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As the global demand for sustainable energy solutions intensifies, piezoelectric 
nanogenerators (PENG) have emerged as promising candidates for powering wearable 
and portable devices, aligning with the United Nations' 2030 Agenda for Sustainable 
Development Goals, particularly Goal 7 (Affordable and Clean Energy). Zinc oxide (ZnO) 
nanostructures, known for their exceptional piezoelectric and semiconducting 
properties, are also biocompatible and environmentally friendly, making them pivotal 
in advancing PENG technology. Although extensively studied, ZnO nanostructures still 
face challenges in achieving high crystallinity and controlled morphology at low 
temperatures, particularly for flexible substrates. Conventional methods like chemical 
vapor deposition (CVD) and hydrothermal synthesis require high temperatures and long 
durations, limiting their compatibility with temperature-sensitive materials such as 
polyethylene terephthalate (PET). In this study, ZnO nanostructures were synthesised 
using a microwave-assisted sonochemical technique, focusing on the effect of varying 
precursor concentrations (0.01M, 0.0125M, 0.025M, 0.05M, 0.075M, and 0.1M) on 
structural and electrical characteristics. X-ray diffraction (XRD) and field emission 
scanning electron microscopy (FESEM) analyses were conducted to explain the crystal 
structure and surface morphology of the synthesised ZnO, while oscilloscope 
measurements were used to evaluate voltage output for piezoelectric performance. 
XRD analysis confirmed the structures of ZnO across all precursor concentrations, with 
variations in peak intensity and crystallite size indicating the influence of concentration 
on crystallinity and preferred orientation. FESEM images revealed distinct 
morphological changes with increasing precursor concentration. Oscilloscope results 
highlighted the correlation between optimised ZnO nanostructure morphology and 
enhanced voltage output, confirming the significance of precursor concentration in 
achieving efficient energy harvesting. The microwave-assisted sonochemical technique, 
characterised by its rapid reaction time and low-temperature synthesis (100°C), proved 
to be an effective method for growing ZnO nanostructures for PENG. This method’s 
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ability to produce highly crystalline ZnO at low temperature is particularly 
advantageous for flexible substrates in wearable electronics and energy harvesting 
applications. The findings underscore the critical role of precursor concentration in 
tailoring ZnO structural and electrical properties, offering valuable insights into 
optimising ZnO nanostructures for PENG applications. This work contributes to the 
development of sustainable and efficient energy harvesting technologies, 
demonstrating the potential of ZnO nanostructures in next-generation wearable and 
portable devices. 

 

 
1. Introduction 
 

The global shift towards sustainable energy solutions is accelerating research into alternative 
energy-harvesting technologies, driven by the urgent need to reduce reliance on conventional energy 
sources and mitigate the environmental impact of fossil fuels [1-3]. Among the various technologies 
under investigation, piezoelectric nanogenerators (PENG) have emerged as a highly promising 
solution for powering wearable and portable electronic [4-7]. These devices, which convert 
mechanical energy into electrical energy using piezoelectric materials, offer an eco-friendly and 
scalable approach to energy harvesting [8]. The ability of PENG to power small electronics by 
harvesting biomechanical energy opens exciting possibilities in fields ranging from healthcare 
monitoring to next-generation consumer electronics, aligning with the United Nations' Sustainable 
Development Goal (SDG 7) of ensuring access to affordable and clean energy [9]. 

Zinc oxide (ZnO), a wide-bandgap semiconductor with intrinsic piezoelectricity, has attracted 
considerable attention as a core material for PENG applications due to its outstanding combination 
of piezoelectric, and semiconducting properties [10-12]. Beyond its remarkable electrical 
performance, ZnO is biocompatible, abundant, and environmentally friendly, further establishing its 
potential as a material for sustainable energy solutions [13, 14]. One of ZnO's most attractive features 
is its versatility in forming diverse nanostructures such as nanorods, nanowires, and nanosheets, each 
of which can be tailored to specific applications by adjusting synthesis conditions [15-17]. Despite 
extensive research on ZnO nanostructures, key challenges remain in achieving high crystallinity and 
controlled morphology at low temperatures, especially for flexible substrates used in wearable 
electronics. Most conventional synthesis techniques, such as chemical vapor deposition (CVD) and 
hydrothermal methods, are limited by high processing temperatures and prolonged reaction times, 
making them less suitable for integrating with temperature-sensitive materials like polyethylene 
terephthalate (PET) [18]. 

