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Abstract 

The never-ending quest for sustainable energy sources has led to the development of novel 

technology capable of harvesting ambient mechanical energy. Among these, piezoelectric and 

triboelectric nanogenerators have emerged as attractive opportunities for energy harvesting that 

are both efficient and environmentally beneficial. The investigation opens with a detailed 

examination of piezoelectric nanogenerators, clarifying the piezoelectric phenomenon and its 

application in transforming mechanical vibrations into electrical energy. Various materials are 

investigated for their applicability in improving the performance of piezoelectric 

nanogenerators. Following that, the thesis delves into triboelectric nanogenerators, which use 

the triboelectric effect to generate electricity through material friction. The detailed mechanism 

of the TENG that drives triboelectric charge generation is investigated, with a focus on the 

wide range of materials used, such as polymers, metals, and nanostructures. Innovative 

fabrication processes and surface engineering methodologies are being investigated to improve 

the output performance, scalability, and adaptability of the triboelectric nanogenerator. 

The synthesis process involves the direct growth of ZnO nanosheets on an aluminum substrate, 

and their structural, morphological, compositional, and surface potential analyses are 

conducted to gain insights into the material's properties. Further, discusses a detailed analysis 

of the open circuit voltage, short circuit current, and durability of the ZnO nanosheet-based 

nanogenerators (PENG/TENG). The devices exhibit promising results, showcasing their 

potential for efficient energy harvesting. Notably, the study explores various applications, 

demonstrating the device’s ability to charge capacitors and power small electronic devices such 

as light-emitting diodes (LEDs), digital thermometers, digital watches, etc, owing to the 

adaptability of PENGs and TENGs used in real-world applications, proving their adaptability 

in multiple domains.  

Chapter 1 provides an introduction to the field of energy harvesting and its diverse energy 

sources. It briefly outlines the various types of nanogenerators and delves into strategies and 

methods to improve the output performance of TENGs. Additionally, this chapter explores the 

selection of materials and potential applications for the PENG and TENG devices. 

Chapter 2  the process of synthesizing zinc oxide nanosheets (ZnO) using the hot plate-assisted 

hydrothermal method is detailed. This chapter discusses material characterization and justifies 

the usage of specialized approaches of the synthesized material, utilizing advanced tools for 

understanding its structural, morphological, compositional, and surface detail. The chapter also 
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provides insights into the steps involved in creating piezoelectric and triboelectric 

nanogenerator devices for mechanical energy harvesting. Furthermore, it elucidates the 

techniques employed for characterizing the devices characterizing devices and using 

instrumentation to assess their properties.  

Chapter 3 deals with the synthesis of ZnO nanosheets, covering their characterization, results, 

and a detailed discussion. The chapter's focus includes optimizing the growth temperature and 

time for the synthesis of ZnO nanosheets. The study encompassed a range of temperatures from 

50°C to 90°C, with a consistent growth duration of 4 hrs. Additionally, at a fixed growth 

temperature of 85°C, the growth time was varied from 1 hour to 6 hours. Surface morphology, 

crystalline properties, and microstructure analysis of the ZnO nanosheets were conducted using 

SEM, XRD, and TEM techniques. TEM revealed the 2D structure of the ZnO nanosheets, while 

EDAX confirmed their purity. Furthermore, PENG device was fabricated using the ZnO 

nanosheet film as the active piezoelectric layer, and ITO and aluminum served as electrodes. 

The chapter includes a comprehensive exploration of the device characterizations. Multiple 

PENG devices were tested, each employing ZnO nanosheets synthesized at varying growth 

temperatures and times. The growth conditions of 85°C for 4 hrs were optimized for the PENG 

device. The chapter also explores the switching polarity test and load characteristics of the 

PENG device. Notably, the maximum output voltage and power density for the PENG were 

recorded at 225 mV and 77 µW/m², respectively. The response of the PENG to different finger-

tapping forces was studied, demonstrating that increased pressure and deformation of the 

nanosheets resulted in higher output. This finding suggests potential applications in pressure 

and force sensing. 

Additionally, the chapter discusses the fabrication of a Triboelectric Nanogenerator (TENG) 

device utilizing ZnO nanosheets as the tribo-layer, ITO, and aluminum as electrodes. Under 

hand tapping force, the TENG yielded an output voltage of 2 V, a current of 7 µA, and a power 

density of 0.1 mW/m². The TENG was also used to charge various capacitors, achieving a 

maximum stored energy of 2.8 µJ. Notably, the TENG was capable of directly powering one 

LED under each hand-tapping force. 

 Chapter 4 delves into the synthesis and the characteristic properties of ZnO nanosheets and 

PET (Polyethylene Terephthalate). X-ray Diffraction (XRD) analysis confirmed the 

polycrystalline nature of ZnO nanosheets, and their distinctive nanosheet structure was verified 

through SEM analysis. A notable achievement discussed in this chapter is the fabrication of a 

simple and cost-effective TENG using ZnO nanosheet film and PET as triboelectric layers for 
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the first time. This TENG device demonstrated an impressive output, with an output voltage of 

4.9 V, a current of 10 µA, and a power density of 1 mW/m². The chapter also explored the 

TENG's output response at different frequencies of hand tapping, ranging from 1 to 7 Hz , and 

varied the active areas of the devices for comprehensive study. 

 The TENG's stability was rigorously tested, more than 1000 cycles, demonstrating its 

durability and reliability over numerous cycles. Furthermore, the chapter delved into the 

charging characteristics of various capacitors and examined stored voltage, charge, and energy 

concerning the load capacitor. The TENG achieved a maximum stored charge of 40 µC and 

stored energy of 16.9 µJ. Further, The TENG successfully powered three LEDs directly, and 

the stored energy in the capacitor enabled the activation of a digital watch and 24 LEDs. This 

underscores its potential as a promising solution for self-powered sensors and devices. 

 

Chapter 5 focuses shifts to the utilization of ZnO nanosheets in conjunction with Overhead 

Projector (OHP) sheets for TENG devices in various applications. An innovative addition to 

this chapter is the introduction of OHP sheets as a novel triboelectric layer. OHP sheets, 

composed of transparent PET material, possess pre-charged properties on one side, making 

them efficient at receiving ink particles. The existence of charge on the OHP sheets reduces 

the surface ion injection step.  Comprehensive morphological, elemental, and structural 

analyses were conducted using SEM, EDX, and XRD techniques. Additionally, Atomic Force 

Microscopy (AFM) confirmed that the ZnO nanosheet film exhibited greater roughness 

compared to the OHP sheet. This rougher surface configuration forms a more effective contact 

area, contributing to the generation of high output power in the TENG. A high-performance 

TENG device was fabricated, leveraging ZnO nanosheets and OHP sheets as frictional layers. 

The TENG device exhibited notable characteristics, with an output voltage of 150 V, a current 

of 34.5 µA, and an impressive power density of 424 mW/m2. 

     The stability of the TENG was rigorously tested, demonstrating its robust performance with 

over 4,300 cycles under hand tapping and 10,000 cycles under machine tapping. Moreover, the 

effects of different active areas of TENG devices, varying frequencies of applied forces, and 

different magnitudes of applied force were thoroughly investigated. Notably, the TENG device 

achieved remarkable results, with a maximum stored voltage of up to 9 V, a stored charge of 

150 µC, and a stored energy of 160 µJ, observed under the optimal load capacitance of 47 µF. 

In a practical demonstration of its capabilities, the TENG directly powered 135 LEDs and a 

digital watch when subjected to hand-tapping forces. Additionally, the TENG was employed 

to power an electroluminescence device, which finds potential applications in e-paper and 
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digital billboard technologies. Leveraging the TENG's high-output performance, it was 

integrated with Cholesteric liquid crystal (CLC) devices, opening the door to a range of real-

time applications. These applications include secure authentication devices, such as facial 

unlocking in mobile phones and QR code scanning. Furthermore, the TENG was used to drive 

smart windows and CLC displays, which capitalize on the CLC's ability to control transparency 

in the planar state and opacity in the focal conic state. This integration allowed for the display 

of letters and various information on CLC devices, expanding their utility. 

Chapter 6 A key innovation in this chapter was the surface modification of ZnO nanosheets 

was introduced to enhance the output of the TENG. We have synthesized ZnO nanosheets on 

aluminum substrate with any seed layer using hotplate assisted hydrothermal method. The 

surface of ZnO nanosheets was modified by the direct growth of Zeolitic imidazolate 

framework-8 (ZIF-8) crystals using the hydrothermal method. ZIF-8, belonging to the Metal-

Organic Framework (MOF) family, consists of metal ions (Zn2+) and organic linkers 

(imidazolate). Structural and morphological analyses of both ZnO and ZnO modified with ZIF-

8 (ZnO@ZIF-8) were conducted. XRD and Raman spectra confirmed the successful formation 

of ZIF-8 on ZnO nanosheets. The TENG device employing ZnO@ZIF-8 and PMMA as 

triboelectric layers exhibited significant improvements, achieving an output voltage of 200 V, 

a current of 41.5 µA, and a substantial power density of 800 mW/m². This performance 

represented nearly a twofold increase compared to ZnO-based TENGs. To validate this 

enhancement, the work function of ZnO and ZnO@ZIF-8 films was studied. The work function 

difference was notably greater for ZnO@ZIF-8 and PMMA compared to ZnO and PMMA. A 

larger work function difference enhances electron transfer, contributing to the enhanced output 

performance of the TENG.  Additionally, the chapter explored the characteristics of charging 

capacitors under hand-tapping forces, examined the TENG's stability over an extended 

duration, and tested it under machine tapping for approximately 20 minutes, equivalent 4800 

cycles. Notably, the ZnO@ZIF-8 TENG demonstrated its ability to directly power various 

electronic devices, including an electronic watch, calculator, and thermometer. Impressively, it 

directly powered 180 LEDs without any storage element, highlighting its potential for real-

time self-powered devices and biomechanical energy harvesting applications. 

Chapter 7 discusses a high-performance TENG is achieved through a surface engineering 

method involving emery papers to modify the surface of one of the triboelectric layers. This 

innovative approach offers several advantages, notably its cost-effectiveness and simplicity. 

The methodology involves scratching the aluminum substrate surface with different grit sizes 
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of emery papers, ranging from 80 to 400, in one direction multiple times, followed by the 

incorporation of ZnO nanosheets using a hydrothermal method. This process not only increases 

the surface area but also enhances contact points, resulting in improved output. 

                  Under an optical microscope, all the samples were examined, and it was observed 

that the use of P220 grit-size emery paper created optimum roughness and provided more 

contact points. SEM analysis of the ZnO nanosheets confirmed that the density of the 

nanosheets increased after the modification of the aluminum substrate, while PDMS exhibited 

a smoother surface. The work function of various samples was measured, and it was found that 

ZnO nanosheets incorporated on scratched aluminum with P220 grit size (ZnO-Al220) had a 

lower work function. Additionally, the work function difference was higher between PDMS 

and ZnO-Al220(T12). This TENG exhibited the potential for the highest output due to its 

enhanced electron transfer between the tribo-layers. 

Multiple TENG devices were fabricated and tested for their output responses, with the 

T12 TENG producing the highest output voltage, aligning with the work function 

measurements. The T12 TENG generated the highest output voltage, current, and power 

density, reaching 1442 V, 155 µA, and 10.8 W/m², respectively. To gain insights into the 

electrical potential distribution and charge transfer process of the TENG device, finite element 

simulations were conducted using COMSOL 6.0 software. The stability of the TENG was 

thoroughly tested through repeated applied forces over 13,000 cycles at a frequency of 3-4 Hz. 

The chapter also explored various experimental parameters affecting the TENG device 

(T12), including the active area, frequency of hand-tapping forces, spacing between 

triboelectric layers, and application of different hand-tapping forces. Impressively, the TENG 

powered 820 LEDs and activated various electronic gadgets. The TENG device's high 

sensitivity was further harnessed by attaching it to the human body's chest to monitor output 

voltage and current signals generated by different breathing patterns. This allowed for the 

detection of various respiration rates, including normal, deep, and rapid breathing. The TENG 

device holds significant promise for convenient and accurate breath monitoring, potentially 

impacting health management and optimizing athletic performance. 

Chapter 8 describes the general summary, conclusions, and scope for future work 
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                                                             Chapter 1 

Introduction 

The chapter provides an overview of the motivation underlying energy 

harvesting, as well as available sources and their significance as well and the 

various types of nanogenerator technologies, their operating models, and their 

fundamental principles. Furthermore, it explores the selection of the material for 

the nanogenerator device, strategies to improve TENG output, and its 

application in different fields. This chapter outlines the justifications for selecting 

ZnO as a source material, as well as its major characteristics. This chapter will 

provide readers with the major objectives and a route map.  

Publications: 

1. “Advances in Zinc Oxide (ZnO) Nanostructure-Based Nanogenerators: Challenges 

and Opportunities”, Supraja Potu, Siju Mishra, R. Rakesh Kumar, D. 

Haranath, K. Uday Kumar, Hitesh Borkar, Advances in Energy Research 

(Nova Science Publishers, Inc.)  36, 43-71. 



Introduction  

2 
 

1.1   Research motivation  

Recently, the rapid advancement of electronic devices has greatly impacted and 

transformed numerous aspects of human everyday lives. To operate these electronic devices, a 

capable power source for generating electricity is essential. Power consumption is currently a 

serious concern in the worldwide field of electronics, particularly in the Internet of Things 

[1,2]. Since being portable and easily accessible, rechargeable batteries are now the most 

popular method of powering such devices. This strategy, however, has drawbacks such as 

limited battery life, environmental effects, maintenance difficulties, and a reliance on 

incremental technological breakthroughs [3,4]. To resolve these difficulties, self-sustaining and 

long-term energy sources that are environmentally friendly need to be developed. Investigating 

energy from the environment and developing wireless power transmission technologies 

attract curiosity. These interdisciplinary efforts aim to create more sustainable and efficient 

solutions for the power consumption of electronic devices as technology continues to develop 

gradually. Among these, energy harvesting technologies have emerged as a promising solution 

[5]. These technologies can harvest various energy resources, including non-renewable and 

renewable energy sources (Figure 1.1). 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Energy sources are available in nature: renewable and non-renewable energy 

sources. 
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1.2  Non-renewable and Renewable energy sources  

Non-renewable energy sources such as petroleum, coal, natural gas, and nuclear power, are 

finite resources, and once these resources are exhausted, they cannot be easily replaced on 

human timescale. These energy sources contribute to environmental issues like carbon 

monoxide emissions and climate change. Many countries heavily depend on non-renewable 

resources, leading to geopolitical tensions and conflicts over access to these valuable energy 

sources. The International Energy Outlook (2021) predicts a 15% increase in overall energy 

consumption in Organization for Economic Co-operation and Development (OECD) countries 

by 2050. Figure 1.2 illustrates the energy mix, revealing that fossil fuels, including coal (38%), 

natural gas (28%), and oil (14%), continue to dominate their energy usage [6]. This highlights 

the ongoing reliance on non-renewable sources, emphasizing the need for sustainable 

alternatives in the future. 

 

 

 

 

 

 

 

 

Figure 1.2. The energy sources usage in OCED countries (Reproduced from) [6]. 

Renewable energy sources such as solar power, wind energy, hydropower, geothermal energy, 

mechanical energy, and biofuels are more environmentally friendly and sustainable [7,8]. 

compared to non-renewable sources, these resources can be naturally replaced, providing a 

permanent solution to our energy demands. Moreover, these sources usually don't harm the 

environment and do not produce greenhouse gases. Using these sources is crucial for 

addressing concerns about climate change, and offering a sustainable and continuous energy 

supply. 
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There are two types of renewable energy sources: large-scale and small-scale. Large-scale 

renewable energy sources are ambient, transient sources include solar power, wind, 

hydropower, and geothermal energy, used for the large power generation. Due to their 

inexhaustible availability, these sources are becoming more and more crucial for a sustainable 

energy supply. These are well established energy sources that contribute to addressing the 

energy demand at mega- to gigawatt-scale. Energy harvesting also refers to small-scale 

generation of energy in which both the energy consumer and also the energy  sources are 

localised. Small-scale renewable energy sources include mechanical energy, water flow, heat 

energy, and biomass, etc. The development of wearable and portable electronics, mobile 

phones, sensors, automated security systems, wearable technology, etc. in the last few decades. 

These devices run using batteries for a power source, but these batteries have limited life and 

environmental hazards. In this context, to power these devices nanogenerators emerging as a 

promising option, which can convert ambient small-scale energy into electricity.  

1.3   Nanogenerators  

Nanogenerators are the energy harvesting devices, designed to convert ambient energy 

available in the form of mechanical vibrations, human body movements (breathing, running, 

heart beat), waste heat, rain drops, water flow, into electrical power. These devices utilize the 

use of a variety of physical theories, including thermoelectricity, photovoltaics, pyroelectricity, 

piezoelectricity, and triboelectricity. By harnessing energy from mechanical vibrations, 

movements, temperature changes, or light, nanogenerators actively contribute to the 

development of self-powered electronic devices, sensors, wearables, and other applications 

[9,10]. Ongoing research focuses on improving materials and efficiency to enhance the 

practicality and versatility of nanogenerators in diverse applications.  

In the literature, Z. Zhang et al. [11] proposed the integration of multiple features into socks, 

designed for traditional applications, including gait sensor technologies for walking, jumping 

,and running  pattern detection and also full human activity monitoring. H. Xue et al. [12] 

introduced an innovative wearable nanogenerator integrated into a respirator. This device is 

driven by human breathing and serves as a self-powered breathing monitoring, offering a new 

and sustainable solution for respiratory monitoring. In another work, W. Qin et al. designed a 

flexible nanogenerator with high sensitivity and fast response to ultraviolet (UV) illumination. 

The designed composites showcased their potential application as self-powered UV 

photodetectors, highlighting their effectiveness in capturing and responding to UV light [13]. 

Nanogenerators also able to power pH sensors, LEDs ad low power electronic devices [14–
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16]. Finally, owing to its high output power, potentially reaching up to 500W/m2, 

nanogenerators have the capability to charge energy storage systems. Super capacitors and 

lithium batteries. The reason for the ongoing efforts in the development of energy-efficient 

electronics includes the adaptability of nanogenerator technology. This technology plays a 

crucial role in aiding effective energy storage, particularly in devices like lithium batteries and 

supercapacitors [17,18]. The energy harvesting approach employs four basic mechanisms 

mainly such as piezoelectric, pyroelectric, thermoelectric, and triboelectric. In pyroelectric 

nanogenerators the electricity generated due to the temperature changes between the two 

materials. This technology proves valuable in thermal energy scavenging systems, particularly 

in applications such as temperature sensors and the harvesting of energy from temperature 

variations. 

Triboelectric energy harvesting exploits the triboelectric effect, a phenomenon in which electric 

charge is generated through the contact and subsequent separation of materials that exhibit 

different electronegativities. TENG phenomena takes place when materials undergo applied 

mechanical forces, resulting in the contact and subsequent separation of the materials and 

facilitating the transfer of electrons between them. Practical applications of this phenomenon 

can be found in wearable devices, smart textiles, and self-powered sensors [19]. Similarly, 

piezoelectric energy harvesting makes use of materials that generate an electric charge in 

response to mechanical stress or vibrations. This technology serves diverse purposes, including 

powering wireless sensors and capturing energy from footsteps or machinery vibrations [20]. 

1.4 Origin of nanogenerators  

The nanogenerator concept the first introduced by wang and his group in 2006,they proposed 

a (Piezoelectric nanogenerator) PENG fabricated using ZnO nanosheets as a piezoelectric 

materials [21]. The generation of electricity across the external circuit is caused by the 

deformation of ZnO nanowires under the application of a small mechanical strain. Thus, the 

first concept for a nanogenerator, this marks significant progress for applications involving the 

scavenging of nano energy.  After that, in coming year of 2012  same group proposed a device 

called Triboelectric nanogenerator [22]. The (Triboelectric nanogenerator) TENG operates 

based on the induction of electrostatic charges on the surfaces of two distinct materials upon 

contact under mechanical pressure. The resulting triboelectric charges create a potential 

difference upon separation, enabling the flow of electrons from one electrode to another.  

Beyond piezo and triboelectric nanogenerators, various methods can convert mechanical 

energy into electricity, those are electromagnetic induction, electrostatic techniques. Each of 
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these approaches is characterized by its unique set of advantages and disadvantages, as detailed 

in Figure 1.3. 

Figure 1.3. Benefits and limitations of the mechanical energy harvesters (Reproduced from) 

[23]. 

1.4.1 Maxwell's displacement current in nanogenerators 

Maxwell's equations are the fundamentals principles to understand the governing electric and 

magnetic fields. The specific form of Maxwell's equations can be expressed as: 

                     ∇. 𝑫 = 𝜌𝑓  (𝐺𝑢𝑎𝑠𝑠′𝑠 𝑙𝑎𝑤)                                                                                           ------- (1.1)  

                        ∇. 𝑩 = 0    (𝐺𝑢𝑎𝑠𝑠′𝑠 𝑙𝑎𝑤 𝑖𝑛 𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑠𝑚)                                                             ------- (1.2) 

                        ∇ × 𝑬 = −
𝜕𝑩

𝜕𝑡
   (𝐹𝑎𝑟𝑎𝑑𝑎𝑦’𝑠 𝑙𝑎𝑤)                                                                            ------- (1.3) 

                        ∇ × 𝑯 = 𝑱𝑓 +
𝜕𝑫

𝜕𝑡
 (𝐴𝑚𝑝𝑒𝑟𝑒’𝑠 𝑐𝑖𝑟𝑐𝑢𝑖𝑡𝑎𝑙 𝑙𝑎𝑤 𝑤𝑖𝑡ℎ 𝑀𝑎𝑥𝑤𝑒𝑙𝑙’𝑠 𝑎𝑑𝑑𝑖𝑡𝑖𝑜𝑛)     ------- (1.4) 

Here the physical quantities are, the electric field (E); the magnetic field (B); the magnetizing 

field (H), the free electric charge density (ρf), the free electric current density (Jf), and the 

displacement field (D).  

Maxwell's equations, including Gauss's law, Faraday's law, and Ampère's circuital law, are the 

origin of the theoretical frameworks of electromagnetic generators (EMG) and nanogenerators. 

Figure 4 is showing that the comparison of the EMG and nanogenerator theory.  
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Figure 1.4. A comparison of theoretical foundation between the EMG and the 

nanogenerator(Adopted from) [24] 

In the case of the EMG, invented by Faraday in 1831, it operates by applying a varying 

magnetic field to generate current. The power generation process involves the Lorentz force 

inducing electron flow in a conductor. The output current is directly related to the time-

variation of the magnetic field (
𝜕𝐵

𝜕𝑡
). In other words, the EMG produces current as a result of 

the changing magnetic field over time. However, the nanogenerator concept, introduced by 

Z.L. Wang, operates on a different principle compared to traditional electromagnetic 

generators. In this concept, the current is generated by varying the polarization field induced 

by surface polarization charges. This process is a crucial component of Maxwell's displacement 

current. The concept of displacement current was first introduced by Maxwell in 1861. The 

introduction of the displacement current was specifically aimed at ensuring the continuity 

equation for electric charges [25]. 

The electric displacement vector, D=εo E+ P, where the P is the medium polarization vector and 

εo is permittivity in vacuum.   

Displacement current density             𝐽𝐷 =
𝜕𝐷

𝜕𝑡
= 𝜀𝑜

𝜕𝐸

𝜕𝑡
                                                 -------(1.5) 
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The term in displacement current (
𝜕𝐸

𝜕𝑡
) , it leads to the prediction of propagating electromagnetic 

waves. This laid the foundation for technologies like wireless communication.  

In isotropic media D= εE, here ε is the permittivity of the dielectric. (∂D/∂t) is related to the 

rate of change of electric field (∂E/∂t) in a region. Even if the electric field (E) is zero, there 

can still be a displacement current exist if the electric field is changing with time. The second 

term in eqn (1.5) leads to polarization (P) in a material arises when an external electric field 

(E) induces the alignment or movement of charges within the material. In the absence of an 

external electric field, polarization is typically absent, as there is no force acting on charges to 

prompt their shift or alignment. 

However, in real-world situations, polarization in materials doesn't always need an external 

electric field. For instance, the piezoelectric effect shows that strain on certain materials creates 

polarization charges on surfaces. Another example is the triboelectric effect in devices like 

TENGs. Here, simply rubbing different materials together generates charges on surfaces, 

leading to polarization. To incorporate the influence of polarization of electrostatic charges 

induced on the surfaces in Maxwell's equations, Wang introduced an additional term, denoted 

a, in the displacement vector (D) in 2017 [23]. That is, 

                                                   𝐽𝐷 =
𝜕𝐷

𝜕𝑡
= 𝜀𝑜

𝜕𝐸

𝜕𝑡
+

𝜕𝑃𝑠

𝜕𝑡
                                                     -------(1.6) 

The first term represents the induced current resulting from a changing electric field, while the 

second term accounts for the current caused by the polarization field of surface electrostatic 

charges. This second term serves as the theoretical foundation for nanogenerators.  

As, shown in the Figure 1.4, the piezoelectric material caused to the deformation under the 

applied force, which resulting in the polarization of charges. These charges create an 

electrostatic potential, balanced by electron flow through an external load. This process 

converts mechanical energy into electric power. The polarization charges density on the surface 

is σp(z), charge density of the free electrons in the electrode is σ(x), and the thickness of piezo-

material is z. Where in TENG, when two dielectrics come into physical contact, electrostatic 

charges are transferred due to contact electrification (triboelectricity). This process creates 

static charges on the surfaces, forming a surface charge density (σ). The charges accumulate as 

contacts increase, reaching saturation, independent of the gap distance (z). The electrostatic 

field generated by these charges drives electrons to flow through an external load, leading to 
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the accumulation of free electrons in the electrode (sI(z, t)), a function of the varying gap 

distance (z(t)) between the dielectrics. 

The interplay between Maxwell's theoretical foundations and the practical implementation of 

Piezo and triboelectric nanogenerators underscores their significance in pushing the boundaries 

of energy harvesting and sensor development as shown in Figure 1.5. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5. A visual representation of the revised Maxwell's displacement current 

(Reproduced from) [26]. 

1.4.2 Capacitive model 

The nanogenerators device design explained by charging and discharging of the capacitors. 

The term "capacitive conduction" refers to nanogenerators, where the displacement current 

serves as the sole conduction mechanism for the transfer of electricity.  Instead of free charges 

moving across the capacitor's electrodes, the power is transferred by electromagnetic waves 

and induction. The output current of a nanogenerator can be expressed using a capacitor model 

as a basis,  

                                     𝐼 =
𝑑𝑄

𝑑𝑡
= 𝐶

𝑑𝑉

𝑑𝑡
+ 𝑉

𝑑𝐶

𝑑𝑡
                                                                         -----(1.7) 
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Where, Q- stored charge, the first term in the eqn (1.7) is the current introduced by the change 

in applied voltage. the second term in eqn (1.7) current introduced by the variation in 

capacitance.   

In the case of a PENG, the strain-induced change in crystal size/thickness results in a very 

small variation in capacitance, which indicates that the current is primarily caused by the strain 

induced voltage  

                                        𝐼 = 𝐶
𝑑𝑉

𝑑𝑡
≈ 𝐴

𝑑𝜎

𝑑𝑡
,                                                                          --------(1.8) 

Here, A is area of the electrode, under the short circuit condition, the displace current derived 

from the eqn (1.8),  

                                          𝐼 = 𝐴
𝑑𝜎𝑝

𝑑𝑧
 
𝑑𝑧

𝑑𝑡
                                                                                    --------(1.9) 

For the TENG, Regarding TENG, given the significant variation in gap distance, both parts in 

Eq. (1.7) contribute to the observed output current, 

                                     𝐼 =
𝑑𝑄

𝑑𝑡
=  𝐴

𝑑𝜎𝐼

𝑑𝑧
                                                                             --------(1.10) 

As a result, the capacitive model has been derived from Maxwell's displacement current. 

1.5   Types of nanogenerator technologies  

Nanogenerators can be classified based on the energy sources they utilize. Piezoelectric and 

Triboelectric nanogenerators convert mechanical energy, while Thermoelectric and 

Pyroelectric nanogenerators utilize temperature differences to generate electrical energy. Each 

of these nanogenerator types offers unique mechanisms for harvesting energy from different 

sources, contributing to the advancement of energy harvesting technologies. 

1.5.1 Pyroelectric nanogenerators  

Pyroelectric nanogenerators (PyENGs) are novel energy harvesting devices that can convert 

thermal energy into electric energy by utilising nano-sized pyroelectric materials. These 

devices use materials with asymmetric crystal structures to generate electric charge in reaction 

to temperature changes, based on the pyroelectric phenomenon [27]. 

PyENGs, operates on the pyroelectric effect, exhibited in specific materials. Under conditions 

of no temperature variation over time, the spontaneous polarization intensity of the pyroelectric 

material remains constant, resulting in no current in the external circuit. However, once there 
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is change in temperature, the material's spontaneous polarization intensity undergoes a 

corresponding change, leading to the generation of a pyroelectric current (Figure 1.6) [28]. This 

current persists until a new equilibrium is established. Significantly, the dual property of many 

piezoelectric materials, encompassing both piezoelectric and pyroelectric characteristics, 

facilitates the harvesting of mechanical and thermal energies from the same material. PyENGs 

are especially useful in applications with frequent temperature fluctuations, including wearable 

electronics, environmental sensors, and IoT devices. 

 

Figure 1.6. Mechanism of pyroelectric effect. (a) before and (b) after applied the temperature 

(adopted from) [28]  

 The Wang group developed the first pyroelectric nanogenerator in 2012, which was based on 

ZnO nanowire arrays. The output of the PyENG is dependent on the pyroelectric coefficient, 

temperature change and film thickness. The vast amount of heat energy generated by human 

bodies, vehicle exhausts, conventional processes, and solar radiation often goes to waste. By 

utilizing this it is possible to power liquid crystal displays (LCDs), light-emitting diodes 

(LEDs), wireless gadgets, and other electronic systems.  

1.5.2 Thermoelectric nanogenerators  

Thermoelectric nanogenerators are energy harvesting devices, which operate on the 

phenomena called seebeck effect [29]. The voltage is generated across the materials under the 

applied temperature gradient. The thermoelectric effect exhibited by the materials having high 

electrical conductivity, low thermal conductivity and having high seebeck coefficient. When a 

material is subjected to a temperature gradient, charge carriers like electrons or holes move 

from the hotter side to the colder side, creating an electric potential difference (Figure 1.7). The 
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careful selection of materials with ideal thermoelectric characteristics is essential to the 

efficiency of thermoelectric nanogenerators. These nanogenerators can be used for waste heat 

recovery, the engine of moving automobiles, solar panels, CPU of computers, the human body, 

and possibly even powering small electronic devices or sensors in temperature-sensitive 

situations[29–32].  

 

 

 

 

 

 

 

Figure 1.7. (a) Operating principle, (b) Schematic diagram of thermoelectric nanogenerator 

(Reproduced from)[27,33]. 

1.5.3 Piezoelectric nanogenerators  

 

 

 

 

Figure 1.8. Principle of piezoelectric effect. 

The piezoelectric phenomena discovered by Pierre and Jacques Curie in 1880. The word piezo 

means stress/pressure in Greek. This is a special property exhibited by only certain materials. 

In the direct piezoelectric effect, these materials generate an electric field or current when 

subjected to physical stress  [34,35]. This phenomenon is connected to the materials 
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nanostructures. In its initial state, the charge centers of anions and cations align, coinciding 

with each other. Upon the application of an external force, such as stretching or compressing 

the material, the structure undergoes deformation. Consequently, the negative and positive 

charge centers become separated, forming an electric dipole and giving rise to a piezoelectric 

potential. When an external load is connected to the deformed material, free electrons are 

compelled to partially screen the piezoelectric potential, flowing through the external circuit. 

As a result, a continuous current pulse is generated in the external circuit, as the piezoelectric 

potential undergoes sequential alterations through the application of external physical forces 

(Figure 1.8). This phenomenon illustrates the conversion of mechanical energy into electrical 

energy, a fundamental principle behind the practical applications in various technologies, such 

as sensors, actuators, and transducers, showcasing the versatility and significance of 

piezoelectric materials in modern applications.  

1.5.4 Triboelectric nanogenerators  

Figure 1.9. Triboelectric nanogenerator working principle (a) contact electrification, (b) 

electrostatic induction. (Adopted from) [36] 

Greek terms "Tribo" (which means "rub" or "friction") and "electric" (which comes from 

"amber") are combined to get the word "triboelectric."  The triboelectric nanogenerators works 

based on the triboelectric effect (contact electrification and electrostatic induction), which can 

convert mechanical energy into electricity. This phenomenon characterized by the generation 

and transfer of the charges between two materials, when it comes to physical contact. When 

two materials with different electron affinities come to contact, one material tends to get a 

negative charge, while another material get a positive charge [37].  

Three distinct methods have been identified for the generation of triboelectric charge: electron 

transfer, ion transfer, and material transfer [38–41]. Triboelectrification is an inevitable process, 

occurring at the interfaces not only between solid-to-solid interface but also solid-liquid and 
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solid-gas interfaces. Among the numerous aspects of triboelectrification is the process by 

which neutral, insulating materials, when brought into contact and separate, also become 

oppositely charged. It also appears in natural occurrences, including lightning in 

thunderstorms. Here, air layer movement results in the formation of soft hail and ice crystals, 

which in turn cause the production of triboelectric charges. These stored charges then cause 

high-potential electrostatic discharges, which are a major factor in the breathtaking lightning 

show that occurs during thunderstorms [42]. It is particularly challenging to refer to the 

underlying theory of contact electrification, despite the fact that the concept is theoretically 

evident and supported by observations from ordinary life, industrial applications, natural 

occurrences, and studies of empirically consistent triboelectric series.   

