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High-performance microwave absorbing materials require optimized impedance matching and high
attenuation ability. Here we meet the challenge by incorporating electric loss with magnetic loss
materials to prepare carbon-based/magnetic hybrids. The reduced graphene oxide (rGO)/Lag7Sro3sMnOs
(LSMO) composites were prepared by dispersing the LSMO powders into 4.25, 6.25, 8.16, and 10 wt% of
the graphene oxide aqueous solution, then the rGO/LSMO composites were formed by hydrothermal
method. The pure rGO, LSMO, and rGO/LSMO composites were studied using X-ray diffraction and SEM.
Microwave absorption properties were investigated by using coin method. Simulation studies show that
6.25 wt% of rGO/LSMO in a wax matrix exhibits the strongest reflection loss of —47.9 dB @ 10.7 GHz at

a thickness of 2.5 mm. Moreover, the effective absorption bandwidth with the reflection loss below —10
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Accepted 10th December 2019 dB is up to 14.5 GHz, ranged from 3.5 to 18 GHz for the composites with a thickness of 1.5-5.5 mm, due

to a synergism between dielectric loss of rGO and magnetic loss of magnetic LSMO, which is an
interesting exploration in the applications of rGO and LSMO. This method can be extended to design
and fabricate hybrid absorbers with effective microwave absorption.
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low loadings.® However, the microwave absorbing ability of
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Microwave absorbing materials have attracted broad interest
because of their prospective applications in the electronics
industry, information technology, and military affairs.’”® During
the past decades, considerable efforts have been made to
develop high-performance microwave absorbing materials with
low density, tiny thickness, strong wave absorption, and broad
bandwidth, especially in the gigahertz (GHz) band range.*
Magnetic metals or alloys, magnetic oxides, and their compos-
ites have been widely used as fillers to fabricate microwave
absorbing materials.> However, their drawbacks, such as high
density, poor chemical and thermal stability, and large loading
content, have severely hindered their practical applications.
Carbon-based materials as electric loss fillers with lightweight
and efficient absorption have been extensively studied, espe-
cially for the carbon nanotubes with a low specific gravity, high
aspect ratios, and excellent electrical conductivities and ultra-
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CNTs is relatively weak. For instance, both the CNT@TiO, and
CNT@SiO, exhibit minimum reflection loss value of —31.8 dB
@ 10.35 GHz and —10.22 dB @ 9.90 GHz with the thickness of
2 mm and 5 mm.”®

As the thinnest material of the carbon family, graphene has
shown great potential for microwave absorption materials,® due
to its unique two-dimensional structure and desirable proper-
ties such as low density, high thermal and chemical stability,
and high carrier mobility.'*** However, the microwave attenu-
ation by pure graphene is difficult due to poor impedance
matching from the single dielectric loss. Excellent microwave
absorption generally requires efficient synergism between the
relative permittivity and permeability. One of the effective ways
is the combination of a magnetic material with graphene.">*
Additionally, the permeability is very low due to the weak
magnetic characteristic in the microwave band, the permittivity
must be low for good impedance matching, so abundant defects
and hydroxyl, epoxy, and carboxyl groups of reduced graphene
oxide (rGO) result in low permittivity, which is beneficial for the
microwave absorption.**

Lay ;Sro3Mn0O; (LSMO) is a kind of important magnetic
material with the metallicity and ferromagnetism."”® Thus,
LSMO has wide applications in various fields such as gas
sensors, optoelectronic and spintronics, etc.'**' Compared to
the magnetic metals and ferrites, LSMO exhibits remarkably

improved microwave absorption properties, due to the
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metallicity, chemical and thermal stability. However, pure
magnetic LSMO as a microwave absorber exhibits very weak
absorption ability due to its impedance mis-matching.** The
carriers of LSMO can travel within the majority band, derived
from Mn 3d e, and O 2p orbitals when neighboring Mn core
spins are aligned, but in a general environment, it is difficult for
LSMO to facilitate charge transport due to the spin channel gap.
Until now, there have been no useful ways to improve the charge
transport, and thus previous researchers found that incorpo-
ration of dielectric-loss materials of graphene with high carrier
mobility into LSMO is an effective strategy to enhanced micro-
wave absorption abilities.>***

