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Abstract: With the booming development of electronic information science and 5G communication technology, electromagnetic radi-
ation pollution poses a huge threat and damage to humanity. Developing novel and high-performance electromagnetic wave (EMW) ab-
sorbers is an effective method to solve the above issue and has attracted the attention of many researchers. As a typical magnetic material,
ferrite plays an important role in the design of high-performance EMW absorbers, and related research focuses on diversified synthesis
methods, strong absorption performance, and refined microstructure development. Herein, we focus on the synthesis of ferrites and their
composites and introduce recent advances in the high-temperature solid-phase method, sol-gel method, chemical coprecipitation method,
and solvent thermal method in the preparation of high-performance EMW absorbers. This review aims to help researchers understand the
advantages and disadvantages of ferrite-based EMW absorbers fabricated through these methods. It also provides important guidance and
reference for researchers to design high-performance EMW absorption materials based on ferrite.

Keywords: ferrite; electromagnetic wave absorber; sol-gel method; magnetic material; solvent thermal method

1. Introduction goal, an ideal EMW-absorbing material should meet two ne-
cessary conditions, i.e., impedance matching characteristic

1.1. EMW absorbing material ) o T
and attenuation characteristic. When the EMW is incident on

With the arrival of the fourth industrial revolution, human the absorber surface, the natural interface between the mater-
society has rapidly developed toward informatization and in- ial and air has a reflection coefficient (R). R should be as
telligence. Smartphones and 5G communication technology small as possible so that much of the EMW incident on the
have become popular and made our daily lives convenient material surface can enter the interior and the formation of
and efficient. However, the accompanying electromagnetic external reflection can be avoided, thereby leading to im-

radiation pollution has also caused enormous harm to social
development [1-5]. Long-term exposure to electromagnetic
radiation may cause significant harm to human health, poten-
tially leading .to m.enFal disord.ers and accelerating aging. the relationship is shown as Eq. (1) [11-13]:
Electromagnetic radiation pollution can also affect the opera- 7 _7

tion of electronic instruments and medical equipment, lead- R="220 1)
ing to serious losses in social production and scientific re- Zin+ 2o

search. Developing high-performance electromagnetic wave When the EMW is vertically incident on the surface of the

proved EMW absorption efficiency. The magnitude of
EMW?’s impedance (Z;,) and air impedance (Z;) at the inter-
face can directly determine the reflection coefficient R, and

(EMW) absorbing materials is an effective strategy to solve absorbing mate.rial, Zy and Z;, can be expressed as Egs. (2)

the above issues and has attracted the attention of researchers and (3), respectively:

worldwide [(rl()']. ' ' Zo = (g /0) " @)
EMW-absorbing materials can convert electromagnetic

energy in.tol other tjorms, such as thermal energy, and the.n Z = Zo( N ar)tanh [j (M)( m)} 3)

dissipate it in the air to absorb or attenuate EMWs. For this ¢
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where 1, and g, represent the complex magnetic parameters
and complex dielectric parameters of EMW under vacuum,
respectively; 4, and ¢, are the complex magnetic parameters
and complex dielectric parameters of the material, respect-
ively, which can be tested by the vector network analyzer; fis
the frequency of EMW; ¢ represents the speed of light in va-
cuum; d is the thickness of the sample [14-16]. According to
the above formula, the thickness of the sample has a crucial
impact on its EMW absorption performance. The magnetic
loss (tan d,,,) and dielectric loss (tan d,) of an absorber can be
calculated by its electromagnetic parameters (tan d,,, = x"/u’,
tan J, = ¢"/e"). The sample’s reflection loss (RL) value can be
calculated using Eq. (4). The imaginary part (¢" and ¢") of its
electromagnetic parameters reflects the electromagnetic
losses caused by the rearrangement of the electric dipole mo-
ment and magnetic dipole moment under external electro-
magnetic fields. In terms of impedance matching, the real and
imaginary parts of electromagnetic parameters should exhib-
it the best electromagnetic matching to achieve the strongest
absorption performance [17-19].

The attenuation characteristic is the loss mechanism of
EMWs by absorbers after entering the interior. Conductivity
loss, multiple reflection and scattering loss mechanism, inter-
face polarization effect, relaxation loss, defect engineering,
and eddy current loss can effectively improve the attenuation
ability of materials for EMW [20-22]. For example, He et al.
[23] achieved improved EMW absorption performance by
growing polyaniline and ferric oxide on the surface of car-
bon nanotubes, forming an equivalent cross-linked network.
Wang et al. [24] constructed a novel carbon cloth@ZnO in-
terface by vertically growing ZnO arrays on the surface of
carbon cloth, effectively improving the material’s EMW ab-
sorption performance. The influence of interface interaction
on the material’s absorption mechanism was verified through
electron holographic imaging analysis to confirm EMW at-
tenuation. Therefore, in the design of a high-performance
EMW absorber, the attenuation characteristic and impedance
matching must be considered simultaneously. A material’s
dielectric properties, magnetic behaviors, and microstructure
all have a significant impact on its EMW performance, and
the synergistic effect of these two factors can significantly
enhance the EMW absorption efficiency of absorbers
[25-27].

