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ABSTRACT

A novel hybrid material with excellent microwave absorption property has been

designed by decorating reduced graphene oxide with Ba Tb0.2Eu0.2Fe11.6O19/

PANI composite, and the effect of graphene content on microwave absorption

property has been investigated. The microstructure of the composite is charac-

terized by X-ray diffraction, Fourier-transform infrared spectroscopy, field

emission scanning electron microscope, transmission electron microscope and

Raman spectroscopy. The mechanism of microwave absorption is discussed

minutely. The result shows that the ternary nanocomposites demonstrate

unexceptionable microwave absorption property due to its special nanostruc-

tures and synergistic effect among BaTb0.2Eu0.2Fe11.6O19, PANI and RGO. The

minimum reflection loss can reach - 60.9 dB at 16.4 GHz with a thickness of

only 1.95 mm, and the corresponding effective absorption bandwidth (below

- 10 dB) is 4.2 GHz. BaTb0.2Eu0.2Fe11.6O19/PANI/RGO composite can be one of

the most promising microwave absorption materials.

Introduction

Recently, to protect biological systems and electronic

equipment against potential damages to electromag-

netic (EM) contamination, especially caused by the

explosive utilization of gigahertz EM waves, a func-

tional material with low density, strong absorption,

thin thickness and wide absorption frequency range

is intensively pursued [1–3]. Nowadays, researchers

attempted to study all kinds of materials which can

absorb EM wave by converting electromagnetic

energy into thermal energy or dissipating them

through interference, which depends on their

dielectric or magnetic loss ability [4]. The balance of

permittivity and permeability, which is named as EM

wave impedance matching, is beneficial for
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enhancing the EM wave absorbing capability [5].

Therefore, the conjugation of dielectric materials and

magnetic materials has attracted tremendous atten-

tion in electromagnetic pollution applications.

Traditionally, M-type ferrites are considered to be

the best choice for EM wave absorber among mag-

netic microwave absorbers for their remarkable

advantages, such as low cost and strong magnetic

loss performances at high-frequency range [6].

Moreover, electromagnetic properties of barium fer-

rites can be improved by substitution of Fe3? with

rare earth cations, such as La3?, Ce3? and Zr4?.

[7–10]. For instance, Li et al. [11] studied Co2?–Zr4?

co-doped barium ferrite ceramics; the results showed

that the maximum reflection loss can reach about

- 28.7 dB at 16.4 GHz and presented a broad effec-

tive bandwidth of 5.46 GHz (from 13.34 to 18.8 GHz)

with a thickness of 1.7 mm. Cheng et al. investigated

the microwave absorption mechanism of hexagonal

barium ferrites doped with La3?; it showed that

microwave absorption was enhanced for the

improved complex permittivity and permeability.

The minimum reflection loss (RL) of - 39.15 dB was

obtained with thickness of 2.4 mm, and the band-

width of RL\- 10 dB can reach 11.5 GHz when the

thickness is 2.0 mm [12]. However, some disadvan-

tages like high density, low dielectric loss and narrow

frequency bandwidth restrict their further applica-

tions as microwave absorbers. In order to solve the

above problems, related researchers are often devo-

ted to the recombination of barium ferrite and

dielectric materials, such as conductive polymers,

graphene, carbon nanotubes, and so on. Cao et al. [13]

investigated Fe3O4/MWCNTs and PANI/Fe3O4/

MWCNTs with respect to highly efficient microwave

absorption and effective absorption bandwidth; the

result showed that Fe3O4/MWCNTs exhibited

enhanced magnetic properties coupled with

increased dielectric properties. As is well known,

polyaniline has great potential in absorbing materials

with lightweight, adjustable electromagnetic param-

eters and excellent chemical and environmental sta-

bility [6, 14]. Therefore, polyaniline is a

suitable substrate material which is often com-

pounded with ferrite to improve microwave absorp-

tion. For example, Liu et al. [15] reported the

electromagnetic properties of BaFe12O19/PANI

nanocomposites with core–shell structure, the opti-

mal reflection loss (RL) of which can reach - 28 dB at

12.8 GHz with a broad effective EM wave absorption

bandwidth (RL\- 10 dB) of 5.3 GHz and a corre-

sponding thickness of 2 mm. Feng et al. [16] synthe-

sized a composite of BaFe12O19 prepared in different

temperature with polyaniline; the minimal RL is

- 17.6 dB at 17.2 GHz with the thickness of 4.5 mm.

