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SYNTHESIS OF COBALT NANOPARTICLES IN AQUEOUS 
SOLUTIONS ASSISTED BY POLYMER/INORGANIC HYBRID

Hydrophilic polymer/inorganic hybrids (PIH) containing silica nanoparticles and polyacrylamide chains proved to be 
eff ective matrices for the in situ synthesis of cobalt nanoparticles. PIH sample was synthesized by free-radical polymerization 
of acrylamide from the unmodifi ed surface of SiO

2
 nanoparticles and characterized by elemental analysis, dynamic 

thermogravimetric analysis, static light scattering, potentiometric titration, viscometry and transmission electron microscopy 
(TEM). Th e processes of borohydride reduction of cobalt ions from the Co(NO

3
)

2
·6H

2
O solution to nanoparticles in water 

medium and aqueous solutions of PIH were studied as a function of the concentrations of metal salt and hybrid concentrations 
using UV-Vis spectroscopy and TEM. A special approach to characterize the kinetics and effi  ciency of CoNPs formation in 
water medium and hybrid solutions using UV-Vis spectroscopy was implemented. Th e kinetic parameters of the CoNPs 
formation process as well as the yield, size, and morphology of nanoparticles in hybrid solutions and water medium at 
various concentrations of metal salt and hybrid were determined. Th e growth of both concentrations of reagents had a 
positive eff ect on the rate of formation of metal nanoparticles and their yield, but in all cases, the reduction process developed 
much slower in hybrid solutions compared to pure water. Th e morphology of the CoNPs/PIH nanocomposites was mainly 
represented by separate swollen hybrid particles containing metal nanoparticles with dav~3 nm.

Keywords: polymer/inorganic hybrid, matrix, in situ synthesis, borohydride reduction, cobalt nanoparticles.
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СИНТЕЗ НАНОЧАСТИНОК КОБАЛЬТУ В ВОДНИХ 

РОЗЧИНАХ ЗА ДОПОМОГОЮ ПОЛІМЕР-НЕОРАНІЧНИХ ГІБРИДІВ

Гідрофільні полімер/неорганічні гібриди, які містять наночастинки кремнезему та поліакриламідні ланцюги 

(SiO
2
/ПAA), виявилися ефективними матрицями для in situ синтезу наночастинок кобальту (СоНЧ). Зразок 

гібриду було синтезовано шляхом радикальної прищепленої полімеризації акриламіду від поверхні SiO
2
 та 

охарактеризовано методами елементного аналізу, ДТГА, пружного світлорозсіювання, потенціометричного 

титрування, віскозиметрії. Процеси борогідридного відновлення іонів кобальту до наночастинок у водному 

середовищі та у водних розчинах гібриду вивчали за допомогою UV-Vis-спектроскопії та ТЕМ залежно від 

концентрацій солі металу та гібриду. Методом UV-Vis спектроскопії та розробленого оригінального підходу 

охарактеризовано кінетику й ефективність утворення СоНЧ у розчині гібриду та у водному середовищі. 

Встановлено кінетичні параметри процесу формування СоНЧ, а також визначено їх вихід, розмір і морфологію 

у гібридних розчинах та у водному середовищі за різних концентрацій солі кобальту та гібриду. Зростання обох 

концентрацій реагентів позитивно впливало на швидкість накопичення та вихід металевих наночастинок, але 

у всіх розглянутих випадках процес відновлення іонів кобальту розвивався значно повільніше в гібридних 

розчинах порівняно з водним середовищем. Встановлена морфологічна структура нанокомпозиту СоНЧ/

гібрид, яка складалася переважно з окремих набухлих частинок гібриду, що містили металеві наночастинки 

середнім діаметром ~ 3 нм.

Ключові слова: полімер/неорганічний гібрид, матриця, in situ синтез, борогідридне відновлення, наночастинки 

кобальту.

Introduction

Nanostructured materials exhibit novel properties 
which notably diff er from those of the correspond-
ing bulk solid, due to the small size eff ect [1]. Co-
balt nanoparticles (CoNPs) have attracted consid-
erable attention due to their excellent magnetic 
properties as ferromagnetic materials. Cobalt na-
nomaterials are used in various fi elds, including 
catalysis, electronics, coatings, gas sensing, elec-
trochemical devices, solar energy conversion, bi-
omedicine including gene delivery and targeted 
drug carrier [2–4]. Diff erent preparation methods 
have been employed for the synthesis of CoNPs, 
such as microemulsion, solvothermal method, 
thermal decomposition of cobalt precursors, spray 
pyrolysis, sol-gel process, plasma reduction, chem-
ical reduction in polyol solutions [5-9], etc. Th ese 
well-developed CoNPs preparation methods place 
high demands on the equipment due to the high 
temperatures, pressures or the use of organic sol-
vents. In addition, it is diffi  cult to control the size, 
size distribution, shape and stability of the metallic 
dispersion in these methods. Th e development of 
effi  cient and low-cost methods for the preparation 
of cobalt and cobalt oxide nanoparticles is of great 

