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Abstract:
Lead-based piezoelectric materials like PZT pose environmental and health hazards, driving the
need for lead-free alternatives in energy harvesting. This study focuses on the design and
development of lead-free piezoelectric energy harvesting systems using materials such as
potassium sodium niobate (KNN), bismuth sodium titanate (BNT), and barium titanate
(BT).Advanced synthesis techniques enhance piezoelectric properties, while optimized device
structures maximize energy conversion from mechanical vibrations. Experimental analysis and
simulations confirm that lead-free materials achieve competitive performance compared to PZT.
Applications in self-powered sensors, biomedical devices, and wireless electronics highlight their
practical potential. This research advances eco-friendly energy solutions, promoting sustainable
and efficient energy harvesting.
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Introduction

The global demand for sustainable and eco-friendly energy solutions has
intensified the search for alternative energy sources that can reduce reliance on conventional
power supplies. Among various energy harvesting techniques, piezoelectric energy harvesting
has gained considerable attention due to its ability to convert mechanical vibrations into electrical
energy. This technology is particularly useful for powering self-sustaining electronic devices
such as wireless sensor networks, biomedical implants, and wearable electronics. Traditionally,
lead-based piezoelectric materials, such as lead zirconate titanate (PZT), have been widely used
due to their excellent piezoelectric properties. However, concerns over lead toxicity and
environmental regulations have driven the development of lead-free alternatives. One of the most
promising candidates is the (1-x)Bio.sNao.sTiOs-xBaTiOs; (BNT-BT) system, which exhibits
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enhanced piezoelectric coefficients, reduced coercive fields, and improved electromechanical
coupling. These properties make BNT-BT a viable option for energy harvesting applications.
This study explores the design and development of lead-free piezoelectric energy
harvesting systems, focusing on material selection, structural optimization, and fabrication
techniques. The incorporation of morphotropic phase boundary (MPB) engineering,
nanostructuring, and advanced processing methods plays a crucial role in enhancing
performance. Despite these advancements, challenges such as high electrical conductivity,
domain instability, and processing complexities remain. Addressing these issues through
innovative material engineering and scalable manufacturing techniques will be key to enabling
the widespread adoption of lead-free piezoelectric energy harvesters in real-world applications.
Literature Review
The development of lead-free piezoelectric energy harvesting systems has been extensively
studied in recent years, driven by the need for sustainable and environmentally friendly
alternatives to traditional lead-based materials. This section explores the structural, electrical, and
functional properties of various lead-free piezoelectric materials, particularly the (1-
X)Bio.sNao.sTiO3-xBaTiOs (BNT-BT) system, along with its applications and associated
challenges.Piezoelectric materials have played a significant role in modern technology due to
their ability to convert mechanical energy into electrical energy and vice versa. These materials
are widely used in sensors, actuators, energy harvesting, and medical devices. However,
conventional piezoelectric materials, such as lead zirconate titanate (PZT), contain lead, which
poses environmental and health risks. The need for environmentally friendly and sustainable
alternatives has led to extensive research on lead-free piezoelectric materials.
Why Lead-Free Piezoelectric Materials?
The primary reason for developing lead-free piezoelectric materials is the environmental and
health hazards associated with lead-based materials. Lead is highly toxic and poses risks to
human health and ecosystems. Several countries have implemented strict regulations, such as the
European Union’s Restriction of Hazardous Substances (RoHS) directive, which limits the use of
lead in electronic and electrical devices. Consequently, researchers have focused on developing
lead-free alternatives that exhibit comparable or superior piezoelectric properties.
Prominent Lead-Free Piezoelectric Materials
Several lead-free materials have been investigated to replace conventional PZT-based materials.
The most promising candidates include:
1. Barium Titanate (BaTiOs)
Barium titanate (BaTiOs) was one of the first discovered piezoelectric ceramics and remains a
widely studied lead-free alternative. It exhibits good piezoelectric properties and high dielectric
permittivity. However, its piezoelectric performance is lower than that of PZT, and
modifications, such as doping with elements like calcium, strontium, or zirconium, are required
to enhance its properties.
2. Potassium Sodium Niobate (KNN: (K,Na)NbO:)
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KNN-based materials have emerged as strong candidates for lead-free piezoelectrics due to their
high Curie temperature, good piezoelectric coefficients, and environmental friendliness.
