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The development of high reflection loss and broad frequency bandwidth for electromagnetic wave
absorbing materials has been pursued for a long time. Constructing a rational microstructure of an
absorber will have significant impact on reflection loss increase and frequency bandwidth broadening.
Herein, we successfully prepare a sandwich microstructured graphene/BaFe;,0;9 nanocomposite by an
in situ auto-combustion method. Compared to pure BaFe;;0.9, the sandwich microstructured
graphene/BaFe;,019 showed better electromagnetic wave absorbing properties. Furthermore, the
sandwich microstructured graphene/Bagglag Fe1,019 nanocomposite was prepared with La-doped
BaFe;2019 using the same method. The obtained graphene/Bag glag »Fe1,019 Nanocomposite exhibited
a saturation magnetization of 26.55 emu g+ at room temperature and exhibited excellent magnetic
performance. The maximum reflection loss of the sandwich microstructured graphene/Bag glag >Fe12019
nanocomposite with a thickness of 1 mm could reach up to —40.26 dB, and a frequency bandwidth
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1. Introduction

With the rapid development of wireless communication tech-
nology, electromagnetic wave (EMW) pollution has become
a serious environmental problem. High density of electromag-
netic waves has a certain impact on human health, particularly
in children and the elderly." Moreover, in the military field,
stealth aircraft, armor and warships show greater viability than
traditional equipment. To solve the EMW pollution problem
and improve viability of military equipment, considerable
interest has been focused to EMW absorbing materials with
higher efficiency and wider bandwidths.>?

Graphene, two-dimensional planar sheets composed of sp-
bonded carbon atoms have drawn great attention due to their
unique topological structures and properties.* To date, several
methods of synthesizing graphene have been developed, such as
chemical vapor deposition (CVD), mechanical exfoliation and
oxidation reduction. Graphene is a single-layer graphite
compound with a high specific surface area, high temperature
resistance, low weight, excellent electrical conductivity and great
potential for application in various fields.> Furthermore, due to
its excellent dielectric properties and low density, it is potentially
a good EMW absorbing material. However, impedance matching
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value below —10 dB was observed up to 3.87 GHz within the frequency range of 2-18 GHz.

is an essential factor for good EMW absorption; the conductive
and electromagnetic parameters of pure graphene prevent it
from meeting the requirement of impedance matching, which
results in strong reflection but weak absorption.® Moreover, for
a high-performance EMW absorbing material, excellent dielectric
loss and magnetic loss are two important technical requirements.
While graphene has excellent electrical conductivity and shows
good dielectric loss, its magnetic loss is poor. Nevertheless, its
electromagnetic properties can generally be improved by
combining with some magnetic materials, such as magnetic
metal powder, ferrite material and some other oxides. It is worth
noting that ferrite material is a mature EMW absorbing material
with numerous excellent properties.”® Barium ferrite (BaFe;,0,0)
is one of the most versatile hard magnetic material. It is not only
a magnetic medium but also a dielectric medium and exhibits
good magnetic loss and dielectric loss. In addition, it has
attractive magnetic properties, high Curie temperature, excellent
chemical stability and low cost and has been widely used in the
field of EMW absorption. Moreover, it can be prepared by
a simple auto-combustion method.® Pallab Bhattacharya et al.*
have prepared graphene/CuFe;(Al,0;9 composite by co-
precipitation: in a metal salt solution, the metal oxides were
precipitated on the surface of acid-treated graphene. However,
this method is insufficient, complex and not environment
friendly. Luo Kong et al' have prepared graphene/a-Fe,O;
nanocomposite through a troublesome process. The graphene
oxide was dispersed in ethylene glycol and a certain amount of
ferric chloride and anhydrous sodium acetate were added. After

