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We report an ultra-rapid and sustainable method for the fabrication of metal-semiconductor hybrid interfaces via
piezoelectrically-assisted ultrasound activation. A one-minute sonication of zinc oxide (ZnO) nanoflowers in
aqueous Au** solution induces the in situ nucleation of gold nanoparticles (AuNPs), driven by local piezopo-
tentials generated through cavitation. This reagent-free and low-energy process yields tunable surface archi-
tectures with AuNPs selectively decorating the ZnO interface, in the absence of external reducing agents,
surfactants, light, or heat. Structural and spectroscopic analyses (TEM, XRD, Raman) reveal a controlled
modification of both surface and sub-surface regions, confirming interface-level coupling between the semi-
conductor and the metal phase. The photocatalytic performance of the resulting ZnO@Au hybrids was explored
as a proof of interfacial functionality, using two representative redox reactions: selective H20- generation via a
two-step oxygen reduction pathway, and Cr(VI) photoreduction in aqueous solution. In both cases, catalytic
activity was strongly dependent on nanoparticle size and interfacial distribution. Scavenger experiments further
supported the proposed mechanisms, highlighting the role of AuNPs in facilitating charge separation and
enhancing photocatalytic selectivity. The results offer new insights for the design of functional nanointerfaces for
catalysis, environmental remediation, and light-driven surface processes.

scalable, and environmentally benign methods to fabricate such hybrid
interfaces [14]. Traditional physical and chemical approaches—such as

1. Introduction

Hybrid metal-semiconductor nanostructures are at the forefront of
interface engineering due to their unique ability to couple electronic,
optical, and catalytic properties across distinct material domains [1,2].
By integrating plasmonic metals, such as gold, with wide-bandgap
semiconductors like zinc oxide (ZnO), it becomes possible to create
multifunctional interfaces capable of driving charge transfer processes
with enhanced functionalities [3-7]. This synergy at the nanoscale [8,9]
opens avenues for applications in photocatalysis, sensing, pollutant
remediation, and energy conversion [10-13].

A central challenge in this field is the development of controlled,
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sputtering, photoreduction, or colloidal deposition—often require high
temperatures, chemical reducing agents, or lengthy multi-step proced-
ures that can limit reproducibility and sustainability [15-17]. In this
context, ultrasound-assisted synthesis appears as a promising route,
particularly when leveraging the intrinsic piezoelectric properties of
materials like ZnO. Mechanical stress induced by cavitation phenomena
during sonication can generate internal piezopotentials, which, in turn,
facilitate redox processes at the material surface without external irra-
diation or added chemicals [18,19].

Here, we present a novel and ultra-rapid method for the synthesis of
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ZnO@Au hybrid nanostructures through piezoelectrically-assisted
sonochemistry. In our approach, ZnO nanoflowers are simply
dispersed in aqueous Au** solution and exposed to ultrasonic stimulation
(42 kHz) for just one minute. This brief mechanical activation is suffi-
cient to trigger the in situ reduction of gold ions and the direct nucle-
ation of Au nanoparticles (AuNPs) at the ZnO surface. Unlike
conventional methods, this process does not require light, heat, organic
solvents, or external reducing agents [20-22], making it highly attrac-
tive for green nanofabrication. The resulting ZnO@Au materials exhibit
tuneable AuNP size and density, controlled by simply modifying the gold
precursor concentration.

Structural and spectroscopic analyses (TEM, XRD, Raman) reveal
that the gold nanoparticles are not only deposited on the surface but also
induce detectable modifications in the ZnO lattice, indicating a level of
interfacial integration relevant for charge separation and surface
chemistry. To validate the interfacial reactivity of the resulting ZnO@Au
hybrids, we explored two benchmark redox processes: the two-electron
oxygen reduction to hydrogen peroxide (H202), and the photoreduction
of Cr(VI) to Cr(Ill), both relevant to environmental remediation and
energy applications [23-25]. The dual functionality demonstrated in
these applications highlights the broad catalytic spectrum of the syn-
thesized nanointerfaces and underscores the generalizability of the
approach. In this context, the present work primarily aims to emphasize
the ease and versatility of the synthesis method for ZnO-based hybrid
nanostructures, with the reported photocatalytic tests serving as
proof-of-concept demonstrations of their photoactivity.

This study advances a new paradigm in photocatalyst fabrication
which is ultra-rapid, green, and scalable allowing access to interfacial
architectures that are inherently functional for promising avenues in
photocatalytic design, environmental nanotechnology, and interfacial
materials science.

2. Experimental Section
2.1. Synthesis of ZnO@Au hybrids

Flower-like shaped ZnO microstructures were synthetized according
to a previously reported procedure [26].

