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Abstract

Given the increasing environmental degradation, this study investigates advanced ZnO-based
materials for the mineralization of toxic compounds through the combined action of photo- and
piezocatalysis. Two complementary strategies were employed to enhance catalytic efficiency. First,
ZnO1xNx thin films were deposited by reactive high-power impulse magnetron sputtering (R-
HiPIMS) to reduce the band gap energy. Second, flower-like ZnO nanostructures were synthesized
using the pulsed thermionic vacuum arc (TVA) technique to increase the specific surface area. Both
systems were further modified by decoration with Ag,O nanoparticles to improve charge separation.
The materials were comprehensively characterized in terms of optical properties (UV-Vis
spectroscopy), chemical composition and bonding (XPS), crystalline structure (XRD), surface
morphology (FE-SEM), and photo-piezocatalytic performance. Catalytic activity was evaluated via
the degradation of methylene blue (MB) under visible light irradiation and mechanical vibrations.
Nitrogen incorporation in ZnO1-«Nx thin films led to an increase in photocatalytic efficiency from 20%
to 28.7%, while the simultaneous application of light and mechanical stimulation increased efficiency
to approximately 50%. Under identical irradiation conditions, Ag,O-decorated ZnO/ZnO:Nx
exhibited reaction rate constants up to 65% higher than bare counterparts, attributed to reduced
electron-hole recombination. ZnO nanostructures achieved degradation efficiencies of 59%, rising to
88.3% with Ag,O decoration under solar illumination for 120 min. When combined with mechanical
vibrations, after 60 min, the degradation efficiencies reached 93% for ZnO and 98% for Ag,O/ZnO
systems. A photodegradation mechanism of Ag:O NPs decorated ZnO heterostructures was
proposed.

Keywords: ZnO-based thin films; reactive HiPIMS; TVA; piezo-photocatalysis; Ag:0O nanoparticle
decoration

1. Introduction

In recent years, environmental pollution has emerged as an increasingly critical issue, with its
adverse effects on human health and ecosystem integrity becoming more evident. In response,
significant efforts have been directed not only toward identifying alternatives to conventional energy
sources but also toward developing effective strategies for the removal or neutralization of hazardous
compounds - such as industrial dyes and other toxic substances - that frequently enter wastewater
streams through various pathways. As the accumulation of chemical pollutants in aquatic
environments continues to rise, conventional wastewater treatment methods - whether physical,
chemical, or biological - are proving insufficient. These methods often suffer from limitations such as
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low efficacy in removing certain organic pollutants, reduced operational viability, and the potential
for generating secondary pollution, thereby necessitating the incorporation of additional treatment
stages. Among the most prevalent and persistent pollutants is methylene blue, a representative of the
phenothiazine dye class, which is widely utilized in various applications, such in textile, paint,
plastic, paper, cosmetic, and pharmaceutical industries. Phenothiazine dyes, including methylene
blue, are now recognized for their carcinogenic and mutagenic potential, as well as their toxicity to
aquatic organisms and humans.

Solar energy represents a sustainable and promising solution in the global effort to achieve a
net-zero environmental impact. Among the various solar-driven technologies, photocatalytic systems
offer distinct advantages over traditional photovoltaic cells, particularly in terms of significantly
lower production costs, reduced material requirements, and minimal reliance on environmentally
harmful manufacturing processes. Photocatalysts are typically derived from readily available and
inexpensive substances, such as metal oxides, which can be synthesized as thin films on a variety of
substrates - an approach that is both scalable and economically favorable. Furthermore,
photocatalytic processes aim for full mineralization of persistent and otherwise non-biodegradable
organic pollutants, under ambient pressure and temperature conditions, and without generating
secondary toxic by-products.

Following a period during which zinc oxide (ZnO) attracted limited attention and was primarily
regarded as a substrate material in electronic applications [1], renewed interest has emerged due to
its unique properties. These include high thermal and chemical stability, significant hardness, optical
transparency, a high melting point, and elevated electron mobility. Additionally, ZnO is non-toxic
and cost-effective, making it an attractive candidate for a wide range of technological and
environmental applications. Notably, its high piezoelectric coefficient, alongside its established
photocatalytic activity, also renders ZnO suitable for piezocatalytic processes, thereby expanding its
utility in advanced catalytic systems.

Despite its many advantageous properties, the practical application of zinc oxide (ZnO) in
photocatalysis is hindered by several inherent limitations. One major drawback is its wide band gap
(~3.4 eV), which restricts photoactivation to the ultraviolet (UV) region, thereby excluding the more
abundant visible light spectrum. Additionally, ZnO exhibits a high recombination rate of
photogenerated electron-hole pairs, which significantly reduces its photocatalytic efficiency. Another
critical issue is its limited stability during repeated use, primarily due to photocorrosion in aqueous
environments under UV irradiation. To address these challenges and enhance ZnO’s performance in
photocatalytic applications, various research efforts have focused on modification strategies. To
enhance the photocatalytic efficiency of zinc oxide (ZnO) and address its intrinsic limitations,
multiple research directions have been explored, each targeting one or more strategic modifications.
These include the formation of composite materials by coupling ZnO with other materials to improve
structural and electronic properties [2,3]. Other strategies involve optimizing the pH of the reaction
medium to influence surface charge and pollutant interaction [4,5], as well as doping with elements
such as nitrogen [6] or decoration with noble co-catalyst [7,8] to enhance visible-light absorption and
reduce charge carrier recombination. Additionally, morphological modifications - such as tuning
particle size, shape, or surface area - have been shown to play a significant role in improving
photocatalytic activity [9].

