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ABSTRACT 

The widespread use of lead and its derivatives as piezoelectric materials has been causing 

immense environmental and notable public health issues. Herein, we are principally going to 

review lead-free piezoelectric materials. It is well known that Lead zirconate titanate (PZT) is 

prominent for its dominating piezoelectric qualities, but the primary cause of lead's extended 

environmental persistence is its non-biodegradable nature. Presently, several materials are 

being explored as potentially appealing PZT substitutes for particular uses. This study 

examines recent advances in lead-free materials, including ZnO nanostructures, inorganic 

ceramics such as barium titanate (BT), sodium potassium niobate (KNN), sodium bismuth 

titanate (BNT), bismuth layer-structured ferroelectrics (BLSFs), and polymers like PVDF and 

PVDF-TrFE. It focuses on their biocompatibility, high electromechanical coupling factor, and 

stable electrical properties, focusing on preparation, structure–property correlation, and finding 

promising applications in bioengineering, military, optoelectronic information, and energy. 

Lastly, the difficulties and viewpoints surrounding lead-free piezoelectric materials and 

devices are discussed. 

Keywords: piezoelectric, lead-free materials, polymers, inorganic ceramics 
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CHAPTER 1 

INTRODUCTION AND OBJECTIVES 

 

1.1. Introduction 

The hazardous effects of lead on human health and the government have raised significant 

concerns over the continued use of lead-containing piezoelectric materials like lead zirconate 

titanate (PZT). Although PZT is known for its exceptional piezoelectric material efficiency, its 

toxicity has prompted a global shift towards safer, eco-conscious alternatives.  As a result, 

scientists have introduced a new generation of lead-free materials that offer comparable 

performance while being environmentally benign. These include perovskite ceramics such as 

barium titanate and potassium sodium niobate, as well as materials from other categories like 

zinc oxide semiconductors and flexible organic polymers like PVDF and biopolymers. 

At the same time, innovations in processing techniques-such as electrospinning, low-

temperature fabrication, and 3D printing-have made it possible to tailor these materials for 

advanced uses. This has opened up exciting opportunities in the development of flexible 

electronics, energy-harvesting systems, medical sensors, and smart environmental monitors, 

marking a major step forward in sustainable material science. 

1.2. Research Gaps in Lead-Free Piezoelectric Materials 

Despite the considerable strides made in developing lead-free piezoelectric materials, their 

widespread commercial deployment still faces significant challenges.  Although materials such 

as potassium sodium niobate (KNN), bismuth sodium titanate (BNT), barium titanate (BT), 

and polyvinylidene fluoride (PVDF) have demonstrated promising properties, critical 

limitations persist that hinder their ability to fully replace conventional lead-based systems like 

lead zirconate titanate (PZT). 

1.2.1. Performance Gap Compared to PZT 

A major barrier to the adoption of lead-free piezoelectrics lies in their inferior functional 

properties compared to PZT. While some lead-free ceramics, particularly KNN, have achieved 

piezoelectric coefficients (d33) exceeding 400 pC/N through advanced doping and grain 

orientation methods, these outcomes are typically confined to laboratory-scale studies and are 



2 
 

difficult to replicate under industrial conditions. Moreover, BNT-based materials often exhibit 

instability at elevated temperatures, including depolarization, which restricts their operational 

range in high-temperature applications. These performance inconsistencies continue to limit 

their practical viability in demanding environments. 

1.2.2.  Processing and Fabrication Challenges 

Producing high-density, defect-free microstructures remains a critical challenge, especially in 

lead-free ceramics like KNN. Conventional sintering methods frequently result in porosity and 

heterogeneous grain structures, which negatively impact piezoelectric response. Although 

advanced approaches such as reactive template grain growth (RTGG) have been proposed to 

address these microstructural issues, such methods are often too complex or costly for large-

scale implementation. In the case of polymers like PVDF and its copolymers PVDF-TrFE, 

reliable induction of the electroactive β-phase is essential for optimal performance. However, 

processes such as mechanical stretching and electrical poling have yet to be standardized for 

consistent and scalable outcomes. 

1.2.3. Thermal and Electrical Stability 

Lead-free piezoelectrics generally exhibit inferior thermal and electrical endurance compared 

to their lead-based counterparts. For example, barium titanate (BT) has a relatively low Curie 

temperature (~ 130 ºC), which confines its utility in applications involving high thermal loads. 

Similarly, PVDF-based materials tend to degrade under prolonged exposure to heat and 

ultraviolet light, resulting in compromised performance. 

