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The development of modern chemistry is currently proceeding
in several priority areas including investigations focused on the
synthesis, stabilisation, and application of transition metal
nanoparticles (NPs), which are widely used in physical, chemical,
engineering, and biomedical processes. A special place among
known transition metal NPs is occupied by cobalt nanoparticles,
since they are used for highly important targets, such as

1. Introduction

Nanochemistry is one of the most actively developed areas of
modern science, which attracts increasing attention of research-
ers coming from different fields such as chemistry, physics,
biology, catalysis, and medicine."™ The discovery of the
peculiar properties of NPs, i.e. objects that have less than
100 nm in at least one dimension,® is an important step in
achieving miniaturisation in various scientific fields.”""

In particular, metal NPs have been known as colloidal metals
for a long time: the first example is colloidal gold discovered by
Faraday already in 1857 and named ruby gold for its colour."”
This ground-breaking discovery represents the birth of what is
now called “nanoscience”. Examples of applications of metal
NPs include metal catalysts "> magnetic fluids,"” heat-
resistant pigments for glasses"® and many more. The main
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creation of new catalysts, magnetic devices, composites, or
carriers for drug delivery. The selective preparation of NPs is a
difficult task that requires special conditions and has some
limitations. In this minireview, we summarise the most
successful and most efficient methods for obtaining Co NPs,
including chemical and physical aspects of their preparation.

areas of application of metal NPs are connected to their peculiar
physicochemical properties which are completely different from
the bulk material, such as the high surface area to volume ratio
(important for instance in catalysis), the surface plasmon
excitation (useful in optics) and the interaction at the interface
(applications in lubricants, coatings and so on). The wide
interest for nanomaterials in various fields of science and
industry is connected to the possibility of modifying the
properties of bulk materials during the transition to the
nanocrystalline state. The famous scientist Feynman said “As we
go down in size, there are a number of interesting problems
that arise”;"”” nanotechnology is meant to face these problems
and to create new nanomaterials from the corresponding bulk
matter."®? Future scientific and technological progress is
characterised by an increase in the possibilities of manipulating
matter at ultra-small scales, within the limits of nanometre
range.””

A plethora of different methods have been investigated for
the selective preparation of various nanostructured compounds
and materials with desirable properties.”*” These methods can
be of various nature, such as physical, chemical, electrochem-
ical, biochemical and others. In recent years, there has been a
significant increase in the number of publications devoted to
the synthesis of transition metal NPs, in particular Co NPs. This
is due to the advent of new physical methods, which allow to
obtain previously unavailable information, as well as the search
for new areas of application of these nano-objects in elec-
tronics, optics, surface engineering, chemistry and medicine. In
our minireview, we summarise the methods for obtaining
cobalt nanoparticles including relevant chemical and physical
aspects, and the most important of them are mentioned in
Table 1.

2. Transition metal nanoparticles

Nanoclusters, composites, and materials based on transition
metal NPs are obtained with a wide range of practically useful
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properties.®™ From the viewpoint of creation of new

technologies, transition metal NPs occupy a special place
among other nanosized particles. They are of great interest due
to their peculiar catalytic,“*>” magnetic,”®*" mechanical,®”
optical,®®”" electronic,”>”¥ and biological””® properties. Most
of these applications require chemically stable, well-dispersed,
and uniform-sized particles, hence the rapid development of
methods for the synthesis of metal NPs.®**% |n particular, NPs
of 3d metals have found application in engineering, chemical
and  petrochemical industries, aviation, and space
technology.® 2 The research in this field is associated with the
discovery of very interesting and practically useful chemical and
physical properties of iron, cobalt, and nickel NPs.”*¥ The
uniqueness of these metal NPs is primarily related to their
magnetic properties,”*'*® which are influenced by many
factors, such as chemical composition, type of crystal lattice and
its defects, size and shape of the particles, morphology,
interaction with the ambient matrix and neighbouring
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particles.'%'% Thus, the magnetic properties can be controlled
by changing the size, shape, composition and structure of the
NPs.'®""  Currently, magnetic metal NPs are used for
microelectronics,"'*" optical devices and sensors,"*""7 re-
cording and storing information systems,"'®"'¥ and magnetic
cooling systems.' Additionally, thanks to their biocompatibil-
ity, their response to an external magnetic field, and their size,
which is comparable to that of biomolecules, magnetic NPs are
suitable for theranostic applications. Thus, they can serve both
for diagnostics (for instance in magnetic resonance imaging as
contrast enhancement) and therapeutics, as magnetically
controlled delivery of anticancer drugs and in hyperthermia
treatment for localised cancers."”” It is worth noting the
importance of using metal NPs in catalysis. Thus, transition
metal NPs are widely used to produce catalysts with almost
100% selectivity, extremely high activity, low energy consump-
tion, and long lifetime. Increased selectivity and activity of the
catalysts based on NPs are achieved by controlling the pore size
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Table 1. Summary of the main methods for preparation of cobalt nanoparticles.
Method Size Starting materials Conditions Remarks Ref.
observed
Physical methods
y-Radiolysis 5-6 nm CoSO,, Al,O; y-Radiolysis: ®°Co source at dose Co NPs showed superparamagnetic  [186]
rate of 20 Gymin™', T=100°C, behaviour at room temperature be-
2h cause of their small size and under-
went ferromagnetic ordering at low-
er temperatures —268 °C.
Femtosecond laser 11-30 nm Pure disk bulk target of Co Femtosecond laser, processing Co NPs growth without using sur- [187]
ablation and frag- (99.9% pure, 4 mm), n- time of 4 or 60 min factants occurs from light absorp-
mentation hexane, diethyl ether, tion by the colloids through diffu-
toluene, 2-propanol, sion coalescence and can be
acetone, methanol controlled by the solvent polarity,
the processing time, and the laser
power.
Pulsed laser 4 nm Co,(CO),, OA, TOPO, Q-switched Nd:YAG laser: pulses The size and the size distribution of  [188]
irradiation 1,2-dichlorobenzene with a width of 5 ns at a repeti- the Co NPs could be controlled by
tion rate of 10 Hz and a wave- adjusting certain reaction condi-
length of either 355 or 266 nm, tions, such as the ligand concentra-
30 min tion and the wavelength of light.
Laser irradiation 5nm (100) oriented p-type silicon  Laser power of 0.05 W and two A clear hysteresis in the capaci- [189]
wafers, SiO,, thin Co layer scan numbers tance-voltage (C-V) curve was ob-
served due to the charging effect in
the Co NPs in the C-V curve.
According to this property, Co NPs
in gate oxide can be used in the
development of non-volatile memo-
ry devices.
Magnetron 15-60 nm p-type Si (001) substrates, Co  Direct current power at 50 W, NPs can be obtained from magnet-  [193]
sputtering target (99.95 % purity) room temperature ron sputtering under positive bias
conditions, where both temperature
rise and electron charging effects
efficiently limit the NPs growth and
make the nanoparticle array more
uniform.
Plasma discharge and  4-70 nm Cobalt plate (size Electric plasma discharge, ultra- The size of Co NPs was dependent [194]
ultrasonic treatment 10%x 15%3 mm, purity sonication, T=460-600 °C. on the annealing temperature, in
99.93 %), cobalt electrode particular their size range increased
tips (length 7 mm, purity due to sintering from 4 to 50 nm in
99.8 %), ethanol the hcp crystal structure of a-Co,
and from 5 to 70 nm in the fcc
crystal structure of 5-Co after an-
nealing at 460-600 °C.
Electrospinning and 20 nm Polyacrylonitrile, cobalt(ll) Electrospinning conditions: posi- Co/N-CNFs with solid and macro- [195]
annealing acetylacetonate, DMF, tive high pressure of 15 kV, neg- porous structures showed excellent
NaOH, NH;-H,0, ethanol, ative high pressure of —3 kV, ferromagnetic properties at room
ethyl orthosilicate receiving distance of 18 cm, feed ~ temperature.
rate of 0.08 mLmin~’
Thermal decomposition
Decomposition in the 1.6 nm [Co(COE)(COD)], PVP, THF T=0, 20, and 60°C, H, or CO Co NPs showed superparamagnetic  [174]
presence of a reactive (300000 Pa) behaviour, and the magnetic mo-
gas (H, or CO) ment per atom appeared to be
significantly larger than the value
known for bulk cobalt due to mag-
netic surface effect.
Gravitation differen- 5-20 nm Co,(CO)g, toluene, n-hexane,  Externally ultrasonically dispers- The self-assembly of prepared Co [196]
tial fast-drying and Na(AOT) ing, T=120°C,5h NPs results in a transition from
thermal decomposi- superparamagnetic cobalt NPs to a
tion under an applied ferromagnetic whisker structure.
magnetic field
Pressure drop-in- 6-140 nm Co,(CO)g, n-dodecane, OA, T=170°C, CO pressure: 1.3, 2.3, The variation of the CO pressure [197]
duced decomposi- trioctylamine 3.2,4.5, and 5.5 bar provides a means not only for fine-
tion tuning the size but also to study
how the supersaturation affects nu-
cleation rates.
Rapid pyrolysis in 3-17 nm Co,(CO)g, anhydrous o-di- T=181°C Co NPs arrange in hexagonal arrays  [198-
inert atmosphere chlorobenzene, OA, TOPO, on slow evaporation of solvent from  200]
n-hexyl phosphonic acid a concentrated solution and are
stable in air over months.
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Table 1. continued

Method

Size
observed

Starting materials

Conditions

Remarks

Ref.

High-temperature
thermal decomposi-
tion

Post-reductive
annealing process

In situ thermal
decomposition in ILs

Decomposition in
imidazolium-based
ILs

“Hot injection”
method

Decomposition under
H, in imidazolium-
based ILs

Melt infiltration proc-
ess and thermal
treatment

Thermal decomposi-
tion

One-pot pyrolysis

High temperature
treatment with
hydrogen

Size-control synthesis
inside of hollow
carbon spheres

Thermal decomposi-
tion using N-doped
carbon nanoshells

6-8 nm

10+1 nm

534+22 nm

and
79+17 nm

5-8 nm

3-10 nm

<5nm

15 nm

8-200 nm

6-50 nm

1-8 nm

5-44 nm

20 nm

Co,(CO),, TPP, OA, dichloro-
benzene, n-heptane, ethanol

Co,(CO)g, 1,2,3 4-tetrahydro-
naphthalene, OA, dioctyl-
amine, Ketjen carbon

Co,(CO)s, [DMII[FAP],
[DMI]INTF,], n-hexane

Co,(CO)g, [BMIJINTH,],
[DMI][BF,], [TDMI][NTf,], n-
hexane

Co,(CO)g, o-dichlorobenzene,
OA

[Co(COE)(COD)], [BMI]INTF,],
[TDMIJINTF,]

Co(NO,),-6H,0, y-alumina
powder

Co(OAc),-4H,0, TOP, OAm,
OA, 2-pyrrolidinone

Co(NO,),-6H,0, melamine,
polyacrylonitrile, DMF

SWCNT, cobalt(ll) acetylacet-
onate, dichloromethane

PS-b-PAA, Co(NO,),,
hydrazine, ethanol, resorci-
nol, formaldehyde, CTAB

Co(NO,),-6H,0, 1,4,7,10-tet-
raazacyclododecane, dicyan-
diamide, perchloric acid

T=200-220°C, centrifugation

T=600°C, Ar+H,(5%), 1 h

T=150°C, stirring 250 rpm

T=150°C, 20-40 min

T=168-182°C

T=100°C, H, (300000-
400000 Pa), 4 h

T=450°C in a hydrogen flow

T=260°C, 90 min, flushing with

high-purity N, gas

T=700, 800, and 900°C

T=300, 400, and 500°C, ultra-
sonication

T=600°C, 10°Cmin~", 2 h

T=700-900°C, 1 h

Annealing the NPs at 500 °C under
Ar + H,(5%) for 3 hours converts the
particles from &-Co to fcc-Co. The
magnetic properties of the &-Co NPs
depend on the size.

