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One-step in situ synthesis of strontium ferrites and
strontium ferrites/graphene composites as
microwave absorbing materials}

Wei Chen, Qingyun Liu, @ Xixi Zhu and Min Fu®*

Strontium ferrites/graphene (SrFe;,019/G) composites were synthesized by a facile one-step surfactant
assisted hydrothermal method. The structure, magnetic properties and electromagnetic parameters of
the as-prepared composites were evaluated. Uniform SrFe;,019 nanoparticles with a diameter of 60—
70 nm were well distributed on the graphene. The formation of SrFe;,019 nanoparticles and the
reduction of graphene oxide were accomplished simultaneously. The re-stacking of graphene sheets
and the aggregation of SrFe;,O;9 nanoparticles were inhibited. The as-obtained composites exhibited
better absorbing properties than the pristine SrFe;,0;9 particles due to the synergistic effect of SrFe;,019
and graphene. The minimum reflection loss (RL) of SrFe;,019/G composites with the thickness of 3 mm
reached —34.8 dB at 13.6 GHz, and the effective absorption bandwidth (RL < —10 dB) was 5.7 GHz.
However, the minimum RL of the SrFe;,0;4 particles only reached —13.5 dB, and the effective absorption
bandwidth was 4.6 GHz. A possible mechanism for the enhanced absorbing performance was proposed.

Introduction

The wide application of electromagnetic technology facilitates
people’s work and life. However, the electromagnetic pollution
which results from the overuse of electromagnetic technology
has become a new form of environmental pollution in addition
to those such as noise, waste water, exhaust gas and solid waste.
Over the last few decades, researchers have been trying to find
effective ways to prevent electromagnetic pollution and protect
information security and human health." Consequently,
absorbing materials have emerged, which can absorb the inci-
dent electromagnetic waves and attenuate them in the form of
heat.”? The traditional absorbing materials cannot meet all of the
requirements, including tiny thickness, light weight, broad
bandwidth and strong absorption. Therefore, combining two or
more kinds of functional materials is widely regarded as
a feasible way to improve the absorbing performances.**

As a kind of useful electromagnetic functional material,
ferrites have aroused enormous research interests in many
fields, with applications such as magneto-optical devices,
magnetic memories, sensitive elements, catalysts, biology,
absorbing materials and so on.>™ As a typical hard magnetic
material discovered in 1950s, strontium ferrite (SrFe;,0,0) is of
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great importance due to its low cost production, high saturation
magnetization and good chemical stability.*?

A number of different methods, including co-precipitation
method,” high temperature calcinations," sol-gel method"
and hydrothermal reaction followed by post-calcination,'® have
been used to develop SrFe;,0,9 based materials. However, the
preparation of SrFe;,0;4 often suffers from the agglomeration,
which is caused by the magnetic dipole interaction between
ferrite particles.”” Moreover, single component functional
material cannot meet the ever-increasing demands for
absorbing materials. Hence, combining SrFe;,0;, with another
suitable component would be a feasible way to solve the above
mentioned problems.

Graphene, a single layer of carbon atoms patterned in
a hexagonal lattice, has attracted worldwide attentions owing to
its two dimensional structure, high specific surface area, super
electronic, mechanical and thermal properties.’®' Considering
the excellent properties of graphene and SrFe;,019, StFe;,014/
graphene (SrFe;,0;0/G) hybrids can be very attractive for
microwave absorbing applications. On one hand, graphene with
planar structure provides an ideal platform for the growth of
SrFe;,0,9, suppressing the aggregation of SrFe;,O;9 nano-
particles. On the other hand, SrFe;,0;o nanoparticles on the
surface of graphene inhibit the re-stacking of graphene. The
structural stability guarantees the good electromagnetic
properties.