ZnO@Au hybrid materials (A1, B1, C1, D1) were prepared by mixing
2 mg of ZnO with different volumes of HAuCl33H20 (> 99%, Merck),
starting from a 5 x 107 M stock solution dissolved in ethanol (96%,
Merck) as detailed in Table 1, in 2 mL final volume of Milli-Q water-
ethanol mixture in a 1.5:1 v:v ratio. The resulting solutions were then
subjected to ultrasonic treatment for 1 min in a conventional laboratory
ultrasonic bath (42 kHz, 100 W) at room temperature and in the dark.
Subsequently, the suspensions were allowed to undergo gravimetric
precipitation in the dark for approximately 20 min, after which the su-
pernatant was removed. The precipitates were washed three times with
Milli-Q water and air-dried overnight in the dark. Finally, the powders
were collected and stored in the dark for further characterization and
investigation.

Colloidal suspensions of ZnO in the presence of a HAuCl, solution
were prepared according to line D1 of Table 1 and treated under static
illumination, upon static contact and under vigorous stirring for 10 min.

Table 1
ZnO powder/Au precursor mixtures’ composition for ultrasounds assisted syn-
thesis of the ZnO@Au hybrids.

ZnO [HAuCI43H,0] 5 x 10°M Ethanol H,0
Al 2 mg - 800 yL 1.2 mL
B1 2mg 8 uL 792 uL 1.2mL
C1 2mg 40 pL 760 uL 1.2mL
D1 2 mg 200 L 600 L 1.2 mL
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2.2. Morphological and physical-chemical characterization

Raman spectroscopy was conducted on the synthesized materials in
powder form, using a 532 nm laser at a power density of 0.125 mW/cm?.
Each spectrum was acquired in the 100-1000 cm™ range using a Horiba
Xplora microRaman.

Powder X-ray diffraction (PXRD) patterns were recorded with a
Malvern PANalytical Empyrean diffractometer operating in trans-
mission mode. The instrument was equipped with a PIXcel3D solid-state
detector and a Cu anode. The diffractogram was recorded in the range of
20 between 5 and 45° with a step size of 0.131°.

Analysis through Transmission Electron Microscopy (TEM) was
conducted using a Jeol Jem-1011 microscope, operating at 100 kV. The
microscope featured a high-contrast objective lens and a tungsten fila-
ment as the electron source, offering a point resolution of 0.34 nm.
Image acquisition was performed with an 11-megapixel Quemesa
Olympus CCD camera. Sample preparation involved immersing a 300-
mesh copper grid coated with amorphous carbon into an ethanol-
based dispersion of the samples, followed by solvent evaporation. The
sizes of the gold nanostructures on ZnO were estimated using ImageJ
software by analyzing images of each hybrid nanostructure deposited on
multiple TEM grids.

Field Emission Scanning Electron Microscopy (FE-SEM) analysis was
carried out using a Zeiss Sigma microscope, operated within the 0-10 kV
range and equipped with an in-lens secondary electron detector as well
as an INCA Energy Dispersive Spectroscopy (EDS) system. The speci-
mens were fixed onto stainless-steel stubs using double-sided conductive
carbon tape and electrically grounded with silver paste.

Samples were dissolved at 0.6 g L final concentration in Milli-Q
water for fluorescence emission spectroscopy analyses, carried out by
using a Horiba Jobin Yvon Fluorolog spectrophotometer at an excitation
wavelength of 370 nm. The same dispersion where further investigated
by UV-Vis absorption spectroscopy to determine the absorbance in-
tensity at 370 nm by a Cary 5000 (Agilent) spectrophotometer.

2.3. Photocatalytic experiments

2.3.1. Photocatalytic H20, production and quantification

Hydrogen peroxide (H202) production was evaluated following the
POD-KI test [27]. In this method, H20- oxidizes iodide (I") to iodine (I2)
in the presence of the peroxidase enzyme (POD) (>250 units/mg,
Merck) (eq. 1). The liberated iodine subsequently reacts to form triio-
dide (I3), a yellow-colored complex (eq. 2), the intensity of which,
spectrophotometrically measured at 350 nm, is directly proportional to
the concentration of H202.

H,0, +2I" + 2H"—2H,0 (€D)]

To obtain a calibration curve, a solution containing 1 mL of 1 M KI
(Merck) stock solution, 0.25 mL of 100 units mL"! POD stock solution
(dissolved in 0.5 M phosphate saline buffer, PBS, at pH 6), 2.5 mL of 0.5
M PBS at pH 6, 20.75 mL of Milli-Q water, was prepared. Then, 0.5 mL of
standard solutions at different concentrations of HyO2 (30%, Merck)
were mixed with 0.5 mL of the above-described solution (POD-KI solu-
tion) and left interacting for 15 sec, before recording the UV-Vis ab-
sorption spectra with a Cary 5000 instrument. The absorbance value at
350 nm was monitored.

For the quantification of the produced H30,, 0.6 g Lt aqueous
mixtures of the samples (A1, B1, C1 and D1) were prepared in Milli-Q
water and kept under very gentle stirring for the entire duration of the
experiment. The dispersion was then irradiated for 30 minutes using a
LOT-Oriel Solar S class A (0.1 W cm™ light intensity) solar simulator
(https://www.nrel.gov/grid/solar-resource/spectra.html), positioned
approximately 10 cm from the sample. At the end of the irradiation
period, the solution was centrifuged, and 0.5 mL of the supernatant was
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mixed with 0.5 mL of POD-KI solution, allowing the reaction to proceed
for 15 sec.