This journal is © The Royal Society of Chemistry 2017
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stirring, the mixture was placed in a Teflon-sealed autoclave and
maintained at 160 °C for 12 h, and the product was isolated by
magnetic separation. Finally, after washing the product, gra-
phene/a-Fe,O; nanocomposite was obtained. However, this
method is too complex and the reaction process is difficult to
control. Both methods mentioned above use graphite to prepare
graphene, which is then combined with a ferrite material in
a metal salt solution. They are troublesome and the ferrite
particles are distributed on the surface of graphene unevenly.
Furthermore, the EMW absorbing properties of these composites
are not satisfactory. However, it should be noted that adjacent
graphene layers are bound by weak van der Waals forces in
graphite and expanded graphite (EG) has large sheet spacing,
which provides a way to prepare graphene by second expansion
of EG."” EG has the property of absorbing oil, and the auto-
combustion precursor of BaFe;,0,9 is an oily gel. Furthermore,
when the oily gel forms BaFe;,0,,, it has a significant volume
increase. Therefore, we can take advantage of these properties to
in situ prepare a sandwich structure of graphene/BaFe;,O;q
nanocomposite. The oily gel can enter into the layers of EG and
the latter will undergo secondary expansion to form graphene by
an auto-combustion process using BaFe;,0,, as the precursor. To
our knowledge, the preparation and EMW absorbing properties
of graphene/BaFe;;0,9 (G/BF) sandwich structured nano-
composite have not been reported previously.***”

Herein, the graphene/BaFe;,0;9 sandwich structure nano-
composite is successfully prepared using an in situ auto-
combustion method. Magnetic properties and EMW
absorbing properties of the nanocomposite are studied. It is
observed that the graphene/BaFe;,0;9 sandwich structured
nanocomposite had significantly enhanced EMW absorbing
performance compared to pure graphene and pure BaFe;,0o.
To obtain excellent EMW absorbing performance, La(NO3); is
added to the BaFe;,0,4 precursor solution to prepare graphene/
Bayglag,Fe1,010 (G/LBF) nanocomposite. The position of
partial Ba** in the lattice is replaced by La*" and it can be
adjusted and optimized by electromagnetic parameters of the
absorbing materials.

2. Experimental
2.1 Preparation of EG

A certain amount of natural flake graphite was mixed with
a mixture of H,SO, and HNO; and stirred at room temperature
for 1 h. Then, a small amount of KMnO, was added to the
mixture and stirred for 2 h. The product was washed several
times with deionized water until the pH reached 4-7. After
filtration, the black powder was dried in a vacuum oven to
obtain graphite intercalated compound. Finally, the graphite
intercalated compound was rapidly expanded at 800 °C in
a muffle furnace to obtain EG.*

2.2 In situ synthesis of sandwich microstructured G/BF and
G/LBF nanocomposite

The sandwich microstructured G/BF and G/LBF nano-
composites were synthesized by an in situ auto-combustion
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Fig. 1 Schematic of sandwich microstructured G/BF and G/LBF
composite synthesis.

method and the schematic is shown in Fig. 1. Fe(NO);-9H,0,
Ba(NO),, La(NOs);-6H,0 and citric acid were taken as the raw
materials. A certain amount of Fe(NO);-9H,0 and Ba(NO), was
dissolved in deionized water to acquire a clear solution and the
mole ratio of Fe*" to Ba** was 12 : 1. The citric acid was dis-
solved into an aqueous solution and then mixed with the nitrate
solution acquired above. The molar ratio of citric acid and total
moles of Fe*" and Ba>" was fixed at 2 : 1. An ammonia solution
was added into the mixed solution slowly while stirring until the
pH reached 7. The mixture was then placed in a water bath at
80 °C for 3 h and the temperature was increased to 120 °C to
evaporate the water. The prepared EG was added with contin-
uous stirring until the mixture appeared as an oily gel and the
mass fraction of EG was 15%. The temperature was increased to
200 °C, and the mixture was bubbled up and automatically
ignited. After the combustion reaction, fluffy black powder was
obtained. Finally, the fluffy black powder was calcined at 800 °C
for 3 h to obtain the G/BF sandwich structured nano-
composite.’ After the reaction, the black product was washed
with HCl solution (2 M) several times to obtain graphene. When
the molar ratio of Fe®", Ba®>" and La*" was 12:0.8: 0.2, the
sandwich microstructured G/LBF nanocomposites could be
obtained by a similar process.

