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Abstract: Cobalt nanoparticles (CoNPs) are promising nanomaterials with exceptional catalytic
magnetic, electronic, and chemical properties. The nano size and developed surface open a wide range
of applications of cobalt nanoparticles in biomedicine along with those properties. The present review
assessed the current environmentally friendly synthesis methods used to synthesize CoNPs with
various properties, such as size, zeta potential, surface area, and magnetic properties. We systematized
several methods and provided some examples to illustrate the synthetic process of CoNPs, along with
the properties, the chemical formula of obtained CoNPs, and their method of analysis. In addition,
we also looked at the potential application of CoNPs from water purification cytostatic agents against
cancer to theranostic and diagnostic agents. Moreover, CoNPs also can be used as contrast agents
in magnetic resonance imaging and photoacoustic methods. This review features a comprehensive
understanding of the synthesis methods and applications of CoNPs, which will help guide future
studies on CoNPs.

Keywords: cobalt nanoparticles; synthesis of cobalt nanoparticles; applications of cobalt nanoparticles;
contrast agent; cytostatic; diagnostic and theranostic agent

1. Introduction

In recent years, there has been a tendency towards developing and applying new
materials with new properties [1,2], with particular attention paid to nanomaterials and
nanoparticles [3–5] due to their several unique properties, which make them applicable in
various fields—from microelectronics to biomedicine [6–8].

Currently, several methods are used to prepare various nanoparticles, including
metals, non-metals, and polymeric substances [9–11], with particular attention paid to
metal nanoparticles, which can be used directly or as part of hybrid material [12,13] with
the developed surface, optical, magnetic, electronic, and catalytic properties.

Various physical and chemical processes are commonly used to produce and modify
metallic nanoparticles. The correct selection of the method for obtaining nanoparticles
strongly affects the crystal structure, surface area, size, and other properties [14]. In addition,
thanks to post-synthetic modification, nanoparticles can be modified for specific tasks
(for example, PEG coating to improve biocompatibility) [15].

Cobalt is a vital element but is present in small quantities in the body of a mammal
and usually is provided in a diet of green vegetables and grains [16]. Key among its
biological activity is its role in vitamin B12, cobalamin, as well as in a small amount of
other cobalt-containing enzymes identified to date [17]. Due to the importance of cobalt in
the human metabolic process, various materials based on cobalt suitable for biomedical
purposes are becoming more and more relevant [18].
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Cobalt nanoparticles can be used for energy storage, as catalysts, in medicine, in micro-
electronics, as contrast agents, and as a basis for drug delivery systems [19–22]. An essential
factor is that cobalt nanoparticles can be magnetic [23], which opens up new possibilities
for using nanoparticles as a carrier for targeted drug delivery [24]. It should also be noted
that due to their physico-chemical properties and small size, cobalt nanoparticles can be
successfully used as sensors to determine various substances [25].

Due to the simplicity of obtaining cobalt nanoparticles and their high applied value in
many industries, in this review, we looked at the main synthesis methods of cobalt/cobalt
oxide nanoparticles and their application from catalysis to the main biomedical applications
of cobalt nanoparticles, such as anticancer therapy and diagnostic materials.

2. Synthesis Methods of CoNPs

Currently, there is great interest in developing new methods for producing cobalt
nanoparticles due to the high applied significance of nanoparticles in various spheres of
human life [26,27]. Modern methods of obtaining nanoparticles of cobalt must meet several
key indicators that ensure high efficiency of the developed process:

1. High yield of the target product,
2. The possibility of obtaining nanoparticles of a given structure (crystallinity, size, shape
3. Safety and practicality of the method of obtaining
4. Environmentally friendly methods
5. Scalability

All methods of cobalt nanoparticles preparation can be divided into four categories:
physical, chemical, physicochemical, and biological (Figure 1). Different approaches should
be applied to meet the specific challenges faced during the synthesis.
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Figure 1. Main methods for the synthesis of cobalt nanoparticles.

2.1. Solution Method of CoNPs Synthesis

The solution method is a method for producing cobalt nanoparticles. The formation of
nanoparticles occurs directly in the liquid phase (solution) under the influence of various
factors, temperature, pressure, mixing modes, etc.

Particular attention is paid to the choice of the capping agent. The stabilizing agent is
adsorbed on the surface of nanoparticles due to non-covalent bonds. Capping agent plays
an important role in stabilizing nanoparticles and preventing their aggregation. Table 1
lists the main stabilizing agents used to prepare various cobalt nanoparticles.
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Table 1. Capping agents and synthesis’ methods of CoNPs.

No. Capping Agent Size Chemical
Formula

Method of
Analysis Shape References

Wet Chemical Method

1 Tetrabutyl ammonium bromide 80–100 nm Co(0) XRD Spherical [28]
2 Without use capping agent 10–20 nm Co(0) XRD Spherical [29]
3 Without use capping agent 20–40 nm CoO XPS Spherical [30]

4 Without use capping agent 20 nm Co(0) XRD Hexagonal and
quadrilateral [31]

5 Oleic acid 3–4 nm Co(0) - Spherical,
uniform shape [32]

Hydrothermal Method

6 Oleic acid 1–10 nm Co(0), CoO < 5% XRD Spherical [33]
7 Without use capping agent 20–400 nm CoO XRD Spherical [34]

8 Without use capping agent 3–4 nm CoO, Co3O4 XRD Hexagonal
nanocrystals [35]

9 Sodium dodecyl sulfate 20 nm Co3O4 XRD Cubic shape [36]
10 Trioctylphosphane, oleic acid 150–300 nm Co(0) XRD Nanowire [37]

Solvothermal Method

11 Without use capping agent 2 nm Co(0) XRD Spherical [38]

12 Oleylamine 100–120 nm Co(0) XRD
Spherical,
hexagonal

nanocrystals
[39]

13 Without use capping agent 10–30 nm CoO, Co3O4 XRD Cubic-shape,
spherical [40]

14 Oleylamine, oleic acid 5–30 nm Co(0) WAXS,
HREM

Nanorods,
nanowires [41]

15 Without use capping agent 50–75 nm Co(0) XRD Spherical [42]
16 Without use capping agent 1.5 nm Co(0) HREM Spherical [43]

17 Without use capping agent 79 ± 17 nm
11 ± 3 nm Co(0) XRD Cubic shape

spherical [44]

Sol-gel method

18 Citric acid and oleic acid 8–12 nm Co3O4 XRD Cubic crystal [45]

19 Oleylamine 20 ± 3 CoO XRD
Hollow

nanoparal-
lelepipeds

[46]

Electroless Deposition (Chemical Reduction) in Solution

20 3- (N, N-dimethyldodecylammonia)
propanesulfonate 3–5 nm Co(0) XRD Hexagonal [47]

21 Sodium citrate dihydrate 400 nm Co(0) XRD Hexagonal [48]
22 Without use capping agent 100–120 nm Co, CoO, Co3O4 XRD Spherical [49]

23 3- (N, N-dimethyldodecylammonia)
propanesulfonate 3–5 nm Co(0) XRD Hexagonal [50]

24 Without use capping agent 2.2–4.2 nm Co(0) XPS Spherical [51]
25 Chloroplatinic acid hexahydrate 24–110 nm CoO XRD Hexagonal [52]

Electrochemical Method

26 Sodium formate 2 nm CoO XRD Spherical [53]

Electrosynthesis of Metal in a Liquid Phase Reduction of Their Ions or Complexes

27 Tetrabutylammonium chloride 5–100 nm CoO, Co3O4
EDX,
XRD Spherical [54]

Galvanic Replacement Method

28 Sodium citrate dihydrate 100–120 nm Co(0) EDX
Spherical,

hollow
nanoparticles

[55]



Crystals 2022, 12, 272 4 of 26

Table 1. Cont.

No. Capping Agent Size Chemical
Formula

Method of
Analysis Shape References

Liquid Phase Plasma Reduction Method

29 Chloroplatinic acid hexahydrate 24–112 nm Co(0), CoO,
Co3O4

EDX, XRD Spherical [56]

30 Without use capping agent 10 nm CoO XRD Spherical [57]

The most commonly used stabilizing agent for cobalt nanoparticles is oleic acid,
which has been used in most works since the early 2000s [58,59].

Barbara Farkas et al. [23] studied the mechanism of interaction of carboxylic acids
with a cluster of cobalt nanoparticles using ab initio modeling. Their study used valeric
acid to analyze the reaction of a carboxylic acid with NPs. They found that a carboxylic
acid interacting with the surface of CoNPs forms a monodentant bond due to oxygen,
which loses its bond with hydrogen during dissociation. Furthermore, during the sim-
ulation, the formation of bridging bidentate interactions was observed using chelation
between the second oxygen atom and cobalt, which prevents cluster aggregation [23].