interest for novel technological applications.
Chemical methods for the synthesis of CoNPs 

are the most widely used and at the same time, 
the most effi  cient. Th ese methods are described 
as simple, convenient, inexpensive (for large-scale 
production), and quick to carry out while not re-
quiring the use of complex apparatus. Th ey are 
based on the use of a reducing agent, such as hy-
drogen, alcohol, hydrazine, borohydride, which is 
mixed with the metal salts in the presence of cap-
ping agents (ligands, polymers, dendrimers, sur-
factants, cyclodextrins, etc.) [9]. It should be noted 
that polymers play an important role in the prepa-
ration of CoNPs, because they control and regulate 
the growth of nanoparticles and prevent their ag-
gregation. Moreover, polymers have already been 
widely used as steric stabilizers and as a means of 
controlling nanoparticles growth and spatial ar-
rangement in fi lms [9]. Various biocompatible hy-
drophilic polymers, such as dextran, proteins, pol-
yvinyl alcohol (PVA) [10], polyvinylpyrrolidone 
(PVP) [11], have been previously reported for 
CoNP encapsulation. Cobalt and cobalt oxide na-
noparticles were also obtained in hyperbranched 
polyester polyol matrix [12]. In addition, CoNPs 
for catalytic applications have been prepared in 
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crosslinked organic polymer microgels [13], in 
particular, poly(methacrylic acid) or its copoly-
mer with poly(N-isopropylacrylamide microgels 
[14, 15]. In contrast to the cited works, we propose 
to use a polymer/inorganic hybrid (PIH) with an 
inorganic silica “core” and a graft ed polyacryla-
mide “crown” for the in situ synthesis of CoNPs, in 
which the known binding properties of both com-
ponents are combined and enhanced.

It is known that sodium borohydride is one of 
the most powerful reducing agents, which has 
been extensively used for the preparation and sta-
bilization of metal nanoparticles [16], including 
CoNPs. Th iols, carboxylic acids, amine-based cap-
ping agents or hydrophilic polymers with -COOH, 
-OH and -NH

2
 functional groups, which have a 

high ability to bind metal ions, are widely used 
in the stabilization of CoNPs. Th e borohydride 
reduction of Co-salt supported on natural hydro-
philic polymers such as cellulose and chitosan was 
described in [17]. In this investigation, hydrophilic 
chitosan was used to improve the metal deposition 
on the polymer. Starch hydrogel-loaded CoNPs 
were prepared by in situ reduction of Co-salt on a 
starch hydrogel network [18]. In this study, CoNPs 
with a spherical shape and size of 30 nm were ob-
tained. Th e prepared nanocomposite was applied 
as a heterogeneous catalyst in the reaction of hy-
drogen production from the hydrolysis of NaBH

4
. 

Th e preparation of PVP-stabilized CoNPs with 
controllable sizes by a modifi ed polyol method us-
ing sodium borohydride as a reducing agent has 
been described [9]. Borohydride reduction of Co-
salt to CoNPs was also carried out in [Co(AOT)

2
] 

reverse micelles [19]. Th e micelles and a small vol-
ume of reducing agent play the role of nanoreac-
tors for the nucleation and growth of CoNPs. Th e 
authors demonstrated that the amount of reducing 
agent is one of the key parameters in controlling 
the size distribution of metal nanocrystals.

Polymer/inorganic hybrids based on silica nano-
particles and graft ed polyacrylamide chains con-
tain active chemical groups that can bind to metal 
ions. Such chemical groups are nonionic amide 
groups on the graft ed PAAm chains as well as ion-
ic silanol groups on the surface of SiO

2
 “cores”. On 

the other hand, cobalt ions have a very high ther-
modynamic affi  nity for water in aqueous solutions 
[20]. Th erefore, in an aqueous medium at a room 
temperature, each metal ion is surrounded by 6 
water molecules, [Co(H

2
0)

6
]2+ [20]. As a result, hy-

drated metal ions interact with the active groups 
of low molecular weight and polymeric organic 
compounds, including the amide groups of PIH, 
through the formation of hydrogen bonds via wa-
ter molecules [21]. A diff erent situation is observed 
at a higher temperature (~80 °C), when cobalt ions 
“lose” water molecules and interact with amide 
groups through ion coordination bonds [22].