2.3 Structural characterizations and microwave absorption
measurements

For EMW parameter measurements, these nanocomposites
were uniformly mixed with 75 wt% paraffin wax, and the
compounds were poured into a planar rectangular mold and
dried for about 24 hours in air. The prepared films were tailored
precisely to the size of a rectangular waveguide (22.86 mm X
10.16 mm) for EMW parameter tests.

The morphology and microstructure of these nano-
composites were characterized by a scanning electron micro-
scope (SEM, FEINNS450, FEI) equipped with an energy
dispersive spectrometer (EDS) and a transmission electron
microscope (TEM, JEM-100CX11, FEI). Fourier transform
infrared (FTIR) spectra were measured using Nicolet IS10 FTIR
with KBr. Ultraviolet-visible absorption (UV-vis) spectra were
measured using Lambda 35. The conductivity of the samples
was obtained by a four-probe conductivity tester (5601Y).
Raman spectra of samples were measured using a Lab RAM HR
confocal Raman system with 532 nm diode laser excitation at
room temperature. X-ray diffraction (XRD) (X'Pert Pro,
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PANalytical, with Cu Ka radiation) patterns were recorded to
identify phase structure. The hysteresis loops of samples were
measured using a vibrating sample magnetometer (VSM, Lake
Shore 7410, Quantum Design). The reflection loss of these
nanocomposites was measured by a vector network analyzer
(VNA Agilent technologies E8362B; 10 MHz-20 GHz).

3. Results and discussion

3.1 Morphological characterization

The SEM images of EG, BaFe;,0;9, Bagglag.Fe 1,019, G/LBF
nanocomposite and graphene are shown in Fig. 2. Fig. 2(a)
shows the microstructure of EG. It can be seen clearly that EG
has a large slice spacing and there are several folds on the
surface. The slice spacing is up to 2 um and each graphite sheet
may consist of hundreds of graphene layers. Moreover, the large
slice provides the opportunity for the oily gel to enter in the
graphite sheet spacing. BaFe;,0,9 particles are shown in
Fig. 2(b). The sizes of BaFe;,04 particles are different, and the
particles undergo a certain degree of agglomeration. Fig. 2(c)
shows the microstructure of Ba,gla,,Fe;,0,9 particles. La-
doped BaFe;,0,, particles do not show any evident morpho-
logical changes. However, it should be noted that the dis-
persibility of La-doped particles becomes better. The sandwich
microstructured G/LBF nanocomposite can be clearly seen in
Fig. 2(d). BaggLayFe 1,049 particles are located between gra-
phene sheets, as shown in the labeled area. The surface of
graphene exhibiting a transparent film has clear folds. Bag g-
Lay ,Fe;,059 particles enwrapped with graphene are easily
identified, and the distribution of these particles between the
graphene sheets is fairly uniform. Fig. 2(e) shows an image of
the edge of the sandwiched structure. There are numerous
Bay gLay ,Fe 1,019 particles between the graphene sheets, and
some particles are also distributed on the graphene surface. The
edge of the sandwiched structure can be clearly seen in the
labeled area. Ba,gLay Fei,0;9 particles are embedded in the
gaps between the graphene sheets, indicating that the oily gel
has entered into the graphite layers successfully and the
secondary expansion process of EG is adequate. The clear
morphology of graphene is shown in Fig. 2(f). It exhibits a very
thin transparent shape and is wrapped with Bay gLag ,Fe 5,019
particles. Moreover, it seems the formation of Bay gLag ;Fe1,019
particles has a significant secondary expansion effect on the
graphite sheets. The volume increase effect of Ba, gLag ,Fe1,040
between the graphene sheets leads to an evident bulge
phenomenon. Fig. 2(g) and (h) represent pure graphene.
Fig. 2(g) shows large translucent graphene with several folds. It
is very thin and exhibits a flexible sheet with a large surface. In
addition, it can be found that there are some impurities on the
surface of graphene. This may be because some ferrite particles
have not been removed. The clear folds of graphene are shown
in Fig. 2(h). Its surface is quite clean and distributed with
numerous evident folds. Fig. 2(i) is the EDS spectrum image of
the rectangular area selected in Fig. 2(f). There are five main
elements and the mass ratio of each element is shown on the
upper right corner. This result is in relative agreement with the
theoretical value.
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TEM images of G/LBF nanocomposite are shown in Fig. 3. It
is clear that graphene with several folds shows a translucent
film in Fig. 3(a). Bay gLa,y ,Fe;,010 particles have a uniform size
and show no apparent agglomeration. In addition, it should be
noted that these particles have different color depth. The light-
colored particles are located between the sheets of graphene
and the dark-colored ones are distributed on the graphene
surface. Fig. 3(b) is the high magnification image of G/LBF
nanocomposite. Bay gLay Fe 1,019 particles with various sizes
can be seen, and the mean size is about 100 nm. Furthermore,
it can be easily noted that some of these particles are located
between graphene sheets, while a small amount them are on
the graphene surface. It is clear that graphene with numerous
folds shows a translucent film, as shown in Fig. 3(c). The
structure exhibits two graphene sheets stacked together, and
shows a large surface and very low thickness.

