absorption
properties of carbon-based magnetic composites. More efforts
are in urgent need to clarify responsible mechanisms for their
poor absorption performances, and create effective solutions.
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Here, we report a precise adjustment of ¢, for carbon-based
magnetic composites by anchoring uniform Fe;O, porous
spheres onto carbon nanotubes (CNTs), marked as Fe;0,/CNTs,
through a facile one-pot solvothermal method, which is time
and energy-saving. A top-level microwave absorption perfor-
mance of —51 dB at 5.52 GHz was achieved on Fe;0,/5 wt%
CNTs nanocomposites with a three-dimension (3D) network
structure. The modified ¢ presented improved impedance
matching in these nanocomposites, possibly attributed to the
good synergetic effects between magnetic Fe;O,4 porous spheres
and lightweight CNTs. Moreover, the high surface areas and
porous structure of magnetic Fe;O, spheres also contribute to
the enhanced microwave absorption performances with a rela-
tively high bandwidth of 3.9 GHz (RL < —10 dB).

2. Methods

2.1. Preparation of Fe;0,/CNTs

Firstly, ferric chloride hexahydrate (FeCl;-6H,O, 1.08 g) was
added into 32 mL polyacrylamides (PAM, 12.5 g L™ ') aqueous
solution. Then, sodium citrate (2 g), urea (0.36 g) and CNTs (5
wt%, pre-treated by nitric acid) were successively added into the
above solution under magnetic stirring and ultrasonic treat-
ment for 20 min. Afterwards, the obtained mixture was trans-
ferred into a 50 mL Teflon-lined stainless steel and then heated
at 180 °C for 8 h in an electric oven. After cooling the cave to
room temperature, the products were collected by centrifuga-
tion, washed subsequently with deionized water and absolute
ethanol for ten times and then dried at 60 °C under vacuum for
one day. To understand the effects of CNTs content on micro-
wave absorption performances, four samples containing 0, 3, 5,
7 wt% CNTs (marked as Fe30,4, Fe304/3 wt% CNTSs, Fe30,/5 wt%
CNTs and Fe;0,/7 wt% CNTs), were synthesized through the
same process as described above.

2.2. Characterization

The phase structure of samples was performed on X-ray
diffraction (XRD) using a Rigaku D/max 2500PC X-ray diffrac-
tometer with Cu K, radiation. The microstructures and
morphologies of samples were observed by scanning electron
microscopy (SEM, JSM-7500F, JEOL) and transmission electron
microscopy (TEM, JEM-2100, JEOL). Nitrogen absorption and
desorption isotherms were obtained at 77 K on a Quanta
chrome surface and pore size analyzer to characterize the Bru-
nauer-Emmett-Teller (BET) surface area of the samples. An X-
ray photoelectron spectroscope (XPS, ESCALAB 250 X;) with an
Al K, excitation source was applied to probe the surface
compositions and valence states of samples. The hysteresis
loops of samples were conducted on a vibrating sample
magnetometer (VSM, Lakeshore 7307).

2.3. Wave absorption measurements

All microwave absorption measurements were conducted on an
Agilent N5230C network analyzer at the frequency range of 2-18
GHz, as described in our previous work.** To prepare the
measured samples, products (50 wt%) and paraffin wax (50
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wt%) were mixed to form a uniform composites. The obtained
homogeneous mixture was compressed into toroidal shaped
with internal diameter of 3 mm, outside diameter of 7 mm, and
thickness of 3 mm. The measured effective permittivity (¢,) and
permeability (u,) were converted to reflection loss (RL) accord-
ing to the transmission line theory as following equation:*

Zin = Zo(uide)"? tanh[jQ2refdlc)(u,er) '] (1)
RL = 20 10g(Zin — Zo)(Zin + Zo) (2)

where Z;, and Z, are the input impedance and free-space
impedance, respectively. u, and e, are the effective relative
complex permeability and permittivity, respectively. d is the
absorber thickness, fis the frequency of EM wave, and c¢ is the
light velocity.

