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Abstract: In recent years, nanoparticles have emerged as
an important player in a broad range of applications, espe-
cially thanks to recent advances in their synthesis. The
silver and copper nanoparticles are often used due to their
antibacterial and fungicidal activities, and this article pre-
sents the results of the nanoparticle synthesis using elec-
trical glow discharge generated directly in a volume of
their salt solutions. Therefore, there is no influence of air
(i.e. reactive nitrogen species) as it is usual in other com-
monly used approaches. Nanoparticles were prepared
under various experimental conditions, and they were char-
acterized by ultraviolet/visible spectrometry, dynamic light
scattering, X-ray photoelectron spectroscopy, and high-reso-
lution scanning electron microscopy. Particles were pro-
duced without any surfactant or stabilizing agent, and
some of them showed higher resistance against agglomera-
tion during their short-term (days) storage. The nanoparticle
formation mechanism was confirmed by the fast camera
imaging. Thus, the developed approach can be applied for
simple environmentally friendly nanoparticle production
for various applications.
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1 Introduction

Particles with specific size between 10 and 10™® m in dia-
meter are called nanoparticles. Materials of these dimen-
sions have different properties from the bulk material.
Such particles have very high specific surface area that is
important for many applications, including catalysis [1,2]
and medicine [3,4]. Nanoparticle properties are dependent
not only on the selected material (pure metal, semicon-
ductor, alloy) but also on the size, shape, and crystallo-
graphic parameters. All these properties are strongly depen-
dent on the engineering procedure. Thus, nanoparticles
made of the same material can have very different proper-
ties [5,6]. Silver nanoparticles are used in many application
fields such as photovoltaics (diagnostics sensors, solar cells)
[7], conductive applications (conductive inks) [8], or cos-
metics [9,10]. Copper nanoparticles can be used in similar
applications such as silver nanoparticles [10,11], and a big
interest is in their catalytic properties [1,12,13]. There is also
a growing interest in the use of silver and copper nanoparticles
in health care [14-16]. Such applications require nanoparticles
in well-defined shapes and especially, a size distribution uni-
formity. The smaller the nuclei of Ag, the higher antibacterial
activity [17]. Nowadays, the silver nanoparticles are already
used for biomedical devices (catheters, joint implants, etc.),
for wound and bone healing, and others [3]. Silver nanoparti-
cles contained in these products are continuously releasing a
small amount of silver ions to provide a protection against
bacteria. However, copper nanoparticles show lower antibac-
terial efficiency compared to silver nanoparticles [15,18], but
their green and cost-effective synthesis leads to their applica-
tion in agriculture [19].

Nanoparticle preparation can be carried out by two gen-
erally different approaches. The first one, physical (called also
as top-down), is based on the bulk material breaking down
into smaller particles. The most often methods are the eva-
poration—condensation or the laser ablation, both often in the
liquid environment. The second approach is a chemical
method (also called as bottom-up), mainly based on the reduc-
tion from the metal salt solutions (Ag" and Cu** to Ag® and
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Cu®, respectively) by using various reducing agents (sodium
citrate, hydrazine, sodium borohydride, and others) [12,13,15,20].

The main disadvantage of both physical and chemical
methods is that prepared nanoparticles tend to agglom-
erate quickly, and thus, their properties are significantly
changed. To prevent this, different stabilizing agents such
as N,N-dimethylformamide [20], polyvinyl pyrrolidone
[12,14,20], and polyethylene glycol [12] are commonly
used. Their application leads to the particle growth stabi-
lization (in many cases by their surface coating with a
thin organic layer), and thus, particles are prevented
from a loss of their unique properties [12-15,17,20]. The
application of these additives can be rather risky in case
of their use in medicine where their residues can be non-
acceptable because of their side effects.