An additional approach to improving the catalytic performance of zinc oxide (ZnO) involves
leveraging its inherent piezoelectric properties in piezocatalytic processes. In this mechanism, the
application of external mechanical stimuli - such as ultrasonic vibrations - induces an internal electric
field within the ZnO structure. This field promotes the separation of charge carriers and facilitates
the generation of electron-hole pairs, analogous to the photogenerated carriers in photocatalysis. A
particularly promising aspect of ZnO lies in its ability to simultaneously exhibit both piezocatalytic
and photocatalytic activity. The synergistic effect arising from the coupling of these two mechanisms
has been demonstrated to significantly enhance the degradation efficiency of environmental
pollutants [10,11].
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In this work, the influence of the catalyst’s morphology on the piezocatalytic and photocatalytic
activity was investigated by synthetizing ZnO in form of smooth thin film and flower-like
nanostructured layer.

Among the various techniques employed for thin-film deposition, sputtering is one of the most
widely used due to its versatility and reliability. A particularly advanced variation of this method is
Reactive High Power Impulse Magnetron Sputtering (R-HiPIMS), which enables superior control
over the structural and functional properties of the deposited layers. R-HiPIMS offers several notable
advantages, including the formation of high-density, very smooth and uniform thin films onto large
surface, with excellent adhesion to the substrate. Moreover, the process achieves relatively high
deposition rates, thereby significantly reducing fabrication time. Additionally, R-HiPIMS is
characterized by low production costs and the capability to deposit high-quality coatings even on
temperature-sensitive substrates. These features, combined with its non-toxic and environmentally
friendly nature, make R-HiPIMS a highly attractive and sustainable approach for the fabrication of
advanced thin-film materials.

R-HiPIMS operates by sputtering a metallic target within a mixed atmosphere typically
composed of an inert gas, such as argon, and a reactive gas. The deposition material is formed
through the interaction between target atoms ejected by ion bombardment and reactive gas species
present in the plasma. The resulting compound is then deposited onto the substrate. A key advantage
of this technique lies in its precise tunability; the composition of the deposited film can be effectively
controlled by adjusting the relative flow rates of the inert and reactive gases, thereby enabling the
synthesis of stoichiometrically tailored materials.

A common challenge encountered in reactive sputtering processes is the occurrence of
hysteresis, which arises from the transition between the metallic and compound (or “poisoned”)
target modes. This phenomenon can lead to process instability and a significant reduction in the
deposition rate. However, the reactive HiPIMS technique offers a distinct advantage by stabilizing
the transient regime, thereby enabling the deposition of stoichiometric thin films with improved
efficiency. One effective strategy to suppress the hysteresis effect involves minimizing target
poisoning during the off-time between pulses. This is achieved by employing short-duration, high-
frequency pulses while maintaining a constant average power, thereby reducing the residence time
of reactive species on the target surface [12]. Furthermore, this pulsing strategy also contributes to
the suppression of arc formation, as the limited charge accumulation time reduces the likelihood of
arc initiation on the target surface [13].

In addition, due to its versatility, reactive HiPIMS allows the easy control of chemical
composition of compound layer, like oxynitride layer. The mechanism of nitrogen incorporation in
metal oxide thin film was presented in previous papers [12,14,15]. Therefore, this deposition
technique was also used to change the electronic structure of ZnO thin film by nitrogen doping.

The morphological modifications of ZnO layer - such as particle size, shape, or surface area, can
successfully approached by using pulsed Thermionic Vacuum Arc (TVA) deposition technique. The
TV A-deposition method is a gas-free plasma source which allows obtaining energetic and intense
metal ion flux [16]. The main features and benefits of this physical vapor deposition (PVD) technique
consist of highly ionized flux which enables dense, smooth and adhesive films, while during reactive
deposition enables process stabilization of the transition regime [17]. In the case of Zn deposition
enables synthesis of nanostructured layer, which after thermal oxidation process turns in flower-like
ZnO nanostructured layer with very large specific area.

Herein, we report several strategies to enhance catalytic efficiency of ZnO thin film under solar
light irradiation, as follow:

- improve crystallinity by thermal annealing;

- electronic structure modification by nitrogen doping;

- morphology modification by nanostructuring;

- surface modification by loading Ag>O NPs onto ZnO layer;

- piezo-assisted catalysis by combining solar light irradiation with mechanical vibrations
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The synthesized layers were examined by different techniques (XPS, XRD, SEM, UV-Vis) and
finally used as efficient catalyst for the degradation of Methylene Blue dye under solar light
irradiation and solar light irradiation combined with mechanical vibrations. Further, the plausible
mechanism for the enhanced activity of Ag20 NPs decorated ZnO layers has also been proposed.

2. Results and Discussion

2.1. Optical and Chemical Properties of ZnO and ZnO1xNx Thin Film Deposited by Reactive ~ HiPIMS.

The optical properties of the zinc oxide and oxynitride thin films deposited on glass substrates
were investigated by UV-VIS spectroscopy. Transmittance spectra were recorded over the
wavelength range of 370-1100 nm. Figure 1(a) presents the optical transmittance spectra of the thin
films deposited at various pulse repetition frequencies, including reference zinc oxide samples
deposited at a pulse repetition frequency of 600 Hz.