3. Results and discussion

3.1. Characterization of the Fe;0,/CNTs composites

To determine the optimum conditions for the microwave
absorption performances of Fe;O,/CNTs nanocomposites,
different ratios of Fe;O, and CNTs were examined. As can be
seen in the XRD patterns (Fig. 1a), the diffraction peak at 26.2°
in Fe;O,/CNTs composites suggests the addition of CNTs. The
rest of diffraction peaks in all samples match well with the
crystal planes of the face-centered cubic Fe;O, phase (JCPDS,
no. 99-0073), revealing that the as-prepared Fe;O, are well-
crystallized and high purity. This is also proved by the XPS
spectra (Fig. 1b and c), in which signals of Fe and C element in
Fe;0,/5 wt% CNTs composites are observed. The Fe 2p spec-
trum (Fig. 1b) contains only two characteristic peaks of Fe 2p;,
(723.5) and 2p3,, (709.9 €V), and without satellite peak, indi-
cating the formation of pure Fe;O, phase.*® The C 1s spectrum
(Fig. 1c) consists of four deconvoluted peaks that correspond to
C-C/C=C (284.6 eV), C-0/C-O-C (285.6 €V), C=0 (287.7 eV)
and O-C=0 (290.1 eV), respectively.**** These heteroatoms are
formed during the pretreatment of CNTs. The N, adsorption-
desorption isotherm of Fe;0,/5 wt% CNTs (Fig. 1d) shows
a typical type-IV isotherm with obvious hysteresis loop at
a relative pressure range of 0.45-0.95, which implying the
mesoporous structure of the Fe;O, spheres in composites.
Furthermore, the BET surface area of the composites is 92 cm?*
¢ ' and the pore size is about 4.3 nm. It has been confirmed
that the high surface areas and porous structure are effective for
EM microwave absorption.®**”

Fig. 2 shows the representative SEM (Fig. 2a-d) and TEM
(Fig. 2e-h) images of the Fe;O, sample and Fe;0,/CNTs
composites. It is clear that all of the Fe;O, particles in Fe;0,
sample are spherical and monodispersed with an obvious
porous structure (Fig. 2a and e). Furthermore, the Fe;0, porous
spheres have a uniform distribution of particle size, which can
be ascribed to the modulating effect of surfactant PAM. As
presented in Fig. 2b-d and f-h, Fe;O, porous spheres are
anchored onto CNTs, and the high-conductivity CNTs across
the whole composites and tightly bind the Fe;O, spheres,
resulting in a three-dimension (3D) network, which can bring

This journal is © The Royal Society of Chemistry 2017
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Fig.1 The XRD patterns of samples (a). The XPS spectra of Fe 2p (b) and C 1s (c), and N, absorption—desorption isotherms (d) of Fez04/5 wt%

CNTs composites.

an enhanced permittivity, as reported in the previous works.***°
It is noteworthy that the Fe;O, spheres in Fe;O,/CNTs
composites have rougher surface, smaller size and more inter-
faces than porous spheres in Fe;0, sample, which also improve
the bonding strength and interaction between Fe;O, and CNTs.
The abundant oxygen-containing groups (-COOH, -OH) exist-
ing on the surface of CNTs are beneficial for binding the Fe** via
the electrostatic interaction. As the reaction proceeds, the
initially formed Fe;0, crystals are anchored on the surface of
CNTs and grow to be porous spheres, as shown in the inset of
Fig. 2g. The incident EM microwaves could be dissipated and
absorbed as a result of being repeatedly scattered and reflected
between the interfaces. Thus, the plentiful interfaces exhibiting

in composites can make contributions to microwave absorption
properties through the interface loss.*”** However, the excessive
CNTs in Fe;0,/7 wt% CNTs composites show agglomeration
phenomenon which may do harm to their microwave absorp-
tion performances, as will be confirmed below.

3.2. Magnetic properties of the Fe;0,/CNTs composites

It is generally accepted that the magnetization property highly
affects the microwave absorption ability of an absorber due to
the obvious magnetic loss behavior. As shown in the hysteresis
loops (Fig. 3), all samples exhibit typical magnetization hyster-
esis behaviors of superparamagnetic materials, identifying the
good intrinsic

magnetic properties with high saturation

Fig.2 The SEM and TEM images of FezO4 sample (a and e), Fez04/3 wt% CNTs (b and f), Fez04/5 wt% CNTs (c and g) and FezO4/7 wt% CNTs (d

and h) composites.