Although the measure of combining the conduct-

ing polymer and ferrites can improve microwave

absorption properties, the percolation threshold of

PANI is high because of low compatibility and low

aspect ratio of the conducting polymer. [17]. Gra-

phene, a monolayer or few layers honeycomb struc-

ture composed by two-dimensional sp2 bonded sheet,

has become a popular material for electromagnetic

interference shielding owing to its lightweight, high

specific surface, superior mechanical strength and

excellent dielectric property [12, 18, 19]. Besides,

graphene has a high aspect ratio, which is propitious

to formation of a conductive network, leading a lower

conduction threshold. Nonetheless, single graphene

shows a high reflection on the surface of absorber,

which is attributed to impedance mismatch arising

from its excellent dielectric loss and negligible mag-

netic loss. Thus, RGO is compounded with magnetic

materials to balance the relationship between dielec-

tric and magnetic losses and further improve the

microwave absorption performance. As in the case of

3D flowerlike Co3O4/RGO nanocomposites surveyed

by Ma et al. [20], where the minimum RL of Co3O4/

RGO can be up to - 61 dB, the bandwidth exceeding

- 10 dB is 4 GHz. To the best of our knowledge,

there are few reports on the fabrication and micro-

wave absorption properties of the novel ternary

composites including RGO, different magnetic parti-

cles and PANI.

Inspired by the above facts, a novel ternary com-

posite consisting of BaTb0.2Eu0.2Fe11.6O19/PANI dec-

orating reduced graphene oxide has been synthesized

by three-step method and their microwave absorp-

tion properties are investigated. The results demon-

strate that the Ms will increase with the Tb3? and

Eu2? doping BaFe12O19. Meanwhile, the synergistic

effect of BaTb0.2Eu0.2Fe11.6O19/PANI/RGO compos-

ite can enhance microwave absorption performance.

The other related mechanism of the RL for the

BaTb0.2Eu0.2Fe11.6O19/PANI/RGO composites will be

explained in detail.
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Experimental

Materials

Graphite powder (flake graphite, grade 325) was

purchased from Pilot Chemical Corporation (Shang-

hai, China). Other chemical reagents and solvents

were purchased from the Sinopharm Chemical

Reagent Co., Ltd., China. All the chemicals were used

as-received without further purification.

Preparation of BaTb0.2Eu0.2Fe11.6O19

nanoparticles

Sample with composition of BaTb0.2Eu0.2Fe11.6O19

(BTEFO) nanoparticles is prepared by the chemical

co-precipitation method. Firstly, nitrates of Ba, Fe, Tb

and Eu in stoichiometric proportion are dissolved in

100 mL deionized water and stirred for 30 min to

form a homogeneous solution of metal salt solution.

Next, appropriate NaOH solution (1 mol/L) is added

to the above solution drop by drop until the pH of

solution is 10. Meanwhile, the solution is continu-

ously mechanical stirred for 6 h. Then, the mixture is

filtered to obtain the precipitated products, which are

washed with deionized water and ethyl alcohol for

several times. Followed by that, the sample is dried at

60 �C in oven for 24 h to acquire the precursor, which

is sintered at 950 �C for 2 h with a heating rate of

5 �C/min to obtain the BTEFO nanoparticles.

Synthesis of binary BTEFO/PANI
nanocomposites

The BTEFO/PANI composite is synthesized via an

in situ polymerization method. The typical process is

described as follows: Initially, 1.0 g BTEFO

nanoparticles and 2.0 mL aniline monomer are added

to 200 mL solution that containing 0.1 mol/L

hydrochloric acid (HCl). Then, the mixture is dis-

persed by ultrasonic for 30 min at the temperature no

more than 5 �C. Meanwhile, 2.5 g ammonium per-

sulfate (APS) is dissolved in 20 mL HCl solution.

After that, the APS solution is added to the above

mixture solution dropwise with vigorous stirring for

12 h. Finally, the product is washed with distilled

water and absolute ethyl alcohol several times and

dried in vacuum oven at 60 �C for 24 h.