In view of the electromagnetic loss mechanism of EMWs,
EMW absorbers can be divided into electrical loss type, mag-
netic loss type, and electromagnetic synergy type. Electric
loss type EMW-absorbing materials mainly attenuate the en-
ergy of EMWs through dielectric and conductivity loss and
consist of carbon materials (such as graphene, carbon nan-
otubes, carbon fibers, and graphite), semiconductor oxides or
sulfides (such as manganese dioxide, molybdenum disulfide,
zinc oxide, and titanium dioxide), and conductive polymers
(such as polythiophene, polypyrrole, and polyaniline). Mag-
netic loss type EMW-absorbing materials mainly consist of
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ferrite. Electromagnetic synergistic EMW-absorbing materi-
als are currently the most widely reported type; they com-
bine the above two loss mechanisms and can achieve ideal
impedance matching by adjusting the component ratio, mi-
crostructure, and synthesis process of materials [28-30].

1.2. Ferrites

Ferrite is a composite oxide consisting of iron oxide and
one or several other metal oxides (such as ZnO-Fe,O; and
Co0-Fe,03). Ferrites and their composites have been widely
applied in various fields, such as computer, microwave com-
munication, television, automatic control, acrospace, instru-
mentation, medical, and automotive industries. Ferrites are
produced on a large scale in the industry and have a mature
production process, which provides broad application pro-
spects for high-performance EMW-absorbing materials
based on ferrite. Artificially synthesized ferrites mainly in-
clude cobalt ferrite (CoFe,O,), nickel ferrite (NiFe,0,), man-
ganese ferrite (MnFe,0,), strontium ferrite (SrFe;,O,9), and
some other multi-element composite ferrite. According to the
crystal type, rotary ferrites can be divided into spinel type,
garnet type, and magnetite type (hexagonal). Spinel-shaped
ferrite, with the chemical formula of MFe,O,, has a face-
centered cubic structure; its examples include CoFe,O, and
NiFe,0,. Magnetite-type ferrite, with the chemical formula
of MF,0y, has a hexagonal crystal structure similar to natur-
al magnetite; its examples include BaFe,,0,9 and SrFe ;0.
Garnet-type ferrite possesses a body-centered cubic crystal
structure similar to garnet, and its chemical formula is
R;Fe;0;, (one example is Y;FesOp,). Compared with other
EMW materials, ferrite exhibits the distinct merits of low
cost, convenient preparation, and strong magnetic loss. The
above three ferrites have been reported in the design of high-
performance EMW-absorbing materials [31-35].

1.3. Ferrite-based EMW absorbers

In view of their outstanding magnetic properties, ferrites
and their composites have a wide range of applications in
EMW absorption. However, ferrites do not possess ideal im-
pedance matching due to their strong magnetic properties and
poor conductivity. Zhang et al. [36] synthesized large-sized
MnFe,0, particles under natural conditions via a facile hy-
drothermal method and subsequently prepared r-GO/
MnFe,O, nanocomposites with ultrasonic treatment assist-
ance. When the filling ratio of --Go/MnFe,0, composite filler
in the PVDF matrix is only 5wt%, the minimum reflection
loss (RL i) of r-Go/MnFe,O4/PVDF can reach —29.0 dB at
the frequency of 9.2 GHz, and the bandwidth for frequencies
less than —10 dB is 8.00-12.88 GHz. Other ferrite compos-
ites, such as PANI/NiFe,0,@C hybrid [37] and Co-doped
NiZn ferrite/graphene nanocomposites [38], were also re-
garded as ideal EMW absorbers.

The synthesis methods for ferrite can be divided into sol-
id-phase and liquid-phase methods. Solid-phase methods
mainly include the high-temperature solid-phase method
(HSPM) and self-propagating high-temperature synthesis
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method (SHM), both of which complete ferrite preparation
by heat treating the solid precursor. Liquid-phase methods
mainly include sol-gel method (SGM), coprecipitation meth-
od (CCPM), and solvent thermal method (STM). All three
complete the binding of metal ions in the liquid phase, but
their synthesis techniques differ. Except for SHM, the other
four methods are widely applied in the fabrication of high-
performance EMW absorption materials. Herein, we will fo-
cus on the synthesis of ferrites and their composites and suc-
cessively introduce the application of these four methods in
the preparation of high-performance EMW absorbers
[39-41]. This review aims to help researchers understand the
advantages and disadvantages of ferrite-based EMW ab-
sorbers fabricated through these methods. It also provided
important guidance and reference for researchers to design
novel high-performance EMW absorption materials based on
ferrite.