This journal is © The Royal Society of Chemistry 2017
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magnetization (M) and low coercivity (H.), which bring a good
permeability and magnetic loss and further make contribution
to the microwave absorption, as discussed in our previous
work.** The M, values are decreased with the increase of CNTs
content in composites, which resulting from the decrease of
magnetic Fe;0, phases. In addition, Fe;0, sample and Fe;O,/
CNTs composites show very low H, values, which can be ascribed
to the high particle symmetry of uniform Fe;0, porous spheres.

3.3. Microwave absorption performances of the Fe;0,/CNTs
composites

The EM absorption performance of an absorber is evaluated by
their EM parameters including complex effective permittivity

View Article Online
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(er=¢ —j¢") and permeability (u, = ' — ju”), where the real parts
(¢ and u') represent the storage capability and the imaginary
parts (¢’ and u”) signify the dissipation ability of EM microwave
energies.** Fig. 4 shows the measured u, and ¢, calculated
magnetic loss (tan ¢,) and dielectric loss (tan ¢,) for the Fe;0,
sample and Fe;0,/CNTs composites. The similar ¢’ and u” values
(Fig. 4a and b) for all samples over the whole frequency range
illustrating their alike ability to store and dissipate magnetic
energies, which owing to the high mass percentage of magnetic
Fe;0, in the composites. It is worth noting that the ¢ and &’
values (Fig. 4d and e) of samples improve greatly with the
increasing of CNTs content, demonstrating that the dielectric
loss and storage capability have been obviously enhanced due to
the increased electric polarization and conductivity resulting
from the proper CNTs addition.”” Meanwhile, the ¢ can be
controlled by regulating the CNTs content. It should, however, be
taken into account that the Fe;0,/7 wt% CNTs show a slightly
lower ¢ and ¢” values than Fe;0,/5 wt% CNTs, which may be
attributed to the agglomeration of excess CNTs.

To help analyze the principle reasons of microwave absorp-
tion of the samples, the tan d,(u”/u’) and tan d.(¢"/¢') are
calculated based on the measured ¢, and u,. The slight differ-
ence in values and tendency of magnetic loss tan ¢, (Fig. 4c)
among four samples agrees well with the above analysis of u’
and u”. Notably, the Fe;0,/CNTs composites maintain
a stronger and more efficient dielectric loss tan 6, (Fig. 4f) than
Fe;0, samples. Especially, the Fe;0,/5 wt% CNTs composites
show the strongest dielectric loss, which may bring an excellent
microwave absorption performance, as will be discussed below.

The high dielectric loss of Fe;0,/CNTs composites encour-
aged us to deeply explore their mechanisms through the theory
of Debye dipolar relaxation. According to the Debye theory, ¢
and ¢” follow the equation:*?

a p——y b o8
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Fig. 4 The measured u, (@ and b) and ¢, (d and e) of FesO,4 sample and Fes04/CNTs composites. The corresponding tan ¢, (c) and tan é, (f) of
those samples. The microwave absorption measurements are performed at the frequency range of 2-18 GHz.
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(€ —ea)’ + (&) = (& — ) (3)
where ¢, and ¢ are the relative permittivity and static permit-
tivity at high-frequency limit, respectively. Hence, the ¢-¢”
curves deduced from eqn (3) would be a semicircle, which is
donated as Cole-Cole semicircle and corresponds to one Debye
relaxation caused by heterogeneous interface polarization.****
The ¢/-¢” curves are displayed in Fig. 5. It shows that only one
distinguishable Cole-Cole semicircle can be observed in Fe;O,
sample (Fig. 5a), implying that there is sole relaxation process
for Fe;O, sample. It is exciting to find that Fe;O0,/CNTs
composites achieved more semicircles, confirming that the
addition of CNTs endows these composites with multiple