Cobalt nanoparticles were obtained by chemical reduction using sodium borohy-
dride [28]. First, cobalt sulfate, tetrabutylammonium bromide, and deionized water were
added to a glass flask at room temperature with stirring. Next, a 0.1 M sodium borohydride
solution was added to the solution. The mixture was stirred for 15 min, then the aqueous
solution was decanted, and the resulting particle was washed with water and acetone,
thus preparing spherical nanoparticles of 80–100 nm in size. The obtained particles were
spherical; the EDX (Energy Dispersive X-Ray spectroscopy) showed the presence of cobalt
and oxygen, which indicates that the obtained nanosized cobalt has the formula Co(0),
an oxidized layer on the surface of the nanoparticles.

This method is the simplest for the preparation of nanoparticles since it does not
require sophisticated equipment and does not require special conditions for carrying out
the reactions and preparing nanoparticles, widely used in various fields [60].

Another method for obtaining cobalt nanoparticles is the thermal decomposition
of organic cobalt salts in the presence of a capping agent [31,61]. The decomposition of
octacarbonyl dicobalt has synthesized cobalt nanoparticles. In a vacuum, trioctylphosphine
oxide was heated to 80 ◦C, to which 1,2-dichlorobenzene and oleic acid were added; and the
mixture was heated to 180 ◦C under a nitrogen atmosphere. Next, dicobalt octacarbonyl,
previously dissolved in 1,2-dichlorobenzene, was introduced into the mix with vigorous
stirring and kept at 180 ◦C for another 15 min, and the nanoparticles were precipitated with
ethanol. Cobalt nanoparticles were isolated by centrifugation, and as a result, spherical
cobalt nanoparticles with a size of 7–8 nm were obtained [31]. Still, there were no data
on the crystallographic structure of the NPs. The method allows one to get nanoparticles
with a narrow size distribution. However, it is challenging to implement. It is also worth
noting that the use of octacarbonyl in this synthesis of dicobalt is dangerous due to its
high toxicity [61,62]. To avoid using toxic compounds, Masoud Salavati-Niasari et al. [61]
prepared cobalt nanoparticles by thermal decomposition of cobalt coordination compounds.
The bis (salicylaldiminato) cobalt (II)-oleylamine complex was preliminarily obtained by
mixing 0.6 g of bis (salicylaldiminato) cobalt (II) and 2 mL of oleylamine with stirring,
and then placed in a three-necked distillation flask and heated to 100 ◦C for 90 min.
The flask was purged with high purity argon gas to avoid oxidation throughout the
entire process. To obtain cobalt nanoparticles, triphenylphosphine was added to the
resulting solution of the metal complex at 220 ◦C. The solution was kept at 210 ◦C for
45 min and then cooled to room temperature. Nanoparticles were precipitated by adding
excess ethanol to the solution, and as a result spherical cobalt nanoparticles with sizes
ranging from 25 to 35 nm were obtained [61]. XRD (X-ray diffraction analysis) data from
freshly prepared nanoparticles showed no cobalt oxides. However, after exposure of the
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nanoparticles to air, the presence of cubic cobalt oxides CoO and Co3O4 was seen in the
X-ray diffraction pattern, while Co(0) was completely absent. Although, this method
produces nanoparticles with a wide distribution, it has advantages too, as it allows you
to control the size of the resulting particles by changing the ratio of the precursor and
stabilizing agent.

2.1.1. Hydrothermal Method of CoNPs Synthesis

The hydrothermal method was used by S.M. Ansari et al. to prepare cobalt nanoparti-
cles [33]. First, cobalt chloride was dissolved in deionized water, and a KOH solution was
added, followed by stirring for at least 15 min. Then solutions of hydrazine monohydrate
and oleic acid were added so that the total volume of the mixture was 2/3 of the total
volume of the autoclave, the resulting mixture was kept under stirring for 2 h until the solid
reagents were dissolved entirely, and then the mixture was poured into a Teflon-coated
autoclave and placed into an electric oven, where the reaction temperature was maintained
at 160 ◦C for 24 h. After 24 h, the autoclave was allowed to cool naturally to room tempera-
ture. Finally, the obtained CoNPs were separated from the liquid phase by centrifuging
the final solution, decanting the liquid phase, and drying the resulting black precipitate
in an oven at 100 ◦C [33]. The average size of the obtained NPs was 192 nm, and the XRD
data showed that the crystal structure of the NPs is hexagonal and cubic, and the presence
of only Co(0) was also revealed.

The present method is more convenient in application and easily scalable. Moreover,
it allows one to obtain spherical nanoparticles with a narrow size distribution, which can
be helpful in various areas of medicine.

G. Seong et al. [34] prepared CoNPs with a supercritical hydrothermal reduction and
the decomposition of formic acid (at temperature up to 420 ◦C, and a pressure of 22 MPa),
and to avoid contact with air, the introduction of precursors into the autoclave was carried
out in an insulator in an argon atmosphere. An aqueous solution of cobalt acetate and formic
acid was loaded into an autoclave, placed in an electronic oven, and heated to 430 ◦C for
10 min. After 10 min, the autoclave was cooled in a water bath at the temperature of 25 ◦C
for 5 min to prevent particle growth. The cooled autoclave was opened to allow the resulting
gases to escape and closed again. Nanoparticles were precipitated by adding methanol,
centrifuged, and washed with methanol. The resulting particles ranged from 20 to 400 nm
and had a spherical shape. A thermodynamic analysis of the system was performed
and proved that the experimental data agree with the data calculated using the PSRK
EOS [34]. According to XRD data, the structure contains metallic cobalt and weak peaks
of cobalt oxide CoO. Water in a supercritical state is a universal environmentally friendly
solvent that is non-toxic and nonflammable. The synthesis conditions can be controlled
since water’s density and dielectric constant change significantly near its critical point.
This synthesis is environmentally friendly, but it should be noted that this method requires
special equipment and increased safety measures due to the use of supercritical conditions.

2.1.2. The Solvothermal Method of CoNPs Synthesis

The solvothermal method is similar in its technology to the hydrothermal one, as it is
also carried out in autoclaves at high temperature and pressure, with just one difference,
instead of water, the synthesis is carried out in organic solvents. The method was used by
M. Alagiri et al. [38] to synthesize CoNPs. First, cobalt chloride was dissolved in ethanol
with vigorous stirring for 2 h to obtain a homogeneous transparent purple solution. Then,
a solution of hydrazine monohydrate was dropped to the resulting mixture with continuous
stirring at a temperature of 50 ◦C. Then, triethanolamine was added to the above mixture
with vigorous stirring, followed by further stirring for 2 h. Next, the mixed solution was
placed in a Teflon-lined stainless-steel autoclave, sealed, and kept at 120 ◦C for 8 h. Then,
the autoclave was allowed to cool from 120 ◦C to room temperature. Next, the sample was
washed several times with distilled water, ethanol, and acetone. Finally, the product was
dried under vacuum at 60 ◦C for 4 h. The resulting particles had a spherical shape, were
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2 nm in size, and had the structure of metallic cobalt Co(0), while other phases were absent
(according to XRD data). This method makes it possible to obtain particles of a given size
without an oxide layer on the surface.

2.1.3. Microemulsion Method of CoNPs Synthesis

To improve the properties of nanoparticles, such as size, shape, particle-size distribu-
tion, and chemical composition, the microemulsion method for the synthesis of nanopar-
ticles was developed. This method includes the preparation of nanoparticles in various
heterogeneous systems with water-in-oil and oil-in-water emulsions. Several reviews on us-
ing the microemulsion method in the synthesis of nanoparticles have been prepared [63,64].
The microemulsion methods are attracting more and more attention due to the possibility
of adjusting a more significant number of parameters. Still, a systematic study is needed to
establish all the factors affecting the basic properties of nanoparticles. Therefore, several
nanoparticles were prepared, for example, Zn [65], Sn [66], Cu [67], Ti [68], Fe [69], Ag [70],
Au [71].