1.2.4. Limited Understanding of Domain Dynamics 

A comprehensive grasp of the domain switching, phase transformation, and fatigue 

characteristics in lead-free piezoelectric materials remains underdeveloped. In particular, 

materials based on BNT display complex phase transitions, especially between rhombohedral 

and tetragonal structures near the morphotropic phase boundary (MPB), which are not yet 

thoroughly clarified. This lack of clarity hampers the ability to accurately model and tailor 

material compositions for improved functional performance. Compared to the extensive studies 

on PZT, investigations into aspects such as domain wall motion, resistance to fatigue, and long-

term aging behaviour in lead-free alternatives are still relatively limited. 
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1.2.5. Scalability and Cost-Efficiency 

The commercial scalability of lead-free piezoelectric materials is another pressing gap. Many 

high-performing materials are synthesized using techniques such as sol-gel processing, 

hydrothermal synthesis, or spark plasma sintering, which are either cost-prohibitive or not 

scalable. For industrial adoption, more cost-effective and robust processing routes must be 

developed without compromising material performance. 

1.2.6. Underexplored Biopolymer Systems 

Though the paper discusses the potential of natural materials such as chitin, collagen, and 

gelatin, these systems remain vastly underexplored. Their inherent biocompatibility and 

biodegradability make them ideal for transient biomedical applications, yet their piezoelectric 

properties are relatively weak, and synthesis protocols are still in early stages. Exploring 

molecular modifications, cross-linking strategies, and composite formation with ceramic 

nanoparticles may open new frontiers in bio-piezoelectronics. 

1.3. Research Objectives 

1. To identify environmentally sustainable piezoelectric materials with high 

performance. 

2. To improve synthesis techniques for better material quality and uniformity 

3. To strengthen thermal and electrical reliability under operating conditions 

4. To facilitate the integration of lead-free materials into functional devices 

5. To explore naturally derived piezoelectric biomaterials 
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CHAPTER 2 

LITERATURE REVIEW 

 

Over the past decade, researchers have made significant strides in discovering 

and optimizing lead-free piezoelectric compounds. The evolution from PZT to 

green materials is motivated by international regulations such as the EU’s 

Restriction of Hazardous Substances (RoHS), which limits the use of lead in 

electronic devices. 

2.1. Piezoelectricity Concept 

The piezoelectric effect is the phenomenon whereby piezoelectric materials produce an electric 

charge in response to mechanical stress[2]. The Curie brothers discovered this effect for the 

first time in 1880. The word "piezo" comes from the definition of mechanical tension or 

pressure. The direct effect, in which mechanical strain results in an electric charge, and the 

converse effect, in which an electric field causes mechanical deformation, are the two modes 

of operation of the piezoelectric effect (Fig.1). Because of these characteristics, piezoelectric 

materials can be employed in two main applications: actuators, which use the opposite effect, 

and sensors, which rely on the direct effect[3]. The development of sensors and actuators based 

on this phenomenon was made possible by the discovery of piezoelectricity. 

Piezoelectric materials exhibit two effects: the direct effect (mechanical stress inducing 

electric charge) and the converse effect (electric field causing mechanical deformation). These 

effects are exploited in sensors and actuators, respectively. 

Two key operation modes are: 

• d33 Mode (Longitudinal): Polarization and applied force are parallel, yielding higher 

charge density. 

• d31 Mode (Transverse): Polarization and applied force are perpendicular. 

The efficiency of energy conversion depends on factors such as the material’s crystalline 

structure, electromechanical coupling coefficient, and design architecture.[4][5] 
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2.2. Notable advancements include: 

• Barium titanate (BT) and its solid solutions for enhanced piezoelectric responsiveness 

and Curie temperatures.  

• KNN-based systems with improved performance through texturing and dopant 

engineering.  

• Promising actuator behavior is provided by bismuth sodium titanate (BNT), particularly 

in multicomponent solid solutions.  

• Organic polymers that offer mechanical flexibility and biocompatibility, such as PVDF 

and PVDF-TrFE.  

• Piezoelectrics based on biopolymers (such as gelatin and chitin) for biodegradable, self-

powered sensors. 

 

Fig.1. Schematic diagram showing different piezoelectric materials. 

 

.2.3. Conventional Lead-Based Piezoelectric Materials 

PZT remains the benchmark for piezoelectric performance due to its high d₃₃ values and tunable 

phase boundaries[6]. However, its toxic lead oxide content leads to serious environmental 

accumulation and health hazards like neurotoxicity and developmental impairments.[7] Thus, 

the shift towards lead-free alternatives is not only strategic but imperative[8]. 

Piezoelectric 
matrials

BaTiO3

KNN

BNT

ZnO

PVDF&
PVDF-
TrFE
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2.4.  Lead-Free Piezoelectric Materials: Progress and Challenges 

2.4.1.  Barium Titanate (BT)-Based Systems 

Barium titanate (BaTiO₃, BT) was among the first perovskite-structured materials discovered 

to exhibit significant piezoelectric and ferroelectric properties. While historically recognized 

for its use in capacitors, its piezoelectric behavior has garnered substantial attention for eco-

friendly device applications[9]. BT offers several advantages, including a relatively high 

dielectric constant, strong electromechanical coupling, and ease of fabrication through various 

ceramic processing methods. 