Further, the Apparent Quantum Yield (AQY %) [28] for H202 pro-
duction was calculated using the equation reported below:

2 xn(H,0,)

x 100 3
N, photons

AQY (%) =
Where n(H20>) refer to the number of the molecules and Nppotons is
the number of absorbed photons, whis was determined based on the
incident light power and the catalyst’s absorbance at 370 nm (eq. 4 and
eq. 5).
Pxtxi

N, = ——xA
'photons h xc X (4)

A=1-10" (5)

Where P is the incident light power (W), t is the time (sec), A is the
wavelength corresponding to ZnO maximum absorption band (m), h is
the Plank constant and c the light speed.

This metric is essential for evaluating the efficiency of the photo-
catalyst in converting light energy into chemical energy and so funda-
mental to compare the performance of the developed hybrid systems.

2.3.2. Scavenging tests for H202 production

H,0; production mechanism was investigated for A1, B1, C1 and D1
samples by means of reactive species scavenging tests; specifically, 2-
propanol (ACS reagent, >99.5 %, Merck) and ascorbic acid (Merck)
were used to scavenge hydroxyl radicals and superoxide ions, respec-
tively. The H30, photoproduction experiments with 1 mM of these
scavengers were carried out as reported in the previous paragraph.

2.3.3. Reusability experiments for HO, production

The recyclability of D1 photocatalyst was evaluated over four
consecutive reaction cycles. After each cycle, the catalyst was recovered
by centrifugation and washed thoroughly with Milli-Q water. The re-
action conditions were maintained constant across all cycles to assess
the catalyst’s stability and performance. The photocatalytic activity was
monitored by measuring the production of Hz0: in each cycle. The
catalyst’s performance over four cycles was evaluated by calculating the
relative H202 production, expressed as the molar concentration of Hz0-

at each cycle relative to that in the first cycle (%): % x100. This

allowed for assessing any potential deactivation or loss of catalytic ac-
tivity over repeated use.

2.3.4. Cr(VI) Photoreduction experiments

The Cr(VI) — Cr(IlI) photoreduction experiments were carried out
using ZnO-based catalysts (A1, B1, C1, D1) at a concentration of 0.6 g L
I, A 3 x 10 M aqueous (ultrapure water) solution of potassium di-
chromate (K2Cr207, Merck) was prepared and adjusted to pH 4 using 0.1
M sulfuric acid (H2SO4, Merck). The total reaction volume was 2 mL. The
suspension was irradiated using a LOT-Oriel Solar S class A (0.1 W cm™
light intensity) solar simulator, positioned approximately 10 cm from
the sample; the reaction was kept under gentle stirring. At each time
point (every 10 min), the solution was centrifuged and the supernatant
was characterized by UV-Vis spectroscopy.

Absorbance changes at 450 nm and 620 nm were monitored to track
the reduction of Cr20-*". Control experiments were also conducted: one
under illumination without the catalyst, and another in the dark with D1
catalyst.

2.3.5. Scavenging tests for dichromate reduction

Dichromate photoreduction mechanism was investigated for Al, B1,
C1 and D1 samples by means of reactive species scavenging tests; spe-
cifically, p-benzoquinone, Qp, (Merck) and triethanolamine, TEA,
(Merck) were used to scavenge electrons and holes, respectively, at 1
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mM concentration.

2.3.6. Reusability experiments for dichromate reduction

The ability of the system to photoreduce Cr(VI) was tested over five
consecutive cycles. In particular, at the end of each experiment, the
ZnO@Au nanostructures were recovered by centrifugation, rinsed with
ultrapure water, dried at room temperature, and reused. The Cr(VI)
reduction efficiency was evaluated according to the procedure previ-
ously described.

3. Results and Discussion
3.1. Ultrasound-Assisted Formation of ZnO@Au Hybrid Nanostructures

As previously reported in the literature [26], the ZnO semiconductor
employed in this synthetic protocol exhibits piezoelectric characteris-
tics, which play a crucial role in the rapid reduction of Au ions and the
formation of the ZnO@Au hybrid. More specifically, the use of ultra-
sound stimulation in the proposed protocol serves a dual purpose: it
facilitates the diffusion of Au ions within the semiconductor matrix and,
on the other hand, the formation and implosion of cavitation bubbles in
the ultrasonic bath promote the generation of a piezopotential in the
piezoelectric material, thereby influencing and enhancing the reduction
of Au®", as will be detailed below.

Before delving into the characterization of the hybrid materials ob-
tained under ultrasound stimulation, a colloidal suspension of ZnO in
the presence of an Au precursor solution was subjected to various
external stimuli and analyzed via Raman and TEM. Specifically, ZnO
nanostructures were investigated after immersion for 10 min in an Aut
precursor solution under different conditions: in the dark without
external stimulation and under white light illumination without me-
chanical stimulation. As shown in Figures Sla-c, none of these condi-
tions resulted in significant morphological, spectroscopic, or structural
variations.