A specific nanoparticle formation process was recently
proposed based on the combination of plasmas with liquid
environment. Such methods are operating at atmospheric
pressure and in the presence of liquid (mainly water solu-
tions) and prevent the formation of bigger particles and
agglomerates. Moreover, particles can be covered by thin
layer of oxides, OH groups, or carbon-containing layers
dependent on the used liquid during the formation or
immediately after it. Thus, no additional surfactants are
necessary to prevent nanoparticles from their agglomera-
tion [21]. The proposed method is an efficient example of
the chemical approach where the precursor solution itself
serves as a nanoparticle’s material source. Many studies
were focused on the liquid surface treatment by various gas-
eous discharges (mostly various jets) or by microplasmas.
These discharges are usually formed between the high-vol-
tage (HV) electrode in the gaseous phase (above liquid) and
the surface of the grounded solution [22-26].

The application of arc or laser-induced plasmas directly
in the liquid phase are the example of the physical approach
for the efficient nanoparticle production without surfactants
[27,28]. A special way is also the combination of chemical
and physical processes for the nanoparticle formation in the
liquid phase. The first tests were performed using the laser-
induced plasma applied to colloidal nanoparticle solutions
[29] or the arc discharge operation in nanoparticle-stabi-
lizing solutions [30]. Some pilot studies of the pure chemical
approach using system-generating plasmas directly in
liquids were also completed recently [31]. General novelty
of our synthesis approach is the fact that thanks to the
plasma generation below the solution surface, the forma-
tion of reactive nitrogen species is negligible. Nitrogen is
coming only from dissolved air and the used salt, and its
total concentration is many orders lower than that of
oxygen (from deionized water environment). Thus, only
reactive oxygen species, atomic hydrogen, and electrons
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can be considered during the nanoparticle formation in
our novel system where cathode and anode spaces are
separated by barrier with small orifice. Two special cathode
constructions [32-35] were used for the discharge genera-
tion. Thus, electrochemical processes running at the metallic
(platinum) anode do not play a role in the nanoparticle
formation process. Whole process is running as single step
and cost-effective approach using the DC electrical discharge
directly generated in the precursor solution without the
addition of any hazardous compounds. The discharge gen-
eration directly in liquid phase leads to the formation
of nanoparticles with suppressed agglomeration. Whole
system can also be easily scalable (e.g. the use of a multi-
electrode system). All these features are important for the
greener nanoparticle production in applicable amounts.
Simplicity of the used power supply and the use of common
cheap precursors brings additional economic benefits. Argon
introduction into the discharge volume leads to the lower
initial power needed for a breakdown, and thus, lower initial
salt concentrations can be used. This leads to the formation of
smaller nanoparticles.

The fast camera movies were used to verify the nano-
particle formation process. The role of argon introduced
into the discharge on the nanoparticle generation was also
investigated. The silver and copper nanoparticles were
prepared under selected discharge parameters from their
sulphate and nitrate salts, respectively, and they were
characterized by the ultraviolet/visible (UV/Vis) spectro-
metry, dynamic light scattering (DLS), X-ray photoelectron
spectroscopy (XPS), and scanning electron microscopy
(SEM). Finally, the Tauc plot [36,37] procedure was applied
to calculate the band gap energy of the prepared nanopar-
ticles because their surface was oxidized just after their
formation in water solutions.

2 Materials and methods

The novelty of this research is in the use of an experi-
mental device depicted in Figure 1, which was used in
this work. In general, it is similar as for the discharge
generation in the pin-hole configuration [38], where two
chambers (electrode spaces) of the glass apparatus are
divided by a Teflon diaphragm with the orifice filled by
the working solution. The diaphragm is used to separate
the anode part and electrochemical processes taking place
at the anode surface from the cathode compartment where
nanoparticles are synthesized. No discharge is created at the
orifice, only at the tip of the used cathode. The whole glass
reactor is constructed with a double wall for water cooling.
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Figure 1: Double-batch plasma reactor: 1) HV power supply, 2) grounded
cathode, 3) anode, 4) gasket, 5) teflon diaphragm, 6) cooling water inlet,
7) cooling water outlet, 8) anode chamber, and 9) cathode chamber.