In Metals, when two metals brought into contact, there will be an electron flow from a lower 

work function to the metal with a higher work function, to equalize the metals fermi energy 

levels. In the case of metal-dielectric and dielectric-dielectric interfaces, the research group of 

Z. L. Wang has proposed an electron-dominated transition process. Their explanation for the 

origin of this effect relies on the electronic band structure model and the interatomic interaction 

model [43,44]. By employing these models, they offer insights into the mechanisms governing 

electron transfer dynamics at these interfaces. 

(a) Electronic Band Structure Model 

The process of charge transfer mechanism of the metal-dielectric contact, comprehensively 

studied through energy band diagrams. In metal, at absolute zero temperature, electrons 

entirely occupy the below fermi level of energy states. To remove these electrons to 

vacuum energy level the required minimum energy called work function. In dielectrics, the 

fermi energy level in between the valence band and conduction band. However, the 

presence of surface defects, impurities, or point defects causes quantized energy levels to 

be introduced within the band gap due to structural imperfections.  Electrons from the metal 

occupy some of the energy levels of dielectric below the fermi level, when these two come 

into contact, as a result a dynamic exchange of electrons occurs, which is the process of 

triboelectric charge transfer. This transfer of the electrons results in the negative charges 

on the dielectric and, the positive charges on the metal surfaces. This exchange of excess 

charges is generated on each surface, resulting in a potential difference and the formation 

of an electric field between the metal and dielectric. 
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Figure 1.10. Schematic representation of the energy band diagram for the contact between 

two dielectric materials, (i) contacting, (ii) separating, (iii) separated, and (iv) approaching 

to contact. (Adopted from) [45] 

 The same process followed in the dielectric- dielectric energy band, as shown in Figure 1.10. 

Then two dielectrics come to contact, the dielectric having higher the electron occupied energy 

states dielectric states to transfer electrons and occupy the lower electron energy states of 

dielectric. As a result, the higher the electron energy states of dielectric will get the positive 

surface charge and another dielectric will get the negative surface charge. Once, they separated 

the electrons not free to move due to its low conductivity.  
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(b) Interatomic Interaction Model  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11. Schematic representation of the interatomic interaction model for the contact 

between two dielectric materials, (i) contacting, (ii) separating, (iii) separated, and (iv) 

approaching to contact. (Adopted from)[45] 

The electron band structure fails in the explaining some of the materials like polymers, rubbers, 

and natural triboelectric materials including fur, hair, wand wool. Another method called 

interatomic interaction model is explained the general materials based on the electron cloud 

interaction shown in the Figure 1.11. For example, the contact materials named as material 1 

and material 2. Initially, when there is no contact between the materials, they are in attractive 

force region, the distance between the atoms of materials is larger than the bond length or the 

interatomic distance is in equilibrium, and electron clouds are separated. Once material A and 

material 2 come to contact, the electrons clouds will be overlap and the potential well merge 

together, the potential barrier between these two wells sinks. The higher occupied energy states 

of atom of the material 1 transfer the electrons to unoccupied energy states of atom of the 

material B. Results in, the energy releases in the form of photon emission, plasmon excitation 

and/or phonon excitation. When the compressive force applied by rubbing, sliding, or 

contacting causes the distance between the atoms of material 1 and material 2 to be lower than 
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the bond length or the interatomic distance at equilibrium, this effect takes place in a repulsive 

force region. After the materials separated from one to another, the electrons trapped in the 

potential well of material 2 due to its higher potential barrier and remain there. But when the 

temperature rises and the electrons' energy fluctuations surpass the potential barrier separating 

the atoms, for instance, these electrons may jump out of the potential well and return to higher 

energy levels. 

1.6 Bio-Mechanical energy harvesting 

Mechanical energy is abundant and readily available, exhibiting itself in a wide range of forms 

such as motion, vibrations, and deformation. This widespread availability  suggests an inherent 

advantage in harvesting mechanical energy compared to other sources. Capturing this energy 

is simple and easy for example, capturing motion from wind or water may be relatively simple, 

but energy conversion efficiency is still an important factor to take into account. Although 

certain mechanical energy conversion devices, piezoelectric and triboelectric nanogenerators 

can be highly efficient in converting mechanical energy into electrical power at the nanoscale 

[46]. Generally, human body also produces the mechanical energy, per day the human body 

used the energy an average of 1.07*107 J per day [47], which is equal to 800 AA (2500 mAh) 

batteries.  

Human body motion indeed contains a large and unexplored source of energy that can be in the 

form of heat or motion. This novel approach to energy harvesting opens up a new era, 

particularly in the context of powering of low-power electronic and wearable devices within 

the range of 10 µW to 10 mW. The idea of capturing energy producing from the body in the 

form of various body movements includes ankle, knee, and hip motions, foot strike (jumping, 

walking, and running), hand force, eye blinking, finger tapping etc, can convert into electrical 

energy. In piezoelectric and triboelectric nanogenerator technology, the mechanical energy 

derived from the human body effectively employed to capture and convert into useful power 

[48]. This innovative strategy holds immense promise for diverse applications, including 

wearable devices, health monitoring systems, and other portable electronics. It offers a 

sustainable and convenient means of powering these devices by harnessing the natural  

movements of the human body. Through the utilization of this mechanical energy, PENG and 

TENG are able convert into electricity. 
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1.7     PENG: materials, and applications  

1.7.1 Piezoelectric materials 

Figure 1.12. The list of piezoelectric materials. 

The materials which can generate electricity under the small mechanical stress is called the 

piezoelectric materials, which works based on piezoelectricity principle. The operating 

principle of piezoelectric materials is that when a compressive or tensile force is applied, a 

potential difference develops, which is known as a positive piezoelectric effect. When an 

electric field is applied to a piezoelectric material, it produces mechanical stress, which is 

known as the inverse piezoelectric effect. The materials utilized for energy harvesting is crucial 

to the performance of the PENG device and functionality. These devices are capable of 

producing electrical energy from natural sources such as vibrations, heat, mechanical action, 

water flow, and airflow.  Now a days, Piezoelectric materials are using in vast range of 

applications, due to their cost effectiveness, can be easily formed in different nanostructures 

such as thin films, 2D structures, fibers, and cylindrical shapes. Many piezo electric materials 

created from last few years, such as organic, inorganic, and composite materials, etc [49,50]. 

The list of some of piezo electric materials has provided in the Figure 1.12. Lead zirconate 

titanate (PZT) was the first widely investigated piezoelectric material, exhibiting desirable 

piezo, ferro, and dielectric properties, however, the lead content will affect humans and the 

environment [51]. Researchers more focused on lead free materials, includes ZnO, ZnS, 

BaTiO3, and PVDF etc, when compared to PZT, these materials demonstrated equivalent or 

even greater piezoelectric characteristics. Furthermore, they are eco-friendly, easy synthesis, 
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simple structure, suitable mass production, and biocompatible, and they are predicted to replace 

their lead-based counterparts shortly after. 

1.7.2 Applications of PENG 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.13. PENG applications (reproduced from) [52] 

PENG devices convert mechanical energy into electricity based on the piezoelectricity 

phenomena, which is generation of charge under the applied mechanical pressure. Due to their 

small size, flexibility, and ability to capture low-frequency movements and vibrations, PENGs 

are used in diverse applications across various fields. Recently developed portable mobile 

communication gadgets are greatly improving human lives due to the quick advancement of 

science and technology. Because of their limited energy storage capacity and significant 

reliance on external power sources, mobile electronic devices have a shorter working lifespan. 

A desirable alternative to a continuous power source for portable communication devices is the 

best idea of self-powering. PENGs are the excellent choice for low-energy power sources in 

applications [52] like wearable electronics, medical implants, microelectronic systems, 

Artificial intelligence, environmental monitoring, etc. (Figure-1.13). Especially, these PENG 

devices are essential to the improvement of wearable technology because these are suitable 
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for smartwatches, fitness trackers, and clothes with ease. There, these devices effectively 

harvest movement energy from the wearer to increase battery life and enable wearables that 

run on their power [53].Within the medical field, piezoelectric nanogenerators are used in 

biomedical apparatuses, providing energy from physical motions in the body to power implants 

and sensors. Their importance also extends to the use of wireless sensor networks, where they 

reduce dependence on traditional power sources by offering an independent and sustainable 

energy supply, especially in difficult or isolated situations. The Internet of Things (IoT) is a 

large-scale sensor system, which need the electricity to power the sensors, and actuators, 

increases the energy efficiency and reduce the battery replacements. The integration of 

piezoelectric nanogenerators into flooring materials represents a novel technique for energy 

harvesting, capturing energy from footsteps. This approach can be used in a variety of 

scenarios, including public spaces, commercial structures, and residential areas. Furthermore, 

piezoelectric nanogenerators aid in the creation of self-powered devices, ranging from remote 

controls to wireless keyboards, by providing enhanced functionality. In addition, their 

flexibility extends to environmental monitoring, where they can power self-powered sensors 

in difficult or remote environments. By emphasizing high output, conversion efficiency, and 

sensitivity through novel materials and structures, the flexible and wearable PENG is 

advancing the technology of nanogenerators. It can operate as a self-powered system, 

supplying sustainable energy for multifunctional sensors in various types of applications. 

1.8    TENG: working modes, materials, and applications 

1.8.1 TENG modes  

Mainly, four fundamental working modes of the TENG have been postulated [54,55], 

depending on the direction of the polarization change and electrode arrangement, which are 

contact separation mode (CS), Free-standing mode (FS), Single electrode mode (SE), and 

lateral sliding mode (LS), respectively (Figure 1.14). Based on the applications, different kinds 

of arrangements are being developed to generate energy through the use of freely moving 

triboelectric sources in the environment and triboelectrification of structural dielectrics. 
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Figure 1.14. Fundamental working modes of TENG (Reproduced from)[56–61]. 

1.8.1.1 Contact Separation Mode 

Contact separation mode is the basic working mode of TENG, which is having two 

configurations; one is dielectric to electrode and another one is dielectric to dielectric. In the 

thesis work we have used both the configurations [62]. In this mode, TENG designed as 

sandwich type structure, top and bottom electrodes connected to the two dielectric layers and 

finite separation distance. In TENG functionality, electrodes work as source of free electron 

and integrated to dielectric surfaces through different methods such as deposition, coating and 

adhesive electrode tapes. The separation distance also having the significant role in the contact 

separation mode, which typically maintained by springs or sponges, because of self-releasing 

ability. Initially dielectric layers separated by finite distance, once these dielectric layers 

brought to contact by the external applied force, depends on their electron affinity charges 

induced on their surfaces. Results in one triboelectric layer surface get positive and another 

triboelectric layer surface get negative charges. When released the applied force, triboelectric 

layers get separated, potential difference is established between two planar electrodes that are 

positioned on the outer sides of dielectrics and the charges start flow through the top electrode 
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to bottom electrode in order to balance electrostatic field. If the triboelectric layers pressed, 

due to an external force result in a reduction of electrostatic potential, causing the gradual 

disappearance of this potential upon full contact. Consequently, electrons flow back, and the 

repetitive sequence of contact and separation induces the generation of alternating current (AC) 

through an external electrical load. 

1.8.1.2 Lateral sliding mode   

Lateral sliding mode having the same structure as contact separation mode [63]. In this mode, 

sliding lead the generation of charges on the triboelectric layer surfaces. Initially, there is no 

potential difference between the electrodes due to the absence of applied force, the triboelectric 

layers are fully aligned (overlapped). Once top triboelectric layer sliding on the bottom 

triboelectric layer due to the applied force, potential difference occurs in the non-overlapping 

parts of the electrodes and resulting in the electrons start flow from top electrode to bottom 

electrode. Once the triboelectric layers come aligned to its original position, the electrons flow 

back through the external circuit to balance the potential difference. Periodic sliding of one 

triboelectric layer over another causes the AC as an output.   

1.8.1.3 Single electrode mode  

While the previously mentioned modes center around triboelectrification within a solid and 

compact device relying on dielectrics, this design restricts the harnessing of triboelectric 

charges from the surrounding environment. To overcome this limitation, the single electrode 

mode has been introduced. In this mode, energy can be harvested by capturing triboelectric 

charges freely generated by various sources in the environment, including human skin, tires, 

and raindrops. In CS and LS modes requires two triboelectric layers which need to be attached 

to two electrodes.  Coming to Single electrode mode, which requires only one electrode and 

one triboelectric layer [64]. For example, Human skin used as arbitrary triboelectric layer to 

operate on vertical/ sliding contact to another triboelectric layer, the electrode attached to the 

triboelectric layer is the primary electrode, to serve as a source of electrons, which is connected 

to the ground. Once contact the two triboelectric layers (human skin one of the triboelectric 

layers), induce the tribo charges on the two triboelectric layers with opposite polarity. Upon the 

removal of human skin, the electrons flow from primary electrode to the ground to balance the 

developed potential difference. If again contact with the human skin with triboelectric layer 

leads to electrons flow back from ground to the primary electrode. Repeated contacts and 

departs of human skin on a triboelectric layer generate alternating electricity. 
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1.8.1.4 Free-standing mode 

The freestanding method requires a freely moving part. This mode has a dielectric layer and 

two symmetric electrodes, and similar to SE-mode, triboelectric layer can move freely without 

the use of an electrode or an electrical connection [65]. In this mode, TENG can be designed 

fixed layers can be electrode attached triboelectric layers or only the electrodes, both generate 

the tribo electric charge generation. When a triboelectric layer (ex: positive) is contact with one 

electrode, electrons attracted to that electrode due to increase in electrical potential. Once the 

triboelectric layer contact with second electrode, the electrons start flow from first to second 

electrode. An AC output is produced through the external load by triboelectric layer moving 

relative to one another electrodes.  

1.8.2 Triboelectric series  

Triboelectric series, Wilcke initially proposed in 1757, is an early posteriori over 

triboelectrification in which various materials are arranged according to their respective 

triboelectric polarity [66]. In this series, materials are arranged in the order of their tendency to 

gain the electrons and loose the electrons. In the given arrangement, the material at the top of 

the series is more positively charged and the material at the bottom of the series is negatively 

charged. In the later part of the nineteenth century, Faraday, Jamin, and Bouty delved into the 

examination of empirical triboelectric series lists. This was succeeded by Shaw in 1917, who 

conducted extensive experiments using a gold-leaf electroscope to establish triboelectric series 

for elementary metals, diverse furs and woods, and various insulators (Figure 1.15) [67]. The 

output of the TENG is mainly depends on the surface charge density(σ) of the materials. These 

are two methods to optimize σ, one is increasing the contact area by introducing the 

nanostructures to the tribo materials and another one is selection of materials from tribo series. 

Greater charge transfer between the materials at the top and bottom of the series is possible. In 

recent years, numerous quantitative methods for measuring generated triboelectric charge 

densities have been developed. 1) inductive probe technique, this method involves placing a 

inductive probe above the a source material surface, where current is induced on an inductive 

probe through electrostatic potential [68,69]. 2) Solid state electrometers are a commonly used 

tool, measured the amount of induced charge density on electrodes that are either connected to 

a triboelectric source or encircled by a Faraday cup [70]. In the past few years utilization of 

scanning probe techniques, including electrostatic force microscopy (EFM) and Kelvin probe 
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force microscopy (KPFM), to conduct more detailed examinations of the contact electrification 

process [71,72]. 

 

 

 

 

 

 

 

 

Figure 1.15. List of tribo-materials based on its triboelectric charge density (Reproduced 

from) [73]. 

1.8.3 Surface modification 

Significant progress has been made in the development of TENGs, with particular attention 

focused on three important areas: the friction material, surface modification of the friction 

layer, and the structural design of the TENG device. Among these, surface modification 

emerged as a versatile and efficient strategy. The surface charge density of the two materials 
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involved is closely related to the performance of TENGs. Factors influencing surface charge 

density include the quantity of charges carried and the material's ability to gain or lose 

electrons. Surface modification is crucial method in improving the electrical output 

performance of TENGs [74]. This enhancement is attributed to the increase in the effective 

contact area, achieved through surface modification (Figure 1.16). This modification method 

not only multiplies the number of sites capable of generating charges but also enhances the site 

trapping ability. The morphological and chemical modifications applied to the friction material 

surface contribute to this improvement in charge generation capabilities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.16. Surface modification methods (Reproduced from) [45]. 

Physical surface modification technique is a crucial in the modifying the properties of the 

materials surfaces for the particular purposes, and they have significant role in the TENG 

technology. One common method is lithography, which is used to create a precise 

micro/nanostructure on the surface of the material utilizing masking, removal or addition of 

specific materials. Electrospinning is another method that includes the production of different 

nanostructures by applying the electric field to the polymer solution or melt. Another technique 
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is called etching, which modifies the material's surface to the appropriate structure by 

physically or chemically removing certain elements. A process named 3D printing allows for 

the production of complex patterns and structures on a material's surface, enhancing the area 

of the contact surface and achieving improved outcomes. 

The method of chemical modification involves enhancing the properties and structure of the 

materials to increase the TENG's output. In coating process, a thin chemical layer applies on 

the surface the materials, which influence the triboelectric properties of the material. 

Functioning of the materials surfaces significantly effect on the TENG performance, in this 

process specific functional groups introduced on the material surface, which increases the 

TENG characteristics. Plasma treatment is the surface functioning technique, which offers to 

modify the chemical composition under the plasma environment. These techniques are often 

used to modify TENG materials, helping to improve surface energy, triboelectric 

characteristics, and general efficiency. The chemical composition also effects on the TENG 

performance, polymer mixtures and composites and nanostructures implementation improve 

triboelectric performances.   

These surface modifications are crucial in influencing surface of the material, as result 

increases the overall efficiency  

1.8.4 Applications of TENG 

TENG has the potential to be used in a wide range of energy-harvesting applications (Figure 

1.17). TENG technology is a needful approach in the ocean energy harvesting. Through the 

incorporation of these apparatuses into buoyant structures, TENGs have the ability to transform 

the mechanical energy produced by wave motion into electrical energy. This application has 

the potential to significantly advance the field of blue energy by providing renewable and 

sustainable power sources. In direct high voltage power sources, the TENGs show that they 

can provide high voltage outputs from the mechanical motion. Because of this characteristics, 

TENGs especially well-suited for electrostatic precipitators, where the high voltage requires to 

remove the particles from the gas streams. The capacity of TENGs to produce the high voltages 

directly open up possibilities for improving the productivity of a range of industrial operations. 

TENGs also capable to use in wearable electronics on a micro- and nano power levels. If we 

incorporate TENG as a wearable device, it may capture energy from human body movements 

and convert it into electricity. The resulting technology is environmentally friendly, beneficial, 

self-sustaining, and convenient for the wearer. It also reduces the need for regular recharging 
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batteries, enhancing the overall development of wearable electronic devices. Another 

technology is microelectromechanical systems (MEMs), which frequently demand minimal 

power requirements at the microscale.  TENG can eliminate these problems and provide a 

consistent and continuous power supply in remote sensing applications where traditional power 

sources can't be used for a long period. TENG technology is also utilized in environmental 

monitoring since the energy captured from environmental vibrations provides the structural 

condition of the building, so that does not harm the environment. TENG also aids in medical 

applications by placing a device on the human body that can monitor the user's physiological 

movements, temperature, and other health issues. Because they are self-sustaining, there is no 

need for frequent battery changes.  

 Finally, TENGs are a reliable and self-sustaining power source in the development of a wide 

range of applications, capable of converting any mechanical energy into sustainable electricity. 

Because of these advantages, TENG continues to be utilized in a wide range of 

applications using energy from various sources in the future. 

 

                   

 

 

 

 

 

 

 

 

 

 

 

Figure 1.17. Applications of TENG (Reproduced from) [37]. 
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1.9  Selection of material and its properties  

Material selection is a crucial component of optimizing the performance of nanogenerators 

(PENGs and TENGs) in energy harvesting applications. PENGs are typically constructed from 

materials with high piezoelectric coefficients and having non-centrosymmetric wurtzite 

structure materials are considered excellent candidates, such as zinc oxide (ZnO), lead 

zirconate titanate (PZT), aluminium nitride (AlN), polyvinylidene fluoride (PVDF), or Barium 

Titanate (BaTiO3), etc. Even though PZT material having high piezoelectric coefficient, lead-

based materials will be limited in future uses due to the toxicity of lead and its negative impact 

on the environment. Recently, lead-free materials have gained attention for use in the 

fabrication of piezoelectric nanogenerators (PENGs), particularly barium titanate (BaTiO3), 

zinc oxide (ZnO), Zinc sulfide (ZnS), and polyvinylidene fluoride (PVDF), having its own 

benefits and drawbacks. In response to environmental concerns, there has been a shift towards 

lead-free alternatives, which highlights the continuous endeavors to develop sustainable 

materials for piezoelectric energy harvesters. In which, BaTiO3 offers a high dielectric constant 

and stability, but can be brittle. PVDF is a lightweight, flexible polymer but, environmental 

factors and mechanical stress contributing to degradation, which might affect the stability and 

lifespan of the device. ZnS possesses a good piezoelectric coefficient, but its synthesis is 

challenging, and stability issues are a concern. ZnO is having high stability and easy to handle, 

but faces challenges related to lower piezoelectric coefficient.  

In PENGs, the generation of piezoelectric charges relies on material characteristics such as 

nanostructures, dielectric constant, and crystal structures. Coming to TENGs, in which 

materials produce charge through contact and separation of two triboelectric materials with 

dissimilar charge affinities. Practical material selection is difficult, even if a large difference in 

charge affinities theoretically results in the creation of more charges and higher TENG output. 

In addition to chemical compositions, physical characteristics like friction, elasticity, and 

surface morphology are taken into account when selecting material. Among these factors, the 

surface morphology of selected materials is a critical factor in material selection to fabricate 

the PENG and TENG devices. It significantly influences the effective contact area and, 

consequently, the overall performance of these energy-harvesting devices. In this contest, the 

desired material should have a large contact area and the capacity to produce diverse 

nanostructures. These characteristics are critical for optimising the piezoelectric and 

triboelectric effects in nanogenerators to improve energy conversion efficiency. 
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   ZnO have several significant characteristics, so that it can used in numerous applications. 

[75]. ZnO is an promising material, which can be form in different nanostructures including 

nanorods, wires, sheets, thin films etc in high quality and orientation in single direction [76–

78]. Second, it enables cost-effective growth on a variety of substrates, including crystalline 

and amorphous substrates, as well as hard and flexible surfaces, making it compatible with 

critical materials such as silicon or polymers. Furthermore, ZnO is well-known for its 

biocompatibility and environmental friendliness. Finally, ZnO properties can be easily 

modified using different surface modification strategies, which helpful mainly in electronic and 

optoelectronic devices. Notably, because of their advantageous geometry and size, ZnO 

nanomaterials are considered excellent for PENGs and TENGs. Some of the reports has 

discussed here based on different ZnO nanostructures. Firstly, Wang et al. [21], PENG device 

fabricated with ZnO nanowires arrays as active layer. The oriented NWs are displaced using a 

conductive atomic force microscope tip in contact mode and generated the maximum output of 

10 mV. Qiu et al.[79] piezoelectric ZnO nanorods are synthesized on a paper substrate to 

constrict the PENG device. This PENG device has high flexibility and sensitivity, and it 

generated an output voltage of 10 mV and current of 10 nA. Further, PENG can be used to 

capture low-frequency mechanical energy, such as body movements, for practical use. Wang et 

al.[80] developed a nanogenerator device using ZnO nanoparticles and PANI as triboelectric 

layers, and produced an output voltage of 4V. Further, TENG used to detect various respiratory 

characteristics, including trace-level NH3 concentration, human respiratory flow, and 

respiratory frequency. In another study, Liu et al. [81] constructed a TENG using zinc oxide 

(ZnO) bilayer film/ chitosan (CTS) and PDMS, which is having good sensitivity in detecting 

acetone and superior humidity resistance performance at room temperature. Among these 

nanostructures of ZnO, ZnO nanosheets selected in this thesis, because of the following 

advantages: (i) Synthesis of ZnO nanosheets is a simple single-step process with no extra seed 

layer deposition, unlike seed layer-assisted ZnO nanorods or nanowires. (ii) Direct growth of 

ZnO nano sheets on aluminium substrate has two advantages: (a) no extra electrode deposition, 

(b) aluminum substrate itself acts as a bottom electrode for the PENG/TENG with good contact 

with ZnO nanosheets. (iii) During PENG/TENG operation, ZnO nanosheets provide more 

surface compared to nanorods films, nanoparticle films for contact electrification. (iv)  ZnO 

nanosheets' mechanical strength is more than nanorods; as a result, the device can withstand 

high-value forces and produce electrical energy [82]. 
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Figure 1.18. (a) load vs Displacement curves of ZnO nanorods and nanosheets by using  

Nanoindentation testing, Schematic representation of the (b-d) ZnO nanorods and (e-g) 

nanosheets, respectively, depending on the applied load of below and above critical load 

(Pcrt) (Reproduced from) [82]. 

  

 

1.9.1 Basic properties of ZnO 

ZnO is an II–VI group n-type semiconducting material due to the presence of Zn interstitial 

sites and oxygen vacancies. ZnO has three crystalline phases (a) wurtzite-type, (b)cubic zinc 

blende-type, and (c) rock salt structures, as shown in Figure 1.18 [78,83]. The wurtzite structure 

type is thermodynamically stable at ambient conditions. The zinc blende structure is not stable, 

which can be stable only by grown on cubic substrates, and the rock salt (Rochelle salt) 

structure like NaCl can be stable at high pressure (in GaN case). Cubic zinc blende or hexagonal 

wurtzite structure where each Zn+2 ion is surrounded by four O-2 ions tetrahedrally and vice 

versa. The tetrahedral structure of ZnO is the intrinsic cause of its non-centrosymmetric 

characteristic, which directly leads to its piezoelectric effect and thermoelectric effect.  

         The tetrahedrally coordinated wurtzite-type crystal structure is a characteristic for 

covalent chemical binding with sp3 hybridization. The lattice parameters of semiconductor 

materials generally depend on the factors are: (i) free-electron concentration acting via 

deformation potential of a conduction band minimum occupied by these electrons, (ii) 

concentration of foreign atoms and defects, and their difference of ionic radii with respect to 

the substituted matrix ion, (iii) external strains (e.g., those induced by substrate), and (iv) 

temperature. 
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Figure 1.19. Crystal structures of ZnO: (a) Zinc blende, (b) rock salt, (c) wurtzite. 

The lattice constants of wurtzite ZnO at room temperature were determined as a=3.2475Å, 

c=5.2075 Å. The most common faces of wurtzite ZnO are the polar surfaces of Zn (0001) and 

O (0001̅) (c-axis oriented), and the non-polar (112̅0) (a-axis) and (101̅0). The point defects 

such as zinc antisites, oxygen vacancies, and extended defects such as threading dislocations 

also increase the lattice constants. The bonding nature between Zn and O ions is right between 

covalent and ionic binding. Due to ionic binding of ZnO, the bottom of the conduction band is 

formed by the 4s levels of Zn2+. Further, the top of the valence band by the 2p levels of O2−. 

The bandgap of ZnO between the conduction band and the highest valence band is about 3.437 

eV. 

1.9.2 Piezoelectricity in ZnO 

Figure 1.20. Piezoelectricity in ZnO. 
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The piezoelectric effect is the ability of certain materials to generate an electric charge in 

response to applied mechanical stress. The generation of electrical polarization when a 

piezoelectric material is strained is called the direct piezoelectric effect. The wurtzite structure 

of ZnO has a lack of center of symmetry, combined with a large electromechanical coupling, 

due to that, it has strong piezoelectric property. This piezoelectric property of ZnO is explored 

in many applications like actuators, piezoelectric sensors, and transducers. 

Piezoelectricity is a phenomenon of coupling between the electrical and mechanical 

states of material by crystal structure deformation. In the absence of the applied force, positive- 

and negative-charge centers overlap, and the crystal is electrically neutral (no potential 

difference). When mechanical pressure is applied to the piezoelectric  (ZnO) crystal structure, 

the charge centers of Zn2+ cations and O2− anions will separate and produce piezoelectric 

potential across the material as shown in Figure 1.19 [84,85].   

1.10   Objectives of thesis   

The main aim of the thesis is to fabricate the innovative PENG and TENG devices using ZnO 

nanosheet film for energy harvesting from the human body motions. In the fabrication of the 

nanogenerator, ZnO nanosheets were used as an active layer, these ZnO 

nanosheets synthesized utilizing a low-cost hot plate hydrothermal approach. The 

PENG/TENG can be harnessed to drive small electronic devices, with potential applications 

encompassing the illumination and powering of LEDs, as well as the empowerment of various 

self-powered systems.  

The objectives of this research are as follows: 

➢ To synthesize ZnO nanosheets using a simple, single step, and cost effective hot-plate 

assisted hydrothermal method and to study the control synthesis parameters, including 

growth temperature, and growth duration, to achieve optimum ZnO nanosheets growth 

characteristics. 

➢ To employ a comprehensive suite of advanced characterization techniques to thoroughly 

analyze the structural, morphological, and chemical properties of the synthesized ZnO 

nanosheets. 

➢ To develop PENGs and TENGs using the synthesized ZnO nanosheets to efficiently 

convert mechanical energy into electrical energy. 
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➢ To measure the output voltage and current and various parameters influencing 

PENG/TENG nanogenerator performance, including tapping frequency, applied force, 

spacing, contact surface area. 

➢ To confirm the charge generation and verify the experimental output using COMSOL 

software. 

➢ To demonstrate and validate the practical utility of ZnO-based nanogenerators in self-

powered electronics and sensors, showcasing their versatility in real-world applications. 

1.11  Conclusions  

This chapter offers a brief introduction highlighting the importance and motivation behind 

energy harvesting. It explores various energy sources in nature, providing insights into the 

origin and types of nanogenerators. The literature review focuses on PENG and TENG utilizing 

diverse functional materials, along with their applications. The goals of the research are derived 

from this literature review, providing a foundation for the subsequent material selection 

process. 
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                                               Chapter 2 

Experimental Methods and Characterization  

This chapter summarises the Hot-plate assisted hydrothermal procedure 

used to synthesis of ZnO nanosheets, over an aluminum substrate, ZnO 

nanosheets were grown. Emphasized the techniques used for investigating 
the properties of the materials. Furthermore, PENG and TENG device 

fabrication steps, advanced instruments utilised to examine the electrical 

properties of these devices, and ultimately essential parameters have been 
determined. 
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2.1  Synthesis process of ZnO nanosheets  

Many methods have been investigated for the production of ZnO nanostructures, including 

electro-deposition, sol-gel method, chemical vapor deposition, chemical methods, pulsed laser 

detection, and hydrothermal method.  In comparison to previous synthesis processes, the 

hydrothermal approach gained more attention because of environmental concerns, as the water 

was utilized as the solvent. When compared to other technologies, this process is cost-effective, 

uses low temperatures, and can manufacture large-scale and well-ordered nanostructures. In 

addition to this, temperature and pressure can be adjusted to create different kinds of 

crystallization and nanostructures [1].  

Figure 2.1.  (a) Schematic of the preparation steps of ZnO nanosheets and experimental 

setup of hot plate synthesis of ZnO nanosheets. Real-time images of the preparation steps of 

ZnO nanosheets (b) bare aluminum substrate, (c) aluminum substrate sealed with Kapton 

tape (d) substrate suspended in the growth solution in a sealed glass beaker, (e)-(f) growth 

solution beaker placed over the hot plate and solution temperature observed by using digital 

thermometer and thermocouple (g)-(h) aluminum substrate after the growth of ZnO 

nanosheets with the removal of Kapton tape. 

Furthermore, hydrothermal procedures often provide a high degree of control over the 

dimension, shape, and morphological structures of the nanostructures. Owing to these special 
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advantages, we opted to utilize the hydrothermal approach in our quest to synthesize ZnO 

nanosheets. The ZnO nanosheet film was synthesized on Al substrates by using hot plate 

method like shown in schematic Figure 2.1(a). All the chemicals obtained from Sigma Aldrich 

were and utilised without additional purification, and aluminum foil with a thickness of 0.1 

mm was acquired from M/s Special Metals Pvt. Ltd, India, used without further cleaning 

operations. First, the aluminum substrates were ultrasonically cleaned with acetone and 

deionized (DI) water for 10 minutes, then dried with a hair blower. Initially, zinc nitrate (Zn 

(NO)3. 6H2O, 50 mM) and hexamethylenetetramine (C6H12N4, HMTA, 50 mM) were dissolved 

in 100 mL of DI water and stirred for 10 minutes separately at room temperature. These two 

solutions were mixed in another beaker and stirred up to transparency appeared.  One side of 

the aluminum substrate was sealed with Kapton tape and suspended in the growth solution as 

shown in Figure 2.1 (b)-(c). The growth solution beaker was covered with aluminum foil. A 

small opening was made to insert a thermocouple for the temperature monitoring, as shown in 

Figure 2.1 (d). This small opening in the aluminum foil can be closed or opened depending on 

the requirement. In the process of synthesis, the growth precursor solution temperature was 

measured against the applied hot plate temperature by inserting a digital thermometer and 

thermocouple in the growth precursor solution (Figure 2.1 (e-f)). Finally, the growth precursor 

beaker was kept over the hotplate at growth temperatures of 85 oC for 4 hrs. After 4 hours of 

growth, ZnO-coated films on aluminum substrates were taken from the solution, rinsed with 

DI water, and dried with a hair blower. The real-time images of ZnO nanosheets grown on an 

aluminum substrate are depicted in Figure 6.1 (g-h). Subsequently, the ZnO nanosheets were 

further characterized to investigate their properties. 