Luo et al* prepared reduced graphene oxide/strontium
ferrite/polyaniline (RGO/SF/PANI) composites by a three-step
method. Firstly, they obtained SrFe;,0; nanoparticles by co-
precipitation and post-calcination method. Secondly, they
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mixed SrFe;,0;, nanoparticles with graphene oxide (GO) solu-
tion and obtained RGO/SrFe;,0,4 hybrids. Finally, in situ poly-
merization method was used to obtain RGO/SF/PANI
composites. Zhao et al.** synthesized RGO/SrFe;,0,, nanoflakes
composites by a two-step method. They separately prepared
SrFe;,0;9 nanoflakes and RGO, and subsequently mixed them
to obtain the composites. The absorption properties were also
investigated. However, there are few reports focused on the
construction of SrFe,,0;¢/graphene composites by a one-step in
situ method.

Herein we synthesize the SrFe;,0,4/G composites by a one-
step hydrothermal reaction with the assistance of the surfac-
tant. The formation of SrFe,,0,9 and the reduction of GO are
accomplished simultaneously, which is much different from
two-step method.?*** Also, post-calcinations are not needed in
our experiment, avoiding the introduction of impurities, and
saving energy and time.'® Moreover, the planar structure of
graphene and the use of surfactant restrain the aggregation of
SrFe;,0,9 nanoparticles.® In addition, the applications of pris-
tine ferrites are limited due to large densities and narrow
absorbed frequency. Graphene is light-weight and highly
conductive, which offers the possibility of satisfying the ever-
increasing demands for absorbing materials.>* The structure,
morphology and absorbing properties of as-prepared hybrids
were investigated. The minimum reflection loss (RL) of
SrFe,;,0,4/G composites at the thickness of 3 mm reached —34.8
dB at 13.6 GHz, which was much better than that of the pristine
SrFe;,0,¢ particles (—13.5 dB). It is believed that the as-
synthesized composites can find applications in the micro-
wave absorbing field.

Experimental
Materials

Natural flake graphite (325 mesh) was purchased from Beijing
Creative Biological Engineering Materials Co. Ltd. Strontium
chloride (SrCl,-6H,0, 99.9%) and Iron(ui) chloride hexahydrate
(FeClz-6H,0, 99.9%) were purchased from Aladdin. All other
reagents and solvents were purchased from Beijing Chemicals.
All chemicals used in our experiments were reagent grade and
used without further purification.

Preparation of the SrFe;,0,,/G composites

Graphene oxide (GO) was synthesized from natural flake
graphite by a modified Hummers method as reported elsewhere."”
The detailed procedure is described as follows: FeCl;-6H,O and
SrCl,- 6H,0 (the atomic ratio of Fe/Sr = 12) were mixed in 40 mL of
deionized water under magnetic stirring. After complete dissolu-
tion, 0.5 g of polyvinylpyrrolidone (PVP) was added into the above
solution with ultrasonication for 0.5 h. Then, 0.05 g of GO was
slowly added into the mixture solution and dispersed by ultra-
sonication for 0.5 h. Subsequently, 4 g of NaOH was slowly
added into 20 mL of ammonia solution (28% mass concentra-
tion, purchased and used without further processing) with mild
agitation in an ice bath. Then the aqueous solution containing
0.1 mol of NaOH and 0.294 mol of ammonia was obtained. The
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freshly prepared mixed solution containing NaOH and
ammonia was used to adjust the pH value of above precursor
solution to 13. Finally, the mixture was transferred to a 80 mL
Teflon-lined autoclave, sealed and maintained at 220 °C for 6 h.
The autoclave was then naturally cooled to room temperature
and the black precipitate was collected, washed, and dried
under vacuum at 80 °C for 12 h.

Characterization

The field emission scanning electron microscopy (FESEM) was
performed with a Hitachi S-4800 microscope operated at 15 kV.
Transmission electron microscopy (TEM) was carried out using
a Hitachi HT7700 microscope. Fourier transform infrared spec-
troscopy (FTIR) was recorded on a Bruker VECTOR 22 spectrom-
eter in the frequency range of 4000-500 cm™'. X-ray diffraction
(XRD) patterns were recorded on a X-ray diffractometer (Ultima
IV) at 40 kV and 150 mA with Cu K, radiation. The composition
and chemical states of samples were investigated by X-ray
photoelectron spectroscopy (XPS, PHI 5300X). The magnetic
properties were measured using a vibrating sample magnetom-
eter (VSM, Lakeshore 7300) in the field of 20 kOe. Vector network
analyzer (HP 8722ES) was used to measure the complex permit-
tivity and permeability of the composites in 1-18 GHz.

