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Abstract. This study aims at designing microwave absorbing composites for controlling electromagnetic (EM) pollution
by absorption of EM waves inside the composite material. For this purpose, a light weight and flexible microwave
absorber composite was fabricated using reduced graphene oxide (RGO) and W-type barium hexaferrite (BaW) in
polyvinylidene fluoride (PVDF) matrix. W-type hexaferrite nanoparticles (BaW) were fabricated by sol–gel auto-combustion method. The fabricated nanoparticles were mixed in PVDF by mechanical grinding. Subsequently, the composites
were designed by ultrasonic mixing BaW/PVDF with RGO. The prepared samples were characterized through different
techniques for their structural, morphological, and EM properties, as discussed in detail. The X-ray diffractometer results
showed the existence of single-phase hexaferrite structure with an average particle size of 48.9 nm. The scanning electron
microscope results show that BaW/PVDF is completely embedded in RGO. Dielectric results showed that addition of
RGO in BaW/PVDF increases polarization effect, which increases dielectric constant of material. Moreover, RGO
decreases the saturation magnetization of composites, which increases the anisotropy constant and hence increases the
magnetic loss of material. The composite C3 having RGO to ferrite ratio 15:100 exhibits the maximum reflection loss of
-11 dB with broad bandwidth \-10 dB for complete X-band (8.2–12.4 GHz).
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Introduction

Advent of modern electronic technology, wireless
communication, aerospace, integration of smart microwave
devices, miniaturization in telecommunication and military
technology has made our life highly expedient [1–5]. But
on the other hand, this has also given rise to the problems
of electromagnetic (EM) interference (EMI) and radar
pollution, which is not only afflicting severe damages to
our health but has also jeopardized the safety and security
of our electronic equipment [6]. Moreover, the development in radar technology has also increased the demand
for microwave absorbing/stealth materials, which can hide
the aircrafts, tanks, missiles from enemy radar and provide
a cutting edge over adversaries’ military [7,8]. This EMI
pollution can be controlled by coating the electronics
linked with tactical platforms such as nuclear reactors,
radars, military gadgets and transformers with a shielding
material, which should not be harmful for human health
[9,10]. The shielding material possesses tiny electric and
magnetic dipoles, which absorb/attenuate the incoming
EM radiations and give high reflection loss (RL) [11].
Owing to high values of permittivity and permeability,