2. Synthesis methods and EMW absorption
performances of ferrite composites

Reported ferrite-based high-performance EMW-absorb-
ing materials are mainly fabricated by HSPM, SGM, CCPM,
and STM. We will conduct an in-depth review and analysis
of ferrite-based composites synthesized through these four
methods from the perspectives of their structures, advant-
ages, disadvantages, EMW-absorbing performances, and ab-
sorption mechanisms [42—44].

2.1. Ferrite-based EMW absorbers synthesized via
HSPM

HSPM is a traditional method of preparing ferrites. A cer-
tain proportion of metal salts or metal oxides are first uni-
formly mixed; the resulting mixtures are then calcined under
high temperature to undergo solid-phase reaction and further
ground to obtain uniform-sized ferrite particles. Kozlenko
et al. [45] uniformly mixed a certain proportion of high-pur-
ity Fe,0s, ZnO, CuO, and Ga,O; and calcined them at the
temperature of 1100°C for 72 h to synthesize Zn,;Cu,,Fe; s
Gays0, polycrystalline ferrite through high-temperature
solid-state reaction. Hu et al. [46] synthesized NijsZnys
Fe, Ti,O, ferrite using this method and characterized its
magnetic properties under room temperature and low tem-
perature. When x was 0.1, the material possessed the
strongest magnetic saturation strength, and its magnetic sat-
uration strength at low temperature was significantly higher
than that at room temperature. Despite their many advant-
ages, such as easy operation and large-scale production, the
ferrites synthesized by HSPM are characterized by relative
roughness, structurally uncontrollability, and difficulty in
achieving refined synthesis [47].

Owing to drawbacks, including high energy consumption,
low conversion rate, insufficient powder size, and easy inclu-
sion of impurities, traditional HSPM has rarely been reported
in the design of high-performance EMW absorbers. Some re-
searchers have optimized this method and synthesized

EMW-absorbing materials with excellent performance. For
example, Feng et al. [48] synthesized a set of M-type hexa-
ferrite Ba,_,CaFe,0, ferrites by adopting HSPM with the
assistance of polyvinyl alcohol (PVA). BaCO;, Fe,0Os, and
CaCO; powders with different proportions were first homo-
geneously dispersed in the PVA matrix, and hexaferrite
Ba,_,CaFe;,0, ferrite was directly obtained through high-
temperature calcination at 1250°C. When x was 0.2, this fer-
rite achieved the optimum absorption efficiency for EMW,
and its RL,;, reached —31.8 dB. Chen et al. [49] adopted
polyacrylonitrile as the matrix and iron acetate and cobalt
acetate as metal sources and prepared a novel carbon fiber
with embedded FeCo/CoFe,O, nanoparticles (FeCo/CoFe,
0,/CNFs) by using electrospinning method and high-temper-
ature solid-phase reaction (Fig. 1(a)). The electromagnetic
parameters of FeCo/CoFe,0,/CNFs can be adjusted by con-
trolling the molar ratio of iron and cobalt. When the molar ra-
tio is 7:3, the RL,;, and effective absorption bandwidth of
this composite can reach —18.7 dB and 5 GHz with a sample
thickness of only 1.95 mm, respectively. HFSS and radar
cross-section (RCS) simulation results showed that when the
molar ratio is 9:1, the composite coating achieves good atten-
uation capability for EMW (Fig. 1(bl)) and its RCS is less
than —10 dB (Fig. 1(b2)). When the coating thickness is
1.95 mm, the RCS of FeCo/CoFe,0,/CNFs can reach up to
—34.5 dB (Fig. 1(b3) and (b4)). The interface polarization ef-
fect caused by the heterogeneous interface between the FeCo
and CoFe,O, particles and the carbon material can greatly
promote the absorption efficiency of EMWs (Fig. 1(c)). In
addition to the abovementioned work, materials with ideal
EMW absorption performance, such as SrygsLag;s(MnZr),
Fey,,,0,9 hexagonal ferrite [50] and hollow strontium ferrite
(SrFe;,0y9) nanofiber [51], were fabricated using HSPM with
the assistance of polymer. Thus, we consider this strategy ef-
fective in promoting HSPM and thereby enhancing the EMW
absorption performance.

Structure engineering is an important issue in the design of
high-performance EMW absorbers and can effectively im-
prove the EMW absorption performance of ferrites synthes-
ized by HSPM. Li et al. [52] designed ZnFe,O,@PPy micro-
spheres with unique wrinkled core—shell structures using
polyvinylpyrrolidone (PVP) through a spray drying method
for EMW absorbers. The uniform spherical structure was
formed during spray drying, and the PVP was then removed
through high-temperature calcination, simultaneously form-
ing wrinkles on the ZnFe,O, surface. ZnFe,O,@PPy micro-
spheres were fabricated using vapor-phase polymerization,
and pyrrole monomer vapor was in situ grown on the
ZnFe,O4 microsphere wrinkled surface to form a conducive
PPy coating shell (Fig. 2(a)—(d)). Owing to their reasonable
impedance matching, special structure, and ideal attenuation
constant, the RL,;, and effective absorption bandwidth of Zn-
Fe,O,@PPy microspheres can reach up to —41 dB and
4.1 GHz, respectively (Fig. 2(e)<(g)). Bulk Ni-Zn ferrite [53]
and TiO,/Nis3Cug ,Zng;35Fe,0, nanocomposites [54] were
fabricated via HSPM, and their EMW-absorbing perform-
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Fig. 1.