Th e formation of coordination complexes of 
transition metals with PAAm amide groups is 
well known in the literature [22-27]. As a ligand, 
acrylamide (AAm) can form monodentate O- or 
N-bonded complexes with metal ions, as well as 
bidentate chelate rings or bridging complexes [23, 
24]. Th e most basic site in AAm based ligands is 
oxygen, where protonation or metallation occurs 
in neutral conditions. In general, changes in the 
acidity and oxidation states of the metal center, 
substituent group, temperature, moisture and sol-
vent system infl uence the stability and coordina-
tion mode in metal-AAm ligand complexes. Metal 
ions such as Cr3+, Co3+, Ru3+, Rh3+ and Cu2+, Co2+, 
Fe2+ favor O-bonded amide complexation [24]. It 
should be noted that hydrogen-bonded complex-
es of hydrated cobalt ions with amide groups of 
PAAm are pink in color at room temperature. At 
the same time, the ion coordination binding of co-
balt ions with the amide groups of PAAm at higher 
temperature (T=85 °C) leads to the formation of 
insoluble blue complexes [25].

Th e present work reports a simple and eff ective 
method for the preparation of small and stable to 
aggregation and sedimentation CoNPs in an aque-
ous medium using polymer/inorganic hybrid SiO

2
/

PAAm based on silica nanoparticles and graft ed 
polyacrylamide chains. Previously, such hybrids 
were shown to be eff ective nanoreactors for the in 
situ synthesis of silver nanoparticles (AgNPs) in an 
aqueous medium [28, 29]. It was concluded that 
the strong retention of metal ions and the result-
ing nanoparticles in hybrid particles is due to the 
presence not only of PAAm “corona” with active 
primary amide groups but also of silica “core” with 
a weakly negatively charged surface. Th e present 
work is mainly devoted to the kinetic peculiarities 
and effi  ciency of CoNP formation in PIH solutions 
in comparison with pure water at various concen-
trations of Co precursor and hybrid matrix using 
the previously developed method [30]. However, 
a comparison of the morphology and size of the 
resulting CoNPs was also performed. 
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Experimental part

Synthesis and characterization of polymer/
inorganic hybrid
Th e PIH sample was synthesized by a free-radi-
cal graft ing polymerization of acrylamide (AAm) 
“from” the surface of silica hydrosol, as in the study 
[28–30]. For this purpose, we used Aerosil A-175 
from “Orisil” (Ukraine) with a specifi c surface area 
of 1.82·105 m2·kg-1, ammonium cerium(IV) nitrate 
from “Aldrich” (USA) and AAm from “Merck” 
(Germany), which was recrystallized from chlo-
roform. To prepare a silica hydrosol, the Aerosil 
suspension was stirred in deionized water with 
C=100 kg·m-3 during 24 hours and then centri-
fuged twice at 6000 rpm. Th e concentration of 
silica sol in the supernatant was measured by the 
gravimetric method, and the average nanoparticle 
size (R

SiO2
) was determined by static light scatter-

ing [30]. Th e weight ratios: [CeIV]/[SiO
2
]=0.4 and 

[CeIV]/[AAm]=7.72·10-3, which determined the 
quantity and length of the graft ed chains, and the 
concentration of C

SiO2
=2.7 kg·m-3 were used. Th e 

reagents were mixed in an inert atmosphere at 293 
K for 24 hours. Th e gel-like product was diluted, 
precipitated with acetone, redissolved in water and 
freeze-dried.

A detailed structure of the hybrid was deter-
mined by elemental analysis, dynamic thermo-
gravimetric analysis (DTGA) and viscometry. 
Elemental analysis data for C and N were used to 
determine the weight fraction of PAAm in PIH. 
Th e weight part of water was determined accord-
ing to DTGA as the weight loss of a hybrid sample 
prior to the onset of degradation. Based on these 
results, the weight fraction of SiO

2
 was calculated. 

To determine the number and molecular weight 
of the graft ed PAAm chains, the PIH solution was 
kept at pH=11.5 and room temperature for one 
week. It is known that under such conditions a 
complete degradation (dissolution) of silica na-

noparticles occurs [31] and only a slight hydrol-
ysis of PAAm acrylamide units can be observed 
[32]. Th e reaction mixture was then reprecipitated 
with acetone and dissolved in water. Th e degrada-
tion products were completely separated from the 
polymer chains by dialysis of the solution against 
deionized water, and the average molecular weight 
of the graft s was determined using the well-known 
method of viscometry. 

Th e viscosity was measured in diluted aque-
ous solutions of PAAm (C

PAAm
=0.1–1.0 kg·m-3) at 

T=303±0.1 K in the presence of NaNO
3 
(C

NaNO3
=1 

M) as a low molecular weight electrolyte to sup-
press possible polyelectrolyte eff ect caused by par-
tial hydrolyses of acrylamide units. We used the 
Ostwald-type viscometer with the water-salt solu-
tion fl ow time τ

0
=93.5 s. Th e resulting linear de-

pendence of the reduced viscosity of the polymer 
solution on its concentration was used to deter-
mine the intrinsic viscosity ([η]) and to calculate 
the viscosity-average molecular weight of PAAm 
using the equation (1):

[η] = 3.73·10-2·M0.66
vPAAm

,
where [η] was expressed in cm3·g-1.

