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ow core–shell ZnFe2O4@C
nanospheres with excellent microwave absorption
properties

Huimin Hao, Liming Wang,* Lihui Xu, Hong Pan, Liuqi Cao and Kouqin Chen

The special hollow core–shell structure and excellent dielectric-magnetic loss synergy of composite

materials are two crucial factors that have an important influence on the microwave absorption

properties. In this study, hollow ZnFe2O4 nanospheres were successfully synthesized by a solvothermal

precipitation method firstly; based on this, a C shell precursor phenolic resin was coated on the ZnFe2O4

hollow nanospheres' surface by an in situ oxidative polymerization method, and then ZnFe2O4@C was

obtained by high-temperature calcination. Samples were characterized by SEM, TEM, XRD, XPS, BET,

VSM, VNA. The results show that the maximum reflection loss (RLmax) reaches �50.97 dB at 8.0 GHz,

and the effective bandwidth (EAB) of hollow core–shell structure ZnFe2O4@C is 3.2 GHz (6.16–9.36

GHz) with a coating thickness of 3.5 mm. This work provides a useful method for the design of

lightweight and high-efficiency microwave absorbers.
1. Introduction

With the booming development and wide application of elec-
trical equipment, especially the coming of age of 5G, electrical
interference and electromagnetic radiation have caused serious
electromagnetic pollution problems, which not only interfere
and damage the precision of electronic equipment but also do
great damage to human health and safety.1–3 Microwave
absorbers play a great role in solving these issues, as they can
dissipate electromagnetic energy and convert it into heat or
other forms of energy to be consumed. Ferrite, as a kind of
material with stable chemical properties, a simple preparation
process, low price, and high impedance matching, has attracted
extensive attention in the eld of microwave absorption mate-
rials. Among them, spinel ZnFe2O4 is particularly prominent in
the eld of microwave absorbers due to its chemical stability
and superparamagnetism.4–7 Examples include ZnFe2O4 nano-
spheres, ZnFe2O4 nanorods, and ZnFe2O4 nanoparticles.4,8,9

However, the single ZnFe2O4 only has excellent magnetic loss
and relatively weak dielectric loss performance, and this single
complex permeability makes the impedance matching imbal-
anced; at the same time, as a ferromagnetic material, ZnFe2O4

has a large density, these two problemsmake ZnFe2O4 unable to
meet the requirements of high-quality microwave absorbing
materials, such as lightweight, wide frequency band and thin
thickness.8 Based on the above problems, it is necessary to
improve the microwave absorption performance of ZnFe2O4 by
composite modication.
iversity of Engineering Science, Shanghai

el: +86-13601982260

the Royal Society of Chemistry
As a kind of dielectric material, carbon material has a wide
range of applications in the eld of microwave absorbers, such
as carbon ber,10 graphene,11 carbon nanosphere,12 carbon
nanotubes,13 etc. Wang et al.14 designed multi-shell hollow
carbon spheres through hydrothermal method combined with
calcination, etching means, and obtained an excellent micro-
wave absorption material that exhibits the RLmax of �48.5 dB
and a wide effective microwave absorption bandwidth. Carbon
material with good dielectric loss can be combined with ferro-
magnetic material to construct a binary composite of a nano-
sphere with outstanding microwave absorption performance.
Many researchers have demonstrated that this scheme is
feasible to improve microwave absorption performance. Deng15

synthesized FeCoNiZn alloy@carbon nanocomposite with
a unique heterostructure, which owned the RLmax of �54.46 dB
at 16.65 GHz and the effective bandwidth reaches 4.19 GHz
under the thickness of 1.62 mm. Gu16 prepared Fe3O4/HPC
(hierarchical porous carbon) by a facile strategy. Fe3O4/HPC
composite presented a signicant improvement of the micro-
wave absorption compared with a single HPC frame when the
Fe3O4 lling content is 40%, the RLmax value is up to�57.8 dB at
7.36 GHz with a thinner thickness of 3.48 mm, and the band-
width lower than�10 dB ranging from 11.92 GHz to 17.92 GHz.