The growth of zinc oxide nanosheets using the hydrothermal method often involves a chemical 

system that, while widely used, remains not fully understood. According to the literature, the 

growth mechanism of zinc oxide nanosheets closely resembles that of zinc oxide nanowires 

[2,3]. The synthesis of ZnO nanosheets involves the combination of zinc nitrate and 

hexamethylenetetramine in deionized water, with subsequent heating in the temperature range 

of below 100 °C. The growth of ZnO nanosheets is expected to be influenced by a set of 

chemical reactions as follows: 

Decomposition reaction:            (CH2)6N4  + 6H2O                   4NH3 + 6HCHO     ---------(2.1)     

Hydroxyl supply reaction:                           NH3+H2O          NH4
+ + OH-            --------(2.2) 

Zn2+ + 2 NO3
-         ---------(2.3)                                                                   Zn (NO3)2   

                                                               Zn2+ +2OH- ZnO (s) +H2O        --------(2.4)  
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Initially, the HMTA decomposes and forming formaldehyde and NH3 with gradual increase of 

heat (eqn.2.1). Then, NH3 reacts with water, producing HO– ions (eqn.2.2). Afterward the 

dissolving of zinc nitrate, Zn2+ ions are produced (eqn.2.3), resulting in the direct formation of 

crystals of ZnO (eqn.2.4).  

2.2 Characterization techniques   

We have used different characterization techniques for surface topography, morphology, 

roughness, crystallinity, microstructure, elemental composition, optical, chemical and 

electrical properties. The details of each characterization technique are discussed below. 

2.2.1 X-ray diffraction (XRD) 

 

 

 

 

 

 

 

Figure 2.2. (a) Schematic representation of the X-ray diffraction principle, (b) Photograph of 

PANanalytical powder diffractometer instrument (Adopted from) [4]. 

X-ray diffraction (XRD) is a standard and powerful technique to determine the crystalline 

structure, composition, identification of different crystalline phase, grain size of poly crystals 

and interlayer spacing of a sample[5]. XRD creates a diffraction pattern by exposing a sample 

to X-rays, revealing important information about the material's properties. X-rays are used in 

XRD because their wavelength (0.5-2Å) is approximately equivalent to the spacing between 

atoms in a crystal lattice. To understand the phenomenon of XRD is aided by the use of 

constructive interference, which follows the Braggs law (Figure 2.2(a-b)). According to Bragg's 

law, when monochromatic X-rays are directed at a crystal lattice, scattering occurs as the X-

rays interact with the atoms within the lattice. Constructive interference of the scattered waves 

happens when the angle of incidence satisfies the condition that the path difference between 

X-rays scattered by successive atomic planes is an integer multiple of the X-ray wavelength. 

Mathematically expressed formula is 2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆. Here, d is the distance between lattice 
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planes, θ is the angle of incidence, n is an integer, and λ is the wavelength. In X-ray diffraction, 

the interlayer distance is a unique property for each crystal, representing the spacing between 

lattice planes. The presence of sharp peaks in the XRD pattern signifies a crystalline nature. 

These peaks result from the diffraction of X-rays by well-defined crystal planes within the 

material. Conversely, the appearance of broad peaks in the XRD pattern suggests an amorphous 

or disordered structure. Amorphous materials lack the regular and repeating atomic 

arrangements characteristic of crystalline substances. 

 Instrument specifications: The below instruments are used for XRD characterization in this 

thesis. 

Model: XPERT-PRO; X-ray Source: Cu-Kα radiation (λ = 1.5418 Å); Goniometer 

Configuration: Horizontal (θ-θ) (XRD, Bruker D8) 

Detector: Scan Range: 3⸰ to 136⸰; Scanning Angle Rate: 0.01°; Step Count Time: 1s per step.  

2.2.2 Scanning electron microscopy (SEM) 

Figure 2.3. (a) Schematic representation of the SEM principle, (b) Photograph of SEM 

instrument (Adopted from)[6]. 

Scanning Electron Microscopy (SEM) is one of the sophisticated imaging techniques to 

characterize the morphology of the materials and compositions with higher resolution. The 

surface morphology of any material can be provided by the SEM with high-quality images with 

resolutions of ~5nm [6]. When a higher energy electron beam incident on the sample, the 

electrons interact with the surface of the sample due the inelastic scattering, generate a 

spectrum of informative signals include back scattered electrons (BSE), auger electrons, 

cathodoluminescence, secondary electrons (SE) and X-rays from different depth of the sample, 

which has shown in Figure 2.3(a). BSE and SE each offering distinct advantages. BSE are 
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useful for offering compositional insights and due to their shallower penetration depth of SE, 

provides predominantly the higher resolution image at the nanoscale [6,7].  

In the SEM setup, the electrons produced by the electron gun with generating acceleration 

voltage of 300 V- 30 kV, these electrons traverse through a complex arrangement of electron 

magnetic lenses to precisely focus the coherent beam over the sample surface. Detectors 

employed in the SEM serve as crucial components to capture to capture specific facets of the 

information provided by electrons. Based the detector equipped, SE detectors are optimized to 

capture high-resolution images of the specimen's topography as well as BSE to understanding 

the material's composition. The SEM instrument image as shown in the Figure 2.3(b). 

Instrument Specifications: The below instruments are used for SEM characterization in this 

thesis. 

Model: TESCAN-VEGA 3LMV attached with Oxford Scanning Electron Microscope; Electron 

Source: pre-centred tungsten hairpin type; Accelerating voltage: 300 V to 30 kV; Resolution: 

3.0 nm; Magnification: 5X to 300,000X.  

Detector: Secondary electron detector: Everhart-Thornley; Backscattered electron detector: 

Thin five-segment solid-state detector. 

2.2.3 Transmission electron microscopy (TEM) 

 

Figure 2.4. (a) Schematic representation of interaction between specimen and electron beam, 

(b) Photograph of TEM instrument. 

Transmission electron microscopy (TEM) is high resolution microscopy technique used to 

study crystallinity, crystallographic features of point defects, dislocations, crystal structures 
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and crystal phases, and also morphology of individual nanostructures[8]. TEM generates a 

high-energy electron beam using cathode tungsten filament source/electron gun. This beam is 

focused and shaped by an array of electromagnetic lenses before coming into  contact with an 

ultrathin specimen (Figure 2.4). The sample consists of Au/Cu-grids or pellets, which is 

generally 50-200 nanometers thick.  Electrons that travel through the specimen undergo 

transmission, while those that interact with it help generate an image. On a fluorescent screen 

or digital detector, the resulting image is detected and visualised. Because of an electron's de-

Broglie wavelength is smaller than that of visible light, TEM provides excellent resolution, 

allowing viewing of structures at the atomic and molecular levels.[9] 

Instrument Specifications: The below instruments are used for TEM characterization in this 

thesis. 

Model: Transmission electron microscopic (TEM) images were detected by a TALOS F200S 

G2 equipped with a CMOS Camera 4K X 4K; operating at a voltage of 200 KV, Total beam 

current FEG is >150 nA; Resolution- 0.16nm. (TEM, Tecnai G2 20) 

2.2.4 Energy dispersive spectroscopy (EDS) 

 

 

 

 

 

 

Figure 2.5. Schematic representation of the EDX principle 

Energy Dispersive X-ray Spectroscopy (EDX) is an analytical technique useful for chemical 

composition and the elemental mapping of the sample. Generally, EDX is an additional 

component or accessory that can be equipped with either an SEM or a TEM. When focused 

electron beam directed onto the sample surface, the ground state electrons excite to higher 

energy level, and creates vacancies. Electrons from higher energy levels subsequently fill the 

vacancies, generating X-rays in the process (Figure 2.5). The emitted X-rays are collected using 

a solid-state detector, used to analyse the identifying the elements, Mapping the distribution of 

elements.  
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2.2.5 Fourier transform infrared spectroscopy (FT-IR) 

Figure 2.6. (a) Schematic representation of working of FTIR (b) Photograph of FTIR 

instrument (Reproduced from) [10]. 

Fourier Transform Infrared (FTIR) spectroscopy is a highly valuable analytical technique 

employed to examine molecular interactions within a sample[11]. In this method, the sample 

is exposed to infrared radiation, causing the infrared light to interact with the molecular 

vibrations of the sample. The resultant response is captured as an interferogram, representing 

the intensity of the infrared light over time. Utilizing a Fourier transform algorithm, this 

interferogram is converted from the time domain to the frequency domain (Figure 2.6 (a)). The 

resulting FTIR spectra reveals the information about the vibrational modes of chemical bonds 

within a molecule, with peaks in the spectrum correspond to specific vibrational frequencies. 

This enables the identification of functional groups within the sample. The versatility of FTIR 

extends to various sample types, including liquids and solids. Key components of an FTIR 

spectrometer include a radiation source, interferometer, sample compartment, and a detector. 

Beyond chemical analysis, FTIR spectroscopy contributes to the exploration of material 

properties such as polymer composition, crystallinity, and the presence of functional groups. 

FT-IR spectra are recorded using Bruker Fourier transform infrared spectrometer, often 

employing a KBr pellet, within the range of 4000 to 400 cm-1 (Figure 2.6(b)). 

Instrument specifications: The below instruments are used for FTIR characterization in this 

thesis. 

Model: Bruker Alpha-II FTIR spectrometer; spectral range 400-4000 cm-1. 
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2.2.6 Raman spectroscopy  

 

Figure 2.7. Raman spectroscopy instrumentation (Reproduced from) [12] 

Raman spectroscopy is non-destructive technique used for studying vibrational, and rotational 

of the molecules in the sample [12]. Raman spectroscopy works based on Raman effect, in 

which Raman spectra arises because of inelastic collision of laser beam radiation and the 

molecules in sample. In Raman spectroscopy, when the monochromatic laser beam interacts 

with a sample, most of the photons undergo the elastic scattering (Rayleigh scattering), which 

is having the same frequency to incident beam.  The rest of the beam undergo inelastic 

scattering, which is having the frequency different from the incident beam. The frequency of 

incident laser beam higher is higher than the frequency scattered will show the stokes line, and 

the frequency of incident laser beam lower than the frequency scattered will show the Anti-

stokes line, in the Raman spectrum. Raman spectra can be recorded over a range of 4000–10 

cm−1 (Figure 2.7).  

Instrument specifications: The below instruments are used for Raman characterization in this 

thesis. 

Model: Renishaw in Via Raman spectrometer, which was equipped with a 785 nm near-IR laser. 
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2.2.7 Photoluminescence spectroscopy (PL)  

The study of photoluminescent or emission properties in materials is conducted using a 

photoluminescence spectrometer. The study of luminescence proves valuable in discerning the 

excitation and emission processes, band gap characteristics, and impurity defect levels of 

materials through analysis of their emission spectra. Photoluminescence is the phenomenon 

where a material absorbs photons and then re-emits them as light. For the purpose of analyzing 

the electrical and optical properties of semiconductors, nanomaterials, quantum dots, and other 

materials that are capable of producing light, this approach is very useful. [13]. Figure 2.8 

displays a schematic representation of the components of the PL spectrometer. 

 

 

 

 

 

 

 

 

Figure 2.8. Basic instrumentation of Photoluminescence spectrometer 

Typically, the spectrometer employs a light source for sample excitation, such as a laser or a 

light-emitting diode (LED) with a specific wavelength tailored to the material's light absorption 

characteristics. The sample is enclosed in a stable environment within a box to minimize 

external influences. Filters are employed to selectively focus on specific photoluminescent 

emissions of interest by choosing particular wavelengths of emitted light during analysis. The 

emitted light is captured by a sensitive detector, which then converts it into an electrical signal.  

Typical detectors utilized in this context include charge-coupled devices (CCDs) and 

photomultiplier tubes (PMTs). The electrical signal obtained from the detector is processed by 

the data collection system. This configuration generates a photoluminescence spectrum, 

capturing information about the intensity and wavelength of the light. Specialized software is 

employed to analyze the data, providing insights into the material's characteristics. Extraction 
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of information regarding emission bands, spectral peaks, energy levels, and transition details 

is achieved through this analysis. 

Instrument specifications: The below instruments are used for PL characterization in this 

thesis. 

Model: Fluro log 3-2; Light source: 450 W CW Ozone-free xenon arc lamp (250 to 2500 nm); 

Monochromators: Czerny-Turner design with plane gratings for optimized focus at all 

wavelengths ad minimum stray light.  

Sample detector: Photomultiplier R928P, spectral coverage 200 to 870 nm. 

Reference detector: UV enhanced silicon photodiode. 

2.2.8 Atomic force microscopy (AFM) 

 

Figure 2.9. (a) the schematic view of the AFM instrumentation (b) AFM instrument 

(Reproduced from) [14]. 

Atomic Force Microscopy (AFM), is powerful instrument for nanoscale surface imaging 

(Surface roughness, height profile and 3D image) [14]. It is useful to understand their shapes 

and properties at the tiniest levels. It measures the forces generated between a sharp tip and a 

sample to produce high-resolution three-dimensional images by scanning the sample's surface.  

AFM works by interaction forces between a tiny tip and the object/sample being studied. In 

one common mode, the tip stays in constant touch with the object's surface. As the tip moves 

across, it adjusts up and down to keep a steady force. These adjustments are recorded to create 

a detailed map of the object's surface.  Another mode, called tapping mode, involves the tip 

oscillates back and forth as it moves over the object. The size of this Oscillation is kept the 

same, but changes in the object's surface make the tip oscillation at different rates. These 

variations help create an image of the object Figure 2.9(a).  
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Instrumentation: 

AFM equipped with a flexible cantilever; AFM features a sharp tip for interacting with the 

sample surface. A laser beam precisely targets the cantilever's back, while a photodetector 

captures changes in reflected light intensity as the cantilever moves. The sample, mounted on 

a piezoelectric scanner, undergoes meticulous movements in the x, y, and z directions for 

precise scanning. The feedback system operates in a continuous loop, ensuring a constant force 

or amplitude during scanning. The signals from the photodetector and scanner are sent to a  

computer, where image processing software transforms the data into high-resolution 

topographic images, contributing to the detailed analysis of the sample's surface [14] (Figure 

2.9(b)). 

Instrument specifications: The below instruments are used for AFM characterization in this 

thesis. 

Model: MultiMode 8-HR, SAM6 signal access module, NanoScope COM interface. 

2.2.9 Polarizing optical microscope (POM) 

 

 

 

 

 

 

Figure 2.10. (a) Schematic representation of the optical polarizing microscopy 

instrumentation, (b) Visual depiction of the optical polarizing microscope setup. 

Optical microscopy is a valuable technique employed to magnify small objects within the 

micrometer range, allowing for the in-depth study of their structural details. Optical 

microscopy relies on key principles such as magnification, resolution, and contrast to visualize 

small objects using visible light. It employs lenses to enlarge objects, and the total 

magnification results from multiplying the objective and eyepiece magnifications. Resolution, 
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determined by the wavelength of light and numerical aperture, dictates the microscope's ability 

to distinguish adjacent points. 

The condenser directs illumination, often equipped with an aperture diaphragm. Objective 

lenses, with varying magnifications and numerical apertures, magnify the specimen. The stage 

supports precise specimen positioning, and the focus mechanism ensures accurate focusing. 

Eyepieces allow for magnified viewing, and binocular microscopes offer stereoscopic images. 

Additional components include a diaphragm/iris for light control, a magnification changer, 

filters for fluorescence microscopy, and detectors like cameras for image capture (Figure 2.10). 

 In our study we did not require polarization and were specifically interested in observing the 

specimen under bright-field conditions. 

Instrument Specifications: The below instruments are used for Optical images in this thesis.  

Model: Polarizing optical microscope Olympus BX-53 equipped with a Micropublisher 5.0 

RTV camera interfaced  to PC software Q-capture pro. 

2.2.10  Scanning kelvin probe microscopy (SKP) 

Figure 2.11. (a) schematic of Scanning Kelvin Probe Microscopy instrumentation, (b) 

Scanning Kelvin Probe Microscopy setup (Reproduced From) [15]. 

The Scanning Kelvin Probe Microscopy (SKPM) technique provides information on the 

topography and local electrical characteristics of the sample surface by combining the concepts 

of Kelvin Probe Microscopy and non-contact AFM. In SKPM, the Atomic Force Microscopy 

(AFM) system operates in a non-contact mode, wherein a conductive tip attached to a flexible 

cantilever and it oscillate just above the sample surface without making physical contact. The 

oscillation of the conductive AFM tip at the first resonant frequency of the cantilever is pivotal 

for improved sensitivity and imaging resolution during lateral scanning. The AFM tip's 
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conductive nature is exploited in SKPM to measure the contact potential difference (CPD) or 

work function difference between the tip and the sample. As the conductive tip scans laterally 

over the sample surface, it captures variations in height, thus generating topographic data. 

Control of the atomic force between the oscillating tip and the sample surface facilitates the 

acquisition of topography, resulting in a comprehensive three-dimensional representation of 

the sample (Figure 2.11 (a)) [15].  

Instrument Specifications: The below instruments are used for work function measurement in 

this thesis. 

Model: Scanning Kelvin Probe (SKP) system (SKP5050, KP Technology Ltd., U.K.) Tip 

material / diameter: Standard 2 mm gold tip (0.05 mm), Oscilloscope: Digital TFT 

oscilloscope for real time signal. 

2.3  Nanogenerator device design  

In the development of nanogenerator device, we have opted ZnO nanosheets as the source 

material for both piezoelectric and triboelectric applications, detailed across Chapters 3 to 7. 

Chapter 3 provides an in-depth look into the piezoelectric nanogenerator, emphasizing the 

utilization of ZnO nanosheets. Introduces ZnO as one of the key triboelectric layers, while 

Chapters 3 to 7 incorporate diverse materials as another triboelectric layer including Indium 

Tin Oxide (ITO), Polyethylene Terephthalate (PET), Overhead Projector (OHP), Poly(methyl 

methacrylate) (PMMA), and Polydimethylsiloxane (PDMS). The subsequent chapters delve 

into the electrical characteristics of these unique nanogenerators, offering a comprehensive 

study of their performance. The focus is on thorough analysis, encompassing experimental 

measurements and simulations.  

2.3.1 Piezoelectric nanogenerator device fabrication 

The fabrication of the nanogenerator required two conducting electrodes and piezoelectric 

nanostructure film. In the thesis we have used ZnO nanosheets as piezoelectric material and 

ITO/PET one of the electrodes and as explained in the Section-2.1. ZnO nanosheets directly 

coated on aluminum, the uncoated region of aluminium foil shown in Figure 2.12 (a &e) is act 

as the bottom electrode, and ITO coated PET sheet acts as the top electrode (Sigma Aldrich) 

(Figure 2.12 (b &f)). The Schematic and real images of the PENG device provided in Figure 

2.12 (c-g). The direct growth of ZnO nanosheets on aluminum reduced electrode deposition 

step. The ITO coated PET sheet was placed over the ZnO nanosheet film without making any 

short-circuit with a bottom aluminum electrode. This sandwiched (PET:ITO/ZnO 
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nanosheets/Al) structure is sealed with Kapton tape rigidly to make proper contacts and avoid 

the triboelectric effect. Two conducting wires were connected to both the electrodes, as shown 

in Figure 2.12 (d&h). The nanogenerator response against finger tapping was recorded using 

digital storage oscilloscope (Tektronix TBS1102) with the help of interfacing software 

(Tekvisa) to the computer. 

Figure 2.12. Schematic and real time images of (a & e) ZnO coated aluminium (b & f) ITO 

coated PET (c& g) fabricated PENG device (d & h) the PENG interfaced with connecting 

wires. 

2.3.2 Triboelectric nanogenerator device fabrication 

Generally, in TENG fabrication we need two top and bottom electrodes and two dielectric 

materials/ triboelectric layers. The TENGs involve the use of ZnO nanosheets network film 

grown on an aluminum substrate. The ZnO serves as one of the triboelectric layer, while other 

materials include ITO, PET, OHP, PMMA, and PDMS serve as another triboelectric layer. The 

specific combinations of these materials are carefully chosen to optimize the triboelectric 

performance of the nanogenerators. In all the working chapters of Chapter 3 to 7 aluminum 

and ITO used as electrodes. The schematic of the device fabrication is shown in Figure 2.13 

(a). The actual pictures of the final TENG device and different fabrication steps are shown in 

Figure 2.13 (b)-(e). Initially, ZnO coated aluminum substrate with the aluminum side firmly 

attached to the acrylic sheet/card board of the selected dimension by scotch tape with ZnO 

nanosheets film facing up like shown in Figure 2.13 (c). Similarly, another triboelectric layer 

with aluminum/ITO side attached to another acrylic sheet firmly by scotch tape with another 

triboelectric layer facing up like shown in Figure 2.13 (d). Then, all corners of the lower acrylic 

sheet/card board were attached with sponge spacers with the application of a strong adhesive. 
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Next, another acrylic sheet/card board with another triboelectric layer was placed over the 

spacer and attached with a strong adhesive. Due to the sponge spacer, a finite gap (0.8 to 1.2 

cm) exists between the lower ZnO nanosheet triboelectric layer and the upper triboelectric 

layer. Finally, two electrode lead wires were connected to two electrodes to measure the TENG 

electrical output, as shown in Figure 2.13 (e). Finally, TENG (5 ×5 cm2) was fully characterized 

with a distance of 0.8 to 1.2 cm between triboelectric layers and a hand tapping frequency of ~ 

3–4 Hz with an applied force of ~7 to 9N. 

Figure 2.13. (a) Schematic of the TENG fabrication steps, real-time images of TENG device 

fabrication steps (b) acrylic base sheets, ZnO film, another triboelectric layer, (c) ZnO 

nanosheet film on aluminum attached to one of the acrylic bases, (d) another triboelectric 

layer attached to another acrylic base with triboelectric layer facing up, (e) final TENG 

device with electrode connection for response measurement. 

2.4 Instruments used to test nanogenerator device electrical 

properties 

In our study on TENG and PENG, a range of sophisticated instruments are employed to analyze 

their electrical characteristics. These instruments included digital storage oscilloscopes, multi-

meters, and current pre-amplifier, which proved essential for precise measurements of voltage, 

and current. To gauge the mechanical energy input, we calculated the applied force during both 

finger tapping and hand tapping, utilizing theoretical equation. Efficiency calculations were 

performed by comparing the electrical power output to the mechanical power input, providing 

insights into the overall performance of the TENG. Furthermore, we utilized COMSOL 
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software to confirm the charge distribution of the TENG, employing simulation-based 

approaches to validate and understand its electrostatic behavior.  

2.4.1 Digital storage oscilloscope 

Figure 2.14.  Photographs of digital storage oscilloscopes (a) Tektronix TBS1102 (b) GW 

Instek GDS-1102B. 

The Tektronix TBS1102, a digital storage oscilloscope (DSO), originates from Tektronix, a 

prominent supplier of test and measurement equipment (see Figure 13(a)). With a bandwidth 

of 100 MHz, a maximum real-time sampling rate of 2 GS/s, and a record length of up to 2.5K 

points, it excels in accurately capturing and analysing a diverse range of signals. In terms of 

connectivity, the TBS1102 is equipped with a USB host port and a USB device port, facilitating 

data storage, printing, and PC connectivity via TekVisa. 

On the other hand, the GW Instek GDS-1102B, another DSO model, boasts a bandwidth of 200 

MHz and a maximum real-time sampling rate of 1 GS/s. Its key features include a generous 

maximum memory depth of 10M per channel and a 1Mpts FFT frequency domain signal 

display. Similar to the Tektronix model, the GDS-1102B offers USB host and USB device ports 

for data storage, printing, and PC connectivity (Figure 2.14 (b)). 

2.4.2 Current pre-amplifier  

Figure 2.15.  (a) Schematic of circuit connections of current to voltage converter circuit, (b) 

Photograph of the developed circuit on PCB. 
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Initially we have developed current pre-amplifier to measure output current of nanogenerator 

similar to the reported literature [16–18]. For that, we have used a current to voltage converter 

circuit to measure the current produced by the TENG.  We adopted the current to voltage 

converter circuit developed by Clemson University (USA) using ultra-low input current 

amplifier IC LMC 6001 and named it CNI 570 [16]. The low-noise current preamplifier SR570 

has been replaced with current-to-voltage converter electronic circuitry in CNI 570.  The 

current values produced by TENG  were verified with  CNI 570 and SR570 instruments and 

found the same[16]. Therefore, we have used CNI570 to measure the current from the voltage 

drop values. Furthermore, CNI 570 was already demonstrated for  TENG current 

characterization in a few research papers [17–19]. The customized current-to-voltage converter 

circuit of conversion ratio (500 mV/µA or 100 mV/µA) has been assembled in-house using a 

(500 kΩ/100kΩ) feedback resistor. The schematic of the circuit connections and photograph of 

the developed circuit are shown in Figure 2.15 (a)-(b). 

  

 

Figure 2.16. Photograph of SR 570 Current pre amplifier. 

The SR570, a current pre-amplifier crafted by Stanford Research Systems (SRS), stands as a 

pinnacle in precision scientific instruments as shown in Figure 2.16. Meticulously designed for 

the amplification and measurement of electrical currents with low noise, it finds application 

across diverse settings. It can accurately measure very small current signals thanks to its high 

sensitivity and performance, including a current gain of up to 108 V/A (volts per ampere). One 

great thing about the SR570 is that it has very low noise, which is very important when working 

with weak current data. It has an input noise of less than 5 fA/√Hz. With this feature, even the 

smallest changes in current can be picked up with a higher signal-to-noise ratio. The 

preamplifier is even more flexible because it has a wide bandwidth of up to 1 MHz. This lets 

current signals across a wide frequency range be amplified and analyzed. For example, the 
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SR570 has a maximum gain of 1 pA/V, an RS-232 interface, two signal filters that can be set 

up, a changeable input offset current, and line or battery operation. 

2.4.3 Tapping machine  

Figure 2.17. (a-b) photograph of developed tapping test set up, (c) Sewing machine tapping. 

we have developed a proto-type homemade setup for tapping the TENG using a simple DC 

motor and sewing machine Figure 2.17 (a-c). Furthermore, we have linear motor and sewing 

machine set up to test the stability of TENG. 

2.4.4 Other components  

2.4.4.1 Resistance Box 

The decade resistance box was used in this thesis ranging from 1 ohm to 100 M ohms, to know 

the behaviour of the output voltage and current of nanogenerator under different load 

resistances and also to measure the optimal load resistance of the nanogenerator. Resistance 

box composed of a group of resistors arranged in a way that is both practical and logical, often 

in a rotary or switchable arrangement. The user may reach a desired total resistance by 

manipulating the switches or knobs on the box, since each resistor in the set has a fixed 

resistance value. When measuring load output voltage, resistance box was connected in parallel 

to the TENG device meanwhile, when measuring the load output current the resistance box 

was connected in series. At particular load resistance value, the measured output voltage and 

current will be optimized, the characteristic behaviour was discussed in the next chapters.   
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Figure 2.18. Decade resistance box 

2.4.4.2 Bridge rectifier and different Capacitors 

Figure 2.19. (a) Bridge rectifier, (b) capacitor box 
 

In this thesis bridge rectifier model- DB107 (Figure 2.19) was used, which found in single-

phase applications. The highest input AC RMS voltage of this IC is 700V, making it appropriate 

for a variety of applications. This IC can withstand a maximum DC of 1A. This IC has a reverse 

breakdown voltage of 1000V and a forward voltage drop of 1.1V. It has a 50A surge current 

capability and is very efficient. PENG and TENG devices were fabricated and utilised to power 

up small electronic devices, as mentioned in Section 2.3. These devices operate on DC power 

supplies, however TENG produces AC output. The bridge rectifier plays a significant role in 

this process, connected parallel to the TENG. This rectifier successfully converts the AC output 

coming from TENG into a steady DC output by employing a bridge configuration of the diode, 

offering to power up electronic devices. 
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A capacitor stores electrical energy in an electric field. Its construction involves the isolation 

of two conductive surfaces by a dielectric, which is an insulating substance. In electrical 

circuits, capacitors play an important role as energy storage devices, voltage regulators, signal 

filters, and oscillator timing components. A capacitor acquires and stores energy in reaction to 

an applied voltage. When the voltage is decreased or eliminated, the capacitor discharges the 

energy it has stored. For practical applications of TENG, to run the devices continuously it is 

necessary to store the output coming from TENG, in a capacitor or any energy storage element. 

In this thesis various range of capacitors for were utilized to store the charge through the 

nanogenerator. Smaller to larger (0.1 µF to 440 µF), smaller the capacitance of the capacitor 

charges fast, when it comes to higher the capacitance of the capacitor charge slowly.  

2.4.5 COMSOL multi-physics software 

Figure 2.20. Window of the COMSOL software. 

COMSOL Multiphysics proves to be a versatile simulation platform applicable to TENG 

modeling, where it plays a crucial role in converting mechanical energy into electrical energy 

(Figure 2.20). Users can capitalize on its features to construct precise geometrical 

representations, articulate material properties, and engage various physics interfaces like 

Electrostatics and Solid Mechanics to simulate the intricate interplay of mechanical 

deformation, triboelectric charging, and electrical generation within TENGs. The software's 

capabilities extend to Multiphysics coupling, boundary condition definition, meshing 

strategies, and solver configurations, collectively providing a holistic understanding of TENG 

behavior. We have obtained licence from the I-STEM portal and utilized in this thesis work. 
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2.4.6 Some of important calculated parameters 

2.4.6.1 Force calculation  

We don't have any measurement set up to measure the force applied by the hand tapping. 

However, we have adopted the procedure reported in the literature to calculate the hand tapping 

force approximately [20,21]. We have done a similar calculation and found the hand tapping 

force value as ~ 7 N. The calculation details are added below, 

           Mathematical equation:  

The contact pressure caused by a falling object was calculated using a physical model that 

combined the gravity and pulse terms. When the object falls on the film, there exist two 

processes:      

1) initially touching the surface of the film, and  

2) completely acting on the film. 

The object's descending velocity reaches a maximum in the first process and then falls 

to zero in the second. Therefore, based on the kinetic energy theorem and momentum 

theorem,                             

Calculated the force below: 

 𝑚. 𝑔. ℎ =
1

2
𝑚𝑣2                                                         --------- (2.5) 

(𝐹 − 𝑚. 𝑔). Δ𝑡 = 𝑚. 𝑣                                                            --------- (2.6) 

From eqn. (2.1), 

  𝒗 = √𝟐𝒈𝒉                                                                             --------- (2.7) 

Where, F-force (N), m-mass of the applied force (Kg), v- velocity(m/s), g= 9.8 N/kg, h= height 

of the spacing (cm), ∆t =time period between two consecutive peaks (1/f); where, f is frequency. 

 From eqn. (2.6), 

                                                          𝐹 =
𝑚.𝑣

∆𝑡
+ 𝑚. 𝑔                                                   --------- (2.8) 
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2.4.6.2 Efficiency calculation 

 

 

 

 

 

 

Figure 2.21. Current peak at load resistance of RL-MΩ in (a) forward (b) reverse. 

We have thoroughly searched the literature on TENG's efficiency and found only a few reports 

discussed it [22–25]. We have adopted the same calculation procedure for finding the efficiency 

of the TENG. The energy conversion efficiency of TENG is defined as the ratio of the TENG's 

output electrical energy delivered across the optimal load to its input mechanical energy of the 

TENG. 

             𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦( 𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙)  =  ∫ (𝐼2𝑡2

𝑡1
. 𝑅)𝑑𝑡                                                --------- (2.9) 

                                                                        = 𝑅𝐿. ∫ (𝐼1
2𝑡2

𝑡1
)𝑑𝑡 + 𝑅𝐿 . ∫ (𝐼2

2)𝑑𝑡
𝑡4

𝑡3
                      --------- (2.10) 

                                                                        = 𝐸1 𝜇𝐽 + 𝐸2 𝜇𝐽                                                                  --------- (2.11) 

Where, t1 and t2, t3 and t4 are the time intervals for the positive and negative half cycle of the 

current at optimal resistance of RL-MΩ, respectively. I is the output current, '𝑅𝐿 ' is optimal load 

resistance. 

And, Mechanical energy by moving the top layer is, 

𝐸𝑀𝑒𝑐ℎ𝑎𝑛𝑖𝑐𝑎𝑙 =  
1

2
𝑚𝑉2                                                                          --------- (2.12) 

Here we calculated the 'm’ of the top layer using weighing balance (mass of the movable layer). 

Consider top layer performing simple hormonic oscillations with frequency. 

        Acceleration=(2πf)2x, then, velocity (v) =2πfx                                                   --------- (2.13) 

Where, x- maximum distance of the separation (cm)  

      As a result, the conversion efficiency is, 

                                                    𝜂𝑎𝑐𝑡𝑢𝑎𝑙 =
𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐

𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐
× 100%                                              --------- (2.14) 
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2.5 The circuits design used in applications of TENG   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.22. schematic of powering electronic devices through the (a) rectifier directly, (b) 

capacitor integrated to rectifier. 

Figure 2.22(a) shows the schematic representation of powering of electronic devices by 

connecting the rectifier parallel to the rectifier circuit directly. In which, the TENG was 

connected in parallel to the rectifier, this rectified output directly supplied to electronic devices 

(LEDs, watch, etc). Figure 2.22(b) shows in which an additional capacitor component added 

to the circuit in addition to Figure 2.22(a).  The rectified output has given to the capacitor (s1), 

which is integrated with the electronic devices (s2). Initially, the connection has given upto s1 

only, once the capacitor gets charged, then the electronic devices integrated with capacitor s2 

get connected. This stored charge can power up the electronic devices till it gets discharged.  