Two different grounded cathode configurations were
used (Figure 2). Configuration A consists of an electrode
head made from Macor ceramics of 10 mm in diameter
with a stainless-steel capillary (outer diameter of 1mm;
inner diameter of 0.7 mm). This capillary ends 1 mm before
the Macor edge, and thus, a pin-hole is formed in the Macor
nozzle [32-34]. Argon at a flow rate of 42 sccm is blown to
the electrode tip. Thus, the discharge is generated in argon
bubbles containing water vapour coming from the bulk
solution. Configuration B is similar, but the stainless-steel
capillary is replaced by a tungsten rod of the same dia-
meter (i.e. 1mm) that also ends 1mm before the Macor
edge [35]. This allows the discharge generation in water
vapour bubbles generated by the Joule heating. Details
about this special discharge can be found in the previous
study [35]. Both discharge configurations were sustained
for 3min by DC voltage of about 1.3kV corresponding to
50 W supplied power.

A planar platinum anode (the active area in the liquid
of 15 x 25 mm?) connected to the HV source was used for
both copper and silver nanoparticle preparation. Copper
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nanoparticles were synthetized in the working solution of
copper sulphate (CuSOy) as a precursor. The initial concen-
trations of 25, 50, 75, and 100 mg/l were tested. Silver nano-
particles were synthesized in the working solution of silver
nitrate (AgNO3) with initial concentrations of 1, 10, 25, 50,
and 100 mg/l. To prepare our working solutions, deionized
water with conductivity adjusted by appropriate electro-
lyte was used. Stock solution of NaNOs (or Na,SO,, respec-
tively) in deionized water was prepared with a conduc-
tivity of 950 uS/cm (the concentration of such solution
was 560 mg/l NaNOs and 460 mg/l Na,S0O,). This stock solu-
tion was used instead of pure deionized water to dissolve
the precursor salts, which increased its final conductivity
by about 50 uS/cm.

The conductivity adjustment was performed to lower
the DC voltage needed for plasma generation and to main-
tain the stability of the discharge as was also done in the
previous study [39] with one-chamber reactor. Solutions
were mixed by self-mixing as shown in the supplementary
movies presented in the study by Kréma et al. [35].

The nanoparticle formation process was observed by
ultrafast camera movies using the Photron FASTCAM SA-X2
perpendicularly to the cathode axis. An additional cubic
polycarbonate vessel with a quartz window of 50 mm in
diameter was used for this purpose. The discharge vessel
was illuminated by two Dedolight halogen lamps Dedocool
installed perpendicularly one to the other and to the
optical axis. The frame exposure time of 80 ps at 10,000
frames per second and the full chip image were used.
The discharge time evolution was visualized with the
high space resolution of 50 microns per pixel.

The prepared colloid solutions of nanoparticles were char-
acterized by UV/Vis spectrometer Helios Omega (ThermoFisher
Scientific). Obtained absorption spectra for copper nanoparti-
cles were used to calculate the direct band gap energy using
the Tauc plot method. This gives relation (@hv)* to the photon
energy (a is the absorbance, h is the Planck constant, and v is
the radiation frequency). Morphology, size, and surface
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Figure 2: Schemes of cathode configurations: 1) Macor body, 2) stainless-steel capillary a) or tungsten wire b), 3) plasma in bubble in liquid, 4) silicone

glue, 5) glass tube, and 6) gas inlet.
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topography of nanoparticles were studied by the DLS
(Zetasizer Nano ZS, Malvern Panalytical), XPS (Kratos AXIS
ULTRA DLD), and the high-resolution scanning electron
microscope JEOL JSM-7600F. XPS analyses were carried
out with Axis Ultra DLD spectrometer using a monochro-
matic Al Ka (hv = 1486.7 eV) X-ray source operating at 75 W
(5mA, 15kV). The spectra were obtained using an analysis
area of ~300 x 700 pm. The high-resolution spectra were
measured with the step size of 0.1 and a pass energy of
20 eV. Instrument base pressure during the measurements
was constant at 2 x 107 Pa. Spectra were analysed using
CasaXPS software (version 2.3.15) and have been charge-cor-
rected to the main line of the carbon C 1s spectral component
(C-C, C-H) set to 284.8 eV. A standard Shirley background was
used for all sample spectra.