To further investigate the wave absorption property of LSMO,
we prepared LMSO by a simple sol-gel method and combined
them with rGO using hydrothermal process to form rGO/LMSO
composites. As a result, 6.25 wt% of rGO/LSMO in wax matrix
exhibits the strongest reflection loss of —47.9 dB @ 10.7 GHz at
a thickness of 2.5 mm. Moreover, the effective absorption
bandwidth with the reflection loss below —10 dB is up to 14.5
GHz, ranged from 3.5 to 18 GHz for the composites with the
thickness in 1.5-5.5 mm, due to a synergism between dielectric
loss of rGO and magnetic loss of magnetic LSMO, which is an
interesting exploration in the physical application of rGO and
LSMO. It is meaningful for the design and fabrication of hybrid
absorbers with effective microwave absorption.

Experimental
Materials

Crystalline flake graphite (100 mesh) was purchased from
Qingdao Meizhen Company (China). Potassium permanganate
(KMnO,) reagent (99%), H,SO, (98%), HNO; (70%) and stron-
tium acetate Sr(OAc), (99.0%) were purchased from Sigma-
Aldrich. Lanthanum nitrate La(NOj); (99.0%), anhydrous
ethanol (99.7%), glacial acetic acid (99.5%), ethanolamine
(99.5%), and manganese acetate Mn(OAc), (99.0%) were
supplied by Sinopharm Chemical Reagent Co. (China).

Synthesis of La, ,Sr, sMnO; (LSMO)

The La, ;S1y sMnO; (LSMO) powders were prepared by the sol-
gel method. In a typical experiment, lanthanum nitrate
La(NO3); (99.0%) was first dissolved in anhydrous ethanol
(99.7%), strontium acetate Sr(OAc), (99.0%) and manganese
acetate Mn(OAc), (99.0%) were fully dissolved in glacial acetic
acid (99.5%), and then the above two solutions were mixed
together, the mixed solution was stabilized by adding ethanol-
amine (99.5%) as a chelating agent, and then stirred to become
transparent sol. The sol was dried at 80 °C in an oven, and then
calcinated at 1100 °C to get polycrystalline oxide powders with
a particle size of ~100 nm, shown in Fig. 2 and S1(a).f

Synthesis of graphene oxide (GO)

The graphene oxide (GO) was prepared by oxidation of natural
graphite powders using a modified Hummers' method,
according the reported procedure.>* >’
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Fig. 1 Schematic diagram showing the fabrication of rGO/LSMO
composites.

Synthesis of reduced graphene oxide/LSMO composites

The rGO/LSMO composites were prepared by hydrothermal
method. As shown in Fig. 1, the details of the experimental
procedure are as follows: the GO aqueous solution (4, 6, 8, and
10 mg mL~") mixed with Lag,Sro;MnO; powder was hydro-
thermally treated in a custom Teflon-lined autoclave (¢160 x 25
mm) at 180 °C for 3 hours, a water-filled intermediate rGO/
LSMO solid composites (as shown in Fig. S1bt) were formed
by in situ self-assembling, and the water-filled composites with
initial 4.25, 6.25, 8.16, and 10 wt% of GO were freeze-dried to
remove the remaining water inside, and the samples were
marked as 4.25 wt% rGO/LSMO, 6.25 wt% rGO/LSMO, 8.16 wt%
rGO/LSMO, and 10 wt% rGO/LSMO, respectively.