Fig. 4(a) shows the XRD patterns of graphene, BaFe;,0;o,
Bay gLag ,Fe 1,019, and G/BF and G/LBF nanocomposites. The
main diffraction peaks of BaFe;,0,4 are observed at 26 values of
31.4°, 35.2°, 42.3°, 61.1° and 76.3° corresponding to the (110),
(114), (205), (217) and (220) reflections, respectively.*® The
observed peaks of BaFe;,0;9 are matched with the standard
XRD pattern, indicating that BaFe;,0;9 is successfully synthe-
sized by the auto-combustion method. The XRD pattern of
Bay gLag ,Fe 1,049 did not significantly change compared to the
BaFe;,0,, pattern. It means that La doping has no effect on the
formation of BaFe;,0,,. Graphene exhibits a broad character-
istic diffraction peak at 26 = 26.20°, which is typical of multi-
layered graphene, indicating that EG has been peeled into
multilayered graphene during the self-combustion and swelling
of BaFe;,0,o. The XRD patterns of G/BF and G/LBF are similar,
and these patterns have a peak at 26 = 26.20°. EG is not
completely converted to graphene during the auto-combustion
process of Ba, gLag Fe;,010. The peaks of Bay gLag ,Fe 1,019 do
not show a significant change in the G/LBF pattern, indicating
that there is no chemical reaction between Bagygla,,Fe 2019
and EG. The FTIR spectra of graphene and G/LBF nano-
composite are shown in Fig. 4(b). The relative apparent peaks of
graphene are 1578 cm ™' and 936 cm ™', and there are no other
evident peaks. The peak at 1578 cm ™" is the characteristic peak
of the C=C bond in the sp” structure of graphite, which means
that there is a small amount of graphite in the graphene.?" This
may be because the peeling of graphite is not complete. The
characteristic peaks of G/LBF occur at 2930, 1578, 1450, 936 and
618 cm™'. The peak at 2930 cm ™' is attributed to the C-H
stretching vibration, the C-N group is located at 1450 cm™ ", and
the peak at 2930 cm ™' represents some oxygen group.? This
may be due to the presence of some impurities after the
combustion process of barium ferrite gel and the G/LBF nano-
composite is inorganic materials.

The crystal size of Bagglay,Fe;,0;9 particles can be
calculated using the Debye-Scherrer formula: D = kA/g cos 6,
where D is the average crystal size of particles, k is the shape
factor, 4 is the X-ray wavelength, 6 is the half angle in degrees
and @ is the full width at half maximum. k is often assigned
a value of 0.89, which depends on several factors, including
Miller index of the reflecting plane and shape of the crystal.>

This journal is © The Royal Society of Chemistry 2017
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Fig.2 SEMimages of (a) EG, (b) BaFe;,0;0, (c) Bag glag 2Fe15019, (d—f) G/LBF nanocomposite, (g—h) graphene and (i) EDS spectrum image of the
rectangular area selected in (f).

