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Abstract

CrossMark

In this paper we compared the fast Intensified Charge Coupled Device (ICCD) imaging with
the newly developed diagnostic method that utilizes laser induced breakdown in plasma jet.
Our helium plasma jet was powered by an 80 kHz high-voltage sine wave and propagated into
the ambient air. Pulsed laser beam 1064 nm (4 ns pulse duration and 5 Hz repetition rate) was
focused with the lens into the plasma jet at energy below breakdown threshold in helium.
Laser pulses and the jet powering signal were synchronized. Laser induced plasma is highly
dependent on the concentration of seed electrons and other charged particles in the plasma jet
channel. We compared the radial profiles of the plasma jet obtained with these two methods.
For laser induced breakdown it was +0.5 mm and for ICCD measurement it was +1.75 mm,
while the ionization wave velocities obtained with these two methods were 15 km s~! and 20
km s~! respectively. Electrical characteristics of the plasma jet were also presented and one
can see a large hysteresis effect when the applied power to the plasma jet was reducing. We
show that the laser induced breakdown spectroscopy can be used as a complementary

diagnostics technique with ICCD measurements.

Keywords: DBD plasma jet, laser induced plasma, LIP, ICCD imaging, helium plasma jet

(Some figures may appear in colour only in the online journal)

1. Introduction

Atmospheric pressure plasma jets (APPJs) attract a lot of atten-
tion due to their great range of possible applications especially
in biotechnologies and medicine [1]. The primary requirement
for treatments of living cells and tissues is the non-equilibrium
nature of those plasmas. Due to a variety of specific applica-
tions, it is necessary to study in detail all physical and chemical

* Author to whom any correspondence should be addressed.

0963-0252/22/025011+10$33.00

processes, both in the plasma jet itself and in its interaction
with the treated samples. To solve these complex problems
many diagnostics techniques are used such as optical emission
spectroscopy (OES), mass spectrometry, Schlieren imaging,
laser induced fluorescence (LIF), electrical probe measure-
ments, cavity ring down spectroscopy [2—6]. From the fast
ICCD imaging it was found that plasma jets are not continuous
but consist of fast-moving self-propagating ionization waves
(IW5s). The head of the plasma jet is loaded with a high concen-
trations of highly reactive species. The most important reactive

© 2022 |OP Publishing Ltd  Printed in the UK
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species in plasma jets are reactive oxygen nitrogen species
(RONS), ions, electrons and UV radiation. Commonly used
gases as flowing buffers for plasma jets are helium and argon
[7-10]. The main RONS are hydroxyl radical *OH, ozone
O3, NO,, N, ™, O™ and others [8, 11, 12]. A large percent-
age of research in plasma medicine is done by using plasma
jets, because of their simple construction and flexible range of
operating parameters. Plasma jets are used for bacteria steril-
ization, carcinoma cell treatment, blood coagulation and other
[13—15]. Treatment by a single plasma jet is usually limited
to 1 cm?, so for larger surfaces, plasma jets can be connected
in arrays of several identical plasma jets [16—18]. One of the
new emerging fields in plasma jet applications is treatment of
water and production of plasma activated water [12, 19-22] or
medium [23, 24].

Medical and biotechnology applications of plasmas [25, 26]
have opened a large activity in the field and it became neces-
sary to understand those plasmas better in order to interpret
and optimize those applications. Having in mind all the dif-
ficulties encountered in diagnostics of atmospheric pressure
plasmas each new result is valuable especially when more
than one technique has been applied and results are tested for
consistency.

In this work we compared two very different plasma diag-
nostic techniques. The first is broadband fast ICCD imag-
ing that is a non-perturbing technique and the second laser
induced breakdown spectroscopy (LIBS) that is the opposite,
a perturbing technique. Laser induced breakdown in gases
has been studied in the first decades of laser applications,
followed by the development of LIBS, a versatile technique
for elemental analysis of solid materials [27, 28], as well as
liquid [29] and gas/aerosols [30]. For the breakdown to occur
in a gas, a critical electron density needs to be reached in
the laser focal volume. For relatively lower laser intensities,
this can occur via two processes, multiphoton ionization and
laser induced avalanche ionization. In general, the individ-
ual contribution of those two processes depends on the laser
wavelength and pulse duration. Using shorter wavelengths and
shorter pulses leads to higher probability of multiphoton ion-
ization to occur (especially with femtosecond lasers). In con-
trast to that, laser induced avalanche ionization favours longer
pulses further in the infrared. Most importantly, this is a pro-
cess that involves free electrons and is thus an ideal candi-
date for their detection. Theoretically, the process begins with
a certain low electron density (at least a single electron) in
the laser focal volume, which is then increased by a repeated
inverse bremsstrahlung and electron impact ionization [31].
The detection threshold (lowest electron density detectable)
can easily be changed by changing the laser pulse energy, so
the occurrence of a laser induced plasma (LIP) corresponds to
a certain electron density at the beginning of the laser pulse.
This concept was first shown in a publication by Popovié et al
where a nanosecond Nd:YAG laser was used to detect free
electrons in a helium APPJ via laser induced avalanche ion-
ization [32]. More recently, Woodbury et al showed that low
concentrations of charged species can be probed by using a
picosecond mid-infrared laser for avalanche ionization break-
down of air [33]. The charged species were a result of nearby

radioactive source. The authors also discussed the implemen-
tation of this technique for low-density plasma detection.

Here we will show similarities and differences of these
two techniques for the plasma jet diagnostics. For example,
one of the first observables to be recorded in such plas-
mas were the velocities of propagation of ionization fronts.
Those are considerably different from the plasma flow veloc-
ities and are a projection of the space charge formation and
propagation. Most of the results were obtained by using ICCD
and there is wealth of data on how these velocities vary with
different parameters [34—37]. Here we compared the ICCD
data to those obtained by the laser induced breakdown mea-
surements for sinewave excitation signal.

2. Experimental setup

In this paper we used two experimental setups, the first setup
was for the LIBS experiment (see figure 1(a)) and the sec-
ond setup for the ICCD measurements (see figure 1(b)).
There are some differences in the used experimental equip-
ment between these two experiments because they are per-
formed in collaboration of two laboratories. The differences
are such that they cannot affect the nature of the final results.
The plasma jet electrode configuration and power supply for
the plasma jet are the same. ICCD measurements were car-
ried out at the Institute of Physics in Belgrade (Serbia) and the
experiment on the LIBS in plasma jet was performed at the
Institute of Physics in Zagreb (Croatia). Plasma jet is made of
a capillary glass tube with the inner diameter (I.D.) of 1 mm
and the outer diameter of 6 mm. The two external electrodes
were made of copper foil wrapped around the glass tube. The
width of the electrodes, the electrode gap and the distance of
the first electrode from the edge of the glass tube were all
10 mm. The electrode closer to the plasma jet nozzle was con-
nected to the high voltage power supply. The second electrode
was connected to the ground through a resistor of 100 k(.
The high voltage power supply was modular and consisted
of the signal generator (PeakTech DDS Function Generator
4025 used for ICCD measurements and Keysight Arbitrary
Waveform Generator 33522B used in laser measurements),
custom made amplifier and a high voltage transformer. The
operating frequency of the plasma jet was 80 kHz (unit time
cycle 12.5 micro-seconds). High purity helium 5.0 (99.999%,
Messer) was used as the working gas. The flow rate of
2 1 min~' of the working gas was set by a mass flow
controller (Bronkhorst MASS-VIEW® MV-196-HE or Ali-
cat MC-5SLPM-D). The electrical properties of the dis-
charge were measured by high voltage (Tektronix P6015A,
75 MHz bandwidth) and current (Pearson 2877) probes. Wave-
forms were acquired by oscilloscope (Picoscope 5244B). LIP
was produced by a Q-switched Nd-YAG laser at 1064 nm
(Quantel Brilliant, pulse width 4 ns) operating typically at
the repetition rate of 5 Hz. Polarizing beam splitter cube
(CCM1-PBS25-1064-HP/M, Thorlabs) was used for attenua-
tion of the laser power. Laser beam was focused on the helium
plasma jet at 5 mm below the capillary nozzle using a fused
silica lens with antireflection coating (focal length 5 cm, diam-
eter 2.5 cm). For the laser energy measurement, we used laser
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Figure 1. Experimental setups: (a) LIBS and (b) ICCD.

energy meter (PE25BB-DIF-SH, Novall, Ophir) at 15 cm after
the lens focus. Laser delivered energy to the plasma jet was
20 mJ which was below breakdown threshold in helium at
atmospheric pressure under present excitation conditions. The
threshold for the laser plasma breakdown was experimentally
determined by slowly reducing the applied laser energy, and

when the laser plasma disappear that was the energy that we
used in LIBS experiment.

The laser synchronization with the high voltage signal and
spectrometer was achieved by using three digital delay genera-
tors (Stanford Research Systems 645). A signal generator was
used as the master device. Signal generator controlled delay
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Figure 2. Typical waveforms of the plasma jet discharge (a) Current and voltage signals for the plasma jet measured at the high voltage
powering cable. (b) Current and voltage signals for the plasma jet discharge, current was measured as the voltage drop at the 100 k2 resistor.
ICCD camera delay range with the step of 0.1 us for calculating the ionization front velocity.
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Figure 3. (a) Current voltage characteristics (b) power of the plasma jet as a function of Vrus.

generators 1 and 2 with 80 kHz repetition rate. At the delay
generator 2 (see figure 1) sine signal of 80 kHz was reduced
to 20 Hz for the laser flash lamps and to 5 Hz for the laser
Q-switch. The light from the interaction volume was col-
lected by the lens (Avantes COL-UV/VIS) attached on the
optical fiber (solarisation resistant) with a Charge Coupled
Device (CCD) spectrometer (AvaSpec-3648, spectral resolu-
tion 0.6 nm). The spectrometer was in a triggering mode with
integration time of 10 us. The laser focusing lens and optical
fiber were mounted on the y translator. The precision of the
translators in y axis direction was 10 pm and in x axis direc-
tion 100 pum. The laser spot size was 80 pm. For more details,
see [32].

The second experimental setup (figure 1(b)) for the ICCD
measurements was previously described in paper [35], with
some minor differences. The oscilloscope used here was

Agilent DSO 6052a and high voltage probe was Tektronix
P6015A, with 75 MHz bandwidth. For the current measure-
ment we used 100x voltage probe (Agilent 10076B) for mea-
surement of the voltage drop at the 100 k{2 resistor. For ICCD
time resolved imaging we used Andor iStar DH7341 ICCD
camera and the plasma jet was in the horizontal position. Opti-
cal emission spectrum of the capillary plasma jet was mea-
sured using USB spectrometer Ocean Optics Maya2000 Pro
(spectral resolution 0.5 nm).

3. Results and discussion
3.1. Electrical properties of the capillary plasma jet

Plasma jet properties are highly dependent on the electrode
configuration [36]. With that in mind, we first performed a
detailed electrical analysis. The current and voltage signals for
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Figure 5. LIP spectrum in helium flow: 588 nm (2p *P°-3d D) and
668 nm (2p 'P°-3d 'D) lines are observed. Helium flow was 2 slm,
plasma was induced by the laser 5 mm from the jet nozzle, and 4 W
of RF power was delivered to the plasma, the same as in figure 4.
Since spectrum in figure 4 was recorded with a different
spectrometer (Maya2000Pro) units of the intensity in figures 4 and 5
are completely different.

the plasma jet are shown in figure 2. In figure 2(a) current and
voltage waveforms are presented, with the current and voltage
waveforms captured at the main high voltage powering cable
at the closest point to the powered electrode of the plasma jet.
Peak to peak (p—p) values for current (/) were 20 mA and for
the voltage (V) were 8.0 kV. The phase difference was close to
/2 (84°).

In figure 2(b) current and voltage waveforms for the
plasma jet are presented. The voltage waveform was recorded
near the powered electrode and the current waveform was

recorded as the voltage drop on the resistor near the grounded
electrode as presented in Maleti¢ et al [35]. The mea-
sured p—p value of the current was 6.92 mA and of the
voltage was 8.0 kV. If we compare the current wave-
forms at these two different points of the plasma jet (on
the High Voltage (HV) power cable and at the resistor),
we can see almost three-time (3 %) difference in its magni-
tude. The phase difference between voltage and the current
was significantly lower than the current signal measured at
the HV cable, it was 55°. The delay positions for the pulsed
atmospheric pressure streamers (PAPS [16]) velocity calcu-
lation are shown in the figure 2 with circle symbol for the
current and square symbol for the voltage. For this capillary
plasma jet we can see two peaks superimposed on the cur-
rent waveform. These peaks can be attributed to the collection
of wall charges (Q) on the inner surface of the glass tube in
the zone of powered and grounded electrode. In our previous
experiments we could not observe the peak in the negative half
cycle [35].

The V-I characteristics are given in figure 3(a) as well as
the power (in figure 3(b)) as a function of Vgys. The volt-
age was measured at the HV cable while the current was
calculated from measured voltage drop at the 100 k€2 resis-
tor. The calculated impedance for the plasma jet when the
‘plasma is off’ (without the working gas) was Z = 2.80 M(,
while after plasma formation in the gas flow the impedance
decreased to Z = 0.81 MS). We measured VI characteris-
tics from the plasma ignition to the maximum power that our
power supply can deliver and in the reverse direction until the
plasma was extinguished. The power for the plasma jet is pre-
sented in figure 3(b). The power range for the capillary jet
was narrow in direct direction (increasing power) just 1 W
(from 4.2 to 5.2 W), while in reverse direction (decreasing
power) the range was around 4.7 W (from 5.2 to 0.5 W).
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Figure 6. (a) Intensity of helium 588 nm line emission as a function of delay (intensity of emission was integrated over 10 s and the entire
volume of the induced plasma; (b) absorbed laser energy by the plasma jet as a function of the delay of laser trigger. Helium flow was 2 slm,
Laser was focused at 5 mm from the jet nozzle, and 4 W of RF power was delivered to the plasma.
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Figure 7. (a) Intensity of the He 588 nm line in the y axis, (b) total emission profile from the ICCD image. Helium flow 2 slm, 5 mm from
the jet nozzle, 4 W of RF power delivered to the plasma. [ y axis is perpendicular to the axis of the gas flow and it is along the axis defined by
the laser beam (radial position in reference Popovié et al 2019 [32]). Measurements are performed by moving the focal point of the laser

along the y axis.].

3.2. Time resolved emission intensity and absorbed laser
energy by the plasma jet

In air the laser induced breakdown occurred at about 10 mJ at
room temperature (22 °C and with 25% relative humidity). The
laser breakdown in air was accompanied with strong visible
light from the spark and loud sound from the associated shock
wave. When we focused the laser beam in the flow of helium
coming from the plasma jet nozzle the breakdown occurred at
a much higher laser pulse energy around 30 mJ with much less
light emission and weaker sound [32]. When the laser energy
was set to 20 mJ, the laser plasma was not induced since there
were no seed electrons from the plasma jet present. Light emis-
sion from the plasma jet was around 1000 times weaker than
the light from the LIP. Typical optical emission spectrum with

400 ms integration time for the helium plasma jet is shown in
figure 4. The spectrum was recorded for the 4 W of RF power
delivered to the plasma, 2 slm of helium and at the 5 mm in
front of the plasma jet nozzle. He I, N>, N»+, OH and Ol lines
may be observed in the spectrum of the free plasma jet. The
He 588 nm line has a very weak intensity that was drastically
increased in the LIP.

In figure 5 typical LIP spectrum is presented for the primary
discharge (delay 7.08 us), where one can observe two helium
lines, 588 nm (2p *P°-3d 3D) and 668 nm (2p 'P°-3d 'D).
Integration time for the spectrometer was 10 ps. For the fur-
ther plasma jet diagnostics, we chose the 588 nm line because
of its strongest intensity. Molecular lines originating from
the plasma jet could hardly be noticed since the LIP was
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producing emission that was several order of magnitude more
intense in helium atmosphere.

In figure 6(a) we presented the intensities of the 588 nm
He line for different delays of the laser—plasma jet synchro-
nization. The position of the LIP was at 5 mm from the
jet nozzle. As one can see the line intensities are dependent
on the plasma jet voltages. The O us correspond to 0 mA
current, the voltage was around 3.0 kV in the falling slope
(see figure 2(b)). This emission corresponds to the current peak
in the negative half-cycle (secondary PAPS). When current
starts to rise we can observe a sharp emission increase that cor-
responds to the current peak in the positive half-cycle (primary
PAPS). The primary and secondary PAPS are typical for pulsed
DC plasma jets [32]. The secondary PAPS was not observed
with ICCD measurements (see figure 9) due to insufficient
concentrations of seed electrons for the helium excitation in
negative half-cycle of the excitation signal. In contrast to this
LIP amplifies the emission signal of helium line, so the sec-
ondary PAPS were visible in emission spectrum of plasma jet.
The difference in intensities between the positive and nega-
tive half cycles is around a factor of six (6x). Absorbed laser
energy as the function of delay is shown in figure 6(b).
We have the same shape of the absorbed light as for the light
emission. One could argue that one can observe a smaller
peak for the negative and a larger peak for the positive half-
cycle. However, it is hard to make such a conclusion due to a
different nature of the measurement of absorption and emis-
sion. The maximum absorbed laser energy in LIP plasma was
2.5 mJ.

3.3. Comparison of the plasma jet profiles obtained by LIP
and ICCD measurement

In figure 7 we show emission profile of the plasma jet at 5 mm
from the jet nozzle. As one can see, the profile obtained with
the LIP was considerably narrower than the profile from the
ICCD images. The broad ICCD profile (figure 7(b)) is due
to the light emission from plasma (helium in the center and
nitrogen on the outer region of the jet) while the narrower
(figure 7(a)) profile is due to the LIP intensity dependence
on electron densities in helium flow. One should note that the
LIP emission profile is not deconvoluted. Laser focal depth in
direction of y-axis was estimated to be about 200 pm. From
these two profiles one can estimate the size of the transitional
region between the pure helium plasma and the surrounding
air. The transitional region has a considerably weaker intensity
of He lines than the emission in pure helium plasma. The size
of the region with a high concentration of helium was £0.5 mm
(in figure 7(a)) from the jet axis, and the transition region
where most chemical reactions are occurring was around 1 mm
on both sides beyond the He region. We did not observe any
light emission further than +1.75 mm (in figure 7(b)) from the
jet axis.

3.4. Comparison of the velocities for the plasma jet
obtained with LIP and ICCD measurements

In this paragraph we calculate the PAPS velocities using the
edge of the emission in the axis of plasma jet propagation.
The intensities of the 588 nm He line for different delays are
shown in figure 8. The procedure for the PAPS velocity cal-
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Figure 9. Time resolved broadband ICCD images of the capillary plasma jet for the whole period of the excitation signal, helium flow was
2 slm, 4 W of RF power were delivered to the plasma, gate width was 25 ns, exposure time 2 ms and gain was 200. Recording was made by

integration on the chip of the ICCD.

culation is the following: (1) laser beam was focused in the
center of the plasma jet; (2) the starting position of the LIP was
5 mm from the jet nozzle (0 on the x axis); (3) plasma jet was
translated along the x axis; (4) for the fixed delay we recorded
profiles; (5) for the velocity calculation we used position when
the emission intensity drops to zero and that is the edge of the
ionization front (marked with arrows in figure 8). As delay was
varied we scanned different parts of the propagating front and
thus we observed propagation of the emission front along the
X axis.

In figure 9 we have shown the ICCD images of the cap-
illary plasma jet for the whole period of the excitation time.
Left electrode was grounded and the right electrode was pow-
ered. We used integration on chip because of the very low light
signal from the single period. The exposure time was 2 ms
(160 periods), the gate width was 25 ns and the gain was 200.
The starting delay position was when the current was zero.

As one can see, the formation of the plasma in the negative
half cycle occurred at 1.6 us at the right edge of the powered
electrode. Moving further in time the plasma filled the inter-
electrode gap with high emission intensity. We have observed
low intensity plasma in front of the powered electrode. Posi-
tive half-cycle starts at 8.0 us (voltage waveform) and plasma
was first formed at the left edge of the grounded electrode. The
PAPS was formed at 9.6 ps, and propagated into the ambi-
ent air. At the same time another PAPS was formed at the
right edge of the grounded electrode. This ‘negative’ PAPS
was propagating in the opposite direction from the working
gas flow. This kind of propagation was not observed in our pre-
vious experiments when we used glass tubes with larger 1.D.
(4 mm) [35].

In figure 10 we show velocities of the ionization fronts
of the plasma jet outside the glass tube. The PAPS velocities
(squares in figure 10) were calculated from the helium 588 nm
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Figure 10. LIP PAPS velocities calculated from He line intensity
and PAPS velocities calculated from ICCD images (100 ns step),

helium flow was 2 slm, breakdown was induced at 5 mm from the
jet nozzle and 4 W of RF power were delivered to the plasma.

line intensity propagation in space (see figure 8), the posi-
tions from the jet nozzle were calculated as x position plus
5 mm (starting LIP position). We calculated that the maxi-
mal speed of the ionization front to be around 15 km s~ !
On the other hand, we show velocities of the IW (circles in
figure 10) obtained from the fast ICCD images with the step of
0.1 ps (ICCD images are not presented). The maximal veloc-
ity obtained with this method is more precise and it is around
the 20 km s~!. One can see that the ionization front starts
slowly to accelerate after the moment when PAPS leaves the
glass tube up to 4 mm. After that point there is a rapid mix-
ing of helium with the surrounding air and that leads to fast
acceleration to the maximal front velocity 10 mm away from
the nozzle. After reaching maximal velocity, ionization front
velocity slowly decreases until plasma is extinguished at
15 mm from the nozzle. The estimated experimental errors for
LIP and ICCD velocities calculation are under 10%.

Having in mind the accuracy of the LIP technique the two
sets of results are in agreement. LIP diagnostics provides addi-
tional freedom to determine radial profile and observe a finer
view of the inner structure of the propagating jet, especially
the radial profile of mixing with air.

4. Conclusion

In this research paper we presented electrical properties, LIP
and time resolved ICCD images for the capillary helium
plasma jet driven by kHz sine waveform.

For this plasma jet we observed a large hysteresis effect
when we decreased the power. We also observed the appear-
ance of a peak (2 ps) in the current signal in the negative
(falling) half-cycle and with LIP formation detect the presence
of charge carrier near the jet nozzle. In the positive (rising) half
cycle plasma jet front propagated inside the narrow glass tube
against the flow.