hexaferrites are considered as an important shielding
material [12].
W-type barium hexaferrites (BaW) has the formula
BaMe2Fe16O27, Me is usually a transition metal or some
divalent cation. W-type hexaferrites had been doped with
different metal and rare-earth ions to tailor their dielectric
as well as magnetic properties. Substitution of Sc3? ions in
BaZn2Fe16–xScxO27 altered the (Mr/Ms) squareness ratio
from 0.78 to 0.82. The magneto-crystalline anisotropy field
(Ha) was reduced, whereas the saturation magnetization
(Ms) was enhanced from 53.61 to 54.04 emu g-1 [13].
Likewise, La3? doping in textured BaW reduced its coercivity from 2358 Oe-1224, while enhancing magnetic
squareness ratio (Mr/Ms) upto 0.80 [14]. In another study
conducted by Chang et al [15], Co2?–Zr4? co-substitution
in BaW hexaferrites increased both e0 and e00 in 1–18 GHz
frequency range and shifted ferromagnetic resonance peak
to high frequency. The maximum RL loss increased from
-21.03 to -37.84 dB, whereas bandwidth \-10 dB was
enhanced from 1.78 to 2.72 GHz when the thickness of the
sample was 5 mm [15].
Nanocomposites based on ferrites/polymers have great
potential for microwave absorption due to less weight,
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design flexibility, cost effectiveness and enhancement of
attenuation through dielectric and magnetic properties of
fillers [16]. In recent years, two-dimensional (2D) carbon
materials have attracted special attention [17]. Graphene, an
allotrope of carbon, possesses some exceptional properties
like high conductivity, high chemical resistivity, low density and high specific area [18,19]. The high conductivity
gives high conduction losses, which makes graphene a
suitable dielectric filler [20]. However due to high cost and
low yield of graphene, reduced graphene oxide (RGO) is
used as an alternative dielectric filler [21].
Polyvinylidene fluoride (PVDF) is an excellent polymer
due to its chemical resistance, low density, high flexibility
and mechanical stiffness. It is composed of repeating units
of –CF2–CH2 and possesses impressive pyroelectric and
piezoelectric properties [22]. This makes our EMI shielding
material light weight, flexible and chemically stable. Bulk
PVDF is composed of four distinct phases, i.e., a, b, c and
d. Pure PVDF has poor EMI shielding due to inferior
dielectric properties [23,24]. On the other hand, b-phase
exhibits strong polarization and is electroactive [25]. The
fraction of b-phase in pure PVDF may be enhanced by
mixing different carbon or nanosized filler materials, like
carbon nanotubes, multi-walled carbon nanotubes, RGO,
metal oxides and ferrites. Once these fillers are added in
PVDF, the difference of dielectric constant and conductivity
between neighbouring phases creates interfacial polarization, which improves the dielectric loss. Moreover, the
inclusion of PVDF, RGO and BaW creates the synergetic
effects, which improves the microwave absorption and EMI
shielding [26,27].
In this study, La-substituted BaW hexaferrite (Ba0.9La0.10Co2Fe16O27) was prepared by sol–gel auto-combustion method. Further, hexaferrite was mixed with
polyvinylidene and RGO to make the nanocomposites for
microwave shielding. RGO has been added as a filler due to
its high conductivity which improves the dielectric constant
as well as dielectric loss. However, very high conductivity
leads to reflection rather than absorption, which is not
desirable for our material. Therefore, the maximum amount
of RGO has been optimized to 15%. Similar concentrations
of RGO have been used in literature by other researchers
[28,29]. The effect of variation in RGO concentration was
studied on structural, magnetic and EMI shielding properties of nanocomposites.

per minute using magnetic stirrer. During heating and stirring, NH4 was added into the solution to maintain the pH 7.
The process continued for 8 h until the solution transformed
into thick gel. At this stage, the magnetic stirrer was
removed and gel was heated at 360°C for 12 h until it was
transformed into ash. The ash sample was grinded in a
mortar pestle to get the powdered form. The obtained
powder was initially heated at 700°C for 6 h and then sintered at 1500°C for 4 h to achieve Ba0.9La0.10Co2Fe16O27.
The obtained BaW (Ba0.9La0.10Co2Fe16O27) powder was
mixed with polyvinylidene in ratio 3:1 and named as BaW/
PVDF.

2.

Table 1.

Mass (grams) for various ratios of RGO/ferrite.

Sample

BaW/PVDF (g)

RGO (g)

1.00
0.95
0.90
0.85
1.00

0.00
0.05
0.10
0.15
0.00

2.1

Experimental
Preparation of BaW nanoferrites

Stoichiometric amount of 99% pure Fe (NO3)39H2O, Co
(NO3)26H2O, Ba(NO3)2 and CTAB as a surfactant were
individually dissolved in 100 ml deionized water and further mixed in one beaker. The mixed solution was heated at
60°C and continuously stirred at speed of 250 revolutions

2.2

Preparation of nanocomposites

Nanocomposites based upon BaW/PVDF/RGO were
prepared with ratios of BaW/PVDF and RGO (table 1)
through ultrasonication for 30 min. The composites were
afterwards dried out in an oven at 200°C for 20 h. The
experimental setup for preparation of RGO/hexaferrite is
shown in figure 1. The prepared nanocomposite was pressed
under 2 KN pressure to form pellets of size 10 mm 9
22 mm 9 1.5 mm.
The prepared nanocomposites were undergone through
the Panalytical X-ray Diffractometer (XRD) using CuKa
radiations (k = 1.5406 Å). Surface morphology of
nanocomposites was studied using field emission scanning
electron microscope (Hitachi S-4800). Thermo Nicolet IS50 FTIR and Confocal Raman Spectrometer (Horiba Xplora
Plus) were employed to study their vibrational bands.
Dynacol PPMS was used to find the magnetic properties of
the composites. The microwave behaviour was studied
using Rohde & Schwarz (ZVA40 VNA) Vector network
analyzer.

