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Abstract 

 

This thesis investigates the triboelectric energy harvesting phenomenon of falling water droplets 

on a novel nanocomposite surface, chemically synthesized from reduced graphene oxide (rGO) 

and polydimethylsiloxane (PDMS) polymer. Filler amount variations in pristine polymer matrix 

and their effect on the resultant triboelectric films have been investigated thoroughly while 

vertically falling consecutive water droplets contact and slide over the as synthesized triboelectric 

nanocomposite film surfaces. Based on the output performance, proper optimization has been 

made and explained theoretically with respect to the effect of filler incorporation 

Six nanocomposite samples have been prepared by varying filler’s concentration in polymer 

matrix to optimize the triboelectric performance. Optimization has been explained based on 

determination of several parameters e.g. rGO flakes’ thickness, water contact angles, dielectric 

properties, and nano-characterization of the pristine and nanocomposite film samples. Several 

nano-characterization technique includes Field Emission Scanning Electron Microscopy (FE-SEM) 

for the analysis of surface and cross-sectional morphologies, Energy-Dispersive X-ray (EDX) 

spectroscopy for quantitative elemental analysis, and confocal Raman spectroscopy have been 

performed to analyze the as prepared samples for critical optimization. 

In addition, thickness effect of as prepared films has also been studied by varying the thickness. 

After analyzing outputs of a single electrode mode triboelectric nanogenerator (SEM-TENG) 

based on Pristine PDMS and nanocomposite samples, it has been found that thinner films perform 

better in comparison to apparently thicker films. Moreover, it has been also investigated that lower 

quantity of filler inclusion can impart the best desired triboelectric properties to resultant 

nanocomposite matrix than higher amount of filler comprehended matrix. After proper 
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optimization, it has been found that 0.5 mg rGO incorporated PDMS matrix of 141 µm thickness 

revealed highest output potential difference of ~2V upon contact and separation of water droplet 

over the nanocomposite film surface. The maximum close circuit current (ISC) value has been 

obtained ~2 nA from triboelectrification for the same sample.  

This work demonstrates a unique way to get a hydrophobic surface and improved dielectric thin 

triboelectric nanocomposite film simultaneously by optimizing rGO filler inclusion in PDMS 

matrix, which is able to harvest energy from a tiny moving water droplet. 
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Chapter 1 

Introduction 
 

This very chapter is focused on illustrating the organization of this full thesis work, literature 

review and state-of-the-art of the related works, motivation and objectives of this thesis. The 

complete chapter is categorized in three sections, which include organization of thesis, literature 

review, and objectives 

1.1 Organization of Thesis 

This thesis has been organized according the theoretical investigation and experimental findings 

conducted by the author. The theoretical representation includes several hypothesis to comply with 

the found phenomenon, assumptions and formulation of several parameters to explain everything 

in a prudent way. These hypothesis and assumptions have been further clarified using several 

material characterization techniques. Further justification has been made by the experimental 

outputs of the fabricated devices. The author has tried to demonstrate that how lower quantity of 

graphene derivative filler incorporated polymer nanocomposite matrix can give optimized energy 

harvesting output from sliding tiny water droplet sliding over its surface. The organization has 

been made as follows: 

- Chapter 1: Introduction 

                  This chapter introduces the need, purpose and summary of this whole work in 

brief for proper comprehension of the following chapters 

 

- Chapter 2: Literature Review 
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                  Background study of energy harvesting techniques, triboelectrification, 

working modes of triboelectric nanogenerator, state-of-art of triboelectric energy 

harvesting from different kinetic motions around us and finally recent progress on liquid 

energy harvesting have been explained in detail in this chapter. 

 

- Chapter 3: Experimental Procedures and Material Characterization 

                  In this section, description of the used materials, polymer/filler nanocomposite 

synthesis procedure, triboelectric energy harvesting device fabrication, all the performance 

measuring and nano-characterization equipment have been addressed clearly. 

 

- Chapter 4: Analysis of Results and Working Mechanism 

                   Analysis of the obtained experimental results have been explained here with 

logical reasoning and evidences found from appropriate characterization of the as prepared 

samples 

 

- Chapter 6: Conclusion 

                   Outcome of this research has been stated in a nutshell. Moreover, some 

suggestions have been made based on reasonable assumptions to improve the performance 

of this proposed triboelectric nanogenerator. In addition, publications and references have 

been put at the end of this chapter. 

1.2 Motivation and purpose of this research 

Consumption of petroleum fuels to an extensive degree not only contaminates our present 

environment but also causes detrimental climate change in the upcoming future. Moreover, due to 
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continuous depletion of this finite resource, price hike will also be occurring in the upcoming 

future. To address all these issues, researchers are now putting their concern on harvesting 

renewable and clean energy ubiquitous around us. This drives them to develop new technology to 

utilize those omnipresent energy in usable form. Nanogenerators are one of the most efficient 

approaches that have been promoted to harvest the ambient energy [1]. Several nanogenerators 

named as piezoelectric [2–4], triboelectric [5–8] and pyroelectric [9–11] nanogenerators have been 

developed so far to collect the mechanically available energy in the environment and to convert 

this in electrical energy following their individual working principle. Among these proposed 

nanodevices, TENGs are very efficient in its own way, which work based on the conjugation of 

triboelectrification and electrostatic induction [12]. Triboelectric phenomenon is explained by the 

generation of electrical energy when two materials of unlike polarities come in contact with each 

other through friction [13]. Continuous output can be generated by establishing potential difference 

during periodic contact-separation [14]. This contact separation basically happens based on four 

fundamental modes, which can be named as Vertical contact separation mode [7,15–17], Lateral 

sliding mode [18–21], Single electrode mode [22–25], free standing layer mode [26,27]. TENG 

can efficiently harvest mechanical energy available from human motion [28–31], wind energy [32–

34], wave energy [35–38], mechanical vibration & rotation [39–41] etc. for utilizing these 

collected energy to power up sensors [42–44], wearable electronics [28,30,31]and other 

nanodevices [45]. 

It has already been well-established that the output performance of TENG is quite dependent on 

the contact materials’ interfacial surface state. Therefore, choice of materials itself is a very pivotal 

step to fabricate an efficient TENG device. According to triboelectric series proposed in literature 

[14], materials are well-organized according to their affinity to lose or gain electrons upon mutual 
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contact. Among them PDMS is one of the most frequently used tribo-surfaces because of higher 

electronegativity, transparency, flexibility, biocompatibility and its adaptability to make any 

desired structures [46]. To increase the efficiency of PDMS to be used as a triboelectric polymer, 

several research efforts- like growing varied shaped nano/micro-structures to increase surface 

roughness [47,48], injection of ions [49], plasma etching [50], filling high dielectric nanoparticles 

[46] or carbon based nanofillers [23,50–53]  for increasing the capacitance- have been made so far. 

Harchana et al. have recently proposed a surfactant incorporated PDMS-graphene oxide (GO) 

based porous composite structure, which enhanced the output performance three times higher than 

flat PDMS film [54]. In addition, carbon nanotubes (CNTs) and multi-wall carbon nanotubes 

(MWCNTs) have been used as nanofillers in PDMS matrix in order to tune higher internal 

resistance of pristine polymer matrix, to increase surface charge density so that the enhanced 

output energy can be applied to charge capacitors and to power sensors or LED lights [50,51] etc. 

Furthermore, several works have been reported on using GO layer as triboelectric surface, growing 

several number of graphene layers on a substrate to find the triboelectric effect and GO doped with 

nanofiber mats to produce a better triboelectric phenomenon [5,55,56] and so on.  

Given most of the earlier mentioned works have been focused on solid-solid (SS) contact based 

TENG, where contact frequency, contact force and contact areas were quite higher, as they were 

controlled manually, to bring about a surge in TENG’s performance. But such controlled 

phenomenon is quite difficult to obtain while aiming for harvesting energy available in nature e.g. 

solar energy, wind energy, raindrops etc. In this work, our research is mainly concerned on 

harvesting energy from moving water droplets, which is clearly very much related to the nature of 

raindrops. Different research groups have already put their concern on droplet energy harvesting, 

and they have certainly come up with improved outputs by following their own way of fabricating 
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superhydrophobic polymer surface. However, most of those efforts have been given on growing 

complicated micro/nano structures [57–59], micro/nanowires [60], creating layer of 

superhydrophobic nanoparticles [61] etc. to increase water repellency on surface-which require 

sophisticated and costly techniques for implementation. Furthermore, the above-mentioned 

research did not show any effect of thickness variation of triboelectric film on device performance. 