It's worth noting that not only do the components of the
composite have an impact on the microwave absorption
performance, its structure is also a fatal factor. In general,
a regular structure may put an excellent inuence on the
microwave absorption of composite, which is evidenced by
many studies, such as yolk–shell structure,17 multi-shell struc-
ture,18 hollow structure,19 and so on.20 The hollow structure can
not only reduce the weight of the sample, which is benecial to
RSC Adv., 2022, 12, 10573–10583 | 10573
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the preparation of lightweight microwave absorbing materials,
but also conducive to the multiple reection and scattering of
electromagnetic waves because of the huge cavity inside the
hollow sphere, which promotes to achieve the effect of attenu-
ation of electromagnetic waves.

Based on the preparation of hollow ZnFe2O4, we introduce
dielectric C material to prepare ZnFe2O4@C composite with
a core–shell structure. On one hand, the introduction of a C
shell increases the interfacial area of the sample, which is
conducive to the generation of interfacial polarization. At the
same time, a large amount of free charge accumulates on the
interface, which is benecial to the formation of dipole polari-
zation. The synergistic effect of dielectric loss andmagnetic loss
enhance the impedance matching degree of the sample, so the
electromagnetic wave can enter the material to the maximum
extent for subsequent attenuation. A core–shell or hollow
structure can reduce the density of the material and increase
the specic surface area of the material. Wang21 construct
Co7Fe3@C composite with core–shell structure, which with an
ultra-thin coating thickness of 1.6 mm, and the RLmax is �117.4
dB at 11.9 GHz. At the same time, the composite has the most
excellent effective microwave absorption bandwidth and is as
wide as 9.2 GHz, during the range 8.8–18 GHz. This result
proves the core–shell structure composite should be a prom-
ising high-efficiency microwave absorber.

In this paper, we prepared a hollow core–shell ZnFe2O4@C
nanosphere by self-assembly and subsequently calcined it at
high temperatures. The obtained sample owns a special struc-
ture that meets the requirements of lightweight and high
strength of excellent microwave absorbing materials. In
specic, the sample presents excellent microwave absorption
performance with the RLmax is �50.97 dB, and the effective
bandwidth reaches 3.2 GHz (6.16–9.36 GHz) under the thick-
ness of 3.5 mm. It is no doubt that the obtained composite will
have a widespread application in the eld of microwave
absorption during the next few years.
2. Experimental section
2.1 Materials

Iron chloride (FeCl3$6H2O), zinc chloride (ZnCl2), urea,
ethylene glycol, polyethylene glycol 2000 (PEG-2000), resorcinol,
formaldehyde solution (38%), ammonia solution (38%),
ethanol absolute (99.5%). All reagents were pure analytical
grade without further purication.
2.2 Synthesis of hollow ZnFe2O4 nanospheres

The hollow structure ZnFe2O4 nanospheres were prepared by
thermal precipitation. Firstly, 0.45 g ZnCl2, 1.784 g FeCl3$6H2O
were dissolved into 60 ml ethylene glycol and magnetically
stirred for 2 hours to obtain a homogeneous solution. Aer that,
2 g precipitant urea and 2 g PEG-2000 were added, and then
magnetically stirred until the solution hybrid completely, then
transferred into a 100 ml Teon lined jar in an autoclave and
heated at 200 �C for 24 h. At high temperatures, Zn(OH)2 is
decomposed into ZnO and Fe2O3 rst and then forms small
10574 | RSC Adv., 2022, 12, 10573–10583
ZnFe2O4 particles. With the assistance of PEG-2000, small
ZnFe2O4 particles are arranged to form hollow ZnFe2O4 nano-
spheres. This phenomenon can be attributed to Ostwald's
ripening theory. Finally, samples were separated by magnetic
separation technology, washed with water and alcohol until the
washing solution was claried, and then dried overnight in an
oven at 60 �C for 12 h to obtain hollow ZnFe2O4 nanospheres in
the form of black powder.
2.3 Synthesis of core–shell hollow ZnFe2O4@C nanospheres

