Chemistry, Technology and Application of Substances

Vol. 4, No. 1, 2021

M. V. Shepida®, M. A. Sozanskyi?, Yu. V. Sukhatskiy, A. S. Mazur', O. I. Kuntyi*
Lviv Polytechnic National University,
! Department of Chemistry and Technology of Inorganic Substances,
2 Department of Physical, Analytical and General Chemistry
maryana_shepida@ukr.net

SONOELECTROCHEMICAL SYNTHESIS
OF SILVER NANOPARTICLES
IN POLYVINYLPYRROLIDONE SOLUTIONS

https://doi.org/ 10.23939/ctas2021.01.082

The results of investigations of the influence of main parameters (surfactant concentration
and temperature) on the synthesis of silver nanoparticles (AgNPs) by the sonoelectrochemical
method in polyvinylpyrrolidone (PVP) solutions by cyclic voltammetry (CVA) are presented. It is
shown that the ultrasonic field (22 kHz) leads to an increase in the anodic and cathodic currents by
~30 %. A scheme of the AgNPs formation has been proposed, which includes the following main
processes: 1) dissolution of sacrificial silver anodes at E = 0.2..1.0 V with the formation of
[AgPVP]* complex ions; 2) cathodic and sonochemical reduction of the latter to Ag(0); 3) formation
of AgNPs. It has been established that with an increase in PVP concentration from 1 to 4 g-L™, the
anodic and cathodic currents decrease by 40-60 %. The formation rate of AgNPs also decreases.
The growth of anodic and cathodic currents and the formation rate of nanoparticles in the range of
20...60 °C corresponds to the diffusion-kinetic action of the temperature factor. The CVA curves
practically do not change in time, which indicates the stability of anodic and cathodic processes at
prolonged sonoelectrochemical synthesis. The character of the UV-Vis spectra of AgNPs colloidal
solutions in PVP with the 405...410 nm absorption maximum is the same in a wide range of

nanoparticle concentrations.

Key words: sonoelectrochemical synthesis; silver nanoparticles; polyvinylpyrrolidone;
sacrificial anodes; cyclic voltammetry; “green” synthesis.

Introduction

Sonoelectrochemical synthesis of metal
nanoparticles (MNPs) is one of the promising
methods, which is characterized by a high rate of
processes, the purity of obtained products and
economy [1-5]. By using non-toxic surfactants as
stabilizers for MNPs, it also meets the requirements
of “green” technologies. In the literature [6-11], the
synthesis of AgNPs has been described, where non-
stationary electrolysis is mainly used. The latter
make up conditions for the realization of the
algorithm in chain of the following main processes:
1) reduction of Ag(+) to Ag(0) ® 2) nucleation ®
3) nuclei growth with the AgNPs formation. During
sonoelectrochemical synthesis in surfactant aqueous
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solutions, the first process includes cathodic
reduction (1) and radicals reduction, in particular H, Rx,
due to (2)-(5) reactions [12]. Thus, the Ag(+)
concentration in solution is one of the factors
providing the AgNPs synthesis algorithm.

Ag'+e® Ag (1)

H;0 **® *H +:OH )

RH + xOH(H) *® Rx + H,0(H,) 3)
Ag +H® Ag + H" (4)

Ag "+ R®Ag+Rt+H" (5)

Most of the known sonoelectrochemical synthesis
methods of AgNPs are based on the use of
AgNO; [6, 7], AgsCsHs0- [8], AgCIO, [10] salts
as precursors of Ag(+) ions. However, it is difficult
to ensure their stable concentration and, accordingly,
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the algorithm of the (1, 4, 5) recovery processes.
This causes the AgNPs design problem, which is
preferred in modern nanotechnology. That’s because,
the geometry of MINPs is the main parameter of their
functional properties [13, 14]. The sacrificial silver
anodes are increasingly used to provide the
concentration stability of Ag(+) ions [9, 11, 15-17].
The latter, in addition, reduce the number of
components of the reaction medium. However, it has
been little described in the literature about the mutual
influence of the sonoelectrochemical synthesis
parameters and the nature of surfactant on the
formation of solutions of metal nanoparticles. This
restrains the creation of the theoretical foundations
of such method and, accordingly, hinders its applied
use.