CoNPs and cobalt-metal alloys can be obtained using the microemulsion method,
and it can be done following a typical scheme that includes active mixing of a precursor
containing Co ions, such as Co(NO3)2; a surfactant, for example, CTAB (cetyltrimethylam-
monium bromide); an oil phase, which may include a hydrocarbon (for example, isooctane),
or alcohol (for example, butanol); and an aqueous phase which may contain alkali or some
other reducing agent; after which the nanoparticles are separated from the liquid phase.
Another scheme of preparing cobalt nanoparticles using the microemulsion method is
mixing cobalt acetate tetrahydrate dissolved in ethylene glycol. First, hydrazine hydrate
and ethylene glycol are separately mixed in a separate beaker, then the prepared cobalt
solution above was added dropwise to the hydrazine solution at a rate of 2 mL/min with
constant stirring. The result is the formation of a pink-colored emulsion. Furthermore,
to increase stability, various high-molecular substances can be added to these systems,
for example, starch, polyvinylpyrrolidone (PVP), polyvinyl alcohol. To accelerate the reac-
tion, this system can be heated. Due to the use of ethylene glycol as a solvent, the reaction
can be carried out at a temperature up to 160 ◦C, which will allow the reaction to proceed
much faster than in water systems. Furthermore, this method makes it possible to obtain
nanoparticles Co(0) (according to XRD and SAXS) with an average size of 35 nm and the
manifestation of magnetic properties, which makes it possible to use CoNPs in magnetic
carriers [72].

As an example, Khan J. et al. [73] developed a method for obtaining CoF2 nanopar-
ticles. During the synthesis, water-in-oil microemulsions were prepared in two Teflon
beakers by stirring 5.0 g CTAB, 30.0 g 2-octanol, and 4.0 g H2O for one h using a magnetic
stirrer. During the synthesis, two solutions were created, the first of which contained
0.58 g (2.0 mmol) of cobalt nitrate hexahydrate [Co(NO3)2.6H2O], and the second contained
0.18 g (5.0 mmol) NH4F. After stirring individually for one h, the two microemulsions were
mixed, and the mixture was stirred for 1 h. Light pink precipitates were obtained after
centrifuging the supernatant at 4000 rpm for 30 min. As a result, the light pink powder
was washed with ethanol, then dried at room temperature for 24 h. Such NPs have high
thermal stability and a homogeneous composition showing electrochemical characteristics
compared to other NPs, which suggests that CoNPs can potentially be used as cathode ma-
terials in energy storage devices and lithium-ion batteries. The other method of obtaining
cobalt nanoparticles cobalt Co(0) (according to XRD data) with magnetic properties by the
microemulsion method is mixing a solution of sodium bis (2-Ethylhexyl) sulfosuccinate
(AOT) in gasoline and a 0.1 M aqueous solution of CoCl2 in deionized water. The mixture
was shaken until an emulsion was formed, reducing a metal ion with the formation of the
corresponding metal nanoparticles. Then, a solution of 5 mL of NaBH4 was added to the
solution of metal ions. The mixture was stirred for 2 h at room temperature at 750 rpm,
and then all synthesized nanoparticles were washed with excess acetone, centrifuged,
and placed in an oven at 80 ◦C for 12 h [74].
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2.2. Green Methods of CoNPs Synthesis

Recently, there has been a tendency in the scientific community to develop various
green methods for materials synthesis, particularly nanoparticles. These methods increase
the safety and environmental friendliness of the synthetic process. In addition, due to
the unique chemical composition of biological systems, nanoparticles obtained by these
methods can have unique structure and physico-chemical properties [75,76]. Another prop-
erty of such nanoparticles is increased biocompatibility due to the affinity of the capping
agent and substances in living organisms (microorganisms and humans), which allows the
finding of new fields of application of nanoparticles in various systems [77]. One of the
synthesis methods of nanoparticles using green chemistry is reducing cobalt precursors
using extracts of different plants. The plant extracts can be both aqueous and organic sol-
vents and act as a reducing agent and a capping agent for the resulting cobalt nanoparticles.
Due to a set of extractable compounds, this method provides unique structures and high
biocompatibility of the resulting nanomaterials compared to nanoparticles obtained by
a synthetic method [78].

Melvin S. Samuel et al. [79] proposed a green method for producing cobalt nanopar-
ticles using extracts from Vitis rotundifolia, the essence of which consisted of the gradual
addition of the pulp extract to a solution of cobalt chloride, with heating and stirring. Af-
ter alkalinization of the resulting system, a precipitate was isolated, then dried and calcined
for further use. The resulting nanoparticles had a wide size distribution. In addition, they
had a polycrystalline cubic structure of Co(0) NPs, established by XRD, which may be
associated with a wide range of chemicals in the extract.

Apart from plant extracts, red algae extracts have also been used to prepare cobalt
nanoparticles, such as proposed by Jamaan S. Ajarem et al. [80] consists in adding cobalt
nitrate dropwise to the algae extract (obtained by heating dried algae at 70 ◦C for 4 h in
an aqueous medium), then stirring continuously at room temperature for 24 h, while the
color of the solution changes from pale pink to dark brown. Ismat Bibi et al. [81] suggested
a similar method for nanoparticles preparation using plant extracts. The technique consisted
of mixing while heating to 70 ◦C the extract of the peel of P. granatum and the precursor
of cobalt for 90 min. Then it was left overnight, after which the precipitate was separated
and dried. As a result, nanoparticles with an average size of 80 nm and face-centered cubic
crystalline phase of cobalt oxide (XRD data) were obtained, which showed high efficiency
in the decomposition of organic dyes

In addition to these methods, there are also microbiological methods, including several
methods for nanoparticle preparation using various bacteria cultures. The synthesis of
CoNPs is carried out with the help of microorganisms, which capture metal ions from
the solution, and then release the reduced metal with the help of enzymes. Synthesis
using microbiological systems makes it possible to obtain nanoparticles on a large scale
with high colloidal and sedimentation stability. For example, the method proposed by
Eunjin Jang et al. [82] allows obtaining rod-shaped CoNPs on the surface of bacteria.
This method consists in incubating cobalt chloride with a suspension of Bacillus subtilis,
followed by separation and purification of cobalt nanoparticles using centrifugation and
washing. This method makes it possible to obtain nanoparticles by a simple method
at room temperature, and they have shown high application value for the creation of
nanobiocatalysts.

Apart from bacterial cultures, fungi have also been used to prepare CoNPs, as seen in
the study of Vijayanandan A.S. and Balakrishnan R.M. [83], in which nanoparticles were
obtained using the fungi Aspergillus nidulans. The essence of this method was to maintain
cobalt acetylacetonate and the fungi mycelium on a rotary shaker at room temperature for
5 days, after which the solution was filtered and washed with distilled water to remove the
components of the medium. Then the nanoparticles were separated from the components
of the medium by centrifugation. These nanoparticles had an average size of 20 nm and
were stabilized by sulfur-containing proteins (FTIR data) isolated by Aspergillus nidulans
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during cultivation. Cobalt oxide nanoparticles were in the spinel phase according to the
data from the International Center for Diffraction Data.

Another example is the work of B.A. Omran et al. [84], who used the cell-free filtrate
of Aspergillus brasiliensis ATCC 16404 for the mycosynthesis of Co3O4-NPs. The method
included the cultivation of 4 mmol CoSO4·7H2O and 5% filtrate of A. brasiliensis mycelium
for 72 h at pH 11 on a shaker in the dark. During the synthesis, the color of the solution
changed from yellow to brown. The mycosynthesized CoNPs had a spherical shape and
a size of 20–26 nm. They had antibacterial activity against several microorganisms and
exhibited magnetic properties.

2.3. Physical Methods of CoNPs Synthesis

Physical methods can be used to prepare CoNPs, and they are based on the use of
mechanical, optical, electronic treatments on the material to obtain various nanoobjects [85].
Physical methods for producing nanoparticles include mechanical crushing or grinding of
bulk metal, vapor condensation, spray pyrolysis, flame spray pyrolysis, aerosol process,
and unconventional mechanical process [86].

2.3.1. Vapor Condensation Method

A long-known method for obtaining metal nanoparticles is the vapor condensation
method, which consists of organic metal salts being converted into a gaseous state un-
der a vacuum and then condensed. The metal after such a procedure is precipitated in
a reduced form [87–89]. X.L. Dong et al. obtained cobalt nanoparticles by the chemical
condensation method. In the apparatus chamber for chemical vapor condensation, oc-
tacarbonyl dicobalt was evaporated at 60 ◦C, then a carrier gas, argon, or helium, was
fed into the chamber, which transported the vapors to a tube cooled with liquid nitrogen,
on which the vapors were condensed. After this procedure, the particles were scraped
off the walls. As a result, both cobalt nanoparticles and cobalt oxide nanoparticles of the
shape of a string and a spherical shape with a size of 10–25 nm were found in the resulting
powder. In addition, the XRD results revealed the presence of metallic cobalt Co (0) [87].
In their experiment, Z.H. Wang et al. prepared cobalt nanocapsules coated with a carbon
film [88], to synthesize dicobalt octocarbonyl and high-purity carbon monoxide as a carrier
gas were used as a precursor. The evaporation temperature of dicobalt octocarbonyl was
60 ◦C. The carrier gas stream transports the precursor vapors and passes through an oven
heated to temperatures between 400 and 1000 ◦C, in which the precursor vapors and carbon
monoxide decompose and transform into nanoparticles, and then enter the cooling zone
(chiller). The powders were scraped from the chiller at the end of the process. The size of the
obtained nanocapsules was 20–60 nm, and the thickness of the amorphous carbon shell was
4–6 nm. XRD revealed the presence of cobalt carbide phases Co2C, Co3C [88]. The vapor
condensation method can produce particles with a wide size distribution, but by varying
the pressure in the chamber and/or the decomposition temperature during nanoparticle
formation, the particle size range can be controlled.

