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Abstract

The contamination of wastewater with synthetic organic dyes has become a significant
environmental challenge. To address this issue, zinc oxide (ZnO) has attracted considerable attention
due to its non-toxic nature and versatile applications, especially in photocatalytic materials. Enhancing
the efficiency of photocatalysis requires reducing electron-hole recombination, which can be achieved
through doping or composite formation with other materials. Additionally, the integration of
piezoelectric properties presents an effective strategy to enhance ZnO-based photocatalysts, given their
excellent piezoelectric characteristics. In this study, the piezo-photocatalysis properties of ZnO
nanostructures with spherical, plate-like, and rod-like morphologies were systematically investigated
under xenon lamp irradiation coupled with piezo-mechanical stimulation. Rhodamine B (RhB) was
employed as a model dye to evaluate photocatalytic performance under various conditions, for example,
light irradiation, piezo-assisted activation combined with light irradiation, and the absence of light. The
absorbance of the dyes under photocatalytic reaction was then measured using a UV-visible
spectrophotometer. The experimental results revealed that the highest dye degradation efficiency was
achieved when using rod-like ZnO photocatalyst under combined piezo-assisted and light irradiation.
This superior performance can be attributed to its asymmetric geometry, which enhances the generation
of an internal electric field on the photocatalyst surface under piezoelectric activation, thereby promoting
efficient charge separation. Moreover, the 1D structure of the rod-like facilitates directed electron
transport along its longitudinal axis and provides a higher density of active sites, contributing further to
their enhanced photocatalytic activity.
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1. Introduction

The global population is continuously increasing, with an average growth of 200,000 people per
day, leading to greater consumption of resources such as housing, clothing, food, medicine, and public
health services. Consequently, resource management faces challenges, contributing to various issues,
including air pollution from housing construction, waste pollution, food waste, and other residuals from
human consumption. Among the most significant pollutants is water pollution, which greatly impacts
globally important resources. Water pollution is primarily caused by chemicals and waste released from
industrial operations and agriculture, which often include toxic waste, pesticides, and fertilizers [1]. The
most prevalent source of wastewater is industrial discharge, followed by community waste, leading to
reduced oxygen levels, the presence of pathogens in rivers and canals, and disturbance in aquatic
ecosystems, such as foul odors from rotten water. Thus, various approaches have been proposed to
address wastewater problems, including waste collection from water sources and chemical treatment
methods [2]-[3]. One particularly promising approach is photocatalysis, an effective technique for
treating wastewater contaminated with both organic and inorganic substances, including dye-laden
water [4]-[5]. This process involves the use of semiconductor materials as a photocatalyst, which is
activated by energy greater than its band gap under light irradiation. The generation of electron-hole
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pairs on its photocatalyst surface plays a key role relating to the degradation mechanism under light
activation. Among photocatalyst materials, titanium dioxide (TiO-) and zinc oxide (ZnO) are considered
highly effective due to their high stability, non-toxicity, and low cost [6]-[8]. TiO» material is widely
used due to its strong oxidizing ability, excellent chemical stability, and biocompatibility. On the other
hand, ZnO exhibits high performance in photocatalysis because of its superior electron mobility in the
photocatalytic process, although a wider band gap energy compared to TiO; is a limitation. Therefore,
the enhancements to ZnO photocatalyst have been explored through metal ion doping, morphological
tuning, and forming composites [9]-[11]. However, the photocatalytic process of both TiO: and ZnO
photocatalysts can only be activated under UV exposure owing to their wide band gap materials [12].
Meanwhile, a major challenge in photocatalysis is the recombination of electron-hole pairs, which limits
photocatalytic degradation. To improve photocatalyst efficiency, several strategies have been
investigated, such as the development of more stable catalysts through advanced synthesis techniques
and the addition of materials in composite forms.