We show that the LIBS (running at laser energy below
threshold in helium) can be used for time resolved and spatial
diagnostic of the APPJ. This method can be used as a com-
plementary method for the diagnostics of plasma jets together
with ICCD measurements, or independently. Using the LIP, we
detected the secondary PAPS in negative half cycle of the exci-
tation signal, we determined the dimensions of plasma channel
with sufficient charge carriers necessary for initiation of the
laser induced breakdown. Thus one may provide a profile of
helium plasma mixing with air. Reasonable agreement of the
two sets of results gives us confidence to claim that one may be
able to use LIP to establish anatomy of more complex plasma
systems. The LIP technique can be used together with LIF
(or intra cavity spectroscopy) required to detect atoms and
radicals produced in the plasma.
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Abstract: In this work, Ag-doped ZnO nanoparticles are obtained via pulsed laser ablation of the
Ag-coated ZnO target in water. The ratio of Ag dopant in ZnO nanoparticles strongly depends on
the thickness of the Ag layer at the ZnO target. Synthesized nanoparticles were characterized by
XRD, XPS, SEM, EDS, ICP-OES, and UV-VIS spectrophotometry to obtain their crystal structure,
elemental composition, morphology and size distribution, mass concentration, and optical properties,
respectively. The photocatalytic studies showed photodegradation of methylene blue (MB) under UV
irradiation. Different ratios of Ag dopant in ZnO nanoparticles influence the photodegradation rate.
The ZnO nanoparticles doped with 0.32% silver show the most efficient photodegradation rate, with
the chemical reaction constant of 0.0233 min~!. It exhibits an almost twice as large photodegradation
rate compared to pure ZnO nanoparticles, showing the doping effect on the photocatalytic activity.

Keywords: photocatalysis; ZnO nanoparticles; Ag-doped ZnO; zinc oxide; bicomponent nanoparticles;
photodegradation; silver dopant; methylene blue; laser ablation in water; pulsed laser deposition

1. Introduction

Zinc oxide (ZnO) is a wide-bandgap semiconductor material with unique electrical,
mechanical and optical properties, making it appropriate for a wide range of applica-
tions. Some of these properties are high optical transparency, high electron mobility
(200-300 cm? V1 s~ 1), large direct bandgap (3.37 eV at room temperature), large exci-
ton binding energy (60 meV), and high mechanical stability. ZnO is a low-cost, low-
toxic, and easily available material, with many possible economical methods of synthesis
that makes it appropriate for a broad range of scientific research and industrial applica-
tions [1]. ZnO is widely used in industry for the production of solar cells, light-emitting
diodes and transistors, sensors, UV-protecting coatings, baby powders, vulcanization
products, and for improving concrete and ceramic quality [2-5]. Photocatalytic, antibacte-
rial, food-packaging, and medical (cancer-treatment) applications of ZnO are considered
fast-developing technology [6-8]. The interest of this work is based on the photocatalytic
properties of ZnO, especially those related to the photodegradation of surrounding chem-
icals in water, the process that can be used in water purification [9]. On the other hand,
the widespread production and use of ZnO can lead to high concentrations of ZnO waste
material in the aquatic environment that cause some degree of ecotoxicity, due to the large
photocatalytic and antibacterial activity of ZnO [10]. In the photocatalytic process, electrons
and holes, excited after light irradiation of semiconductor materials, interact with the
surrounding medium, causing and accelerating many chemical and redox reactions. ZnO
is the second most popular photocatalytic material after titanium oxide (TiO,), and in both
materials, the processes that lead to photodegradation of the surrounding chemicals are
similar [11]. Electrons in the conduction band transfer to O,, producing very reactive 0%
ions, while holes from the valence band transfer to hydroxide ion OH™, producing hydroxyl
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radical -OH, which is very reactive [12]. The photocatalytic degradation of pollutants in
water occurs due to interaction with reactive radicals. Light irradiation may also excite
electrons in pollutants, leading to their transfer to the catalyst conductive band and the
formation of additional reactive radicals [13]. The use of nanomaterials as photocatalysts is
very efficient, due to the large area/volume ratio and better light irradiation harvesting.
In nanoparticles, the same amount of material has a larger active site area and is irradi-
ated with larger light intensity when compared to the bulk material. Both effects strongly
increase the number of electrons and holes available for reactions at the catalyst surface.

The wide bandgap of ZnO is the reason why UV light is needed for electron/hole
excitation and this is a great limitation in photocatalytic applications because sunlight con-
tains only 5% intensity of UV light in the whole EM spectrum [14]. However, the physical
and chemical properties are easily adapted and modified by doping with various materials
and surface engineering [12]. Many materials are used as dopants in ZnO to improve its
photocatalytic activity and expand it to the visible part of the spectrum. Silver (Ag) seems
to be the most promising doping material for this purpose [3]. Ag acts as a p-dopant in the
ZnO crystal lattice, which in its pure form has a hexagonal wurtzite crystal structure that
often has n-type conductivity, due to the presence of oxygen vacancies [13,15]. Doping with
Ag is also used to improve the antibacterial activity of ZnO [16,17]. Furthermore, Ag, as a
noble metal, can impose the photostability of ZnO, which is very important because of the
fast photocorrosion, one of the main disadvantages of pure ZnO [12]. Doping can increase
photocatalytic activity by creating band levels that act as traps for charge carriers. Therefore,
the recombination rate of electrons and holes decreases, and their lifetime increases [14].
Several methods are usually applied for the synthesis of Ag-doped ZnO nanoparticles
(ZnO NP). Some of them are photodeposition via photoreduction of Ag?* [18,19], precipi-
tation [20,21], the solvothermal route [14,22], using Ag nitrate in the sol-gel method [23],
the hydrothermal route [24], laser induction [25], ultrasonic spray pyrolysis [26] and flame
spray pyrolysis [27]. Pulsed laser ablation in liquid (PLAL) is a green method for the syn-
thesis of colloidal solutions, which contains very pure nanoparticles without the unwanted
residual byproducts [28]. Nanoparticles” purity and the possibility of using a large variety
of materials as a target in ablation are the main advantages of PLAL compared to chemical
routes of NP synthesis.

From the literature, it is evident that laser ablation in liquids has been applied for dop-
ing ZnO. In [29], Ag-doped ZnO nanoparticles were successfully synthesized by nanosec-
ond laser ablation of Zn for 30 min and then Ag for 1, 3 or 5 min. Furthermore, some
works were found where targets for laser ablation were prepared. The targets are produced
through sintering at high temperatures and compressing, which can last up to two days
and has many steps in the production process [30-32].

In our work, we propose a new method, which is thoroughly described in the experi-
mental section, for the production of Ag-doped ZnO NPs. An Ag thin layer is deposited at
the ZnO target surface with the pulsed laser deposition (PLD) technique, and the obtained
target is ablated by a pulsed laser in water. As a result, a colloidal solution of Ag-doped
ZnO nanoparticles is formed. Furthermore, a ratio of Ag dopant in the ZnO NP is varied by
using different thicknesses of Ag layer at the ZnO target irradiated in PLAL. ZnO NPs, with
different ratios of Ag dopant, are then tested as a catalyst in photocatalytic degradation
of methylene blue. The method is simple, fast and versatile, allowing a combination of a
wide variety of dopants and semiconductors. Moreover, the overall process (including PLD
and PLAL) for the synthesis of Ag-doped ZnO NP colloidal solution takes approximately
10 min.

2. Materials and Methods
2.1. Preparation of the Ag Thin Films at the ZnO Substrates by PLD
The thin films of Ag were deposited at the ZnO substrates (purity > 99.99%, Good-

Fellow, Huntingdon, UK) by PLD in a vacuum. The 1 mm silver plate (purity > 99.99%,
GoodFellow) was used as the laser target in PLD. The ZnO substrate and the Ag target
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were placed at the two stages separated 1 cm inside the vacuum chamber, which both
rotated to ensure the homogenous laser irradiation of the Ag target and homogeneity of
the deposited Ag film. An Nd:YAG laser (300 mJ, 5 Hz, 5 ns pulse duration, wavelength
1064 nm, Quantel, Brilliant, Les Ulis, France) was used for Ag target irradiation in the PLD
process. Laser pulses were focused onto the target surface using a 30 cm lens yielding laser
fluence of 12 J/cm?. In order to make samples with different thicknesses of the silver film
at the ZnO substrate, the following six different numbers of pulses were used in PLD: 50,
200, 500, 1000, 2000, and 3000. The detailed schematics procedure of the two-step synthesis
of Ag-doped ZnO nanoparticles is shown in Figure 1 [33]. As a first step, in Figure 1a,
pulsed laser deposition of Ag onto ZnO substrate is shown. As a result of the deposition,
a two-layer structure was obtained, consisting of several nanometers thick Ag thin film
deposited over the ZnO substrate, as shown in Figure 1b.

(a) Laser (b) (c) (d)
Vacuum ZnO substrate
chamber ZnO NP
Water
of Ag (50 nm) Ag-ZnO
asma -
Ag film ZnO (bulk) Plasma |Colloid Ag
&‘Ag target
Ag doped ZnO
Pulsed laser deposition 2 layer target Laser ablation in liquid nanoparticles

Figure 1. Experimental scheme for the synthesis of Ag-doped ZnO nanoparticles. (a) Pulsed laser
deposition of Ag onto ZnO substrate (bulk), (b) two-layer target formed in PLD comprised of thin Ag
film and ZnO bulk, (c) laser ablation of two-layer target in water and (d) Ag-doped ZnO nanoparticles
synthesized in (c).

2.2. Syntheses of the Ag-Doped ZnO NP Using PLAL

In the second step, an Ag-coated target was used for the pulsed laser ablation in the
water process, producing an Ag-doped ZnO colloidal solution as a final product (Figure 1d).
The colloidal solutions of nanoparticles were prepared for six targets, synthesized by PLD
in (Figure 1a) to obtain the ZnO NPs with different Ag dopant ratios. The pure ZnO target
was ablated to synthesize the colloidal solution of pure ZnO NP as a reference solution. The
target, as shown in Figure 1b, was immersed in the 25 mL of MilliQ water and placed about
2.5 cm under the water surface. The surface of approximately 1 cm? in size was continually
scanned by the pulsed laser beam to achieve homogenous ablation of the sample. The total
number of pulses for irradiation of each sample was 2000, using the same laser as for PLD.
The laser beam was focused by a 10 cm lens to enhance ablation. The energy delivered
to the sample was about 120 m] per pulse, and the calculated fluence was 79 J/cm?. The
experimental setup is shown in Figure S1 in the Supplementary Material.

2.3. Characterization of the Ag-Doped ZnO NP
2.3.1. UV-Vis

Photoabsorbance of every colloidal solution of Ag-doped or pure ZnO NP was mea-
sured in order to analyze the influence of Ag doping on ZnO NP optical properties. Pho-
toabsorbance data were used to determine the ZnO NP bandgap from the Tauc plot.
Photoabsorbance was measured immediately after the synthesis of every colloidal solution
of nanoparticles, using a UV-Vis spectrophotometer (Lambda 25, Perkin Elmer, Waltham,
MA, USA).
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2.3.2. Structural Analysis (XPS, XRD, SEM, TEM)

In order to perform structural characterization of ZnO NPs, the produced colloid was
dropped onto a silicon substrate and left to air dry to obtain the ZnO NP film.

The X-ray photoelectron spectroscopy (XPS) analysis was carried out with the PHI-TFA
XPS spectrometer produced by Physical Electronics Inc. The analyzed area was 0.4 mm
in diameter and the analyzed depth was about 3-5 nm. The sample surface was excited
by X-ray radiation from a monochromatic Al source at photon energy of 1486.6 eV. The
high-energy resolution spectrum was acquired with an energy analyzer, operating at a
resolution of about 0.6 eV and pass energy of 29 eV. During data processing, the spectrum
was aligned by setting the C 1s peak at 284.8 eV, characteristic for the C-C/C-H bonds. The
accuracy of binding energies was about +0.3 eV. Quantification of surface composition was
performed from XPS peak intensities, considering the relative sensitivity factors provided
by the instrument manufacturer [34]. Two different XPS measurements were performed on
each sample, and the average composition was calculated.

The crystallinity and crystalline phases were studied by grazing incidence X-ray
diffraction (GIXRD). The crystalline structure of ZnO NP was investigated using a D5000
diffractometer (Siemens, Karlsruhe, Germany) in parallel beam geometry with Cu Ka
radiation, a point detector, and a collimator in front of the detector. Grazing incidence
X-ray diffraction (GIXRD) scans were acquired with the constant incidence angle ; of
1°, ensuring that the information contained in the collected signal covered the entire film
thickness. The following JCPDS cards were used for crystallographic analysis: JCPDS
36-1451 (ZnO), JCPDS 04-0783 (Ag), JCPDS 43-1038 (AgO), and JCPDS 76-1393 (Ag,0).

The morphology and size-distribution of the obtained nanoparticles were studied by
a field emission scanning electron microscope (SEM, Joel 7600F, Tokyo, Japan). Samples
for SEM imaging were prepared by dropping a colloidal solution on a 5 x 5 mm? Si wafer.
The colloidal solutions were sonicated for 5 min before the deposition.

The detailed morphology of the nanoparticles was obtained by a transmission electron
microscope (TEM, JEOL JEM-1400 Flash, Tokyo, Japan). Samples for imaging were prepared
by dropping one drop of colloidal solution onto the TEM grid. The colloidal solutions were
sonicated for 5 min before the deposition.

2.3.3. ICP-OES

Quantitative elemental analysis of the nanoparticles, prepared in the form of aqueous
solutions, was performed using a Thermo Scientific iCAP 7400 duo analyzer, an instrument
used for inductively coupled plasma optical emission spectrometry (ICP-OES). ICP-OES
measurements were taken to calculate the mass concentration of the ablated material
and to estimate the Ag weight ratio in the colloidal particles. Before analysis, 2mL of
each NP solution was treated with the same volume of analytical grade 65% (w/v) HNO3
or aqua regia (Au, Pt), and diluted to 10 mL with distilled high-purity deionized water
in a volumetric flask. The calibration standard solutions of Zn, Au, Pt, and Ag were
prepared from a single element commercial standard (J.T. Baker 1000 png/mL and Accu
Trace (1000 ng/mL)) by diluting it to different volumes of distilled high-purity deionized
water with 1% (w/v) analytical grade HNOs. The data acquisition and processing stages
were performed by using the Thermo Scientific Qtegra Intelligent Scientific Data Solution
(ISDS, Waltham, MA USA) software. The obtained results are presented in the form of the
average values of the three measurements.

2.4. Photocatalytic Measurements

An Hg lamp (Jelight Co., Zagreb, Croatia) was used for irradiation of the solutions
that contained the pure and Ag-doped ZnO NPs and the organic dye methylene blue was
used to achieve MB photocatalytic degradation. The irradiation intensities of the lamp
were measured using a radiometer (Opsytec Radiometer RMD, Ettlingen, Germany) and
the intensities were as follows: VIS 2.11 klx, UVA 0.2 mW/cm?2, UVB 0.02 mW /cm? and
UVC 0.08 mW/cm?. The optical emission spectrum of the lamp is shown in Figure S2 in the
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Supplementary Material. For purposes of MB photodegradation rate calculation, solution
absorbance was measured every 10 min of irradiation using a UV-Vis spectrophotometer.
Initial MB concentration for all the samples corresponds to the absorbance maxima Ag = 2
of the pure MB solutions in water and was calculated to be 2.7 x 10~5 mol/L from the
Beer—Lambert law, using the extinction coefficient 75,000 cm~1/M and Ag=2 at peak
maximum at A = 664 nm.

3. Results and Discussion
3.1. SEM and TEM Images

The SEM scans of all the samples show that ablation of the ZnO target resulted in
the formation of colloidal particles, which were distributed in a large variety of sizes and
shapes. It is worth mentioning that morphology and size-distribution of the nanoparticles
is independent from the amount of silver that differs by a few nanometers (including
pure ZnO NP). In Figure 2, examples of the SEM micrographs are shown for the pure
and Ag-doped ZnO NP. In Figure 2a,c, it can be observed that the spherical nanoparticles
prevail, and some small amounts of microparticles in the form of large debris structures
with irregular shapes are present. The size-distributions of pure and Ag-doped ZnO NP
are shown in Figure 2b,d, respectively. Size-distributions can be fitted with LogNormal
functions that achieve a maximum value at a diameter of 53 nm for pure and 47 for
Ag-doped ZnO NPs.
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Figure 2. SEM micrograph of (a) pure ZnO NP with (b) corresponding size-distribution with maxi-

mum at 53 nm. SEM micrograph of (c) Ag-doped ZnO NP with (d) corresponding size-distribution

with maximum at 47 nm.

In Figure 3, TEM images for pure (a, b) and Ag-doped (c, d) ZnO NP are presented.
Figure 3a,c show the presence of spherical nanoparticles with different sizes and irregular
material formed during the LAL process. Figure 3b,d show the surface morphology of the
nanoparticles. It can be observed that in both cases, the NP surface is relatively smooth.
Nevertheless, the edges are not perfectly sharp, indicating that the NP surface has some
roughness. The differences in photocatalytic activities between the pure and Ag-doped
ZnO NPs are obviously not dependent on surface morphology.
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Figure 3. TEM images of pure ZnO NP (a,b) and Ag-doped ZnO NP (c,d).

3.2. XRD Patterns

The XRD spectrum of colloidal Ag-doped ZnO nanoparticles (3000p used for Ag
deposition in PLD) and reference XRD spectral peaks for ZnO, Ag, AgO, and Ag,0 are
shown in Figure 4. The majority of the detectable Bragg peaks (31.75°-(100), 34.45°-(002),
36.2°-(101), 47.6°-(102), 56.55°-(110), 62.85°~(103), 68°-(112) and 69.1°-(201)) correspond to
ZnO. The majority of the ablated material crystallized in the hexagonal wurtzite ZnO phase.
The presence of all main ZnO diffraction peaks indicates that ZnO crystallites are randomly
oriented. The low-intensity peak at 32.75° can probably be attributed to the corresponding
peak in the AgO reference spectrum. The absence of Ag peaks indicates that Ag in the
colloidal solution is not in the form of pure Ag nanoparticles or Ag crystalline clusters in
ZnO nanoparticles, indicating that Ag atoms are incorporated in the ZnO crystal lattice.
Since the sample selected for XRD analysis is synthesized by using the largest number
of laser pulses in PLD (3000p), it is expected that in all other samples, the ZnO wurtzite
crystal structure and some amount of Ag also prevail, which is well-incorporated in the
ZnO crystal lattice.

However, to study the effect of Ag doping on the ZnO lattice diffraction peaks for
(100), (002), and (101) planes were compared for the doped and pure ZnO nanoparticles,
as is shown in Figure 5.
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Figure 4. XRD spectrum of ZnO NP (3000 pulses used for Ag deposition in PLD) and reference XRD
spectral peaks of ZnO, Ag, AgO and Ag,0O.
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Figure 5. The shift of Ag-doped ZnO XRD peaks, with respect to the pure ZnO peaks.

The XRD peaks of the Ag-doped ZnO NPs shifted to a lower 20 angle value, as com-
pared with those of pure ZnO nanoparticles. This shift appears due to the fact that the
radius of the incorporated Ag* ions is greater than that of Zn?*, which consequently
causes lattice expansion [35]. The FWHM of the pure ZnO diffraction peaks is narrower

than the Ag-doped ZnO peaks, implying that the doping causes the formation of smaller
crystallites [36]. The average crystallite size (D) was calculated using Debye-Scherrer’s

formula [37], using data from the pure and Ag-doped ZnO main XRD peaks.
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where A is the wavelength of the X-ray beam (1.5406 A), B is the full width at half maximum
(in radians), and 6 is the diffraction or Bragg’s angle. The calculated average crystallite
sizes are 49 & 6 nm for the pure ZnO and 23 + 1 nm for the Ag-doped ZnO. Furthermore,
one must note that the relative intensities of all the diffraction peaks do not change signifi-
cantly for the Ag-doped and pure ZnO structures. It means that in both cases, there is no
preferential growth rate in any direction and that the presence of Ag atoms/ions does not
change the growth mechanism of the ZnO nanoparticles in LAL, as described in [38]. The
Ag doping causes lattice structural changes, which are also evident if one compares a and
c lattice constants for doped and pure samples of the wurtzite ZnO structure. The lattice
constants are calculated using Bragg’s law of diffraction, which is as follows:

n-A = 2.d-sin () ()

where n = 1 (order of diffraction), A is the X-ray wavelength (A = 1.5406 A), d is the spacing
between the planes defined by Miller indices (h,k,1), and 6 is the position of the diffraction
peak. The relation of plane spacing in a hexagonal structure and Miller indices are defined
in [39], while ((100) orientation) and ¢ ((002) orientation) spacing can be calculated using
the following formulae:

A
a=-——r 3
V/3-sin 0 ®)

A
= Gine @)

The lattice constants for Ag-doped and pure ZnO nanoparticles are listed in Table 1.

Table 1. Lattice constants a and c for pure and Ag-doped ZnO NPs.

Lattice Constant (Orientation) Pure ZnO Ag-Doped ZnO
a (100)/A 3.23 3.25
c (002)/A 5.17 5.21

From Table 1, it is evident that the lattice constants a and c are larger for Ag-doped
than that of pure ZnO nanoparticles, implying lattice expansion. An increase in lattice
parameters can be ascribed to the replacement of Zn?* with Ag* ions, as they possess a
larger ionic radius (radius is 0.074 nm for Zn?* ions and 0.126 for Ag* ions). As discussed
in [39], an increase in lattice constants can be achieved either by the incorporation of Ag*
ions into the ZnO lattice or by the substitution of Ag* ions with Zn?* ions.

3.3. XPS Analysis

The XPS technique was applied to obtain an insight into the surface composition of
Ag-doped ZnO nanoparticles. In Figure 6, the full XPS spectrum of Ag-doped ZnO NP
is presented for a sample where 3000 pulses were used for Ag deposition in PLD. The
presence of characteristic peaks can be identified for zinc (Zn 2p, Zn 3s, Zn 3p, Zn 3d, and
Auger peaks Zn LMM), oxygen (O 1s and Auger peak O KLL), silver (Ag 3d, shown in
inset) and carbon (C 1s). The spectrum indicates that Ag-doped ZnO nanoparticles are
successfully synthesized.

The XPS high-resolution spectra are shown in Figure 7 for the following peaks: (a) Zn
2p3/2, (b) Ag 3d, (c) O 1s, and (d) C 1s. Deconvolution of the Zn 2p3,, peak (Figure 7a)
reveals that a gaussian distribution with a maximum at 1021.5 eV, which corresponds
to Zn?* states in the ZnO crystal lattice [40], is dominant. The origin of the gaussian
distribution with a maximum at 1019.7 eV is unclear, but its influence is small. Among
the Ag 3d states (Figure 7b), the Ag 3ds,, peak at 367.3 eV and Ag 3d3,, peak at 373.3 eV
are present, which are probably related to Ag-O bonds, because the same binding energies
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are characteristic for Ag,O [41]. The expected binding energies of the Ag 3d state for pure
metallic silver are 368.3 eV for Ag 3ds,, and 374.3 eV za Ag 3ds5,,, while their absence,
as is the case here, points to the conclusion that silver appears not in the form of metallic
Ag nanoparticles but is incorporated in ZnO. Deconvolution of the O 1s (Figure 7c) peak
results in two gaussian fits, first with a maximum at 529.9 eV, related to oxygen that builds
up in the ZnO crystal lattice, and second with a maximum at 531.6 eV that is related to
hydroxyl (O-H) oxygen [39]. Deconvolution of C 1s states (Figure 7d) results also in two
gaussian fits, first with a maximum at 288.6 eV, related to C=O bonds, and second with a
maximum of 284.7 eV, related to C-C bonds [42]. Carbon occurs as a sample impurity.
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Figure 6. XPS spectrum of Ag-doped ZnO NP (3000 pulses used for Ag deposition in PLD).
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Figure 7. High-resolution spectra of Ag-doped ZnO NP (3000p used for Ag deposition in PLD) with
fit spectra for (a) Zn 2ps/;, (b) Ag 3d, (c) O 1s and (d) C 1s.
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XPS spectral data are used for the atomic ratio calculation for each element present in
the XPS spectrum (Zn, O, Ag, and C). From atomic ratios, after subtraction of impurities,
the Ag weight ratio in ZnO NP can be calculated, but such calculated value pertains only
to the depth range 3-5 nm monitored by XPS. In Figure 8, the Ag weight ratio (calculated
using XPS data), which is dependent on the number of pulses used for Ag deposition in
PLD, is shown. It can be observed that the Ag silver ratio grows while the PLD number of
pulses increases, up to a maximal value of 4.5 wt.% at 3000 pulses.
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Figure 8. XPS calculated Ag weight ratio in PLAL-synthesized Ag-doped ZnO NP, which is dependent
on number of pulses used for Ag deposition in PLD synthesis of PLAL target.

