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Synopsis 

Use of electronic devices has become an integral part of our day to day activities; a major part of 

it is associated with storing, receiving, and sending information. The domains of piezoelectricity 

and triboelectricity (friction) are two important phenomena, which are majorly employed in 

harvesting mechanical energy through devices known as piezoelectric nanogenerators (NG) and 

triboelectric nanogenerators (TENG). The former one deals with mechanical impact, vibration or 

deformation-induced changes in electric polarization and the corresponding voltage and 

displacement current output. The latter one deals with a real charge separation between two 

material systems driven by different frictional avenues. Herein, we describe the fabrication of 

piezoelectric/triboelectric nanogenerators of polymer composites composed of organic/inorganic 

materials and naturally occurring (green) precursors. The present thesis deals with materials and 

device developments to harness, store and apply mechanical energy around us. 

Chapter 1: Introduction 

The introduction draws out an overview of the contemporary status of energy research and 

scientific advancements made so far. The chapter presents the worldwide distribution of energy 

consumption and increasing demands, large dependence on non-renewable sources of energy and 

an imminent call towards developing a new green energy harvesting system. The chapter 

principally focuses on harvesting different kinds of mechanical motions towards realizing a new 

and clean energy harvesting system. Concept of nanogenerators and its various types viz. 

piezoelectric, pyroelectric and triboelectric are comprehensively laid down. Towards the end, the 

broad applications of nanogenerators in self-powered systems and blue energy is highlighted. 

The chapter is finally concluded with the scope of the current thesis research. 

Chapter 2: High power mechanical energy harvester based on exfoliated black 

phosphorous–polymer composite and its multiple applications 

In this chapter, we demonstrated that a uniformly dense dispersion of few-layer 

BP (FLBP) nanosheets in PDMS (Polydimethylsiloxane) matrix, with a high 2D-dielectric 

interface density, renders a unique composite which exhibited a remarkably strong mechanical 



XI 
 

energy harvesting effect. The 2D BP nanosheets were found to exhibit a fairly high piezoelectric 

coefficient of ~20 pm/V as revealed by Piezoresponse Force Microscopy (PFM). First-principles 

DFT calculations suggested the existence of strain-induced polarization via deformation-induced 

redistribution of intra-layer electron charge density. We outlined a synergistic multi-mechanism 

effect as the cause of the strength of the observed effect. 

Chapter 3: Seed Power: Natural seed and electrospun PVDF nanofiber based triboelectric 

nanogenerators with high output power density  

In this chapter, we explored a simple TENG device design based on natural seeds in an attempt 

to move toward a greener approach to mechanical energy harvesting. The choice of seeds was 

based on a common experience that mustard seeds get easily charged up and dance in a plastic 

container when shaken. The design involved a counter-electrode in the form of electrospun 

PVDF nanofibers, which are triboelectrically negative. The mustard (flax) seed based TENG was 

shown to render a very impressive power density of 334 mW m−2 (324 mW m−2). The high 

powering capability of the mustard-based S-TENG was clearly established via flash lightning of 

120 LEDs following 60 s charging of the device.  

Chapter 4: A neutral 1D-coordination polymer [Rb(iPr2N)]n exhibiting ferroelectric to 

paraelectric phase transition and mechanical energy harvesting application 

In this chapter, a piezoelectric nanogenerator composed of organic-inorganic hybrid ferroelectric 

material, a 1D-coordination polymer of di-isopropyl imido rubidium assembly, was synthesized 

and studied for mechanical energy harvesting application. A good ferroelectric response was 

displayed by the compound which exhibited a remnant polarization value of 2.7 

µC/cm2. The mechanical energy harvesting device fabricated by the inclusion of this compound 

in poly vinyl alcohol matrix furnished an open circuit voltage of 20 V. 

Chapter 5: Mechanical energy harvesting using different materials of emergent interest 

In this chapter, we scanned several specially engineered materials for NG and TENG 

applications. One such study involved the use of a multi-ferroic LuFeO3 in nanoparticle and 

nanofibre forms with differing hexagonal (h) and orthorhombic (o) phase contributions. 

Impressive nanogenerator performance was noted with the nanofibers. Similarly, other 

interesting materials such as inorganic halide perovskites (FAPbBr3, MoS2/h-BN 2D/2D 
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composite films etc.) and their new device concepts were also examined for their viability for 

mechanical energy harvesting. 
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Chapter 1 

 

Introduction 
Abstract 

The introduction draws out an overview of the contemporary status of energy research and 

scientific advancements made so far. The chapter presents the worldwide distribution of energy 

consumption and increasing demands, large dependence on non-renewable sources of energy and 

an imminent call towards developing a new green energy harvesting system. The chapter 

principally focuses on harvesting different kinds of mechanical motions towards realising a new 

and clean energy harvesting system. Concept of nanogenerators and its various types viz. 

piezoelectric, pyroelectric and triboelectric are comprehensively laid down. Towards the end, the 

broad applications of nanogenerators in self-powered systems and blue energy is highlighted. 

The chapter is finally concluded with the scope of the current thesis research. 

 

 

 

 
 

 

1.1 Global Energy Need: 

 

In the present scenario, the domain that has attracted the utmost research attention is energy. In 

this fast age of development, we are the victims of the energy crisis. Our energy demands depend 

on limited natural sources to power up industries, home appliances and transportations. Natural 

resources (Oil, Natural Gas, Coal, etc.) are dying out very fast as our energy consumption is 

increasing.1 These natural forms of energy are being depleted due to their excessive usage.  

Natural resources such as fossil fuels undergo incomplete combustion because of which fossil 

fuels are a severe concern for the environmental safety, for example, air pollution and emission 

of carbon dioxide (CO2) and other hazardous gases are dangerous for human beings and other 

living species. Figure 1 shows the consumption of energy worldwide. The world must reduce its 

dependence on fossil fuels and try to transit towards lower-carbon energy resources. It is 
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reported that world energy consumption has increased by 2.9% in 2018, which is the highest 

since 2010 and has almost doubled the ten-year average (Figure1).2The energy sector is the 

primary constraint for global socio-economic growth. Every aspect of human life has been 

simplified by technology, starting from industrial growth to medicinal diagnostics. The sector-

wise consumption of energy analysis shows that most of the energy consumption is mainly in the 

industrial sector, which is followed by the transport sector. The domestic industry occupies 22% 

of total energy which highlights mostly the rapid urbanization as well as the technology 

dependence of modern living.3 

 

 

 

 

             

 

Figure 1 Layout of World energy consumption over the years  

(https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-

economics/statistical-review/bp-stats-review-2019-full-report.pdf) 

The growing demand for electrical energy in the entire world is shown in Figure 2, per capita, 

energy demand is the highest for the developed countries like America. Also, a developing 

nation like India, per capita energy demand is increasing significantly. (Figure 3) Therefore, to 

fulfill this requirement in the near future, energy harvesting from various renewable sources 

https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2019-full-report.pdf
https://www.bp.com/content/dam/bp/business-sites/en/global/corporate/pdfs/energy-economics/statistical-review/bp-stats-review-2019-full-report.pdf
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(along with the existing fuel sources) should be achieved, and the required technologies should 

be developed. Per capita, energy consumption has increased from 19,599 Megajoules in 2011-12 

to 23,555 Megajoules in 2017-18. The annual increase in per capita energy for 2017-18 over 

2016-17 is 3.87%.4, 5 

This calls for the energy conservation and preservation of natural resources for the present and 

future generations. The energy resources are classified into the following categories:  

a) Renewable - The naturally occurring resources which are present in the abundant amount 

and do not possess the threat of extinction are called as renewable energy resources such 

as Solar, Wind, Geothermal, Tidal and so on. 

b) Non-renewable – The non-renewable energy resources are the ones which were formed 

by fossil fuels such as coal, petroleum and natural gas. These were formed in the earth’s 

crust after the decomposition of organic matter for millions of years. These resources 

have limited reserves and possess the danger of getting exhausted if used unlimited. If 

they continue to be consumed at a rapid pace which is the scenario in today’s high 

technology-dependent and advanced society, they will be exhausted, and the generations 

to come will never get to utilize them. Apart from this, the pollution caused by burning 

fossil fuels has turned out to be a significant environment-related threat in this era, as 

mentioned earlier.6, 7  

 

 

Figure 2 Worldwide electrical energy consumption (Source:  IEA (2018), World Energy 

Statistics/ Renewable energy Statics. All rights reserved to IEA 
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Figure 3 Per-capita Energy Consumption (Copyright © 2020 Ministry of Statistics & 

Programme Implementation) 

(http://www.mospi.gov.in/sites/default/files/publication_reports/Energy%20Statistics%202019-

finall.pdf) 

 

 

1.2 Types of renewable energy  

The new class of sources for clean energy harvesting are solar, wind, geothermal heat and ocean 

energy. Importantly, these are the renewable energy sources that mean energy harvesting from 

these sources can be renewable, an extremely important factor for the replacement of fossil fuel 

energies. Renewable energy is also important for energy security, economic benefits, energy 

efficiency and importantly, the technological diversification of energy sources. In 2019, the 

Internal Renewable Energy Agency (IREA, UAE) reported that to maintain the average 

enhancement of global temperature below two ֯C, renewable energy needs to grow six times 

faster than the current scenario. Herein the various renewable energy storage systems are listed 

in the form of table 1 below. These have multiple applications in various sectors (Figure 4). This 

thesis is focused on mechanical energy among multiple forms of renewable energy forms. In this 

section, the scope of mechanical energy will be described with its importance and benefits.8, 9 

http://www.mospi.gov.in/sites/default/files/publication_reports/Energy%20Statistics%202019-finall.pdf
http://www.mospi.gov.in/sites/default/files/publication_reports/Energy%20Statistics%202019-finall.pdf
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Table 1 Renewable energy storage systems (Reproduced with the permission of Ref8 Copyright 

2015, Elsevier.) 

 

           

                 

              

Figure 4 Renewable energy sources (https://www.flickr.com/photos/goodmagazine/3905443690 

 

 

https://www.flickr.com/photos/goodmagazine/3905443690
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1.3 Mechanical Energy Harvesting:  

Apart from solar energy, thermal energy and electromagnetic induction are very well explored 

among many. If thousands of sensors are installed in a vast geographical area, then it will be 

challenging to maintain and exchange batteries at the right time. Self-powered devices will work 

as great alternatives. Nanodevices or smart gadgets may require small-scale power to operate as 

the power required is in micro-scale, but as the power requirement increases than cost increases 

accordingly. In most of the nanodevices, the battery is a great choice, but harvesting energy from 

surrounding mechanical motions might ultimately replace the battery. It would also extend the 

lifetime of battery for the sustainable operation.10-12 An electric device can function as self-

powered gadget if it harvests mechanical motions from its surrounding environment and stores 

this harvested energy into capacitor for later use. For example, a nanosensor is designed to sense 

surrounding activities, transferring the signals and perform some actions but the main target is to 

search a power source that can run the nanosensor without adding much weight if a nanorobot 

which consists of several components such as sensors, actuators and control power is 

implemented into the body for diagnosing and therapeutic actions.13-16 After its injection in the 

body, it is challenging to replace the battery. Mechanical energy harvesting might apply to solve 

such problems by using different mechanical vibrations or motions. Various types of mechanical 

movements exist in our environment (Table 2).12 Our environment has an ample amount of 

various kinds of mechanical energy such as wind energy, body motions, ultrasonic waves, blood 

flow, mechanical vibrations, muscle stretching and wave energy. These sources have different 

types of characteristics in terms of magnitude and frequency of mechanical motions. In some 

cases, the magnitude of energy could be less enough to drive conventional energy harvesting 

technologies because of the insufficient amplitude of the mechanical force. Another factor is the 

variable frequency of the available signal. Finally, the mechanical vibrations which surround us 

can fluctuate.17 The age of smart technology demands for the high adaptability with the 

environment. The nanogenerator has potential technology from the last 13 years to solve these 

issues.10, 18-22 
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Table 2: Mechanical Energy Motions  

Human Body 

Motions 

Infrastructures Industry  Transportations Environment  

Breathing, blood 

flow/pressure, 

respiration, 

walking, arm 

motion, finger 

motion, jogging 

Bridges, roads, 

tunnels, farm, 

house structure, 

control-switch, 

water/gas pipes, 

AC system 

Motors, 

compressors, 

chillers, pumps, 

fans, vibrations, 

cutting and 

dicing, noise 

Aircraft, 

automobile, 

train, tires, 

tracks, peddles, 

brakes, turbine 

engine, vibration, 

noises 

Wind, ocean 

current/wave, 

acoustic wave 

 

                                 

               

Figure 5 (a) Energy required for smart gadgets (b) Energy from different human motions  

Reproduced with the permission of Ref23 Copyright © 2017, AIP Publishing. 
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1.4 Nanogenerator  

In 2006, Prof. Zhong Lin Wang's group at Georgia Institute of Technology had demonstrated 

nanogenerator for the self-powered system for the first time. Zinc Oxide nanowires based 

nanogenerator were used to convert random mechanical energy into electrical energy. The 

mechanism of the nanogenerator describes by piezoelectric potential generated in piezoelectric 

nanowires by external strain.24-28 Currently, Nanogenerators have been extensively studied in this 

context.29, 30 The huge number of piezoelectric materials has been demonstrated for many 

applications such as sensors, transducers, actuators etc. in various fields.31 However, research on 

the use of piezoelectricity for energy harvesting purposes has expanded rapidly during the last 

decade. These energy harvesters can be used to acquire mechanical signals even from the 

ambient sources in the living environment. Most of the studies demonstrate the use of 

piezoelectric-semiconducting materials from the Wurtzite family.32, 33 These piezoelectric energy 

harvesters are commonly termed as nanogenerators. Much advancement has been made in the 

domain of piezoelectric nanogenerators (PENG) recently through the use of simple fabrication 

processes, leading to high mechanical stability and higher piezoelectric output. Numerous 

applications of this technology have been demonstrated such as self-powered nanosystems, 

multiple energy harvesting systems, NG as active sensors etc.34 The critical points for the 

commercialization of this technology include the development of integration of the system, low 

cost and large scale fabrication processes as well as the power management circuits. Another 

useful point is the fundamental understanding of the nanoscale size effects of various 

piezoelectric materials on their properties. Among these nano-generators, triboelectric 

nanogenerators (TENG) have attracted significant attention due to their high output as well as 

energy conversion efficiency. In 2012, Prof. Zhong Lin Wang's group at Georgia Institute of 

Technology had demonstrated this new type of nanogenerator for the first time.35-40 This TENG 

has become a potential research area since then as there is minimal literature on the same. A 

conventional TENG converts external mechanical energy into electricity. The mechanism of 

energy conversion is based on the conjunction of the triboelectric effect and electrostatic 

induction.41-43 

Nanogenerators are divided mainly into four categories on the basis of their working mechanism. 

(Figure 6) 
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        Figure 6 Types of Nanogenerators.  

i) Piezoelectric which generates electric pulses when subjected to strain in structure. 

(PENG).   

ii) Triboelectric which exploit the friction between two different material interfaces to 

generate suitable voltage and current density (TENG).                                                                                  

iii) Pyroelectric involves the conversion of heat into electricity (PYNG).  

iv) Flexoelectric is the generation of an electric polarization response under a mechanical 

strain gradient (FENG). 

 

1.5 Piezoelectric Nanogenerator (PENG): 

1.5.1 Concept and materials: 

Piezoelectric nanogenerators are good candidates for energy harvesting, as they are cost-effective 

and highly durable as compared to triboelectric generators.26, 44, 45 Oxides and polymers are used 

in piezoelectric generators because they are non-centrosymmetric and show the change in 

polarization under the external pressure.46, 47 Dielectric materials are electrical insulators, and 

they are categorized into three types based on crystal classes (Figure 7(a)). 
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Figure 7 Classification of dielectric with crystal classes (Reproduced with permission from Ref48 

Copyright © 2012, American Chemical Society. 

 

Out of the 32 crystal classes of dielectric crystals, 11 are centro-symmetric, 21 classes belong to 

the non-centro-symmetric point groups. Among these classes, only non-centrosymtteic point 

gtoup based  crystals show ferro, piezo as well as pyroelectric properties.Out of these 21 non-

centrosymmetric point groups, 10 aligns in unique polar directions, which exhibit piezo, pyro- 

and ferroelectricity and remaining 10 non-polar point groups are only piezoelectric active point 

groups (Figure7(b)). So, it is clear that all the ferroelectric materials are simultaneously 

pyroelectric as well as piezoelectric. Likewise, all pyroelectric materials are piezoelectric, but 

not all of them are ferroelectric.48, 49 

 

i) Ferroelectric Materials Polar non-centrosymmetric systems which undergo switchable 

polarization in the presence of external electric field and display P-E hysteresis (Figure 8(a)). 

Such types of compounds are termed as ferroelectric materials - examples: PZT, PMN-PT, 

PVDF etc.49 

ii) Piezoelectric Materials: Materials which possess non-centrosymmetric crystal lattice are 

known as piezoelectric materials. Piezoelectric materials exhibit both direct piezoelectric effect 

(generation of electric charges on the application of mechanical force) and converse piezoelectric 

effect (Figure 8(b)) (production of the internal strain in the material on application of the electric 

field).49 

Examples of piezoelectric materials:   
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Inorganic materials:  Zinc Oxide (ZnO), GaN(Gallium Nitride), InN(Indium Nitride), Lead 

zirconate titanate (PZT), Barium titanate (BTO) etc. 

Organic Materials:  Diisopropylammonium bromide (DIPAB), Croconic acid etc. 

Polymers: Polyvinyl difluoride, Nylon-6 etc. 

