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Abstract: Gold nanoparticles have been extensively studied due to their unique optical and electronic
properties which make them attractive for a wide range of applications in biomedicine, electronics,
and catalysis. Over the past decade, atmospheric pressure plasma jets in contact with a liquid
have emerged as a sustainable and environmentally friendly approach for synthesizing stable and
precisely controlled dispersions. Within the context of plasma jet/liquid configurations, researchers
have explored various power sources, ranging from kHz frequencies to nanopulse regimes. In this
study, we investigated the effects of coupling two distinct power supplies: a high-voltage micropulse
and a radio frequency (RF) generator. The variations within the plasma induced by this coupling
were explored by optical and electrical measurements. Our findings indicated a transition from a
bullet plasma propagation mechanism to a capacitive coupling mechanism upon the introduction of
RF energy. The impact on the production of metal nanoparticles was also examined as a function
of the radio frequency power and of two distinct process gases, namely helium and argon. The
characterization of gold nanoparticles included UV-visible spectroscopy, dynamic light scattering,
and scanning electron microscopy. The results showed that the size distribution depended on the
type of process gas used and on the power supplies coupling. In particular, the incorporation of RF
power alongside the micropulse led to a decrease in both average particle size and distribution width.
The comparison of the different set up suggested that the current density can influence the particle
size distribution, highlighting the potential advantages of the use of a dual-frequency atmospheric
pressure plasma jet configuration.
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1. Introduction

Nanoparticles have emerged as a promising class of materials because their size awards
novel physical, chemical, and optical properties to materials [1]. Gold nanoparticles have
attracted significant attention due to their exceptional plasmonic properties which make
them beneficial in a wide range of applications [2], including biomedical imaging [3], drug
delivery [4], catalysis [5], and sensing [6,7]. Among the various methods for synthesizing
gold nanoparticles, plasma treatment in contact with a metallic salt liquid solution has
gained interest due to its ability to produce nanoparticles with controlled sizes, shapes, and
tailored surface properties. This treatment requires the use of high-energy plasmas to induce
chemical reactions and physical processes that result in the formation of nanoparticles [8,9].
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Its main advantage is to synthesize stable nanoparticle solutions in a single step without
the need for reducing agents and the potential for large-scale production [10,11].

However, the production process depends on many parameters such as environmen-
tal conditions, plasma design and configuration [12], and on the treated solution [13].
Xuan et al. (2021), for example, obtained controlled, nearly -monodisperse-sized, dis-
tributions acting on the plasma-to-surface distance, generator frequency, gas flow, salt
concentration, treatment duration, and also on environmental temperature and humid-
ity [14]. A full understanding of the process is still challenging due to its complexity
including the role of plasma, which probably enables the chemical route involving gold
chloride and hydrogen peroxide supplying hydroxide ions. In addition, the use of different
plasma sources and process conditions can lead to variations in nanoparticle properties.
Generally, in the context of plasma jets in contact with a liquid surface, several plasma
regimes were used, from nanopulse [15] to radiofrequency [16], aiming to maximize syn-
thesis control and stability. However, a clear correlation between the plasma parameters
and the synthesis is far from being drawn, highlighting the need for further studies to fully
understand the mechanisms and optimize the synthesis process.

In this study, we explore the possibility that the coupling of micropulse (1Pulse) [17,18]
and radio frequency (RF) [19] excitations in an atmospheric pressure plasma jet can influence
the synthesis of gold nanoparticles. Process conditions were changed as a function of RF
power levels, process gas, and treatment time. The resulting plasma/liquid interaction is
not due to the pPulse only, nor RF excitation, but differs from both. In terms of its impact
on nanoparticle production, this dual-frequency atmospheric pressure plasma jet (DF-
APPJ) configuration may allow an enhancement in spherical shape control and smaller size
relative to the pPulse only. The obtained results showed that DF-APPJ] may be a promising
configuration to optimize production efficiency and process control for monodispersed
nanoparticle solutions.

2. Materials and Methods
2.1. Materials

Gold (IIT) chloride hydrate (HAuCly xH,0, 99.995%, MW: 339.79 ¢ mol~!, Sigma-
Aldrich, Burlington, MA, USA) was dissolved in ultrapure water (Direct-Q UV, Millipore,
Burlington, MA, USA) to obtain a 1 mmol L~ solution and stored as a stock solution.
Polyvinylpyrrolidone (PVP, MW: 40,000 g mol ~!) was also purchased from Sigma-Aldrich
and used as a capping agent to inhibit agglomerations. These two products were used as
purchased with no further purification.