3.4. ICP-OES Measurements

ICP-OES measurements revealed that Zn mass concentration in each colloidal solution
is approximately the same and has the value of 80 4= 3 mg/L. Under the assumption that the
majority of synthesized colloidal material is Ag-doped ZnO, the mass concentration of ZnO
is calculated to be 101 &= 3 mg/L. The Ag weight ratio in colloidal particles is estimated from
the ICP-OES results, under the assumption (justified from XRD and XPS analysis) that the
majority of Ag atoms are incorporated in ZnO. Figure 9 shows the ICP-OES calculated Ag
weight ratio in Ag-doped ZnO NPs for a different number of pulses used for Ag deposition
during PLD. It can be observed that the Ag weight ratios calculated from ICP-OES (Figure 9)
are much smaller than those obtained from XPS (Figure 8). For instance, in the sample
where 3000 pulses were used for Ag deposition in PLD, the Ag weight ratio calculated
from XPS is 4.5%, while ICP-OES gives 0.55%, which is 8 times smaller. In the ICP-OES
measurements, all colloidal material from the solution is included, while XPS monitors
only in the 3-5 nm depth range and only at specific points on the samples. The Ag weight
ratios obtained from ICP-OES have much higher accuracy, but large XPS values point to
the conclusion that Ag atoms are mostly concentrated close to the ZnO surface.

In Figure 9, it can be observed that the Ag weight ratio growth slows down with the
increasing number of pulses. Such a relation is probably related to the similar dependence
of a number of deposited Ag atoms at the ZnO substrate on a number of laser pulses during
PLD. There are a few possible explanations for such a relation. First, incident Ag atoms from
the plasma plume formed during ablation in the PLD process could have enough energy
to induce sputtering of other Ag atoms that are already deposited on the ZnO substrate.
Secondly, Ag ions are positively charged, so the deposited Ag film could also be positively
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charged because the ZnO substrate lays on an ungrounded base. Therefore, incident Ag
ions could be electrically repulsed from the Ag film, and this repulsion is expected to be
larger when more Ag atoms are already present in the Ag film. The deposition rate is
expected to decrease while increasing the number of pulses in PLD. Thirdly, by increasing
the number of pulses in PLD, the average number of pulses that hits the same position of
the Ag target also grows. It means that the focusing conditions deteriorate with irradiation
time, so the same energy of the laser beam is distributed over a larger area of the Ag
target. Therefore, single plasma species created during ablation have lower average energy,
which means that a smaller number of Ag atoms have sufficient energy for reaching the
ZnO substrate.
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Figure 9. ICP-OES calculated Ag weight ratio in PLAL-synthesized Ag-doped ZnO NP that is
dependent on number of pulses used for Ag deposition in PLD synthesis of PLAL target.

3.5. Photoabsorption Measurements

In Figure 10, photoabsorbance measurements are shown for the colloidal solutions of
pure ZnO NP and Ag-doped ZnO NP synthesized by ablation of the ZnO target, covered
with an Ag layer deposited with 1000 pulses in PLD. The UV-Vis spectra differ in intensity,
where the Ag-doped ZnO colloidal solution has higher absorbance in the visible part of
the spectrum and lower absorbance in the UV part concerning absorbances for pure ZnO
NP. The total mass of Zn measured by ICP-OES is 79 mg/L and 85 mg/L for Ag-doped
and pure ZnO, respectively. From the similarity of those masses, it can be concluded that a
similar amount of material is involved in photocatalysis. The UV-Vis spectra differ either
since Ag-doped ZnO NPs are larger than pure ZnO NPs, which was not found in the SEM
observations (it applies to all samples), or that in the Ag-doped ZnO NP solution, more
material crystallizes in irregular shaped structures, which is hard to quantify from SEM
images. One must note that the metallic Ag peak with a maximum at about 400 nm [43]
is not visible, and this further confirms that Ag is incorporated in the ZnO crystal lattice,
rather than appearing in the form of pure Ag NPs.
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Figure 10. Photoabsorbance spectrum of colloidal solutions of pure ZnO NPs and Ag-doped ZnO
NPs synthesized with 1000 pulses in PLD.

Photoabsorbance measurements of the as-synthesized Ag-doped ZnO NP colloidal
solutions (as shown in Figure 10) were used for bandgap calculations. Tauc plot for direct
bandgap calculation ((Ahv)? vs. hv) was used to determine the bandgap of pure and
Ag-doped ZnO NPs. Tauc plots for pure ZnO NP and Ag-doped ZnO NPs (produced with
1000 pulses in PLD) are shown in the inset of Figure 10. The direct bandgap is calculated as
the intercept on the x-axis of the linear part of the Tauc curve and has a value of 3.27 eV
for pure and 3.21 eV for Ag-doped ZnO. It was found that the bandgap energies gradually
drop from 3.27 eV for pure to 3.14 eV for Ag-doped ZnO produced with 3000 pulses in
PLD. It is evident that the bandgap energy decreases when the Ag weight ratio increases.
It implies that the incorporated Ag ions influence the narrowing of the bandgap of ZnO,
extending the absorption to the visible part of the spectrum, and thus leading to more
efficient absorption of light.

3.6. Photocatalytic Efficiency Determination

In order to measure the photocatalytic efficiency of Ag-doped ZnO NPs, the MB
photodegradation process during UV irradiation was monitored for 1 hour in 10 min steps
for each sample. In Figure 11, the example of a gradual decrease in the photoabsorbance
curve during irradiation time is shown. In this example, ZnO NPs are synthesized by using
1000 Ag pulses in PLD. The photoabsorbance maximum decreased from 2.15 to 0.60 (or
by 73%) during 60 min of irradiation, which points to the relatively strong photocatalytic
activity of Ag-doped ZnO NPs.

The photocatalytic activity of Ag-doped ZnO NPs is based on the excitation of the
electrons from the valence band (VB) to the conduction band (CB) under light irradiation
that is equal or higher than the band-gap energy. When electrons are excited, holes are
formed in the VB that act as positive charge carriers. The unique Ag/ZnO Fermi level
is below the bottom of the ZnO CB, so photo-excited electrons flow from ZnO to the Ag
surface (Ag is an “electron sink”), while the holes remain on the ZnO surface. Moreover,
silver doping can increase photocatalytic activity by creating band levels that act as traps
for charge carriers. Therefore, the recombination rate of electrons and holes decreases, and
their lifetime increases [14]. New band levels can also lead to effective band-gap narrowing
that expands the range of photon energies, which can lead to photocatalytic efficiency in the
visible part of the spectrum [12]. Silver, as a plasmonic metal, strongly enhances the light



Nanomaterials 2022, 12, 2677

13 0of 19

absorption via surface plasmon resonance (SPR), increasing the number of excited electrons
and holes in the catalyst, consequently leading to higher photocatalytic performance [12].
Ag usually has a higher value of work function (4.3 eV [44]) than the absolute value of
ZnO electron affinity (about 4.1 eV [45]). When the balance between the Fermi levels
is established, the Schottky barrier is formed at ZnO/Ag [18]. The Schottky junction is
the depleted area where a strong electric field separates the electrons and holes. This
process decreases the e— /h+ recombination rate and, therefore, improves photocatalysis.
In photocatalytic reactions, electrons in the CB react with O,, generating superoxide anions
(-O27), while holes in the VB react with H,O, generating hydroxyl radicals (-OH). Therefore,
these free radicals participate in the photodegradation of organic dyes, such as MB [46-48].
In [48], Ag-doped ZnO nanocatalysts were synthesized using the co-precipitation method.
Intriguingly, a scavenger test was carried out to determine the radicals that affect MB
photodegradation. The results showed that photo-generated holes and -OH radicals are
the main species, while -O, ™ radicals are the supportive species in the photodegradation
process of MB. We assume that the same radicals dominate in our case, as the crystallinity
of the nanoparticles and Ag weight ratios are similar.
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Figure 11. Photocatalytic degradation of MB in PLAL-synthesized colloidal solution of Ag-doped
ZnO NPs (1000p used for Ag deposition in PLD) under UV irradiation.

The photodegradation rates (kpr) were calculated by the following equation, assuming
that the reaction follows pseudo-first-order kinetics:

C = Cy-e kor't 5)

where C is a concentration of MB at time t, Cy is an initial MB concentration, kpg is the
degradation rate, and t is the irradiation time. In Figure 12, the In(C/Cp) vs. f plot is shown
for each sample, where C/Cj is the ratio between the time-dependent concentration C of
MB and initial concentration Cy of MB. C and Cj are, according to the Beer—Lambert law,
proportional to the corresponding values of photoabsorbance maxima, from which the
photoabsorbance of the solution without MB (zero-curve) is distracted, so C/Cj is simply
calculated as the ratio between these photoabsorbance values. Photodegradation rate kpr
is calculated as the slope of the linear fit in In(C/Cy) vs. t plot for each case.
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Figure 12. In(C/Cy) as a function of time for photocatalytic degradation of MB in different ZnO NP
colloidal solutions under UV irradiation.

Table 2 summarizes the Ag weight ratios in Ag-doped ZnO NPs calculated from
ICP-OES, the photodegradation rates, and corresponding photodegradation half-times for
each irradiated colloidal solution.

Table 2. MB photodegradation rates and photodegradation half-times under UV irradiation, derived
from pseudo-first order reaction model for different Ag weight ratios in colloidal ZnO catalyst.

Solution Ag Weight Ratio (ICP-OES)/% kpr/min—1 t1p/min
Pure MB / 0.00217 3194
ZnO 0 0.0126 55.0
ZnO_50Ag 0.12 0.0185 37.5

ZnO_200Ag 0.21 0.0213 32.5
ZnO_500Ag 0.28 0.0230 30.1
ZnO_1000Ag 0.32 0.0233 29.7
ZnO_2000Ag 0.36 0.0169 41.0
ZnO_3000Ag 0.55 0.0101 68.6

In Figure 13, the dependence of the photodegradation rate on Ag weight ratio in
ZnO NPs is shown. The photodegradation rate for the pure ZnO NP colloidal solution
is 0.0126 min~!. As we introduce Ag dopant and increase its mass concentration in
the nanoparticles, the photodegradation rate increases. It reaches a maximum value of
0.0233 min~! for 0.32 Ag wt.% (1000p in PLD), which is almost the same as 0.230 min~?!,
the value achieved for 0.28 Ag wt.% (500p in PLD). For the higher concentrations of Ag
(2000 and 3000 pulses in PLD), the photodegradation rate decreases and drops to the value
of 0.0101 min~—! for 0.55 Ag wt.% (3000p in PLD), which is lower than the photodegradation
rate of pure ZnO NP. The existence of an optimal Ag dopant ratio for maximization of
photocatalytic activity is observed in numerous papers [13,49-54] and mostly has a value
between 0.5 wt.% and 2.5 wt.%. The growth of kpr while increasing the Ag ratio in ZnO
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NP, can be explained as an interplay of the Ag doping effects, which are favorable for
photocatalysis, such as decreased recombination rate due to induced Ag intraband levels,
improved charge separation, bandgap narrowing, and the SPR effect. The decrease in kpg
in the Ag dopant ratios that are larger than the optimal ratio can be caused by several
effects. For example, defects induced in the ZnO crystal lattice, due to the presence of the
Ag material, can act as recombination centers for electron-hole pairs and decrease their
lifetime [20]. This is attributed to the electrostatic attraction of positively charged holes
and negatively charged Ag. Other reasons include the decreased available area for UV
light absorption and decreased reactant adsorption due to the presence of Ag at the ZnO
surface [27]. This leads to the decrease in the photons absorbed by ZnO NP, lowering
the photocatalytic reaction efficiency. Furthermore, decrease in the holes reacting with
organic pollutants at the ZnO surface can occur. As was concluded from the comparison
of the Ag ratios calculated by ICP-OES and XPS, the Ag atoms are probably found mostly
close to the surface of the ZnO catalyst. Their contribution to all the mentioned effects,
either beneficial or detrimental for photocatalysis, is larger than in the case of homogenous
doping. The reason is that both light irradiation and photocatalytic interactions occur at
the catalyst surface. In addition, this is probably the reason why the optimal Ag weight
ratio for maximization of photocatalytic activity, calculated from ICP-OES, which considers
the whole volume of the catalyst material, is relatively low (0.32 wt.%). The large decrease
in kpg from 0.0233 min~! to 0.0169 min~!, which occurs while increasing the silver weight
ratio by a very small amount (from 0.32% to 0.36%, ICP-OES), can be explained by the fact
that at the same time, the silver weight ratio close to the ZnO surface drastically increased
(from 1.3% to 4.1%, XPS).

11—
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Figure 13. Photodegradation rate dependence on ICP-OES calculated Ag weight ratio in Ag-doped
ZnO NPs.

It is interesting to compare the obtained results with results in similar works [21,50,51,54].
In [50], 95.6% photodegradation efficiency of amaranth dye was achieved after 4 h with
the addition of 1% of Ag to ZnO, but with a total amount of catalyst of 160 mg/L. In our
case, 73% of MB photodegradation after one hour was achieved with a catalyst amount
of around 100 mg/L. These two cases cannot be directly compared but can serve as a
point to assess the efficiency of photocatalysis presented in this work. In other papers,
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the amount of catalyst is not reported, so a direct comparison with our work cannot be
made. In [51], the photocatalytic behavior of nanostructured sol-gel synthesized Ag-doped
ZnO films for degradation of MB under UV irradiation was studied. The optimal weight
ratio of the Ag dopant was 0.5%, with an MB photodegradation rate that was 1.6 times
larger (0.039 min~!) when compared with pure ZnO (0.024 min~1). This is a slightly lower
improvement than that achieved in our work (2 times larger kpgr), while comparing the
cases with optimal Ag doping and pure ZnO. In [54], Ag-doped ZnO NPs were synthesized
by combining the co-precipitation method and HILF (hybrid induction and laser heating)
technique and their photocatalytic efficiency was analyzed for MB degradation under
UV irradiation. The largest MB photodegradation rate (0.126 min~!-85% in 15 min) was
achieved for the Ag/Zn ratio of 2%, which corresponds to the Ag weight ratio of 2.5 wt.%.
It is about 5 times larger than the one obtained for pure ZnO NPs (0.024 min~'-30% in
15 min). In [21], Ag-doped ZnO NPs were synthesized by the co-precipitation method
and photodegradation of brilliant green dye under UV irradiation was examined in their
presence. Optimal photocatalytic efficiency (0.031 min~!) was obtained at the Ag weight
ratio of 2%, and it is 2.6 times better than the one obtained for pure ZnO (0.012 min~1).
Here, the strong bandgap narrowing is also noticed, from 3.09 eV for pure ZnO to 2.79 eV
for 2% Ag-doped ZnO. Although optimal Ag doping in papers [21,54] increased the pho-
todegradation rate of ZnO more than in the case of the present paper (5 and 2.6 compared
to 2), it should be noted that in these papers, it is achieved at much larger Ag weight ratios
(2.5 wt.% and 2 wt.% compared to 0.32%). A low optimal Ag ratio, such as that achieved in
this paper, can be an advantage from the cost-effectivity point of view.

4. Conclusions

Ag-doped ZnO NPs are successfully synthesized using the combination of PLD and
PLAL laser methods. The difference in silver weight ratio calculated by XPS and ICP-OES
points to the conclusion that the silver atoms prevail close to the ZnO NP surface, and there-
fore have a greater impact on ZnO photocatalytic efficiency than in the case of homogenous
doping. The largest photocatalytic efficiency is obtained by using ZnO NPs doped with
0.32 wt.% silver, with an MB photodegradation rate that is twice as large as that obtained
in the presence of pure ZnO NP. The photocatalytic efficiency is improved by silver doping,
due to its favorable impacts on photocatalysis, such as decreasing the recombination rate
caused by inducing energy levels in the ZnO band gap, which acts as charge carrier traps
and the activity of ZnO is evident, implying good effectivity of silver as a doping material.

5. Patents

Croatian patent application involves the method of production of two-component
nanoparticles using a laser (patent application number P20211098A).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nano12152677/s1, Figure S1: Photographs of experimental setups
PLD (on the left) and PLAL (on the right). Figure S2: UV lamp emission spectrum with VIS, UVA,
UVB and UVC irradiation intensities.
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Abstract: In this paper, we propose a simple two-step method for the synthesis of Ag, Au, and
Pt-doped ZnO nanoparticles. The method is based on the fabrication of targets using the pulsed
laser deposition (PLD) technique where thin layers of metals (Ag, Pt, Au) have been deposited on a
metal-oxide bulk substrate (ZnO). Such formed structures were used as a target for the production
of doped nanoparticles (ZnO: Ag, ZnO: Au, and ZnO: Pt) by laser ablation in water. The influence
of Ag, Au, and Pt doping on the optical properties, structure and composition, sizing, and mor-
phology was studied using UV-Visible (UV-Vis) and photoluminescence (PL) spectroscopies, X-ray
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning electron microscopy (SEM),
and transmission electron microscopy (TEM), respectively. The band-gap energy decreased to 3.06,
3.08, and 3.15 for silver, gold, and platinum-doped ZnO compared to the pure ZnO (3.2 eV). PL
spectra showed a decrease in the recombination rate of the electrons and holes in the case of doped
Zn0. SEM, TEM, and AFM images showed spherical-shaped nanoparticles with a relatively smooth
surface. The XRD patterns confirm that Ag, Au, and Pt were well incorporated inside the ZnO lattice
and maintained a hexagonal wurtzite structure. This work could provide a new way for synthesizing
various doped materials.

Keywords: zinc oxide (ZnO); doped ZnO; silver (Ag) doped ZnO; gold (Au) doped ZnO; platinum
(Pt) doped ZnO; pulsed laser deposition (PLD); pulsed laser ablation in liquid (PLAL); nanoparticles

1. Introduction

In nanotechnology, nanoparticles—particles in the range of 1 to 100 nm in diameter—have
a significant role due to their exceptional magnetic, electrical, mechanical, optical, and electronic
properties with respect to the bulk materials [1]. These unique properties allow the use of
nanoparticles in energy harvesting [2], sensing [3], optics [4], photocatalysis [5], cosmetics [6],
medicine [7], and biology [8]. Metal oxide nanoparticles excel as the most used nanomaterials
due to their various properties, such as being adsorbents to heavy metals or having unique
opto-electrical properties, catalytic sensitivity, and selective activity [9].

Beside pure metallic nanoparticles, two-component (alloyed) and metal-oxide nanopar-
ticles represent advanced functional materials, which have high impact in a wide variety of
applications in science and technology [10]. Such nanoparticles can be fabricated directly
from alloyed targets by PLAL in a form of core-shell nanoparticles [11], alloyed nanopar-
ticles [12], or as hybrid nanostructures where PLAL nanoparticles are adsorbed on the
support or nanostructured surfaces [13,14].

Among metal oxide nanoparticles, zinc oxide (ZnO) is one of the most prominent and
widely used materials for gas and chemical sensors [15], optical and electrical devices [16],
solar cells [17], water treatment [18], antimicrobial activity [19], food packaging [20], and
drug delivery [21]. ZnO is an inorganic n-type semiconductor with a direct bandgap of
3.37 eV and binding energy of 60 meV at room temperature. It has unique physicochemical
properties, such as piezoelectricity [22], pyroelectric effects [23], good electron transport [24],
and photo- and sono-catalytic activities [25]. ZnO strongly absorbs UVA (315-400 nm) and
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UVB (280-315 nm) light [19], which is why it is one of the most effective sun protectors
available. At ambient conditions, ZnO has a hexagonal wurtzite structure with intrinsic
defects—O vacancies and Zn interstitials—resulting in n-type conductivity. Introducing
a new element in the crystal structure of ZnO leads to the enhancement of the electrical
and optical properties and broadens the area of its application [26]. For n-type doping,
we can use group-III (Al, Ga, In), as substitutional elements for Zn, and group-VII (Cl,
I), as substitutional elements for O. The big challenge is to obtain p-type doping in wide-
gap semiconductors such as ZnO because of the native defects, hydrogen impurities,
low solubility of the dopant, and deep impurity level [27]. Known acceptors for p-type
doping are Group-I elements (Li, Na, K), Group-V elements (N, P, As), silver, copper, and
Zn vacancies.

Various methods are developed for ZnO doping, such as chemical vapor deposition
(CVP) [28], sol-gel [29], atomic layer deposition [30], pulsed laser deposition (PLD) [31], a
wet chemical method [32], etc. Drawbacks of chemical methods are the usage of various
chemicals in the synthesis process, toxic by-products, stabilizers, and capping agents, while
high-vacuum methods can be complicated to handle and expensive. Pulsed laser ablation
in liquid (PLAL) gained a lot of attention due to its fast production of nanoparticles with
production rates of several grams per hour [33], simplicity, and effectiveness. In the PLAL
technique, a pulsed laser beam ablates a metal plate immersed in a liquid where plasma is
formed on the surface of the metal plate in the focus of the high-power laser beam. There
is an energy exchange from the plasma to the liquid, where a cavitation bubble forms.
Eventually, particles are released from the cavitation bubble into the surrounding liquid.
Produced nanoparticles have high purity (ligand-free), and their size and shape depend
on the ablation parameters (laser wavelength and fluence, repetition rate, ablation time,
and liquid environment) [34]. Furthermore, there is no limit on the type of produced
nanoparticles because every metal target can be ablated. Since there are no toxic by-
products, the method can be classified as eco-friendly.