However, the primary limitation of pure BT lies in its low Curie temperature (approximately 

120°C), which restricts its operational range in high-temperature applications. To overcome 

this challenge, extensive efforts have been directed toward modifying the BT structure through 

compositional engineering. Strategies such as doping with elements like calcium, zirconium, 

and bismuth have been employed to enhance both thermal stability and piezoelectric 

response[10]. 

For instance, binary systems such as BaTiO₃–(Bi₀.₅K₀.₅)TiO₃ (BKT) have demonstrated a 

significant increase in Curie temperature, reaching values around 380°C. Furthermore, Praveen 

et al. [11] reported successful synthesis of barium zirconate titanate-barium calcium titanate 

(BZT–BCT) ceramics using sol-gel techniques, achieving superior phase control, smaller 

particle sizes, and enhanced piezoelectric properties. Their optimized compositions exhibited 

a high remanent polarization (12.2 μC/cm²), a piezoelectric coefficient (d₃₃) of 637 pC/N, and 

an electromechanical coupling factor (kₚ) of 0.0596, illustrating BT-based systems' potential to 

rival traditional PZT ceramics. 

Recent investigations have also explored ternary systems, such as BaTiO₃–BiFeO₃–

Bi(Mg₀.₅Ti₀.₅)O₃ (BF–BT–BMT), which exhibit morphotropic phase boundaries (MPBs) 

analogous to those in PZT. The formation of MPBs between pseudocubic and rhombohedral 

phases leads to a substantial enhancement in piezoelectric performance. An optimal 

composition achieved in this system exhibited a piezoelectric coefficient of 154 pC/N and a 

Curie temperature exceeding 480°C, offering a promising route for high-temperature 

piezoelectric applications.[12] 
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2.4.2. Potassium Sodium Niobate (KNN)-Based Systems 

Potassium sodium niobate (K₀.₅Na₀.₅NbO₃, commonly referred to as KNN) has emerged as one 

of the most promising candidates to replace lead-based piezoelectrics, particularly PZT, owing 

to its excellent piezoelectric properties, high Curie temperature, and environmentally benign 

nature[13]. KNN-based ceramics exhibit a Curie temperature around 400°C, significantly 

higher than that of barium titanate, thus offering superior thermal stability for high-temperature 

device applications. 

Despite these advantages, unmodified KNN typically demonstrates a moderate piezoelectric 

constant (d₃₃ in the range of 80–160 pC/N), which initially limited its practical competitiveness 

against PZT[14]. To overcome this, extensive research has focused on compositional tailoring 

and microstructural engineering. Methods such as texturing, doping with aliovalent ions, and 

forming solid solutions have been shown to significantly enhance the piezoelectric response. 

A notable advancement was achieved by Saito et al., who utilized reactive template grain 

growth (RTGG) to fabricate highly textured (K, Na, Li) (Nb, Ta, Sb) O₃ ceramics, attaining a 

piezoelectric coefficient as high as 416 pC/N—comparable to commercial PZT[15]. Further 

enhancements have been realized through careful doping strategies; for example, the 

incorporation of (Bi₀.₅K₀.₅)HfO₃ and CaZrO₃ into KNN matrices has led to piezoelectric 

coefficients surpassing 550 pC/N, demonstrating the flexibility of KNN-based systems to 

achieve superior functional properties[16]. 

Beyond enhancements in piezoelectric properties, compositional modifications of KNN have 

also led to higher mechanical quality factors and better polarization stability-both essential for 

applications such as actuators and energy harvesting. According to Li et al., KNN ceramics 

with significant texturing achieved a d33 value as high as 700 pC/N along with a Curie 

temperature of 242 ºC, establishing them as some of the most efficient lead-free piezoelectric 

materials to date [17]. 

In summary, KNN-based materials have shown remarkable potential through continuous 

innovations in composition and processing. Their high Curie temperature, combined with 

tunable piezoelectric properties, makes them strong contenders for next-generation, eco-

friendly piezoelectric applications, particularly in biomedical implants, high-temperature 

transducers, and flexible energy harvesting devices[18][19]. 
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2.4.3. Bismuth-Based Systems 

Bismuth-based compounds have gained substantial attention as lead-free piezoelectric 

materials due to their distinctive layered structures, high depolarization temperatures, and 

intrinsic environmental friendliness. Among them, bismuth sodium titanate (Bi₀.₅Na₀.₅TiO₃, 

BNT) and bismuth layer-structured ferroelectrics (BLSFs) represent two key families offering 

unique advantages for actuator and sensor applications. 