2.2. Experimental Setup

A schematic representation of the experimental device used to generate the plasma
jet is shown in Figure 1 and consisted of two ring electrodes separated by approximately
5 mm, with each one of these electrodes connected to a different power supply. The
plasma tube was composed of alumina and has an outer diameter of 1 cm and an inner
diameter of 9 mm. The upstream electrode was connected to a power supply purchased
from OLISCIE company (Martres-Tolosane, France), which uses a patented technology to
apply fast voltage pulses on a capacitive load [18]. The pulse frequency was set to 25 kHz
and the input pulse current to 8 A. The downstream electrode was connected to an RF
generator (27.12 MHz, Seren R301, SEREN Industrial Power Systems, Vineland, NJ, USA)
over a matching network [19]. The process gas was introduced in the alumina tube through
a mass flow controller set at 3.0 L min~!. The gases utilized included helium (He) with
a purity of 99.999% and argon (Ar) with a purity of 99.995%. Air was fluxed to cool the
electrodes and to control the atmosphere around the plasma plume.
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Figure 1. Experimental setup of the plasma jet coupled with two power supplies.

2.3. Synthesis of Gold Nanoparticles

Using plasma reduction, only one step was needed to synthesize gold nanoparticles
from HAuCly and PVP aqueous solution. Different samples were prepared, with a HAuCly
concentration ranging from 0.1 to 2 mmol L~! and PVP concentration ranging from 0 to
0.1 mmol L~! to determine the optimal chemical conditions to obtain well separated and
homogeneous nanoparticles. This study was already performed and the resulting optimal
concentrations proved to be 0.1 mmol L~! for HAuCly and 0.05 mmol L~ for PVP. In this
work, 10 mL of each resulting reaction medium was treated by the plasma jet at a power
supply current of 8 A, a frequency of 25 kHz, 3 L-min~! of gas flow rate, and an RF power
varying from 0 W to 30 W, and the distance between the exit of the plasma from the tube
and the liquid was fixed at 6 mm, making sure that the plasma plume touches the surface
of the liquid.

2.4. Characterization Techniques

UV-visible spectrophotometer V-670 from Jasco (Oklahoma City, OK, USA) with a
Halogen lamp (330 to 2700 nm) as the light source was used for characterizing the optical
properties of the nanoparticles, such as their plasmon resonance absorption band, which
is sensitive to the size, shape, and surface properties of the nanoparticles. UV-visible
absorbance simulations were performed using PyMieScatt package and room temperature
refractive index [20]. Dynamic Light Scattering (DLS) measurements were carried out on a
Zetasizer Nano S (Malvern Instruments, Malvern, UK), setting the material as polystyrene
latex (RI =1.590, Abs = 0.010) and the measurement angle at 173° backscatter (NIBS default).
The analyses were carried out at 25 °C in a water dispersant using low-volume disposable
plastic cuvettes with a 1 cm optical path and an equilibration time of 120 s. The resulting
value is an average of 3 measurements of 11 runs each, with the run duration set at 10 s.
Scanning electron microscopy (FESEM ZEISS Sigma HD, ZEISS, Baden-Wiirttemberg,
Germany) was used to obtain high resolution images of the synthesized nanoparticles,
providing information on their size, shape, and morphology. The samples were prepared
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by placing a drop of the plasma-treated solution on a silicon (100) wafer and spin coated
for 30 s. The silicon surface was cleaned beforehand by a base piranha etch. The average
size of the nanoparticles was obtained using Image] software 1.49v over 100 particles
per each condition. To electrically characterize the plasma discharge, the voltage of the
pulsed electrode was measured by means of a capacitive voltage divider (Le Croy PPE6KV-
A, Ramapo, NY, USA) and the charge through the sample was measured with a 22 pF
capacitor in series to the ground below the beaker containing the solution [20]. In addition,
a multi-channel spectrometer AvaSpec from Avantes (Apeldoorn, The Netherlands) was
used to measure the plasma’s optical emission spectrum. A fiber optic cable with a parallel
beam condensing lens was placed perpendicular to the plasma at a 10 cm distance. The
diameter of the parallel beam was about 5 mm; therefore, the fiber was collecting a spatially
integrated signal of the whole plasma plume between the liquid surface and the outlet of
the jet. The integration time was of the order of 200 ms. Plasma gas temperatures were
obtained by fitting OH, N3, and NH spectral bands by means of MassiveOES code [21]. The
OH (A-X) transition was used to determine the rotational temperature and the fitting was
performed in the 303-320 nm interval with a Lorentzian HWHM of 0.03 nm. The vibrational
temperature was obtained by the N, (C-B) bands fitting in the interval 300-355 nm, also
considering in the fitting the OH (A-X) and the NH (A-X) bands.