(a) Fabrication of FeCo/CoFe,0,/CNFs. HFSS simulation curves (b1) and RCS results (b2) of FeCo/CoFe,O,/CNF compos-
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ites with the molar ratio of Fe and Co of 6:4, 7:3, 8:2, and 9:1; RCS results of FeCo/CoFe,0,/CNF composites with the molar ratio of
7:3 under different thicknesses (b3) and scanning angles (b4). (c) Analysis of the EMW absorption mechanism of FeCo/CoFe,O,/CNF
composites. Reprinted with permission from J.B. Chen, J. Zheng, Q.Q. Huang, et al., ACS Appl. Mater. Interfaces, 13, 36182-36189

(2021) [49]. Copyright 2021 American Chemical Society.

ance was significantly enhanced through structural design.
Therefore, we believe that the structure engineering of fer-
rites synthesized by using HSPM is an important research
trend to improve their EMW absorption performance and
overcome the drawbacks of HSPM.

2.2. Ferrite-based EMW absorbers synthesized via SGM

In addition to solid-phase reaction methods, liquid-phase
reaction methods have a wide range of applications in the
preparation of ferrites and their composites. SGM is a tech-
nique where metal organic or inorganic compounds undergo
complete solidification successively through solution, sol,
and gel and then form oxides or other compound solids via
heat treatment. SGM is a common wet chemical route to pre-
pare materials and has been widely applied to prepare ferrite
nanomaterials. Compared with HSPM, SGM requires greatly
reduced calcination temperature and is more suitable for the
doping of other elements, which can enhance the designabil-
ity of ferrites [55—57]. In addition, the ferrites synthesized by
SGM have a uniform and small particle size, which is benefi-
cial for structural design and functional application. Banerjee
et al. [58] synthesized a bismuth-doped nickel ferrite spinel
(Ni,Bi,Fe,0,) by SGM and found that the material pos-
sessed multiferrous properties at room temperature and can
be regarded as a temperature memory storage device. Yang
et al. [59] prepared manganese zinc ferrite (Mn,ZnsFe; , jO0.)

with uniform hexahedral structure via the sol-gel reaction,
and the influence of annealing on the properties of this ferrite
was studied in detail. The results indicated that the phase
structures and performances of Mn,ZngFe;, , 4O, ferrites were
mainly influenced by the protective gas flow rate, heating
rate, and temperature during annealing.

SGM plays an important role in the design and prepara-
tion of high-performance ferrite-based EMW-absorbing ma-
terials. Zhang et al. [60] reported a novel Zr*" and Ni*" ion
gradient-substituted barium ferrite (Ba(ZrNi),¢Fe 03010) with
broad EMW absorption bandwidth synthesized through
SGM and secondary heat treatment. Characterization results
indicated that the frequency range of the barium ferrite doped
with Zr*" and Ni*" ions with " larger than 0.3 was broader
than that of the original sample. The RL,;, and EAB width of
Zr*" and Ni*" ion gradient-substituted barium ferrite can reach
—17.11 dB and 6.24 GHz, respectively, with the sample
thickness of 2.8 mm due to the enlarged dielectric and mag-
netic loss range (Fig. 3). Cheon et al. [61] synthesized a
Ni—Ti—substituted M-type barium ferrite using citrate SGM
and deeply studied its magnetic properties, dielectric proper-
ties, and reflection loss curve in the frequency range of
8.2-75 GHz (Fig. 4). The results indicated that the as-syn-
thesized material possessed an RL,;, of =52 dB at 29.5 GHz
with a matching thickness of only 0.95 mm (Fig. 4(b)). Mag-
netic resonance was considered the most critical factor in en-
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hancing the EMW absorption performance of this material
(Fig. 4(c)). In addition to the above materials, Sr-doped
YFeO; (Y, Sr,FeOs) [62], NiysZn,sFe,O4/SrFe;;0;9 com-
posites [63], and polyaniline/NiFe,O,/graphite nanosheet
composites (PANI/NiFe,0,/GN) [64] were synthesized via
SGM.

Although the ferrite synthesized using SGM possesses a
series of advantages, such as strong magnetic properties,
good chemical uniformity and high purity, its microstructure
is difficult to control and design, especially at the nanoscale.
EMW absorption efficiency is mainly determined by the im-
pedance matching and attenuation characteristics. The micro-
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structure of materials has a significant impact on the attenu-
ation characteristics of EMW. The poor designability of the
ferrite synthesized via SGM would seriously limit its applic-
ation prospects in the development of high-performance
EMW absorption materials. This ferrite also has other de-
fects, such as high energy consumption and great harm to the
environment when using metal nitrates [65-67]. Thus, we
must consider designing the microstructure of ferrite syn-
thesized via SGM in the nanometer size to enhance the
EMW-absorbing performance.

