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Abstract. Microwave-absorbing materials based on reduced graphene oxide (r-GO)/strontium titanate were prepared by embedding in epoxy matrix. R-GO and strontium titanate were synthesized and characterized before
composite fabrication. Microstructures of the constituent elements were studied by scanning electron microscopy
and X-ray diffraction (XRD). Microwave absorption capabilities of the composite absorbers were investigated
using a Vector Network Analyser in the range 8–12 GHz. A maximum reﬂection loss of −7.5 and −16.4 dB was
obtained at 9.3 and 12.08 GHz, respectively, for 2% (w/w) r-GO-loaded epoxy composites. A maximum attenuation
of −12.8 dB at 9.3 GHz was obtained for the strontium titanate/epoxy composite. However, double-layer composite with r-GO/strontium titanate/epoxy composition showed the maximum reﬂection loss of −15.1 dB at 9.47 GHz
and −9.65 dB at 12.3 GHz. All the results are discussed in terms of complex permeability and permittivity. The
study revealed that intrinsic conductivity and polarization of the r-GO particles and dielectric polarization of the
strontium titanate within epoxy matrix contribute to the microwave absorption.
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Introduction

Development of microwave-absorbing materials precisely is
an essential part of the work related to stealth technology
for all defence platforms. The secondary use of these composite materials is to reduce electromagnetic interference
(EMI). In recent years researchers are focused on developing microwave absorbers in X-band region (8–12 GHz).
Graphene is an important candidate with two-dimensional
conﬁguration and honeycomb lattice consisting of carbon.
It has been an important material due to its electrical
conductivity, mechanical stiffness, chemical stability, large
speciﬁc surface area, low density and excellent electromagnetic response [1]. It is difﬁcult to synthesize and maintain
the stability of single-layer graphene with atomic thickness. Multi-layer graphene (MLG), consisting of a stacked
layer of graphene of a few nanometer thickness, is easy
to synthesize and can be utilized in the area where bulk
material is required. Strontium titanate is another strong candidate for microwave absorber formulation with high dielectric constant (εr ) value [2]. In strontium titanate, each Sr2+
ion is coordinated by 12 O2− ions whereas Ti4+ ions are
six-fold coordinated by O2− ions; each of the Sr2+ ions is
surrounded by four TiO6 . Hence, while a covalent bonding
exists in TiO6 between O and Ti, an ionic bonding holds
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the Sr2+ and O2− ions. Hence, strontium titanate has mixed
ionic–covalent bonding properties. This nature of chemical bonding leads to a unique structure, which makes it a
model electronic material and can be a potential microwave
absorber that can absorb microwave both by ionic conduction and dipolar interaction. Out of very few works Sudhakar
and Das [3] reported the use of graphene/Fe3 O4 /TPU-based
composite for microwave absorption and showed a maximum reﬂection loss (RL) of −9.7 dB at 12.4 GHz. Most
of the works reported the use of graphene-based composite as EMI shielding materials. Liang et al [4] reported the
use of graphene/epoxy composite for EMI shielding effectiveness and showed a maximum 21 dB shielding within
the X-band region. Eswaraiah et al [5] reported the use of
graphene/PVDF composite for EMI shielding and showed
20 dB shielding achieved when loading of graphene was
5%. Hartomy et al [6] studied EMI shielding and microwave
absorption capability of graphene/natural rubber and showed
that a maximum shielding effectiveness of −34 dB is
achieved with this material.
When electromagnetic waves are transmitted through different media, magnitude of the wave length changes with
respect to thickness of different layers [7,8]. Destructive
interference may occur if the transmitted wave length is half
of the incident wave length, which is represented as follows:


λ1
,
(1)
2r = n +
2
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where r is the thickness of the absorber, λ1 is the wave length
of the incident electromagnetic wave and n is a constant
that depends upon the properties of the microwave-absorbing
structure. For a single layer, n value is considered as 0 and
thickness of the absorber can be expressed as follows:
r=

λ1
,
4

(2)

where λ1 is the wavelength inside the single layer and
√
can be expressed as λ1 = λ0 / εr . Wavelength in the
free space is expressed as λ0 and εr is the dielectric constant. Hence thickness of the single layer can be expressed
as follows:
λ0
r= √ .
4 εr

(3)

In this research work special focus has been given to
develop dielectric single-layer microwave-absorbing materials based on reduced graphene oxide (r-GO) and strontium titanate embedded within epoxy matrix. Moreover, in
this work double-layer microwave-absorbing materials were
developed based on multi-layer r-GO/epoxy (bottom layer)
and strontium titanate/epoxy (top layer) structure, which
enhanced the microwave absorption capability of the composite materials.
2.