Recent advancements in low-temperature synthesis techniques have opened new doors for 
producing high-quality ZnO nanostructures while preserving substrate integrity. Among these, the 
microwave-assisted sonochemical method stands out for its rapid reaction kinetics, uniform heating, 
and ability to synthesize nanomaterials at temperatures as low as 100°C [19, 20]. This technique 
leverages the synergistic effects of microwave irradiation and ultrasonic cavitation to promote 
homogeneous nucleation and controlled growth of nanostructures, resulting in highly crystalline 
materials with tunable properties [21, 22]. However, while the potential of this method for ZnO 
synthesis is well recognized, the systematic exploration of precursor concentration as a critical 
parameter in determining the structural and piezoelectric performance of ZnO nanostructures 
remains largely unexplored. 

Precursor concentration plays a pivotal role in governing the nucleation and growth dynamics 
during ZnO synthesis. Variations in concentration can significantly influence the morphology, 
crystallinity, and defect density of the resulting nanostructures, which in turn affect their electrical 
and mechanical properties [23, 24]. Although several studies have investigated the effect of 
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precursor concentration on ZnO morphology, most have focused on high-temperature synthesis 
methods or provided limited insights into how these variations impact piezoelectric performance at 
low temperatures [25]. This represents a crucial gap in the current body of knowledge, particularly 
for researchers seeking to optimize ZnO nanostructures for practical applications in wearable and 
portable energy-harvesting devices 

In this study, we address this gap by synthesizing ZnO nanostructures using a microwave-assisted 
sonochemical technique at a fixed low temperature of 100°C, systematically varying precursor 
concentrations to investigate their effect on structural, morphological, and piezoelectric properties 
[26]. The use of a low-temperature synthesis method is particularly advantageous for flexible 
substrates, making this study highly relevant for the growing field of wearable electronics [27]. 
Comprehensive characterization of the synthesized ZnO nanostructures is performed using X-ray 
diffraction (XRD) and field emission scanning electron microscopy (FESEM) to evaluate crystallinity 
and surface morphology, while oscilloscope measurements are employed to assess their 
piezoelectric voltage output. By correlating the structural characteristics with electrical performance, 
this work provides new insights into the relationship between precursor concentration and 
piezoelectric efficiency. 

What sets this research apart is its focus on optimizing ZnO synthesis at low temperatures, 
offering a novel perspective on controlling nanostructure properties through a single, critical 
parameter that is precursor concentration. Unlike previous studies that emphasize high-temperature 
methods or doping strategies, this work demonstrates how precursor concentration alone can be 
strategically manipulated to enhance the crystallinity and piezoelectric output of ZnO [28-32]. The 
findings not only highlight the importance of precursor concentration in tailoring ZnO properties but 
also establish a scalable and substrate-friendly approach for fabricating high-performance 
nanostructures for energy harvesting. 

Ultimately, this study contributes to the advancement of sustainable energy technologies by 
providing a deeper understanding of how low-temperature synthesis conditions affect the structural 
and functional properties of ZnO nanostructures. The results presented here offer valuable guidance 
for future research aimed at developing efficient, flexible, and environmentally friendly energy-
harvesting devices for wearable and portable applications. 
 
2. Methodology  
2.1 Materials 

Zinc Acetate Dihydrate [Zn(CH3CO2)2·2H2O], Monoethanolamine [MEA (C2H7NO)], Ethanol 
(CH3CH2OH), Zinc Nitrate Hexahydrate [Zn(NO3)2.6H2O], Hexamethylenetetramine [HMTA (C6H12N4)] 
and Deionised Water (DI Water). 