3 Results and discussion

The bubble formation occurs independently on the used
cathode configuration (with [33] or without [35] argon
flow). In case of the discharge without argon flow, the
bubble is created due to the extensive Joule heating loca-
lized close to the cathode tip. In case of the configuration
with argon flow, there are two mechanisms coupled to
each other — bubble is formed not only due to the argon
flow, but also due to the Joule heating like in the previous
case. The discharge starts to propagate inside the bubble,
i.e. in the gaseous phase (in pure water vapour or in argon
with saturated water vapour, respectively). The bubble is
enlarged in both cases up to the point where the bubble
collapses and the discharge is switched off. Then, the pro-
cess repeats again, so the discharge operation is self-pulsing
as confirmed by the current-voltage records. Examples of
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typical current-voltage waveforms are presented in Figure 3.
The period of the discharge on is about 100 ps. In case of the
operation without argon, there is one current peak seen per
each period. But if the system is operating with argon, the
secondary peak can be seen after the primary peak, ie.
when the bubble collapses. We suppose that there are some
ions remaining in the electrode vicinity that can initiate an
additional smaller discharge, which is not significant due
to insufficient power output. This secondary discharge is
observed with a typical delay of about 50 ps. Additionally,
the frequency of the discharge self-pulsing is higher in the
case when argon is used.

Due to the two-chamber system, we observed an effect
of ion separation due to electrolysis — no such thing can be
seen in case of common jet treatments in one-chamber
setups [31,39,40]. We observed similar trends as in the pre-
viously published study [41], where the pin-hole system in
the diaphragm configuration was used. While conductivity
slightly rose in both cathode and anode parts, we observed
strong difference in pH values. For Ag nanoparticles pre-
pared in 50 mg/1 solution, an increase of pH in the cathodic
part from pH 5.5 to pH 10.7 (with Ar) or pH 10.1 (without Ar)
was found, while it dropped to pH 2.6 (with Ar) or pH 2.4
(without Ar) in the anode part. In case of solution of Cu
nanoparticles prepared from 75 mg/l solution, the change
from pH 5.3 to pH 6.3 (with Ar) or pH 7.0 (without Ar) and a
decrease to pH 2.6 (Ar) or pH 2.6 (without Ar) in the anode
part was determined. The difference in the pH increase in
the cathodic parts for Cu and Ag is very probably caused by
their different ionic mobility. On the other hand, acidic pH
in the anodic part was caused by higher H* ion mobility.
The higher pH value for Ag nanoparticles not only corre-
sponds with the previous findings, but it can also support
increased Ag nanoparticle formation (as was also published
in the previous studies [42,43]). For Cu nanoparticles, pH
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Figure 3: Current-voltage waveforms for the system with and without argon flow.
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Figure 4: a) Nanoparticles (in the red circle) dissolved into the bulk liquid after the discharge bubble cavitation; b) nanoparticles in the bulk liquid after
5s of the discharge operation. To see the whole process in the real time, the movie is provided in the supplement.

plays an important role in the control of particle size (e.g. in
ref. [44]). Investigation of the pH effect on prepared nanopar-
ticles and their properties will be a part of our next work.