Fabrication of ternary BTEFO/PANI/RGO
nanocomposites

Graphene oxide (GO) is prepared from purified nat-

ural graphite by using modified Hummers method as

reported elsewhere [21]. In a typical step, a certain

quantity of GO and the prepared BTEFO/PANI

composite powders are dissolved in 60 mL of

deionized water with sonication for 2 h to form a

homogeneous dispersion. Then, moderate hydrazine

hydrate is added to the mixture with constant stirring

at 95 �C for 12 h. The mass ratio of hydrazine hydrate

and GO is 0.7. Finally, the product is filtered, washed

with distilled water and absolute ethyl alcohol to

remove impurities and dried in vacuum oven at

60 �C for about 24 h. Besides, we also fabricate dif-

ferent weight ratios of BTEFO/PANI and RGO (20:1,

20:2, 20:3 and 20:4), which are denoted as C-1, C-2,

C-3 and C-4, respectively. This synthetic process is

summarized in Fig. 1.

Characterization

The resulting powder is characterized by X-ray

powder diffraction (XRD) using a diffractometer

(RIGAKU, model D/max) with CuKa radiation of

wavelength k = 1.5418 Å. Its morphology is studied

with a transmission electron microscope (JEOL,

model JEM 2001). Raman spectra are measured using

a laser Raman spectrometer (Thermo Fisher, model

DXR) at a 663 nm wavelength incident laser light.

Magnetization measurements are taken at room

temperature (293 K) using a vibrating sample mag-

netometer (LDJ, model 9600-1). Meanwhile, the elec-

tromagnetic parameters are analyzed by a network

analyzer (Agilent Technologies, model E8363B), in

which the powders are mixed with 50 wt% paraffin,

and the samples are pressed into toroidal shape with

the outer diameter of 7 mm, inner diameter of 3 mm

and thickness of 2 mm.

Results and discussion

Morphological and structural
characterization

The XRD patterns of RGO, BTEFO, BTEFO/PANI

nanocomposites and BTEFO/PANI/RGO nanocom-

posites are shown in Fig. 2. The two characteristic
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diffraction peaks at 2h = 20.47� and 25.13� are

assigned to (100) and (110) planes of PANI in Fig. 2e

[22]. It can be observed from Fig. 2a that RGO exhi-

bits two broad peaks at 2h = 24.15� and 43.45�, cor-
responding to the (002) and (001) planes [12]. As can

be seen from Fig. 2b, there are several sharp diffrac-

tion peaks centered at 30.2�, 32.2�, 34.1�, 37.2�, 40.4�
and 42.5�, which can be well indexed to the (100),

(008), (107), (114), (200) and (201) crystal planes of

M-type hexaferrite barium ferrite [2] and no second

phase can be found, manifesting that the Tb3? and

Eu2? can enter the lattice and do not affect the crystal

structure of hexagonal barium ferrite. We can find

that the peaks of the BTEFO and PANI still exist in

Fig. 2c, indicating that BTEFO/PANI nanocompos-

ites are successfully prepared. However, the diffrac-

tion peaks of BTEFO in BTEFO/PANI

nanocomposites show a slight displacement com-

pared with that of standard diffraction peaks. The

diffraction peaks of BTEFO/PANI/RGO nanocom-

posites are shown in Fig. 2d; the characteristic peaks

of RGO cannot be observed. This may be attributed to

its low diffraction intensity and content in the

BTEFO/PANI/RGO nanocomposites. The similar

phenomenon also was reported in the previous lit-

erature [23].

The FTIR spectra of BTEFO/PANI and BTEFO/

PANI/RGO nanocomposites are exhibited in Fig. 3.

The characteristic peaks that derive from Fe–O and

Ba–O bond stretching vibration at 435 cm-1,

513 cm-1 and 602 cm-1 are observed from the FTIR

spectrum of BTEFO/PANI, which represents the

form of BTEFO particles in the composites [24].

Moreover, it also can be clearly observed the

absorption peak of PANI from Fig. 3a. The peak at

807 cm-1 is corresponding to the C-H of the ben-

zenoid unit. There is a peak appearing at 1142 cm-1,

which is closely relevant to the aromatic C-H inplane

bending mode. The peaks at 1249 cm-1 and

1298 cm-1 are associated with the asymmetric C–N

stretching mode for benzenoid ring. The C=N

stretching and C=C stretching of the quinoid and

benzenoid rings on PANI molecular chain are

observed, which correspond to two peaks at

1496 cm-1 and 1574 cm-1, respectively. The

Figure 1 Schematic

representation of the

preparation of the BTEFO/

PANI/RGO nanocomposites.