Organic-inorganic hybrid: Methyl ammonium lead Iodide (MAPbI3), Formamidinium lead 

bromide (FAPbBr3). 

iii) Pyroelectric Materials 

Pyroelectric materials are ten polar crystal classes, which show both piezoelectric and 

ferroelectric properties. Temperature gradient (dT/dt) leads to spontaneous polarization in the 

materials due to the displacement of electric dipoles inside the pyroelectric materials (Figure 

8(c)). 50   

 

 

 

Figure 8 (a) PE hysteresis loop (b) Butterfly loop of strain versus electric field (c) Spontaneous 

polarisation with a temperature gradient (Reproduced with permission from Ref48, 50 Copyright 

© 2012, American Chemical Society) and Copyright, 2014,Royal Society of Chemistry. 

http://www.noliac.com/tutorials/piezo-basics/properties-of-piezoceramic-material-at-high-

field/ 

 

1.5.2 Basics of Piezoelectric Nanogenerator  

Applying mechanical stress to piezoelectric material results in the deformation of the crystal 

lattice due to non-centrosymmetric; hence polarization occurs in the system (Figure 9 (a) and (b). 

This built-in polarization will induce a potential difference at different edges of the system, 

which will result in producing a voltage difference and thus showing a net output voltage. Based 

on this principle, therefore, mechanical energy can directly be converted into electricity. 

http://www.noliac.com/tutorials/piezo-basics/properties-of-piezoceramic-material-at-high-field/
http://www.noliac.com/tutorials/piezo-basics/properties-of-piezoceramic-material-at-high-field/
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Therefore, fabricating a device based on such a mechanism will be  advantageous for the smart 

technology.11, 25  

 

              

Figure 9 (a) asymmetric crystal lattice, which has a hexagonal unit cell with space group C6mc   

(b) Polarization in crystal after deformation (Reproduced with permission from Ref51 Copyright 

2016 Wiley-VCH Verlag GmbH & Co. 

1.5.3 Piezoelectric Nanogenerators based on Nanomaterials:  

i) Zinc Oxide (ZnO) 

In 2006, Z.L. Wang exhibited first Piezoelectric Nanogenerator based Zinc Oxide (ZnO) 

nanowires (NW). A conductive atomic force microscopy tip at contact mode was used to deflect 

aligned ZnO NWs. During the scanning over the top of ZnO NWs, The measured output voltage 

was around 6-9 mV. The mechanism was explained based on the coupling of semiconductor and 

piezoelectric properties (Figure 10(a) to (e)). The Schottky barrier between Si-based AFM tip 

and ZnO NWs served as a rectifying ‘gate’ that led to electrical charge generation.52-54 
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Figure 10 (a), (b), (c) and (d) Direct measurements of the asymmetric voltage distribution on 

the tensile and compressive side surfaces of ZnO wire (with permission from Ref55 IEEE 

copyright line © 2011 IEEE). 

For flexible, robustness and stability in PENG devices, Yang et al. established a single ZnO NW 

incorporated on flexible Kapton substrate and fully packed with polydimethylsiloxane (PDMS) 

(Figure11). The output performance of flexible PENG was increased compared to previous work.  

On the application of cyclic stretching-releasing of the piezoelectric nanowire with a strain of 

0.05-0.1% results in an oscillating output voltage of up to 50mV.46 
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Figure 11 Design of a piezoelectric Nanogenerator on a flexible substrate and switchable 

polarity test (with permission from ref56
 Copyright © 2008, Springer Nature) 

Till date, Piezoelectric output power performance of ZnO based devices is enhanced by a 

different type of architecture of the nanogenerator.26, 44, 56, 57 

 

1.5.4 Piezoelectric Nanogenerator based on Polymer Composite: 

Numerous ceramic perovskite materials (for example PZT, BFO etc.) are conventionally used for 

piezoelectric applications. Excellent dielectric and piezoelectric properties of these materials are 

exceedingly important the harvesting energy from mechanical sources. In a broader perspective, 

it is difficult to fabricate devices with soft material due to brittle and rigid nature of inorganic 

perovskites. Hence it is of great importance to flexibility, durability and stretchability in devices 

with high performance for scalable applications.58-61  

Researchers have developed high-performing flexible piezoelectric Nanogenerator via inclusion 

with different polymers using simple methods. Flexible PENG based on polymer nanocomposite 

can be fabricated by following process 1) a simple blending 2) nanocrystal growth within a 

polymer matrix 3) In- situ polymerization in the presence of nanoparticles.61-63  
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 i)  FAPbBr3-PDMS polymer composite based piezoelectric Nanogenerators: 

Ding et al. have fabricated a high-performance, flexible PENG based FAPbBr3 –PDMS polymer 

composite films. Uniform distribution of FAPbBr3 nanoparticles into PDMS matrix established a 

freestanding nanocomposite film, which was investigated for ferroelectric characterizations and 

piezoelectric applications. PENG devices were fabricated by sandwiching the composite film 

between aluminium foil and ITO-coated PET substrate (Figure 12 (a) to (c)). Vertical 

compression of 0.5MPa at 6Hz frequency applied to poled PENG devices at 50kV/cm. A 

maximum output voltage of 8.5V and a current density of 3.8 µA/cm2 was revealed by FAPbBr3-

PDMS based PENG.64 (Figure 13(a) and (b)) 

Figure 12 (a) FAPbBr3-PDMS composite solution. (b) Schematic of fabricated flexible 

nanogenerator (c) The cross-sectional SEM image of PENG (Reproduced with permission from 

Ref64 Copyright 2016 Wiley-VCH Verlag GmbH & Co. 
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 Figure 13 (a) Output voltage of only PDMS based PENG (b) Output voltage from FAPbBr3 

nanoparticle composite nanogenerator. (Reproduced with permission from ref64 Copyright 2016 

Wiley-VCH Verlag GmbH & Co.). 

Organic-inorganic hybrid materials can be a good candidate in piezoelectric and ferroelectric 

applications because of their impressive dielectric constant.65, 66 

 

1.6 Triboelectric Nanogenerator: 

1.6.1 Concepts, materials and devices 

A Nanogenerator generates electricity from different mechanical energy sources through the 

coupling of triboelectrification and electrostatic induction. Contact electrification, also known as 

triboelectrification, is a common phenomenon in our environment. It creates electrical charges by 

mechanical contacts between two adequate materials, these charges being temporarily stored in a 

dielectric layer. The resulting electric fields induce charges of opposite polarity in surrounding 

conductors. If the geometrical configuration of the triboelectric device varies such as the electric 

field varies, a varying current can be observed between two conductors linked with an electrical 

load, generating electrical power. In that sense, triboelectric nanogenerators are similar to 

electret energy harvesters and sometimes called tribo-electret nanogenerator (TENG).36, 37  

Each and every material forms static charges on their surfaces, ubiquitously known as 

triboelectric charges. Materials which have aptness to loose negative triboelectric charges are 

triboelectric positive materials and other which acquires negative triboelectric charges on their 

surfaces are triboelectric negative materials. Triboelectric materials are arranged in triboelectric 

series according to their quantitative triboelectric charges density (Figure 14).67 With the purpose 

of the best output performance of TENG; one has to choose materials which are far from each 

other in triboelectric series. The surface charge density of a triboelectric material depends on 

various parameters, such as molecular functionalization, design as well as their arrangement on 



Chapter 1 

Ph.D. Thesis 2020: Sachin Kumar Singh, IISER Pune  17 
 

the surface. Moreover, nanomaterials based on composites have played a crucial role to heighten 

the surface roughness and the charge density of triboelectric materials and also in polymers.18, 38, 

68 

 

 

                             

Figure 14 The quantified triboelectric series. (Reproduced with permission from Ref67Copyright © 

2019, Springer Nature). 

The output power and lifetime of Nanogenerator depend on the relative velocity, stress and 

friction between the two dielectric layers. There are four basic designs of the triboelectric 

Nanogenerator (Figure 15): 
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a) vertical contact-separation 

b) lateral sliding 

c) single-electrode 

d) Freestanding  

Contact separation and lateral electrode designs can be used in harnessing mechanical energy 

from wind and water waves. Single electrode and freestanding designs are preferred in 

harvesting mechanical energy from human motions and wheel motions.38, 69 

  

 

 

Figure 15 Four working designs of TENG. a) Vertical Contact separation. b) Lateral sliding. c) 

Single electrode d) Freestanding (Reproduced with permission from Ref70 Copyright 2016 Wiley-

VCH Verlag GmbH & Co. 

a) Vertical contact-separation TENG 

 In this type of TENG figure (a), two different dielectric layers arrange on two electrodes and 

face with each other. When an external force is applied on a top-bottom design, dielectric layers 
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touch each other and transfer of charges occur between the layers. Triboelectric charges will 

balance the potential difference, and there will be no electric current in output. As external force 

is removed, it cracks the triboelectric charges between the dielectric layers and hence potential 

difference generates between the electrodes. Triboelectric potential disappears as the gap is 

closed, and the electrons flow back.43, 71  

 

b) Lateral sliding TENG 

The architecture of LS-TENG is similar to a vertical contact-separation mechanism. In this, 

triboelectric charges are generated by relative sliding, which introduces lateral polarization along 

the sliding direction. Potential difference along the sliding path leads to the flow of electrons 

through load resistance. A periodic sliding motion apart and closing generates positive and 

negative signals of voltage.38, 43 

c) Single electrode TENG 

Single electrode TENG has the best utilization in harvesting mechanical energy from mobile 

objects. In single electrode mode, the bottom electrode of TENG is connected to ground. The 

local electric field distribution is changed by toward and backwards to and movement of the top 

layer. The potential of the wire will be maintained through the exchange of electrons in between 

the bottom electrode and the ground.40 

d) Freestanding TENG 

This type of TENG is based on the principle of designing two symmetric and similar size of 

electrodes underneath of a dielectric layer. The separation distance between the two electrodes 

should also be the same as the moving dielectric layer. The approach/departure movement of the 

dielectric object generates the asymmetric surface charge distribution between the electrodes, 

which causes oscillation of the electrons to balance the local potential difference. The moving 

dielectric layer does not need to touch the top electrodes so that free movements are achievable 

without direct physical contact.41  

1.7 Characterization of Nanogenerator 

A typical mechanical energy-harvesting configuration consists of the following components: a 

PENG/TENG energy converter, measuring unit (Oscilloscope), an energy harvesting circuit (full 

Wave rectifier), an energy storage device (Figure 16 (a)). The energy harvesting circuit converts 

the energy produced by the piezoelectric converter from AC to DC or from low voltage to high 

voltage (Figure 16 (b)).  
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Figure 16 (a) Schematic of measurement set up (b) Full wave rectifier for converting AC current 

to DC. 

 

1.8 Applications of Nanogenerators 

1.8.1 Self-powered devices, blue energy and micro-nano energy harvester 

Self-powered devices have been the topic of interest in the past few decades. They are a 

requirement of the high technology generation. As the world is facing issues related to 

environmental pollution, global warming and extinction of species due to various change in 

habitat, there is need of monitoring the ambient environment to optimize the energy consumption 

at all levels, to minimize the use of fossil fuels and to preserve the non-renewable sources of 

energy for future generations. For instance, the wind and water energy are unsoiled and extensive 

types of mechanical energy that are concerned with it may play a substantial role in electricity 

supply in the future. Global electricity request was recognized by wind power technologies as of 

the end of 2020. Besides, NGs (Nanogenerators) can be used to power miniature sensors. The 

self-rechargeable devices such as secondary batteries, supercapacitors etc., are a key for new 

future devices. They are capable of replacing the batteries in electronic systems and harnessing 

the renewable energy sources for their operation (Figure 17).72 

Furthermore, Wind energy harvesting can be harness using a network of TENGs in the absolute 

environment While it lacks in case of traditional blade-based winder power generators which 

work at certain wind speeds, especially in the environment for example in desert areas. TENGs 

have an advantage over conventional technology because it generates competent output power at 

low airspeed.  

While finishing, TENG is a technologically perfect device because it can harvest low-

frequencies and irregular vibrations and have the advantage of producing higher efficiency at 

low frequencies. Therefore, it can become a very powerful system for water wave-based energy 

harvesting making blue energy as the potential future energy source (Figure 18).73, 74 
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Figure 17 Broad applications of Nanogenerators (with permission from Ref75 Copyright 2018, 

Elsevier). 

 

               There are three primary directions for different applications: 

 Nanogenerators have potential future in clinical applications like monitoring the 

biomedical conditions of heart patients, for example, pacemakers, blood pressure sensor, 

pulse sensor and the cardiac sensor which need power from batteries and have the 

limitations of convenient charging and replacement. So, PENG/TENG as the self-

powered device can replace the conventional batteries in them.76, 77 

 Human-Machine interface has its importance in artificial intelligence and TENG can be 

employed in intelligent keyboards, body motion sensors, artificial skin and acoustic 

sensors which can provide smartness to cyber security, human identifications and 

robotics.76 

 Self-powering technology has been developed sustainably by TENG as nano/micropower 

systems for small gadgets.42 
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Figure 18 Road map of TENG development from 2017 to 2027(Reproduced with permission from Ref18 

Copyright 2016 Wiley-VCH Verlag GmbH & Co). 

 

1.9 Plan for the thesis 

Although Nanogenerator concepts and technologies are rapidly evolving, equal attention has not 

yet been given to polymer system based flexible platforms, especially those from the natural and 

environmental sources. In this thesis, we have focused on such nanofiber-based flexible 

piezoelectric and triboelectric nanogenerator systems, such as polymer composites of 2D 

materials, natural seeds, synthetic ferroelectric materials and other emergent materials of 

nanoscale structures.  

The second chapter presents the methods of synthesis, characterization and device fabrication of 

a polymer composite of 2D material (few-layer black phosphorus) and their mechanical energy 

harvesting properties.  
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The third chapter presents the fabrication of triboelectric device architectures composed of 

PVDF nanofibers (using electrospinning) and the different natural seeds in the other layer. All 

these devices were tested for their triboelectric energy harvesting application. 

The fourth chapter presents a simple approach to synthesise a new organic-inorganic hybrid 

ferroelectric 1D-coordination polymer consisting of Rb cation and diisopropylamine anion and 

its preliminary response for mechanical energy harvesting application. 

The fifth chapter presents an exciting designing of different triboelectric nanogenerator devices 

using a new material system based on nanoscale metal oxides and other hybrid oxides. 

The sixth chapter concludes the work presented in this thesis and outlines future perspectives. 
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Chapter 2 

 

High power mechanical energy 

harvester based on exfoliated black 

phosphorous–polymer composite and 

its multiple applications 

Abstract 

Black Phosphorous (BP) and its 2D analogue Phosphorene are endowed with several striking properties due to their 

unique puckered structure. One attribute that can potentially attract multiple applications of interest, and yet not 

fully addressed, is their mechano-electric response. Herein, we demonstrate the utility of a uniformly dense 

dispersion of few-layer BP (FLBP) nanosheets in PDMS (Polydimethylsiloxane) matrix, with a high 2D-dielectric 

interface density, exhibiting a remarkably strong mechanical energy harvesting effect. A highest peak-to-peak 

voltage output of about 350 Volts is achieved with a maximum current density of 12.8 mA/m2 under an applied 

impact force of 40 Newtons (N), at a frequency range of 20-25 Hz. This corresponds to a volume power density of 2 

kW/m3 with active material (BP) contribution of 0.35 W/g. Notably, the 2D BP nanosheets themselves are found to 

exhibit a fairly high piezoelectric coefficient of ~20 pm/V as revealed by the Piezoresponse Force Microscopy 

(PFM). First-principles DFT calculations suggest the existence of strain-induced polarization in the BP layers via 

deformation-induced redistribution of intra-layer electron charge density. Based on the experimental and theoretical 

findings, we propose a synergistic multi-polarization mechanism that contributes to the strength of the observed 

energy harvesting effect. We also present three interesting practical modes of energy harvesting by subjecting them 

to the rapid flow of water, bicycle wheel motion and tapping induced LED lighting. 

 

The following paper has been published based on the work documented in this chapter. 

Singh, S. K.; Muduli, S.; Chakras, D.; Pandey, R.; Babar, R.; Singh, A.; Kabra, D.; Kabir, M.; Boomishankar, R.; 

Ogale, S., High power mechanical energy harvester based on exfoliated black phosphorous–polymer composite and 

its multiple applications. Sustainable Energy & Fuels 2019, 3 (8), 1943-1950. This chapter is reproduced from our 

above-mentioned article already published in Sustainable Energy & Fuels after acknowledging the Royal Society of 

Chemistry. 
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2.1 Introduction 

Ever since the discovery of graphene, 2D materials and their few-layer forms have acquired a 

unique place in the emergent science of materials owing to their very peculiar and tunable 

physical properties.1-4 These materials have also been attracting immense scientific attention 

lately for their applicability in novel device architectures.5, 6 Amongst the 2D materials of current 

interest, Black Phosphorous (BP) and its monolayer form phosphorene stand out for their unique 

puckered layer structure, specific nature of bonding, existence of layer-number-dependent 

bandgap that covers visible and IR regimes, and interesting anisotropy features of their physical 

properties.7 An interesting application domain involving novel device architectures based on new 

functional materials that have witnessed immense growth during the past decade is mechanical 

energy harvesting. It involves the mechanical movement, flexing, vibration, friction, or impact 

via innovative nanogenerator (NG) and triboelectric-nanogenerator (TENG) device concepts. 