Co NPs are active and durable for
OER due to electron conductivity of
the metallic core. The catalyst based
on Co NPs assembled into a mono-
layer array on the working electrode
exhibited 15 times higher TOF and
mass activity than the Co NPs
deposited on conventional carbon
black.

The diameter of the Co NPs is
53+22 nm and 79+ 17 nm for the
samples prepared in [DMI][FAP] and
[DMI]INTF,], respectively, by TEM
analysis. IL forms a protective layer
around the metal NPs and prevents
its oxidation, as was confirmed by
XRD analysis.

The size of the Co NPs was con-
trolled by the choice of counter
anion of the IL: Co NPs with size of
45+0.6 nmand 7.7+ 1.2 nm were
prepared by decomposition of an
organometallic precursor in
[DMI[BF,] and [BMIJ[NTf,], respec-
tively.

The formation of Co NPs was con-
trolled by the temperature of the
hot OA solution into which the Co
precursor was injected.

The synthesised Co NPs adopt the
non-compact and metastable struc-
ture of &-Co that converts to stable
hcp-Co at room temperature.
[BMI][NTf,] is a more efficient stabil-
iser of the NPs.

The catalyst based on Co NPs
showed CO conversions up to 76 %
with high hydrocarbon productivity
and good stability in Fischer-
Tropsch synthesis.

The size of Co NPs was controlled
by using various surfactant combi-
nations of TOP, OAm and OA.

Co NPs prepared at 900 °C have a
very high number of active sites;
this feature in conjunction with the
mesoporous fluffy mCN structure
that facilitates a high dispersion of
Co NPs contributes to an enhanced
catalytic activity in hydrogenation
of nitroarenes.

The size and shape of Co NPs were
controlled by varying the temper-
ature at which the hydrogen treat-
ment takes place.

Concentration of PAA in polymer
and composition of the Co NPs
(variation between Co, CoO and
Co;0,) influences the size of Co NPs.
The morphology and properties of
Co NPs can be regulated by the
pyrolysis temperature. Catalyst
Co@N-C-800 showed bifunctional
catalytic activities for ORR and OER.

[201]

[202]

[205]

[206]

[207]

[208]

[210]

[211]

[213]

[215]

[216]

[217]
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Table 1. continued
Method Size Starting materials Conditions Remarks Ref.
observed
Synthesis on porous - Co(NO;),-6H,0, hydrazine, T=180, 300, and 500°C Co NPs were stabilised by the amine  [218]
organic polymers ethylene diamine, cyanuric groups of the porous organic poly-
chloride, 1,4-dioxane mers. Co-EPOP-based electrocata-

lysts showed effective electrocata-

lytic activity in water-splitting

reactions. For instance, HER activity

of the catalysts followed the order

Co-EPOP-500 > Co-EPOP-300 > Co-

EPOP-HT > Co NPs.
Hydrothermal and solvothermal syntheses
One-pot synthesis by ~ 30-75 nm OMC, Co(NO,),-6H,0, T=100°C for 10 h, The catalyst based on CONPs@OMC  [220]
combination of hy- formaldehyde, hydrochloric ~ T=600°C for 3 h has good cycling stability for the
drothermal and car- acid hydrogenation reaction of p-nitro-
bonisation reactions phenol and nitrobenzene and also

showed good catalytic selectivity

for C5 hydrocarbons in the Fischer-

Tropsch synthesis.
Solvothermal method  10-50 nm Co(NO,),-6H,0, supercritical  T=200-400°C, 300 bar, 30 s to Methanol was used as reaction [221]
in supercritical methanol 15 min medium and as reducing agent. The
methanol obtained Co NPs showed a ferro-

magnetic behaviour according to

SQUID measurements.
Reductive supercriti-  no Co(OACc),-4H,0, methanol, T=340-420°C, 221 bar Co NPs were highly crystalline and [222]
cal hydrothermal information  formic acid exhibited little surface oxidation.
process The synthesis of NPs proceeded via

two tandem reactions, the forma-

tion and follow-up reduction of

cobalt monoxide.
Reduction by borohy- 6-123 nm CoCl,-6H,0, NaBH,, graphite  Room temperature, T=90°C, The cube-shaped Co-RGO (10 nm) [223]
dride on RGO sheets powder, 0.6 T magnetic field were prepared by the hydrothermal
in aqueous medium method at non-equilibrium condi-

tions at 90°C, spherical Co-RGO

(6 nm) by the co-precipitation

method at room temperature, and

rod-like Co-RGO (123 nm length,

6 nm width) by an applied magnetic

field with co-precipitation. All syn-

theses were carried out without any

surfactant or capping agent.
Reduction of cobalt salts
Reduction with boro-  2-11 nm CoCl,, LiBEt;H, dioctylether, Room temperature, T=100 and The growth and steric stabilisation [227]
hydride THF, OA, TOP 200°C of the Co NPs were controlled by

the combination of OA and TOP.

The &-Co structure was transformed

to the hep structure by annealing

the NPs at 300°C.
Reduction in the 6 nm CoCl,-6H,0, NH;-H,0, DMF T=160°C, 12 h DMF was used as solvent and [229]
presence of NH;-H,0 reducing agent for producing Co
and DMF NPs with narrow size distribution.
Reduction using 1,2- 15-20 nm Co(OAc),-4H,0, OA, diphen-  T=250°C, 30 min The strong interaction between OA  [230]
dodecanediol as yl ether, 1,2-dodecanediol and Co NPs resulted in a covalent
reducing solvent at Co—0 bond which enhanced the
high temperature stability of the metal colloid.
One pot synthesis by  7.8-9.2nm  CoCl,-6H,0, TPP, NaBH,, OA  T=190°C OA acts both as the reducing agent, [231]
OA solvent and surfactant. Co nano-

spheres or Co nanorods (hcp) can

be prepared by varying the reaction

time.
Reduction by 30-70 nm CoSO,, hydrazine, NaOH T=70°C The size of the Co NPs determined [233]
hydrazine in alkaline by TEM was 50-70 nm, but XRD
medium analysis by the Scherrer formula

gave a size around 24-49 nm.
Reduction by 400 nm CoSO,-7H,0, hydrazine, T=25and 80°C,1-2 h Citric acid influenced the reduction [234]
hydrazine in the pres- citric acid reaction and the formation of hcp
ence of citric acid Co NPs predominantly.
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Table 1. continued
Method Size Starting materials Conditions Remarks Ref.
observed
Reduction by 200- CoCl,-6H,0 or CoSO,-7H,0,  Room temperature The fcc and hcp phase of Co NPs [235]
hydrazine in ethanol/ 230 nm hydrazine, NaOH, ethanol were obtained. The latter grew
alkaline medium more regularly and larger, and the
coercivity of the sample increased
from 480 to 680 Oe by heating at
200°C for 2 h.
Reduction by borohy- 5-10 nm CoCl,, NaBH,, cellulose filter =~ Room temperature, 5 h The heterogeneous catalyst based [236]
dride on natural poly- paper, chitosan on Co NPs was tested in the hydro-
mers genation of 2,6-dinitrophenol. The
catalyst proved to be efficient and
stable after four consecutive runs.
Reduction by borohy- 30 nm Co(NO,),-6H,0, NaBH,, Room temperature, 30 min Heterogeneous catalyst based on [237]
dride on a starch starch, citric acid starch hydrogel-loaded Co NPs
hydrogel showed high catalytic activity in the
hydrogen production from hydroly-
sis of NaBH, which was maintained
over five catalytic runs.
One pot process by 3nm CoCl,, NaBH,, nitrophthaloni- T=40 and 160°C, 22 h (prepara-  The TAP stabilised and prevented [238]
using phthalocyanine trile, ammonium molybdate, tion of cobalt tetraminephthalo- oxidation of Co NPs for a week. This
macrocycle urea, Na,S-9H,0, DMSO, cyanine), T=4-10°C, 30 min agent was more efficient in the
n-pentanol stabilisation of Co NPs in compar-
ison with common capping agents
and in preventing the formation of
a surface oxide layer.
Synthesis in colloidal ~ 5.5-5.8 nm  CoCl,, NaBH,, AOT, TOP, Room temperature The magnetic properties of Co NPs [239, 240]
assemblies pyridine are strongly dependent on the self-
organisation of nanocrystals. The
collective properties of 2D networks
of Co NPs are determined by the
dipolar magnetic interaction be-
tween adjacent particles.
Synthesis in micellar ~ 6-8 nm Co(OACc),, lauric acid, NaBH,,  Room temperature The reducing agent modified the [241]
system Na(AOT) nucleation and growth processes of
formation of Co NPs. The low con-
centration of NaBH, and the struc-
tural and chemical properties of the
micellar system led to production of
small size 6-8 nm polydisperse Co
NPs.
Reduction by borohy- 4.7 nm CoCl,, NaBH,, ethanol, OA Room temperature The oxidation and the formation of ~ [242]
dride in nonaqueous cobalt borides were minimised by
solution using ethanol as medium in the
reduction reaction.
Reduction by borohy- 20-100 nm  CoCl,, NaBH,, tetraglyme, T=200-270°C, Ar+H,(5%), Crystalline hcp Co NPs with high [243]
dride in tetraglyme OA, OAm, PVP 30 min saturation magnetisation (143 emu
g") and with a moderate coercivity
of 500 Oe were obtained by this
method.
Reduction with boro- 50 nm CoCl,-6H,0, NaBH,, y-AlLO;,  T=500°C, Ar flux, sonication, The nanocatalyst based on Co NPs [244]
hydride by deposi- cyclohexane T=1300°C (to produce a-Al,O, was applied for the production of
tion on a-Al,0, from y-Al,0;) hydrogen and gave satisfactory re-
sults.
Reduction in aqueous 5-6 nm CoCl,-6H,0, NaBH, Room temperature, mechanical The unsupported Co NPs showed [246]
solution stirring, Ar flux catalytic activity in the HER reaction
by producing H, with 90% yield at
500°C.
Synthesis by two re- 50-70 nm CoCl,-6H,0, NaBH,, L-AA, Room temperature Co NPs without any specific ag- [247]
ducing agents MWCNTS (95 % of purity), glomeration on the surface of
polyvinylidene fluoride MWCNTSs were prepared by a facile
and green method using NaBH, and
L-AA. Catalytic membranes incorpo-
rating Co NPs could be used as
efficient catalysts for reduction of p-
nitrophenol to p-aminophenol.
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Table 1. continued

synthesis

(2ecmx5cmx1 mm), Pt
cathode

(2cm x5 cmx 1 mm), tetra-
butylammonium nitrate,
acetonitrile, OA, TPP

T=20°C, 90 min

by variation of the current density.
Co NPs were protected by a combi-
nation of surfactants such as OA
and the ligand TPP, which strongly
interact with Co surface atoms.