2.6  Conclusions  

In this chapter, we explore the synthesis of ZnO nanosheets through the use of hotplate assisted 

hydrothermal method. The exploration of material properties involves an in-depth study 

employing various characterization techniques. Additionally, we delve into the fabrication of 

PENG and TENG devices, elucidating the instruments integral to their characterization. 
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Finally, the chapter provides a comprehensive explanation of the significant parameters derived 

from our calculations.  
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                                                         Chapter 3 
Synthesis and Fabrication of Zinc Oxide Nanosheet based 

Piezo and Triboelectric Nanogenerator for Energy 

Harvesting 

The purpose of this chapter was to optimize the growth conditions by synthesizing ZnO 

nanosheets on the aluminum substrate at different growth temperatures and times. At 85°C 

and 4 hrs of grown ZnO nanosheets based PENG output reached the maximum. This PENG 

can be used as a force sensor and photodetector device application.  Following that, a TENG 

device was created employing ITO and ZnO nanosheets as contact triboelectric layers, which 

produced a higher output voltage than the PENG device. TENG was capable to power LEDs 

and has potential in a variety of energy-harvesting applications. 
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2. “Triboelectric Nanogenerator Based on ZnO Nanosheet Networks for Mechanical Energy Harvesting”, 

Supraja Potu, Rakesh Kumar, Siju Mishra, D Haranath, IEEE XPLORE,2022, 
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3.1 Introduction 

Recently, most of the research focused on energy harvesting due to environmental issues, 

carbon emissions, and the limited availability of fossil fuels [1,2]. To address these difficulties, 

a new research field known as ‘nanogenerators’ have emerged, which uses piezoelectric 

materials to harness mechanical energy [3–5]. The ease with which mechanical energy could 

be converted to electrical energy utilizing a well-known piezoelectric property makes it even 

more attractive and potential. The main advantages of mechanical energy are widely and easily 

available everywhere in nature and all the time. Nanogenerators have been used as actuators, 

sensors, photodetectors, and self-powered devices [6–9].  Among all piezoelectric materials, 

Zinc Oxide (ZnO) is selected in this thesis work to fabricate the nanogenerator. ZnO has several 

advantages viz. non-toxicity, environmental friendly, biocompatibility, and excellent optical 

and electrical properties [10,11]. The synthesis of ZnO nanostructures is easy, established, and 

involves a simple process compared to all other materials synthesis. Among different synthesis 

methods, the hydrothermal synthesis of ZnO nanosheets is a simple, inexpensive, single-step 

process, and  low-temperature (<100°C) process [12,13]. The obtained nanosheets exhibited 

high mechanical durability as well [14]. Hence, hydrothermal synthesis is adopted in this thesis 

work for the synthesis of ZnO nanosheets.  

 A hot plate was used in this current work instead of a hot air oven to provide growth 

temperature to the growth precursor solution.  The cost of the process was reduced appreciably 

by adapting this methodology. It is a simple technique to synthesize nanostructures by direct 

heating of growth solution at the desired temperature. The hot plate-assisted hydrothermal 

method can be easily implemented for mass production of ZnO nanosheets films and larger 

area films for commercial applications. The main advantages of this new method are simple, 

low cost, rapid growth, catalyst-free, single-step synthesis.  

     In this chapter, a cost-effective and straightforward method to synthesize ZnO 

nanosheets using the hot plate-assisted hydrothermal method. Further nanogenerator was 

fabricated for mechanical energy harvesting and characterized for its electrical characteristics, 

portable electronic devices and sensors applications. 
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3.2 Experimental section  

3.2.1 Materials  

Zinc nitrate hexahydrate (Zn (NO3)2.6H2O) and hexamethylenetetramine (HMTA, C6H12N4) 

aluminium foil and ITO coated PET sheets (sheet resistance 10 sq1) were conducting 

electrodes. These materials were utilized in this chapter. 

3.2.2 ZnO nanosheets synthesis  

The ZnO nanosheets film was synthesized on Al substrates by following the same method 

mentioned in Section-2.1. Before performing synthesis, the growth precursor solution 

temperature was calibrated for 50, 60, 70, 85, 95°C against applied hot plate temperature by 

inserting a thermocouple in the growth precursor solution. Finally, the beaker containing 

growth precursor was kept over the hotplate at different growth temperatures for 4 hrs. ZnO 

coated films on aluminium substrates were taken from the solution after 4 hours of growth, 

rinsed with DI water, and dried with a hair blower.  

Further, ZnO nanosheets growth was performed at different growth durations of 1,  2, 3, 4, 5, 

and 6 hrs at a one selected optimum temperature of 85°C.  

3.2.3 Nanogenerator device fabrication  

All the PENG and TENG devices have been fabricated using the same steps, it implies a 

standardized manufacturing process as mentioned in Section-2.3. 

3.2.3.1 PENG device fabrication  

Several PENG devices-based on the ZnO nanosheets grown at different growth temperatures 

(50-95oC) and growth duration times (1-6 hrs), were fabricated. An aluminum foil act as the 

bottom electrode, and ITO coated PET sheet acts as the top electrode. The ITO coated PET 

sheet was placed over the ZnO nanosheet film without making any short-circuit with a bottom 

aluminum electrode. The nanogenerator response was also recorded for different finger-tapping 

pressures, and frequencies. 

3.2.3.2 TENG device fabrication 

TENG device was fabricated based on ZnO nanosheets grown at optimised temperature and 

growth duration time (85oC and 4 hrs), in which Al act as one of the electrodes and ITO act as 

triboelectric layer as well as electrode. TENG output voltage was captured using an 

oscilloscope against repeated hand tapping. The nanogenerator response was also recorded for 

different device characterizations under hand tapping force of ∼7 N (Chapter-2, Section 2.4.6), 
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frequency of 3-5 Hz and 0.8 cm of spacing has provided between the triboelectric layers to 

operate the device under contact separation mode. 

3.3 Results and discussion 

3.3.1 SEM and EDS analysis  

Figure 3.1. (a)-(j) Morphology and EDS spectra of the ZnO films obtained at different 

temperatures from 50 to 95oC. 

Figure 3.1 (a)-(j) shows the surface morphology and elemental analysis of the ZnO thin films 

prepared at different growth temperatures of 50, 60, 70, 85, and 95°C respectively. In all the 

cases, ZnO nanosheets are present all over the substrate except at 50°C. These sheets are 

relatively vertically with respect to the substrate and also randomly distributed. Nanosheets are 

connected among them in a non-uniform way.  

The formation of ZnO nanosheet is similar to the hydrothermal growth of ZnO nanosheets 

using a hot air oven [15]. Growth temperature plays a significant role in obtaining ZnO 

nanostructures. At lower temperatures of 50°C and below, growth of nanosheets was not 

observed due to insufficient thermal energy for the decomposition of HMTA [15] (Figure 

3.1(a)).  The uniform nanosheets growth was observed from 60°C onwards and continued till 

95°C (Figure 3.1(b-j)). The difference in the morphology due to the different densities and 

length of the nanosheets, which in turn depends on the growth temperature. The growth rate of 

nanosheets increases with an increase in growth temperature due to sufficient thermal energy. 
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Further, the purity of prepared films was studied by energy dispersive spectroscopy (EDS), 

which revealed that all the films show Zn, O, Al, and no other detected elements.  

Figure 3.2. (a)-(j) Morphology and EDS spectra of the ZnO films obtained at different 

growth duration times from 1 hr to 6 hrs. 

Figure 3.2 (a)-(j) shows the surface morphology and elemental analysis of the ZnO thin films 

prepared at different growth times at 1, 2, 3, 4, and 6 hrs, respectively. All of these samples 

were grown at 85oC, i.e., the temperature that was shown to promote the highest growth rate in 

the temperature investigation. The ZnO nanosheets on all samples were grown vertically on 

the aluminum substrate. The ZnO nanosheets length increases with an increase of growth 

duration from 1 to 4 hrs and saturates after 4 hrs as shown in Figure 3.2(a-j). ZnO nanosheet 

length saturation with growth time is due to consumption of all the  OH− ions and  Zn+2 ions 

in the growth solution. Further, energy dispersive spectroscopy (EDS) revealed that all the films 

shown Zn, O, Al, and no other elements detected. 
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3.3.2 XRD analysis 

Figure 3.3. (a)-(b) XRD of the ZnO films obtained at different growth temperatures and 

duration time. 

 X-ray diffraction (XRD) analysis on ZnO nanosheets grown on aluminum substrate at different 

temperatures and growth times (Figure 3.3(a-b)). The intense diffraction peak at 44.85° in the 

XRD corresponding to the (200) plane of cubic bare Al coming directly from the substrate 

(JCPDS No. #03-0932). The intense diffraction peaks at 31.9°, 34.6°, 36.4°, 38.64° and 47.7° 

in the XRD corresponding to the (100), (002), (101), (111) and (102), respectively (JCPDS No. 

#79-0205). The additional diffraction peaks at 33.8° and 56.8° corresponding to (012) and (110) 

planes confirm the formation of ZnAl: LDH at the interface of ZnO nanostructures and 

aluminum, which can play a crucial role in the interface properties, such as adhesion, stability  

to ZnO nanosheets[15]. All ZnO diffraction peaks were identified as belonging to the 

hexagonal wurtzite structure. This is a common crystal structure for ZnO.  

A strong (002) peak intensity at 34.5° suggests that the ZnO nanosheets were grown along the 

c-axis on the aluminum substrate. This implies a preferential orientation of the crystal growth. 

The (002) peak intensity was relatively low at low temperatures. This suggests that at very low 

temperatures, the growth conditions were not optimal for the formation of strong (002) peaks. 

The ZnO nanosheets exhibiting a higher intensity had a matching peak at (002)/(100) after 4 

hours at 85 °C. It suggests that under these conditions, nanosheets improved the crystallinity 

and aligned well along the c-axis (figure 3.1(g)). As a result, the ZnO nanosheet sample 

generated at 85 °C corresponding peak suggests that the nanosheets have high crystallinity.  

Additionally, XRD analysis of ZnO nanosheets obtained at various times of growth provides 

crucial information about the material's structural characteristics. With increased growth times, 
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ZnO nanosheets' (002) intensity XRD peak rose. This finding implies that the growth times 

favored the formation of a higher-order crystal structure, increasing the (002) peak's intensity 

and leading to enhanced crystallinity in the ZnO nanosheets. The direction of growth of the 

nanosheets was shown by the peak at (002). As a result, XRD verifies that the nanosheets are 

displaying good structural characteristics across the wide range of growth temperatures and 

times that are being studied. 

3.3.3 TEM analysis 

Figure 3.4(a) shows TEM image of the few nanosheets on the copper grid. The transparent 

nature of the nanosheets confirms the low thickness of the sample. Further, the selected area 

electron diffraction (SAED) pattern recorded on ZnO nanosheet exhibited the polycrystalline 

nature of the ZnO nanosheets. EDX spectrum recorded on ZnO nanosheets further confirms 

the purity of the nanosheets.  

 

 

 

 

 

 

 

 

 

 

Figure 3.4. (a) TEM image of the ZnO nanosheet, (b) SAED pattern recorded on the ZnO 

nanosheets, (c) EDX spectrum recorded on the ZnO nanosheet. 

3.3.4 Piezoelectric nanogenerator device studies  

The response of the nanogenerators fabricated from the ZnO nanosheet films synthesized at 

different growth temperatures is shown in Figure 3.5(a). This response was recorded at uniform 

finger tapping pressure on the device under open-circuit conditions. It is clear from Figure 3.5 

(a)-(b) that output voltage is increased with an increase in the growth temperature and saturated 
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above 85°C. The change in the output voltage can be correlated to ZnO nanosheet deformation's 

magnitude under applied pressure. At lower temperatures films, minor deformation can be 

expected due to sheet heights were small. At higher growth temperature films, large 

deformation can be expected due to significant sheet hight. The saturation in the output voltage 

at 85°C and above may be due to the similar thickness of the nanosheet films. Therefore, a 

growth temperature of 85°C is found to be the optimum growth temperature for higher 

nanogenerator output voltage. Further, the nanogenerator made up of ZnO nanosheet films 

synthesized at 85°C were used for all other studies in the following sections.  

Figure 3.5. Output response of ZnO nanosheets based PENG (a,c) Output voltage, and (b,d) 

Average output voltage at different growth temperatures and  durations, respectively. 

Figure 3.5 (c)-(d) shows the typical response of nanogenerators, which were fabricated with 

ZnO nanosheets films obtained at 85°C for different growth durations of 1-6 hrs.  

Nanogenerator output is increasing with increasing growth duration and saturated for 4 hrs 

ZnO nanosheet films onwards.  The ZnO nanosheets length increases with an increase of 

growth duration and saturates after a particular time. ZnO nanosheet length saturation with 

growth time due to consumption of all the  𝑂𝐻− ions and  𝑍𝑛+2 ions in the growth solution 



Synthesis and Fabrication of Zinc Oxide………. Nanogenerator for Energy Harvesting  

77 
 

[16]. The saturation of ZnO nanosheet height was observed for 4 hrs of growth and above. The 

height saturation of ZnO nanosheets resulting in the same deformation under applied pressure 

and produces the same output.  

Figure 3.6 (a)-(b) shows the response of nanogenerators under switching polarity test 

and linear superposition of voltage test. These tests were performed to confirm the output 

voltage generated from the nanogenerator alone, not by the oscilloscope or noise in the 

instrument [17–20]. In the switching polarity test: the forward and reverse connections were 

established by interchanging nanogenerator connections to the measuring device. The 

nanogenerator has shown exactly opposite voltage output signal in reverse connection with 

respect to the forward signal, as shown in Figure 3.6(a) (See SI Video S3.1).  In both 

configurations, the output voltage of the nanogenerator is nearly the same. In the second test, 

the 7-nanogenerator devices were connected in series to add the voltages. The output voltages 

generated by the series-connected seven nanogenerators are shown in Figure 3.6(b), and an 

output voltage of ~ 1.2 V was observed (See SI Video S3.2).  These tests confirmed the output 

voltage generated from nanogenerator alone not by the oscilloscope or noise in the instrument.  

Nanogenerator output voltage was recorded at different load resistances ranging from 

10 KΩ to 100 MΩ under uniform hand tapping to measure the optimum output power. Figure 

3.6(c) shows the variation of output voltage under different load resistances. With an increase 

in load resistance, the voltage increases and saturates at a value of approximately ~ 200 mV. 

The saturated output voltage at higher resistance (>10 MΩ) is close to the open circuit output 

voltage. Inset of the Figure 3.6 (c) shows the magnified view of output voltage up to 3 MΩ 

load resistance.  The nanogenerator output voltage behaviour with load resistance can be 

understood with the help of a simple equivalent model proposed by Z L Wang and other 

research groups in the literature [21–24]. Now, assume that the nanogenerator device is 

equivalent to a voltage source, and load resistance (RL) connected parallel to the device to 

measure voltage. The voltage drops across the RL increase until the optimum RL and saturate 

at the theoretically infinite load resistance similar to open-circuit voltage [25]. The load 

resistance dependence of output voltage shows a similar trend as reported in the literature for 

piezoelectric nanogenerators made of different materials [25–29]. 

The output power (𝑃𝑜𝑤𝑒𝑟(𝑃) =
𝑉2

(𝑅𝐿 )
, where, V − output voltage and RL − load resistance) 

of the nanogenerator with different load resistances was calculated and depicted in Figure 

3.6(d). The maximum output power of 65 nW was observed for the nanogenerator at 100 KΩ 

https://drive.google.com/file/d/1_-E1ikLlH7Divg8NV1nxukkLEkZo5krM/view?usp=sharing
https://drive.google.com/file/d/1rbwDGFz-OPm9zxl1aXqqNqTDe3cDGeqB/view?usp=sharing
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of load resistance 𝑅𝐿 . Further, power density of PENG was calculated by considering the area 

of the devices and found ~ 77 µW/m2. Inset of the Figure 3.6(d) shows the magnified view of 

output power up to 5 MΩ load resistance. The Output power characteristics of the 

nanogenerator can be understood from the maximum power transmission theorem [30]. It states 

that maximum power transmission occurs when the load resistance value equals the source 

internal resistance. In the present chapter, the peak in output power occurred under impendence 

matched conditions across a load resistor value ~ 100 KΩ.  The output power decreased with 

the load resistance values greater than 100 KΩ due to the saturated output voltage. The 

saturated output voltage at higher load resistance decreases the V2/RL ratio (power) value. The 

dependence of output power with load resistance shows a similar trend as reported in the 

literature for piezoelectric nanogenerators made of different materials [31–33]. 

Figure 3.6. Nanogenerator output characteristics against finger tapping (a) Forward and 

reverse connection response, (b) Output voltage of the series connected seven 

nanogenerators, (c) Average output voltage of the nanogenerator across different load 

resistances, (d) Output power variation with variable load resistance, (e) Response of the 

nanogenerator against different finger tapping pressures, (f) Average output voltage of the 

nanogenerator as a function of different finger tapping pressures. 

Further nanogenerator was explored for pressure sensing application. Figure 3.6(e)-(f) 

shows the response of the nanogenerator under different finger-tapping pressures of a low, 

medium, and high. The measured voltages are ~ 40 mV, 110 mV, and 200 mV for low, medium, 
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and high tapping pressures. The amount of ZnO nanosheets rises as the pressure acting on the 

nanosheets increases, resulting in an increase in output voltage.        

Further, the response of the nanogenerator tested over 1100 cycles is shown in Figure 

3.7(a). Figure 3.7(c)-(d) shows the magnified view of the nanogenerator response of Figure 

3.7(a). Further, nanogenerator output voltage at different cycle numbers is plotted and shown 

in Figure 3.7 (d). It is concluded from Figure 3.7, the nanogenerator has shown high stability 

and durability similar to the reported literature [34–36]. 

Figure 3.7. (a) Nanogenerator response over 1100 cycles of finger tapping, (b)-(c) Magnified 

view of the selected region of the cycle test, (d) Nanogenerator output at different cycle 

numbers.   

3.3.5 TENG device studies 

TENG's electrical voltage/current generation mechanism based on the coupling of the 

triboelectric effect and electrostatic induction. At the initial state, the ZnO nanosheet film and 

ITO are at a certain distance in electrically neutral condition. The ITO surface and aluminum 

foil acted as two conducting electrodes for device. When the top layer (ITO) is pressed in VCS 
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mode, the electrode comes to contact with the ZnO dielectric layer and generates a friction. 

The ZnO nanosheet film that gained electrons became negatively charged, whereas the ITO 

surface that lost electrons became positively charged. Once the applied force is released, two 

triboelectric layers get separated. The resulting charge separation will induce an electrical 

potential difference between the two electrodes and subsequent current flow in the external 

circuit. As compressed again, the layers come to contact again, electrons flow back through the 

circuit, reaching equilibrium. The periodic application and removal of force results in 

alternating current/voltage pulses in the measuring device [37].  

The SEM images showing the surface morphology of ITO thin film, as shown in Figure 3.8(a) 

(ZnO SEM images shown in Figure 3.1(g) and Figure 3.2(g)). Further, the graphic of the 

fabricated TENG with the aid of sponge spacers and ITO substrate is illustrated in Figure 

3.8(b). 

Figure 3.8. (a) SEM image of ITO thin film, (b) schematic view of TENG device, (c) Voc in 

forward and reverse connection of TENG device, (d) Isc in forward and reverse connection of 

TENG device. TENG response at different RL values with (e) Average values of Voc, Isc as a 

function of different RL (f) Instantaneous power the TENG device at across different RL. 

Figure 3.8(c) and (d) shows the open-circuit voltage (Voc) and short-circuit current (Isc) against 

hand tapping in both forward and reverse connections. The Voc is generated due to contact 

electrification and electrostatic induction between ITO surface and ZnO nanosheet layers under 

cyclic contact and separation. The Voc and Isc of ~2 V and ~ 7 μA, respectively were produced 

for hand tapping force for the TENG device. Further switching polarity test (SPT) was 

performed by reversing inputs to the oscilloscope and found a similar response of the TENG 
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with opposite polarity. Thus, SPT confirms that the generated electrical output is only from 

TENG, not from the instrument noise. 

In addition, Voc and Isc of TENG were measured at different load resistances (RL) values of 5 

KΩ -100 M Ω range.  Further, average values of Voc and Isc at different RL values are plotted 

in Figure 3.8(e). The Voc rised with RL and saturated at ~ 5 MΩ of RL. As depicted in Figure 

3.8(e), the Isc of the TENG showed an obvious drop with increasing the RL due to ohmic 

loss[38,39]. Further, the instantaneous output power was calculated using the formula Power 

(P) =VI (V- output voltage, I- Output current) and presented in Figure 3.8(f) [40]. The 

maximum output power and power density of 4.15 μW and 0.16 μW/cm2 was obtained at 

optimum RL value 5 MΩ. In addition, TENGs exhibited the mechanical-to-electrical energy 

conversion efficiency of 0.032% (Chapter-2, section-2.4.6, the detailed calculation is 

provided).  

 

 

 

 

 

 

 

 

 

 

Figure 3.9. (a) Stability of TEN reponse over 593 cycles, (b) Enlarged view of selected 

portion of the stability graph. SEM imges of (c) ZnO nanosheets (d) ITO thin film after the 

stability test. 

Further, TENG response was tested over 593 energy generation cycles and presented in Figure 

3.9(a).  The Voc of the TENG did not decrease considerably, which confirms that the excellent 

stability and durability of the TENG. The minor changes in the Voc are due to the hand tapping 

force variation. Figure 3.9(b) shows an expanded view of the selected region from the stability 
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graph. Figure 3.9(c-d) provide a visual insight into the surface morphology following an 

exhaustive stability test of 593 cycles. Notably, even after this rigorous testing, the films exhibit 

a commendable maintenance of good morphology. 

3.4 Applications of TENG device 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Different capacitors (a) Charging curves, b) Stored charge curves as  function 

of time, (c) Charged voltage, and stored charge, (d) Stored energy as a function of load 

capacitance. 

To sustain the continuous operation of electronic devices, the generated AC output from TENG 

is rectified and used to charge capacitors. These capacitors then store the electrical charge, 

providing a stable and continuous source of energy that can be efficiently utilized to power 

various electronic devices. Further, the voltage produced by TENG was used for charging 

different capacitors (1 µF,2.2 µF,4.7 µF and 10 µF) (See video S3.3). Figure 3.10(a)-(b) shows 

different load capacitors' charging curves and stored charge curves. Figure 3.10(c) shows the 

charged voltage and stored charge as a function of load capacitance. Further, energy stored by 

each load capacitor is presented in Figure 3.10(d), and maximum energy of 2.8 µJ was observed 

at a 4.7 µF capacitor. Finally, the fabricated TENG was able to power one LED instantaneously 

without using any charged capacitor, as shown in the inset of Figure 3.10(d) (See video S3.4).   

https://drive.google.com/file/d/1UFBg1jotidconM_-7Oysj8L_8uDSsqJo/view?usp=sharing
https://drive.google.com/file/d/1QVxNJGYV1sufCAyRv7KdPSiDM2QYb8cS/view?usp=sharing
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3.5 Conclusions 

In this work, hot plate-assisted hydrothermal growth of ZnO nanosheet networks is reported 

for the first time. Growth temperature of 85°C and growth duration of 4 hours is optimum for 

the uniform and dense ZnO nanosheets growth. XRD and TEM study confirms the crystallinity 

and purity of the ZnO nanosheet films. The PENG is fabricated by placing ITO coated PET on 

the top of the ZnO nanosheets film, and TENG is fabricated using ITO and ZnO nanosheets 

film as contact materials. The switching polarity test and linear superposition of voltage tests 

confirm the generated voltage from nanogenerator. The proposed piezo and triboelectric 

nanogenerators produced an instantaneous power density of ~77 µW/m2 and 10 mW/m2, 

respectively. The proposed PENG exhibits the capability to function as force sensors, while the 

TENG directly powers a single LED. Additionally, the TENG can efficiently charge multiple 

capacitors, showcasing its versatility in energy harvesting and storage applications. 
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                                                      Chapter 4 

A Simple and Low-cost Triboelectric Nanogenerator Based 

on Two Dimensional ZnO Nanosheets and Its Application in 

Portable Electronics 

This chapter delves into the synthesis and the characteristic properties of ZnO nanosheets 

and Polyethylene terephthalate (PET). A notable achievement discussed in this chapter is 

the fabrication of a simple and cost-effective TENG using ZnO nanosheet film and PET as 

triboelectric layers for the first time. This TENG device demonstrated an impressive 

output voltage and power density. Further, studied the charging characteristics of 

various capacitors by utilizing the TENG. This underscores its potential as a promising 

solution for self-powered sensors and devices. 

Publications:  

1. “A Simple and Low-Cost Triboelectric Nanogenerator Based on Two Dimensional 

ZnO Nanosheets and Its Application in Portable Electronics”, Supraja Potu, R. 

Rakesh Kumar, Siju Mishra, D. Haranath, P. Ravi Sankar, K. Prakash, N. Jayaram 

babu, T. Venkatappa Rao, K. Uday Kumar, Sensors Actuators A Phys. 2022, 335, 

113368 https://doi.org/10.1016/J.SNA.2022.113368. 

https://doi.org/10.1016/J.SNA.2022.113368
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4.1 Introduction 

Several energy harvesting technologies such as photovoltaics, piezoelectric, triboelectric, 

thermoelectric, and electromagnetic have been developed to provide power to portable 

electronic devices. The triboelectric energy harvesting phenomenon has many advantages over 

other methods [1,2]. The triboelectric nanogenerators (TENG) technology is considered 

suitable for self-powered electronic devices. It has attracted much research interest due to its 

high output voltage and current with simple structures and easier packaging than piezoelectric 

nanogenerators (PENG).  The TENG device fabrication has a broad choice of materials, and 

new materials  are still being added [2–5]. In addition, TENG could convert almost all forms 

of mechanical energy such as vibration, rotation, force, pressure, airflow, water flow, raindrops 

into electricity [1]. TENG can convert both low and high-frequency vibrations into electricity 

[6,7].  In TENGs, works based on the principle of  triboelectrification and electro static 

induction [8]. Further, TENG can be operated in four modes: sliding, single electrode, free-

standing, and contact-separation [9–11].  Among the four modes of TENG, contact separation 

mode is simple and easy to make and test the device.  The performance of TENG is good in 

contact separation mode with high power densities compared to the other modes [9,10]. In 

addition, the physical damage to the triboelectric layer is less in contact separation mode than 

sliding mode and free-standing mode. TENGs vertical contact separation (VCS) mode 

generally lasts longer due to lesser friction damage. Therefore, TENGs VCS mode is selected 

in this chapter. 

Due to the rapid growth of flexible TENGs, many research groups focused on improving the 

TENGs performance through a new material synthesis, advanced structural designs, 

mechanical-coupling effects [11,12]. However, the new triboelectric materials exploration is 

still a significant research area to reduce the cost and complexity of the TENG device and 

enhance its energy conversion efficiency. In this chapter, ZnO nanosheets film and 

polyethylene terephthalate (PET) were used for the first time as a new triboelectric pair in 

TENG design. The present study is the first work on TENG-based on ZnO nanosheets and PET 

to the best of our knowledge. In this chapter, ZnO nanosheets synthesized directly on 

aluminium substrate, PET side of ITO/PET were used as friction layers, eliminating the need 

to attach the electrodes or depositing electrodes. However, there were reports on TENGs based 

on ZnO nanorods, ZnO nanowires, ZnO nanolayers, and ZnO nanoripples, but not on ZnO 

nanosheets. The literature review of all the TENGs based on ZnO nanostructures and the results 
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are summarized in terms of the device structure, friction layers, output performance is 

presented in Table 4.1.   

The  ZnO is a very promising material, and it has several advantages like non-toxic, cost-

effective,  bio-compatible, environmentally friendly, and excellent stability [13].  Further, ZnO 

nanosheets synthesis has several advantages: simple, low cost, rapid growth, seed layer free, 

single step procedure compared to multiple step and seed layer assisted ZnO nanorods and 

nanowires [14,15]. In addition, ZnO nanosheets growth is directly obtained on aluminum 

substrate. Therefore, the substrate act as one of the conducting electrodes for the TENG device 

and reduces the fabrication steps. Furthermore, the mechanical strength of the ZnO nanosheets 

is more than nanorods; as a result, the device can withstand high value forces and produce 

electrical energy [16]. 

In this work, TENG is fabricated for the first time with ZnO nanosheet film and PET as a novel 

triboelectric pair for harvesting mechanical energy. The TENG response was studied under load 

resistance and load capacitance to determine the maximum power and energy generated.   In 

addition, fabricated TENG has been demonstrated for powering the digital watch, 24 LEDs 

with the help of charged capacitors.  Finally, with bio-mechanical energy and tapping machines, 

TENG stability was tested over many test cycles.  

Table 4.1.  Literature review of triboelectric nanogenerators based on ZnO nanostructures. 
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Sl. No Device Structure Friction Materials Output Performance References 

1 

 

ZnO nano ripples 

/polyimide 

Output Voltage-80V 

Current-0.82μA 

Load resistance-not mentioned 

[17] 

2 

 

Polyamide/ZnO 

nanostructure  

Output Voltage-20V 

Current-1.36μA 

Load resistance-not mentioned  

[18] 

3 

 

Polyimide/ZnO 
matrix composite 

film 

Output Voltage-150V (100MΩ) 
Power density-2.5W/m2(5 MΩ) 

[19] 

4 

 

Polyimide/Al 
doped ZnO 

Output Voltage-68V (120MΩ) 
Current-3.94μA  

[20] 

5 

 

PDMS/Sb-doped 

ZnO nanorods 

Output Voltage-12V  

Current density-0.11μAcm-2  

Load resistance-none 

[21] 

6 

 

PDMS/ZnO micro 

balloon/PTFE 

Output Voltage-57V (100MΩ) 

Power density-1105mWm-2 (2MΩ) 

[22] 

7 

 

ZnO 

nanorods/PDMS 

Output Voltage-3.62V  

Current -112.7nA  
Load resistance-none 

[23] 

8 

 

Ag nanowires 

+ZnO nanotubes 

+PDMS/Al 

Output Voltage-350V (50MΩ) 

Power density-1.1mWcm-2 

(20MΩ) 

[24] 

9 

 

PET/ZnO +PDMS Output Voltage-3.5V(100 MΩ) 
Power density-4.8μWcm-2 (70MΩ) 

[25] 

10 

 

Kapton/Zno-
Polystene 

Output Voltage-7V  
Power density-0.23mWm-2 

Load resistance-none  

[26] 

11 

 

PET/ZnO 

nanosheets 

Output Voltage ~ 4.9V 

Current-10 μA 

Power density~ 1 μW/cm2 (5 MΩ) 

Present 

work 
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4.2 Experimental section 

4.2.1 Materials 

Zinc nitrate hexahydrate and hexamethylenetetramine (HMTA)and ITO coated PET (60 

Ω/sq) sheets. Aluminum foils (thickness ~79.84 µm) (See SI , Figure S4.1). Acrylic sheets, 

cardboard, sponges were utilized in this chapter.  

4.2.2 ZnO nanosheets synthesis  

The ZnO nanosheets film was synthesized on Al substrates by following the same method 

mentioned in Chapter-2, Section 2.1.  

4.2.3 TENG device fabrication 

The TENG device have been fabricated using the same steps, it implies a standardized 

manufacturing process as mentioned in Chapter-2, Section 2.3.2. The ZnO nanosheets network 

film and PET surface of PET/ITO substrate were the two dielectric materials used to fabricate 

the TENG device. The ITO surface and the aluminum substrate acted as TENG's top and 

bottom electrodes, respectively. To study the energy harvesting properties of the TENG 

devices, they were subjected to a hand tapping force of ∼7 N (Chapter-2, Section 2.4.6), 

frequency of 3-4 Hz and 1.2 cm of spacing has provided between the triboelectric layers to 

operate the device under contact separation mode. Finally, two electrode lead wires were 

connected from the ITO side and the aluminum side to measure the TENG electrical output.  

4.3 Results and discussion 
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4.3.1 SEM and XRD analysis  

 

 

 

 

 

 

 

 

 

 

Figure 4.1. SEM images of (a) ZnO nanosheets, (b) PET surface, XRD pattern of (c) ZnO 

nanosheet film, (d) PET surface. 

The surface morphology of the ZnO thin film coated on aluminium and the PET surface of 

PET/ITO are shown in Figures 4.1(a) and (b). Figure 4.1(a) confirms the vertically grown ZnO 

nanosheets on the aluminium substrate with uniform density and connectivity among them. 

The obtained ZnO nanosheets produce a rough topography, and PET surface appears smooth 

at the macroscopic level, but it also has a rough surface at the microscopic level, as shown in 

Figure 4.1(b). 

 Further XRD studies confirm the crystalline nature of the ZnO nanosheet film and the 

PET surface. The XRD pattern of the ZnO thin film is shown in Figure 4.1(c), and all the ZnO 

diffraction peaks were indexed with red colour. The ZnO diffraction peaks were in good 

agreement with the JCPDS card no. 751526 [27]. Similarly, all the diffractions peaks of the 

aluminium substrate were indexed in blue colour and agreed well with JCPDS card no 040787.  

In addition, the additional diffraction peaks observed at 20.4˚, 60.5˚ were assigned to the 

ZnAl:LDH layer that was formed between the ZnO nanosheets and the aluminium substrate 

[16,28]. The intense diffraction peak observed at 26˚ in Figure 4.1(d) corresponds to the (100) 

plane of PET and is in good agreement with the published literature [29,30].   
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4.3.2 TENG device studies 

Figure 4.2. (a) Voc of TENG device with different electrodes. Voc of TENG device under 

switching polarity test of (b) acrylic support, (c) cardboard support, (d) Isc of TENG device 

under switching polarity test, (e) Voc and Isc measured as a function of different load 

resistances, (f) instantaneous output power of the TENG device as a function of different load 

resistances. 

