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Excellent microwave absorption properties by
tuned electromagnetic parameters in polyaniline-
coated Bagolag Fe 1 9Nig10;9/reduced graphene
oxide nanocomposites

Juhua Luo, '2* Yue Zuo, Pan Shen, Zhu Yan and Kang Zhang

Bap.olag 1Fe11.9Nip 1019 prepared by a co-precipitation method, and

Bag.glag1Fe11 9Nip1019/reduced graphene oxide/polyaniline ternary nanocomposites (BF/RGO/PANI)

nanoparticles were
were prepared by in situ polymerization. Microwave reflection loss, and the permittivity and permeability
of BF/RGO/PANI nanocomposites were investigated in the frequency range 2-18 GHz. The prepared
samples possessed excellent electromagnetic wave-absorbing performances, and the optimal
impedance matching of BF/RGO/PANI nanocomposites was found. The minimum reflection loss
reached —49.1 dB near the frequency of 14.08 GHz with a thickness of 1.9 mm and its absorption
bandwidth with a reflection loss below —10 dB ranged from 12.4-16.72 GHz with a bandwidth of 4.32

GHz. Our study illustrates that the as-prepared BF/RGO/PANI nanocomposites are promising candidates

rsc.li/rsc-advances

1. Introduction

The rapid development of modern electronic equipment brings
many benefits, but has also led to a new kind of pollution
known as electromagnetic interference (EMI). EMI has greatly
threatened the health of human beings and has disrupted both
commercial and industrial equipment.’” In order to address
EMI, it is necessary to investigate materials with excellent
microwave absorption as a matter of urgency. Microwave
absorbing materials can absorb electromagnetic waves and
convert electromagnetic energy into other types of energy or
dissipate the electromagnetic wave.* An ideal microwave
absorption material should be lightweight and thin, with strong
absorption and a wide absorption bandwidth.” It is well-known
that electromagnetic wave absorption properties are controlled
by the relative complex permittivity and permeability of
absorbing materials.*” The balance of permittivity and perme-
ability, known as electromagnetic wave impedance matching, is
instrumental in improving microwave attenuation. Microwave
absorbing materials can be classified into two kinds: dielectric
materials and magnetic materials. The conjugation of dielectric
materials and magnetic materials could be an effective way to
obtain excellent impedance matching, which is expected to
achieve excellent microwave absorption.

Magnetic materials, especially ferrites, are a suitable choice
for microwave absorption operation due to their strong magnetic
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for use in electromagnetic wave-absorbing materials.

losses within the GHz frequency range.® However, negligible
dielectric loss seriously limits the application of these materials.
Modification of the dielectric and magnetic properties of M-type
ferrites by substitution of the Fe*" ions for cations such as La*",
Nd*', Pr’’, and Dy** can improve the microwave absorption
properties of these materials.®*® Although the microwave
absorption properties of barium ferrites can be significantly
improved by doping with different alkaline earth metal, the high
density of barium ferrite restricts their wider use as microwave
absorbers.'® To overcome this problem, dielectric loss fillers such
as conducting polymers, carbon nanotubes, and graphene are
always added to the system in order to achieve higher microwave
absorption properties and broaden the frequency band.
Graphene, a flat monolayer of carbon atoms tightly packed
into a two dimensional (2D) honeycomb lattice, not only
possesses a unique structure but also exhibits a high specific
surface area, superior electrical conductivity, and extraordinary
mechanical properties.”** These excellent properties make gra-
phene a very promising candidate for use as electromagnetic
shields to absorb incident electromagnetic waves.* Thus, gra-
phene is highly desirable as an electromagnetic wave absorber
due to its high dielectric loss and low density. However, single-
component graphene exhibits predominantly dielectric loss and
very low magnetic loss due to weak magnetic properties, which
leads to a weak electromagnetic impedance matching and limi-
tations on its potential applications. Recently, combining gra-
phene with magnetic materials has been considered an effective
method to enhance microwave absorption performance by
combining the advantages of graphene and magnetic
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components. For example, Verma et al. investigated the electro-
magnetic properties of BaFe;,0;o/reduced graphene oxide (RGO)
nanocomposites and reported a maximum shielding effective-
ness of 32 dB at a critical thickness of 3 mm.* Hu et al. fabricated
three-dimensional (3D) Fe;0,-graphene nanocomposites of
which the minimum reflection loss was —27 dB with a thickness
of 4 mm and the absorption bandwidths with a reflection loss
below —10 dB ranged from 6.5 to 10.3 GHz.*