Thus, the plasma is observed between the point cathode
and the virtual anode formed by the expanding bubble sur-
face (for its visualization, see in ref. [35]). Metallic cations
from the dissociated precursor in liquid are attracted to the
bubble surface that plays a role of virtual cathode where
solid material is deposited. The process of this deposition
takes place only during a very short time period when the
discharge is on, and thus, nanoparticles are formed. The
short process duration limits the nucleation time and results
in the formation of small nanoparticles with the size of tens
of nm. When the bubble cavitates, the formed nanoparticles
are spread into the bulk liquid and disappear from the elec-
trode vicinity due to the liquid self-mixing. The whole pro-
cess is well visible on the movie shown in supplementary
materials; two selected pictures from the supplementary
materials are shown in Figure 4. The process is repeating
with the discharge self-oscillation. Schematics of the whole
process are shown in Figure 5.

AgNO; -
Ag! ' Ag'
Agt N
Ag+ \Ag’

3.1 Synthesis of silver nanoparticles

In the current experiments, we decided to use conductivity
adjustments in order to keep the discharge operation
stable [35]. The 3min treated solutions were analysed
immediately by the UV/Vis spectrometry. The samples
were taken out from the cathode part only, because no
nanoparticle production was observed in the anode part
of the reactor except negligible diffusion through the
separating orifice. The absorption spectra (Figure 6) of
the system with or without the argon flow show the
main absorption peak at the wavelength of about 425 nm,
which indicates the presence of silver nanoparticles. The
peak position varies between approximately 413 and
450 nm, which was caused by the surface plasmon reso-
nance effect. This is also well visible by the naked eye as
it is shown in Figure 7. Other corresponding pictures can
be found in the supplementary materials.

The DLS analysis (three independent replications) showed
that the particle size of prepared Ag nanoparticles is rather
consistent with exception of the lowest (without Ar) and the
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Figure 5: Schematics of the nanoparticle synthesis process: a) metal ions are attracted to the edge of the virtual cathode; b) the bubble cavitates and
synthetized nanoparticles are spread into the bulk liquid due to self-mixing.
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Figure 6: Absorption spectra of the treated silver solutions with and without argon flow.

highest (with Ar) concentrations of AgNO; (Table 1 and
Figure 8). Overall, DLS shows an interesting concentration
effect on nanoparticle size — the higher the salt concentra-
tion, the bigger the particle size (Figure 8). These results
were confirmed by the SEM analysis as it is shown in
Figure 9. Silver formed the spherical-like shaped particles
with the size varying in the range of 10-80 nm and agglom-
erates as observed by SEM images. This could be the effect of
the drying process during the preparation.

The XPS surface analysis was performed on selected
samples. Results for Ag nanoparticles are presented in
Figure 10 where the signal corresponding to the oxidic
state of silver as well as a residual signal from the used
inorganic salt was detected. The presence of oxygen in the
silver nanoparticles was not observed in SEM by EDS as
significantly as in the case of Cu nanoparticles, and there-
fore, we assume mainly the surface oxidation, as confirmed

K2
hey day (g

Ry A0k
3 Ar
W '—"A\")

Figure 7: Silver solutions treated with argon flow (after 40 days, mixed).
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Table 1: Average diameter results of the DLS analysis for the prepared
Ag nanoparticles

Concentration (mg/I)

1 10 25 50 100
Average Ar 48+11 38+1 50+1 65+3 145+6
diameter (nm) NoAr 186+8 39+1 50+1 50+3 59+1

by XPS. Together with plasmonic band in the Ag UV/Vis
spectra, these findings suggest that Ag nanoparticles very
probably exhibit a core—shell character (Ag/Ag,0) because
the XPS technique is sensitive up to about 5 nm, only, so only
a thin surface contributes to the signal. The UV/Vis measure-
ment is not surface-sensitive, only, so the inner part of nano-
particles contributes, too. And the inner part is in the
metallic form.
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Figure 8: Ag nanoparticle average size distribution for solutions treated
with argon.

Thanks to its surface composition, the prepared Ag nano-
particles are considered to be semiconducting [45-47]. Thus,
the Tauc diagrams based on the UV/Vis spectra were con-
structed to get the value of the direct optical band gap energy.
The simplified step-by-step procedure is depicted in the sup-
plementary materials; detailed descriptions can be found in
previous studies [36,37,48,49]. The calculated optical gap ener-
gies for the prepared Ag nanoparticles are presented in
Table 2.