The study involves investigating the output response of a ZnO-based TENG with various 

contact surfaces, including Al, Cu, ITO, and PET/ITO. Figure 4.2(a) illustrates the response of 

all TENG devices, revealing that the combination of ZnO nanosheets film and PET film as a 

triboelectric pair produces the maximum open circuit voltage (Voc). Figure 4.2(b) shows the 

Voc produced by the TENG device (size = 5 × 5 cm2, spacing = 1.2 cm) against repeated hand 

taping under forward and reverse connections. TENG's forward and reverse connection 

geometry shows an average Voc of ~ 4.9 V (See SI Video V4.1). The output voltage 

measurement when the connection to the oscilloscope is reversed is known as the switching 

polarity test. The switching polarity test verified that the voltage produced by TENG is not 

from any instrument noise and is given by the TENG device only. To simplify the process and 

reduce costs, TENG was made with simple cardboard instead of acrylic sheets and tested its  

response against hand tapping, shown in Figure 4.2(c). TENG made with cardboard also 

showed a similar response as TENG made with acrylic sheets. The contribution of ZnO 

nanosheets piezoelectric output voltage was studied separately in piezoelectric device design 

and found ~ 300 mV under the applied hand tapping pressures (See SI, Figure S4.2). The 

piezoelectric voltage generated from the ZnO is negligible when compared to the triboelectric 

https://drive.google.com/file/d/1vzMpfBk_q-PRtL0yTdHnVIlagzAbC4Ao/view?usp=sharing
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output voltage of ~4900 mV. 

Further, short-circuit current (Isc) of TENG was measured under repeated hand tapping 

and responses are shown in Figure 4.2(d) (Chapter-2, Section-2.4.2). The maximum value of 

Isc is approximately 10 μA, which is related to the transferred charges moving from one 

electrode to another under a short circuit condition. Asymmetry in the positive and negative 

peaks (current/voltage) is attributed to the difference between the external force applied on the 

device and the restoring force of elastic spacers of the device [31–34]. The contact process is 

done by tapping force, whereas the separation process is due to the elasticity of spacers. Contact 

and separation process takes different time durations as results charge transfer rates will differ. 

This asymmetry in voltage and current signals is overserved consistently in most literature 

reports, and more systematic study is required to explain the asymmetry. In conclusion, The 

Voc and Isc of ~ 4.9 V and 10 μA were observed for the present TENG.  

Further, electrical outputs (Voc, Isc) of TENG device under different load resistances 

(RL) were recorded against hand tapping to find out the load characteristics and the 

instantaneous output power density of the TENG. The Isc and Voc of the TENG under the 

different load resistance values in the range of 50 KΩ to 100 MΩ are shown in Figure 4.2(e). 

The Voc increased with external load resistance and saturated at higher load resistance values 

greater than 10 MΩ. The saturated output voltage (~ 4.1 V) is close to the open-circuit voltage. 

At the same time, The Isc decreases with increasing loading resistance due to Ohmic losses as 

expected. The load resistance dependency of Voc and Isc shows a trend  similar to that described 

in the literature for other TENG's [35–37]. The TENG load resistance can be understood with 

a simple equivalent model proposed by Z L Wang and other research groups in the literature 

[38,39]. The TENG is equivalent to a variable capacitor connected to a voltage source. The 

voltage drops across the RL increase until the optimum RL and saturate at the theoretically 

infinite RL comparable to Voc [40].  
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The TENG device's instantaneous output power density (P= VI/A, I-current, V-voltage 

and A-area) was calculated numerically with Voc, Isc at different load resistance values and 

depicted in Figure 4.2(f). The maximum instantaneous output power and power density of 25 

µW and 1 µW/cm2 were observed at a load resistance value of ~ 5 MΩ. The maximum power 

transmission theorem can explain the nanogenerator's output power characteristics [41]. In the 

present chapter, instantaneous output power peak under impendence matched conditions across 

a resistor ~5 MΩ.  The output power decreased with the load resistance values greater than 5 

MΩ. At higher load resistance, the output voltage got saturated as a result, the product (Voc x 

Isc) value decreased. The behavior of TENG devices under variable resistances illustrates a 

similar trend that has been described in the literature [42–44]. Further, TENGs exhibited the 

mechanical-to-electrical energy conversion efficiency of 0.44% (Chapter-2, section- 2.4.6). 

Figure 4.3. TENG output voltage as a function of (a) different frequency, (b) different area, 

(c) different spacing and, (d) different force, variation of average output voltage with (e) 

different frequency, (f) different area, (g) different spacing and, (h) different force, 

respectively. 

The Voc of TENG was measured at different frequencies of hand tapping from 1 Hz to 

7 Hz to study the frequency response. The response of TENG under different hand tapping 

frequencies is shown in Figure 4.3(a). The average output voltage of the TENG increased with 

an increase in the frequency up to 4 Hz and decreased for later frequencies, as shown in Figure 

4.3(e). The increased output voltage with the increase in frequency is due to the incomplete 

neutralization of charges [23,45]. The Voc at high frequencies (>4 Hz) decreased. If the applied 
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frequency is too high, the nanogenerator cannot returns to the original position before the next 

force application results in a low output voltage [46,47]. 

The influence of triboelectric layer size (device size) on the TENG performance was 

studied in Figure 4.3(b) shows the TENG response to hand tapping for various device 

dimensions of 2x2, 3x3, 4x4, and 5x5 cm2
.  Figure 4.3 (f) clearly shows that the TENG average 

output voltage values were increased from 0.5 V to 4.5 V with an increase in device size. The 

increased active contact area of the triboelectric layers is responsible for improving the output 

voltage. A similar trend has also been reported for TENG's in the literature [48,49]. 

Further, the output performance of the TENG device was measured under different spacing 

(0.2–2 cm) between the triboelectric layers under the same amount of applied frequency and 

presented in Figure 4.3 (c) and (g). The experimental findings show that as the separation 

distance increases, the electrical output of the TENG increases up to 1.2 cm spacing and 

decreases later. The TENG’s Voc is defined with the fundamental equation (i.e., Voc = rd/e), 

where d, r, and e are interlayer spacing, vacuum permittivity and triboelectric charge density 

on the surface. In accordance with the TENG output equation, the output voltage increases with 

the spacing. However, the output voltage is decreased at a greater spacing in the present chapter, 

and similar behaviour is also observed in the literature [50,51]. The reason could be improper 

contact between the triboelectric layers at such high separation distances [50]. When the 

spacing is increased at a fixed applied force tapping, the triboelectric layers may not form full 

contact, as it requires more force at the larger spacing between the triboelectric layers. 

To explore the fabricated TENG for force sensor application, the effect of different external 

applied force on the electrical performance of the TENG device have been studied and 

presented in Figure 4.3(d and h). From Figure 4.3(g and h), it’s clear that TENG output is 

enhanced with applied force. The Voc changed from ~0.5 V to 5 V. The enhanced output 

response of TENG with various applied forces is due to increased friction between the 

triboelectric layers which resulted in the enhanced contact area. A similar trend of TENG 

response with applied force is reported in the literature [52–54]. 
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Figure 4.4. (a) TENG stability under 1395 cycles, (b) TENG response of some random cycles 

selected from the stability graph (c) every 50th cycle number output voltage values from 

the Figure (a). (d) stability of the TENG at different time points. 

The stability and robustness of the TENG were studied to test the TENG for prolonging 

operation and practical applications. The TENG response was measured for 1395 external hand 

tapping force cycles, and the response is shown in Figure 4.4(a). In the case of stability analysis, 

took a gap of a few seconds for every 50–60 cycles TENG response for applying the stable 

force by hand. In addition, took a gap of a few seconds due to the oscilloscope display 

limitation. The TENG responses of such 50–60 cycles sets were merged to get the 1396 cycles, 

which is similar to the reported literature [49]. Figure 4.4(a) shows that the fabricated TENG 

is highly stable, and a slight deviation in the output voltage was due to the variation in the 

manual hand tapping force and frequency. Figure 4.4(b) shows the magnified view of some 

portion of the stability graph. Furthermore, the output voltage of the TENG was noted down 

for every 50th cycle (ex: 50, 100, 150 etc.) and plotted as shown in Figure 4.4(c). Figure 4.4(c) 

shows that an average output voltage value of ~ 4 ± 0.5 V was observed. Further, an in-house 

developed tapping machine setup using a linear motor (See SI Video V4.2) and sewing 

machine tested the TENG stability over many cycles (~ 5000 cycles) and found it stable (See, 

SI, Figure S4.3) (See SI Video V4.3). Figure 4.4(d) represents the TENG response at different 

https://drive.google.com/file/d/1E6iuUIo5FnD9r_JP9OJttIB30aurN02u/view?usp=sharing
https://drive.google.com/file/d/1v48m9btz4XTVOAvbkXROiKJg3X_eUHeZ/view?usp=sharing
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times, for example, immediately after fabrication, one week, one month, and three months. The 

stable output response of the TENG was observed in all cases. 

Figure 4.5. (a) response of the TENG against hand tapping with (black) and without (red) 

antistatic gloves, (b) TENG open-circuit voltage after rectification, (c) Different load 

capacitors charging curves as a function of time, (d) stored charge curves of different load 

capacitors as a function of time, (e) the charged voltage and stored charges as a function of 

load capacitance (CL), (f) the stored energy as a function of CL. 

In addition, the TENG response was recorded with and without anti-static gloves and confirmed 

that the contribution of static charge by hand is not there in the TENG output as shown in the 

Figure 4.5(a). For practical applications, it is necessary to convert the TENG AC output into a 

DC output and store it in a capacitor or any energy storage element. The output voltage of the 

TENG device was rectified using a DB 107 IC rectifier to produce the DC voltage, and the DC 

output voltage graph is presented in Figure 4.5(b). Further, the charging characteristics of 

various capacitors and the stored voltage, charge, energy as a function of the load capacitor 

were investigated. Figure 4.5(c) shows the charging voltages on different load capacitors (CL) 

of 1, 2.2, 4.7, 10, 47, and 100 μF. The charging speed is greater for smaller CL, and the time 

until the voltage is reached the saturation is shorter. The charge stored on these various 

capacitors was calculated by the product of the charged voltage (V) and capacitance CL, as 

shown in Figure 4.5(d). It is evident from Figure 4.5(d) that an increment in the load capacitor 

value results in increased charge storage. The values of charged voltage and stored charge as a 



A simple and low-cost TENG…. And its application in portable electronics 

100 
 

function of various load capacitance values were plotted as shown in Figure 4.5(e). The 

behavior of charged voltage and stored charge with respect to the load capacitor is opposite. 

Figure 4.5(f) illustrates the variation of the maximum stored energy as a function of the CL. 

The maximum stored energy of 16.9 μJ was observed at the optimal CL of 47 μF. The behavior 

of TENG across different load capacitance values is similar to the reported literature [55,56]. 

4.4 Applications  

 

Figure 4.6. (a) Schematic connections for charging of capacitor using TENG and powering 

electronic devices, capacitor charging and discharging curves before and after power up the 

electronic devices (b) 24 red LEDs, (c) digital watch, (d) snapshot of the continuous 

switching on 3 LEDs under cyclic application of force. 

Further, TENG was explored for powering digital watch, and 24 commercial LEDs with 

the help of 2.2 and 1 µF charged capacitors, respectively, as shown in Figure 4.6 (a). The 

charging and discharging curves of capacitors switching on digital watch and 24 LEDs are 

shown in Figure 4.6(b)-(c). The inset of Figure 4.6(b) and (c) shows photographs of the off and 

on status of the digital watch (See SI, Video V4.4).  and LEDs (See SI, Video V4.5).  Further, 

TENG can directly power up 3 LEDs continuously in response to hand tapping, as shown in 

Figure 4.6 (d) (See SI, Video V4.6).  

https://drive.google.com/file/d/1ddw0gMuoyJBbdlosgamAoyg764rU4lY5/view?usp=sharing
https://drive.google.com/file/d/1iLaN9pvRUobkT9EHZYd_ku3quoVIromB/view?usp=sharing
https://drive.google.com/file/d/1McAp6GV4RBWxZaNxl-frS07PSD88cLki/view?usp=sharing
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4.5 Conclusions 

In summary, triboelectric nanogenerator is fabricated with a new triboelectric pair and its 

characteristics were studied. For the first time, the ZnO nanosheets film and the PET surface 

were acted as a friction layer for the triboelectric nanogenerator. The fabricated TENG operated 

in vertical-contact separation mode and produced an open-circuit voltage, short circuit current 

and instantaneous power density of ~ 4.9 V, 10 µA and 1 µW/cm2, respectively. The TENG can 

directly drive 3 LEDs simultaneously, and with the help of an energy storage element, it can 

switch on a digital watch and 24 LEDs. In addition, TENG shows exceptional structural 

durability and stability of electrical output over a large number of cycles. The TENG in this 

work offers a simple design since no additional electrode deposition step is required and is 

cost-effective as ZnO nanosheets synthesis done by low-temperature hot plate assisted 

hydrothermal method. Furthermore, the TENG device fabrication can easily be scaled to large 

areas for higher performance. Therefore, fabricated TENG is a prospective candidate for self-

powered sensors and devices. 
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4.7 Supporting Information 

 

 

 

 

Figure S4.1. Cross-sectional view of the aluminum substrate in the Optical microscope for the 

thickness measurement. 
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Figure S4.2. (a) Schematic of general piezoelectric nanogenerator device, (b) present TENG 

design, (c) TENG converted to piezo-geometry with PET surface above the ZnO nanosheets, 

(d) TENG converted to piezo-geometry with ITO surface above the ZnO nanosheets, (e) open 

circuit piezo voltage of the fabricated PENG (Figure 3(c)) against hand tapping, (f) open circuit 

piezo voltage of the fabricated PENG (Figure 3(d)) against hand tapping. 

Figure S4.3. (a) Stability response of TENG with Sewing machine tapping and magnified view 

of few cycles from the stability graph, (b) photograph of TENG response during the stability 

testing, (c) Developed tapping test set up and photograph of the TENG response during the 

measurement, (d) response of TENG for 2055 cycles and magnified view of few cycles from 

the stability graph.   

 



                                                            

 

     

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                             Chapter 5 

High-Performance and Low-Cost Overhead Projector Sheet-

Based Triboelectric Nanogenerator for Self-Powered 

Cholesteric Liquid Crystal, Electroluminescence, and 

Portable Electronic Devices 

This chapter delves into the inventive use of (Overhead projector) OHP sheets as a distinctive 

triboelectric layer, capitalizing on their transparent PET composition and inherent pre-

charged properties. This unique feature enhances their efficiency in receiving ink particles, 

significantly reducing the surface ion injection step. The charged nature of one side of the 

OHP sheet is responsible for improving the TENG's output performance. The TENG device is 

fabricated with ZnO nanosheets and OHP sheets as frictional layers. A detailed electrical 

characterization of the TENG device is conducted. Further, demonstrated self-powered 

cholesteric liquid crystal (CLC), electroluminescence and portable electronic devices. 

Publications:  

❖ “High-Performance and Low-Cost Overhead Projector Sheet-Based Triboelectric Nanogenerator for 

Self-Powered Cholesteric Liquid Crystal, Electroluminescence, and Portable Electronic Devices”. 

Supraja Potu, Navaneeth M, Rakesh Kumar R, Buchaiah G, Jayalakshmi V, Siju Mishra, 

Haranath D, Anjaly Babu, Uday Kumar K, and Prakash K, ACS Applied Energy Materials. 

2022. https://doi.org/10.1021/acsaem.2c02359.   

https://doi.org/10.1021/acsaem.2c02359
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5.1 Introduction 

            In recent years, triboelectric nanogenerators (TENG) have gained intense attention 

owing to their diverse applications in energy harvesting [1] self-powered sensors [2], self-

powered medical devices [3], self-powered health monitoring [3], electrochromic devices [4], 

electroluminescent devices [5], optical modulation [6], electromechanical systems [7], and e-

paper [8]. TENGs convert a variety of mechanical energies in our daily life into electricity by 

utilizing the combined effect of contact electrification and the electrostatic induction 

phenomenon. Until the discovery of TENG in 2012, contact electrification was treated as an 

undesirable effect [9]. After that, the field of TENGs is rapidly progressed due to their high 

output voltages, high energy conversion efficiency, broad material availability, low cost, easy 

device fabrication, high flexibility, and environmental friendliness [10]. However, there are 

significant challenges encountered by TENGs; (1) low output power, (2) applications of 

TENGs in limited fields due to low output power, and (3) no product commercialization due to 

the use of complex TENG designs. Specific strategies have been proposed in the literature to 

overcome the above challenges and enhance the TENG’s output power. These strategies were 

proposed based on the governing equations of TENG’s output voltage, current, and charge [11–

13].  

The first strategy attempts to increase the surface charge density as it is directly related to the 

current, voltage, output energy, and power of TENGs. The surface charge density can be 

increased by selecting new materials which have high surface charge density from the 

triboelectric series [14] or any materials (e.g.: oxides, nitrides) from the periodic table and 

polymers [15–17]. In addition, surface modification, which includes physical modification 

[18,19], chemical surface functionalization [20–23], and surface ion injection [24–26] is also 

considered for the surface charge density increment. Furthermore, the performance of TENGs 

output can also be improved by filling some special fillers into the triboelectric layers [27–29]. 

The optimization of particulate fillers can effectively improve the charge trapping ability and 

improve TENG's output. In other strategies, increasing the effective contact area between the 

frictional layers enhances the TENG charge output. Increasing the effective contact area 

includes the use of liquid/gel electrodes and soft structures [30].  

In this work, the pre-charged triboelectric layer was used for a high-performance 

triboelectric nanogenerator with cost-effective materials and explored applications of TENG in 

new fields. This study introduced a new triboelectric pair of over-head projector (OHP) sheets 
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and ZnO nanosheet arrays on aluminium foil to fabricate the TENG device. The OHP sheet is 

a transparent material made up of   PET and it has a pre-charge on one side to receive the ink 

particles.  The existence of charge on the OHP sheets greatly enhances the TENG performance 

and also reduces the surface ion injection step [24].  The cost of OHP sheets is very low 

compared to the other triboelectric layers such as PTFE, PVDF, silicone, and FEP. A simple 

test has been performed to confirm the charged nature of the OHP (PET) sheets in contrast to 

normal PET sheets. In the test, small paper pieces were placed on a table, and the OHP sheet 

and PET sheet were placed close to the paper pieces. The OHP attracted paper pieces, whereas 

the PET sheet did not attract any paper pieces, as shown in SI Figure S5.1 (a-b). Further, both 

sides of the OHP sheet were tested to confirm the presence of a charge on them. It was clear 

from the test that one side of the OHP is strongly attracting a large number of paper pieces, 

whereas another side does not attract many, as shown in SI Figure S5.1(c-d). Therefore, high 

output voltage and current from only one side of the OHP sheet can be expected. Table 5.1 

shows the existing ZnO-based TENGs with different triboelectric layers, their output 

performance, and applications. The ZnO-OHP-based TENG and its application in self- 

powered cholesteric liquid crystal (CLC) and electroluminescence devices have not been 

reported in the literature so far. The present investigation is the first of its kind, and it opens up 

new possibilities with the ZnO-based TENG. The self-powered liquid crystal displays and 

electroluminescence devices have received limited attention in the literature due to the high 

power required to turn on these devices. In the present work, the optical responses of 

electroluminescent and CLC devices in various applications using AC voltage produced by the 

fabricated TENG devices were studied. 

Recently, the research group of Wang et al. reported TENG-driven cholesteric liquid 

crystal devices and their application in information security, smart windows, optical switches, 

e-paper displays, and wireless sensors [31–34]. To the best of the author's knowledge, these are 

the only four reports available in the literature on TENG-driven cholesteric liquid crystals. The 

present chapter also reports a similar application using TENG-driven cholesteric liquid crystal 

devices but with additional advantages. The advantages include the simple design of TENG 

without any additional modifications to the conventional design process such as patterning of 

triboelectric layers. The aluminium foil, ZnO, OHP sheets, cardboards, and sponge spacers 

involved in the TENG fabrications make it a cost-effective design. The vertical contact 

separation mode is selected among the four working modes due to its high output power density 
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compared to the other working modes and less physical damage to the triboelectric layers than 

the lateral sliding and free-standing mode [35,36]. 

This chapter studied a high-performance TENG using ZnO nanosheet film and OHP 

sheet as frictional layers. The fabricated TENG has been characterized by its output current, 

voltage, power, and stability. The TENG performance has been studied with different device 

sizes, under the different frequencies of applied force and magnitudes of applied force. In 

addition, TENG has been explored for self-powered device applications. 

Table 5.1. List of pairing materials that formed TENG with ZnO nanostructure films and 

their output voltage, and power/power density, and explored applications.  

Sl.No ZnO 

Triboelectric 

layer 

Pairing 

Triboelectr

ic layer 

Output Performance 

(Voc, Isc, P) 

Demonstrated Applications Ref 

1 PVDF+ ZnO 

Nanowires 

Nylon+ 

ZnO 

330 V, 10 μA, 150nc 

3 W/m2 

 

168 series LEDs directly, 

power up thermometer with a 

charged capacitor  

[37] 

2 PDMS+ 

Ag+ZnO 

Nanotubes 

Aluminum 1.1 mWcm-2, 10 μAcm-2 Switched on 99 LEDs [38] 

42 Al doped 

ZnO+Graphene 

oxide 

Polyimide 105V, 2.85 μAcm-2, 

5.61nccm-2, 2.5 W/m2 

Switched on 60 series-

connected LEDs 

[39] 

4 ZnO nanorods PDMS 5.34 V, 181.4 nA No application [40] 

5 Chitosan+ ZnO PDMS 24.5 nW, 0.9 V Acetone sensing [41] 

6 ZnO nanorods+ 

Polystyrene 

Kapton 7 V, 0.99 nA,230 μWcm-2 No application [42] 

7 ZnO nanosheets PET 4.9V, 10μA, 1μWcm-2 power up watch, 24 LEDs 

with a charged capacitor 

[43] 

8 Bacterial 

Cellulose + ZnO 

Teflon 57.6V, 5.78μA, 42mWm-2 No Applications [44] 

9 ZnO 

nanoparticles 

Kapton 57V, 1.21μA ,1.34nc 

2.8 1μWcm-2 

power up watch, calculator 

with a charged capacitor 

[45] 

49 ZnO nanosheets ITO ~2V,~6μA, 4.15 μW No applications [46] 

50 ZnO+ PVDF PTFE 24.5μWcm-2, 78V, 

0.46μAcm-2 

No applications [47] 

12 ZnO 

nanostrctures 

Polymide 31.6 V, 5.43 μA No applications [48] 
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13 ZnO nanoripples Polymide ~80 V, 0.8 μA 1.13W/m2 No applications [49] 

14 Sb-doped ZnO PDMS 12 V, 20 nAcm-2 No applications [50] 

15 PDMS+ ZnO PTFE 64.2V, 6.1 mAm-2, 1105 

mWm-2 

Switched on 30 LEDs [51] 

16 ZnO+PDMS ITO/PET 6V, 4.8 μWcm-2 power up thermometer with a 

charged capacitor 

[52] 

17 ZnO 

Nanosheets 

Overhead 

Projector 

 (OHP) 

sheet 

~424.8 mWm-2  

 

        ~292V, ~55 μA  

Self-powered CLC, EL, 

portable electronic devices 

Present  

Work 

 

5.2 Experimental section 

5.2.1 Materials 

Zinc nitrate hexahydrate (Zn(NO3)2 6H2O), hexamethylenetetramine (HMTA), ITO/PET. 

aluminum foils, Overhead projector (OHP) sheets/slides (thickness~100 µm) (SI, S2) and the 

nematic liquid crystal E7(ne= 1.741, no= 1.517 at 589 nm; TNI= 59 °C), right-handed chiral 

dopant R5011(HCCH, helical twisting power HTP=107 µm-1) were utilized in the present 

chapter. 

5.2.2 ZnO nanosheets synthesis  

The ZnO nanosheets film was synthesized on Al substrates by following the same method 

mentioned in Section-2.1. 

5.2.3 Triboelectric nanogenerator device fabrication  

The TENG device have been fabricated using the same steps, it implies a standardized 

manufacturing process as mentioned in Section-2.3.2. In the TENG, ZnO nanosheets array and 

OHP sheet (charged side) were used as frictional layers, and ITO, aluminum substrates were 

used as conductive electrodes. OHP sheet was attached to the conducting side of ITO with 

charged side facing up. Two electrical connections were made from the bottom aluminum and 

top ITO electrode to record the TENG response. The fabricated TENG was tested periodically 

under vertical contact separation mode by applying hand slap force of ~6.12 N (Chapter-2, 

Section 2.4.6), frequency of 3-5 Hz and 0.8 cm of spacing (Figure 5.1(a)). The hand slapping 

force was calculated approximately using the reported procedure in the literature [19,53].   

5.2.4 Preparation of different color CLC devices and testing with TENG 
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The nematic LC material (E7) was mixed with the chiral dopant R5011 to obtain mixtures with 

different concentrations of the dopant in dichloromethane as a solvent. Chiral dopant 

concentrations of 2.1, 2.6, and 3.2 wt% were used, allowing the CLC cells to reflect red (R), 

green (G), and blue (B) regions, respectively. In order to obtain homogeneous mixtures, these 

mixtures were stirred on a magnetic stirrer at a temperature of 80° C (above the isotropic 

temperature) for 8 hours. The mixtures were filled into the as-purchased LC cells by capillary 

action in the isotropic phase above a clearing point of E7(~ 59° C). The LC cell comprises two 

ITO-coated glass substrates treated with a polymide layer and rubbed in antiparallel directions. 

The gap between two substrates is 5 µm with an active electrode area of 0.6×0.6 cm2. The 

schematic of the fabrication process and photographs of the fabricated CLC devices are shown 

in Figure 5.1(b)-(c). Initially, CLC cells were placed on a black background. They exhibited 

the reflection colors of red, green, and blue with the wavelengths 630 nm, 532 nm, and 465 nm 

corresponding to the added chiral dopant concentrations, as shown in Figure 5.1(c). 

 

Figure 5.1. (a) Schematic of TENG device, (b) schematic view of the fabrication of the 

different colored CLC devices, (c) photographs of the original CLC devices on a black 

background, (d) schematic view of the TENG integrated CLC device, (e) Photograph of 

actual CLC device integrated in TENG. 
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    The schematic of the TENG connected to the CLC device is shown in Figure 5.1(d). The AC 

output of the TENG device is used for the molecular reorientation in the CLC device to change 

its optical properties. The AC signal generated by the TENG device upon the application of 

mechanical force is given as an input to the CLC device to transform its state. Depending on 

the magnitude of the AC signal, the CLC device may transform to more than one state. The 

photograph of the TENG (10 × 10 cm2) device integrated with the CLC is shown in Figure 

5.1(e). 

5.3 Results and discussion 

5.3.1 SEM, EDAX, and AFM analysis 

 

Figure 5.2. Topographical images of the (a) ZnO nanosheet film, (b) OHP sheet, and 

morphological images of the (c) ZnO nanosheet film, (d) OHP sheet, and EDX spectrum of 

the (e) ZnO nanosheet film and, (f) OHP sheet. 

Figure 5.2 (a) and (b) show the AFM images of the ZnO nanosheet film and the OHP 

sheet surfaces, respectively. The surface of the ZnO film has greater roughness than the OHP 

sheet due to the presence of the ZnO nanosheets. This rough surface of ZnO film forms a more 

effective contact area to get the high output power to the TENG. In addition, the surface of 

frictional layers with SEM was carried out, and the corresponding images were analyzed and 

shown in Figure 5.2 (c-d). The SEM images corroborate the AFM results of the low and high 

roughness of the OHP sheet and the ZnO nanosheet film. EDX spectra recorded from ZnO 
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nanosheet film and OHP sheet are shown in Figures 5.2 (e) and (f). The EDX spectrum confirms 

the existence of Zn, O, Al in the case of ZnO nanosheets on aluminium foil and C, O in the 

OHP sheet. 

5.3.2 XRD, FTIR, PL, and TEM analysis 

Figure 5.3.  ZnO nanosheet film (a) XRD pattern, (b) FT-IR spectrum, (c) PL spectrum of 

ZnO nanosheet powder, (d) TEM image of the ZnO nanosheet (inset SAED pattern), OHP 

sheet (e) XRD pattern, (f) FI-IR spectrum. 

Figure 5.3 (a) shows the XRD pattern of the ZnO nanosheets film and OHP sheet. ZnO film 

displayed typical diffraction peaks at 2θ = 31.8, 34.49, 36.33, 47.04, and 56.67o, which were 

ascribed to (100), (002), (101), (102), and (110) planes of the ZnO crystal structure, 

respectively. All the peaks were well matched with the standard data of the hexagonal phase of 

zinc oxide (JCPDF card no. 79-0205). The diffraction peaks at 2θ = 38.55, 44.84, 65.19, 78.29o, 

which corresponds to (111), (200), (220), and (311) planes of the aluminum, respectively, and 

matched with JCPDF card no.03-0932. The additional peaks 33.74 and 60.13o corresponds to 

(012) and (110) of the ZnO: Al/LDH layer, respectively.  Figure 5.3 (b) shows FTIR spectra of 

ZnO nanosheets, the absorption ranging from 450 to 550 cm-1 is due to the stretching vibration 

of ZnO. The broad bands were seen at 3455 cm-1 and 1631cm-1, corresponding to the hydroxyl 

groups of stretching and bending vibrations, respectively. 
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The room-temperature PL spectra of ZnO nanosheets powder was measured using excitation 

of the 340 nm shown in Figure 5.3 (c). The observed broad emission is considered as having 

been caused by electron transitions from the shallow donor levels of oxygen vacancies and 

zinc interstitials to the valence band [54] UV emission (392 nm) is the near band edge 

emission of ZnO's wide band gap. Figure 5.3 (d) shows the individual ZnO nanosheets TEM 

images and inset SAED pattern confirmed the polycrystalline nature of the ZnO nanosheets. 

Figure 5.3(e) and (f) shows the XRD and FTIR spectra of OHP(PET) sheet. The 

diffraction peaks observed at 2θ = 23.2 and 26.0° corresponds to the (110) and (100) planes of 

PET crystalline structure [55]. The monomer of PET film consists of four functional groups: 

two ester groups, one aromatic ring and one ethyl group. These functional groups consist of 

many bonds which are as follows: C–C, C–H, C–O, C= O, and aromatic ring. The identified 

vibrational groups are summarized in the Table 5.2. The bands are in good agreement with the 

previous literature reports [56]. 

Table 5.2:  Functional groups and their absorption bands observed for PET sheet. 

Absorption bands (cm-1) Bands 

1094 and 1240 C–O stretching bond 

1712 stretching vibration of the C=O bond of the ester group. 

2966 C–H stretching bond of ethyl group 

723 C–H bending bond of ethyl group 

3057 C–H stretching band of the aromatic ring 

1576 C–H bond stretching vibration of the phenyl ring. 

1408 C–C phenyl ring stretching band 

1471 CH2   bending bond of ethylene glycol 

 

5.3.3 Triboelectric nanogenerator device studies 

https://www.sciencedirect.com/topics/physics-and-astronomy/electron-transition
https://www.sciencedirect.com/topics/physics-and-astronomy/interstitials
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Figure 5.4. Electrical characteristics of TENG (5x5 cm2)  (a) open-circuit voltage, and (b) 

short circuit current in forward and reverse connections, (c) magnified view of short circuit 

current of  TENG response in one cycle, (d) TENG response with another side of OHP sheet 

surface, (e) schematic of TENGs with different tribo-pairs,  (f-g) TENG responses with 

different tribo-pairs of  Al-ITO, ZnO-ITO, OHP-Al, ZnO-OHP (h) plot of output voltage and 

current with different load resistances, (i) Instantaneous power density with the load 

resistance. 

A simple hand slapping force was used on TENG devices (5×5 cm2) to investigate 

mechanical energy harvesting. The open-circuit voltage (Voc) and short circuit current (Isc) of 

TENG against repeated hand slapping pressure were recorded and presented in Figures 5.4 (a) 

and (b), respectively. The Voc and Isc of the TENG device are ~150 V and ~ 34.5 µA, 

respectively. The observed values are significantly higher than ZnO-PET-based TENG [43]. 

This enhancement is due to the pre-charged nature of the OHP sheets compared to the normal 

PET sheets. The Voc and Isc of the six TENG devices fabricated under identical conditions and 

found the same response were verified. The Voc and Isc were measured as part of the switching 
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polarity test to confirm the origin of the electrical signal [57]. In the switching polarity test, the 

Voc and Isc were measured under reversed electrical connections to the measuring device. From 

the switching polarity test (Figures 5.4 (a)-(b)), it appears that Voc and Isc come from the TENG 

devices, not from noise. The magnified view of short circuit current of TENG response in one 

cycle is presented in Figure 5.4 (c). 

Another TENG fabricated by keeping another side (non-charged) of the OHP as a frictional 

layer to understand the effect of the ink-receiving layer (charged) side on the TENG 

performance. The response of this new TENG is shown in Figure 5.4(d) and the output voltage 

is reduced to ~ 55 V, indicating that the charged side of OHP significantly affects the output 

voltage. Figure 5.4(e-g) shows the measured Voc of different TENG devices: (i) without ZnO 

and OHP (ITO-Al) (ii) without OHP (ITO-ZnO), (iii) without ZnO nanosheet layer (OHP-Al), 

(iv) with ZnO and OHP (ZnO-OHP). It is evident from Figure 5.4(g) that OHP and ZnO 

frictional layers play a significant role in enhancing the output voltage and current.  

The working mechanism of the contact separation mode TENG is very well elucidated 

in the literature based on triboelectrification and electrostatic induction [1,58]. A similar 

mechanism is adopted for the proposed TENG and presented in Chapter-2, Section-3. This 

model consists of an OHP sheet as a one triboelectric layer and ZnO nanosheet film as another 

a triboelectric layer attached with ITO/PET and aluminum electrodes, respectively. The TENG 

is in equilibrium in the initial state, since there is no contact between ZnO and the OHP sheet. 