Although the combination of graphene and ferrite can improve
microwave absorption properties, the mismatch of dielectric loss
and magnetic loss of graphene and magnetic components
restricts its further application. Polyaniline (PANI) is one of the
most promising conducting polymers due to its excellent physical
and chemical properties, low cost, controllable electromagnetic
parameters, and high conductivity at microwave frequencies.
Because of the adjustable permittivity of PANI, the composites of
PANI and magnetic materials/graphene can improve electromag-
netic wave impedance matching and absorption properties, as in
the case of graphene/CFA/PANI nanocomposites prepared by
Bhattacharya et al., where CFA is a hexagonal shaped magnetic M-
type hexaferrite, CuFe;oAl,019. The prepared nanocomposites
showed outstanding microwave absorption properties, and the
minimum reflection loss was —63.6 dB at a thickness of 2.5 mm
with a broad absorption range.”

Herein, we report the preparation of Bag oLag 1Fe11.9Nig 1010/
RGO/PANI nanocomposites and present a detailed investigation
of their electromagnetic parameters and microwave absorption
properties. The results demonstrate that the relative comple-
mentarity between the dielectric loss and magnetic loss and the
synergetic effect can enhance microwave absorption properties
through a tuned electromagnetic performance. Significantly,
BaygLag 1Feq1.0Nip1019/RGO/PANI  nanocomposites  show
promise as potential microwave absorber materials.

2. Experimental
2.1 Materials

Graphite powder (flake graphite, grade 325) was purchased
from Pilot Chemical Corporation (Shanghai, China). Other
chemical reagents and solvents were purchased from the
Sinopharm Chemical Reagent Co., Ltd., China. All chemicals
were used as-received without further purification.

2.2 Preparation of Ba, oLa, 1Fe 4 oNig 10,9 Nanoparticles

Ba,y oLay 1Feq1.0Nip 1010 nanoparticles (BF) were synthesized by
the chemical co-precipitation method. A stoichiometric amount
of the chloride compounds of Ba, Fe, La, and Ni, with chemical
compositions of Ba(NOj),, Fe(NO3);-9H,0, La(NO;);, and
Ni(NO3),, were dissolved in deionized water to form a homoge-
neous solution. After complete dissolution, NaOH solution
(1 mol L") was added to adjust the pH to 10, and the mixture
was continuously stirred for 6 h. The resulting precipitate was
obtained by filtration, and washed with distilled water and
ethanol to remove residues, then dried at 60 °C in vacuo for 24 h.
These products were calcined at 950 °C for 2 h to obtain the
Bag oLay 1Fe1 oNip 1019 nanoparticles.
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2.3 Preparation of binary BF/RGO nanocomposites

Graphene oxide (GO) was synthesis from natural graphite
powder using a modified Hummers' method." The as-prepared
BF and GO were dispersed in 60 mL of deionized water with
sonication and mechanical stirring for 2 h, respectively. Next,
hydrazine was added to the mixture with constant stirring at
95 °C for 12 h. The resulting precipitate was centrifugally
washed using deionized water and absolute ethanol, and dried
at 60 °C in vacuo for 12 h.

2.4 Preparation of ternary BF/RGO/PANI nanocomposites

The BF/RGO/PANI composite powders were synthesized via an
in situ polymerization method. The detailed process is
described below. First, a certain quantity of aniline and the as-
prepared BF/RGO composite powders were put into 200 mL of
1 M HCI solution and stirred for 1 h to form a well-dispersed
suspension, while simultaneously cooled to 5 °C with stirring.
Next, a certain amount of ammonium persulfate (APS) was
dissolved in 20 mL 1 M HCI solution and then added slowly to
initiate the polymerization. The molar ratio of APS to aniline
was 1: 1. The polymerization was carried out in an ice-water
bath for 12 h with mechanical stirring. After polymerization,
the entire solution was filtered, washed several times with
deionized water and ethanol, and then dried at 60 °C in vacuo
for 24 h. The samples with weight ratios of BF/RGO to aniline of
1:1,1:2,1:3,and 1: 4 were denoted as BF/RGO/PANI-1, BF/
RGO/PANI-2, and BF/RGO/PANI-3, respectively.