Figure 2 XRD patterns of (a) RGO, (b) BTEFO, (c) BTEFO/

PANI nanocomposite, (d) BTEFO/PANI/RGO nanocomposite and

(e) PANI.
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relatively broad peak arises at about 3431 cm-1

owing to the stretching vibration and deformation

vibration of hydroxyl group acquired from wet

atmosphere [25, 26]. The relative peaks of BTEFO/

PANI also are found in Fig. 3b. However, we cannot

find the peak of oxygen-containing functional groups

on the GO, which indicates that GO is completely

reduced by hydrazine hydrate [17].

To further investigate the morphology and struc-

ture of the samples, the TEM images for the BTEFO/

PANI and BTEFO/PANI/RGO nanocomposites are

presented in Fig. 4. Figure 4a, b reveals the low- and

high-magnification TEM images of BTEFO/PANI

nanocomposites. It can be clearly seen that the aver-

age size of the BTEFO nanoparticles uniformly coated

by PANI molecular chains in the range of 50–100 nm

and the microstructure of BTEFO nanoparticles is

polygonal. The HRTEM images in Fig. 4c, d show the

fringe spacing values that are measured to be

0.286 nm, 0.304 nm and 0.265 nm, corresponding to

the (112), (106) and (104) crystal planes of BTEFO

nanoparticles, severally. The TEM image of the

BTEFO/PANI/RGO nanocomposites is displayed in

Fig. 4e. It is observed that the RGO is diaphanous

with some wrinkles. Furthermore, the nanosheet of

RGO is firmly anchored on the surface of the BTEFO/

PANI nanocomposites.

To explore the structural change of graphene and

graphene-based composites, the Raman spectroscopy

of the various samples is exhibited in Fig. 5. For the

GO in Fig. 5a, the two peaks called D band and G

band appear at 1331 cm-1 and 1586 cm-1, which are

attributed to the breathing mode of k-point phonons

of A1g and the tangential stretching mode of the E2g

phonons of sp2 atoms, respectively [11]. It is observed

that the peaks at 1161 cm-1, 1402 cm-1 and

1484 cm-1 are associated with C–H stretching vibra-

tion of the quinoid/phenyl group, the C–N stretching

vibration of benzenoid ring and the semiquinone

radical cation structure of PANI in Fig. 5b, respec-

tively, which manifests the existence of PANI in the

BTEFO/PANI nanocomposites [27]. The characteris-

tic peaks of the RGO and PANI can be found from the

Raman spectrum curve of the BTEFO/PANI/RGO

nanocomposites, whereas the peaks of PANI and

RGO in ternary nanocomposites show slightly shift

compared with that of PANI in binary nanocom-

posites and GO. This phenomenon implies the pres-

ence of charge transfer among BTEFO, PANI and

RGO [28].

Magnetic property analysis

The field dependence of magnetization is measured

with VSM at room temperature. The obtained hys-

teresis loops and related magnetic parameters (the

saturation magnetization (Ms) and coercivity (Hc)) are

shown in Fig. 6. As can be seen from Fig. 6a, the Ms

of BTEFO is higher than that of pure BaFe12O19, but

the Hc value of BTEFO is decreased compared with

that of pure BaFe12O19. The increase in Ms and the

decrease in Hc can be attributed to ion occupancy and

the difference in ionic magnetic moments. Fe3? ions

are distributed over five sites in barium ferrites,

namely 12k, 2a, 2b, 4f1 and 4f2, with three spin-up

positions (12k, 2a and 2b) and two spin-down posi-

tions (4f1 and 4f2). When Fe3? ions (magnetic

moment = 5 lB) are substituted by magnetic ions

Tb3? (7.5 lB) and Eu2? (7 lB), the total magnetic

moment will increase and further enhance the Ms. Hc

declines with the Tb3? and Eu2? doping, which may

ascribe the decrease in the anisotropy field (Ha). The

substitution may change the anisotropy field, Ha,

expressed by the relation: Ha = 2K1/Ms, where K1 is

the first anisotropy constant and Ms is the saturation

magnetization [29]. Hc of a magnetic material is

proportional to Ha. Relevant research shows that

different sites of Fe3? ions contribute differently to

K1. Xu et al. [30] once calculated the K1 value about

2a, 2b, 4f1, 4f2 and 12k sites; the result shows that the

Figure 3 FTIR spectra of (a) BTEFO/PANI nanocomposites,

(b) BTEFO/PANI/RGO nanocomposites.
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values of K1 are 0.23, 1.40, 0.18, 0.51 and - 0.18,

respectively. In this study, Tb3? prefers to occupy the

tetrahedral 4f1 sublattice, while Eu2? ions tend to

locate in an octahedral 2a position; the sublattices of

4f1 and 2a have little influence on K1 which can be

neglected. Thus, Hc minishes with Ms increasing [11].

