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Abstract: Magnetic nanomaterials are widely used in biosynthesis, catalysis, as electronic and
microwave-absorbing materials, and in environmental treatment because of their high specific surface
area, strong magnetism, chemical stability, and good biocompatibility. The chemical coprecipitation
method is widely used for the preparation of magnetic nanomaterials due to its simplicity, low cost,
and easily-controlled operating conditions. The magnetic nanomaterials prepared by the chemical
coprecipitation method are summarized according to the different compositions, including the
basic preparation principles, and the factors affecting their morphology, size, and microstructure.
The mechanisms of preparing magnetic nanomaterials by chemical precipitation and the process
control factors are emphasized. Finally, the preparation of magnetic nanomaterials by chemical
coprecipitation is summarized and prospected.

Keywords: chemical coprecipitation method; magnetic nanomaterials; control factors; mechanism
research

1. Introduction

In recent years, magnetic nanomaterials have been widely used in production, in-
cluding ultra-microsensors, catalysts, anti-cancer medicine, biological engineering, the
electronics industry, and other fields. Therefore, the preparation and applications of mag-
netic nanomaterials are important research topics [1-5]. Magnetic nanomaterials have
applications in various fields due to their large specific surface area, extremely small size,
high magnetism, and other characteristics. For example, CoFe,O4 magnetic nanomaterials
as sensors have wide functions, high sensitivity, and fast response, while nanoparticles
have the advantages of miniaturization and high speed [6]. Fe30,4 nanopowder and nano
nickel, cobalt, and nickel-cobalt alloy materials are widely used as catalysts in wastewater
treatment, CO catalytic oxidation, etc. [7-9]. Fe304 particles with a size smaller than 10 nm
can swim in blood vessels. Therefore, magnetic Fe;O,4 nanoparticles are used to dredge
cerebral thrombosis, clean up fat accumulation in cardiac arteries, and even kill cancer
cells to fight cancer. Iron oxide nanoparticles are one of the most widely used magnetic
nanomaterials in the biomedical field [3,10]. Nanomaterials are used in the electronics
industry to make micro-computer components [11].

There are many preparation methods for magnetic nanomaterials, such as coprecipita-
tion, hydrothermal, sol-gel, atomization, carbonyl methods, and so on. However, the sol-gel
method has some disadvantages, such as expensive raw materials, poor sintering between
particles, high shrinkage during drying, and easy agglomeration. The low-temperature
hydrothermal method is generally used to prepare oxide powder, and the medium of
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the hydrothermal method has some limitations, including high-temperature hydrother-
mal process equipment requirements, technical difficulties, and poor safety performance.
The carbonyl method also has high environmental requirements and is used less [12-14].
Chemical coprecipitation has become one of the common methods for preparing magnetic
nanomaterials. The chemical coprecipitation method can not only make fine and uniformly
mixed raw materials but also has the advantages of low preparation cost and simple prepa-
ration. The product also has good performance. The general process is as follows: select
precipitant according to the substances to be precipitated — precipitate reactions — filtrate
— wash — dry — obtain precipitates [15]. A flowchart of this process is shown in Figure 1.
The chemical coprecipitation process is simple and suitable for large-scale industrial ap-
plications and the preparation of various nanomaterials. The main mechanisms of the
preparation process are as follows [16,17].

Raw materials preparation: Configuration
solution, choosing precipitates

Coprecipitation Concentration, pH,
Dispersant reaction temperature control

{

Washing, filtering
and drying

Thermal

decomposition

v
Grinding

{

Nanoparticles

Figure 1. Flow chart of preparation of nanometer powder by chemical precipitation method.

It is well known that the premise of new phase formation is the existence of metastable
states, such as supersaturation, supercooling, or overheating states. Therefore, a large
supersaturation can be achieved at the usual reaction concentration. Coprecipitation
reaction is the precipitation of solids from the liquid phase. Figure 2a shows a diagram
of the solution supersaturation with time. As seen in Figure 2a, precipitation can only
be achieved with a certain supersaturation of the solution. Based on Figure 2b, one can
draw the following conclusion: the higher the supersaturation, the easier the precipitates
form [16-18].

For certain supersaturation conditions, the solute molecules generated by the reaction
will form new crystal nuclei during nucleation and growth. Conversely, the generated
solute molecules will diffuse to the surface of the generated nuclei, and then arrange on the
surface of the crystal nuclei according to the specific crystal structure to complete the crystal
growth. Due to constant supersaturation, the crystal growth rate is the key to controlling
molecular diffusion or molecular entry into the lattice on the crystal plane. The former is
directly proportional to the supersaturation ratio, and the latter is related to the crystal
interface structure. For the crystal particle growth process of oxide precursors obtained by
the precipitation method, the crystal nuclei surface conforms to the rough and fine abrupt
interface growth model due to low solubility and high supersaturation [17,18].
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Figure 2. (a) Variation of supersaturation of precipitation solution with time; (b) relationship between
nucleation rate and supersaturation [18]. (a,b) Reprinted from Central South University, open access,
Copyright (2022).

In summary, it can be seen that the conditions for preparing nanomaterials by the
chemical coprecipitation method are controllable and can usually be prepared in one
step, which is very important for the application of the chemical coprecipitation method.
Magnetic nanomaterials also play important roles in aerospace, military, magnetic materials,
the battery industry, etc. To prepare magnetic nanomaterials using chemical coprecipitation,
it is important to know which factors will affect the morphology, structure, size, and related
properties of magnetic nanomaterials. These are the key references for the preparation of
magnetic nanomaterials [19,20].