2.5 Characterization

The resulting powder was characterized by X-ray powder
diffraction (XRD) using a diffractometer (RIGAKU, model D/
max) with Cu Ko radiation of wavelength A = 1.5418 A. Its
morphology was studied using a transmission electron micro-
scope (TEM; JEOL, model JEM 2001). Fourier transform infrared
spectroscopy (FTIR) for the prepared samples was carried out
using an infrared spectrophotometer (NICOLET, model NEXUS
670) in the range from 4000 to 400 cm™". A thermogravimetric
analyzer (TGA; Mettler Toledo TGA/SDTA 851e) was used to
measure the thermal stability of the composite under an inert
atmosphere in the temperature range 30-800 °C at a heating
rate of 10 °C min~'. Raman spectra were measured using
a Laser Raman spectrometer (Thermo Fisher, model DXR) at
a 663 nm wavelength incident laser light. Magnetization
measurements were taken at room temperature (293 K) using
a vibrating sample magnetometer (LDJ, model 9600-1). In
addition, electromagnetic parameters (complex permittivity
and complex permeability) were assessed using a vector
network analyzer (VNA, Anritsu 37269D) in the range 2-18 GHz.

3. Results and discussion

3.1 Morphological and structural characterization

The thermogravimetric curves of BF, BF/RGO, and BF/RGO/
PANI nanocomposites in an air atmosphere are shown in
Fig. 1. For BF, no mass loss was observed over the entire
temperature range. This suggests that BF has an exceptionally
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high thermal stability.® For BF/RGO, it can be seen that the BF/
RGO nanocomposites undergo a slight weight loss at a temper-
ature of 30-400 °C and an abrupt weight loss at a temperature of
400-500 °C, which is attributed to the decomposition of the
residual oxygen-containing group and the oxidation of RGO,
respectively. The residue consists of BF particles and the mass
fraction of BF is approximately 90%, suggesting that the RGO is
completely combusted. For the BF/RGO/PANI-3
composites, two significant steps for mass loss are observed
with increasing temperature, and the maximum weight loss
occurs in the second step. The first weight loss at a temperature
of 30-300 °C is attributed to the oxidation of RGO. The second
weight loss appears at a temperature of 300-600 °C, and is
attributed to the decomposition of PANI. BF/RGO/PANI-3
nanocomposites exhibit a weight loss of about 77.5% at
800 °C. According to the mass loss theory, we draw the
conclusion that the weight percentage of BF, RGO, and PANI in
the composites is approximately 22.5%, 2.5%, and 75%. This
result is consistent with the experimental observations.

The XRD patterns of the BF, BF/RGO, and BF/RGO/PANI
nanocomposites are shown in Fig. 2. It can be seen that the
series of sharp diffraction peaks at 30.22°, 32.14°, 34.06°,
37.04°,40.36°, and 42.45° can readily be assigned in Fig. 2a, and
can be clearly indexed to the (100), (008), (107), (114), (008),
(200), and (201) crystal planes of M-type hexaferrite barium
ferrite.® All observed peaks of BF have been well matched with
the standard XRD pattern (PDF card no. 33-1340). It is clear that
the diffraction peaks of BF are also clearly observed in the XRD
patterns of the BF/RGO and BF/RGO/PANI nanocomposites.
However, the characteristic peak of RGO at 26 = 24° due to the
(002) plane was not observed in Fig. 2b, which may be ascribed
to the relatively weak diffraction intensity in the BF/RGO
nanocomposites. This finding is in agreement with previous
work.” For pure PANI, the crystalline peaks centered at 20.9°
and 25.1° are assigned to the (020) and (200) reflection of
PANI.** The XRD patterns of the BF/RGO/PANI nanocomposites
exhibit similar crystal peaks compared with PANI except for
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Fig. 1 Thermogravimetric curves of (a) BF, (b) BF/RGO and (c) BF/
RGO/PANI-3 nanocomposites.
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Fig. 2 XRD patterns of (a) BF, (b) BF/RGO, (c) BF/RGO/PANI nano-
composites and (d) PANI.

characteristic peaks of BF, revealing that the BF/RGO/PANI
nanocomposites have been fabricated.