The proposed study was aimed at investigating
the “green” synthesis of AgNPs in polyvinylpyrrolidone
(PVP) solutions by the sonoelectrochemical method
using silver sacrificial anodes.

PVP is a non-toxic polymeric surfactant,
which is used as an effective stabilizer of silver
nanoparticles in chemical [18], electrochemical
[17, 19] and sonoelectrochemical [10] syntheses.

The aim of the work is to research the
sonoelectrochemical synthesis of silver nanoparticles
in polyvinylpyrrolidone solutions using soluble
anodes.

Materials and research methods

Sonoelectrochemical synthesis of colloidal
solutions of silver nanoparticles was performed using
a standard trielectrode electrochemical cell with
a volume of 50 ml and a MTech PGP-550M
potentiostat. Two identical silver plates (S = 14.4 cm?),
during cyclic voltammetry, performed simultaneously
the functions of working and auxiliary electrodes.
The reference electrode was a silver chloride electrode
Ag/AgCl with a Luggin capillary containing 1 mol/L
KNOs. The studies of the electrochemical behavior
of silver and the synthesis of AgNPs were carried out
using cyclic voltammetry in PVP solutions with a
concentration of 1-4 g/L; pH = 8,0...9,5; t = 20...60 °C.
The potential sweep rate of CVA was 50 mV/s in the
E range from +1.0to -1.0 V.
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For sonoelectrochemical synthesis of colloidal
solutions of silver nanoparticles, an ultrasonic emitter
of magnetostrictive type “Ultrasonic disintegrator”
UD-20 (Poland) was used. The frequency of ultrasonic
radiation was 22 kHz. Useful specific power of
ultrasonic radiation was 40-62.5 W/L. Isothermal
conditions for sonoelectrochemical synthesis of
colloidal solutions of silver nanoparticles were provided
by a UTU-4 ultrathermostat.

Theoretical calculations and processing of
experimental data were performed using software
(Inconico Screen Calipers 4.0, OriginPro 8.0).

Results of that discussion

Ag(+) ions form [AgPVP]* complexes in PVP
solutions due to O- and N-donor atoms in the
surfactant molecule [20]. So, in cyclic voltammetry,
the main electrochemical reactions can be represented
as an algorithm that includes anodic dissolution of
silver (6) and cathodic reduction of Ag(+) (7). Upon
further reduction, Ag (0) atoms are combined into
nanoclusters (AgNCs) and AgNPs, which are stabilized
by polymer PVP molecules due to the formation of

surface complexes of AQNCs—PVP ta AgNPs—PVP.
Ag + PVP, ® [AgPVP]" + ¢ (6)
[AgPVP]" + e ® AgPVP @)
The rate of electrode reactions (6, 7) increases
significantly in the ultrasonic field. Thus, the values
of anodic currents at E = 1.0 V and cathodic currents

at E =-0.5V increase by 30-40 % (Fig. 1).
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Fig. 1. CVA of redox processes of silver in PVP solution
(2 g/L) in the ultrasonic field and without it,
v =50 mV/s, at 1 scan cycle

