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This study investigates a simple approach for synthesizing gold nanoparticles (Au NPs)
using atmospheric pressure plasma without the need for reducing agents, additives, or
capping agents. The size, morphology, optical properties, and aggregation stability of the
synthesized Au NPs were characterized using scanning electron microscopy, UV-vis
spectroscopy, and zeta potential analysis. The UV-vis absorption spectra of the gold
nanoparticles, obtained at various Au*' concentrations and treatment durations with
anode plasma discharge, were analyzed. The UV-vis spectra revealed a surface plasmon
resonance absorption band between 530—600 nm, indicative of Au NP formation. Results
demonstrated that the size of Au NPs can be tuned within the range of 30—75 nm by
adjusting the gold salt precursor concentration from 0.3 to 2.5 mmol/L. It was found that
plasma treatment for 3—10 minutes, at different Au’* concentrations, resulted in the
formation of Au NPs with varying sizes and morphologies. The study showed that particles
with different shapes — spherical, hexagonal, and triangular — were formed depending
on the initial concentration of Au**. The plasma-chemically synthesized nanoparticles at
an Au** concentration of 0.06 mmol/L were predominantly spherical and exhibited the
highest stability (lasting 12—24 hours), with a zeta potential of —20 to —22 mV, compared
to samples with Au’** concentrations ranging from 0.3 to 2.5 mmol/L.
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Introduction

Nanomaterials of various structural organizations
are among the most researched materials in the modern
world due to their unique combination of
physicochemical characteristics and prospects for
comprehensive practical application. A separate category
among nanomaterials consists of nanoparticles (NPs)
of noble metals (gold and silver NPs), which, as a
rule, are obtained in the form of dispersions of
nanoparticles [1,2]. Noble metal nanoparticles are
used in a variety of sectors due to their unique qualities
and exceptional properties, including photosensitivity,
catalysis, photoelectronics, and information storage.
Among noble metals, the global gold nanoparticles
market revenue was 6,641.1 million USD in 2022
and is expected to grow at a compound annual growth

rate of 22.3% from 2023 to 2030 [3]. Analysts predict
that the market for the manufacturing and
commercialization of nanogold will expand
dramatically by 2030 as metal nanoparticles of gold
are increasingly used in medicine [2—4]. One of the
requirements of the medical field of application of
gold nanoparticles is the minimization of the
components in the obtained nanoparticle dispersions,
namely reducers, stabilizers, and other impurities that
regulate the functionality of nanoparticles [4]. Despite
the development of numerous methods, producing
high-quality metallic nanoparticles with controllable
features in a simple, cost-effective, and
environmentally friendly manner remains a challenge
[5,6]. Thus, the research, development, and
improvement of synthesis methods, that minimize
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the use of reducing reagents and eliminate the
requirement for the selection of «reducing/stabilizing»
reagent combinations for the controlled synthesis of
stable dispersions of gold nanoparticles, are particularly
relevant in view of the predictions of an increase in
the practical consumption of gold nanoparticles in
the medical field [4—6].

In the synthesis and surface engineering of
nanomaterials, nonequilibrium air pressure plasma
and the interaction phase of plasma and liquid have
proven to be incredibly effective [7,8]. A considerable
number of articles indicate that when interacting with
water, a high density of gas-phase plasma electrons
becomes solvated in the liquid, resulting in a fast
chain reaction of transient nonlinear chemical
processes and extremely reactive radicals. Solvated
electrons and/or reactive species successfully take part
in creating different nanomaterials such as
monoparticle Au NPs, Ag NPs, and alloy NPs such
as Au,Ag,_, in aqueous solutions [7—11]. Despite the
results of basic and practical research on plasma
discharges that are already available, the conditions of
their creation and application vary according to a
large number of criteria, which are known to have a
substantial impact on the traits and features of the
produced nanosystems.