When these layers contact each other under external force, they exchange electrons based on 

their electron affinities. The ZnO and OHP sheet carries the same quantity of opposite charges, 

resulting in equilibrium. When the external force is removed, the electrical potential is induced 

between the top and bottom electrodes. This potential difference drives the electrons (current) 

from one electrode to another until an equilibrium is reached. The induced electrostatic charges 

flow back (current) in the reverse direction when the external force is reapplied. The repeated 

application and removal of force produce an AC electrical output. Therefore, an alternating 

current is generated by continuous contact and separation movements  

To study the instantaneous output power of the TENG device (5x5 cm2), the Voc and Isc 

were measured at different load resistance values ranging from 1 KΩ to 100 MΩ. With 

increasing load resistance, the average value of Voc increases and Isc decreases, as shown in 

Figure 5.4(h). From Figure 5.4(h), instantaneous power density was measured using 
VI

P
A

=  
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where I and V are current, and voltage at different loads, and A is the active contact area. The 

output power density of TENG is initially increased, reaches the maximum value at optimal 

load resistance (~4 MΩ), and is decreased for later load resistances, as shown in Figure 5.4(i). 

TENG exhibits the highest power density when the external load is equivalent to the device's 

internal resistance. The maximum power density of 424.8 mW/m2 is observed at the optimal 

load resistance of 4 MΩ. The energy conversion efficiency of the TENG was calculated using 

the calculation procedure reported in the literature [59–61].  The efficiency of the TENG device 

is defined as ratio of electrical energy delivered by the TENG to the applied mechanical energy. 

The energy conversion efficiency of ~ 6.3% was obtained with the fabricated TENG (In 

Chapter 2, Section-2.4.6).  

Figure 5.5. Comparative study of TENG Voc and Isc with (a)-(b) different frequencies of the 

applied force, (c)-(d) different active areas of the devices, and (e)-(f) different magnitudes of 

applied forces. 

Figure 5.5 (a)-(b) represents the variation of TENG output voltage and the current with different 

frequencies of applied force. The output voltage did not change much with frequency, and this 

may be due to the open circuit voltage does not involve any dynamic charge process under 

open circuit conditions [62,63]. On the other hand, the current increased with frequency and 

stabilized after 4 Hz. The output current is increased due to the fast transferring of charges at 

high frequency of contact and separation [62]. To know the best performance of TENG, the 
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effect of the different active areas of devices, different frequencies of applied force, and 

different magnitudes of applied forces were studied. Figure 5 represents a comparative study 

of TENG's Voc and Isc under the effect of different parameters. Figures 5.5(c)-(d) shows the 

variation of TENG output voltage and current with different active areas of 2×2, 3×3, 5×5, 8×8, 

and 10×10 cm2. It is clear from Figure 5.5(c)-(d) that the TENG output voltage and current are 

increased with active area of the devices. As the active area of the device increases, the effective 

contact electrification also increases proportionally, which results in the increase of voltage and 

current. The reported literature well supports the observed behavior of TENG with the area of 

the TENG devices [64,65]. Further, the effect of applied hand slapping force on TENG output 

was studied and presented in Figure 5.5 (e)-(f). The TENG output voltage and the current are 

increased gradually with the applied force. This could be due to the increased friction area 

between the triboelectric layers with applied force, resulting in more charges. A similar 

dependence of TENG performance with applied force is observed for other TENGs in the 

literature [65,66].  

The stability of the fabricated TENG has been tested over a large number of cycles with hand 

slapping (4300 cycles) and also with linear motor (>10,000 cycles). The TENG output voltage 

responses are presented in Figures 5.6 (a) and (b) for hand slapping and linear motor. In the 

case of hand slapping, sets of ~30-40 cycles of responses were recorded with a gap of a few 

seconds and all such data sets merged to make 4300 cycles. In the case of linear motor, the 

TENG device was continuously tested for 60 minutes (a frequency of ~3 Hz), and responses 

were collected at different time intervals such as 10, 20, 30, 40, 50, and 60th minute. The 

different output voltages in the stability test (Figure 5.6 (a) and (b)) are due to the difference in 

the magnitude of the force applied by the hand slapping and liner motor tapping  
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Figure 5.6. Stability of TENG (a) 4300 cycles with hand tapping (inset few cycles from 

stability graph), (b) 12,220 cycles with linear motor, (c) TENG output voltage vs number of 

cycles, and (d) Stability test of TENG over a period of 6 months. (e-g) SEM images of ZnO 

nanosheets after stability test of 10,000 cycles. 

 

Figure 5.6 (c) shows the variation of output voltage as a function of cycle number (every 100 th 

cycle). Furthermore, the TENG's stability was tested over 6 months, as shown in Figure 5.6 

(d), and was found stable. SEM images of ZnO nanosheets film after 10,000 cycles test to 

check the stability of the ZnO nanosheets were studied. The SEM images of ZnO nanosheets 

at different magnifications are shown in Figure 5.6 (e-g). The important observations from 

SEM images are: (1) ZnO nanosheets are intact with the substrate, (2) no significant changes 

in the morphology of ZnO nanosheets, and (3) at a few places, ZnO nanosheets merged 

themselves, and this needs a detailed systematic study for better understanding. The stability 

tests show that the TENG showed a highly stable output over a long period of time.  
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Figure 5.7. Response 10 x 10 cm2 TENG (a) open circuit voltage, (b) short circuit current. (c) 

TENG output voltage before and after rectification. (d) Charging curves different load 

capacitors, (e) stored charge at different load capacitances, (f) output voltage and stored 

charges behaviour as a function of the load capacitance, (g) the maximum stored energy as a 

function of the load capacitance. 

The open circuit voltage and short circuit current of ~ 292 V and 55 µA were observed 

for 10 x 10 cm2 TENG is shown Figure 5.7 (a-b). TENG output was rectified using full wave 

rectifier (DB107) and rectified output is shown in Figure 5.7 (c). The rectified TENG output 

was used for charging the capacitors. Figure 5.7 (d-g) shows the charging curves of different 

load capacitors (1- 440 µF) by continuous operation of TENG for ~ 380 sec. From the charging 

curves, it is concluded that the capacitors are charged in the range of 0.2 - 9 V in 380 sec. The 

charging speed is higher for a smaller load capacitor, and quickly reaches the saturation voltage 
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(V). On the other hand, the charging speed is slow for a higher load capacitor, and it may reach 

saturation voltage at a longer time duration (Figure 5.7(d)). From the charge and potential 

difference relationship equation Q=CLV, the stored charge was calculated and presented in 

Figure 5.7(e). As expected, the stored charge in the capacitor increased with the load capacitor 

values. The 440 µF load capacitor held the maximum charges of ~150 µC in 300 seconds. The 

output voltage and stored charge were plotted as a function of the load capacitance, which is 

shown in Figure 5.7(f). It indicates an inverse relationship between the output voltage and the 

stored charge with respect to the load capacitance. 

In addition, the stored energy(E) was calculated from E= 21

2
CV and shown in Figure 5.7(g). 

The maximum stored energy is observed at an optimal load capacitance value of 47 µF, where 

the impedance between the TENG and the capacitive load matches. The load capacitance 

behavior of TENG is similar to the existing literature. 

5.4 Applications  

5.4.1 Self-powered electroluminescence and portable electronic devices 

application 

Figure 5.8. (a) Schematic of the electroluminescence device and its components, on and off state 

photographs of (b) electroluminescence, (c) digital watch, (d) LEDs. 
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Further, the TENG AC output has been used for powering electroluminescence (EL) 

devices. Figure 5.8(a) shows the schematic structure of the electroluminescence device in 

which luminescent powder (ZnS-Cu, Al) is sandwiched between two ITO electrodes without 

any short circuit. The output of the TENG device was given directly to the EL device's top and 

bottom ITO electrodes. Figure 5.8(b) shows the photographs of the electroluminescence device 

before and after applying a TENG output (SI, Video S5.1). A very high electric field (106-107 

V/m) is required to obtain AC-EL emission from ZnS:Cu, Al phosphor material. The phosphor 

with a particle size of less than 20 µm can induce such a local field when a potential difference 

of more than 100 VPP (peak to peak) is applied across the EL device. In practical phosphors, 

the radiative emission is not caused by direct recombination, but by transitions taking place via 

energy levels of activators introduced as impurities. In ZnS: Cu, Al phosphor, the excess doping 

of copper (~1000-1500 ppm) is a prerequisite for the phosphor to exhibit EL. This has the dual 

functionality of primarily forming electrically conducting CuxS needles inside the ZnS grain 

and secondly, creating the luminescence centers required in the ZnS host lattice [67,68]. When 

a high voltage is applied, the CuxS needles provide an enhanced local electric field in the ZnS 

grains, thus producing EL. The field emission of electrons from the sharp ends of Cu-rich 

conducting CuxS needles occurs at alternate ends as the field reverses. These electrons are 

trapped at some short distance from the inclusion. They are then released from the traps when 

the field is sufficiently high and accelerated towards the inclusion where the field enhancement 

causes impact ionization leaving behind a hole. These electrons can drift through the bulk and 

subsequently recombine radiatively within the trapped holes. Finally, radiative relaxation 

results in AC-EL. The fabricated TENG is capable of producing visible electroluminescence 

from the EL device. In addition, self-powered electroluminescence signboards/ text displays 

using large area TENG devices were designed.  

The fabricated TENG further directly power the digital watch (SI Video S5.2) and 135 series-

connected LEDs (SI Video S5.3). Figures 5.8 (c) and (d) show the photographs of the digital 

watch and LEDs before and after applying the TENG output to them. 

https://drive.google.com/file/d/1chuzDoqBQpFyaFTXEQ5PS_fVbxBS9Qdm/view?usp=sharing
https://drive.google.com/file/d/15a7DpgcXZTmJQt5ushNnO4yrnInOczse/view?usp=sharing
https://drive.google.com/file/d/1wWi8w1CQ_VPRwx2gOub7PTB-kZcsdeRr/view?usp=sharing
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Figure 5.9. Capacitor charging and discharging curves before and after power up the 

electronic devices (a) calculator, (b) digital thermometer. 

Further, TENG powered the electronic Calculator (SI Video S5.4) and digital Thermometer (SI 

Video S5.5). by utilizing the charged voltage of 4.7 µF capacitor in less than 30 seconds. The 

charging and discharging of the capacitor before and after the load are connected is shown in 

Figure 5.9 (a)-(b). 

5.4.2 Self-powered CLC device applications 

 Figure 5.10 (a) illustrates the switching mechanism of the CLC device between planar and 

focal conic textures induced by the AC electrical signal from TENG. The applied AC signal 

can change the orientation of the molecules and thus affect their optical properties.  In this 

chapter, CLC devices are driven directly by the AC output of TENG, which affects their optical 

properties. It is essential to have a higher input voltage to switch the CLC device from a planar  

to a focal conic state. Therefore, a 10 x 10 cm2 TENG device was used for this application 

(Figure 5.1(e)).  

Initially, CLCs are in the planar (P) state, in which they exhibit a partially transparent state. In 

this state, only a particular wavelength of light in the width of the CLCs photonic bandgap is 

transmitted, and the rest is reflected. When the TENG's electrical pulse is applied, the CLCs 

are changed from a planar (P) to a focal conic (FC) state, in which the helicoidal CLC structure 

is randomly orientated, scattering incident light and causing the display to become opaque (SI 

Video S5.6). The CLC FC state can be changed back to the planar state after the applied force 

on the TENG device is released. The polarized microscope images and real time photographs 

of the CLC devices are shown in Figure 5.10 (b)-(c), which depicts the transformation of CLC 

devices from the P to FC when the AC output of TENG is applied. Figure 5.10 (d) shows the 

https://drive.google.com/file/d/1In0aAXS22So-Bt42M3W3dN1hng7CUciq/view?usp=sharing
https://drive.google.com/file/d/1zzVxqdLuCs4pp4QWcGe35mC2FGCDbaRv/view?usp=sharing
https://drive.google.com/file/d/1zzVxqdLuCs4pp4QWcGe35mC2FGCDbaRv/view?usp=sharing
https://drive.google.com/file/d/1xvi0WCfHFRc9e1pk4GOiCimkkf7axPuP/view?usp=sharing
https://drive.google.com/file/d/1xvi0WCfHFRc9e1pk4GOiCimkkf7axPuP/view?usp=sharing
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transmission spectra of the CLC devices in the planar state and focal conic state triggered by 

TENG. It is clear that the transmitted light intensity has decreased in the FC state. 

Figure 5.10. (a) Working principle of self-powered CLC device driven with TENG device 

before and after applying force on TENG, (b) Polarizing optical microscopy images of 

different CLC's in red, blue, green cells driven from planar to focal conic by TENG device, 

(c) Real-time images of different CLC's in red, blue, green cells driven from planar to focal 

conic by TENG device, (d) transmission spectra of CLC devices in planar and focal conic 

state. 
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Figure 5.11. (a) switching action of CLC, (b) photograph of the CLC device integrated with mobile 

phone camera, practical applications of CLC devices integrated with TENG are (c) switchable smart 

windows, (d) optical switches, (e) secured/ authenticated or unauthenticated QR codes, (f) mobile 

phone face lock security, and (g) display of patterned of "LC" letters of CLC connected to TENG 

device. 

The arrangement of the LC molecules inside the cell determines their collective optical 

properties. For example, when the molecules are arranged in a planar (P) alignment that is 
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parallel to the substrate, the layer reflects light of specific wavelengths depending on the pitch 

and is transparent for the rest of the wavelengths. Therefore, when no voltage is applied, the 

planar state is semi-transparent to light. The intermolecular forces are rather weak and can be 

perturbed by an applied electric field. Because the molecules are polar, they interact with an 

electric field, which causes them to change their orientation slightly [69–71]. When an electric 

field was applied to the CLC cell, the helical pitch and direction of the LC were changed from 

their initial states because of the compromise between the dielectric and elastic torques. When 

the planar state is subjected to an AC voltage, it changes to the focal conic state. If the applied 

voltage is not enough to unwind the helix, the LC molecules try to align in the direction of the 

applied electric field. As a result, the helices tilt away from the substrate without unwinding 

the helix. Since the helix is randomly oriented, it scatters light [70,71]. Therefore, the focal 

conic state is opaque to light. 

To investigate real-time applications by exploiting the partial transmittance in the P state and 

opaqueness in the FC state of the CLC device were tested. Secure authentication devices (facial 

unlocking in mobile phones, QR code scanning, etc.), smart windows, and a CLC display to 

show letters are all real-time applications (optical switch).  

The primary switching action of a self-powered CLC device is shown in Figure 5.11(a). The 

CLC device was placed over a text printed on a paper, and the visibility of text through the 

CLC device in the P and FC state clearly demonstrates the switching action (SI Video S5.7). 

To exemplify the potential of CLC devices for smart window applications, installed CLC 

device on top of the smartphone camera, as shown in Figure 5.11(b), and captured images. A 

smartphone camera has used to photograph the landscape of a building before and after 

applying the TENG pulse to it using a CLC device as shown in Figure 5.11(c) (SI Video S5.8). 

When the CLC device is in the P state, the scenery of a building is clear; nevertheless, when 

the CLC device is converted to the FC state by the TENG electrical pulse, the scenery of a 

building is not apparent. To demonstrate the CLC device as an optical switch, and captured the 

text (NITW) printed on a paper through the CLC device via a smartphone camera before and 

after applying the TENG pulse as shown in Figure 5.11(d). Further, scanned the QR code before 

applying the TENG pulse to the CLC device, and the QR code has been scanned successfully 

and shows the encoded picture with "NITW" letters, as shown in Figure 5.11(e). When the 

TENG output was applied to the CLC device, the QR code could not be scanned due to the 

CLC device's transition to the FC state. This results in other misleading results on the Google 

https://drive.google.com/file/d/1Tn6E8DXAkMIxe7j3-q_SoSybNGQ-SRlp/view?usp=sharing
https://drive.google.com/file/d/17s-sJAquLl0qUxjw7DlBl2efOFz0QtET/view?usp=sharing
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lens (mobile)app, as shown in Figure 5.11(e) (SI Video S5.9). In a similar way, to unlock a 

smartphone by the face recognition unlock method was tried. When the TENG device was 

pressed, the smartphone was locked, but before applying the TENG the smartphone was 

unlocked successfully, as shown in Figure 5.11(f) (SI Video S5.10). In this way, this self-

powered CLC-TENG is helpful as a security device.  

In addition, Self-powered CLC for text display applications were demonstrated. Next, 

patterned "LC" letters on the ITO plate by using a simple etching procedure, as shown in Figure 

5.11(g). Initially, mask the pattern “LC” using a Kapton tape, and the un-patterned area can be 

etched out using a concentrated solution of HCl and zinc dust. Later, the ITO plates were 

washed thoroughly, spin-coated with PVA solution, and baked at 200oC for 2 h. The cell was 

made by maintaining a gap of 5 µm using PET films and CLC was filled through capillary 

action. The CLC cell exhibited green reflection shown in Figure 5.11(g), however when the 

TENG pulse was applied, the display showed "LC" letters in the transparent state (whitish 

color) owing to the change of CLC to FC state, but the etched region still showed green 

reflection (SI Video S5.11). 

5.4.   Conclusions 

In conclusion, a novel and high-performance TENG has been utilized for self-powered 

cholesteric liquid crystal, electroluminescence, and portable electronic devices. The cost-

effective TENG was fabricated using ZnO nanosheets films and OHP sheets. The fabricated 

TENG produced a high output voltage, current, and power density of ~292 V, ~55 μA, and 

~424.8 mW/m2, respectively. The self-powered CLC is used for security, display, and smart 

window applications. The self-powered electroluminescence devices and LEDs can be used for 

e-paper/digital billboard applications. This real-time proof of concept study showed the 

combination of TENG with CLC and EL for intelligent mechanical responsive devices, and 

this area offers a lot of room for growth. 
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Figure. S5.1 (a)-(b) Photographs of PET and OHP sheets. Photographs of the different sides of 

the OHP sheet during the test, (c) non-charged side of OHP, (d) charged side of OHP.  

 

 

 

 

 

 

Figure S5.2. (a) cross-sectional view of OHP sheet in the optical microscope to measure the 

thickness. 
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                                                            Chapter 6 

Enhancing Triboelectric Nanogenerator Performance with 
Metal-Organic Framework Modified ZnO Nanosheets for 
Self-Powered Electronic Devices and Energy Harvesting 

This chapter provides surface modification as a viable approach to improve the TENG's 

performance. ZIF-8 particles have been introduced on the ZnO nanosheet film's surface to 

modify it. In the TENG device's fabrication process, poly (methyl methacrylate) (PMMA) is 

used as a frictional layer and Zeolitic Imidazolate Framework (ZIF-8) particles are added 

to ZnO nanosheets. Based on pure and ZIF-8 modified ZnO films as a fixed tri-layer, two 

TENG devices were constructed. Additionally, a measurement of the TENG's output 

response shows an impressive rise in the output of ZnO-modified ZIF-8 particles. TENG 

additionally demonstrates the applications of self-powered electrical devices. 

1. “Enhancing Triboelectric Nanogenerator Performance with Metal-Organic Framework Modified 

ZnO Nanosheets for Self-Powered Electronic Devices and Energy Harvesting”. Supraja Potu, M. 

Navaneeth, Anshika Bhadoriya, Arbacheena Bora, Yuvaraj Sivalingam, Anjaly Babu, Mahesh 

Velpula, Buchaiah Gollapelli, Rakesh Kumar Rajaboina*, Uday Kumar Khanapuram, Haranath 

Divi, Prakash Kodali, and Lakshakoti Bochu, ACS Applied Nano Materials,2023, 

https://doi.org/10.1021/acsanm.3c03430. 

https://doi.org/10.1021/acsanm.3c03430
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6.1 Introduction 

The development of nanogenerators for energy harvesting has advanced significantly, as the 

TENG discussed in previous chapters (3, 4, and 5). Since 2012 , TENGs have found numerous 

potential applications that require long-term sustainability, including smart homes [1], wireless 

sensor networks  [2], security systems [3], health [4,5], gas [6,7], motion detection [8], 

powering electronic [9,10]  and robotics [11]. TENG operates in four different modes, namely 

contact separation, single electrode mode, relative sliding mode, and free-standing mode, 

which allow their adaptation to diverse applications utilizing various types of mechanical 

motions [12,13].  

Researchers across the globe put much effort to enhance the output performance of TENGs by 

focusing on improving charge generation during contact electrification. Charge generation 

further depends on the number of contact points or contact area between the frictional layers. 

Several approaches have been explored, including different TENG designs [14–17], surface 

morphology modifications [18–20], surface treatments [21–24],   materials introduction [25–

29] and the charge pumping method [30]. Surface morphology modification is an easy and 

efficient way to improve the TENG output performance.  

The current study introduces a novel surface modification approach using Metal-organic 

frameworks (MOFs) to improve the performance of TENG devices. MOFs attracted lot of 

attention in the TENG field after the first report on MOF-based TENG [31]. MOFs offer several 

benefits such as unique morphology, high specific surface area, adjustable pore sizes, structural 

diversity, and high thermal and chemical stabilities. In this chapter, zeolitic imidazolate 

framework-8 (ZIF-8) utilized in surface modification of ZnO. ZIF-8 is a type of MOF material 

and is composed of metal ions (Zn2+) and organic linkers (imidazolate), giving it distinct 

properties, and it has been used in TENGs applications [32–34]. This method involves the 

synthesis of ZIF-8 particles on the surface of ZnO nanosheets in a two-step hydrothermal 

method. This unique modification increased the contact points between triboelectric materials, 

altered the work function and improved the output performance of TENGs. Further, previous 

studies investigated the various forms of ZnO, including nanosheets, nanorods, nanowires, 

nano ripples, and films, for TENG [35–38]. The detailed literature review of MOFs-based 

TENGs is presented in Table-6.1 for a comparison of performances. It is clear from the 

literature review that the obtained power density is on par with the reported literature. Further, 

ZIF-8@ZnO composite films were previously prepared in the literature and used in 
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applications other than TENGs [39–42]. Therefore, exploring the combination of ZnO with 

ZIF-8 particle composite film for TENG applications is novel and opens new avenues. 

Additionally, ZnO has several advantages such as low cost, non-toxic, low-temperature 

synthesis, and multifunctional properties compared to other triboelectric materials. 

In the present chapter, synthesizing ZnO nanosheets on an aluminum substrate, followed by 

the growth of ZIF-8 particles directly on the surface of the ZnO nanosheets. This ZIF-8@ZnO 

configuration resulted in a notable improvement in the performance of the TENG device when 

compared to TENGs based on ZnO alone. Specifically, achieved a 1.39-fold increase in output 

voltage, a 1.44-fold boost in output current, and an elevation of output power density from 455 

mW/m2 to 800 mW/m2. This enhanced performance of the TENG device could power 

approximately 180 commercial LEDs through continuous hand tapping. Furthermore, 

demonstrated the practical applicability of the fabricated TENG device in self-powered devices 

and biomechanical energy harvesting scenarios. 

Table 6.1. MOF based TENGs and its output performance 

Sl.no MOF Triboelectric layer Pairing 

Triboelectric layer 

Voltage, Current, Power density Ref  

1 ZIF-8 Kapton 164 V, 7 µA, 392 mW/m2 [32] 

2 PDMS-HKUST-1 Cu 205 V, 37 µA, 7.92 W/m2 [43] 

3 ZIF-7, ZIF-9, ZIF-11, ZIF-12  

(ZIF-7 Best) 

Kapton/ethyl 

cellulose 

60 V, 1.1 µA, 7.7 mW/m2 

 

[44] 

4 ZIF-62 Teflon 70 V, 1.9 μA, 9.68 mW/m2 [45] 

5 MIL-88A FEP (fluorinated 

ethylene propylene) 

 90 V, 2.5 μA  , 16.2 mW/m2 [46] 

6 ZIF-67 Teflon 118 V, 1.7 μA, 150 mW/m2 [47] 

7 Cyclodextrin-MoF Teflon 152 V, 1.2 µA, 80 mW/m2 [48] 

8 ZUT-8(C=C) PVDF 600 V , 80 μA, 2.21 W/m2 [49] 

9 UiO-66-NH2/PDMS Al 375 V, 8 μA , 1.69 W/m2 [50] 

10 Uio-66: with NO2  Cu 23.79 V, 0.29 μA [51] 

11 ZIF-8HG Kapton 150 V, 4.95 µA , 1.04 µW [33] 

12 MOF-5 PTFE 484 V, 40 µA,    5.08 W/m2  [52] 
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13 Polyvinylidene 

Fluoride/UiO-66 

Cu 52.8 V, 4.29 µA, 1.41 W/m2 

 

[53] 

14 Co/Zn bimetal organic 

framework 

PTFE 47 V, 7 µA, 1.1 mW/m2 [54] 

15 Co-NPC/Ecoflex 

MXene/Ecoflex and Co-

NPC/Ecoflex 

Human skin  21 V, 9.85 µA/m2, 16 mW/m2 

30.64 V, 13.33 µA/ m2 

[55] 

16 ZIF-8/MO-PPy@CelF PTFE 129 V, 6.8 µA, 33.3 mW/m2 [56] 

17 ZUT-75(Co)) PVDF 565.67 V, 90.72 μA, 3.28 W/m2 [57] 

18 Co-NPC/PVDF Nylon-11 710 V, 210.96 mA/m2, 19.71 

W/m2  

[58] 

19 MOFs flakes in Silk 

nanofibers 

PDMS 215 V, 10 μA, 2.63 W/m2 [59] 

20 Zn/Co-MOF PVDF 623.34 V, 68.82 μA, 17.16 W/m2 [60] 

21 NH2-MIL-101(Fe,Cu) 

partciles with CNF 

FEP 194 V, 14 μA, 203 mW/m2 [61] 

22 LC-MXene/ZiF-67 

nanocomposites with CGL 

Hand  1340V,435mA/ m2, 65 W/m2 [62] 

23 MOF-525@Ecoflex Hand 1665 V, 111 mA/m2, 25.7 W/m2 [63] 

24 PAN@ZIF-8 PTFE 260 V, 24.5 µA, 1.91 W/m2 [64] 

25 PVA@ZIF-67 PMMA 300 V, 47.5 μA, 593 mW/m2 [65] 

26 Metal-biomolecule 

frameworks (MBIOFs) 

Teflon 200 V, 6 μA, 260 mW/m2 [66] 

27 MIL-100 (Fe) FEP 75 V, 5 μA, 15mW/m2 [67] 

28 UiO-66-4F@PDMS Al 937.4 V, 30.6 μA, 38.7 W/m2 [68] 

29 Cu-BHT  Tap water 28 V, 7.8 μA,  340 μW  [69] 

30 MIL-101(Cr)-PY PTFE 825 V, 11 µA, 25.03 W/m2 [70] 

31 UiO-66-Br Al 110.41 V, 92.93 mW /m2 [71] 

32 UiO-66-NO2@PDMS Cu 191 V, 17.3 µA [72] 

37 ZIF-8@ ZnO Nanosheets  PMMA 200.5 V, 41.5 µA, 800 mW/m
2
 This 

work 
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6.2 Experimental section 

6.2.1 Materials 

Zinc nitrate hexahydrate, Hexamethylenetetramine (HMTA), Dimethylformamide (DMF),2-

methylimidazole, polymethyl methacrylate (PMMA) sheets, Aluminum foils( thickness ~0.1 

mm) , cardboards, sponges, and LEDs were utilized in the present chapter. 

6.2.2 ZnO nanosheets synthesis  

The ZnO nanosheets film was synthesized on Al substrates by following the same method 

mentioned in Section-2.1.  

6.2.3 Synthesis of ZIF-8@ZnO 

All chemicals are analytical-grade reagents used in the experiment without additional 

purification. ZnO nanosheets were grown directly on the surface of the aluminum substrate, as 

illustrated in Figure 6.1(a).  

The synthesis process of ZIF-8@ZnO is shown in Figure 6.1(a). ZIF-8 synthesis typically 

involves a metal source such as Zn ions, an organic linker (imidazole or other ligands), and 

suitable solvents. It is important to choose a solvent that is compatible with both ZIF-8 and 

ZnO. In the present chapter, the ZIF-8 directly grown on the surface of the ZnO nanosheets. 

For that, the grown ZnO nanosheets already on the aluminum substrate were immersed in the 

precursor solution, which contains 6 mL of DMF, mixed with 2 mL of water containing 100 

mg of 2-methylimidazole, and stirred for 30 minutes until obtaining the white color solution. 

To get ZIF-8, the solution containing ZnO nanosheet film was kept in the oven at 100oC for 12 

hrs. After the completion of the reaction time, the substrate was carefully removed from the 

growth solution, thoroughly washed with deionized water, and then left to dry.  

The mechanism behind the growth of ZIF-8 particles on ZnO nanosheets involves the 

interaction between the ZIF-8 precursor components and the ZnO nanosheet surface, leading 

to the nucleation and subsequent growth of ZIF-8 crystals. In the literature, the mechanism of 

ZIF-8 synthesis using ZnO nanorods and nanoparticles is well-reported, and a similar 

mechanism can be applied to ZIF-8 synthesis using ZnO nanosheets [39–42]. Initially, the ZnO 

film surface needs to be activated to provide suitable sites for the nucleation of ZIF-8. The 

activated surface should have exposed reactive sites, such as Zn or oxygen vacancies, which 

can facilitate the attachment of ZIF-8 precursor species. When the ZIF-8 precursor solution is 

in contact with the ZnO thin film surface. The Zn+2 ions adsorb from ZnO surface, and the 

https://www.sciencedirect.com/topics/chemistry/hexamethylenetetramine
https://www.sciencedirect.com/topics/chemistry/aluminum
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imidazolate linkers can interact with the activated sites on the surface, as shown in Figure 

6.1(b). The adsorbed Zn ions and organic linkers on the ZnO surface can undergo chemical 

reactions, which lead to the formation of small ZIF-8 nuclei. Once the nuclei are formed, further 

ZIF-8 growth occurs through the continuous attachment of Zn+2 ions from ZnO surface and 

organic linkers from the precursor solution onto the existing nuclei. These nuclei act as the 

starting points for the growth of larger ZIF-8 crystals [42,73,74]. The obtained ZnO, ZIF-8@ 

ZnO films were characterized for their surface morphology, crystallinity, and surface work 

function. 

 

Figure 6.1. (a) Schematic synthesis procedure of the ZnO and ZIF-8@ZnO, (b) Mechanism of ZIF-8 

particles growth on ZnO nanosheets, (c) Schematic diagram of the ZnO, ZIF-8@ ZnO based TENG 

devices and its components. 
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6.2.4  TENG device fabrication 

In this work, fabricated two types of TENG devices using ZnO and ZIF-8@ ZnO films as 

the frictional layers. The schematic of the TENG device is illustrated in Figure 6.1(c). In the 

first type, ZnO nanosheets on an aluminum foil served as one frictional layer, while various 

opposite frictional layers such as Mica sheet, Silk foam, Nylon, Kapton, PTFE, Silicone, and 

PMMA were attached to another aluminum foil. This device is referred to as Z-TENG. In the 

second type, ZIF-8@ ZnO film on an aluminum foil acted as one frictional layer and similar 

opposite frictional layers were attached to the other aluminum foil. This device is denoted as 

Z8-TENG. A total of 14 TENG devices were fabricated for this study. The active area of each 

TENG device was 5x5 cm², applied force ~7N (Chapter-2, Section 2.4.6), frequency was 4-

5Hz and the spacing between the frictional layers was measured as 0.8 cm.   

6.3 Results and discussion 

6.3.1 SEM studies  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2. SEM images of (a) ZnO nanosheets (b)-(d) ZIF-8@ ZnO. 

Figure 6.2(a-d) presents SEM images of the ZnO and ZIF-8@ZnO films, showcasing their 

structure and surface morphology. In Figure 6.2(a), the ZnO nanosheets are observed, 

exhibiting a sheet-like structure grown uniformly on an aluminum substrate. Moving on to 
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Figures 6.2(b-d), shows the morphology of the ZIF-8@ ZnO film, where ZIF-8 poly hydron-

shaped crystals have uniformly grown on the ZnO sheets. This uniform growth results in an 

increased effective surface contact area during the TENG operation. The average size of the 

ZIF-8 particles was determined to be approximately ~214 nm, as indicated in the inset of Figure 

6.2(b).  

6.3.2 XRD and Raman analysis 

 

Figure 6.3. (a) XRD pattern of ZnO nanosheets and ZIF-8@ZnO, (b-c) Raman spectra of the 

ZnO nanosheets and ZIF-8@ZnO. 

Additionally, Figure 6.3(a) depicts the XRD pattern of both the ZnO nanosheets and ZIF-

8@ZnO samples. The diffraction peaks observed in the XRD spectrum affirm the crystalline 

nature of the synthesized samples. Furthermore, the characteristic peaks of aluminum and ZnO 

match well with the JCPDS numbers 03-0932 and 75-0576, respectively, providing further 

evidence of the sample's crystallinity. The successful synthesis of both ZnO and ZIF-8@ ZnO 

has been corroborated by previous reports [41,74]. In conclusion, Figure 6.2(a-d) and the 

corresponding analysis demonstrate the well-defined structure and surface morphology of the 

ZnO and ZIF-8@ ZnO films, highlighting the formation of ZIF-8 poly hydron shaped crystals 

on the ZnO sheets and their potential impact on enhancing the effective surface contact area 

during TENG operation.  