 
2.2 Preparation of ZnO seeded layer deposited on PET substrate  
 

The preparation of ZnO seed layer first starts with the cleaning of flexible polyethylene 
terephthalate (PET) of a size of 2.5cm x 3.5cm as the substrate. The PET were cleaned with ethanol 
and DI water for 10 minutes each in an ultrasonic bath and then were left to dry in the air to remove 
the moisture. Ultrasonic-assisted dip-coating technique was used to coat the PET on both sides. The 
seed solution was prepared beforehand by dissolving zinc acetate dehydrate [Zn(CH3CO2)2·2H2O] in 
ethanol to obtain the concentration of 0.4 mol/L. Monoethanolamine, [MEA (C2H7NO)] which acts 
as stabilizer was then added and the MEA:zinc acetate molar ratio was kept constant at 1:1. The 
solution was stirred to obtain a uniform and clear solution. Next, after attaching the substrate to the 
dip-coater, the substrates were dipped into the solution for 10 seconds with both upward and 
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downward speed of 40 mm/s to obtain a uniform distributed seed layer across the PET. This process 
was repeated five times with an interval of a heating process of 100°C for 10 minutes after each dip. 
The heating process was done to eliminate the solvent residue and ensure strong adhesion of the 
seed layer. Finally, the ZnO seed layer was heated to 100°C for 25 minutes to improve the crystalline 
quality.  

 
2.3 Growth of ZnO nanostructures using microwave-assisted sonochemical technique   

 
Next, an aqueous solution of zinc nitrate hexahydrate [Zn(NO3)2.6H2O] and 

hexamethylenetetramine [HMTA, C6H12N4]  with different precursor concentration (0.01M, 0.0125M, 
0.025M, 0.05M, 0.075M, and 0.1M) were mixed with 1000ml of DI water. The solution was stirred 
for 30 minutes to achieve homogeneous solution. Subsequently, the solution underwent ultrasonic 
treatment within a water bath at a temperature of 50°C for a duration of 30 minutes, employing a 40 
kHz frequency (Hwasin Technology Powersonic 405). The solution later was allowed to age for 1 hour 
at room temperature. After that, the solution was given another 1 hour of stirring without adding 
any heat. Later, the solution was transferred into a 100ml Schott bottle and the PET substrate was 
submerged into the prepared solution. The microwave was set to 200-watt power for a fix of 30 
minutes deposition time. Lastly, the substrate was removed from the solution, washed with DI water 
to remove the residues on the surface and left to dry in air.  

 
2.4 Fabrication of ZnO nanostructures for PENG applications 

 
Lastly, the fabrication process of PENG was conducted. A layer of battery-grade Aluminium foil 

will be placed on top of the PET substrate. The Aluminium foil acted as the top electrode while the 
PET acted as the bottom electrode to ensure the flow of electricity throughout the ZnO PENG. Kapton 
tape was used to bind them to sustain both material and prevent from inconsistent output results.  
 
2.5 Characterisation methods 

 
The structural properties of ZnO nanostructures were analysed by using X-ray diffraction (XRD, 

PANalytical X'Pert3 PRO) at 45 kV and 40 mA with Cu-Ka radiation at ca. 2θ = 5º-90º. The surface 
morphology of the structure of all samples was characterised by field emission scanning electron 
microscopy (FESEM, Analytical High Resolution Field Emission Scanning Electron Microscope Apreo 
2S (Thermo Fischer Scientific). The electrical properties were characterised by using oscilloscope 
(Keithley 2420 Sourcemeter).  
 
3. Results  
3.1 Morphological and structural analysis of ZnO nanostructures  
 

Figure 1 shows the morphological evolution of ZnO nanostructures synthesised at various 
precursor concentrations (0.01M, 0.0125M, 0.025M, 0.05M, 0.075M and 0.1M) was analysed using 
FESEM at magnifications of 30,000× and 100,000×. The results reveal that the precursor 
concentration plays a crucial role in controlling the growth, density, and uniformity of the resulting 
nanostructures.  

