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A B S T R A C T

Two zinc oxide (ZnO) nanomaterials, exhibiting distinct morphologies, were synthesized in wurtzite phase 
through chemical precipitation. The elongated shape rod-like ZnO (R-ZnO) exhibited more pronounced piezo
electric characteristics compared to the more compact flower-like ZnO (F-ZnO). Detailed characterization 
including piezoforce microscopy, finite element simulation, revealed that the remarkable piezoelectric properties 
of R-ZnO are due to its strongly anisotropic structure, enabling significant mechanical deformation under ul
trasound in aqueous suspension. The piezocatalytical degradation of these materials was assessed using meth
ylene blue as a test organic dye across various ultrasound frequencies, with R-ZnO consistently outperforming F- 
ZnO. This highlighted the impact of structural deformability on piezocatalytic efficiency. Additionally, the 
capability of R-ZnO to facilitate oxygen evolution from water through ultrasound-induced stress was explored in 
an oxygen-free environment. Our findings demonstrate that R-ZnO can effectively catalyze water oxidation and 
produce oxygen directly, showcasing its potential as a standalone catalyst for environmental remediation and 
sustainable chemical processes.

1. Introduction

Among the challenges of environmental sustainability, the quest for 
innovative catalytic systems capable of supporting energy conversion 
processes is critical [1]. In this context, multifunctional materials are 
gaining attention for their ability to catalyse essential chemical reactions 
such as water oxidation (WO) and water splitting (WS) reactions [2,3]. 
Specifically, water splitting encompasses two critical half-reactions: 

Hydrogen Evolution Reaction(HER)
4H+ + 4e− →2H2(E◦ = 0V) (1) 

Oxygen Evolution Reaction(OER)
2H2O + 4h+→O2 + 4H+(E◦ = 1.23V) (2) 

Various methods have been developed to achieve WS including 

photocatalytic, electrochemical and photoelectrochemical [4,5]. The 
photocatalytic process involves exciton formation when semiconducting 
catalysts absorb photons [6]. Crucially, after exciton formation, the 
excited charge carriers must separate and migrate to the catalyst’s sur
face to initiate the chemical reactions. This step is vital as it influences 
the efficiency of the photocatalysis by determining how effectively these 
carriers contribute to the reaction processes. In electrocatalysis electrons 
and holes are supplied from an external source rather than generated 
internally through photon absorption [7,8].

While electrocatalysis harnesses external electrical inputs to control 
electron and hole movements effectively, another innovative approach 
involves the use of mechanical energy to generate these essential charge 
carriers. This method taps into the unique properties of piezoelectric 
materials, which can convert mechanical stress directly into electrical 
energy [9]. Piezocatalysis utilizes the displacement of free charge 
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carriers generated by the formation of a dipole moment within the 
catalyst’s structure upon the application of mechanical stress [10]. This 
capability is deeply connected to the field of green and sustainable 
chemistry, as piezoelectric materials can harvest clean vibration energy 
from ambient sources such as wind, waves, and sound energy [11–14].

The working principle involves the direct piezoelectric effect, where 
mechanical stress, such as ultrasound stimulation [15], generates an 
electric potential. This bias can catalyse key redox processes central to 
WS and WO. Such processes facilitate the production of green energy 
vectors [16,17], and of reactive oxygen species (ROS) like ⋅OH and ⋅O2

- , 
crucial for oxidative processes in water remediation [18]. The key redox 
reactions, including Eqs.1 and 2, are: 

O2 + e− → ⋅O−
2 (E

◦ = − 0.16V) (3) 

⋅O−
2 +2H+ + e− → H2O2(E◦ = 0.89 V) (4) 

H2O2 + e− + H+→⋅OH+ H2O(E◦ = 0.38 V) (5) 

O2 +2e− + 2H+ → H2O2(E◦ = 2.38 V) (6) 

H2O+ h+→⋅OH+ H+(E◦ = 0.28 V) (7) 

Among potential piezocatalysts are materials like ZnO, MoS2, 
Cu3B2O6, BaTiO3, Pb(Zr0.52Ti0.48)O3, BiFeO3, Bi2Fe4O9, NaNbO3, 
KNbO3, Na0.5K0.5NbO3, Bi4NbO8X (X = Cl/Br), BiOIO3, and UiO-66- 
NH2(Hf/Zr) [19]. However, challenges remain, such as generating suf
ficient piezopotential, and ensuring a high amount of active sites [20]. 
Recent advancements are focusing on integrating piezocatalysis with 
electro- and photocatalysis using hybrid materials with a build in 
Schottky junction [21–23]. Further enhancements in piezopotential are 
being explored through doping, and the engineering of morphology and 
defects [24–27].