Results and discussion

Fig. 1 displayed representative TEM and HRTEM images of the
GO, SrFe;,0;4 particles and SrFe;,0,4/G composites. It can be
seen from Fig. 1a that the GO had a two dimensional planar
structure with wrinkles and folds on the edges. The pure
SrFe;,049 particles showed the typical irregular agglomerated
particle morphology in Fig. 1b. The sizes of SrFe;,0,, particles
reached up to several microns. As revealed by the TEM images of
as-prepared composites (Fig. 1c and d), the whole graphene
sheets were decorated by plenty of homogeneous nanoparticles
with a diameter of 60-70 nm. And no obvious aggregation was
observed, which was different from the pure SrFe;,0,4 particles.

Fig. 1e illustrated the HRTEM image of GO and the lattice
spacing of GO was 0.83 nm. Both the lattice fringes of graphene
and SrFe;,0;5 nanoparticles were clearly observable in Fig. 1f.
The lattice spacing of graphene was 0.36 nm, smaller than that
of GO, indicating the removal of the oxygen-containing func-
tional groups." The lattice fringe distances of about 0.26 nm and
about 0.27 nm were indexed to the (114) and (107) planes of
SrFe;,0;9, respectively. The clear lattice indicated that
SrFe;,0,9 nanoparticles were of high crystallinity.

Graphene with planar structure provided an ideal platform
for the growth of SrFe;,0,9 nanoparticles, and the existence of
SrFe;,0;9 nanoparticles inhibited the re-stacking of graphene.
Therefore, it was safe to deduce that the introduction of gra-
phene overcame the poor dispersion of SrFe;,0;, particles in
the composites. The structural uniformity indicated the good
electromagnetic properties and potential microwave absorbing
applications of the SrFe;,0,4/G composites.

Fig. 2 showed FTIR spectra of the GO and SrFe;,0;4/G
composites. The peaks of GO located at 3409, 1738, 1625, 1399
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Fig. 1 TEM images of the GO (a), SrFe;,019 particles (b), SrFe;,019/G composites (c and d), HRTEM images of the GO (e) and SrFe;,019/G

composites (f).
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Fig. 2 FTIR spectra of the (a) GO and (b) SrFe;,019/G composites.

and 847 cm ™' were due to the vibration and deformation bands
of O-H, C=0 stretching vibrations from carbonyl groups, C=C
configurable vibrations from the aromatic zooms, C-OH
stretching vibrations, C-O vibrations from epoxy groups and
alkoxy groups, respectively.”® However, most of the peaks
related to the oxygen-containing functional groups disappeared
in the FTIR spectrum of SrFe;;0,o/G composites (Fig. 2b),
revealing that these oxygen-containing functional groups were
almost removed after the hydrothermal reaction. The hydro-
thermal condition with ammonia provided thermal and
chemical factors to reduce the GO. The peaks at 1613 cm ™ * were
attributed to the C=C configurable vibrations from the gra-
phene, peaks at 1453 and 1389 cm™ " exhibited the stretching
vibration and deformation vibration of hydroxy group. More-
over, an additional peak at 591 and 542 cm ™" in Fig. 2b could be
ascribed to lattice absorption of Fe-O, further confirming the
existence of SrFe;,0,,.*°

As shown in Fig. 3a, a sharp peak at 260 = 10.6° can be
indexed to the (001) crystallographic plane of the GO. However,