Characterizations

The crystalline phase of samples was examined with X-ray
diffraction (XRD) by using a D8-Advance, Bruker AXS diffrac-
tometer (Cu-Ko radiation, 2 = 1.5418 A) in the continuous scan
mode over 10-45° (20) with a scan rate of 0.3° s~ ', operating at
40 kv and 40 mA. The morphology and microstructure of
samples were characterized by field-emission scanning electron
microscopy (FESEM, HITACHI S-4800).

Based on the transmission/reflection method, the relative
complex permittivity (¢' and ¢”), permeability (1 and u”), and
the electromagnetic absorption performance (reflection loss Ry)
were evaluated in the range 2-18 GHz using an Agilent HP8722E
vector network analyzer. A 30 wt% of paraffin was used as the
supporting matrix due to its minor complex electromagnetic
parameters approximating those of air. The toroidal test sample
(3 mmi.d., 7 mm o.d., and 2 mm thickness) was fabricated. The
incident microwave direction was perpendicular to the test
samples.

Results and discussion

The synthesis of the rtGO/LSMO composites is illustrated in Fig. 1.
To reveal the morphology and microstructure of the obtained
samples, SEM analyses were carried out. Fig. 2 show a typical
SEM images of rGO/LSMO composites with different weight
percentages of rGO (4.25, 6.25, 8.16, and 10.0 wt%). It can be
found that the LSMO particles distribute in flaky structure of
rGO, and attach closely on the surface of a lamellar structure of
alternating plates as shown in Fig. 2(a-d). Moreover, the two-
dimensional rGO sheets with a large specific surface area
formed a conductive network in the composites with the
increasing of rGO content, clearly shown in Fig. 2(c and d).

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 SEM images of rGO/LSMO composites with different weight
percentages of rGO; (a) 4.25 wt%, (b) 6.25 wt%, (c) 8.16 wt%, and (d)
10.0 wt%.

As shown in Fig. 3(a), the major diffraction peaks at 23.10°,
32.70°, 32.91°, 38.61°, 40.34°, and 40.68° marked by Miller
indices of (012), (110), (104), (113), (202), and (006) respectively,
can be indexed to lanthanum strontium manganese oxide
(Lag.7SresMnO3, PDF#51-0409); and weak diffraction peaks of
rGO suggesting that LSMO in the composites are well-
crystallized, without detectable secondary phase within the
sensitivity limits of the experiment. The chemical components
of 6.25 wt% rGO/LSMO composite are analyzed by energy-
dispersive X-ray spectroscopy (EDS). From the EDS images
(Fig. 3(b-h)), it can be found that the La, Sr, Mn, O, and C
elements are all homogenously distributed, and the molar ratio
of La/Sr is around 2.

Here we firstly investigate the microwave absorption prop-
erties of rGO/LSMO composites with different weight percent-
ages of rGO (4.25, 6.25, 8.16, and 10.0 wt%). Fig. 4(a) shows the
real part ¢ and imaginary part ¢’ of the relative complex
permittivity (¢) for rGO/LSMO composites in the frequency
range of 2-18 GHz. The ¢ values are decreasing as the frequency
increasing in the range of 7.1-14.1 over 2-18 GHz, and the ¢’
values decrease from 6.8 to 3.4, exhibiting obvious frequency-
dependent dielectric response. This may arise from the lag of
the induced charges to follow the reversing external field at high
frequencies, and finally causes a reduction in the electronic
oscillations, indicating a typical form of conduction domi-
nance, which is similar to the results of 2D carbide MXene
films.?*** The ¢ values of rGO/LSMO composites are signifi-
cantly smaller than that of rGO (40-80) and LSMO (25-32), as
shown in Fig. S2(a) and S3.1 Conventionally, the permittivity
can generally be represented by the Debye dipolar relaxation
expression of Cole-Cole semicircle. The ¢’ and ¢’ of permittivity
are shown as follows,*
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where  is the angular frequency, 7 is the relaxation time, & is
the static permittivity, and ¢, is the relative permittivity at the
high-frequency limits. According to the above eqn (1) and (2),
the relationship between ¢’ and ¢” can be deduced as
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Fig. 4 The permittivity, permeability, dielectric loss (tgs), magnetic
loss (tgs,). and reflection loss (R,) of rGO, LSMO and rGO/LSMO with
different weigh percentages of rGO.
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The curve characteristics of ¢ versus ¢’ for rGO/LSMO
composites are shown in Fig. 5, in which the presence of clear
segment of semicircle and a tail suggesting the existence of
dielectric relaxation processes and the influence of leakage
conductance, while the semicircle is representative of a Debye
dipolar relaxation and the tail is related to the conductance
effect derived from the rGO.