Fig. 3 shows the FTIR spectra of PANI and BF/RGO/PANI
nanocomposites. The characteristic absorption peaks of
oxygen-containing functional groups on the GO are not
observed in the FTIR spectrum of BF/RGO/PANI nano-
composites, indicating that the chemical reduction is relatively
complete. The FTIR spectrum of BF shows characteristic peaks
at 507 cm™ %, 585 cm™ %, and 616 cm ™', which are due to Fe-O
and Ba-O bond stretching, confirming that BF particles are
formed in the composites.”* In the FTIR spectrum of BF/RGO/
PANI nanocomposites, the characteristic peaks at 1562 cm™'
and 1645 cm ™" are ascribed to the C=N and C=C stretching of
the quinonoid and benzenoid rings, respectively.>® The char-
acteristic peak at 1405 cm ™" corresponds to the stretching mode
of N-Q-N, where Q represents the benzenoid ring. The peaks at

1242 em ™' and 1296 cm ™" are attributed to N-H bending and
a: PANI
b: BF/RGO/PANI
a
g
N2
L
=
] 1405
s 585
§ \\ /v /\/ N‘ // \1
& \ 1645
\ 15621296 797 507
\ /
\/_. 2440 12421110
1 1 1 1 1 1 1 1
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

Fig. 3 FT-IR spectra of PANI and BF/RGO/PANI nanocomposites.
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C-N stretching for the benzenoid ring, the peak at 1110 cm ™ is
attributed to the aromatic C-H in-plane bending mode and the
peak at 797 cm ™' is associated with the C-H of the benzenoid
unit.”® Therefore, from the FTIR analysis we can deduce the
successful formation of the prepared nanocomposites.

To be further sure of the formation of these materials, we
produced TEM and high-resolution TEM (HRTEM) images of
the prepared samples, as shown in Fig. 4. It can clearly be seen
in Fig. 4a that the BF nanoparticles are highly agglomerated,
with an average particle size in the range 50-100 nm. Mean-
while, the hexagonal structure of the BF nanoparticles is again
demonstrated in Fig. 4a. The HRTEM image (Fig. 4b) shows the
corresponding lattice fringes of the BF nanoparticles. The
lattice fringes with a lattice spacing of 0.243 nm and 0.290 nm
correspond to the (203) and (008) crystal planes of BF nano-
particles. The TEM image of BF/RGO nanocomposites shown in
Fig. 4c clearly shows that the RGO sheets are diaphanous and
crumpled. It also can be observed that the BF nanoparticles are
firmly attached to the graphene sheets of RGO. Fig. 4d helps us
understand more about the coating of PANI on the BF/RGO
composites. The TEM image of the BF/RGO/PANI nano-
composites is presented in Fig. 4d, and shows that the surface
of the BF/RGO nanocomposites is uniformly coated by PANI
molecular chains. The presence of the BF, RGO sheets, and
PANI is shown by the red single-headed arrows in the images.

Fig. 5 shows the Raman spectra of GO, BF/RGO nano-
composites, and BF/RGO/PANI nanocomposites. The charac-
teristic features in the Raman spectrum of GO are the so-called
D band, which is located at around 1332 cm™*, corresponding
to the breathing mode of k-point phonons of A;,, and the G
band at 1583 cm~' which is attributed to the tangential
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stretching mode of the E,, phonons of the sp® atoms.?” The
characteristic D and G peaks of RGO are present in the Raman
spectra of BF/RGO nanocomposites. The G band of BF/RGO is
slightly shifted as compared with GO, and appears at 1592
cm . As reported, we also suggest that the shifting of the G
band indicates a charge transfer between BF and RGO.* The
intensity ratio of the D and G band is an important parameter to
measure the degree of graphitization present in a material. The
Ip/Ig ratio of GO is 0.976, whereas the ratio increases to 1.047 for
the BF/RGO composites. This increase in Ip/I; ratio indicates
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Fig. 5 Raman spectra of (a) GO, (b) BF/RGO nanocomposites, and (c)
BF/RGO/PANI nanocomposites.
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Fig. 4 TEM and HRTEM images of (a and b) BagglagiFei19Nip1019 nanoparticles, TEM images of (c) BF/RGO and (d) BF/RGO/PANI

nanocomposites.
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Fig. 6 The magnetization hysteresis loops of BF/RGO/PANI nano-
composites with different adding amount of PANI.

that more defects have been introduced on RGO with the incor-
poration of BF nanoparticles.”® The Raman spectra of BF/RGO/
PANI nanocomposites are shown in Fig. 5c. Apart from the D
and G bands, the peaks at 1168, 1414, and 1500 cm ™" are assigned
to the C-H stretching vibration of the quinoid/phenyl group, the
C-N stretching vibration of the benzenoid ring, and the semi-
quinone radical cation structure of PANI, respectively. The
broadening of the G band for the BE/RGO/PANI nanocomposites
may be due to the coating of amorphous PANI on BF/RGO.* In
Fig. 5c, it can be seen that the G band of BF/RGO/PANI nano-
composites show a slight shift compared with the BF/RGO nano-
composites, indicating the presence of charge transfer among
RGO, SF, and PANI. This is consistent with previous reports.”