2.3. Ferrite-based EMW absorbers
CCPM

synthesized via

As a typical liquid-phase method, CCPM is also a tradi-
tional and effective approach for preparing ferrite. It uses pre-
cipitants (such as OH™ and CO3") to coprecipitate metal ions
in the solution. The product is obtained through processes in-
cluding filtration, washing, drying, and burning. CCPM pos-
sesses a series of advantages such as simple operation, low
cost, good crystal structure of the prepared ferrite, uniform
size, and easy industrial production. However, the solubility
of metal ions in solution can limit the performance and reac-
tion yield of the synthesized ferrite [68]. Aoopngan ef al. [69]
successfully synthesized amine-functionalized MgFe,O, nan-
oparticles (MgFe,O,—NH,NPs) using ethanolamine as a sur-

face modifier through a coprecipitation reaction. Magnetic
characterization results indicated that the synthesized func-
tionalized ferrite nanoparticles have superparamagnetism and
extremely high magnetic saturation strength and can be used
as reusable magnetic adsorbents for removing Congo red. Ir-
anmanesh et al. [70] fabricated nickel ferrite particles with a
size of less than 10 nm using iron chloride and nickel chlor-
ide as raw materials through an original one-step precipita-
tion method. The effect of reaction pH on the microstructure
and magnetic properties of nickel ferrite was also studied in
depth. Many other ferrite-based composites, such as
CoFe,0,-reduced graphene oxide nanocomposites [71] and
Niy5CugsFe,0, nanoparticles [72] were prepared via CCPM.
Compared with HSPM and SGM, CCPM can be adopted
to flexibly design the microstructure of high-performance
EMW-absorbing materials during preparation. An effective
strategy is to grow ferrite on the surface of 2D materials to
form ideal impedance matching, thus enhancing the EMW
absorption performance. Lei et al. [73] adopted CCPM to
fabricate Co-doped NiZn ferrite/polyaniline/MXene com-
posite hybrid materials (Ti;C,Ty/CNZFO/PANI) with broad
and high-performance EMW absorption capacity. The Co-
doped NiZn ferrite particles and PANI molecular chains were
homogeneously grown between Ti;C,Ty sheets, forming a
novel sandwich-like structure (Fig. 5(a)). The RL,;, of this
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composite can reach —37.1 dB with a sample thickness of
2.2 mm (Fig. 5(b) and (¢)), which can mainly be attributed to
the eddy current loss, natural resonance, interfacial polariza-
tion, dipole polarization, and multiple reflections of the
layered structure. Chen et al. [74] designed a novel one-pot
reaction to synthesize molybdenum disulfide@nitrogen-
doped carbon decorated with ultrasmall CoFe,O, particles
with quantum size (MoS,@NC@CoFe,0,). Chemical
coprecipitation carried out at high temperatures greatly re-
duces the size distribution of CoFe,O, particles (less than

10 nm). Owing to the reasonable impedance matching, mul-
tiple reflections and losses, and interface polarization, the
RL,;, and EAB width of MoS,@NC@CoFe,O, can reach
—46.7 dB and 3.5 GHz, respectively (Fig. 6). Many other fer-
rite/2D material composites such as NiFe,O,-decorated
poly(3, 4-ethylenedioxythiophene)/graphene (RGO/PT@NiFe,
0O4) [75] and graphene@PANI@porous TiO, composites
(RGO@PANI@TiO,) [76] were successfully synthesized as
high-performance EMW absorbers via CCPM, indicating
that it is an effective strategy.
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sion from Elsevier.

Another important strategy is to design or modify the
structure of ferrite by CCPM, which can effectively enhance
EMW absorption performance. Zhou et al. [77] designed a
new flower-like ZnFe,O, ferrite-loaded graphene (3D-
ZFO/GNs) via CCPM. The coprecipitation of iron ions and
zinc ions in an alkaline solution transforms the 3D-flower-
like zinc oxide template composed of flakes into zinc ferrite
composed of lines (Fig. 7(a)). The EAB width of 3D-
ZFO/GNs can reach 5.56 GHz with a sample thickness of
only 1.5 mm, which can be attributed to the reasonable im-
pedance matching, magnetic resonance, polarization effect,
and heterojunction interface between the flower-like ZnFe,O,4
and graphene (Fig. 7(b) and (¢)). Zheng et al. [78] success-
fully synthesized novel snowflake-shaped and nanoflower-
shaped Cu,S/CoFe,O, composites by regulating different
metal salts and solvents via CCPM and solvent thermal reac-
tion (Fig. 8(a)+(d)). After the proportion of electromagnetic
components of Cu,S and CoFe,0, was adjusted, the RL,;;,
and EAB width of the nanoflake-shaped sample reached
—57.6 dB and 4.0 GHz, respectively. With the microscopic
morphology changes to its snowflake shape, the RL,,;, and
EAB width of the Cu,S/CoFe,0, sample increased to —66.58
dB and 6.64 GHz, respectively, when the sample thickness

was 2.1 mm (Fig. 8(e)). Factors including magnetic reson-
ance effect, eddy current loss, interface polarization, con-
ductivity loss, multiple reflections, and scattering all contrib-
ute to the attenuation of EMWs (Fig. 8(f)).