According to the literature, researchers successfully produced doped ZnO using
a nanosecond or femtosecond pulsed laser in a liquid environment. Sahoo et al. [35]
generated Mg-doped ZnO nanoparticles in ethanol using a Ti: Sapphire femtosecond laser.
The Mg: ZnO target was prepared by grinding together the MgO and ZnO powders. After
that, the mixture was compressed and sintered at 1200 °C for 24 h. Also, Chelnokov
et al. [36] produced Mg-doped ZnO nanoparticles where the target was prepared from
mixtures of Zn and Mg acetylacetonates. The mixture was manually mixed and heated
for one hour at 130 °C to evaporate water and then calcined for three hours at 350 °C to
destroy organics. Lastly, the mixture was compressed and sintered for two days at 700 °C.
The Mg: ZnO nanoparticles were synthesized in ethanol by Ti: Sapphire femtosecond
laser. Qin et al. [37] generated Cu-doped ZnO quantum dots using an ns-Nd: YAG laser
in Polyvinylpyrrolidone (PVP) aqueous solution. The Zn/Cu composite targets were
synthesized by a chemical replacement method. Yudasari et al. [38] employed an ns-
Nd: YAG laser for Fe-doped ZnO nanoparticle production using the Zn and Fe targets.
Firstly, the Zn plate was ablated in pure water. Then, the Zn plate was replaced with a Fe
plate. Lastly, Fe: ZnO nanoparticles were generated by ablating the Fe plate in the ZnO
colloidal solution. With this method, Anugrahwidya et al. [39] produced Ag-doped ZnO
nanoparticles, and Khashan et al. [40] synthesized indium-doped ZnO. Krstulovi¢ et al. [41]
used ns-Nd: YAG laser for ZnO: Al,O3 target ablation in MiliQQ water and, consequently,
produced Al-doped ZnO nanoparticles. To our knowledge, PLAL was not used for Au and
Pt-doped ZnO nanoparticle synthesis.

In this work, we present a newly developed synthesis method for Ag, Au, and Pt-
doped ZnO that combines the PLD and the PLAL processes. With PLD, we created
Zn0O-X (X-Au, Ag, Pt) targets for the ablation process in water using ns-Nd: YAG laser.
The advantage of this target synthesis is simplicity and fast production compared to the
previous methods.
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2. Experimental Procedure
2.1. Material Preparation

The X: ZnO (X-Ag, Au, Pt) doped nanoparticles were synthesized in a two-step process
shown in Figure 1. Firstly, we deposited a thin layer of Ag, Au, and Pt (purity > 99.9%,
GoodFellow, Huntingdon, UK) on ZnO ceramic (purity > 99.99%, GoodFellow, Huntingdon,
UK) substrates using the pulsed laser deposition (PLD) method in order to obtain targets
for the PLAL process (Figure 1a). The deposition was performed in a vacuum (10~* mbar)
while the target and substrate were rotated to avoid the drilling of the target and to ensure
homogeneous film deposition on the substrate. The laser pulse number was set to 2000
for all samples. In the second step, ZnO-X (X-Ag, Au, Pt) targets were used in the PLAL
process for obtaining X: ZnO (X-Ag, Au, Pt) doped nanoparticle solutions (Figure 1c,d). The
targets were immersed 2.5 cm under water in a glass beaker filled with 25 mL MiliQ water.
The ablation process was carried out by an Nd: YAG (Quantel, Brilliant, Les Ulis, France)
laser with the wavelength and pulse output energy of 1064 nm and 300 m], respectively.
The pulse duration and repetition rate were 5 ns and 5 Hz, while the ablation time was
6 min and 40 s (2000 pulses). The energy delivered to the sample was approximately 120 m]
per pulse, and the fluence of a single laser pulse was 79 ] /cm?. The laser beam was focused
on the target using a cylindrical concave lens with a focal length of 10 cm. The incident
angle of the laser beam was 90°. During the ablation, the targets were continuously scanned
to avoid drilling. The detailed schematics and procedure of the two-step synthesis of doped
nanoparticles can be found here [42]. Also, we measured the weight of ZnO substrates
before and after the PLD and PLAL synthesis using a microbalance (XPR6UDS5, Mettler
Toledo, Columbus, OH, USA) to obtain the masses of deposited metal layers and ablated
nanoparticles, respectively.

Laser 1064 nm
300 mJ
(a) 5ns, 5Hz (b)

ZnO substrate

Vacuum
chamber

Metallic film (Ag, Au, Pt)

Plasma "
Metallic ZnO (bulk)
film

Metallic
tainget 2 layer target

Pulsed laser deposition

(c) (d) (e)

ZnO NP

Water :

Metal- A4 4B Metallic
ol n . ;’ /‘2 lons

asma : oole
Colloid |
l/\vA‘N (Agl Aul Pt)
Metal-doped ZnO

Laser ablation in liquid nanoparticles

Figure 1. Two-step synthesis method of Ag, Au, and Pt-doped ZnO nanoparticles. First step is
(a) pulsed laser deposition (PLD) of Ag, Au, and Pt on the ZnO substrate. As result, (b) a two-layered
target (ZnO-metallic film) is formed. In the second step, (c,d) a two-layer target is ablated in water,
forming (e) Ag, Au, and Pt-doped ZnO NPs.
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2.2. Material Characterization

The optical absorption properties of the X: ZnO (X-Ag, Au, Pt) nanoparticles in the
colloidal solution were obtained via a UV-Vis spectrophotometer (Lambda 25, Perkin Elmer,
Waltham, MA, USA) in the wavelength range from 220-800 nm. The UV-Vis absorption
spectra were measured for nanoparticle colloidal solutions using a UV cuvette with a path
length of 10 mm. Furthermore, optical properties were observed by photoluminescence
(PL) spectroscopy. The photoluminescence measurements were obtained using a spec-
trofluorophotometer (RF-6000, Shimadzu, Kyoto, Japan) under an Xe lamp at the excitation
energy of 3.54 eV (wavelength of 350 nm). Moreover, the colloidal solutions were dropped
on silicon wafers and dried in a dryer (SP-25 Easy, Kambi¢, Semi¢, Slovenia) at 40 °C for
30 min for further characterization.

Structural analysis was carried out with the grazing incidence X-ray diffraction
(GIXRD) technique. The measurements were performed in a diffractometer containing a Cu
X-ray (A = 1.5406 A) tube and a W/C multilayer for monochromatization and beam shaping
(D5000, Siemens, Karlsruhe, Germany). A curved position sensitive detector (RADICON)
collected the diffracted spectra in the angular range 20 = 30-85°. For all measurements, we
used a fixed grazing incidence angle of o = 1.5°. The following JCPDS cards were used for
crystallographic analysis: JCPDS 36-1451 (ZnO), JCPDS 04-0783 (Ag), JCPDS 04-0784 (Au),
and JCPDS 01-087-0640 (Pt).

The detailed morphology and size distribution of the nanoparticles were studied using
a scanning electron microscope (SEM, Joel 7600F, Tokyo, Japan) and a transmission electron
microscope (TEM, JEOL JEM-1400 Flash, Tokyo, Japan). The SEM measurements were
obtained by dropping a colloidal solution on a 5 x 5 mm? Si wafer, while for the TEM
images, samples were prepared by dropping one drop of a colloidal solution onto the TEM
grid. All colloidal solutions were sonicated for 5 min before the dropping.

The chemical compositions were analyzed using an X-ray photoelectron spectro-
scope (PHI-TFA XPS, Physical Electronics Inc., Chanhassen, MN, USA) equipped with a
monochromatic Al source at the photon energy of 1486.6 eV. The analyzed area and depth
were 0.4 mm (in diameter) and 3-5 nm, respectively. The high-energy resolution spectrum
was obtained with an energy analyzer, operating at a resolution of about 0.6 eV and pass
energy of 29 eV. During data analysis, the spectrum was calibrated by setting the C 1s peak
at 284.8 eV, characteristic of the C-C/C-H bonds. Quantification of surface composition was
performed from XPS peak intensities, considering the relative sensitivity factors provided
by the instrument manufacturer [43].

3. Results and Discussion
3.1. Mass and Atomic Fractions

Weighing the doped ZnO target before and after laser ablation reveals the mass and
atomic fractions of dopants in the ZnO matrix. Table 1 shows masses of deposited Ag, Au,
and Pt thin film on ZnO substrates. Pulsed laser deposition was the most effective for Ag
thin film. The thickest film deposits in the case of silver. The amount of ablated material
depends on the composition, geometry, and ablation threshold of the target, the focus
and wavelength of the laser, the number of pulses, and the surrounding fluid in which
the ablation takes place [34]. The pulsed laser ablation process was the most effective for
Pt-doped ZnO nanoparticles, producing 1.925 mg in 6 min and 40 s. However, in this paper,
we are focused on 2000 pulses (6 min and 40 s) for all three samples. From the obtained
masses, we calculated the mass and atomic fractions of Ag, Au, and Pt in relation to the
ZnO. The atomic fractions of Ag, Au, and Pt in ZnO were 2.32, 0.55, and 0.41%, respectively.
Since the band-gap tuning of a semiconductor depends on the atomic fraction of impurity
introduced into the crystal lattice, we can conclude that in this case, Ag would have the
most effect on the band-gap narrowing.
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Table 1. Mass measurements of deposited metal layers involved in ablation and ablated doped ZnO
nanoparticles (NP). Also, the mass (w) and atomic (at.) fractions of Ag, Au, and Pt in the produced
nanoparticles were calculated.

PLD PLAL w (%) at. (%)
m (Ag) 0.036 mg m (Ag: ZnO) 1.171 mg Ag 337+02 232+02
m (Au) 0.024 mg m (Au: ZnO) 1.798 mg Au 133 +£0.1 0.55+0.1
m (Pt) 0.019 mg m (Pt: ZnO) 1.925 mg Pt 1.01£01 042+0.1

3.2. Optical Analysis

Using the UV-Vis spectrophotometer, we obtained the absorption spectra of the sam-
ples and extracted information about the optical band-gap energy. Figure 2 shows the
UV-Vis absorption spectra of the pure and Ag, Au, and Pt doped ZnO nanoparticles in
colloidal solution. We can distinguish characteristic ZnO peaks in the UV region between
300-400 nm due to intrinsic absorption when electrons transition from the valence band to
the conduction band (O, —Zn3q) [44]. By introducing Ag, Au, and Pt into the ZnO lattice,
we have a broad absorption peak at about 335, 331, and 328 nm, respectively. We observed
a red-shift of the Ag: ZnO and Au: ZnO NP absorption peaks compared to the Pt: ZnO
peak. This implies a narrower optical band-gap in the case of Ag- and Au-doped ZnO [45].
A red-shift of the absorption peak can be connected to the development of shallow levels
inside the band-gap due to the presence of impurity atoms present in the ZnO lattice [46].
From Table 1, we can notice that the highest atomic content of dopant in ZnO is in the
case of Ag. This strongly indicates that Ag-doped ZnO will have the narrowest band-gap.
Moreover, we do not see characteristic peaks of the Ag, Au, and Pt in ZnO spectrums,
signifying the fact that these metals are incorporated into the crystal lattice of ZnO. We
have different intensities in absorbance due to different solution densities.

0.6
ZnO pure °
1 |——Ag:zn0
0.5 Au: ZnO
— Pt: ZnO 2 10+
i £
s
8 04- g
c g 5l
@®
Q ]
?
2 0.3 1
] 30 35 40 45
Energy (eV)
0.2 1
0.1 1

T T T T T T T T T T T T T T T
250 300 350 400 450 500 550 600 650
Wavelength (nm)

Figure 2. UV-Vis absorption spectra of the pure and Ag, Au, and Pt doped ZnO nanoparticles. The
inset represents the Tauc plot of the same spectra showing the band-gap energies of 3.06 eV, 3.08 eV,
3.15 eV, and 3.20 eV for the Ag: ZnO, Au: ZnO, Pt: ZnO, and pure ZnO, respectively.
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Direct band-gap energies were obtained by extrapolating the linear part in a plot
(othv)? versus Eg = hv (inset in Figure 2) following equation:

(ahv)? = A(hv — Eg) 1)

where « is the absorption coefficient, / is Planck’s constant, hv is the photon energy, A is a
constant, and Eg is the optical band-gap. The estimated band-gap energies are 3.06 & 0.02 eV,
3.08 £ 0.02 eV, 3.15 + 0.03 eV, and 3.20 £ 0.04 eV for the Ag: ZnO, Au: ZnO, Pt: ZnO, and
pure ZnO, respectively. There is a decrease in the band-gap energies in the case of the doped
ZnO NPs showing changes in the nanocrystal electronic structure of the doped ZnO [46]
and more efficient light absorption. The narrowest band-gap energy has Ag-doped ZnO
NPs because of the highest atomic content inside ZnO. Also, our synthesized ZnO has
lower band-gap energy compared to the literature value of 3.37 eV [27].

The photoluminescence (PL) spectra (Figure 3) obtained at room temperature offer
an insight into the optical properties of the pure and doped ZnO NPs. Typical PL ZnO
spectra consist of the peaks in the UV region related to the near-band-edge emission and
the visible region attributed to the deep-level emissions. The peak at 3.26 eV (380 nm) for
pure and doped ZnO is ascribed to the recombination of the electron and hole pairs (exciton
recombination) aligning with the near-band edge of ZnO [47,48]. For doped ZnO NPs,
the peak decreases compared to the pure ZnO, implying a decrease in the recombination
rate of the electrons and holes. The emission peak at 3.12 eV (398 nm) can be attributed
to the electronic transition from a lower energy excitonic state or to the Zn interstitial,
which lies ~0.22 eV below the conduction band [49]. As it can be seen from the inset in
Figure 3, the emission peak at 3.12 eV is well fitted with Zn; interstitial [50]. Pure ZnO
displays a yellow emission with a maximum at ~2.11 eV (~588 nm), which is related to
the exciton transition between charged oxygen vacancy in the valence band and the photo-
accelerated electrons [51]. To understand the origin of such a broad emission, the fit with
several Gaussian components was performed. It was found that all peaks are related to the
emission from ZnO, while the doped ZnO emission was too low to be fitted. In the inset in
Figure 3, a deconvolution of the visible peak (yellow emission) for pure ZnO is shown [50].
It is deconvoluted into four Gaussian sub-peaks assigned to oxygen interstitial O;, oxygen
vacancy double charge Vo™, oxygen vacancy single charge Vo™ and oxygen vacancy
Vo with the following shares in the total emission 26%, 42%, 24%, and 8%, respectively.
The calculation of shares for Vo** and O; is done by extrapolating Gaussian fits, as they
are obstructed by the second order of initial irradiation, which appears below 1.9 eV (the
peak is at 1.77 eV). It was widely accepted that Vo** is mainly responsible for the yellow
emission, as is the case here where it dominates over the emission of other defects [52].
Doping ZnO with Ag, Au, and Pt decreases the visible emission, implying a low defect
concentration. As said, the decrease in the PL peaks indicates a lower recombination rate
of the excitons and improves their optical properties. This happens because dopants create
band levels that act as traps for charge carriers, thus decreasing the recombination rate of
the electrons and holes. Comparing PL intensities, Pt-doped ZnO NPs have the lowest
recombination rate of the excitons. Since the exciton recombination rate decreases with the
ZnO doping, a better photocatalytic power of ZnO in the degradation of organic pollutants
is expected [53].
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Figure 3. The photoluminescence (PL) spectra of pure and Ag, Au, and Pt doped ZnO NPs. In
inset: Deconvolution plot in UV and visible part of PL spectrum (magenta line represent cumulative
fit peak).

3.3. Structural Analysis

The XRD patterns reveal the crystal structure, purity, and crystallinity of the synthe-
sized X: ZnO (X-Ag, Au, and Pt) nanoparticles. In Figure 4, all peaks are indexed as the
hexagonal wurtzite structure of ZnO. The XRD peaks are relatively sharp indicating that X:
ZnO nanoparticles are crystalline. Also, the XRD patterns are relatively broad because the
crystals are randomly oriented, and we cannot exclude that a certain amount of amorphous
ZnO and/or Zn(OH); is present in the main phase [44]. There are no characteristic peaks
of impurities in the pattern. The absence of Au, Ag, and Pt characteristic peaks in the X:
ZnO nanoparticles excludes the existence of the Au-, Ag-, and Pt-based clusters within the
detection limit. This strongly implies that Ag, Au, and Pt have been incorporated into the
crystal structure of ZnO and that high-quality doped nanoparticles were produced.

The average crystallite size (D) was calculated using Debye-Scherrer’s formula using

data from the XRD patterns [54]:
0.9-A
b= B-cos @

where A is the wavelength of the X-ray beam (1.5406 A), B is the full width at half maximum
(in radians), and 6 is the angle between the plane and the incident ray (Bragg’s angle, in
radians). The calculated crystallite sizes are 50 nm, 24 nm, 25 nm, and 24 nm for pure ZnO,
Ag: ZnO, Au: ZnO, and Pt: ZnO, respectively. Doped ZnO nanoparticles have smaller
crystallites (half as small) compared to pure ZnO.
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Figure 4. X-ray diffraction patterns of the Ag, Au, and Pt doped ZnO nanoparticles.

We observed shifts in the peaks of the hexagonal wurtzite structure (Figure 5) into
smaller angles for the Ag: ZnO, Au: ZnO, and Pt: ZnO compared to the pure ZnO. These
average shifts were 0.26° for Ag: ZnO, Au: ZnO, and Pt: ZnO. These shifts toward the
smaller angles are attributed to the larger ionic radii of Ag* (1.15 A), Au* (1.37 A), and
PtZ* (0.8 A) than Zn?* (0.74 A), which implies that Ag*, Au*, and Pt?>* substituted fraction
of Zn%* ions in the ZnO lattice. The sum of ionic radii (Ag + O, Au+ O, Pt +O) is
greater than the sum of ionic radii of Zn and O. Also, the bond lengths of Ag-O, Au-O,
and Pt-O are longer than Zn-O in a hexagonal structure. This means that the unit cell
should expand, and consequently, XRD peaks shift towards smaller angles. Similarly,
Anugrahwidya et al. reported a shift in the main peak towards the smaller Bragg angles
when Ag atoms substituted Zn atoms [39]. According to the literature, when a dopant
has a bigger ionic radius than the matrix atom, then peaks shift towards smaller angles
(e.g., Fe, Mn, In) [38,55,56]. On the contrary, when a dopant has a smaller ionic radius than
the matrix atom, then peaks move towards higher values (e.g., Mg, Cu, Co, Ni) [35,37,55].

Lattice constants a (for (100) plane) and ¢ (for (200) plane) can be calculated using the
following formulae [54]:

A
ap= ——- 3
\/3-sinf ®)

A
c= Sind 4)

From Table 2, it is apparent that the lattice constants 2 and c are larger for Ag-, Au-,
and Pt-doped ZnO NPs compared to pure ZnO. With this calculation, we are confirming
the lattice expansion of the doped ZnO NPs.
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Figure 5. The Ag, Au, and Pt doped ZnO peak shifts compared to the pure ZnO peaks.

Table 2. Comparison of the calculated lattice constants a and c with the respected c¢/a ratio.

a(Ad) cA) c/a (A)

pure ZnO 3.226 5.170 1.603
Ag: ZnO 3.250 5.207 1.602
Au: ZnO 3.252 5.206 1.601
Pt: ZnO 3.251 5.207 1.603

The strain and average crystallite size can be determined from the Williamson-Hall (W-
H) and strain-size (S-S) plots (Figure 6). The W-H plot (Figure 6a) uses the following relation:

(Bcost) = % + €(4sinf) 5)

where ¢ is a microstrain. Crystallite size and microstrain are obtained from the intersection
and slope value, respectively. The S-S plot (Figure 6b) is based on the relation:

0.941 &2
(dhkzﬁhk16089)2 = (d,%klﬁhk,cow) + vy 6)

where dj is interplanar spacing. Crystallite size and strain are obtained from the slope
and intersection, respectively.

Table 3. Comparison of the obtained crystallite sizes (D) using the Debye-Scherer formula (D-S),
Williamson-Hall (W-H), and size-strain (S-S) plots. Corresponding dislocation densities (8) and
strains (¢) are presented.

dp-s)x10 2 Swmx10 ! S x10?

Dp.s (nm) Dw.y (nm) Ds.g (nm) (am-2) (am-2) (nm-2) EWH x10 1 By x10
ZnO 50 44 £+ 8 35+6 0.04 0.05 0.08 14+04 1.1+0.7
Ag: ZnO 24 24+5 25+4 0.17 0.17 0.16 21£01 02+01
Au: ZnO 25 307 24+5 0.16 0.11 0.17 52+23 08+0.2
Pt: ZnO 24 39+7 21+6 0.17 0.06 0.23 1.5+03 1.3+04




Nanomaterials 2022, 12, 3484

10 of 17

{3 cosh

0.008

0.007

(a) (b)
7.0%10°%
= pure ZnO = pure ZnO v
e Ag ZnO . & * Ag:ZnO
A Au:ZnO v $0x1 A Au: Zn0O
L v PtZnO

0.0086

0.005

0.004 4

0.003

0.002

0.001

v PtZnO v L
W= ——
L

l-__ﬁ'—_‘_‘—-—-—-_._,_____
1.0x10°€ 4
- [

4.0x10°% 4

3.0610°

(dpyPrygcosO)

2.0x10°°

S —— 00 . . : : :
1.4 1.6 1.8 2.0 22 0.0000 0.0002 0.0004 0.0008 0.0008 0.0010

4 sing d2Prcoso

Figure 6. (a) Williamson-Hall and (b) size-strain analysis of pure and doped ZnO NPs. Using linear
fit to the data, the crystallite size and strain are extracted and presented in Table 3.

Table 3 presents the values of the crystallite size, strain, and dislocation density.
Dislocation density is obtained using the following formulae [52]:

1

6= o )
From Table 3, it is apparent that the Ag:ZnO and Au:ZnO crystallite sizes obtained
from three different methods are approximately the same, while for pure ZnO, a value
between 35 and 50 nm is obtained. With Pt:ZnO, a larger crystallite size is obtained using
the W-H method, which can give a larger number of crystallites because the broadening of
the peak due to microstrains and crystallites is taken into account. Doped nanoparticles
have a higher dislocation density than pure ZnO, which means that lattice defects occur
and atoms in crystal cells are displaced from an ideal position due to the smaller crystallite
size. The strains obtained for pure ZnO and Pt:ZnO are approximately the same, while for

Ag:ZnO and Au:ZnO0, there are deviations between the values.

3.4. Chemical Composition Analysis

To obtain further insight into the chemical composition and formation of doped ZnO
nanoparticles, XPS analysis was applied to analyze the surface composition of such nanoparticles.

In Figure 7, wide XPS spectra are shown for ZnO nanoparticles doped with Ag, Au,
and Pt. The presence of characteristic peaks can be identified for zinc (Zn 2p, Zn 3s, Zn 3p,
Zn 3d, and Auger peaks Zn LMM), oxygen (O 1s and Auger peak O KLL), and carbon (C
1s). Peaks for Ag 3d, Au 4f, and Pt 4f can also be identified. Wide XPS spectra indicate that
ZnO nanoparticles are doped and hence successfully synthesized.