This topic evolved quite rapidly with the numerous pioneering contributions from the groups of 

Z. L. Wang 31-8 and several others14-22 by using various functional materials such as ZnO, MoS2, 

BaTiO3 etc. While impressive, robust and application-worthy performance has been reported for 

a number of piezoelectric and ferroelectric materials in different forms including their nanoscale 

architectures, the work on nanogenerators using the 2D families of materials and their few-layer 

configurations is beginning to evolve only recently.8, 66-61  

 

In 2011 Michel and Verberck showed theoretically that the 3D hexagonal boron nitride (h-BN) 

and its multilayers with odd layer numbers are piezoelectric, while the even number of layers are 

silent for piezoelectric effects.27 In another theoretical work, Reed and co-workers showed that 

strong piezoelectricity should occur in many 2D monolayer transition metal dichalcogenides 

(TMDCs), unlike their bulk counterparts.24 Z. L. Wang and co-workers provided the first 

experimental evidence for the existence of piezoelectric properties in 2D MoS2 flakes with only 

odd layer numbers.8 Reed and co-workers28 and Shin and co-workers29 showed that 

piezoelectricity can be induced in non-piezoelectric graphene or h-BN sheets through the 

selective/controlled adsorption of surface atoms. Kim and co-workers reported the occurrence of 

piezoelectric effects in the ALD grown Al2O3 on graphene consisting of an h-BN buffer layer,26 

and in bilayer WSe2 system with turbostatic stacking.61 Black Phosphorous (and its 2D analogue 

Phosphorene) with its puckered structure can be envisioned to offer a unique response to the 
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application of static or dynamic mechanical force or impact.7, 30, 31 We expected that the 

combination of its electronic states to the puckered configuration would give rise to strong 

coupling between the mechanical distortions and polarization effects leading to strong piezo 

and/or flexoelectric effects. Herein, we show that a solid-state nanogenerator prepared with black 

phosphorus (BP) nanosheets uniformly and densely dispersed in PDMS (Polydimethylsiloxane) 

exhibits a remarkably high peak to peak voltage output of the order of 350 Volts (Maximum 

current density of 12.8 mA/m2 at 20MΩ Resistance) under an applied impact force of 40 

Newtons (N) at a frequency of 25 Hertz (Hz). The power output generated from this device 

data has been found to be very high at 1400 mW/m2. This corresponds to a volume power 

density of 2 kW/m3 with active material (BP) contribution of 0.35 W/g. The 2D black 

phosphorus nanosheets themselves are found to exhibit a fairly high piezoelectric 

coefficient of ~20 pm/V. DFT calculations suggest the existence of strain induced 

polarization via deformation induced redistribution of intra-layer electron charge density. 

We invoke a synergistic multi-mechanism effect to explain the high power output which 

is also supported by our experiments on folding mode operation of the same device. We 

also present three interesting applications of this high powering capability device. As 

discussed later, there have been a few previous reports involving the use of 

phosphorene/black phosphorous in related context, although mostly for specific low 

power applications, in contrast to our device design which is specifically targeted for 

higher power delivery operation.32-34  

 

2.2 Experimental Methods: 

 

2.2.1 Synthesis of Black Phosphorus (BP) nanosheets: 

Black Phosphorus (BP) nanosheets exfoliation: BP crystals (200 mg) were treated well in stiff 

powder with mortar and pestle inside the glove box. The resultant powder was dissolved in 100 

ml of N-Methyl-2-pyrrolidone (NMP) immediately. With the help of Probe sonicator (Vibra 

Cell, VCX-500W, Sonics Inc, USA), the mixture was sonicated for 6 hrs with 40% amplitude for 

cycle run (5s and 5s off) within temperature range 4-8 °C. For removing the un-exfoliated BP 

crystals, sonicated BP/NMP dispersion was relaxed for few hours, and by gravity, un-exfoliated 

BP crystals were allowed to settle down. The supernatant was subsequently transferred into a 
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Centrifuge apparatus. At a speed of 1000 rpm for 3 hrs, centrifugation removed the remaining 

exfoliated BP crystals. BP/NMP dispersion was collected again from the top 60% of the 

supernatant from centrifuge tubes. The last supernatant was centrifuged at a speed of 6000 rpm 

for 60-80 min, and again 80% supernatant was easily pipetted out to remove junk BP. The 

sediment was re-dispersed in NMP solution for the further piezoelectricity application part.     

 

2.2.2 Fabrication of the flexible piezoelectric composite NG and testing: 

The initial PENG device from as made BP nanosheets was fabricated by directly drop-casting of 

BP/NMP dispersion on Au/Cr coated Polyethylene Terephthalate (PET) in the glove box and 

heated at 80ºC for 5 hrs to dry up the BP film. After drying the BP film, another set of Au/Cr 

coated PET was applied to the BP film and device is sealed through Araldite.  

 

For the fabrication of Polydimethylsiloxane (PDMS) - BP nanosheets based piezoelectric NG, 

the exfoliated black phosphorus nanosheets were mixed with 3 ml of PDMS in different weight 

ratios of 0.1%, 0.15%, 0.2% and 0.3%. The resulted composite solution was drop cast onto the 

Au/Cr coated PET substrate and cured at 90º C temperature. After 3 hours, another Au/Cr coated 

PET substrate as a top electrode was assimilated to the cured composite layer. In result, BP-

PDMS composite layer was sandwiched between Au/Cr coated PET. After that, we sealed device 

with Kapton tape such that there should not be any friction between gold and the BP-PDMS 

surfaces.The dimensions of flexible piezoelectric nanogenerator were 2 × 2 cm2. For the force 

source, we assembled a 50 g weight (area 5 cm2) to the edge of sewing handle to get the 

continuous impact. The impact force from the sewing machine was used to obtain 40 to 45 N 

force as measured with the help of a PASPORT force sensor at a frequency of 25 Hz. The 

voltage generated by BP device was further used for charging a 2.2µF capacitor through a bridge 

rectifier circuit. The stored charge was then used to light up the LEDs by using the same bridge 

rectifier. Change in capacitance of devices is measured by Keithley DMM7510 7.5 multimeter. 

All Output voltage and current measurements were recorded on Tektronix Oscilloscope MSO 

2024 and Keithley DMM7510 7.5 multimeter. 
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2.3 Characterization techniques: 

2.3.1 Field emission scanning electron microscopy (FE-SEM): Zeiss Ultra Plus FESEM at 5-

10 kV was used for SEM imaging. Only black phosphorus and BP-PDMS film were prepared by 

drop-casting them on a glass substrate.  

2.3.2 Transmission electron microscopy (TEM): TEM imaging was performed by using 

JEM2200FS TEM microscope at 30-200 kV. 

2.3.3 Atomic Force Microscopy: Agilent Technologies 5500 AFM instrument was used to 

observe the thickness of single BP nanosheet. BP nanosheet sample was prepared by drop-

casting BP/NMP solution on a glass substrate. 

2.3.4 X-ray diffraction (XRD): All XRD data were collected on Bruker D8 Advance 

diffractometer using Cu Kα radiation (λ = 1.5406 A). 

 

2.4 Result and Discussion 

Figure 1 presents the results of the basic characterization of the exfoliated BP nanosheets. The 

inset of Figure 1(b) shows high-resolution transmission electron microscopy (HRTEM) image of 

the BP nanosheets reflecting the (021) lattice parameter of ~0.3 nm. The AFM image and 

thickness profiles of a few exfoliated flakes shown in the Figures 1(c) and 1(d), respectively, 

reveal the typical thickness of the nanosheets in the order of 20-30 nm. The FE-SEM images of 

Figure 2 show that the BP material used for inclusion in the PDMS matrix is in the form of 

nanosheets with a lateral size of the order of a few microns. Figures 1(e) and 1(f) reveal the XRD 

and Raman data, respectively, of the PDMS-BP nanosheets composite. Put together; both these 

measurements showed the presence of BP nanosheets embedded at the PDMS matrix. The X-ray 

diffraction (XRD) data shown in Figure 3 (a)  depict the signature peaks of BP nanosheets 

corresponding to the orthorhombic phase of BP.13 The Raman spectrum of the BP nanosheets 

(Figure 3 (b)) shows three prominent peaks that can be attributed to the out-of-plane phonon 

mode (A1
g) at 357.5 cm-1 and two in-plane modes, (B2g) and (A2

g) at 432.5 and 458.7 cm-1, 

respectively.15 Interestingly, as shown in Figure 4, all the Raman modes in the case of the 

composite are shifted to higher wavenumbers (hardening of modes) with reference to the BP 

nanosheets case signifying that the embedded BP nanosheets are under strain,  which may have 

implications for possible piezoelectricity. 
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Figure 1 Characterization of BP nanosheet and PDMS-BP nanosheets composite. (a) SEM 

image of the BP nanosheets (scale bar, 2 µm). (b) HR-TEM image of BP nanosheets (scale bar, 

2 nm), showing its zig-zag puckered layered structure along the (021) lattice orientation with 0.3 

nm spacing between layers. (c) AFM image of BP nanosheets flexes (I, II, III) (d) BP nanosheets 

thickness(nm) profiles of I, II, III, which are in the range of 20 nm. (e) Powder XRD of PDMS-

BP nanosheets composite reveals the presence of both BP nanosheets and PDMS, and (f) Raman 

spectrum of PDMS-BP nanosheet composite film showing the presence of characteristic 

signature peaks of A1
g, B2g and A2

g phonon vibrational modes of BP nanosheets. 
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Figure 2 SEM images of BP nanosheets (a), (b) and (c) show uniform lateral size of BP       

nanosheets synthesized by the Probe sonication method and (d) Cross-sectional SEM 

image of PDMS-BP nanosheet composite film which shows homogeneous encapsulation 

of BP nanosheets in PDMS matrix. 

 

Figure 3 Basic characterization of BP nanosheets: (a) Powder XRD of BP nanosheets; the 

observed peaks correspond to Orthorhombic phase of BP. (b) Raman spectrum showing the 

expected signature peaks of BP. 
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Figure 4 Comparison of the Raman spectra of BP nanosheets and PDMS-BP nanosheets 

composite showing that all the Raman modes in the case of the composite are shifted to higher 

wavenumbers with reference to the BP nanosheets.  

2.5 Nanogenerator device architecture and performance 

A home built periodic vertical impact force setup, and an oscilloscope has been used for the 

device measurements (Figure 5). To demonstrate the nanogenerator performance of the PDMS-

BP nanosheets composite, we fabricated the device, as shown in Figure 6(a). Here, the PDMS-

BP composite film of dimensions 2 x 2 cm2 and 700 µm thickness was sandwiched between 

Au/Cr (Au layer thickness is 50 nm, and Cr layer thickness is 10 nm) coated PET substrate. The 

Au/Cr coated PET was compactly pressed on both sides leaving no room for any air gap, and 

under that condition, the device was wrapped with a highly adhesive Kapton tape to avoid any 

subsequent slippage of the interfaces. Two copper metal strips were used as metal contacts for 

the device. The total thickness of the Black phosphorus/PDMS device is 1.45 mm. Devices with 

different concentrations (wt.%) of BP nanosheets were explored for the nanogenerator 

performance (Table 1).  
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Figure 5 Impact Force set-up: Sewing Machine Set up to get constant impact force of 40N and 

Oscilloscope to measure output performance. Inset shows the local modifications done on the 

sewing machine for obtaining a constant impact. 

In order to evaluate the mechanical generator performance, the devices were subjected to an 

impact force of 40 N at variable frequencies ranging from 10 Hz to 25 Hz. Figure 6(b) shows the 

open-circuit voltage obtained for the NG devices with varying concentration of BP at a constant 

frequency of 25 Hz. The output voltage of the NGs was seen to increase with the BP 

concentration, approaching saturation around 0.2 wt.% of BP and then declining at higher BP 

concentrations. Since the FLBP sheets are low dimensional systems, at enhanced concentrations 

these will start touching each other, causing shorting across the active layer (percolation 

thresholds are low). Thus, above a certain threshold value of concentration, such effects will start 

dominating, and rather sudden changes could be encountered as discussed in some previous 

publications36-39, wherein similar performance peaking effects were observed. Thus, in our view, 

the peaking would be a generic effect in such nanocomposites, although the thresholds would 

differ depending on the constitution of the nanomaterials. 
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Figure 6 Nanogenerator Schematic and Output performance (a) Schematic of fabricated NG 

device (b) Optimization of Different concentrations (wt%) of BP in PDMS performed for 

maximum NG’s output voltage (c) Output voltage of Champion device and (f) effect of variable 

frequencies on the output voltages 

Table 1 Nanogenerator performance for devices with different concentration (wt.%) of  BP 

nanosheets 

Concentration            

(weight %) BP in 

PDMS 

Peak to Peak  Output 

Voltage (V) 

Output 

Voltage across 

20MΩ 

Current     

density   

(mA/m2) 

Power Density  

(mW/m2) 

A B C D = B x C 

0.10 61 19.5 6.1 119 

0.20 350 109.3 12.8 1399 

0.30 85 25.9 9.4 243 

Our champion device showed a peak to peak voltage of 150 V from 0.6 wt.% device as can be 

seen in figure 6(c). Figure 6(d) reveals the frequency-dependent data of the same device, which 

shows an increasing trend in the voltage values with frequency. Also, the current density and the 

output power density values of 12.8 mA/m2 and 1400 mW/m2, respectively, were found to be 

very high as well at an optimized impendence of 20 MΩ (Figure 7(a) and (b)) There have been 

four previous interesting and innovative reports involving the use of phosphorene for mechanical 
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energy harvesting, although most of them are in low energy delivering device architectures 

intended for certain specific application goals. Cary Pint and co-workers demonstrated an 

ultralow frequency electrochemical-mechanical strain energy harvester using 2D BP nanosheets, 

which yielded 0.42 mW/m2 (0.2 µJ/cm2) in bending mode and 0.09 mW/m2 (0.8 µJ/cm2) in 

pressing mode. Pooi See Lee and coworkers32 developed and tested cellulose nanofibril–

phosphorene hybrid based flexible and transparent paper for triboelectric nanogenerator function 

and realized an open circuit voltage of 5.2 V and current density of 1.8 µA/cm2. In a subsequent 

study, Z. L. Wang and coworkers33  developed tribotronic dual-gate logic devices based on MoS2 

and BP and showed their operation at low powering as low as even 1 nW. However, our device 

design involves a few-layer BP (FLBP) polymer composite and is specifically aimed at high 

powering capabilities. 

 

 Figure 7 (a) Maximum current density and power density of flexible NG device with different 

concentrations (wt%) (b)Power density with variable resistance from PDMS-BP NG. 

To check the cyclic stability, one of the 0.2 wt.% devices were subjected to a continuous impact 

of 40 N for 20 minutes at a frequency of 25 Hz. The peak to peak output voltage of about 200 V 

was consistently observed for over 64,000 cycles of impact application, confirming the excellent 

reliability and robustness of PDMS-BP nanosheets device (Figure 8(a)). The mechanical 

flexibility and robustness of our device can be ascribed to its simple design of top-bottom 

architecture as compared to other complex architectures. It is important to note that a PDMS 

based device without the inclusion of BP only yielded a peak-to-peak output of only about 5V 

(Figure 8(b)) implying that BP inclusion is the one which mainly renders the strong signal due to 

its internal multi-interface configuration. 
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The polarity reversal test was also performed to confirm that the piezoelectric response emanates 

only from the PDMS-BP nanosheets composite, as shown in Figure 9(a) and (b). Finally, in 

Figure 9, we show the change in capacitance as a function of time for samples with different 

concentrations of Black Phosphorus in PDMS. Again, we observed the highest change in 

capacitance in the 0.2 wt.% case and exhibits a similar trend in output voltages as those observed 

for the wt.% dependent measurements. We found that 𝑑𝐶/𝑑𝑡  in the case of 0.3 weight 

percentage dropped from the maximum dC/dt (0.2% case).  

𝐼 = 𝑑𝑄/𝑑𝑡 = 𝐶 𝑑𝑉/𝑑𝑡 + 𝑉 𝑑𝐶/𝑑𝑡 

Where I is short circuit current and Q is the stored charges in the capacitor. The second term is 

imperative for the triboelectric effect because it depends on the gap between two dielectric 

materials or triboelectric layers. Figure 10 shows the change in capacitance w.r.t time studied for 

different concentrations of Black Phosphorus in PDMS. We observed the highest change in 

capacitance in 0.2% (wt%) concentration case. It results in the same trend with a change in 

output voltage for different concentrations. 

 

Figure 8 Cyclic stability of Nanogenerator: (a) The peak to the peak output voltage of about 

200 V was consistently observed for over 10,000 cycles of impact application, confirming the 

excellent reliability and robustness of PDMS-BP nanosheets device. (b) Peak to peak output 

voltage is around 5 V from only PDMS based NG device (i.e. without BP) which is fabricated in 

the same configuration as composite 
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Figure 9 (a) Polarity switchability Test  by Forward connections, (b) Voltage signal is reversed 

by the reverse  connection, which shows polarization switchable behaviour of BP-PDMS 

Nanogenerator. 

 

                                        

Figure 10  Measurement of change in capacitance time gradient with the different weight ratio 

of Black Phosphorus in PDMS . 

We also tested the performance of the same device in the bending (flex) mode operation, as 

shown in Figure 11 (a). The corresponding peak to peak voltage and current density values of 65 

V and 68.75 mA/cm2, respectively, are found to be lower than those observed in vertical pressing 

mode measurements (Figure 11 (b)). The distinct technical difference between the vertical mode 

impact and the folding operation is that in the former the distance between embedded 

phosphorene sheets varies with impact and release, while in the latter the sheets undergo flexing 

but the inter-sheet separation is not significantly modified. This result has a bearing on the fact 
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that the observed effects have a close connection with the density of interfaces and the 

corresponding polarization interactions.  