A simple and cost-effective method to enhance photocatalytic efficiency involves the
application of mechanical force, for example, vibration or stirring, which helps keep catalyst particles
in motion and separated. This approach, known as piezo-photocatalysis, combines photocatalysis with
piezoelectric effects to convert mechanical energy into internal electrical potential to facilitate chemical
reactions [13]. The generated internal electric field effectively separates the electron-hole pairs during
light exposure, thereby reducing recombination and enhancing degradation performances. This
technique not only accelerates the reaction but is also environmentally friendly, as it utilizes clean energy
and produces no additional pollution. Nevertheless, conventional chemical wastewater treatments can
be costly and may result in significant sludge formation or introduce toxic by-products. Moreover, the
piezoelectric-enhanced photocatalytic process has been investigated in conjunction with ultrasound-
assisted and sonophotocatalysis [14]. Piezoelectric materials with non-centrosymmetric structures
respond to mechanical vibrations by generating internal electric fields through external deformation.
These internal fields promote the separation of photogenerated charge carriers, thereby enhancing
electrochemical and photochemical behaviors, and ultimately improving photocatalytic efficiency [15].
Promising piezo-photocatalytic materials such as zinc oxide [16], barium titanate (BaTiOs) [17],
bismuth-based compounds [18], and transition metal sulfides [19] exhibit both piezoelectric and
photocatalytic properties when exposed to light irradiation combined with ultrasonic vibration. In
particular, ZnO material possesses a non-centrosymmetric structure that contributes to its strong
piezoelectric behavior and high responsivity in photocatalytic reactions. Due to these excellent
properties, ZnO nanosheets have been shown to directly degrade steroid hormones under solar
illumination coupled with mechanical stimulation by ultrasound waves [20]. Additionally, in
Ag O/tetrapod-ZnO nanostructures, the separation of photogenerated electron—hole pairs can be
facilitated by the built-in electric field at the heterojunction interface when subjected to ultrasonic and
UV irradiation [21]. This process reduces the charge recombination rate and enhances photocatalytic
activity for degrading organic pollutants in a piezo-assisted environment. Furthermore, ZnO hollow
pitchfork structures have also been proposed for use in coupled photo-piezocatalytic systems targeting
the removal of antibiotics and pesticides [22]. In the system, mechanical strain induces a piezo potential
in the ZnO pitchfork, generating a polarized electric field that promotes photogenerated charge
separation, significantly improving photocatalytic performance. Thus, a more effective and economical
wastewater treatment process that incorporates the piezophototronic effect in photocatalysis is proposed.
This method aims to produce efficient and cost-effective minimal sludges and ensure that the treated
water meets environmental discharge standards [23]. Meanwhile, the unique morphology of ZnO
nanostructures is particularly promising for piezo-photocatalytic applications for two main reasons: (i)
their large specific surface area, which enhances photocatalytic activity, and (ii) their structural
suitability for effectively responding to mechanical stimulation from ultrasound waves. Therefore, in
this study, various ZnO nanostructures with spherical, plate-like, and rod-like morphologies were
investigated as piezo-photocatalysts under xenon light irradiation with piezo-mechanical stimulation.
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2. Experimental

ZnO nanostructures with rod-like and plate-like morphologies were synthesized via a one-step
sol-gel method, as reported in our previous work [24]. Spherical ZnO powder was prepared following
the method in Naik’s work [25]. The crystalline structures and surface morphology of ZnO powders
were characterized using X-ray diffraction (XRD; Rigaku SmartLab) and field emission scanning
electron microscopy (FE-SEM; JEM-2100plus). Optical property in reflection mode was analyzed by
UV-Vis-NIR spectroscopy (HITACHI-UH1450). For photocatalytic efficiency testing, a 10 uM RhB
solution was used as a model dye pollutant. This solution was mixed with 0.003 g of ZnO samples and
stirred in the dark for 30 minutes to establish adsorption equilibrium. The photocatalytic and
piezocatalytic experiments were carried out under four different conditions: CON 1: stirring under light
irradiation, CON 2: stirring in the absence of light, CON 3: piezo-assisted activation combined with
light irradiation, and CON 4: piezo-mechanical activation in the dark. A xenon lamp was chosen as a
light source (300 W) for 90 minutes, while the piezo-mechanical force was introduced using an
ultrasonic bath. Absorbance measurements of the dye solutions were taken every 15 minutes using a
UV-visible spectrophotometer (Helios-UV6 123304).