Th e obtained characteristics made it possible to 
calculate the number of PAAm graft s (N) per one 
SiO

2
 nanoparticle according to the formula (2): 

where ρ=2.1 g·cm-3 is the density of silica, the 
product 4 /3π·R

SiO2

3·ρ is the weight of one silica na-
noparticle, N

A
 is the Avogadro number. Th e results 

of calculations are shown in table.
Methodology of in situ synthesis of cobalt 
nanoparticles

In order to obtain CoNPs, we performed in 
situ reduction of cobalt(II) nitrate hexahydrate, 
Co(NO

3
)

2
·6H

2
O (Merk, Germany), with NaBH

4
 

(Aldrich, Germany) as reducing agent in hybrid 
aqueous solutions at T=20 °C. All the chemical re-

Sample
 w

SiO2

a),

w %

R
av SiO2

b),

nm

w
PAAm

c),

w %

M
v PААm

d),

kDa

w
H2O

e),

w %
Nf)

PIH 9.5 7.7 85.5 822 11 72
a)Th e weight fraction of SiO

2 
in the hybrid: w

SiO2
=1-w

PAAm
-w

H2O
; b)Average radius of silica nanoparticles foundby static 

light scattering; c)Th e weight fraction of PAAm in the sample, calculated according to elemental analysis; d)Viscosity-

average molecular wei ght of the graft ed PAAm chains; e)Total water content in the sample, determined by DTGA; f)Th e 

average quantity of PAAm graft s per particle SiO
2
.

Table. Main characteristics of the hybrid sample

(1)

,                (2)
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agents used in the experiment were of analytical 
grade and were used without further purifi cation. 
Th e aqueous solutions of the reagents were pre-
pared using deionized water at pH=6.5. Th e for-
mation of CoNPs in aqueous PIH solutions was 
carried out in two stages. In the fi rst stage, Co-salt 
of the required concentration was added to the 
PIH solution in deionized water. Th e Co-salt/PIH 
mixture was then stored in a dark box for 1 hour. 
In the second stage, twenty-fold molar excess of 
NаВН

4 
was added to the mixture to achieve the 

complete conversion of metal ions to zero-valence 
state. In the experiments, the concentrations of the 
hybrid matrix (С

m
) and Co-salt solutions were var-

ied (С
m

 = 0.5–2.0 kg·m-3; С
Со(NO3)2

= 0.98–3.92·10-2 
kg·m-3). It should be noted that the concentration 
of Co-salt in the article is expressed based on pure 
cobalt nitrate without water. To determine the 
peculiarities of the CoNP formation without pol-
ymer/inorganic matrix stabilization, we carried 
out the reduction of Co-salt aqueous solution by 
NaBH

4
 in deionized water under similar experi-

mental conditions.
Th e process of CoNP formation was monitored 

over time by changes in the extinction (turbidi-
ty) of each reaction mixture at λ=500 nm. At this 
wavelength, the Co-salt and PIH solutions had no 
absorption bands in the spectrum, and the main 
contribution to the extinction value was made by 
the scattering of light by the metal nanoparticles. 
Extinction spectra were recorded every 2 minutes 
for 1.5 hours in the 200-1000 nm range using a 
Cary 50 Scan UV-Vis spectrometer (Varian, USA). 
Th e extinction values (optical density D) at a wave-
length of λ=500 nm were then used to calculate the 
turbidity (τ) of each reaction mixture as a function 
of time (t) according to the well-known formula (3):

where l=1 cm is the length of the quartz cuvette. 
Determination of the morphology and size of 
hybrid and metal nanoparticles

Th e morphology and size of CoNPs obtained in 
water medium and PIH solutions were determined 
using transmission electron microscopy (TEM). 
Th e nanoparticles produced in water were stud-
ied by TEM as prepared. To study the CoNPs/PIH 
composites, we previously purifi ed them from the 
reaction by-products by means of their reprecipi-
tation with ethanol and subsequent redissolution 

with deionized water. Corresponding TEM im-
ages were obtained using a JEM-1230 instrument 
(JEOL, Japan) operating at an accelerating voltage 
of 90-100 kV. Small droplets (~1·10-4 cm3) of the 
dispersions were placed on copper grids coated 
with Formvar films and carbon, and then dried in 
air for ~1-2 min and in a vacuum desiccator for 
24 h. Th e average particle diameter (d

av
) and their 

size distribution for PIH solutions and CoNPs/
PIH composites, as well as for CoNPs obtained in 
water medium, were calculated from the TEM im-
ages using ImageJ computer program 