Among various piezocatalyst materials, ZnO stands out for its envi
ronmental friendliness and biocompatible [28]. In this work, we have 
synthesized two distinct ZnO microstructures: flower-like ZnO (F-ZnO) 
and rod-like ZnO (R-ZnO). The piezoelectric properties of these two 
materials, although the materials themselves have been utilized in other 
contexts, have never before been investigated or exploited in the field of 
piezocatalysis [29,30]. We explored how two key factors, (1) structural 
deformability, and (2) the intensity of the applied stress, affect their 
piezocatalytic performance. Given the same intensity of applied stress, it 
is evident that an anisotropic structure like R-ZnO, with its elongated 
shape, is inherently more deformable compared to a more spherical or 
compact structure like F-ZnO. This inherent flexibility should maximize 
the formation of the piezopotential in anisotropic structures. To further 
evaluate the impact of the applied stress, we evaluated the mechanical 
response of these materials under various ultrasound frequencies. This 
allowed us to assess how different stress intensities influence behaviour 
of both materials. Both structures were confirmed to possess piezo
electric properties and were evaluated for their efficacy in degrading 
methylene blue (MB) through ultrasound-stimulated piezocatalysis, 
particularly focusing on water oxidation reactions (Eqs. 3, 4, and 7) 
leading to hydroxyl radicals and superoxide anions formation. Our ex
periments reveal that the optimal activity occurred at an ultrasound 
frequency of 35 kHz. Notably, R-ZnO, with its anisotropic structure, 
showed significant piezocatalytic efficiency under these conditions.

Interestingly, dye degradation was even achieved in the absence of 
atmospheric oxygen, suggesting that ZnO was able to produce O2 
directly from water. These findings underscore the unique capabilities of 
R-ZnO marking a significant advancement in piezocatalysis without 
reliance on hybrid materials or the combination with additional cata
lytic processes [31,32]. This work sets a foundation for further explo
ration of ZnO-based piezocatalysts in environmental and energy 
applications such as nitrogen fixation and methane conversion.

2. Materials and methods

2.1. Synthesis of ZnO microstructures

Flower-like shaped ZnO microstructures (F-ZnO) were synthetized 
according to a slightly modified chemical precipitation procedure [29]. 
In a typical experiment, 35 mL of NaOH (4 M) solution were added 
dropwise to 50 mL zinc sulphate heptahydrate (99.95 %, Merck) 1 M 
aqueous solution. The mixture was kept under vigorous stirring at 4◦C 
for 30 min. Then, MilliQ grade water was added to the precursor 
mixture to reach the final volume of 100 mL. The precursor was so 
heated for 2 h at 90◦C. The white precipitate was washed three times 
with MilliQ grade water through static precipitation and finally dried in 
air at 100◦C for 2 h in a static oven. The white powder was then stored in 
the dark at room temperature (R.T.) or used as such for further 
experiments.

Rod-like shaped ZnO microstructures (R-ZnO) were also prepared by 
means of a chemical precipitation procedure [30] by using zinc nitrate 
hexahydrate (99 %, Merck) as precursor and ammonia hydroxide (25 %, 
Merck) to reach pH 10 in the reaction mixture, which was then kept at 
95◦C for 7 h under stirring on a hot plate. The white R-ZnO precipitate 
was separated by gravity, washed (3 times) with MilliQ grade water and 
after it was dried in air for 14 h at 100 ◦C in a static oven. The white 
powder was then stored in the dark at R.T. or used as such for further 
experiments.