2.3.2. The Arc Plasma-Assisted Deposition Method

The method of arc plasma-assisted deposition consists of a pulsed direct current of
high power passing through a thin metal wire, which leads to an explosion of the wire.
A large amount of heat energy causes the wire to melt, followed by evaporation and plasma
formation. The plasma generated during the process expands and cools when it interacts
with a refrigerant such as an inert gas or liquid. Then nanoparticles are formed during
the nucleation process. For example, H. Meng et al. obtained cobalt nanoparticles by
arc plasma evaporation. During their experiment, a metal block of cobalt was placed in
a water-cooled evaporating crucible in a preparation chamber, which was pre-evacuated to
0.005 Pa and filled with a mixture of hydrogen and argon. Then a galvanic arc was ignited,
and the metal melted, followed by the formation of plasma—the metal ions in the plasma
collided with argon gas and condensed to form nanoparticles.



Crystals 2022, 12, 272 9 of 26

Then, the formed particles were transferred by the air flow to the separation chamber.
They were separated by size; large and heavier particles settled on the surface of the
chamber earlier than lighter particles. Finally, the particles were cooled to room temperature
and collected in a special vacuum package for storage. The size of the obtained NPs ranged
from 28 to 70 nm, and according to the XRD analysis, they consist of Co(0), with no other
phases detected [90].

2.3.3. Liquid-Phase Plasma Method

The liquid-phase plasma method makes it possible to synthesize nanoparticles through
an arc discharge on a metal salt solution, which forms a plasma. After the termination of
the arc discharge, the plasma cools down, and as a result of nucleation, nanoparticles are
formed. Hwan-Gi Kim et al. obtained cobalt nanoparticles using liquid-phase plasma [56].
Sodium laurel sulfate was used to stabilize the nanoparticles, and the liquid-phase plasma
was created using an electric discharge at room temperature. A needle-shaped electrode
generated a pulsed electric discharge. The duration of the plasma treatment influenced the
size and the number of particles obtained. Plasma treatment of the solution for 10–60 min
gave spherical nanoparticles with 10–100 nm diameter. When the solution was treated
with plasma for 30 min, the diameter of the resulting spherical nanoparticles increased
to 50–100 nm. When the plasma treatment lasted 60 min or more, needle-shaped crystals
were formed. XRD revealed the presence of metallic cobalt Co(0) and cobalt oxides on the
surface of nanoparticles [56].

Ruslan Sergiienko et al. also prepared CoNPs encapsulated in graphite using an electric
plasma discharge generated in an ultrasonic cavitation field of liquid ethanol, followed
by separation, drying, and annealing of the particles [57]. In the study, a cobalt plate and
cobalt electrode tips were soldered to Iron electrodes and the ultrasonic homogenizer for
sonication of ethanol in a glass vessel. The glass vessel was cooled in an ice bath and
sealed with a Teflon lid. A stream of argon gas was fed into the vessel to maintain an inert
atmosphere. During sonication, the voltage across the electrodes was held at 55 V, and the
upper current limit of the source was set at 3A. Electric plasma was generated directly
under the plate. In this case, the ends of the cobalt electrodes and the surface of the cobalt
plate were worn out due to thermal evaporation. Then, small nanoparticles were separated
from large ones dispersed in liquid ethanol using gravity settling. After the experiment,
the carbonaceous powder dispersed in liquid ethanol was left to stand in a glass bottle.
After a few days, nanoparticles larger than 200 nm settled on the bottom of the bottle,
while smaller nanoparticles remained in the liquid ethanol dispersion. A black suspension
of smaller nanoparticles poured into another bottle while the larger particles remained
at the bottom of the first bottle. Smaller nanoparticles were separated from ethanol by
centrifugation, and the resulting washed, and dried powder was then etched in a 15%
hydrochloric acid solution for 24 h at 30 ◦C. The resulting nanoparticles were spherical, less
than 10 nm in size, and their XRD revealed the presence of cobalt oxide CoO and cobalt
carbide Co3C phases. The use of ultrasonic irradiation in this method helped reduce the
voltage and power for generating the arc discharge and significantly reduce the particle
size. Using the liquid-phase plasma method, it is possible to regulate the size and shape of
the resulting nanoparticles by controlling the time of passage of the arc discharge through
the solution. The complexity of this method is the need for significant energy consumption
to generate a discharge, which can negatively affect the scaling of the process [57].

2.3.4. The Ultrasonic Method

The synthesis of nanomaterials using the ultrasonic method is a promising method
for preparing nanomaterials, given its advantages. First, it allows intensifying the process
because of acoustic cavitation when ultrasound propagates through a solution. Cavitation
is a phenomenon of sequential intensive formation (increase and decrease) of vapor bubbles
in a liquid. The collapse of these cavities creates local high temperatures and pressures



Crystals 2022, 12, 272 10 of 26

quickly, forming hot spots in cold liquids. Cavitation is caused by high-frequency sound
waves (10–120 MHz) passing through a liquid mass [91].

The use of ultrasound during nanomaterial synthesis will provide advantages based on
various cavitation effects such as acoustic flow and turbulence, which enhance the Ostwald
ripening process [4,92]. However, the chemical processes caused by the ultrasonic field
only occur when the intensity of the ultrasound meets the conditions for the development
of cavities. Despite this, the duration of ultrasonic irradiation intensities that do not reach
a certain threshold does not lead to chemical reactions. Parameters include the time of
exposure, pressure, temperature, ultrasound intensity, the presence of a capping agent,
and the properties of the liquid phase have different effects on the formation and properties
of nanomaterials. Preparation of nanomaterials using ultrasound offers several advantages
that are very difficult to achieve using traditional methods such as high stability, unique
morphology, crystalline nature. However, it should be noted that, at present, methods for
producing nanoparticles based on ultrasonic techniques are used to a lesser extent than
solution, gas-phase, thermal and emulsion methods [93].

Cobalt sulfides’ sonochemical preparation: cobalt acetate dihydrate was dissolved and
thioacetamide C2H5NS in water, then sonicated for 1 h till the red solution changed color
to black. After 1 h of sonication, the black precipitate was centrifuged at 7000 rpm, washed
twice with water and twice with absolute ethanol, and dried in air for 24 h. The ultrasonic
methods for nanoparticles preparation can be used in conjunction with other physical
treatments, such as plasma treatment, electrochemical effects, and increased pressure.
M. Dabala et al. [94] proposed a method for producing cobalt-iron nanoparticles using
a sonoelectrochemical process. The system consisted of a two-electrode setup, namely
a titanium alloy acting as a cathode and an ultrasonic emitter connected to the potentiostat,
an audio signal generator, and a platinum grid acting as an anode connected to the poten-
tiostat. A constant galvanostatic current was applied to the sonoelectrode, and ultrasound
was used with a power of up to 76 W. To produce nanopowders, the following sequence
was used: A short current pulse of 0.3 and 0.5 s was applied to the sonoelectrode, and the
titanium cathode acts only as an electrode. Immediately after turning off the electrochem-
ical pulse, an ultrasonic pulse was sent to the sonoelectrode; in this case, it served only
as a vibrating ultrasonic piezoelectric element; after that, there was a stage relaxation to
restore the initial conditions of the process. Using this method, cobalt-iron nanoparticles
were created with a cobalt content of about 65% and had a wide size distribution from 5 to
300 nm [94].