                

Figure 11  (a) Schematic  diagram of the relax stage to bending stage of  vertical PDMS-BP 

nanosheets device, (b) open-circuit voltage and short circuit current from the relax-bending 

mechanism.  

To understand the piezo- and triboelectric contributions to the output performance of the devices, 

we performed two additional measurements. First, we measured the voltages and currents for 

only the BP nanosheets, and in the second we measured the nanogenerator performance for the 

PDMS-BP nanosheets with only single electrode applied to the film.40  The BP-only device 

reflects a much weaker performance, highlighting the key significance of the embedded 

architecture (Figure 12). The device with a single electrode shows a peak-to-peak voltage of only 

about 40 V (Figure 13(a)). This signifies that the major contribution to our device performance is 

by synergistic internal mechanisms that operate in unison as discussed later.  
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Figure 12 Performance of only BP nanosheets based NG: a) Open circuit voltage, b) Current 

using 10 MΩ load resistance. 

Finally, we tested the time-stability of our device as well, especially in view of the fact that BP 

nanosheets are suggested to be intrinsically a rather unstable material at ambient conditions. 

However, since in our case, it is embedded in the highly stable PDMS matrix, we expected that 

the device would have high environmental stability. This was indeed found to be the case, as 

shown by the result depicted in Figure 13(b), wherein stability over at least a period of three 

months is clearly reflected. 

                          

Figure 13 (a) Single electrode measurement to counter the argument about the possible 

triboelectric contribution by friction between electrode and PDMS-BP nanosheets composite 

film. (b)To check the stability of PDMS-BP nanosheets composite based NGs, we tested the 

output voltage of the same device after 3 months; which shows that NG device is completely 

friendly with the environment, thanks to the PDMS protection of BP. 
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2.6 Piezoresponse force microscopy (PFM) studies 

We performed piezoresponse force microscopy (PFM) studies on the BP nanosheets themselves, 

which are found to render the observed strong mechanical energy harvesting effect in the 

polymer embedded composite. It is known that the analysis of PFM data is not entirely 

straightforward, and the appearance of the so-called butterfly loops could be deceptive due to 

space charge effects.43 Nonetheless, it does provide a useful window for analysis, especially of 

the inverse piezoelectric effect. Figure 14 (a) presents the topographic image of the BP 

nanosheets and Figures 14(b) and 14(c) show the amplitude loop and image at a bias voltage of 

±8 V, respectively. The 180 difference in the phase angle hysteresis loop and its phase image 

for the BP nanosheets shown in Figures 14(d) and 34(e), respectively, indicate that the 

polarization can indeed be switched in BP nanosheets by an applied external electric field. The 

piezoresponse loop is presented in Figure 14(f). The piezoresponse of the film was detected as 

the first-harmonic component of the deflection of the tip, d = d0 +A cos (ωt +ϕ), where ϕ is the 

phase of the piezoelectric signal, d0 is an initial deflection, A the amplitude, t is the time, and ω 

is the frequency. The photodetector signal amplitude was demodulated with a lock-in amplifier, 

and the values of the inverse piezoelectric coefficient were obtained. The absolute value of the 

inverse piezoelectric coefficient, thus estimated, is about 20 pm/V. 
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Figure 14 Piezoelectricity force measurement (PFM) images of BP nanosheets. (a) topography 

of BP nanosheets, (b) Amplitude  so-called “butterfly” loop, (c) amplitude topography of BP 

nanosheets, (e) Phase topography on applying -8 to 8 V biased voltage, (d) Phase hysteresis loop 

and (f) Piezoresponse hysteresis loop 

 

2.7 Computational Density functional theory (DFT) calculations 

To gain some preliminary microscopic understanding of the observed mechanical response, we 

carried out first-principles density functional calculations. We performed density functional 
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theory calculations within the projector augmented wave formalism42 with a plane-wave cutoff 

of 400 eV as implemented in Vienna Ab initio Simulation Package (VASP).43, 44 The exchange-

correlation was described with the Perdew-Burke-Ernzerhof form of generalized gradient 

approximation.45 The monolayer phosphorene was modelled using a 2x2 supercell. The periodic 

images were separated by a vacuum of 15 Å. The reciprocal space integrations were carried out 

using 11 × 8 × 1 Monkhorst-Pack 𝑘-points, and the full structural optimizations were carried 

until the energy and force components are below a threshold of 10-6 eV and 5x10-3 eV/Å, 

respectively. Here, among the two strain fields in action in the experiment, we modelled only the 

compressive strain, whereas did not consider the bending strain field. We particularly 

investigated the change in the intralayer and interlayer charge distribution due to the strain 

induced by the impact force. While phosphorene has a centrosymmetric Pmna structure, under a 

compressive vertical strain gradient, the crystal structure becomes non-centrosymmetric with 

Pma2 space group (Figure 15(a)). The vertical strain leads to a reduction in the distance between 

the two half-layers, which results in a reduction in the bond lengths of the top half-layer (Figure 

15(b)). Thus, we observe a redistribution of intra-layer electron charge density, which is evident 

from the calculated plane-averaged electrostatic potential along the direction of the applied 

vertical strain (Figure 15(c) and 16 (a and b)). Further, the difference in the electrostatic potential 

between two half-layer increases with increasing vertical strain. Thus, a distinct potential energy 

surface developed at the two half-layers due to the non-uniform vertical compression leads to a 

net intra-layer dipole. Further, in the case of few-layer phosphorene, the vertical strain should 

also manifest in an inter-layer polarization due to a differential electronic charge distribution 

originating from the differential distortion of the individual phosphorene layers. We calculated 

the low-energy electron charge densities for the compressed phosphorene, and compared it with 

the unstrained counterpart, which shows the existence of a charge density gradient along with the 

applied force (Figure 15(d) and 16 (c)). Thus, we anticipate that a combined effect of 

compressive and bending strain fields on few-layer phosphorene will lower the crystal 

symmetry, and result in an out-of-plane electric polarization with both intralayer and interlayer 

contributions. 
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Figure 15 First-principles density functional calculations: (a) A non-uniform strain on 

phosphorene results in a noncentrosymmetric structure (Pmna to Pma2), (b) Under increasing 

strain, the in-plane bonds of top half-layer are compressed. Black (square) points refer to the 

bond lengths  along the unrelaxed bottom half-layer while the red (circle) points indicate the 

altered bond lengths within the top half-layer, (c) The intralayer electrostatic potential changes 

with increasing strain, calculated plane-averaged electrostatic potential along the direction of 

strain and (d) Interlayer polarization in few-layer phosphorene: Band decomposed charge 

densities of the low-energy states for the unstrained (top row) and strained (bottom row) 

phosphorene (value: 0.01 e/Å3). A charge density gradient develops along the direction of 

applied force. 
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Figure 16 The intralayer electrostatic potential changes with increasing strain. (a) Calculated 

plane-averaged electrostatic potential along the direction of strain, (b) A difference in the 

potential energy emerges for the two half-layers for an increasing compressive strain and (c) 

Interlayer polarization in few-layer black phosphorus: Band decomposed charge densities of the 

low-energy states for the unstrained (top row) and strained (bottom row) phosphorene (value: 

0.01 e/Å3). A charge density gradient develops  along the direction of applied force. Here, VBM 

and CBM refer valence band maximum and conduction band minimum. 

 

2.8 Device applications 
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Given the high powering capability of our device configuration, we also tested the effective 

energy harvesting performance of this device for three different application domains.46, 47 In the 

first case,  

 

Figure 17  Energy harvesting application of PDMS-BP nanosheets device: (a) Demonstration of 

mechanical energy harvester for tap water flow, (b) schematic of PDMS-BP nanosheets NG for 

tap water flow, (c) Short circuit current resulting from the experiment, (d) Demonstration of 

energy harvesting from two-wheeler wheel motion,  (e) Open circuit voltage and  short-circuit 

current from wheel motion, and (f) Schematic  diagram of the rectifying circuit to store current 

and application of glowing 41 LEDs. 

we examined the possibility of efficient energy harvesting from water flow or water-impact 

systems, which could encompass situations from an everyday shower, to flowing water from taps 

or turbulent flows in canals to natural waterfalls or raindrops. For the new application, we took 7 

cm2 BP-PDMS film and sandwiched in between two aluminium electrodes. We put the whole 

device below the tap water flow (flow rate 7.5 litres/min) at an angle of about 45 degrees and 

performed the current and voltage measurements via Keithley DMM 7510 multimeter. Very 

interestingly, we found (Figure 17(a, b, c)) that our BP-PDMS large area device rendered a 

nearly stable mean high current of about 30-40 μA at a low voltage of about 0.5 V. Thus, in this 
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mode the same device operated as low voltage high current device, due to numerous mini 

impacts of water mass. Importantly, in this case, there is also an interesting element of sliding 

friction (tribo) effect between the impinging and sliding liquid droplets and the device surface. It 

is important to note that without the presence of BP sheets, the voltage from only the PDMS 

device was extremely low. Thus the external tribotronic effect synergistically integrates with the 

internal device performance and renders a new dimension to the generated power. 

For the second application, we considered the potential of our PDMS-BP device for harvesting 

energy from vehicular wheel movement. We coupled this device with a bicycle and used the 

fluttering motion of a laterally stationed device against the spokes of the wheel to harvest motion 

energy in a pulsed mode ((Figure 17(d, e). To protect the soft matter of the device from erosion 

due to strike by the spoke, a thin stainless steel foil was installed on the device. As seen, we 

generated a high-frequency peak-to-peak voltage output of about 65 V and a current density of 

68.75 mA/cm2. Interestingly, the external friction of the device surface protected by a thin 

stainless steel sheet must induce charge separation (spray) which appears to synergistically 

cooperate with the other internal multi-mechanisms of the device. Again, the external tribotronic 

effect adds an interesting element as the device parameters reflect higher voltage and lower 

current densities than the one obtained from the water flow experiments. 

                              

Figure 17   The Power generated from NG stored in 2.2 µF capacitors using a full-wave rectifier 

Voltage across the capacitor that reached up to 9.30 Volt in 17 minutes.  
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Finally, in the third application, the power generated from the 0.2 wt.% of PDMS-BP  

nanosheets device was stored using a full-wave bridge rectifier as shown by the equivalent 

circuit in Figure 17 (f). The PDMS-BP nanosheets nanogenerator was connected through a full-

wave bridge rectifier consisting of four diodes, which converts the generated voltage to direct 

current (DC) as shown in Figure 18. The output voltage across a 2.2 µF capacitor reached up to 

9.30 V in 17 minutes, which establishes a good charging rate in a simple and economical design. 

15 Also, under the force of 40 N and a frequency of 25 Hz applied continuously for a period of 10 

seconds, we found a set of 40 LEDs could light up in one shot through this charging capacitor. 

2.9 Analyses of experimental results 

It is now useful to put the different results into perspective based on the available information 

about black phosphorous or few-layer BP. First, BP is a layered system which is 

centrosymmetric.48 Hence, it is not expected to render ferroelectricity or piezoelectricity in its 

stand-alone bulk configuration. As discussed in the introduction, however, the works of Michel 

and Verberck, Reed and co-workers, and Z. L. Wang and co-workers have demonstrated that 

monolayers or few odd-numbered layered configurations of 2D materials could exhibit 

piezoelectricity.8, 69  In our case, the as-synthesized FLBP would statistically contain 50% of odd-

numbered layers which would have strong piezoelectric effects. Another avenue for induction of 

piezoelectric response in an otherwise non-piezoelectric system is surface functionalization by 

way of selective atomic or molecular adsorption.69, 49 In our case, the n-layered BP flakes are 

embedded in PDMS matrix, and the molecular interaction at the interface between BP and 

PDMS can serve the functionalization effect. It may be noted that in the Black phosphorus-

PDMS nanocomposite Si-O bonds chemically interact with the phosphorus (as evidenced by the 

redshift in Raman spectra, Figure 4 ) rendering compactness, strain, and high density of FLBP in 

the PDMS matrix; while in case of cellulose used in the previous work, 32 the interaction of the 

C-O bonds with black phosphorus does not change the configuration of the film since no shift in 

Raman spectra was observed. Finally, the Si-O bond of PDMS possesses higher dipole moment 

(~0.6 D)50 than the C-O (~ 0.16 D)51 bond of the cellulose polymer chain which could lead to 

higher polarization in BP-PDMS nanocomposite film than the Cellulose-BP film. Thus the 

polymer used to form the active layer of the device does also make a difference in the 

performance. 
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Figure 18 Schematic of   multi-mechanism effect proposed by experimental analysis 

 

Since an effective piezoelectric character was noted in the BP nanosheets in the PFM 

experiment, one could envision that compression of the PDMS-BP nanosheets composite against 

a fixed bottom plate in a transient mode would induce distortions generating electric dipole 

moments. Indeed, Fu and Cross have shown that by properly manipulating the phases in 

flexoelectric-type composites one could generate a direct piezo-response.56 

In our case, the origin of the observed high voltages may thus be traced to three key aspects of 

the architecture, namely the mechanically unique puckered 2D material (phosphorene) embedded 

in the dielectric matrix, the properties of the interfaces between the embedded 2D material 

(FLBP) and the dielectric, and the existence of high internal strain gradients.  

Finally, two more points need to be stated. First, the strength of the effect in our case in the 

bending mode operation was noted to be lower than that in the impact based compaction and 
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release operation. This is exactly opposite to the behaviour noted by Cary Pint, and workers34 

stated earlier, suggesting a different mechanism and hence operational novelty of our device 

architecture. Second, by way of two application specific demonstrations (water impact and flutter 

modulation by spokes of wheels) of the high powering capability of our device, we introduce a 

new element  

 

Table 2 Comparison of the performance of our device with recently reported black phosphorus-

based devices. 

Reference Material/Device Peak to 

Peak 

maximum 

Voltage 

(V) 

Current 

Density  

(mA/m2) 

Power 

Density 

(mW/m2) 

Volume 

Power 

Density 

(kW/m3) 

Piezoelectric 

force 

microscopy 

(PFM) 

study 

ACS 

Energy 

Lett. 

2017, 2, 

1797 

Electrochemical 

Device using 

Sodiated BP 

0.013  0.5 0.42 Not 

Discussed 

No 

Adv. 

Mater. 

Interfaces 

2017, 4, 

1700651 

Cellulose-

Phosphorene 

Hybrid Paper 

7.2  0.18 0.11 Not 

Discussed 

No 

Adv. 

Mater. 

2018, 30, 

1705088 

MoS2/BP 

Turbotronic gate 

FET 

-- -- -- Not 

Discussed 

No 

Our data FLBP/PDMS 

Multi-

Mechanism 

System 

350  12.8  1400  2  Yes 



Chapter 2 

Ph.D. Thesis 2020: Sachin Kumar Singh, IISER Pune  52 
 

 

of external tribotronic effect interacting synergistically with the internal device mechanisms to  

boost the powering performance significantly (Figure 19). Finally, we compare in Table 6 the  

performance of our device with other black phosphorous based devices. 

 

2.10 Conclusions 

A mechanical energy harvester with black phosphorus (BP) nanosheets uniformly dispersed in 

PDMS (Polydimethylsiloxane) is shown to exhibit an exceptionally high voltage output of 

maximum peak to peak voltage output of the order of ±350 Volts (maximum current density of 

12.8 mA/m2) under an applied impact force of 40 Newton (N) at a frequency of 20 to 25 Hz. 

This corresponds to an areal power density of 1400 mW/m2 and a volume power density of 2 

kW/m3, with active material (BP) contribution of 0.35 W/g. The 2D BP nanosheets themselves 

exhibit a fairly high piezoelectric coefficient of ~20 pm/V. The DFT calculations suggest the 

existence of strain-induced polarization via deformation-induced redistribution of intra-layer 

electron charge density. To our knowledge, this is the first demonstration of a very strong 

mechano-electronic response from a device based on few-layer black phosphorous, which can be 

used for real-life applications.  
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Chapter 3 

Seed Power: Natural seed and 

electrospun PVDF nanofiber-based 

triboelectric nanogenerators with 

high output power density  

Abstract 

Triboelectric nanogenerators (TENGs) based on natural seeds and electrospun PVDF fibers 

are reported. The nanofibers are specifically used to enhance the triboelectric effects. A 

mustard (flax) seed-based TENG renders an impressively high electrical output with an 

average open-circuit voltage of 84 V (126 V) and maximum power density 334 mW/m2 

(324 mW/m2) under an impact force of 40 N at 25 Hz. Basil seeds are relatively weaker in 

power delivery. By comparing the seed crust properties and TENG performances, we 

analyze the powering capability in terms of the cellulose content in the crust, dielectric 

constant and surface morphological features.  

 

The following paper has been published based on the work documented in this chapter. 

Singh, S. K.; Kumar, P.; Magdum, R.; Khandelwal, U.; Deswal, S.; More, Y.; Muduli, 

S.; Boomishankar, R.; Pandit, S.; Ogale, S., Seed Power: Natural Seed and Electrospun 

Poly(vinyl difluoride) (PVDF) Nanofiber Based Triboelectric Nanogenerators with High 

Output Power Density. ACS Applied Bio Materials 2019, 2 (8), 3164-3170.Copyright 

permission has been obtained for the complete article from the American Chemical 

Society. 
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 3.1 Introduction 

Nanogenerators (NGs) and Triboelectric Nanogenerators (TENGs) have acquired prominence in 

recent years as low, medium and even high power mechanical energy harvesting devices. While 

the term NG is generally used for energy harvesting realized via polarization changes such as 

those involved in piezoelectric or flexoelectric effects, the triboelectric or friction-based 

harvester designs involving separation of charges are now separately identified as TENGs. Over 

the past decade, the performance features of these devices have dramatically improved with 

many real-life application demonstrations,   thanks to the immense pioneering research 

contributions by Z. L. Wang and coworkers1-4 as well as several other research groups.5-8 One of 

the highlights of research on NGs and TENGs is the novelty and diversity of materials and 

device architectures which emphasize the interplay of the bulk, surface and interface 

polarization and charge transfer effects in multiple schemes.9-12 In most cases, however, 

inorganic and organic laboratory materials are employed as active materials in these devices. 