2.2. Morphological and physical-chemical characterisation

The synthesized materials were characterised using Raman spec
troscopy. The compounds, in powder form, were illuminated with a 
532 nm laser at a power of 0.125 mWcm− 2. Each spectrum was acquired 
with 30 scans in the 180–900 cm− 1 range of using a Horiba Xplora 
microRaman.

The powder X-ray diffraction patterns were recorded with a Malvern 
Panalytical Empyrean diffractometer in transmission geometry, equip
ped with a PIXcel3D solid-state detector and a Cu anode X-ray source 
(Cu Kα1: 1.5406 Å; Cu Kα2: 1.5444 Å). The powder X-ray diffraction 
patterns were recorded between 15 and 70 2theta degrees at a scan rate 
of 0.013 ◦ /s.

Scanning Electron Microscopy (SEM) investigations were performed 
on a FEI-Q FEG250 instrument.

Specific surface area and pore size distribution of the ZnO rods and 
flowers were measured by Brunauer-Emmett-Teller (BET) method from 
the N2 adsorption-desorption isotherm curve using a Anton Parr NOVA 
2200e surface area analyzer. Prior to BET surface area measurements, 
respective powder samples were degassed at 100◦C for 12 h under 
vacuum and the adsorption-desorption isotherm was performed at 
− 196◦C using N2 as the adsorbent gas.

2.3. Piezo force microscopy measurements and Finite Element Method 
(FEM) simulations

A film of F-ZnO and R-ZnO was deposited through immersion and 
emersion of an indium tin oxide (ITO) substrate in a 2-propanol (ACS 
reagent, ≥99.5 %, Merck) suspension of the two zinc oxide structures. 
Piezo Force Microscopy (PFM) measurements [33] were conducted 
using a SmartSPM 1000 AIST-NT HORIBA with an applied potential in 
the range of − 5 V to 5 V, with an acquisition step of 0.1 V. Finite 
Element Method (FEM) simulations were implemented using Comsol 
Multiphysics software, considering the dimensions obtained through 
electron scanning microscopy for modelling [34].

2.4. Piezocatalytic methylene blue degradation and piezoproduced O2 
quantification experiments

The piezocatalytic experiments have been conducted using sonicator 
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cleaning machines (Misumi GmbH) for the frequencies operating at 35, 
42 and 50 KHz (power 100 W) to induce the mechanical stress. The 
ultrasound stimulus at 60 KHz was obtained using an ultrasound bath 
from purchased from Thermo Fisher Scientific (power 140 W).

Methylene blue (MB) was used as a standard molecule to monitor the 
piezocatalytic degradation efficiency of F-ZnO and R-ZnO. In a typical 
experiment, 0.2 g/L of piezocatalyst were suspended in a MB aqueous 
solution (5×10− 5 M) and ultrasounds were applied for 60 min in dark. 
All the measurements have been performed in isothermal conditions (25 
± 0.5 ◦C) by maintaining the temperature by means of an external flux of 
water at controlled temperature to avoid the thermal influence on the 
reaction kinetics. The degradation monitored as the reduction of the MB 
absorption at 670 nm [35] was recorded with a Perkin Elmer Lambda 
650 UV-Vis spectrophotometer.

The degradation efficiency (%) was calculated as (C0-C)/C0 x 100, 
where A0 refers to MB initial absorbance and A refers to the absorbance 
recorded at each time point, which is correlated to MB concentration 
according to the Lambert-Beer law [36].

MB degradation mechanism was investigated by means of reactive 
species scavenging tests, specifically, 2-propanol (ACS reagent, 
≥99.5 %, Merck) and L-ascorbic acid (Merck) were used to scavenge 
hydroxyl radicals and superoxide ions, respectively. The piezode
gradation experiments with 1 mM of these scavengers were carried out 
as reported above. Ascorbic acid was also tested at increasing concen
tration (1, 10 and 25 mM) in other experiments.