0.18 g of obtained hollow ZnFe2O4 nanospheres were dispersed
in a mixture solution of 18 ml distilled water, 36 ml absolute
ethanol, and 0.84 ml concentrated ammonia solution by
mechanical agitation. Next, 0.2 g of resorcinol and 0.16 ml of
formaldehyde were respectively added, and the mixture solu-
tion was continuously mechanical stirred for polymerization at
30 �C for 2 h, forming a layer of phenolic resin (PR) on the
surface of hollow ZnFe2O4. Aer polymerization, the obtained
hollow ZnFe2O4@PR nanospheres were obtained by magnetic
separated and washed with water and ethanol absolute and
dried at 60 �C for 12 h under vacuum. Subsequently, the as-
prepared ZnFe2O4@C precursor (ZnFe2O4@PR) nanospheres
were calcined under N2 atmosphere at 650 �C for 2 h with
a heating rate of 5 �C min�1 to obtain the hollow core–shell
ZnFe2O4@C precursor nanospheres.
2.4 Characterization

The crystal type and crystallinity of the samples were analyzed
by X-ray powder diffraction (XRD) with the scanning angle was
10–80� and the scanning rate was 10� min�1. The types and
valence states of each element in the sample were measured by
a Thermo Scientic K-Alpha+ X-ray photoelectron spectrometer
(XPS), which was equipped with a monochromatized AlKa X-ray
source (hn ¼ 1486.6 eV). The Raman spectrum was determined
by a Raman spectrometer (Raman) using an Ar ion laser with
a wavelength of 514 nm as the excitation source for spectro-
scopic measurements. The surface morphology and internal
structure of the samples were characterized by scanning elec-
tron microscopy (SEM) and transmission electron microscopy
(TEM), respectively. Nitrogen adsorption and desorption
isotherms of samples were collected by a fully automatic
specic surface and porosity analyzer. Samples were degassed at
200 �C under vacuum for 2 h before measurements, and then
the specic surface area and pore size distribution of samples
were determined by Brunauer–Emmett–Teller (BET) method
and Barrett–Joyner–Halenda (BJH) model, respectively. The
vibrating sample magnetometer (VSM) was used to perform the
hysteresis loop of the sample, and the saturation magnetization
(Ms) and coercivity (Hc) of the sample were obtained by data
analysis. In order to record the reection loss of electromag-
netic waves and the corresponding electromagnetic parameters
of the sample in the frequency band of 2–18 GHz, the sample
was compressed to a cylindrical with 7.00 mm outer diameter,
3.04 mm inner diameter (60 wt% sample and 40 wt% paraffin)
and measured by vector network analyzer (VNA).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion
3.1 Schematic diagram of hollow core–shell ZnFe2O4@C
nanospheres

Schematic diagram Fig. 1 depicts the preparation of the hollow
core–shell ZnFe2O4@C nanospheres. Firstly, the hollow
ZnFe2O4 nanospheres were synthesized by a solvothermal
precipitation method and there are a lot of functional groups
such as –COOH, –OH on their surface, which are conducive to
the later growth of the PR shell. Secondly, the ZnFe2O4@PR
nanospheres were calcined at a high temperature in the N2

atmosphere, and the PR shell was carbonized into a dielectric C
shell.

3.2 Morphology analysis

The surface morphology and internal microstructure of the as-
prepared ZnFe2O4 and ZnFe2O4@C were characterized by SEM
and TEM. Fig. 2(a) shows that pure ZnFe2O4 without a C shell is
composed of heterogeneous nanospheres with an average size
of 300–400 nm. It is noteworthy that some nanospheres in the
gure show spherical rupture. Fig. 2(b) is a local magnied view
of the fractured spheres. This rupture is most likely due to the
impact of CO2 and NH3 gas produced during the formation of
the hollow ZnFe2O4 spheres. Fig. 2(c) is a TEM image of
ZnFe2O4. It can be seen from the gure that the sample
dispersion well, and the spheres have different sizes, with an
average size of 300–400 nm, which is following the SEM result.
Interestingly, the color around the center of the nanosphere is
slightly lighter than the outer ring of the nanospheres, which
can be attributed to the formation of hollow ZnFe2O4. Fig. 2(d)
is the SEM diagram aer the introduction of the C shell. It can
be clearly observed that the C shell is uniformly and completely
Fig. 1 Schematic illustration of the process for the synthesis of hollow c