Results and discussion

Process of cobalt nanoparticle formation in 
water medium
Borohydride reduction of metal ions has been used 
extensively to form metal particles, yielding either 
zero valence metals or particles of metal borides 
[33, 34]. Sodium borohydride is a mild but eff ec-
tive reducing agent with low equivalent weight 
and high reduction potential (E°= -1.23 V). It has 
been successfully used for in situ synthesis of noble 
metal nanoparticles [28, 29, 35]. In recent years, 
this method has gained on additional importance 
due to the increased interest in nanoscale mag-
netic particles. However, unlike gold and silver, 
cobalt nanoparticles are sensitive to air, moisture 
and reaction conditions. Th e redox potential of the 
Co2+/Co0 pair is -0.28 V [34]. Th e overall reaction 
scheme of the reduction process in aqueous medi-
um was proposed as follows:

Co2+ + 2BH
4

- + 6H
2
O → Co° + 7H

2
 + 2B(OH)

3

Complete reduction of cobalt ions by this tech-
nique requires a signifi cant excess of borohydride 
[33].Th e interaction of these ions with sodium 

Fig. 1. Co-salt aqueous solutions with increasing Co(NO
3
)

2
 

concentration in 10 minutes aft er the addition of NaBH
4
. 

С
Со(NO3)2

=0.98·10-2– 1; 1.96·10-2 – 2 and 3.92·10-2 kg·m-3 – 3; 

T=20 °C

,                      (3)
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borohydride in water in an inert atmosphere re-
sults in the formation of cobalt boride [33]:

2Co2++2BH
4

-+2H
2
O→ Co

2
B+HBO

2
+2H++4.5H

2

In air, however, a Co
2
B is converted to CoNPs 

due to the interaction with oxygen according to 
the following reactions [33]:

4Co
2
B + 3O

2
 = 8Co° + 2B

2
O

3
 ; 

B
2
O

3
 + 3H

2
O = 2B(OH)

3

Th e reaction mixtures Co-salt/NaBH
4 

with in-
creasing concentration of reagents are shown in 
Figure 1. In this experiment, a twenty-fold excess 
of NaBH

4
 was added to aqueous Co(NO

3
)

2
·6H

2
O 

solutions of various concentrations.
When the reducing agent was added, a gray-

black color appeared in all colorless mixtures of 
Co-salt/NaBH

4
 within a few minutes, thus refl ect-

ing the occurrence of CoNPs. It can be seen that 
the yield of nanoparticles increased with the in-
crease of salt concentration (and reducing agent).

Th e extinction spectra of the initial aqueous Co-
salt solutions with various concentrations aft er the 
addition of NaBH

4
 are shown in Figure 2. Th e for-

mation of CoNPs dispersions occurred at a high 
rate that was especially evident at С

Cо(NO3)2
=1.96·10-2 

and 3.92·10-2 kg·m-3 (Figure 2 b, c).
Th e formation and yield of noble metal nano-

particles, such as silver and gold, in various media 
can be easily controlled using UV-Vis spectrosco-
py due to the appearance of intense surface plas-
mon resonance  bands (SPRB) with λ

max
~400 nm 

and ~520 nm, respectively [36,37]. Th erefore, we 
have used this method in previous studies to char-
acterize the kinetics of silver nanoparticles forma-
tion and their yield during borohydride reduction 

of Ag+ ions in aqueous solutions of double-hydro-
philic block copolymers and polymer/inorganic 
hybrids [28, 29, 35]. To this end, the changes in 
the position and integrated intensity of the SPRB 
of silver nanoparticles in the UV-Vis spectra of 
the corresponding reaction mixtures were moni-
tored over time. In contrast, the SPRB of CoNPs in 
our dispersions is poorly expressed (Fig. 2), which 
can be attributed to the less free state of surface 
electrons. Nevertheless, this band was found for 
CoNPs at 350 nm (SPRB1) and 430 nm (SPRB2) 
in organic media [38], but its position and intensi-
ty strongly depended on the size and shape of the 
nanoparticles, and on the dielectric properties of 
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Fig. 2. Th e time evolution over 90 min of the extinction spectra of the Сo-salt aqueous solutions aft er the addition of 

NaBH
4
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the environment. In the present study, we also did 
not observe the appearance of SPRB in the UV-Vis 
spectra during the preparation of C oNPs in water 
medium and aqueous PIH solutions (in the select-
ed range of reagent concentrations). Th erefore, we 
proposed another way to characterize the kinetics 
and effi  ciency of the reduction process [30, 39]. To 
solve this problem, such a parameter as turbidity 
of the reaction mixture at λ=500 nm was chosen. 
At this wavelength, the solutions of Co-salt and its 
mixtures with hybrid did not show any absorption 
bands in the spectra (Fig. 3).