Recently, a Kwak et al. and coworkers have reported a TENG, which has the ability to generate 

large amount of power from the movement of a single droplet over a monolayer of graphene 

deposited on PTFE [62]. This work has certain limitations like the droplet was moved forcefully 

by manual interference and the spread of droplet over the surface proved that the surface lacked 

hydrophobicity. A recent work on graphene’s attraction to water  [63] (hydrophilicity) further 

confirmed that this work failed to consider real life application. Considering such drawbacks, we 

considered to work on a novel nanocomposite structure and several parameters of the proposed 

nanocomposite film was taken into account to harvest energy from the droplet movement over it. 

In this work, rGO was selected as filler material due to its unique properties and structure [64]. In 

addition, its higher electronegativity compared to graphene and other carbon nanofillers [65,66], 

simple synthesis technique and long lasting storage potential without agglomeration than pure 

graphene and carbon nanotubes, electron trapping potentiality [67] and higher capacitance [66,68] 

offer a great compatibility to be used as filler in triboelectric polymers to improve the energy 

harvesting performance. The optimized oxygen containing functional groups  also impart it better 

dispersion, higher electrical conductivity and less adsorption [66,69–71]. These functional groups 

also possibly may bless this graphene derivative with the utility to create bonding with its host 

matrix for electrical/mechanical property improvement, whereas graphene/other carbon 

nanofillers do not have such functional groups in their pristine condition [72]. Moreover, optimized 
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conductivity of rGO mostly avoids the risk of dielectric breakdown, which may happen for highly 

conductive graphene [73], carbon nanospheres [74], carbon nanotube [75] filler included 

composites at a very lower percolation threshold. Furthermore, while graphene oxide (GO) has 

poor conductivity, higher hydrophilicity due to presence of numerous oxygen based functional 

groups [76–78], rGO has comparatively higher conductivity and hydrophobicity because of the 

reduction of these functional groups. Owing to such interesting properties of rGO, the effect of 

this filler in PDMS matrix was studied to optimize the desired triboelectric properties by varying 

the filler concentration. Six PDMS-rGO nanocomposite (PRNC) samples were prepared in this 

regard by using lower quantity of filler addition i.e. 0 mg, 0.5 mg, 0.8 mg, 1.2 mg, 1.8 mg, 2.8 mg. 

Optimization was made based on nano characterization of these filler integrated nanocomposites, 

contact angle measurement, dielectric property assessment and most importantly on device outputs. 

Variation of thickness of these as fabricated nanocomposites was made as well to examine its 

effect on device performance. Finally, a SEM-TENG has been presented in this paper based on 

PRNC film-water droplet contact electrification. 

1.3 Objectives of this research 

In this research, we have proposed a novel triboelectric nanocomposite surface for harvesting 

energy generated due to triboelectrification while a minuscule droplet is sliding and rolling off the 

proposed surface. Therefore, the diminutive mechanical motion can be converted in to electrical 

energy, which is the prime motive of Nano energy harvesting. Since hydrophobicity and other 

properties should be optimized of the nanocomposite film for making a proper optimization, the 

objectives of this study include the following- 

➢ Optimization of hydrophobicity due to addition of fillers in polymer matrix 

➢ Ensuring better dispersion, alignment and interaction of filler in polymer matrix 
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➢ Checking the dielectric properties (dielectric constant, ac conductivity) and capacitance 

effect for the prepared nanocomposite samples  

➢ Filler size optimization for imparting the resultant nanocomposite matrix the above-

mentioned favorable properties 

➢ In addition, the effect of film thickness on energy harvesting output has also been 

considered 

➢ Finally, considering all the aforementioned parameters and the measured output 

performance, a comparison has been made and an optimized condition has been suggested 

for triboelectric energy harvesting of this proposed phenomenon. 
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Chapter 2 

Literature Review 

 

2.1 Energy Harvesting 

 

2.1.1 What is energy harvesting? 

Scavenging of energy or power is usually termed as energy harvesting, in which process energy 

from the omnipresent environment is converted into another form for utilizing it for some specific 

purposes. For example, in electrical power generation facility when the strong water stream hit the 

turbine blades planted, which consequently moves and gives rotation motion to the connected shaft 

mounted in a generator. This shaft subsequently creates varying magnetic flux and produces 

electricity in that generator. Another example can be provided, where wind turbine does the same 

thing by utilizing the higher wind flow instead. In the very recent past, preceding wind turbine, 

windmill was used for milling grains, pumping water or sawing woods by using strong force of 

wind. However, these energy harvesting techniques require fixed spacious place, sophisticated and 

expensive setup, processes as well as higher maintenance cost to continue their operation. 

Therefore, in modern days, energy harvesting and storage has been addressed in a very miniature 

range and several portable devices have already been introduced to harness the ubiquitous energy 

around us [1–11]. 

In our surrounding atmosphere, energy usually exists in ambient form e.g. heat/thermal energy, 

solar energy, wind energy, kinetic/vibration energy. Although there are special methods for 

harvesting each type of energy, most of those available energy are not regularly available due 

change in environmental condition in different times and places, and day-night cyclic rules [79]. 

Among them only heat/thermal energy and mechanical energy can be found with more availability, 
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and regardless of weather and location restrictions. Since the focus of this study is to harvest energy 

from mechanical/vibration, therefore in detail study on this energy harvesting will be concerned 

onwards. There are several methods [80–82] have been proposed so far for harvesting energy even 

from a subtle kinetic/mechanical motion or vibration and to convert it in to useful electrical energy. 

These methods are piezoelectric energy harvesting [83–85], triboelectric energy harvesting [5–

8,12–15], electromagnetic energy harvesting [86–88] and electrostatic energy harvesting 

[79,89,90]. These methods will be described in brief individually and the triboelectric energy 

harvesting will be discussed thoroughly in particular as this work has been conducted on this 

special type of energy harvesting. 

2.1.2 Importance of Energy Harvesting  

First of all, the most crucial energy source “Fossil Fuels” of the present time is not an efficient 

solution for future energy needs. The report from World Energy Outlook (WEO) 2007 already has 

claimed that fossil fuel will be sufficient to meet the energy demand until 2030 if its consumption 

is retained at the same rate as it is now [91]. The consequence of this depletion can result in 

detrimental effect. It has been predicted that if we run out of this resource, the production of food, 

plants for water distribution/refining and other systems might be collapsed. Furthermore, the 

powerplants which are run by petroleum fuel will lose their productivity and electricity generation 

will be cut short as a consequence. The transportation system will suffer the most as well due to 

continuous depletion of fossil fuels as most of the vehicles running on the road use petrol, diesel 

or gasoline as prime source to put their engine in operation. Along with the upcoming scarcity, 

there are several negative impacts of using fossil fuels. Due to continuous use of fossil fuels 

noticeable amount of CO2, CO, SO2, NOX are continuously being added to the atmosphere. It is 

already known that the prevailing greenhouse gas effect is accelerated by CO2 gas and almost 70% 
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of CO2 emissions are due to the combustion of fossil fuels [92]. This increasing greenhouse effect 

is endangering the mankind and other animal kingdom by raising the temperature every year. 

Nowadays several new papers have reported that excessive heatwaves are striking several parts of 

the world due to the worsened global warming impact, which consequently. To keep the situation 

in limit, it has been proposed that the use of petroleum fuels should be in limit although the world 

has mass of amount of reserves for now. McGlade et el. suggested that if 1/3 of oil, ½ of natural 

gas and 80% of coal reserves are kept unused between 2010 and 2050, then the global warming 

can be limited by 2°C [93]. However, the real scenario always vary with the estimated scenario 

and such controlled use is sometimes not plausible to achieve. Moreover, the processing of fossil 

fuels from mining to emission form also causes several disadvantages like land degradation, water 

pollution, acidification of ocean. These not only damage the human life but also the wild habitats 

and marine lives. Therefore, some clean and renewable solutions are urgently required to meet up 

the energy demand as well as to save the world from being perished before time. 