3.2 Magnetic properties

In order to study the magnetic properties of the as-obtained
samples, magnetization measurements were carried out and
the resulting hysteresis plot is shown in Fig. 6 and Table 1. It
can be seen that the saturation and remanent magnetization
fall dramatically with increases in the nonmagnetic RGO and
PANI. This is because the magnetic properties of the composites
are determined by the volume fraction of the magnetic particles
present in the composites, as shown in the following formula:*

M, = ymy (1)

where M is the saturation magnetization of composites, y is the
volume fraction of the magnetic particles present in the
composites, and my is the saturation magnetization of a single

Table 1 Magnetic parameters of the as-prepared samples

Sample no. M, (emu g™ ) H, (Oe) M, (emu g %)
BF/RGO/PANI-1 23.95 5739 13.25
BF/RGO/PANI-2 13.87 5622 7.57
BF/RGO/PANI-3 8.41 5513 4.63

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

16
5L@

—a— BF/RGO/PANI-1
—o— BF/RGO/PANI-2
—4— BF/RGO/PANI-3

14

13

12 -

11

10

Real permittivity

Frequency (GHz)

12

(®) —m— BF/RGO/PANI-1
Y —e— BF/RGO/PANI-2
—a— BF/RGO/PANI-3

Imaginary Permittivity

2 4 6 8 10 12 14 16 18
Frequency (GHz)
Fig. 7 The real permittivity (a) and imaginary permittivity (b) of BF/

RGO/PANI nanocomposites as a function of frequency over 2-18
GHz.

1.0
1.2

& i
il iitypeaatta | 3
Q
2 {06 Q
= oo 5
e} Q
3 —a— BF/RGO/PANI-1 <
= 404 ©
g o BF/RGO/PANI-2 ®
g .l —a— BF/RGO/PANI-3 3
® 402 8
3 S
E;

- 0.0

0.3
1 1 1 1 1 1 1 1 1 _02
2 4 6 8 10 12 14 16 18
Frequency (GHz)
Fig. 8 The complex permeabilty of BF/RGO/PANI nano-

composites with different components as a function of frequency over
2-18 GHz.

RSC Adv., 2017, 7, 36433-36443 | 36437


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra06800j

Open Access Article. Published on 21 July 2017. Downloaded on 2/27/2026 7:18:04 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

3.2

(a) BF/RGO/PANI-1
3.0

28 |-

26 |

20 |

o5 F(b)
6.0
55
50 |-

45 -

40
35} P

30|

Fig. 9 The Cole-Cole plots of BF/RGO/PANI nanocomposites with
different components.

magnetic particle. Therefore, the saturation magnetization of
BF/RGO/PANI nanocomposites decreases with increase in
nonmagnetic materials. In addition, the coercivity of BF/RGO/
PANI nanocomposites declines slightly compared with pure
barium ferrite, and also decreases slightly with increasing PANI
content, gradually showing the magnetic characteristics of
paramagnetism. This is consistent with previous work.
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3.3 Microwave absorption performance

The real permittivity (¢/) and imaginary permittivity (¢”) of BF/
RGO/PANI nanocomposites with different ratios are shown in
Fig. 7. In Fig. 7, it can be seen that the ¢ and ¢” values of BF/
RGO/PANI nanocomposites with different ratios decreased
with an increase in frequency and increased with an increase in
the PANI content. Both the ¢ and ¢’ values of nanocomposites
with different ratios increased gradually from 8.23 to 14.76 and
3.02 to 10.48, respectively. The reasons for the complex
permittivity in the real and imaginary parts varying with
frequency may be attributed to the following two points: (1) with
an increase in the frequency of the external reverse electric field,
the induction charge phase behind the external electric field
results in electromagnetic oscillation, and the values of ¢’ and ¢”
decrease with increasing frequency; (2) the difference in
dielectric constants and electrical conductivities among the
components of the composites is beneficial for the generation
of space-charge polarization. The as-prepared samples differ in
their dielectric constants and electrical conductivities. Thus,
the amount of space-charge polarization and hence the
permittivity values of the prepared nanocomposites also differ.
The space-charge polarization decreases with increasing
frequency, which results in the decreasing trend of ¢ and &’
with the increasing frequency.?