In this paper, the magnetic nanobiomaterials and magnetic nanocatalysts, magnetic
nano wave-absorbing materials, nanoelectromagnetic materials, and magnetic nanoadsor-
bents prepared by the chemical coprecipitation method are summarized, and the effects of
different conditions on the magnetic nanomaterials are discussed. This will promote the
application of the chemical coprecipitation method and have profound significance for the
in-depth understanding of magnetic nanomaterials.

2. Magnetic Nanobiomaterials

Magnetic nanomaterials have good application prospects as biomaterials due to their
small size, good biodegradability, biocompatibility, and stability. As biomaterials, magnetic
nanomaterials are mainly used in the fields of magnetically targeted drugs, immobilized
enzymes, cell separation, immunoassays, and gene therapy. Due to the exchange coupling
and bias effects of magnetic nanobiomaterials, they have been widely used in magnetic
resonance imaging, magnetic hyperthermia, and biosensors [21,22].

Magnetic Fe30O4 nanomaterials have been used in clinical medicine. The magnetic
Fe304 nanomaterials prepared by the chemical coprecipitation method have been studied
by many researchers. The specific action process is described as follows. The raw material
for preparing Fe3O4 nanopowder by chemical precipitation is soluble iron salt, which
contains Fe?* and Fe®*. Generally, ammonia water is used to adjust the pH value. Ata
certain temperature, a coprecipitation reaction occurs under intense magnetic stirring. After
the reaction proceeds for a period of time, precipitation occurs, and then the products are
filtered, washed, and dried, finally obtaining Fe;O4 nanopowder [5]. The general reaction
is [2,6]

8OH ™ + Fe** + 2Fe3* = Fe304) + 4H,0 1)

There are many factors affecting the morphology, structure, and magnetic proper-
ties of magnetic nano Fe3O4. Chen et al. [23] studied the effects of reaction temperature,
n(Fe?*)/n(Fe*"), and pH on the magnetic properties of Fe304 nanopowder. The pH has
a great influence on magnetic properties. With the increase in pH, the saturation magne-
tization intensity (Ms) also increases. The effect of the reaction temperature on magnetic
properties is non-linear. When the temperature increases from 30 °C to 40 °C, the saturation
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magnetization increases, but when the temperature increases from 40 °C to 60 °C, the
saturation magnetization decreases, which indicates that this is a small-scale increase, and
other factors lead to the decrease of saturation magnetization. The theoretical ratio of
n(Fe?)/n(Fe3*) is 1:2, but the experimental results show that it is 1:1.25. Zhang et al. [24]
studied the effects of the ammonia addition on the dispersion, yield, and morphology
of Fe3O4 nanoparticles. The results show that the prepared Fe;O4 nanoparticles were
indeed coated with oleic acid and had good dispersion in n-octane, toluene, cyclohexane,
n-hexane, and absolute ethanol organic solvents. There are two ways of adding ammonia
water: dropping and direct adding. When dropping ammonia water, the Fe304 nanoma-
terials form as sheets with a small number of rods. When ammonia is directly added,
the generated Fe304 nanomaterial is rod-shaped, which is affected by crystal dynamics,
especially the free energy on the crystal surface. When the method of adding ammonia
is changed from dropping to direct addition, the yield rate is greatly improved from 33%
to 83%. Hu et al. [25] prepared Fe3O,4 nanoparticles through the chemical precipitation
method. The effects of stirring speeds of 320 rpm, 640 rpm, and 1400 rpm on the mor-
phology and size of the materials were studied. Based on the X-ray diffraction results, the
obtained Fe3O4 nanoparticles were single crystals. Transmission electron and scanning
electron microscopy showed that the particle sizes of Fe3O4 nanoparticles increased with
the stirring speed due to agglomeration. When Fe3Oy4 nanoparticles prepared at a speed
of 640 revolutions per minute were applied to magnetic particle testing of samples with
known crack defects, the crack defects were clearly visible, indicating that they could be
used for non-destructive testing.

Many studies on the preparation of FesO4 nanomaterials were carried out without
alternating or static magnetic fields applied. Li et al. [26] studied the preparation of
Fe3;04 nanoclusters by chemical precipitation under an alternating magnetic field. The
differences between the Fe304 nanoclusters prepared by alternating magnetic field-assisted
coprecipitation and the Fe3O4 nanoclusters prepared by classical coprecipitation were
compared. Through transmission electron microscopy and X-ray diffraction analysis, the
morphology and structure of Fe304 nanoclusters prepared by the two methods were the
same. The saturation magnetization Mg of Fe3O4 nanoclusters is 69.2 emu/g, the coercive
force is 6 Oe, and the remanence is 0.3 emu/g. The saturation magnetization of Fe304
nanoclusters generated by the classical coprecipitation reaction is 61.3 emu/g, the coercive
force is 2 Oe, and the remanence is 0.1 emu/g. Through the analysis of the infrared images,
the Fe3O4 nanoclusters prepared by AC magnetic field-assisted coprecipitation have high
heat, good biocompatibility, and high calorific value.