At the lowest precursor concentration of 0.01 M, the ZnO structures appear sparse and poorly 
defined, with isolated nanoparticles scattered across the surface. This morphology is a result of 
insufficient nucleation caused by the limited availability of Zn²⁺ and OH⁻ ions. The poor surface 
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coverage at this concentration would likely hinder the efficiency of the piezoelectric nanogenerator, 
as the scattered structures provide minimal contact area for mechanical stress transfer [33, 34]. 
However, as the precursor concentration increases to 0.0125 M, there is a significant improvement 
in the morphology. The ZnO nanostructures transform into uniform and well-connected nanosheets 
that cover the substrate in a dense but highly ordered arrangement. These nanosheets are evenly 
distributed without excessive agglomeration, ensuring a large surface area and strong structural 
integrity. This morphology is highly desirable for piezoelectric applications, as the continuous 
nanosheets provide excellent mechanical coupling and enhanced stress transfer during mechanical 
deformation, which is essential for improving the output performance of the nanogenerator. When 
the precursor concentration reaches 0.025 M, the nanosheet structure becomes thicker and more 
complex, forming larger overlapping sheets across the surface. Although the coverage remains high, 
the increased complexity and irregularity reduce the uniformity observed at 0.0125 M. The 
hierarchical structure at this concentration may contribute positively to piezoelectric performance. 
Further increasing the precursor concentration to 0.05 M results in the formation of dense, 
hierarchical flower-like structures. These highly interconnected structures exhibit significant 
agglomeration, which compromises the clarity and definition of individual nanosheets. The 
agglomeration introduces defects and may limit the flexibility of the resulting piezoelectric device. At 
higher concentrations of 0.075 M and 0.1 M, the ZnO morphology becomes even more densely 
packed and heavily agglomerated [35]. The excessive availability of ions at these concentrations 
promotes uncontrolled nucleation and rapid crystal growth, resulting in thick, non-uniform layers 
that lack the nanosheet morphology observed at lower concentrations. The structural integrity of 
these samples is compromised, with poor mechanical adaptability and an increased likelihood of 
defects that can adversely affect the piezoelectric performance. 

The results of the morphological analysis clearly indicate that 0.0125 M provides the most 
balanced and optimised morphology for ZnO nanostructures. The uniform nanosheet network at this 
concentration offers several advantages, including high surface area for effective charge generation 
and collection, uniform stress distribution for enhanced piezoelectric response and minimal defects 
and agglomeration for improved device stability and flexibility. In contrast, concentrations higher 
than 0.0125 M result in thicker and more irregular structures, while lower concentrations fail to 
achieve sufficient coverage and connectivity between the nanostructures. 
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Fig. 1. The surface morphology of the ZnO nanostructures prepared on PET substrate at magnifications 
30,000X (a) 0.01M (b) 0.0125M (c) 0.025M (d) 0.05M (e) 0.075M and (f) 0.1M. The surface morphology of the 
ZnO nanostructures prepared on PET substrate at magnifications 100,000X (g) 0.01M (h) 0.0125M (i) 0.025M 
(j) 0.05M (k) 0.075M and (l) 0.1M 

 
The structural and morphological characteristics of ZnO films synthesised at varying precursor 