 BNT, a perovskite material, demonstrates notable ferroelectric and piezoelectric 

characteristics and possesses a relatively high depolarization temperature nearing 290 °C, 

though its native (d33 ~75 pC/N) is moderate. Performance enhancements through its lithium 

and strontium doping have led to materials like BNLST, which show improved d33 values 

exceeding 170 pC/N and stable functionality at temperatures beyond 300 °C [20], making them 

excellent ctes for high-temperature applications in actuators, precision positioning systems, and 

biomedical ultrasound devices. 

(BLSFs), such as Bi4Ti3O12 and BiNbTiO9 stand out for their remarkable thermal endurance, 

often functioning effectively at temperatures above 600 °C. Although their piezoelectric output 

is relatively modest (typically between 20-30 pC/N), their robustness in extreme thermal and 

mechanical environments makes them ideal for sensor applications and deep-well drilling. 

Furthermore, to address inherent limitations such as low polarization and weak piezoelectric 

sensitivity, BLSFs have been modified through rare-earth doping-using elements like 

lanthanum or cerium-to boost piezoelectric response and reduce coercive fields [21].These 

strategies continue to advance the potential of BLSFs for operation in demanding conditions. 
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Table 1. Piezoelectric materials and their properties 

 

2.4.4. Zinc Oxide (ZnO) Nanostructures 

ZnO is a wide-bandgap semiconductor with intrinsic piezoelectric characteristics stemming 

from its non-centrosymmetric wurtzite structure[30]. In addition to its common use in 

electronics and optoelectronics, zinc oxide (ZnO) nanowires and nanobelts have gained 

attention for generating mechanical energy using piezoelectric nanogenerators (PENGs)[31]. 

The vast surface area, high flexibility, and ease of fabrication of ZnO nanostructures make 

them ideal for application in wearable and flexible energy devices. However, their piezoelectric 

performance can be affected by free charge carriers that reduce efficiency through internal 

screening. To overcome this, recent improvements like doping with elements such as chlorine 

and modifying the surface of ZnO have helped increase their energy conversion capabilities.  

2.4.5. Bismuth Ferrite (BiFeO₃) 

Bismuth ferrite (BiFeO3) is a unique multiferroic oxide that displays both ferroelectric and 

antiferromagnetic properties at room temperature, a combination that is uncommon in such 

materials. Its high Curie temperature (~830°C) and substantial spontaneous polarization make 

it a strong candidate for high-temperature piezoelectric applications. Although challenges 

Materials Composition                         Preparation 

method  

  Tc(C)       d33   Ref. 

PVDF Β-phase PVDF Phase transition 

technique 

   _ -49.6 [22] 

Biopolymers Fish gelatine nanofibers Electrospinning  -20 [23] 

BLSFs BaBi4T4O15-xCeO2 High 

Temperature 

Solid-State 

method 

407 242 [24][25] 

KNN-based 

ceramic 
0.96(K0.5Na0.5)0.95Li0.05Nb 

(1-x)SbxO3 0.04BaZrO3 

Normal 

Sintering 

197 425 [26] 

 (Na,K)(Nb,Ta)O3 TSSG 291 200 [27] 

BT-based 

ceramics 

xBa(Zr0.2Ti0.8)O3 

 (1-x) (Ba0.7Ca0.3)TiO3 

Sol-gel method _ 637 [11] 

                                BF–BT–xBi(Mg ½ Ti ½ )O3 High 

Temperature 

Sintering 

482 184 [12] 

BNT-based 

ceramic 

system 

0.94(Bi0.5Na0.5) TiO3–0.06 

BaTiO3-xBi4Ti3O12(BNT–BT–

xBiT) 

Conventional 

Solid-State 

method 

675 152 [28] 

 0.95(Na ½ Bi ½ ) TiO3–0.05 

BaTiO 

TSSG _ 360 [29] 
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related to leakage current and phase stability persist, progress in nanostructuring BiFeO₃ thin 

films and creating solid solutions (e.g., BiFeO₃–BaTiO₃ composites) has demonstrated 

enhanced piezoelectric responses and electrical reliability. The multifunctional nature of 

BiFeO₃ also opens prospects for devices that combine mechanical energy harvesting with 

magnetic field sensing, broadening its appeal for smart systems. 

In summary, emerging inorganic systems like ZnO, ZnSnO₃, and BiFeO₃ expand the landscape 

of lead-free piezoelectrics by offering distinctive mechanical, electronic, and multifunctional 

properties. Their compatibility with flexible platforms and potential for integration into 

wearable, biomedical, and environmental monitoring technologies make them attractive targets 

for future research and development. 