© 2022 The Author(s). Published by the Royal Society of Chemistry
coated on the ZnFe2O4 core, and the corresponding spherical
size is also enlarged. Fig. 2(e) is a SEM local amplication of
ZnFe2O4@C with core–shell structure. It can be observed from
the gure that the C shell has a certain thickness, and this
regular core–shell structure provides favorable conditions for
the reection and scattering of electromagnetic waves. Fig. 2(f)
is TEM of ZnFe2O4@C, from which it can be observed that the
chroma difference of ZnFe2O4 hollow structure is signicantly
weakened because the addition of C shell makes the size of
spherical particles larger, which is not conducive to the obser-
vation of the inner cavity, but the hollow structure still exists. In
addition, the presence of a C shell around the hollow ZnFe2O4

nanospheres was obviously observed, above all the pictures
indicate that we have successfully prepared the hollow core–
shell structure ZnFe2O4@C.
3.3 Structure analysis

The crystalline structure and phase composition of ZnFe2O4

and ZnFe2O4@C samples were characterized by X-ray diffrac-
tometer (XRD). As seen from Fig. 3, it can be observed that
apparent diffraction peaks of ZnFe2O4, which are well consis-
tent with the ZnFe2O4 (JCPDS card no. 22-1012),22 the results
indicate that ZnFe2O4 with good crystallinity has been
successfully prepared. Compared with ZnFe2O4, the position of
ZnFe2O4@C of the diffraction peak does not change except only
the peak intensity decreases aer recombination with the C
shell. Another point worth noting is that there are no carbon
peaks, which indicates that C exists in an amorphous state.23

The degree of graphitization of carbon in ZnFe2O4@C
nanocomposite was investigated by Raman spectroscopy, and
the result is shown in Fig. 4. There exist two obvious charac-
teristic peaks of D and G bands at around 1350 cm�1 and
ore–shell ZnFe2O4@C composites.

RSC Adv., 2022, 12, 10573–10583 | 10575
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Fig. 2 SEM images of ZnFe2O4 (a and b) and ZnFe2O4@C (d and e); TEM images of ZnFe2O4 (c) and ZnFe2O4@C (f).

Fig. 3 XRD spectrum of ZnFe2O4 and ZnFe2O4@C composites. Fig. 4 The Raman patterns of ZnFe2O4@C composite.
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1595 cm�1. The peak of the D-band indicates the structural
disorders and defects of the C shell,24 while the peak of the G-
band reveals the planar vibrations of graphite with lattice
structure.25 The intensity ratio of the D-peak to the G-peak (ID/
IG) is usually used to describe the degree of disorder of carbon.26

The ID/IG value of ZnFe2O4@C is relatively high (z0.90), indi-
cating that C shell has a certain degree of graphitization, so
there are still many defects within the surface of C shell. The
defects can be used as polarization centers to cause polarization
relaxation, which contributes to the improvement of electro-
magnetic wave absorption.27 These results are consistent with
the results of XRD patterns and a previous report.28