3. Result and discussion

Fig. 1. FE-SEM images of ZnO nanostructures in a) rod-like, b) plate-like, and c¢) spherical shapes.

FE-SEM images at 20,000 magnification of ZnO nanostructures with rod-like, plated, and
spherical morphologies are shown in Fig. 1. ZnO powder in rod-like structure, depicted in Fig. 1(a),
exhibited a mixture of small rods and plate-like particles arranged in a disordered pattern, with some
agglomerated clusters. The average size of ZnO nanorods was approximately 169 nm. Meanwhile, the
plate-like ZnO in Fig. 1(b) displayed overlapping, flower-shaped structures, with noticeable aggregation
in some regions and lower particle density in others. The average size of the plate-like particles was
approximately 144 nm. Fig. 1(c) revealed numerous small spherical particles that tend to cluster in
several areas, with an average particle size of approximately 158 nm. Variations in ZnO morphologies
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may be attributed to differences in synthesis parameters such as temperature, pH, and precursor materials
[26]. Rod-shaped ZnO is typically synthesized using zinc acetate as the precursor, assisted by a one-
step hydrothermal process, which is commonly employed to achieve this morphology due to the stronger
basic solution compared to other precursors. Plate-like ZnO is generally synthesized using zinc sulfate,
owing to the negligible basicity of SO4* ions, which influences crystal growth and shape [24]. Spherical
ZnO can also be synthesized using zinc acetate precursor. However, differences in the synthesis method
and temperature, compared to the rod-like structure, lead to the formation of spherical particles [27].
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Fig. 2. XRD patterns of ZnO powder with different morphologies.

The crystal structures of ZnO with different morphologies was analyzed using XRD patterns
over a 26 range of 10°-80°, as depicted in Fig. 2. All ZnO samples exhibited similar diffraction patterns,
characterized by the three prominent peaks corresponding to the (100), (002), (101), (102), (110), (103),
(200), (112), (201), and (004) planes of hexagonal wurtzite structure, located at 28 values of 31.8°,
34.4°, 36.3°, 47.6°, 56.6°, 62.9°, 66.4°, 68.0°, 69.1°, and 72.6°, respectively. No secondary or
contaminated phases were detected, indicating high purity of the synthesized samples [28]. Furthermore,
the average crystallite size (D) of the ZnO samples was calculated from the three main diffraction peaks
using the Scherrer equation (Eq. 1) [29]:

_ kA
- Bcos6

(M

where, D is the average crystallite size,
k is the form factor (0.9),
A is the wavelength of Cu Ka radiation (0.154 nm),
B is the width evaluated at mid-high of the most intense diffraction peak, and
0 is the Bragg angle.

The calculated average crystallite size of all ZnO samples, as presented in Table 1, was approximately
61, 59, and 56 nm for rod-like, plate-like, and spherical shapes. These values indicate that the crystallite
sizes across all three morphologies are relatively similar, suggesting a similar ZnO crystal structure
regardless of shape [30].
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Table 1. The calculations of crystallite size and band gap energy in the different ZnO nanostructures.