The atmospheric anodic type of plasma is one
of the plasma discharge forms that can formed over a
liquid [7—11]. In previous studies [12—14], we have
demonstrated the effectiveness of this type of plasma
discharge for the synthesis of silver nanodispersions
both without a stabilizer and with the use of various
types of ionic/non-ionic stabilizers. It was shown that
the presence of stabilizers of different types, as well as
the variation of technological parameters such as initial
precursor concentration, the amount of stabilizer
(precursor/capping agent ratio), and the duration of
nanoparticle synthesis, allow controlling the
dimensional parameters and properties of nanoparticles
in dispersions [14].

The work objective is to study the usage of anode-
type plasma discharge to obtain colloidal solutions of
gold nanoparticles without using any reducing, additives,
or capping agents.

Materials and methods

A one-pot plasma technique was used for the
immediate synthesis of Au NPs. The experiments
were carried out in a batch-operated model gas-liquid
plasma reactor [12—14]. Electrodes were made of
stainless steel; one of the electrodes (cathode) was
placed in the lower part of the reactor and the other
one (anode with a diameter of 2.4 mm) was placed at
a distance of 10 mm above the solution surface. Upon
the application of high-voltage (500—1000 V) to the

electrodes, a discharge was ignited between the cathode
and the solution surface. Pressure in the reactor was
held constant by vacuum pump. The volume of the
solution in the reactor was 50 ml.

The solutions of precursors were prepared by
dissolving salt HAuCl,-4H,0O samples of p.a. grade
purity in flasks with distilled water. In a typical
experiment, 40 ml of precursor solution of different
concentrations were placed in the reactor and treated
with a plasma discharge at different intervals of time.
The reaction mixture after treatment was examined
using spectrophotometry to characterize the gold
nanoparticles produced. Spectra of colloidal solutions
were acquired using quartz cuvettes and a
spectrophotometer UV-5800PC in the wavelength
range of 190—700 nm. The zeta potential of colloidal
solutions was determined using the Zetasizer Nano-
25 (Malvern Instruments Ltd., Malvern, England)
zeta potential and particle size analyzer.
Microphotographs of nanoparticles and particle sizes
were taken using a JEOL JSM-6510LV scanning
microscope (JEOL, Tokyo, Japan). For each sample,
the measurement was performed three times.

Results and discussion

The main regularities and influences of the
conditions for the gold ion reduction under the action
of a plasma discharge on the synthesis of metal
nanodispersions of gold, as well as the characteristics
of the resulting nanoparticles, were investigated. Earlier
[11], it was demonstrated a considerable influence of
the precursor concentration on the size of the produced
nanoparticles while employing the plasma-chemical
technique of synthesis during the synthesis of silver.
The plasma-chemical synthesis of Au NPs at different
initial concentrations of the Au** precursor and various
times of treatment plasma discharge on the solution
without the use of stabilizer reagents was investigated.
The UV-Vis spectra of Au NPs recorded for different
concentrations of precursor as a function of time of
synthesis by plasma discharge are shown in Fig. 1.

It is known [7—11] that the surface plasmon
absorption peaks typically occur for gold nanoparticles
at 520—580 nm, and the positions of these peaks vary
with the size and morphology of the gold nanoparticles.
Thus, the size, structure, and aggregation characteristics
of gold nanoparticles can be analyzed through the
study of the surface plasmon resonance absorption
band. Due to the excitation of surface plasmon
resonance (SPR) in the Au NPs, UV-vis spectroscopy
provides a quick and accurate method for analyzing
the optical characteristics of Au NPs. We assume that
the abundance of gold nanoparticles is proportional
to the absorption intensity. Based on the relationship
between the optical characteristics of Au NP (surface
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Fig. 1. The UV-Vis spectra of Au NPs recorded as a function of time of synthesis by plasma discharge (I=120 mA,
P=0.08 MPa) for different concentrations of Au**: a and b — 0.06 mmol/L; ¢ and d — 0.3 mmol/L; i and f — 2.5 mmol/L

plasmon resonance (SPR, absorbance)) (Fig. 1) and
the size distribution of NPs (Fig. 2), a number of
conclusions about the formation, growth, and
characteristics of NPs during plasma chemical synthesis
were drawn.