Experimental

2.3 Development of microwave-absorbing structure
In this study, three composite microwave absorbers were fabricated by blending r-GO and strontium titanate into epoxy
matrix following the previously reported method [11]. An
r-GO-based single-layer composite absorber was prepared
by dispersing 2 wt% of r-GO in epoxy matrix along with
a curing agent. A single-layer composite absorber having
strontium titanate/epoxy composition was prepared by dispersing strontium titanate at a concentration of 50% (w/w)
into epoxy matrix along with a hardener. A double-layer
composite absorber was prepared with top layer composed
of strontium titanate (50% (w/w)) and bottom layer of
r-GO (2%) in epoxy matrix; here the top layer acts as an
impedance-matching layer. The purpose of the top layer is
to achieve high permittivity for dielectric loss and that of the
bottom layer to achieve conductivity for dissipation. In all the
composites, epoxy resin YD-128 (derived from Bisphenol-A
and of medium viscosity) and hardener TETA were used in
9:1 ratio. The particles were ﬁrst mixed mechanically with
the matrix followed by sonication for 15 min to enhance
dispersion. Finally the matrix with ﬁllers was poured into a
mould having dimensions 23 mm × 10 mm × 2 mm, which
was backed with a conducting metal sheet. Any air entrapment was removed by applying vacuum. Curing was carried
out at room temperature to avoid surface crack. The doublelayer composite was prepared by ﬁrst pouring the bottom
layer into the mold and the top layer was poured over it after
10 min, to avoid any intermixing of the two layers.

2.1 Synthesis of r-GO
R-GO was synthesized by chemical reduction of graphene
oxide, prepared by modiﬁed Hummer’s method, as reported
by Stankovich et al [9]. In a typical procedure 1 g graphene
oxide was taken in a 2 litre round bottom ﬂask with 1 litre
water. Then the solution was sonicated for 30 min using
an ultrasonic bath till a clear solution was obtained without
any visible particles. Subsequently hydrazine hydrate (10 ml)
was slowly added to the solution with continuous stirring.
Then the solution was heated at 90◦ C for 6 h in an oil bath
to complete the reduction of graphene oxide. The product
was isolated by ﬁltration, washed with water and ethanol and
ﬁnally dried in vacuum at ambient temperature.

3.

Characterizations

A scanning electron microscope (SEM) was used for morphological study with an accelerating voltage of 30 kV.
X-ray diffraction (XRD) studies of all the powder samples
were conducted with a Regaku Ultima-III (Cu-source, λ =
1.540598) and scanning was performed in the range 10–
80◦ . Permittivity and permeability studies of the microwaveabsorbing materials were carried out with a Vector Network
Analyser (VNA, Agilent, Model No. E 8364B) in X-band
frequency range (8–12 GHz). The major variables of interest, impedance and RL parameters of the absorbers, were
measured using an Agilent VNA (Model No. E 8362B).

2.2 Synthesis of strontium titanate
4.
Strontium titanate was synthesized by the sol–gel autocombustion method as reported by Klaytae et al [10]. Initially desired amounts of strontium nitrate and citric acid
were dissolved in a beaker with deionized water. Titanium
nitrate solution was added to this with constant stirring. The
entire solution was heated at 80◦ C for 6 h for gel formation. Then the gel was heated to 250◦ C to start the autocombustion process. Finally the combustion product was
calcined at 500◦ C for 3 h to get crystallinity. Finally the
strontium titanate powder was subjected to further characterization and composite preparation.

Results and discussion

4.1 XRD analysis
The XRD analysis of r-GO and strontium titanate is shown
in ﬁgure 1. Graphite possesses a sharp and intense peak at
2θ value of 26.4◦ (ﬁgure 1a), which can be ascribed to the
tightly bound graphitic layers [12]. However, this peak disappeared in case of r-GO due to exfoliation of graphitic layers
during the redox synthesis process. XRD analysis of strontium titanate showed many sharp intense peaks. Comparison
with the crystal structure database JCPDS card No. 35-0735
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Figure 1.