Compared with HSPM and SGM, CCPM possesses many
advantages in the design of high-performance EMW-absorb-
ing materials. First, CCPM broadens the designability of the
ferrite microstructure. We can obtain ferrites with different
sizes and structures by controlling the reaction conditions and
synthesis process. Second, CCPM is conducive to obtaining
ferrite composites or modifying other materials, which is
helpful in constructing heterogeneous interfaces [79-81]. Fi-
nally, the application of CCPM to synthesize ferrite is suit-
able for regulating the dielectric and magnetic parameters of
its composites, forming the best impedance matching and en-
hancing their EMW absorption performance. CCPM re-
quires lower calcination temperature than the former two
methods and does not even necessitate a high-temperature
treatment. However, the production and magnetic properties
of ferrites obtained via CCPM are inferior to those prepared
by HSPM and SGM due to the solubility of metal ions and
the hydroxides of metals [82—84].
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2.4. Ferrite-based EMW absorbers synthesized via STM

STM, another liquid-phase method, causes the metal salts
in the solvent to crystallize and grow due to supersaturation
under high temperature and pressure conditions, thereby ob-
taining ferrite. The ferrite prepared by this method exhibits
many merits, such as high purity, good crystallinity, and ideal
magnetic properties. However, compared with other meth-
ods, STM must be carried out in the reactor, and the solvent
after the reaction is difficult to recycle or post-treat, which
greatly increases its cost. Therefore, the large-scale industrial
application of this method is difficult to realize. The selected
solvent, reaction temperature, and heating rate have a signi-
ficant impact on the morphology and performance of the syn-
thesized ferrite [85-87]. Therefore, changing these reaction
conditions can optimize the experiment and achieve control-
lable reactions. Chu et al. [88] first prepared nickel ferrite
(NiFe,O,4) with a uniform hollow cubic structure using iron
bimetallic organic framework (Ni-Fe MOF) as raw materi-
als through a one-step solvent thermal reaction. Nickel co-
balt layered double hydroxide (Ni Co LDH) nanowires were
then combined with reduced graphene oxide (r-GO) through
a thermal decomposition reaction to form a layered nickel
ferrite@nickel cobalt nanowire@graphene composite cubic
structure (NiFe,O,—~NiCo—LDH@rGO). This layered hollow
structure significantly increases the contact area between the
material and electrolyte, thereby enhancing the electrochem-
ical performance. CoFe,O,/CNT nanocomposites [89], hier-

archically porous r-GO/MnZn ferrite composites [90], and
PMMA-modified MnFe,O, polyaniline nanocomposites [91]
were all fabricated by using STM. At present, STM is the
most widely used technique for the synthesis of high-per-
formance EMW absorption materials.

CCPM and STM are both liquid-phase synthesis methods
and thus have many similarities, such as low cost, good crys-
tal structure of the prepared ferrite, uniform size, and simple
operation. Compared with those obtained by CCPM, the mi-
crostructure and morphology of ferrite synthesized by STM
are more uniform. The ferrites and their composites synthes-
ized by STM have greater flexibility in structural design at
the nanoscale [92]. Chai ef al. [93] adopted a solvent thermal
reaction to fabricate a novel ZnFe,O,@porous hollow car-
bon microsphere (ZnFe,O,@PHCMS); the ZnFe,O4 nano-
spheres were in-situ grown inside hollow carbon micro-
spheres by self-assembly. The RL,;, of the ZnFe,O,@
PHCMS sample reached —51.43 dB at 7.2 GHz with a
sample thickness of 4.8 mm (Fig. 9(a)). Chen et al. [94] de-
signed a series of interconnected magnetic carbon@Ni,
Co,_Fe,0, nanospheres (C@Ni,Co,_Fe,0,) with a core-shell
structure by STM. When the x value was 0.75, C@Ni,
Co, Fe,0, possessed optimum absorption efficiency for
EMW; its RL,,, and EAB width reached —51 dB and
3.3 GHz, respectively, with the sample thickness of only
1.9 mm (Fig. 9(b)). Guo et al. [95] synthesized unique dual-
loss Ti;C,T, MXene/NiysZn,,Fe,O, heterogeneous nano-
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(a) Synthesis procedure, (b) impedance matching ratio, (c) attenuation constant («), and (d) EMW absorption mechanism of