Method Size Starting materials Conditions Remarks Ref.
observed
Thermal decomposi- 3-8 nm (i) Co,(CO)g, 1,2-dichloroben- (i) T=180°C, centrifugation; Co NPs with 6-8 nm size were [248]
tion (i), polyol proc- zene, TOPO, OA; (i) T=250°C, 30 min, centrifuga-  prepared by thermal
ess (i), reduction of (i) Co(OACc),, 1,2-dodecane- tion; decomposition (i). In the polyol
cobalt salt by borohy- diol, diphenyl ether, OA; (iii) Room temperature, centrifu- process (ii), working at high temper-
dride (iii) (i) Co(OAc),, NaBH,, OA, gation atures, undefined-shape Co NPs
ethanol were formed. In the reduction
method (iii) with NaBH,, the reduc-
ing agent has a key role in the size
distribution of the Co NPs.
The polyol process
Reducing the metal 50-200 nm  Co(OAc),-4H,0, CoCl,-6H,0, Room temperature, Accelerating the oxidation reaction [254]
ions in polyol EG or trimethylene glycol, T=180-200°C of EG enhanced the reaction due to
NaOH presence of OH™ ions. The reduced
form cobalt alkoxide or cobalt
hydroxide plays a decisive role in
determining the physical properties
of the Co NPs.
Microwave polyol 40 and Co(OAc),-4H,0, OA, NaOH, T=165-185°C, microwave power The saturation magnetisation was [256]
process 81 nm PdCl,, polyacrylic acid, PVP, at 800 W, 240 s 39.1 and 29.5 emug™' for Co NPs
ethanol with a size of 40 and 81 nm,
respectively, because the total mag-
netic moment per atom is enhanced
with decreasing particle size.
Polyol process using ~ 35-200 nm  Co(OAc),, EG, hydrazine, PVP  T=185-190°C, 30 min Co NPs with an average size of [257]
a hydrazine complex 35 nm showed the highest coerciv-
ity (109 Oe). The size of NPs was
controlled by varying the concen-
tration of PVP.
Size-controlled 1.8-28 nm  CoCl,-6H,0, EG, PVP,NaBH, = T=7-100°C, 1 h, intensive mag-  The size of Co NPs depended on the [259]
synthesis netic stirring temperature and increased with the
increase of reduction temperature.
Facile low-tempera- 2-7 nm CoCl,-6H,0, EG, N,H,, NaOH  T=80°C, 1 h, stirring 420 rom EG was used as both solvent and [253]
ture synthesis protective agent.
Polyol process using 18-38 nm Co(OAc),-4H,0, 1,2-butane-  T=175°C, stirring 0-400 rpm The stirring rate has a significant [260]
long-chain carboxy- diol, RuCl;:xH,0, NaOH mi- impact on the shape and size of Co
lates cro-pearls, dodecanoic acid NPs. The intensity of mechanical
agitation has a remarkable effect on
morphology and influenced the
structure and magnetic properties
of Co NPs.
One-step seed-medi-  15-50 nm Co(OAC),-4H,0, RuCl;:xH,0,  T=175 or 215°C, 10-30 min Co NPs showed different shapes [261]
ated synthesis IrCl;-xH,0, NaOH, 1,2-buta- such as rods, platelets and hour-
nediol or 1,2-propanediol, glass-like particles which could be
dodecanoic acid, palmitic tuned by varying the seed (RuCl,,
acid IrCl;) structures.
Synthesis in aqueous  2-75 nm CoCl,-6H,0, H,0, EG, CTAB, Room temperature, T=197°C The reduction by NaBH, led to the [262]
media and EG system NaBH,, hydrazine, sodium formation of quasi-monodispersed
citrate, OA Co NPs of size 2 nm but with some
impurities. In the presence of
hydrazine (mild reducer), Co NPs
have larger size and are organised
in spherical microagglomerates.
Electrochemical methods
Electrochemical 2-10 nm Co anode (sacrificial elec- DC, current density 1 mAcm ™2, Co NPs were prepared by the proc-  [269]
synthesis trode), two Pt cathodes, Pt room temperature ess based on anode oxidation with
pseudo-reference electrode, migration of the generated cations
(n-Oct),NBr, THF, acetonitrile to the cathode, which reduced
them to the zero oxidation state
and formed metallic atoms ad-
sorbed on the surface and stabilised
by capping agent (electrolyte).
Electrochemical 2-5nm Co anode DC, current density 1-5 mAcm™2,  The size of Co NPs was controlled [270]
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Table 1. continued
Method Size Starting materials Conditions Remarks Ref.
observed
Electrodeposition 30-70 nm Pt wire (counter electrode), DC, potential range from —1.0 V An effect of amount of electric [271-
onto aluminium foils Ag/AgCl (reference elec- and —1.35V,T=25+0.01°C charge on the size of Co NPs was 274]
trode), Al foils 0.5 cm? area observed. An increase in the mean
(working electrode), size of Co NPs occurred when the
CoSO,-7H,0, NasO,, H;BO; amount of the electric charge was
changed from 10.60 to 52.3 mC.
Mediated 5-30 nm Co(BF,),-6H,0, anthracene, DC 25 mA, potential —2.3V, Co NPs were synthesised by using [275]
electrosynthesis Bu,NBF,, Bu,NCl, DMF, co- room temperature anthracene as a mediator in the
balt plate 4.2 cm? electrolysis at the potential of
anthracene reduction to the radical
anion in aprotic DMF and generat-
ing [CoCl,]*~ ions by dissolving the
bulk cobalt anode.
Electrochemical 9-10 nmin  CoBr,, bpy, DMF, cobalt DC 16 mA, room temperature, Superparamagnetic cylindrical Co [276]
reduction diameter anode (3.0 cm, d=1.0 mm) 30 min NPs were prepared due to the
and 30- disproportionation reaction of the
32 nmin electrochemically generated
length cobalt(l) mononuclear complexes.

and the characteristics of the used nanoparticles."”? All these
aspects explain the great interest of specialists belonging to
different fields towards transition metal NPs.['2-12°!

3. Properties of cobalt nanoparticles

Co NPs have received special interest among 3d metals. Cobalt
is widely and diversely used in various chemical areas,"*
biology"™” and medicine,"*® which are associated with the
remarkable properties of this metal, its alloys and salts. It is
noteworthy that cobalt has been used in the production of
various industrially important alloys,"* batteries, """ pig-
ments, and colours. Thus, cobalt is used widely as one of the
metals needed to create hard permanent magnets with high
coercivity, such as the aluminium-nickel-cobalt (Al-Ni—Co,
“Alnico”) alloy series. Alnico magnets are used in motors, hard
disk drives, and sensors.**3*' Magnetic resonance imaging
(MRI) is another example of an application for these magnetic
alloys."**"3 Presently CoNPs are the most important and very
efficient NPs in catalysis. Powdered cobalt, its oxides, salts and
complexes have found application either as homogeneous or
heterogeneous catalysts in fundamental chemical processes (for
instance hydroformylation of olefins, Fischer-Tropsch reaction)
and in petrochemical industry (hydrodesulfurisation of
0il).**1531 Another important application is related to the use of
the artificially obtained radioactive isotope *°Co as a source for
generation of high energy gamma rays to perform the radiolysis
of water in the radiolytic syntheses of transition metal NPs on
supports."* This approach has the advantage to be clean, since
it avoids the formation of by-products and has refined control
on shape and size of NPs. Additionally, ®Co is used for
sterilisation of medical equipment"* and radiography.*® From
the viewpoint of biological function, cobalt plays an important
role as the metal centre in vitamin B;,. This notwithstanding,
excessive exposure causes a variety of adverse health effects.™”
Therefore, it is important to monitor the concentration of cobalt
in various forms in the human body, atmosphere, soil, etc.
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However, this does not diminish high interest towards cobalt
due to its unique properties and many applications.

However, it is worth noting that the remarkable properties
of cobalt have become even more interesting by the discovery
of unusual physical and chemical properties of Co NPs,
associated with the presence of the so-called “quantum size
effects”. These effects are caused by the fact that the density of
states in the valence band and in the conduction band changes
markedly with a decrease in size and the transition from a
macroscopic body to the scales of several hundred or several
thousand atoms. It affects the electrons, and thus primarily
magnetic and electric properties. The “continuous” density of
states, typical of matter in the bulk, is replaced by discrete
levels which depend on the particles’ size and on the distances
between them.'* Another important property affecting the
physical and chemical properties of NPs as their size decreases
is the increase of the relative share of “surface” atoms under
different conditions (coordination number, symmetry of the
local environment and others). A serious change in the proper-
ties of “surface” atoms occurs and as a consequence, the
interaction between atoms located on the surface and atoms
inside the particle also changes, which can lead to a
fundamental change in physical properties.”* For instance,
cobalt nanoclusters have shown an enhancement of magnet-
isation compared to bulk cobalt due to the enhanced magnet-
isation of surface atoms as a result of their small size. Another
important point related to the magnetic properties are the
allotropic forms of metallic cobalt. There are three well-known
allotropes: anisotropic high-coercivity hcp-Co (hexagonal close
packed), which is the stable phase at room temperature,
symmetric low-coercivity fcc-Co (face-centred cubic), stable at
temperatures above 450°C, and pseudo-cubic &-Co." In
addition, Co NPs with a size up to 20 nm are single-domain
particles with quantum size effects, large magnetic anisotropy,
quantum tunneling of magnetisation, and
superparamagnetism.'®" It should be noted that the metastable
phase &-Co displays properties between the hcp and fcc phases
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which is of high interest for creating functional nanomaterials
with useful properties. Co NPs have found applications in
biomedicine, as they have an intrinsic advantage in drug
delivery and magnetic resonance imaging,'®? thanks to their
magnetic properties. Typically, magnetic Co NPs are coated
with surfactants (i.e. oleic acid) and polymers (i.e. dextrin,
polyethylene glycol) to enhance biocompatibility, provide
functionality and prevent agglomeration."® Thus, nanoscale Co
particles offer a new step in the discovery and deepening of the
practically significant properties of this metal.'®”

4. Preparation of cobalt nanoparticles

Many different methods for the synthesis of monodispersed Co
NPs have been proposed. This variety can be summarised in
physical methods (Section 4.1), chemical methods (Sections 4.2,
4.3, 4.4, and 4.5) and electrochemical methods (Section 4.6).

The chemical methods, which include thermal decomposi-
tion, hydrothermal synthesis, and the polyol process, are based
on the reduction of the most suitable precursor, usually various
inorganic, organic, or organometallic cobalt reagents. These
procedures have the advantage to be relatively simple and do
not require special equipment, while this is not the case for
physical methods. In particular, the reduction of cobalt salts in
solution is less expensive and fast, and thus highly desirable for
future applications and large-scale production. In most cases,
the synthesis of transition metal NPs by simple reduction of
metal salt precursors proceeds under environmentally friendly
conditions, which constitutes a primary task in the development
of safe technologies.

Doing a brief historical survey, the study of nanoscale cobalt
particles began in the 1970s. In the first publications, Co NPs
were defined as “ultra-dispersed” particles. In 1977, Hayashi and
coworkers produced ultrafine particles (UFPs) by gas-evapora-
tion technique. They obtained Co particles in the size range of
20-200 nm."*®! Kajiwara and coworkers"® prepared ultrafine
particles, 20-500 nm in diameter, by a “hydrogen-plasma-metal
reaction” method. The UFPs were produced by forced evapo-
ration of a button-shaped mother alloy, which was arc melted
with 260 A and 22-25V in an argon/hydrogen mixture (1:1 by
volume) at 0.1 MPa. At the same time, methods for preparing
Co NPs by chemical reduction have been developed. Thus,
Fievet and coworkers"®” described the polyol process for the
preparation of micron and submicron size Co particles. Yiping
and coworkers synthesised UFP of cobalt having diameters in
the range of 5-120 nm by reduction of metal halide solutions in
bis(2-methoxyethyl) ether (diglyme) with lithium metal. Addi-
tionally, they observed that the size was dependent on the
reaction temperature."®® Klabunde and coworkers studied the
reduction of CoBr, with NaBH, in diglyme"® and in water""”” to
obtain monodisperse ultrafine Co particles. A different proce-
dure was followed by Chen and coworkers"”” who used the
microemulsion method for the preparation of Co NPs with
average diameters of 1.8 to 4.4 nm. Functionalised reverse
micelles have been used by Pileni and coworkers to synthesise
Co NPs having different size and shape."’? Becker's group
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worked extensively with transition metal cluster colloids."”

They could synthesise cobalt clusters containing about
1000 atoms with a narrow size distribution, via electrochemical
reduction of cobalt ions produced in an undivided electro-
chemical cell by anodic dissolution of a sacrificial cobalt anode.

Since the early 1980s, one of the main targets has been to
prepare very small Co NPs with a narrow size distribution. In
this regard, Chaudret and coworkers proposed a successful
route, by thermal decomposition of an organometallic
precursor,"’#'7 see Section 4.2.

Recently, other methods for producing Co NPs have been
developed,"”®"”” for instance mechanosynthesis, which refers to
reactions induced by mechanical processes, such as milling or
grinding. The advantage of performing reactions directly
between solids excludes organic or aqueous solvents, which
can lead to side reactions and have to be removed at the end
of the process.'”® " QOther techniques involve sonochemical
synthesis of Co NPs,"®"'®2 and the above-mentioned electro-
chemical synthesis.["®3-8

4.1. Physical methods

A typical feature of physical methods is the production of
particles by the so-called “top-down” approach, which is
opposite to chemical methods characterised by a “bottom-up”
approach, namely production of NPs from single atoms. The
physical methods are nowadays widely used for the preparation
of metal NPs, and one of the most common methods is laser
ablation.

