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ffect of a graphene nanoplate/
Fe3O4@BaTiO3 hybrid and MWCNTs on enhancing
broadband electromagnetic interference shielding
performance

Lun Jin, Xiaomin Zhao, Jianfeng Xu, Yanyu Luo, Danqing Chen and Guohua Chen *

In this work, methyl vinyl silicone rubber (VMQ) nanocomposites were prepared by solution blending VMQ,

a graphene nanoplate/Fe3O4@BaTiO3 hybrid (GFBT) and MWCNTs, aiming to improve the electromagnetic

interference (EMI) shielding performance of VMQ. Using the low defect graphene nanoplates (GNPs) as

a carrier of Fe3O4@BaTiO3 nanoparticles, the GFBT hybrid was synthesized using a two-step

solvothermal method. The micro morphology observed by scanning and transmission electron

microscopy (SEM and TEM) showed that Fe3O4 (�200 nm) and BaTiO3 (�20 nm) were successfully

loaded over GNPs. The GFBT hybrid and MWCNTs had good dispersion in the as-prepared VMQ/GFBT/

MWCNTs (VGFBTM) nanocomposite. With a loading of 16.1 wt% total filler (GFBT : MWCNTs ¼ 5 : 1), the

shielding effectiveness (SE) of the VGFBTM composite ranged from 26.7 to 33.3 dB (>99.8% attenuation)

in a wide frequency range of 1.0–20.0 GHz. A synergistic effect between the GFBT hybrid and MWCNTs

provided good dielectric loss and magnetic loss, which played a significant role in improving the

electromagnetic interference shielding effectiveness of VMQ. Besides, the electrical conductivity of the

VGFBTM nanocomposite was improved compared with VMQ owing to the conducting network structure

which was built from two-dimensional GNPs and one-dimensional MWCNTs.
1. Introduction

In the rapidly evolving information age, the numerous appli-
cations of electronic products have created a convenient life for
humans, whereas they have introduced serious electromagnetic
interference (EMI) pollution1,2 as well. Electromagnetic waves
generated by electronic equipment adversely affect other
devices and living creatures, resulting in problems such as
insufficient precision and dysfunction of the devices, or even
being harmful to our health. Generally, electromagnetic inter-
ference shielding effectiveness (EMI SE) of a polymer composite
depends mainly on the ller's intrinsic conductivity, dielectric
constant, magnetic permeability and aspect ratio.3,4 In view of
the above aspects, excellent EMI performance can be obtained
when the ller has good intrinsic conductivity.5,6 The traditional
EMI shielding or absorbing materials are single component
such as carbon black, ferrite7 and graphite8,9 which have been
studied in the past decade. In recent years, with electromagnetic
pollution becoming more serious, researchers are focusing on
graphene-based multiple nanocomposites to improve the EMI
SE of polymers due to its super electronic conductivity and
ability to act as a carrier of other absorbers such as
t, Huaqiao University, Xiamen 361021,

-592-6162280

hemistry 2018
RGO@MoS2,10 and RGO/SiO2/Fe3O4 hybrids.11 Currently, gra-
phene mainly prepared by chemical oxidation reduction and
mechanical stripping methods are two kinds of graphene based
conductive llers. In this work, GNPs has been used which
possesses excellent electrical, mechanical, barrier and carrier
properties due to their unique size and morphology during
mechanical stripping process.

According to shielding mechanism, it is used to effectively
enhance the EMI SE with the combination of carbon ller and
other absorbers such as ferrimagnetic materials.12–14 Fe3O4

nanoller has been widely studied as a promising absorber in
polymer composites owning to high permeability and obvious
absorbing loss to electromagnetic wave.15 However, the
agglomeration and poor dispersion of these nanollers in
polymer matrices is the rst problem to us. Without well
dispersion in polymer composite, the composite can hardly
perform ideal EMI SE. To solve the problem, various synthetic
methods such as solvothermal method of graphene/Fe3O4

hybrids are reported and performed well EMI SE.16,17 Studied by
microscopic characterization, Fe3O4 nanoparticles are anchored
on the surface of graphene, meanwhile both of Fe3O4 nano-
particles and graphene show no more agglomeration.