The XPS high-resolution spectra are shown in Figure 8. Deconvolution of the Zn
2p3/» peak (Figure 8a) reveals a gaussian distribution with a maximum at 1021.5 eV which
corresponds to Zn?* states in the ZnO crystal lattice [57]. Deconvolution of the O 1s
(Figure 8b) peak results in two gaussian fits, first with a maximum at 529.6 eV and the
second with a maximum at 531.4 eV. The first peak is related to a O*~ state that is built up
in the ZnO crystal lattice, and the second peak is related to hydroxyl radical (O-H) [58].
Deconvolution of C 1s states (Figure 8c) results in two gaussian fits with maxima at 289.1 eV
and 284.8 eV, related to C=O bonds and to C-C bonds, respectively [59]. Carbon occurs
as a sample impurity, as samples were exposed to the atmosphere (C-H) after drying and
before any analysis. The deconvolution of Ag 3d states (Figure 8d) resulted in two peaks
at 373.5 eV and 367.4 eV related to 3d3/, and 3ds/, states, respectively. Those peaks are
related to Ag-O bonding, as the same binding energies are characteristic for Ag,O [60].
The absence of a pure metallic Ag state expected at 368.3 eV (marked in spectrum) implies
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that all silver is incorporated in the ZnO lattice rather than in a separate nanoparticle form.
The deconvolution of the Au 4f state (Figure 8e) resulted in two overlapping peaks at
91.8 eV (related to the Zn 3p; , state) and at 85.8 eV (related to the Au 4fs5,, state). The
absence of the Au 4f;/, state at 84 eV (marked in spectrum) implies that there is no Au in
the metallic state and hence that Au is incorporated into the ZnO lattice rather than being
attached to the ZnO NP surface as a pure nanoparticle [61-63]. The deconvolution of Pt
4f states (Figure 8f) resulted in two peaks at 76.1 eV and 72.9 eV, related to 4f5/, and 4f;/,
states, respectively. Those states are related to metallic Pt, but they also exhibit a shift of
1.9 eV towards higher binding energies than that of pure metallic Pt [64]. This may be an
indication that a Pt-Zn alloy is formed [65] beside the Pt incorporation into the ZnO lattice,
as was revealed with XRD. It is known that Zn and Pt can be mixed together in a variety of
different alloy compositions [66].

F ——PtZnO ——AuZnO ——Ag:ZnO|
So
5
m‘ Ag 3d,, Ag 3d,,
e z
= 380 370 % z |2
-— P/\ ] E N
c X = b
= »p\J S E 100 90 80 7(’())
A N 5 LT
| N =
G
A
T v T ' T ¥ T ¥ T Y
1000 800 600 400 200 0

Binding energy (eV)

Figure 7. Wide XPS spectra of ZnO nanoparticles doped with Ag (black), Au (red), and Pt (blue). In
insets: identification of Ag, Au, and Pt.

Zn2 b
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0-C=0/CO,
520.6 eV

3
)
% 1026 1024 1022 1020 1018 536 534 532 530 528 526 294 291 288 285 282 279
c
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" 12 512
37356V E, Ag3d,, s i PL4f,,
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Figure 8. High resolution XPS spectra of doped ZnO nanoparticles with fitted spectra for (a) Zn 2p,

(b) O1s, (c) C1s, (d) Ag 3d, (e) Au 4f, and (f) Pt 4f. Red and green curves represent fit peaks while
blue curve represents cumulative fit peak.
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3.5. Morphological Analysis

Morphological analysis (using TEM and SEM) of the samples revealed obtained
nanoparticles and their size range. In Figure 9, TEM images for pure (a, b) and Pt-doped
(c, d) ZnO NP are presented. The morphology of the nanoparticles is independent of the
dopant material; therefore, we revealed TEM images of ZnO doped with gold (Figure 9¢,d),
which also describe the morphology of ZnO NPs doped with Ag and Pt. Figure 9a,c
shows different-sized spherical nanoparticles and irregular material, which are formed
during the laser ablation process. The surface morphology of the obtained NPs is shown
in Figure 9b,d. The surface is relatively smooth with some roughness because the edges
are not perfectly sharp. Figure 10 shows the SEM images of Ag-, Au-, and Pt-doped ZnO
structures with their respective size distributions. Spherical nanoparticles from 50 nm up to
200 nm dominate in each sample. During the ablation process, some micro-sized particles
and debris formed. Also, amorphous parts occurred, which agrees with the relatively broad
XRD patterns. From SEM images, we determined the size distribution of nanoparticles.
Size distribution is fitted as a log-normal function with maxima at diameters 51 nm, 71 nm,
73 nm, and 89 nm for the pure ZnO, Ag: ZnO, Au: ZnO, and Pt: ZnO, respectively. Pt-
doped ZnO nanoparticles are slightly larger compared to the Ag- and Au-doped ZnO
nanoparticles, while all doped ZnO NPs are larger than pure ZnO.

Figure 9. TEM images of (a,b) pure and (c,d) Pt-doped ZnO nanoparticles.
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Figure 10. SEM images and size-distributions of (a) pure ZnO, (b) Ag-doped ZnO, (c) Au-doped
Zn0O, and (d) Pt-doped ZnO.

4. Conclusions

We demonstrated a novel two-step process using PLD and PLAL techniques for the
production of Ag, Au, and Pt-doped ZnO NPs. The band-gap energies, calculated from
the UV-Vis spectra, are 3.2 eV, 3.15 eV, 3.08 eV, and 3.06 eV for pure and silver, gold, and
platinum-doped ZnO, respectively. The decrease in the band-gap energy implies changes in
the nanocrystal electronic structure and more efficient light absorption. PL measurements
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showed that doped ZnO NPs have a lower recombination rate of the excitons compared
to pure ZnO. Doped ZnO has no emission in the visible region compared to pure ZnO,
implying low defect concentration. The XRD patterns showed that Ag-, Au-, and Pt-doped
ZnO NPs maintained a hexagonal wurtzite structure without any Ag, Au, and Pt peaks.
This, together with the fact that peaks are shifting towards smaller Bragg’s angles, confirms
that Ag, Au, and Pt are well incorporated inside the ZnO lattice. It is also confirmed with
the XPS study (to some minor extent only Pt appears in metallic form). Synthesized doped
Zn0O NPs are spherical-shaped with smooth surfaces, while morphology is independent of
the dopant material. This study could provide a new way for the quick and clean synthesis
of various doped materials.

5. Patents

Krstulovi¢, N.; Blazeka, D.; Car, J.; Maleti¢, D.; Raki¢, M. Method of Production of
Two-Component Nanoparticles Using Laser. Croatian Patent P20211098A, 9 July 2021.
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Abstract

This study investigated the changes in the optical properties of three types of
microplastics—polypropylene (PP), polyethylene (PE), and polystyrene (PS)—when exposed
to three different treatments: ozone, UV radiation, and plasma. Laboratory experiments were
conducted to examine how each treatment affected the degradation of these polymers. The
resulting changes in optical and structural characteristics were analyzed using FTIR and Raman
spectroscopy. These techniques provided valuable insights into the behavior and persistence of
microplastics under various treatments, revealing specific structural modifications at the

molecular level.
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Abstract

Ova studija ispitivala je promene u optickim svojstvima tri vrste mikroplastike—
polipropilena (PP), polietilena (PE) i1 polistirena (PS)—kada su podvrgnuti razli¢itim
tretmanima: ozonu, UV zracenju 1 plazmi. Laboratorijski eksperimenti su sprovedeni kako bi
se procenilo kako svaki od ovih tretmana uti¢e na degradaciju ovih polimera. Promene u
optickim 1 strukturnim svojstvima analizirane su koriS¢enjem FTIR-a i Raman spektroskopije.
Ove metode su pruzile dragocene uvide u ponaSanje i postojanost mikroplastike pod razli¢itim

tretmanima, otkrivaju¢i specifi¢ne strukturne modifikacije na molekularnom nivou.

Keywords: Mikroplastika, degradacija, opticke osobine, Ramanova spektroskopija, FTIR

spektroskopija.
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1. Introduction

Plastics, particularly the types of plastics typically used in packaging, are materials known
for their very long lifespans, despite often being produced for short-term use. Polystyrene (PS),
polypropylene (PP) and polyethylene (PE) constitute the majority of single-use plastics, and
their disposal can lead to environmental release, either directly through littering or indirectly
due to the poor process controls [1, 2]. In 2016, it has been estimated that approximately 11%
of the produced plastic waste ended up in aquatic environments [3]. Efforts are being made to
reduce the amounts of plastic waste and to improve waste management, as well as to develop
novel, biodegradable and chemically recyclable polymers [4-6]. However, many countries in
the world lack the capacity to manage the plastic waste or produce advanced polymer materials
[7]. Additionally, the projected overall increase in plastic production and the resulting
environmental release indicate that merely improving waste management systems will not
suffice to reduce pollution levels [3]. The existing environmental burden signifies an embedded
toxicity debt, where the plastics already present will continue to impact the environment as
they age, irrespective of future plastic inputs [8].

Microplastics, defined as particles larger than approximately 100 nm but smaller than
5 mm in diameter, have been detected worldwide. Recently, comprehensive data on their
prevalence and distribution in natural environments have been increasingly reported in the
scientific literature [1, 9-11]. The development of techniques for the intended degradation of
microplastics is yet another topic of current interest [12-14]. However, in the field of monitoring
microplastics, conventional sampling techniques for the detection and quantification of amounts of
plastic particles are primarily adept at detecting microplastics and larger particles [6, 15]. As a
result, there is a notable paucity of data on the environmental concentrations of nanoplastics,

i.e., particles smaller than approximately 100 nm [16]. This data gap underscores the necessity



to develop the advanced nanoplastics detection and quantification methods, to better handle the
distinct and potentially significant environmental and health risks posed by their diminutive
size. In light of these concerns, as well as the need for additional detailed studies of various
degradation methods, we conducted experiments involving three types of microplastics—
polystyrene, polyethylene, and polypropylene—subjecting them to extreme degradation
conditions. Through separate exposures to plasma, UV radiation, and ozone, we aimed to break
down the microplastics into smaller particles, potentially converting them into nanoplastics and
further degrading them to a state where they are entirely destroyed. One of the main advantages
of our approach is that it allows a comparison of the actual effects of various treatments;
otherwise, with the combined treatments, the effects of each one might not be clearly discernable.
The final objective of this study is to investigate whether these extreme degradation conditions
can effectively reduce the size of microplastics and potentially significantly contribute to its
elimination. The study results allow a better understanding of microplastics degradation
processes and provide a pathway to assist in mitigating their environmental impact.

The degradation of polymers when exposed to the reactive gases including ozone has
been studied in [17-19]. In [19], a study of the influence of destructive environmental factors on
the transparency of polymer films, reflecting polymer structural changes, has been conducted
using colorimetry and nuclear magnetic resonance relaxometry. The weathering of microplastics
has also been shown to induce various polymer structural alterations, such as modifications to
macromolecular groups, reduced molecular mass due to chain scission, changes in crystallinity
content, and the formation of free radicals [20-22]. In general, UV irradiation can cause cracking,
discoloration, and increased brittleness in polymers, primarily due to surface oxidation [23,24].
Additionally, by oxidizing polymer chains, UV irradiation can increase the material crystallinity,
particularly in polystyrene (PS), making it more brittle and susceptible to mechanical abrasion

[22]. Polyethylene (PE), one of the most popular and most widely used polymers in the world,



can be extremely resistant to biodegradation due to its high molecular weight and its content of
antioxidants and stabilizers [23]. Various methods, including the use of prooxidants and thermo-
and photo-oxidation, have been devised to accelerate the PE degradation [23]. Although less
frequently studied, thermal degradation has been observed to increase surface roughness and
reduce tensile strength in thin films of high-density polyethylene (HDPE) exposed to near-boiling
water temperatures (85-90°C) [25]. The combination of UV exposure and elevated
temperatures can decrease the polymers resistance to thermal decomposition [26], and also, has
been shown to sufficiently lower the molecular weight of HDPE to make it more prone to
biodegradation [27]. These interactions highlight the complex nature of microplastic degradation
and the importance of studying multiple degradation mechanisms simultaneously to fully
understand their combined effects.

Plasma jet is rich in reactive oxygen and nitrogen species (RONS), including highly
reactive species such as atomic oxygen (O), hydroxyl radicals (OH), excited oxygen molecules
(O2-), nitric oxide (NO), and excited nitrogen molecules (N2+). Additionally, the plasma
exhibited significant fluxes of ionized species, including N2+, O2+, and He+, which typically
play a crucial role in surface chemistry modification. The plasma also emitted a broad spectrum
of UV and visible radiation, which can contribute to photolytic processes of the microplastic
surface. The plasma plume and the surface of the sample were maintained at a temperature
close to the room temperature, thus minimizing thermal degradation of the microplastic sample.
The interaction between the CAPJ and microplastic surfaces involved complex mechanisms
driven by the diverse reactive species and energetic particles present in the plasma. The RONS,
particularly OH radicals and atomic oxygen, are known for their high reactivity, leading to
oxidative processes on the polymer surface. These processes can result in the cleavage of
polymer chains, the formation of functional groups such as carbonyls, carboxyl’s, and

hydroxyls, and the overall increase in surface hydrophilicity. The ion bombardment,



particularly from species such as N2+ and O2+, can induce localized physical etching,
contributing to surface roughening and increase of the effective surface area. The UV and
visible radiation emitted by the plasma also contribute to the degradation of microplastics. UV
photons can break down chemical bonds in the polymer chains, initiating photodegradation
pathways that work synergistically with the chemical effects induced by RONS and ions. This
combined action of photolytic and oxidative mechanisms can lead to significant changes in the
microplastic surface, including erosion, the formation of pits and cracks, and the reduction of
polymer molecular weight.

Moreover, the near-room-temperature condition of the plasma plume is particularly
advantageous for treating thermally sensitive materials. It allowed for the application of plasma
treatment without inducing the thermal melting or significant thermal decomposition of
microplastics, therefore ensuring that the observed effects are predominantly due to chemical
interactions rather than the heat-induced processes.

Overall, the interaction between the CAPJ and the microplastic surfaces in this
experiment highlights the potential of plasma technology for the degradation and
transformation of polymeric materials. Since the cold plasma has been already recognized as a
tool for the purification of wastewater [28, 29], its additional role as the environmental
microplastics removal treatment could be implemented in a similar manner. The findings of
this study provide insights into the mechanisms by which plasma treatment can be optimized
for environmental applications, such as the breakdown of persistent microplastic pollutants.

We explored the alterations in optical properties for three types of microplastics—
polypropylene (PP), polyethylene (PE), and polystyrene (PS). Laboratory experiments were
designed to separately assess the impact of three distinct degradation treatments (ozone, UV
radiation, plasma) on the breakdown mechanisms of each polymer. By analyzing the shifts in

optical spectra, the research offers critical insights into the stability and degradation patterns of



microplastics. The optical changes were identified through FTIR, Raman spectroscopy, and
Field Emission Scanning Electron Microscopy (FESEM), which are among the most useful
experimental analytical tools for microplastics characterization [2]. These techniques are
capable of revealing molecular-level structural transformations, with FESEM providing
detailed information on surface morphology and roughness, complementing the data obtained
from FTIR and Raman spectroscopy. These spectroscopic techniques provided a comprehensive

view of how each treatment uniquely affected the polymer structures.

2. Materials and methods

2.1. Preparation of samples and exposure to ozone and UV radiation

Plastic beads of three microplastic types—polypropylene (PP), polystyrene (PS), and
polyethylene (PE), were used for the study. The plastic beads were manually cut into thin plastic
sheets using clean stainless-steel scissors and then further trimmed into large microplastic
fragments (<5 mm). All glassware was thoroughly cleaned by rinsing three times with
deionized water followed by three rinses with acetone to ensure contamination-free conditions.
The microplastics were subjected to the effects of UV radiation and ozone exposure. To better
understand the degradation processes, the samples were individually exposed to UV light in a
controlled chamber and to ozone for a specified duration. These treatments allowed for a
comparative analysis of how each factor influenced the structural and chemical changes in the
microplastics, providing insights into their respective impacts on weathering as well as
intentionally planned degradation procedures. For the UV treatment, three samples (PS, PP and
PE) were placed in a UV light chamber and exposed to germicide UV-C radiation (185 nm)
using a Brenner UVP20001B bulb (power 150W) at a distance of 40 cm during one hour. For

the ozone treatment, three samples were exposed to high 0zone concentration of 30 ppm produced



by OSS Thirty O° Ozone Generator, 30 000 mg/h for 45 minutes for each sample. Ozone

concentration was measured by the Ozone meter AQ500 (Agrogual).

2.2. Plasma treatment

Additionally, the interaction between a cold atmospheric plasma jet (CAPJ) and
microplastic samples was investigated, focusing on the plasma-induced chemical and physical
transformations at the microplastic surface. The jet was generated using a glass tube with an
inner diameter (I.D.) of 1 mm and an outer diameter (O.D.) of 6 mm. Around the tube two
copper foil electrodes were wrapped. These two electrodes, each 12 mm wide were spaced 12
mm apart, and were used to sustain the plasma discharge. Helium (He) was used as a working
gas at a flow rate of 2 standard liters per minute (slm). The microplastic samples (PE, PP, PS)
were positioned 10 mm below the plasma plume and exposed to plasma treatment for 45 min.
The setup to produce the CAPJ is shown in Fig. 1. The plasma jet operated at 10 kV peak-to-

peak voltage (Vpp), with a driving frequency of 80 kHz.

Figure 1. Setup used for plasma treatment.

The interaction between the CAPJ and microplastic surfaces involved complex

mechanisms driven by the diverse reactive species and energetic particles present in the plasma.

3. Results and discussion
3.1. Field emission scanning electron microscopy (FESEM)
The structural analysis of microplastics with Fourier transform infrared spectroscopy

(FTIR) was carried out on a Thermo Scientific Nicolet iS35 spectrometer manufactured in



Waltham, Massachusetts, United States. The analysis was conducted over a range spanning
from 4000 to 400 cm ™%, employing a resolution of 4 cm™.

Surface roughness is a crucial parameter for evaluating the effects of surface treatment, as it
can significantly influence various applications. Polystyrene (PS) was selected as a
representative sample in this study due to its widespread commercial use, particularly in
packaging, insulation, and disposable consumer goods. Understanding its degradation behavior
is essential for addressing the environmental challenges posed by its persistence.

FESEM analysis was primarily focused on PS due to its well-defined structural changes upon
degradation, making it a suitable model for evaluating surface morphology alterations. While
similar degradation treatments were applied to polypropylene (PP) and polyethylene (PE), the
structural contrast in their surface modifications was less pronounced under the imaging
conditions used. Therefore, PS was chosen for detailed morphological analysis, as it exhibited
the most significant changes, providing clearer insights into the effects of plasma treatment.
Future studies will aim to optimize imaging conditions to enable a comprehensive
morphological comparison of all three polymer types.

Figure 2 presents FESEM images of PS before and after degradation by plasma treatment.
Compared to untreated PS (Figure 2a), the FESEM results clearly show that the surface
roughness of PS increased significantly, and its structure underwent notable morphological
changes after plasma treatment (Figure 2b). Among the tested treatments, plasma exposure
resulted in the most pronounced degradation, as visible through the alterations in the surface
morphology.

These findings highlight the aggressive nature of plasma in breaking down the polymer
structure, leading to substantial roughening and surface irregularities. The analysis of these
morphological changes underscores the potential of plasma treatment as an effective method

for accelerating the degradation of PS, while also suggesting that combined approaches, such
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as UV and ozone, may offer a more balanced strategy for degrading microplastics while
minimizing excessive surface roughening. These results provide critical insights into the

degradation mechanisms of PS and its potential environmental impact.

Figure 2. FESEM images: a) PS before degradation and b) PS after degradation plasma.

3.2. FTIR spectroscopy

FTIR is one of the most commonly used methods for studying the degradation and
stabilization of microplastics under various conditions because it offers some special attributes
such as detection of orientation and stress, whereby it allows simultaneous measurements of
degradation processes. FTIR spectra of PE, PP, and PS microplastics are presented in Fig. 3,
Fig. 4, and Fig. 5. PE showed broad band at 3320.9 cm™!, originating from absorbed moisture
(Fig.3). Asymmetric and symmetric C-H stretch from -CH, appeared at 2912.7 cm! and
2845.3 cm’!, respectively [31]. At 1472.0 cm™ and 1461.5 cm™! bending deformation was
observed, while peak at 718.4 cm™ belonged to -CH> rocking [30]. In PE/O3 and PE/UV all of
the peaks were retained with no appearance of new bonds, but with significantly higher peak

intensities compared to the untreated PE, which is in accordance with the expectations.

Figure 3. FTIR spectra of PE and PE/Plasma, PE/O3, PE/UV.

Plasma is an efficient way to functionalize polymer surfaces as a result of the role of
energetic species including charged particles, neutral radicals, excited species and UV
radiation. The functionalization of plasma treated PE is achieved via free radical chains
reactions, involving activation of the surface, formation of peroxides groups and generation of

functionalized groups. However, in PE/PL spectrum, surface -OH groups were visible at 3340.3
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cm’!, generated from the local surface oxidation [31]. Furthermore, due to an air presence in
the system, PE surface was modified with different functional groups, such as ester carbonyl
group present at 1743.4 cm™ formed by surface radicals’ reaction with oxygen [32]. As a result
of N2 presence in air, at 1643.3 cm™, weak band from amide carbonyl group was also identified
in the PE/PI spectrum [33]. Bands at 1122.2 cm™ and 1040.2 cm™! originated from ether groups
[34].

Polypropylene has a linear hydrocarbon structure composed only of carbon atoms in its
main ring. PS has three stereochemical configurations: isotactic, syndiotactic, and atactic
configurations. Isotactic PP is the most utilized type of polypropylene because it is easy to use,
it has high heat resistance, it is physically not transparent, and it is resistant to chemical solvents
(making it suitable or storing food and drinks). The most influential degradation process
concerning polypropylene is photooxidative degradation, which requires exposure to sunlight
and oxygen to produce polar carbonyl groups, esters, ketones, and acids, thereby improving the
hydrophilic characteristic of polypropylene. Untreated and treated PP microplastic spectra are
presented in Fig. 4. In all the spectra, asymmetric and symmetric -C-H stretch from CH; was
detected at 2949.4 cm’!, 2872.2 cm’, respectively, while the same stretches from -CH>

appeared at 2917.4 cm™ and 2836.1 cm™! [35].

Figure 4. FTIR spectra of PP and PP/Plasma, PP/ UV, PP/O3.

Peaks in the region 990-800 belong to alkyl -C-H bending. After the treatment with O3 and UV,

there was significant increase in peak intensities, but without generation of new bonds, with

the exception of -OH band centered around 3384.4 cm™! in PP/Oj;. On the other side, after the

plasma treatment of PP, similar to PE/PL, C=0 bond was observed at 1725.4 cm™ in PP/PL.
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N-H bending from primary amine appeared at 1603.1 cm™' [32]. Plasma-formed ether groups
appeared 1248.6 cm™ and 1167.4 cm™.

Photodegradation of polystyrene, such as increased brittleness and discoloration, occurs
similarly to polyethylene (PE) and polypropylene (PP) when exposed to the UV component of
sunlight. Polystyrene loses its mechanical and tensile properties due to the effects of UV light
and heat. UV radiation induces the production of radicals through oxidation, and these radicals
cause the breakdown of polymer chains. Hydroxyl group in all PS microplastic spectra (Fig.
4.) is located at 3389.3 cm™’. In the region 3084.8-3034.6 cm™ -C-H stretch from aromatic
benzene rings was observed, while asymmetric and symmetric aliphatic -C-H stretch from -
CH> appeared at 2922.3 cm™ and 2854.2 cm™ [36]. The peaks at 1493.3 cm™ and 1452.3 cm’!
originated from the deformational vibrations of in the benzene ring [37]. Similar as in PE and
PP spectra, peak intensity change was observed in PS/O3, PS/UV and PS/PL. However, newly

formed bonds were not detected after plasma treatment.