3D-ZFO/GNs [77]. Reprinted from J. Alloy. Compd., 889, J.T. Zhou, B. Wei, M.Q. Wang, ef al., Three dimensional flower like
ZnFe,0, ferrite loaded graphene: Enhancing microwave absorption performance by constructing microcircuits, 161734, Copyright

2021, with permission from Elsevier.

composites (MXene/NZFO) by incorporating. NigsZn,
Fe,0, nanoparticles onto the surface and between the layers
of MXene via a straightforward in-situ hydrothermal method
(Fig. 9(c)). Owing to the synergy effect of magnetic loss and
dielectric loss, the material possesses an RL,;, of —66.2 dB at
15.2 GHz. In summary, STM has been widely used in the
design and synthesis of high-performance EMW absorbers.
We can design the structure of ferrite composites through
solvent thermal reactions to effectively enhance their EMW
absorption performance.

Owing to the high flexibility of STM, it has significant ad-
vantages for the structural design and morphology control of
high-performance EMW-absorbing materials. Hollow struc-
tural design is an important research direction in EMW ab-
sorbers and is beneficial for achieving a light weight, increas-

ing the specific surface area, and promoting the synergistic
effect of multiple loss mechanisms. STM has been widely
applied in the design of high-performance EMW-absorbing
materials with a hollow structure [96]. Ge et al. [97] con-
structed a novel hierarchical CoFe,0,/CoFe@C microsphere
with a hollow structure through STM, self-sacrifice pro-
cessing, and carbon calcination (Fig. 10(a)). Part of the
CoFe,0, nanoparticles were reduced to CoFe alloys under
high temperature with encapsulated carbon, simultaneously
forming oxygen vacancies (Fig. 10(b)). After its structure and
electromagnetic performance were optimized, the RL;, of
the CoFe,0,/CoFe@C sample reached —51 dB at a filled ra-
tio of 30wt%. Meanwhile, its EAB width was 5.19 GHz with
a thickness of 2.17 mm, indicating that the material pos-
sesses excellent absorption capacity for EMW. Its unique
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hollow and layered structure is a key factor in enhancing its
EMW absorption (Fig. 10(c) and (d)). Zhang et al. [98] de-
signed Co—CoFe,O, coated hollow mesoporous carbon
spheres (Co—CoFe,0,@PCHMs) via the in situ growth of
Co—CoFe,O, crystals on the surface of hollow mesoporous
carbon spheres during solvent thermal reaction (Fig. 11(a)
and (c)). The RL,;, of Co—CoFe,0,@PCHMs can reach
—65.31 dB when the thickness is 2.1 mm (Fig. 11(b)). When
EMWs are incident on the interior of composite micro-
spheres, they undergo multiple reflections and scattering, res-
ulting in energy attenuation (Fig. 11(d)). Other factors such
as conductivity loss, interface polarization, dipole polariza-
tion, and resonance effect also have a synergistic effect on
EMW absorption. Designing hollow structures is an effect-
ive strategy to improve the EMW absorption performance of
materials. For example, nickel-magnesium ferrite-decorated
nitrogen-doped graphene aerogel (NRGO/Ni,;sMg,sFe,0,)

[99] and nickel ferrite/graphite nanosheet (NiFe,O,/GN)
[100] ferrite-based composites with hollow structures were
prepared via STM and showed excellent EMW absorption
performance.

The development of innovative solvent thermal synthesis
techniques for preparing high-performance EMW-absorbing
materials based on ferrite is another hot research issue. Liu
et al. [101] designed a novel bi-ion synergistic regulation
strategy to fabricate hollow FeCo/CoFe,O, microspheres for
EMW absorbers. NH,F controlled the nucleation and struc-
tural formation during the solvent thermal process. The nov-
el structure of FeCo/CoFe,O, microspheres can be attributed
to the dynamic cycles between the metal complexes and pre-
cipitates, which results from the coordination etching effects
of F~ and the hydrolysis-complex contributions of NH," (Fig.
12(a)—(c)). The microstructure, structure, and electromagnet-
ic parameters of FeCo/CoFe,0, microspheres can be con-
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trolled by adjusting the NH,F addition amount (Fig. 12(d)).
After the synthesis process was optimized, the FeCo/Co
Fe,0, sample possessed an RL;, of —=55.6 dB with a sample
thickness of only 1.3 mm (Fig. 12(e)). The sample’s elec-
tronic holographic reconstruction maps revealed extensive