Ferritic compounds with the general formula MFe,Oy—where M can be Mn, Co, Mg,
Ni, Ce, Gd, and other elements—are good biomedical materials for medical and biological
engineering, which can be used for immobilizing enzymes, cell separation, gene therapy,
etc. Zhao et al. [27] prepared magnetic FesO4 nanomaterials through various methods,
including chemical coprecipitation. The results show that FesO4 magnetic nanomaterials
have good crystallinity, high stability, low toxicity, and good biological properties. Fez3Oy
nanomaterials have a binding affinity with doxorubicin hydrochloride, an anticancer drug,
and have good adaptability to the pH environment. Therefore, it is a good magnetic target-
ing drug medium. Ignatovich et al. [28] proved that nanomagnetic Fe3O4 material exhibits
superparamagnetism and can combine with human proteins. Kea et al. [29] prepared
NiFe,O4 nanoparticles (NPs) by coprecipitation with subsequent thermal annealing. The
toxicity and biocompatibility of NiFe,O4 nanoparticles were evaluated in different cancer
cell lines, and the presented physical and biological results indicated low toxicity and
biocompatibility of nanoparticles. Consequently, NiFe,O4 nanoparticles can be used in
targeted drug delivery, as magnetic nanoparticles for hyperthermia, magnetic resonance
imaging, or cell isolation.

Figure 3a shows the general experimental procedure for the preparation of Fe3O4 by
chemical precipitation. Figure 3b shows the preparation of gold nanoparticles containing a
methotrexate (MTX) anticancer agent through a stratified double hydroxide coprecipitation-
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electrostatic interaction strategy. The particles obtained have strong magnetization, high
drug loading, and enhanced therapeutic effect, thus they can be used in magneto-chemical
photothermal therapy. The release of the magnetic drug depends on the magnetically
controlled release. Figure 3c demonstrates the process of synthesis and magnetic drug
targeting of Carboxymethyl Assam Bora rice starch-coated superparamagnetic iron oxide
nanoparticles (CM-ABRS SPIONS). Figure 3d shows that Fe;0,@PSC (PSC is short for
Polydextrose sorbitol carboxyl) nanoparticles prepared by the AC electromagnetic field-
assisted coprecipitation method have better thermal properties than Fe3O4 nanoparticles
prepared by heating coprecipitation in an alternating-current magnetic field. Because of
the magnetic effect induced by the alternating-current magnetic field, Fe304 nanoparticles
tend to grow along the magnetization direction. Therefore, these clusters exhibit higher
saturation magnetization, specific absorption, and thermal properties, which make high-
performance magnetic nanomaterials promising for wider applications. In summary,
magnetic nanoparticles prepared by the chemical coprecipitation method have promising
applications in biomedicine [26-33].
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Figure 3. (a) Synthesis and (b—d) action diagrams of biomaterials [5,28-31]. (a) Reprinted from
Chemical Engineering Journal C, 5416340606254, [30], Copyright (2022), with permission from
Elsevier. (b) Reprinted from Materials Science & Engineering C, 5416251011560, [3], Copyright
(2022), with permission from Elsevier. (c¢) Reprinted from International Journal of biomacromolecules,
1282828, [32], Copyright (2022), with permission from International Journal of biomacromolecules.
(d) Reprinted from Colloids and Surfaces A: Physicochem. Eng. Aspects, 5416260383435, [26],
Copyright (2022), with permission from Elsevier.
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In summary, magnetic Fe304 nanomaterials are the most studied biomaterials at
this stage. The system description is relatively complete. There are many studies on
the influencing factors of magnetic Fe;O4 nanomaterials from preparation to the specific
effects of reaction temperature, FeZ* /Fe3* ratio, pH, ammonia addition method, amount,
and stirring speed on the magnetic properties, yield, dispersion, morphology, and size of
magnetic Fe;O4 nanomaterials. Magnetic Fe304 nanomaterials are widely used as medical
biomaterials. Generally, they are used as medical carriers to solidify biological enzymes and
bind biological proteins. They can also be used as carriers of anticancer drugs to deliver the
combined treatment of chemotherapy and magnetic hyperthermia in alternating magnetic
fields, which is of great significance in medicine [30-33].

3. Magnetic Nanocatalysts

Magnetic nanocatalysts have a large surface area, high surface energy, and are pho-
tocatalytic. In particular, it has been found that the preparation of nanoparticles from
common magnetic materials such as Fe, Ni, Co, and metal alloys can greatly improve their
catalytic performance, thus nanometal alloy catalysts have good application prospects.
Specifically, in recent years, researchers have made great efforts in the development of clean
energy, focusing on the hydrogen evolution of electrolytic water and the reaction of CO, to
generate methane. However, the reaction rate of these two reactions is slow under normal
conditions. Therefore, finding appropriate catalysts for hydrogen evolution and methane
reorganization is very important [34—41].

A good catalyst needs to have adequate basic properties such as high stability, wide pH
adaptation range, and high catalytic activity. The chemical coprecipitation method can con-
trol these properties when preparing magnetic nanocatalysts. The carbon NiFe;O4/Fe;O3
magnetic catalyst prepared by Zheng et al. [42] is suitable for the 3-9 pH range. Under the
following conditions (0.6 g NiFe,O4/Fe;O3, pH = 3), the degradation rate of Rhodamine
(RHB) is estimated to reach 90% within 60 min. The stability of the catalyst was evaluated.
The results show that it is suitable for alkaline and acidic environments and can highly
degrade dyes with good stability. Cui et al. [43] studied the effects of different preparation
methods (impregnation roasting, colloidal deposition, and coprecipitation on the catalytic
oxidation of formaldehyde) on the activity of a Pt/Fe;O, magnetic catalyst. The results
showed that the Pt/Fe;Oy, catalyst prepared by coprecipitation has good catalytic activity.