However, distinct changes were observed when ZnO/HAuCl4 mix-
tures at four different weight ratios (named Al, B1, C1 and D1, see
Experimental Section) in water were subjected to just one minute of
ultrasound stimulation at 42 kHz. Figure la-d suggests that the ZnO
nanostructures, which initially appear completely white in image (a),
change color as a function of the dissolved Au precursor concentration.
A progressive decrease of the UV-Vis baseline was observed upon Au
functionalization, which can be ascribed to suppression of light scat-
tering by ZnO nanostructures rather than the appearance of new ab-
sorption bands (Figure S2).

The morphology of the ZnO structures, in agreement with previous
reports [26], consists of thin sheets approximately 50 nm thick, with
lateral dimensions of about 0.6 pum (Figure le, S3). These highly
anisotropic structures are particularly susceptible to deformation upon
the implosion of a cavitation bubble, thereby facilitating the generation
of a significant piezopotential [26,29]. TEM analysis (Figures le-h)
suggests the presence of spheroidal nanostructures decorating the ZnO
surfaces across all Au precursor concentrations. The images clearly
reveal differences in nanoparticle size distribution and surface coverage
as a function of precursor concentration. In the lowest-loading sample
(B1), AuNPs appear as discrete, well-separated particles with a mean
diameter of ~6 + 3 nm, uniformly decorating the nanoflower petals
(Figure 1f). Increasing the Au content (C1) results in larger nanoparticles
(~10 + 5 nm) and a higher surface density, with a tendency toward
partial coalescence (Figure 1g). In the highest-loading sample (D1), the
AuNPs reach ~18 + 3 nm, and occasional aggregates form continuous
patches along the ZnO edges (Figure 1h). In Figure S4, the size distri-
bution of the Au nanostructures for samples B1, C1, and D1 is shown.
The bright-dark contrast between AuNPs and the underlying ZnO sub-
strate, as well as the sharply defined particle contours, supports their
metallic nature and distinct phase separation.

The nature of these nanostructures decorating the ZnO surface was
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100 nm

Figure 1. (a-d) Digital photographs of Al, B1, C1 and D1 samples, underlining the color variation depending on Au precursor concentration; TEM images of sample

A1l (e), Bl (f), C1 (g) and D1 (h).

investigated using X-ray diffraction (Figure 2a). The diffraction profile
of sample B1 closely matches that of pristine ZnO, with peaks at 31.75°,
34.39°, and 36.21°, corresponding to the (100), (002), and (101) planes
of wurtzite ZnO, respectively (JPCDS 36-1451). Interestingly, at higher
Au precursor concentrations, a peak at 38.1° appears, characteristic of
the (111) plane of gold nanostructures [30], confirming the formation of
AuNPs. A noteworthy rationalization of this phenomenon emerges from
the observation that all three characteristic ZnO peaks shift towards
higher angles (in Figure 2b X-ray diffractogram was reported just for the
(101) peak in order to easily quantify the peak shift), suggesting lattice
strain due to the incorporation of gold ions beneath the semiconductor
surface. In particular, the Au ion has a smaller ionic radius (about 0.85
i\) compared to Zn (about 0.88 A) [31], implying that Zn substitution by
Au may induce lattice contraction. This results in a reduction of inter-
planar distances, justifying the observed XRD peak shift. Moreover, if a
small fraction of AuNPs forms within the lattice, they could generate
internal stress, further contributing to the peak shift in ZnO [32].
Raman spectroscopy, a powerful technique for probing the crystal-
line lattice through atomic vibration modes, was performed on all four
samples within the 150-750 cm™! range (Figure 2c). The Raman spec-
trum of sample Al shows by the characteristic signals of nanostructured

wurtzite ZnO, consistent with XRD observations. Notably, a strong peak
at 430 cm’, attributed to the Egy, vibrational mode, dominates the
spectrum [26]. The 2E; mode at 327 cm™ and the A1(TO) mode at 380
em’! [33] are also observed. Additionally, the A;(LO) mode appears at
575 cmL. Upon ultrasound treatment, the intensities of the 430 cm™! and
380 cm'! peaks decrease as a function of gold concentration. Both peaks
are associated with vibrational modes of the ZnO wurtzite basal plane.
Furthermore, a significant reduction in the Ey}, signal intensity indicates
lattice disorder, likely due to Zn substitution by Au, as inferred from the
XRD data. This structural distortion weakens the Ey, signal. Another
plausible explanation for this attenuation is the introduction of oxygen
vacancies, Zn interstitials, or other defects that disrupt lattice symmetry
and coherence.