3.
3.1

Results
XRD patterns

Figure 2a–f displays the XRD patterns of PVDF/BaW/RGO
composites in 2h range (10°–70°). Figure 2b shows the
XRD pattern of RGO. The low intensity broad diffraction
(002) peak at about 24° is related to RGO [28]. In figure 2f,

BaW/PVDF
C1
C2
C3
RGO
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angle [32]. The average crystallite size of BaW nanoferrites
was calculated by formula:
D ¼ kk=bcosh:

ð1Þ

The crystallite size for nanoferrites is about 48.9 nm for
all the composite samples. Figure 3 displays the Ritveild
refinement of the BaW hexaferrite. Since the ferrite is
substituted BaW, fitting parameters exhibit quite higher
values. Goodness-of-fit quality factor v2 is 3.71, weighted
profile R-value is 30.84, expected R-value Rexp is 8.32 and
R-profile is 24.49. The complete Rietveld refinement
parameters are mentioned in table 2.
Figure 1. Experimental setup for preparation of RGO/W-type
nanocomposite.

3.2

Field emission scanning electron microscope analysis

Field emission scanning electron microscope (FESEM) was
used to investigate the surface morphology of nanoferrites
and their attachment to RGO matrix. Figure 4a shows the
SEM image of RGO. Figure 4b and c displays SEM
micrograph of BaW/PVDF and composite C1 (5% RGO).
Due to magnetic attractions, the particles are agglomerated
like spherical structure in these samples [33]. As we
increase the amount of RGO for C2 and C3, the particles get
separated and hexagonal structure begins to appear, as
shown in figure 4d and e. Low-magnification image of
composite C3, as shown in figure 4f, shows the hexaferrite
particles intercalated/coagulated in RGO layers. The RGO
layers appear as sheets buckled by ferrite particles.

3.3
Figure 2. XRD pattern of Ba0.9La0.1Co2Fe16O27/RGO composites for different compositions: (a) PVDF, (b) RGO, (c) C3,
(d) C2, (e) C1 and (f) pure ferrite.

the XRD peaks at 2h values 18.23°, 30.33°, 32.43°, 34.57°,
35.28°, 36.88°, 41.67°, 43.24°, 55.21°, 56.78°, 57.62° and
63.07° are related to Ba0.9La0.10Co2Fe16O27 (JCPDS Card
No.78-135). The matching indices are (6 1 0), (1 1 0), (1 0
10), (1 1 6), (2 0 1), (2 0 4), (2 0 8), (2 0 9), (2 1 0), (2 1 11),
(3 0 7) and (2 2 0), respectively [30]. The XRD peaks
presented in figure 2c–e for composites C1, C2, C3 clearly
dominate in these samples, which show the good crystallinity in BaW nanoferrites covering XRD peaks of RGO
and polyvinylidene. However, the XRD peak intensity
lowers as we increase the RGO concentration, which shows
the occurrence of BaW filler in RGO matrix [31]. No secondary phase is found in XRD results. This shows the
formation of single-phase hexaferrite structure. As the
material is a substituted BaW, the ionic radius of La
(1.06 Å) is less than Ba (1. 49 Å). This results in decrease
of lattice parameters and reduction in unit cell volume.
Therefore, the X-ray peaks somewhat shift to higher 2h

Fourier transform infrared spectroscopy

Figure 5 exhibits the Fourier transform infrared (FTIR)
spectra of nanocomposites. The FTIR spectra of BaW and
all composites show the characteristic peak at 582, that is
described to Fe-O stretching vibration at the tetrahedral site

Figure 3.