While nature offers a plethora of complex functional molecular assemblies which have 

interesting responses to electrostatic perturbations, only a few of these have been examined for 

possible use as active materials in NG, and TENG designs.13-15 For example, Dong Sung Kim 

and co-workers harvested energy from the natural lotus leaf-based TENG, employing contact 

electrification of discrete liquid-solid interface exploiting the natural super-hydrophobic lotus 

leaf surface, resulting in the maximum output power of ≈1.5mW/m2.14 Xia Cao and co-workers 

fabricated a TENG device utilizing natural leaves, displaying maximum output power density of 

≈45 mW/m2.15  

 

It is a common experience that when mustard seeds are shaken in a plastic container, they begin 

to climb up along the walls and dance due to electrostatic charging. This clearly implies that the 

surface of mustard seed can facilitate easy charge transfer in a triboelectric (friction) situation.9, 

16, 17 This observation inspired us to test different seeds as active materials in a TENG device 

design, and as shown in this chapter, we indeed obtained some exciting results in terms of the 

generated power, with a potential for realistic applications. Importantly, the seed surfaces are 

also quite tough and robust for mild impacts of a soft material used to extract the charges. 

Hence such devices promise good cycle life. 
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We employed three natural seeds (mustard, basil, flax) as promising triboelectric materials, 

operating in the contact separation mode of TENG.2, 18, 19 All these seeds are quite abundant and 

cheap, and therefore can be utilized for environment-friendly TENG construction. Our 

specifically designed mustard seed-based triboelectric nanogenerator (S-TENG) showed an 

impressive maximum output power density of 334 mW/m2 which, to the best of our knowledge, 

is the highest vis a vis most natural product based NGs and TENGs.13-15 Our detailed analysis of 

the molecular constitution of seed crust suggests that the powering capability of S-TENGs 

relates to the carbohydrate content in the crust.  

 

3.2 Experimental:  

3.2.1 Materials 

Brown mustard seeds are purchased from the Indian market. Dimethylformamide (DMF) 

(99.8% purity) and Poly (vinylidene difluoride) melt viscosity 20000-25000 poise are purchased 

from Sigma Aldrich. The spacer is purchased from 3M Tape. The aluminium sheet is purchased 

from physics equipments.  

3.2.2 Synthesis of PVDF electrospun nanofibers mat 

For the synthesis of electrospun nanofibers, 1 gram of PVDF  pellets was stirred for 4hrs in 10 

ml of DMF at 60 ºC. The resulting transparent polymer solution was taken in 10ml syringe and 

subjected to electrospinning (ESPIN-Nano set up) at electric field pf 10 KV and a flow rate 

0.7ml/hr. The electrospun nanofibers were directly collected on aluminium sheet of 0.05 mm 

thickness. 

3.2.3 Extraction of glucosinolates and isothiocyanates 

Mustard seed coat and core were manually separated. 200 mg of whole mustard seeds or seed 

coat or seed core were crushed in 80% aqueous methanol (vol/vol) using a ball mill. Samples 

were centrifuged for 10 min. at 10000 rpm and room temperature. Supernatants were incubated 

overnight at -20 0C for the precipitation of lipid contaminants, and then they were centrifuged 

for 10 min. at 10000 rpm and 4 0C. Clear supernatants were stored at -20 0C until the further use 

and were used as extracts for the identification and estimation of various glucosinolate and 

isothiocyanate contents. 
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 3.2.4 Characterization of triboelectric layers 

Structural analyses of all seeds were done using Fourier transform infrared spectroscopy (FTIR). 

Scanning electron microscopy images (SEM) of all seed’s cover were obtained using Zeiss Ultra 

Plus FESEM. 

 

3.2.5 LCMS analysis of glucosinolates and isothiocyanates 

Mustard seed extracts were analyzed on UPLC-coupled X500R QTOF HRMS (Sciex, 

Framingham, MA, U.S.A) for qualitative and quantitative analysis of glucosinolates and 

isothiocyanates. 10 µl of extract was injected in to LC and compounds were separated on 

Gemini C18 reverse phase column 50mm long, 4.6 mm wide with  5uM particle size and 110°A 

pore size (Phenomenex, Torrance, CA, USA)   by water (A): methanol (B) solvent gradient, at 0 

min with 100 % (A)/ 0 % (B); 0-3 min 90 % (A)/ 10 % (B); 3-4 min 50 % (A)/50 % (B), 4-8 

min 5 % (A)/ 95 % (B) held for 1 min and again back to 100 % (A)/ 0 % (B) in 2 min with flow 

rate 500 µl min-1. 

MS data were acquired on ESI positive ion mode with IDA experiment using TOF mass range 

100 to 1000 Da, declustering potential 80V, collision energy (CE) 40V, CE spread 20V and 

MSMS mass range 50 to 1000Da. Acquired data were analyzed using Analytics of SCIEX OS 

software (Sciex, Framingham, MA, U.S.A). 

 

3.2.6 Carbohydrate estimation 

Carbohydrates of mustard, basil and flax seeds and mustard seed coat and core were estimated 

using the Anthrone method. Determination of Starch and Cellulose contents were estimated 

with anthrone.20 3 mL acetic/nitric reagent was added to 1g tissue and mixed. The mixture was 

incubated at 100 OC in a water bath, for 30 min. The cooled mixture was centrifuged for 20 min, 

the supernatant was discarded, and the pellet was washed with distilled water. Pellet was 

incubated in 10 mL of 67% sulphuric acid for 1 h. This mixture was 10-folds diluted using the 

distilled water. 10 mL anthrone reagent was added to 1 mL of this mixture. The mixture was 

incubated at 100 OC in a water bath, for 10 min. The absorbance of the cooled mixtures was 

measured at 620 nm wavelength. Carbohydrate concentration was measured using the cellulose 

standard curve. 
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3.2.7 Fabrication of seed-based nanogenerator 

At first, the adhesive paste was applied on an ITO coated PET. After this, immediately 2-gram 

mustard seeds were fixed in the viscous adhesive liquid and dried for 10 minutes. A 1mm 

thickness double-sided adhesive (3M tape) was placed at the corners of mustard seed coated 

substrate as a boundary spacer. For the second layer of triboelectric nanogenerator, electrospun 

nanofibers of PVDF were deposited on aluminium sheet. The second layer was put on top of the 

adhesive spacer (on the mustard layer), which maintains the gap between the two triboelectric 

layers. After this, the whole device was sealed with Kapton adhesive tape. The basil and flex 

seed-based devices were fabricated using a similar procedure. The active area of devices in all 

the instances was fixed at 3 × 3 cm2. 

 

3.2.8 Output performance of Nanogenerator 

Keithley multimeter (DMM 7510) was used to measure the open-circuit voltage at 10 MΩ input 

impedance operating on 40N impact force and with 25 Hz frequency. For the impact force and 

frequency source, a home-built modified sewing machine setup was used, and the force was 

measured force using a PASPORT Sensor. Short circuit current was also measured on Keithley 

multimeter (DMM 7510) with variable load resistances at 1MΩ, 10 MΩ, 20 MΩ and 30 MΩ.  

 

3.2.9 Polarisation and dielectric measurements 

Polarisation-voltage hysteresis loops and dielectric constants were measured on the PDMS 

composite films (as the binder for seeds) of different seeds using the Sawyer-Tower circuit. The 

films were sandwiched between two aluminium adhesive foils which served as the top and the 

bottom electrodes. All the measurements were performed on an aixACCT TF-2000E model 

hysteresis loop analyzer. 

 

3.3 Results and discussion  

The top surface of the active material (seeds in the present case) plays a pivotal role in the 

surface electrostatics and frictional charge separation. The image of Figure 1 (b) depicts the SEM 

image of the mustard seed surface. It displays polygon-grid-like (length scale of about 80-100 

µm) surface morphology on a coarse scale, along with additional hierarchical submicron scale 
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undulations (Inset of figure 1(b)). Such hierarchically rough morphology of the surface is clearly            

helpful in the effectiveness of the process.  

                  

Figure 1 Characterization of mustard seeds (a) Friction-charged mustard seeds in 

polypropylene box, (b) FESEM image of surface curvature of mustard seed cover (inset shows 

hierarchical submicron scale undulations), (c) FTIR spectra of mustard seed cover which shows 

all corresponding signal to –OH, -NH, -C=O, -NCS groups, and (d) Schematic shows the 

triboelectrically active molecules present on the mustard skin/crust. 

A detailed Fourier-transform infrared spectroscopy (FTIR) analysis of mustard seed skin 

indicates several peaks that correspond to the amine (-NH), hydroxyl (-OH), carbonyl (-C=O) 

and isothiocyanate (-N=C=S) groups, as shown in figure 1(c) and Table 1. Interestingly, all these 

functional groups are triboelectric positive in the triboelectric series.11, 21 Information about the 

molecules present on the surface of the mustard seed which has these functional groups were 

also identified by Liquid chromatography-mass spectrometry (UPLC-QTOF HRMS and they are 

presented in figure 1(d). These molecules, namely 4-Methoxyglucobrassicin, 3-(Methylthio) 

propyl isothiocyanate, 6-methylthiohexyl isothiocyanate, 1-Isothiocyanato-6-(methylsulfonyl) 

hexane and 7-methyl sulfinyl heptyl isothiocyanate are noted to be in abundance in the mustard 
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skin, as shown in Table 2. These molecules are indeed rich with hydroxyl, amine, isothiocyanate, 

and thiols functional groups and therefore effective in triboelectric action. 

 

      Table 1 Analysis of functional group present on the mustard surface through FTIR 

 

       Table 2 Analysis of glucoisocyanate on the mustard seed surface                                                                                        

           

The starch and cellulose also represent additional constituents of the seed crust representing 

their major carbohydrate content. Starch is present in seeds as a nourishment source for embryo 

and cellulose as a cell wall material. Interestingly, cellulose and starch are piezoelectric 
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polymers, which exhibit piezoelectric charge constants of 27−28 pC/N and 2 pC/N, 

respectively.18, 22 Both contain multiple -OH groups on glucose (as discussed earlier), which 

build intermolecular and intramolecular hydrogen bonding network on the mustard surface, 

which is responsible for the formation of spontaneous electric dipoles. Thus, piezoelectricity is 

generated by displacement of dipoles by external pressure or stress.23, 24 Electrostatic charging 

of starch and cellulose due to inter-particle and particle–wall collisions is so prominent that they 

are considered as high-risk materials with respect to the dust explosion in their processing 

industries.25, 26 Therefore, the coupling of both piezo and tribo-effects make mustard seeds as an 

excellent material for Triboelectric Nanogenerator application.27  

  

Figure 2 Fabrication of mustard seeds TENG (a) Step-1: Cleaning of ITO coated PET, (b) Step-

2: Araldite adhesive coating on the conductive ITO surface, (c) Step-3: Spreading of mustard 

seeds on the adhesive layer, (d) Step-4: Positioning a separator (3M double-sided tape) on the 

border of mustard seed layer, (e) and (f) Step-5: Triboelectric layer PVDF nanofibers mat with 

aluminium electrode fixed on separator  

 

The devices for the mustard seeds (and other seed types as well) were configured by using ITO 

coated PET as the bottom electrode (Figure 2). The seeds were glued to the electrode with the 

help of adhesive glue Aradalite. Spacers consisting of double-sided tape (1mm) were bordered 

on the periphery of the assembled layer of the seeds. Electrospun nanofibres of polyvinylidene 

fluoride (PVDF) on Al served as the top soft electrode of the device. The electrospun nanofibers 

offer a natural advantage of about 100 nm scale surface undulations (morphological modulation) 

which help enhance the frictional effects. When PVDF and the seed crust come into contact, the 
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seed surface transfers electrons to PVDF due to the higher electron affinity of the PVDF 

nanofibers as per the triboelectric series.28-30  

 

The devices with mustard seeds (or other seeds) facing the nanofibre mat operate in the contact-

separation mode. The fabricated devices were sealed with a Kapton tape (Figure 3). A 

homemade modified sewing machine was used to supply the measured mechanical force with the 

impact force of 40 N and movement frequency of 25 Hz.31 The maximum voltage obtained under 

open circuit condition is referred to as VOC and the maximum current that can be extracted under 

the short circuit condition (zero load resistance) is referred to as ISC.                        

                       

Figure 3 Photographs of S-TENG Device: (a) mustard seeds with separator and PVDF two 

triboelectric layers (b) contact mode of S-TENG ( cross-section view) (c) fabricated S-TENG 

with sealing Kapton  tape (d)  Photograph of 3 x 3 cm2 mustard S-TENG (e) digital 

photographic images of the distribution of mustard seeds on electrodes 

The voltage and current values under different loads (RL) reflect the real extractable power (P = 

V x I). These voltages (across RL) and currents (in series) measurements were done with 

Keithley 2450 and 7510 units. Since the voltage and current values vary slightly for each 
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successive pulse, their average values over 50 impact cycles are stated in the discussions of the 

powering output. The working mechanism of the S-TENG in the normal mode, compressive 

mode, and release mode operations is displayed in the graphics in Figure 4(a), 4(b) and 4(c). 

 

Figure 4 Mechanism of vertical contact mode of Mustard S-TENG (a) Normal state of TENG 

device, (b) Compression mode of TENG, when current flows from the top electrode to the bottom 

electrode, giving output voltage, (c) Release state of TENG, current direction gets reversed from 

the bottom electrode to top electrode, (d) Open circuit voltage of mustard S-TENG, (e) Voltage, 

current density and power density of mustard S-TENG with range of resistors. 

When the two active triboelectric materials come into contact (proximity) with each other under 

compression state, triboelectric positive (Negative) charges will be induced on the mustard seeds 

(PVDF surface) through charge transfer and an electric potential difference is created between 

the top and the bottom electrodes. This drives the electron flow from the bottom electrode to the 

top electrode, thereby generating a positive signal. When the external impact is released, the two 

triboelectric materials start to separate from each other, leading to a drop in the electric potential 

and reverse flow of electrons, thereby producing a negative signal. Repeated contact and 

separation thus develops an alternating output voltage and current.32, 33 The output performance 
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of S-TENG was further examined as a function of several parameters like load resistance, device 

contact area, mechanical frequency, and also different seed types.  

 

Figure 5 (a), (b) & (c) effect of frequency of impact on open-circuit voltage of 2x2 cm2, 3x3 cm2 

and 4x4 cm2 area wise mustard S-TENG devices respectively. The force realized @ 5Hz was 15N 

@ 15Hz it was 30N and @25Hz it was 40N. 

For all devices (different seeds), the voltage, current and power density measurements were 

performed on 3 x 3 cm2 area device at 40N force with 25 Hz frequency. An exceptionally high 

VOC of about 92V (average 84V) was noted for the case of mustard seed device, as shown in 

Figure 4(d). As seen from the graph of current density and output voltage as a function of load 

resistance shown in Figure 4(e), a maximum extractable power density 334 mW m-2 was 

obtained for a load resistance of 1 MΩ resistance. In the investigation of the effect of area of the 

device and applied frequency, we found that there was no significant change in the output 

voltage with the change of the area from 4 cm2 to 16 cm2, but the voltage was noted to increase 

linearly with frequency (Figure 5). The output performance of the mustard-S-TENG also 

revealed interesting changes with different bottom electrode materials, in view of the differences 

in the work functions that drive the separation of charges. Hence, different electrode materials 

were checked in the interest of realizing better performance. As shown in Figure 6(a), amongst 

the mustard S-TENGs made using ITO, Cu and Al, the one with both the top and bottom 

electrodes of aluminium exhibited a better average output peak voltage and current. The output 

performances of S-TENGs using different seed types (flax and basil) assembled with ITO as the 

bottom electrode was further investigated (Figure 6(b)). Interestingly, the Flax seeds manifested 

the average peak voltage of 126 V and maximum power density 324 mW m-2. We further 

analyzed the basis for the differences in the S-TENG output performance for different seed types 
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using FTIR analysis. Figure 6(c) compares the FTIR data of the crusts of the basil, mustard and 

flax seeds.  

The stretching band of OH groups of molecular carbohydrate networks dominate in the case of 

flax seeds. We further analyzed the basis for the differences in the S-TENG output performance 

for different seed types using FTIR analysis. Figure 6(c) compares the FTIR data of the crusts of 

the basil, mustard and flax seeds. The stretching band of OH groups of molecular carbohydrate 

networks dominates in the case of flax seeds, as reflected by the extra broadening of hydroxyl 

group contribution due to inter and intra-molecular hydrogen bonding among carbohydrate 

which differs distinctly from the mustard and basil seeds. Flax seeds unveil the highest 

carbohydrate level as compared to the mustard and basil (Figure 6(d)). On the other hand, the 

dielectric constant and surface charge polarization values (Figure 6 (e) and (f)) for the mustard 

seeds are found to be higher than those for the basil and flax seeds. Morphologies in the three 

cases are also distinctly different as seen from the SEM images given in Figure 7, the mustard 

seed morphology being intrinsically rougher.  Thus, while the output voltage appears to be 

commensurate with the carbohydrate content, the power output is seen to be also governed by the 

other two parameters, namely surface morphology and dielectric constant. 