Fig. 4(b) shows the real part ¢’ and imaginary part u” of the
relative complex permeability (u,) for rGO/LSMO composites in
the frequency range of 2-18 GHz. The ' values are in the range
of 0.96-1.1 over 2-18 GHz, while the u” values decrease from
0.06 to —0.08. It is interesting that the u’ values of rGO/LSMO
composites are significantly higher than that of rGO (~0.6)
and LSMO (0.1-0.2), as shown in Fig. S2(b) and S3.t Interest-
ingly, within the frequency range of 7.4-18 GHz, the microwave
permeability with negative imaginary parts (u”) has also been
observed. The phenomenon of the negative u” within the high
frequency microwave range have been observed in many
composite systems, such as hierarchical Ni nanostrucutres,
multiwalled carbon nanotube composites, porous Fe;0,/SnO,
core/shell nanorods, hollow cobalt nanochains, mesoporous
carbon-silica nanocomposites, SiC nanowires, core double-
shelled FeCo/C/Fe, sCry5Se, nanocomposites and polymer-
derived SiCN ceramics.*** Theoretically, in the case of
diamagnetics (1' < 1), there is a strong indication that the
negative imaginary part of the magnetic permeability does not
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of rGO/LSMO composites.

contradict the second law of thermodynamics, nor any other
conceivable physical constraints.*® Typically, the permeability is
very low due to the weak magnetic characteristic in the micro-
wave band, so for rtGO/LSMO composites, the decrease of ¢
values and the increase of u’ values benefit the impedance
matching, as shown in Fig. 6(a). According the free electron
theory, the low resistivity would result in high permittivity. For
the metallic magnetic materials of metals or alloys, too low
resistivity (p = 107'°-10"% Q cm) severely limits their applica-
tions in the microwave range, due to the high permittivity and
the large eddy-current effects. However, for the insulating
ferrites with high resistivity (p = 10>-10"° Q cm), too low
permittivity is difficult to match permittivity and permeability.
When the ferrites incorporate with the electric loss materials,
and thus the length of matching layer is very thick to enhance
the absorption ability, which is harmful to achieve lightweight
absorber with strong absorption properties and broad absorp-
tion bandwidth. Fe;0, possessing moderate resistivity (p ~ 102
Q cm) are highly desirable for microwave absorption applica-
tions. However, they face challenges preventing their further
applications such as rapid agglomeration, oxidation.*
Moderate resistivity (p ~ 10~> Q cm) of metallic ferromagnetic
LSMO can conquer these barriers with improved microwave
absorption properties. Fig. 4(c) shows the dielectric loss and
magnetic 1oss (fys; and ty5,) of the rtGO/LSMO composites. It is
interesting that the ¢g;. values are significantly larger than the
teon values in the range of 2-18 GHz. It implies that rGO/LSMO
composite is a kind of material with strong dielectric loss, due
to the decrease of magnetization and coercivity with the
increasing of the rGO and gradually showed the paramagnetic
characteristic (shown in Fig. S4t). To clarify the EM absorption
properties of the composites, the term of reflection loss (Ry), are
achieved from the complex permittivity and permeability via the
relations, according to the transmit line theory,*

Z :\/Etanh(j% &) (4)
& c &

Zn—1
R, =20|1 : 5
] )
where Z;, is the input impedance of the absorber, ¢ is the
velocity of electromagnetic waves in free space, f is the
frequency of microwaves, and d is the thickness of the absorber.