Rietveld refinement plot of Ba0.9La0.1Co2 Fe16O27.
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Rietveld refinement values of BaW nanoferrite.

Parameters

Values

Parameters

Values

Rexp
Rprofile
Rw
Goodness
D-Stats
Weighted D-Stats

8.32
24.49
30.84
3.71
0.094
0.417

a (Å)
b (Å)
c (Å)
Volume (Å3)
Crystallite size (Å)
Lattice strain (%)

5.724
5.724
34.811
988.01
489
0.27

3.6

Dielectric permittivity

Microwave absorbing property of materials largely depend
upon dielectric permittivity and magnetic permeability (l).
Hence, both the real and imaginary parts of permittivity and
permeability
have
been
measured
in
X-band
(8.2–12.4 GHz) to assess the shielding ability of composite
material. The dielectric permittivity of a material is given
by the relation:
e ¼ e0 ie00 :

ð2Þ

0

[34]. The characteristic peaks for PVDF at the vibration
bands of 1176 and 1204 cm-1 may be allotted to respective
asymmetrical and symmetrical stretching of CF2. The
transmission peaks at 402 cm-1 is associated with vibration
of CH2 groups, which may be due to the a-phase [35]. The
small characteristic peaks at 976, 770 and 612 cm-1 also
correspond to a-crystal form of PVDF, whereas the peaks at
1278, 838 and 1072 cm-1 are related to the b-crystal form
[36].

3.4

Raman spectroscopy

Raman spectroscopy is an important capable instrument to
study the molecular interactions between RGO and incorporated hexaferrite. Figure 6 demonstrates the Raman
spectra for RGO and composite C3. The two Raman peaks
at 1339 cm-1 (D band) and 1576 cm-1 (G band) are primarily due to in-plane displacement of carbon atoms and
disturbance of graphitic structure in hexagonal carbon sheet.
The intensity ratio (ID/IG) is generally employed to estimate
the extent of graphitization of carbon materials. The ratio
ID/IG of pure RGO is much greater than C3, which proposes
a decline in the average size of the sp2 domains [37].

Here, e shows the extent of polarization which accumulates
the electrical energy, whereas e00 corresponds to energy
dissipated in the form of heat. Figure 8a and b displays the
results of dielectric permittivity. Both the e0 and e00 increase
linearly with increase in RGO content, but remain almost
constant over the entire frequency region. The dielectric
permittivity increases because of interfacial polarization.
Maxwell–Wagner effect describes that due to the difference
of electric conductivity and dielectric constant between two
different media, the charge carriers accumulate at the
interface, which gives rise to interfacial polarization [28].
Thus, increasing the RGO content in composites makes
heterogeneous interfaces, which increases real permittivity.
Additionally, the free electron theory states that e00 increases
with decrease in resistivity. When RGO is added to the
composite, it makes a conducting net due to its high conductivity. Resultantly, the incorporation of RGO in composite lower resistivity increases the permittivity e00 [16].
Moreover, the existence of b-phase in PVDF with nonzero
dipole moment in combination with RGO and BaW/PVDF
raises the heterogeneity. Consequently, the charges accumulate at the interface of three different media and produce
interfacial polarization [29].

3.7
3.5

Magnetic properties

Figure 7 displays the vibrating sample magnetometer
measurements of lanthanum-substituted BaW/PVDF/RGO
composites carried out at room temperature. 10% lanthanum is substituted for barium as it reduces the coercivity
of ferrite, while keeping the saturation magnetization
almost unchanged [38]. BaW/PVDF and all composites
displayed ferrimagnetic hysteresis. The RGO exhibits very
small magnetization with Ms 1.3 emu g-1, which has also
been observed in literature [39]. The BaW/PVDF sample
presented Ms of *58 emu g-1, which decreases monotonically by increasing the RGO content [40]. The addition of
RGO reduces its magnetic parameters specially saturation
magnetization, which is about 39 emu g-1 for sample C3
(composite having 15% RGO). However, the increase in
RGO has very little effect on the coercivity of
nanocomposites.