Conversely, the A;(LO) mode intensifies with increasing free carrier
concentration. This phenomenon is typical in doped ZnO with high
defect densities [34], where A;(LO) can become highly pronounced due
to plasmonic coupling. The same defects, such as oxygen vacancies or Zn
interstitials, can amplify the A;(LO) signal due to their strong coupling
with longitudinal optical modes. Thus, Raman spectra fully corroborate
XRD findings, indicating that gold ions and/or AuNP formation influ-
ence ZnO at both surface and sub-surface levels.
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Figure 2. a) X-ray diffractograms obtained for the 4 powdered samples; b) 20 range magnification of the X-ray diffractograms; ¢) Raman spectra of the 4 powdered

samples in the 100-800 cm™ range.

The observed nanoparticle dimensions and distribution trends align
with the crystallographic evidence of Au (111) reflections and the
wurtzite ZnO peak shifts. The progressive broadening and shift in XRD
peaks, together with Raman mode attenuation, are coherent with the
increasing lattice strain and defect density induced by Au incorpo-
ration—effects that are also reflected in morphological alterations such
as edge roughening and local contrast variations.

This integrated morphological-structural analysis reinforces the
conclusion that AuNP nucleation and growth occur directly on the ZnO
surfaces via the piezoelectrically-assisted route, producing a well-
distributed hybrid interface whose properties can be tuned simply by
controlling the precursor concentration.

These findings underscore the remarkable simplicity and controlla-
bility of modulating Au nanostructure density and size via such a rapid
ultrasound-driven approach. They also highlight how the use of appro-
priately designed piezoelectric materials can serve a dual role as both a
substrate for promoting the synthesis of metal nanoparticles and as a
material itself.

3.2. Mechanism of ZnO@Au Hybrid Nanostructure Formation

The only external stimulus capable of promoting the formation of
ZnO decorated with Au nanostructures is represented by ultrasound
(US) [21,35]. The use of US to facilitate the diffusion of metal ions
within porous matrices is widely reported in the literature, although this
stimulus is always followed by a subsequent step of light irradiation or
alternative stimulation [36] to promote the reduction of ionic species. In
the present case, however, the application of US for just 1 min appears
necessary and sufficient for the formation of the metallic NPs.

As demonstrated in previous studies [29,37], the implosion of cavi-
tation bubbles generated by ultrasound in an aqueous environment leads
to an energy release sufficient to induce a structural deformation of ZnO,
as used in this synthesis. Consequently, a piezopotential is generated
across the ZnO due to a temporary accumulation of charges at the ma-
terial’s edges. This phenomenon not only influences the movement of
free charge carriers within ZnO but also induces an accumulation of
charged species on its outer surface. Based on this evidence, it is
reasonable to hypothesize that the generation of the piezopotential is the

key phenomenon driving the reduction of Au® ions. It has been reported
in the literature the synthesis of Au nanoparticles assisted by ultrasound,
even though in any cases the presence of organic precursors that assists
to the synthesis is crucial [38]. In the present case, more specifically, two
different mechanisms can be proposed, which are not necessarily
mutually exclusive but rather likely act together in the formation of gold
nanostructures:

i) The mechanical stress induced by the implosion of cavitation bubbles
leads to the formation of piezo-charges at the semiconductor inter-
face. These charges influence the movement of free carriers within
ZnO, which, being an n-type semiconductor, can participate in the
reduction of Au®** ions (Figure 3a).

ii) The formation of screening charges [39] at the interface provides a
local source of electrons in proximity to the Au® ions, facilitating
their reduction (Figure 3b).

To further confirm the crucial role of piezopotential in the formation
of the AuNPs, a control experiment was conducted using TiOy (the
commercial titania named P25), a material lacking piezoelectric prop-
erties. The bare TiO, and TiO5 mixed with Au®" were sonicated in the
dark for one minute under identical conditions as samples Al, B1, C1,
and D1. TEM analyses (Figures S5a and b) showed no evidence of AuNPs
deposition on TiOs, consistent with previous literature. In fact, it is well
established that for materials such as TiOo, energy input via light or heat
following sonication is required to induce the reduction of Au®* ions
adsorbed on the semiconductor surface [40].

The role of mechanical stimulation was investigated in another
control experiment by subjecting ZnO nanostructures to vigorous stir-
ring (1000 rpm for 1 min) without ultrasound in the presence of Au®* at
the highest concentration, corresponding to sample D1. Under these
conditions, the nanostructures are undoubtedly exposed to mechanical
stress, although it is significantly weaker than that generated by the
implosion of cavitation bubbles. It is interesting to note that Raman
spectroscopy, similar to what was observed for the B1, C1 and D1
samples, reveals significant changes in the Raman spectrum (Figure 3c),
although the variations are less pronounced than those observed in
samples treated with US. This result suggests that even such weak
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Figure 3. Schematization of Au®" reduction over ZnO structures promoted by the mechanical stress induced by the implosion of cavitation bubbles leads to the
formation of piezo-charges at the semiconductor interface (a) and/or the formation of screening charges at the interface (b); ¢) comparison of Raman spectra of Al
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mechanical stress can induce the formation of nanostructures. Further
supporting this observation, TEM images show rare formations, likely
attributable to gold nanostructures, decorating the ZnO nanostructures
(Figure 3d).