In the 1990s, Kulshreshtha and coworkers prepared
nanosized cubic Co particles in three different forms by y-
radiolysis of a CoSO, solution: as an aqueous sol, as a self-
supporting powder and dispersed on the surface of Al,O; The
particles of the Co sol exhibited a fcc structure with an average
crystallite size of 5-6 nm. Interestingly, they showed super-
paramagnetic behaviour at room temperature because of their
small size and underwent ferromagnetic ordering at lower
temperatures (T=—-268°C).

The synthesis of Co NPs by femtosecond laser ablation and
fragmentation was described by Boyer and Meunier (Fig-
ure 1)."%” The authors studied the influence of the solvent and
other reaction parameters on the synthesis of Co NPs avoiding
the use of surfactants. Solvent polarity, processing time and
laser power were key parameters for controlling the growth of
the NPs.

Thanh and coworkers"® reported the synthesis of Co NPs
with a diameter of 4 nm by using pulsed laser irradiation to
decompose dicobalt octacarbonyl Co,(CO); in a solution
containing trioctyl-A>-phosphanone (TOPO) as stabilising ligand.
The size of the NPs could be controlled by varying the ligand
concentration and the wavelength of the laser light. Producing
Co NPs with such a small size is very appealing for biomedical
applications, since this size allows the rapid renal clearance
from the body and thus avoids any possible toxic effects of
prolonged exposure to Co.

[186]

188]

© 2021 The Authors. European Journal of Inorganic Chemistry published
by Wiley-VCH GmbH


https://www.yakhvarov.com

Chemistry
Europe

European Chemical
Societies Publishing

Minireviews

Eur]JIC . ..
doi.org/10.1002/€jic.202100367

European Journal of Inorganic Chemistry
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Figure 1. Process for preparation of Co NPs by femtosecond laser ablation
and fragmentation. Reproduced from ref. [187], Copyright (2012), with
permission from the American Chemical Society.

Co NPs were uniquely fabricated by using a laser irradiation
technique by Hong and coworkers."® In this way, Co NPs with
a narrow size distribution (around 5nm) were efficiently
fabricated and embedded in SiO, (Figure 2). Capacitance-
voltage (C-V) electrical measurements were conducted on the
fabricated device, and a clear hysteresis in the C-V curve was
observed due to the charging effect in the Co NPs. Thus, laser
irradiation is one of the most efficient processes for formation
or insertion of metal NPs into gate oxides, which is relevant for
the development of non-volatile memory devices."**'"

Besides laser ablation, either using a continuous wave or a
pulsed beam laser, another common method to produce NPs is
the magnetron sputtering. In this process, a target or a metal
precursor is bombarded with a plasma (energetic ions of inert
gases, such as argon or helium), and the forceful collision of
these energetic ions with the target ejects metal atoms which
are then deposited on the substrate material forming a metallic
film."® In this regard, Chung and Liu demonstrated that high
purity Co NPs (99.95%) ranging from a few to tens of nm in
diameter can be easily prepared by direct current (DC) magnet-

Figure 2. Structural images of Co NPs measured by scanning electron
microscopy (SEM) (A), atomic force microscopy (AFM) (B), and transmission
electron microscopy (TEM) (C). The TEM image shows a cross-section of the
sample consisting of SiO, (3 nm)/Co NPs (4.5 nm)/SiO, structures on Si
substrate (20 nm). Reproduced from ref. [189], Copyright (2007), with

ron sputtering on p-type Si substrates at
temperature.'™

An advanced and cost-effective synthesis was successfully
realised by Qin and coworkers who developed a protocol for
the preparation of Co NPs encapsulated in graphitic shells. The
synthesis was carried out by using an electric plasma discharge
generated in an ultrasonic cavitation field of liquid ethanol,
followed by separation, drying and annealing of NPs in a tube
furnace at 460 or 600 °C. The size of Co NPs was dependent on
annealing, in particular their size range increased due to
sintering from 4 to 50 nm in the hcp crystal structure of a-Co,
and from 5 to 70 nm in the fcc crystal structure of 3-Co after
annealing at 460 or 600 °C correspondingly (Figure 3).'*"

The groups of Sun, Liao and Zhang carried out in situ
preparation of Co NPs deposited in N-doped carbon nanofibres
(Co/N-CNFs) by electrospinning and annealing. In detail, the
nanocomposites are synthesised by carbonisation of electro-
spun polyacrylonitrile/cobalt acetylacetonate nanofibres in an
argon atmosphere. The solid Co/N-CNFs have lengths up to
dozens of microns with an average diameter of ca. 500 nm and
possess abundant Co NPs that have an average size of about
20 nm and are located on both the surface and within the
fibres. The phase composition and the crystal structure of Co/N-
CNFs were studied by X-ray diffraction analysis (XRD) and
Raman spectroscopy, see Figure 4. The resulting nanomaterial

(001) room

féc go‘(111)/

r

a

"\
\Y
.

Figure 3. High-resolution transmission electron microscopy (HRTEM) image
of an individual fcc 5-Co nanocrystallite annealed at 460 °C (A) and the
enlarged image of the area surrounded by rectangle C (B). Reproduced from
ref. [194], Copyright (2007), with permission from Elsevier.
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Figure 4. XRD patterns (A) and Raman spectra (B) of macroporous and solid
Co/N-CNFs, and pure N-CNFs. Reproduced from ref. [195], Copyright (2018),

permission from Elsevier. with permission from the American Chemical Society.
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has shown excellent properties as electromagnetic wave
absorber."™”

However, the structure and spatial arrangement of the NPs
obtained by physical methods can vary widely. Moreover, the
obtained NPs can maintain the structural properties of the bulk
precursor, and this represents one of the main advantages of
physical methods. In general, physical methods, adopted for
the synthesis of NPs, involve intense heat or force acting on the
starting material. This is a key point, and as a direct
consequence, the resulting NPs have an increased level of free
energy and pure chemical composition.

4.2. Thermal decomposition

One of the main limitations of the physical methods is the
formation of NPs with unequal size distribution and crystallinity.
In this regard, thermal decomposition, where a suitable metal
precursor is decomposed in the presence of organic surfactants,
is useful. This process yields improved samples with good size
control, narrow size distribution and good crystallinity of
individual and dispersible magnetic metal NPs.

One of the pioneering works using the method of thermal
decomposition was presented by Chaudret and coworkers."”*
The organometallic precursor [Co(COE)(COD)] (with COE = cyclo-
octenyl, COD=cycloocta-1,5-diene) reacts with H, or CO
(300 kPa) in the presence of 1-ethenylpyrrolidin-2-one (PVP) at
different temperatures (T=0, 20 and 60°C) to give a colloidal
solution containing fcc Co NPs of the size <1 nm, and about 1.4
and 1.8 nm, respectively. Due to their size, they display super-
paramagnetic behaviour, and the magnetic moment per atom
appeared to be significantly larger than the value known for
bulk cobalt, a feature that has been attributed to the magnetic
surface effect.

Yin and Wang prepared three different kinds of crystalline
Co NPs by thermal decomposition of dicobalt octacarbonyl in
toluene.® The two-dimensional self-assembly of Co NPs with
an average particle size of 9.2 nm (Figure 5) has been achieved

[/
)

%z_é!#'.‘:é.?;o L % :

Figure 5. Ordered self-assembly of crystalline Co NPs. The inset is an electron
diffraction pattern from the NPs showing the fcc structure. Reproduced from
ref. [196], Copyright (1999), with permission from Elsevier.
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by a gravitation differential fast-drying method. Another type
was the macroscopic whisker-shaped assembly, formed by Co
NPs having 8 nm average size, prepared by thermal decom-
position under an externally applied magnetic field. The third
sample, a one-dimensional densely packed self-assembly in-
duced by magnetic interaction, was prepared using Co NPs
with irregular shape and larger particle sizes. Thus, the
formation of these different structures was attributed to the
magnetic properties of cobalt particles with different sizes.

The method of thermal decomposition has been inves-
tigated also by Johans and coworkers, adding some improve-
ments, as a pressure drop-induced process, in which the
supersaturation during the thermal decomposition of Co,(CO),
was controlled by a fine regulation of the carbon monoxide
pressure.’™ The particle size may vary in a very broad range,
i.e. from 6 nm to 130 nm in diameter, by changing accurately
the CO pressure between 1.3 and 5.5 bar (Figure 6). Thus, the
variation of the CO pressure provides a means not only for fine
tuning the size but also to study how the supersaturation
affects nucleation rates.

Puntes, Krishnan and Alivisatos produced monodispersed,
stabilised, defect-free &-Co NPs, with spherical shapes and sizes
ranging from 3 to 17 nm, where size distribution and shape of
the NPs were controlled by varying the surfactants, namely
(92)-octadec-9-enoic acid (OA), phosphonic oxides and
acids."®2°7 Carrying out the rapid pyrolysis of dicobalt
octacarbonyl in an inert atmosphere, high-quality magnetic
colloidal dispersions were produced. Remarkably, they were
stable over months, as confirmed by XRD, TEM and related
spectroscopies, energy-dispersive X-ray spectroscopy (EDX) and
electron energy loss spectroscopy (EELS).

In the research group of Gao, the synthesis of Co NPs by
thermal decomposition of dicobalt octacarbonyl in the presence
of triphenylphosphane (TPP) and OA was studied.”®"” The reason
behind the use of TPP and OA was the control of particle
growth, their stabilisation towards aggregation and oxidation.
An in-depth characterisation by X-ray photoelectron spectro-
scopy (XPS), XRD and infrared spectroscopy showed that the
synthesised Co NPs possess &-phase crystallinity and that they
are stable against air oxidation in hydrocarbon solvent.

CO(g) | py=86 bar
130 nm
- 5
) 2 <D,
0.5 g Coy(CO), 30 nm
1.07 ml Trioctylamine 3
0.1 ml Oleic acid 22 %20 nm
20 ml Dodecane ______&2_]‘3_-
T=170°C Nucleation Growth 6nm

Figure 6. Schematic presentation of the autoclave and reactants for the
synthesis of Co NPs via pressure drop-induced decomposition. Reproduced
from ref. [197], Copyright (2008), with permission from Elsevier.
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Sun and coworkers described the preparation of highly air-
stable Co NPs®* through a post-reductive annealing process.
Co NPs prepared by thermal decomposition of dicobalt
octacarbonyl, were deposited on Ketjen carbon (C—Co) through
sonication and were then annealed in a flow of argon and 5%
H, at 600°C for 1 h. This reductive annealing process reduces
the surface cobalt oxide to metallic Co, increases the Co
crystallinity, and removes the surfactants to make the surface
more active. The authors showed that C—Co represents a very
efficient catalyst for the oxygen evolution reaction (OER) in
alkaline medium (0.1 M KOH), more active than the commercial
Ir catalyst.”® Moreover, these Co NPs could also be assembled
into a well-defined monolayer array on a working electrode
using a water-air interface self-assembly method. This allowed
the detailed evaluation of their intrinsic OER activity.**”

Dupont and coworkers have studied the thermal decom-
position of Co,(CO), in ionic liquids (ILs) at 150°C, achieving
either the preparation of Co° nanocubes or spherical NPs,
depending on the type of IL used and the reaction time; after
five hours at 150°C, the initially formed Co nanocubes were
completely transformed into irregular Co NPs.”*® The diameter
of the nanocubes was 53+22 nm and 79+ 17 nm for samples
prepared in the ILs: 1-n-decyl-3-methylimidazolium trifluoro-
tris(pentafluoroethane) phosphate ([DMI][FAP]) and 1-n-decyl-3-
methylimidazolium  N-bis(trifluoromethanesulfonyl)  imidate
([IDMI][NTF,]), respectively. The shape of the cobalt particles was
directly related to the self-organisation in the IL and thus could
be tuned by modulating the length of the N-alkyl imidazolium
side chains, the anion type and the reaction conditions.
Noteworthy, the g-cobalt phase was always observed in all the
samples, independent of the reaction time. XRD measurements
showed also the absence of cobalt oxide, indicating that a
protective layer of the IL around the Co NPs prevents their
oxidation.