It is known that the turbidity of colloidal disper-
sions, which characterizes the scattering of light 
by them, can be expressed for small (<λ/20 of the 
incident light) spherical particles by the equation 
(4) [40]:

where: I
0
 and I

t 
are the intensities of the incident 

and transmitted light, N/V is the number of par-
ticles per unit volume of the dispersion, a is the 
radius of the spherical particles, n=n

1
/n

2
 is the rel-

ative refractive index or the ratio of the refractive 
indices of particles and the medium. 

Th us, the turbidity of the dispersion is deter-
mined by the size and number of scattering parti-
cles; therefore, its change can characterize the rate 
and eff ectiveness of the reduction process. Given 
the formation of very small spherical CoNPs in all 
our reduction processes, this parameter was used 
to control the appearance of nanoparticles in the 
reaction mixtures. Th us, the control of CoNP for-
mation in water medium and also in PIH solutions 
aft er the addition of reducing agent was performed 
by monitoring the time changes in the extinction 

spectra of the reaction mixtures (Fig. 2) followed 
by the determination of the corresponding time 
dependences of the turbidity (τ) of the mixtures 
at λ=500 nm.

Th e resulting kinetic curves of the CoNP forma-
tion in water medium, calculated from the corre-
sponding extinction spectra (Fig. 2), are shown in 
Fig. 4. It is seen that the yield of CoNPs in water 
without hybrid matrix increased with increasing 
concent ration of cobalt ions (and NaBH

4
) in the 

reaction mixture. Th e formation of CoNPs in solu-
tions with high concentrations of Co-salt (1.96·10-2

÷3.92·10-2 kg·m-3) was accompanied by the pro-
cesses of nanoparticle aggregation and possibly 
partial sedimentation (Fig. 4b, c).

Th e appearance of small, but well-formed 
spherical CoNPs, was confi rmed by TEM (Fig. 5 a, 
b). Nanoparticles obtained at lower concent ration 
of Co-salt solutions had smaller average particle 
diameter d

av
=2.0±0.8 nm (Fig. 5 c). In contrast, 

CoNPs formed at higher concentration of Co-salt 
(and reducing agent) were slightly larger (Fig. 5 d) 
with d

av
=2.7±1.5 nm and had a wider size distri-

bution. 
Formation and stabilization of cobalt 
nanoparticles in aqueous hybrid solutions

Th e hydrophilic PIH form compact micelle-like 
structures in the aqueous medium, in which the 
polymer “corona” is pressed to the inorganic “core” 
due to an additional system of hydrogen bonds 
between the PAAm chains and the silica surface 
[28–30]. Th e aqueous PIH solutions have a pH~6. 
Th ese compact hybrid particles exist in both an 
individual and in an aggregated state in aqueous 
solutions. Th e morphology and size distribution 
of the synthesized hybrid sample are shown in 
Fig. 6.
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Th e small individual hybrid particles had an 
almost spherical shape and the average diameter 
d

av
=21.0±4.7 nm. Th ese particles are combined 

into various fractal aggregates of diff erent shapes 
and sizes. Th e reason for the aggregation of hybrid 
particles in an aqueous solution seems to be is the 

Fig. 5. TEM images of CoNPs obtained in water medium at diff erent initial concentration of Co-salt solution (a, b) and 

particle size distribution (c, d). С
Со(NO3)2

 = 1.96·10-2 (a, c) and 3.92·10-2 kg·m-3 (b, d); T=20 °C
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interaction of PAAm “coronas” due to the hydro-
gen bonds. 

Th e reaction of borohydride reduction of Co-
salt in PIH solutions was divided into two sepa-
rate stages accordint to the previously developed 
methodology for the in situ synthesis of AgNPs 
in hybrid solutions [28, 29]. In the 1st stage, the 
hydrated cobalt ions [Co(H

2
O)

6
]2+ penetrated into 

the PIH particles and interacted with the primary 
amide groups of PAAm through hydrogen bonds 
and, possibly, with the partially negatively charged 

Fig. 7. Co-salt/PIH mixtures in 45 minutes aft er the 

addition of NaBH
4
. С

m
=0.5 kg·m-3; С

Со(NO3)2
=0.98·10-2– 1; 

1.96·10-2 – 2 and 3.92·10-2 kg·m-3 – 3; T=20 °C

Fig. 8. Extinction spectra of the Со-salt/PIH mixtures aft er NaBH
4
 addition. Th e spectra are shown over 90 minutes with 

an interval of 4 min. С
Со(NO3)2

= 0.98·10-2 (а, b, c), 1.96·10-2 (d, e, f) and 3.92·10-2 kg·m-3 (g, h, і); С
m

 0.5 (а, d, g), 1.0 (b, e, h) 

and 2.0 kg·m-3 (c, f, і); Т=20 °С
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surface of SiO
2 

particles through electrostatic in-
teractions. Th us, in the 1st stage the metal ions 
were connected with the matrix particles. It was 
previously shown, that in an analogous synthesis 
of nanosilver, the formation of AgNPs occurred in 
the PAAm graft ed layer [28, 29].