Observed values are in a good agreement with the
published results, which are in the range of 1.2-3.4eV
[45,46,50]. The optical band gap values do not exhibit any

100nm FCH 7VU'1'

X 100,000 2.00kV SEI GB_HIGH WD 4mm
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Table 2: Optical band gaps of Ag nanoparticles

Concentration [mg/I] (ahv)® [eV¥/cm?]

Ar NoAr
1 2.23 2.16
10 2.21 2.33
25 234 2.20
50 242 2.29
100 217 2.01

changes dependent on concentration, and they are similar
for both nanoparticles’ preparation modes. This indicates
that the surface chemical composition and surface proper-
ties of the same nanoparticles are independent of the pre-
cursor concentration.

3.2 Synthesis of copper nanoparticles

Copper nanoparticles were synthetized by the same approach
as in the silver nanoparticle case. The 3 min treated solutions
were analysed immediately by the UV/Vis spectrometry
(Figure 11).

The broader absorption peaks were measured with
maximum absorbance close to 300 nm. This reflects that
the size of the prepared copper nanoparticles is bigger
than in case of Ag nanoparticles as it is confirmed also
by the DLS analysis (Table 3 and Figure 12). The samples

100nm FCH_VUT
GB_HIGH WD 4mm

X 100,000 2.00kV SEI

Figure 9: Ag nanoparticles prepared in 100 mg/l solution with (left) and without (right) argon flow.
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Figure 10: XPS data for Ag particles synthesized with (left) and without (right) argon flow.
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Figure 11: Absorption spectra of the treated copper solutions with (left) and without (right) argon flow.
were filtered with a 0.45 pm filter to remove the biggest 14
agglomerates prior to the DLS analysis. 1 with argon —— 50 mg/l
According to the DLS results, argon presence in the & 124 :gomrign
discharge leads to the higger particles formation. The % ;4|
SEM analysis has showed that Cu nanoparticles are nano- g
whiskers in shape (Figure 13); therefore, DLS analysis for £ 81
5 -
el
o
4
Table 3: Average diameter results of the DLS analysis for the prepared %
Cu nanoparticles » 2
Concentration (mg/l) 0 T T A /
1 10 100 1000 10000

50 75 100
Average diameter (nm)  Ar 310 + 20 290+70 240+10
NoAr 240+30 20060 260 + 30

diameter [nm]

Figure 12: Cu nanoparticle average size distribution for solutions treated

with argon.
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Figure 13: Cu nanoparticles prepared in 75 mg/I solution with (left) and without (right) argon flow.
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Figure 14: SEM and EDS images of Cu particles.
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Figure 15: XPS data for Cu particles synthesized with (left) and without (right) argon flow.

Table 4: Optical band gaps of Cu nanoparticles

Concentration [mg/1] (ahv)? [eV¥/cm?]

Ar NoAr
50 2.77 2.68
75 2.64 2.58
100 3.77 242

Cu nanoparticles can be used only for a relative compar-
ison between the prepared Cu nanoparticles. The similar
structure for the oxidized Cu nanoparticles was observed
in the previous studies, too [51,52]. Determined nanoparti-
cles exhibit the length of about 100-150 nm, and as well as
in the silver nanoparticles case, they form big agglomer-
ates during the drying step before the SEM imaging.

The non-oxidized Cu® nanoparticles have their absorp-
tion peak at about 560-580 nm [53]. No such peak is visible
in Figure 11. Thus, it can be assumed that Cu oxide/hydro-
xide nanoparticles were prepared [54]. To confirm this
hypothesis, the EDS (Figure 14) and XPS measurements
(Figure 15) were performed.