2.4.6. Polyvinylidene Fluoride (PVDF) and Its Copolymers 

Polyvinylidene fluoride (PVDF) is one of the piezoelectric polymers that has attracted a lot of 

interest because of its comparatively high piezoelectric performance in organic materials. Apart 

from its electromechanical characteristics, PVDF has strong chemical stability, low acoustic 

impedance, and great flexibility, which make it suitable for a variety of uses [32]. Under 

mechanical stress, aligned molecular dipoles in PVDF's β-phase crystal structure produce 

detectable polarization, which is the main cause of the piezoelectric effect. PVDF is usually 

subjected to electrical poling and mechanical stretching, which raises the percentage of the 

desired β-phase, in order to improve this piezoelectric characteristic. PVDF can exhibit 

piezoelectric coefficients ranging from 24 to -34 pC/N even in the absence of significant 

treatment, hence facilitating its application in cutting-edge technologies such as flexible 

sensors and nanogenerators[33]. PVDF is becoming more and more popular in applications 

such as wearable electronics, biomedical implants, and miniature robotic systems because of 

its low weight and mechanical versatility [34]. By encouraging the β-phase to emerge 

spontaneously, the copolymer PVDF-TrFE (polyvinylidene fluoride–trifluoroethylene) 

improves on PVDF's functionality. Trifluoroethylene (TrFE) increases remanent polarization 

and improves electromechanical coupling by lowering the energy barrier for the formation of 

polar crystalline areas. Because of this, PVDF-TrFE is more effective than regular PVDF in 

applications such as energy scavengers, motion-actuated devices, and flexible pressure 

sensors.[35] 

Modern processing techniques like electrospinning and nanoimprinting have shown promise 

in aligning polymer chains, greatly boosting the material's piezoelectric output. Further 
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improving their functionality in cutting-edge electronic devices, PVDF-TrFE has been 

combined with inorganic fillers, such as barium titanate (BaTiO₃) nanoparticles, to create 

composite systems with better piezoelectric and dielectric qualities. 

2.4.7. Biopolymer-Based Piezoelectrics 

Natural biopolymers such as cellulose[36], chitin, collagen[37], and gelatin have also 

demonstrated intrinsic piezoelectric behavior, offering biodegradable and biocompatible 

alternatives to synthetic polymers. These materials possess hierarchical molecular structures 

with oriented dipoles, leading to mechanical-electrical coupling under deformation. 

For example,[23] electrospun gelatin nanofibers derived from fish sources have been shown to 

generate detectable piezoelectric signals, paving the way for their use in self-powered 

biomedical sensors. Similarly, chitin films extracted from squid pens have exhibited notable 

piezoelectric outputs, making them promising candidates for eco-friendly, flexible energy 

harvesting devices[38]. 

Biopolymer-based systems are especially appealing for transient electronics, implantable 

devices, and green technologies, where biodegradability and minimal environmental impact 

are critical requirements. While their piezoelectric coefficients are generally lower compared 

to PVDF or inorganic ceramics, ongoing research into hybrid structures and molecular 

alignment strategies is rapidly improving their performance. 

In conclusion, organic lead-free materials, encompassing synthetic polymers like PVDF and 

PVDF-TrFE and naturally derived biopolymers, represent a versatile and sustainable class of 

piezoelectric materials. Their unique combination of flexibility, light weight, and compatibility 

with soft interfaces positions them at the forefront of innovation in wearable electronics, 

medical implants, and flexible energy systems. 
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Table 2. Parameters of Lead-Free Piezoelectric Materials 

Materials d33(pC/N) Tc(ºC) K 

    

KNN 80-160 [39],[40] 400 [14] 0.51 [39] 

ZnO 9.2,12.4 [41],[42] - - 

BaTiO3 191[43] 130 [43] 0.49 [44] 

LiNbO3 6 [45] 1150 [45] 0.23 [45] 

BNT 75 [46] <290 [47] ~0.21 [48] 

AlN 5 [49] >2000 [50] 0.23 [51] 

PVDF -24 to -34 [34] 75-80 [34] 0.20 [52] 

PVDF-TrFE -25 to -40 [45] ~110 [52] ~0.29 [52] 

 

2.5. Applications of Lead-Free Piezoelectric Materials 

Numerous opportunities for their practical application have been made possible by the 

exceptional electromechanical qualities of lead-free piezoelectric materials as well as 

advancements in fabrication techniques. They are perfect candidates for new technologies in 

the consumer electronics, healthcare, energy, and industrial sectors because of their inherent 

flexibility, biocompatibility, and environmental sustainability. The main application areas 

where lead-free piezoelectrics are having a revolutionary effect are covered in this section. 

2.5.1 Energy Harvesting Systems 

For remote or wearable devices in particular, mechanical energy harvesting is an essential 

method for powering portable and autonomous electronics. Body movements, vibrations, and 

environmental forces are examples of ambient mechanical deformations that can be 

transformed into useful electrical energy via lead-free piezoelectric nanogenerators (PENGs).  

The development of flexible PENGs has made extensive use of ZnO nanostructures because of 

their simplicity of production and suitability for soft surfaces. The construction of lightweight, 

stretchable harvesters that can power low-energy devices like fitness trackers and medical 

sensors has also been made possible by PVDF and PVDF-TrFE-based flexible films.  