XRD pattern of (a) graphite and r-GO and (b) strontium titanate.

revealed good agreement with strontium titanate crystal
planes (100), (110), (111), (200), (210), (211), (220) (221)
and (310). The average crystallite diameter of the strontium titanate particles was determined to be 40.65 nm from
the major diffraction peak of (110), using the well-known
Scherrer’s formula [13].
4.2 SEM analysis of ﬁller particles (multi-layer r-GO
and strontium titanate)
Surface morphology of r-GO and strontium titanate analysed
using a SEM is presented in ﬁgure 2. The SEM image reveals
the sheet-like morphology of r-GO (ﬁgure 2a) while that of
strontium titanate was found to be particle like (ﬁgure 2b).
SEM images of composites are shown in ﬁgure 2c–g. Surface morphology of the r-GO/epoxy composite shows the
dispersed r-Go sheets in the epoxy matrix (ﬁgure 2c), while
in the strontium titanate/epoxy composite the dispersed particles are observed (ﬁgure 2d). In case of double-layered
composite the layered boundary can be clearly observed in
ﬁgure 2e. The marked sections of each layer were magniﬁed and are presented in ﬁgure 2f and g. It was found that
the r-GO/epoxy layer showed the sheet-like morphology due
to r-GO sheets and the strontium-titanate-containing layer
presented the particle-like morphology.
4.3 Microwave absorption analysis
The microwave absorption efﬁciency of single- and doublelayer composite materials was evaluated by measuring RL of
the composite. The input impedance of the nth layer could be
computed according to the following equation [14,15]:
Zin (n) = Zcm (n)
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Zin (n−1)+Zcm tan h γ (n)d(n)
,
Zcm (n)+Zin (n−1) tan h γ (n)d(n)

free-space impedance (Z0 = 50 ) and c is the speed of
light. The characteristic input impedance (Zin ) of microwave
absorbers is measured and plotted for all the three composite absorbers and shown in ﬁgure 3a. Plotted data show
that input impedance values of double-layer r-GO/strontium
titanate/epoxy composite are close to free-space impedance
value (50 ), which indicates that absorption performance of
double-layer composite is better than that of other two composites. This observation was further supported by the RL
plots. RL can be calculated by the following equation:
RL(dB) = 20 log

|Zin (n) − Z0 |
.
|Zin (n) + Z0 |

(5)

RL value <−10 dB is considered to be an accepted value
for microwave absorbers [16,17]. The results obtained from
RL measurements are illustrated in ﬁgure 3b, which shows
variation of RL with frequency for all the three composites.
All the composites have 2 mm thickness and are cut into a
size to be ﬁtted into the Network Analyser. The r-GO/epoxy
composite absorber shows maximum RL of −7.5 dB at
9.3 GHz and −16.46 dB at 12.07 GHz. For the strontium
titanate/epoxy composite, a RL of −12.8 dB was observed
at 9.3 GHz. However, for the double-layer r-GO/strontium
titanate/epoxy composite, two peaks were observed at 9.46
and 12.3 GHz, with a RL value of −15.14 and −9.65 dB,
respectively. RL properties of all the composites are purely
due to dielectric loss mechanisms resulting from the molecular polarization phenomenon, such as space charge relaxation
and dipole rotation. To further explore the absorption mechanism, permittivity of the composite materials was measured
and is discussed in the following section.
4.4 Permittivity study of the composite absorber

(4)

√
where γ (n) = j 2πf
μn ∈n is the propagation constant of
C
the nth layer, d(n) is the thickness of nth layer, Zcm (n) is the
characteristic impedance of the nth layer with respect to the

The real and imaginary components of permittivity for all
the composite absorbers were measured and analysed [18,19]
with a Vector Network Analyser in the frequency range of 8–
12 GHz and are shown, respectively, in ﬁgure 4a and b. Since
the developed absorber is completely dielectric in nature,
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Figure 2. SEM images of (a) r-GO, (b) strontium titanate particles, (c) r-GO/epoxy,
(d) strontium titanate/epoxy, (e) r-GO/strontium titanate/epoxy composites, (f) magniﬁed section of strontium-titanate-containing layer and (g) magniﬁed section of
r-GO-containing layer.