The (217) reflection of the observed X-ray data is chosen for using the abovementioned equation is about 96 nm. It is in
calculating crystal size of Bagglag,Fe;,019 particles. agreement with the average particle size as determined by
The average size of the Ba, gLa, Fe ;014 particles calculated TEM.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 37276-37285 | 37279
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Fig. 3 TEM images of (a) G/LBF nanocomposite, (b) high magnification of G/LBF nanocomposite and (c) graphene.
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Fig. 5(a) shows the Raman spectra of the G/BF and G/LBF
nanocomposites. The Raman spectra of these nanocomposites
exhibit characteristic D, G and 2D bands at 1350 cm™*, 1580
em ™' and 2680 cm ™, respectively. The G band is associated
with E,, symmetry and is generated due to in-plane vibration of
sp> carbon atoms of graphene. The D band appears from
a breathing mode of a K-point phonon of A;, symmetry and it
implies the degree of graphene defects and irregularities. The
2D peak originates from the double-resonance Raman process
of two phonons with opposite momentum. The intensity ratio of

37280 | RSC Adv., 2017, 7, 37276-37285
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(a) XRD patterns of graphene, BaFe;,019, Bag gLag »Fe1,019, and G/BF and G/LBF nanocomposite and (b) FTIR spectra of graphene and G/

the D and G peaks (Ip/Ig) has been used as a measure of ordered
and disordered degree in graphene.* It can be seen that the
Raman spectra of G/BF and G/LBF are almost the same. The
value of I/Ig is quite high, indicating a highly disordered gra-
phene. This is mainly because the auto-combustion process of
Bay gLag ,Fe;,0,9 damages the microstructure of graphene to
a certain degree. The peaks of BaFe;,0,, are between 260 cm ™ *
and 700 cm ™', and they are similar to those of Bag sLag ,Fe;,01s0,
as shown in Fig. 5(a).”® The optical properties of graphene and
G/LBF are investigated using their UV-vis absorption spectra. As

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) Raman spectra of G/BF and G/LBF nanocomposites and (b) UV-vis absorption spectra of graphene and G/LBF nanocomposite.

shown in Fig. 5(b), there is an absorption peak at a wavelength
of 251 nm, corresponding to the transition of aromatic C-C
bonds. The small peak for G/LBF at 223 nm may be caused by
some impurities.”® In addition, it can be found that the G/LBF
nanocomposite exhibits remarkable light absorption in the
visible-light region.

3.2 Magnetic properties

The hysteresis loops of BaFe;,0;9, G/BF nanocomposite,
Ba,y gLay ,Fe;,019 and G/LBF nanocomposite were measured at
room temperature, and the results are shown in Fig. 6(a). When
H is infinite, the saturation magnetization (M;) value can be
obtained from the M value. The coercive force (H¢) and residual
magnetization values can be obtained directly from the
hysteresis loops.”” The Mg value of BaFe;,0,4 is about 38.5 emu
g~', while that of Bag gLag ,Fe;,010 is 30.68 emu g~ . It means
that La doping reduces saturation magnetization. G/BF has an
Mg value of about 34.26 emu g~ ', which is lower than that of
pure BaFe;,0,5. The Mg value of G/LBF is about 26.55 emu g_l,
which is also lower than that of pure Ba,y gLay ,Fe ,019. This is
mainly due to the fact that non-magnetic graphene reduced
magnetic saturation strength. From the enlarged image on the
upper left corner of Fig. 6(a), it can be deduced that the coer-
civity of G/LBF is about 188.76 Oe, and the high coercivity is
beneficial to magnetic loss at a relatively low frequency.*®
Fig. 6(b) shows the conductivity of G/LBF nanocomposites with
different contents of graphene. It is clear that the conductivity

of the G/LBF nanocomposites increases with graphene content.
It is because graphene has excellent conductivity and the ferrite
materials are weakly conductive.*