3.3. Photocatalytic Applications

3.3.1. Hz0: Production

AuNPs deposited on photo-catalysts, AuNPs have shown to improve
oxygen reduction reaction (ORR) efficiency by accelerating electron
transfer rates and reducing charge recombination [41,42]. For these
reasons, the synthetized systems Al, B1, C1, and D1, were tested for the
photocatalytic production of H202, which was monitored by means of
the POD-KI assay, determining the concentration of produced H202 by
measuring its reaction with potassium iodide (KI) in the presence of
horseradish peroxidase (POD) as reported in the Experimental Section.
The formation of triiodide was spectrophotometrically monitored: the
intensity of the peak localized at 350 nm increases in function of the
H,0; standard solution concentration allowing obtaining a calibration
curve (Figure S6a). Figure S6b reports the spectral profile of the for-
mation of triiodide because of photocatalytic HoOy production upon
white light illumination of the sample A1 (black line), B1 (blue line), C1
(red line) and D1 (green line). The H202 production rates were then
expressed in mol-g~'-h™!, providing a measure of the photocatalytic ac-
tivity of the tested systems and the obtained results are reported in
Figure 4a (grey bars). H202 production efficiency was demonstrated to
increase with AuNPs size and coating density, following the order Al <
Bl < C1 < D1, according to the spectra reported in Figure S6b.

The presence of larger AuNPs could enhance the Schottky barrier
effect, minimizing electron-hole recombination and promoting longer
charge carrier lifetimes [41,43]. The enhanced catalytic activity of D1
could be attributed to the larger AuNPs (>15 nm), which facilitated
efficient charge transfer at the ZnO-Au interface.

The higher production rate obtained for D1, 2:10° mol g h,
demonstrated the great potential of the developed system, being com-
parable to the recent literature for photocatalytic hydrogen peroxide
production over ZnO-based materials [42,44-48]. It is important to
emphasize that the achieved performance is in line with similar systems
reported in the literature (Table S1), although the synthesis of the
ZnO@Au hybrid presented here is obtained through an extremely
low-impact, eco-friendly approach, requiring just one minute of soni-
cation. Additionally, all measurements were performed in pure Milli-Q
water, without the use of sacrificial agents or O2 bubbling to enhance
the process, unlike most ZnO-Au systems previously reported. These
advantages highlight the valuable compromise achieved with our
method, which, while maintaining a comparable production rate,
significantly reduces the environmental impact and synthesis time,
paving the way for more sustainable and scalable photocatalytic
applications.

From this, the apparent quantum yield (AQY%) was calculated for
each sample under light irradiation (Figure 4a, green bars) as detailed in
the Experimental section. The AQY% also showed a trend of higher ef-
ficiency for samples with larger AuNPs: D1 exhibited the highest AQY%,
followed by C1, B1, and Al. In contrast, smaller AuNPs (B1) demon-
strated lower AQY%, which might be related to their smaller size, lower
electron extraction efficiency, and less efficient charge separation
compared to their larger counterparts. Achieving good AQY% values is
crucial as it directly reflects the efficiency of a photocatalyst in con-
verting incident light into the desired chemical reaction. A higher AQY%
indicates a more effective utilization of photons, leading to enhanced
reaction rates and improved energy conversion efficiency [28]. The
balance between efficiency and sustainability can be further emphasized
by the notable AQY% obtained, reaching up to 16% for D1. Despite the
rapid and low-impact synthesis approach, the system maintains a
competitive AQY%, reinforcing its potential for practical applications
where both performance and environmental considerations are crucial.
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To assess the possible contribution of plasmonic enhancement, Al
and D1 samples were tested under UV-filtered illumination with a cut-
off at 415 nm (Figure S7). Under these conditions, only a very weak
H20: signal was detected, about 20 times lower than that obtained in the
presence of the catalyst under full illumination. This negligible response
suggests that the photocatalytic activity of the ZnO@Au hybrids is
dominated by UV-driven processes, with no significant contribution
from localized surface plasmon resonance (LSPR) effects of AuNPs. This
finding aligns with previous reports that emphasized the importance of
semiconductor-metal charge transfer over plasmonic field enhancement
in ZnO-based photocatalysis [49]. The role of the AuNPs therefore ap-
pears to be mainly devoted to their function as electron sinks and cat-
alytic sites rather than as plasmonic enhancers. Nevertheless, we cannot
completely rule out a minor plasmonic contribution under visible exci-
tation, but its magnitude is negligible compared to the dominant
UV-driven pathway.

Finally, to evaluate the stability and reusability of the D1 catalyst, we
conducted a recycling experiment, performing four consecutive photo-
catalytic cycles (Figure S8). Remarkably, D1 maintained its high effi-
ciency in H20: production across the first 3 cycles, demonstrating its
strong stability under continuous illumination with a slight decrease in
activity over the fourth cycle. This behavior emphasizes the robustness
of the D1 catalyst for practical, long-term applications in photocatalytic
H20: production.