The ideal EMI shielding composites not only require excel-
lent magnetic permeability but also superior dielectric
constant. The dielectric ceramic such as BaTiO3 shows obvious
RSC Adv., 2018, 8, 2065–2071 | 2065
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frequency dispersion characteristics and dielectric polarization
effect which can lead to dielectric loss in the 2–18 GHz band.18–21

Here, the dielectric constant decreases with the increase of
frequency, and the dielectric loss angle has extreme value.22 Guo
et al.18 revealed that 15 wt% RGO@BaTiO3 in poly(vinylidene
uoride) matrix exhibited the highest value of reection (�45.3
dB) and broad frequency bands (<�10 dB). All in all, it produces
induced charge and weakens the electromagnetic eld when
surrounded by an extra electromagnetic eld. Non-conductive
absorbers such as Fe3O4 and BaTiO3 nanoparticles can decrease
conductivity of graphene-based composites which is a problem
we meet. Recently the combination of two-dimensional graphene
with one-dimensional CNTs is used to build three-dimensional
space conductive network which played a crucial role for high
electrical conductivity in the composites.23

In this work, graphene nanoplates/Fe3O4@BaTiO3 hybrid
(GFBT) was synthesized by loading Fe3O4 and BaTiO3 nano-
particles on graphene nanoplates via a two-step solvothermal
method. MWCNTs was used as a synergist to weaken the negative
effects of Fe3O4 and BaTiO3 nanoparticles on conductive prop-
erty. The synergistic effect of GFBT hybrid and MWCNTs was
studied on electromagnetic interference shielding property and
electrical conductivity of methyl vinyl silicone rubber (VMQ). The
micro morphology and structure of GFBT hybrid were charac-
terized by SEM, TEM, X-ray powder diffraction (XRD) and Raman.
The dispersion of GFBT hybrid and MWCNTs in VGFBTM
nanocomposite was characterized by SEM. By optimizing the
loading of GFBT and MWCNTs in VMQ, the effective EMI SE
bandwidth with SE > 26.7 dB was over 1.0–20.0 GHz in a thickness
of 2.6 mm and the electrical conductivity reached �0.01 S cm�1.
2. Experimental section
2.1 Chemicals and materials

Methyl vinyl silicone oil (COSIL® V-10000), hydrogenated silicone
oil (COSIL® SH-80), platinum catalyst platinum catalyst (COSIL®
CAT-Pt050) and inhibitor were supplied by Jiangsu Cosil of the
new materials Co., Ltd., China. Graphene nanoplates (KNANO)
and Multi-walled carbon nanotubes (TIME NANO® MTNM3;
�98 wt% purity, OD ¼ 10–20 nm and length ¼ 10–30 mm;
supplied by timenano, China) were dried in a vacuum oven at
80 �C for 24 h. Ferric chloride (FeCl3), polyethylene glycol (PEG,
Mw ¼ 1500), ethylene glycol, sodium acetate (CH3COONa),
barium hydroxide octahydrate (Ba(OH)2$8H2O), titanium dioxide
(TiO2), sodium dodecylbenzenesulfonate (SDBS), hexane were
purchased fromXia'men chenhong Technology Co., Ltd. All these
materials and chemicals were used as received without further
purication. Deionized water was used in all experiments.
Fig. 1 The synthesis process of the VGFBTM nanocomposites.
2.2 Experimental

2.2.1 Synthesis of GNPs/Fe3O4 (GF) hybrid and GNPs/Fe3-
O4@BaTiO3 (GFBT) hybrid. 0.39 g of GNPs and a certain amount
of FeCl3 were dispersed into ethylene glycol by sonicating
(2000 W, 20 KHz) for 6 min. CH3COONa and PEG were added
into the suspension, followed by another 6 min ultrasonic. Then
the mixture was poured into a Teon-lined stainless-steel
2066 | RSC Adv., 2018, 8, 2065–2071
autoclave. Aer reacting at 200 �C for 10 h, a typical sol-
vothermal process24 was nished. The black product GF hybrid
was obtained by magnetic separation. Then, it was washed by
deionized water and ethanol each for three times. Finally, the
GF hybrid was dried in a vacuum oven overnight at 60 �C.

The GFBT hybrid were synthesised by hydrothermal method.25

1.00 g as-prepared GF hybrid, a certain amounts of Ba(OH)2$8H2O
and TiO2 were dispersed into 100 mL deionized water. The
mixture was ultrasonicated for 6min, then transferred to a Teon-
lined stainless-steel autoclave (150mL). Aer heating at 200 �C for
10 h, the black product GFBT was separated by magnet and
washed with deionized water for three times. The GFBT hybrid
was dried in a vacuum oven overnight at 60 �C before used.

2.2.2 Preparation of GFBT/MWCNTs (GFBTM) suspension.
The GFBT hybrid, MWCNTs and SDBS were dispersed with
a weight ratio of 10 : 2 : 1 in hexane under strong stirring and
ultrasonic for 6 min to create a homogeneous suspension. The
GFBTM suspension was prepared for later use.