Such an effect of ultrasonic waves on
electrochemical ones can be explained by the
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formation, growth and destruction of microbubbles
in the electrolyte [21]. If cavitation occurs close to
the electrode surface, the liquid jet penetrates into
the bubble and perpendicular to the electrode
surface. This leads to the formation of a high-speed
microjet of liquid to the surface. When ultrasound
exceeds the threshold intensity, the bubbles collapse
is also caused by shock waves and microflows [1].
As a consequence, a decrease in the thickness of the
diffusion layer accelerates mass transfer and,
accordingly, electrode processes, and also promotes
“degassing” of the electrode surface. The latter is
important at high values of electrode potentials,
when there are side processes of electrical evolution
of hydrogen (at the cathode) and oxygen (at the
anode), which are shield the surface. As mentioned
earlier, under the action of ultrasonic cavitation,
radicals (2, 3) are generated, which reduce Ag (+)
ions in the volume of the solution (4, 5). So, AgNPs
are formed during sonoelectrochemical synthesis due
to electrochemical and chemical reduction of Ag (+)
ions. The latter are formed due to the anodic
dissolution of silver, therefore this electrochemical
process is limiting. That’s why the dependence of its
rate on the main factors, namely the PVP
concentration and temperature, actually defines the
rate of sonoelectrochemical synthesis of AgNPs.

At sonoelectrochemical synthesis, the values
of anodic currents decreases with increasing the PVP
concentration (Fig. 2, a). Such an effect may be due
to the increased adsorption of polar polymer molecules
of surfactant on the surface of the silver electrodes
during the anode period. This leads to an increase in
the anodic polarization and, accordingly, inhibition
of the electrochemical reaction (6). Since the latter is
limiting in the algorithm of Ag(0) “® Ag(+) “®
Ag(0) “® AgNPs, accordingly, the rate of
sonoelectrochemical synthesis of nanoparticles slows
down. This is confirmed by a decrease in optical
density at 1 = 400...410 nm (Fig. 2, b), which
corresponds to AgNPs in PVP solutions [15-17].
However, the high concentration of stabilizer in
solution promotes the formation of AgNP with an
average size of 5-10 nm [10, 15-17]. So, the PVP
concentration factor has a double effect that can be
used to control the rate of sonoelectrochemical
synthesis of AgNPs and their size.
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Fig. 2. CVA (a) and spectral dependences
of optical absorption (b) of AgNPs, synthesized
in PVP solution (1, 2, 4 g/L) att = 20 'C, » = 50 mV/s
in ultrasonic field

The temperature at sonoelectrochemical synthesis
of AgNPs in PVP solutions with the use of sacrificial
anodes is primarily the rate factor of electrode
processes (Fig. 3, a). However, the increase in the
values of anodic currents, for example, at E = 1.0 V
in the range of 20... 60 °C is not high — ~10 % for
every 10 °C. This indicates the predominant diffusion
nature of the temperature action. Obviously, the
temperaturic rise of anode currents is also promotes
by the desorption of PVP molecules from the anode
surface. Accordingly, the the temperaturic rise of
AgNPs synthesis rate is low (Fig. 3, b). After all, the
limiting stage is the anodic dissolution of silver.
Wherein, the value of the maximum varies little in
the range of 20...60 °C (I = 400...410 nm). This
indicates that there is a slight change in the geometry
of the nanoparticles and the size distribution.
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Fig. 3. CVA (a) and spectral dependences of optical
absorption (b) of AgNPs, synthesized in PVP solution
(2 g/L) att =20-60 °C, v = 50 mV/s

The character of CVA curves does not change
during long-term sonoelectrochemical synthesis of
AgNPs (Fig. 4, a). The deviation of the currents is
insignificant, so, with an increase in the duration of
electrolysis from 5 to 10 min, the deviation is equal
to 1.155 conventional units, from 10 to 15 min. -
1.380, from 15 to 20 min. — 2.113. Thus, it is
constant during the synthesis, which provides a
stationary electrolysis process. This indicates the
stability of anodic processes and the technological
possibility of using silver anodes in sonoelectrochemical
synthesis of colloidal solutions of silver nanoparticles.