In addition, most of the electricity generation infrastructure, currently in operation, are not very 

efficient as their energy conversion loss is extremely high. For example, while gas/steam turbines 

convert the input gas/stream into electricity, 2/3 of total input energy are lost as heat energy. 

Moreover, the incandescent light bulbs squander 99% of the total input electrical energy by 

dissipating it as heat. That much loss is unacceptable and therefore by 2014 most of the developed 

nations have phased out these bulbs and replaced it with energy saving bulbs [94]. The most 

convenient devices we use in our regular life e.g. computers, laptops, tablets, smartphones etc are 

also a great instance for energy loss as well since they dissipate a significant amount of heat as 

waste while running. Furthermore, vibration generated during refrigerator, engine operation is also 

undesired and can be considered as waste energy. In this context, some efficient materials and 
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technological improvement can be a suitable choice to utilize these waste energies and to convert 

it in to useful energy. Additionally, the commonly used batteries in electronic devices are not an 

efficient way to power those devices as batteries have limited life time and get exhausted 

completely after a certain period. Nowadays, several extreme accidents are being occurred due to 

hazardous battery condition and it costs even lives in worst case scenario. Different research works 

conducted in very recent time have already shown that energy can be harvested from the vibration 

energy sources e.g. walking, running, body parts movements and even from rain drops (already 

mentioned with reference in INTRODUCTION section). These multiple forms of energy can be 

stored and supplied to power wearable devices, which indicates the “no need of battery” days are 

not far away. These several forms of energy, which are usually wasted beyond our knowledge, can 

be an inexhaustible resource for the battery-free applications. 

2.1.3 Methods of Vibration Energy Harvesting 

Piezoelectric Energy Harvesting 

In order to introduce piezoelectric energy harvesting, it is important to define piezoelectricity 

beforehand for proper understanding on this phenomenon. Piezoelectricity is defined as the 

generation of electricity/electric charge accumulated in a target material, when it becomes 

polarized under the application of certain mechanical strain. Such piezoelectric materials are 

classified into inorganic piezoelectric materials, bio-piezoelectric materials and piezoelectric 

polymers. Piezoelectric inorganics include piezoelectric crystals (such as quartz film and ZnO 

nanowires) [95,96] and piezoelectric ceramics (such as Barium Titanate [BaTiO3], Lead Zirconate 

Titanate (PZT- Pb[ZrxTi1-x]O3), Strontium Titanate (SrTiO3), etc. [96]). Piezoelectric polymer like 

PVDF and its co-polymer P(VDF-TrFE) has favorable energy harvesting potentials [97–100]. The 

most popular piezoelectric materials are PZT and PVDF, although each has its own advantages 
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and drawbacks [101]. The next category is bio-piezoelectric materials e.g. various viruses, silks 

and bones, which also demonstrate a possible approach for energy harvesting although their 

usability lasts only for short period and output performance is quite lower in comparison to the 

aforementioned choices [96]. Beyond these materials, a new class of materials has been invented 

i.e. piezoelectric foams, which are literally a porous structure and shows piezoelectric properties. 

This type of piezoelectric responsive matrix is made of polymers usually treated with corona 

discharge. Piezoelectric foams have higher mechanical strength and are therefore very convenient 

for vibration energy harvesting [101–103]. Anton et. el have shown that most of these porous 

piezoelectric matrix structure were fabricated from polymers like Polyethylene Terephthalate 

(PET) and Polypropylene (PP) [101]. 

Electrostatic Energy Harvesting 

This energy harvesting typically uses structures comprised of two parallel metal plates separated 

by dielectric or insulator medium [80]. An electrical field is generated between two plates by 

charging these plates, using external power supply source, with opposite polarities. Electrostatic 

effect occurred between the plates of the capacitor induces electrical charge storage. Moreover, 

physical separation of one conductor plate is needed, while the other will be fixed, to generate 

current. This movement of the plate is made by mechanical vibration [104]. This capacitor 

structure is quite suitable for microelectromechanical systems (MEMS) and for low frequency 

energy harvesting applications [105]. Moreover, flexibility of size modification to increase power 

density, low fabrication cost and higher output voltage generation potential make this energy 

harvesting probably an efficient option [105]. Considering the negative aspect for this energy 

harvesting device due to the necessity of external voltage supply, a permanent polarized dielectric 

material was proposed by Sterken et. al to overcome this limitation [106]. However, this electret 
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materials degrade overtime. However, dielectric breakdown, lower capacitance, existing external 

power source requirement and higher internal resistance [105] resist its applicability  to most of 

the sources of vibration energy other than MEMS devices. 

Electromagnetic Energy Harvesting 

This energy harvesting technique is solely based on Faraday’s law of electromagnetic induction. 

This law states that when an electrically conductive coil is placed within a magnetic field, then the 

movement of the coil or change in magnetic flux of the dominant magnetic field will induce 

electrical charge flow in the conductor coil [107]. This principle can be applied to harvest the 

vibrational energy from the numerous ambient resources available in the atmosphere. If the 

ambient vibration is connected with the moving part of electromagnetic system, then electrical 

energy will be obtained intermittently as long as the movement of coil and magnetic field are 

retained in the uniform condition [82]. Although several materials choices are available for this 

energy harvesting technique and unlike electrostatic energy harvesting devices it does not require 

any separate voltage source, the circuit is quite complex to integrate with small devices. In addition, 

a permanent magnet is always needed to retain the magnetic field intact, which is very bulky and 

therefore arduous to mount in micro/nano devices [86,108]. Moreover, it has significant ohmic 

losses in the conductive coils, lower efficiencies when being operated in lower frequencies [105]. 

The lower results from electromagnetic energy harvesting results also indicate its ineffectiveness 

for the widespread use as to do such various additional equipment will be required for its 

continuous operation [108]. 
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Triboelectric Energy Harvesting 

Triboelectric energy harvesting is a very novel energy scavenging technique, which has been 

invented by professor Zhong Lin Wang’s group in 2012 at Georgia TECH [109] to harvest the 

nanoscale level energy. The working principle of this very technique lies in conversion of ambient 

mechanical/kinetic energy in to electrical energy based on the conjugation of triboelectrification 

and electrostatic induction [12]. Triboelectrification occurs when two different materials come in 

contact with each other through friction. This friction results in charging of two surfaces with 

opposite polarities. These charges remain on the surfaces since charge cannot flow in the dielectric 

medium and therefore, they are called as “static charges”. These static charges induce potential 

difference between the electrodes of two contacting surfaces. Therefore, uninterrupted flow of 

electrons in the outer circuit occurs when there is periodic contact and separation between the 

surfaces. The amount of electric charge flow depends on the electron attracting or donating 

affinities of the contact materials. Therefore, depending on this property, a new series of materials 

[14] have been presented in Table 1. The series is named “Triboelectric Series”. The color code 

in the arrow clearly indicates the gradual progress towards the most positive and negative 

triboelectric materials choices. The positive materials act as electron donor, while the negative 

materials has tendency to receive electrons. Moreover, the relative position of the materials in the 

given series also can anticipate the intensity of charges generated upon friction of the two contact 

surfaces. As much further as the materials go from the central section of the table, charge density 

becomes higher on the surface after contact electrification due to the chemical properties of the 

materials. Although all these enlisted ones and unlisted materials can be used as triboelectric 

surface materials, most of the reported TENG structures are made from polydimethylsiloxane 

(PDMS), Polytetrafluoroethylene (PTFE), Polyvinylidene Fluoride (PVDF) which when attached 

with conductor materials such as Gold (Au), Silver (Ag), Aluminum (Al), Copper (Cu) can yield 
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the best material combinations [14,110]. Therefore, depending upon the application, several 

materials options can be selected for fabricating numerous TENG Devices.  