concentrations were analysed using XRD (JCPDS card no. 03-065-2880). The XRD patterns as shown 
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in Figure 2, explained that all samples exhibit prominent peaks corresponding to the (200) diffraction 
plane, confirming the successful synthesis of cubic-phase ZnO. Table 1 summarises the peak position, 
full-width at half-maximum (FWHM) and crystallite size for all samples. The intensity of the (200) 
peak vary significantly with different precursor concentrations, indicating differences in crystallinity 
and crystal growth dynamics. The crystallite size was calculated using the Scherrer equation for the 
(200) peak and the FWHM was measured for each sample. At low concentrations (0.01M and 
0.0125M), the diffraction peaks are relatively sharp and well-defined, indicating high crystallinity and 
fewer lattice defects. The crystallite size for these samples is larger compared to higher 
concentrations, with 0.01M and 0.0125M having crystallite sizes of 91.8 nm and 88.5 nm, 
respectively. These values are consistent with the FESEM images, which show well-aligned and 
densely packed nanostructures for these concentrations, contributing to enhanced crystal growth 
along the preferred orientation. As the precursor concentration increases to 0.025M and 0.05M, a 
slight broadening of the (200) peak is observed, indicating a reduction in crystallite size and increased 
lattice strain. This broadening corresponds to a slight increase in FWHM compared to the lower 
concentrations. The crystallite sizes for 0.025M and 0.05M are 83.8 nm and 85.8 nm while the FWHM 
values remain relatively stable. The FESEM images of these samples reveal a more compact structure 
with less uniformity, suggesting that higher precursor concentrations result in increased nucleation 
sites, leading to smaller crystallite sizes and more disordered growth patterns [36]. At the highest 
concentrations (0.075M and 0.1M), significant broadening of the (200) peak is evident, along with a 
noticeable reduction in peak intensity. This indicates a substantial decrease in crystallite size and a 
higher degree of structural disorder. The calculated crystallite sizes for 0.075M and 0.1M are 85.2 nm 
and 64.1 nm, respectively, with FWHM values of 0.103° and 0.137°. The FESEM images for these 
samples show densely packed, irregular nanostructures with a rough surface morphology. Such 
morphology is indicative of rapid nucleation and inhibited crystal growth, which explains the reduced 
crystallite size and increased defect density at higher precursor concentrations [37, 38]. 
 
 
Table 1 
The peak position, FWHM and crystallite size for all samples of varied precursor concentration 
 

Sample Precursor concentration, 
Molarity (M) 

Peak position, 
(2θ) 

FWHM  
(degree, °) 

Crystallite size 
(nm) 

a) 0.0100M 38.4 0.096 91.8 
b) 0.0125M 38.4 0.099 88.5 
c) 0.0250M 38.4 0.105 83.8 
d) 0.0500M 38.4 0.102 85.8 
e) 0.0750M 38.4 0.103 85.2 
f) 0.1000M 38.4 0.137 64.1 
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Fig. 2. The XRD analysis of the ZnO nanostructures prepared on PET substrate for PENG application (a) 0.01M, 
(b) 0.0125M, (c) 0.025M, (d) 0.05M, (e) 0.075M and (f) 0.1M 
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3.2 Electrical analysis of ZnO nanostructures for PENG applications 
 

The output voltage of ZnO-based piezoelectric nanogenerators was measured for samples 
prepared using different precursor concentrations, ranging from 0.01M to 0.1M as observed in Figure 
3. The electrical performance, specifically the peak-to-peak voltage (Vpp), showed a distinct 
correlation with the morphology of the ZnO nanostructures as observed in the FESEM images. This 
relationship highlights the importance of optimising precursor concentration to achieve superior 
piezoelectric performance. 

The sample prepared with 0.0125M concentration exhibited the highest output, with a peak-
to-peak voltage of approximately 14 V. The corresponding FESEM images revealed a well-defined 
nanosheet-like morphology that plays a crucial role in enhancing the piezoelectric response. These 
nanosheets offer several advantages, including a high surface area that increases the effective 
contact with the substrate, leading to better mechanical stress transfer. The continuous and 
interconnected structure of the nanosheets helps distribute stress evenly across the surface, 
improving charge generation [39]. Furthermore, this morphology provides efficient electron 
transport pathways, minimising energy losses and boosting the overall output voltage [40].  