According to the Debye theory, the ¢’
capability of electromagnetic energy. The dielectric loss consists
of both polarization loss and conduction loss, clarified by the
following equation:*

" stands for the loss

¢t BTt @
p & — s o
¢ = Trore +w2r2wr+w—€0 (3)

where ¢ is the static dielectric constant, ¢, is the relative
dielectric constant at the high-frequency limit, w is the angular
frequency, ¢ is the electrical conductivity, and t is the

This journal is © The Royal Society of Chemistry 2017
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Fig. 12 Relative input impedance of BF/RGO/PANI nanocomposites
with different components.

polarization relaxation time, which has a connection with
frequency and temperature. The surface defects of RGO may
emerge after chemical reduction, while the increased polariza-
tion caused by the surface defects enhances the dielectric loss.
On the contrary, RGO builds more conductive paths in the
composites for electron transport, which makes a significant
contribution to dielectric loss.

Fig. 8 shows the real permeability (4/) and imaginary
permeability (x”) of BF/RGO/PANI nanocomposites with

This journal is © The Royal Society of Chemistry 2017

different ratios, investigated in the frequency range 2-18 GHz;
W varies in the range 0.95-1.23. The u” exhibits a slightly
decreasing trend with increasing frequency. Meanwhile, there
are four resonance peaks in u” at ~4.4 GHz, ~11.6 GHz, ~14.8
GHz, and ~17.1 GHz, respectively.

According to the Debye equation, the Cole-Cole equation
can be inferred as:*'

(- 25 = (55

The Cole-Cole plots demonstrate the response characteris-
tics of the samples in the frequency range 2-18 GHz. Because

(4)

the relaxation time is constantly changing and the equation of
the Debye progress of relaxation time is a fixed value, so the
Cole-Cole curve for most dielectric materials does not conform
to the Debye equation, which means the shape of the final curve
is an arc instead of a standard semicircle. Fig. 9 shows the curve
of ¢ versus ¢’ for BF/RGO/PANI nanocomposites with different
ratios in the frequency ranges, where both large and small Cole-
Cole curves were found. These Cole-Cole curves demonstrate
that the composites have multi-dielectric relaxation processes,
which can effectively enhance the microwave absorption. From
the Cole-Cole curves, one semicircle corresponds to one Debye
relaxation process and multiple relaxation will cause greater
microwave attenuation.

Additionally, the magnetism induced by the BF nano-
particles will result in magnetic loss. In general, the magnetic
loss of magnetic materials originates from hysteresis loss,

RSC Adv., 2017, 7, 36433-36443 | 36439
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Fig. 13 The calculated reflection loss curves of (a) BF/RGO/PANI-1, (b)
BF/RGO/PANI-2 and (c) BF/RGO/PANI-3.

domain-wall resonance, the eddy current effect, and natural
resonance.*” The hysteresis loss of barium ferrite in BF/RGO/
PANI nanocomposites can be ignored in the frequency range
2-18 GHz, while the domain-wall resonance of barium ferrite
usually occurs at a lower frequency than the GHz range.
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Therefore, contributions to magnetic loss from hysteresis loss
and domain-wall resonance can be excluded from our synthe-
sized composites.”” For the ferrite absorber, the microwave
absorption properties are usually subject to degradation caused
by an eddy current effect in the high-frequency region. The eddy
current loss can be expressed by:*
N2 1

W= M (5)
where ¢ and u, are the electric conductivity and the perme-
ability in vacuo, respectively. Thus, C, can be described by:

2mugod?