Another paper by Dupont and coworkers®®® demonstrates
that the simple decomposition of Co,(CO); dispersed in
imidazolium-based ILs affords superparamagnetic Co NPs
having an average size of 5-8 nm, depending on the counter
anion. The synthesis of Co NPs was carried out in different ILs,
such as  1-n-butyl-3-methylimidazolium  N-bis-(trifluoro-
methanesulfonyl) imidate ([BMIJ[NTf,]), 1-n-decyl-3-meth-
ylimidazolium tetrafluoroborate ([DMI][BF,]) or 1-n-tetradecyl-3-
methylimidazolium  N-bis(trifluoromethanesulfonyl)  imidate
([TDMI]J[NTH,]). The morphology and the size distribution of the
synthesised particles were analysed by TEM (Figure 7).
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Figure 7. Selected TEM image of Co NPs dispersed in ([BMIJ[NTf,] (A).
Histogram showing the size distribution of the Co NPs (B). Reproduced from
ref. [206].
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Monodisperse Co NPs in the size range 3-10 nm can be
obtained by the so-called “hot injection” method, namely by
thermal decomposition of Co,(CO); at 168-182°C in the
presence of OA, avoiding the use of TOPO, as shown by
Somorjai and coworkers (Figure 8).2°” The size of Co NPs can be
tuned by careful control of the temperature of the hot OA
solution into which the Co precursor is injected. It should be
pointed out that monodisperse NPs could be generated with-
out using TOPO, a capping ligand that decomposes under the
reaction conditions, giving highly reactive “P” atoms that can
phosphatise the metal surface and thus poison the Co catalyst,
as shown by the authors.**”

In the paper of Haumesser and coworkers,”® Co NPs were
successfully synthesised by thermal decomposition of
[Co(COE)(COD)] in imidazolium-based ILs under a reducing
hydrogen atmosphere at 100°C. The alkyl chain influences the
characteristics of the suspensions and the morphology of the
Co NPs. The synthesised Co NPs adopted the non-compact and
metastable structure of &-Co that converted to the stable hcp
Co NPs at room temperature. The crystalline structure of the
isolated Co NPs has been studied in detail by wide angle X-ray
scattering (WAXS) and HRTEM (Figure 9). The obtained Co NPs
were quite monodisperse with an average diameter less than
5 nm. Their suspensions in ILs were magnetically responsive
and were successfully used as ferrofluids, especially under
vacuum, thanks to the extreme low volatility of the ILs.?*!

Large-scale synthesis of supported Co NPs was successfully
achieved by Park, Yang and coworkers.”"” They used the melt
infiltration process, which is an emerging technique that avoids

Percentage of nanoparticles

2 4 6 & 10
Particle Size /nm

Figure 8. Typical TEM and HRTEM images of particles of four different sizes
(3.2, 4.8, 6.8, and 10.2 nm) prepared without using TOPO and controlling
particle size by variation of the temperature during the synthesis.
Reproduced from ref. [207], Copyright (2012), with permission from the
American Chemical Society.

Figure 9. Exemplary HRTEM image of Co NPs generated in [TDMI][NTf,] (A)
and fast-Fourier transform (FFT) analysis of the particle in the white square
indexed by a cubic structure along the (—321) zone axis, with a lattice
parameter of 0.61 nm corresponding to &-Co (B). Reproduced from ref. [208],
Copyright (2018), with permission from the American Chemical Society.
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the use of additional solvents, and is a fast, convenient route to
prepare various supported metal catalysts containing small and
well-dispersed active NPs inside robust supports. In their work,
Co(NO,),-6H,0 was employed as precursor in a simple melt
infiltration of the cobalt salt in y-phase alumina as shown in
Scheme 1, and subsequent thermal reduction at 450°C in a
hydrogen flow. TEM inspection showed the successful forma-
tion of Co NPs with average size of 15nm, dispersed on
alumina (Co/Al,O;), and the X-ray diffraction pattern revealed
an fcc structure for Co single-crystal domains. The catalytic
performance of the resulting Co/Al,O; was evaluated in the
Fischer-Tropsch reaction, a relevant industrial process that
converts mixtures of CO and H, into long-chain hydrocarbons.
Co/Al,O; showed promising conversion of CO up to 76% with
high hydrocarbon productivity and good stability.

Suh and coworkers synthesised Co NPs by thermal decom-
position of the salt cobalt(ll) acetate tetrahydrate.?'" Particle
size, ranging from 8 to 200 nm in average diameter, was
controlled by using various surfactant combinations consisting
of trioctylphosphane (TOP), (2)-octadec-9-enylamine (OAm) and
OA. XRD patterns of Co NPs coated with various surfactants are
shown in Figure 10. Interestingly, all the samples have the same
crystalline structure corresponding to the fcc crystal phase of
bulk metallic cobalt. As the particle size increased from 8 to
200 nm, the peak became sharper, which is a general
tendency.?'?

Dong and coworkers reported the synthesis and catalytic
application of a nanostructured catalyst based on supported Co

melt infiltration 2\ thermal reduction
— S E—
S .

ColAlL0,

S— L —a]
Al,O, Co(NO;),"6H,0 Co salt/Al,0,

Scheme 1. The facile synthesis of a Co/Al,O; nanocatalyst by melt infiltration
and thermal treatment. Reproduced from ref. [210], Copyright (2017), with
permission from The Royal Society of Chemistry.
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Figure 10. XRD patterns of Co NPs coated with various surfactants.
Reproduced from ref. [211], Copyright (2006), with permission from Elsevier.
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NPs.”" The authors synthesised Co NPs supported on N-doped
mesoporous carbon (Co/mCN-900) by simple one-pot pyrolysis
of a homogeneous mixture of melamine, polyacrylonitrile, and
Co(NO;),-6H,0. The pyrolysis temperature showed a significant
influence on morphology and size of the final Co NPs. The
optimal pyrolysis temperature for the preparation of the
catalyst was 900 °C, named afterwards Co/mCN-900. Very small
Co NPs having an average size lower than 6 nm with almost no
aggregates were obtained. These Co NPs have a very high
number of active sites; this feature in conjunction with the
mesoporous fluffy mCN structure that facilitates a high
dispersion of Co NPs, contributes to an enhanced catalytic
activity. Indeed, Co/mCN-900 was shown to be efficient in the
hydrogenation of nitroarenes.”"”

As a variant of this technique, a simple and scalable method
based on the high temperature treatment with hydrogen was
proposed by Pfefferle and coworkers.”™™ Small narrow size
distributed Co NPs were deposited inside the pores of single-
walled carbon nanotubes (SWCNT) by a two-step procedure.
Firstly, SWCNT were heated at 900 °C, then they were filled with
a cobalt(ll) acetylacetonate solution in dichloromethane by
ultrasonication. In the second step, the samples were exposed
to hydrogen at high temperature. Results demonstrate that the
size and shape of Co particles can be controlled by varying the
temperature at which the hydrogen treatment takes place. The
reduction of Co®" ions was almost complete at 400°C, and the
Co NPs located inside the SWCNT showed an elongated shape.
In contrast, working at 500°C, the control was lost; large
spherical particles were formed and moved from the inner to
the outer surface of the nanotubes.

Coville and coworkers presented the size-control synthesis
of Co NPs encapsulated inside hollow carbon spheres (HCS) by
using polystyrene-b-poly(acrylic acid) (PS-b-PAA)
nanospheres.?'¥ The latter were prepared from polystyrene
spheres by functionalisation with acrylic acid and used for the
synthesis of Co,0,/polymer composites, which were heated to
600°C at a rate of 10°C/min and kept isothermal for 2 h to
pyrolyse and carbonise the resorcinol-formaldehyde (RF) form-
ing a carbon shell that encapsulates the Co nanoparticles. It
was found that the concentration of poly(acrylic acid) (PAA) in
the polymer influences the size of the Co NPs. For instance, Co
NPs encapsulated inside HCS (Co@HCS) obtained by using PS-b-
PAA with 8 mol% of PAA (PS-b-PAAg) and 12 mol% of PAA (PS-
b-PAA,,) have an average size of 5.4 and 6.1 nm, respectively. It
should be noted that the Co@HCS involves not only metal NPs,
but also oxides of cobalt NPs such as CoO and Co;0,, whose
variation of composition influences the NPs’ size and metal
loading.

As shown above, the carbon-based composite is a suitable
material in the process of production of Co NPs. A nitrogen-
doped carbon was used by S. Liang and C. Liang as nanoshell
for the synthesis of encapsulated Co NPs (Co@N-C) via simple
decomposition of the solid-phase cyclen-Co-dicyandiamide
complex precursor.?'” The structure and properties of NPs can
be regulated by the pyrolysis temperature (700-900 °C). It was
found that catalysts based on Co@N-C prepared at 800°C
(Co@N-C-800) showed bifunctional catalytic activities for both

© 2021 The Authors. European Journal of Inorganic Chemistry published
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oxygen reduction reaction (ORR) and OER in alkaline electrolyte
owing to the nanocomposite’s synergetic effect.

Kathiresan, Yun and coworkers have synthesised Co NPs at
variable temperatures.”™ Co NPs on ethylene diamine-based
porous organic polymers (EPOP) were prepared at 180, 300 and
500°C (Co-EPOP-HT, Co-EPOP-300 and Co-EPOP-500, respec-
tively). The NPs were stabilised by the amine groups on the
porous organic polymers. The Co-EPOP-based nanocatalytic
systems were tested in water-splitting reactions, i.e. OER and
hydrogen evolution reaction (HER), and showed effective
electrocatalytic activity, which was compared to Co NPs catalyst
without polymer support. The HER activity of the catalysts were
in the order Co-EPOP-500 > Co-EPOP-300 > Co-EPOP-HT > Co
NPs. It should be noted that the Co-EPOP-based electrocatalysts
exhibited excellent stability under acidic and basic conditions.

4.3. Hydrothermal and solvothermal syntheses

A relevant concern in the preparation of NPs is the control of
NPs growth. Hydrothermal synthesis can be seen as a variant of
the synthesis of Co NPs by thermal decomposition, and
proceeds in aqueous solution under pressure and at elevated
temperatures, far above the boiling point of water. The reagents
are placed in a certain amount of water and then heated to
high temperature in a closed vessel. The particle size and form
can be controlled by tuning the experimental conditions, such
as temperature, pH, and pressure. The difference between
solvothermal and hydrothermal method is the use of organic
media such as alcohols, amines or ILs in the first case, instead of
an aqueous solution as in the latter case.”’

Based on this technique, Liu and coworkers have success-
fully developed a novel composite CONPs@OMC, where OMC=
ordered mesoporous carbon, with Co NPs homogeneously
embedded or confined in the ordered mesoporous carbon, by a
simple one-step carbonisation/reduction assisted by a previous
hydrothermal process.” The latter was carried out by heating
a mixture of Co(NO,),-6H,0, formaldehyde, hydrochloric acid
and a suitable copolymer in water at 100°C for 10 h. The
subsequent carbonisation was conducted under argon atmos-
phere at 600°C for 3 h. The resulting CoNPs@OMC composite
showed a deteriorated ordered mesoporous structure (Fig-
ure 11), which is consistent with the XRD analysis. On the basis
of TEM measurements, the particle size distribution for
CoNPs@OMC composite is in the range of 30-75 nm and the
average particle size is 49.4 nm which is larger than the grain
size calculated by the Scherrer equation, implying that the Co
NPs are polycrystalline.