Figure 5. FTIR spectra of PS and PS/Plasma, PS/UV, PS/O3.

3.3. Raman spectroscopy

The Raman spectra were taken in the backscattering configuration by Jobin Yvon T64000
spectrometer, equipped with nitrogen cooled charged coupled device detector. As an excitation
source we used the 514.5 nm line of Ti:Sapphire laser, with the laser power 60mW. The
measurements were performed in the spectrum range 70-3600cm™. Raman spectroscopy provides
information about changes in the polarizability of chemical bonds during molecular vibrations.
Specifically, vibrations of C—C, C=C bonds, and aromatic rings in polymers cause polarizability
changes, making this technique suitable for the label-free identification of microplastic particles.

While Raman spectroscopy offers several advantages, including submicron spatial resolution,
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it is highly susceptible to fluorescence interferences, which can be particularly prevalent in
environmental samples [37]. These interferences might be attributed to degradation effects or
adsorbed contaminants. Fluorescence emission can superimpose a broad background on the
typically weaker Raman scattered signal, making reliable identification of particles
challenging. Furthermore, the Raman spectra of colored and pigmented microplastic samples
may be distorted by fluorescent emission or resonantly enhanced Raman signals from dyes,
overshadowing the characteristic fingerprint signature of the plastic particle. In our case,
Raman spectroscopy provided very satisfactory results in characterizing the optical properties

of microplastics (PE, PS and PP).

Figure 6. Raman spectra of PE and PE/Plasma, PE/O3, PE/UV.

In Figure 6, the Raman spectrum of PE is shown, along with spectra of PE treated by O3, UV,
and plasma. The Raman bands between 1000 and 1500 cm! indicate photodegradation, as such
reactions lead to chain scission and the formation of carbonyl and vinyl groups in the molecular
structure of PE. The Raman spectrum of PE can be divided into three key regions: Region I
(1040-1200 cm™') is primarily associated with C—C stretching; Region II (around 1300 cm™)
features —CHa- twisting; and Region III (1350-1500 cm!) is dominated by —CHa- bending [38].
In Region I, the broad band at 1075 cm™' is linked to the amorphous phase. In Region III, more
specifically, the 1418 cm™ peak corresponds to CHz bending and wagging and is characteristic
of the orthorhombic phase. The 1440 cm™ peak is attributed to CHz deformation in the
amorphous trans regions, while the 1462 cm™ peak arises from CHz bending in the amorphous
regions of PE. In the spectrum of polyethylene (PE) subjected to plasma treatment, significant
bond cleavage of carbon-carbon (C—C) and carbon-hydrogen (C—H) bonds in the polymer

chains is observed. This is primarily due to the bombardment by ions in the plasma, which break
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these bonds, leading to molecular-level damage at the surface. The breaking of these bonds
causes surface modification, notably increasing the roughness of the polyethylene at the
nanoscale level. This process of bond breaking and surface etching is a consequence of the
energetic ion bombardment characteristic of plasma treatments.

Figure 7 presents the Raman spectrum of PP, along with spectra of PP treated by O3, UV, and
plasma. The primary Raman bands for PP were observed near 399, 810, 841, 1153, 1330, 1371,
and 1460 cm™'. These bands were generally more intense than those detected in FTIR, with
their intensities showing variations relative to the methyl-associated bands at 1371 and 1460
cm’!. Specifically, the bands at 399, 810, 841, and 1330 cm™ correspond to different CH and
CH, deformation vibrations, while the bands at 974 and 999 cm" are attributed to CH; deformation

vibrations. The bands at 1153 and 1168 cm™ are linked to CC stretching vibrations [39].

Figure 7. Raman spectra of PP and PP/Plasma, PP/ UV, PP/O3.

When PP is exposed to O3 and UV treatments, the spectral intensity experiences a significant
reduction, signaling notable degradation of the material. This decrease in Raman signal intensity
indicates that the structural integrity of the polymer has been substantially compromised due
to these treatments. The degradation processes triggered by ozone and ultraviolet light lead to
changes in the molecular structure of PP, weakening the polymer and thereby diminishing its
Raman response. This observation emphasizes the vulnerability of PP to environmental
stressors and highlights the extent of structural transformation under such conditions. Exposure
of polypropylene to ozone leads to oxidative degradation, beginning with the scission of
carbon-carbon (C—C) and carbon-hydrogen (C-H) bonds within the polymer chain. This

degradation results in a weakened polymer structure, which causes a significant reduction in the
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mechanical properties of polypropylene. Continuous exposure to ozone over time accelerates the
materials embrittlement, making polypropylene brittle and more prone to cracking.

Raman spectroscopy of polystyrene (PS), shown in Fig. 8, primarily reveals vibrational
bands linked to the aromatic ring structure. In the spectral region around 3100 cm™, we observe
C-H stretching vibrations within these aromatic rings. This region represents the stretching of
carbon-hydrogen bonds in the phenyl groups, a key feature of polystyrenes chemical structure.
Specifically, peaks in this area correspond to the symmetric and asymmetric stretching modes

of these C-H bonds [39].

Figure 8. Raman spectra of PS and PS/Plasma, PS/UV, PS/O3.

These stretching modes show how hydrogen atoms in the phenyl groups move relative to the
carbon atoms they are bonded to, highlighting the polymers chemical nature. If there is any
bond scission (breaking of bonds) occurring, it can lead to a decrease or shift in the intensity
of these peaks. Monitoring these changes is crucial as they can indicate whether degradation is
affecting the polystyrenes molecular structure, which could result in a loss of its mechanical
properties and overall material performance. The spectrum (Fig. 7.) shows a sharp increase in
the intensity of the peak at 3100 cm™ upon exposure to UV radiation. This increase in peak
intensity indicates a change in the surface properties of the microplastics. UV degradation can
lead to surface chemical modifications in polystyrene, where the formation of oxidized
products or other chemical species enhances the active Raman vibrations. The chemical
reactions that can explain what happens to polystyrene during the phases are shown:
1. Photoinitiation and Radical Formation
UV radiation can cause the dissociation of C-H bonds in the polystyrene chain,

leading to the formation of free radicals.
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Photoinitiation:
PS—CsHs—CH2—CH2—PS—PS—CsHs—CH32+-CH2>—PS

Where -CH2 represents the free radical generated by UV exposure.

Formation of Oxygenated Products
The free radicals generated under UV exposure can react with oxygen from the
environment, forming hydroxyl (-OH) and carbonyl (C=0) groups. These groups can

contribute to increased intensity of the C-H vibrations.

Radical reaction with oxygen:
-CH2+02,—CH20H or

‘CH2+0O—CH2C=0 (carbonyl group)

Chain Scission and Oxidation
UV radiation can lead to chain scission of the polystyrene backbone, causing

oxidation of the fragments and the formation of carbonyl or hydroxyl products.

Chain scission and oxidation:

PS—CgHs—-CH2+0,—PS—CsHs—C=0

Reorganization of Aromatic Rings
UV radiation can also induce structural changes and reorganization in the phenyl
groups (aromatic rings), resulting in enhanced C-H stretch vibrations within the

phenyl rings, leading to the increased intensity of the peak at 3100 cm ™.

Reorganization of the phenyl group:

CeHs—CsHs" (reorganized phenyl group with enhanced vibrations)

Final Degradation Products
The ultimate degradation of polystyrene under UV exposure results in the formation
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of smaller molecules such as formaldehyde (HCHO), acetaldehyde (CHsCHO), or

other oxidation products.

« Final oxidation:
CH>—CH—-CsH5—CH>0OH+CsHsCHO+H>0>

The conclusions regarding the mechanisms occurring during UV degradation of polystyrene
are based on the results of our experiments conducted using Raman, FTIR, and UV-VIS
spectroscopy. Based on the spectral changes recorded during UV treatment, we monitored key
processes including the formation of free radicals, oxidation, polymer chain degradation, and
the formation of smaller molecules.
Photoinitiation and Radical Formation: UV radiation causes the dissociation of C-H bonds
in the polystyrene chain, leading to the formation of free radicals (-CH2). This process triggers
the subsequent degradation pathway, which was confirmed through Raman spectroscopy,
where an increase in specific peaks corresponding to the vibrations of free radicals was
observed.
Formation of Oxygenated Products: The free radicals react with oxygen from the
environment, forming hydroxyl (-OH) and carbonyl (C=0) groups. These new functional
groups contribute to an increase in the intensity of C-H vibrations, which was also confirmed
by experiments showing an increase in signals in the Raman and FTIR spectra, particularly in
the 3100 cm™! region.
Chain Scission and Oxidation: UV radiation can lead to the chain scission of the polystyrene
backbone, causing oxidation of the fragments and the formation of carbonyl and hydroxyl
products. This chain degradation process is clearly manifested in spectroscopic analyses, which

show the presence of oxidation products such as aldehydes and alcohols.
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Reorganization of Aromatic Rings: UV radiation can also induce structural changes in the
phenyl groups (aromatic rings), resulting in enhanced C-H vibrations within these rings. The
increased intensity of Raman peaks in the 3100 cm™ region indicates this reorganization.
Final Degradation Products: Ultimately, the degradation of polystyrene under UV exposure
leads to the formation of smaller molecules, such as formaldehyde (HCHO), acetaldehyde
(CHsCHO), and other oxidation products. These products were identified through
spectroscopic techniques, where peaks indicating the formation of aldehydes and other smaller
molecules were observed.

Based on these experiments, we conclude that UV radiation induces the formation of free
radicals, oxidation, and polymer chain scission, leading to the formation of new functional
groups and ultimately smaller molecules, including formaldehyde and acetaldehyde. These
conclusions are not directly taken from the literature but are derived from our experimental

data and the spectral changes observed during treatment.

4. Conclusion

In the future, plastics production is expected to continue its upward trend, further
exacerbating the issue of plastics pollution, which can no longer be ignored. With the increasing
severity of microplastics pollution, it has become essential to explore effective methods for its
degradation. This study examined and compared the effects of ozone, UV radiation, and plasma
on the degradation of three types of microplastics. The optical changes resulting from these
degradation processes were detected and analyzed using Raman and FTIR spectroscopy.
The study specifically explained the effects and mechanisms of degradation, with a focus on
polystyrene as one of the most common types of microplastics. FESEM revealed significant
morphological changes in the surface of polystyrene after plasma treatment, including

increased surface roughness and visible structural alterations. Among the tested treatments,

19



plasma showed the most pronounced effect, highlighting its potential for breaking down
microplastics efficiently.

A significant increase in the intensity of the peak at 3100 cm™ in the Raman spectrum of
polystyrene after exposure to UV radiation indicates substantial changes on the surface of the
microplastic material. Additionally, the study presented the chemical reactions that thoroughly
explain this process. Through these techniques, the study provided detailed insights into how
each treatment method influenced the chemical and structural properties of the microplastics.
Therefore, the gained insights could be further utilized to optimize the microplastics treatment
for known microplastics types or to plan more general degradation protocols, which could then
synergistically use a combination of the above techniques to tackle a wider range of
microplastics specimens. In conclusion, our study critically assessed several solutions for the
management of microplastics. The main focus and motivation for this study lied in the need for
sustainable development and large-scale application of microplastics degradation in the future,
and the results presented herein provide valuable suggestions for environmental management

and policymaking by governments and environmental agencies.
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Figure 1. Setup used for plasma treatment.
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Figure 2. FESEM images: a) PS before degradation and b) PS after degradation plasma.
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Abstract: In this comparative study, the bacterial inactivation efficiency of plasma-activated water
(PAW) generated by two distinct plasma reactors, one utilizing a nitrogen plasma jet electrode and
the other a hybrid argon plasma reactor, was explored. The present study involved the assessment of
antimicrobial activity against suspensions of three Gram-positive and three Gram-negative bacterial
strains in their planktonic cell state. Bacterial suspensions were introduced into PAW five days
after generation. Subsequently, the viability of the bacteria was assessed at various time intervals,
specifically at 0.5, 1, 3, 5, 10, and 24 h, in order to evaluate the effect of inactivation. Structural changes
in bacteria after PAW treatment were assessed using a scanning electron microscope (SEM). The
physicochemical properties of PAW, including pH, conductivity, and concentrations of H,O,, NO,~,
and NO3 ™~ during aging were measured. The present study demonstrated the effective inactivation of
the tested bacterial strains by PAW. Gram-positive bacteria displayed greater resistance compared to
Gram-negative species, with the lowest reductions in bacterial counts observed for B. cereus, and the
highest for Escherichia coli O157:H7. Morphological damage was evident across all bacterial species
examined. Physicochemical measurements showed slow decay of the reactive species in the aging
process. This study illustrated the potential utility of PAW as an alternative disinfectant.

Keywords: bacteria inactivation efficiency; Gram-positive bacteria; Gram-negative bacteria; PAW;
plasma activated water; plasma jet; hybrid plasma discharge; SEM imaging

1. Introduction

The threat of microbial contamination in food presents a growing concern for public
health worldwide, and it has the potential to occur throughout all phases of food pro-
duction and processing. The presence of spoilage microorganisms can negatively affect
the nutritional value, color, texture, and edibility of food, which causes great economic
losses [1], and the presence of pathogens can cause foodborne intoxication and toxicoinfec-
tions. The major etiological agents that account for the estimated 1.5 million gastrointestinal
deaths each year are enterotoxigenic Escherichia coli (ETEC), rotavirus, Vibrio cholerae, and
Shigella spp.; all are known to be endemic in the vast majority of developing countries.
While standard assays can effectively identify V. cholerae, Shigella, and rotavirus, detecting
ETEC poses greater challenges, which sometimes leads to its significance as a primary
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cause of infantile diarrhea or cholera-like illness in individuals of all age groups going
unrecognized. Additionally, it can induce traveler’s diarrhea in visitors to endemic areas.
Indeed, ETEC stands out as the most significant among these four pathogens in causing
diarrhea in infants, children, and adults, accounting for 280 million episodes and more
than 400,000 deaths annually [2]. Due to the increasing consumer preference for fresh, safe,
and nutritionally enriched food products, there has been a substantial surge in research
on non-thermal food processing technologies such as high hydrostatic pressure, pulsed
electric fields, ultrasound, and cold plasma [3,4]. Cold plasma has attracted a lot of at-
tention recently concerning its usage in the food and agricultural industries, mainly for
applications in food sterilization and preservation [4,5]. Plasma, the fourth state of matter,
is a partially ionized gas and can be generated by applying high voltage to a gas phase at
low, atmospheric, and high pressures or by focused laser beams in a laboratory. There has
been a growing focus on innovative approaches to pathogen inactivation, specifically those
involving cold atmospheric pressure plasma (CAPP), which refers to plasma generated at
atmospheric pressure and near room temperature [6]. Within the plasma, a diverse array of
species is abundant, encompassing atoms and molecules in both excited and ground states,
along with positive and negative ions, electrons, radicals, and high-energy photons, all char-
acterized by substantial concentrations and fluxes [7]. CAPP has demonstrated its efficacy
in surface decontamination, primarily attributed to the presence of active species known for
their efficient antimicrobial properties. Nonetheless, the markedly uneven surface texture
of food products provides a multitude of concealed areas where microorganisms can thrive,
subsequently heightening their resilience to cold plasma treatment. Plasma-activated water
(PAW) was developed to solve this problem [8]. PAW, commonly produced by expos-
ing CAPP discharge in water or above the water surface, is an alternative disinfection
method [9]. Reactive species in PAW will vary depending on the kinds of gases and liquids
utilized to create it. The concentration of the major stable and long-lived reactive species
(NO3;~,NO, ™, H,0,, and pH) can be easily and rapidly measured using QUANTOFIX®
test strips [10]. Upon contact with water, CAPP produces a significant concentration of
reactive oxygen and nitrogen species (RONS), encompassing both long-lived species like
nitrate (NO37), nitrite (NO27), hydrogen peroxide (H,0O,), and ozone (Os), as well as
short-lived species such as hydroxyl (*OH), singlet oxygen (10,), superoxide (O, ), nitric
oxide (*NO), and peroxynitrite (ONOO™) [11,12]. The concentrations of some of these reac-
tive species can be preserved for longer times in PAW by adding Cu metal ions originating
from copper foil and nanoparticles [13]. Due to the extensive variety of RONS, PAW has a
high oxidation-reduction potential (ORP) and low pH, which provides synergistic effects
in the reactivity [14]. Being both environmentally friendly and economically viable, PAW
demonstrates remarkable and extensive antibacterial capabilities (Figure 1). This opens up
fresh avenues for its application in the realms of food production, agriculture, and the field
of biomedicine [8,12,15,16].

Numerous investigations have provided evidence that PAW is highly effective in
deactivating a diverse spectrum of microorganisms, encompassing fungi, viruses, bacteria,
bacterial spores, and biofilms [8,12,14,16-23]. In prior studies, researchers typically em-
ployed plasma-activated water from a single specified source and applied it to a limited
number of microorganisms, while the novelty of the present research is reflected in the
parallel application of two different plasma sources to several pathogenic species. A sig-
nificant point to note in relation to food safety is that PAW has been shown to effectively
deactivate foodborne pathogens on both food-contact surfaces and food itself, all while
having no adverse effects on the environment or human health [23]. Successful examples
of inactivating pathogens on different food matrices include strawberries [9], fresh-cut
fruits, such as pears, apples, and kiwi [24-26], and chicken meat and skin [27]. Additionally,
PAW was also reported to be able to extend the shelf life of shrimp [28], baby spinach
leaves [29], eggs [30], and fresh beef [31]. The enhancement of seed germination and
plant growth is another potential application of PAW. Reactive species produced from
chemical donors play a significant role in the germination of seeds and the development
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of plants [32]. Altering the characteristics of water through non-thermal plasma and its
application may influence the plant growth process, leading to improved agricultural
product quality [33]. Moreover, the on-site, on-demand preparation of PAW diminishes
the associated risks linked to the transportation and storage of chemicals employed in
traditional sanitation procedures. Additionally, it offers a convenient and readily storable
alternative to conventional disinfection solutions.
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Figure 1. A schematic depiction of the plasma-induced apoptosis process that is divided into
four distinct stages: (a) the generation of reactive oxygen and nitrogen species (RONS) within
plasma-activated water (PAW) and the subsequent acidification of PAW due to plasma treatment of
water; (b) induced cell permeabilization and disruption of the cell membrane potential caused by
RONS within PAW reacting with the lipid bilayer; (c) the buildup of intracellular reactive oxygen
species (ROS) and a reduction in intracellular pH; (d) DNA damage, accompanied by physiological
dysfunctions resulting from the disruption of intracellular redox balance and pH homeostasis.

Despite recent advancements in PAW production technologies, several important fac-
tors still need further exploration. The effectiveness of PAW inactivation varies depending
on how it is generated, and its ability to inactivate a broader range of microorganisms
requires evaluation. Additionally, understanding the impact of storage stability on PAW,
both in terms of its inactivation properties and physicochemical characteristics, is essential.
To address these knowledge gaps, the current research focused on six representative bac-
terial species: Escherichia coli (nontoxigenic O157:H7), Pseudomonas aeruginosa, Salmonella
enteritidis, Listeria monocytogenes, Bacillus cereus, and Staphylococcus aureus. This study in-
vestigated PAW's effectiveness in inactivating these bacteria when they are in a planktonic
state. The reduction in microbial populations is described using a first-order model to
explain the kinetics of microbial inactivation. Additionally, scanning electron microscope
(SEM) images were taken to examine any changes in cell morphology following PAW
treatment. The study also measured the concentrations of key stable reactive species (H,O,,
NO;~, NO;7), pH, and conductivity. Furthermore, the degradation of PAW was monitored
over a 40-day period.
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2. Materials and Methods
2.1. Generation of Plasma-Activated Water

In this study, two types of PAW produced by two distinct plasma reactors were
employed. With the first plasma reactor, an atmospheric pressure plasma jet (CAPP) [34],
reactive species were produced in the plasma jet placed above the liquid surface. The
second plasma reactor is a hybrid plasma reactor which combines plasma discharge in
water and in the gas phase.

2.1.1. Atmospheric Pressure Plasma Jet

The plasma jet in a single-electrode configuration (Figure 2a) [35] used in this study
was made of a quartz capillary with an inner diameter of 1 mm and outer diameter of
1.5 mm, as in the study by Gierczik et al. (2020) [36]. Inside the capillary, a 100 um copper
wire was placed and connected to the power supply. The capillary and the wire were
both inserted into a Teflon body and connected to a gas tank via a mass flow controller
(Alicat MC-55LPM/D; Alicat Scientific, Tucson, AZ, USA). PAW was made using the
28 kHz frequency, 12 kVpp, and Nj gas (Messer 99.996% purity). The flow rate of the
gas in the experiment was constant and set to 0.5 slm (standard liters per minute). The
distilled water (Aqua Purificata GRAM MOL; Zagreb, Croatia) with an initial conductivity
of 1.285 uS cm ! and pH = 7.13 was placed below the nozzle of the plasma jet. A thin
plasma channel was formed between the electrode tip and the surface of the water. The
gap between the plasma jet and the water was set to 5 mm, ensuring the production
of high concentrations of reactive species in PAW. A distance of 5 mm was chosen to
maximize the peroxide concentration [10]. The total volume of treated water was 215 mL,
and the treatment time was 40 min [37]. The total volume of the water was split into two
samples, 200 mL for the bacteria treatment and 15 mL for the PAW aging measurements.
To preserve the concentrations of active species in the PAW, five metal magnesium pieces
(15 mm in diameter each and a total mass of 2.15 g) were placed on the bottom of the glass
beaker [38]. One hour after plasma treatment, the Mg plates were removed from the PAW,
and the produced PAW was stored in a fridge at 5 °C. The total input power of the plasma
jet was 2.7 W and the dissipated energy was 34.8 kJ/L [36]. During the treatment, the
applied voltage was monitored with an HV probe (Tektronix P6015A; Beaverton, OR, USA)
and oscilloscope (Hameg-instruments, Combiscope; Mainhausen, Germany), as well as
emission spectra using an Avantes spectrometer (AvaSpec-ULS-RS-TEC; Apeldoorn, The
Netherlands). The label for PAW produced using the plasma jet was PAW-Jet.

2.1.2. Hybrid Plasma Reactor

A HVG60/1 PL (Impel d.o.o., Zagreb, Croatia) instrument was used for plasma treat-
ment. The experimental setup of the hybrid plasma reactor is shown in Figure 2b. The
reactor consists of a glass vessel (1000 mL) and two electrodes. The electrode configuration
is the so-called pin-to-pin electrode configuration. The lower high-voltage electrode (med-
ical needle) was placed beneath the water surface. Through the high-voltage electrode,
argon gas was blowing with a flow rate of 0.5 slm, making argon bubbles in the water. The
second electrode is grounded and made of stainless steel. The grounded electrode was
placed above the water surface. The electrode gap between the high-voltage and grounded
electrodes was 3 cm. The voltage was adjusted to 40 kV, with a frequency of 90 Hz. The
input power used for treatment was 10.8 W and the total energy consumed per treatment
amounted to 10.8 k] /L [36]. The same amount of distilled water was used (215 mL) and
was also split into two samples of 200 mL and 15 mL for the PAW aging measurements.
The treatment time was 15 min. The label for PAW produced using the hybrid plasma was
PAW-Hybrid.
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Figure 2. Schematics of the two experimental setups for PAW production: (a) plasma jet; (b) hybrid
plasma reactor.