2.4. Preparation of Hybrid Materials Based on CoNPs

Hybrid materials, consisting of two or more separate components of a different nature,
which after interacting, have new properties that differ from the properties of individual
components. Microemulsion techniques can be used to prepare cobalt-based hybrid ma-
terials. The microemulsion system used to prepare the hybrid materials consisted of two
emulsion systems differing in a metal precursor, each of which consisted of Triton X-100 as
a surfactant, propanol as an auxiliary surfactant, cyclohexane as an oil phase, an aqueous
solution of hydrazine in the form of a dispersed aqueous phase and aqueous solutions of
H2PtCI6

2 and CoCI2 separately, which were then mixed and formed a cloudy microemul-
sion. The emulsion was then diluted to a transparent system with propanol. Nanoparticles
were formed upon contact between drops containing H2PtCI6

2 and CoCI2 and drops of
a reducing solution when mixed in the presence of an oil phase. The clear solution turned
black/gray due to the formation of metal nanoparticles. Pt(0)-Co(0) nanoparticles have
an average size of 3–4 nm with a narrow size distribution. These nanoparticles showed
high catalytic properties (better concerning methanol oxidation than pure Pt nanoparticles),
which suggests the high applicability of such systems in the field of organic chemistry [95].

Another hybrid material is cobalt and carbon foam, which was prepared by a solvother-
mal method using cobalt acetate, which was dissolved in 80 mL of absolute ethyl alcohol.
First, the crushed porous carbon foam was added to the solution and stirred for 24 h to
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allow the cobalt acetate to enter the foam. Next, NaOH was dissolved in ethyl alcohol,
and then the solution was slowly added to the suspension and stirred for 3 h until a ho-
mogeneous suspension was formed. Next, the resulting suspension was transferred to
an autoclave and heated in an oven at 160 ◦C for 10 h. Then the suspension was separated
by centrifugation and dried. Obtained NPs had the CoO/Co3O4 structure, as proven by
X-ray phase analysis [96].

Apart from carbon foam, there are also hybrid materials based on carbon fibers and
various nanoparticles, and the combinations of porous fibers and metal nanoparticles
provide new unique properties. To prepare hybrid membranes from carbon nanofibers
and nanoparticles of cobalt and nickel, the carbon fiber membrane was preliminarily
treated with concentrated sulfuric acid for 30 min to increase its hydrophilic properties and
then washed several times with deionized water. Then, the carbon fiber membrane was
immersed in a solution containing cobalt nitrate, nickel nitrate, and urea in 50% ethanol,
then heated to 80 ◦C in an oil bath for 6 h. The resulting membrane was then cleaned
several times with deionized water and ethanol to remove by-products from the surface
and dried at 70 ◦C for 24 h. Such systems can be useful in various production areas,
especially in electronics [97]. Joint systems based on transition metals incorporated into
the structure of carbon nanomaterials may be promising candidates as base metal catalysts.
For example, unmodified cobalt oxides or reduced graphene oxides individually exhibit
very low catalytic activity; a hybrid material of graphene with cobalt nanoparticles Co3O4
(according to XRD) showed a high activity of the oxygen reduction reaction [98].

Currently, products based on carbon nanotubes are gaining more and more popular-
ity, as carbon substrate (nanotube) has a large surface area and can provide pathways
for electron flow in an electrocatalytic system. One of the methods for such materi-
als based on cobalt nanoparticles is described in the work of Atsushi Gabe et al. [99].
The essence of the method is the dissolution of the Co precursor (hexahydrate nitrate cobalt
(II) (Co(NO3)2·6H2O)) in ethanol together with PVP polyvinylpyrrolidone and adding
carbon nanotubes to this solution with vigorous stirring. First, the system was sonicated
and mixed, and then sodium borohydride NaBH4 or ammonia NH4OH was added to this
system and subjected to ultrasonic treatment at 0 ◦C in an ice bath. Then, for complete
reduction of Co, the suspension was stirred for 2 h at 0 ◦C, followed by filtration and
washing, and dried at 80 ◦C. In this case, cobalt nanoparticles had the Co3O4 structure
(according to XPS data). Then, nanotubes with incorporated cobalt nanoparticles were
calcined at 500 ◦C in an N2 atmosphere for 1 h to remove PVP.

3. Applications of CoNPs
3.1. CoNPs in Catalysis

One of the most critical areas of application of cobalt nanoparticles is their use as
a catalyst. For example, cobalt nanosystems catalyze the hydrolysis of natrium borane (1),
which is a reaction to produce hydrogen, one of the environmentally friendly fuel and
efficient energy carriers.

NaBH4 + 2H2O→ NaBO2 + 4H2 (1)

Bo Chen et al. obtained the Co/Fe3O4(5)C nanocomposite, which was used for hydrol-
ysis of natrium borane. The system consists of cobalt nanoparticles, which are uniformly
distributed on the surface of iron oxide nanocrystals, previously modified with a carbon
layer [100]. In this work, comparative experiments were carried out on the material obtained
without using cobalt nanoparticles Fe3O4@C. In this case, the rate of hydrogen formation
was approximately equal to the reaction rate in the absence of a catalyst, which indicates
the importance of the inclusion of cobalt nanoparticles in the synthesis. The nanocata-
lyst provides a hydrogen formation rate equal to 1403 mL·g−1cat·min−1. The possibility
of reuse was also investigated, which showed that the rate slightly decreases with each
subsequent use, which may be associated with eliminating cobalt nanoparticles from the
nanocrystal surface during catalyst regeneration. The minimum hydrogen formation rate



Crystals 2022, 12, 272 12 of 26

was 831.7 mL·g−1cat·min−1 [100]. Similar studies on the preparation of hybrid catalysts
with CoNPs were carried out. The most efficient to note are nanostructured Co-Ni-B cata-
lysts on a Cu support, which allow reaching a rate of 14,778 mL·g−1min−1 [101]. The XRD
diffraction pattern of the NPs isolated for the catalysis experiment revealed phases of Ni
and Co3O4.

Zhiting Gao et al. synthesized Co nanoparticles with a phase of metallic cobalt Co(0)
(XRD data), incorporated into carbon materials treated with nitrogen, which were used
in the processes of hydrogen production [102]. The rate of hydrogen formation when
using this catalyst was 1807 mL·g−1cat·min−1, the stability of the catalyst is relatively low
after the fifth hydrolysis cycle, and the catalyst efficiency dropped to 32.5%, which they
attributed to the fact that borate particles are adsorbed on the catalyst surface after the
first cycle, which can change the electronic configuration of cobalt and reduces its catalytic
activity. After the fifth cycle, borate particles cover the entire catalyst surface, which changes
its morphology.

Jin Wang et al. obtained cobalt nanoparticles, which contained phases of metallic
cobalt, and phases of its oxides (XRD data), deposited on three- dimensional graphene
oxide Co@3DGO for the use of these structures in catalysis [103]. The results showed
that the rate of hydrogen formation when using Co@3DGO was 4394 mL·g−1cat·min−1.
Furthermore, the catalyst efficiency was 70% after five hydrolysis cycles, which indicates
its high potential for reuse and therefore creates a significant backlog in the use of such
systems in the industry. On the other hand, Jinghua Li et al. showed a better efficiency for
reuse, who proposed their catalyst based on cobalt oxide nanoparticles CoO encapsulated
in graphite Co@NMGC [104]. It was found that the rate of hydrogen formation when using
this catalyst was 3575 mL·g−1cat·min−1.

Furthermore, they found that after 20 hydrolysis cycles, the efficiency catalyst was
82.5%, which makes it preferable for reuse. Moreover, this composite exhibits unique
durability, making it one of the most promising catalytic systems based on cobalt nanopar-
ticles. There have been similar studies of cobalt nanocomposites [105–110], most of which
have shown similar performance indicators and are suitable for repeated use. However,
some may present obstacles due to structural deficiencies [102]. Moreover, attention
should be paid to nanostructured catalysts containing several elements of metals and
non-metals [101], as they show the highest results with a rate of hydrogen formation of
14,778 mL·g−1cat·min−1.

In addition to catalyzing the hydrolysis of natrium borane, cobalt nanoparticles are
actively used to catalyze the decomposition of various dyes. Arijit Mondal et al. used
cobalt nanoparticles in the presence of natrium borane to catalyze the decomposition of
methylene orange (MO) [28], the combined use of cobalt nanoparticles with natrium borane
showed high efficiency in the decomposition of the dye. A spectrophotometric method was
used to control the decomposition process, namely, a decrease in the absorption intensity
of the peak at 465 nm in the spectrum. Due to the presence of the azo-group, the dyes are
colored, and the peak at 465 nm indicates the presence of an azo compound in the solution.
The reduction of the azo-group to amino compounds is the reason for the disappearance
of the color of the solution and a decrease in the intensity of the peak. The proposed
mechanism for the decomposition of MO is the formation of sodium borohydroxide in
aqueous systems, which is absorbed on the surface of a cobalt nanoparticle, followed by
the release of hydrogen, which reduces the azo group to amines (Figure 2).