The EDS element maps (Figure 14) clearly demonstrate
that copper nanoparticles are not pure metallic and as can be
seen from Figure 15, the copper XPS peak for nanoparticles
synthesized with argon contains three sub-peaks; the peak at
932.4 eV for metallic copper/copper() oxide, the 933.8 eV peak
for the copper oxide, and the 934.9 eV peak for the copper
hydroxide while particles synthesized without argon show
only copper oxide. Thus, the oxide or hydroxide nanoparticle
coverage is confirmed. Compared to silver, no residual signal
from the inorganic salt was detected for both cathode config-
urations. Peak at 932.4 eV could belong to Cu(0) or Cu(l+) as

their binding energies are very close to each other. Normally,
they can be distinguished by the measurement of the Auger
parameter [55,56], but this is not applicable in our case because
of a strong effect of Cu(2+) presence. The calculated Auger para-
meter is 1850.2 eV, which is just in between the values for Cu(1+)
(1848.6-1849.6 eV) and Cu(0) (1850.7-1851.4 eV) [57]. Therefore,
we assume that there might be both Cu states, with a possible
effect of gradual oxidation over time.

As the presence of oxides and hydroxides at the sur-
face has been confirmed, the nanoparticle characteristics
is considered to be semiconductive [58-60]. Thus, the Tauc
diagrams based on the UV/Vis spectra were constructed to
get the value of the direct optical band gap energy. The
calculated optical gap energies for the prepared Cu nano-
particles are presented in Table 4.

Observed values are in a good agreement with the
published results, which are in the range of 2.0-2.85eV
[61,62]. The optical band gap values are slightly decreasing
with the precursor concentration, and they are similar for
both preparation modes of nanoparticles. This indicates the
surface chemical composition and surface properties of
the same nanoparticles are independent of the precursor
concentration. The value obtained at the highest precursor
concentration with the argon addition is deviating from
other values probably because of the effect of agglomerates
formed at such conditions.

4 Conclusion

A new single-step approach in the nanoparticle synthesis
directly in the liquid has been demonstrated. The underwater
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discharge generated in gaseous bubbles was used for Ag and
Cu nanoparticle generation from inorganic salt precursors.
Two principal schemes of the reactor with and without argon
gas flow were tested and compared in the performance. It was
shown that high yield of nanoparticles can be achieved even
without the application of the gas flow.

Formed silver nanoparticles had the spherical-like shape
with the size varying in the range of 10-80 nm. The particle
size distribution can be controlled by the concentration of the
inorganic salt. The increase in the salt concentration results in
large particle formation and dependence was stronger in case
of the discharge generated in argon bubbles. Chemical com-
position of Ag nanoparticles was mainly metallic silver cov-
ered by the thin silver oxide layer that was confirmed by the
XPS analysis and by the band gap calculation. It has been
found that the band gap has no dependence on the precursor
concentration.

Cu nanoparticles synthesized in both regimes of opera-
tion had the nanowhisker shape with the length of about
100-150 nm. In contrast to Ag particles, the latter are tending
to fast agglomeration, especially when argon flow is applied
through the HV electrode. The chemical composition of Cu
nanoparticles is represented by copper oxide/copper hydro-
xide with the band gap of about 2.4-2.8 eV.

The advantage of the approach presented here is a
very high rate of synthesis with no need of any reducing
or stabilizing agents. It was revealed that nanoparticles can
be synthesized directly in liquid with good short-term sta-
bility of days without any stabilizer. The generated Ag
nanoparticles in the argon discharge formed a colloidal
solution with stability and no agglomeration during weeks.
In case of copper nanoparticles, faster agglomeration into
bigger clusters was observed probably because of complex
shape of the particles. The change of the argon flow should
lead to the nanoparticle size tuning, and this may ulti-
mately reduce the consumption of chemicals needed for
the nanoparticle preparation. The as-prepared nanoparti-
cles can be used in biomedical area owing to their antibac-
terial activity, and also, they can be applied for targeted
treatment applications using the different surface plasmon
resonance.
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