dielectric relaxation processes which are ascribed to the inter-
face polarization generated at the interfaces between CNTs and
Fe;0, porous spheres. Surprisingly, the Fe;0,/5 wt% CNTs
composites show four conspicuous Cole-Cole semicircles
(Fig. 5¢), indicating four dielectric relaxation processes, which
makes significant contribution to the enhancement of EM
microwave absorption performance. The enhanced polarization
relaxation is mostly coming from the defects in CNTs, which
can act as polarization centers. Furthermore, the abundant
oxygenic functional groups, as found in above XPS spectra, can
produce electronic dipole polarization caused by the different
electronegativity of heteroatoms.*® Of note, the semicircles in all
¢'-¢" curves are disordered, revealing that besides the dielectric

A

g

1.0—

3.0 3.5 A
4.5 =41 5.0 —H-p.
4.0 qunit: nm) i 6.5——-7.0 (u n
10; 121 14 5118 2 4 8 110 1Zi 114
fi(GHz) f (GHz)
N
6 6 61—\
T £ €
E, Ey E .
- «E o e
2 LV R s BTV 2 YR . BTP) 2 T PR T L iy VP, STV
— 34 = £-304 — 34 v -304 — €3N = o34 — 34 = P304
0 i el ; 0 v 0 P A A T .

2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
)

f(GHz) f(GHz

1 1 0 1 1 1
14 16 18 2 4 6 8 10 12 14 16 18
f(GHz)

2 4 6 8 10 1‘2
f(GHz)

Fig. 6 RL curves of FezO4 sample (a), Fes04/3 wt% CNTs (b), Fe304/5 wt% CNTs (c) and FezO4/7 wt% CNTs (d) composites. The dependence of
tm on f, for FezO4 sample (e) and FesO4/CNTs composites (f—h) at wavelengths of /4 and 31/4.
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Table 1 Microwave absorption performances of various carbon-based magnetic composites in previous reports compared with FesO,4/5 wt%

CNTs composites®

Effective bandwidth Thickness Weight fraction
RLpyin (dB) Frequency range (GHz) (GHz) (RL < —10 dB) (mm) (Wt%) Ref.

CNTs/Co —60.4 12.8-18.0 5.2 1.81 20 46

NiO@GO —59.6 12.48-16.72 4.24 1.7 25 47
Fe;0,4/5 wt% CNTs —51.3 4.4-6.3,15.3-17.3 3.9 4.4 50 This work

NiFe@C nanocubes@GO —51.0 8.5-12.6 4.1 2.8 30 48

Carbon@Fe@Fe;0, —40.0 8.6-13.8 5.2 1.5 50 49

NWCNTs/Fe —-39.0 2.5-7.5 5.0 4.3 60 28

Fe-filled CNT/epoxy -31.7 14.7-11.8 2.9 1.0 10 50

Fe;0,@Carbon —29.0 13.0-18.0 5.0 5.0 50 43

Fe;0,/polypyrrole/CNTs —25.9 8.0-12.5 4.5 3.0 20 51

CNT@Fe@SiO, —22.3 7.5-11.0 3.5 3.0 50 52

PANI/Fe;O,/MWCNT -16.0 8.0-15.0 7.0 4.0 20 53
“ Note: the exact RLy;, and effective bandwidths were not presented in some references, thus, those values were dug out according to the RL-f

curves.
a benchmark Fe;O, sample and also surpass most contempo-
4 —Fe0, raries reported, as summarized in Table 1. In addition, the
—— Fe,0,13wt%C! . . .
:eaz.;:%:zs effective bandwidth of Fe;0,/5 wt% CNTs composites reach
—Fe, 4 o s . . .

N 2 —-Fezo‘ﬂwt%cNTs a relatively high value of 3.9 GHz. The top-level microwave

1I0 1I2 1I4 1I6 18
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P, /
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Fig. 7 (a) The frequency-dependent Z values of FesO,4 sample and
Fes04/CNTs composites. (b) Image of real product for absorber. (c and
d) Scheme of primary EM microwave attenuation processes involved in
Fes04/CNTs composites absorber.

relaxation, other mechanisms such as conducting loss may also
contribute to the permittivity plot.