An initial observation from the transmittance spectra is that, with increasing pulse repetition
frequency, the onset of optical transmittance shifts toward higher wavelengths. This redshift suggests
a reduction in the optical band gap energy of the ZnO1«Nx thin films, which is indicative of increased
nitrogen incorporation into the lattice. At high repetition frequency, nitrogen may introduce localized
acceptor or defect states, and a mixed phases may form.
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Figure 1. Optical transmittance of ZnO thin films deposited at a pulse repetition frequency of 600 Hz and
ZnO;-Ny thin films deposited at frequencies ranging from 600 to 750 Hz (a) and corresponding band gap values
and nitrogen content (b).

To obtain a quantitative estimation of the optical band gap energy, the band gap was determined
by extrapolating the linear region of the Tauc plot to its intersection with the photon energy axis. In
the Tauc analysis, (ahv)? was plotted as a function of photon energy hv, based on the assumption of
a direct allowed transition, as supported by previous studies on the optoelectronic properties of zinc
oxynitride [18].

For the zinc oxynitride thin films, an increase in the pulse repetition frequency from 600 to 750
Hz results in a progressive decrease in the optical band gap energy from 3.21 to 1.85eV. This
reduction in band gap energy is attributed primarily to increased nitrogen incorporation in the thin
films (Figure 1b). By increasing the repetition frequency, the nitrogen content (estimated from XPS
spectra) gradually increases from 0.33 to 4 at.%. Nitrogen introduces intermediate energy states
within the band gap, effectively narrowing it. Additionally, the substitution of oxygen by nitrogen
leads to the formation of Zn-N bonds, which are less ionic and weaker than Zn-O bonds, further
contributing to the observed band gap narrowing [19].
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2.2. Structural Analysis of ZnO and ZnO1xNx Thin Film

The structural properties of the as-deposited zinc oxynitride (ZnOi«Nx) thin films were
investigated by X-ray diffraction (XRD). The resulting diffractograms are presented in Figure 2(a).
The red curves represent the diffraction patterns of films deposited in the absence of nitrogen,
corresponding to pure zinc oxide (ZnO). In the XRD patterns of zinc oxynitride thin films deposited
on glass substrates, the diffraction peaks appear intense, sharp, and well-defined, indicating a high
degree of crystallinity and a large crystallite size. The most prominent reflections are observed at
approximately 34° and 36°, corresponding to the (002) and (101) crystallographic planes, respectively,
of the hexagonal wurtzite phase of ZnO. This suggests that nitrogen atoms have partially substituted
oxygen atoms within the ZnO lattice without significantly disrupting the crystalline structure.
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Figure 2. X-ray diffraction (XRD) patterns of ZnO and ZnO;~xN thin layers deposited on glass substrates: (a) as-
deposited films and (b) after thermal treatment at T =500 °C for t =2 h in a nitrogen (N>) atmosphere.

The thin film deposited at a frequency of 650 Hz exhibits the highest degree of crystallinity, as
evidenced by the enhanced peak intensities. This observation supports the hypothesis that a
moderate substitution of oxygen atoms with nitrogen, can improve the crystalline quality in the ZnO1-
«Nxfilms. However, at higher deposition frequencies (750 Hz), increased nitrogen incorporation leads
to the emergence of a phase mixture, since an additional diffraction peak, attributed to the (332) plane
of the ZnsN, phase, appear near 38°. Simultaneously, a notable decrease in the intensity of the ZnO-
related peaks is observed, indicating reduced crystallinity. This degradation is likely due to the
incorporation of nitrogen atoms in interstitial positions, which act as point defects and disrupt the
crystal lattice.

To promote the substitution of oxygen by nitrogen within the ZnO1xNx crystal lattice, the thin
films deposited on glass substrates were subjected to post-deposition thermal annealing at 500 °C for
2 hours in a nitrogen atmosphere. The X-ray diffraction patterns of the films before and after
annealing are presented in Figure 2(b). Following thermal treatment, a noticeable improvement in
crystallinity is observed, particularly for ZnO thin film and ZnO1xNx thin films deposited at lower
pulse repetition frequencies. The diffraction peaks become narrower and more distinct, indicating
enhanced crystallite size and reduced lattice disorder. This suggests that thermal annealing facilitates
atomic rearrangement and nitrogen incorporation into substitutional sites, thereby improving the
structural quality of the ZnO:1xNx thin films.

2.3. Ag20 NPs Decoration of ZnO and ZnO1«xNx Thin Films

The morphologies of the synthesized Ag:0 nanoparticles decorated ZnO and ZnO1xNx thin films
were examined by scanning electron microscopy (SEM). Figure 3 shows the SEM image of Ag20 NPs

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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loaded onto ZnO thin film. The images, taken in “secondary + back-scattering” mode, clearly shows that
the Ag20 nanoparticles were successfully loaded on the top surfaces of the ZnO thin film deposited
by reactive HiPIMS. Ag20 NPs are evenly distributed and grown in very high density with irregular
shape and sizes (bright dots from Figure 3). The diameters of the Ag>O nanoparticles were found to
be in the range of 30 + 500 nm.

Figure 3. SEM image of Ag>O NPs loaded onto ZnO thin film.