A feature of this work is that the catalytic properties are aimed at reducing the azo-
group, which is present in most organic dyes, which occupy a third of the total volume
of dyes produced [28]. Furthermore, due to the magnetic properties of CoNPs, they can
be separated after use from the solution with the recovered dye, regenerated, and reused.
After using cobalt nanoparticles as a catalyst four times, they were reanalyzed by TEM
and XRD. The result showed that the structure after their use did not change. However,
the efficiency decreased markedly after the 6th use, while the rate of MO decomposition
decreased by two times.



Crystals 2022, 12, 272 13 of 26

Crystals 2022, 12, x FOR PEER REVIEW 13 of 27 
 

 

In addition to catalyzing the hydrolysis of natrium borane, cobalt nanoparticles are 
actively used to catalyze the decomposition of various dyes. Arijit Mondal et al. used co-
balt nanoparticles in the presence of natrium borane to catalyze the decomposition of 
methylene orange (MO) [28], the combined use of cobalt nanoparticles with natrium bo-
rane showed high efficiency in the decomposition of the dye. A spectrophotometric 
method was used to control the decomposition process, namely, a decrease in the absorp-
tion intensity of the peak at 465 nm in the spectrum. Due to the presence of the azo-group, 
the dyes are colored, and the peak at 465 nm indicates the presence of an azo compound 
in the solution. The reduction of the azo-group to amino compounds is the reason for the 
disappearance of the color of the solution and a decrease in the intensity of the peak. The 
proposed mechanism for the decomposition of MO is the formation of sodium borohy-
droxide in aqueous systems, which is absorbed on the surface of a cobalt nanoparticle, 
followed by the release of hydrogen, which reduces the azo group to amines (Figure 2). 

 
Figure 2. Mechanism of reduction of methylene orange [28]. 

A feature of this work is that the catalytic properties are aimed at reducing the azo-
group, which is present in most organic dyes, which occupy a third of the total volume of 
dyes produced [28]. Furthermore, due to the magnetic properties of CoNPs, they can be 
separated after use from the solution with the recovered dye, regenerated, and reused. 
After using cobalt nanoparticles as a catalyst four times, they were reanalyzed by ТЕМ 
and XRD. The result showed that the structure after their use did not change. However, 
the efficiency decreased markedly after the 6th use, while the rate of MO decomposition 
decreased by two times. 

Y. Sha et al. investigated the decomposition process of Congo red, amaranth, and 
Orange G with cobalt nanoparticles as a catalyst [55]. Their study established a relation-
ship between the structure of the dye, molecular weight, and the rate of degradation. The 
used NPs, according to the EDS results, consisted of pure metallic cobalt with an oxide 
layer on their surface. The decomposition rate increased with decreasing molecular 
weight of the dye. Deming Wu et al. conducted research on the decomposition of MO in 
the presence of cobalt nanoparticles Co(0), encapsulated in nanotubes, sodium bicar-
bonate, and sodium sulfide [111], and the time for complete decomposition of MO was 
increased compared with the only use of CoNPs [28]. It was 20 min (with the same amount 
of dye substance) at room temperature. However, the efficiency of reusing such catalysts 
is higher (after four cycles of using nanocomposites, the productivity decreased from 96% 
to 86%). The present research can help move from the laboratory to industrial processes 
and use this system in production. 

Tahir Rasheed et al. studied the process of catalytic decomposition using cobalt oxide 
nanoparticles obtained by the green method from the extract of Taraxacum officinale [112]. 
Together with natrium borane, the resulting nanoparticles decomposed MO and direct 
yellow-142. Cobalt oxide nanoparticles also catalyze the reduction of the azo-group with 
an efficiency of 96%, but within 60 min, which is significantly longer than the decomposi-
tion time using the above-described catalysts. Cobalt nanoparticles obtained using green 
chemistry methods also exhibit catalytic activity and increase environmental friendliness 
and safety processes. 

Figure 2. Mechanism of reduction of methylene orange [28].

Y. Sha et al. investigated the decomposition process of Congo red, amaranth, and Or-
ange G with cobalt nanoparticles as a catalyst [55]. Their study established a relationship
between the structure of the dye, molecular weight, and the rate of degradation. The used
NPs, according to the EDS results, consisted of pure metallic cobalt with an oxide layer
on their surface. The decomposition rate increased with decreasing molecular weight
of the dye. Deming Wu et al. conducted research on the decomposition of MO in the
presence of cobalt nanoparticles Co(0), encapsulated in nanotubes, sodium bicarbonate,
and sodium sulfide [111], and the time for complete decomposition of MO was increased
compared with the only use of CoNPs [28]. It was 20 min (with the same amount of dye
substance) at room temperature. However, the efficiency of reusing such catalysts is higher
(after four cycles of using nanocomposites, the productivity decreased from 96% to 86%).
The present research can help move from the laboratory to industrial processes and use
this system in production.

Tahir Rasheed et al. studied the process of catalytic decomposition using cobalt oxide
nanoparticles obtained by the green method from the extract of Taraxacum officinale [112].
Together with natrium borane, the resulting nanoparticles decomposed MO and direct
yellow-142. Cobalt oxide nanoparticles also catalyze the reduction of the azo-group with an
efficiency of 96%, but within 60 min, which is significantly longer than the decomposition
time using the above-described catalysts. Cobalt nanoparticles obtained using green
chemistry methods also exhibit catalytic activity and increase environmental friendliness
and safety processes.

There are also several other experiments on the decomposition of azo dyes in the
presence of other nanocatalysts [113–118]. However, using other metal nanoparticles, metal
oxides, and jointly doped nanocomposites is less effective than using cobalt nanoparticles
in this process since the complete disintegration of MO takes from 30 to 300 min. Further-
more, additional conditions are required to carry out this process in the absence of cobalt
nanoparticles, such as UV irradiation with mercury lamps and heating. When the process
is scaled up to production levels, it causes additional energy and labor costs.

C. Ravi Dhas et al. used nanoparticles of cobalt oxide Co2O3 (the presence of CoO
and Co2O3 phases was revealed) as photocatalysts for the decomposition of the dyes
Rhodamine B and direct red-80 [119], and the main difference from previous studies is that
Rhodamine B is a cationic fluorescent dye and does not contain azo groups in its structure,
a direct red-80 anionic multi-azo dye. The best photocatalytic activity in this work was
shown by samples of cobalt oxide nanoparticles prepared without using a stabilizing agent;
the decomposition of dyes was observed within 180 min. The maximum decomposition for
Rhodamine B was 32%, for direct red-80 78%. The supposed mechanism of the degradation
of the dye Rhodamine B is the photoabsorption of the catalyst initiating the formation of
charged Co3+ particles. The formed particles transfer the charge from the catalyst to the dye,
which causes the NN bond to break, which initiates the decomposition of the compound.

Dye catalysis processes are applied in various water purification systems, so M.M.
El-Sayed et al. synthesized nanoporous membranes from cellulose acetate on a biological
basis, poly (lactic acid), and biodegradable polyurethane impregnated with catalytic cobalt
nanoparticles (Figure 3) [120] and tested their ability to remove methylene blue and Congo
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red from wastewater. The process was carried out under the influence of UV radiation.
Wastewater dyes were adsorbed on cobalt nanoparticles in a nanoporous membrane,
decomposed, and removed. Decomposition and removal efficiency was 60% for each
dye. The advantage of this nanosystem is that a biopolymer carrier membrane, which is
completely eco-degradable, reduces the risk of nanoparticles entering the wastewater.
This work is an example of the effective use of theoretical knowledge in the field of dye
catalysis, which has been successfully adapted to the production scale.
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Cobalt oxide nanoparticles provide a high percentage of decomposition for azo dyes,
which has been shown in several studies and can catalyze the decomposition of cationic
dyes. In addition, nanoparticles obtained using green methods can also catalyze degrada-
tion processes. A magnetic field or inclusion in various structures can be used to separate
the nanoparticles, which suggests the possibility of using CoNPs on an industrial scale to
treat industrial wastewater.

Another important application of CoNPs is in the Fischer–Tropsch process [121],
the essence of which is the catalytic hydrogenation of carbon monoxide (CO) to longer
chain hydrocarbons. Co catalysts are prized for their ability to produce more and longer
chains. The influence of cobalt nanoparticles on the process has been studied for many
years, and it was found that the size of the nanoparticles used is of great importance,
with several studies showing the dependence of the size of nanoparticles on the efficiency
of their catalytic properties in the Fischer–Tropsch process [122,123].