In order to also examine the reproducibility of the output performance of S-TENG, ten mustard-

based S-TENG devices were tested, and the data are shown in Figure 8(a). This confirms the 

consistency in the average output voltage. Cycles of compression and release for over 750 cycles 

on S-TENG were also performed, and it was found that the output performance of S-TENG is 

quite stable (Figure 8(b)). On the other hand, the performance of basil, mustard and flax seeds 

based TENG have been analyzed at variable resistance to optimize maximum power transfer 

(Figure 9(a), (b) and (c)). Having tested the performance of TENGs based in the three seed types 

we also compared these 
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Figure 6 Effect of different electrodes on mustard S-TENG and study with different seeds types: 

(a) Comparison of the effect of electrode materials: mustard S-TENG on Copper, ITO and 

Aluminum electrodes, (b) Performance comparison between basil, mustard and flax seed types 

in S-TENG, (c) FTIR of basil, mustard and flax seeds showing native cellulose associated -O-H 

stretching modes, (d) Study of carbohydrate content in basil, mustard and flax seeds (mg per 1 

gram of sample)    (e) Frequency dependence of dielectric constant values of different seeds, 

and  (f) Polarisation- Voltage hysteresis of different seeds.  
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Figure 7 (a), (b) & (c) Scanning electron microscopy (SEM) images of mustard, flax and basil 

respectively. 

 

 

 Figure 8 (a) The average output voltage of ten fabricated mustard devices (b) Cycles of 

compression and release for over 750 cycles on S-TENG 

results with some other naturally derived triboelectric mechanical harvesters, and this 

comparison is presented in Table 3. Our S-TENGs clearly exhibits an impressive power density. 
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Figure 9 (a), (b) & (c) Study of voltage, current density and power density of different seeds 

basil, mustard and flax, respectively 
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Table3 Comparison table of output performance reported in the literature based on some 

naturally derived triboelectric mechanical energy harvesters. 

Nanogenerator Voltage(V) Power Density Reference 

A Leaf-Molded Transparent 

Triboelectric Nanogenerator 

56 Volt 

(maximum) 

        - Nano Energy 2017, 32, 180-

186 

A robust triboelectric 

nanogenerator inspired by the 

natural lotus leaf 

1.6 Volt 

(maximum) 

1.5 mW/m2 Nano Energy 2017, 36, 250-

259 

Natural Leaf Made Triboelectric 

Nanogenerator for Harvesting 

Environmental Mechanical 

Energy 

240 V 

(maximum) 

45 mW/m2  Advanced Energy Materials 

2018, 8 (12), 1703133  

Mustard Seed based 

Nanogenerator ( this work) 

92 Volt 

maximum 

81 V average  

334  mW/m2          This report 

            

Figure 10 Application of mustard S-TENG. (a) The equivalent circuit diagram for storing the 

harvested energy in a capacitor from S-TENG,  (b)  Voltage profile of  different capacitors 2.2 

µF, 4.7 µF, 10 µF and 22 µF using S-TENG, (c) Experimental set up to light up 120 LEDs, (d) 

Demonstration of flash-lighting of 120 LEDs with mustard S-TENG 
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Finally, we demonstrated the practical application of our designed S-TENG by storing the 

harvested energy in a capacitor. The corresponding equivalent circuit diagram and the charging 

curves of different capacitors are introduced in Figure 10(a) and 10(b). As seen in Figure 10(b), 

the voltage across the 2.2μF capacitor reaches 4.5V in 60 seconds, while a 4.7μF capacitor could 

be charged to 5.0V in 400 seconds. Among all the tested capacitors, 22µF capacitor collected the 

highest amount of charge while 10µF stored the maximum energy in 60 seconds. As a 

demonstration, Figures 10(c) and 10(d) show an experimental setup to instantaneously flash-

power (not a continuous powering) 120 LEDs with the harvested energy stored in the capacitor 

attached to a bridge circuit. The LEDs were connected across the capacitor in parallel. 

The corresponding transferred charges in different capacitors with their respective stored 

electrical energy were further examined (Figure 11(a) and 11(b)). Transferred charge and the 

stored energy from S-TENG in 60 seconds is calculated by Q (charge) = C (Capacitance) x V 

(Voltage) across Capacitor and E (Storage energy) = ½ CV2 .The stored electrical energy by 

mustard-S-TENG could thus be easily utilized to power smart devices. 

    

Figure 11 (a) Transferred charge and (b) storage energy into different capacitors in 60 seconds 

from mustard S-TENG 

 

. 
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4. Conclusions: 

In conclusion, we have explored a simple TENG device design based on natural seeds in an 

attempt to move towards a greener approach to mechanical energy harvesting. The design 

involves a counter-electrode in the form of electrospun PVDF nanofibers, which are 

triboelectrically negative. While mustard seeds, known for their frictional charging, are 

examined in more details to elucidate the device features, two other seed types, namely basil and 

flax, are also examined. The mustard (flax) seed-based TENG is shown to render a very 

impressive power density of 334 mW/m2 (324 mW/m2). The high powering capability of the 

mustard-based S-TENG is clearly established via flash-lighting (not continuous lighting) of 120 

LEDs following 60 seconds charging of the device. The TENG performance of different seed 

types was noted to collectively depend on the cellulose content in the crust, dielectric constant 

and surface morphological features. 
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A neutral 1D-coordination polymer 

[Rb(iPr2N)]n exhibiting ferroelectric to 

paraelectric phase transition and 

mechanical energy harvesting 

application 

 

 

 
                                                                Abstract 

 

A new example of diisopropylimido Rubidium complex in a one-dimensional coordination chain 

structure of formula [Rb(iPr2N)]n was synthesized and shown to crystallize in non-

centrosymmetric crystal symmetry. P-E hysteresis loop measurements gave a good ferroelectric 

response with a remnant polarization value of 2.7 µC/cm2. Differential scanning calorimetry and 

dielectric measurement studies revealed the presence of ferroelectric to paraelectric transition at 

423 K which is unprecedented among metal-organic ferroelectrics. A representative mechanical 

energy harvesting device was fabricated by the inclusion (20 weight %) of the compound in the 

poly(vinyl)alcohol (PVA) matrix which resulted in a sizable open-circuit voltage of 20 V. 
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4.1 Introduction 

 

Ever since the discovery of ferroelectricity in Rochelle salt and KH2PO4 in the 1920s,1,2 

ferroelectrics have become a burgeoning class of functional materials as they find a wide range of 

applications in ferroelectric random access memories, capacitors, sensors, actuators, 

electromechanical transducers, photovoltaics and in mechanical energy harvesting devices.3-5 

While the most studied inorganic oxides dominated the commercial market, molecular 

ferroelectrics were studied to a lesser extent owing to their low polarization values.6,7 However, 

the growing environmental concerns escalated the interest in molecular ferroelectrics as they are 

lightweight, possess structural tunability, are easily processable and environment-friendly in 

contrary to the inorganic cousins which involve cumbersome synthesis, high processing 

temperatures, possess no mechanical flexibility and are highly toxic due to the presence of heavy 

metal ions such as lead into their composition.8-12 In an effort to develop efficient and robust 

molecular ferroelectric materials, the ionic salt of diisopropyl ammonium bromide was found to 

exhibit a remarkably high curie temperature value of 426 K and large spontaneous polarization of 

23 µC/cm2 which is on par with those observed for certain inorganic oxide materials.13 

 

Since then, numerous examples of molecular and ionic salts of organic, hybrid organic-inorganic 

and charge-separated metal-organic ferroelectric materials containing organoammonium cations 

have been explored for their polarization properties.14-16 Spurred by the numerous examples of 

organic and hybrid organic-inorganic ferroelectric materials based on the diisopropyl ammonium 

cation,17,18 we were interested in utilizing this moiety to synthesize metal-organic assemblies with 

polar symmetry. Over the years, several groups including that of ours have been interested in the 

generation of imido complexes of the main group and transition metal ions by the deprotonation 

of the corresponding amino precursors.19-21 The imido anions are isoelectronic to common oxo 

ions and are known to exhibit rich coordination chemistry. Thus, we set out to explore the 

deprotonation chemistry of the diisopropylamine in the presence of certain soft Lewis acidic metal 

ions and generate metal-organic assemblies with non-centrosymmetric structures. Herein, we show 

the formation of a one-dimensional coordination polymer of a diisopropylimido rubidium complex 

[(iPr2N)Rb]n (1) that crystallizes in the polar space group P21. Ferroelectric measurements on this 
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compound gave a remnant polarization of 2.7 μC/cm2. This compound also shows a ferroelectric-

paraelectric transition at 423 K which is unprecedented for metal-organic ferroelectric materials, 

especially for a neutral coordination compound. This compound was further fabricated into a 

flexible composite thin film in the presence of poly(vinyl)alcohol (PVA) and was tested for 

mechanical energy harvesting application. An output voltage of 20 V has been recorded under the 

constant force of 40 N and at an operating frequency of 25 Hz for a representative device composed 

of 20 weight % of 1 in the PVA matrix. To the best of our knowledge, this is the first report on the 

formation of a ferroelectric neutral coordination assembly for the diisopropyl anion that has been 

tested as a potential nanogenerator. 

 

4.2 Experimental Section 

 

General Remarks 

Diisopropylamine, hydrogen bromide and rubidium bromide were purchased from Sigma-Aldrich 

and used without further purification. Poly (vinyl alcohol) was purchased from Alfa Aesar and 

used as received. NMR spectra were recorded on a Bruker 400 MHz spectrometer (1H NMR: 

400.13 MHz; 13C{1H} NMR: 100.62 MHz) at room temperature using SiMe4 (
1H, 13C). Powder 

X-ray diffraction (PXRD) data were measured on a Bruker D8 Advance diffractometer on the 

composite films. The PXRD scans were collected in the 2θ range of 5− 50 at 0.3 s per deg. Thermal 

analysis data was acquired from a PerkinElmer STA6000 thermogravimetric analyzer. Differential 

Scanning Calorimetry data was obtained from Netzsch FTA JUPITER F1. The melting point was 

analyzed using an electrothermal melting point apparatus and was uncorrected. Zeiss Ultra Plus 

FESEM at 5-10 kV was used for SEM imaging. 

 

4.2.1 Synthesis of 1: Diisopropylammonium bromide was obtained by treating diisopropylamine 

with hydrobromic acid in aqueous solution. The resulting salt was recrystallised from methanol as 

reported in the literature.13 The obtained diisopropyl ammonium bromide salt  (1.821 g, 10  mmol) 

was then reacted with rubidium bromide (1.654 g, 10 mmol) in an equimolar ratio in methanol 

affording single crystals of 1 after one week. Yield 87%. M.P. 220-240 ˚C. 1H NMR (400 MHz, 

CDCl3, ppm) δ 2.95-2.88 (m, 2H), 1.15-1.14 (d,12H). 13C NMR (101 MHz, CDCl3, ppm) δ 47.93, 

18.76. 
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4.2.2 Preparation of 1-PVA composite films:  

20 mg of 1 was dispersed into an aqueous solution containing 100 mg of PVA in a vial. The 

resulting mixture was heated to 70 ˚C until it converted into a homogeneous solution. This solution 

was then drop casted onto Al wrapped PET (bottom electrode) and finally cured at 70 ̊ C to achieve 

a 20 wt. % transparent film of the composite. The composite was then sandwiched between two 

electrodes by placing ITO coated PET on the composite which served as the top electrode. 

 

4.2.3 Crystallography  

Reflections for 1 were acquired on a Bruker Smart Apex Duo diffractometer at various 

temperatures using Mo Kα radiation (λ = 0.71073 Å). Crystal structures were solved using the 

direct method and then refined by full-matrix least-squares against F2 using SHELXL-2014/7 built 

in the Apex 3 program.22 All of the nonhydrogen atoms were refined anisotropically while the 

hydrogen atoms were constrained in geometric positions to their parent atoms.23 

 

4.2.4 Dielectric, Ferroelectric, and Piezoelectric Measurements.  

The dielectric data for 1 was measured using the Novocontrol Dielectric Spectrometer. The powder 

sample of 1 was compacted in the form of circular discs and aluminium adhesive foils were applied 

as top and bottom electrodes to the compacted discs for the dielectric measurements. The 

ferroelectric hysteresis loop was recorded on the compacted pellets of 1 by using a Sawyer-Tower 

circuit setup. Aluminium adhesive foils were assimilated as the top and bottom electrodes. The 

polarization measurements were performed by using an aixACCT TF-2000E model hysteresis loop 

analyzer. Leakage currents were measured dynamically for varied voltage steps in the course of 

hysteresis loop measurements.  

 

For evaluating the mechanical energy-harvesting performance of the thin-film device of 1, a home-

built vertical impact force setup operating in a periodic compression and release function coupled 

with an oscilloscope was used. The fabricated devices were subjected to an impact force of 40 N 

with a tapping frequency of 25 Hz on an active area of 2 × 2 cm2. The output voltage measurement 

was recorded on a Keithley DMM7510 7.5 multimeter.  
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4.3 Results and Discussions 

 

Compound 1 was isolated as single crystals from the methanolic solution by the reaction of 

diisopropyl ammonium bromide with rubidium bromide. The molecular structure of the compound 

was determined by single-crystal X-ray diffraction analysis at 100 K (Table 1). It was found to 

crystallize in the polar space group P21 (Point group: C2) which belongs to one of the 10 polar 

point groups that are suitable for ferroelectricity. 

 

Table 1 Details of Crystallographic data collection of 1 

Compound 1 (100 K) 1 (298 K) 

Chemical formula 

Formula weight 

Temperature 

Crystal system 

Space group 

a(Å): (°) 

b(Å); (°) 

c (Å);  (°) 

V(Å3); Z 

Ρ(calc.) g cm-3 

μ(Mo K)mm-1 

2θmax(°) 

R (int) 

Completeness to θ 

Data/param. 

GOF 

R1[F>4σ(F)] 

wR2 (all data) 

max. peak/hole (e.Å-3) 

C6 H14 N Rb 

185.65 

100(2)K 

Monoclinic 

P21 

7.7436(18); 90 

8.0057(18); 116.299(8) 

7.8255(19); 90 

434.91(18); 2 

1.418 

5.609 

56 

0.0950 

100.0 

2180/ 78 

1.036 

0.0520 

0.0797 

0.561/ -0.839 

C6 H14 N Rb 

185.65 

298(2) K 

Monoclinic 

P21 

7.8607(14); 90 

8.1070(15); 116.277(6) 

7.8941(17); 90 

451.08(15); 2 

1.367 

5.408 

56 

0.1051 

99.7 

2220/77 

1.075 

0.0657 

0.1423 

0.684/-0.843 

 

The asymmetric unit of compound 1 comprises of one rubidium atom bonded to the N atom of one 

diisopropyl unit. Each imido nitrogen atom is bonded to two Rb atoms and each Rb is connected 

to two ligand N imido sites giving rise to a one-dimensional zig-zag chain structure that runs along 

the polar b-axis. The packing structure of 1 shows that the 1D-chains in the adjacent layers are 

superimposing on top of each other. The two unique Rb-N distances in 1 are found to be 3.308 (6) 

and 3.311 (6) Å and are comparable to those found in earlier reported imido-Rb complexes (Figure 

1a and 1b).24  
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Figure 1 Packing diagram of 1 along (a) c axis and (b) b axis 

 

The bulk phase purity of the compound was established by performing Powder X-ray Diffraction 

Analysis (PXRD) at room temperature. The well-matched patterned peaks of the bulk sample with 

the simulated peak profiles from the single-crystal X-ray diffraction data confirms the phase purity 

of obtained material (Figure 2a). Moreover, the compound was seen to exhibit thermal stability up 

to 520 K as revealed by thermogravimetric analysis (Figure 2b). As the ferroelectric compounds 

undergo temperature promoted transitions, we recorded differential scanning calorimetry data of 

1 to analyse the presence of any phase transition. As seen in Figure 2c, 1 undergoes a reversible 

phase transition at 423 K. 

 

The macroscopic polarization reversal was carried out by performing Polarization vs Electric field 

(P-E) measurements utilizing the Sawyer-Tower Circuit. For the measurements, the powder 

sample of 1 was compressed in the form of a pellet and the aluminium adhesive tapes acting as the 

top and the bottom electrodes. The P-E measurements displayed a rectangular hysteresis loop at 

an operating frequency of 0.01 Hz  with a remnant polarization value of 2.7 µC/cm2 at a relatively 

low coercive field of 0.26 kV/cm. These values are comparable well with several recently reported 

hybrid ferroelectric compounds.25-28 The leakage current density plot of 1 measured along the P-E 

loop gave peaks associated with the coercive fields with low-leakage currents (of the order of 10−6 

A), which supports the ferroelectric nature of the obtained loop (Figure 2d). To further probe the 

ferroelectric nature of 1, a point charge model based polarization calculation was performed. For 
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these calculations, the unit cell of 1 is selected and an assumption is made that the positive charge 

and the negative charges of the molecules are located on the Rb and N atom, respectively. The 

shift in atomic coordinates between the positive and negative dipoles per unit cell volume of the 

crystal as given in Equation 1 gives rise to the polarization of the system. The computed Ps value 

of 5.9 µC/cm2 is closely comparable with the experimentally observed polarization of 2.7 µC/cm2 

obtained from the Sawyer-Tower circuit measurements. The reduction in the experimental Ps value 

in comparison with the calculated Ps based on the point charge model can be attributed to the 

polycrystalline nature of the studied sample (in the form of the compacted disc) where the polar 

domains are randomly oriented resulting in a slightly reduced polarization value. 

 

 

 

Figure 2 (a) PXRD data (b) TGA-DTA (c) DSC data and (d) Ferroelectric hysteresis loop along 

with with its corresponding leakage current density plot of 1. 