2.2.3 Preparation of VMQ/GFBTM (VGFBTM) nano-
composites. The VGFBTM nanocomposites were prepared via
solvent blending method and curing process. The synthesis
process was described in Fig. 1. First, Methyl vinyl silicone oil was
dissolved in hexane under strong stirring and ultrasonic for
6 min, forming a homogeneous solution. Then the dissolved
silicone oil and the GFBTM suspension were mixed under ultra-
sonic for 6 min. Then the mixture was slowly stirred overnight to
completely evaporate the hexane solvent. Finally, the obtained
mixture was cured with hydrogenated silicone oil in present of
platinum catalyst and inhibitor at 80 �C for 2 h. In this work, the
abbreviation of V1–V6 represented the six different samples of
VGFBTM composites. For example, if the GFBTM ller content
was 2.3 wt%, the name of the composite was V1 (Table 1).
2.3 Characterization

The morphologies of samples were characterized by eld
emission scanning electron microscopy (FESEM, JSM-6700F)
and transmission electron microscopy (TEM, JEM-2010 JEOL).
Raman spectra was recorded with a He–Ne laser (532 nm) as the
This journal is © The Royal Society of Chemistry 2018
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Table 1 The specific parameters of components and the short name of corresponding composites in detail

Samples number VMQ (g) GFBT (g) MWCNTs (g) GFBTM (wt%) Samples name

1 10 0.2 0.04 2.3 V1
2 0.4 0.08 4.6 V2
3 0.6 0.12 6.7 V3
4 0.8 0.16 8.8 V4
5 1.2 0.24 12.6 V5
6 1.6 0.32 16.1 V6
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excitation source by Labram spectrometer (Super LabRam II
system), and used to analyse GNPs, GF and GFBT hybrids. X-ray
diffraction (XRD) patterns were recorded with a D8-Advance
Instrument (Bruker AXS) using Cu Ka radiation generated at
a voltage of 40 kV and a current of 40 mA. The range of 2q was
from 5 to 80 with a scanning rate of 5 per minute. The magnetic
properties were measured on a NQTM-DC-001 vibration sample
magnetometer (VSM) with a magnetic eld of�20 000 to 20 000
Oe. The electrical conductivities (sv) of the composite sheets
were collected using Keithley 2400 source meter. Electromag-
netic shielding were carried out using Agilent E8362B Vector
Network Analyzer in 1.0–20.0 GHz microwave range. The round-
shape VGFBTM samples with 2.60 mm thickness were placed
inside the cavity of the sample holder which matches the
internal dimensions of the 1–20 GHz wave guide. All the
measurements were operated at room temperature.

3. Results and discussion
3.1 Microstructure and morphology

The surface morphologies and sizes of GNPs, GF and GFBT
hybrid were investigated using SEM and TEM. Typical SEM
Fig. 2 SEM images of (a) GNPs, (b) GF and (c) GFBT hybrid; (d) TEM ima

This journal is © The Royal Society of Chemistry 2018
images of GNPs, GF and GFBT hybrid showed in Fig. 2a–c. As
seen in Fig. 2a, the commercial GNPs obtained by mechanical
stripping method presented lamellar structures with distinct
wrinkled surface. Fig. 2b showed the SEM image of GF hybrid
prepared by solvothermal method and the insert image of
Fig. 2b showed the Fe3O4 nanospheres with an average diameter
of 200 nm. The Fe3O4 nanospheres uniformly anchored on the
surface of GNPs, which enlarged the layer space of graphene
sheets and prevented restacking of GNPs as well. Fig. 2c–
d showed the SEM and TEMmicrographs of GFBT hybrid. Large
quantities of BaTiO3 nanoparticles (�20 nm) were coated on
Fe3O4 nanospheres. It could be clearly seen in Fig. 2c that the
surface of Fe3O4 nanospheres was no longer smooth and
rounded, but wrapped in a thin and rough layer of BaTiO3

nanoparticles. In Fig. 2e, TEM image of Fe3O4@BaTiO3 (FBT)
nanoparticles showed that light-colored BaTiO3 (shell structure)
were coated on dark-colored Fe3O4 (core structure). The insert
image in Fig. 2e was the corresponding selected area electron
diffraction (SAED) pattern of GFBT hybrid, which demonstrated
the monocrystalline structure of Fe3O4 and BaTiO3 nano-
particles. From Fig. 2f, HRTEM image of FBT nanoparticles
indicated that the lattice plane spacing of the Fe3O4 particles
ges of GFBT hybrid and (e, f) HRTEM images of FBT particle.