Different structures have a great influence on the catalytic activity of the catalyst.
Bani¢ et al. [44] prepared a new magnetic catalyst WO3 /Fe304 using the chemical copre-
cipitation method. The results show that WO3/Fe30O4 has a mesoporous structure and
is accompanied by the effects of semiconductor coupling, which also greatly affects the
catalytic effect. Zheng et al. [45] prepared a Pt;FeNi alloy nanocatalyst loaded with do-
decyl sulfate (DS-)-intercalated NiFe layered double hydroxides (DS-NiFe LDH) through
one-step hydrothermal coprecipitation, and studied the self-stripping and assembly of
PtyFeNi alloy and DS-NiFe-LDH, which have strong bonding strength. By studying the
catalytic performance of DS-NiFe-LDH and DS-NiFe-LDH-xPt, it can be seen that DS-NiFe-
LDH-xPt has better catalytic activity. The interface between DS-NiFe-LDH and Pt,FeNi
is an important factor affecting the catalytic process. The catalytic performance of the
DS-NiFe-LDH-xPt is caused by the increased oxidation of Pt;FeNi. Excessive oxidation
will reduce the catalytic performance of the Pt;FeNi alloy. The fundamental reason is that
the combination of Pt;FeNi and DS-NiFe-LDH changes the chemical environment of metal
atoms on the alloy surface, thus changing the catalytic performance of the alloy. The results
show that DS-NiFe-LDH-xPt has good stability, durability, and catalytic activity.

In order to improve the catalytic activity of magnetic nanocatalysts, one can start with
the catalyst structure. Changing the catalyst structure will also change the catalyst activity.
Wau et al. [46] prepared ultra-thin NiCo/NiCox-5iO; nanobelts with an assembled flower
cluster heterostructure using the coordination coprecipitation method. SiO; is stable and
the 2D structure is suitable for loading a large number of active sites, thus NiCo/NiCox-
5i0; has stable catalytic performance. During the catalytic process, it is found that the key
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catalytic elements are Ni and Co, which may be due to the rich active lattice oxygen atoms in
NiCo/NiCox-5iO; after the reduction atmosphere treatment, which can effectively improve
the catalytic oxidation activity. The NiCo/NiCox-S5iO, nanobelts have high stability and
catalytic activity. Sabit et al. [47] used CdZnS and Co doping to improve the photocatalytic
degradation of methylene blue by CdZnS nanoparticles. The degradation rate always
increased with the increase of Co content from 0% to 5%. However, when it exceeded 5%,
such as at 10%, although the Co content increased, the degradation rate did not increase but
rather decreased. Therefore, the photocatalytic degradation effect of CdZnS-1 nanoparticles
doped with 5% Co content in this experiment was the best doping strategy. The possible
reason for this result is that the excessive Co metal in the medium enters the lattice of
CdZnS-1 nanomaterial and deactivates the active region. It can be seen that Co doping
CdZnS nanomaterials can significantly improve catalytic activity.

Wang et al. [48] used the chemical coprecipitation method to prepare CuBi,O4-graded
microtubules and AuAg alloy-modified CuBi,O4-graded microtubules. In order to evaluate
the photocatalytic performance of CuBi;O4 nanomaterials, they analyzed it by degrading
the RHB solution. The CuBi;O4 nanomaterial modified by AuAg further enhances its
photocatalysis. The prepared AuAg-CuBi,O4 nanomaterial shows that CuBi,O4 micro-
tubules are transferred to the surface of AuAg nanoparticles, indicating that there are
more photoelectron and hole transfers, which can participate in the photocatalytic reac-
tion. Photoelectron and hole transfers are further studied by photocurrent response and
electrochemical impedance spectroscopy (EIS). It is found that the rate of photogenerated
electrons and holes in AuAg-CuBi,O4 nanotubes is faster, which proves that the catalytic
activity of AuAg-CuBi,O4 nanotubes is better. The stability of the AuAg-CuBi;O4 nanotube
photocatalyst also shows good stability.

Figure 4a shows the catalytic performance of the modified BaFe ;019 prepared by
the coprecipitation method, which is greatly improved after being modified by WC. The
phenomenon indicates that the modified magnetic catalyst can be used to improve the
catalytic performance of the magnetic catalyst. Figure 4b is a schematic diagram of the
process for preparing porous Ni-Co alloy electrodes using a dynamic hydrogen bubble
template of electrodeposition technology and a schematic diagram of the catalytic total
hydrolysis of water by porous Ni-Co alloy electrodes. The invention provides catalytic
sites. Therefore, the catalytic activity of the Ni-Co alloy was increased. Figure 4c shows the
effects of magnetic nanocatalysts on the degradation of dyes in wastewater, which can be
seen clearly, illustrating the prospect of magnetic nanocatalysts for wastewater treatment.
As the main magnetic catalyst, the structure of the nano-Ni-Co catalyst is seldom expressed,
so the crystal structure of NiCo,O; in Figure 4d can be used as a reference structure [47-60].

In the aforementioned research, magnetic nanocatalysts involve a variety of elements
and a wide range of materials. A large number of scholars have studied the preparation
of nanocatalysts and influencing factors such as morphology, size, structure, and catalytic
activity during the preparation process. The research shows that different morphology and
structure have a great impact on the activity of various nanomaterials, and the means to
improve the activity of nanocatalysts are limited, so it is necessary to change the chemical
environment of active particles. Loading 2D nanomaterials or doping nanoparticles is an
effective way to improve the activity of catalysts, and preparing them into mesoporous
materials is another way. Table 1 compares the catalytic performance of some nano-Ni-Co
alloy powders as catalysts. It can be seen that the catalysts with special structures and
doping have good catalytic performance [54-60].