With improved output voltages and energy conversion efficiencies, recent hybrid designs that 

combine polymers and lead-free ceramics like BaTiO₃ are interesting options for integration 
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into wearable electronics, smart fabrics, and the Internet of Things (IoT) nodes. Furthermore, 

with the development of ultra-sensitive lead-free piezoelectric materials, energy harvesting 

from biomechanical sources, like human walking or heartbeats, has become more and more 

possible. 

2.5.2 Wearable and Implantable Sensors 

For wearable and implantable sensor technologies, many lead-free piezoelectrics are perfect 

due to their flexibility, low weight, and biocompatibility. Applications include blood pressure, 

breathing, joint movement, heart rate, and other physiological indicators that allow for 

continuous health tracking without the use of external power sources.  

For real-time motion detection and posture monitoring, PVDF-based films have been 

integrated into smart clothing and patches when arranged into pressure-sensitive matrices.  

Biodegradable and environmentally safe alternatives for short-term biomedical implants that 

spontaneously disintegrate after their useful life are provided by biopolymer sensors 

manufactured from chitin and gelatin. Furthermore, lead-free piezoelectric sensors that are 

implantable and based on BNT or KNN ceramics have been investigated for internal body 

monitoring. These sensors provide less invasive options for patient care and rehabilitation 

without the hazardous risk that comes with lead-containing systems. 

2.5.3. MEMS and NEMS Devices 

Actuators, resonators, switches, and filters are among the quickly expanding sectors of 

microelectromechanical systems (MEMS) and nanoelectromechanical systems (NEMS), 

which use piezoelectric materials. In addition to meeting environmental regulations, lead-free 

piezoelectrics provide excellent performance at small scales when incorporated into 

MEMS/NEMS devices. 

 For instance, because of their strong mechanical characteristics and suitability for 

semiconductor production, aluminium nitride (AlN) thin films have been effectively used in 

high-frequency resonators and filters. The usage of lithium niobate (LiNbO₃) thin films in 

MEMS sensors for high-temperature and high-frequency applications is also growing.  

Developments in 3D microfabrication, lithographic patterning, and thin-film deposition have 

made it possible to precisely manage lead-free piezoelectric MEMS/NEMS systems, opening 

the door to new developments in energy-efficient computing, wireless communication, and 

biological sensing. 
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In summary, lead-free piezoelectric materials have transcended traditional applications, finding 

new roles in energy harvesting, flexible and wearable sensing, and miniaturized 

electromechanical systems. Their adaptability, environmental friendliness, and compatibility 

with advanced manufacturing techniques position them at the forefront of sustainable 

technological development across multiple domains. 

Table 3. Summary of Inorganic, Organic, and Biopolymer Lead-Free Piezoelectric Materials. 

Material Type Key Properties Applications Enhancements / 

Notes 

Barium Titanate 

(BaTiO₃) 

Inorganic – 

Perovskite oxide 

Exhibits a high 

dielectric constant 

and strong 

electromechanical 

coupling 

Used in 

capacitors, 

actuators, and 

multilayer ceramic 

devices 

Performance 

enhanced with 

BKT or BMT to 

increase Curie 

temperature 

Potassium Sodium 

Niobate (KNN) 

Inorganic – 

Perovskite oxide 

Shows 

piezoelectric 

coefficient up to 

700 pC/N with 

doping; 

biocompatible 

Ideal for high-

temperature 

sensors and 

implantable 

medical devices 

Improved by 

doping with 

elements like Li 

and Ta 

Bismuth Sodium 

Titanate (BNT) 

Inorganic – 

Perovskite oxide 

Provides large 

strain response 

suitable for 

actuators 

Applied in 

actuators and 

micro-

electromechanical 

systems (MEMS) 