In the 2nd stage, when the reducing agent was 
added, a gray-black color appeared in all colorless 
Co-salt/PIH mixtures within ~10 minutes, thus re-
fl ecting the occurrence of CoNPs (Fig. 7). It can be 
seen that the yield of nanoparticles increased with 
the growth of the Co-salt (and the reducing agent) 
concentrations at a constant hybrid concentration. 

Th e extinction spectra of all reaction mixtures 

of PIH with cobalt ions aft er the addition of NaBH
4
 

are shown in Figure 8. Th e extinction values in the 
spectra monotonically decreases to the long-wave-
length region from an intense Co0 absorption band 
nearly λ~200 nm [41].

Note, that the oxygen-containing amide and 
silanol groups of the hybrid also have absorption 
bands near 200 nm. All fi gures show the shift  of 
the extinction spectra for 90 min compared to the 
initial spectrum, thus indicating an increase in 
turbidity of the systems over time due to the scat-
tering of light by the forming CoNPs. At the same 
time, no distinct surface plasmon resonance band 
for CoNPs was observed in any of the spectra. Th e 

Fig. 9. Turbidity changes over 90 min in the Со-salt/PIH mixtures aft er reducing agent addition. С
Со(NO3)2

= 0.98·10-2 (а, 

b, c), 1.96·10-2 (d, e, f) and 3.92·10-2 kg·m-3 (g, h, i); С
m

= 0.5 (а, d, g), 1.0 (b, e, h) and 2.0 kg·m-3 (c, f, i); Т=20 °С
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increase of the matrix concentration at all studied 
concentrations of Co(NO

3
)

2
 had a positive eff ect 

on the yield of CoNPs, which was evidenced by 
the increase of the shift  of the extinction spectra 
compared to the initial spectrum with increasing 
C

m
 (Figure 8 c, f, i). As noted above, the process of 

CoNPs formation was controlled by changes in the 
turbidity of the dispersions over time. Th e kinet-
ic curves of the turbidity changes in time for the 

Co-salt/PIH/NaBH
4 
mixture are shown in Fig. 9.

Th e yield of metal nanoparticles under diff er-
ent conditions can be characterized from Fig. 9 
as the turbidity value over a certain constant time 
(80 minutes), τ

80
. Th ese data already quantitatively 

confi rmed the previous conclusions that the yield 
of CoNPs in hybrid solutions at a constant hybrid 
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concentration increases with increasing of the Co-
salt concentration (Fig. 9 a, d, g; b, e, h; c, f, i). A 
similar eff ect of growth of CoNPs yield in hybrid 
solutions we also observe with increasing concen-
tration of the hybrid at a constant Co-salt concen-
tration (Figure 9 a, b, c; d, e, f; g, h, i). As can be 
seen, the CoNP formation is a complex stochastic 
process involving aggregation and possible partial 
sedimentation of disperse particles in a measuring 
cell. In addition, the reduction reaction is accompa-
nied by the release of small hydrogen bubbles. For 
this reason, some kinetic curves are complicated by 
fl uctuations in the value of τ or even by its decrease 
aft er the maximum. Th e analysis of the experimen-
tal data in Fig. 9 allows the determination of the 
optimal concentrations of the hybrid matrix and 
Co-salt, at which the highest yield and stability of 
nanoparticles in solution are obtained. According 
to Fig. 9 (f), the optimal concentrations for hybrid 
matrix and Co-salt (based on pure cobalt nitrate) 
were 2 kg·m-3 and 1.96·10-2 kg·m-3 respectively.

Th e rates of nanoparticle accumulation (V) of 
CoNPs in hybrid solutions and water medium 
were calculated from the curves in Fig. 4, 9 as the 
slopes of the initial sharp increase in the turbidity 
of every system over time. Th e process of borohy-
dride reduction of Co-salt in pure water started 
almost immediately without any induction peri-
od (Fig. 4). In contrast, the process of nanoparti-
cle formation in the hybrid solutions began aft er 
a moderate induction period in most cases (Fig. 
9). Analysis of the data in Fig. 9 also shows a clear 
tendency for the length of the initial period of na-
noparticle nucleation to decrease with increasing 
concentration of the hybrid matrix. 