Raman spectroscopy was employed to investigate the vibrational properties of both synthesized 

ZnO and ZIF-8@ZnO samples. The Raman spectra of the ZnO nanosheets revealed 

characteristic peaks corresponding to a wurtzite ZnO structure. Specifically, the peaks detected 

were E2 high−E2 low, A1 (TO), and E2 high, located at 332 cm -1, 381 cm-1, and 439 cm-1, 

respectively (Figure 6.3(b))[75,76]. Figure 6.3(c) illustrates the Raman spectra of ZIF‐8@ZnO, 

which exhibited peaks at various wavenumbers denoting distinct vibrational modes and 

molecular interactions. The observed peaks and their corresponding assignments are as 
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follows: (1) 299 cm-1 and 601 cm-1: Correspond to Zn–N stretching and imidazolium ring 

puckering, respectively, (2) 812 cm-1, 903 cm-1, and 993 cm-1: Correspond to δH (out of plane), 

bending C–H (out of plane) (C4–C5), and bending C–H (out of plane) (C2–H), (3) 1116 cm-1, 

1192 cm-1, 1348 cm-1, and 1453 cm-1: Correspond to stretching of C–N, bending of CH3, 

stretching of C2–N1, and stretching of C–H (methyl), respectively[77–79]. 

6.3.3 TENG output performance 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4. The electrical response bar diagrams of the ZnO and ZIF-8@ ZnO based TENG 

devices with different opposite triboelectric layers (a) open circuit voltage (b) short circuit 

current. The ZIF-8@ ZnO based TENG output response with PMMA (c) open circuit voltage 
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(d) short circuit current, (e) The behavior of the ZIF-8@ZnO TENG under the external load 

resistance, (f) instantaneous power density of the ZnO and ZIF-8@ZnO TENG. 

 

Initially, Z-TENG and Z8-TENG devices’ electrical responses were studied with 

different opposite triboelectric layers such as Mica, Silk form, Nylon, Kapton, PTFE, Silicone 

rubber, and PMMA. Figure 6.4 (a)-(b) shows a bar chart of the maximum voltage and current 

obtained for each device with different opposite triboelectric layers, and the waveform graphs 

for each pair's output responses are provided in SI Figure S6.1. The results clearly showed that 

all Z8-TENG devices performed better than Z-TENG devices. This enhanced output can be 

explained by the change in the work function and surface morphology of the ZIF-8@ZnO film 

compared to ZnO nanosheet film. 

The Z8-TENG devices output terminals were connected to current and voltage 

measuring devices to study complete electrical performance characteristics. Figure 6.4 (c)-(d) 

displays the output voltage and current responses of Z8-TENG under repeated hand tapping. 

The Z8-TENG demonstrated a maximum output voltage of approximately 200.5 V and a 

maximum output current of about 41.5 µA under open circuit and short circuit conditions, 

respectively. These values were 1.39 and 1.44 times higher than the corresponding values of 

Z-TENG, highlighting the superior performance of the Z8-TENG (SI Figure S6.2).  

To confirm that the signals were solely generated by the TENG, the connections at the 

measurement instruments were reversed, and as a result, the output voltage and current signals 

were inverted. This observation confirms that the signals were indeed generated exclusively by 

the TENG. Figure 6.4(e) illustrates the behavior of voltage and current characteristics of the 

Z8-TENG under various external load resistances. It is evident from the graph that the TENG's 

output voltage increased with an increase in resistance, whereas the current exhibited an inverse 

trend. At higher load resistances, both the voltage and current reached saturation levels, with 

the TENG displaying the highest voltage and the lowest current. The power density of the 

TENG calculated by the following formula 

                                                            𝑃𝑚𝑎𝑥  =
𝑉𝐼

𝐴𝑟𝑒𝑎
                                 ------------(1) 

Where V and I represents output voltage and current, respectively. 

The maximum power density of Z and Z8-TENG were calculated from the load characteristic 

graphs data and presented in Figure 6.4 (f). It is found that Z8-TENG exhibited maximum 

power of 800 mW/m2 at an optimum load resistance of 10 MΩ, which is 1.76 times higher than 
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the Z-TENG. As observed from the load characteristic graphs, both TENG devices exhibited a 

gradual increase in power density as the load resistance was increased until it reached the 

optimal value. However, beyond the optimum load resistance, the power density declined with 

a further increase in resistance [80]. In addition, TENGs exhibited the mechanical-to-electrical 

energy conversion efficiency of 41.36% (Chapter-2, section- 2.4.6). 

Figure 6.5. 2D work function mapping of (a) ZnO, (b) ZIF-8@ ZnO; (c)-(d) Electron transfer 

mechanism between ZIF-8@ZnO and PMMA during the contact electrification. 

 

In Figure 6.5(a)-(b), presents the 3D mapping images depicting the work function distribution 

for the ZnO and ZIF-8@ZnO samples. In the context of TENGs operating in vertical contact 

separation mode, the output response relies on the difference in work functions between the 

two triboelectric layers. A larger difference in work functions leads to increased charge transfer 

during contact electrification, resulting in a higher output voltage. The measurements reveal 

that the work functions of ZnO and ZIF-8@ ZnO are 4.40 eV and 4.12 eV, respectively, 

indicating a decrease in the work function for the ZIF-8@ ZnO film compared to the ZnO film. 

A lower work function indicates that the material has a better tendency to lose electrons during 
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the triboelectric process. The evidence for enhanced performance of TENG with work function 

tuning was well reported in the literature [81].  

The origin of the electron transfer mechanism can be explained on the basis of contact 

potential arising from the work function difference between ZIF-8@ZnO and PMMA, as 

illustrated in Figure 6.5. Figure 6.5(c-d) illustrates fermi energy levels for ZIF-8@ZnO and 

PMMA based on their respective work function values. Since the work function of ZIF-8@ZnO 

is lower (4.12 eV) than that of PMMA (4.8 eV), electron transfer occurs from ZIF-8@ZnO to 

PMMA during the contact electrification process, aimed at equalizing the Fermi levels. This 

results in ZIF-8@ZnO becoming positively charged and PMMA acquiring a negative charge. 

An alternative way to explain this phenomenon is through the electron cloud model. When both 

materials are initially in separated state, electrons are confined within their respective potential 

wells and cannot move freely. However, when the two materials come into contact, their 

individual electron clouds partially overlap, creating an asymmetric double-well potential. 

Consequently, electrons transfer from ZIF-8@ZnO, with its lower work function, to PMMA, 

which has a higher work function. After the separation, the electrons transferred to PMMA 

remain within the potential well, resulting in ZIF-8@ZnO acquiring a positive charge and 

PMMA obtaining a negative charge polarity. 

In this chapter, a reference work function value for PMMA of 4.8 eV was taken from, 

the reported literature [82]. The significant difference in work functions between ZIF-8@ ZnO 

and PMMA facilitated a more pronounced transfer of electrons from ZIF-8@ZnO to PMMA 

during the contact electrification process. This enhanced electron transfer led to more 

transferred charges, consequently enhancing the output performance of the Z8-TENG 

compared to the Z-TENG. Furthermore, the SEM images revealed that the number of contact 

points during the contact electrification process may be higher for ZIF-8@ ZnO compared to 

pure ZnO. The increased number of contact points between the two materials during the 

triboelectric interaction can be attributed to the presence of ZIF-8 particles on the ZnO 

nanosheets. These combined effects resulted in a substantial boost in the output performance 

of the Z8-TENG compared to the conventional Z-TENG, making the modified ZIF-8@ZnO-

based TENG a more effective energy harvesting device. 
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Figure 6.6.  Z8-TENG responses as a function of (a-b) different frequencies of applied 

force(c-d) different spacing (e-f) different impact of the forces. 

Furthermore, the output voltage and current for Z8-TENG at various frequencies of 

applied force were conducted. Figure 6.6(a-b) presents the output performance of the TENGs 

as a function of the applied frequency. As the frequency increases, the electron flow through 

the external circuit responds more rapidly, leading to higher output signals. At lower 

frequencies, the output voltage and current show a linear increase with the frequency due to 

the increased response time of the TENG to the applied force. This behavior aligns with 

previous findings reported in the literature [83–85]. However, as the frequency continues to 

increase, the output voltage and current start to decrease. This phenomenon occurs because the 

applied force is applied too rapidly at higher frequencies and the TENG cannot fully recover 

its original position before the next impact of the force occurs [85]. 

The study investigates the performance of a TENG under varied spacing conditions and 

external applied forces. The TENG's electrical output was examined with spacing ranging from 

0.2 to 2 cm between triboelectric layers as shown in Figure 6.6(c-d). Surprisingly, the 

experimental results reveal an initial increase in output up to a 1.2 cm spacing, followed by a 

decline at larger distances, contrary to theoretical expectations. This deviation is attributed to 

potential improper contact between the triboelectric layers at higher separation distances. The 

TENG's Voc is defined by the equation Voc = rd/e, where d is interlayer spacing, r is vacuum 
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permittivity, and e is triboelectric charge density.  However, the output voltage and current is 

decreased at a greater spacing in the present chapter, and similar behavior is also observed in 

the literature [86,87].  

Furthermore, the device was assessed for force sensor applications, demonstrating an 

enhanced output response with increased applied forces (Figure 6.6(e-f)). The augmented 

output is ascribed to heightened friction between the triboelectric layers, leading to an 

expanded contact area. This observation aligns with similar trends reported in the literature  

[88–90]. Overall, the study underscores the critical influence of spacing and applied force on 

the TENG's electrical performance, emphasizing the need for optimal conditions for effective 

energy generation. 

Figure 6.7. (a) Stability of the ZIF-8@ZnO based TENG; (b) Schematic of circuit diagram 

used for rectification of TENG output and charging capacitors, (c) charged voltage vs time 

for various capacitors; (d) Saturated stored voltage and charge as function capacitive load; 

(e) calculated stored energy as function of capacitive load. 

To assess the practical applicability of the TENG, its repeatability and stability were 

crucial factors. In order to evaluate the TENG's stability, continuous tests were performed, and 

the output voltage was monitored for 20 minutes using an in-house designed tapping machine 

at a consistent frequency of 4 to 5 Hz. As depicted in Figure 6.7(a), the TENG's output voltage 

remained constant throughout the entire duration of the test, confirming its excellent stability. 

For efficient energy storage, a rectifier circuit (schematic representation shown in Figure 
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6.7(b)) was implemented to capture and store the electrical energy generated by the TENG. 

This rectifier circuit converted the AC output signal from the TENG into a DC signal suitable 

for charging capacitors. The TENG's applicability was further validated through charging 

capacitors and powering electronic gadgets in real-time, which both demonstrated the TENG's 

reliability in practical applications. During the capacitor charging process, capacitors with 

various capacitances (2.2, 4.7, 10, 22, 47, 100, 220, and 470 µF) were connected to the rectifier 

circuit, and their charging behavior was observed over 120 seconds, as shown in Figure 6.7(c). 

It was observed that capacitors with lower capacitance charged faster, while capacitors with 

higher capacitance charged more slowly [28,91]. The graph in Figure 6.7(d) represents each 

capacitor's maximum charged voltage and stored charge. The total energy stored in each 

capacitor was calculated using the formula E = 1/2 CV², where C and V are the capacitance 

and voltage, respectively.  Notably, the optimal load capacitance resulted in the maximum 

stored energy of 20.82 µJ, as depicted in Figure 6.7(e).  This indicates that the TENG's 

impedance and capacitance load are optimally matched at the maximum stored energy point. 

6.4 Applications 

6.4.1 Self-powered and portable electronic devices application 

The Z8-TENG has demonstrated its capability to power multiple small electronic 

devices. With a contact area of 5x5 cm², the Z8-TENG could power a series of 180 red LEDs 

with each manual tap, as depicted in Figure 6.8(a) (SI, Video V6.1). This successful 

demonstration underscores the TENG's effectiveness as a device for converting mechanical 

energy into electrical energy. To make practical use of this electrical energy, the AC output 

from the TENG was converted into DC using a bridge rectifier. The electrical energy generated 

by the TENG through continuous tapping was stored in various capacitors. Once the desired 

energy level was reached, it was utilized to momentarily power electronic devices.  

Figure 6.8(b-d) shows the photographs of LEDs and electronic devices powered by the TENG 

for brief periods, typically around 1-2 seconds. In just 30 seconds of manual tapping at a 

frequency of 3 to 4 Hz on the TENG, a 4.7 µF capacitor was charged to a voltage of 2-3 V. 

This stored energy proved sufficient to momentarily turn on small electronic gadgets like 

electronic watches (SI, Video V6.2), calculators (SI, Video V6.3), and thermometers (SI, 

https://drive.google.com/file/d/1JAOyqS1mley_HMYGnU9T9UsJMTr4bGeU/view?usp=sharing
https://drive.google.com/file/d/1u3bcPFFvzpHVvSZ98cDowIKY5P6m6tIE/view?usp=sharing
https://drive.google.com/file/d/18XfqdjvfinHNR_cKh3qnYDRR2T7JWObN/view?usp=sharing
https://drive.google.com/file/d/16bMbuW8m_8L8CbGDplfZzjzo7f-NaTSI/view?usp=sharing
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Video V6.4), as depicted in Figure 6.8(b-d). Furthermore, for continuous device operation, the 

TENG can be attached to a mechanical source with continuous mechanical motion.  

Figure 6.8. Real time photographs of powering LEDs and electronic devices by TENG (a) 

real time image of the 180 LEDs lighting up by TENG; powering electronic devices  

momentarily using charged capacitor of 4.7 µF (b) wrist watch, (c) calculator and (d) 

thermometer. 

6.5 Conclusions 

This study introduced an innovative surface modification approach by synthesizing zeolitic 

imidazolate framework-8 (ZIF-8) particles on ZnO nanosheets using a straightforward 

hydrothermal process. The surface modification of ZnO with ZIF-8 substantially modified the 

work function, number of contact points between the triboelectric materials, leading to 

remarkable improvements in the output performance of the TENG. The TENG device based 

on the ZIF-8@ ZnO configuration demonstrated significant enhancements in output voltage, 

current, and power density by 1.39, 1.44, and 1.76 times, respectively, compared to the ZnO-

TENG. Additionally, the practical usability of the ZIF-8@ZnO TENG was successfully 

demonstrated by charging capacitors and powering small electronic devices. Furthermore, the 

ZIF-8@ZnO TENG exhibited stable output and outstanding repeatability during continuous 

testing, further supporting its potential for real-world applications. The combination of ZnO 

https://drive.google.com/file/d/16bMbuW8m_8L8CbGDplfZzjzo7f-NaTSI/view?usp=sharing
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and ZIF-8 particles offers exciting prospects for advancing TENG devices and driving progress 

in the field of energy harvesting. This research opens new avenues for enhancing the 

performance of TENGs using MOFs, making them highly promising for various energy 

harvesting and self-powered applications. 
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 6.7 Supporting information 

 

 

 

 

 

 

 

 

 

Figure. S6.1 Waveform representation of different dielectrics with fixed triboelectric layer of 

(a-b) ZnO (c-d) ZnO@ZIF-8.  
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Figure S6.2. The output (a) voltage and (b) current of the ZnO-based TENG with PMMA as 

an opposite triboelectric layer. 

 



 
 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                            Chapter 7 

Surface-Engineered High-Performance Triboelectric 

Nanogenerator for Self-Powered Health Monitoring and 

Electronics 

This chapter discusses the application of surface engineering on one of the triboelectric layers 

in the fabrication of the high performance TENG. To modify the surface of the aluminum, 

sandpapers with grit sizes ranging from P80 to P400 were used, which increased the contact 

area and resulted in improved output. Furthermore, the ZnO nanosheets were grown on an 

aluminum substrate and used to create the TENG device both before and after the surface 

modification. After the modification, the TENG output power was significantly enhanced. 

Surface engineering not only improves the output of the TENG but also increases the 

sensitivity, which has major applications in multifunctional wearable devices and health 

monitoring gadgets. 

Publications: 

1. “Surface-Engineered High-Performance Triboelectric Nanogenerator for Self-Powered Health Monitoring and 

Electronics”, Supraja Potu, Navaneeth Madathil, Siju Mishra, Arbacheena Bora, Yuvaraj Sivalingam, Anjaly Babu, 

Mahesh Velpula, Lakshakoti Bochu, Balaji Ketharachapalli, Anu Kulandaivel, Rakesh Kumar Rajaboina*, Uday 

Kumar Khanapuram, Haranath Divi, Prakash Kodali, Banavoth Murali, and Ravi Ketavath, CS Applied Engineering 

Materials, 2023, 1, 10, 2663–2675, https://doi.org/10.1021/acsaenm.3c00416. 



Surface-Engineered High-Performance TENG…. Health Monitoring and Electronics 

    169 
 

7.1  Introduction 

              In recent years, there has been increased interest in the development of personal self-

powered health monitoring systems, which have the potential to improve human health [1,2]. 

Wearable electronic devices and sensors are capable of tracking a variety of human 

physiological signals, including blood pressure, breathing rate, body temperature, pulse 

detection, heartbeat rate, and oxygen saturation levels. By detecting the monitored signals, 

these devices/sensors will provide information about the patient's health before they get 

critically sick.  Various technologies, such as pyroelectric nanogenerators [3,4] piezoelectric 

[5–7], and triboelectric nanogenerators [8–10], have been established depending on the 

requirements in the application of health care monitoring. Among these, triboelectric 

nanogenerators (TENGs) have emerged as a promising option due to their high sensitivity to 

mechanical vibration, ability to generate high output voltages, low-frequency operation, variety 

of working modes, and wide range of material options. 

TENGs have been considered to be one of the most successful methods for extracting low-

frequency mechanical energy for sensor development. By wearing a TENG device on the body 

respirator, cardiovascular, and physical activity can be monitored. Therefore, the TENG is 

undoubtedly one of the best wearable and self-powered health monitoring device options. 

TENGs have already been used in health monitoring applications such as respiration sensing 

[11], heartbeat detection [12], pulse detection [13], joint motion sensing [14], 

electroacupuncture [15], throat phone [16], neural [17], CO2 detection [18], sweat [19] ,and 

gait monitoring [20]. However, higher power density and high-sensitivity TENGs are needed 

for health monitoring, primarily driven by the size and weight constraints of wearable and 

implantable devices. Therefore, improving the power density of TENGs is crucial for 

enhancing their sensing capabilities and powering portable electronic devices. 

            In recent years, there have been significant efforts to increase the TENG output, with 

the developments focused on various strategies such as selecting different triboelectric 

materials with large work function differences, [21,22] increasing the surface contact area of 

the triboelectric layers, [23–25] optimizing the external circuit, and combining TENGs with 

other energy harvesting technologies [26–28]. Among these methods, increasing the surface 

contact area is particularly attractive, as it can significantly enhance the charge transfer and 

power output. However, the existing techniques, such as chemical etching [23], grafting [29], 

grating-electrode-enabled surface plasmon excitation [30], polymer coating [31], plasma 
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treatment [32], physical surface modification [33], ultrasonic, and X-ray radiation and ion 

injection [34], are expensive, time-consuming, and may have environmental hazards. 

Therefore, it is crucial to develop an ecofriendly, inexpensive, and time efficient surface 

modification technique. 

In this chapter, a cost-effective physical surface modification technique utilized [33]. This 

method has many advantages over existing methods, such as being relatively inexpensive and 

being a straightforward technique that does not require specialized equipment or extensive 

training. It can be performed manually, and using this method not only increases the surface 

area but also increases the contact points, which enhances the output of the TENG. Other 

literature output performances of TENG employing various surface modification methods 

compared in tabular form [33,35–40] (SI Table S7.1).  

The surface modification method involves using sandpapers to scratch against the triboelectric 

layer (Aluminum), increasing its surface area and improving the output performance and 

sensitivity of the TENG. Furthermore, ZnO nanosheets were synthesized on surface-modified 

aluminum substrates, resulting in a higher density of ZnO nanosheets than those grown on a 

flat aluminum substrate.  

Table 7.1. Comparison of electrical output performance of ZnO nanostructures-PDMS based 

TENG as in the literature with present work. 

S.No          ZnO 

nanostructures 

PDMS as       

triboelectri

c   layer 

Another  

triboelectric 

layer 

Output voltage 

and current  

Power/ 

Power 

density 

Applications Ref. 

1 Al-doped ZnO: GO 

films 

- PI 105 V, 2.85 

μA/cm2 

2.5W/m2 power up of LEDs  [41] 

2 Chitosan +ZnO 

bilayer film 

PDMS - 0.8V, ~40nA 27.2µW/ m2 acetone sensing and non-

invasive diabetes diagnosis 
[42] 

3 Porous PDMS 
covered 

carbon fibers yarns 

with 

aligned ZnO nanorods 

- - 72V, 10μA 741mW/ m2  Power up 28 LEDs and 

thermometer and 

hygrometer 

[43] 

4 Ce-doped ZnO-PANI 

nanocomposite film 

PDMS - 0.4V - human health monitoring [44] 

5 Ga doped ZnO 
nanorods 

PDMS  27V, 
0.119μA/cm2 

- - [45] 

6   ZnO PDMS - 350 V, 4μA - - [46] 

7 Ga-doped ZnO 
nanowire 

PDMS - 65 V, 
225nA/cm2 

36.5mW/m2 - [47] 

8 polyacrylonitrile 
(PAN) nanofiber/ZnO 

Nanorods 

PDMS - 166 V, 37μA 1.85W/m2 Power up light-emitting 

diodes (LEDs), calculator, 

and hygrothermograph and 

blue energy harvesting 

[48] 
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Further, TENG devices were fabricated using ZnO nanosheets synthesized on a surface-

modified aluminum with PDMS films as an opposite triboelectric layer. It was observed that 

the power density (10.8 W/m2) of the surface-modified device with ZnO is 46 and 1.36 times 

higher than the plane aluminum-PDMS and scratched aluminum-PDMS TENGs, respectively. 

The addition of ZnO nanosheets greatly enhanced the power density. So far, the power density 

in this work is the highest value for the ZnO nanosheets-based TENGs, the detailed literature 

review presented in Table 7.1. 

The fabricated TENG is able to turn on electric devices of the digital watch, stopwatch, and 

calculator, and also illuminates 824 LEDs directly without using any storage element. The 

designed TENG is also utilized for respiratory monitoring in real time. This chapter, 

experimentally proved that the fabricated TENG has significant potential in the field of 

wearable sensors and offers for patient’s greater convenience to those who are dealing with 

respiratory health problems. 

9 PDMS+ZnO 

microballoon 

- PTFE 57 V, 59 mA 

m−2 

1.1W/m2 Powere up 30 commercial 

LEDs, 
[49] 

10 surface-embossed 
PDMS on ZnO 

nanoflakes 

- Al coated 
fabric 

166.6 V, 
113.3μA 

229.28μW - [50] 

11 yttrium (Y)-doped 

ZnO 

microflowers//PDMS 

- Tissue paper 247 V, 7μA ∼6W/m2 powering various portable 

electronics and 

biomechanical sensors 

[51] 

12 ZnO nanoflowers/ 

PDMS 

-   Al 260 V, 

11.21μA 

0.26W /m2 20 commercial light-

emitting diodes and  
[52] 

13 ZnO nanorods PDMS - 5.34 V, 

181.4nA 

- - [53] 

14 ZnO nanorods PDMS - 11V, 3.5μA 246mW/ m2 - [54] 

15 ZnO nanorods/PDMS - PET 7.7 V 48mW/ m2 powering of small 

electronic devices 
[55] 

16 ZnO 

nanowires/PDMS 

- Al 150 V, 14μA 2.1W/ m2 - [56] 

17 ZnOnanorods/PDMS - Ag coated 

textile 

170 V, 120μA 1.1mW self-powered smart clothes 

and personal electronics 
[57] 

18 ZnO ellipse/PDMS - Al 120V, 29.8μA 1.04W/m2 - [58] 

19 ZnO pyramid/PDMS - Al 160 V, 

14.6μA 

0.6 W/m2 - [58] 

20 ZnO 

nanospheres/Porous 

PDMS  

- Graphene 271 V, 7.8μA 0.975W/m2 - [59] 

21 ZnO+ PAA 
ionogel/PDMS 

- Skin 189 V, 6.2μA 2.17W/m2 Wearable power 

technology and self-driven 

sensing. 

[60] 

22 GQD-reinforced ZnO 
nanosheets 

PDMS - 40V, 2μA/cm2 - Self-powered UV sensors  [61] 

23 ZnO nanosheets PDMS  - 1442V, 
155µA 

10.8 W/m2 Portable electronic devices, 

wearable devices, and self-

powered healthcare 

sensors. 

This 

wor

k 
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7.2  Experimental section  

7.2.1 Materials 

Zinc nitrate hexahydrate (Zn (NO3)2.6H2O) and hexamethylenetetramine (HMTA), aluminum 

substrates (thickness ∼ 0.1 mm), poly (dimethylsiloxane) (PDMS), and sandpapers with 

different grit sizes of 80, 120, 180, 220, 320, and 400 were utilized in the present chapter. 

7.2.2 Surface modification of aluminum substrates using sandpapers 

The contact surface area needs to be increased to obtain a high-output performance TENG. 

This was achieved by scratching aluminum substrates using sandpapers with different grit sizes 

(80, 120, 180, 220, 320, and 400) [33]. The surface of the sandpapers was examined using an 

optical microscope, and real time images are presented in Figure 7.1. In one group of samples, 

the aluminum substrate was scratched in one direction repeatedly for 5 min to increase surface 

roughness, and this process was repeated with different grit size sandpapers (SI, Figure S7.1(a-

g)). After conducting several experiments, it was observed that the aluminum substrate 

scratched with a 220-grit size sandpaper (220) exhibited the maximum TENG output response. 

In another group of samples, the effect of scratching time on TENG output was investigated by 

scratching the aluminum substrate with a 220-grit size for different durations ranging from 1 

to 9 min (SI, Figure S7.2(a-f)). 

Figure 7.1. Real-time images of sand papers with different grit sizes of P80,120,180, 220, 

320, and 400, respectively. 
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7.2.3 ZnO nanosheets synthesis  

The ZnO nanosheet film was synthesized on Al substrates by following the same method 

mentioned in Chapter-2, Section-2.1.  

7.2.4 Preparation of the PDMS film  

In Figure 7.2(a), a schematic diagram of the PDMS film preparation process is presented. To 

prepare the PDMS solution, and the curing agent and elastomer were mixed in a ratio of 1:10 

(w/w). The mixture was stirred mechanically for 15 min to ensure a homogeneous solution. 

The mixture was then poured into a clean Petri dish and allowed to settle for 5 min to remove 

any bubbles. Subsequently, the Petri dish was placed in an oven at 100 °C for 2 h. The thin and 

flexible self-standing PDMS film was gently removed from the Petri dish after the process was 

complete. This process was repeated to produce PDMS films of varying thicknesses. The 

original photographs of the prepared PDMS and its flexible nature can be found in, Figure 

7.2(b-d).  

Figure 7.2. (a) Schematic view of the fabrication of PDMS film and photographs of prepared 

PDMS. Real time images of PDMS film, (b) elongated, (c) folded, and (d) twisted. 
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7.2.5  TENG device fabrication 

Two sets of TENG devices were fabricated in this study. The first set involved using 

plane/scratched Al and PDMS as the triboelectric pair without a ZnO coating on Al. The second 

set of devices included ZnO nanosheets grown on the plane/scratched Al and PDMS as the 

triboelectric pair. The detailed list of devices and their geometry are presented in SI, Table 

S7.2. The TENG devices T1−T7 are made of plane aluminum/surface-modified aluminum with 

fixed PDMS as the opposite triboelectric layer. In the case of T8−T15 devices, ZnO nanosheets 

were grown on plane aluminum/surface-modified aluminum with a fixed PDMS as an opposite 

triboelectric layer. The fabrication process for TENG device is detailed in Section-2.3.2, and 

their structure details are listed in SI, Table S7.2. In the present chapter, Aluminum substrates 

were used as top and bottom conducting electrodes, and PDMS and ZnO nanosheets acted as 

the top and bottom frictional layers, respectively. To study the energy harvesting properties of 

the TENG devices, they were subjected to a hand tapping force of ∼7 N (Chapter-2, Section 

2.4.6), frequency of 3-5 Hz and 0.8 cm of spacing has provided between the triboelectric layers 

to operate the device under contact separation mode. 

7.3 Results and discussion 

7.3.1 SEM and optical microscopic studies   

Figure 7.3.  (a) Surface morphology of PDMS; (b) optical images of sandpaper with a grit 

size of 220; SEM images of (c) Plane Al, (d) scratched Al; optical images of ZnO nanosheets 
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film on (e) plane, (f) scratched aluminum; SEM images of ZnO nanosheets on (g) Plane Al 

and (h) scratched Al, respectively. 

The TENG performance is strongly influenced by the contact surface area, which is, in turn, 

affected by the morphology of the frictional layers. SEM and optical microscopy were used to 

examine the surface morphology of the ZnO and PDMS film surfaces. Figure 7.3(a) shows the 

surface morphology of the PDMS (∼0.2 mm thickness) film, and it can be seen that the PDMS 

film has a smooth surface. In addition, Figure 7.3(b) presents an optical microscopy image of 

sandpaper with a grit size of P220. The optical images of the other samples, consisting of 

scratched aluminum with various grit sizes (80, 120, 180, 320, and 400) and scratching times 

(1, 3, 5, 7, and 9 min) at a fixed grit size of 220, were provided in SI, Figure S7.1 and S7.2. 

The surface of aluminum exhibits a distinct morphology when scratched with sandpaper, 

creating valleys and hill-like structures compared to the plane aluminum surface, as shown in 

Figure 7.3(c,d). Optical microscopy images in Figure 7.3(e,f) depict the grown ZnO nanosheets 

on both plane and scratched aluminum substrates (grit size, 220, and scratching time, 5 min). 

Here, we can observe the uniform growth of the ZnO film across both substrates, as confirmed 

by the microscopy images. However, SEM images in Figure 7.3(g,h) revealed that the density 

of ZnO nanosheets was higher on the scratched aluminum substrate compared to the plane 

aluminum substrate. The increased density of ZnO nanosheet growth is attributed to the 

increased surface area of the scratched aluminum surface. This increased surface area and 

density of ZnO nanosheets significantly enhance the performance of the TENG.  

7.3.2 AFM and XRD studies  

Further support for the SEM observations was provided by studying the surface topography of 

ZnO nanosheets grown on the scratched aluminum substrate and PDMS film using atomic force 

microscopy (AFM). Figures 7.4(a) and (b) show AFM analysis of ZnO and PDMS films, which 

shows that the surface roughness of PDMS is greater than that of the ZnO film, which is 

employed to enhance the surface area. The root-mean-square (RMS) surface roughness of the 

ZnO nanosheet film and PDMS films are 74 and 56.5 nm, respectively. 
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Figure 7.4. ZnO nanosheets on Al substrate and PDMS films (a-b) AFM images, (c-d) XRD 

pattern. 

 In Figure 7.4(c), all detectable peaks at 20.2o,24.38o,31.96o,33.95o,36.39o and 56.86o belong 

to (002), (101), (102), (110), (103) and (201) planes of ZnO wurtzite structure (JCPDF No.89-

0510). The diffraction peaks at 18.8o and 60.3o peaks correspond to the planes of ZnO: LDH 

layer[62,63].The obtained peaks of the aluminum sheet were well matched with JCPDF no.85-

1327, and these crystallographic planes are similar to the peaks appearing at 38.6,44.9,65.3 and 

78.5o, which corresponds to the (111), (200), (220) and (311), respectively. Meanwhile, in 

Figure 7.4(d), the peaks at12.01o and 24.92o corresponds to PDMS film.   
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7.3.3 FTIR and Raman analysis 

Further, from FTIR analysis (Figure 7.5(a)), the absorption peak at 3364 and 2922 cm-1 were 

stretching vibrations of O-H amide group and C-H groups, the absorption peaks at 1636 and 

1385 cm-1 corresponds to C=C stretching vibration of the alkane group and C=O group 

asymmetric vibration. The peaks at 1034  and 880 cm-1 corresponds to stretching vibration of 

C-N and C-H groups. The absorption peak at 581cm-1 due to stretching vibration of ZnO 

hexagonal phase[64,65] (Figure 7.5(a)). The absorption peak at 2962 cm-1 reflects the 

stretching vibration of CH3 group. The absorption peaks near 1256 cm-1 are the symmetric 

deformation of the Si-CH3 group and the high-intensity peaks at 1010, 843, and 783 cm-1 

stretching vibrations of Si-O-Si, Si-C and Si-O groups, respectively[66] (Figure 7.5(b)). 

 

 

 

 

 

 

 

 

 

 

Figure 7.5. ZnO nanosheets on Al substrate and PDMS films, (a-b) IR spectra range from 

400-4000cm-1, and (c-d) Raman spectra, respectively. 

Figure 7.5(c), Raman spectra of ZnO nanosheets show that the detected peaks correspond to a 

wurtzite ZnO structure[67].  The peaks correspond to E2 high-E2 low, A1 (TO), and E2 high, at 

332 cm-1, 381 cm−1, and 439 cm−1, respectively. The peaks at 597 and 670 cm-1 corresponds to 

E1 low and E2 high-E2 low. These results are consistent with the XRD results. PDMS shows 

two prominent peaks at 2905 and 2960 cm-1, which correspond to symmetric and antisymmetric 

-CH3 stretching vibrations, respectively. The peak 492 cm-1 corresponds to the symmetric 

stretching of Si-O-Si (Figure 7.5(d)). 

The obtained vibrational modes of the Raman spectra of PDMS have given[68,69] below. 
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Table 7.2. vibrational modes of the Raman spectra of PDMS 

 

 

 

 

 

 

 

7.3.4 SKP characterization of frictional layers 

Further, SKP was used to measure the work function of plane Al, scratched Al (grit 220), plane 

Al-ZnO, scratched Al-ZnO (grit 80), scratched Al-ZnO (grit 220), scratched Al-ZnO (grit 400), 

and the corresponding work function graphs are shown in Figure 7.6(a-e). The calculated work 

functions of plane Al, scratched Al (grit 220), Plane Al-ZnO, scratched Al-ZnO (grit 80), 

scratched Al-ZnO (grit 220), and scratched Al-ZnO (grit 400) were 4.22, 4.14, 4.48, 4.29, 4.08, 

and 4.26 eV, respectively. The work function difference significantly impacts the triboelectric 

charge density of tested materials. If the work function difference is higher between the 

contacting layers, more electrons will be transferred, resulting in higher charge density. As 

PDMS layer is constant for all the devices fabricated in this work, its work function value is 

4.58 eV [70]. 