Performance 

enhanced by 

doping with Sr, 

Li, or La 

Zinc Oxide (ZnO) Inorganic – 

Wurtzite 

semiconductor 

Forms nanowires, 

exhibits 

flexibility, suitable 

Utilized in 

nanosensors, 

energy harvesters, 

Nanostructuring 

enhances 

sensitivity and 

performance 
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for nanoscale 

piezoelectric use 

and flexible 

electronics 

LiNbO₃ / AlN Inorganic – Non-

centrosymmetric 

Stable at high 

temperatures, 

MEMS-

compatible, lower 

d₃₃ 

Used in RF filters, 

optical systems, 

and MEMS 

components 

Well-suited for 

extreme 

environments due 

to thermal stability 

PVDF / PVDF-

TrFE 

Organic – 

Synthetic polymer 

Highly flexible, 

shows 

piezoelectricity in 

the β-phase 

Applied in 

wearable 

electronics, 

sensors, and 

flexible devices 

β-phase alignment 

improves 

piezoelectric 

effect 

Chitin / Collagen / 

Gelatin 

Biopolymer – 

Natural origin 

Naturally 

piezoelectric, 

biodegradable, 

compatible with 

biological systems 

Used in health-

monitoring 

sensors and self-

powered 

biomedical 

devices 

Blends allow 

tailoring; eco-

friendly 

alternatives to 

synthetics 

Silk Fibroin – 

ZnO Composite 

Hybrid – 

Biopolymer + 

Inorganic 

Combines silk’s 

flexibility with 

ZnO’s 

piezoelectric 

features; easy to 

cast into films 

Ideal for wearable 

biosensors, 

targeted drug 

delivery, and soft 

electronics 

Performance relies 

on crystal 

orientation and 

ZnO distribution 
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CHAPTER-3 

EXPERIMENTAL ANALYSIS 

3.1. Materials 

Silk cocoons from mulberries (Bombyx mori) were provided by the Central Sericulture 

Research and Training Institute in Mysore, India. Calcium chloride fused LR was supplied by 

Thomas Baker (Chemicals) Pvt. Ltd. A 99.5% pure form of glycerol was provided by Thermos 

Fisher Scientific India Pvt. Ltd. Avantor Performance Materials India Ltd. provided 98% pure 

methanol (AR) and formic acid (AR). Sisco Research Laboratories Pvt. Ltd. supplied the Type 

I zinc oxide nanopowder (average particle size: 30 nm). Milli-Q water was employed in the 

coagulation process. 

3.2. Degumming Process of silk fibroin  

Degumming of silk cocoons was done as shown in the fig.2. In the degumming process, the 

silk cocoon (Bombyx mori) was cut into small parts and placed in a 1 L (1000 ml) of boiling 

solution of Na2CO3 (0.02 M) for 3-4 hours to remove sericin or other impurities completely. 

The obtained silk fibroins were dried in an oven set to 70 degrees Celsius for the entire night 

after being rinsed three to four times in hot water (2 L) for 30 minutes. The degummed silk 

fibroin was stored in a dry place.  
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Fig.2. Degumming Process of Bombyx mori Silk Fibroin 

3.3. Preparation of silk fibroin solutions 

 The degummed silk was slowly dissolved in a solution of 10 ml of formic acid (98-100 %)-

calcium chloride (2 wt% (w/v)) at room temperature by continuous stirring for up to 3-4 hours. 

The final concentration was kept at 10 wt% (w/v). After continuous stirring of 3-4 hours, 

plasticizer Dextrose anhydrase (15%(w/v)) was added to the solution to induce flexibility in 

the films. After that, the solution was again stirred for another 2-3 hours to get a homogenous 

solution. 

CaCl2 is essential for dissolving silk in formic acid (FA) because it breaks the fibroin structure's 

hydrogen bond. As soon as formic acid causes the silk fibroin structure to swell, CaCl2 enters 

it and breaks it up into fibrils that are nm in size.  

 

 

 

 

 

Bombyx mori 

Silk cocoon 

Removal of sericin 

and other impurities 

Dried degummed silk 

fibroin 

Solution of 

Na2CO3   

(0.02 M) 

Rinsing with 

hot water (3-

4 times) 

Silk fibroin cut into 

small pieces 

Cutting of 

silk 

fibroin 
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                               Fig.3. Preparation of pure silk fibroin film 

3.4. Formulation of Silk Fibroin films with Metal Oxide Nanoparticles   

To begin, Zinc Oxide nanoparticles were dispersed in a solution containing 2% (w/v) calcium 

chloride dissolved in formic acid. This dispersion was subjected to sonication for 30 minutes 

to ensure thorough mixing. The resulting nanoparticle-containing solution was then used to 

dissolve silk fibroin at room temperature. This dissolution process was carried out under 

continuous stirring at 500 revolutions per minute(rpm) for approximately 3 to 4 hours. The silk 

fibroin concentration in the solution was adjusted to 10 % (w/v). 

In order to impart flexibility to the films, Dextrose anhydrase (plasticizer) was incorporated 

into the silk fibroin solution at a concentration of 15% (w/v). The amount of metal oxide 

nanoparticles added to the fibroin solution was varied systematically, with the concentration 

set at 0.75% and 1.0% (w/w), to examine the influence of nanoparticle content on the 

characteristics of the composite films. 

 

Degummed Silk fibroin 

cut into small pieces 

Formic acid (98-100%) + 

CaCl2 (2%(w/v)) 

Silk fibroin mixed with 

formic acid and CaCl2 Stirring SF solution for 

3-4 hours 
Addition of 

dextrose ,& 

again stir for 2-

3 hours 

Pour the ZnO 

incorporated solution 

in a petri dish and let 

air dry 

Transparent Silk 

Fibroin-ZnO 

incorporated 

film 

Sonicate the 

solution for 30 

minutes 

Pour the SF solution in vile 

containing ZnO nanoparticle 
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3.5. Film Fabrication via the Solvent Casting Technique 

The films were fabricated using the solvent casting method. Different volumes of the prepared 

solution were dispensed into petri dishes to obtain films with target thicknesses of 

approximately 3ml and 5ml. After casting, the films were left to dry under ambient conditions 

overnight to allow solvent evaporation and film formation.   