Lee and coworkers synthesised Co NPs using Co(NO;), as
precursor without any stabiliser in supercritical methanol. The
reaction proceeded through the formation of cobalt meth-
oxynitrate at an initial stage, which was then converted to CoO
and finally reduced to metallic Co.”*" In practice, methanol
plays a role both as reaction medium and as reducing agent.
The fast formation of crystalline Co NPs within 15 min is due to
high reaction temperatures and pressure. Superconducting
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Figure 11. SEM image of CONPs@OMC (A), TEM images of OMC (B) and
CoNPs@OMC (C, D). The inset in (D) is the particle size distribution of the Co
NPs in CONPs@OMC. Reproduced from ref. [220], Copyright (2017), with
permission from Elsevier.

quantum interference device (SQUID) measurements confirmed
ferromagnetic behaviour for the synthesised Co NPs.

It is well known that Co NPs are rather sensitive to oxidation
in ambient conditions; therefore, one of the major problems to
be faced during their preparation is to avoid oxidation. Seong
and Adschiri tried to solve the problem by using a hydro-
thermal synthesis based on two tandem reactions, first
formation and later reduction of cobalt monoxide.”?? It is worth
noting that the proposed reaction mechanism, shown in
Scheme 2, was derived from kinetic analysis, assuming a first-
order irreversible reaction.

Datta and coworkers prepared Co NPs-reduced graphene
oxide (Co-RGO) nanocomposites with different shape of NPs
depending on the synthesis techniques.”” They obtained
cube-shaped Co-RGO (10 nm) by hydrothermal method at non-
equilibrium conditions at 90 °C, spherical Co-RGO (6 nm) by co-
precipitation method at room temperature and rod-like Co-RGO
(123 nm length, 6 nm width) by applied magnetic field with co-
precipitation; the size was measured by TEM. The magnetic

sub/super critical water

HCOOH=* H2+ CO2

secondary oxidation

Co0 Hz(g) Hz20(g)

Co  @cobalt
& Oxygen

Scheme 2. The proposed reaction mechanism for formation of Co NPs in the
reductive supercritical hydrothermal process. Reproduced from ref. [222],
Copyrght (2014), with permission from The Royal Society of Chemistry.
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study carried out with temperature gradient showed a
transition from ferromagnetic to superparamagnetic behaviour;
cube-shaped Co-RGO had the highest values for magnetic
parameters, such as coercivity and magnetic moment.

4.4, Reduction of cobalt salts

The “wet chemical” reduction has become the most common
method in the preparation of metal NPs. It is based on the use
of a reducing agent, such as hydrogen, alcohol (see for details
Section 4.5 on the polyol process), hydrazine or borohydride,
that is mixed with the metal salt in the presence of a stabilising
agent (ligands, polymers, dendrimers, surfactants) to prevent
formation of metal powders and agglomeration. Thus, the
actual size of NPs depends on many factors, such as type of
reducing agent, metal salt, solvent, concentration, temperature,
and reaction time. It should be noted that capping agents play
an important role in the production of NPs.??* The stabilisers
control and regulate the growth of nanoparticles and prevent
their aggregation. Various types of capping agents, including
surfactants, ligands, polymers, dendrimers, cyclodextrins, etc.,
have been used in colloidal synthesis.??%

Sun and Murray synthesised magnetic colloidal ferrofluids
based on crystalline Co NPs by reduction of cobalt(ll) chloride
with lithium triethylborohydride (superhydride) in the presence
of stabilising agents.””’ The combination of OA and TOP was
used for both growth control and steric stabilisation. The Co
NPs possessed the unstable &-Co structure and could be
transformed quantitatively to the common hcp phase by
annealing at 300°C (Figure 12). It should be noted that the
deposition of uniform Co NPs on solid substrates by evapo-
ration of the carrier solvent resulted in the spontaneous
assembly of two-dimensional and three-dimensional magnetic
colloidal crystals.”®

An easy method to prepare hcp Co NPs was proposed by
Zhang and coworkers® using for the first time N,N-dimeth-
ylformamide (DMF) both as solvent and reducing reagent. The
reaction, carried out at 160 °C for 12 h, involved the oxidation of
DMF to carboxylic acid as well as the reduction of Co®* to Co’.
TEM micrographs of the isolated Co NPs showed an average

Figure 12. TEM micrographs of hcp Co NPs derived from annealed ¢-Co NPs
at 300°C (A) and cobalt oxide NPs from oxidation of the annealed Co NPs
(B). Reproduced from ref. [227], Copyright (1999), with permission from the
American Institute of Physics.
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diameter of 6 nm, and the selected area electron diffraction
(SAED) pattern indicated a polycrystalline nature.

In the work of Dravid and coworkers, Co NPs were
synthesised using OA as surfactant and TOP as reducing agent
keeping the reaction mixture at 250°C for 30 min.”*” Infrared
spectroscopy and XPS indicated that OA molecules were
chemisorbed on the surface of the particles as carboxylate
forming a covalent Co—O bond. In this way, a stable colloidal
solution was formed. Figure 13 shows TEM micrographs of Co
NPs coated with OA. The particle size is about 15-20 nm.>"

In another interesting work by Petit and coworkers, OA was
simultaneously used as the reducing agent, solvent and
surfactant.”"” The authors described a one-pot synthesis of
pure mono-disperse crystalline ferromagnetic hcp Co NPs by
chemical reduction of cobalt(l) complex [CoCI(PPh,);] using OA
at 190°C. A possibility to control and tune the shape (spheres
or rods) and the size of Co NPs by varying the concentration
and the reaction time has been shown. For example, a
morphological transition occured from spheres to rods on
increasing the reaction time of the synthesis. The ferromagnetic
behavior of Co NPs even at room temperature was confirmed
by SQUID measurements. Moreover, the authors recently
investigated the role of the OA in the mechanism of formation
of hcp Co NPs by theoretical and experimental studies.”? It was
demonstrated that OA plays a key role in both the kinetics and
the thermodynamics of the disproportionation.

Alex and coworkers introduced an easy and inexpensive
chemical method in alkaline medium for the preparation of
pure Co NPs at ambient temperature, which was completed
instantaneous  without employing additional nucleating
agent?¥ The results indicated the formation of smaller
particles with an increase in concentration of cobalt ions in
solution and dominance of fcc cobalt on reduction at room
temperature. The particle size of 50-70 nm was determined by
TEM, but XRD analysis by the Scherrer formula gave a size
around 24-49 nm.

Salman and coworkers investigated the synthesis and
formation mechanism of Co NPs®* prepared at room temper-
ature using CoSO,-7H,0 as precursor and aqueous hydrazine as
reducing agent. The influence of the reaction parameters was
studied with the help of anode and cathode polarisation
experiments. A higher reducing power of N,H, was observed at
high pH in agreement with the known process of oxidation of

Figure 13. TEM micrographs Co NPs (A), high magnification image of Co NPs
(B). Reproduced from ref. [230], Copyright (2004), with permission from the
American Chemical Society.
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hydrazine to nitrogen that consumes OH™. Thus, the reduction  tetraaminephthalocyanine (TAP) as a stabilising agent.”®¥ It was

of cobalt(ll) sulfate was performed at pH 14. Interestingly, the
addition of citric acid, largely used by many groups as capping
agent to protect and stabilise metal NPs, also increased the
reducing power of hydrazine. The so-obtained Co NPs had a
spherical shape with a very large diameter of 400 nm. When the
concentration of hydrazine in the reaction mixture was lower
than 5 M, its diffusion was slow and the Co crystals grew in one
direction, thus formation of dendritic Co NPs was observed,
both at room temperature and at 80°C.

Guo and coworkers prepared Co NPs in an ethanol/
hydrazine/alkaline system at room temperature. The reaction
was completed instantaneously, and the isolated NPs were
characterised by XRD, TEM, and differential thermal analysis
(DTA). Interestingly, when the NPs were heated in argon at
200°C for 2 h, the hcp phase of Co NPs grew more regular and
larger, and the coercivity of the sample increased from 480 to
680 Oe.

It is well known that sodium borohydride is a powerful
reducing reagent and was intensively used for the reduction of
metal ions to NPs. The studies by Klabunde and coworkers"®'7
have shown that the nature of the final products formed by
reduction with NaBH, depends on the solvents. Thus, prepara-
tion of Co NPs in aqueous solution usually gives cobalt borides
rather than the pure metal.

Kamal and coworkers described the synthesis of Co NPs
supported on natural polymers such as cellulose and
chitosan.® These two macromolecules have the advantage to
be biocompatible and abundant in nature; moreover, they
possess functional groups on the surface, such as —OH
(cellulose) and both —OH and —NH, groups (chitosan), which
can coordinate metal atoms through their lone pair of electrons.
A hydrophilic chitosan was used to improve the metal
deposition on the polymer. Thus, cellulose microfibres of filter
paper were coated with 1wt% of chitosan followed by
adsorption of an aqueous Co®*" solution. Subsequently, the
material was dipped into a 0.19 M sodium borohydride solution
to accomplish the reduction. The determination of the amount
of Co NPs present on the support and the thermal properties
were measured by thermogravimetric analysis (TGA). The
supported Co NPs were applied as heterogeneous catalyst in
the hydrogenation of 2,6-dinitrophenol, a highly toxic water
pollutant. The catalyst proved to be efficient and stable after
four consecutive runs.®

Starch hydrogel-loaded Co NPs were prepared by in situ
reduction of Co®* ions on a starch hydrogel network.>” Co NPs
with a spherical-like shape and size of 30 nm were obtained.
The prepared nanocomposite was applied as heterogeneous
catalyst in the reaction of hydrogen production from the
hydrolysis of NaBH,. The starch hydrogel-loaded Co NPs showed
high catalytic activity which was maintained over five catalytic
runs.

Thiols, carboxylic acids and amine-based capping agents are
widely used in the stabilisation of Co NPs, while macrocycles
like phthalocyanine and porphyrines have been rarely used for
this purpose. One example has been reported by Sannegowda
and coworkers who prepared Co NPs using the macrocycle
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observed that, once dispersed in dimethyl sulfoxide (DMSO),
the NPs showed a spherical shape and an average diameter of
3 nm, while the dispersion of the same NPs in ethanol suffered
from aggregation and a pearl-chain structure was formed. This
was attributed to the magnetic dipolar interaction between
neighbouring particles that was stronger in the presence of a
less coordinating solvent such as ethanol. If NPs obtained from
ethanol were re-dispersed in DMSO, the chain-like structure
broke down to give a uniform distribution of spherical NPs.
Surface enhanced Raman spectroscopy (SERS) was 100 times
more intense in an ethanol dispersion compared to DMSO.
Noteworthy, the macrocycle TAP was more efficient in the
stabilisation of NPs in comparison to common capping agents
and prevented the formation of an oxide layer for a week.

Pileni and coworkers reported the synthesis of Co NPs of
58nm in reverse micelles based on chemical reduction of
[Co(AOT),] (AOT = bis(2-ethylhexyl)sulfosuccinate) by
NaBH,.***% The formation of fcc Co NPs was detected by TEM
(Figure 14), small angle X-ray scattering (SAXS) and EDX
analysis. Noteworthy, these Co NPs in a 2D self-assembled
hexagonal network are stable in air and have a narrow size
distribution.

In another paper, Lisiecki and Pileni produced crystalline Co
NPs in [Co(AOT),] reverse micelles.**” The micelles and a low
volume of reducing agent play the role of nanoreactors for the
nucleation and growth of Co NPs. The authors demonstrated
that the amount of reducing agent is one of the key parameters
in controlling the size distribution of nanocrystals and observed
a slight difference in average particle size. With a suitable
[NaBH,]/[Co(AQT),] molar ratio, they could obtain organisations
of NPs in compact hexagonal networks.

Xiao and coworkers reported a modification of the chemical
reduction method based on the use of NaBH, to produce
homogeneous spherical Co NPs with a narrow size
distribution.”?*? The traditional method was modified by adding
a layer of mineral oil to the ethanol solution of CoCl, and by
subsequently dropwise addition of NaBH, in ethanol. In this

Frequency (%)
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Figure 14. TEM patterns at different magnifications (A, B) and histogram of
the size (C) of the ordered hexagonal monolayers of Co NPs. Reproduced
from ref. [239], Copyright (1999), with permission from the American
Chemical Society.
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way, it was possible to control the particle nucleation and
growth by immediately removing the formed particles from the
reaction site. From data of TEM analysis, the average particle
size is around 4.7 nm with standard deviation of 1.6 nm.