The production of oxygen following sonication was monitored and 
quantified as concentration of dissolved oxygen. The experimental 
layout consisted of a container in which the piezocatalyst was dispersed 
(0.2 g/L), and the O2 sensor (DO500 benchtop meter, Clean Instrument) 
was submerged. The entire system was bubbled with argon for 
10 minutes, sealed and placed in the ultrasonic bath, and the ultra
sounds stimulus (35 kHz) was applied. Dissolved oxygen was measured 
using the benchtop meter operating in the 0.0–400.0 % saturation per
centage range with a resolution of 0.1 %, which corresponds to a range 
of 0.00–40.00 mg/L (resolution of 0.01 mg/L).

3. Results and discussion

3.1. Morphological and structural materials’ characterisation

F-ZnO and R-ZnO were synthetized as described in the Experimental 
section and characterized by powder X-ray diffraction (PXRD). Both 
materials exhibited the piezoresponsive zincite crystal structure [37]
(see supplementary material). The characteristic peaks for the R- and 
F-ZnO structures were found at 31.77, 31.79 (100), 34.41, 34.43 (002), 
36.25, 36.27 (101), 47.55, 47.57 (102), 56.60, 56.63 (110), 62.85, 
62.90 (103), 66.37, 66.41 (200), 67.94, 67.93 (112) 69.08, 69.14 (201) 
and indexed according to the JCPDS card # 80–007. Raman spectros
copy (see supplementary material) further confirmed the wurtzite 
crystalline form [38,39], with the predominant peak at 435 cm− 1, cor
responding to the E2 vibration [40,41]. Additionally, signals for the 
A1-TO vibration at 380 cm− 1; and the 2E2 mode at 330 cm− 1 [42,43]
were observed, indicating the structural integrity and similarity of both 
nanostructures [44,45].

Scanning electron microscopy revealed significant differences in 
morphology between the two ZnO materials with rod-like and flower- 
like forms (see supplementary material) [30,46]. Porosity assessment 
via N2 adsorption isotherm showed that F-ZnO has a higher specific 
surface area and pore volume compared to R-ZnO (see supplementary 
material).

3.2. Piezo Force Microscopy (PFM) and piezoelectric analysis of ZnO 
materials

PFM was used to evaluate the piezoelectric behaviour of both ZnO 
materials. Generally, the strain induced in a piezoelectric material is 

directly proportional to the intensity of the applied electric field, causing 
expansion or contraction based on the direction and sense of the electric 
field vector. We assessed the ZnO properties by recording the strain and 
polarization responses to the applied electric field, testing the hypoth
esis that anisotropic structures like R-ZnO would exhibit larger piezo
electric responses [47]. For both materials (Fig. 1) the typical hysteretic 
curves were obtained with notable amplitude variations upon external 
electric field application (black lines) [48]. The phase hysteresis loops in 
the PFM phase, indicative of the Weiss domains orientation [49], 
confirmed the piezoelectric properties of both F-ZnO and R-ZnO. The 
phase angle variation of about 100◦ in the F-ZnO material and up to 150◦

in R-ZnO suggest that R-ZnO may have a more orientable domain 
structure, allowing for greater range of polarization orientation under 
applied fields. The total displacement measured for F-ZnO was about 
1.75 nm, while for R-ZnO it reached 3 nm under similar electric field 
conditions, indicating a stronger piezoelectric effect in R-ZnO. This can 
be attributed to its anisotropic structure, which likely enhances its 
piezoelectric response due to more effective alignment of piezoelectric 
domains or better mechanical flexibility that allows for greater defor
mation under electric stress. These findings support our initial hypoth
esis that structural deformability, influenced by anisotropy, significantly 
affects piezoelectric responses. Moreover, the intensity of the applied 
stress, consistent across both materials, highlights how intrinsic material 
properties like structural anisotropy dictate the piezoelectric perfor
mance, aligning with our exploration of key factors affecting their pie
zocatalytic performance.

Finite element method (FEM) simulations were conducted to analyse 
the piezopotential generation under simulated mechanical stress, 
assuming cavitation bubble implosion at 35 kHz produces a pressure of 
108 Pa [50]. The simulations revealed that R-ZnO undergo higher me
chanical stress due to their elongated, nearly one-dimensional, geome
try, which is more easily deformable compared to the two-dimensional 
F-ZnO structure (Figs. 1d and 1b). This mechanical deformation in 
piezoelectric materials results in the generation of a piezopotential, with 
R-ZnO exhibiting an induced piezopotential nearly an order of magni
tude larger than F-ZnO structures (approximately 10 V vs. 1 V far from 
the boundary of the structures, Figs. 1e and 1c).