RSC Adv., 2018, 8, 2065–2071 | 2067
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Fig. 3 XRD patterns of GNPs, GF and GFBT hybrids.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

18
. D

ow
nl

oa
de

d 
on

 7
/2

9/
20

25
 4

:4
2:

31
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
was 0.253 nm (311) and the lattice plane spacing of the BaTiO3

particles was 0.233 nm corresponding to the (111) plane of
BaTiO3 phase. It could further reveal that the synthesised Fe3O4

and BaTiO3 nanoparticles were monocrystallines.
The phase and structures of GNPs, GF and GFBT hybrid were

studied by XRD. Fig. 3 showed the XRD patterns of GNPs, GF
and GFBT hybrid. For GNPs, a conventional stacking peak of
GNPs appeared around 2q ¼ 26�, indicating GNPs stack
together easily and form graphitic structures. As to GF hybrid,
the detected diffraction peaks of Fe3O4, (220), (311), (400), (511)
and (440) were assigned to the face centered cubic structure of
Fe3O4 (JCPDS card, le no. 19-0629). An additional intense
diffraction peak around 26� corresponding to C (002) indicates
that Fe3O4 formed on GNPs successfully. Compared with the
above results, the XRD pattern of GFBT showed more charac-
teristic diffraction peaks, (100), (110), (111), (200), (211) and
(220) were assigned to the pure tetragonal perovskite structure
of BaTiO3 (JCPDS card, le no. 31-0174). Besides, two-step sol-
vothermal process did not affect Fe3O4 crystalline structure. The
XRD results showed that Fe3O4 and BaTiO3 were successfully
formed on GNPs aer two-step solvothermal process.

Raman spectroscopy is a common and efficient method for
the characterization of graphene materials. Herein, Raman
spectra of GNPs, GF and GFBT hybrids performed in the 1000–
3000 cm�1 range were presented in Fig. 4. Raman spectra of GNPs
exhibited three regular peaks that the D-band line was around
1347 cm�1, G-band line was around 1578 cm�1 and 2D-band line
Fig. 4 Raman spectra of GNPs, GF and GFBT hybrid.

2068 | RSC Adv., 2018, 8, 2065–2071
was around 2716 cm�1. Here, the D band corresponds to the
defect of graphene, which reects the disorder of the graphene
sheet. The G band corresponds to the rst-order scattering of the
E2g mode observed for sp2 carbon domains, while the 2D peak in
graphene is due to two phonons with opposite momentum in the
highest optical branch.26,27 The intensity ratio of D and G (ID/IG)
provides an effective index for comparing the lattice defects and
the graphitization degree of carbon materials. The intensity ratio
of 2D and G (I2D/IG) provides an index for identifying layers of
graphene-basedmaterials.28,29 As seen in Fig. 4, the I2D/IG of GNPs
was less than 1, meaning the graphene consisted of multiple
layers. The ID/IG of GNPs was 0.100, which meant few lattice
defect in the sheet and edge of graphene. The ID/IG (0.068) of
GFBT hybrid was the lowest intensity in the three samples,
indicating the oxygen-containing groups and lattice defect of
GNPs decreased aer the two-step solvothermal reaction process.
3.2 Magnetic properties

The magnetic properties of Fe3O4, GF and GFBT hybrids were
measured by VSM at room temperature. The hysteresis loops
curves of each sample was described in Fig. 5. The specic
magnetic parameters including saturation magnetization (Ms),
coercivity (Hc), and remanent magnetization (Mr) were listed in
Table 2. In Fig. 5, compared to Fe3O4 nanoparticle, GF and
GFBT hybrids exhibited the lower Ms values owing to the
nonmagnetic properties of GNPs and BaTiO3. Nevertheless,
effectively magnetic separation was still shown when the
magnet was close to a GFBT suspension (as shown in right
corner insert images in Fig. 5). The experiment indicated that
GFBT hybrid had paramagnetic feature as well. From Table 2,
Hc and Mr of GFBT hybrid were 150.0 Oe and 8.0 emu g�1,
respectively. The two low values further veried the super-
paramagnetic feature of GFBT hybrid. In addition, the low Hc of
GFBT hybrid led to the low resonance frequency, which meant
a considerable magnetic loss to electromagnetic wave.30–32
Fig. 5 Hysteresis loops of Fe3O4, GF and GFBT hybrids at room
temperature. The insets are themagnified views of the hysteresis loops
at low applied fields and a digital of GFBT hybrid separated from the
aqueous suspension by a magnet.