The calculated results are shown in Fig. 4(d). It is surprising that
the Ry, values for the pure rGO and LSMO are less than —10 dB

This journal is © The Royal Society of Chemistry 2019
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Fig.7 The reflection loss of rGO/LSMO composites with the thickness
of 1.5-5.5 mm; (a) 4.25 wt%, (b) 6.25 wt%, (c) 8.16 wt%, (d) 10.0 wt%.

over 2-18 GHz. This demonstrates that pure rGO and pure
LSMO has a very weak ability to absorb EM wave, due to the miss
matching of Z;,, seen in Fig. 6(a). Pure rGO exhibits a strong
dielectric loss (as shown in Fig. S37), but has very weak EM
absorption properties. In terms of the electromagnetic theory,
the dielectric loss of rGO may be attributed to natural reso-
nance, Debye dipolar relaxation and electron polarization
relaxation etc. For rGO, the excellent hexagonal “graphene”
framework cannot be completely recovered after reduction due
to the existence of residual groups and defects such as the
missing carbon atoms and sheet corrugation, so the permittivity
of rGO would be increased compared with that of LSMO.
Therefore, the ¢ and ¢” resonance peaks of rGO disappear, as
shown in Fig. S2a and S3.t

View Article Online
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The layer thickness of absorbers is also an important factor
influencing the absorption properties. The reflection loss curves
of the rGO/LSMO composites with different thickness varied
from 1.5 to 5.5 mm are shown in Fig. 7. It indicates that the
maximum reflection loss of 6.25 wt% rGO/LSMO composites
reaches —47.9 dB @ 10.7 GHz with the thickness of 2.5 mm.
Moreover, the effective absorption bandwidth with the reflec-
tion loss below —10 dB is up to 14.5 GHz, ranged from 3.5 to 18
GHz for the composite with the thickness in 1.5-5.5 mm.

It is worth noting that microwave absorption peaks shifted
toward the low frequency regions as the thickness of the
absorber increased from 1.5 to 5.5 mm. This phenomenon can
be explained by the 1/4 wavelength equation:***

‘ nc (
m= ——F——
Y V lecit,|

where ¢, and fi, are the matching thickness and frequency of
the maximum reflection loss peak, respectively; ¢, and u, are the
complex permittivity and permeability at f;,,, respectively; and ¢
is the velocity of light. Therefore, it is reasonable that f;,, shifts to
lower frequency with increasing t¢,. Among all measured
thicknesses, the minimum R;, of rGO/LSMO composites with
the rGO content of 4.25, 6.25, 8.16, and 10.0 wt% were respec-
tively —27.6 dB @ 13.3 GHz with the thickness of 2.0 mm, —29.0
dB @ 10.7 GHz with the thickness of 2.5 mm, —30.4 dB @ 13.7
GHz with the thickness of 2.0 mm, and —47.9 dB @ 10.7 GHz
with the thickness of 2.5 mm. All of the above analyses appar-
ently demonstrate that the rGO/LSMO composite with the rGO
content of 6.25 wt% exhibits a much better microwave
absorbing ability than the other rGO/LSMO composites, due to
the best impedance matching (shown in Fig. 6(a)). Fig. 6(b)
shows the attenuation constant («), which indicates the ability
of EM conversing into heat energy. To investigate the EM wave
conversion ability, the « can be calculated from relative complex
permittivity and permeability as**

=1,2 5..) (6)

Table 1 Comparison of EM wave absorption properties of rGO/LSMO composite with other magnetic materials