In the next place, we research the dependence of Ms

and Hc on RGO content. As can be observed from

Fig. 6b and c, the Ms and Hc values of the

nanocomposites decrease gradually from 13.87 emu/

g and 6209 Oe to 12.66 emu/g and 5283 Oe, respec-

tively. It is evident that the Ms and Hc of the ternary

composites decrease gradually with the increasing

content of RGO since RGO is non-magnetic material.

Microwave absorption properties analysis

The real permittivity (e0) and imaginary permittivity

(e00) of four samples in the range of 2–18 GHz are

shown in Fig. 7. As can be observed from Fig. 7a, b,

with the increasing content of RGO, the e0 and e00 of
the composites also increase gradually from 4.5 to

10.5 and 1.3 to 9.0, respectively. This phenomenon

can be explained as the following reasons: Firstly,

RGO is a dielectric material with a higher conduc-

tivity, which will exert an effect on the real permit-

tivity. Secondly, there is a charge transfer among

BTEFO, PANI and RGO, which may cause the elec-

tronic polarization. Thirdly, the increased dipole

polarization caused by defects and abundant surface

functional groups in RGO plays a very important role

Figure 4 TEM images (a,

b) and HRTEM images (c,

d) of BTEFO/PANI, TEM

image (e) of BTEFO/PANI/

RGO nanocomposites.
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in the imaginary permittivity [31]. Finally, with the

addition of graphene, the interface of ternary com-

posites will increase and that can induce interfacial

polarization at microwave frequency [32]. Mean-

while, it is obviously found the downward trend of

the e0 and e00 values with increasing frequency from 2

to 18 GHz, which is ascribed to the following fact. In

the frequency range of 2–18 GHz, the polarization of

molecules and electrons cannot have enough time to

catch up with the change in applied alternating

electromagnetic field [33].

Figure 8 displays the real permeability (l0) and

imaginary permeability (l00) of BTEFO/PANI/RGO

nanocomposites in the frequency range of 2–18 GHz.

As noted in Fig. 8, the variable trends of four samples

have little difference. The values of l0 are in the range

of 1.02–1.19, 0.98–1.15, 1.01–1.16 and 1.01–1.12,

respectively, indicating a slight fluctuation. Mean-

while, with the frequency increasing from 2 to

18 GHz, a slight decline occurs for the l00. In addition,

there are three resonance peaks in l00 at * 4.88 GHz,

* 12 GHz and * 15.12 GHz, respectively.

In this paper, the BTEFO nanoparticles make a

great contribution to magnetic loss of the ternary

nanocomposites, which derive from hysteresis loss,

domain wall resonance, eddy current effect and nat-

ural resonance [34]. In general, the hysteresis loss is

negligible in a weak applied field and the domain

wall resonance usually occurs in the frequency range

of MHz. Therefore, the magnetic loss depends on

eddy current effect and natural resonance in this

study. The eddy current loss can be evaluated by [15]

Figure 5 Raman spectra of (a) GO, (b) BTEFO/PANI

nanocomposite, and (c) BTEFO/PANI/RGO nanoparticles.

(a)

(b)

(c)

Figure 6 Magnetization hysteresis loops of a BaFe12O19 and

BTEFO nanoparticles, b BTEFO/PANI/RGO nanocomposite with

different addition of RGO, and c saturation magnetization Ms and

coercivity Hc of BTEFO/PANI/RGO samples.
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l00 � 2pl0 l0ð Þ2rd2f
3

ð1Þ

where r and l0 are the electric conductivity and the

permeability in vacuum, respectively. Thus, C0 can be

described by

C0 ¼ l00 l0ð Þ�2
f�1 ¼ 2pl0rd

2

3
ð2Þ

When the frequency is varied, the values of C0 keep

constant, implying that the magnetic loss results from

eddy current loss. The C0–f curves of the four samples

are exhibited in Fig. 9. It is clearly observed that the

C0 values drastically decrease in the range from 2 to

16 GHz, whereas C0 keeps approximately constant

when f[ 16 GHz. As a result, we believe that the

magnetic loss of the samples at * 4.88 GHz,

* 12 GHz and * 15.12 GHz shown in Fig. 9 can be

caused by natural resonance.