3.2. CoNPs as an Anticancer Drug

CoNPs have a high surface area, high mass transfer, and magnetic properties, making
them successful agents for treating neoplastic diseases. They can be used as an effective
carrier for cytotoxic drugs and toxic for tumor cells [124]. CoNPs are highly cytotoxic
towards cancer cells, and studies have shown that CoNPs obtained by the green method
present the activity against cancer cells [125]. The results of this experiment showed the an-
ticancer toxicity of CoNPs obtained using the extract of Rhamnus virgata leaves was proved,
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and established the optimal concentration, which provides the desired therapeutic effect
and causes the least harm to the body—the IC50 values were calculated as 33.25 (HUH-7)
and 11.69 (HepG2) µg/mL, respectively. One of the critical factors is the biocompatibility
of nanoparticles to the human body, and the authors also studied the biocompatibility of
CoNPs to erythrocytes and established the IC50 value for CoNPs against erythrocytes was
4636 µg/mL, which is much higher than the toxicity for cancer cells [125].

Nanoparticles CoO/Co3O4 with a cubic spinel structure (XRD results) obtained using
fresh leaves of young branches of Rosmarinus officinalis exhibited cytotoxic properties
towards human cancer cells, and it was found that the 1C50 value for these nanoparticles
is 55 µg/mL to U87 cells, which is the optimal value for cancer therapy. In addition,
nanoparticles exhibit magnetic activity, which can be used for targeted therapies [126].

S.K. Verma et al. suggested a way to get nanoparticles exhibiting cytotoxic properties,
as they carried out in silico analysis to assess the interaction of CoNPs and biological
compounds of the body (enzymes, amino acids, etc.). They synthesized CoO nanoparticles
(determined by the XPS method) with an average size of 41 nm. In addition, MTT analysis
and apoptosis in HCT116 cells were performed, and the result showed that the IC50 was
set at 44 µg/mL for HCT116 cells. It was also found that nanoparticles produced by green
methods induce less apoptosis in colon cells and zebrafish embryos than commercial cobalt
nanoparticles by inducing less ROS [127]. This method shows it is possible to obtain cobalt
nanoparticles using green methods and use them in cancer therapy with less harm to
the body.

J.S. Ajarem et al. developed CoNPs by reducing the extract of red algae, exhibiting
anticancer and anticoagulant activity. According to the Scherrer equation, they obtained
Co3O4 nanoparticles (XRD results) with an average crystallite size of 26.5 nm. The present
study showed a significant anticancer potential of Co3O4 NPs with an IC50 value of
41.4 µg/mL and proved that when the Co3O4 NPs interact with cells, ROS is generated,
which causes oxidative stress in cells, and leads to DNA damage and cell death. Results
also showed that a blood clot on glass completely liquefied in 30 min; therefore, CoNPs
can be actively used as a promising anticoagulant and thrombolytic agent for the therapy
of thrombosis [80]. These nanoparticles have shown high efficiency in the treatment of
cancer cells, as well as a promising anticoagulant. The anticoagulant activity caused
by nanoparticles may be associated with the inhibition of certain enzymes that catalyze
thrombin formation in the body. Due to the green method of obtaining cobalt nanoparticles,
as well as high efficiency in the fight against cancer and thrombolytic diseases, it can be
stated that the particles obtained are one of the most promising nanomaterials that can
soon be used in the treatment of various diseases. Nanoparticles obtained using Euphorbia
tirucalli stem extract had a CoO structure (XPS and XRD method) and showed high efficacy
against the MCF-7 line of breast cancer with IC50 < 10 µg/mL. This value indicates that
nanoparticles exhibit high cytotoxicity to these cells, ensuring the high efficacy of antitumor
therapy for breast cancer [128].

Given that the fundamental mechanisms occurring in the human body are critical
for the treatment of tumor diseases, researchers have studied the effect of oxygen and
adsorption on the surfaces of cobalt nanoparticles using DFT computational methods [129],
and as a result, assessed the energy and structural parameters, and established the dipole
nature of the oxygen-cobalt bond in the human body. In addition, they established the
thermodynamic parameters of the system, which affected the chemical and magnetic prop-
erties of cobalt nanoparticles. They proved that for the use of nanoparticles for biomedical
purposes, it is necessary to add a coating layer, which ensures the biocompatibility of the
particles but does not change their magnetic properties. Furthermore, it has been proven
that when CoNPs enter the bloodstream, they form a non-magnetic oxide and lose their
magnetic properties.



Crystals 2022, 12, 272 16 of 26

3.3. CoNPs as a Contrast Agent and Diagnostic/Theranostic Agent

CoNPs and their products can also be used as diagnostic materials in biomedicine.
Due to the size proportionate with biological objects and physico-chemical properties,
nanoparticles represent a good basis for use in the diagnosis and theranostics of various
diseases. Shahab Maghsoudi and Arman Mohammadi, in their work, proposed a hy-
brid material based on cobalt nanoparticles Co3O4 (XRD data) and graphene nanosheets,
which can be used for glucose detection (Figure 4) [130]. On an electrode modified with
a graphene/cobalt nanoparticle composite material, the following mechanism was used for
electrocatalytic determination of glucose (2) and (3)

Co (III) + OH— → Co (IV) − (OH−) + e (2)

Co (IV) − (OH−) +→ Co (III) + OH−+ gluconolactone (3)
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Figure 4. Biosensor for glucose detection based on the electrocatalytic reaction on rGO/Co3O4

nanoparticles-modified glassy carbon electrode [130].

A large number of active centers on the electrode surface due to the porous and one-
dimensional structure of the composite material and the increased mobility of the electrolyte
through the porous structure allow the determination of glucose at a concentration of 3.5 nM.
Therefore, due to its high selectivity and response rate, this material has a high potential
for use in medical analysis.

In their work, Q. Ren et al. proposed using manganese/cobalt oxide nanoparticles
MnO2/Co3O4 (XRD data) for theranostics of cancer [131]. Nanoparticles were obtained in
three stages: 1. Preparation of cobalt nanoparticles by reduction with sodium borohydride
and stabilization with polyacrylic acid; 2. Oxidation with permanganate; 3. Rapid outward
diffusion of Co forms hollow structures (Figure 5). These nanoparticles were biodegradable,
which was confirmed by experiments on their incubation in phosphate-buffered saline.
Due to their structure, hollow nanoparticles are an excellent carrier for various therapeutic
agents, such as doxorubicin. Furthermore, during this study, it was proved that upon
contact with glutathione, nanoparticles will decompose, which will lead to the release of
a therapeutic drug. It has also been established that many manganese ions are released upon
contact with glutathione and the decomposition of nanoparticles, which can effectively
serve as a contrast agent for MRI. All the above suggests that these nanoparticles are
a unique nanomaterial that can be used for several purposes for diagnostics, theranostics,
and delivery of anticancer drugs, in conjunction with the controlled synthesis in the
range of 10–300 nm provides a completely successful system that may soon be used in
cancer theranostics.
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Multifunctional cobalt phosphide nanoparticles are used as contrast agents for various
imaging methods for theranostics of tumor diseases and a photosensitizer in photothermal
therapy (PTT) (Figure 6). At 10 min of laser irradiation, with a CoNPs concentration of
100 µg mL−1, the temperature rise (AT KC) was = 25.3, which is sufficient to destroy tumor
cells. Infrared thermal imaging has shown that the signal intensity depends solely on the
concentration and time of exposure. Cobalt phosphide nanoparticles have shown high
potential as a contrast agent in photoacoustic PA tomography. Li Z. et al. demonstrated
a linear relationship between the concentration of nanoparticles and the intensity of the
PA signal. This method can be applied to the study of vessels in cancerous tumors and
has a very high penetrating and resolving ability, which cannot be achieved with CT and
MRI [132]. This work shows the high applied value of cobalt nanoparticles as an auxiliary
agent for diagnostic and therapeutic purposes. Such multifunctional materials can increase
the effectiveness of anticancer therapy by identifying and destroying tumors in the early
stages of the disease.
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Another work demonstrating the multifunctional capabilities of cobalt nanoparticles
in diagnostics is the study of Z. Li et al., who developed cobalt sulfide nanosheets modified
with polyethylene glycol (NP CoS-PEG) suitable for photoacoustic/magnetic resonance
imaging, as well as a photosensitizer for PTT [133]. NP CoS-PEG showed high cytotoxic
activity when irradiated with 808 nm lasers for 10 min, while simply cultured cells without
irradiation showed very low mortality. This fact indicates that the cytotoxic effect of
nanoparticles is associated exclusively with PTT, and cells that are not exposed to laser
radiation remain alive. This fact opens new possibilities and increases the focus and
efficiency of photothermal therapy. In addition, NP CoS-PEG is highly effective as a contrast
agent for tumor cell imaging. During the study of the tumor, mice, using MRI, which were
treated with cobalt nanosheets, showed a pronounced darkening of the tissue, while the
untreated remained completely light. This fact may indicate the effectiveness of cobalt
nanosheets as a T2-MRI agent in vivo. It has also been proven that nanosheets of cobalt
sulfides can be successfully used as a counter agent in photoacoustic PA tomography.
A relationship was established between the concentration of nanosheets and the intensity
of the PA tomography signal. In addition, intense PA signals in the mouse tumor were
observed after injection of the NP CoS-PEG dispersion, in contrast to before the injection.
NP CoS-PEG demonstrated high photodynamic conversion in the region of 33% and
a promising bimodal diagnostic system for simultaneous PA/MR imaging, which may
provide more valuable information for PTT treatment [133]. Several other studies have also
shown the potential of CoNPs in theranostics [134,135] and photothermal therapy [136,137].