The production of non-stabilized dispersion of
Au NPs via the plasma treatment of water solutions
of precursors is characterized by a number of
established patterns. Hence, for different time intervals
of plasma discharge treatment, gold nanodispersions

are formed, in which the metal is in a nanosized
metallic state with absorption maxima in the range of
2=530—630 nm (A=0.05—2.0 a.u.), which indicates
the spherical shape of the formed NPs (approximately
30—80 nm (Fig. 1). It can be seen that increasing the
initial concentration of the treated solution from
0.06 mmol/1 to 2.5 mmol/l necessitates increasing
the length of plasma discharge treatment of the solution
from 3.5 min to 10.0 min to obtain pronounced
peaks. Furthermore, as the matching starting
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Fig. 2. SEM images and particle size distributions in the dispersion of nanoparticles after the action of the plasma discharge for
different concentrations of Au**: a — 0.06 mmol/L (1=3.33 min, U=800 V);
b — 0.3 mmol/L (t=4.5 min, U=800 V); and ¢ — 2.5 mmol/L (z=11.0 min, U=800 V)

concentration of the precursor increases, the produced samples with different initial concentrations of
peaks shift from 530 nm to 540—555 nm and broaden, precursors by SEM analysis showed that the precursor
indicating an increase in the average size of concentration could be used to control the size of the
nanoparticles and size distribution. In particular, synthesized Au NPs (Fig. 2).The physical and chemical
investigation of the size distribution of NPs in prepared properties of Au NPs are strongly influenced by their
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form. SEM analysis results were also used to determine
particle shape distributions. According to the literature,
the size and form of metal nanoparticles in solutions
are determined by competition between nucleation
and growth at distinct facets. All of the particles are
spherical at low molar concentrations (0.06 mmol/1).
The particle shape distribution of Au NPs contains
many shapes such as spherical, hexagonal, and
triangular for medium molar concentrations (0.3 mM).
In the samples obtained at higher molar concentrations
(2.5 mM), the formation of spherical or hexagonal
gold nanoparticles is mainly observed. The prevalence
of certain forms at varying concentrations could indicate
that reduction of the gold precursor is initiated
differently under different conditions.

Low concentrations (0.06 mmol/l) may allow
reduction to largely take place in bulk solution,
reducing the ions of precursor molecules to Au® atoms.
As a result, reduced atom aggregation is isotropic,
resulting in spherical particles. The possibility of
partially reduced HAuCl, interacting with growing NPs
increases as the precursor concentration increases
(0.6—2.5 mmo/1), leading to reduction on the surface
of existing nucleated seeds (or small particles). The
surface energy of the various crystal facets will be a
factor in surface-assisted reduction, which could result
in non-spherical forms.

According to the kinetic curves of the intensity
of the absorption maximum of the spectra and its
position, the staged mechanism of nucleation and
growth of nanoparticles under conditions of
homogeneous nucleation is observed, typical of
dispersion of nanoparticles (Fig. 3). In general, the
observed nature of the intense increase in absorbance
in the first minutes of synthesis at A, (530—
600 nm) and the simultaneous decrease of AAu**
indicates rapid nucleation and growth of N'Ps, which,
as is known, provides all the prerequisites for the
formation of small-sized NPs.