Moreover, some reports manifested that the

enhancement of microwave absorption is related to

Debye dipolar relaxations. According to the Debye

theory, the relative complex permittivity can be

expressed by the following equations [3, 35]:

er ¼ e1 þ es � e1
1þ j2pf

¼ e0 � je00 ð3Þ

where f, es, e? and s are frequency, static permittivity,

relative dielectric permittivity at the high-frequency

limit, and polarization relaxation time, respectively.

Thus, e0 and e00 can be described by

(a)

(b)

Figure 7 Real permittivity (a) and imaginary permittivity (b) of

BTEFO/PANI/RGO nanocomposites.

Figure 8 Real parts and imaginary parts of the complex

permeability of BTEFO/PANI/RGO nanocomposites.

Figure 9 C0 - f values of BTEFO/PANI/RGO nanocomposites.
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e0 ¼ e1 þ es � e1

1þ 2pfð Þ2s2
ð4Þ

e00 ¼ 2pfs es � e1ð Þ
1þ 2pfð Þ2s2

ð5Þ

Based on Eqs. (2) and (3), the relationship between

e0 and e00 can be deduced as follows:

e0 � es þ e1
2

� �2

þ e00ð Þ2¼ es � e1
2

� �2
ð6Þ

Thus, the curve of e0 versus e00 is a single semicircle,

which is generally called the Cole–Cole semicircle.

Each semicircle corresponds to one Debye relaxation

process. The curves of e0 versus e00 of the four samples

are displayed in Fig. 10. It is clearly seen that the C-1

and C-2 both present three Cole–Cole semicircles,

and the Cole–Cole semicircles of C-3 and C-4 are one

more than that of C-1 and C-2. It illustrates that there

are multiple relaxation for four samples, which is in

favor of microwave absorption. Meanwhile, rela-

tively speaking, the EM wave can be more effectively

attenuated by the C-3 and C-4 samples. The relax-

ation process with respect to a changing electric field

in a dielectric medium arises from the interface

polarizations of BTEFO/PANI, BTEFO/RGO and

PANI/RGO.

To clarify the microwave properties of the as-pre-

pared samples, the reflection loss (RL) curves can be

calculated according to the transmission line theory,

which is on basis of the relative complex permeability

and permittivity mentioned above with a given fre-

quency range and a given absorber thickness (d) by

the following equations [36, 37]:

RL ¼ 20 log
Zin � Z0

Zin þ Z0

����
���� ð7Þ

in which Z0 is the impedance of free space and Zin is

the input impedance of the absorber expressed as

Zin ¼ Z0
lr
er

� �1
2

tanh j
2pfd
c

� �
lrerð Þ

1
2

� �
ð8Þ

where lr and er are the relative complex permeability

and permittivity, f is the frequency of electromagnetic

(a) (b)

(c) (d)

Figure 10 Cole–Cole plots of BTEFO/PANI/RGO composites with different RGO addition in 2–18 GHz.
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wave, d is the thickness of the absorber, and c is the

velocity of light in vacuum. Figure 11 illustrates the

3D RL plots of BTEFO/PANI/RGO samples versus

frequency and thickness with different RGO content.

In Fig. 11a, we can observe that the minimum RL

value is only - 8.3 dB, which shows a poor micro-

wave absorption ability. However, with increase in

the RGO proportions, the microwave absorption

performances of composite are significantly

enhanced. For C-2 nanocomposites, exhibited in

Fig. 11b, the minimum RL value is - 32.5 dB at the

frequency about 8.1 GHz, the corresponding thick-

ness is 3.95 mm, and the bandwidth of RL below

- 10 dB (90% absorption) is 3.4 GHz. Figure 11c

presents the minimum RL value of C-3 which is

- 51.1 dB at the frequency about 8.8 GHz with

3.55 mm matching thickness and the effective band-

width is 3.6 GHz. As can be seen from Fig. 11d, an

optimal RL value of - 60.9 dB at 16.4 GHz with a

thickness of only 1.95 mm and a broad effective

bandwidth of 4.2 GHz are achieved for the C-4

composites. In addition, it is worth noting that the

minimum reflection loss peaks shift to lower fre-

quency with an increasing thickness. This phe-

nomenon can be ascribed to quarter-wavelength

attenuation, which is caused by the inverse phase

angle of the reflection microwave from the upper and

bottom surface of absorber [37].