Metals 2023, 13, 152 8of 19

manual cotolyic mixire | | @0 ° .
(a) fractare  CO-catalyst catulyst_, grinding m o . i s -
v“ ¥ ‘/“ Gt e Ton H.
plastic == A characterizstion < o ° " 'c /ode + 'oz
deformation ‘ A’"‘ e N
°c ©® I
materials il rc\ull.s B . { 4
] .. > 2N

) 7hn;rh energy mechanical
) 3 (] grinding
ol

Figure 4. (a—c) Catalyst mechanisms and functions, (d) structure diagram [49-61]. (a) Reprinted
from Fuel, 5416481031506 [54], Copyright (2022), with permission from Elsevier. (b) Reprinted from
Applied Surface Science, 54164800925859 [49], Copyright (2022), with permission from Elsevier.
(c) Reprinted from Journal of Industrial and Engineering Chemistry, open access [44], Copyright
(2022). (d) Reprinted from Journal of Zhejiang University-Science A, 5416481031506 [56], Copyright
(2022), with permission from Elsevier.

Table 1. Comparison of catalytic hydrogen evolution performance of Ni-Co alloy and its compos-
ites [51-61].

.cm—2
Number Catalyst Structure At10 mA o Electrolyte Solution
Overpotential
1 Nickel-cobalt-titanium alloy Electrodeposited films 125 mV Alkaline solution
. A net skeleton with
2 NI-CO-(WC)40 small par ticles 135 mV 0.5M stO4
3 Ni-Co-(WC)so A net skeleton with 140 mV 0.5 M H,S0,

small particles
. A net skeleton with
4 Ni-Co-(WCQC)yg small particles 160 mV 0.5 M H,SOy4

A net skeleton with

5 Ni-Co-(WC)1g . 210 mV 0.5 M H,SOy4
small particles
6 Ni-Co alloy Smooth net skeleton 250 mV 0.5 M H,S04
7 Ni-Co alloy Porous form 54 mV 1M KOH
8 Nickel/cobalt hydroxide Nanopatches 39 mV 1M NaOH
nanoflakes/C

9 NiCo,04@Nip,P/NAs Nanowire 141 mV 1 M KOH
10 NiCo,04/NAs Nanorods 315 mV 1M KOH
11 Ni,P/NAs nanoparticle 210 mV 1M KOH
12 NiCo,04@Ni,P/NAs Nanowire 116 mV 0.5 M H,S04
13 CozFe;@NCNTFs Porous pipe 264 mV 1 M KOH
14 NiCoO,@C Wormlike 51 mV 1M KOH
15 CoMoS, /NF nanoparticle 256 mV 1 M NaOH
16 NiCo0,5,@5-MnO, /NF Cactus-shaped 114 mV 1M KOH
17 NiCo,S4/NF Cactus-shaped 126 mV 1 M KOH
18 5-MnO, /NF Cactus-shaped 135 mV 1 M KOH

4. Magnetic Nano Wave-Absorbing Materials

In recent years, with the wide use of electronic and wireless technology, electromag-
netic pollution has become a new problem facing mankind. The absorption and shielding
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of electromagnetic waves are also of great significance to military and national defense.
Microwave-absorbing materials play an important role in radar monitoring and shielding.
Therefore, for human safety, we need to reduce electromagnetic pollution and enhance the
performance of microwave-absorbing materials. The commonly used microwave-absorbing
materials are dielectric and electromagnetic. In order to improve their properties, a new
system of composite powders has been developed, including hard magnetic and soft
magnetic materials. The main parameters for evaluating electromagnetic wave-absorbing
materials are impedance matching and dissipation capacity. Impedance matching requires
that electromagnetic waves are absorbed by the materials as much as possible without
being reflected. Dissipation capacity shows the consumption capacity of electromagnetic
wave-absorbed materials [62,63].

Most of the existing microwave-absorbing materials are carbon-based, such as carbon
nanotubes, graphite carbon, and carbon balls. In order to improve the ability of microwave-
absorbing materials, researchers have proposed carbon materials compounded with transi-
tion metals. Iron, nickel, cobalt, and their oxides have high permeability, which combines
with the dielectric properties of carbon materials. These are new types of microwave-
absorbing materials, which can dissipate electromagnetic waves and adjust impedance
matching [64-67].