In comparison, the 0.01M sample, while producing a relatively high peak-to-peak voltage of 
around 8 V, showed less well-defined nanosheet structures. The FESEM image of this sample 
indicates the presence of thin, sparsely distributed ZnO structures. Although these structures have 
good alignment, their limited coverage reduces mechanical coupling, which ultimately affects the 
piezoelectric response. Consequently, the output voltage is lower than that of the 0.0125M sample. 
As the precursor concentration increased to 0.025M and 0.05M, a transition in morphology was 
observed. The nanosheets became thicker and more compact, with signs of partial agglomeration. 
This change in morphology coincided with a reduction in output voltage to approximately 4.5 V. The 
thicker structures reduce the flexibility of the ZnO film, which impairs stress-transfer efficiency. This 
decrease in flexibility diminishes the ability of the nanostructures to convert mechanical energy into 
electrical energy effectively, resulting in lower piezoelectric output. At higher concentrations of 
0.075M and 0.1M, the FESEM images showed heavily agglomerated structures, forming a dense, 
almost bulk-like layer. The corresponding voltage outputs were notably lower, with peak-to-peak 
voltages of 4 V and 3 V, respectively. The agglomeration at these concentrations results in reduced 
surface sensitivity and increased rigidity of the ZnO layer. These bulkier structures respond less 
effectively to mechanical deformation, limiting the generation of piezoelectric charge. Additionally, 
the agglomeration creates voids and uneven surfaces that contribute to localised stress and charge 
dissipation, further reducing the output. 
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Fig. 3. The output electrical voltage of the PENG measured using oscilloscope (a) 0.01M, (b) 0.0125M, (c) 
0.025M, (d) 0.05M, (e) 0.075M and (f) 0.1M 
 
 
 



Journal of Advanced Research in Applied Sciences and Engineering Technology 
Volume 63, Issue 5 (2026) 51-64 

61 
 

 
4. Conclusions 
 

This study investigated the synthesis of ZnO nanostructures on PET substrates at varying 
precursor concentrations, focusing on their structural and piezoelectric properties. Through a 
combination of XRD, FESEM and electrical measurements, 0.0125 M precursor concentration was 
determined to be the optimal condition for achieving high-quality ZnO nanostructures with superior 
piezoelectric performance. 

The XRD analysis confirmed the cubic-phase ZnO formation, with the prominent (200) peak 
observed at all precursor concentrations. The calculated crystallite size and FWHM revealed that 
0.0125 M achieved an optimal crystallite size of approximately 88.5 nm with an FWHM of 0.099°. This 
combination suggests a highly crystalline structure with reduced lattice strain and minimal defect 
density, critical factors for enhancing the piezoelectric properties. At lower precursor concentrations 
(0.01 M), the ZnO films exhibited incomplete crystal growth and poor crystallinity, while higher 
concentrations (≥0.05 M) resulted in excessive nucleation, leading to smaller crystallite sizes and 
increased lattice disorder, as indicated by the broadening of the diffraction peaks. 

FESEM analysis provided crucial insight into the surface morphology evolution across different 
concentrations. At 0.0125 M, the ZnO nanostructures or specifically nanosheets, displayed a well-
defined, dense and uniform morphology. Such a structure is known to facilitate improved charge 
transfer and reduced recombination losses, thereby enhancing the piezoelectric response [41]. In 
contrast, films at lower concentrations exhibited sparse and non-uniform growth, which 
compromises electrical connectivity, while higher concentrations produced agglomerated and 
irregular structures that introduce defects, thus limiting their performance. 

The piezoelectric performance was evaluated through oscilloscope measurements of the 
generated electrical output under mechanical stimulation. The sample synthesised at 0.0125 M 
demonstrated a significantly higher peak-to-peak voltage (Vpp) of nearly 14 V. This superior 
performance can be attributed to the synergistic effect of high crystallinity and optimized 
morphology, which enhances polarization and charge generation in the ZnO nanostructures. The 
increase in defect density and surface irregularity at higher concentrations is consistent with the 
reduction in piezoelectric output, reflecting the adverse effect of structural imperfections on charge 
collection efficiency. 

In conclusion, the 0.0125 M precursor concentration offers the most favourable combination of 
structural integrity, surface morphology, and electrical output, confirming it as the optimal condition 
for ZnO-based piezoelectric nanogenerators. The findings underline the critical role of precursor 
concentration in tuning the crystallinity and morphology of ZnO nanostructures, which directly 
influence the piezoelectric response. These insights provide a strong foundation for the future 
development of scalable and high-performance piezoelectric devices, with potential applications in 
self-powered systems and energy harvesting technologies. Future studies should focus on refining 
other synthesis parameters, such as deposition time and growth temperature, to further improve the 
performance and consistency of the nanogenerator output. 
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