This journal is © The Royal Society of Chemistry 2018
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Table 2 Magnetic parameters of Fe3O4, GF and GFBT hybrid

Samples

Parameters

Ms (emu g�1) Hc (Oe) Mr (emu g�1)

Fe3O4 70.7 71.4 6.1
GF 50.6 114.1 8.0
GFBT 32.3 150.0 6.5
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3.3 Microstructures of VGFBTM composites

In VQM composites, the dispersion status of the nanollers
played critical roles in determining the nal properties of the
composites. Fig. 6a–d showed SEM images of the V1, V4 and V6
composites. In the VGFBTM composites, GFBT hybrid and the
deciduous FBT nanoparticles were randomly distributed on the
fractured surface of the composites. The FBT nanoparticles
anchoring on graphene sheets prevented stacking of the gra-
phene sheets in the VGFBTM composites. In the case of V1
composite (Fig. 6a), graphene sheets were separated far from
each other in the matrix. With the increasing content of GFBTM
ller, the spatial network structures was gradually formed in
Fig. 6c–d. Numerous small pore structures and spaces would be
favorable for the attenuation of electromagnetic wave by
absorption once themicrowave gets into the nearly closed spaces.
3.4 Electrical conductivities of VGFBTM composites

Fig. 7 showed variation in the electrical conductivity of VGFBTM
composites with increasing GFBTM llers (GFBT : MWCNTs ¼
5 : 1) content. The electrically insulating Fe3O4 and BaTiO3

nanoparticles attached on GNPs sheets may negatively affect
electrical conductivity of the composites. Theoretically, GNPs
have high electrical conductivity in the in-plane direction and
Fig. 6 SEM images of (a) V1, (b) V4, (c) and (d) V6 composites.

This journal is © The Royal Society of Chemistry 2018
MWCNTs have high electrical conductivity in the axis direction
both owing to the sp2 hybrid. It means that they have high
electrical resistance in other directions. Herein, one-
dimensional MWCNTs acted as a bridge to connect two-
dimensional GNPs layers and provided additional channels
for the electron transfer within the VMQ matrix.33 Compared to
the pure VMQ sheet, the VGFBTM composites showed an
obvious increase in conductivity, mainly attributing to
a decrease in the contact resistance as well as the formation of
an efficient percolating network which was formed by GNPs and
MWCNTs in VMQ matrix.34 The V6 composite showed good
electrical conductivity which reached 0.01 S cm�1 with
a 16.1 wt% total ller loading. The observations of electrical
properties were conrmed from the SEM micrographs of the
VGFBTM composites in Fig. 6, indicating spatial network
structure is advantageous for conductivity.

3.5 EMI shielding efficiencies of VGFBTM composites

EMI SE is a measure of the material's ability to attenuate the
electromagnetic wave intensity.35 For electromagnetic radiation,
EMI SE is the logarithm of the ratio of incident power (Pi) to
transmitted power (Pt) in decibels, i.e., SE ¼ 10 log(Pi/Pt). For
example, SE of 20 and 30 correspond to the blocking of 99% and
99.9% of electromagnetic incident waves, respectively. Fig. 8
showed EMI SE of the VGFBTM composites sheets of 2.6 mm
thickness at room temperature in the range of 1.0–20.0 GHz. In
Fig. 8, we found that the SE peaks of the samples move to low
frequencies with increasing content of nanollers, resulting
from dielectric loss of the increasing BaTiO3 nanoparticles at
low frequency.36,37 The target value of the EMI SE needed for
commercial applications is 20 dB. As presented of the sample
no. 1 in Fig. 8, the V1 composites exhibited SE of 20.3 dB at 10.6
GHz with 2.3 wt% GFBTM ller content, indicating the
composites can meet the commercial application demands.
Besides, the effective EMI SE (SE > 26.7 dB) bandwidth was
enlarged from 1.0 to 20.0 GHz with 16.1 wt% GFBTM ller
content. In this work, the SE value increased within content of
16.1 wt% GFBTM ller. The excellent SE properties of the
nanocomposites attributed to the multiple electromagnetic loss
mechanisms, such as magnetic absorption, dielectric
Fig. 7 Plots of electrical conductivity vs. GFBTM fillers content for
VGFBTM composites.
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Fig. 8 Plots of EMI shielding effectiveness for VGFBTM composites
with different loading of fillers in 1.0–20.0 GHz.

Fig. 9 (a) Comparison of SEtotal, SEA and SER of VGFBTM composites at
3.0 GHz as a function of GFBTM filler content; (b) illustration of the
major mechanisms for EMI shielding.
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absorption, synergistic effect of composite system and the
special electromagnetic light effect of nanomaterials.

Theoretically, the relationship between transmittance (T),
reectance (R), and absorbance (A) of a shielding material can
be described using eqn (1).

T + R + A ¼ 1 (1)

The T and R coefficients were estimated through S parame-
ters and related by the following equation:

T ¼
�
ET

EI

�2

¼ jS12j2 ¼ jS21j2 (2)

R ¼
�
ER

EI

�2

¼ jS11j2 ¼ jS22j2 (3)

The total EMI SE (SEtotal) is the sum of the absorption (SEA),
reection (SER), and multiple reection (SEM) (eqn (4))

SEtotal ¼ SEA + SER + SEM (4)

when SEtotal > 15 dB, it is usually assumed that (SEM is
negligible)

SEtotal z SEA + SER (5)

Hence, the SEtotal of a shielding material can be written as
follow (eqn (6)).