Using as solvent ethanol instead of water, they could also
minimise the formation of metal borides and metal oxides. It is
known that especially in the case of Fe, Co and Ni, the reduction
of the metal salts with NaBH, gives rise to transition metal
borides rather than pure metals.

The possibility of forming hexagonal Co NPs with high
saturation magnetisation by direct chemical synthesis was
explored by Abel and coworkers.”*¥ The NPs were synthesised
by reduction of anhydrous cobalt(ll) chloride with NaBH, in
2,5,8,11,14-pentaoxapentadecane (tetraglyme) at temperatures
in the range of 200-270°C under a nitrogen-hydrogen
atmosphere and controlled by the addition of different
surfactants. The as-made particles were further annealed under
a 5% H,/95% Ar atmosphere to improve their properties. So far,
the best magnetic properties were obtained for spherical hcp
Co NPs with an average size of 45 nm, a saturation magnet-
isation of 143 emu g™ and coercivity of 500 Oe. The saturation
magnetisation and coercivity were further improved by anneal-
ing the Co NPs, leading to a saturation magnetisation of
160 emu g™ and coercivity of 540 Oe (Figure 15).

Garbarino and coworkers® studied the ex situ production
of Co-based NPs immobilised on a-Al,O; and using cobalt-
containing materials as catalysts for ethanol steam reforming
(ESR).2*' Firstly, Co NPs were obtained by reduction of
CoCl,-6H,0 with sodium borohydride and were afterwards
mixed with «-Al,O; either by mechanical mixing or by
sonication in the presence of an organic volatile solvent and
under argon flux, followed by annealing at 500 °C. The Co-based
NPs are characterised by a fully amorphous phase where the
globular particles have a size less than 50 nm. The nano-
structured catalyst, prepared by mechanical mixing, was applied
for the production of hydrogen through ESR and gave
satisfactory results.
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Figure 15. Hysteresis loops from Co NPs synthesised in different surfactants,
namely OA (A), annealed OA sample (B), OAm (C), and PVP (D) at room
temperature. Reproduced from ref. [243], Copyright (2016), with permission
from Elsevier.
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Busca and coworkers also reported the synthesis, character-
isation and application of Co NPs as catalyst.**® The latter have
been prepared by reduction of CoCl,-6H,0 by sodium borohy-
dride in aqueous solution producing first very small particles
with average diameter 5-6 nm that afterwards formed bigger
spherical, amorphous, and superparamagnetic aggregates.
Structural characterisation was carried out using XRD, morpho-
logical studies were performed with field emission scanning
electron microscopy (FE-SEM). Co NPs crystallised in the cubic
structure, which is confirmed by annealing at 500 °C.

Another paper about catalytic application of Co NPs was
published by Mahdavi and coworkers.**” The authors reported
the synthesis and characterisation of Co NPs-decorated multi-
walled carbon nanotubes (Co/MWCNTs) that were afterwards
embedded in a polymeric membrane. Co NPs were grown on
the surface of MWCNTs by reduction of CoCl,-6H,0 with
sodium borohydride and L-ascorbic acid (L.-AA) at room temper-
ature and were obtained in the size range of 50-70 nm and
with a good dispersion without any agglomeration. Catalytic
membranes incorporating Co NPs showed a good catalytic
activity for the reduction of 4-nitrophenol to 4-aminophenol
(conversion 100 %).

The work of Zola and coworkers addressed the preparation
of Co NPs using three different methods, (i) thermal decom-
position of Co,(CO)s (ii) the polyol process, and (iii) the
reduction of cobalt salt by borohydride.*® The case (i) was the
most appropriate to control size and shape by modification of
the molar ratio precursor/surfactant, giving spherical NPs with
low size distribution. In the polyol process (ii), working at high
temperatures, undefined-shape NPs were formed; on adjusting
the TOP/OA ratio, spherical NPs were obtained. In the last
method (iii), the amount of reducing agents, i.e. NaBH,, has a
key role in the size distribution of the NPs, and by adjusting the
NaBH,/precursor ratio, spherical NPs with size 3.64+0.64 nm
were obtained.

4.5. The polyol process

One of the most promising methods for the synthesis of
uniform Co NPs is the polyol process. A huge number of
publications is devoted to the preparation of Co NPs by this
method, which is characterised by mild (low temperature,
normal pressure) and ecologically friendly conditions.

The polyol, being a high boiling liquid, acts as a solvent for
the metal precursor (usually a metal salt), as a reducing agent,
and in some cases, as a complexing agent for the metal
cations.?®*% There is a great advantage in this method,
because when reducing agents such as borohydrides are used
(see Section 4.4), these and the stabilising agents can pollute
the surface of NPs and induce their aggregation. Thus, using
the polyol process, these drawbacks can be avoided. From a
mechanistic point of view, the polyol process is based on the
dehydration and oxidation of the alcohol to aldehydes or
ketones (depending on the nature of the polyol used), and this
process promotes the reduction of Co ions to Co metal.*'*?
Thus, a proper choice of the polyol is important, having the
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reducing potential suitable to carry out the reduction of the
cobalt precursor. It has been shown that increasing the temper-
ature and pH of the reaction mixture increase the rate of the
overall reaction.”® While the reduction of metal salts with
borohydride is very fast, occurring at room temperature and
producing relatively small NPs, the reduction using polyol is
usually slow. Thus, to achieve small Co NPs with size 2-20 nm,
either surfactants or heterogeneous nucleation agents such as
Pt or Pd are used. An understanding of the reaction path during
the reduction of metal ions by polyols is necessary to design
better processes for the synthesis of metal NPs with desired
shape and size. In a paper by Jeyadevan and coworkers, a
detailed study was performed aiming at understanding the
influence of polyol, the kind of metal salts, and additives such
as OH™ ions in the formation of metal NPs.*¥ The cobalt salts,
once dissolved in polyol, were found to undergo the formation
of cobalt complexes, cobalt alkoxides or cobalt hydroxides,
depending on the metal salt precursor and on the presence of
hydroxide anions. Afterwards, the reduction of the in situ
formed cobalt(ll) derivative coming from cobalt(ll) acetate
tetrahydrate Co(OAc),-4H,0 or cobalt(ll) chloride hexahydrate
CoCl,-6H,0 led to the formation of Co NPs. The reaction giving
the metal complexes is relevant since it was found to determine
the physical properties of the NPs. The reaction rate was
enhanced in the presence of hydroxide anions by accelerating
the oxidation of polyol. SEM micrographs of the intermediate
precipitate obtained by the polyol process are shown in
Figure 16.

In another work, a detailed investigation of the mechanism
by which Co NPs are formed using cobalt(ll)-ethylene glycole
(EG) was reported.”*” The structural and spectral analyses such
as XRD, nuclear magnetic resonance (NMR), Fourier-transform
infrared spectroscopy (FTIR) and electrospray ionisation time-of-
flight mass spectrometry (ESI-TOF-MS) were used for monitoring
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Figure 16. The SEM micrographs of the intermediate precipitate obtained in
EG without OH™ at 200°C/15 min (A), 200 °C/40 min (B), and with OH™ at
180°C (C), 190°C (D); cobalt particles at 195 °C (E) and their corresponding
particle size distribution (F). Reproduced from ref. [254], Copyright (2007),
with permission from Elsevier.
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and identifying the products formed during the redox process.
At the first stage, the formation of monoanionic EG takes place
in the presence of a base (metallic Na or NaOH, or sodium
acetate). This results in the formation of intermediate cobalt(ll)
glycolate that undergoes fast reduction to Co° with oxidation of
the monoanionic EG to acetaldehyde. Finally, an overall redox
scheme was proposed based on the experimental observations.
This study could be widely used for the preparation of metal
and alloy NPs using polyols or alcohols.

W.-T. Cheng and H.W. Cheng used the microwave-assisted
polyol method in the presence of PVP as capping agent (12
times molar amount with respect to cobalt(ll) acetate) and
PdCl, that, being a microcrystalline salt, works as seeds for
nucleation.”*® The reaction was carried out at 175+ 10°C and
the maximum yields of synthesised Co NPs with average
diameter 40 and 81 nm from reduction of 0.1 and 0.075 M of
cobalt(ll) acetate were about 71 and 85 %, respectively. XRD was
used to characterise the structure of the synthesised Co NPs.
Furthermore, the as-synthesised Co NPs dispersed in kerosene
showed a superparamagnetic behaviour at room temperature,
while Co NPs with an average size of 109 nm showed a
cohesive character.

The synthesis of Co NPs by a modified polyol process has
been described by Sekhar and coworkers.””” The novelty
introduced was the reducing agent, hydrazine in boiling EG at
190°C, that allowed much shorter reaction times, i.e. 30 mi-
nutes instead of 4 hours, in comparison to the traditional polyol
process.”® The main advantage of this method is the
preparation of oxide-free Co NPs. The particle size, as shown by
TEM analysis, could be varied by the amount of PVP, going from
200 nm diameter in the absence of PVP, to 35 nm diameter in
the presence of PVP. Additionally, when the size of the Co NPs
decreases, the magnetisation also decreases while the coercivity
is strongly increased. Accordingly, Co NPs with a size of 35 nm
show the highest coercivity (109 Oe), which is very interesting
from the viewpoint of possible applications in magnetic record-
ing media.

Simakova and coworkers synthesised colloidal Co NPs by a
modified polyol method using sodium borohydride as a
reducing agent.” The influence of the gas atmosphere, either
inert or oxidative, and of the reduction temperature on
formation of NPs was studied. A series of Co NPs having
average diameter ranging from 1.8 to 2.8 nm were obtained by
varying the conditions. In order to find out the best operating
parameters to achieve a controllable formation of Co NPs, the
role of the reduction temperature under an inert gas atmos-
phere was investigated. Changes in the reduction temperature
affected the reduction rate and, thus, allowed particle size
regulation.

Balela and coworkers reported a facile low-temperature
synthesis of colloidal Co NPs by reduction of CoCl,-6H,0 in
EG.”¥ The obtained colloidal particles were spherical and
monodispersed with an average diameter of 2-7 nm. It should
be pointed out that pH, reaction temperature and molar ratio
of N,H, to Co*" influenced the reduction rate. An alkaline
medium, a temperature around 80°C, and high molar ratios of
N,H, to Co®* promoted the formation of colloidal Co NPs. The
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authors also described the precipitation of the NPs which
resulted in weakly agglomerated spherical Co structures of
submicron size. XRD of the obtained powder showed an hcp
structure for cobalt.

In 2017,2°% Piquemal and coworkers reported the quantita-
tive study of the influence of the stirring rate on the structural,
morphological, and magnetic properties of anisotropic Co NPs,
which were prepared by the polyol process using long-chain
carboxylates as shape-directing agents. It was shown that the
stirring rate has to be carefully controlled within a very small
range (about 50-200rpm) to ensure the production of
ferromagnetic pure hcp rod-shaped Co NPs displaying low
stacking fault densities, high aspect ratios, well-defined crystal
habits and high coercivities. In the case of high agitation speed,
the Co NPs displayed a marked surface roughness associated
with high stacking fault densities and reduced coercive fields.
The authors proposed a mechanism to explain the different
morphologies observed. High stirring speeds would cause a
local disorganisation of the carboxylate ligand layers which in
turn contributes to an easier access of the Co monomers to the
metal surface leading to a growth direction perpendicular to
the long axis of the particles. Thus, the influence of reaction
parameters (i.e. nature of the metal precursors, nature of the
polyol, basicity of the medium, stirring rate) exerts a significant
impact on the crystal habit. The resulting magnetic properties
are strongly related to the morphological and micro-structural
properties of the prepared rod-shaped NPs.

A follow-up of this study was published in 2019%" by
Piqguemal and coworkers who envisaged a one-step seed-
mediated polyol synthesis of Co NPs, which is based on the
heterogeneous nucleation of insitu generated seeds. Either
iridium(lll) or ruthenium(lll) chloride were used as the nucleat-
ing agent for the synthesis of Co NPs by reduction of cobalt
carboxylate in liquid polyols. The prepared Co NPs have a size
of 15-50 nm and show different shapes such as rods, platelets
and hourglass-like particles which can be finely tuned by
varying the seed structures. The data of geometrical phase
analysis allowed to determine the epitaxial growth of the hcp
Co NPs on fcc Ir or hcp Ru seeds.