ZnO morphologies Crystallite size (nm) Band gap energy (eV)
Rod-like 61 3.30
Plate-like 59 3.29
Spherical 56 3.25

The optical property of the ZnO samples using diffuse reflectance is illustrated in Fig. 3. The
reflectance spectra of ZnO powders with three distinct morphologies were recorded in the range of 200-
800 nm to assess their photocatalytic potential of light activation. In the UV region (200-400 nm), all
ZnO samples showed negligible reflectance, indicating strong UV absorption irrespective of
morphology [31]. Beyond 400 nm, the reflectance of all samples increased significantly, suggesting that
ZnO reflected visible light effectively. This implies that ZnO materials are primarily active under UV
irradiation, while visible light is mostly reflected and ineffective in initiating photocatalytic processes.
However, since the light source used in this study is a xenon lamp, which emits both UV and visible
light, the UV component is sufficient to activate the ZnO samples in photocatalytic activity. To estimate
the band gap energy of ZnO samples, the Kubelka-Munk function was applied, as given by Eq. 2 [32]:

F(R) =& @)

where F(R) is the Kubelka-Munk function and R is the reflectance value. Based on this analysis, the
band gap energies of rod-, plate-, and spherical-shaped ZnO powders were found to range from 3.25-
3.30 eV, as presented in Table 1. These values are slightly lower than the typical band gap of bulk ZnO,
which is approximately 3.37 eV. Although the overall reflectance spectra of the samples show similar
trends, minor differences are observed in the absorption edge. These variations can be attributed to
differences in particle size, which influence light scattering across various wavelengths. Additionally,
the shape and reduced size of ZnO particles can affect both light scattering and reflection, thereby
corresponding to the tuning of band gap energy [33].
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Fig. 3. Diffuse reflectance spectra of ZnO powder with different morphologies.
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The analysis of RhB absorbance using rod-like ZnO photocatalysts under different
photocatalytic activity is presented in Fig. 4 as follows: CON 1: stirring with light irradiation, CON 2:
stirring in the absence of light, CON 3: ultrasonic treatment combined with light irradiation, and CON
4: ultrasonic treatment in the dark. Among these conditions, the most effective dye degradation occurred
under  CON 3, where the photocatalytic reaction was assisted with ultrasonic treatment. Normally,
when ZnO photocatalyst is exposed to light with energy greater than its band gap, electron-hole pairs
are generated. These charge carriers subsequently react with adsorbed oxygen and water molecules on
the catalyst surface, producing superoxide radicals (O, ) and hydroxyl radicals (OH®) [34]. Moreover,
the enhanced degradation observed under CON 3 is attributed to mechanical strain on the ZnO surface,
which is associated with the generation of a piezoelectric potential. When combined with photocatalysis,
an internal electric field induced by mechanical stress from the ultrasonic system can be generated,
resulting in enhancing the photogeneration of electron-hole pairs [28]. This mechanism significantly
improves photocatalytic efficiency by suppressing electron-hole pair recombination in a piezo-assisted
environment. In the case of CON 1, this condition represents a conventional photocatalytic reaction.
Rod-like ZnO demonstrates superior photocatalytic performance due to its entangled structure and large
surface area, which provides more active sites for interaction with the surrounding aqueous solution
[35]. In contrast, minimal dye degradation is observed under dark conditions in CON 2 (stirring only)
and CON 4 (ultrasonication only), as the absence of sufficient light prevents activation on the
photocatalyst surface. These results emphasize the essential role of light irradiation in the photocatalytic
process. However, the decrease in dye absorbance observed in CON 2 is attributed to the efficient
adsorption of dye molecules onto the ZnO surface from the aqueous environment [36]. Meanwhile, the
higher degradation efficiency observed in CON 4, which involves ultrasonication alone, can be
attributed to the formation of the acoustic cavitation process characterized by intense physical effects.
When the intensity of ultrasonic waves exceeds the tensile strength of the medium, it disrupts the
intermolecular structure, leading to the destabilization and breakdown of molecular integrity [37].
Therefore, the improvement of photocatalytic efficiency can be attributed to the piezoelectric effect,
which arises from the non-centrosymmetric structure of the photocatalysts.
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Fig. 4. Absorbance spectra of RhB solutions by rod-like ZnO photocatalysts under various
photocatalytic environments.
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Fig. 5. The determination of the reaction rate by ZnO photocatalysts with different morphologies
under various photocatalytic conditions.