SEtotal ¼ 20 log

�
EI

ET

�
¼ �10 log T (6)

Considering the effective absorbance (Aeff) (eqn (7)), with
respect to the power of the incident electromagnetic wave inside
the shielding material, the SER and SEA can be described by eqn
(8) and (9).38

Aeff ¼ ð1� T � RÞ
ð1� RÞ (7)

SER ¼ 10 log(1 � R) (8)
2070 | RSC Adv., 2018, 8, 2065–2071
SEA ¼ �10 log

�
T

ð1� RÞ
�

(9)

To explore the EMI shielding mechanism, the effects of multi-
llers on SEtotal, SEA and SER of the VGFBTM composites at 3.0
GHz were calculated and investigated (Fig. 9a). It was evident that
SEA > SER in terms of the VGFBTM composites. Besides, the rate
of the increase in microwave absorption was much larger than
that of the increase inmicrowave reection. For the V6 composite
at 3 GHz, the SEtotal, SEA, and SER are 31.7, 25.4, and 6.3 dB,
respectively. Therefore, the contribution of the absorbance was
4.0 times larger than that of the reectance to the total EMI SE. So
we could conclude that microwave absorption was the main
contributor to the total EMI SE of the VGFBTM composites,
meeting with other reports related to the shielding mechanisms
of PANI/GN/MWCNTs and PS/GN/Fe3O4 composites.39,40

The good EMI SE could be attributed to several factors.
Firstly, GNPs worked as a carrier of FBT nanoparticles that
prevented their agglomeration. The formation of GFBT hybrid
containing FBT nanoparticles embedded in the GNPs layers
enhanced the interfacial polarization of multiphase. Secondly,
MWCNTs acted as a bridge to connect GNPs for increasing
electrical conductivity and enhancing dielectric loss in electro-
magnetic eld.34 Besides, the efficient complementarities
between permittivity and permeability which could enhance
EMI absorption property.27,41,42 In other words, most of the
incident microwaves entering the VGFBTM composites were
reected and scattered many times in the multiphase and netty
structure building by GFBT hybrid and MWCNTs llers, and
could not escape from the limited space until they were almost
absorbed (Fig. 9b). All above described and discussed results
intensely support that the VGFBTM composites displayed good
EMI SE in a wide frequency range.
4. Conclusions

In summary, the VGFBTM composites with high electromag-
netic interference shielding were successfully prepared by
adding self-prepared GFBT hybrid andMWCNTs in VMQmatrix
via two-step solvothermal and solution blending methods. The
GFBT hybrid was formed by loading Fe3O4 and BaTiO3
This journal is © The Royal Society of Chemistry 2018
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View Article Online
nanoparticles on graphene nanoplates step by step through
solvothermal method. The hysteresis loops of GFBT hybrid
indicated a super paramagnetic feature which meant consid-
erable magnetic loss. With a synergistic effect of GFBT hybrid
and MWCNTs, the VGFBTM composites exhibited good elec-
trical conductivity and electromagnetic interference shielding
property. In detail, the composite showed greatly broad band-
width (SE > 26.7 dB) from 1.0 to 20.0 GHz with a 16.1 wt% total
ller loading. As a result, the VGFBTM composite possesses
high magnetic permeability, dielectric property and good
conductivity, making it a novel potential electromagnetic
interference shielding materials, such as sheath material for
eliminating electromagnetic pollution in wide frequency range.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

This work was nancially supported by Natural Science Foun-
dation of China (51373059), Science and Technology Projects in
Fujian province (2018H6012, 2017H2001, JA14016), Science and
technology innovation team of Huaqiao University (Z14X0046),
and The Research Center of Graphene Powder & Composites of
Fujian Province.

References

1 Y. Bhattacharjee, I. Arief and S. Bose, J. Mater. Chem. C, 2017, 5,
7390–7403.

2 A. P. Singh, M. Mishra, P. Sambyal, B. K. Gupta, B. P. Singh,
A. Chandra and S. K. Dhawan, J. Mater. Chem. A, 2014, 2,
3581–3593.