3.3.2. Dichromate Photoreduction over ZnO@Au hybrids

To further validate the catalytic versatility of the ultrasound-
synthesized ZnO@Au nanostructures beyond hydrogen peroxide
photoproduction, we investigated their ability to reduce hexavalent
chromium (Cr(VI)), a well-known model pollutant. The Cr(VI) photo-
reduction test also serves as a benchmark to probe the efficiency of
interfacial charge separation and electron transfer, which are critical for
environmental photocatalysis [50].

Aqueous suspensions containing K-Cr-07 (3 mM, pH adjusted to ~4
with H2S04 0.1 M) and 0.6 g ™! of the catalysts (A1-D1) were irradiated
under simulated solar light. The reduction of Cr(VI) to Cr(IlI) was
monitored spectrophotometrically by the bleaching of the absorption
band at 450 nm, characteristic of Cr(VI) species and the increasing of the
signal located at 620 nm characteristic of Cr(IIl) (Figure 4b and 4c for D1
sample and Figure S9 for the other catalysts). No significant reduction
occurred in the dark or in the absence of catalyst (named CTR), con-
firming the photodriven nature of the process.

As shown in Figure 4d, the photoreduction efficiency followed the
same trend observed for H-0: generation, with D1 exhibiting the most
pronounced decrease in absorbance at 450 nm and increase in absor-
bance at 620 nm, followed by C1, B1, and Al.

After 30 minutes of illumination, sample D1 achieved over 20%
conversion of Cr(VI), while the less Au-decorated sample B1 showed
only ~5% reduction. This result correlates well with the enhanced
charge separation observed in fluorescence quenching experiments, that
will be discussed in the next paragraph.

The improved performance of D1 can be attributed to the higher
density and size of AuNPs, which enhance interfacial electron transfer
via more efficient Schottky junctions. These findings confirm that the
ZnO@Au interface, engineered via an ultra-rapid piezoelectric route, is
not limited to one specific reaction but can be applied across redox
pathways, including Cr(VI) reduction and oxygen-to-H202 conversion.

To evaluate the stability and reusability of the D1 catalyst, a recy-
cling test was carried out through four consecutive photoreduction cy-
cles (Figure S10). The catalyst retained a high Cr(VI) reduction
efficiency during the first three cycles, whereas a marked decrease in
activity was recorded in the fourth and fifth runs. This decline can be
ascribed to the low pH conditions required to maintain Cr in its hex-
avalent state. Indeed, in acidic environments the crystalline structure of
ZnO can undergo degradation, potentially inducing significant alter-
ations in both the chemical composition and the physical properties of
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the ZnO@Au hybrid material.
This additional proof-of-concept consolidates the proposed interface
as a robust and generalizable photocatalytic platform.

3.3.3. Photocatalytic Mechanism

The Oxygen Reduction Reaction (ORR) can produce hydrogen
peroxide (H202) through a 2-electron process, where oxygen is reduced
directly to H20: in two steps. In contrast, the Water Oxidation Reaction
(WOR), which typically produces oxygen, can lead to H-0> formation
under specific catalytic conditions. During WOR, intermediate species
such as hydroxyl radicals (¢OH) and other reactive oxygen species can
form and subsequently combine to produce H-02 [28]. So, to understand
which catalytic mechanism was envisaged for hydrogen peroxide evo-
lution, ascorbic acid (AA) was chosen as superoxide anion scavenger and
isopropanol (IPA) was used as hydroxyl radicals’ scavenger [51]. The
introduction of AA completely inhibited H-02 production (Figure S11a)
for all the samples, suggesting that the photocatalytic reaction follows a
sequential two-step one-electron ORR pathway:

First electron transfer: Oz + e~ — Oze~ (superoxide anion)
Second electron transfer: Oze™ + e~ + 2H* — H202