3. Results and Discussions

To evaluate the effect of a dual-frequency atmospheric pressure plasma jet (DF-APPJ)
source on the gold nanoparticle production, we kept fixed the geometrical configuration of
the setup, the power of the pPulse, and the flow of the gases. The only scanned parameters
were the RF power (0-30 W), the time of the treatment (10 min, 20 min), and the process
gas species (He, Ar). First, we will present a characterization highlighting the differences of
the instrumental set-up through the parameter changes, and following, we will focus on
the nanoparticle production.

3.1. Plasma Characterization

The visual appearance of the DF-APPJ on the liquid surface is presented in Figure 2.
When helium gas was used, the plasma exhibited uniformity over a 30 ms exposure time,
while with argon, it displayed a filamentary structure. In both cases, the plasma extended
across the liquid surface and the overall brightness intensified as a function of RF power.

With argon as the process gas, the filaments exhibited random movement following
the annular outlet of the dielectric tube. To account for this plasma instability, Optical
Emission Spectroscopy (OES) was conducted, collecting light from a 5 mm circular parallel
beam that encompassed the entire plasma area, spanning from the jet outlet to the liquid
surface.

In Figure 3, the spectra relative to the condition of 30 W RF power for the two gas
species are shown. The main spectral lines are indicated in the graphs [22-24]. The argon
plasma appeared with a generally more intense emission than helium; in both cases, we
detected the nitrogen second positive system (N, SPS), the OH band, the atomic oxygen,
and hydrogen lines. In Figure 4 and the upper part of Figure 3, the OH (A-X) transition and
the N, (C-B) bands for argon and helium at 30 W RF are shown, while in Figure 4, the results
of the rotational temperature (Trt) derived by the OH and of the vibrational temperature
(Tyip) derived by the Ny SPS as a function of the RF power are presented. Both discharges
exhibit an increase in Tyt as a function of RF power levels, although for helium gas, this
variation remains confined within a range of 100 K. Furthermore, the Tyt for helium
consistently remains below 500 K, aligning with expectations and remaining approximately
100-200 K lower compared to argon [25]. This lower temperature is also highlighted by
the absence of the NH emission at 336 nm [26]. The increase in NH formation may be also
due to a higher evaporation of the solution, as highlighted by a stronger increase in the OH
band and the O I and Hy emissions in argon.
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Figure 2. Photographs of the DF-APPJ in contact with the liquid surface as a function of power and
process gas, exposure time 30 ms. Additional photographs can be found in Supplementary Figure S1.
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Figure 3. Optical emission spectra of the helium and argon plasma jet at 30 W RF power. In the upper

part the spectral zoom of the signals relative to the OH(A-X), NH(A-X), No(C-B), and Hy emissions
are shown.
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Figure 4. OES analysis results as a function of the RF power for helium (blue) and argon (red) gases:
(top) rotational temperature of OH from OH (A-H) band; and (bottom) vibrational temperature of
Ny from N, SPS.

The higher plasma temperature in argon is also due to its lower thermal conductivity,
which also contributes to its filamentary structure formation [27]. The formation of higher
density plasma channels in argon is also suggested by the higher stark broadening of the
H line, with respect to helium conditions (Figure 3). While the Tt can usually be linked
to gas temperature and, therefore, also to the power delivered in the discharge, the Ty, is
more linked to a direct electron energy transfer to the molecules. In the helium discharge,
the Ty is higher than in argon, which is consistent with its outer equilibrium condition,
but also increases as a function of the RF power applied. This increase may be due to the
higher power dissipated in the discharge but can also suggest enhanced electron heating
or a change in the plasma regime. The plasma generated in argon does not show the
same trend; however, this information, at the same time, may be affected by the moving
filamentary structure.