Composites Loading (wt%) Thickness (mm) Ry, (dB) Band width (GHz) Range (GHz) Ref.
rGO/LSMO 70 2.5 47.9 14.5 3.5-18.0 This work
rGO/LSMO 60 2.5 38.8 4.0 14-18.0 24
rGO/NiFe,0, 70 5.0 42.0 5.3 11.6-17.2 46
rGO/CoFe,0, 50 2.8 57.7 5.8 8.3-14.1 47
rGO/CoFe,0,/PVP 50 2.0 56.8 6.8 10.6-17.4 48
rGO/SrFe;,049/PANI 50 1.5 45.0 5.5 12.8-18.0 49
rGO/Fe;0, 50 3.9 44.6 4.3 12.2-16.5 50
rGO/Fe;0,4/PANI 20 3.0 45.0 11.4 6.6-18.0 51
rGO/Y-Fe,03 30 2.0 34.2 4.6 10.6-15.2 52
rGO/Co;0,/MDCF 10 2.0 31.9 3.4 10.6-14.0 53
rGO/Co030,/Si0, 50 1.8 52.6 4.2 8.2-12.4 54
rGO/CoNi 7 0.8 53.3 3.5 14.5-18.0 55
rGO/NiCoP 50 4.4 20.6 4.1 13.9-18.0 56
rGO/FeCo 50 2.5 40.2 14.6 3.4-18.0 57
rGO/FeCo 30 2.5 52.9 13.2 4.8-18.0 58
rGO/FeCO; 60 2.4 44.5 7.9 10.1-18.0 59
rGO/Ni 10 2.4 47.9 6.6 10.0-16.6 60
rGO/Ni 20 3.5 51.1 4.0 7.3-11.3 61
rGO/Co 15 1.9 41.1 10.0 8.0-18.0 62

This journal is © The Royal Society of Chemistry 2019
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It is noticeable that the value of « increases with rise in the
concentration of rGO, which is in accordance with the fact the
delaminated Ti;C,T, nanosheets.*

Three factors affect absorbing properties, including dielec-
tric loss, magnetic loss, and impedance matching character-
istic. Firstly, the two-dimensional sheet of rGO with a large
specific surface area formed a conductive network in the
composites, resulting in high dielectric loss tangent. After the
hydrothermal reduction, GO cannot be deoxidized completely
and its electrical properties cannot be restored to the level of the
graphite. However, too high a permittivity of absorber is
harmful to the impedance match and results in strong reflec-
tion and weak absorption. Thus, the electrical properties of
composites are good enough for microwave absorption.
Secondly, the magnetic loss tangent was attributed to the
outstanding magnetic properties of LSMO, including domain
wall resonance, natural resonance and hysteresis loss. In
addition, due to the difference in complex permittivity between
rGO and LSMO, interface scattering would be generated,
leading to more microwave absorption.

Some other similar absorbents are presented in Table 1,
covering LSMO and graphene-based materials. All the corre-
sponding materials have enhanced microwave absorption
abilities. Among these specific absorbers, the synthesized rGO/
LSMO shows the first-class performance for the broader band-
width and thinner thickness, as shown in Fig. 8.
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Conclusions

Reduced graphene oxide/La, ;Sry 3MnO; (rGO/LSMO) compos-
ites were successfully prepared by hydrothermal method.
Studies show that 6.25 wt% of rGO/LSMO in wax matrix exhibits
high values of reflection loss (>10 dB) over a wide frequency
range from 11.9 to 16.9 GHz (5 GHz bandwidth) at a thickness of
2.0 mm, and the strongest reflection loss is —47.9 dB at 10.7
GHz at a thickness of 2.5 mm. Moreover, the effective absorp-
tion bandwidth with the reflection loss below —10 dB is up to
14.5 GHz, ranged from 3.5 to 18 GHz for the composites with
the thickness in 1.5-5.5 mm, due to a synergism between
dielectric loss of rGO and magnetic loss of magnetic LSMO,
which is an interesting and valuable exploration in the physical
application of rGO and LSMO.
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