Researchers have enhanced KNN’s properties by incorporating elements like lithium, tantalum,
or zirconium to optimize its piezoelectric response and structural stability.
3. Bismuth Sodium Titanate (BNT: (Bi,Na)TiOs)
BNT-based materials exhibit high ferroelectric and piezoelectric properties, making them
suitable for applications such as actuators and sensors. However, their high coercive fields and
relatively high levels of hysteresis require modifications, such as doping with barium or
potassium, to improve performance.
4. Sodium Bismuth Titanate (NBT: Nao.sBio.sTiOs)
NBT-based materials have shown promising results as an alternative to PZT. They exhibit strong
piezoelectric properties, good thermal stability, and high polarization. Researchers have
combined NBT with other perovskite materials to achieve enhanced properties suitable for
various applications.
Applications of Lead-Free Piezoelectric Materials
Lead-free piezoelectric materials are being increasingly used in various fields, including:
e Medical Devices: Ultrasound imaging, drug delivery systems, and biosensors.
e Energy Harvesting: Converting mechanical vibrations into electrical energy for self-
powered devices.
e Sensors and Actuators: Used in industrial automation, robotics, and aerospace
applications.
e Consumer Electronics: Applications in touch screens, speakers, and microphones.
Challenges and Future Prospects
Despite significant progress, lead-free piezoelectric materials still face challenges, including:
e Achieving piezoelectric performance comparable to PZT.
o Enhancing long-term stability and durability.
e Optimizing fabrication techniques for large-scale production.
Future research is focused on improving the material properties through advanced doping
strategies, nanostructuring, and novel synthesis methods. As environmental regulations tighten,
the demand for lead-free piezoelectrics will continue to grow, driving further advancements in
this field.
Applications in Energy Harvesting
Energy harvesting, also known as energy scavenging, refers to the process of capturing and
storing energy from various ambient sources to power small electronic devices. Here are some
key applications:
1. Wearable and Implantable Devices
e Smartwatches, fitness trackers, and medical implants use energy harvesting from body
heat (thermoelectric generators) or motion (piezoelectric and electromagnetic generators).
o Pacemakers and biosensors use piezoelectric or RF energy harvesting to eliminate the
need for frequent battery replacements.
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2. Wireless Sensor Networks (WSNs)
o Sensors in remote locations harvest energy from sunlight (solar cells), vibrations
(piezoelectric materials), and RF waves to operate without battery replacements.
e Used in environmental monitoring, industrial automation, and smart agriculture.
3. Automotive and Transportation
e Regenerative braking in electric and hybrid vehicles converts kinetic energy into
electrical energy.
e Piezoelectric roadways harvest energy from vehicle vibrations for powering streetlights
and traffic signals.
4. Smart Homes and Buildings
e Solar panels and thermoelectric generators power home automation systems.
e Energy from vibrations and ambient light supports smart lighting and security systems.
5. Industrial and Structural Health Monitoring
e Machines and bridges use energy harvesting sensors to monitor stress, strain, and
temperature changes without wired power.
e Reduces maintenance costs by enabling real-time data collection.
6. Internet of Things (IoT) Devices
e Low-power IoT devices use RF energy harvesting from Wi-Fi, Bluetooth, and cellular
signals.
o Enhances battery life or enables battery-free operation in smart city applications.
7. Military and Defense
e Soldiers’ gear integrates energy harvesting systems to generate power from body
movements.
e Unmanned aerial vehicles (UAVs) use solar energy harvesting to extend flight duration.
8. Marine and Renewable Energy
e Ocean wave energy harvesters convert mechanical motion into electricity for buoys and
offshore monitoring systems.
o Tidal energy systems provide continuous renewable power sources.
Conclusion
The (1-x)BNT-xBT system presents a promising lead-free alternative to conventional lead-based
piezoelectric ceramics. Through structural modifications and microstructural optimization, BNT-
BT exhibits enhanced piezoelectric properties, making it a suitable candidate for sustainable
energy solutions. However, challenges such as high electrical conductivity, domain instability,
and fabrication complexities must be addressed. Advanced doping methods, novel composite
structures, and scalable manufacturing techniques are essential for realizing the full potential of
lead-free piezoelectric energy harvesting systems.
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