2.2. Physicochemical Properties of PAW

The reactive oxygen and nitrogen species (RONS) are generated in the gas phase and
at the boundary between plasma and liquid, and captured by the liquid in the process
of PAW production. The primary reactive species formed in plasma, such as hydroxyl
radicals (*OH), superoxide radicals (*O, ™), nitrate radicals (*NO; ™), various ions (H,
OH"*, H;0%, O*, O,*, N*, Np*, Ar*, ArH*), and water clusters can, through reactions, form
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secondary reactive and more stable molecules, such as hydrogen peroxide (H,0,), ozone
(O3), and other reactive species [39—42]. The mixture of these reactive species makes PAW a
highly oxidative environment that can contribute to the inactivation of microorganisms
by damaging their cellular components, including lipids, proteins, and nucleic acids. The
disruption of these vital components hinders the microorganisms’ growth and leads to
their destruction.

Plasma-activated water was characterized by determining the chemical composition,
conductivity, and pH value. The majority of reactive species are created in the plasma and
can interact with water, changing its physical and chemical properties. In this experiment,
the concentrations of H,O,, NO, ™, and NO3;~, and the pH of the samples were measured
via a semi-quantitative method (measurement accuracy < 10%) using QUANTOFIX® test
strips, and the values were read using a QUANTOFIX® Relax unit (Macherey-Nagel, Diiren,
Germany). With the strips and reader, we were able to measure the PAW parameters with a
sufficient temporal resolution during plasma treatment for the plasma jet. We also measured
the degradation of PAW in time for 40 days. Using a Metrohm 914 pH/DO/Conductometer,
the pH and conductivity of the distilled water before and after treatment were measured.

Inductively coupled plasma—mass spectrometry (ICP-MS) was employed to quan-
titatively determine the metal ion concentrations in accordance with EPA 6020A: stan-
dard [43]. The measurements were conducted using an ICP/MS instrument (PerkinElmer,
Inc., Waltham, MA, USA).

2.3. Planktonic Bacterial Suspension Preparation of Gram-Positive and Gram-Negative Bacteria

Three Gram-negative bacterial strains, Escherichia coli ATCC 700728 (nontoxigenic
0157:H7), Pseudomonas aeruginosa ATCC 9027, and Salmonella enteritidis ATCC 13076, and
three Gram-positive bacterial strains, Listeria monocytogenes ATCC 19112, Bacillus cereus
ATCC 11778, Staphylococcus aureus ATCC 6538, were selected as the representative microor-
ganisms. Bacterial pure culture (KWIK-STIK unit) was obtained from the strain collection of
Microbiologics, Inc. (St. Cloud, MN, USA). Each KWIK-STIK unit contained a lyophilized
microorganism pellet, an ampoule of hydrating fluid, and an inoculating swab and was
stored at 2 to 8 °C. One inoculating swab was streaked on tryptic soy agar (TSA; Merck
KGaA, Darmstadt, Germany) and incubated for 24 h to obtain isolated colonies. The incu-
bation temperature for all six microorganisms was 35 °C. The early stationary phase of each
bacterium was reached by inoculation of a single colony in tryptic soy broth and incubation
at 37 °C for 18 h. The bacterial suspensions were diluted by a factor of ten in a maximum
recovery diluent (MRD; Sigma-Aldrich Co. LLC, St. Louis, MO, USA) and centrifuged at
6000x g for 10 min. The obtained cell pellets were rinsed using sterile phosphate-buffered
saline (PBS; Sigma-Aldrich Co. LLC, St. Louis, MO, USA). They were then resuspended
and stored at 4 °C for later inactivation analysis, all carried out on the same day. The
concentration of the bacterial suspension at the end was around 9 logiy CFU per mL, which
was enumerated on TSA plates.

2.4. Influence of Different Exposure Times

A 1mL aliquot of the washed bacterial suspension was introduced into 9 mL of PAW,
which had been stored at 5 °C for five days. The mixture was thoroughly vortexed and
then left at room temperature. To assess the influence of varying exposure durations of
bacteria to PAW, time intervals of 0.5, 1, 3, 5, 10, and 24 h were chosen to measure the viable
counts. For each bacterial species, a control experiment was set up in which 1 mL of the
rinsed bacterial suspension was introduced into 9 mL of sterile deionized water, with no
exposure to plasma treatment. These inactivation processes were individually replicated
three times for each treatment.

2.5. Microbiological Analysis

To assess the effectiveness of PAW inactivation, 1 mL of treated samples was serially
diluted in maximum recovery diluent (MRD; Sigma-Aldrich Co. LLC, St. Louis, MO, USA).
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Using a sterile micropipette, 1 mL aliquots of appropriate dilutions were transferred to a
sterile Petri dish and poured with approximately 20 mL of the tryptic soy agar (TSA; Merck
KGaA, Darmstadt, Germany), previously cooled at 44 to 47 °C in a water bath. For E. coli,
L. monocytogenes, S. aureus, S. enteritidis, and P. aeruginosa, the incubation temperature was
maintained at 37 £ 1 °C, while for B. cereus, it was set to 30 = 1 °C. The plates were incubated
for 24 h, and the CFU was counted. The limit of detection was 1 log CFU mL . The outcomes
were presented as logyg colony-forming units (CFU) per milliliter (mL), and the effectiveness
of PAW in inactivating microorganisms was computed using the following equation:

Log1o reduction = Logio (CFUcontrol) — Logio (CFUtreated) 1)

2.6. Scanning Electron Microscope (SEM) Imaging

The morphological changes in cell structure were examined using scanning electron
microscopy analysis with and without both PAW treatments. Based on the 5 days storage
of PAW, cell cultures were examined after mixing with PAW after 24 h of exposure at room
temperature. Samples were prepared using the method described by Zhao et al. (2020) [20].
Following centrifugation at 6000 x g for 10 min at 4 °C, the supernatants were removed, and
the resulting cell pellets were resuspended in 500 pL of a 25% glutaraldehyde (GA) solution.
To ensure proper fixation, the samples were refrigerated at 4 °C overnight. The following
day, the cells were centrifuged and resuspended in PBS. This process was repeated three
times to eliminate GA. Subsequently, 10 uL of the solution was dispensed onto a sterilized
slide and air-dried in a fume hood for 10-15 min. These slides were then placed into 12-well
plates for dehydration using a sequence of increasing ethanol concentrations (50%, 60%,
70%, 80%, 90%, and 100%). The dehydration time for ethanol concentrations between
50% and 90% was set to 5 min, while for 100% ethanol, it was 15 min. As for the drying
procedure, the slides were submerged in hexamethyldisilizane (HMDS) at concentrations
of 33%, 50%, 66%, and 100%, successively. Afterward, they were stored at 4 °C in a dark
environment overnight before being subjected to SEM analysis. The desiccated samples
were subjected to gold coating using a Sputter Coater SCD 005, BALTEC SCAN, with a
working distance (WD) of 50 mm, for a duration of 90 s at a current of 30 mA. Subsequently,
they were examined via scanning electron microscopy using a JMS SEM 6460 LV, operating
at an acceleration voltage of 25 kV, and varying the WD from 20 to 8 mm.

2.7. PAW Microbial Inactivation Kinetics

In this investigation, the PAW microbial inactivation curves were determined by the
first-order kinetics [44]. The experimental data take the shape of an exponential decay
curve model and could be represented using Equation (2).

y(t) = yoe *! 2)

The number of viable cells (y(t)) during contact time with the PAW were output values,
while the only fitted coefficient (k) was the inactivation rate of the microbial population. That is
the slope of the survivors’ viable cells versus time for the microbial population. The coefficient
Yo represents the initial value of the microbial cells before PAW treatment, and it is fixed.

The suitability of the constructed models was assessed by employing the coefficient of
determination (COD) and reduced chi-square (x?). These frequently employed parameters
can be computed in the following manner:

N

. Yexp,i — Ypre,i
hi — =) —=
chi — square ZE TN (©)]

In this equation, .y, ; represents the experimental values, while y,,, ; corresponds to
the predicted values derived from the model (Equation (3)) for these specific measurements.
N and n denote the number of observations and the number of constants, respectively. Fur-
thermore, a 95% predicting band interval was used to represent uncertainty and noise in the
predicting model values. The relative average error between the measurements was up to 5%.
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3. Results
3.1. Inactivation Efficacy of PAW

The influence of the PAW-Jet and PAW-Hybrid treatments on the microbial cells is
presented in Table 1. The effectiveness of the PAW treatments was observed through
Log1o reduction using Equation (1). A wide range of initial microbial concentrations (from
107 to 10%) was used in this study (Tables 2 and 3) with the aim of investigating PAW
inactivation. The inactivation kinetics were described by a first-order model and the only
fitted parameter was constant rate, which shows the rate of reduction in the microbial
populations. Tables 2 and 3 show that PAW treatment was most effective for Escherichia coli
0157:H7, with k = 7.168 and k = 6.954 obtained for the hybrid plasma reactor and electrode
plasma jet, respectively. On the other hand, the microbial inactivation was slowest during
the PAW treatment for Bacillus cereus, with k = 3.072 and k = 3.792 obtained for the hybrid
plasma reactor and electrode plasma jet, respectively.

Table 1. Log viable counts of the bacterial species after different exposure times with PAWs.

Bacteria Exposure Time (h) NT PAW-Jet Logio Reduction PAW-Hybrid Logio Reduction
0 9.28 + 0.01 0.00 9.28 + 0.01 0.00
05 8.29 + 0.01 0.99 831 + 0.00 0.97
Listorin 1 821 + 0.02 1.07 8.23 + 0.04 1.05
monocytogenes 3 9.28 + 0.01 8.15 + 0.02 1.13 8.10 & 0.03 118
5 8.07 = 0.01 121 8.00 4 0.01 1.28
10 7.17 + 0.02 211 6.65 + 0.03 2.63
24 409 + 0.13 5.19 3.88 + 0.05 5.40
0 9.34 + 0.04 0.00 9.34 + 0.04 0.00
05 7.82 4 0.07 1.52 7.78 4 0.08 1.56
o 1 7.81 + 0.03 1.53 7.66 + 0.03 1.68
Escherichia coli 3 9.34 + 0.04 7.61 + 0.03 173 7.45 + 0.04 1.89
O157:H7 5 7.43 + 0.08 191 7.27 +0.03 2.07
10 6.11 + 0.04 3.23 6.16 + 0.02 3.18
24 3.54 + 0.06 5.80 3.63 +0.11 5.65
0 9.15 + 0.06 0.01 9.15 + 0.06 0.01
05 8.04 + 0.02 1.12 8.01 + 0.01 1.15
1 7.98 + 0.02 1.18 7.99 + 0.02 1.17
Salmonella 3 9.16 + 0.03 7.82 + 0.05 1.34 7.82 + 0.05 1.34
enteritidis 5 7.66 + 0.04 1.50 7.09 + 0.05 2.07
10 6.24 + 0.03 2.92 6.14 + 0.01 3.02
24 415+ 0.03 5.01 3.90 =+ 0.04 5.26
0 8.71 + 0.03 0.00 8.71 + 0.03 0.00
05 7.68 + 0.00 1.03 7.65 + 0.02 1.06
1 7.52 + 0.06 1.19 7.50 + 0.02 121
Staphylococcus 3 8.71 + 0.03 7.42 4+ 0.06 1.29 7.40 £ 0.07 131
aureus 5 7.16 + 0.03 1.55 7.11 £+ 0.02 1.60
10 5.90 -+ 0.04 281 6.00 + 0.03 271
24 3.67 + 0.03 5.04 371 +0.11 5.00
0 8.62 + 0.03 0.00 8.62 + 0.03 0.00
05 7.44 4 0.06 1.18 7.62 4 0.02 1.00
Peondomonas 1 7.38 + 0.08 1.4 7.49 + 0.04 1.13
aeruginosa 3 8.62 + 0.02 7.00 + 0.01 1.62 735 + 0.04 127
5 6.80 + 0.06 1.82 6.07 + 0.03 2.55
10 6.26 + 0.04 236 5.71 + 0.02 291
24 3.59 + 0.05 5.03 3.55 + 0.05 5.07
0 7.42 + 0.03 0.00 7.42 + 0.03 0.00
05 6.55 + 0.09 0.87 6.73 + 0.07 0.69
1 6.34 + 0.02 1.08 631 + 0.02 111
Bacillus cereus 3 7.42 +0.03 6.11 = 0.03 1.31 6.12 +0.02 1.30
5 5.65 + 0.10 1.77 5.58 + 0.03 1.77
10 452 + 0.07 2.90 521 + 0.04 221
24 3.15 + 0.08 427 2.80 + 0.05 462

NT: non-treated (control); the results are presented as mean =+ standard deviation of 3 measurements.
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Table 2. Summary of kinetic coefficients with statistics, which explain the trends of the examined PAW-Jet.

Listeria Escherichia coli Salmonella Staphylococcus Pseudomonas .
PAW-Jet e g . Bacillus cereus
monocytogenes 0157:H7 enteritidis aureus aeruginosa
Yy 1.92 x 10° 2.28 x 10° 1.40 x 10° 5.27 x 108 4.18 x 108 2.68 x 107
k —43+038 —6.9+09 —48+0.8 —4.6+0.6 —-53+05 —38+04
Reduced Chi-Sqr 8.92 x 101 1.04 x 1015 2.32 x 10%° 2.78 x 101 5.37 x 1013 7.73 x 1011
R-Square (COD) 0.98 0.99 0.99 0.99 0.99 0.99
Table 3. Summary of kinetic coefficients with statistics, which explain the trends of the examined
PAW-Hybrid.
PAW-Hybrid Listeria Escherichia coli Sulmcfn.el'lu Staphylococcus Pseudomonas Bacillus cereus
monocytogenes 0157:H7 enteritidis aureus aeruginosa
Yo 1.92 x 10° 2.28 x 10° 1.40 x 10° 5.27 x 108 4.18 x 108 2.68 x 107
k —42+07 —-72+07 —48+07 —4.6+0.6 —44+06 —-3.1+02
Reduced Chi-Sqr 7.43 x 10 5.17 x 101 2.07 x 10%° 2.78 x 101 2.00 x 10% 4.44 x 101
R-Square (COD) 0.98 0.99 0.99 0.99 0.99 0.99

The comparison between the experimental measurements and the results calculated
by the model is provided in Tables 2 and 3. The quality of the model fit was assessed, and
the results of residual analysis for the developed model are presented in these tables. The
one-parameter first-order mathematical model presented for predicting PAW values during
the storage period is characterized as simple, robust, and accurate, with all coefficients
of determination exceeding 0.981. Moreover, the mathematical models for each bacterial
species exhibited no significant lack of fit, indicating that all the models effectively rep-
resented the data. The high coefficient of determination (COD) indicates that the model
accounted for the variations in the data and that the data fit well with the proposed model.

3.2. Scanning Electron Microscopy Images

The effects of PAW treatment on six representative bacteria and control using SEM are
shown in Figure 3. The control samples without PAW treatment had smooth and intact
bacterial surfaces (Figure 3A-F). Different types of morphological changes and damage,
irrespective of the PAW generation method, were observed subsequent to the treatment
with PAW (Figure 3G-L; Figure 3M-R, including distortion and holes on the cell surface,
deformation, rupture of the outer layer, surface roughness, and a tendency to crack.

3.3. Physicochemical Properties and Aging of PAW

pH, conductivity, and concentrations of hydrogen peroxide HyO,, nitrites (NO; ™),
and nitrates (NO3; ™) were monitored for 40 days from the PAW production. The PAW
application on the bacteria was on the fifth day after production. The evolution of the PAW
is presented in Figure 4. Non-monotonic changes in the concentration of nitrite anions,
hydrogen peroxide, and pH values are a consequence of measurement accuracy < 10%.
We used Mg plates immersed in the water sample during the treatment to stabilize the
concentrations of active species and prolong the antibacterial properties of the PAW. Table 4
displays the concentrations of metal ions in the water samples following plasma treatment
for PAW-Jet and PAW-Hybrid. It can be seen that the concentrations of the metals for
PAW-Hybrid are significantly higher than for PAW-Jet mainly because the metal electrode
for the hybrid plasma reactor is immersed in water and can release metal ions during PAW
production. The sources of the Mg?* ions in PAW-]Jet are the Mg plates that are used for
PAW stabilization to prolong its efficiency. The concentration of the Mg?* ions in PAW-Jet
is more than three times (3.36x) higher than in the PAW-Hybrid sample.
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Figure 3. Scanning electron microscopy (SEM) images of the representative bacterial species from
the control and both generation-method PAW treatments. (A-F) are the non-treated Escherichia coli
(nontoxigenic O157:H7), Salmonella enteritidis, Pseudomonas aeruginosa, Staphylococcus aureus, Bacillus
cereus, and Listeria monocytogenes, respectively; (G-L) are the corresponding bacteria treated with
PAW-Jet and (M-R) are the corresponding bacteria treated with PAW-Hybrid. The damage to the
cells is indicated by red arrows.
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Figure 4. Aging of the PAW produced by two plasma sources, plasma jet and hybrid plasma reactor.

Table 4. The concentrations of metal ions in the water samples after plasma treatment.

Element (ug/L) PAW-Jet PAW-Hybrid
Ni <1 879 £0.7
Pb 3.637 £ 0.009 421 £0.04
Fe 39.3+£0.9 42943
Sn 2.48 £+ 0.07 1.0+ 04
Na 1326 =7 1345 + 12
Hg <1 <1
Mn <1 149 £ 04
Ca 1160 £ 34 3093 + 13

B 109 £0.3 81.50 £ 0.06
Al 93.5+ 0.5 30+1
Se NQ <1
Ba 6.73 +£0.03 8.2 +£0.05
Mg 1882 £ 5 559 + 4
Mo <1 39+04
As 91.24+0.2 73.6 £0.5
K 5299 + 4 6383 + 32
Cr 7.28 £0.02 133+ 6
Cd <1 <1
Co <1 27+£02
Zn 51.3+0.3 80.0 +0.2
Sb <1 <1
Cu 511 £+ 0.09 199 +0.1
Be <1 <1

The limit of quantification of the method is 1 ug/L; the results are presented as mean =+ standard deviation of
2 measurements.
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4. Discussion

The primary objective of this study was to assess the efficiency of PAW in combat-
ing six diverse bacterial species in their free-floating planktonic form. The investigation
encompassed various factors, such as the use of two distinct plasma reactors, varying
exposure durations, and the influence of different bacterial species on the inactivation
capacity of PAW.

The findings indicated that longer plasma treatment and exposure times tended to
enhance the inactivation efficacy. This was attributed to the fact that prolonged plasma
treatment generated more reactive species, and longer exposure times allowed for increased
interactions between these reactive species and the bacterial cells. To gain a deeper under-
standing of the inactivation mechanisms of PAW, SEM images of bacterial species were
taken and an analysis of the physicochemical properties of PAW was conducted.

Depending on the chemical conditions, applied voltage, and the mode of genera-
tion, various reactive oxygen species (ROS) and reactive nitrogen species (RNS) may be
produced. These combined ROS and RNS species, collectively referred to as RONS, are
generated in plasma-activated water (PAW) and play a pivotal role in microbial inactivation.
The production of these chemical species within PAW highlights the synergistic impact of
high oxidation-reduction potential (ORP) and low pH, which exhibit antimicrobial prop-
erties [14]. The treatment of water with plasma caused a nonequilibrium dissociation of
water molecules, resulting in the creation of short-lived species like hydroxyl ions (OH—)
and solvated (hydrated) electrons (ey1y) [45,46]. The relevant reactions are as follows:

H,O+e™ - OH®* +H®* + e~ 4)
H,O+e™ — OH® + H" +2e” (5)
OH* + OH* — H, O, (6)

H* + 0, — HO,® @)

OH™ + H, O, — OOH™ + H,O 8)
*OOH — *+ 0, + H" + e~ 9)

where * represents the active site of the catalyst

Oy +e” 0" +0° +2e” (10)

0, +0° = O3 (11)

Regarding the mechanism by which ROS contribute to microbial inactivation, Hy,O,,
hydroxyl ions (*OH), and ozone (O3) are chemical species recognized as highly effec-
tive antimicrobial agents. It is well established that the hydroxyl radical (*OH) stands
out as one of the most potent oxidizing agents within the category of oxygen-based ox-
idizers. It exhibits a notable ability to readily target unsaturated fatty acids on the cell
membrane, and it can disrupt intracellular materials such as DNA [47—49]. The *OH
radicals initiate the process of lipid peroxidation by extracting hydrogen atoms from the
unsaturated carbon bonds in fatty acids, resulting in the generation of malondialdehyde
(MDA) as the ultimate product [50]. MDA serves as a commonly used marker for assessing
lipid oxidation. Both *OH and H,O, possess the capability to disrupt the intramolecular
bonds within peptidoglycan, potentially resulting in the breakdown of the cell wall. *OH
achieves this by extracting a hydrogen atom from the alpha carbon of the peptide bonds
(-CO-NH-) in the peptidoglycan structure, which is linked to amino acids. Additionally, it
is worth noting that the transport of ROS from PAW into microbial cells can cause internal
damage by breaking down DNA, and the degradation of proteins and various internal
cellular components [51].
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As far as the RNS mechanism of microbial inactivation is concerned, the primary
influence on microbial susceptibility is the reduction in the pH in PAW. The formation of
compounds like HNO3;, HNO,, and HNOOH within PAW leads to acidification, which
is responsible for microbial inactivation. Peroxynitrite ions, also formed in PAW, play a
pivotal role as potent oxidizers in reactions contributing to microbial inactivation. In the
presence of air, the nitrogen and oxygen from the gaseous phase undergo dissociation to
generate nitrogen oxide (NO), which then interacts with water to form acidic compounds.
This process leads to a decrease in pH, creating an acidic environment. The rapid decrease
in pH speeds up the process of nitrite disproportionation or the breakdown of nitrite into
nitrates, along with the reaction of HO, with nitrites to form ONOO™s [22,52]. Some of
these reactions are as follows:

NO, ™ + H* — HNO, (12)

NO,* + OH® — HNO; (13)
2HNO, — NO® + NO,* + H,0 (14)
2NO, + H)O — NO3~ + NO, ™ +2H* (15)
NO, ™~ + H,O, + HY = ONOOH + H,O (16)
ONOOH — NO,* + OH® (17)
ONOOH — HNO; — NO;~ + H* (18)

When it comes to the resistance of the used reference strains, our findings indicated
that Gram-positive bacteria exhibited greater resistance to PAW-Jet and PAW-Hybrid than
Gram-negative species, with the lowest reductions observed for B. cereus compared with
the other two Gram-positive bacteria under identical conditions. Between the other two
Gram-positive bacteria examined, S. aureus showed much more resistance to PAW than
L. monocytogenes. The varying responses could be partly attributed to the bacteria’s mor-
phology. An inactivation study conducted by Arroyo et al. in 1999 [53] indicated that
cocci-shaped bacteria are typically more challenging to deactivate in comparison to rod-
shaped bacteria. This heightened difficulty in inactivation can be attributed to the spherical
shape, which results in reduced surface area in contact with the surrounding medium. Con-
cerning the results of the reduction in Gram-negative species in both treatments, PAW-Jet
and PAW-Hybrid, the least resistance was shown by Escherichia coli O157:H7. Other plasma
inactivation studies [12,39,53-58] are in accordance with our findings. The structural vari-
ances in the bacterial cell wall are responsible for this phenomenon. The Gram-positive
bacteria have a thicker cell wall, measuring between 20 and 80 nm, compared to Gram-
negative bacteria, which typically have a cell wall thickness ranging from 10 to 15 nm.
Consequently, this increased thickness results in greater structural rigidity and enhanced
protection for bacterial cells against the reactive species formed in PAW [53].