The chemical composition and element valence states of the
ZnFe2O4@C are further investigated by XPS. Fig. 5(a) shows the
full spectrum of ZnFe2O4@C. Peaks at 284, 530, 721, and
10576 | RSC Adv., 2022, 12, 10573–10583
1021 eV corresponded to C 1s, O 1s, Fe 2p, and Zn 2p orbitals,
respectively. Fig. 5(b) presents that the Zn 2p spectrum can be
deconvoluted into two peaks corresponding to Zn 2p1/2 and 2p3/
2 at 1023.1 eV and 1044.5 eV, respectively, indicating that the Zn
exists in a bivalent state, which is consistent with the existing
form of Zn in spinel structure ZnFe2O4 reported in the previous
literature.29 Fig. 5(c) shows four binding energy peaks at
710.9 eV, 718.6 eV, 724.2 eV and 733.6 eV. Interestingly, the two
peaks centered at 710.9 eV and 724.2 eV can be ascribed to Fe
2p3/2 and Fe 2p1/2, the other two peaks at 718.6 eV and 733.6 eV
are consistent with reconstructed satellite peaks, which suggest
Fe element is present as Fe3+ instead of Fe2+ in ZnFe2O4@C
composite. In addition, the peak of Fe2+ was not shown, indi-
cating that the prepared sample is pure and free of any impu-
rities. The O 1s spectrum is displayed in Fig. 5(d) and the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS spectra of the ZnFe2O4@C composites: (a) full scan, (b) Zn 2p, (c) Fe 2p, (d) O 1s.
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resolved peaks at 529.5 eV and 532.0 eV, the peak at 529.5 eV
represents the lattice oxygen of Fe–O and Zn–O bonds in
ZnFe2O4@C and the peak at 532.0 eV corresponds to –OH, H2O
and other substances adsorbed on the sample surface. This
result, combined with XRD and Raman spectra, indicates that
we have successfully prepared ZnFe2O4@C with good purity.

The hollow core–shell structure of the as-obtained ZnFe2-
O4@C was further investigated by the nitrogen adsorption and
Fig. 6 Nitrogen adsorption–desorption isotherm and pore size distribut

© 2022 The Author(s). Published by the Royal Society of Chemistry
desorption test to characterize the specic surface area and pore
size type and distribution. As revealed in Fig. 6, the adsorption–
desorption isotherms curves all show a typical type IV isotherm,
which indicates that all the samples exist in mesoporous
structure.30 The surface area of ZnFe2O4 and ZnFe2O4@C is
45.05 m2 g�1 and 69.87 m2 g�1, which may be attributed to the
introduction of dielectric C shell not only reducing the light-
weight of the composite but also increasing the interfacial area.
ion curves of ZnFe2O4 (a) and ZnFe2O4@C (b).

RSC Adv., 2022, 12, 10573–10583 | 10577
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Fig. 7 Magnetic hysteresis loops for ZnFe2O4 and ZnFe2O4@C.
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The illustrations of Fig. 6(a) and (b) show the pore size distri-
bution of ZnFe2O4 and ZnFe2O4@C, respectively. The pore size
distribution of ZnFe2O4 is relatively uneven, mainly distributed
in 3–40 nm. The large pore size distribution may be due to the
fracture of some ZnFe2O4 hollow structures. Aer the intro-
duction of dielectric C shell, the pore size distribution is mainly
distributed in 3–5 nm, and its pore size is signicantly smaller,
which may be because C shell is a complete and uniform
coating on ZnFe2O4 core, lling the holes generated by the
rupture of hollow ZnFe2O4. The large specic surface area and
the presence of mesoporous pores are benecial to the gener-
ation of interfacial polarization and the multiple reection and
refraction of electromagnetic waves.31,32 Meanwhile, the ZnFe2-
O4@C of hollow core–shell structure is benecial to the reduc-
tion of the density of the material, which provides favorable
conditions for ZnFe2O4@C to become a lightweight microwave
absorbing material.
3.4 Magnetic properties

The hysteresis loops of ZnFe2O4 and ZnFe2O4@C were
measured by VSM at room temperature with a magnetic eld
between �40k and +40k Oe.

As shown in Fig. 7, all samples reach saturation at the
magnetic eld less than 10 kOe, which identify samples show
typical so magnetic properties, and the saturation magneti-
zation (Ms) value of the ZnFe2O4 and ZnFe2O4@C was presented
to be 89.25 emu g�1 and 61.82 emu g�1, the remanent magne-
tization (Mr) were 6.39 emu g�1 and 14.19 emu g�1, the coer-
civity was 50.17 Oe and 200.01 Oe, respectively. It's obvious that
the Ms value of ZnFe2O4@C is evidently lower than the pure
ZnFe2O4, which is caused by the dielectric C shell. The intro-
duction of a dielectric C shell is benecial to enhance the
dielectric loss of the composite, which is conducive to the
good impedance matching between dielectric loss and
magnetic loss.33
3.5 Microwave absorption properties