Given this, Sachin et al. [68] prepared a BaFe;,019/NiFe;O4 microwave-absorbing
material by chemical coprecipitation and studied the effects of heat treatment temperature
on the magnetic properties and reflection loss of BaFe;,019/NiFe;O4 nanoparticles. The
saturation magnetization Mg of BaFe;,019/NiFe,O4 nanoparticles is related to high tem-
perature, and it can be observed that with the increase of temperature, M increases from
1.045 emu/g to 55.188 emu/g. By evaluating the reflection loss of BaFe1,019/NiFe;Oy
nanoparticles, it can be observed that the reflection loss of “synthetic” BaFe1,019/NiFe;Oy
nanoparticles is very small, while the reflection loss of annealed BaFe,019/NiFe;Oy
nanoparticles is generally increased, and the reflection loss increases with the annealing
temperature, which is due to the increase in the formation of BaFe;,019/NiFe,O4 nanopar-
ticles. The improvement of reflection loss is a result of the formation of hard ferrite and
soft ferrite, which can be explained by the exchange coupling interaction between hard
magnetic (BaFe2019) and soft magnetic (NiFe,O4) phases. Mu et al. [69] synthesized a
NiCo,04 material with excellent microwave absorption by adjusting the pH value. The
pH value causes the structural change of NiCo,O4 material, thus improving its properties.
Dielectric loss is the main mechanism for materials to absorb electromagnetic waves. The
dielectric loss mainly comes from the polarization process, dielectric relaxation, and con-
duction loss. The relaxation phenomenon is caused by the agglomeration of the layered
structures. The uneven interlayer gap enhances the interface polarization between the
NiCo0,04 material and air, and the oxygen vacancy further enhances the dipole polarization
to improve the dielectric loss. The impedance matching Z value closer to 1 means that when
the electromagnetic wave reaches the surface of the absorbing material, most of the electro-
magnetic wave will penetrate the absorbant. Only a small part is reflected to maximize the
function of the absorbant. Dielectric loss and impedance matching play an important role
in microwave-absorbing materials. Zhao et al. [70] studied the effects of the Ni/Co content
ratio on the morphology and properties of the Ni-Co-P nanoalloy. The results showed that
the nanosheet can effectively prevent electromagnetic wave superposition. Due to the soft
magnetic properties of the Ni-Co-P nanoalloy, the external electromagnetic wave can be
quickly converted into heat energy during magnetic field magnetization to attenuate the
electromagnetic wave. The attenuation degree is calculated by the reflection loss rate.

Figure 5a,b present two kinds of magnetic nanomaterials and illustrate the absorption
mechanism of magnetic nanomaterials, providing a reference for the mechanism of other
microwave-absorbing materials. Figure 5c shows the relationship between the complex
permittivity, complex permeability, and frequency of the NiCo,O4 material, illustrating the
electromagnetic absorption properties of the material. The absorption characteristics of
electromagnetic waves are affected by the complex permittivity and permeability of the
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material. The real part is related to energy storage and the imaginary part represents energy
dissipation. The real part and imaginary part together determine the electromagnetic wave
absorption performance of the absorber. It can be inferred from the figure that the absorber
contributes little to the electromagnetic wave loss. The tangent of the magnetic loss proves
this conclusion. The magnetic loss is close to constant 0, which indicates that the magnetic
loss ability of these samples is poor. Therefore, dielectric loss is the main mechanism of the
synthesis of NiCo,0O4 by chemical coprecipitation in this work [67-77].
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Figure 5. (a—c) Radar absorbing material performance characterization and radar absorbing

mechanism [63,70]. (a,c) Reprinted from Journal of Materials Science, 5416520919952 [70], Copy-
right (2022), with permission from Elsevier. (b) Reprinted from Diamond and Related Materials,
5416520919952 [63], Copyright (2022), with permission from Elsevier.

The complex permittivity and permeability of absorbing materials are also important
parameters of electromagnetic wave absorption characteristics. Their real part reflects
the polarization and magnetization of materials under electromagnetic waves, and their
imaginary part reflects the attenuation caused by the rearrangement of electromagnetic
coupling torque under the influence of electromagnetic waves. The absorbing proper-
ties and the mechanism of absorbing materials are often related to their structure and
morphology, which is the focus of the study of absorbing materials. At present, there
are relatively few studies of nanometals as microwave-absorbing materials. The existing
studies mainly focus on carbon materials, such as graphene, carbon nanotubes, and other
materials. The nanometal materials and nano microwave-absorbing composites have better
performance [71-77].
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5. Electromagnetic Nanomaterials

Electromagnetic materials are widely used and affect people’s lives and safety. Consid-
ering the rapid consumption of chemical fuels and the increasingly serious environmental
pollution, people must constantly develop advanced technologies related to electric en-
ergy storage. The problem of radiation pollution is becoming more and more serious.
Low-density, flexible, and high-performance electromagnetic interference (EMI) shielding
materials are urgently needed. Magnetic nanomaterials with intrinsic conductivity and
magnetism are good candidates for EMI shielding. Therefore, we must first understand
the influencing factors and parameters of the electrical and magnetic properties of nano-
materials to have a basis before we can improve the electrical and magnetic properties of
nanomaterials [78-80].

Dong et al. [81] prepared transition metal oxalate using the coprecipitation method
and studied the quantitative effects of transition metal components on product nucleation
and growth. The transition metal oxalate is used as the precursor of the battery and its
surface activation energy was studied to improve the reasonable prediction and control of
battery nanomaterials and other materials. The apparent activation energy is calculated as
follows [82]:

E
+ BT 2
Here, A is the pre-exponential constant, E is the apparent activation energy, and kB is
the Boltzmann constant. Linear fitting [n(T) corresponds to the slope of 1/T, and the values
of E/kB and E are generated. E is the apparent activation energy under these solution
conditions.
The conductivity of the nanomaterials is calculated as:

In(t) = —In(A)

1
o= — 3
IRs ®3)
Here, 0, Rg, and t represent DC conductivity, sheet resistance, and sheet thickness,

respectively.