coupling of neighboring 3D microspheres, with minor mag-
netic coupling originating from 0D nanoparticles, which can
be attributed to the special hollow structure. Thus, magnetic
coupling is beneficial for improving the EMW absorption ca-
pacity of materials (Fig. 12(f) and (g)).
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Huang et al. [102] adopted a confined growth strategy
during solvent thermal reaction to fabricate bi-metal MOF-
derived ZnFe,0,~ZnO-Fe@C microspheres (ZZFC) with
heterogeneous interfaces. 2-Methylimidazole acted as the
complexing agent of Fe*" and Zn*', simultaneously forming
the FeZn—ZIF precursor, which was then calcined under hy-
drogen/argon atmosphere to obtain ZnFe,O,~ZnO-Fe@C
microspheres (Fig. 13(a)). The RL,;, of ZnFe,0,~ZnO—
Fe@C microspheres can reach up to —66.5 dB when the
sample thickness is 2.0 mm (Fig. 13(b) and (c)). At this
thickness, RCS simulation results indicated that the sample’s
RCS was less than —20 dB-m’ within the range of —90°< 6 <
—9° and 9°< § < 90°. Reasonable impedance matching (Fig.
13(d)) and the synergistic effect of electric dipole polariza-
tion, interface polarization, and magnetic coupling are con-
sidered the main factors contributing to this material’s excel-
lent EMW absorption performance (Fig. 13(e)). In addition to
the above research work, superior EMW absorbers such as
core-shell CoFe,O,@PPy nanoparticles with reduced
graphene oxide (CoFe,O,@PPy-rGO) [34], MoS,/CuFe,0,
nanocomposite [103], and ZnFe,O,-decorated carbon cloth
(ZnFe,0,/CC) [104] were fabricated via innovative solvent
thermal synthesis techniques. Except for the above issues, we
consider that the flexible construction of heterogeneous inter-
faces, regulation of impedance matching, and control of syn-
thetic costs are worthy of in-depth research issues when de-
veloping ferrite-based high-performance EMW absorbers

through STM.
3. Summary

The synthesis methods of ferrites can be divided into sol-
id-phase and liquid-phase methods. Solid-phase methods
mainly include HSPM and HSM, both of which complete
ferrite preparation by heat treating the solid precursor. Li-
quid-phase methods mainly include SGM, CCPM, and STM.
All three methods complete the binding of metal ions in the
liquid phase. Except for HSM, the other four methods are all
widely applied in the fabrication of high-performance EMW
absorption materials. Among them, HSPM shows draw-
backs, such as uncontrollable structure and size and high en-
ergy consumption. Therefore, polymers (such as PVA, PVP,
and PAN) are adopted as regulators to enhance the materials’
EMW absorption performance. For SGM, the poor designab-
ility has seriously limited its application prospects in the de-
velopment of high-performance EMW absorption materials.
Thus, we consider designing the microstructure of ferrites on
the nanometer scale to enhance the EMW absorption per-
formance. Compared with HSPM and SGM, CCPM can be
adopted to flexibly design the microstructure of high-per-
formance EMW-absorbing materials during preparation and
does not even require high-temperature treatment. In addi-
tion, the required calcination temperature of CCPM is lower
than that of the former two methods. However, limited by the
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of FeCo/CoFe,O, microspheres; (f, g¢) holograms and corresponding magnetic lines for the flux distribution maps of FeCo/
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solubility of metal ions and the hydroxides of metals, the pro-
duction and magnetic properties of the ferrites obtained via
CCPM are inferior to those of the ferrites fabricated via
HSPM and SGM. Compared with CCPM, STM provides fer-
rites with more uniform microstructure and morphology.
STM provides great flexibility in the structural design of fer-
rites and their composites at the nanoscale, which is benefi-
cial for improving EMW absorption performance. The spe-
cific EMW absorption performances of the above ferrite-
based materials fabricated via HSPM, SGM, CCPM, and
STM are summarized in Table 1.

4. Conclusions and prospect

In this review, we introduced four commonly used syn-
thesis methods, namely, HSPM, SGM, CCPM, and STM, for
ferrites and their composites in detail. We also analyzed their
advantages and disadvantages in the design and fabrication of
ferrite-based high-performance EMW absorbers. The con-
clusions and research prospects are as follows.

(1) Polymer assistance is an effective strategy to promote
HSPM, thereby enhancing the EMW absorption perform-
ance.

(2) The structural design of ferrite composites synthesized
via SGM at the nanoscale is an important issue and can ef-
fectively enhance the materials” EMW-absorbing capacity.

(3) Construction of heterogeneous interface, design of
hollow structure, and regulation of impedance matching are
common strategies for improving the EMW absorption per-
formance of ferrite-based materials fabricated by CCPM and
STM.

(4) Developing innovative solvent thermal synthesis tech-
niques is an effective approach for preparing novel high-per-
formance EMW absorbers. MOF-derived ferrite composites
possess broad research prospects for EMW absorbers.

(5) EMW absorbers based on rare earth element-doped
ferrite, the application of ferrite composites in stealth coating,
and the design of multifunctional ferrite-based EMW-ab-
sorbing materials are important issues in future research.

This review aims to help researchers understand the ad-
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vantages and disadvantages of ferrite-based EMW absorbers
prepared through these four methods. It also provides im-
portant guidance and reference for researchers to design high-
performance EMW absorption materials based on ferrite.
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