The oxidation state of Ag:O/Zn0O layer was highlighted by XPS analysis (Figure 4). The XPS
spectrum of Zn-2p XPS presents two characteristic peaks which appear at the 1021.6 + 0.2 eV and
1044.6 + 0.2 eV, corresponding to the ZnO 2ps2 and ZnO 2p12 oxidation state [20]. The O-1s XPS
spectrum were deconvoluted into three peaks corresponding to lattice oxide (Zn/Ag-O) at 530 + 0.2
eV, surface hydroxyl (Zn/Ag-OH) at 531.5 £ 0.2 eV and loosely bound oxygen, such as absorbed O
or adsorbed H2O at 533.2 + 0.2 eV [21]. In the case of Ag-3d, the characteristic peaks are located at
367.4+0.2 eV and 373.4 = 0.2 eV, corresponding to the Ag>O 3ds2 and Ag:0 3ds2 oxidation state [22].
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Figure 4. High resolution XPS spectra of Zn-2p (a), O-1s (b) and Ag-3d (c) recorded from ZnO thin film deposited

at pulsing frequency of 600 Hz, after cleaning using Ar ion sputtering.

2.4. Characterization of Nanostructured Zn and ZnO Thin Films Deposited by Pulsed TVA

The structural properties of the synthesized nanostructured Zn and ZnO thin film were
investigated by X-ray diffraction. Figure 5 shows the X-ray-diffraction patterns for as-deposited Zn
coatings synthesized by PTVA and for the corresponding thermal-annealed coating (ZnO). The
diffraction patterns of the as-deposited Zn coating confirm the presence of Zn phase (according to
PDF card no. 04-0831), with the main diffraction peaks positioned at 36.34°, 39.08° and 43.3°, 54.42°,
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70.2°, 70.74° and 77.08° which are assigned to the (002), (100), (101), (1002), (103), (110) and (004)
planes of pure Zn, respectively. The multitude of diffraction peaks indicates a polycrystalline
hexagonal structure of Zn layer.
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Figure 5. X-ray diffraction (XRD) patterns of nanostructured Zn and ZnO layers deposited on silicon substrates.

Each pattern was normalized to the maximum intensity.

After thermal annealing in oxygen atmosphere, only peaks corresponding to the wurtzite ZnO
phase (according to PDF card no. 36-1451), are found in the diffraction pattern. All the peaks
corresponding to as-deposited Zn coating disappeared, indicating a complete oxidation process of
the Zn coatings. In addition, strong diffraction peaks (> 104 cps) indicate good crystalline structure.
The average grain size, estimated from the diffraction peaks’ width using Scherrer’s equation [23], is
60 + 5 nm in the case of the as-deposited Zn coating and 38.5 + 1.2 nm in the case of the corresponding
thermal-annealed coating (ZnO).

2.5. Ag20 NPs Decoration of Nanostructured ZnO Thin Films Deposited by Pulsed TVA

The presence of Ag20 NPs onto nanostructured ZnO layer is highlighted by the SEM analysis.
Figure 6 illustrates the morphologies of as-deposited Zn layer, nanostructured ZnO layer obtained
after thermal-annealing in oxygen atmosphere, and Ag0O NPs loaded onto nanostructured ZnO

layer.

Figure 6. SEM image of nanostructured Zn thin film (a), nanostructured ZnO thin film (b) and Ag>O NPs loaded

onto ZnO nanostructured thin film (c).

The Zn coating deposited by PTVA onto Si substrate exhibits an aspect of nanostructured layer
consisting of individual structures with irregular and regular shapes (hexagonal structures made by
stacks of nanosheets) and different sizes (Figure 6a). After thermal annealing in oxygen atmosphere,
the resulting ZnO layer exhibits brush-like and flower-like surface morphology with high density
and very fine nanorods (Figure 6b). It seems that the nanorods grow normal to the facets of
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hexagonal-shaped nanostructures. Figure 6(c) shows that Ag:O NPs with spherical shape and
irregular sizes are uniform loaded onto nanostructured ZnO layer. To better highlight the presence
of Ag20 NPs the SEM images was captured in “secondary + back-scattering” mode. The typical sizes of
the nanoparticles attached on the nanorods were in the range of 40-100 nm.

2.6. Catalytic Performance

2.6.1. ZnO and ZnO;-4N, Thin Films Deposited onto Glass Substrate by Reactive HiPIMS

The catalytic performance of ZnO and ZnO:1xNx thin films deposited onto glass substrate was
evaluated through their piezo-photocatalytic degradation of MB dye. The experimental data
acquisition protocol involved collecting measurements at 15-minute intervals during the first hour,
followed by 30-minute intervals during the second hour.

Figure 7 illustrates the temporal evolution of the MB concentration and the corresponding
pseudo-first-order kinetic analysis, -In(C/C0), for zinc oxynitride thin films deposited on glass
substrates and subsequently subjected to thermal treatment in a nitrogen atmosphere. Data were
acquired under three conditions: exposure to simulated solar illumination, and combined exposure
to illumination and mechanical vibrations, and Ag>O decorated zinc oxynitride thin films under
simulated solar illumination. To establish a benchmark for evaluating the photo-piezocatalytic
activity of zinc oxynitride thin films, the absorption spectra of methylene blue solutions were
recorded in the absence of the catalyst. These control experiments enabled the construction of
reference degradation curves, represented in black in graph and labeled as “Blank”. In the case of
measurements conducted under illumination conditions only, an approximately linear increase in
degradation efficiency is observed with increasing pulse repetition frequency. Specifically, the
efficiency increases from 20.0% for the ZnO1xNx thin film deposited at 600 Hz to 28.7% for the film

deposited at 750 Hz.
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Figure 7. Temporal evolution of the methylene blue solution concentration (a) and corresponding pseudo-first-

order kinetic analysis (b) for ZnO and ZnO;-xNy thin films under simulated solar illumination.