Guo etal. [83] studied the preparation and photoelectrochemical properties of antimony-
doped tin oxide nanomaterials using two modified coprecipitation methods. One is the
precipitation-modified coprecipitation (PMC), the other is the solution-modified coprecipi-
tation (SMC). The influencing factors and mechanisms of morphology, grain size, structure,
and photoelectrochemical properties of antimony-doped tin oxide nanomaterials (ATO
NPs) prepared by the two methods were studied. The main purpose was to reduce the
resistivity of ATO NPs through the change of preparation process factors and to find the
relationship between grain size and electrical properties. When the doping of Sb makes the
Fermi level enter the conductive band of SnO,, the electrical properties are improved, and
the band gap is widened. This enlarged the optical band gap Eg. The changing trend of Eg
is inconsistent with the changing trend of resistivity, indicating that the electrical properties
of ATO NPs must be affected by other factors, and the Eg of ATO NPs has no obvious
relationship with the electrical properties. In summary, the change of resistivity can be
estimated by the morphology of ATO NPs. The electrical properties of ATO NPs prepared
by the solution method are mainly affected by the uniform Sb doping, and effective Sb
doping is affected by the concentration of HNOj3 and ethanol. Therefore, the PMC method
should reduce scattering and increase mobility, and the optimal SMC method is Sb doping
efficiency. Li et al. [84] prepared Ni-Co oxide/CNTs (carbon nanotubes) nanocomposites.
The results show that Ni-Co oxide/CNTs nanocomposites have good electrical properties
and energy storage capacity. The addition of CNTs reduces the size of Ni-Co oxide, while
smaller metal oxide nanoparticles modify CNTs. These show better electrical properties
due to the increase of their active centers and specific surface area. At the same time, after
mixing Ni-Co oxide with CNTs, Ni-Co oxide covers the surface of CNTs, making the surface
of CNTs rough. The gap between porous nanoparticles is conducive to energy storage.
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Yan et al. [73] studied the effects of Ni and Co content on the morphology and magnetic
properties of Ni-Co composites. The Co leaf metal microspheres have higher saturation
magnetization Mg and coercive force Hc than Ni metal microspheres. The high Mg of Co
leaf metal microspheres comes from the higher atomic magnetic moment of Co, and the
coercive force is proportional to the anisotropic field Na. Co-leaf metal microspheres have
FCC and HCP structures. Therefore, it has a higher magnetocrystalline anisotropy field
than FCC Ni metal microspheres. Co leaf metal microspheres are composed of nanoflakes,
which have a higher shape anisotropy field than spherical ones, meaning that Co leaf metal
microspheres have higher Hy. Therefore, Co leaf metal microspheres have higher Hc.

Figure 6a depicts a P@Ni-Co-120 hybrid film prepared by chemical coprecipitation
and a combination of several methods, which is thicker than the 12 EMI shielding materials
reported by most. PAN-PU nanofiber film coated with Ni-Co alloy nanoparticles is a
thinner and lighter electromagnetic interference shielding material with low preparation
cost and high shielding properties. Figure 6b is the shielding mechanism diagram of the
P@Ni-Co-120 hybrid film. Figure 6c shows that the layered structure has an important
effect on electromagnetic materials [73,78-87].

electroless plating ™ ,qa:\
4 =

4\\ N

e/

PAN-PU/AgNO, fiber

P@Ag seed fiber P@Ni-Co fiber

Incident waves
Reflective waves

Transmitted waves

Figure 6. The preparation process and mechanism of magnetic absorbing materials [82,83].
(a,b) Reprinted from Journal of Alloys and Compounds, 5416500493658 [78], Copyright (2022),
with permission from Elsevier. (c) Reprinted from Chemical Engineering Journal, 5416510964395 [77],
Copyright (2022), with permission from Elsevier.

Because the density and thickness of EMI shielding materials are very important for
EMI shielding characteristics, magnetic nanomaterials prepared by chemical coprecipitation
are generally layered structures. Hence, the chemical coprecipitation method is suitable for
the preparation of nanoelectromagnetic materials. The layer structure of magnetic nanoma-
terials prepared by chemical coprecipitation combined with electrodeposition or electroless
plating is beneficial to electromagnetic properties. The electrical properties of nanomaterials
are mainly reflected in the use of materials such as battery electrodes or capacitors and other
electrical devices. There are also a variety of nanomagnetic materials, mainly nano iron,
cobalt, nickel, and their alloys and composites, which are widely used. Doping nanometal
particles and composites are effective ways to improve electrical and magnetic properties.
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The structure and morphology of materials are also important factors affecting electrical
and magnetic properties, which is also the focus of current research [73,82,85-87].

6. Magnetic Nano Adsorbents

In modern society, dye wastewater not only exists in the industry but is also used
by other industries. Therefore, to purify wastewater, it is necessary to degrade dyes and
purify water sources. Generally, the adsorption method is used. Therefore, it is necessary
to understand the factors affecting adsorption to actively regulate and complete water
treatment and other related issues in the treatment process. Carbon-based materials are
good adsorption materials, and their adsorption capacity can be greatly improved by
compounding with magnetic metal materials. Therefore, in recent years, composite carbon
and magnetic metal materials have been widely used [88-93].

Rachida et al. [94] prepared Zn-Fe layered double hydroxides to catalyze the degra-
dation of carmine in an aqueous solution. By using the chemical coprecipitation method,
Zn-Fe-LDH nanomaterials were prepared under the conditions of constant pH (slowly
adding pH agent to keep the pH unchanged), variable pH (slowly adding pH agent), and
direct coprecipitation (rapidly adding pH agent). They studied the effects of the initial
concentration of carmine dye, reaction temperature, the dosage of adsorbent Zn-Fe-LDH
nanomaterials, contact time, and pH on dye removal by adsorption, and determined the
best conditions for dye removal. The results showed that in the initial stage, the adsorption
sites had not been consumed, so there were many adsorption sites and the adsorption
rate was fast. The more adsorbent was used, the better the removal effect was. A higher
temperature is favorable for adsorption. After 40 min, 50 min, and 80 min, the removal
rates of carmine dye in Zn-Fe-LDH prepared by constant pH coprecipitation, direct copre-
cipitation, and constant pH coprecipitation were 96.74%, 95.7%, and 92.48%, respectively.
Zhang et al. [95] studied the adsorption and removal of phenanthrene in water by mag-
netic multi-wall carbon nanotubes (MMWCNT), magnetic single-wall carbon nanotubes
(MSWCNT), and magnetic graphene nanosheets (MGN). The results show that pH value
has little effect on the removal rate of phenanthrene, and the adsorption effect is better
under weak acid conditions. Wang et al. [91] discussed the relationship between the struc-
tural properties of magnetic ZrO, /Fe304 nanocomposites and their phosphate adsorption
capacity in detail. The results showed that the phosphate adsorption capacity of adsorbents
was closely related to their specific surface area and surface hydroxyl groups.