To highlight further differences related to the dual frequency coupling applied to the
uPulse, a temporally resolved characterization is required. The pulse voltage applied to
the upper electrode is shown in Figure 5. It was characterized by a pre-pulse negative bias
which lasted a few microseconds. Then, the pulse itself came from an impulse current
charging an RLC network and the pulse peak had a risetime in the order of 100 ns. The
oscillations last a few tens of microseconds and, therefore, do not overlap between the
25 kHz cycles. In Figure 5, the charge collected below the solution to the ground for
both process gases at different RF power levels are also shown. When no RF was applied
and only the pPulse was working, the plasma plume reached the liquid surface, and the
corresponding charge could, therefore, be collected in the capacitor to ground below the
solution. It can be observed that in the pre-pulse no charge is collected, indicating that
there is no residual ionization among the pulses repetition. As the upper electrode became
positive the electrons were attracted, leaving a positive spatial charge behind. These
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positive charges drifted to the liquid, generating a self-propagating head. Its propagation is
quite fast, of the order of a few tens of nanoseconds. An ionized channel was then formed
between the liquid and the pPulse electrode; therefore, the following oscillations led to
a capacitive coupling, as can be observed by the similar shape of the voltage and charge
oscillations. It can be easily observed that the charge collected using helium is nearly half
that in argon, which coherently reflects the differences in plasma density observed by OES.
As a conclusion, the main part of plasma generation is centered in the first pulse, which is
zoomed in in Figure 5.
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Figure 5. Charge collected by the sample in argon (top) and in helium (center) as a function of the
electrode pulse polarization (bottom). Charge is recorded in three RF power conditions 0 W, 15 W,
and 30 W. On the right is a time zoom of the pulse.

When adding the RF power, the voltage at the RF electrode reaches 500 V at 30 W;
however, the HF electrode does not record significant coupling. Therefore, plasma changes
cannot be ascribed to any electrical resonance effect. We can observe an increase in the
maximum charge collected by the liquid, with a very low dependence on the RF power.
This increase is probably due to the shift of a denser plasma region from inside the tube
to the outlet where the RF electrode is located. It is mainly as if the pPulse electrode gets
closer to the liquid surface, leading to stronger electric fields. Moreover, this effect is more
evident in the case of argon gas due to its higher plasma density and filamentary structure.
This higher plasma density also allows the persistence of the plasma channel between
two consecutive pPulses. This stable electrical connection between the HF and the liquid
surface improves the capacitive coupled character of the discharge, and the surface charge
on the liquid more closely matches the supplied voltage at HF.

On the other side, three distinct differences are linked to the coupling of the RF. The
first is the presence of an oscillating sample charge with the frequency of the RF through
the whole duration of the pulse. The second is the negative current through the liquid in
the pre-pulse. And the third is the change in slope of the collected positive charge on the
capacitor, consequently affecting the ion current through the liquid during the pulse. With
both gas species, as the RF power increases, the current decreases due to the influence of
the high-frequency (HF) voltage, while the duration of the current pulse elongates, similar
to where the self-propagating head becomes less dense, larger, or slower in its propagation.
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All three of these effects can be attributed to a common source: the introduction of RF, which
establishes a plasma region hindering the bullet’s propagation but facilitating capacitive
coupling of the pulse electrode voltage with the liquid.

As aforementioned, the RF addition reduces the current due to the HF electrode;
however, the RF current induced through the liquid is not negligible. It is recorded through
the capacitor to ground and exhibited an increase from 10 to 30 mA as a function of power
(Figure 6 top). Notably, the maximum current attributed to the pPulse in the absence of RF
stands at approximately 120 mA for the case of Ar gas and around 45 mA for helium. This
underscores the significance of the induced RF current.
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Figure 6. (top) RF current through the liquid as a function of the RF power applied, (center) maximum
charge collected at the capacitor, and (bottom) power dissipated in the plasma discharge.