The reaction constant values (k), determined using a pseudo-first-order kinetic model (Figure
7b), highlights better the photocatalytic efficiency of each sample. Figure 8 illustrates the reaction
constant values for MB photo-decomposition by ZnO and ZnO1-Nx thin films under simulated solar
illumination. By increasing the repetition frequency from 600 to 750 Hz, the reaction constant
gradually increases from 2x10® min?' to 2.8x10® min?. This enhancement in photocatalytic
performance is attributed to the higher nitrogen incorporation at elevated deposition frequencies,
which leads to a narrowing of the band gap (Figure 1b). As a result, light absorption within the visible
spectrum becomes more efficient, thereby promoting the generation of electron-hole pairs that
actively participate in the dye degradation reactions.
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A similar trend is observed in the case of measurements performed under combined solar
illumination and mechanical vibration conditions, where the reaction constant increases from
2.67x10-* min™ for the ZnO1xNx thin film deposited at 600 Hz to 3.76x10 min™' for the film deposited
at 750 Hz. By combining solar illumination with mechanical vibration, the degradation rate
increases for all samples, with gain values ranging from 35% to 50%.

However, this increase does not follow the linear behavior observed under illumination-only
conditions. Notably, the thin film deposited at 650 Hz exhibits the most pronounced increase, with a
reaction constant which is nearly equivalent to the maximum value recorded. Although this sample
exhibits a slightly higher band gap compared to those deposited at higher frequencies, its superior
crystallinity and preferential growth along the crystallographic plane associated with enhanced
piezoelectric properties result in significantly improved piezocatalytic activity. This compensates for
the relatively lower photocatalytic contribution, leading to an overall degradation efficiency
comparable to the highest observed value.

I Froto (N =0 seom) I ~roco(N =10 scem)
Il Froto-Pezo (N,=0 scom) ] Photo-Pieza(N, =10 sccm)
B Proto (decorated) (N,=0 scom) [l Photo (decorated) (N=10 scem)

k (10 min™)

600 650 700 750
Frequency (Hz)

Figure 8. Reaction constant values for MB decomposition by ZnO, ZnO;-«Ny, Ag:0/ZnO and Ag:0O/ ZnO;-Nx

thin films under simulated solar illumination and combined solar light illumination and mechanical vibrations.

By combining solar light illumination with mechanical vibrations, the catalytic efficiency
increases due to occurrence of local piezoelectric field which allow a better transport and separation
of photo-generated charges. However, the increase in catalytic efficiency is limited by the fact that
the piezo-active material is fixed on a rigid and dielectric support (glass substrate) that limits the
transmission of vibrations and prevents the transport of charge carriers toward one side of the film.

In the case of Ag:0/ZnO and Ag>O/ ZnO1Nx thin films, the photocatalytic efficiency under
simulated solar illumination is even higher than piezo-photocatalytic efficiency of bare ZnO and
ZnO1«xNx thin films. The reaction constant values for photo-decomposition of MB by Ag>0/ZnO and
Ag20/ ZnO1xNx thin films are 65% higher than in the case of bare ZnO and ZnO1xNx photocatalyst.
The pronounced increase in the photocatalytic efficiency of Ag0-decorated ZnO thin film could be
ascribed to less electron-hole recombination. A plausible mechanism for the enhanced activity of
Ag>O NPs decorated ZnO layers is proposed in the next subsection.

2.6.2. ZnO Nanostructured Thin Films Deposited onto Silicon Substrate by Pulsed TVA

The photocatalytic degradation efficiency of MB dye in the absence or presence of
nanostructured ZnO and Ag20/ZnO catalysts under simulated solar light irradiation and combined
illumination with mechanical vibrations is shown in Figure 9(a). The result indicates that under
simulated solar light irradiation and combined illumination with mechanical vibrations for 2 h, the
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MB solution is quite stable, reaching a degradation rate of 13.5% and 19%, respectively. Under
simulated solar light irradiation, about 59% of dye removal takes place in the presence of the
nanostructured ZnO, and 88.3% in the presence of the Ag:0/ZnO photocatalysts. The catalytic
efficiency of both nanostructured layer is more pronounced under combined simulated solar light
irradiation and mechanical vibrations. After 60 min ca. 93% of MB dye is removed by ZnO catalyst,
and approximatively 98% by the Ag:0/ZnO catalyst. The contributions of loaded AgO NPs and
mechanical vibration (piezoelectric effect) to catalytic efficiency of nanostructured ZnO layer are
better highlighted the reaction constant (k) plotted in the Figure 9(b). By adding AgO NPs and
mechanical vibration the degradation rate (k) of nanostructured ZnO layer is improved by 8.6 times.
Moreover, under identical conditions (illumination time and light intensity), as compared to the ZnO
thin film deposited by reactive HiPIMS, the degradation rate is enhanced by 32.3 times.