40652 | RSC Adv., 2017, 7, 40650-40657

it vanished and a new characteristic (002) diffraction peak
appeared at 2¢ = 25.1° after the hydrothermal reduction
(Fig. 3b). It was noteworthy that the broadening and weakening
of the (002) diffraction peak of graphene was obvious, indi-
cating the reduction process cannot restore graphene to the
highly ordered crystal structure of graphite. The SrFe;,0,5 and
SrFe;,0,9/G composites exhibited the very similar diffraction
peaks, as shown in Fig. 3c and d. And the Rietveld refinement of
XRD patterns of SrFe;,0,4/G composites was shown in Fig. S1.}
The (001) crystallographic plane of the GO disappeared in the
XRD pattern of SrFe;,0,4/G composites, suggesting the reduc-
tion of GO after the hydrothermal reaction.® Nevertheless, no
(002) diffraction peak of graphene appeared, which may be
caused by two reasons. First of all, the in situ growth of
SrFe;,0,9 nanoparticles on the graphene inhibited the re-
stacking of graphene layers during the reduction process,
weakening its diffraction intensity. Moreover, the diffraction
peak of graphene was easy to be suppressed by SrFe;,0,9 due to
the loading content of graphene in the composites.”*** All

(2014)
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Fig. 3 XRD patterns of the (a) GO, (b) graphene, (c) SrFe;,019 and (d)
SrFe;,019/G composites.
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labeled diffraction peaks in the range of 5-70° can be indexed to
the hexagonal SrFe;,0,¢ (PDF card no. 33-1340) crystallites.>>>®
The sharp diffraction peaks and high intensity indicated the
good crystallinity of as-obtained composites.

XPS was also employed to analyze GO and the SrFe;,0,4/G
composites. The wide scan XPS spectrum (Fig. 4a) of the
SrFe;,0,9/G composites showed photoelectron lines at
a binding energy of 133.1, 284.6, 530.2 and 710.9 eV attributed
to Sr 3d, C 1s, O 1s and Fe 2p, respectively. The inset in Fig. 4b
showed the C 1s of GO, which consisted of two main compo-
nents arising from C-C/C=C (284.6 eV) and C-O (286.6 eV)
groups and two minor components from C=0 (288.2 eV) and
0O-C=0 (289.4 eV) groups.>” Compared with GO, the C 1s of
SrFe;,0,0/G composites varied dramatically. The content of C-O
group decreased rapidly, and peaks of C=0 and O-C=O0O
groups even disappeared, suggesting a remarkable reduction
after the hydrothermal reaction. In Fig. 4c, the Sr 3ds/, signal
appeared at 133.3 eV, and the peak at 134.9 eV was ascribed to
the Sr 3d3, level. Fig. 4d showed the spectrum of Fe 2p region.
The peaks of Fe 2p;/, and Fe 2p,,, were located at 711.6 and
724.8 eV, respectively. All the above analysis indicated the
successful synthesis of the SrFe;,0,4/G composites.

Magnetic hysteresis loops of the SrFe;,0,4/G composites and
SrFe;,0,9 particles were shown in Fig. 5. The saturation
magnetization and coercivity of the SrFe;,0;4 particles were
61.2 emu g~ ' and 2312.2 Oe, respectively. It can be observed
that the saturation magnetization dropped dramatically with
the introduction of nonmagnetic graphene. For the SrFe;,0,4/G
composites, the saturation magnetization and coercivity were
41.6 emu g~ ' and 1695.6 Oe, respectively.
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Fig. 5 Magnetic hysteresis loops for (a) SrFe;;019 particles and (b)
SrFe;,019/G composites.

A vector network analyzer was used to measure the electro-
magnetic parameters of the as-prepared SrFe;,0;9/G compos-
ites in the frequency range of 1-18 GHz. The complex
permittivity and complex permeability of the SrFe;,0,4/G
composites and the SrFe;,0,4 particles are shown in Fig. 6 and
7, respectively. As we know, the real part of complex permittivity
(¢/) and complex permeability (1) stand for the storage ability of
electromagnetic energy, and the imaginary part of complex
permittivity (¢”) and complex permeability (1”) represent the
electromagnetic energy loss ability.”” For the SrFe;,0:4/G
composites, the ¢ showed an approximately constant around
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Fig. 4 XPS spectra of the (a) survey scan, (b) C 1s region (the inset shows C 1s of GO), (c) Sr 3d region, (d) Fe 2p region of the SrFe;,0,9/G

composites.
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Fig. 6 The complex permittivity (a), complex permeability (b), dielectric loss tangent (c), magnetic loss tangent (d) of the SrFe;,0,9/G

composites.