In contrast, IPA led to increased H20: production (Figure S11b), with
the effect being most pronounced in B1, followed by Al, and least
affected in D1. To better underline this, the molar concentration of
produced Hy03 in the experiment carried out in presence of AA (black
bars) and IPA (red bars) were plotted into the histogram reported in
Figure 5a. It is worth highlighting that B1 in presence of IPA reached a
production rate almost comparable to the most performing catalysts, C1
and D1. This suggested that hydroxyl radicals act as competing species
in the reaction pathway [52]. Their suppression so enhances the
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selectivity for H20: generation, particularly in Bl characterized by
smaller AuNPs (~3-6 nm), which showed fewer recombination losses
and a more efficient electron flow in presence of the scavenger.
Steady-state fluorescence measurements at 370 nm excitation are
reported in Figure 5b and showed fluorescence quenching, with the most
pronounced quenching observed for D1 and C1, followed by B1, if
compared to Al, pristine ZnO. This behaviour can be considered a direct
indication of enhanced charge transfer efficiency from ZnO to noble
metal nanoparticles [49]. These findings aligned with the results ob-
tained monitoring the hydrogen peroxide production with a UV filter,
since no plasmonic effect is taking place. This evidence supports the
proposed mechanism (Figure 5c), where ZnO acts as an electron donor
to Au nanoparticles. Au, serving also as a cocatalyst, promotes the
one-electron, two-step ORR, ultimately leading to efficient H-0> gener-
ation. As discussed, Raman analyses revealed a decrease in ZnO vibra-
tional modes located at 430 cm™ and 380 cm™ as AuNPs concentration
increases, indicative of lattice disorder and defect generation, and XRD
peak shifts suggested the incorporation of Au ions into the ZnO lattice.
Defects can act as charge trap sites [53], stabilizing intermediates and
promoting a more selective ORR pathway in C1 and D1. This reduces the
likelihood of the undesired water oxidation reaction (WOR), as reflected
in the reduced influence of IPA in these samples, suggesting that fewer
hydroxyl radicals are formed, which in turn promotes H-02 formation.
Also the photocatalytic reduction of Cr(VI) was deeply studied to
comprehend if a plasmonic effect took place and performing the reaction
in presence of scavenging species. First of all, in order to exclude ZnO UV
activation and to understand the role of AuNPs in the catalytic process,
D1 sample was irradiated with visible light using a 415 nm cut-off filter.
The catalyst activity drastically reduced from 20% to 1.5%, confirming
that the Au component does not contribute via plasmonic excitation
under these conditions, and that ZnO remains the active UV-responsive
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Figure 5. a) Molar concentration of produced H,0, over the four samples in presence of AA (black bars) and IPA (red bars); b) steady state fluorescence spectra upon
370 nm excitation of 0.6 g L' samples water suspension; c) Schematic representation of the band diagram of ZnO@Au and mechanism of H,0, photoproduction; d)

bleaching of the band localized at 450 nm plotted as 43-4

x 100, where A is the absorbance recorded after 30 min and A is the absorbance at the starting point.
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phase. This observation is consistent with fluorescence quenching data,
which indicate that Au nanoparticles act as electron sinks, facilitating
charge separation rather than direct photoactivation.

Considering that the photoreduction process takes place according to
the reaction:

Cr,03” +14H" +6e” —2Cr’*" +7H,0

p-benzoquinone (Qg) and triethanolamine (TEA) were chosen as elec-
tron and holes scavengers [49,54], respectively, to elucidate the
mechanism.

The introduction of Qg significantly inhibited the reaction, with
reduction yields dropping to 0.8% for Al and only 2.5% for D1
(Figure 5d, black bars no scavenger and red bars Qg) supporting the key
role of photogenerated electrons in Cr(VI) reduction. In contrast, the
addition of TEA substantially enhanced the reaction across all samples,
yielding up to 30.9% reduction with D1 (Figure 5d, blue bars TEA). The
observed enhancement (e.g., from 20.0% to 30.9% in D1) suggests that
effective removal of photoinduced holes minimizes charge recombina-
tion and increases electron availability. Interestingly, despite D1
showing the highest Cr(VI) reduction performance, it exhibits reduced
activity in water oxidation, suggesting that lower hole consumption by
side reactions (e.g., Oz evolution) may contribute to better charge uti-
lization for Cr(VI) reduction. These results highlight the synergistic ef-
fect of Au incorporation and selective hole scavenging in optimizing
ZnO-based photocatalysts for photoreductive applications.

In conclusion, the photocatalytic behavior observed clearly high-
lights the central role of the ZnO-Au interface in driving the overall
mechanism. The Au nanoparticles efficiently extract photogenerated
electrons from ZnO, enhancing charge separation without relying on
plasmonic activation. This interfacial architecture minimizes recombi-
nation losses and improves electron availability for surface reactions.
The developed heterojunction thus proves essential in enabling and
directing the photocatalytic response under UV excitation.

4. Conclusions

In this work, we demonstrated a fast, green, and scalable method for
engineering ZnO@Au hybrid interfaces through ultrasound-driven,
piezoelectrically-assisted synthesis. This one-minute, reagent-free pro-
tocol harnesses the intrinsic piezoelectricity of ZnO to induce the in situ
reduction of gold ions, forming well-integrated Au nanoparticles
without the need for external stimuli such as heat, light, or chemical
reductants. Structural and spectroscopic analyses confirm the interfacial
coupling between the metal and semiconductor, with modifications
extending from the surface to the sub-surface region.

The resulting ZnO@Au hybrids exhibit strong photocatalytic per-
formance in two benchmark redox reactions, hydrogen peroxide pro-
duction and Cr(VI) photoreduction, highlighting the versatility and
functional relevance of the designed interface. Notably, the catalytic
activity and selectivity can be tuned by modulating nanoparticle size
and distribution through simple variation in precursor concentration.
Mechanistic insights, supported by scavenger tests and fluorescence
quenching, confirm that the photocatalytic enhancement arises from
efficient charge separation and electron transfer at the ZnO-Au junction,
rather than plasmonic effects.

Overall, this study introduces a paradigm shift in the fabrication of
hybrid photocatalysts, offering an ultra-rapid, low-impact, and highly
effective route to interface design. The generalizability of the approach
opens new opportunities for applications in environmental remediation,
sustainable chemical production, and advanced materials engineering.
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