As is well known, the creation of gold
nanoparticles under homogeneous nucleation
circumstances is a complex and multistage process
accompanied by phase transitions in the system. The
following main stages of this process are usually
distinguished in the corresponding system: nucleation
(chemical reduction of metal ions to atoms, which is
accompanied by the formation of unstable polyatomic
clusters and/or ions; formation of particle nuclei) and
autocatalytic growth of the formed nuclei. According
to various estimates, the production of stable gold
clusters might be considered an intermediate step in
the process of nucleation via various methods of
homogeneous metal particle nucleation. However, it
should be highlighted that, from the standpoint of
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Fig. 3. Kinetics curves of the gold nanoparticles growth from
UV-vis data recorded at different concentrations of precursor
Au3+

instrumental research, studying the stage of cluster
formation is now problematic. As a result, only distinct
stages of nanoparticle production were considered, as
shown by the kinetic dependences of the change in
absorbance. Therefore, the first stage after nucleation
is characterized by an intense linear increase in the
absorbance in the samples, which corresponds to the
growth of NPs in the system to the critical time of
formation t,,. After this time of synthesis, as a rule,
stabilization of the formed solutions occurs and there
are no changes in both the absorbance and the position
of the SPR for samples with 0.06—0.3 mmol/l. When
treating solutions with a concentration of more than
2.5 mmol/I after this synthesis time, the formation
of larger aggregates of nanoparticles is observed and is
characterized by the absence of a decrease in
absorbance and a shift of the SPR peak to the long-
wavelength zone up to 560 nm.

Particle size in the early stage of the synthesis
of gold nanoparticles was investigated (Fig. 4). Thus,
plasma chemical treatment for up to ~5 seconds causes
the formation of dispersions of gold nanoparticles
with an average size of NPs of d,,=2—10 nm and an
IPD index of 0.2—0.3, which characterizes the
monodisperse composition of nanoparticles in the
medium. An increase in the duration of the synthesis
to a conditionally «critical» time (k. =0.8—3.0 min)
causes their further controlled growth with the
formation of nanoparticles with d,,=35—73 nm with
an IPD=0.41—0.65 and has a characteristic
corresponding to SPR=530—600 nm without rapid
aggregation. It should be noted that rapid aggregation
is observed during the plasma-chemical synthesis of
silver nanoparticles in a short period of time.

The stability of Au NPs in solution has always
been a concern for several applications. The stability
of gold nanoparticles in water dispersion synthesized
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via the plasma-chemical method was investigated
(Fig. 5).

Plasma-chemically obtained gold NPs,
synthesized without a stabilizer, are aggregatively stable
for up to 48 hours with a zeta potential value
of —18.8...—22.0 mV. It should be noted that the
comparison of the obtained samples shows that the
dispersions of nanoparticles obtained at a low
concentration of the precursor are the most stable.
Therefore, these dispersions are stable to aggregation
within 24—36 hours and are characterized by the
highest value of zeta potential of about —22.0 mV.

It was shown [9—12] that the synthesis of
Au NPs as a result of the reduction of Au** from the
HAuCI, precursor in an aqueous solution is possible
through the action of various oxidizing compounds
which are present in different ratios, depending on
the type of plasma discharge (plasma electrons,
hydrogen radicals in liquid, hydrated e, electrons
and hydrogen peroxide) according to the reactions
given in Table.

Significant reactions generated by e,,, H, OH, and H,0,
radicals, as well as their reduction potential values