3.9 in the range of 1-18 GHz, while the ¢” exhibited four high
fluctuations from 0.5 to 2.7 in the whole frequency range.
According to free electron theory, ¢’ = 1/27epf, where p is the
resistivity. It can be speculated that the lower ¢” values represent
higher electric resistivity. In general, the high electric resistivity
is in favor of building a balance between complex permeability

and complex permittivity, thus decreasing the reflection coef-
ficient of the absorbing materials. Meanwhile, the u' and u”
changed gently in the range of 1-18 GHz. y/ and u” maintained
at around 1.0 and 0.1, respectively. The dielectric loss tangent
indicates the inherent dissipation of electromagnetic energy for
dielectric materials. It can be seen from Fig. 6c¢ that the
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loss tangent (c), magnetic loss tangent (d) of the SrFe;,O49 particles.
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dielectric loss tangent showed a similar variation tendency with
¢”. Four sharp peaks appeared at 4.4, 9.9, 15.1 and 17.5 GHz,
and the peak values were 0.29, 0.54, 0.73 and 0.71, respectively.
Meanwhile, the magnetic loss tangent increased from 0.08 to
0.13 at the 1.0-7.1 GHz range, and decreased from 0.13 to
0.08 over 7.1-18.0 GHz. Apart from dielectric loss and magnetic
loss, another significant factor affecting electromagnetic wave
absorption is impedance match characteristic, too high
permittivity of absorber is detrimental to the impedance match
and results in strong reflection and weak absorption.

The complex permittivity, complex permeability, dielectric
loss tangent and magnetic loss tangent of the SrFe;,0,4 parti-
cles are shown in Fig. 7a-d, respectively. Both the ¢ and ¢’
showed a downward trend in the range of 1-18 GHz, declining
from 4.4 and 2.0 to 1.6 and 0.6, respectively. The u’ kept
unchanged around 2.0 in the range of 1.0-13.2 GHz, and then
went up to 2.3 over 13.2-18.0 GHz. The u” remained constant at
about 0.08 in the whole frequency range. Compared with the
SrFe;,0,0/G composites, the SrFe;,0;4 particles exhibited much
lower dielectric loss tangent (less than 0.5) and magnetic loss
tangent (around 0.025). Thus, it would be safe to conclude that
the SrFe;,0,9/G composites exhibited better electromagnetic
properties than the SrFe;,0,, particles.

The RL can be calculated from the complex permeability and
complex permittivity at the given absorber thickness and
frequency using the following equations:

Zin — 1
Zin+1

RL(dB) = 20 log (1)

While the normalized input impedance (Z;,) is calculated by:

Zin = \/Etanh ( @l VIeEr )
&r

where fis the electromagnetic wave frequency, d is the thickness
of the absorb layer, ¢ is the velocity of electromagnetic wave in
vacuum. ¢ and u, are the relative complex permittivity and
permeability, respectively, which can be calculated by:

(2)

(3)

The RL curves of the SrFe;,0,4 particles and the SrFe,0,4/G
composites with different thicknesses are shown in Fig. 8. The

& = ¢ — jel,a Mr = ,ul - j,lL”
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RL is expected to be as low as possible at a given sample
thickness. The minimum RL of the SrFe;,0;, particles at the
thickness of 4 mm reached —13.5 dB, and the effective
absorption frequency (RL < —10 dB) ranged from 12.9 to
17.5 GHz. However, for the SrFe;,0,4/G composites, the
minimum RL of —34.8 dB was observed at 13.6 GHz with
a thickness of 3 mm, and the effective absorption frequency
ranged from 11.7 to 17.4 GHz. All these analysis suggested that
the SrFe;,014/G composites exhibited much better microwave
absorbing properties than the SrFe;,0,, particles.