Co=w') /== (6)

If the magnetic loss results from an eddy current loss, the
values of C, are constant when the frequency is varied. Fig. 10
shows the Cy—f curves of BF/RGO/PANI nanocomposites with
different ratios. As shown in Fig. 10, the values of C, drastically
decrease at the frequency range from 2.0 to 13.0 GHz. However,
when f> 13.0 GHz, C, remains approximately constant. There-
fore, we can conclude that the magnetic loss of BF/RGO/PANI
nanocomposites with different ratios, with a frequency of 4.4
GHz and 11.6 GHz, is caused by the natural resonance, and its
magnetic losses at frequencies of 14.8 GHz and 17.1 GHz are
caused by the eddy current loss.**

The absorption mechanism is analyzed by the following two
factors. First, the electromagnetic loss characteristic can be
ascribed to both dielectric loss and magnetic loss. The dielectric
loss (tan 6.) and magnetic loss (d,) and loss tangents (tan 6) of
BF/RGO/PANI nanocomposites are presented in Fig. 11. Almost
all the tan de, tan 0y, and tan ¢ display a decreasing trend with
increasing frequency, and the tan . and tand show an
increasing trend when the amount of PANI is increased. Clearly,
the increase of tan ¢ of BF/RGO/PANI nanocomposites means
enhancement of electromagnetic loss.

Second, the impedance matching characteristic is another
important factor in terms of the microwave absorption prop-
erties of the absorbing materials. Appropriate impedance
matching can enhance the microwave absorption properties of
materials, and the input impedance can be expressed as:**

r— Zin — Zy

 Zn+Z @)

where I is the interface reflection coefficient, Z;, is the input
impedance of contact interface of free space and material, and
Z, is the intrinsic impedance of free space. For the nonreflecting
condition Z;,, = Z, (I' = 0), which indicates that the value of the
relative input impedance |Z;,/Z,| is nearer to 1, the impedance
matching characteristic of material is improved. In this study,
Zin can be expressed as:
sr,u,,]

27tfod
Zin=2p \/gtanh{j th)

where f; is the frequency, d is the absorbing layer thickness, c is
the velocity of an electromagnetic wave in vacuo, & is the
complex permittivity, and u, is the complex permeability. From

(8)
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Scheme 1 Schematic representation of the microwave attenuation mechanism in BF/RGO/PANI nanocomposites.

Fig. 12, we can see that the impedance matching characteristic
of BF/RGO/PANI nanocomposites gradually transforms from
out of balance to balance, and the relative input impedance of
BF/RGO/PANI-3 nanocomposites is the closest to 1. This
demonstrates that the electromagnetic wave can more easily
enter the BF/RGO/PANI-3 nanocomposites.

According to the transmission line theory, the reflection loss
(RL) curves can be calculated from the relative complex
permeability and permittivity with a given frequency range and
a given absorber thickness (d) by the following equation:*

Zin - ZO

RL = 20 log| 2 — 20
8 7.+ 7

©)

In eqn (9), Z;, is the input impedance of the absorber, Z, is
the impedance of free space, u, and ¢, are the relative complex
permeability and permittivity, f is the frequency of electro-
magnetic wave, d is the thickness of the absorber, and c is the
velocity of light in vacuo. The RL value of —10 dB is comparable
to 90% microwave absorption. Therefore, materials with RL
values of less than —10 dB absorption are considered to be
suitable electromagnetic wave absorbers.

The reflection loss of the samples with different components
and thicknesses versus frequency are shown in Fig. 13. In
Fig. 13a, it can be seen that the minimum reflection loss of BF/
RGO/PANI-1 was —19.1 dB at a frequency of 12.16 GHz with
a thickness of 2.6 mm, and the reflection loss was below —10 dB
at 10.7-13.7 GHz with a bandwidth of 3 GHz. In Fig. 13b, the
minimum reflection loss of BF/RGO/PANI-2 was —45.5 dB at
10.56 GHz with a thickness of 2.6 mm, and the reflection loss
was below —10 dB at 9.05-13.35 GHz with a bandwidth of 4.3
GHz. Fig. 13c demonstrates that the minimum reflection loss of
BF/RGO/PANI-3 reached —49.1 dB near the frequency of 14.08
GHz with a thickness of 1.9 mm, and the reflection loss was
below —10 dB at 12.4-16.72 GHz with a bandwidth of 4.32 GHz.
Compared with BaFe;,0,o/RGO, the as-prepared samples
possess better microwave absorption properties.* According to
the following formula: f,, = c(2mu”’d)"", where f, is the
frequency of the minimum reflection loss peak and d is the

This journal is © The Royal Society of Chemistry 2017

matching thickness, it is clear that the matching thickness for
absorbing properties of nanocomposites has a regulatory role
and reflection loss peaks move to low frequency with increasing
matching thickness.*®*” Therefore, it can be seen in Fig. 11 that
all peaks of the samples shift to the lower frequency as the
thickness of the absorber increases. This type of change is
beneficial, because the frequency range of absorption can be
adjusted according to the requirements by altering the thick-
ness of the material.