Magnetic permeability

Figure 9a and b shows the real and imaginary parts of relative complex permeability, respectively. PVDF/BaW/RGO
composite has higher real permeability l0 than that of RGO,
BaW or the PVDF/BaW sample. In lossy materials, the
magnetic loss factor (l00 /l0 ), originates from hysteresis,
residual loss, eddy current loss, anisotropic loss and domain
wall, etc. The eddy current loss (C0) is given by
2

C0 ¼ l00 =f ðl0 Þ :

ð3Þ

Anisotropic energy (Ha) can be written as,
Ha ¼ 4K1=lo Ms;

ð4Þ

where K1 is an anisotropic coefficient and Ms is saturation
magnetization. In composite C3, the value of Ms is quite
smaller than that of hexaferrite. Thus, C3 has higher anisotropic energy which may be the cause of greater
absorption. The greater the anisotropic energy, the higher
the EM absorption at a higher frequency [41,42].
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Figure 4. FESEM images of (a) RGO, (b) BaW, (c) high-magnification C1, (d) high-magnification C2, (e) high-magnification C3
and (f) low-magnification C3.

3.8

Microwave absorption

The microwave absorption of a material is characterized by
its impedance matching and RL. The typical impedance Zin
of a microwave absorbing material is given by:

rﬃﬃﬃﬃﬃ
lr
2pft pﬃﬃﬃﬃﬃﬃﬃﬃ
Þ lr er
tanhðj
C
er
rﬃﬃﬃﬃﬃ
l0
Z0 ¼
e0

Z in ¼ Z 0

ð5Þ
ð6Þ
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FTIR spectra of BaW, C1, C2, C3, RGO and PVDF.
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Figure 8. Frequency dependence of (a) the real parts (e0 ) and
(b) the imaginary parts (e00 ) of relative complex dielectric
permittivity.

Here e0 and l0 are the permittivity and permeability of free
space, whereas Z 0 is the impedance of free space. For low
RL, the incoming EM wave should first enter the absorbing
material. This can only be achieved if the impedance of
absorbing material matches the impedance of free
space/vacuum, which is 377 X [43]. Figure 10 exhibits the
impedance matching graph of nanocomposites. The highest
impedance matching is attained for composite C3 with 15%
RGO content.
The RL of a material as a function of characteristic input
impedance Zin is stated as follows [44]:


Z in  Z 0 

:
RLðdBÞ ¼ 20log
ð7Þ
Z in þ Z 0 

Figure 7. Vibrating sample magnetometer graphs of different
ferrite/polymer composition.

Figure 11 shows the RL of the RGO, BaW/PVDF and
BaW/PVDF/RGO composites (C1, C2, C3). Due to optimum values of complex permittivity e*, complex permeability l*, and better impedance matching, the minimum
RL is achieved for composite C3 having 15% RGO
content.
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Figure 11.

4.

Figure 9. Frequency dependence of (a) the real parts (l0 ) and
(b) the imaginary parts (l00 ) of relative complex permeability.

41

Reflection loss of nanocomposite.

Conclusions

A novel potential microwave absorber composed of Ba0.9La0.10Co2Fe16O27/PVDF/RGO was synthesized with different RGO ratios. XRD, SEM, FTIR, vibrating sample
magnetometer and VNA were explored to investigate the
phase composition, surface topography, magnetic and EM
properties of composites. The properties of the composites
were appreciably influenced by variation in RGO content.
The RGO/BaW composites showed higher complex permittivity due to interfacial polarization and higher conductivity. Magnetic losses were enhanced due to decline in
saturation magnetization and inclusion of conducting networks by conducting RGO. At RGO:(BaW/PVDF) ratio of
15:100, a RL of -11 dB and broad bandwidth\-10 dB for
complete X-band range (8.2–12.4 GHz) were achieved due
to better impedance matching.
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