only permittivity of the samples was measured. The imaginary component of permittivity (ﬁgure 4a) shows that the
r-GO/epoxy composite has a characteristic peak at around
11.9 GHz and the same peak pattern also appeared in RL
plot. This may be due to the presence of electric ﬁeld,
where high dielectric loss may occur due to intrinsic electrical dipole moment and polarization relaxation within the
composite absorber. It was observed that the imaginary part

of permittivity of strontium titanate/epoxy composite varies
between 2 and 8 in the X-band frequency range. However,
imaginary part of permittivity value for the double-layer
r-GO/strontium titanate/epoxy composite showed peak value
at 9.03 GHz for strontium titanate and 11.9 GHz for r-GO.
The real part of permittivity for all the composite absorbers
decreased with increasing frequency (ﬁgure 4b), which is due
to increase of loss character with the increase in frequency.
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Figure 3. (a) Impedance vs. frequency and (b) reﬂection loss vs. frequency plots of all samples.

Figure 4. (a) Real part of permittivity (ε  ) and (b) imaginary part
of permittivity (ε ) of single- and double-layer absorbers.

4.5 Conductivity and absorption analysis
Figure 5a shows the variation of loss tangent with the applied
microwave frequency of all the composite absorbers in the

Figure 5. (a) Loss tangent (tan σ ) vs. frequency plot and (b)
absorption (%) vs. frequency plot.

X-band region. Loss tangent of the composite absorber was
determined using the following equation:
  
ε
(6)
tan(σ ) = r ,
εr
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Table 1.

Comparison of reﬂection loss values.

Absorber compositions

Maximum reﬂection loss

Remarks

r-GO/SrTiO3 /epoxy (with 2 wt% r-GO loading)
Graphene nanoplatelets/epoxy (with 15 wt% graphene)
Graphene/Fe3 O4 /TPU

−15.10 dB at 9.47 GHz
−14.5 dB at 18.9 GHz
−9.7 dB at 12.4 GHz

This work
Reference [1]
Reference [3]

where ε is the imaginary and ε is the real component
of permittivity. A composite absorber with tan σ  1 is
classiﬁed as low-loss and low-conductivity medium with
good dielectric property. A composite absorber with tan
σ ≈ 1 is classiﬁed as lossy conducting medium. When
tan σ
1 the absorber is classiﬁed as high-conductivity
and high-loss medium. It can be seen from ﬁgure 5a that
the r-GO/epoxy composite is a high-loss medium with
high conductivity, whereas the composites having strontium titanate/epoxy and r-GO/strontium titanate/epoxy composition are medium-conductivity materials. The absorption
capability of the microwave absorber [20,21] was determined
by equation nos (7) and (8). The r-GO/epoxy composite
shows absorption peaks at 9.3 and 12.05 GHz. Strontium/epoxy shows absorption peak at 9.22 GHz. The r-GO/
strontium/epoxy composite shows absorption peaks at 9.44
and 12.2 GHz.


 Zin − Z0 
,

(7)
S11 = 
Zin + Z0 
Absorption (%) = (1 − |S11 |2 ) × 100.

(8)

It can be observed that the double-layered composite has the
maximum absorption capability in the whole X-band region
with two absorption maxima, which is better than that of
composites having only a single component. A comparative
RL table of this work with other works has been presented
in table 1, which shows the potential of developed composite
materials for microwave absorption.

5.

Conclusion

Strontium titanate was successfully prepared by sol–gel autocombustion method and r-GO was prepared by reduction
of graphene oxide. Single- and double-layered composites
based on reduced graphene oxide and strontium titanate were
prepared with epoxy matrix. XRD with a SEM conﬁrmed the
formation of strontium titanate and r-GO. It was found that
microwave absorption property of the double-layered composite was larger as compared with the single-layered composite. Two reﬂection loss maxima were found in the case
of double-layered composite in comparison with one peak
for the single-layered composite. Hence, it can be concluded that the double-layered composite will be much more

suitable for microwave absorption application as compared
with single-layered composites.
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