Table 1: Triboelectric Series of Some Common Materials  
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Table 1 (Continued) 

 

 

Along with the listed materials in the above-mentioned Table 1, surface morphologies and matrix 

structure were studied and modified by using physical and chemical modification techniques to 

boost up TENG’s output performance. Various physical modification techniques like micro/nano 

patterning-pyramid, square, hemispherical, nanowire shaped structure have been grown on the 

surface for enhancing the efficient contact area, which consequently provide better output results 
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for energy harvesting. [60,111]. In addition, functionalization of surface e.g. ion injection, 

nanoparticle deposition etc. has been proven to offer a great potential to invigorate the pristine 

triboelectric surfaces [49,61,112]. Furthermore, composites made of fillers- like carbon or 

graphene nano/micro-shaped derivatives/ceramic/conductive nanoparticles- and polymer matrices 

have been proposed as contact surfaces, which not only bless the contact electrification but also 

boost the dielectric properties and energy storage capacity of the devices [46,52–54,67]. 

 

2.2 Detail Analysis on Triboelectrification 

The term “Triboelectrification” is solely integrated to “Contact Electrification”. This can be 

defined as “generation of electrical charges upon contact and separation of two identical or 

different materials” [113]. Although for some industries including electronics, aerospace, 

automotive or polymer etc, this is quite undesirable, this is very beneficial for electrostatic coating, 

triboelectric energy harvesting generators/nanogenerators. Since this research is concerned on 

providing deep insight in triboelectric energy harvesting, therefore contact electrification will be 

addressed to discuss this specific energy harvesting scenario. In this case, contact electrification 

between identical materials is not efficient as this phenomenon does not convincingly let the 

electron flow due to same polarity of the generated electrical charges. Thus, the objective of 

obtaining energy gets failed, Therefore, materials with further unlike polarities are more preferred 

for gaining better triboelectrification upon contact-separation. The possible combination of 

materials could be metals, semiconductors or polymers (ionic/non-ionic). Among which contact 

electrification phenomenon between metals and semiconductors have been well-addressed [114–

116] and charge transfer mechanism between metal-metal surface contact has already been 

explained by McCarty et. al [116]. However, the exact charge transfer mechanism between 
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dielectric-dielectric polymers remained vague and therefore the exact mechanism working behind 

the triboelectric output is questionable till date. Most of the polymers in triboelectric series do not 

have any ions on their surface unlike the ionic polymers and thus transfer of ions is not possible 

when two materials come in contact. However, it has already been observed that charge transfer 

happens when two non-ionic polymers contact each other. Therefore, it can be anticipated that 

there are some charge transfer mechanisms being involved in there. Three mechanisms have been 

proposed so far: 

I. Electron Transfer Mechanism 

II. Ion-transfer Mechanism 

III. Material Transfer Mechanism 

A brief discussion on the above-mentioned mechanisms have been presented below: 

I. Electron Transfer Mechanism                                                                                                                    

It has been inferred by Lowell J et. al that the charge generation because of contact electrification 

between polymer-metal is almost up to the same extent as for polymer-polymer mutual contact 

electrification [117]. However, it is important to notice that in order to obtain a charge transfer 

occurrence, two polymeric materials are needed- one will have acceptor state, while the other 

one will hold donor state. When these two asymmetric dielectric polymers are in mutual contact, 

empty electron states on the acceptor surface will only be filled by the full electron states on the 

donor surface [117,118]. The mutual contact literally creates strain on the bulk polymers, which 

also excite the energy state of the surface of these insulator polymers. These result in inducing 

free electrons, which can participate in electrification process. Liu C et. al further explained this 

charge transfer mechanism between insulators using electrochemical approach [119]. 
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II. Ion Transfer Mechanism 

Ion-transfer mechanism was first introduced by Whitesides and Diaz et. al. by including ionic 

compounds in pristine dielectric polymer matrix [119–121]. Very recently, our current research 

group has published two works using ion-transfer mechanism approach- using BNO-SPI and PTFE 

as triboelectric surfaces [122]; and triboelectrification between wCF-PANI.ES and PVDF contact 

surfaces [6]. In both cases one of the two contact surfaces were functionalized to make this 

mechanistic process to happen. However, various studies suggested that this mechanism can 

happen during triboelectrification of two insulating polymers [114,115,123]. In the open 

environment, moisture particles can accumulate on the contact surfaces and the presence of polar 

hydronium (H+) and Hydroxide (OH-) can induce charge transfer [124] by forming water-bridge. 

On the other hand, this charge transfer also has been observed to happen in vacuum medium in the 

absence of moisture contents, which indicates that other charge transfer mechanisms can be 

involved here [116,123] 

III. Material Transfer Mechanism 

Compositional analysis of surface has recently investigated that material transfer can occur from 

one surface to another upon contact and separation of two alike surfaces [125]. These materials 

transfer may happen in the form of molecular transport between the insulating materials. These 

molecules usually contain charges based on the polarity of mother material and thus, both positive 

and negative charges can be realized to present in both surfaces [125,126]. X-ray photoelectron 

spectroscopy (XPS) analysis has found the existence of these mutually transferred localized 

charged particles named as “mosaic surface charge”. Therefore, mass transfer is such a 

phenomenon that cannot be avoided and this scenario should be considered while modeling the 

contact charging as its presence has already been proved [125]. 
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The above-mentioned three charge transfer mechanisms have been confirmed by several reports 

published so far. Depending on the property of materials, variance in- contact mechanisms, contact 

surface area and contact force- may come up with some divergence [116] and it’s quite possible 

to observe simultaneous occurrence of these three mechanisms at the same time. 

2.3 Working Modes and Mechanism of Triboelectric Nanogenerator 

Triboelectric nanogenerator (TENG) principally works on four modes of contact electrification: 

vertical contact separation mode, in-plane/lateral sliding mode, single electrode mode and free-

standing layer mode. Each of these modes represents different interaction phenomena between two 

contact surfaces and also concerns on various structure types that can be utilized to generate 

triboelectrification from several kinetic phenomena. 

a) Vertical Contact Separation Mode   

TENG has been first introduced with this working mode. Since the operation is based on contact 

and separation mode, thus a compact design with two surfaces separated by a certain distance is 

needed to put it in operation. Each surface should be contained with two different type of 

triboelectric layers with an attached electrode for charge transfer underneath. These two layers 

should continuous contact each other to generate static charges at the interface and also separate, 

following the contact, to induce potential difference. Electron transfer between the electrodes 

occur subsequently to neutralize the emerged potential difference. Therefore, electrical energy can 

be obtained at the external circuit which can be stored and power up the smart devices. Typical 

kinetic motions like walking [28,30,31,47], finger tapping [127] or vibrations from engine [128] 

can be utilized to excite this working mode.  

The basic working principle of vertical contact separation mode TENG is based on the coupling 

of contact electrification and electrostatic induction [109]. Fig. 1 illustrates the complete depiction 
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of power generation based on this working mode. At the initial state, there is no charge at the 

contact surfaces (Fig. 1(a-I)) and hence no output can be gained. When some external application 

of force is provided, the two polymers (polymethyl methacrylate (PMMA) & Kapton) comes in 

contact with each other. This mutual contact can give rise to static charges due to triboelectric 

effect [116,129,130]. Since the triboelectric series has been made based on electron receiving or 

donating affinity of materials, it can be noticed that PMMA lose electrons and became positive, 

whereas the lost electrons injected in Kapton surface and became negative. Due to the insulating 

properties of these both polymers charge remained on the surfaces for longer time. As long as they 

are in contact with each other, no potential difference can be induced between the electrodes (Fig. 

1(a-II)). 