Th e dependencies of the rate of the CoNP ac-
cumulation on the both concentrations of rea-
gents (on Co-salt and hybrid concentrations) are 
shown in Fig. 10. Obtained the results indicate an 
increase in CoNPs formation rate and yield with 
increasing concentrations of both reagents. Th us, 
the growth of both concentrations had a positive 
eff ect on the rate of CoNPs formation and the yield 
of nanoparticles, but in all cases the reduction 
process of Co-salt in hybrid solutions developed 
much slower (Fig. 10a, curves 2–4) compared to 
the borohydride reduction of metal ions in water 
medium (Fig. 10a, curve 1).

TEM images of the obtained CoNPs/PIH com-
positions, which were pre-cleaned from the reac-
tion by-products, and their particle size distribu-

tions are shown in Fig. 1 1.
Th e TEM images of all the studied composites 

showed the presence of mainly isolated swollen 
hybrid particles and only a few diff use particle 
aggregates. Th e isolated swollen particles of PIH 
contained small are clearly visible metal nano-
particles at both concentrations of Co-salt (Fig. 
11 a, d, c, f). Th e average diameters of CoNPs ob-
tained at С

Со(NO3)2
=1.96·10-2 and 3.92·10-2 kg·m-3 

were close: d
av

=3.0±1.0 nm and d
av

=2.9±1.0 nm, 
respectively. Note, that the CoNPs, obtained in 
hybrid solutions, had a slightly higher average size 
as compared to the CoNPs obtained in water me-
dium. However, the yield of nanoparticles (the τ

80
 

values), which capable of being kept in solution, 
is much higher in the presence of hybrid matrices 
due to their binding and stabilizing action. Th us, 
the individual particles of the hybrid matrix with 
CoNPs can be considered as the basic structural 
elements of such nanocomposites in solution.

Th e TEM images of all the studied composi-
tions showed a similar picture, which we observed 
during the borohydride reduction of AgNO

3
 in 

aqueous PIH solutions. In particular, the similar 
synthesis of AgNPs showed a slight swelling of 
the hybrid particles. Silver ions penetrated into 
the “corona” of PIH due to the complex formation 
with amide groups of PAAm and probably with a 
weakly negatively charged surface of SiO

2
. Th ere-

fore, the process of AgNP formation with further 
addition of reducing agent already developed in 
the “corona” of hybrids and was accompanied by 
signifi cant destruction of the initial fractal clusters 
of PIH. Obviously, a similar process developed in 
the case of Co-salt reduction in PIH solutions.

Th e resulting highly dispersed CoNPs/PIH 
nanocomposites, similar to AgNPs/PIH nano-
composites, were resistant to aggregation and 
sedimentation over time. However, unlike the 
latter, they showed some changes in the color of 
the metal nanoparticles. Th e initial black color of 
the dispersed systems gradually changed to dark 
brown, and they became more transparent. Th is 
indicated chemical transformations on the surface 
of CoNPs, as the presence of metal nanoparticles 
in these composites was confi rmed by TEM. Th e 
reasons and directions of chemical transforma-
tions, as well as issues of chemical stabilization 
of the surface of CoNPs in such nanocomposites, 
will be considered separately in our next publica-
tions.
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Conclusion

Th e present work demonstrates the preparation 
of CoNPs assisted with polymer/inorganic hybrid 
containing PAAm chains graft ed on the surface of 
SiO

2
 nanoparticles. Th e in situ synthesis of CoNPs 

in PIH solutions developed mainly in graft ed 
PAAm chains, resulting in the formation of a wa-
ter-stable nanocomposites comprised of swollen 
hybrid particles with small (d

av
~3 nm) spherical 

CoNPs in the PAAm polymer “corona”.
Th e formation of CoNPs was monitored over 

time by the changes in the extinction spectra of 
the Co(NO

3
)

2
·6H

2
O in PIH aqueous solutions or 

water medium aft er NaBH
4 
addition. Th e reaction 

kinetics was determined from the changes in the 
turbidity of the forming metal dispersions at the 
λ = 500 nm. An increase in the rate of accumula-

tion and yield of CoNPs with increasing of both 
Co-salt and matrix concentrations was observed. 
It was found the optimal concentrations of hybrid 
matrix and Co-salt (2 kg·m-3 and 1.96·10-2 kg·m-3 
respectively), at which a high yield and stability of 
CoNPs in the fi nal composite was achieved. In wa-
ter medium, the rate of accumulation and the yield 
of CoNPs also increased with the increase of Co-
salt concentration. In addition, at each salt con-
centration, this rate was signifi cantly higher com-
pared to the CoNPs formation in PIH solutions. 
However, the resistance of nanoparticles, obtained 
in an aqueous environment, to aggregation and 
sedimentation is signifi cantly lower compared to 
nanoparticles synthesized in aqueous solutions of 
PIH. Th us, the growth process of CoNPs in PIH 
matrices under the infl uence of a reducing agent is 
slowed down and becomes m ore controlled.
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