Reflection loss (RL), effective bandwidth (RL < —10 dB), and
thickness of sample are important criterions for evaluating the
application prospects of microwave absorption materials. Fig. 6
shows a comparison of RL values (calculated from eqn (1) and
(2)) in frequency range of 2-18 GHz for Fe;0, sample and Fe;0,/
CNTs composites with coating thickness of 1-7 mm. It can be
seen from Fig. 6a that the Fe;O, product shows weak wave
absorption ability with the minimum RL value of —10.2 dB and
a large sample thickness of 7 mm. In contrast, the Fe;0,/CNTs
composites exhibit good wave absorption ability (Fig. 6b-d).
Markedly, Fe;0,/5 wt% CNTs composites present an unex-
pected high microwave absorption performance with
a minimum RL value of —51.32 dB at 5.52 GHz and a thinner
sample thickness of 4.4 mm, which outperforms the

26806 | RSC Adv., 2017, 7, 26801-26808

absorption performances of Fe;0,/5 wt% CNTs composites
further underline the good polarization relaxation and strong
dielectric loss of the material.

Noticeably, with the increasing of sample thickness, the
absorption peaks for Fe;0,/CNTs composites become sharper
and matching frequency (f,) shift to lower frequency. These
results are consistent with the quarter-wavelength cancelation
law, t, = nA/4 = nc/(4fm(|u |e)"?) (n = 1, 3, 5,...), where t, is
matching thickness, 1 is the wavelength of EM wave and c is the
velocity of light in a vacuum.*® It is well established that the RL
will reach the maximum value if ¢, and f;, satisfy this equa-
tion.”* The experimental matching thickness (¢5F) vs. the peak
frequency are extracted from RL curves (Fig. 6a-d) and marked
as red asterisks and green squares, respectively. From the above
equation, the simulation of ¢, (tf}ilm) vs. fm for Fe;O, sample and
Fe;0,/CNTs composites are depicted in Fig. 6e-h. As expected,
the scatter symbols in £im gy fm curves of Fe;0,/5 wt% CNTSs
composites (Fig. 6g) are exactly situated around the 1/4 and 31/4
curves, meaning that the correlation between ¢, and f;,, for EM
wave absorption of samples agrees well with the quarter-
wavelength matching conditions.

To further clarify the responsible mechanisms and Fe;0,/
CNTs composites’ contribution for EM microwave absorption,
the impedance matching of samples are analyzed. Good
impedance matching means the value of Z (|Zin/Zo|) equal or
close to 1 for achieving zero reflection at the air-absorber
interface.”*** The Z value of Fe;0,/5 wt% CNTs composite
(Fig. 7a) is almost equal to 1, suggesting the good impedance
matching in those materials, which results in their excellent
absorption performances. The Fe;O,/CNTs
composites absorber (Fig. 7b) can attenuate almost all the EM
microwave (Fig. 7c) due to the strong dielectric loss including
interfacial polarization and hopping of electrons (Fig. 7d), and
the magnetic loss from natural resonance and exchange

microwave
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resonance of Fe;O, porous spheres. Finally, the synergistic
effects of the good intrinsic magnetic properties arising from
the Fe;0, porous spheres and the good polarization relaxation
and strong dielectric loss arising from the CNTs also greatly
contribute to the excellent microwave absorption performances.

4. Conclusions

In summary, we demonstrated a facile method for one-pot
synthesis of Fe;0,/CNTs composites with excellent microwave
absorption performances. The uniform magnetic Fe;O, porous
spheres were anchored onto CNTs to form a 3D network. The
permittivity in composites could be well tuned by adjusting the
CNTs content. The good impedance matching, arising from the
synergistic effects between the magnetic Fe;O, spheres and
high-conductivity CNTs, resulting in the top-level microwave
absorption performances with a minimum RL value of —51 dB
at 5.52 GHz and a thinner sample thickness of 4.4 mm as well as
an effective bandwidth of 3.9 GHz (RL < —10 dB) for Fe;0,/CNTs
composites. This work presented a simple approach to
enhancing the microwave absorption performances of Fe;O,/
CNTs composites and promoted their potential application in
the field of high-performance EM wave materials.
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