3 K.-Y. Park, J.-H. Han, S.-B. Lee, J.-B. Kim, J.-W. Yi and
S.-K. Lee, Compos. Sci. Technol., 2009, 69, 1271–1278.

4 N. Li, Y. Huang, F. Du, X. He, X. Lin, H. Gao, Y. Ma, F. Li,
Y. Chen and P. C. Eklund, Nano Lett., 2006, 6, 1141.

5 S. T. Hsiao, C. C. M. Ma, H. W. Tien, W. H. Liao, Y. S. Wang,
S. M. Li and Y. C. Huang, Carbon, 2013, 60, 57–66.

6 W. L. Song, M. S. Cao, M. M. Lu, S. Bi, C. Y. Wang, J. Liu,
J. Yuan and L. Z. Fan, Carbon, 2014, 66, 67–76.

7 V. K. Sachdev, N. K. Srivastava, K. Kumar and R. M. Mehra,
Mater. Sci.-Pol., 2005, 23, 269–277.

8 Q. Hu and M. S. Kim, Carbon Lett., 2008, 9, 298–302.
9 J. Gass, P. J. Poddar, J. Almand, S. Srinath and H. Srikanth,
Adv. Funct. Mater., 2006, 16, 71–75.

10 A.-P. Guo, X.-J. Zhang, S.-W. Wang, J.-Q. Zhu, L. Yang and
G.-S. Wang, ChemPlusChem, 2016, 81, 1305–1311.

11 Y. Xu, Q. Wang, Y. Cao, X. Wei and B. Huang, RSC Adv., 2017,
7, 18172–18177.

12 Y. E. Moon, J. Yun and H. I. Kim, J. Ind. Eng. Chem., 2013, 19,
493–497.

13 Z. Peng, W. Jiang, Y. Wang and S. Zhong, J. Mater. Sci.: Mater.
Electron., 2016, 27, 1304–1313.

14 S. I. Ji, J. G. Kim, S. H. Lee and Y. S. Lee, Mater. Chem. Phys.,
2010, 124, 434–438.
This journal is © The Royal Society of Chemistry 2018
15 G. Tong, Y. Liu, T. Cui, Y. Li, Y. Zhao and J. Guan, Appl. Phys.
Lett., 2016, 108, 072905.

16 K. Yao, J. Gong, N. Tian, Y. Lin, X. Wen, Z. Jiang, H. Na and
T. Tang, RSC Adv., 2015, 5, 31910–31919.

17 T. T. Tung, J. F. Feller, T. Y. Kim, H. Kim, W. S. Yang and
K. S. Suh, J. Polym. Sci., Part A: Polym. Chem., 2012, 50, 3767.

18 A.-P. Guo, X.-J. Zhang, J.-K. Qu, S.-W. Wang, J.-Q. Zhu,
G.-S.Wang and L. Guo,Mater. Chem. Front., 2017, 1, 2519–2526.

19 S. M. Abbas, A. K. Dixit, R. Chatterjee and T. C. Goel, Mater.
Sci. Eng., B, 2005, 123, 167–171.

20 X. Chen, G. Wang, Y. Duan and S. Liu, J. Alloys Compd., 2008,
453, 433–436.

21 F. Xia, J. Liu, D. Gu, P. Zhao, J. Zhang and R. Che, Nanoscale,
2011, 3, 3860–3867.

22 V. M. Petrov and V. V. Gagulin, Inorg. Mater., 2001, 37, 93–98.
23 M. H. Al-Saleh, Synth. Met., 2016, 217, 322–330.
24 R. Wei, J. Wang, Z. Wang, L. Tong and X. Liu, J. Electron.

Mater., 2016, 46, 2097–2105.
25 K. Tsunekawa, Y. Hotta, K. Sato and K. Watari, J. Ceram. Soc.

Jpn., 2006, 114, 651–653.
26 A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi,

M. Lazzeri, F. Mauri, S. Piscanec, D. Jiang, K. S. Novoselov,
S. Roth and A. K. Geim, Phys. Rev. Lett., 2006, 97, 187401.

27 K. Singh, A. Ohlan, V. H. Pham, B. Rajarajeswari, S. Varshney,
J. Jang, S. H. Hur, W. M. Choi, M. Kumar, S. K. Dhawan,
B. S. Kong and J. S. Chung, Nanoscale, 2013, 5, 2411–2420.

28 A. C. Ferrari, J. C. Meyer, V. Scardaci, C. Casiraghi,
M. Lazzeri, F. Mauri, S. Piscanec, D. Jiang, K. S. Novoselov
and S. Roth, Phys. Rev. Lett., 2006, 97, 187401.

29 A. Eckmann, A. Felten, A. Mishchenko, L. Britnell,
R. Krupke, K. S. Novoselov and C. Casiraghi, Nano Lett.,
2012, 12, 3925.

30 C.-L. Zhu, M.-L. Zhang, Y.-J. Qiao, G. Xiao, F. Zhang and
Y.-J. Chen, J. Phys. Chem. C, 2010, 114, 16229–16235.

31 Y. Wang, Y. Lai, S. Wang and W. Jiang, Ceram. Int., 2016, 17,
3578–3583.

32 Y.-J. Chen, P. Gao, R.-X.Wang, C.-L. Zhu, L.-J. Wang,M.-S. Cao
and H.-B. Jin, J. Phys. Chem. C, 2009, 113, 10061–10064.