However, it is intriguing to note that the maximum charge collected at the capacitor
registered only a moderate increase in response to the varying RF power (Figure 6 center).
In addition, considering the power dissipated in the discharge as the integral between
the pulse electrode voltage and the charge collected at the capacitor (Figure 6 bottom),
the addition of the RF power does not change drastically; showing moderate trends. It is
imperative to acknowledge that even at maximum RF power, if the pPulse is deactivated,
the RF currents flowing through the liquid remain below 1 mA. These observations suggest
that the HF voltage is the main factor responsible for the plasma interaction with the liquid,
governing delivered power and ion flow. On the other side, the RF power generates a
pre-ionized region, transitioning plasma propagation from a streamer mode to capacitive
coupling. This phenomenon aligns with the existing literature findings on dual-frequency
plasma in parallel plates configuration, where the lower frequency regulates ion drift and
influences the transition from bulk ionization in (2-mode to secondary electron-driven
ionization, as in Penning mode [28-30]. The presence of the Penning mode, where electrons
are accelerated in the sheath and electric fields are stronger, may be responsible for the
increased Ty;p in helium.
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3.2. Influence of Process Conditions on Gold Nanoparticles Size and Shape

The size and shape of gold nanoparticles can be influenced by various parameters
during their synthesis. A solution with 0.1 mM of HAuCly as a precursor and 0.05 mM
of PVP as a capping agent was used to prepare several samples of 10 mL each, which
were then treated by plasma with helium and argon as process gases and at different
conditions, RF powers (0, 15, 30 W), and plasma exposure durations (10, 20 min). The
resulting samples were characterized firstly by UV-vis spectrophotometry and the results
were compared to determine the influence of the conditions on the size and shape of the
obtained gold nanoparticles.

In Figure 7, the absorbance spectra of the treated gold nanoparticle solutions are
presented for different RF powers and treatment durations. As can be observed from the
integrated plasmon absorption, a longer treatment time and higher RF power led to a
higher particle concentration. The time effect is more evident in helium discharge than in
argon, highlighting the nonlinear production rate which is probably linked to the evolving
conditions of the solutions as pH and conductivity.
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Figure 7. (Top) UV-vis absorbance spectra of the resulting gold nanoparticles following helium
and argon plasma treatments for 10 and 20 min under varying RF power settings (0 W, 15 W, and
30 W). Simulated absorbance spectra are included for reference, showcasing a gold nanosphere
lognormal distribution centered at 45 nm and a monodispersed 25 nm solution. Additionally, for
argon plasma treatment, we provide the spectrum corresponding to a 20 min treatment solely with
RF at 30 W, excluding pPulse, with a 6 mm separation between the jet outlet and the liquid. (Bottom
Left) A comparison of the UV-vis spectra at 30 W RF power, normalized to the 420 nm wavelength
absorbance, is presented. (Bottom Right) The distribution used for simulation is compared with the
distributions obtained through scattered intensity measurements.

The samples produced with no RF power showed a shoulder band at longer wave-
lengths, which could be associated with a different particle size or shape [10]. As the
treatment time increases, this shoulder increases in intensity relative to the plasmon maxi-
mum absorption. Using argon, the shoulder is more pronounced, suggesting an even wider
number of shapes and sizes of nanoparticles. The deconvolution of the particle size and
shape profile from the plasmon band feature is challenging since additional preliminary
information on particle distribution is required. However, in order to draw a guideline
for the spectra comparison, in Figure 7 a simulation of the absorbance spectrum due to a
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gold nanosphere lognormal distribution centered at 45 nm and 0.2 of standard deviation
is added. The maximum absorption band wavelength of the simulation is in the range of
the experimental data, suggesting an average size of the same order. This maximum band
shifted to lower wavelengths when RF power was introduced, decreasing from 535 nm
without RF power to 531 nm in helium and at 532 nm in argon with 30 W power. While
this shift could potentially be the result of a decrease in the nanoparticle size [31], it might
also result from the addition of RF power, causing a transition from asymmetric shapes, as
depicted in Figure 8a, to more spherical configurations, as illustrated in Figure 8c.

Figure 8. SEM micrographs of the synthesized gold nanoparticles with a 10 min helium plasma jet
exposure at (a) 0 W, (b) 15 W, and (c) 30 W RF power.