3.3. Piezoelectric production of radicals and MB degradation

The PFM and FEM results, which confirm electrical polarization in 
the structures following mechanical deformation, led us to explore the 
piezoelectric properties, of both materials in the piezo-assisted degra
dation of methylene blue (MB). For this, 0.2 g/L ZnO was dispersed in a 
5×10− 5 M aqueous MB solution and subjected to mechanical stress in an 
ultrasonic bath, taking advantage of the energy released from the 
implosion of the cavitation bubble; the sound waves in the ultrasonic 
range promote cavitation bubble formation, which upon imploding 
induce local deformation in the nanostructures [50].

Fig. 2a illustrates the MB degradation efficiency (DE%) over time, 
showing that R-ZnO achieved over 95 % degradation efficiency in just 
30 minutes under ultrasound at 35 kHz. The superior performance of R- 
ZnO is primarily due to its more efficient generation of piezopotential in 
its elongated structure, as opposed to the more compact F-ZnO. Despite 
F-ZnO’s higher porosity (see supplementary material), which typically 
aids in cavitation bubble nucleation and analyte molecules adsorption 
[51–53], R-ZnO consistently demonstrated higher degradation rates. 
This suggest that the efficiency of MB piezodegradation is more strongly 
influenced by the generation of piezopotential.

According to the screening effect theory [15], the piezoelectric 
degradation of aqueous dissolved compounds is primarily driven by the 
formation of radical species. Fig. 2b illustrates this process 
schematically.

Initially, the piezoelectric system, when not subjected to any me
chanical stress, remains in a neutral state (Fig. 2b scheme i). Upon 
applying mechanical stress, the polarization of the piezoelectric material 
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increases, meaning the dipole moment generated by the displacement 
charges within the material intensifies. To ensure local charge 
neutrality, screening charges (SC) will be generated: on the face of R- 
ZnO where positive charges accumulate, an equivalent number of 
negative charges (SC-) will be attracted from the aqueous environment, 
promoting an oxidation reaction of water (Fig. 2b scheme ii). 
Conversely, on the opposite side of the semiconductor, positive charges 
(SC+) from the environment will be required, promoting a reduction 
reaction. When the external mechanical stimulus ceases, the internal 
neutrality of R-ZnO is restored, and the screening charges accumulated 
on both faces of the piezoelectric material will be released into the 
aqueous environment (Fig. 2b scheme iii). The positive charges previ
ously accumulated on the negatively charged face of R-ZnO will catalyse 
oxidation reactions, while the negative screening charges will catalyse 
reduction reactions in the surrounding medium [32]. When the piezo
electric material is subjected to opposite stress, that is tension (Fig. 2b 
scheme iv), an effect identical to that described in Fig. 2b scheme ii, but 
on the opposite faces of the ZnO, will be observed. The typical reactions 
occurring during these processes can be summarized as following 
oxidation: 

2H2O→O2 +4H+ +4SC− (Fig. 2bscheme ii − ox)

H2O→⋅OH+H+ + SC− (Fig. 2bscheme ii − ox)

2H2O+4SC+→O2 +4H+(Fig. 2b scheme iii − ox)

H2O+ SC+→⋅OH+H+(Fig. 2b scheme iii − ox)

and reduction reactions: 

O2 → ⋅O−
2 + SC+(Fig. 2b scheme ii − red)

4H+→ 2H2 +4SC+(Fig. 2bscheme ii − red)

O2 + SC− → ⋅O−
2 (Fig. 2bscheme iii − red)

4H+ +4SC− → 2H2(Fig. 2b scheme iii − red)

These reactions highlight how piezoelectrically generated electric 
fields promote both oxidation and reduction processes in water, leading 
to the formation of reactive oxygen species such as superoxide and hy
droxyl radicals. These radicals play a crucial role in the degradation of 
organic pollutants, effectively enhancing water purification 
technologies.