3.3 Electromagnetic wave absorbing properties

The complex permittivity (¢, ¢’) and complex permeability (', u”)
spectra of graphene, BaFe;,0,9, Bagglag.Fe ,0,9, G/BF and
G/LBF nanocomposites vs. frequency in 2-18 GHz are shown in
Fig. 7. The real part of complex permittivity and permeability is
mainly associated with the amount of polarization occurring in
the material and symbolizes the storage ability of the electric
and magnetic energy, whereas the imaginary part accounts for
dielectric and magnetic losses.*® The real part of complex
permittivity spectra for different materials is shown in Fig. 7(a).
Its overall trend decreases with increasing frequency. The value
of graphene is the highest, because it has excellent electric
conductivity. The spectra of BaFe;,0,9 and Bag gLa .Fe;,019 are
almost the same, and their values are very close. It illustrates
that La doping does not have a significant effect on the dielec-
tric real part. The spectra of G/BF and G/LBF are also similar,
but their values are higher than those of pure BaFe;,0;o and
Bay gLay ,Fe;,040. It is mainly because ferrite conductivity in the
latter is poor, and graphene improves the conductivity of these
nanocomposites effectively. The imaginary part of complex
permittivity spectra for different materials is shown in Fig. 7(b).
The value of graphene is quite low, indicating poor dielectric
loss. This is due to its bad impedance matching performance.
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Fig. 6
composites with different contents of graphene.
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Fig.7 (a—b) Complex permittivity (¢, ¢’) and (c—d) complex permeability («’, u”) spectra of graphene, BaFe 2019, Bag glag 2Fe12019, G/BF and G/

LBF nanocomposite vs. frequency within 2-18 GHz.

Bag gLag ,Fe 1,019 shows higher values than BaFe,;,0,4, and it
illustrates that La doping improved the dielectric constant. It is
mainly due to the special electronic structure of rare earth
elements, which increases the interaction with the electro-
magnetic wave. The G/BF and G/LBF with high values mean that
they have strong dielectric capacity. Fig. 7(c) and (d) show the
complex permeability spectra for different materials. The real
and imaginary parts of graphene are 1 and 0, respectively, owing
to the fact that graphene is non-magnetic. In Fig. 7(c), the real
part value of Bay gLag 2Fe; 1,019 is higher than that of BaFe;,0;,,
indicating that La doping improved magnetic property.
Furthermore, a high real part value indicates good impedance
matching and it facilitates more EMW entry into the compos-
ites.** In addition, it should be noted that the value of G/BF
nanocomposite is lower than that of pure BaFe;,0,9 and the
value of G/LBF nanocomposite is lower than that of pure
BaygLag,Fe,019. This is because non-magnetic graphene
occupies a certain proportion of the nanocomposites. The
imaginary part of complex permeability is a measure of
magnetic loss. Magnetic materials generate magnetic losses
during the repeated magnetization and demagnetization
process in the electromagnetic field and the magnetic loss
intensity is related to EMW frequency.*> In Fig. 7(d),
Ba, gLay ,Fe 1,049 exhibits a higher value than BaFe;,0,9, indi-
cating a higher magnetic loss. Moreover, it can be found that
magnetic loss property improved after combining with gra-
phene. This is owing to the good impedance matching perfor-
mance of these nanocomposites. As the frequency increases, the
imaginary part value of complex permeability of G/BF increases,
while that of G/LBF is relatively steady.
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The loss tangent is a measure of electromagnetic loss capa-
bility for an absorbing material and a large loss tangent is
generally expected. Fig. 8 shows the dielectric constant tangent
(tan 6. = ¢"/¢) and magnetic loss tangent (tan 6, = u"/u’) spectra
of graphene, BaFe;,0,9, Bagglag,Fe;3,019, G/BF and G/LBF
nanocomposites vs. frequency within the frequency of 2-18
GHz. It should be noted that tan é, is higher than tan ¢, for the
same material, regardless of frequency, indicating that reflection
loss is mainly due to the dielectric constant. The tan d, of gra-
phene is low, indicating poor EMW absorption performance. It
may be due to the fact that impedance matching of pure gra-
phene is poor. The tan ¢, of G/LBF shows the highest value and
its average value is about 0.30, while that of G/BF is only about
0.27, as shown in Fig. 8(a). Furthermore, Ba,glay,Fe 5019
exhibits a higher tan ¢, than BaFe;,0;,, indicating that La
doping improved the dielectric constant. The tan ¢. of G/LBF
shows a significant increase compared with that of Ba, gLag »-
Fe;,0;9, which means that G/LBF has better EMW absorption
performance. This is mainly due to the excellent electrical
conductivity of graphene and because the sandwiched micro-
structure of nanocomposite is conducive to multiple reflection
of EMWs. In addition, good impedance matching of the nano-
composite is an important factor. In Fig. 8(b), it can be found
that the spectra of tan ¢, are similar to those of the imaginary
part of complex permeability. The tan ¢, of graphene is zero,
indicating that it has no magnetic loss capability, because gra-
phene is a non-magnetic material. The G/LBF composite has
a higher value and is relatively steady. The magnetic loss
capability of La-doped BaFe;,0;o is improved, and it shows
a better magnetic loss capability after combination with
graphene.*