Among the different ZnO structures tested, the rod-shaped morphology exhibits the highest
degradation efficiency, followed by the plate-like and then the spherical form, as shown in Fig. 5. This
evaluation is based on the specific absorption wavelength of rhodamine B, with its maximum absorption
peak at 554 nm to determine the reaction rate (k). Over time, the absorbance spectra become increasingly
linear, indicating a consistent decline in dye concentration and an increase in degradation rate with
prolonged irradiation. Besides CON 3 with the combination of light and piezo irradiation showing the
highest degradation efficiency, CON 1 in the standard photocatalytic reaction also yields effective
degradation, emphasizing the importance of light in activating the photocatalytic process. In contrast,
under dark conditions (CON 2 and CON 4), negligible RhB degradation occurs, indicating that
photocatalytic activity requires light activation. Even in the presence of a catalyst, no significant
photocatalytic reaction occurs without illumination [38]. The degradation rates under different
photocatalytic conditions for various ZnO morphologies are summarized in Table 2. A first-order kinetic
model is applied to evaluate the dye degradation rate at any given time, which is directly proportional
to the remaining dye concentration. The kinetic equation used is as follows [39]:

—kt 3)

A
In—
Ao

where A4 is the dye absorbance at a given time,
Ay is the initial dye absorbance (after equilibrium reaction),
k is the rate constant, indicating the reaction rate, and
¢t is the irradiation time (minutes).

The rate constant, k, is determined from the slope of the linear plot as depicted in Fig. 5. A higher &
value indicates a more efficient ZnO photocatalyst under the dye degradation process. The logarithmic
value of the ratio of dye absorbance before/after photocatalytic reaction on the Y-axis indicates the
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decrease in its absorbance during the prolonged irradiation time corresponding to the degradation of dye
molecules under the photocatalytic reaction. This result confirms that the CON 3 involving ultrasonic
treatment combined with light irradiation provides the highest dye degradation across all ZnO
morphologies. The order of dye degradation efficiency for the morphologies in this condition was as
follows: rod-shaped > plate-shaped > spherical-shaped ZnO. The highest dye degradation using rod-
shaped ZnO was observed under CON 3. The presence of a rod-like ZnO photocatalyst demonstrates
superior dye degradation performance, supported by the piezo-mechanical force generated from its non-
centrosymmetric structure, which induces an internal electric field on the surface. Additionally, the rod-
shaped structure also facilitates electron transport during the photocatalytic reaction owing to the
directed pathways for electron transfer along its long axis [40]. These phenomena can be attributed to
enhanced carrier photogeneration and the suppression of electron-hole recombination, which together
promote a sustained photocatalytic reaction. Moreover, the high specific surface area to volume ratio of
the plate-like structure plays a crucial role in photocatalytic activity. These morphologies provide a
larger surface area, allowing more dye molecules to interact with a greater number of active sites on the
catalyst surface compared to a spherical structure [41]. The photocatalytic efficiency of spherical ZnO
is the lowest among all ZnO samples, which can be ascribed to its isotropic morphology and multi-
directional electron paths. This structure tends to exhibit a weaker piezoelectric response under
mechanical stimulation and leads to an increase in surface electron scattering compared to anisotropic
morphologies. Additionally, ZnO nanoparticles commonly face agglomeration, driven by strong van der
Waals forces and high surface energy. This agglomeration not only reduces the effective area but also
promotes charge recombination and hinders efficient photogeneration, thereby significantly impairing
their photocatalytic performance [42].

Table 2. The determination of K rate under different photocatalytic environments by various ZnO
morphologies.