The piezodegradation process of MB was monitored in presence of 2- 
propanol and ascorbic acid as scavengers of hydroxyl radicals and su
peroxide ions, respectively. The role of both scavengers, after 
60 minutes of ultrasound treatment, appears negligible when R-ZnO is 
used (Fig. 2c). On the contrary, the piezocatalytic properties of F-ZnO 
structures towards MB are influenced by both the hydroxyl radical 
scavenger and the superoxide ion scavenger. However, it must be 
considered that ascorbic acid strongly inhibits the degradation effi
ciency of MB, suggesting that the catalytic process is primarily mediated 
by the action of superoxide ions [54,55]. In the case of R-ZnO, it can be 
hypothesized that the piezopotential generated on the surface of the 
elongated structures, as a result of cavitation bubble implosion induced 
by ultrasound stimulation, is so intense that it efficiently promotes the 
formation of large amounts of radicals. In support of this rationalization, 
the degradation efficiency was monitored in the presence of increasing 
concentrations of ascorbic acid (see supplementary material). By 
increasing the concentration of ascorbic acid in the MB piezode
gradation experiments the degradation efficiency results significantly 
influenced, reducing from 95 % in the absence of superoxide ion scav
enger to approximately 30 % in the presence of ascorbic acid at a con
centration of 25 mM. This confirms the proposed hypothesis that the 
high piezopotential generated on R-ZnO is capable of producing a much 
larger quantity of superoxide ions compared to F-ZnO. In this condition, 

Fig. 1. Evaluation and simulation of piezoelectric properties of ZnO materials. a,f) Displacement and phase variation induced by an AFM tip graphed respectively in 
black and red for F-ZnO (a) and for R-ZnO (f). b,c) F-ZnO modeled using FEM. (b) Deformation and mechanical stress, (c) Distribution of piezogenerated electric 
potential, both resulting from the implosion of a cavitation bubble at 108 Pa. d,e) Similar simulations for R-ZnO. All ZnO materials were modeled using morphological 
data obtained from SEM microscopy.
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a higher concentration of O2
- scavenger is necessary to inhibit the MB 

piezodegradation process.
Cavitation bubbles generated by ultrasonic stimulation primarily 

cause micro-jets and shock waves, [56] leading to localized pressure 
increase. The velocity of these micro-jets depends on the radius of the 
imploding cavitation bubble, which in turn affects the energy released 
during the bubble’s collapse. Consequently, the frequency of the applied 
ultrasound influences the amount of energy released and the resulting 
pressure exerted on the ZnO material. To assess this effect, we varied the 
ultrasonic frequencies while maintaining constant power.

MB degradation experiments were conducted at 35 kHz, 42 kHz, 
50 kHz, and 60 kHz with released energy decreasing as frequency in
creases (Fig. 2d) [50]. Higher frequencies resulted in lower piezopo
tential and reduced degradation efficiency for both R-ZnO and F-ZnO 
(see supplementary material). Specifically, R-ZnO achieved degradation 
efficiencies of approximately 95 %, 82 %, 60 %, and 24 % at these fre
quencies. F-ZnO showed a similar trend with efficiencies decreasing 
from 78 % at 35 kHz to 23 %, 11 %, and 6 % at higher frequencies.

As observed in the previous reported experiments conducted at 
35 kHz, even at 42 kHz, the presence of scavengers at 1 mM 

concentration negligibly influences the piezodegradation efficiency of 
MB by R-ZnO (see supplementary material). With the increase in ul
trasound frequencies, i.e., the decrease in induced piezopotentials, R- 
ZnO structures also become significantly affected by the presence of 
ascorbic acid and, to a lesser extent, by 2-propanol (see supplementary 
material). The lower magnitude of the piezopotential produced on F- 
ZnO, on the other hand, causes scavengers to almost completely inhibit 
the piezodegradation at both 50 and 60 kHz, and to significantly reduce 
at 42 kHz.