The increase in the concentration of AgNPs is
also relatively stable (Fig. 4, b). It is established that
the optical density (OD) of AgNPs solutions
increases almost linearly with increasing in the
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number of cycles. Wherein, the value of the absorption
maximum remains within 400...410 nm.
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Fig. 4. CVA of silver in PVP solution (2 g/L) (a)
and spectral dependences of optical absorption of AgNPs,
synthesized in ultrasonic field (b), t =20 °C

Conclusions

The combination of cyclic voltammetry and
ultrasonic field in polyvinypyrrolidone solutions
with the use of sacrificial anodes creates conditions
for their controlled synthesis of silver nanoparticles.
In the potentials range from 0.2 to 1.0 V in 1-4 g/L
PVP solutions there is an active dissolution of silver
with the formation of the [AgPVP]*soluble complex.
The latter in the cathode period are restored with the
formation of stabilized AgNPs, which provides an
algorithm anodic formation of Ag ions(+) ® cathodic
reduction of Ag(+) to Ag (0). Compared with
electrochemical, the rate of sonoelectrochemical
synthesis of AgNPs is 30-40 % higher. The latter
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factor indicates the predominant diffusion nature
of the temperature. In this case, the latter factor
indicates the prevailing diffuse nature of the
temperature action. The increase in the concentration
of AgNPs during long-term synthesis is relatively
stable, which indicates the effectiveness of sacrificial
anodes in sonoelectrochemical synthesis.
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COHOEJIEKTPOXIMIYHHU CUHTE3 HAHOYACTHUHOK CPIBJIA
Y PO3YNHAX IMOJIIBIHUIIIPOJIIAOHY

HageeHo pe3yJbTaTH J0CTiIKeHb BIUIMBY FoJI0BHUX napametpis (konuentpauii ITAP i TemnepaTtypu)
HAa CHHTe3 HAHOYACTHHOK cpidia (AGNPS) coHoeneKTpOXiMiYHMM MeTO0M Y PO3UMHAX MOJiBiHIIIIpoIiTOHY
(PVP) 3a uukJiiunoi Boabrpamnepomerpii (CVA). Iokazano, mo yabrpassykose noje (22 kHz) cnpuuunsie
3pocTaHHs aHOAHMX i KaTogHuX cTpymiB Ha — 30 %. 3anpononoBano cxemy yrBopenHsi AgNPS i3 Takumu
OCHOBHUMH Tmpouecamu. 1) po3unHeHHs1 kepToBHHX cpionux anoniB 3a E = 0.2..1.0 V 3 yrBopeHHsIM
KoMmILIekcHoro iona [AgPVP]"; 2) katoaue ii conoximiune Binmosienns ocrannboro g0 Ag(0); 3) dopmy-
panHsa AQGNPs. BceranoBieno, mo 3 migBumeHnssM koHneHrpaunii PVP Bin 1 mo 4 g-L'1 AHOJHI TAa KaToIHi
cTpymMu 3MeHmyloTbesi Ha 40-60 %. 3meHmyerbcsi Takox MmBHAKicTH yrBopenHss AgNPS. 3pocranns
AHOJHHUX i KATOAHMX CTPYMIB i mBHIKOCTI PopMyBaHHA HaHOUacTHHOK Yy miama3zoni 20-60 °C Biamominae
nudysiitHo-kineTnuHiii aii TemmeparypHoro ¢gakropa. CVA kpuBi mMpakTHYHO He 3MIiHIOTHCA B 4aci, 1[0
CBiTYMTH NMPO CcTAGLIBHICTH AHOAHUX i KATOAHUX NpoleciB 32 TPUBAJIOI0 COHOEJEKTPOXiMiYHOr0 CHHTE3Y.
Xapakrep UV-Vis koaoinnux po3unnis AgNPS y PVP i3 makcumymom norauHanus 405-410 um ogHakoBuii
Y IIMPOKOMY Aiana30Hi KOHLEHTPaLiii HAHOYACTUHOK.

KurouoBi cioBa: coHOeneKTPOXiMiYHMII CHHTE3, HAHOYACTHMHKM CpilJia; moJiiBiHLINipoinoH; axep-
TOBHi aHOJHU; HUKJIYHA BOJbTAMIIEPOMeETPist; “3eJieHUii” cCUHTE3.

87



	1.doc
	2