This journal is © The Royal Society of Chemistry 2017
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Table 1 Influence of graphene mass ratio on electromagnetic wave
absorbing properties of G/LBF nanocomposite with a thickness of 1
mm

Range Maximum reflection Bandwidth
Mass ratio (wt%) (dB) loss (dB) (GHz)
0 <-10 —14.60 1.88
5 <-10 —-19.13 2.27
10 <-10 —32.22 2.93
15 <-10 —40.26 3.87
20 <-10 —37.80 3.25

Table 1 shows the influence of graphene mass ratio on the
electromagnetic wave absorbing properties of G/LBF nano-
composites with a thickness of 1 mm. It can be seen that EMW
absorption performance of the G/LBF nanocomposites first
increases and then decrease as graphene content increases.
When the graphene mass ratio is 15%, it shows the best
absorbing properties with a maximum value of —40.26 dB. But
when the mass ratio of graphene reaches 20%, its performance
is reduced. This may be because good impedance matching of
the G/LBF nanocomposite is important and too much graphene
is detrimental to its impedance matching performance.**

For a single-layer absorber, according to the transmission
line theory, the calculation formulae are given as follows:

Zin— 1
R (dB) = 20 log,, Z T 1‘ (1)
: 2mefd !
2
Zu = (2 [ (2 e @)
&

where Z;, is the normalized input impedance at the free space
and material interface, &, = ¢ — j¢” is the complex permittivity of
the absorber, u, = ¢/ — ju” is the complex permeability of the
absorber, fis the frequency of the microwaves in free space, d is
the thickness of the absorber, and c is the velocity of light in free
space.*® The reflection loss curves of different samples with
same thickness (2 mm) are shown in Fig. 9(a). The reflection
losses of graphene, BaFe;,0,9 and Ba, gLa, ,Fe;,0,9 are poor,
while G/BF and G/LBF exhibit good reflection loss. As can be
seen from the curves, the reflection loss curves of G/BF and G/