The performance of a microwave absorber depends
predominantly upon two factors: the energy consumption and
matching characteristics.”” The increase of energy consumption
of BF/RGO/PANI nanocomposites increased with an increase in
PANI content. Moreover, the RGO sheets with a large specific
surface area and high aspect ratio can form a complete
conductive network for dispersing charges. Furthermore, the
existence of residual defects/groups in RGO sheets and multiple
reflections can enhance the microwave absorption ability of the

250
—=— BF/RGO/PANI-1
—e— BF/RGO/PANI-2
200 - _a BF/RGO/PANI-3
€
i)
D 150 |
o
O
C
@]
= 100 |
]
>
C
2
< sl
0 1 L 1 L 1 " 1 L 1 " 1 " 1 " 1 " 1

2 4 6 8 10 12 14 16 18

Frequency (GHz)

Fig. 14 Microwave attenuation constants («) of BF/RGO/PANI nano-
composites with different components.
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composites.*® Second, the BF nanoparticles decorated on the
surface of RGO have high dispersion, which can enhance
magnetic loss.”” When the incident electromagnetic wave hits
the BF/RGO/PANI nanocomposites, an oscillating current was
formed due to movement of the carrier of RGO. The BF nano-
particles decorated on the surface of RGO can also be used as
a multi-pole polarization center, strengthening the electronic
polarization of the nanocomposites and regulating the incident
electromagnetic wave, which is conducive to strong absorption
of the electromagnetic wave.** Meanwhile, the presence of
a PANI coating layer enhances the Debye dipole relaxation of
RGO, and the conjugated electron clouds of the PANI molecular
chains are transferred to RGO by electronic polarization to form
electron tunneling between PANI and RGO. This has a tunnel
effect and enhances the absorption of BF/RGO/PANI nano-
composites for the electromagnetic wave; as described in the
previous work. The synergetic effect among BF nanoparticles,
RGO sheets, and PANI could adjust both the complex permit-
tivity and permeability, which is beneficial for the impedance
match. Conductivity is another important factor in the optimal
matching of impedance.?” Both high and low conductivity leads
to bad microwave absorption. Highly conductive materials
result in the skin effect, which increases the reflection on the
surface of absorbers and decreases the absorption. Graphene is
highly conductive, which means that the microwave absorption
of graphene is poor. In the present work, graphene was deco-
rated with BF nanoparticles and coated by PANI, which reduced
the conductivity of the graphene-based composites to some
extent, and improved the impedance matching. The microwave
absorption mechanism as discussed above is shown in Scheme
1. In the work of BF/RGO/PANI nanocomposites, BF/RGO/PANI-
3 nanocomposites possess better impedance matching and loss
capacity. Hence, BF/RGO/PANI-3 nanocomposites have the best
microwave absorption properties.

Meanwhile, the attenuation constant « is another essential
factor for an outstanding absorber. The « can be defined as:*

2

o= \/_TCf % \/(MNE” _ ’ulel) + \/('u/lgl/ _ ’u/e/)z + (,U,’E” _‘_’u//E/)Z
C

(10)

where f is the frequency of electromagnetic wave propagation
and c is the velocity of light. As shown in Fig. 14, all samples
exhibit a similar trend. BF/RGO/PANI-3 nanocomposites have
the highest «, leading to the most outstanding microwave
absorption.

4. Conclusions

When BF nanoparticles are decorated with RGO and compos-
ited with PANI, the presence of the interfacial polarization
between BF/RGO and PANI can help enhance microwave
absorption performance. The increase in PANI content in BF/
RGO/PANI nanocomposites can help enhance the energy
attenuation and improve the impedance match. BF/RGO/PANI-
3 nanocomposites exhibit a better microwave absorption
performance. The minimum reflection loss was up to —49.1 dB
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at 14.08 GHz with a thickness of 1.9 mm, and the absorption
bandwidths exceeding —10 dB were 4.32 GHz. Thus, the BF/
RGO/PANI nanocomposites have significant potential for
application in the microwave absorption field.
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