Reaction Ey, V
AuCly +3e o> Au’+Cl 1.0
2AuCl, +3H,0,—2Au’+30,+6H +8CI” 0.31

2H'+2¢ . —>H, 0

H,0,+2H +2¢ ,,—>2H,0 1.76

H,0+e o >H+OH 2093

AuCl, +3H—Au’+3HCI+CI -

Au(OH), +3H—Au’+3H,0+OH" —

AuCly +3/2H,0,+Au,,—Auy 1320, 3HCIHCLE | —
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In this model, positive discharge ions, mainly
(H,0"), generated in the gas layer, but additionally
air ions such as N," and O,", bombard the surface of
a liquid and have enough energy to collide with the
water molecules, generating (H,0%),, and a solvated
electron (e7,,). These solvated electrons react with
H*,, cations to produce the hydrogen radical HY.
These radicals, according to hypothesis, migrate into
the gas phase to form (H),. They are ionized in the
discharge by electron impact ionization. This results
in a free electron in the discharge phase (¢7), derived
from (H),,, and the ensuing (H"), dissolves back into
solution. Reduction reactions at the solution’s
submerged cathode then ensure that electrons are
replenished in the solution. However, the vast majority
of scientists are currently inclined toward the opinion
about the dominant effect of the hydrated electrons
and the additional effect of H,O, (which, as it was
demonstrated, is eliminated in the preparation of
nanosilver).

In contrast to the synthesis of nanosilver, when
meeting with hydrated electrons e™,,, hydrogen
peroxide can have an additional reducing effect during
the formation of gold NPs as a result of the effect of a
plasma discharge on [AuClL(OH),_,]- according to
the following equation [9—12]:

3H,0,+30H +Au**—-Au’+3HO,+3H,0,

AuCl, +3/2H,0,—»Au+3/20,+3H*+4CI".
Conclusions
In this article, we have discussed the approaches

for the synthesis of gold nanoparticles using
atmospheric pressure plasma without any reducing
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Fig. 4. SEM-image (a) and size distribution (b) of NPs synthesized by the plasma chemical method after a 5-second treatment
of plasma discharge
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Fig. 5. Zeta potential distribution of Au NPs synthesized by the plasma chemical method at different concentrations of Au’*:
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agents. The UV-vis spectroscopy showed that the
solution products possessed the absorption light from
530 nm to 550 nm associated with the gold
nanoparticle formation in each collected sample. The
results showed that by varying the concentration of
the gold salt precursor (0.06—2.5 mmol/1), the size of
the Au NPs can be controlled between ~30 and
~75 nm, with the surface plasmon resonance occurring
between 530 and 600 nm without adjusting the pH of
the solution. The observed kinetic curves of the
intensity of the absorption maximum of the spectra
and its position indicate that the nucleation and growth
of nanoparticles under conditions of homogeneous
nucleation are observed, typical of the dispersion of
nanoparticles. The findings demonstrated that,
depending on the precursor’s initial concentration,
varying numbers of particles with varied shapes
(spherical, hexagonal, and triangular) formed in the
samples. Nanoparticles formed with a low Au’*
concentration of 0.06 mmol/l, compared with other
samples, are mostly spherical with d,,=35—38 nm
and stable in aqueous solution for 12—24 hours, having
a characteristic zeta potential of —20...—22 mV.
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JIMCITIEPCIi HAHOYACTUHOK 30JI0TA, 1110 HE
MICTATb CTABLII3YIOUOTO ATEHTA, OJIEPXKAHI
EKOJIOTTYHO YUCTUM ILJIA3BMOBO-PUITMHHUM
METO/JIOM