 

d 

a b 

c 
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Table 2 Atom coordinates selected for the polarization calculations 

Atoms  Centroid Coordinates  

 Rb  (0.5, 0.446, 0.5)  

 N  (0.5, 0.345,0.5)  

 

 P = lim 1/V Ʃ qiri                                                                                                                                ……………  (1) 

      = [(qe(Rb)r(Rb) + qe(N)r(N)]/V 

    = [(qe x 0.446) + (-qe x 0.345)] x 2 x bl/ V 

    = [ 0.101 x 1.6 x 10-19 x 2 x 8.0057 x 10-10 Cm]/ (434.91 x 10-30 m3) 

    = 0.0594 Cm-2 

 P = 5.9 µCcm-2 

Where values of r are the coordinates of the centroid of the Rb and N atoms in the unit cell, qe is 

the charge on the electron, bl is the cell-length along the b-axis, V is the unit-cell volume. 

 

The real part of the dielectric permittivity was measured on the compressed disc of 1 as a function 

of temperature and frequency. As seen in Figure 3a, the temperature-dependent dielectric constant 

displayed the presence of anomaly peak centred at 423 K which is in good agreement with the 

heat-anomaly peaks from the DSC data. This indicates the presence of a structural phase transition 

in 1 at this temperature from the ferroelectric to paraelectric phase. However, the structural details 

pertaining to the paraelectric phase could not be extracted from single-crystal X-ray data as the 

crystals melt into a viscous state at the goniometer tip. This is suggestive of the existence of some 

sort of liquid crystalline state in the paraelectric phase (which needs further exploration). The 

maximum ε′ value was found to be 150 (423) at 1 Hz, as observed from the frequency-dependent 

dielectric constant measurements (Figure 3b). Also, the noticeable increase in the dielectric 

constant value with a decrease in the frequency stems from the contribution of all four polarization 

mechanisms. 
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Figure 3 Real part of the complex dielectric constant (a) as a function of temperature measured 

at 1 Hz (b) as a function of frequency measured at different temperatures. 

 

The potential of the 1D coordination polymer of 1 as flexible energy harvester was further probed 

by fabricating mechanical energy harvesting device in the presence of a suitable polymer.  

Appropriate quantity of 1 was dispersed into an aqueous solution containing polyvinyl alcohol 

(MW- 85000-124000) to prepare a composite solution of  20 wt. % in the composition. The 

resulting mixture was then heated at 70˚C to obtain a homogeneous solution of the composite. 

 

The prepared solution was then drop cast onto an Al wrapped PET film and cured at 70˚C to yield 

a transparent film of 1-PVA (Figure 4a). ITO coated PET was then placed on top of the composite 

film as the top electrode. The device connections were established by soldering the copper wires 

onto the copper tapes placed on the top and bottom electrodes. Finally, the whole device was 

thoroughly covered with the Kapton tape to attain electrical isolation and to increase the device 

mechanical robustness. 

 

The formulated composite demonstrated excellent mechanical flexibility as presented in Figure 

4b. The SEM image displays a fibrous network of compound 1 dispersed homogeneously 

throughout the composite film (Figure 4c). This indicated that the 1D-chain structure of 1 is 

retained within the polymer composite framework.  Moreover, the powder diffraction data 

a b 



Chapter 4 
 

Ph.D. Thesis 2020: Sachin Kumar Singh, IISER Pune  86 
  

determines the formation of a crystalline composite film where 1D crystallites of 1 are oriented 

along multiple directions (Figure 4d). 

 

Figure 4 (a) Photograph of the as-prepared transparent composite film of 1 (b) Flexible film 

exhibiting rolling operation (c) SEM image displaying the homogeneous distribution of the 

compound in the polymer (d) PXRD data on the as-prepared composite film. 

The preliminary output performance of the device was evaluated by subjecting it to a force of 40 

N with a frequency of 25 Hz. The active area of the device was 2 x 2 cm2. An output voltage of 20 

V was obtained from the as-fabricated device (Figure 5). The obtained voltage for the 1-PVA 

device with 15 wt.% of 1 is comparable to those recorded for the known examples of the polymer 

composites of organic-inorganic hybrids.29,30 Different wt.% composites devices of 1 along with 

their device performance are checked for Nanogenerator peformance. 

a b 

d c 
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Figure 5  (a) Schematic diagram depicting the fabrication of the device (b) Output voltage 

measurement performed on different wt.%  of 1-PVA. 

 

4.4 Conclusion 

In conclusion, we have explored a newly designed neutral one-dimensional coordination polymer 

for diisopropylimido anion and Rb cation and explored their ferroelectric behaviour and 

mechanical energy harvesting activity. The compound was found to crystallize in polar point group 

and the compressed pellet of it exhibited a remnant polarization value of 2.7 µC/cm2. Moreover, 

its applicability towards energy harvesting device was probed by the preparation of a flexible 

device by the inclusion of 1 into a PVA polymer composite. A preliminary device testing showed 

an output voltage of 20 V at an impact force of 40 N at 25 Hz. We are now working forward 

towards evaluating the device performance with varying concentrations, frequencies and area and 

deeply analysing them. Also, a practical demonstration of the 1D neutral coordination polymer 

towards LED lightning and capacitor charging will be explored as well. 
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Chapter 5 

Mechanical energy harvesting using 

different materials of emergent 

interest 

Abstract 
In this chapter, we present results on several specially engineered materials for NG and TENG applications.  

One such study involved the use of a multi-ferroic LuFeO3 in nanoparticle and nanofibers forms with differing 

hexagonal (h) phase and orthorhombic (o) phase contributions. Lutetium orthoferrite (LuFeO3) is an oxide material of 

emerging interest in the field of multiferroicity. By fabricating flexible piezoelectric nanogenerator devices based on 

LuFeO3 nanoparticles (NPs) and nanofibers, and their composite with PDMS we obtained open-circuit voltage of ∼3.4 

V and 6.4V, respectively, depending on the phase constitution.  

In another study, we fabricated triboelectric nanogenerators (TENGs) with MoS2, hBN, and MoS2-hBN 

nanocomposite. The output voltage of TENG is related to the corresponding work function. A triboelectric 

nanogenerator device containing biphasic MoS2-hBN composite film as an electron acceptor was seen to exhibit more 

than two-fold (six-fold) enhancement in peak-to-peak output voltage as compared to the pristine MoS2 (hBN) film, 

which correlates well with work function analyses based on electric force microscopy (EFM). 

Finally, we also prepared a triboelectric nanogenerator (TENG) based touch-sensing device comprising of bulk MAX 

film and microfiber paper which showed a very high peak-to-peak open-circuit output voltage  of 80 V for applied 

force of about 15N. 

Note: The author’s contribution is all these three studies was to fabricate, test and analyse the NG and TENG devices, 

while the credit for the choice of materials systems, synthesis of their specific forms, and the materials characterization 

and analysis goes to Dr. Smita Chaturvedi (LuFeO3), Ms. Swati Parmar (MoS2/h-BN) and Dr.  Abhijit Biswas (MAX). 

 

The following paper has been published based on the work documented in this chapter. 

Chaturvedi, S.; Singh, S. K.; Shyam, P.; Shirolkar, M. M.; Krishna, S.; Boomishankar, R.; Ogale, S., Nanoscale 

LuFeO3: shape-dependent ortho/hexa-phase constitution and nanogenerator application. Nanoscale 2018, 10 (45), 

21406-21413. (equal contribution) This chapter is reproduced from our above-mentioned article already published in 

Nanoscale after acknowledging Royal Society of Chemistry. 

Parmar, S.; Biswas, A.; Kumar Singh, S.; Ray, B.; Parmar, S.; Gosavi, S.; Sathe, V.; Janay Choudhary, R.; Datar, S.; 

Ogale, S., Coexisting 1T/2H polymorphs, reentrant resistivity behavior, and charge distribution in MoS2-hBN 2D/2D 

composite thin films. Physical Review Materials 2019, 3 (7), 074007. This chapter is reproduced from our above 

mentioned article already published in Nanoscale after acknowledging American Physical Society. 



Chapter 5 

 

Ph.D. Thesis 2020: Sachin Kumar Singh, IISER Pune  92 
 

 

5.1 Piezoelectric Nanogenerator based on LFO-PDMS composite film 

Various types of PNGs based on non-centrosymmetric oxides such as ZnO, PZT, BaTiO3, and 

BiFeO3 have been reported for energy harvesting applications. Ferroelectric perovskites have 

attracted attention for NG applications because of the availability of some unique non-

centrosymmetric structural forms, high polarization, and piezoelectric coefficient. Multiferroicity, 

which deals with the interesting condition of coupled ferroic (magnetic, electric, elastic) order 

parameters in a single material, has been the subject of intense scientific scrutiny for many years, 

in view of its great projected potential for multiple applications.1-4 Since thin films are the vehicles 

for most modern device architectures, studies on multiferroic systems are primarily performed on 

substrate-supported film samples.5-11 The substrate also naturally offers “interface strain” as an 

extra parameter to manipulate and possibly enhance the coupling of order parameters.10, 12 In 

nanomaterials, the surface-relaxation-induced strain field influences the emerging phenomena 

related to physical properties in interesting ways such as enhancement, the coupling of different 

orders etc., and thus serves as an interesting geometric parameter to control the physical properties 

via manipulation of nanomaterial size and shape.  

Lutetium orthoferrite (LuFeO3) is an oxide material of emerging interest in the field of 

multiferroicity. It has been studied by many groups in its hexagonal phase-stabilized in a thin film 

form13-20 and in the orthorhombic (o) form.21-24 Orthorhombic (o) and hexagonal (h) structures are 

significantly dissimilar in terms of the symmetry of the lattice as well as the symmetry of the 

environment of the individual cations (Lu and Fe).25 This difference in structural symmetry 

contributes to interesting changes in the physical properties. The crystal structure of o-LFO is 

distorted perovskite-type and is described by the Pnma space group. In this structure, Fe3+–Fe3+ 

superexchange interaction is very strong, resulting in high Néel temperature (TN) ∼ 620 K. The 

crystal structure of h-LFO, on the other hand, belongs to the polar P63cm space group. Recently, 

Song et al. have reported hexagonal–orthorhombic morphotropic phase coexistence in LuFeO3 

thin films. They have successfully grown a morphotropic phase mixture (MPM) of the h-LFO and 

o-LFO polymorphs in a single thin film by suitably altering the film-deposition conditions. 

Although the o- and h- phases are found to co-exist in both NP and NF, they stabilize in 

significantly differing proportions depending on the shape. Interestingly, the inclusion of 

nanoparticles and nanofibers of mixed-phase LuFeO3 into PDMS renders impressive 

nanogenerator performance, consistent with the respective ferroelectric phase content. We 

obtained a maximum measured power density for NP ∼0.38 mW/cm3 and for NF ∼1.4 mW/cm3. 

5.1.1 Materials Synthesis and Characterization 

The details of materials synthesis and characterization are presented in the publication by 

Chaturvedi and Singh et al. .26 
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Briefly, LFO NP was synthesized using a standard sol-gel route combined with post-synthesis 

annealing, and the corresponding particulate TEM images are shown in Figure 1(a) and (b). For 

the synthesis of LFO-NF, the electrospinning technique was used. A solution of 1.39 g of PVP and 

6 ml of ethanol was stirred for 12 hours. Then the solution of 1.9268 g of Fe(NO3)3·9H2O, and 

1.725 g of Lu(NO3)3·xH2O with 5 ml ethanol and 5 ml water was prepared. The two solutions thus 

made were mixed; stirred for 1 h and then the final solution was transferred to a syringe for 

electrospinning. Electrospinning was performed at 22 kV, and the flow rate was maintained at 0.2 

ml h−1. The collected fiber was dried at 373 K and kept for annealing at 1123 K. The corresponding 

TEM images of Figure 1(d) and (e) establishes the fiber nature of the material. The relative 

fractions of Hexa and ortho phases (Figure 1(c) and (f)) in NP and NF were found to be 

significantly different in the two cases. 

                                                                                            

Figure 1 HRTEM images for nanoparticles (a and b), for nanofibers (d and e), Hexagonal and 

Orthorhombic phases of LuFeO3 (c and f) 

5.1.2 Ferroelectric and Nanogenerator Measurements 

The PE loop measurements were done using an FE Test aixACCT TF analyzer 2000. These 

measurements were performed on the film (made by encapsulating the NP and NF in PDMS 

matrix) for applied voltage 4 kV and frequency of 25 Hz, over the range of −60 kV cm−1 to +60 

kV cm−1 electric field. The nanogenerator device measurements were performed in an indigenous 

setup consisting of a sewing machine-generated mechanical force setup, a Tektronix MSO 2024 

Mixed Signal Oscilloscope, and a Keithley DMM 7510 1/2 digital multimeter. 
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5.1.3 Nanogenerator device fabrication and performance 

To demonstrate the nanogenerator performance of LFO NP and NF, we have fabricated the device 

using the PDMS (polydimethylsiloxane) matrix. Thus, 5% (w/v) of powder and PDMS solution 

were taken in a small beaker and mixed thoroughly to obtain a homogeneous solution. The solution 

was used to make films by the solvent casting method at 70 °C for 3 hours. The prepared film with 

a thickness of ∼700 µm was cut precisely into 2 × 2 cm2. The prepared film was sandwiched 

between two ITO (Indium Tin Oxide) coated PET (PolyEthylene Terephthalate) electrodes to 

create the best possible adhesion. The fabricated device was subjected to 40 N force at a frequency 

of 14 Hz, and the mechano-electric nanogenerator effect was tested by using a simple sewing 

machine setup. 

5.1.4 Polarization and nanogenerator performance  

We measured the polarization loops for the NP and NF films that were used for testing the 

nanogenerator device. The results of these measurements are shown in Figure 2. For the applied 

voltage of 4 kV and a frequency of 25 Hz, the ferroelectric loops were obtained without poling the 

films and are shown in Fig. 1(a) The maximum saturation polarization (Ps) for the LFO NP sample 

is ∼0.03 μC cm−2 , while that for the LFO NF sample is ∼0.06 μC/cm2. This clearly indicates that 

the NF exhibits substantially higher polarization than that of NP. We also noticed that the loop for 

NF displays small jumps. These jumps are similar to those reported previously for ferroelastic 

hysteresis in KFe(MoO4)2 and are attributed to the elastic equivalent of Barkhausen pulses 

observed in ferroelectric switching.27, 28 One could speculate that inhomogeneous strains induced 

by embedded anisotropic nanomaterial in the present case may be the cause of observed jumps in 

the loop.28 When the films for the nanogenerator performance were tested, we obtained an average 

output voltage of ∼3.4 V for NP and ∼6.7 V for NF. The maximum value of current density for 

the NP-based sample was Javg ∼ 10.54 μA cm−3 at a load resistance of 100 kΩ and for the NF-

based sample was Javg ∼ 15.9 μA cm−3 at a load resistance of 20 MΩ. The maximum measured 

power density for NP was ∼0.38 mW cm−3 and for NF was ∼1.4 mW cm−3 . It is noteworthy and 

intriguing that under the influence of electric as well as mechanical field, the response of NF-based 

nanogenerator is superior in terms of polarization, output voltage, current density and power 

density. As established by XRD, the NP (NF) of LFO consist of -o and -h phases in proportion of 

75:25 (23: 77). The two phases -o and -h differ significantly in terms of symmetry of the lattice as 

well as the position of individual cations (Lu and Fe) with respect to each other, which makes a 

major difference in the ferroelectric behaviour of the material. The -h phase belonging to the polar 

group P63cm is reported to be contributing to the ferroelectric properties.14, 17, 19, 25, 29 recently, -o 

phase is also reported to display polarization by Chowdhury et al., albeit extremely weak. Before 

we conclude, it is important to mention that oxygen stoichiometry and defect chemistry are 

additional important parameters in the context of phase stability, in addition to the shape aspects 
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and related strain-induced chemical bonding and distortion effects. These have been reported and 

discussed in the literature through controlled experiments for manipulation of stoichiometry.30-32  

 

Figure 2 (a) Polarization as a function of the applied voltage for NP and NF, applied voltage 4 

kV and applied frequency 25 Hz (grey curve is a guide to the eye), (b) voltage response of the 

nanogenerator devices made from NP and NF, (c) current density as a function of load resistance 

for the device of NP and NF, and (d) power density as a function of load resistance for the device 

of NP and NF. Inset of (d) showing the optical image of the device made for the nanogenerator 

application 

 

In present work, both the nanostructures are in roughly the same size regime, and both have been 

annealed at high temperature under an oxidizing atmosphere to achieve the fullest oxidation. 