In order to explain the mechanism of EM absorp-

tion, the dielectric loss tangents (tan dE = e00/e0) and
the magnetic loss tangents (tan dM = l00/l0) of the

C-1, C-2, C-3 and C-4 are presented in Fig. 12a–d,
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Figure 11 3D plots of the calculated reflection loss of samples loaded with different concentrations of BTEFO/PANI/RGO composites (a–

d) versus frequency and thickness.
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respectively. It reveals that the values of tan dE are

significantly larger than those of tan dM, indicating
that the electromagnetic wave attenuation mecha-

nism of which mainly depends on the dielectric loss.

Furthermore, we also calculate the loss tangents

(tan d = tan dE ? tan dM) of the samples, as shown in

Fig. 12e. The tan d values of the BTEFO/PANI/RGO

show an increasing trend with the addition of RGO
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Figure 12 Tangent loss of BTEFO/PANI/RGO nanocomposites.

6342 J Mater Sci (2019) 54:6332–6346



content. The loss tangents of the C-4 are the highest

among the four samples, the microwave absorption

of which may be the best.

Meanwhile, the attenuation constant a also plays a

major role in enhancing microwave absorption

properties. The a can be defined as [14]

a ¼
ffiffiffi
2

p
pf
c

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l00e00 � l0e0ð Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l00e00 � l0e0ð Þ2þ l0e00 þ l00e0ð Þ2

qr

ð9Þ

where f is the frequency of electromagnetic wave

propagation and c is the velocity of light. It is found

from Fig. 13 that the four samples display a similar

variation with the increasing mass fraction of RGO.

C-4 has the highest a, indicating that the microwave

attenuation is the best.

According to the above analysis, we confirm that

the BTEFO/PANI/RGO nanocomposites possess

remarkable absorbing properties. The microwave

absorption mechanism is shown in Fig. 14. Firstly,

the proper combination of the complex permittivity

and permeability results in the appropriate syner-

gistic effect of dielectric loss and magnetic loss [38].

Secondly, the special structure of the composite is

fundamental to the enhancement of the absorption

property. The hexagonal BTEFO, fibrous PANI and

the relatively large surface area of RGO can provide

more active sites for multiple reflections and scat-

tering, transforming the microwave energy to heat

energy in long propagation periods [39]. Moreover,

there are many interfaces among BTEFO nanoparti-

cles, PANI and RGO sheets, resulting in interfacial

polarization and associated relaxation, which gener-

ate a positive effect on electromagnetic wave

absorption [40]. Thirdly, the increased dipole polar-

ization caused by defects and abundant surface

functional groups in RGO enhance the dielectric loss

[41, 42]. Fourthly, there will be a charge transfer

among BTEFO nanoparticles, PANI and RGO (can be

observed in the Raman spectroscopy), and Tb3?, Eu2?

doping BaFe12O19 induce lattice distortion; the free

charge will accumulate and cause space charge

polarization [27, 32, 43]. Finally, BTEFO will generate

natural resonance because of its nanoscale which

contributes to magnetic loss [40].
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Figure 13 Microwave attenuation constants (a) of BTEFO/PANI/
RGO nanocomposites.

Figure 14 Schematic

representation of the

microwave attenuation

mechanism in BTEFO/PANI/

RGO nanocomposites.
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Conclusions

All in all, the simple fabrication of magnetic and

conductive BTEFO/PANI/RGO hybrids with differ-

ent component proportion has been demonstrated.

BTEFO/PANI/RGO nanocomposites exhibit an

excellent microwave absorption performance since its

preeminent impedance matching and attenuation

matching. For C-4, superior reflection loss of

- 60.9 dB is achieved at 16.4 GHz with a thickness of

only 1.95 mm and the absorption bandwidths

exceeding - 10 dB are 4.2 GHz Therefore, it is

believed that the BTEFO/PANI/RGO nanocompos-

ites can be an outstanding microwave absorber with

thin thickness, lightweight, wide frequency band and

strong microwave absorption performance.
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