This journal is © The Royal Society of Chemistry 2017

LBF both show broad peaks with a maximum of —26.1 dB at
8.2 GHz and —38.61 dB at 8.1 GHz, respectively. The value of
reflection loss below —10 dB (absorbance is 90% of the wave) for
G/LBF nanocomposite is up to 2.16 GHz. La doping improved
EMW absorption performance effectively, and these nano-
composites have better performance than pure BaFe;,0,9 and
Bag glag,Fe;,049. This is probably because the dielectric
constant of graphene and the magnetic loss of ferrite are
complementary.®® Graphene is a dielectric medium and ferrite
is a magnetic medium. Three-dimensional images of reflection
loss for different samples are shown in Fig. 9(c); from these
figures, it is clear to see that G/LBF shows the best EMW
absorption performance. The performance of the absorber
mainly depends on two factors: the impedance matching at the
interface and the complementarity between dielectric constant
and magnetic loss. For a good matching of impedance, suitable
electrical conductivity for the absorber is required. Both high
and low conductivity results in bad microwave absorption due
to skin effect and poor current thermal effect, respectively.’” G/
LBF shows excellent EMW absorption performance above, and
in order to determine the thickness effect of samples on EMW
absorption performance, reflection loss of the G/LBF nano-
composite with different thicknesses of 1-3 mm are calculated.
The reflection loss curves are shown in Fig. 9(b) and the intui-
tive three-dimensional images of reflection loss are shown in
Fig. 9(d). It demonstrates that the maximum reflection loss
moves towards a lower frequency as thickness increases. This
may be due to the different travel path of incident microwave in
the absorber with different thickness and the synergistic effect
of microwave absorption. The absorption frequency range can
be adjusted according to requirement by altering the thickness
of samples.’® For potential absorbers, large absorption band-
width is expected. In this study, the sandwich microstructured
G/LBF nanocomposite with a thickness of 1 mm shows the
maximum reflection loss of —40.26 dB at 14.9 GHz. Moreover, it
should be noted that the value of reflection loss below —10 dB
could reach to 3.87 GHz. The sandwich microstructured G/LBF
nanocomposite exhibits excellent EMW absorption perfor-
mance and has important potential applications.

The experimental results mentioned above illustrate that the
G/LBF composite has good impedance matching and comple-
mentarity between dielectric constant and magnetic loss. The

RSC Adv., 2017, 7, 37276-37285 | 37283
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schematic representation of EMW absorption mechanism in the
G/LBF nanocomposite is shown in Fig. 10.** The incident EMWs
have several types of interactions in the nanocomposites. In
addition to the excellent conductivity of graphene to increase the
dielectric constant, Ba,glag,Fe ;019 has good magnetism to
increase the magnetic loss. Moreover, the sandwich structure is
conducive to high losses of electromagnetic energy. It can be
found that EMWs pass multiple reflections not only between the
graphene sheets but also between the individual sandwiched
microstructures of G/LBF. This process prolongs the propagation
path of EMWs in the absorbers, and the multiple reflections of
the microwave lead to high losses of electromagnetic energy. It is
because the interaction of microwaves with dielectric materials
intensifies molecular motions such as ionic conduction, bipolar
polarization and relaxation. In addition, BaggLag,Fe;,019

Graphene

Bagglag,Fe 2019
Particles

Incident EMW

Fig. 10 Schematic of the EMW absorption mechanism of G/LBF
nanocomposite.
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particles between graphene sheets can consume magnetic loss
effectively. The multiple reflections between graphene sheets are
conducive for more microwaves to go through the ferrite particles
and thus increase magnetic losses. Therefore, the construction of
sandwich microstructured G/LBF is beneficial to increase elec-
tromagnetic performance.

4. Conclusions

The sandwich microstructured G/BF nanocomposite was
successfully prepared through an in situ auto-combustion
method and it showed better EMW absorbing properties
compared to pure BaFe;,0,o. In addition, we doped BaFe;,0;9
with La and prepared the sandwich microstructured G/LBF. The
sandwich microstructured G/LBF nanocomposite exhibited
a saturation magnetization of 26.55 emu g~ at room temper-
ature. The maximum reflection loss of the sandwich micro-
structured G/LBF with a thickness of 1 mm could reach up to
—40.26 dB and the frequency bandwidth value below —10 dB
was up to 3.87 GHz in the frequency range of 2-18 GHz. The
sandwich microstructured G/LBF may have extensive applica-
tions in military and electromagnetic pollution governance for
its excellent EMW absorbing performance.
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