Photocatalytic environments ZnO morphologies K rate (min™)

Rod-like 0.045

CON 1: .
Stirring under light irradiation Plate-like 0.036
Spherical 0.028
Rod-like 0.003

CON 2: .
Stirring in the absence of light Plate-like 0.002
Spherical 0.002
CON 3: Rod-like 0.046
A combination of piezo-assisted activation and light Plate-like 0.035
irradiation Spherical 0.031
Rod-like 0.006

CON 4: .
Piezo-mechanical activation in the dark Plate-like 0.003
Spherical 0.002

The percentage degradation of Rhodamine B dye using zinc oxide photocatalysts in different
morphologies and under varying experimental conditions is illustrated in Fig. 6. Under CON 3 — the
combination of ultrasonic irradiation and light exposure — the rod-shaped ZnO demonstrated the
highest degradation efficiency at 98%, followed by the plate-shaped ZnO at 96%, and the spherical ZnO
at 94% for 90 minutes. This evaluation confirms that the rod-shaped morphology exhibits the highest
photocatalytic degradation efficiency. The second-best performance was observed in CON 1, which
involved stirring with light irradiation, yielding a high percentage degradation of rod-like ZnO,
approximately 96%. Meanwhile, the percentage degradation in CON 2 and CON 4 was slow due to the
absence of light. However, the high degradation performance in CON 4 was higher than CON 2 owing
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to the influence of the interval electrical field under piezo-mechanical force. These results indicate that
increasing reaction time leads to a corresponding decrease in dye concentration, affirming that piezo-
assisted light irradiation conditions and ZnO morphology significantly influence photocatalytic
performance. Specifically, rod-like morphologies with higher surface area enable more effective
interactions between the dye molecules and the photocatalyst surface, thereby enhancing the
photocatalytic degradation efficiency of RhB.
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Fig. 6. The percentage degradation of RhB by ZnO photocatalysts with different morphologies under
various photocatalytic conditions.

4. Conclusion

In this work, different ZnO morphologies were investigated for their piezo-photocatalytic
properties. XRD patterns and SEM images confirmed that the synthesized ZnO powders—rod-like,
plate-like, and spherical—corresponded to a hexagonal wurtzite crystal structure. DRS spectra indicated
that all ZnO morphologies exhibited strong absorption in the ultraviolet region, with band gap energies
ranging from approximately 3.25 to 3.30 eV. Among the tested samples, the rod-like ZnO photocatalyst
under CON 3 (ultrasonic waves combined with light irradiation) achieved the most effective in dye
degradation efficiency, with a reaction rate of 0.046 min™'. This enhanced photocatalytic efficiency is
attributed to the initial built-in electric potential generated by the mechanical strain due to the
piezoelectric properties in ZnO. The asymmetric rod-like structure plays a key role in promoting
effective electron-hole pair separation and facilitating charge photogeneration, thereby improving
overall performance. Under Condition 1, which involved only light irradiation, the system operated as
a conventional photocatalytic process and also exhibited the second-highest performance. In contrast,
negligible RhB degradation was observed under stirring and ultrasonication only in CON 2 and CON 4,
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confirming that light activation is essential for initiating photocatalytic activity. However, CON 4 with
ultrasonication alone showed a minor degree of dye degradation due to the intense physical effect of
acoustic cavitation, which can lead to partial destabilization and breakdown of dye molecules. Regarding
ZnO morphology, the rod-like structure demonstrated the highest photocatalytic performance, likely due
to its larger crystal size and anisotropic geometry, which enhanced its piezoelectric response. The plate-
like ZnO also showed promising results, with its high specific surface area and light-trapping ability,
which contributed to increasing optical absorption and a greater number of active sites for dye
interaction. Meanwhile, spherical ZnO photocatalyst showed reasonable performance in both piezo-
assisted and conventional photocatalysis. Its isotropic morphology resulted in a weaker piezoelectric
response under mechanical stimulation, limiting its effectiveness in the piezo-photocatalytic
applications.
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