The outstanding piezo-photocatalytic activity of the Ag:0/ZnO layers is due to a collective
contribution of favorable factors, such as:

- high degree of crystallinity of nanostructured ZnO layer (improve the transport and lifetime of
charge carriers);

- nanostructured morphology (enhance catalytic efficiency due to very large specific area and
efficient charge transport);

- surface modification by loading Ag20 NPs onto ZnO layer (enhance visible light activity due to
narrow energy band-gap of Ag>O and reduced charge recombination rate);

- piezo-assisted catalysis by combining solar light irradiation with mechanical vibrations
(enhance catalytic activity due to efficient separation and transport of photo-generated charge).
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Figure 9. Temporal evolution of the methylene blue solution concentration (a) and reaction constant values for
MB decomposition (b) for ZnO and Ag>O/ZnO nanostructured thin films under simulated solar illumination

and combined illumination with mechanical vibrations.

2.7. Photodegradation Mechanism of Ag20 NPs Decorated ZnO Heterostructures

The enhanced photocatalytic activity of decorated ZnO thin films and nanostructured layer
could be attributed to the presence of Ag:O NPs on their surface, which together form a hetero-
junction. It is well known that the formation of hetero-junction could improve the photocatalytic
activity of dual semiconductors due to better separation of photogenerated electron-hole pairs. The
separation of electrons and holes arises from the fact that the photoexcitation of an electron from
valence band (VB) of one semiconductor results in an electron transfer to the lower conduction band
(CB) of the second semiconductor [24]. In the case of ZnO thin film catalyst, the conduction band (CB)
potentials can be estimated by the following empirical equation [25]:

Ecs =X - Ee - 0.5E¢ 3)
where Ecs is the CB edge potential, X is the electronegativity of the semiconductor, Ee is the energy
of free electrons, while Eg is the band-gap energy of semiconductor. The absolute electronegativity X
of ZnO is 5.89 eV, while the energy of free electrons (Ee) is 4.5 eV vs. NHE (normal hydrogen
electrode). Considering that, in this work, the Eg is 3.21 eV for ZnO thin film (estimated from Tauc
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plot), the calculated energy levels of CB and VB are -0.215 eV and 2.995 eV, respectively. A quite
similar Eg value was reported by Ma et al. [10] for ZnO nanorods. For Ag>O NPs it is difficult to
estimate Eg from Tauc plot, that’s why the values of valence and conduction band potentials were
taken from Ref. [26], as 1.38 eV and -0.27 eV, respectively. When a heterojunction is formed between
ZnO and Ag20 NPs, due to their potential difference in bands energy, the holes from the VB of ZnO
would migrate to the VB of Ag.O, while the electrons from the CB of Ag>O would migrate to the CB
of ZnO (Figure 10), leading to a better charge carrier separation, and consequently, to a reduced
recombination rate.
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Figure 10. Schematic illustration for the calculated energy level diagram of Ag20/ZnO hetero-junction.

The separation and transfer of electrons and holes through the semiconductor’ bands lead to a
build-in electric field at the Ag20/ZnO interface, which acts like a driven force and facilitates the
migration and separation of holes and electrons to the catalyst’s surface, enhancing its photocatalytic
activity. Therefore, Ag2O NPs loaded onto ZnO surface act as an inhibitor of electron — hole pairs
recombination in the catalyst by and promoting the transfer of interfacial electron. Moreover, under
simulated solar light irradiation, due to its narrower band gap energy (1.65 eV), Ag20O NPs catalyst
acts as visible light sensitized which injects more electrons into the conduction band of ZnO.
However, the CB edges of both Ag20 (-0.27 eV) and ZnO (-0.215 eV) are less negative than redox
potential of O2/Oz (-0.33 eV) and it can’t reduce O2 molecule to superoxide radical Oz. On the other
hand, the VB edge of ZnO (2.995 eV) is more positive than the oxidation potential of OH-/*OH (1.99
eV) and it can produce ¢HO free radicals by the oxidation of hydroxyl ions OH-, which in turn are
generated by CB holes interaction with adsorbed H20 molecules (oxidation potential of H20 is 2.73
eV). Consequently, the expected photodegradation pathway of MB under simulated solar light is
mainly due to photogenerated holes which can directly decompose the MB molecules via highly
oxidizing ®OH free radicals.

Under combined action of simulated solar light irradiation and mechanical vibrations, the high
piezo-potential induced by mechanical stress in ZnO nanostructures can lead to energy band bending
[27], which in turn facilitate the electrons from CB of ZnO to participate to O2/Oz reduction reactions.
Outstanding piezopotential value of 0.3 V was reported for ZnO nanowire [28]. In this work, in the
absence of mechanical vibration, the difference between CB position (-0.215 V) of ZnO and redox
potential for the reduction of oxygen (-0.33 V) is very small, only 0.115 V. Therefore, it is expected
that the large strain induced by the mechanical vibration to be sufficient to shift the CB position to
redox potential level favorable for the generation of Oz radicals by reduction of O..

Therefore, the high quantum efficiency of Ag:0/ZnO heterostructures under the combined
action of simulated solar light irradiation and mechanical vibrations may be attributed to the
synergistic effect between AgO NPs, which prolong the lifetime of the excited electron — hole pairs,
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and to the piezo-potential induced by mechanical stress in ZnO nanostructures, which causes a band
bending, thereby enabling O2/O:z reduction reactions.