As the applied force is released then these two polymers would tend to separate from each other, 

and the surface static charges would remain on the surface (Fig. 1(a-III)). As the two separated 

surfaces are oppositely charged, mutual separation from each other gave rise to higher potential 

difference. As much as the distance between these surfaces grows higher, the open circuit voltage 

(VOC) keeps increasing. The increase reaches to the maximum value, when moving surface gets 

back to its original position (Fig. 1(a-V)). 
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Fig. 1 Fundamental working principle of Vertical Contact Separation Mode TENG (a) Open-

circuit condition (b) Short-Circuit Condition 

 

If the two electrodes of attached with top and bottom polymer surfaces are made short, then 

induced higher potential difference will be neutralized by the flow of electron from top to bottom 

electrode (Fig. 1(b-III)), known as positive current. Again, if immediate contact is followed after 

separation then there will be created interfacial balanced charge region as much as two contact 

surface come closer. This left the top electrode with higher electrical potential than the bottom one, 

which consequently causes a flow of electron from bottom of electrode to the top electrode. The 

obtained current from such electron transfer in outer circuit is termed as negative current (Fig. 1(b-

VI)) 

The working principle of vertical contact separation mode TENG aligns with the mechanism of 

electrostatic energy harvester. Only the charge is being generated by the contact electrification 
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mechanism instead of power supply from outside resources. A general theoretical model has been 

developed and proposed by Niu et. al in 2013 [131]. According to the model (Fig. 2), the open 

circuit voltage (Voc) and short-circuit current (Isc) can be given by the following equations: 

𝑉𝑜𝑐=
σx(t) 

ε0
  

𝐼𝑠𝑐=
Sσd0v(t)

(d0+x(t))2
  

 Here, σ= surface charge density of two individual surfaces; x(t)= vertical distance between two 

triboelectric surfaces; ∈0= dielectric permittivity of air; S= surface area of two contact layers; v(t)= 

relative velocity between the surfaces; d0= effective thickness constant, which can be further 

mentioned as, d0=                       , where, d1, d2  are the thicknesses of dielectric layer 1 and dielectric 

layer 2 respectively. In addition,     and        are the relative dielectric constants of tribo-layer 1&2 

respectively. 

 

 

 

b) In-plane Sliding Mode 

This contact electrification mechanism is primarily based on the relative motion between two 

triboelectric layers. Fig. 3 depicts the schematics of in-plane sliding mechanism. When two 

d1 

∈r1 ∈r2 

+ 

d2 

∈r1 ∈r2 

Fig. 2: Theoretical model for dielectric to dielectric vertical contact separation mode TENG 
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dielectric surfaces are in contact, there will be appeared static surface charges. These charges will 

be in neutral state as long as two surfaces persist their mutual contact, as seen in Fig. 3(a). At this 

stage, no output can be observed. When the upper surface is moved outwards along with the 

attached electrode, potential difference emerges and electron flow will occur from top electrode to 

bottom electrode in case of these electrodes are connected with each other, shown in Fig. 3(b). 

The flow of electrons will be happening until these surfaces are separated completely (Fig. 3(c)). 

On the other hand, when the triboelectric layer 1 slides inwards relative to the triboelectric layer 

2, as indicated in Fig. 3(d), then an electron flow can also be realized, which will be in the opposite 

direction of earlier mentioned moving out process.  

 

Fig. 3. Schematics of in-plane sliding mode- TENG 

Niu et al. has proposed the theoretical model for in-plane sliding mode of TENGs [21]. The Voc 

and Isc have been given by the following equations in this developed model- 
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Voc= Open-circuit voltage; Isc= Short-circuit current; σ= surface charge density; x= separation 

distance between the triboelectric layers; l= length of tribo-layers; 𝜀0= dielectric constant of air; d1 

and d2 are the thicknesses of triboelectric layer 1&2 respectively; εr1 & εr2 are the relative dielectric 

constants of these as mentioned tribo-layers; w= width in in-plane direction perpendicular to the 

motion sliding direction; and v(t)= relative velocity of triboelectric layers. 

c) Single Electrode Mode 

This mode based TENG has been introduced due to its simpler, more practical and feasible design 

for harvesting energy from real life kinetic motion. For the previous two modes of TENG devices, 

two moving surfaces were required along with an attached electrode with both of them. These 

electrodes were supposed to be connected with each other via a conductive wire. Such device 

structures mostly restrict their application to harvest energy from arbitrary environment or freely 

moving object over them as they require the both touching surfaces to be mutually connected [110]. 

This single-electrode mode has been proposed to solve this inconvenience.  

The basic working principle has been explained through Fig. 4 (a), where the two tribo-layers are 

polytetrafluoroethylene (PTFE) and Aluminum (Al) respectively. The PTFE can move forward 

and backward along the Al surface, whereas Al electrode is kept fixed and is also connected to 

ground with a conductive wire. When PTFE is pushed to move forward or backward, the friction 

between them would induce to transfer charges between them and in this case PTFE will be 

negative charges and Al will be charged positively [14]. When the PTFE slides out relative to the 
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fixed Al surface, then a charge imbalance will be evolved in Al surface and electrons from ground 

will flow towards the Al to compensate the incongruity. The obtained current due to this electron 

flow is positive. Similar to in-plane sliding mode, the charge transfer will be continued until 

complete separation between two surfaces, which will create an equilibrium state at which no 

output is observed. On the other hand, when the PTFE is reverted to slide in, electrons in Al will 

flow from itself to the ground in order to gain positive charges. Therefore, current output can be 

observed in the output circuit, which can be termed as Negative current. This negative current 

should be obtained until these two sliding surfaces come back into their overlapping position. 

 

Fig. 4 (a): Schematics of Single-electrode Mode TENG based on in-plane sliding 

Single electrode mode TENG can also operate in vertical contact separation mode as depicted in 

Fig. 4 (b). Here, Fluorinated ethylene propylene (FEP) is one of the tribo-layers which is allowed 

to have free movement and is also triboelectrically negative in nature. On the other hand, Al is the 

triboelectrically positive surface, which is fixed and connected to the ground (Cu electrode) 

through a lead wire. When the FEP is brought into contact with Al, then the surface charge transfer 

from Al to FEP would cause static negative charge on FEP and static positive charge on Al. Due 

to insulating properties of FEP, charge will be sustained at its surface for longer time. Therefore, 

when the FEP is separated from Al, open circuit voltage appears, and this value continue increasing  
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Fig. 4(b): Schematics of Single-electrode Mode TENG on vertical contact separation 

until the FEP surface reaches to its maximum position. At the maximum separation height, VOC 

will be highest. If Al and the ground are shorted via a conductive wire, then electron will flow 

from Cu electrode to Al in order to neutralize the imbalance, which results in an instantaneous 

positive current generation. However, if the FEP layer is reverted back closer to Al, then Al will 

be obtaining a lower electric potential than the ground electrode (Cu). This make the electron flow 

occur from Al to Cu and thus instantaneous negative current is observed. This current will 

continuously be generated as long as the FEP and Al comes in full contact again. 

A theoretical investigation has been presented by Niu et al. in 2014 for single electrode mode-

based triboelectric nanogenerators [132]. According to conductor-to-dielectric and dielectric-to-

dielectric contact separation- single electrode mode TENGs (presented in Fig. 5), the open circuit 

voltage can be given by the following equation: 
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Where, l= length of triboelectric layer (both conductor and dielectric surface); w= width 

of each layer; C1 & C3= capacitance of capacitors connected in series between node 1 and 3 and 

C2= capacitance of capacitor connected with node 1

  

Fig. 5: Theoretical model for (a) dielectric-conductor contact separation-based SEM TENG, (b) 

Equivalent circuit of 3 capacitors for SEM TENG under open-circuit, (c) dielectric-dielectric 

contact separation-based SEM TENG. 

d) Freestanding Layer Mode 

In this working mode of TENG, transfer of charge occurs because of relative motion of a formerly 

charged tribo-layer and a conductive electrode [110]. When a kinetic motion comes nearby and 

(a) (b) 

(c) 
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goes further away after sliding, then the resulted potential difference between the electrodes cause 

the electrons to flow from one electrode to other. Physical interaction is not mandatory for this 

mode. Since the triboelectric layer should be pre-charged, then it’s better to use this mode of 

operation after going through one of the above functional modes or using charged triboelectric 

layers by the use of corona treatment, ion injection, plasma treatment etc. After charging it by the 

means necessary, this charged layer can be used then for the current mode. 