In Figure 3, the degumming and fabrication of silk fibroin nanocomposite solutions and films 

have been presented. 

Table 4. Fabrication process of Silk Fibroin solutions and films 

Sample Fabrication and treatment Conditions 

Pure Silk fibroin (SF) Degummed silk fibroin dissolved in 

CaCl2/formic acid (2 wt% (w/v)) solvent and 

the pure silk fibroin solutions. 

Silk fibroin/ZnO Zinc Oxide nanoparticles (0.75% w/w) 

incorporated silk fibroin bio-nanocomposite 

solution. 

Silk fibroin/ZnO Zinc Oxide nanoparticles (1% w/w) 

incorporated silk fibroin bio-nanocomposite 

solution 
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CHAPTER- 4 

RESULTS AND DISCUSSION 

4.1. Conductivity Analysis 

The graph shows the variation of electrical conductivity over time for pure silk fibroin and 

ZnO-incorporated SF films (0.75% and 1% w/w). The ZnO (0.75 %) film exhibits the highest 

conductivity, followed by pure SF and then the 1% ZnO film. The enhancement in conductivity 

for the 0.75 % ZnO sample suggests optimal dispersion and effective charge transport 

pathways. In contrast, the slight decrease in conductivity for the 1 % ZnO sample may result. 

Overall, the incorporation of ZnO nanoparticles significantly improves the electrical 

performance of silk fibroin, particularly at optimized concentrations. 

                    

Fig 4. Conductivity analysis of Pure SF and ZnO incorporated films 

 

4.2 FTIR Analysis of. Pure SF and ZnO incorporated films 

FTIR spectra of pure silk fibroin of pure silk fibroin and ZnO-incorporated silk fibroin films 

(0.75 % and 1 % w/w ZnO) showing the characteristics of Amide I, Amide II, and Amide III 

0 5 10 15

0.00000

0.00005

0.00010

0.00015
×10−9

C
o
n
d
u
c
ti
v
it
y
 (

S
/c

m
2
)

Time (s)

 Pure SF

 ZnO 0.75%

 ZnO 1%



21 
 

bands. The spectral shifts and intensity changes indicate alterations in the secondary structure 

of silk due to ZnO nanoparticle incorporation. Spectra in the range of 1800-1200 cm-1 highlight 

the Amide I, Amide II, and Amide III bands characteristic of silk fibroin’s secondary structure. 

The Amide I shows a peak shifting in the range of   (~ 1620 -1650 cm-1), associated with C=O 

stretching, shows a noticeable decrease in intensity upon ZnO incorporation, indicating 

disruption of β-sheet content. The Amide II band shows a peak shifting in the range of (~ 1500 

-1600 cm-1), representing N-H bending and C-N stretching, also shifts and becomes less intense 

in the ZnO-loaded samples. The Amide III band shows a peak shifting in the range of (~ 1220 

-1300 cm-1), linked to C-N stretching and N-H deformation, displays slight broadening and 

intensity changes. Overall, the spectral changes suggest that ZnO nanoparticles interact with 

the silk matrix, reducing crystallinity and enhancing molecular disorder, which supports 

improved flexibility of the films. 
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CHAPTER -5 

CONCLUSIONS & FUTURE SCOPE OF WORK 

This study explored the potential of lead-free piezoelectric materials with a special focus on 

silk fibroin-ZnO hybrid films for flexible electronic applications. Through a thorough literature 

review and experimental evaluation, it was demonstrated that the incorporation of ZnO 

nanoparticles into silk fibroin significantly enhances its piezoelectric and electrical properties. 

The fabricated SF/ZnO determined how the conductivity of the silk fiber matrix was affected 

by metal oxide nanoparticles. Silk fibroin nanocomposite films' conductivity was improved by 

the addition of ZnO nanoparticles. The structural characteristics of silk fibroin/metal oxide 

nanocomposite films revealed that the inclusion of metal oxide nanoparticles decreased the 

crystal size, crystallinity, and β-sheet content. The Silk-ZnO hybrid films presented in this 

study offer a strong foundation for future developments in flexible piezoelectric devices. 

Upcoming research can focus on integrating these films into wearable sensors and energy-

harvesting systems, while also evaluating their durability under real-world conditions. 

Enhancing functionality through the addition of other nanomaterials and employing advanced 

fabrication techniques like inkjet printing could enable miniaturized and patterned devices. 
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