The prepared core–shell structure is composed of ZnFe2O4 with
magnetic loss and a C shell with dielectric loss. The complex
10578 | RSC Adv., 2022, 12, 10573–10583
dielectric constant (3 ¼ 30 � j300) and complex permeability (m ¼
m0 � jm00) of the core–shell structure ZnFe2O4@C are further
studied at 2–18 GHz to investigate the microwave absorbing
mechanism of the composite material by the vector network
analyzer. The real and imaginary parts of the complex permit-
tivity represent the storage and attenuation capacity of the
sample to the electric energy, and the real and imaginary parts
of the complex permeability represent the storage and loss
capacity of the sample to the magnetic energy, respectively.34

From Fig. 8(a), it can be vividly seen that the 30 values of ZnFe2O4

and ZnFe2O4@C present a roughly similar trend. Compared
with ZnFe2O4@C, the real part of complex permittivity are
higher than ZnFe2O4 at 2.0–10.2 GHz, the value varies from 7.5
to 8.5. With increasing frequency from 10.2 to 18.0 GHz, the real
part of complex permittivity possesses a reverse trend. The
imaginary part of the complex permittivity value of the ZnFe2O4

is lower than ZnFe2O4@C in the whole frequency, that's because
the nonmagnetic C shell reduces the magnetism of ZnFe2-
O4@C. Meanwhile, the 300 value curves of ZnFe2O4 and ZnFe2-
O4@C present a peak around 11.7 GHz, which can be accounted
for the interfacial polarization of ZnFe2O4/air, ZnFe2O4/paraffin,
ZnFe2O4/C, C/air. Besides, dielectric loss tangent (tan d3 ¼ 300/30)
are utilized to elucidate the dielectric dissipation performance
of the microwave absorbers. It is evidently observed that the
tan d3 of ZnFe2O4/C is higher than the ZnFe2O4 during the
whole frequency range, which shows ZnFe2O4@C own much
excellent dielectric loss property. m0 value of ZnFe2O4 and
ZnFe2O4@C are display a monotonically decreasing trend,
which decreases from 1.5 at 2.0 GHz to 0.9 at 18 GHz and 2.2 at
2.0 GHz to 0.8 at 18 GHz respectively. It's notable that the
phenomenon is typical frequency dispersion behavior and is
usually found in carbon-based microwave absorption mate-
rial.35 As shown in Fig. 8(e), the m00 value presents a decreasing
trend with moderate uctuations, the value ranging from 0.68
to 0.05 and 0.5 to �0.02, respectively. The existence of the
negative value of m00 was interpreted to the partial eddy current
loss caused by the movement of charge between C shell and
ZnFe2O4. As seen in Fig. 8(f), the curves of tan dm of ZnFe2O4 and
ZnFe2O4@C have highly similar changing trends, which certify
there is no evident difference about the magnetic loss
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Real part of complex permittivity; (b) imaginary part of complex permittivity; (c) tangent of dielectric loss; (d) real part of complex
permeability; (e) imaginary part of complex permeability; (f) tangent of magnetic loss.
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mechanisms. It's notable that, the value of tan d3 and tan dm of
ZnFe2O4, ZnFe2O4/C are close to each other, indicating that EM
microwave absorption capability of ZnFe2O4, ZnFe2O4/C is
the result of the synergistic effect of magnetic loss and
dielectric loss.

To further evaluate the microwave absorption performance
of ZnFe2O4 and ZnFe2O4@C, the reection loss (RL) values are
calculated by a vector network analyzer (VNA). In general, an
Fig. 9 Reflection loss curves of (a) ZnFe2O4, (d) ZnFe2O4@C, 3D RL curve
(f) ZnFe2O4@C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
RL value of less than �10 dB means that the microwave
absorbing material can absorb 90% of the electromagnetic
wave. Therefore, a material with an RL value of less than �10
dB is considered a suitable electromagnetic wave absorbing
material. According to the transmission line theory, the RLmax

of the sample was calculated and analyzed by the following
formula:
s of (b) ZnFe2O4, (e) ZnFe2O4@C, 2D projection curves of (c) ZnFe2O4,