3.4. Piezoelectrically induced O2 evolution

The outstanding MB degradation performances prompted us to 
investigate the piezocatalytic oxygen evolution reaction [57]. We 
measured the oxygen production under various conditions: with and 
without ZnO nanostructures, and with and without the application of 
ultrasound stimulation (Fig. 3a).

The O2 production from water under ultrasound stimulation with F- 
ZnO stabilizes rapidly at approximately 300 μmol g− 1 (red squares). As 
expected, without ultrasound stimulus (blue diamonds) no O2 

Fig. 2. a) Degradation efficiency of methylene blue degradation following ultrasound stimuli (at 35 kHz) in the presence of zinc oxide-based structures. b) Schematic 
representation of radicals’ formation as a consequence of the piezopotential induced by an alternate mechanical stress on a piezoelectric material. c) Influence of 
superoxide ion scavenger (ascorbic acid) and hydroxyl radical scavenger (2-propanol) on the degradation efficiency of MB at 35 kHz ultrasound. d) The influence of 
the frequency used to stimulate the piezopotential on the degradation efficiency of MB (R-ZnO structures plotted in black and F-ZnO structures graphed in red) was 
evaluated performing the experiments setting the ultrasound bath frequency at 35, 42, 50 and 60 kHz. Each measurement was repeated three times and the average 
value was reported.
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generation was observed. Interestingly, R-ZnO (black dots), is much 
more efficient in the OER with continuously increasing concentrations 
that exceed the detection range of our detector translating into 10 mmol 
O2⋅g− 1 (ZnO) h− 1 in just 20 minutes. This suggests that the piezopo
tential induced by cavitation bubble implosion in R-ZnO suspension is 
sufficient to drive O2 evolution via water splitting (Eq. 2) [57]. This 
finding is very promising since most reported oxygen evolution systems 
involve the combination of piezocatalysis with co-catalyst, doping 
atoms, electrochemistry [58–61]. Further, the possibility to re-use 
R-ZnO in the OER was monitored. After the first cycle (upon 20 min 
ultrasounds stimulation), the catalyst was recovered by centrifugation 
and re-suspended in fresh medium for other three times (see supple
mentary material). The performance, very interestingly, showed mini
mal variation, indicating the recyclability of the system.

This observation led us to study the degradation of MB in anaerobic 
conditions within a hermetically sealed vial containing 10 mL aqueous 
MB (5×10− 5 M) solution with 0.2 g/L ZnO and purged with argon 
before sealing. While only limited MB degradation was observed after 
30 minutes (35 kHz) with F-ZnO, R-ZnO lead to a marked decrease (DE 
70 %) (Fig. 3b and see supplementary material). This further confirms 
the potential of R-ZnO to produce significant amounts of oxygen from 
water.

4. Conclusions

This study synthesized two distinct ZnO morphologies: elongated R- 
ZnO, and more compact F-ZnO, both demonstrating piezoelectric char
acteristics as seen with piezoforce microscopy. Our investigations 
focused on how structural deformability and the intensity of applied 
stress influence piezocatalytic performance. We found that R-ZnO, with 
its elongated structure, was not only more efficient in MB degrading, 
achieving over 90 % degradation of the 5×10− 5 M solution (10 mL) 
after 60 minutes (35 kHz) with 2 mg, but also remarkable in catalysing 
oxygen evolution from water at over 10 mmol O2 g− 1 h− 1. In contrast, 
the bidimensional F-ZnO, despite achieving a 78 % degradation effi
ciency, showed a lesser capability for oxygen evolution.

Moreover, the effect of the ultrasonic frequency on the piezocatalytic 
activity was substantial, with optimal performance observed for the 
lowest frequency (35 kHz) used. This finding suggests the need for 
further studies to explore the impact of lower frequencies, below 
35 kHz, to fully understand the frequency-dependent behaviour of pie
zopotential generation and its influence on catalytic performance.

These findings underscore the importance of nanostructure 
morphology in enhancing piezocatalytic activity and open avenues for 

further research into optimizing these structures for environmental 
remediation and sustainable chemical processes. Understanding and 
manipulating structural deformability and stress intensity will be crucial 
in maximizing the efficacy of piezoelectric materials in practical 
applications.
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