Before proceeding to the working principle let’s take a look at a typical device structure for this 

working mode of TENG. Fig. 5(a) demonstrates a structural design of a freestanding layer-based 

TENG device, where FEP is the free moving surface and two aluminum electrodes of uniform size 

are placed on acrylic sheet (substrate). When the FEP slides over the Al surfaces, the resultant 

triboelectric phenomenon makes FEP to be charged negatively, whereas Al will be charged 

positively. There are two phenomena for this working mode of TENG: i) when the moving 

dielectric surface and fixed electrodes are not charged; and ii) when the dielectric surface is already 

charged. 

The first scenario is mostly identical with the SEM-based TENG. The only difference in this case 

is the charge transfer will be between the electrodes attached beneath the moving dielectric surface. 

When FEP is quietly overlapped on the left electrode of Fig. 5(b-i), then injection of electron from 

Al surface to FEP surface makes generates negative static charges on FEP and positive charges on 

Al. When the FEP slides towards the right electrode, Fig. 5(b-ii), then the positive charges from 

the left electrode will flow towards the right electrode to screen the negative charges of FEP surface.  
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Fig. 6: Free-standing layer (a) device structure; (b) contact sliding mode between dielectric-to-

conductor; (c) non-contact sliding mode between dielectric-to-conductor; and (d) contact sliding 

mode between dielectric-to-dielectric [27] 

Until FEP film becomes completely overlapped on the right electrode, the flow of positive charge 

happens intermittently. There will be no flow of charge when they are in equilibrium position, as 

shown in Fig. 5 (b-iii). The positive flow of charge will be happening in the reverse direction as 

soon as the FEP film starts to slide towards the left electrode (Fig. 5(b-iv)).  

The second scenario is considered when the surface of FEP polymer is already charged negatively. 

Due to higher insulating properties, these charges remain on the surface for quite a longer time. If 

these pre-charged FEP approaches towards the Al, then without contacting the electrodes it is able 

to make charge flow between them with just swaying it from above (Fig. 5(c)). There is another 

design concept for free-standing layer mode of TENG. Fig. 5(d) shows the device configuration, 
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where between FEP and stationary Al array of electrodes, there another layer of nylon. Since both 

nylon and FEP are dielectric insulators and upon contact electrification FEP becomes negative and 

nylon will gain positive charges. These charges will be persistent on those surfaces because of 

their insulating properties. Therefore, nylon’s potential will be constant on Al electrodes and also 

its unable to drive charges among these electrodes. Hence, only FEP movement can make the 

charge transfer happen. For this reason, this device principle is also same as the previous one. 

 

2.4 State-of-art Overview of Devices Structures based on purpose of applications 

In 2012, for the first time Fan et. al reported about the triboelectric generators (TEGs) as a potential 

power generator for running self-powered devices [109]. They also proposed a mechanism of 

triboelectrification through proper schematics, which has been shown in Fig. 6. In that work, they 

have come up with a sandwich-like device structure stacked by Polyester (PET) and Kapton film. 

A layer Au electrode was sputtered on both thin films and certain separation distance was 

maintained to function the device based on contact-separation concept. This phenomenon was 

excited by press-release scenario. The maximum output voltage was 6V (pk-pk) and current was 

1.2 µA (pk-pk). They also showed that the novel proposed triboelectric device operation can light 

a LED light. This work predicted a great potential for using this device a pressure or strain sensor. 

Following this work, in the same year, the researchers have fabricated a TENG device as 

represented in Fig. 7, which includes material modification technique and outputs were quite 

higher [7]. The device structure was same as before, but this time they focused on increasing 

mutual contact area while the two tribo-layers come in contact. A thin, transparent, patterned- 

PDMS was used as negative tribo-surface, whereas PET was kept as tribo-positive one. They used 

three patterns-line, cubic, pyramid-shaped to induce high surface roughness. The output was found 
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greatest, voltage 34 V and current 1µA, for pyramid-shaped micro-structures. It was realized that 

the shape of pyramid structures overall increased the contact surface area than the other structures. 

Since device demonstrated in this research was regarded as self-powered sensor, it does not require 

any external power supply to support its operation. 

 

Fig 7: (a) schematic illustration of working mechanism and real-time photographs of TEG 

working upon bending and releasing process, (b) Electrical Outputs of the as fabricated TEG 

device 

2.4.1 TENG-based on Biokinetic Energy Harvesting 

This is the most ubiquitous form of energy in our surroundings which can be harvested to power 

several electronic devices like sensors, wrist watches, calculators or smartphones. Several works 

have been reported so far to harvest biomechanical energy. Hou. et al proposed a very simple 

mechanism to harvest energy from human walking [133] at the very beginning of TENG device 

evolution. Fig. 9 (a, b) demonstrates the schematics and real-time device structure. They have 

used  

(a) 

(b) 
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A thin PDMS polymer film- which was patterned with dome-shaped bump on its surface-was used 

as bottom electrode and polyethylene terephthalate (PET) was used as the top electrode. A spacer 

of soft foam was put as a spacer between these two electrodes. Several number and thickness of 

spacers were used to optimize the performance of TENG device. It was concluded that the output 

performance resulted highest in case of least of spacers. Finally, the device was put inside a shoe 

insole (Fig. 9(c)) to test practical feasibility. It was observed that while stepping up shoe insole 

and stepping down from shoe insole were maintained continuously, then the output power was 

high enough to light 30 LED lights, shown in Fig. 9(d). The output voltage from this TENG device 

was 220 V and Output current was realized 40µA respectively. This output indicates that if several 

alike TENG devices are connected together, large scale of energy can be produced for powering 

far bigger utility instruments. 

Fig. 8: (a) schematics of TENG structure, and (b) electrical outputs representation. 
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Fig. 9: (a,b) Schematics and real-time device structure; (c) TENG device placement in shoe 

insole; and (d) 30 white LED light lighting during device operation upon stepping up onto and 

stepping down from shoe insole 

 

Most of the triboelectric energy harvesting devices reported were based on comparatively mass 

mechanical movements like running, walking or movement of hands etc. The harvested energy 

was then utilized for powering the earlier-mentioned devices. However, sometimes this mass 

resource of mechanical motion is not obtainable and, in such case, harvesting energy from slight 

movements of body parts is desired. Therefore, technological advancements have been made 

further to address this concern as well. Researchers have proposed a lightweight and arc-shaped 

TENG device, presented in Fig. 10, where carbon sponge was used as an electrode and a substrate. 

Due to the use of carbon sponge, the whole device weighted only 0.0992 gm. Nylon was used as 

the positive surface after triboelectrification. On the other hand, nanowire-grown polyvinylidene 

fluoride (PVDF)/PET/Polyimide (PI) was used as the negative friction layer. This device was used 

as an accelerator sensor, where single finger tap can generate power enough to light 20 LEDs. 
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Fig. 10: (a) Schematics TENG device; (b) measured weight of TENG device; (c) optical image 

of the prepared TENG; and (d) lighting of 20 LED lights powered by finger tapping 

 

2.4.2 TENG-based on Wind Energy Harvesting 

 

The most alternative resource to the fossil fuel crisis in upcoming time is the renewable energy. 

Harvesting this omnipresent energy smartly can meet up the energy needs of the whole human 

kind. Wind energy is such a renewable energy that is always available in everywhere. Wind turbine 

or windmill have already been in use but some drawback like installation place, high installation 

expenditure, low outputs etc. hinder its use to be as an efficient energy harvesting structure. TENG 

has come up with a boon as a solution to this problem as it can convert a tiny kinetic movement in 

to useful electrical energy. Furthermore, several benefits such as less fabrication cost, less 

installation space, mobility, higher sensitivity to kinetic displacement make it a suitable choice for 

harvesting wind power.  
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Various research groups all around the world have already evaluated the potential of TENG 

devices operated by wind energy. For instance, Cui et. al. have proposed a TENG structure that 

was able to show higher output power being driven by a meagre mouth blow [134]. They have 

prepared a device, shown in Fig. 11, where a double-layered polyaniline (PANI) film with 

enhanced nanofibers on both sides of a reference Kapton film was placed at the middle of the 

structure; and two thin PVDF films were attached with bottom and top acrylic surface plates. They 

have reported that if a wind blow of 15 m/s speed was passed through the device then the resultant 

contact separation between the PANI NFs and PVDF would result in 190 µA short-circuit current 

with maximum peak ~248 µA, and average open circuit voltage of 280 V with maximum peak 

voltage ~375 V. They have also shown that 1240 red LEDs can be lit if the wind velocity is too 

high. In addition, the TENG device provides cathodic protection against corrosion in sea 

environment. 