Since the interband part of the spectra nearly overlaps with the simulation, indeed, the
shoulder band at higher wavelengths is probably due to the particle shape. The shoulder
starts to decrease with the addition of RF power at both treatment times. At 30 W RF power,
the spectra get closer to the simulated one. In addition, there is nearly no change in the
spectrum shape as a function of the treatment time, especially in helium, suggesting stable
production conditions (Figure 7). When argon is used as the process gas, the nanoparticle
distribution exhibits a wider range compared to the helium scenario. However, with
increased treatment duration, the UV-vis spectra tend to converge.

DLS measurements were performed to confirm the suggestions on the nanoparticle’s
distribution obtained by the UV-vis spectra. The scattered intensity distribution as a
function of particle size is presented in Figure 7. The size obtained is higher than with UV-
Vis because DLS measures the hydrodynamic diameter of nanoparticles in a liquid solution,
accounting for the surrounding solvent molecules and their movement, resulting in a
slightly larger apparent size. However, the results obtained confirmed the tens nanometer
range lognormal distribution, and a higher average size and broader distribution in argon
relative to helium. In argon with no RF, the DLS measurement also shows the presence
of bigger size agglomerates. As the RF is switched on, the average diameter in both
the argon and helium gases showed a relevant decrease that was in agreement with the
UV-vis observations.

To further confirm this analysis, scanning electron microscopy (SEM) was used to
visualize the formed nanoparticles. Figure 8a shows the nanoparticles synthesized with
the pPulse power supply without the addition of RF power for 10 min and reveals some
exotic shapes other than spheres, such as rods, triangles, and pentagons, with an aver-
age diameter of 28 £+ 10 nm. Also, Figure 8b with an added 15 W RF power presents
nanoparticles of different shapes but with less variation than the previous samples. In
Figure 8¢, the particles are spherical and well separated with no agglomerations seen
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in the images, with an average diameter of 22 + 10 nm calculated by measuring ran-
dom nanoparticles in the SEM images Additional SEM micrographs can be found in
Supplementary Figures S2 and S3. The observed decrease in average size and the reduction
in the asymmetric particle shapes as the RF power was introduced support the analy-
sis performed. AFM measurements also supported the SEM data and can be found in
Supplementary Figures S4 and S5.

3.3. Implications of Dual Frequency on Gold Nanoparticle Production

Given that the shape and size of synthesized gold nanoparticles are influenced by
many factors, an analysis of the dual-frequency impact on production synthesis needs
the examination of all altered parameters, for example, the processing gas, which has a
substantial influence on plasma conditions. The use of helium ensures a lower processing
temperature and lower plasma density and, therefore, also a lower current density. Even
in the configuration where no RF power is applied, helium allows the production of gold
nanoparticles with a lower spread of shapes and sizes with respect to argon.

Helium consistently enables the production of gold nanoparticles with narrower vari-
ations in shapes and sizes compared to argon. The exact cause of this discrepancy remains
undetermined. Nonetheless, with both gas species, the introduction of RF coupling results
in a reduction in the higher wavelength shoulder, as observed in the UV-vis absorption
spectra. Notably, the production rate of nanoparticles does not exhibit a linear correlation
with RF power, aligning with the notion that the processes induced in the liquid are pri-
marily driven by the plasma-liquid interaction, rather than the plasma itself. Furthermore,
even the charge collected on the liquid surface does not demonstrate a linear dependence
on RF power.

In order to understand such phenomena, we have to consider how the generator
coupling may affect the production process. A major effect of the introduction of RF,
certainly, is the generation of a continuous RF current through the liquid comparable to the
uPulse one. This RF current can cause electrolysis of water molecules or an increase in the
solution temperature. The solution temperature after 20 min of argon plasma treatment at
maximum RF power increased by 5 °C. Therefore, the increased evaporation rate recorded
with the RF addition has to be attributed more to electrolysis, which also depends on
solution conductivity. An additional cause of the increased evaporation rate can be sought
in the induced capacitive coupling, which enables faster electrolyte dissociation by the
Wien Onsager effect. The separation of a water molecule into its proton and hydroxide
ions can be achieved through the influence of an electric field, which essentially pulls these
constituents apart. In theory, more potent electric fields should result in accelerated rates of
dissociation. This phenomenon is known as the Wien effect [32].