Rodriguez-Gattorno and coworkers reported a comparative
study of four different protocols that afforded cobalt micro-
particles (MPs) and NPs.**? The synthesis in aqueous media
employing borohydride (stronger reductant than hydrazine)
offers a convenient route to obtain Co NPs with size of 2 nm,
but with lesser purity in comparison with hydrazine as reducing
agent. Another method was the reduction achieved by the
polyol process (hydrazine in EG) which in turn gave bigger
particle sizes that agglomerate in secondary MPs (0.5 pm to
1.5 um) with spherical shapes. Hollow elongated mesoscopic
microstructures can be obtained by using hexadecyl(trimethyl)-
ammonium bromide (CTAB), while in the presence of sodium
citrate the secondary MPs are solid and not organised.
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4.6. Electrochemical methods

Chemical methods for the synthesis of Co NPs have the
advantage of being the simplest, most convenient, available,
and effective methods. Despite this, there are a number of
rather serious limitations. Most chemical methods are based on
redox reactions driven by a reducing agent like sodium
borohydride, sodium citrate, H, gas, amines or hydrazine and
the formed by-products pollute the NPs’ surface. It is known
that Co NPs have unique catalyticc magnetic, and optical
properties, but the mentioned limitations of chemical methods
lead to a decrease in these properties due to defects formed on
the surface of the NPs, and thus impose restrictions on their
practical use in catalytic processes.

In the last decades, electrochemical methods have become
more and more popular in synthetic chemistry, due to the use
of the universal reagent — the electron. After the pioneering
work of Reetz and Helbig in the 1990s,%*® the electrochemical
synthesis of metal NPs has flourished and represents nowadays
one of the most promising methods.”*” The process is
characterised by mild conditions, one-step operation, selectivity
and application of a convenient and relatively inexpensive type
of energy, namely electricity.

The electrochemical route avoids the use of reducing
agents, whose by-products may contaminate the NPs; thus, the
highest purity can be achieved. Further advantages of electro-
chemical synthesis are the experimental accessibility and the
ability to control the growth of NPs. By tuning electron density,
it is possible to control the particle size - high current density
leads to small NPs and vice versa. The particle size can also be
controlled by adjusting the distance between the electrodes
and other common parameters, such as reaction time, temper-
ature, or solvent polarity.

Electrochemical processes applied to the production of
nanoscale colloidal metal particles have been recently
reviewed.%268

Gonzalez and coworkers presented the study of nano-
structured cobalt clusters which were generated by an electro-
chemical method.”® This method is based on the cobalt anode
oxidation followed by migration of the generated cations to the
cathode, where they are reduced back to the zero-oxidation
state forming metal atoms adsorbed on the surface (adatoms).
The four-electrode cell, formed by a cobalt anode (sacrificial
electrode), two platinum cathodes and a platinum pseudo-
reference electrode, was used for the synthesis; the electrolytic
solution was used as the stabilising agent. The nanoclusters
obtained without stirring have spherical shape, while the ones
obtained with stirring show a needle shape with particle size of
2-10 nm. The electrochemical method is a quick and clean way
to obtain metal NPs.

Ledo-Suarez and coworkers described the electrochemical
preparation of Co NPs with size 2-5 nm in diameter.”’® The
electrosynthesis was carried out in the presence of a tetraalkyl-
ammonium salt as electrolyte. Fine-tuning of the particle size in
the nanometre region was obtained by adjustment of the
current density. A fatty acid OA and TPP were used to ensure
stabilisation of the colloidal NPs. It is noteworthy that the
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colloidal system was stable against oxidation once suspended
in n-heptane. TEM analysis showed the formation of Co NPs of
about 2nm that can be associated with Co;y clusters
corresponding to a four shell compact structure, having 162
atoms in the last surface shell.

Schiavi, Altimari and coworkers carried out an in-depth
study of the electrochemical deposition of Co NPs and cobalt
microstructures onto aluminium foils.””"?% The study of the
electrochemical nucleation and growth processes of cobalt on
aluminium was performed by cyclic voltammetry (CV). The
increasing amount of charge resulted in an increase of the
mean size and a limited decrease in number density of the NPs,
probably due to the formation of aggregates.

The research group of Yanilkin investigated the anthracene-
mediated electrochemical synthesis of Co NPs in solution.””
The synthesis of Co NPs was performed by using anthracene as
a mediator in the electrolysis at the potential of anthracene
reduction to the radical anion in aprotic DMF and generating
[CoCl,]* ions by dissolving the bulk cobalt anode during the
electrolysis (Scheme 3). It is important to note that the cobalt
particles are oxidised upon contact with air forming oxidised Co
NPs with a low dispersity (20-30 nm). The investigation was

Cathode: 2 anthracene +2e —> 2 anthracene._
Anode:  Co®+4CI~—> [CoCl>" +2¢”
Solution: 2 anthracene + [CoCl42~—> 2 anthracene + CoP + 4CI~

nCo® — (Ca9%),

Scheme 3. The electrosynthesis of Co NPs (Co°), using anthracene as a
mediator and a cobalt anode as a supplier of Co?".

[Co(bpy)l”* +e === [Co(bpy)]"

2 [Co(bpy)]" — [Co(bpy)]** + COnano)

Scheme 4. The preparation of Co NPs. Reproduced from ref. [276], Copyright
(2018), with permission from Elsevier.
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Figure 17. EPR spectra recorded from a solution containing electrochemi-
cally generated Co NPs measured in a combined EPR-electrochemical cell
after 1, 10, 20 and 60 min of electrolysis. Reproduced from ref. [276],
Copyright (2018), with permission from Elsevier.
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carried out using CV, electrolysis, dynamic light scattering (DLS)
and SEM.

In 2018, we have reported the electrochemical generation
of superparamagnetic Co NPs.”® The electrochemical reduction
of cobalt dibromide 2,2-bipyridine (bpy) complexes (Co/bpy
molar ratio 1:0.5-1) results in the formation of Co NPs due to a
disproportionation reaction of the electrochemically generated
cobalt(l) mononuclear complexes (Scheme 4).

The investigation of the process of electrochemical gen-
eration of Co NPs was carried out by CV, macroscale electrolysis,
and in situ electron paramagnetic resonance (EPR) spectroelec-
trochemistry (Figure 17).

According to SAXS analysis, the average diameter and the
average length of the electrochemically formed cylindrical Co
NPs varied from 9 to 10 nm and 30 to 32 nm, respectively, and
was correlated with the g value and the broadness of the
ferromagnetic resonance (FMR) signal observed by in situ EPR-
spectroelectrochemistry during the electrochemical process.

5. Summary and Outlook

Co NPs have great scientific and technological relevance, due to
their catalytic, magnetic, electronic, and optical properties that
are also observed in their composites. Furthermore, cobalt is a
biologically active and non-toxic element, which allows its
application in the biomedical field, as well as in the context of
green chemistry. The synthesis of Co NPs can be carried out in
many different ways; the principal routes can be summarised as
follows: (i) chemical reduction of cobalt salts, (ii) thermal
decomposition of an organometallic precursor, and (iii) the
polyol process. The literature discussed in this review highlights
the advantages and limitations of each route. The physical
methods, as for instance laser ablation, are characterised by
simpler process execution but require special equipment and
also show a lack of size control for particles smaller than
100 nm.

In general, the synthesis of Co NPs by chemical reduction
represents the easiest way to control composition, size, and
shape of NPs and to perform a scale-up, without requiring
special lab equipment or conditions. However, it suffers from
several limitations dealing with the preparation of chemically
pure and clean nanoparticles without contamination of the
surface layer by reagents and side products. On the other hand,
the thermal decomposition leads to issues in controlling the
chemical composition of the final NPs. Electrochemical techni-
ques overcome these drawbacks and allow a selective and
clean generation of NPs, thus offering significant future
perspectives.

List of abbreviations

AFM atomic force microscopy

AOT bis(2-ethylhexyl)sulfosuccinate

bpy 2,2"-bipyridine

C—Co NPs  cobalt nanoparticles loaded on Ketjen carbon
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c-v
Co/mCN

Co/MWCNTs
Co/N-CNFs
Co@HCS
Co@N-C

Co-RGO
CcoD
COE
CTAB
cv

DC
diglyme
DLS
DMF
DMSO
DTA
EDX
EELS

EG
EPOP
EPR
ESI-TOFMS

ESR

FC

fcc

FFT
FE-SEM
FMR
FTIR
hcp
HCS
HER
HRTEM
ILs

L-AA
MPs
MWCNTs
N-CNFs
Nd:YAG
NMR
NPs

OA
OAm
OER
oMC
ORR
PAA
PS-b-PAA
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capacitance-voltage

cobalt nanoparticles on N-doped mesoporous
carbon

cobalt nanoparticles on multi-walled carbon nano-
tubes

cobalt nanoparticles on N-doped carbon nano-
fibres

cobalt nanoparticles encapsulated inside hollow
carbon spheres

cobalt nanoparticles encapsulated inside N-doped
carbon

cobalt nanoparticles on reduced graphene oxide
cycloocta-1,5-diene

cyclooctenyl

hexadecyl(trimethyl)ammonium bromide

cyclic voltammetry

direct current
1-methoxy-2-(2-methoxyethoxy)ethane

dynamic light scattering
N,N-dimethylformamide

dimethyl sulfoxide

differential thermal analysis

energy-dispersive X-ray spectroscopy

electron energy loss spectroscopy

ethylene glycol

ethylene diamine-based porous organic polymers
electron paramagnetic resonance

electrospray ionisation time-of-flight mass spec-
trometry

ethanol steam reforming

field cooling

face-centred cubic

fast-Fourier transform

field emission scanning electron microscopy
ferromagnetic resonance

fourier-transform infrared spectroscopy
hexagonal close packed

hollow carbon spheres

hydrogen evolution reaction

high-resolution transmission electron microscopy
ionic liquids

L-ascorbic acid

microparticles

multi-walled carbon nanotubes

N-doped carbon nanofibres

neodymium-doped yttrium aluminium garnet
nuclear magnetic resonance

nanoparticles

(92)-octadec-9-enoic acid
(2)-octadec-9-enylamine

oxygen evolution reaction

ordered mesoporous carbon

oxygen reduction reaction

poly(acrylic acid)

polystyrene-b-poly(acrylic acid)
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PS-b-PAA,, polystyrene-b-poly(acrylic acid) with 12 mol% of
poly(acrylic acid)

PS-b-PAA;  polystyrene-b-poly(acrylic acid) with 8 mol% of
poly(acrylic acid)

PVP 1-ethenylpyrrolidin-2-one

RGO reduced graphene oxide

RF resorcinol-formaldehyde

SAED selected area electron diffraction

SAXS small angle X-ray scattering

SEM scanning electron microscopy

SERS surface enhanced Raman spectroscopy

SQUID superconducting quantum interference device

SWCNT single-walled carbon nanotubes

TAP tetraaminephthalocyanine

TEM transmission electron microscopy

TGA thermogravimetric analysis

TOP trioctylphosphane

TOPO trioctyl-A>-phosphanone

TPP triphenylphosphane

UFPs ultrafine particles

WAXS wide angle X-ray scattering

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction analysis

ZFC zero-field cooling

[BMI][NTf,]  1-n-butyl-3-methylimidazolium N-bis
(trifluoromethanesulfonyl) imidate

[DMI][BF,]  1-n-decyl-3-methylimidazolium tetrafluoroborate

[DMIJ[FAP]  1-n-decyl-3-methylimidazolium trifluoro-
tris(pentafluoroethane) phosphate

[DMI][NTf,]  1-n-decyl-3-methylimidazolium N-bis-(trifluoro-
methanesulfonyl) imidate

[TDMI][NTf,] 1-n-tetradecyl-3-methylimidazolium N-bis-(tri-
fluoromethanesulfonyl) imidate
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