Magnetic nanomaterials are the main materials for water pollution treatment and water
environmental remediation. The main disadvantage of magnetic nanomaterials is that they
are easy to aggregate and accumulate, which leads to the blockage of the adsorption sites
of magnetic nanomaterials. In order to solve this problem, the functionalization can be
enhanced by improving the dispersion, extraction efficiency, and selectivity of the adsorbent
to the target compound. In order to make magnetic nanomaterials widely used in industry,
convenient and cheap preparation methods—such as chemical coprecipitation—have the
advantages of high adsorption capacity, multi-cycle reuse, large active surface area, high
chemical and mechanical durability, and simple operation. Figure 7 shows the magnetic
extraction process in an aqueous solution for reference [90-103].

To summarize, adsorption treatment is a simple, economic, and easy separation
method. The adsorption efficiency depends on parameters such as pH, temperature, and
initial color. As a result, it is very important to optimize the influencing factors. There
are many kinds of nanoadsorbents. In general, it can be analyzed by improving the
dispersion of adsorbents, extraction efficiency, and selectivity to target compounds, and
it can also enhance the function of nanoadsorbents. Nanoadsorption materials mainly
include nanocarbon adsorption, nano-oxide adsorption, nanomagnetic material adsorption,
etc. Nanomaterials have a large surface area, and a large number of microporous channels
are required inside the adsorption materials to increase the adsorption capacity, thus
the adsorption materials need a large specific surface area. Accordingly, nanomagnetic
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materials have superior adsorption capacity and can be used to treat various wastewater
and extract metals, which are widely used in the food industry [97-103].
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Figure 7. Steps of magnetic extraction in water environment [103]. Reprinted from Applied Science,
open access, Copyright (2022).

7. Conclusions

The chemical coprecipitation process is simple and suitable for large-scale industrial
applications. At present, the chemical coprecipitation method has been widely used to
prepare nanomaterials. The conditions for the preparation of nanomaterials by the chemical
coprecipitation method are controllable and can usually be prepared in one step, which is
very important for the application of the chemical coprecipitation method. Nanomaterials
also play an important role in today’s society, such as in aerospace, military fields, magnetic
materials, the battery industry, etc. By summarizing the preparation of nanomaterials by
chemical coprecipitation, it can be seen that the research on the preparation of nanomaterials
must mainly explore factors that will affect the morphology, structure, size, and related
properties of nanomaterials, which are the key in the preparation of nanomaterials. It is
easy to agglomerate when preparing nanomaterials by chemical coprecipitation. This is
the main reason that the addition of precipitant makes the local concentration rise rapidly
and agglomerates occur. Therefore, it is a common problem to explore the ways of adding
precipitants to reduce agglomeration.

Magnetic nanomaterials are widely used because of their high saturation magnetiza-
tion, high coercive force, stability, and dispersion. At present, there are dozens of elements
used in magnetic nanomaterials, including metals and their oxides, alloys, and so on. With
the development of nanotechnology, the application range of magnetic nanomaterials has
been greatly improved. For example, magnetic nanomaterials with high permeability,
low loss, and high saturation magnetization are widely used in transformer materials,
sensor devices, and so on. As biomaterials, magnetic nanoparticles are also a hot research
topic in biomedicine, and some of them have already been used. Magnetic nanomaterials
have broad application prospects in various fields such as electronics, mechanics, optics,
magnetism, chemistry, and biology. Therefore, the summary and prospects are as follows.

1.  The structure and morphology of magnetic nanomaterials have a strong impact
on their magnetic properties, and HCP materials have a higher magnetocrystalline
anisotropy field than FCC and BCC structure materials. Therefore, the HCP materials
have high coercivity. The larger the aspect ratio, the higher the shape anisotropy field
and the greater the saturation magnetization of the materials.

2. The magnetic properties of magnetic nanomaterials are their basic properties. In
order to improve their magnetic properties, carbon materials and transition metal
composites are effective measures, and two-dimensional structures and mesoporous
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structures are also measured to change their magnetic properties. Their properties are
related to the application of magnetic nanomaterials.

3. Magnetic nanomaterials play an important role in various fields. For example, in
biomedicine, most of the current research is focused on the study of targeted drugs,
magnetic hyperthermia, etc. Therefore, one can extend the targeting of magnetic
nanomaterials to more drugs and understand the effect of magnetic nanomaterials on
drugs and their toxicity to organisms.

4. One can systematically and specifically analyze the factors that affect the properties
and applications of magnetic nanomaterials, such as specific surface area, the influence
of magnetic properties, structure and morphology of the properties, and applications
of magnetic nanomaterials. For instance, when magnetic nanomaterials are used
as catalysts, their catalytic activity can be predicted when their size, structure, and
magnetic properties reach a certain level.
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