In general, an increase in temperature typically leads to an increase in nanoparticle
size, with multimodal distributions due to the acceleration of the reaction processes [33],
to agglomeration, or to the Ostwald ripening effect [34]. Ostwald ripening is a process
in which small nanoparticles tend to dissolve and redeposit on larger particles, resulting
in the growth of larger particles over time. This effect occurs due to differences in the
solubility of nanoparticles at different sizes and surface energies. Smaller particles dissolve
more readily, and their material is redeposited onto larger particles, causing the overall
size distribution to evolve towards larger particles [35]. This effect likely contributes to the
more pronounced shoulder observed in the UV-visible spectra when using argon gas as
compared to helium.

On the other side, electrolysis during the process results in the generation of hydrogen
ions within the solution. In the literature, the presence of H* ions is commonly associated
with a faster reduction process, often leading to the formation of larger nanoparticles [36].
Thus, both temperature elevation and electrolysis would typically lead to an increase in
particle size. However, this does not align with the experimental evidence.

Another effect of RF introduction may be the production of a liquid flow during
the process. The plasma-induced currents through the liquid are known to generate
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electrodynamic forces [37], which lead to a flow depending on the ion conductivity. When
the liquid is moved at low speed during the particle production process, such as during
magnetic stirring, the size distribution of Au nanoparticles is almost the same [38]. With
ultrasound stirring, the average size strongly decreases as a function of time; however, the
size distribution broadens. Indications from the literature on the liquid flow effect do not
support our results, and the RF used is highly relative to the ion mobility, so its impact may
have to be further investigated.

On the other side, we showed that the coupling of the RF is mainly changing the
plasma from a self-propagating regime to a capacitive coupled configuration. In this
change, there is not a variation in the total ion flux into the liquid; however, there is an
evident decrease in the current density. This more gradual release of the charges to the
liquid may be responsible for the increased control of the synthesis process. In Figure 7, we
also added the UV-vis spectrum of nanoparticles obtained in argon with only the RF power
at 30 W and no pPulse. In order to obtain the nanoparticle’s production, the jet outlet was
set closer to the surface, at 6 mm, to ensure the contact between the plasma plume and
the liquid. The only RF condition is capacitive coupled, and the plasma is in the (3-mode;
however, the production rate is far from the analogous conditions when pPulse is on. The
explication may have to be sought in the direct coupling of the liquid surface in the hybrid
0-Penning mode already found in the literature [28-30], which controls the ion flow and
electron temperatures close to the surface liquid.

4. Conclusions

In this study, a dual-frequency atmospheric pressure plasma jet (DF-APPJ) configura-
tion, coupling a 25 kHz micropulse generator with a 27 MHz RF power supply, was used to
synthesize gold nanoparticles. The coupling effect on the morphology of the nanoparticles
was investigated as a function of helium or argon species as process gases, of plasma
exposure duration, and of RF power applied.

The different plasma configurations were investigated by OES and electrical measure-
ments. The helium plasma is less dense and colder compared to argon, as was expected.
The increase in RF power in both cases increases the power delivered to the discharge.
However, the main effect of the coupling is the transition from a self-propagating plasma
to a capacitive coupling, with lower current densities and, at the same time, an RF current
passing through the solution.

The main effect of coupling on the synthesis is the reduction in the spread in size and
shapes of the distribution of the gold nanoparticles. The temperature increase due to the
RF addition is limited and the electrolysis process led to bigger particles. Therefore, this
size control is probably due to the different coupling of the liquid surface with the plasma
which reduces ion current densities.

Further investigations are required to understand the overall process; however, the
results obtained can provide insight into the control of gold nanoparticles’ sizes and
shapes during their synthesis, which can have important implications in the design
and optimization of nanoparticle synthesis protocols, from catalysis to biosensing and
drug delivery.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plasma6040043 /s1, Figure S1: Pictures of the plasma jet in contact
with a solution at different RF powers; Figure S2: SEM micrographs of the one gold nanoparticles
synthesized with a 10 min argon plasma jet exposure at different RF powers; Figure S3: SEM
micrographs of gold nanoparticles synthesized by plasma jet at different RF powers and at different
plasma exposure duration with helium gas; Figure S4: AFM topographical images in 2D and 3D of
the synthesized gold nanoparticles with a 10 min helium plasma jet exposure at different RF powers;
Figure S5: AFM topographical images in 2D and 3D of the synthesized gold nanoparticles with a
10 min argon plasma jet exposure at different RF powers.
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