RSC Adv., 2022, 12, 10573–10583 | 10579
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Fig. 10 The frequency dependence of RL values, attenuation constant
(a) and impedance matching value (Z).
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RLðdBÞ ¼ 20 log

����Zin � Z0

Zin þ Z0

���� (1)

The reection loss of ZnFe2O4 and ZnFe2O4@C are calcu-
lated and analyzed according to the formula (1). As depicted in
Fig. 9, the RLmax of ZnFe2O4 reach �32.95 dB with the band-
width of 2.24 GHz (4.08–6.32 GHz) and ZnFe2O4@C reach
�50.97 dB with the bandwidth of 3.2 GHz (6.16–9.36 GHz),
meanwhile, it can be seen from the 2D projection curve that the
projected area of ZnFe2O4@C is always larger than single
ZnFe2O4, no matter the reection loss is less than �10 dB or
�20 dB. Compared with a single ZnFe2O4, the optimal micro-
wave absorbing performance of ZnFe2O4@C is signicantly
increased, and the coating thickness of the sample decreases
from 5.0 mm to 3.5 mm at the optimal reection loss, which will
be benecial to the sample being widely used as a lightweight
microwave absorbing material. Furthermore, the reection loss
of both samples moves to the low frequency with the increased
coating thickness, which can be explained by the l/4
matching model.36

The impedance matching (Z) refers to the degree of match-
ing between the free space and the material, attenuation
constant (a) is comprehensive electromagnetic wave attenua-
tion ability capability, both of them are also two important
factors to evaluate the microwave absorbing performance,
which can be described as follows:

Z ¼
����Zin

Z0

���� ¼ Z0

ffiffiffiffiffi
mr

3r

r
tanh

�
j
2pfmd

ffiffiffiffiffiffiffiffi
3rmr

p
c

�
(2)

a ¼
ffiffiffi
2

p
pfm
c

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m00300 � m030 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðm00300 � m030Þ2 þ ðm0300 þ m0030Þ2

qr

(3)

Z0 is impedance in free space, Zin is impedance of microwave
absorbingmaterial, c is velocity of light, d is coating thickness of
microwave absorbing material, fm is frequency of electromag-
netic wave.

It can be vividly seen from Fig. 10, the attenuation constant
a is not gradually increasing with the increasing frequency,
which may be due to the microwave absorbing material's own-
ing different attenuation properties in different bands. It
should be noticed that ZnFe2O4@C have a higher value than
ZnFe2O4 during the frequency range of 2.0–18 GHz, indicating
ZnFe2O4@C has more excellent electromagnetic wave attenua-
tion performance, which has the largest a value is 110.52.
Theoretically, the greater the value of a, the better the attenu-
ation performance of the sample to the electromagnetic wave,
but in fact, it is not so. Based on this, we further analyzed the
relationship between the optimal reection loss, impedance
matching, Z, and attenuation coefficient a, as shown in Fig. 10.

Generally speaking, the closer Z value is to 1, the better
impedance matching degree is, and the more electromagnetic
waves can enter the material without being reected off, which
is conducive to the loss of electromagnetic waves in the mate-
rial. We single select a, Z, RL curves of ZnFe2O4, Z value of
ZnFe2O4 is equal to 1 at 4.32 GHz and 6.24 GHz at low
10580 | RSC Adv., 2022, 12, 10573–10583
frequency, and the corresponding attenuation coefficient
a value is 65.22 and 65.09, respectively. It is easy to conclude
that when the Z value is 1, a larger a value has a larger reection
loss value. This phenomenon is not so regular in the high-
frequency region, which indicates that the best reection loss
of the sample may be dominated by the attenuation coefficient
a or the impedance matching Z value, or they determine the
best reection loss of the sample together. Similarly, the curves
of ZnFe2O4@C present the phenomenon, Z value is equal to 1 at
6.24 GHz and 7.92 GHz, and a value is 86.55 and 105.43. It's
apparent that the RL corresponding to different a values is
�10.58 dB and �50.97 dB, respectively. This result further
proves that excellent microwave absorbing performance is the
synergistic effect of attenuation coefficient a and impedance
matching Z value.