 

Fig. 11: (a) Schematics of TENG device; (b) PANI NFs grown on Kapton film; (c) Top view of 

the TENG structure; (d, e) side view of fabricated device; and (f) lighting of 58 LEDs when 

mouth blown air is used and 1240 LEDs were lit up when 15 m/s wind speed was passed 

through. 
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Moreover, Xie et al. have demonstrated a wind-cup structure [135], Fig. 12(a,b), where the wind 

energy was converted into rotation energy. The rotation energy then provided the kinetic force to 

produce contact electrification between nanowire-grown PTFE surface and Al layers. 62.5 mW 

power was generated at maximum, when the wind energy was provided at a velocity of 15 m/s. 

 

Fig. 12: (a) wind-cup device schematics; and (b) Real-time setup 

In addition, A rotating TENG device, Fig. 13. has been reported by research group of Professor 

ZL Wang in 2014 [136]. The device worked on sliding based triboelectrification and it consisted 

of a rotor, which is made of Copper (Cu) and worked as one of tribo-surfaces, and a stator, which 

is made of micro-patterned electrode embedded under a FEP film. The as fabricated device 

generated power output of 1.5 W and is able to harvest energy from wind and water flow. 

 

 

 

 

 



 

45 
 

 

Fig. 13: Rotating TENG structure using micro-patterned electrode 

 

2.4.3 TENG-based on Liquid Energy Harvesting 

 

The TENG devices proposed earlier after its invention were primarily based on solid-solid contact 

based triboelectrification. These devices have a very common disadvantages like rapture of the 

surface due to long-term use or its vulnerability to humidity in open environment etc. These can 

gradually reduce the overall performance of the devices over time. Furthermore, the fabrication of 

TENGs for liquid energy harvesting is quite simpler unless the plan is for harvesting energy from 

huge water sources like lake, canal or sea etc. Most of the direct water-solid surface contact based 

TENG devices work on SEM or free-standing layer mode. However, several TENG devices have 

been reported recently that uses the wave energy of water to make solid-solid contact-separation 

phenomena for generating triboelectric power. There are two types of liquid energy harvesting 

works have been done so far- 

i. Wave energy harvesting 
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ii. Droplet-based energy harvesting 

Since the current thesis is based on droplet-based triboelectric energy harvesting scenario, thus we 

will discuss it in detail after introducing wave energy harvesting in brief. 

Professor ZL Wang and his research group first proposed their concept to harvest energy from 

water from vertical contact-separation method in 2013 [48]. Their as delineated device schematics 

and working mechanism have been presented in Fig. 14, where they used a water as one of the 

triboelectric layers kept inside a water tank with Cu thin film electrode attached in it. Another 

triboelectric layer was PDMS tribo-negative polymer, which surface was patterned with pyramid-

shaped microstructures. These microstructures acted as regular gaps between the contact surfaces 

as well as increase of interfacial contact area between two surfaces. Moreover, due to rough surface 

topography the hydrophobicity was significantly increased, which helped the surface to get of 

addition water particles attached to it after separation process. If the insight in working mechanism 

is considered, then it can be realized that during mutual contact PDMS is negatively charged and 

the water is charged positively. The flow of current in the external load will be realized will be 

observed throughout the whole contact-separation phenomenon, as described earlier in the 

“working modes” part of this very chapter. This water-energy harvester TENG device produced 

almost 90 V and 2 mAm-2 current density, which would light up 60 commercial green LED lights. 

Moreover, this device also was also tested with deionized (DI) water and sodium chloride solution. 

Finally, it has been observed that the deionized water performed as an efficient contact surface 

than tap and NaCl solution. The reason behind this was the attachment of positive ions on negative 

PDMS surface and screening of negative charges on PDMS surface layer. 

Afterwards several solid surface-water contact electrification reports have been proposed. The 

most pivotal works are being presented as summary in Table 2. 
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Fig. 14: (a) device structure; (b) working mechanism; and (c) output performances using tap, DI 

water and NaCl solution 

 

Table 2. State-of-art Works on Solid -water contact triboelectrification 

Research 

Institutes 

Summary Device Structure 

 

Georgia 

Institute of 

Technology, 

USA; 

Beijing 

Institute of 

Nanoenergy 

& 

Nanosystems

, China. 

2014 [38] 

 

➢ Nanowire 

grown FEP 

thin film 

➢ FEP surface-

water wave 

triboelectric 

Isc= ~6 µA 

➢ FEP surface-

falling water 

drop 

triboelectric 

Isc= 3 µA 
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➢ Hydrophobic 

surface 

➢ Electrical 

output 

efficiency 

7.7% 

Georgia 

Institute of 

Technology, 

USA; 

Beijing 

Institute of 

Nanoenergy 

& 

Nanosystems

, China. 

2015 [137] 

➢ Nanoparticle 

incorporated 

PTFE thin film 

surface 

➢ Bendable solid 

surface 

structure 

➢ Integration of 

electrodes were 

used to boost 

up the output 

performance 

➢ Voc=~225 V 

and Isc= ~12 

µA 

➢ Hydrophobicit

y is ~110° 

➢ Device shows 

better corrosion 

protection, 

pollution 

reduction, 

water 

desalination 

performance in 

marine 

environment 
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Georgia 

Institute of 

Technology, 

USA; 

Key 

Laboratory of 

Advanced 

Technologies 

of Materials; 

Southwest 

Jiaotong 

University; 

Chinese 

Academy of 

Sciences, 

China. 

2014 [138] 

➢ Wavy-shaped 

structure has 

been proposed 

➢ Self-restorable 

design 

➢ The device 

operates based 

on the impact 

created by 

waves 

➢ Voc= 72V; 

Isc= 32 µA, 

Power= 0.4 

W/m2 

 

Georgia 

Institute of 

Technology, 

USA; 

Key 

Chonhqing 

University, 

China; 

Donghua 

University, 

China; 

Chinese 

Academy of 

Sciences, 

China. 

2015 [37] 

➢ A close packed 

TENG network 

has been 

proposed here 

➢ Based on the 

number of 

units, outputs 

can be 

increased 

noticeably  

➢ 4 units have 

been showed 

Isc=0.32 mA 

and Voc=200 

V 

 

GeorgiaTech, 

USA; 

University of 

Electronic 

Science and 

Technology, 

China; 

Beijing 

Institute of 

Nanoenergy 

& 

Nanosystems 

2014 [139] 

➢ Hybrid TENG 

comprised of 

water-solid 

interfacial 

interaction 

TENG and 

Impact TENG 

has been 

shown. 

➢ IE TENG and 

impact showed 

5.1 µA and 4.3 
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µA current 

respectively 

➢ The proposed 

TENG has 

been used a 

self-powered 

distress signal 

application 

Beijing 

Institute of 

Nanoenergy 

and 

Nanosystems

, China; 

University of 

Chinese 

Academy of 

Sciences, 

China; 

Georgia 

Tech, USA 

2018 [140] 

➢ Spring-assisted 

TENG has 

been reported 

based on 

water-impact 

excited 

triboelectrificat

ion 

➢ Max. output 

power density 

was 2.40 Wm-3 
 

Georgia Tech 

USA; 

University of 

Chinese 

Academy of 

Sciences, 

China;  

2017 [141] 

➢ A novel 

coupling 

design has 

been proposed 

 
Georgia 

Tech, USA; 

Tsinghua 

University, 

China; 

University of 

Chinese 

Academy of 

Sciences, 

China. 