The present work could shed light on the understanding of catalysis mechanisms and contribute
to the development of efficient photocatalysts for the environmental remediation by fully utilizing
light and vibration energy.

3. Materials and Methods

3.1. Synthesis of Zinc Oxynitride Thin Films by Reactive HiPIMS

The thin film deposition system employed for the fabrication of zinc oxynitride layers comprises
a stainless-steel vacuum chamber capable of reaching a base pressure of 10~ Pa. This vacuum level is
achieved using a combination of a mechanical pump (Dry Scroll) and a turbo-molecular pump
(Agilent Technologies).

To ensure the presence of a sufficient density of charge carriers within the deposition chamber
prior to the application of high voltage pulses, a high-voltage pulse generator is employed to establish
a pre-ionized pulsed discharge regime. The implementation of a pre-ionized regime facilitates a rapid
rise in discharge current intensity, offering significant advantages over conventional HiPIMS
techniques, particularly in terms of plasma stability and deposition efficiency [29].

Thin films of zinc oxynitride were deposited onto glass substrates using a zinc target with a
purity of 99.95%, a diameter of 50 mm, and a thickness of 3 mm. The substrates (glass slide with
square shape, 25mm x 25mm size) were electrically grounded by clamping to a grounded substrate
holder and were not subjected to intentional heating during deposition. Prior to deposition, a 5-
minute pre-sputtering step was performed with the substrates shielded by a screen to remove any
surface contaminants from the target and to establish a stable sputtering regime.

Thin film depositions were conducted under a balanced magnetic field configuration, with a
fixed target-to-substrate distance of 8 cm. The deposition chamber pressure was maintained at 3 Pa,
and the deposition duration was approximately 30 minutes for all samples. To optimize the growth
of zinc oxynitride films, a reactive gas mixture consisting of high-purity (99.999%) argon, nitrogen,
and oxygen was employed, with respective mass flow rates of 10 sccm, 10 sccm, and 2 scem. High-
power monopolar electrical pulses, characterized by a pulse duration of 10 ps, a constant amplitude
of -800 V, and pulse frequency varied between 600 and 750 Hz, were applied to Zn target to obtain
zinc oxynitride thin film with different amount of nitrogen. It should be noted that at high repetition
frequency a mixed phase may form.

3.2. Synthesis of Zinc Oxide Nanostructured Layers by Pulsed Thermionic Vacuum Arc

TVA-deposition method, operated in pulsed mode, was used to synthesize Zn nanostructured
layers, which were subsequently annealed at 800°C in oxygen atmosphere to obtain the
nanostructured ZnO coatings. An extensive description of TVA operating principle and experimental
setup is given by Tiron et al. in a recent paper [30]. Zn layers were deposited onto silicon substrates
(square shape, 25mm x 25mm) fixed on an electrically grounded substrate holder, axially positioned
at 16 cm above the anode. TVA discharge parameters were set to voltage amplitude U =900 V, peak
current I =4 A, pulse duration t =200 ps and repetition frequency v = 500 Hz, and filament current
of 28 A. The average discharge power during PTVA operation was 265 W. The deposition time was
set to 3 min, and the substrates were unintentionally heated during deposition process. The layer’s
thickness was 3 pum and was monitored during deposition process using a Quartz Crystal
Microbalance. The as-deposited Zn coatings were then annealed at temperature up to 800°C under an
oxygen atmosphere at pressure 1 Pa to obtain ZnO nanostructures. The annealing process was carried
out in a high vacuum stainless-steel chamber using a programmable heater system with a
heating/cooling rate of 6.5°C/min.

3.3. Ag20 NPs Decoration
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The decoration of the HiPIMS deposited ZnO and ZnO:Nx thin films and TVA deposited ZnO
nanostructured layers with silver oxide nanoparticles (Ag20 NPs) was performed according to the
protocol described by Al-Gharibi et al. [31]. The ZnO based thin films deposited on glass or silicon
substrate were immersed in a solution of silver nitrate (AgNOs, S6506-25G) with concentrations of
0.5 mM, solution prepared from a mixture of water-ethanol (volumetric rate 4:1), and exposed to
radiation emitted by a UV lamp (8 W, A =253.7 nm) for 5 minutes. Subsequently, samples were rinsed
with ultrapure water and subjected to a heat treatment at 300°C for one hour, under ambient
conditions (B510, Model L3/11 B510, L-034K1LN1, Nabertherm).

3.4. Characterization Techniques

The optical properties of the zinc oxynitride thin films deposited onto glass substrates were
characterized by UV-VIS spectroscopy. Transmission spectra were acquired by a double-beam UV-
1901 recording spectrophotometer (Beijing Puxi General Instrument Co., Ltd., Beijing, China) in the
spectral range of 370 — 1100 nm, using bare glass substrate as the baseline. Based on the recorded
transmission spectra, the optical band gap energy of the thin films was determined using Tauc plots,
derived from the absorption coefficient as a function of photon energy.

The chemical composition and structure of the HiPIMS deposited zinc oxynitride thin films and
Ag20/ZnO thin films deposited by TVA were investigated by XPS (PHI 5000 VersaProbe XPS system
from ULVAC PHI Inc., monochromatic Al Ka X-ray source, beam diameter of 100 pm?). The binding
energy values have been calibrated using as reference the carbon C-1s peak (284.6 eV). High
resolution spectrum of the O-1s peak was fitted using a non-linear least-squares method (Multi Pak
8.2 C software) with a Gaussian-Lorentzian function (prior to each fit, the background was subtracted
using the Shirley method).