33 Y. Tang and J. Gou, Mater. Lett., 2010, 64, 2513–2516.
34 J. Y. Oh, G. H. Jun, S. Jin, H. J. Ryu and S. H. Hong, ACS Appl.

Mater. Interfaces, 2016, 8, 3319–3325.
35 A. Ameli, M. Nofar, S. Wang and C. B. Park, ACS Appl. Mater.

Interfaces, 2014, 6, 11091–11100.
36 K. S. Zhou, L. Gui, L. S. Yin and D. M. Kong, J. Cent. South

Univ. Technol., 2005, 5, 872–876.
37 F. Xia, J. Liu, D. Gu, P. Zhao, J. Zhang and R. Che, Nanoscale,

2011, 3, 3860.
38 Y. Hong, C. Lee, C. Jeong, D. Lee, K. Kim and J. Joo, Rev. Sci.

Instrum., 2003, 74, 1098–1102.
39 Y. Chen, Y. Wang, H. B. Zhang, X. Li, C. X. Gui and Z. Z. Yu,

Carbon, 2014, 82, 67–76.
40 T. K. Gupta, B. P. Singh, R. B. Mathur and S. R. Dhakate,

Nanoscale, 2014, 6, 842.
41 L. Wang, Y. Huang, X. Sun, H. Huang, P. Liu, M. Zong and

Y. Wang, Nanoscale, 2014, 6, 3157–3164.
42 X. Liu, Y. Chen, C. Hao, J. Ye, R. Yu and D. Huang,

Composites, Part A, 2016, 89, 40–46.
RSC Adv., 2018, 8, 2065–2071 | 2071

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra12909b

	The synergistic effect of a graphene nanoplate/Fe3O4@BaTiO3 hybrid and MWCNTs on enhancing broadband electromagnetic interference shielding performance
	The synergistic effect of a graphene nanoplate/Fe3O4@BaTiO3 hybrid and MWCNTs on enhancing broadband electromagnetic interference shielding performance
	The synergistic effect of a graphene nanoplate/Fe3O4@BaTiO3 hybrid and MWCNTs on enhancing broadband electromagnetic interference shielding performance
	The synergistic effect of a graphene nanoplate/Fe3O4@BaTiO3 hybrid and MWCNTs on enhancing broadband electromagnetic interference shielding performance
	The synergistic effect of a graphene nanoplate/Fe3O4@BaTiO3 hybrid and MWCNTs on enhancing broadband electromagnetic interference shielding performance
	The synergistic effect of a graphene nanoplate/Fe3O4@BaTiO3 hybrid and MWCNTs on enhancing broadband electromagnetic interference shielding performance
	The synergistic effect of a graphene nanoplate/Fe3O4@BaTiO3 hybrid and MWCNTs on enhancing broadband electromagnetic interference shielding performance
	The synergistic effect of a graphene nanoplate/Fe3O4@BaTiO3 hybrid and MWCNTs on enhancing broadband electromagnetic interference shielding performance
	The synergistic effect of a graphene nanoplate/Fe3O4@BaTiO3 hybrid and MWCNTs on enhancing broadband electromagnetic interference shielding performance

	The synergistic effect of a graphene nanoplate/Fe3O4@BaTiO3 hybrid and MWCNTs on enhancing broadband electromagnetic interference shielding performance
	The synergistic effect of a graphene nanoplate/Fe3O4@BaTiO3 hybrid and MWCNTs on enhancing broadband electromagnetic interference shielding performance
	The synergistic effect of a graphene nanoplate/Fe3O4@BaTiO3 hybrid and MWCNTs on enhancing broadband electromagnetic interference shielding performance
	The synergistic effect of a graphene nanoplate/Fe3O4@BaTiO3 hybrid and MWCNTs on enhancing broadband electromagnetic interference shielding performance
	The synergistic effect of a graphene nanoplate/Fe3O4@BaTiO3 hybrid and MWCNTs on enhancing broadband electromagnetic interference shielding performance
	The synergistic effect of a graphene nanoplate/Fe3O4@BaTiO3 hybrid and MWCNTs on enhancing broadband electromagnetic interference shielding performance

	The synergistic effect of a graphene nanoplate/Fe3O4@BaTiO3 hybrid and MWCNTs on enhancing broadband electromagnetic interference shielding performance
	The synergistic effect of a graphene nanoplate/Fe3O4@BaTiO3 hybrid and MWCNTs on enhancing broadband electromagnetic interference shielding performance
	The synergistic effect of a graphene nanoplate/Fe3O4@BaTiO3 hybrid and MWCNTs on enhancing broadband electromagnetic interference shielding performance