In an attempt to explore alterations in the morphological structure of bacteria after
PAW treatment, a scanning electron microscope (SEM) was employed. The SEM pro-
vided a visual confirmation of alterations in cell structure following the application of
PAW treatment. In the control group, the bacterial surface appeared smooth and re-
mained undamaged. However, following PAW treatment, various morphological changes
and signs of damage were evident. All tested bacterial cells underwent a transition to-
ward a tendency to crack. Most of the S. enteritidis and P. aeruginosa cells had holes on
the cell surface and some distortion. The rupture of the outer layer was clearly seen
in B. cereus and E. coli. Deformation or shrinkage was present in S. aureus and surface
roughness in L. monocytogenes. Similar to our research, numerous studies have illustrated
alterations in bacterial morphology through SEM images following exposure to PAW
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treatment [18,20,54,56,59-61]. The images also depicted that PAW inflicted damage to the
bacterial cell wall and internal structure, suggesting the potent bactericidal capabilities
of PAW.

The process of PAW aging can be affected by elements such as temperature, the
material of the container, and its exposure to light and air. Over time, the concentration of
RONS, such as hydrogen peroxide (H,O,), ozone (O3), and nitric oxide (NO), gradually
decreases as these reactive species react with each other, with gas over the liquid and with
the water matrix. Consequently, the oxidation-reduction potential (ORP) of PAW tends
to decrease, and its pH can shift towards neutrality. As the PAW ages, it becomes less
effective for certain applications that rely on high RONS concentrations. To extend the
shelf life of PAW and maintain its efficacy, storage conditions and container materials are
carefully considered. Dark, airtight containers at a low temperature of 5 °C are used to
slow down the aging process and preserve the PAW’s reactivity. Shen et al. (2016) [18]
observed properties of PAW stored at different temperatures and reported that bactericidal
ability increased with decreasing temperature, and that PAW should be stored at —80 °C
to preserve its antibacterial characteristics. Instead of freezing PAW, we opted for the
introduction of Mg discs to supply Mg?* ions. This choice was made because it effectively
prevents a significant drop in pH value, which in turn helps stabilize the concentration and
mitigate the intense reactivity of the reactive species [62]. With this method, we have the
ability to significantly prolong the lifespan of the PAW, allowing us to detect species after
storing it for up to 40 days. In Figure 4, we presented the PAW aging process over a period
of 40 days when stored in air flasks at a temperature of 5 °C, in a dark environment. The
volume of the stored PAW was 15 mL in both cases (jet and hybrid). As we can see from the
graphs, slow decay of the reactive species in the aging process is observed. The pH value
before treatment was pH = 7.13; after treatment, it dropped to 6, and during the aging, the
pH value was in the range from 5 to 6. The pH values for the samples without the Mg
plates were slightly lower, in the range of 4-5. Changes in the pH value of the PAW are due
to the dissolving of the stable molecules formed in plasma in water. The concentration of
H,O; is stable during the aging process. For PAW-Hybrid, the concentration of the H,O,
was 58 mg/mL compared to 5 mg/mL for PAW-Jet. On the day of application of the PAW,
the concentrations were 42 and 3 mg/mL, respectively, for PAW-Hybrid and PAW-Jet. The
concentration of nitrites is very sensitive to aging and diminishes very fast for lower pH
values and higher H,O, values. For example, for PAW-Hybrid, nitrites were already at
zero a few hours after treatment, but for PAW-Jet, with lower starting values for H,O, and
larger pH values, due to the use of Mg?* ions, nitrite concentrations could be preserved at
about 1.5 mg/L for days. The concentrations of nitrates are similar, about 15 mg/L for both
plasma reactors. Nitrates and nitrites are long-lived species that are secondary products in
PAW formation. Nitrite can easily be transformed into HyN; in a low-pH environment. The
conductivity of the water before plasma treatment was 1.285 uS cm~! and after treatment
rose to 43.5 uS cm~! for the hybrid plasma reactor and 31.49 uS cm~! for the plasma jet.
During the aging of the PAW, the conductivity increased to about 54 uS cm ! after 16 days.

5. Conclusions

This study involved the selection of six representative bacterial species to assess the
impact of variables such as plasma treatment time, exposure time, and bacterial species on
the inactivation efficacy of PAW, with additional investigation of the bacterial inactivation
mechanisms of PAW. The results demonstrated the notable antimicrobial properties of PAW,
with the Gram-negative bacteria included in our study proving to be more susceptible to
PAW than the Gram-positive species. Among the species examined, B. cereus was identified
as the most resistant to PAW treatment. SEM images provided visual evidence of cell
morphological damage resulting from PAW treatment. Additionally, an analysis of the
physicochemical properties of PAW, including parameters such as pH, conductivity, and the
presence of long-lasting reactive species like HyO,, NO, ~, and NO3; ~, contributed to a more
comprehensive understanding of the mechanisms involved in PAW-mediated inactivation.
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Opverall, this research highlights PAW as a promising disinfectant with significant potential
applications within the food industry.
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In this study we evaluate apoptosis time window of
primary fibroblasts treated with cold atmospheric
plasma (CAP), power range 0.4—1.4 W, for 30 sec, using
-H2AX phosphorylation assay and flow cytometry. In
contrast to irradiation where maximum of }H2AX
foci appeared 30 min after irradiation and apoptosis
24 h later irrespective of radiation dose, treatment
with CAP (power of 0.4 and 0.6) induces maximum of
H2AX foci 2 h after treatment. Apoptosis occurred
in a power-dependent manner, with time shift of
2-3 h. Besides power-dependent time shift in apoptosis
induction, apoptosis time window is the same and lasts
for 2 h.

Keywords: Apoptosis, cold atmospheric plasma, ioniz-
ing radiation, primary human fibroblasts, repair kinetics.

DOUBLE strand breaks (DSBs) represent the most signifi-
cant damage of the DNA. In complex reactions between
stressor, cellular DNA and repair processes, DNA lesion
may be repaired back to the original state, or miss-
repaired making chromosomal aberrations or inducing the
frame of chromatin structure to activate other cell func-
tions beyond canonical DNA damage response.
Phosphorylated histone H2AX (namely »H2AX)
represents the first signal molecule in the pathway that
activates DSBs repair'. The role of ~H2AX foci is to
amplify DSB signalling to facilitate cell-cycle arrest at
distinct points of the cycle, consecutively enabling suffi-
cient time for repair, namely to prevent entry of damaged
cells into mitosis>. During the arrest, cells either activate
a cascade of proteins needed to complete repair or com-
mit suicide by apoptosis. Phosphorylation of histone
H2AX takes place in both processes’, representing a
universal cellular response to DSBs. Although a body of
evidence shows that DSBs could occur after exposure to
different exogenous agents, it has also been reported that
their molecular structure could be very complex and is
strongly relates to their origin, suggesting that their repair
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and final fate of cell survival could be strictly related to
their complexity™®.

Cold atmospheric plasma (CAP) produces different
kinds of reactive oxygen and nitrogen species (hydroxyl
radical ("OH), hydrogen peroxide (H,0,), ozone (O3),
atomic oxygen (O), superoxide anion (O,), nitric oxide
(NO) and peroxynitrite (ONOQ")), consequently trigger-
ing various signalling pathways, including DNA repair,
cell cycle control, apoptosis and other types of cell
death”®. In the present study, CAP was generated in a
mixture of helium and surrounding air in order to produce
reactive oxygen and nitrogen species that play an impor-
tant role in the plasma—cell interactions. The NO species
are generated in the gas phase through several different
reaction pathways, including direct reactions involving
atomic oxygen and nitrogen atoms, or nitrogen molecule
and oxygen atoms. The formation of peroxynitrite is
possible through several reaction pathways depending on
the experimental conditions. It can be formed through
reaction of nitrates with hydrogen peroxide or in the reac-
tions with O; and OH" (refs 9-11).

Our previous work has shown that the effects of plas-
ma doses can be tuned to match the typical therapeutic
doses of ionizing radiation, inducing mainly apoptosis of
human primary cells'>. In this study, we have used pre-
viously established experimental conditions to further
examine the repair kinetics of plasma-induced DSBs as
well as to get an approximate estimate of the time win-
dow when apoptotic outcome of the cells occurs. Repair
kinetics was assessed using »H2AX phosphorylation
assay and, in parallel, apoptosis was assessed by flow
cytometry. The level of lipid peroxidation was also moni-
tored.

Primary fibroblasts were obtained from skin biopsies
of three healthy volunteers undergoing plastic surgery.
All subjects signed informed consents regarding this
study, which conformed to the Declaration of Helsinki
and was approved by the Ethical Committee of the Vinca
Institute of Nuclear Sciences, Belgrade, Serbia. A total of
three primary fibroblast cell lines were established. Cells
were grown in Chang Amnio medium (Irvine Scientific,
USA) at 37°C in a humid atmosphere and 10% of CO,.
Each sample was set up in duplicate: one set was used for
j-irradiation while the other set was used for plasma
treatment.

As shown in Figure 1, the plasma needle was placed
above the samples and powered at 13.56 MHz. Helium
flow rate of 1 SLM (standard litre per minute) was used
for all treatments. Derivative probes were used to meas-
ure the power delivered to the plasma. Grounded elec-
trode made of copper foil was placed beneath the sample-
containing vessel. The distance between the needle tip
and the samples was 5 mm. Plasma power of 0.4, 0.6 and
1.4 W was used in the experiment. Treatment duration
was 30 sec for all three applied powers under standard
laboratory conditions, i.e. relative humidity of 50% and
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Figure 1.

temperature of 23°C. The monolayer of cells was covered
with 5 pl of Chang medium; then the cells were placed in
an incubator for recovery. To assess the repair kinetics of
induced damage slides were processed on different
incubation times employing the ~H2AX phosphorylation
assays.

Samples were irradiated using ®°Co j-ray source (the
most explored therapeutic dose of 2 Gy at a dose rate
0.45 Gy/min). The dimensions of the radiation field were
20x 20 cm and distance from the source was 74 cm.
After irradiation, cells were returned to the tissue culture
incubator, and processed according to the method of
Rogakou et al."’. Thereafter, the cells were placed in an
incubator for recovery. Slides were processed on different
incubation times after the treatment (30 min, 2 h, 5 h and
24 h) employing }-H2AX phosphorylation assay. Parallel
samples were used for flow cytometry and lipid peroxida-
tion analysis.

For immunostaining, exponentially growing cells were
seeded on polylysine glass slides (Sigma-Aldrich, USA)
and allowed to attach to the slide surface for 24 h before
treatment with ionizing radiation or cold plasma. At vari-
ous time points after the treatment (30 min, 2 h, 5 h and
24 h), the cells were fixed in 4% formaldehyde, permea-
bilized with 0.2% Triton X-100 and stained with the -
H2AX primary antibody (Merck Millipore, USA) and a
FITC-labelled secondary antibody (Sigma-Aldrich, USA).
The slides were mounted with 4’,6’-diamidino-2-phenyl-
indole (DAPI)-containing Vectashield solution (Vector
Laboratories Ltd, UK), covered with coverslips and
sealed. Foci positive for »H2AX were counted using an
epifluorescent Axiomager Al microscope (Carl Zeiss,
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Germany) and the computer software ISIS (Metasystem,
Germany), according to the method of Kinner et al."*.

For apoptosis assay, at each time point after irradiation
and plasma treatment, cells were washed with pre-
warmed phosphate buffer saline (PBS) at 37°C and fixed
in 96% ethanol. Apoptosis was monitored by flow cyto-
metry (Becton Dickinson, Germany). DNA content was
assessed by measuring the UV fluorescence of propidium
iodide-stained DNA (PI, 10 mg/ml, Sigma-Aldrich, USA).
Apoptotic population and cell cycle analysis was per-
formed using CellQuest software (Becton Dickinson,
Germany), according to the method of Holmes et al."”.

For lipid peroxidation by measuring thiobarbituric acid
reactive substances (TBARS) spectrophotometrically, we
followed the method of Janero'®: 0.1 ml of pellet and
0.1 ml of medium of the same culture were used for analy-
sis. Briefly, 0.4 ml of 50 mM 7ris-HCI buffer containing
180 mM KCI and 10 mM EDTA was added to 0.1 ml of
pellet lysate or defrosted medium, 0.5ml of 2-
thiobarbituric acid (Merck; 1 wt%/vol) in 0.05 M NaOH
and 0.5 ml of HCI (25 wt%/vol in water). The mixture
was heated in boiling water for 10 min, reaction was
stopped by cooling samples on ice, and thereafter the
chromogen was extracted in 3 ml of n-butanol in the
organic phase separated by centrifugation at 5000 rpm for
10 min. The absorbance of the organic phase was meas-
ured spectrophotometrically (Tecan Sunrise absorbance
microplate reader, Tecan Group Ltd, Switzerland) at
532 nm wavelength. The amount of lipid peroxidation
was expressed as nmol of TBARS (malondialdehide,
MDA equivalents)/mg of proteins, using a standard
curve of 1,1,3,3-tetramethoxypropane. Proteins were
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Table 1. Repair kinetics and apoptosis of human primary fibroblasts exposed to non-thermal plasma and
ionizing radiation

Treatment Analysis 0 min 0.5h 2h S5h 24 h

Ionizing radiation Number of f/c* 0.39 19.79 14.53 5.23 1.12
% of >60 f/c 0.41 8.89 3.47 1.86 0.16
% of apoptotic cells 9.1 37.25 33.42 25.16  51.51
MDAP (nmol/mg of proteins) 0.54 0.68 0.55 0.33 0.67

CAP* power of 0.4 W Number of f/c 1.39 16.22 39.85 21.8 0.16
% of >60 f/c 0 1.72 3.9 2.85 0.59
% of apoptotic cells 8.22 14.43 41.8 314 5.82
MDA (nmol/mg of proteins) 0.54 0.68 0.69 0.8 0.67

CAP power of 0.6 W Number of f/c 0.4 46.59 47.59 29.27 7.35
% of >60 f/c 0 42.65 84.9 11.45 0
% of apoptotic cells 9.14 58.5 68.14 27 0
MDA (nmol/mg of proteins) 0.59 0.81 0.88 0.74 0.92

CAP power of 1.4 W Number of f/c 4 13.55 7.88 0 0
% of >60 f/c 0 36.15 76.08 0 0
% of apoptotic cells 9.4 36.1 68 0 0
MDA (nmol/mg of proteins) 0.79 1.47 1.45 1.23 1.3

*f/c, -H2AX focus per cell. "MDA, Malondialdehyde. “CAP, Cold atmospheric plasma.

determined according to Lowry et al.'” using bovine se-
rum albumin as standard.

Statistical analysis was performed using SPSS 10 for
Windows. Differences between the groups were assessed
using nonparametric Mann Whitney U test, while correla-
tion between different parameters was assessed by Pear-
son correlation. Differences at P < 0.05 were accepted as
the level of significance.

Table 1 and Figure 2 present results obtained in the
experiment where cells were directly exposed to non-
thermal plasma.

Previously established experimental parameters such as
power delivered to plasma of 0.4, 0.6 and 1.4 W and
exposure time of 30 sec, were used to study repair kinet-
ics of DSBs (visualized by )-H2AX histone), apoptosis
and lipid peroxidation biomarker — MDA at different re-
covery periods after treatment. Results were compared
with the effects of yrays (**Co) — acute irradiation. The
power of 0.4, 0.6 and 1.4 W corresponds to voltage 337,
357 and 393 V respectively. At exposure time of 30 sec
calculated corresponding equivalent radiation dose
ranged from 0.96 (0.4 W and 30 sec) to 2.2 Gy (ref. 12).

The baseline level of »H2AX in unexposed control
cells was 3.9 per cell, whereas 30 min after plasma treat-
ment (power of 0.4 W), the yield of }~H2AX reached 16.2
foci per cell. Further increase in power (0.6 W) induced
46.6 foci per cell, whereas power of 1.4 W momentarily
induced cell death seen as misshapen nuclei (Figure 2 a
and b) or as a ‘track’ (Figure 2a) where all the cells
closest to the powered electrode were detached from the
polylysine surface.

A maximum of foci induction after non-thermal plasma
treatment with power of 0.4 and 0.6 W occurred 2 h after
treatment (1.5 h later when compared with ionizing radia-
tion), indicating that most of the treated cells will die
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via apoptosis (Table 1). Initial DNA damages are non-
reparable and determine early apoptosis. This observation
was confirmed by flow cytometry data, which showed
that apoptosis occurred in a dose (power)-dependent
manner, i.e. the highest power induced necrosis, power of
0.6 W induced apoptosis with maximum between 30 min
and 2 h after treatment; whereas 0.4 W induced apoptosis
2 h after exposure and last continuously for up to 5h
(Table 1). Interestingly, besides power-dependent time
shift in apoptosis induction, apoptosis time window was
the same and lasted for 2 h.

A positive correlation between the number of cells
carrying 60 signals per cell and percentage of cells dis-
playing apoptotic granulation was found for cold plasma
treatments with power of 0.4 and 0.6 W (Pearson correla-
tion, P <0.01, r=0.967 and P <0.05, r=0.934 respec-
tively). In samples treated with power of 1.4 W, high
number of misshapen nuclei was observed, as well as
elevated concentration of MDA. Bulky phosphorylation
of »H2AX seen as more than 60 signals per nuclei, cor-
relates with apoptotic fragmentation. It has been
previously reported that H2AX phosphorylation that
leads to apoptosis mainly occurred by DNA-PKcs*,
although phosphorylation of H2AX via c-Jun N terminal
kinases (JNK) cannot be neglected due to UV irradiation
in plasma source. However, DNA-PKcs are predominant
kinases that phosphorylate H2AX when irrepairable
lesions are induced, activating apoptosis, as revealed by
the normal fibroblast cell lines that we used in the expe-
riment. In cells irradiated with ionizing radiation, phos-
phorylation of H2AX occurs via ATM kinase that leads
to activation of cascade molecules involved in DSBs re-
pair. H2AX is the most important molecule in a switch
between apoptosis versus repair response following DNA
damage'". According to the results obtained in this
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Figure 2.

Photomicrographs of plasma and ionizing radiation-treated cells visualized by immunostaining. a, b, Cold

plasma-treated samples, power 1.4 W. In (a), red arrow indicates detached cells seen as a ‘track’. In (b), blue arrow indi-
cates FITC-labelled necrotic cells; scale bar =150 um. ¢, lonizing radiation-treated cells. Yellow arrow indicates

7~-H2AX foci in FITC-labelled cells; scale bar = 30 um.

study, we can conclude that non-thermal atmospheric
plasma power (0.4-0.6 W) predominantly induces
apoptosis, whereas power of 1.4 W predominantly induc-
es necrosis (Figure 2 a and b).

Treatment with ionizing radiation (“*Co jrays) induces
maximum »H2AX foci formation 30 min after irradia-
tion, 19.79 (Table 1, Figure 2 ¢). Induced DSBs are most-
ly repaired within 24 h. During recovery period, a portion
of cells undergoes unsuccessful repair outcome, and is
removed from the population via apoptosis. Apoptosis
starts 30 min after irradiation (37.25%) and continuously
occurs during the next 5 h almost at the same extent, sug-
gesting that all cells that enter the S-phase of the cell
cycle with unrepaired DSBs are directed towards apopto-
sis. The maximum pick of apoptosis takes place 24 h after
irradiation (51.51%), restoring -H2AX foci mostly to the
baseline level. Residual foci, after recovery period of
24 h, are the main side effects after irradiation with ioniz-
ing radiation, because unrepaired DSBs can interact with
other lesions creating hybrid genes, deletion or duplica-
tion that can lead to genomic instability and transforma-
tion of cells®?’.

In contrast to ionizing radiation, treatment with cold
plasma power of 0.4 and 0.6 W induces maximum forma-
tion of »»H2AX foci 2 h after treatment, accompanied by
massive apoptosis of treated cells (Table 1). The highest
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power (1.4 W) induces necrosis of cells, characterized
with misshapen, sparkling, partly detached nuclei, as seen
microscopically. MDA levels were also elevated in these
cells; they were statistically significant compared with
other treatments (P <0.05), indicating increased lipid
peroxidation (Table 1). Lipid peroxidation, depending on
its extent, may endorse cellular survival or lead to cell
death. High peroxidation rates that overcome repair
capacities result in cell death®??, which, accompanied
with exhausted energetic capacities, directs cells to
necrosis®. After recovery period of 24 h, the number of
cells surviving after treatment with non-thermal plasma
power of 1.4 W is low, suggesting that initially induced
bulky lesions determine lethal fate of treated cells.
Non-thermal plasma is a promising method to be used
for treatment of small tissue areas. The results of this
study strongly indicate that non-thermal plasma treatment
in the power range 0.4-0.6 W induces apoptosis, whereas
further increase in power induces massive irreparable
lesions which lead to necrosis. Power-dependent time
shift in apoptosis is observed, while apoptosis time
window remains the same and lasts for 2 h. Further
studies on non-thermal plasma should be directed towards
examining the possible bystander effects on the surround-
ings of target tissues, since extracellular liquid of treated
tissues carries newly produced chemical compounds that

CURRENT SCIENCE, VOL. 116, NO. 7, 10 APRIL 2019
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can be stable for certain periods of time and induce
adverse effects to the surrounding tissues acting as chemi-
cal messengers.
Conflict of interest: The authors declare no conflicts of
interest.
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Indole-3-acetic acid production by the
cyanobacterium Fisherella muscicola
NDUPCO001
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Fisherella muscicola NDUPC001 was isolated from
agricultural fields of Varanasi, India. The cyanobac-
terial strain was characterized by morphological as
well as molecular methods (16S rRNA gene with
accession no. JX876898.2) and was deposited at
NAIMCC (NBAIM), Mau, Uttar Pradesh, India
(accession no. NAIMCC-C-000121). The cyanobac-
terial strain produced tryptophan-dependent indole-3-
acetic acid (IAA), which was identified by thin-layer
chromatography and quantitative determination was
done by Salkowski’s colorimetric method. The maxi-
mum amount of IAA production was 286.82 pg/ml on
the 19th day in culture medium supplemented with
5 mg/ml of L-tryptophan. The cyanobacterial extract
increased the length of radicle, plumule and number
of adventitious roots of rice several times in compari-
son to control to state the IAA production by Fisherel-
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