The structural properties of the thin films, including crystallographic orientation and phase
identification, were analyzed by X-ray diffraction (XRD) using a Shimadzu LabX XRD-6000
diffractometer. Measurements were performed with CuKa radiation (A = 1.54 A) in the Bragg-
Brentano 0-20 geometry. Diffractograms were recorded over a 20 range of 20°-80°, with a scanning
speed of 1°/min and a step size of 0.02°.

The morphology of bare ZnO1xNxand ZnO thin films deposited by reactive HiPIMS and pulsed
TVA, and Ag2O NPs decorated ZnO thin films was investigated by using a field emission scanning
electron microscope (Hitachi S-3400N).

The photo-piezocatalytic activity of the thin films was evaluated by monitoring the degradation
efficiency of a methylene blue (MB) aqueous solution (03978, Sigma-Aldrich, Darmstadt, Germany)
under simultaneous visible light irradiation and mechanical vibration. Visible light was provided by
a solar simulator (Oriel, model LCS-100) equipped with a 100 W Xenon arc lamp, delivering a
maximum incident light intensity of 100 mW/cm?2. Mechanical vibrations were applied using an
FALC LBS 2 ultrasonic bath operating at a frequency of 40 kHz and a power of 70 W. During the
experiments, the solution temperature was maintained at 25°C to ensure consistent reaction
conditions.

Prior to initiating the photo-piezocatalytic experiments, all samples were immersed in the MB
solution (15 mg/L, 15 mL) for 30 minutes in the dark to establish adsorption—desorption equilibrium.
The photo-piezocatalytic activity was then assessed over a 120 min period, during which the
degradation of the dye was monitored every 15 min intervals, during the first hour, followed by 30
min intervals during the second hour. Absorbance measurements were performed at a wavelength
of 664 nm using a V-10 Plus spectrophotometer, with the solution placed in a quartz cuvette (10 mm
path length). The degradation efficiency (1) and reaction rate constant (k) were calculated using the
following equations:

1 (%) = (Co-Ct)/Co x 100 (1)

In (Co/Cy) = -kt )
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where Co is the initial dye concentration and Ct is the concentration at time t. Control experiments,
performed under identical illumination and mechanical vibration conditions but in the absence of
thin film catalysts, were also conducted to account for photolysis or other non-catalytic effects.

The concentration of the MB solution during the degradation experiments was determined using
a previously established calibration curve. This curve was constructed from a series of standard MB
solutions with concentrations ranging from 0.1 to 15 mg/L. The corresponding UV-VIS absorption
spectra were recorded over the wavelength range of 190-750 nm. The calibration curve (y = 0,0846 +
0,1274x) was obtained by plotting the absorbance at the maximum absorption wavelength (Amax =
664 nm) against the known concentrations.

4. Conclusions

This study focused on the synthesis and comprehensive evaluation of zinc oxynitride thin films
deposited by reactive high-power impulse magnetron sputtering (R-HiPIMS) and ZnO
nanostructures obtained via the pulsed thermionic vacuum arc (TVA) techniques, as well as on the
enhancement of their properties through surface decoration with silver oxide nanoparticles. The
catalytic performance of all investigated systems was assessed through the degradation of methylene
blue under simulated solar light irradiation, mechanical vibrations, and their combined action,
enabling the evaluation of both photocatalytic and piezocatalytic contributions.

For zinc oxynitride thin films, the samples were deposited at pulse repetition frequencies
between 600 and 750 Hz on glass substrates. Optical and structural analyses revealed that increasing
the pulse repetition frequency leads to higher nitrogen incorporation, resulting in a progressive
reduction of the band gap energy. Correspondingly, the photocatalytic degradation efficiency
increased from 20% to 28.7% with increasing pulse repetition frequency, consistent with enhanced
visible-light absorption. The simultaneous application of mechanical vibrations further increased the
overall degradation efficiency to approximately 50%. The highest efficiencies were achieved for
silver-decorated thin films, highlighting the critical role of suppressed electron-hole recombination
in improving catalytic performance.

ZnO nanostructures deposited by pulsed TVA demonstrated significantly enhanced catalytic
activity due to their high crystallinity and large specific surface area associated with their
morphology. Photocatalytic efficiencies of 59% were obtained for bare ZnO nanostructures,
increasing to 88.3% upon silver oxide nanoparticle decoration, attributed to band gap narrowing and
reduced charge carrier recombination. When visible light irradiation was combined with mechanical
stimulation, degradation efficiencies after one hour reached 93% for ZnO and 98% for Ag-decorated
ZnO nanostructures.

The high quantum efficiency observed in Ag:0/ZnO heterostructures under simulated solar
light and mechanical vibrations likely results from the combined effect of Ag20O nanoparticles, which
extend the lifespan of excited electron-hole pairs, and the piezoelectric potential generated by
mechanical stress in ZnO nanostructures, which causes energy band bending, facilitating O2/Ox
reduction reactions.

Overall, the obtained data indicate that structural engineering through nitrogen incorporation,
morphological control via nanostructuring, and surface modification with silver nanoparticles
constitute effective strategies for enhancing photo-piezocatalytic performance, offering a cost-
effective and environmentally friendly approach for the mineralization of organic pollutants.
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