3.4. Magnetic Applications of CoNPs

CoNPs exhibit different magnetic properties due to their wide range of morphologies
depending on the synthesis method. Various methods can be used to obtain magnetic
CoNPs, and CoNPs with magnetic properties can be used in multiple areas of human
life [138]. In addition, magnetic CoNPs and products based on them can be successfully
used in catalysis [139–141].

Tong Liu et al. proposed a method for synthesizing Co@CoO magnetic nanoparticles,
and their structure was confirmed using XRD methods. The nanoparticles developed by the
authors had a crystal size of 2 to 5 nm and exhibited magnetic properties. In addition, these
particles have shown themselves as absorbers of microwaves, attributed to the microporous
morphology, nanosize, and core-shell structure. The obtained NPs are a promising basis for
creating highly efficient microwave radiation absorbers [142].

Sayed Zia Mohammadi developed a hybrid material based on magnetic CoNPs modi-
fied with activated carbon, used for wastewater treatment. The CoNPs were obtained by
co-precipitation and had a thin film structure with a thickness of 25 nm and a diameter of
50 nm, and had the structure of metallic Co(0) determined by XRD. The resulting material
showed high sorption capacity to phenol, which can serve as the basis for coatings for
wastewater treatment. Furthermore, Co NPs, due to their high magnetization, exhibit
a higher specific power loss than, for example, iron oxide nanoparticles, which makes them
interesting as potential candidates for use in wastewater treatment since adsorbents can be
easily separated from the solution using a magnetic separator [143].

Mahmoud Roushani synthesized magnetic cobalt nanoparticles modified with sodium
dodecyl sulfate and ligand 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol using the chem-
ical co-precipitation method. This method is easily reproducible and has a low cost, and the
diameter of cobalt nanoparticles was 100 nm. The study results proved that these mod-
ified nanoparticles could be successfully used to select lead ions, which can harm the
environment. It should be especially noted that due to the magnetic properties of the
resulting nanoparticles, they can be easily and quickly removed from the reaction system.
In addition, the authors showed the possibility of using such systems for the separation
of lead ions from other ions, which can be actively used for quantitative analysis of the
content of lead ions in various systems. Furthermore, it was found that such systems have
a high degree of regeneration, which reduces the cost of the process and allows the reuse of
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cobalt nanoparticles. The modified cobalt nanoparticles also did not retain magnetization
after removing the external magnetic field, which proved the superparamagnetic properties
of these nanomaterials [144].

Cobalt magnetic nanoparticles are a very promising material for diagnosing and
treating various diseases. For example, the heat release of these particles in an alternating
current magnetic field can be used for local hyperthermia in tumor therapy.

Matthias Zeisberger obtained magnetic nanoparticles of metallic cobalt Co (determined
by XRD) with a size of 10 nm or less. These nanoparticles had a high specific heating power,
superior to magnetic iron oxide nanoparticles [145]

This fact makes it possible to use cobalt nanoparticles in a sufficiently low concen-
tration for local therapy using a magnetic field. At the same time, due to the high rate of
specific heating power, the effectiveness of treatment will not decrease. However, for the
successful use of these samples as therapeutic agents, it is necessary to reduce the toxicity
exhibited by cobalt nanoparticles.

Laura M. Parkes et al. suggest using the magnetic properties of cobalt nanoparticles
as an MRI contrast agent. They compared the developed nanoparticles to iron oxide
nanoparticles and noted that cobalt nanoparticles look more attractive in terms of several
indicators, such as relaxation abilities. This development will increase the efficiency of
diagnostics performed using magnetic resonance methods [22].

3.5. CoNPs Toxicity

In addition to beneficial therapeutic and diagnostic properties, it is necessary to under-
stand that they will also harm the human body at this study stage of cobalt nanoparticles.
Cobalt is an important metal for humans, but it has systemic toxicity, including neuro-
logical, cardiovascular, and endocrine disorders, mainly attributable to free ionic Co (II)\
with blood concentrations of more than 300 µg/L) assumed to cause anxiety [146]—the
ability to replace iron in metalloenzymes with the formation of substituted-inert complexes.
For example, the replacement of iron with cobalt in prolyl 4-hydroxylase suppresses the
regular activity of the enzyme to activate transcription sensitive to hypoxia, which causes
hypoxia in mammalian cells [147]. Furthermore, due to the developed surface of nanoparti-
cles, they can adsorb various substances from biological media onto their surface. It has
long been known that nanoparticles of a specific size, shape, and charge can pass the
blood-brain barrier and interact with the central nervous system. This fact is significant
for the use of nanoparticles in biomedical systems. Still, the mechanisms of interaction
between nanoparticles and substances in the central nervous system are very little studied
due to the complexity of the processes. In their research, M. Nouri analyzed the effect
of cobalt oxide nanoparticles on PC-12 cell lines and found that due to the adsorption of
proteins on the developed surface of nanoparticles, the tertiary structure of tau proteins
is destabilized, and causes a more compact conformation of the secondary structure [148].
Co3O4 NPs exhibit a cytotoxic effect against PC-12 cells, which is also an essential factor
that must be considered when using these nanoparticles.

4. Conclusions

The growing interest in CoNPs has led to many complex studies on their synthesis.
It is vital for researchers to develop a simple and effective method for producing cobalt
nanoparticles and to study the key parameters that affect the physico-chemical properties of
the resulting nanoparticles. In recent years, green chemistry methods have become increas-
ingly relevant, significantly increasing the nanoparticle synthesis process’s environmental
friendliness and safety, and simplifying the scaling of processes. Cobalt nanoparticles
synthesized using solution methods can undergo further modification, for example, dop-
ing with other ions to increase their activity. This review mainly focuses on the latest
advances in synthesizing, modifying, and applying cobalt nanoparticles in catalysis, cancer
treatment, and diagnostic materials based on CoNPs. Besides the synthesis method and
applications, the review also highlights the properties of synthesized CoNPs, including
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their chemical formula and structure, and the methods of analysis, such as XRD, XPS, and
EDX methods. To elucidate the mechanisms of education, more detailed and systematic
research is required. Understanding the detailed mechanisms of nanoparticle formation
requires more serious research methods, including in situ. Currently, researchers can obtain
nanoparticles of various characteristics using similar methods and precursors. Recently,
many studies have focused on applying cobalt nanoparticles in catalysis, biomedicine,
photodynamic therapy, and as a contrast agent. Currently, there are many works devoted
to the catalysis of various processes using cobalt nanoparticles. A large-scale transition
from laboratory to industrial research is now required. Cobalt nanoparticles can be used as
a drug carrier, allowing drugs to reach affected areas of the body while keeping healthy
tissue intact. In addition, the magnetic properties can positively affect the targeting of drug
delivery. Therefore, it is necessary to pay attention to developing new formulations that
increase the effectiveness of substances at a minimum concentration and minimize side
effects. Particular attention should be paid to using cobalt nanoparticles as a contrast agent
in MRI and photoacoustic tomography, improving the comprehensive study of body tissues
and diagnosing diseases with high accuracy. Cobalt nanoparticles increase the resolution of
these methods and make it possible to study even the vessels of tumor tissues. It should be
noted that cobalt nanoparticles obtained even by green methods exhibit high cytotoxicity,
which can be used in the fight against tumor diseases. Moreover, cobalt nanoparticles have
shown high efficiency as a photosensitizer for photothermal therapy, and considering the
peculiarity of nanoparticles, they can first help in determining the localization of the tumor
and at the same time be used for treatment. This study shows the relevance and necessity of
a deep analysis of the synthesis and application of cobalt nanoparticles in various industries
since not all the unique properties of nanoparticles are currently being used.
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