The magnetic loss mechanism of microwave absorbing
materials mainly includes natural resonance, exchange reso-
nance, domain wall resonance, and eddy current loss.37

However, domain wall resonance occurs mainly in the MHz
range and is generally not considered. In the 2–18 GHz range,
natural resonances generally occur at low frequencies and
exchange resonances at high frequencies. The generation of
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 C0 values of ZnFe2O4 and ZnFe2O4@C.
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eddy current effect is generally evaluated by the value of C0, the
equation is as formula (4), when the value of C0 approaches
a certain constant, eddy current losses play a major role. As
shown in Fig. 11, when in the frequency range of 2–12 GHz, the
C0 values of ZnFe2O4 and ZnFe2O4@C vary greatly, which are the
result of natural resonance. While, in the frequency range of 12–
18 GHz, the C0 value of ZnFe2O4 and ZnFe2O4@C uctuate very
small and tend to be constant, indicating that this frequency
range is mainly determined by eddy current losses.

C0 ¼ m00

m02fm
¼ 2pm0d

2s (4)

In order to investigate the electromagnetic wave loss mech-
anism, Fig. 12 shows the process of absorption and attenuation
of electromagnetic waves. First of all, good impedance match-
ing is very important for microwave absorbing performance.
Fig. 12 Schematic illustration of the microwave absorption mechanism

© 2022 The Author(s). Published by the Royal Society of Chemistry
The magnetic properties of ZnFe2O4 and dielectric properties of
C ensure the good impedance matching of ZnFe2O4@C mate-
rial. The excellent impedance matching characteristics make
the electromagnetic wave enter the material as much as
possible without being reected off, which provides a good
condition for the loss of electromagnetic waves. Due to the
special hollow core–shell structure of ZnFe2O4@C, the electro-
magnetic wave entering the material can be reected and scat-
tered many times in the internal cavity, and thus be lost and
attenuated. Secondly, core–shell structure exists a lot of inter-
facial areas lead to the charge accumulation and vibration
under the alternating magnetic eld, which is benecial to the
more excellent interfacial polarization. Thirdly, the formation
of C shell during the calcination process will produce a large
number of defects, which also promote the formation of
dipoles, conducive to the generation of dipole polarization,
meanwhile, C shell exists in the form of conductive grid, which
can be used as electron transmission channel to improve the
conductivity of nanocomposites and facilitate the accumulation
of charge at the interface, which is also facilitate to the gener-
ation of dipole polarization. Last but not least, ZnFe2O4 is the
magnetic component of ZnFe2O4@C material, its unique
magnetism makes ZnFe2O4@C produce natural resonance at
low frequency and eddy current loss at high frequency, which
also increases the ability to lose electromagnetic waves.
4. Conclusion

In this paper, a novel hollow core–shell ZnFe2O4@C microwave
absorber had been successfully synthesized by in situ oxidation
polymerization method. It was observed that introducing
a dielectric C shell exerted an important inuence on the
microwave absorbing performance. The data indicated that the
excellent reection loss of the hollow core–shell ZnFe2O4@C
composites reached �50.97 dB at 8.0 GHz with a thickness of
3.5 mm and the microwave absorption bandwidth with the
of hollow core–shell ZnFe2O4@C composite.

RSC Adv., 2022, 12, 10573–10583 | 10581
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reection loss under �10 dB was 3.2 GHz (6.16–9.36 GHz). It
was concluded that the special hollow core–shell structure
formed by introducing C shell and the microwave absorbing
performance was obviously improved. This apparent improve-
ment in microwave absorbing performance can be attributed to
the special hollow core–shell structure and the synergistic effect
of magnetic ZnFe2O4 with dielectric C shell, which played a vital
role in the attenuation of electromagnetic waves. The prepara-
tion of ZnFe2O4@C with a special hollow core–shell structure
provided a feasible idea for the preparation of lightweight and
efficient microwave absorbing materials, which are expected to
become a new type of microwave absorbing materials.
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