M.1I. Ckuba, I.JI. Kosasenko, FO.M. Cxuéba, B.I. Bopooiiosa

Y 11boMy IOCHTIIKEHHI peali3oBaHO MPOCTUH TAXII s
cuHTe3y HaHouacTMHOK Au (Au HY) 3a momomoroto turazmu
aTMOC(epHOTO THCKY 0e3 BUKOPUWCTaHHSI OyIb-SIKMX BiTHOB-
JIIOBaviB, 100aBOK uM OJOKytoumx areHTiB. Po3mip, Mmopdoso-
Tisi, ONTUYHI XapaKTepUCTUKM Ta arperaiiiiHa CTiliKicTb CUHTe-
30BaHMX HAaHOYACTMHOK 30J10Ta OyJiM OXapaKTepu30BaHi 3a 10-
TIOMOTOI0 CKaHYIOUOi eJIEKTPOHHOI MiKpocKorii, Y®-crekTpo-
cKomii Ta BUMiplOBaHHS n3eTa-moTreHuiany. JlocaigkeHo
CIIEKTPaJIbHI XapaKTePUCTUKU TMOTIMHAHHS B YD-BUAUMOMY
niarna3oHi HaHOYACTUHOK 30J10Ta, ONEPXaHUX 3a PI3HUX
3HAUYCHHSX KOHIeHTpalii Au’" i TpuBasocTi 0O6poOICHHS
AQHOIHUM I11a3MOBUM po3psimoM. YD-crniektpu Au HY BusiBu-
JIM CMYTY TMOBEPXHEBOTO IMJIA3MOHHOIO MOMIMHAHHS MixX 530—
600 HM, sika € pesyibratom chopmoBanux AuHY. Bcranosie-
HO, wo po3Mmip Au HY moxHa peryjioBatu B HianasoHi
30—75 HM UUISIXOM 3MiHM KOHULEHTpaLii rpeKypcopa coii 30-
sjora B miamasoHi 0,3—2,5 mMonb/n. BecraHoBieHo, 110 s
JIOCTTIKYBAHUX KOHIIEHTpaLliih Au** 00po0GIeHHST TIa3MOIO MPO-
tarom 3—10 xB npuBoauth no yrBopeHHsi HU Au pi3zHoro
po3mipy Ta Mopdororii. Pe3ynbrati mokasaau yTBOPEHHS B
3pa3Kax pi3HOi KiJIbKOCTI YaCTUHOK pi3HOI (popMu: cheprndHoOi,
reKcaroHajJbHOI Ta TPUKYTHOI, 3aJIeXXHO BiJl MOYAaTKOBOi
KoHIeHTpaiii Au*'. [lna3MoxiMiYHO omepaHi HAHOYACTUHKU
y AMCIIepCisiX, YTBOpeHi npu KoHueHTpatii Au*t 0,06 MMoJIb/J,
MOPIBHSAHO 3 iHIMMU 3paskamu 3 Au*t 0,3—2.5 MMousb/1, €,
nepeBaxHO, CPepUUYHUMU Ta CTAOUIBHUMU TIPOTSATOM 12—
24 ronuH i3 n3era-noreHuianoMm, piBHUM —20...—22 MB.

Kirouosi cjoBa: 30510T0, HAHOYACTUHKU, PO3PSIIXKEHA
aHOJHA Tula3Ma, CepefHiil po3mip, pi3Hi popmu, CTAOIIBHICTB.
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This study investigates a simple approach for synthesizing
gold nanoparticles (Au NPs) using atmospheric pressure plasma
without the need for reducing agents, additives, or capping agents.
The size, morphology, optical properties, and aggregation stability
of the synthesized Au NPs were characterized using scanning
electron microscopy, UV-vis spectroscopy, and zeta potential
analysis. The UV-vis absorption spectra of the gold nanoparticles,
obtained at various Au’* concentrations and treatment durations
with anode plasma discharge, were analyzed. The UV-vis spectra
revealed a surface plasmon resonance absorption band between
530—600 nm, indicative of Au NP formation. Results
demonstrated that the size of Au NPs can be tuned within the
range of 30—75 nm by adjusting the gold salt precursor
concentration from 0.3 to 2.5 mmol/L. It was found that plasma
treatment for 3—10 minutes, at different Au** concentrations,
resulted in the formation of Au NPs with varying sizes and
morphologies. The study showed that particles with different
shapes — spherical, hexagonal, and triangular — were formed
depending on the initial concentration of Au**. The plasma-
chemically synthesized nanoparticles at an Au** concentration of
0.06 mmol/L were predominantly spherical and exhibited the
highest stability (lasting 12—24 hours), with a zeta potential
of —20 to —22 mV, compared to samples with Au’*
concentrations ranging from 0.3 to 2.5 mmol/L.

Keywords: gold; nanoparticles; discharged anode plasma;
average size; different shapes; stability.
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