 

S. No. Wavenumber (cm-1)                     Vibrational mode 

1. 492 Stretch Si–O –Si 

2. 620 Stretch asymmetric Si–C 

3. 712 Stretch symmetrical Si–C 

4. 797 Stretch Si–C 

5. 863 Stretch asymmetric CH3 

6. 1269 Bending symmetrical Si-CH3 

7. 1414 Bending asymmetric CH3 

9. 2910 & 2969 Symmetric and antisymmetric –

CH3stretching vibrations 
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Figure 7.6. SKP raster scan images of samples (a) Scratched Al with 220 grit sandpaper; 

ZnO nanosheet film on (b) Plan aluminum, (c) Scratched Al with 80 grit size (d) Scratched Al 

with 220 grit size (e) Scratched Al with 400 grit size (f) comparison of work functions of all 

films. 

According to the theory of work function, the amount of surface charges is related to the work 

function and the amount of the dielectric layers, which satisfy the following equation:[71,72]  

𝑄𝑠=𝛼𝑆△∅=𝛼𝑆 ( ∅1−∅2) 

Where Qs, S, ɸ1, and ɸ2   are the number of tribo-charges formed on the dielectric surface, 

contact area (areal size), and work function of the dielectric materials, respectively. The work 

function difference is higher for Al220-ZnO and PDMS pair from Figure 7.6(f). Therefore, the 

TENG made up of Al220-ZnO and PDMS pair is expected to have higher electrical output 

compared to other devices. 
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7.3.5 TENG output performance 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.7. The average output voltage and current of the TENGs using, (a) plane aluminum 

and scratched aluminum with different grit sizes of sandpapers, (b) plane aluminum, ZnO 

deposited plane aluminum and ZnO deposited scratched aluminum with different grit sizes of 

sandpapers, and, (c) ZnO deposited scratched aluminum at different scratching time with 

fixed grit size (P220). 

The electrical output of TENG devices (T1-T7) made of plane aluminum and surface-modified 

aluminum with fixed PDMS are shown in Figure 7.7(a). The results demonstrate that the open 

circuit output voltage (Voc) and short-circuit current (Isc) increased up to device T5 (220 grit 

size) and then decreased. The waveform representation of responses is shown in SI, Figure 

S7.3 (a-b). This behavior is attributed to the effective surface modification of aluminum using 
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sandpaper. The particle size on smaller grit sizes is larger and decreases with increasing grit 

size, as shown in the SI, Figure S7.4. 

Scratching the aluminum surface creates additional microstructures that provide more contact 

points for contact electrification, thereby enhancing TENG output voltage and current [35]. 

The maximum effective contact area between scratched Al and PDMS is achieved with the 

aluminum sample scratched with 220 grit size, while it may be less for aluminum samples 

scratched with other grit sizes (80,120,180) and (320,400) due to the presence of large and 

small particle sizes on the sandpapers. The experimental results are supported by optical 

microscopy images presented in SI, Figure S1, S3-S4. Therefore, it can be concluded that the 

highest peak-peak output voltage (727 V) and current (136 µA) are obtained from aluminum 

scratched with 220 grit size, as shown in Figure 7.7(a). Further reduction in the work function 

of Al 220 (4.14 eV) also supports the higher output voltage and current for T5 (Al220-PDMS) 

TENG device.  

Table 7.3. Fabricated TENG devices code and its output voltage and current are below 

S. No. TENG device 

code 

Output voltage  

(V) 

Output current 

(μA) 

1. T1 399.273 51.2 

2. T2 456 82.036 

3. T3 488 94.436 

4. T4 560 104.691 

5. T5 606.364 122.545 

6. T6 568.727 112.364 

7. T7 453.182 97.82 

8. T8 495.091 75.02 

9. T9 554.545 88.364 

10. T10 640.727 107.636 

11. T11 758.545 149.818 

12. T12 975.727 169.636 

13. T13 720.182 105.455 

14. T14 526.364 82.873 

15. T15 958.4 110.1 

16. T16 982.4 144.76 

17. T17 1043 153.8 

18. T18 1057.5 155.6 

           

In the second set of the devices, ZnO nanosheet films were synthesized on different aluminum 

substrates (plane and scratched), and a fixed PDMS layer was used as the triboelectric layer to 

construct TENG devices. The output response of these devices (T1, T8-T14) was measured, 

and it was observed that the output voltage increased from T8 to T12 and then decreased 

(Figure 7.7(b)). The waveform representation of responses is shown in SI, S7.3&Table S7.3. 
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The maximum peak-peak output voltage and current were observed for device T12, with values 

of 1442 V and 155 µA, respectively. Further, T12 device output voltage and current are 1.97 

and 2.26 times higher than the T8 device (SI, Table S7.3). 

The trend of the electrical output can be explained based on the effective contact area and work 

function difference between the triboelectric layers. The effective contact area between PDMS 

and scratched aluminum (grit size 220) was found to be optimum and produced the highest 

voltage, as discussed in the previous section. The growth of ZnO nanosheets on scratched 

aluminum (grit size 220) further increased the effective contact area with PDMS, resulting in 

the highest output for device T12. In addition to the above, the work function of the ZnO films 

for devices T8, T12, and T14 were determined to be 4.29, 4.08, and 4.26 eV, respectively, while 

the PDMS work function was 4.58 eV. The work function difference between the ZnO films 

and PDMS for devices T8, T12, and T14 were 0.28, 0.5, and 0.32 eV, respectively. It is evident 

that the work function difference is higher for device T12, which is why it exhibited the highest 

voltage and current. It can be concluded that ZnO nanosheets film synthesized on scratched 

aluminum substrate (grit size 220) is optimum for producing a high output voltage.  

            Further, the impact of the scratching time of aluminum with fixed sandpaper (grit size 

220) on the performance of TENG devices (T12, T15-T18) was studied. The scratching time 

varied from 1,3,5,7, and 9 min. As shown in Figure 7.7(c) output of the TENG devices exhibited 

an increased trend for T15, T16, and T12 and after saturated for T17 and T18 devices. The 

waveform representation of responses is shown in SI, S7.3 &Table S7.3. The increase in the 

output may be due to the increased density of microstructures (surface area) on the aluminum  

with scratching time.[33] Increasing the scratching time (> 5 min) may not improve the 

effective density of microstructures on the aluminum surface, and it led to the saturation of 

output for T17 and T18 [73–75]. The output voltage is saturated earlier than the current in 

Figure 7.5(c) [73,74].  The reason might be that open-circuit voltage does not involve any 

dynamic charge transfer, whereas a short-circuit current involves the dynamic charge transfer 
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between the electrodes. From the above results, it can be concluded that T12 is the best device 

and is considered for further studies. 

Figure 7.8. (a-b) open circuit voltage and short circuit current of the TENG(T12) , 

respectively; (c) Single output current response of the TENG; (d-e) output voltage, current 

response, and maximum power density of the TENG under the Load resistance ; (f)  Plane Al, 

ZnO coated Plane Al, ZnO coated scratched Al(grit size 220) Power density of bar diagram, 

respectively. 

Figures 7.8(a)-(b) shown the open circuit voltage and short circuit current of the T12 device in 

the switching polarity test, confirming that the output is solely from the TENG and not due to 

any noise in the measuring instrument. Further, the output voltage and current of the TENG 

were found to be the same for both connection configurations. A magnified view of the current 

signal in a cycle of press and release is shown in Figure 7.8 (c). Furthermore, the TENG's 

output voltage, current, and power density were measured under different load resistances and 

presented in Figure 7.8(d-e). The voltage increased with load resistance and saturated after 10 

MΩ, while the current decreased with load resistance and saturated after 10 MΩ. This response 

is consistent with previous literature [76,77]. The power density was calculated using the 

formula Power=VI/A, where V is voltage, I is current, and A is the area of the device. The 

TENG's power density reached a maximum of 10.8 W/m2 at a load resistance of 10 MΩ, which 

can be considered as the impedance matching condition. The achieved power density in the 

present chapter is the highest value among ZnO-nanosheets based TENGs (SI Table S7.1). The 
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power density with ZnO nanosheet-based TENGs is much higher than the ZnS nanosheet-based 

TENGs, prepared using similar surface modification [33]. The difference in the power density 

can be due to many factors, such as the work function difference of triboelectric pairs, the 

surface roughness of the nanostructured films, and load-matching conditions of the devices. 

 

Figure 7.9. (a) Long-term stability of the T12 TENG device, (b) photographs of prepared 

PDMS films with different thicknesses, (c) the output voltage, and (d) current of the TENG 

with different thicknesses of PDMS film. 

As shown in Figure 7.8 (e-f), it is essential to state that the output power density of TENG(T12) 

is 46.9 times and 1.35 times higher than TENG (T1) and TENG (T5), respectively. The 

efficiency of a TENG is an important factor to consider, along with its power density. It 

represents the ratio of the electrical energy produced by the TENG to the mechanical energy 

applied to it. The TENG's efficiency was calculated using the electrical output signal measured 

at the optimal load resistance of 10 MΩ, and was found to be 68%. The detailed calculations 
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for the TENG's efficiency can be found in the Chapter-2, Section-2.4.6. To assess the stability 

of the TENG, a stability test was performed, wherein the TENG was subjected to repeated 

application of force at a frequency of 4-5 Hz for over ~13,000 cycles. The test results indicated 

that the TENG exhibited consistently stable current output performance over the entire test 

duration, as shown in Figure 7.9(a). Further, TENG response was tested over a period of six 

months (100 cycles/month) and found stable.  

To investigate the effect of PDMS film thickness on the performance of the TENG, we prepared 

PMDS films of varying thicknesses, including 0.2, 0.5, 0.8, 1.2, 2, and 2.5 mm, as depicted in 

Figure 7.9(b). The PDMS layer of the TENG device (T12) is replaced with different thicknesses 

of PDMS films while keeping the opposite triboelectric layer constant. The output voltage and 

current of the new TENG devices were measured and presented in Figure 7.9(c-d), and it was 

observed that both the current and voltage decreased significantly as the thickness of the PDMS 

film increased. This observation is consistent with previous studies on the relationship between 

dielectric thickness and TENG behavior [78,79]. 

            Specifically, the TENG device with a 0.2 mm PDMS film performed the best. It is worth 

noting that TENG output typically increases as the thickness of the dielectric layer increases 

up to a certain point, after which it starts to decrease. This is because there is an optimum 

thickness value for the triboelectric layer of every TENG device, beyond which the output 

values begin to decrease.[80–83] This decrease in output voltage may be due to a reduction in 

the electrostatic induction between the electrode and triboelectric layer as the thickness of the 

dielectric layer increases beyond the optimal value. The optimum value of thickness changes 

from device to device.  

Further, a finite element simulation of the TENG device was performed using COMSOL 6.0 

software to verify the TENG's electrical-potential distribution and charge-transfer process and 

the results are presented in SI, Figure S7.5, the device parameters used in COMSOL simulation 

is listed are listed in Table 7.4. A finite element simulation of the TENG device was performed 

using COMSOL 6.0 software to verify the TENG's electrical-potential distribution and charge-

transfer process.[84,85] Charge distribution and the results information are given in the 

supplementary SI, Figure S7.5(a) shows that the model comprises PDMS and ZnO as two 

dielectric layers and aluminum as electrodes; the detailed simulation parameters are presented 

in Table 7.4.[86]  The surface charge density of PDMS and ZnO is set to -30 μC/m2 and +30 

μC/m2, respectively, to calculate the amount of transferred charge in one cycle. The potential 
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distribution of the TENG in the open-circuit condition is exhibited by COMSOL simulation in 

Figure S7.5(b). In addition, the modelled TENG, the results of VOC, QSC and C calculations 

using the finite element method (FEM) are plotted as shown in Figure S7.5(c-e) as a function 

of distance (x). It can be clearly seen that the potential difference between the PDMS and ZnO 

increases dramatically with increasing distance and reaches a maximum value of 1.37 × 104 V 

at a distance of 0.8 cm. The considerable difference between the simulation and experiment 

values is mainly due to experimental conditions such as air breakdown effect, ambient 

humidity, and charge diffusion. 

                      Table 7.4: Device parameters used in the COMSOL simulation 

 

  

 

     

 

 

 

 

 

The effect of various experimental parameters on the TENG device (T12) was examined, 

including the active area of the device, frequency of the hand-tapping force, spacing between 

the triboelectric layers, and application of different hand-tapping forces. The response graphs 

under different experimental conditions are provided in Figure 7.10(a-h), which followed a 

similar trend with earlier chapters. The results showed that increasing the active area of the 

device and the applied force led to a higher TENG output. Further, increasing in spacing results 

in increased output upto 1 cm, after it decreased. The TENG output also increased with the 

applied frequency up to 4 Hz, after which it became saturated.  

Parameter Value 

Dielectric length and width 5 cm 

Max spacing distance (x) 0.8 cm 

Thickness of dielectric-1(ZnO) (d1) 0.001 mm 

Thickness of dielectric-2(PDMS) (d2) 0.8 mm 

Thickness of metal electrodes (Al) 0.01 mm 

Relative dielectric constant of ZnO (εr1) 8.54 (from material list) 

Relative dielectric constant of PDMS (εr2) 2.75 (from material list) 

Surface charge density of ZnO (σ(x)) 30 μC/m2  

Surface charge density of PDMS (σ(x)) -30 μC/m2  
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Figure 7.10. TENG device (T12) device output response as a function of (a)-(b) different 

active areas of the devices, (c)-(d) different applied force, (e)-(f) different spacing between the 

triboelectric layers, (g)-(h) different frequencies of applied force. 

 

Further, charging curves of different capacitors (1, 4.7, 10, 22, 47, 100, 220, and 470 μF) 

charged by a TENG show that smaller capacitors charge faster while larger capacitors charge 

slower, as seen in Figure 7.11(a-b). Notably, smaller capacitance values are associated with 

faster charging speeds and shorter times to reach saturation voltage. The charge stored on these 

capacitors is determined by the product of the charged voltage (V) and capacitance CL, as 

depicted in Figure 7.11(b). The graphical representation in Figure 7.11(b) illustrates that an 

increase in load capacitor value results in higher charge storage. Additionally, the behavior of 

charged voltage and stored charge is depicted in Figure 7.11(c), revealing an opposite 

relationship with respect to load capacitor values. The variation of maximum stored energy as 

a function of CL is presented in Figure 7.11(d), indicating that the highest stored energy, 

amounting to 1.2 mJ, is achieved at the optimal load capacitance of 220 μF. 
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Figure 7.11. Capacitor charging curves with various capacitances charged by a TENG, (a) 

voltage (b) stored charge (c) the relationship between voltage and stored charge as a function 

of load capacitance (d) stored energy. 

7.4 Applications 

7.4.1 Self-powered and portable electronic devices application 

Figure 7.12 (a) shows the powering of a series connected 842 light-emitting diodes (LEDs) 

with a single TENG (T12) device due to its high-power density. Initially, the TENG AC output 

was connected to a bridge rectifier circuit, and its DC output was directly connected to the 

series-connected LEDs (See SI video V7.1). Figures 7.12 (b-d) demonstrate the use of a TENG 

to power electronic devices without the use of any storage element. An electronic stopwatch, 

calculator, and digital watch are directly driven by a TENG (See SI video V7.2), respectively. 

Furthermore, the TENG was integrated with an energy storage unit to create a self-powered 

system. Initially, the capacitor was charged to 3 V in 150 sec, and after, a stopwatch was 

connected to the capacitor while maintaining the tapping of the TENG. The energy stored in 

the capacitor powers the stopwatch while getting charged by TENG, which results in the 

continuous operation of the stopwatch (See SI, video V7.3).  

The circuit diagram in Figure 7.12(e) shows a TENG connected with a rectifier, capacitor, and 

load. The bi-directional switch is connected to the s1 position for charging and the s2 position 

for powering the loads, including a thermometer, hygrometer, and vernier calipers. The voltage 

https://drive.google.com/file/d/1C9X6pxwV6zFTDtVQgQ1LT8D9zCa2-GG7/view?usp=sharing
https://drive.google.com/file/d/1v7XtqIq4evc9es3VElLbc6miQIjJXGeO/view?usp=sharing
https://drive.google.com/file/d/1eHneGWEaXp2VsiArd7Mmc3LSJ_LkQ93p/view?usp=sharing
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across the capacitor is measured using a multimeter. Capacitors with values of 4.7 μF, 47 μF, 

and 100 μF are used to power the thermometer (See SI video V7.4), hygrometer (See SI video 

V7.5), and digital vernier calipers (See SI video V7.6), respectively, as shown in Figure 7.12(g-

i). The curves corresponding to 4.7 μF, 47 μF, and 100 μF can be found in Figure 7.12(f) and 

SI, S7.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.12. Photographs of (a) 824LEDs, (b) stopwatch, (c) calculator, (d) digital watch, 

directly driven by a Contact separation mode of the TENG; (e) circuit diagram of the self-

powered system to power electronics with energy storage units; (f) Charging capacitor curves 

correspond to thermometer; Photographs of (g) thermometer, (h) hygrometer, and (i) digital 

vernier callipers, driven by charging capacitors of 4.7 µF, 47 µF and 100 µF, respectively. 

https://drive.google.com/file/d/13CmZB_fEAUrknOA4thWYE8sNlFnq2z70/view?usp=sharing
https://drive.google.com/file/d/15Ja7cSulA3PmE_TNwueoHYY1ygZv_D35/view?usp=sharing
https://drive.google.com/file/d/15Ja7cSulA3PmE_TNwueoHYY1ygZv_D35/view?usp=sharing
https://drive.google.com/file/d/1UJlvJvnvybTySUjAHs4m86yTt5FJRoKy/view?usp=sharing
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7.4.2 Applications of TENG in bio-mechanical energy harvesting   

 

 

 

 

 

 

 

 

 

 

 

Figure 7.13. Output voltage generated by different body parts and motion states (a−b) 

Output voltage was driven by muscle movement and knee joint movement, (c-d) The output 

voltage was measured by wrist bending and finger tapping, respectively, (e−g) Output 

voltage was driven by walking, running, and jumping, respectively. 

            Further, the bio-mechanical energy harvesting capability of TENG for different bio-

mechanical motions are presented in SI, Figure 7.13(a-g). TENGs exhibit remarkable stability, 

flexibility, and sensitivity, making them an ideal candidate for wearable electronic devices. By 

attaching TENGs to various body parts such as muscles, knees, feet, fingers, and wrists, contact 

separation mode operation occurs as these body parts move, producing an output voltage 

dependent on the contact amplitude, as shown in Figure 7.13. TENGs was attached to the 

muscles of the hand and knee of the leg during their movements, and the output voltage was 

recorded and presented in Figure 7.13(a-b). Further, the TENG response was tested under 

bending of the wrist and finger tapping (Figure 7.13(c-d)). Furthermore, TENGs was placed on 

the soles of the feet and tested their output voltage during activities such as walking, running, 

and jumping, as shown in Figure 7.13(e-g) and (See SI video V7.7). By analyzing the output 

voltage of TENG, it is possible to determine the frequency and amplitude of human movement. 

Such studies on TENG offer excellent application prospects in self-powered sensing devices. 

https://drive.google.com/file/d/1xQUBRZO6BjGubENnq7Ivh4jUE8pYvkI2/view?usp=sharing
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7.4.3 Applications of TENG in health monitoring 

 

 

 

 

 

 

 

 

 

Figure 7.14. (a) Schematic of the proposed health (breath) monitoring patients in ICU using 

TENG, (b) real-time photograph of the person during the respiration rate testing, TENG 

output response for different breathing rates (c) current (d) voltage. 

A wearable TENG is a useful device for health monitoring applications, particularly for 

respiratory monitoring, which provides critical information about a person's respiratory system 

and overall health. By measuring the breathing rate, depth, and pattern, respiratory and cardiac 

conditions, such as asthma, COPD, sleep apnea, and heart failure, can be diagnosed and 

managed effectively. In this study, TENG was attached to the chest of a human body to monitor 

the output voltage and current signals generated from different breathing patterns. Figure 

7.14(a)-(b) shows the schematic representation and original photograph during the testing. The 

TENG device demonstrated high sensitivity, which allowed for detecting various breathing 

rates, including normal, deep, and rapid, as shown in Figure 7.14(c)-(d) and (See SI video 

V7.8). Further, TENG can be embedded in the facemask (N95) if the TENG device is made up 

of all flexible triboelectric layers and electrodes.   

An alarm will be triggered if the TENG output voltage or current goes beyond the threshold 

values set in the comparator circuit and its associated algorithm to make the TENG device 

practical for health monitoring. If the threshold values of signal exceed. Immediate the alarm 

will be triggered and if there is no response of the signal, the patient condition is critical and 

immediate rescue of the patient. Not only this, TENG can utilised in sports training to convert 

the analog signal to digital conversion circuits and buffer to monitor the breathing rate of an 

https://drive.google.com/file/d/1sa0JgbvEI4rtAoaDTZDCwii53PtB09W6/view?usp=sharing
https://drive.google.com/file/d/1sa0JgbvEI4rtAoaDTZDCwii53PtB09W6/view?usp=sharing
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athletes over a period of time. Therefore, The TENG can offers a potential technology for 

convenient and accurate breath monitoring, which can impact heath management system and 

athletic performance significantly. 

7.5 Conclusions 

In the current study, a multifunctional, high-performance TENG was constructed by modifying 

the surface of one of the triboelectric layers. ZnO nanosheets on a modified aluminum surface 

and PDMS nanosheets were used as triboelectric layers with an area of 5x5cm2 in the TENG 

design. The peak-to-peak voltage, current, and power density of the TENG were 1442V, 

155µA, and 10.8 W/m2, respectively. The fabricated TENG has excellent stability over ~13,000 

cycles. The TENG can power up 824 LEDs, a stopwatch, a calculator, and a digital watch 

without any storage element. Its ability to power thermometer, hygrometer, and digital vernier 

calipers was demonstrated with the use of storage elements. Further, TENG was used to harvest 

different biomechanical energy. Finally, TENG is utilized as a self-powered health monitoring 

sensor in monitoring breathing patterns. Overall, the proposed TENG has multi-functional 

applications in various fields.  
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Table S7.1: Comparison table of various surface modification methods and their TENG 

output performance.  

 

 

 

Figure S7.1: Optical images of the surface of plane aluminum and scratched aluminum with 

different grit sizes (a) Plane (b) P80, (c) P120, (d) P150, (e) P180, (f) P320, and (g) P400 

respectively. 

S.No. Surface 
Modification 
Process 

Process 
details 

Materials  
surface 
modified 

TENG Output- 
Before surface 
modification  

TENG Output-After 
surface modification  

Increment in 
the TENG 
output 

References 

    Voc  Isc Voc Isc   
1. Manual 

polishing 
using sand 
paper 

Simple, and 
cost effective 
 

Al, Kapton ~20 V Not 
mentione
d 

~65 V Not 
mentione
d 

3 times [35] 

2. Sandpaper 
Templates 

Simple and 
cost Effective 
 

PDMS ~35V Not 
mentione
d 

~200 V ~ 0.389 
μA/cm2 

~5.5 times  [36] 

3. Inductive-
coupled 

plasma 
etching 

Time 
consuming as 

well as not 
cost effective 
 

Polyethylene 
terephthalate 

(PET) 

~80 V ~ 2.88 
μA/cm2 

~220 V ~ 7.2 
μA/cm2 

3 times [37] 

4. Sand paper 
assisted soft 

lithography 
 

Simple and 
fast 

silicone 
elastomer 

film 

~100 V ~ 0.17 
μA/cm2 

~370 V ~ 0.68 
μA/cm2 

~3.7 times [38] 

5. CO2 laser 
ablation 
and PDMS 

casting 
 

Not cost 
effective 

Al and PDMS ~33 V ~ 0.98 
μA/cm2 

~123 V ~ 3.6 
μA/cm2 

~3.66 times [39] 

6. Base treated 
PDMS Surface 
 

Simple and 
fast 

PDMS surface ~3.8 V ~ 10.4 
nA/cm2 

~49.3 V ~ 185.6 
nA/cm2 

~15 times [40] 

7. Manual 
polishing 
using sand 
paper 

Simple, fast 
and cost 
Effective 
 

Aluminum 57.25 V ~ 0.454 
μA/cm2 

~262 V ~ 2.33 
μA/cm2 

~5 times [33] 

8.  Manual 
polishing 
using sand 
paper 

Simple, fast 
and cost 
Effective 

Aluminum 399.3V ~2.05μA/
cm2 

975.73V ~ 6.78 
μA/cm2 

~3 times Current 
Work 
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Figure S7.2: Optical images of aluminum scratched for various time durations of (a) 0 min, 

(b) 1 min, (c) 3 min, (d) 5 min, (e)7 min, (f) 9 min with fixed grit size sandpaper of P220. 

Table S7.2: Different TENGs with fixed PDMS as another tribo-layer: device codes, device 

structure and output responses listed below. 

S.No. TENG 

code 

Tribolayer-1 Device 

structure 

S.No. TENG 

code 

Tribolayer-1 Device structure 

1. T1 Plan aluminum 

 

10. T10 ZnO nanosheets on 

scratched aluminum with 

sandpaper ( grit size- P120, 

scratching time-5min) 

 

2. T2 Aluminum scratched 

with sandpaper grit of 

P80 

 

11. T11 ZnO nanosheets on 

scratched aluminum with 

sandpaper ( grit size- P180, 

scratching time-5min) 

 

3. T3 Aluminum scratched 

with sandpaper grit of 

P120 

 

12. T12 ZnO nanosheets on 

scratched aluminum with 

sandpaper ( grit size- P220, 

scratching time-5min) 

 

4. T4 Aluminum scratched 

with sandpaper grit of 

P180 

 

13. T13 ZnO nanosheets on 

scratched aluminum with 

sandpaper (grit size- P320, 

scratching time-5min) 

 

5. T5 Aluminum scratched 

with sandpaper grit of 

P220 

 

14. T14 ZnO nanosheets on 

scratched aluminum with 

sandpaper (grit size- P400, 

scratching time-5min) 
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Table S7.3: Amount of enhancement in the output voltage and current of ZnO on Scratched Al 

with respect to the ZnO on plane Al TENG devices. 

 

 

 

 

 

 

6. T6 Aluminum scratched 

with sandpaper grit of 

P320 

 

15. T15   ZnO nanosheets on 

scratched aluminum with 

sandpaper (grit size- P220, 

scratching time-1min) 

 

7. T7 Aluminum scratched 

with sandpaper grit of 

P400 

 

16. T16 ZnO nanosheets on 

scratched aluminum with 

sandpaper (grit size- P220, 

scratching time-3min) 

 

8. T8 ZnO nanosheets on 

Plan aluminum 

 

17. T17 ZnO nanosheets on 

scratched aluminum with 

sandpaper (grit size- P220, 

scratching time-7min) 

 

9. T9 ZnO nanosheets on 

scratched aluminum 

with sand paper( grit 

size- P80, scratching 

time-5min) 
 

18. T18 
ZnO nanosheets on 

scratched aluminum with 

sandpaper (grit size- P220, 

scratching time-9min) 

 

Sample 

code 

Voc Isc enhancement with 

respect to T8 

Voc Isc 

T8 495.091 75.02 
  

T9 554.545 88.364 1.12 1.18 

T10 640.727 107.636 1.29 1.43 

T11 758.545 149.818 1.53 2.00 

T12 975.727 169.636 1.97 2.26 

T13 720.182 105.455 1.45 1.41 

T14 526.364 82.873 1.06 1.10 
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Figure S7.3: Output voltage and current response of the TENG, (a-b) plane and scratched 

aluminum with different grits (80, 120, 180, 220, 320, 400), (c-d) ZnO nanosheets deposited 

on scratched aluminum with different grits, and (e-f) ZnO sheets deposited on aluminum with 

220 grits size at different scratching timings (0 min, 1 min, 3 min, 5 min, 7 min, 9 min), 

respectively. 

 

 

 

 

 

 

 

 

 

Figure S7.4: Optical microscope images of sand papers with different grit sizes  

(80,150,180,220,320,400). 
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Figure S7.5: Finite element simulation of TENG: (a) schematic configuration TENG device 

model, (b) Time lapse images of the electric potential distribution from contact to separate 

state of triboelectric layers, (c) open-circuit voltage as a function of spacing distance (x), (d) 

transferred short-circuit charge as a function of spacing distance(x), and, (e) capacitance 

between the electrodes as a function of spacing distance (x). 

 

 

 

 

 

 

 

 

Figure S7.6: (a) Schematic representation of TENG with rectifier circuit and rectified out 

directly connected to LEDs, (b-c) Charging capacitor curves corresponds to hygrometer and 

digital vernier callipers. 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

8.1 Summary and conclusions 
 

 

 

 

 

Chapter-8 
 

Summary, Conclusions 

and Scope for Future work 

 

The summary and outcomes from the research done on ZnO-based 

nanogenerators (PENG/TENG) are presented in the last chapter. 

Recommendations and directions for future research are outlined. 
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➢ Successful synthesis of ZnO nanosheets was achieved through a cost-effective hot-plate-

assisted hydrothermal method. 

➢ Extensive optical, structural, morphological, and microstructural analyses were conducted 

for all samples. Fabrication and in-depth characterization of Piezoelectric and Triboelectric 

Nanogenerator (PENG and TENG) devices were conducted. 

➢ The PENG device, which featured ZnO nanosheet film between ITO and aluminum 

electrodes, produced an output voltage of 220 mV and a power density of 77 µW/m² at a 

load resistance of 0.2 MΩ. The TENG device, employing ZnO nanosheet film, ITO, and 

aluminum electrodes, generated an output voltage, current, and power density of 2.5 V, 8 

µA, and 1.6 mW/m², respectively, operating under vertical contact separation mode through 

hand tapping. The TENG demonstrated the ability to charge a 1 µF capacitor up to 1.8 V, 

stored a maximum energy of 2.8 µJ, and directly powered one LED for each hand tapping. 

➢ The TENG performance was further enhanced with a novel tribo pair, utilizing ZnO 

nanosheets and PET surfaces as triboelectric layers. This development resulted in an output 

voltage, current, and power density of 4.9 V, 10 µA, and 10 mW/m², respectively. The 

TENG could directly drive three LEDs, a digital watch, and 24 LEDs with a storage 

element. The device exhibited robust stability under both hand and machine tapping, 

maintaining consistent output over three months. 

➢ This study introduced a new tribo-layer of OHP sheets (PET surface having a pre-charged). 

This innovative setup yielded an impressive output voltage, current, and power density of 

292 V, 55 µA, and 424 mW/m², respectively. The TENG was successfully integrated with 

a self-powered Cholesteric Liquid Crystal (CLC) device, opening up applications in 

security, display technology, and smart windows. Moreover, it directly powered an 

electroluminescence device, illuminating 130 LEDs with each hand-tapping force, making 

it suitable for e-paper and digital billboard applications. 

➢  Using a surface modification approach, zeolitic imidazolate framework-8 (ZIF-8) crystals 

are directly grown on the ZnO nanosheets by adopting a simple and low-cost hydrothermal 

method. The surface modification using ZnO@ZIF-8 substantially increased the number of 

contact points between the triboelectric materials, leading to remarkable improvements in 

the output performance of the TENG. Specifically, the Z8-TENG demonstrated a 

remarkable increase in output voltage, current, and power density by 1.39, 1.44, and 1.76 

times, respectively, compared to the Z-TENG. Additionally, ZnO@ZIF-8 TENG was 
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demonstrated the capability to power multiple electronic gadgets (digital watch, 

thermometer, and calculator) by charging capacitors and powering 180 LEDs directly. This 

TENG has potential in various energy harvesting and self-powered applications. 

➢  The development of a high-performance TENG was achieved by surface engineering one 

of the triboelectric layers, utilizing emery papers with different grit sizes. The TENG, 

featuring ZnO nanosheets on aluminum and flexible PDMS as triboelectric layers, 

delivered maximum output voltage, current, and power density of 1442 V, 155 µA, and 

10.8 W/m² at a load resistance of 10 MΩ, respectively. It could power 824 LEDs and 

multiple electronic devices without the need for a storage element. Due to its high-power 

density and sensitivity, it was explored as a wearable device, attached to various body parts 

to act as a self-powered breath monitoring sensor. 

 

                                       Table 8.1: Efficiency of the TENG devices 

 

 

 

 

8.2  Scope for future work  
 

❖ To enhance the power density of TENG, promising strategies include the exploration of 

novel materials, improvement of contact intimacy, optimization of operational conditions, 

and the incorporation of thin films as dielectric layers. 

❖ Ensuring the long-term durability of TENG for sustained high-power generation is a 

critical consideration, particularly for its large-scale applications. 

❖ The advancement of TENG technology for blue energy harvesting is an area that demands 

attention. While significant efforts have been made to boost energy harvesting efficiency, 

the adaptability of TENG in real marine environments should be a focus in future research. 

❖ The commercialization of optimized TENG designs and the expansion of their utility into 

various other potential applications is an important next step in realizing the full potential 

of this technology. 

❖ Develop new TENG designs that produce the DC output voltage and develop new power 

management circuits for TENG. 

S. No.  TENG Design Power density Efficiency 
1 ZnO-ITO 1.6 mW/m² 0.032% 

2 ZnO-PET 10 mW/m² 0.44% 

3 ZnO-OHP 424 mW/m² 6.3% 

4 ZnO-PMMA 800 mW/m² 41.36% 

5 ZnO-PDMS 10.8 W/m² 68% 
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