The related literatures based on SrFe;,0;, were listed in
Table 1. Wang et al*® synthesized SrFe;;0;9-MWCNTs
composites with different MWCNTSs content by sol-gel method.
The results indicated that 6 wt% SrFe;,0;o-MWCNTs compos-
ites possessed the best magnetic and wave absorbing proper-
ties. Poorbafrani et al.*® firstly prepared SrFe;,0O;9 by sol-gel
method, then combined with different concentrations of ZnO
and obtained SrFe;;0,9/ZnO composites. They found the
reflection loss (RL) in the Ku frequency band (12-18 GHz) was
enhanced by up to 5 dB for 15% of ZnO in the nanocomposites.
Chen et al.®* synthesized SrFe;,0;9/ZnFe,O, composites with
different weight ratios of SrFe;,0,4 to ZnFe,0, using sol-gel
technique. The composite powder with 15 wt% ZnFe,O,
possessed good microwave absorption properties. The
minimum RL of the composite powder reached —37 dB at the
thickness of 2.2 mm. He et al*® synthesized a new type of
conductive and magnetic PANI/Ag/SrFe,,0,9 composites via
three-step method. The RL of the composites was below —10 dB
between 8.7 GHz and 12.1 GHz, with a minimum loss value of

Table 1 Overview of absorbing properties for different SrFe;,0;9
based composites

Parameters

Minimum Frequency Effective
Samples RL (dB) (GHz) bandwidth (GHz)
SrFe;,0,-MWCNTSs —19.7 3.2 Not mentioned
SrFe;,019/ZnO —15.47 8.37 Not mentioned
SrFe;,0,9/ZnFe,0, —37 8.7 3.9
PANI/Ag/StFe 50,4 —14.86 9.98 3.4
Sr; ,LayFe ;049 —41.7 9.0 4
This work —34.8 13.6 5.7

Reflection loss (dB)
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Fig. 8 The calculated reflection loss of (a) the SrFe;,0,9 particles, (b) the SrFe;,019/G composites with different thicknesses.
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Fig. 9 Schematic diagram of absorbing mechanism for SrFe;,019/G
composites.

—14.86 at 9.98 GHz. Chen et al* prepared lanthanum
substituted strontium ferrite Sr, ,La,Fe;,0;9 (x = 0.05, 0.1,
0.15, 0.2) by a sol-gel process. The results showed that the
minimum RL of the Sr; ,La,Fe;,049 (x = 0.15) reached —41.7
dB with the —10 dB bandwidth over 4 GHz at the thickness
of 2.3 mm.

The enhanced absorbing properties of as-obtained compos-
ites can be attributed to three reasons. First of all, the conductive
graphene with two dimensional planar structures constructed an
effective conductive network in the composites, providing high
dielectric loss tangent.'” Moreover, the well dispersion of
homogenous SrFe;,0,9 nanoparticles on the graphene support
ensured the pronounced absorbing performances. In addition,
interface scattering could be generated owing to the difference in
complex permittivity between graphene and SrFe;;O;9 nano-
particles, leading to more efficient absorption of electromagnetic
waves. The absorbing mechanism diagram of SrFe;;0,¢/G
composites was illustrated in Fig. 9.

Conclusions

In summary, the SrFe;,014/G composites were synthesized by
a one-step in situ surfactant-assisted hydrothermal method. The
homogeneous SrFe;,0,9 nanoparticles with a typical diameter
of 60-70 nm were well anchored on graphene without aggre-
gation. The minimum RL of —34.8 dB was observed at 13.6 GHz
with a thickness of 3 mm, and the effective absorption band-
width was 5.7 GHz. The synergistic effect of SrFe;,0;9 and
graphene made a great contribution to the improved absorbing
properties. The SrFe;,0,0/G composites exhibited better
absorbing performance than the SrFe;,0,9 particles, and
showed a promising prospect as absorbing materials.
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