Hence we believe that oxygen vacancies should be minimal in such synthesized LFO, and as such, 

the related tolerance factor issues would not be very significant as the differentiating factor 

between their phase constitutions. However, further studies will be needed to resolve these issues 

in depth. 
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5.2 Triboelectric Nanogenerator based PLD grown MoS2/h-BN thin films 

Since the discovery of graphene, there has been a significant growth of interest and activity in the 

field of two dimensional (2D) materials in view of their unique set of physical properties driven 

by surface effects as well as quantum size effects which render a special nature to their electronic 

density of states.33-36 Among the list of numerous 2D materials of past and emergent interest, MoS2 

is the second most explored material after graphene and has been studied in various applications 

for over a decade.37 As an n-type transition-metal dichalcogenides semiconductor, MoS2 exhibits 

astonishingly diverse, tunable, and application-worthy physical, chemical, mechanical, and optical 

properties.38-45 One of the remarkable features of MoS2 is that it shows multiple polymorphs, the 

primary polymorphs being 1T (trigonal phase), 1H and 2H (hexagonal phase), and 3R 

(rhombohedral phase). Importantly, it has been shown that MoS2 exhibits phase change from 

semiconductor (2H) to metal (1T) and enhanced hydrogen evolution reaction (HER) activity due 

to significantly higher electrical conductivity, useful for device fabrications.46, 47 It is also of great 

interest to explore the application potential of the films which could be more in the form of mosaics 

of nanoscale sheets (turbostratic configuration), rather than a single- or few-layer large area 

uniform coatings. Such a configuration renders a natural benefit of retaining and expressing the 

properties of few-layer forms of these 2D materials in a thin-film assembly. In this context, the 

pulsed laser deposition (PLD) technique allows great flexibility of stoichiometry, layer thickness, 

and growth temperature or ambient control, enabling the growth of different thin-film 

configurations, their heterostructures, or even superlattices.48 Keeping this in mind, we have 

chosen hexagonal boron nitride (hBN), another prominent layered 2D material to grow 

nanocomposite films of MoS2 and hBN, with a hope to induce and stabilize the multiphase in MoS2 

(1T and 2H phases in the present paper, which henceforth we will call biphasic), because of the 

specific PLD growth dynamics as well as strong interlayer coupling between MoS2 and hBN. hBN 

is also intensely researched material due to its exotic optoelectronic properties, mechanical 

robustness, and thermal stability. It has been extensively studied for various device applications, 

e.g., field effect transistors, detectors, and photoelectric devices. It is an insulator with a large band 

gap of ∼6 eV, an atomically flat surface without any dangling bonds, charge impurities, and, 

importantly, it is chemically inert.49-51 In this work, relying on the specific strengths and 

advantages of the PLD technique, we have successfully stabilized biphasic 2D material by growing 

thin films of the 2D/2D MoS2-hBN system using a single composite target.  

5.2.1 Materials Synthesis and Characterization 

The details of materials synthesis and characterization are presented in the publication by Swati 

parmar et al. .52 

We grew ∼200-nm pristine MoS2, hBN (Figure 3) and composite MoS2-hBN thin films on c-Al2O3 

(0001) and n-Si substrates by pulsed laser deposition or PLD technique (KrF laser, wavelength 
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248 nm). All the films were grown at a substrate temperature of 500 °C at a pulse repetition rate 

of 10 Hz using a laser energy density of 0.5 J/cm2, in the presence of 5-mTorr argon pressure. 

Additionally, we also grew films on flexible Kapton substrates (grown at 400 °C while keeping 

the other growth conditions the same) for nanogenerator device fabrications. 

                                            

Figure 3 Atomic structure of hBN and MoS2 

Figure 4 (a) Top and side view (inset) FESEM images of MoS2-hBN film grown on c-Al2O3. 

Typical grain size is ∼50 nm (inset). (b) EDAX analysis of MoS2-hBN grown on c-Al2O3 film 

confirms a 2:1 compositional ratio of Mo and S in the film; as is well known the lighter (low-Z) 

element (B, N) stoichiometry is not truthfully revealed by EDAX. (c)Raman spectra of MoS2, hBN, 

and MoS2-hBN composite thin films grown on c-Al2O3 substrate, showing the presence of both 1T 
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and 2H phases of MoS2. The left side of the x-axis break is for MoS2 signatures (100 to 500 cm−1), 

and the right side of the break is for hBN (1300 to 1500 cm−1). 

Figure 4(a) along with its inset present the FESEM data (top and side views) for the MoS2-hBN 

film grown on a sapphire substrate which describes the features of MoS2-hBN composite film and 

flaky features in the case of only MoS2 film. Compositional analysis though EDAX, is shown in 

Fig. 4(b). Technically, through EDAX, it is difficult to obtain the reliable compositional ratio of B 

and N as these are low-Z elements.The biphasic nature was confirmed by Raman spectroscopy. 

The Raman spectra of MoS2-hBN thin films were recorded with a 2.33-eV (532 nm) excitation 

energy laser (Figure 4(c)). The main E1g, E2g, and A1g peaks were observed at 285.4, 381.9, and 

408 cm−1, which correspond to the vibration of atoms along in-plane (E1g, E2g) and out-of-plane 

(A1g) directions, respectively.                     

 

5.2.2 TENG Results of MoS2/h-BN thin films 

We designed a TENG device, as shown in Figure 5(a). For this, we grew biphasic MoS2-hBN (and 

also MoS2 and hBN) films on a flexible Kapton substrate at 400 °C, by keeping all the other growth 

conditions the same in PLD. The lower growth temperature for Kapton substrate as compared to 

the 500 °C used for sapphire or silicon substrate was based on the consideration of the thermal 

stability of Kapton. The small difference noted was the lower tailing of the E2g peak, suggested to 

be due to nitrogen doping of MoS2. Interestingly the other signatures of the 1T phase (namely, J1, 

J2, and J3) are quite well defined in this case. The MoS2-hBN on Kapton and a polypropylene 

sheet on top of it were sandwiched between two aluminium layers; copper wires were soldered to 

the electrodes from the top and bottom sides. The area of the sample was 5×10 mm. The 

mechanical input was applied by a vibrator at 50 Hz with a measured force of 10 N (Figure 5(b)). 

The output open-circuit voltage (no-load resistance) values obtained for hBN, MoS2, and MoS2-

hBN are shown in Figure 5(c), while the same is shown on the expanded scale for clarity about the 

shape of the signals. It can be clearly seen that the open circuit voltages for hBN, MoS2, and MoS2-

hBN have a ratio of 6: 3: 1.  
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Figure 5(a) Schematic of the device architecture of TENG made of composite biphasic MoS2-

hBN composite thin films. (b) TENG performance measurement setup. (c) The continuous output 

voltage signal of TENG devices (MoS2, hBN, and MoS2-hBN) recorded at 50-Hz frequency. 

    

Thus, there is a twofold increase of average peak-to-peak output voltage for the MoS2-hBN (∼14.7 

V) case vis-à-vis pristine MoS2 (∼7.2 V). In contrast, the composite film shows a six-fold increase 

in average peak-to-peak output voltage with respect to pristine hBN (∼2.3 V). This is consistent 

with the propensity of biphasic film for charging effects under field as reflected by the EFM data. 

We also estimated the powering capability of the devices based on the three cases by adding a load 

of 1M (Figure 6). Here again, the composite case shows a higher power delivery. Finally, but 

interestingly, the shape of the TENG voltage signal curves is peculiar and has been noted before 

only in the case of 2D materials.53 We will undertake further studies to optimize and enhance the 

TENG performance in subsequent studies. 
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Figure 6 The peak current and power of MoS2, hBN and MoS2-hBN TENG devices obtained at 1 

MΩ resistance. 

 

5.3 Triboelectric Nano-generator  based PLD grown Max thin film 

Layered nanolaminate ternary carbides and nitrides are a unique class of materials due to the 

concurrent existence of both ceramic and metallic properties therein; an unusually interesting 

combination of application-worthy functionalities.54-57 These ternary materials are popularly 

known as MAX phases, (Mn+1AXn, n = 1, 2 and 3, M is an early transition metal, A is mostly group 

IIIA and IVA elements, and X is C or N). Until now more than hundred and fifty MAX phase 

compounds have been discovered, all showing exceptional functionalities. The discovery of 

MXene from MAX, an analogue of two-dimensional (2D) graphene has ushered in a new era of 

2D functional carbides and nitrides.58 2D MXene (Ti3C2) can be exfoliated from MAX by selective 

etching of Al layer by using hydrofluoric (HF) acid or equivalent solution(s). MXenes show 

enormous promise for multiple application domains, e.g. transparent conductors, electrodes in 

batteries and supercapacitors, sensors, microwave absorbers, and nanogenerator devices. 

Surprisingly, in spite of unique physical properties, there are only a few reports on the growth of 

high-quality thin films of MAX and investigations of their various functional properties.52, 59 

Therefore, we set out to examine the growth, properties and application-worthiness of MAX films 

themselves using the well-known stoichiometric-transfer technique of pulsed laser deposition 

(PLD), applied for various layered two-dimensional materials growth. MAX is found to be lying 

on the verge of the metal-semiconductor border.  Moreover, these p-type MAX films also render 

impressive rectifying characteristics with n-Si, as well as impressive triboelectric sensing device 

performance, useful for biomechanical energy harvesting.  
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5.3.1 Materials Synthesis and Characterization 

The details of materials synthesis and characterization are presented in the publication by Abhijit 

et al., which is under review.60 The MAX films (Figure 7) were grown by PLD (KrF laser of 

wavelength 248 nm, pulse width 20 ns). The Ti3AlC2 target was synthesized by first ball-milling 

a mixture of Ti, Al and TiC powders (1:1.5:2 molar ratio) at 100 rpm for 24 h in Ar atmosphere 

and then heating the mixture in a covered alumina crucible in a furnace at 1400 °C for 2 h in Ar 

atmosphere, as per standard protocols.61 For the nanogenerator device fabrication, we also used 

flexible Kapton substrates and grew the films at 400 C, by keeping all other growth conditions 

identical.      

 

                                            

Figure 7 Layered structure of MAX 

http://hims.uva.nl/content/news/2017/11/uva-researchers-report-first-max-phase-

catalysis.html?1550930518311 

http://hims.uva.nl/content/news/2017/11/uva-researchers-report-first-max-phase-catalysis.html?1550930518311
http://hims.uva.nl/content/news/2017/11/uva-researchers-report-first-max-phase-catalysis.html?1550930518311
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Figure 8 X-ray diffraction pattern of Ti3AlC2 (MAX) thin film (80nm) grown on c-Al2O3 (0001) 

substrate. Inset topographic imaged by atomic force microscopy of a MAX film (80 nm) showing 

atomically smooth surface with clear step-terrace structure and roughness of 0.70 nm. 

 

X-ray diffraction (XRD) pattern (Figure 8) obtained from the PXRD set up confirms the formation 

of oriented MAX phase films. Throughout the -2 scan, we can only see the (0008) and (00016) 

diffraction peaks for the films, clearly implying oriented, if not firmly epitaxial, (000l) out-of-

plane texture. The surface topography revealed by atomic force microscopy (AFM) mimics the 

clear step-terrace pattern of the substrate for thin film, confirming the epitaxial growth and thereby 

the high crystalline quality of the films. 

 

5.3.2 Fabrication and testing of MAX -TENG 

Triboelectric nanogenerator (TENG) devices were fabricated using MAX films. A contact mode 

TENG architecture was adopted for the design of the touch sensor. To maintain the gap between 

the top and bottom layer, four 3M double side tapes (1 mm thick) were also used, and were attached 

at the edges. Total active device area was 1.51.5 cm2. The electrical outputs were measured using 

a Keithley DMM7510 multimeter by soldering copper wires on the copper tapes on both electrodes 
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(Al and MAX), with short-circuit current of 3 A. We used the PASCO Force sensor to measure 

the applied force from human-arms, is of 15 N. 

We have confirmed the highly metallic nature with p-type charge carrier of MAX films; we 

proceeded to explore the efficacy of these films as an electron-accepting electrode in the 

triboelectric nanogenerator (TENG) application. In general, TENG devices are in high demand for 

sensing as well as tribotronics or mechanical energy harvesting applications.62, 63 Indeed, energy 

harvesting from human movements for portable and wearable electronic devices has received 

considerable attention these days. However, the materials currently in use are limited to a few 

polymeric systems (including some wherein active materials are embedded in polymers thereby 

forming composites) wherein issues of efficient charge transport, and transfer, as well as bond-

cleaving, wear and physical transfer of material are matters of continuing concern.47 Recently, 

several novel designs of TENGs including use of 2D materials and biomaterials have been 

researched with very impressive outcomes [40]. Indeed, MXene based TENG devices have shown 

high open-circuit output voltage (Voc) ~500 V to ~650 V.64 Since MXene has slidable layers 

laterally with low out-of-plane conductivity, we conjectured that even thin films of the robust 

MAX phase with excellent mechanical stability and high conductivity could render interesting 

TENG effects. Thus, we fabricated and tested TENG devices by using MAX films grown on a 

flexible Kapton substrate, which enables homologous interface contact between the actuator and 

the device. This also suits the TENG requirement to adapt to flexible/wearable devices. 

     The schematic of a typical TENG device is shown (Figure 9(a)) where p-type conducting MAX 

was used as a part of the touch sensor device. As stated above, the MAX does not only provides 

+ve charges (p-type) but also acts as a highly conducting bottom electrode for the contact. In 

contrast, glass microfiber filter paper was used to supply –ve charge carriers. On top of it, 

aluminium was used as a top electrode. Functionally, when both the layers are almost in contact 

with each other (by pressing), both p and n-type carriers feel dipolar forces and exchange of 

carriers takes place at the interface; generating triboelectric surface charges at the interface. When 

the pressure is released, the charges (both +ve and –ve) move away from each other. However, to 

compensate the interfacial triboelectric effect, they build up opposite charges on the bottom surface 

(of MAX) and the top surface (of aluminium), generating a potential difference. Our TENG device 

showed impressive peak-to-peak open-circuit output voltage (Voc) 80 V (Figure 9(b)  which could 

be attributed to efficient contact electrification that can be enhanced by the interface texture of the 

MAX grown on Kapton. 
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Figure 9 (a) Schematic of a triboelectric nanogenerator (TENG) device containing Ti3AlC2 (MAX) 

film grown on a flexible Kapton substrate. (b) Open circuit voltage (Voc) of the TENG based touch 

sensor device. 

 

5.4 Conclusions  

The work presented in these chapter highlights the property strengths of some emergent classes of 

materials, their specific morphological and chemical constitutions in rendering an impressive NG 

or TENG performance. 

In the case of LuFeO3, we have fabricated a flexible piezoelectric nanogenerator based on LuFeO3 

NPs/NFs−PDMS composite structure for scavenging mechanical energy. The output voltage of 

the PENG reached up to ∼3.5 V for NPs-PDMS and ∼6.7V for NFs-PDMS under repeating force 

impacting. A significant structural difference in the two phases and different proportions of -o and 

-h phases in the nanoparticle and nanofiber systems enable the nanomaterials to demonstrate 

extraordinary polarization and nanogenerator properties. Impressive nanogenerator performance 
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of the nanofibers compared to that of nanoparticles is consistent with the higher ferroelectric (-h) 

phase content therein. 

In the case of PLD grown MoS2, hBN and MoS2-hBN, the biphasic MoS2-hBN composite film as 

an electron acceptor exhibits more than twofold (six-fold) enhanced peak-to-peak output voltage 

as compared to the pristine MoS2 (hBN) films. In the composite case, the voltage output of 6V 

was realized with a force of 10N, which is good for touch sensor application. This study signifies 

that an increase in the voltage output of the TENGs can be attributed to efficient electron capture 

in MoS2-hBN composite film as compared to the MoS2 and hBN films.  

In the case of the PLD grown MAX thin film, a remarkable TENG-based biomechanical touch-

sensing capability was noted. In a vertical contact mode configuration of TENG with PLD  grown 

MAX thin film and microfiber paper, the Voc of TENG was found to be 80V for a force of 15 N. 

We established both rigid and flexible TENGs for harnessing mechanical power in vertical contact 

mode configuration using MAX as an active triboelectric layer. The flexible MAX based 

mechanical harvester can be easily integrated into wearable devices to harvest mechanical energy 

from human motions. 
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Chapter 6 

Conclusion and future perspectives 
 

6.1 Thesis Summary 

In summary, this thesis presents the generation of electrical energy utilizing a clean and renewable 

energy source to scale down the burden of conventional fossil fuel consumption. In the first part, 

the thesis discusses the synthesis of PDMS-polymer composite films of a 2D material (black 

phosphorus) and its application in the field of self-powered devices which can harvest energy from 

different mechanical/motional sources. The BP-PDMS composite films exhibited outstanding 

stability for several months which makes them potential materials for durable electronics. In 

another work, seed-based TENGs were fabricated and shown to exhibit excellent output 

performance in terms of the generated power densities. This study demonstrates the effectiveness 

of clean energy production from naturally abundant materials. 

In the subsequent chapter, a synthetic hybrid organic-inorganic ferroelectric material for 

nanogenerator application has also been explored. A 1D-coordination polymer made up of weakly 

coordinating Rb cation, and moderately basic diisopropyl imido anion was synthesised and shown 

to exhibit a good remnant polarization value. A preliminary device of the complex has been 

fabricated along with the PVA polymer offered an excellent flexibility and output performance 

towards piezoelectric nanogenerator application. Finally, polymer devices made up of emergent 

nanomaterials such as metal-oxides and MAX have been prepared and shown to exhibit excellent 

device attributes. 

 

6.2 Future Direction 

Researchers have demonstrated nanogenerators as self-powered devices which can harvest 

mechanical energy from several approaches. But there are many aspects where this technology 

requires considerable attention to be realised as a commercial product. To explore nanogenerator 

as an innovative research field in the future, one has to consider the following important aspects: 

(1) The charge transfer mechanism via contact electrification is not thoroughly understood.  

Fundamental aspects behind this phenomenon need experimental proofs. Mass transfer or charge 
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transfer, the science of these two directions should be taken up in the upcoming days which will 

boost the performance of TENG. 

(2) Nanogenerator devices necessitate good polymer packaging so that they can sustain even in 

harsh environments without any significant decrease in their output performances. 

(3) Though TENG furnishes high output voltage and low current they are still not at par with the 

solar and thermoelectric cells. This calls for the proper research on the power management circuit 

which can deliver the best performance without any significant amount of energy loss. 

 (4)  Hybrid energy cells that can exhibit multi-modal energy harvesting can also afford a 

promising and meaningful direction in research. Such multi-mode energy harvesting might involve 

hybrid energy cells such as Solar NG and battery NG that can lay a substantial pathway towards 

self-powered technology. 
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