2018 [142] 

➢ A buoy-like LS 

TENG has 

been shown 

here to harvest 

wave energy 

even of very 

low frequency 

➢ Highest Isc= 

290 µA; Q= 

16725 nC and 

Voc= 300 V 

were obtained 
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➢ The reported 

TENG worked 

as self-powered 

SOS system 

 

The summarized works mentioned above in tabular form particularly concerned on harvesting 

energy from higher or low frequency waves. These works showed the grater prospects of 

harvesting water wave energy by direct interfacial contact electrification or by utilizing the impact 

force provided by the wave itself. Although there are some drawbacks like complex device design, 

unavailability of uniform wave force and incongruity of output parameters (higher open circuit 

voltage and lowest short-circuit current) is still a concern for commercialization of these devices, 

the effort made so far has come out with tremendous improvement towards the dream “Blue 

Energy Harvesting”. 

There is another liquid energy that is quite miniscule in size and shape, but has been proved quite 

convenient to energy harvesting, especially in triboelectric energy harvesting. The name of this 

liquid substance is “droplet”. Along with the wave energy harvesting, scientists have been 

persistent so far to harvest triboelectric energy by exploiting the kinetic motion of droplet over a 

processed material surface. The phenomena of water droplet contact electrification was primarily 

found by Yatsuzuka et. al in 1993 [143]. They investigated the phenomena basically not to find 

the triboelectrification concept, but to find a proper solution to the unexpected electrification 

usually occurred while washing devices with pure water. They performed their experiment with 

water droplets rolling on PTFE polymer surface and concluded with some pivotal conclusions: 

sliding electrification will increase when sliding speed of the water droplet is faster and the 

conductivity of the droplet is lower; surface charge density grows higher with thinner polymer 

surface; and sliding electrification is also influenced by the force working between the static 
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charges on the polymer surface and charges in ground metal plate. Based on these decisive 

statements, the triboelectric phenomenon can be investigated by optimizing several parameters for 

the aim of energy harvesting. After being discovered in 2012 for the first time, the application of 

TENG device has been extended to various types of energy harvesting. Energy harvesting from 

water droplet is not an exception. 

Instead of writing individual progress on this particular energy harvesting, a brief summary is 

provided below in Table 3.  

Table 3: Recently reported articles on droplet-solid surface contact based triboelectrification 

Research Institutes Summary Device Structure 

Korea Advanced 

Institute of Science & 

Technology (KAIST), 

South Korea, 2014 

[58] 

➢ A micro-bowl array 

structured transparent 

PDMS surface was 

prepared as a solid 

contact surface 

➢ Hydrophobicity was 

150º 

➢ Output Isc= 128 nA; 

Voc= 7V; Power= 0.27 

µW 

 

Georgia Tech, USA; 

Beijing Institute of 

Nanoenergy & 

Nanosystems, China; 

Hennan University, 

China. [59] 

➢ A PTFE surface with 

hierarchial micro/nano-

structures was exposed 

to dripping and sliding 

water droplet over it. 

➢ Hydrophobicity was 

169º 

➢ Output generated by 30 

µL droplet was 9.3 V 

(Voc) and 17µA (Isc) 
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Georgia Tech, USA; 

Beijing Institute of 

Nanoenergy & 

Nanosystems, China; 

Hennan University, 

China. [61] 

➢ Hybrid TENG 

structure has been 

proposed here (water-

solid, solid-solid 

contacts) 

➢ TiO2 layer was used as 

solid surface for 

droplet sliding, PTFE-

SiO2 was used for 

solid-solid contact. 

➢ For 40 mLs-1 water 

stream flow impact, Isc 

for output 1 and 2 were 

43 µA and 18 µA 

respectively 

➢ Output power was 1.31 

Wm-2 and 0.38 Wm-2 

for output 1&2 

respectively 

 

Georgia Tech, USA; 

Shanghai University, 

China; Chung-Ang 

University, South 

Korea; Chinese 

academy of sciences, 

China. [144] 

➢ A Si-based solar cell 

and droplet energy 

harvesting TENG have 

been integrated 

➢ Solar cell generated 

Voc= 0.43 V and 

Current density= 4.2 

Am-2; and TENG 

produced Voc= 30 V 

and Current density= 

4.2 mAm-2.  

➢ Hydrophobicity of 

TENG device surface 

was measured 169º 
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Bilkent University, 

Turkey, 2016. [145] 

➢ A modified PVDF 

microtube was 

prepared and 

connected with a 

MEMS device 

➢ The test showed with 

increasing droplet 

volume; output 

voltages increased. 

The increasing Isc rate 

was quite high ~120 

µA for 65 µL 

 

PosTECH, South 

Korea; KITECH, 

South Korea 2017 

[146] 

➢ In this work lotus leaf 

was taken as the 

contact surface due its 

default natural 

hydrophobicity 

➢ Thermal nanoprinting 

was further applied to 

increase surface 

roughness 

 

SKKU Advanced 

Institute of 

Nanotechnology 

(SAINT), South 

Korea; Zhejiang 

University, China. 

2016 [62] 

 

➢ A monolayer graphene 

was synthesized on 

PTFE polymer film 

➢ Pseudo-capacitance 

between droplet and 

graphene layer 

increased the 

triboelectrification 

➢ Obtained power from 

this triboelectrification 

was around 1.9 µW 
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Dalian University of 

Technology, China, 

2018 [147] 

➢ In this work, utilizing 

the triboelectric output 

voltage generated from 

droplet-polymer 

contact electrification, 

droplet actuation has 

been demonstrated on 

an actuation chip 

➢ This work represents 

the potential of droplet 

triboelectrification in 

electro wetting micro-

fluidic devices  

 

University of Science 

& Technology, China. 

2018 [148] 

➢ A very novel TENG 

structure has been 

shown here, which 

consists of an 

amphiphobic layer as a 

triboelectric surface 

and fiber capacitor 

structure underneath 

for the purpose of 

triboelectric power 

generation and storage 

at the same time. 

➢ An application of the 

proposed device has 

been tested on a rain 

coat, which shows 

Voc= 4V by 

continuous water flow 

for 100 s 
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Soochow University, 

China, 2018 [57] 

➢ Solar cell and rain drop 

energy harvesting 

TENG device have 

been integrated in one 

compact structure 

➢ A simply imprinted-

PDMS transparent film 

and imprinted-

PEDOT: PSS film was 

synthesized to put 

together with a 

common electrode for 

both devices 

➢ The integrated device 

showed Isc= 33 nA and 

Voc= 2.14 V 

 

 

Drawbacks of previous works and Originality of the present work 

All the reports presented on droplet-based triboelectric energy harvesting so far from the beginning 

were and still are monotonously focused on fabrication of superhydrophobic surfaces using 

sophisticated, cost ineffective and complex experimentation. Although solid-solid contact based 

TENGs have reported a number of approaches to improve device performance, liquid-droplet 

based TENGs did not address such variations yet. Therefore, the concern of this thesis is to work 

on synthesis of such a nanocomposite film- comprised of triboelectric polymer and graphene oxide 

derivative as a filler- which can optimize the concerned energy harvesting potential by optimizing 

several parameters of the film itself. The thesis will further demonstrate in the upcoming sections 

how the pristine/nanocomposite film thickness, filler quantity optimization, filler alignment can 

simultaneously optimize hydrophobicity, dielectric properties and subsequently output 

triboelectric performance. 
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Chapter 3 

Experimental Procedures and Material Characterization 

 

 

3.1 Experimental Procedures 

 

Several experimental steps were followed to synthesize a suitable nanocomposite matrix with our 

desired properties. Firstly, polymer selection was one of the most crucial steps before approaching 

to selection of other things. Secondly, filler selection was the following step as depending the 

choice of this material, properties of the whole polymer composite will be tuned. Finally, 

hydrophobicity optimization was another important point of consideration for implementing the 

current work successfully. 

As we know already, any organic/inorganic substance can show triboelectric performance. 

Depending on the usual applications of TENG devices, several material choices are seemingly 

available e.g. organic-inorganic hydrogels with ceramic fillers provides a novel platform for smart 

strain sensing application [149], conductive polyaniline can accelerate electron transfer 

phenomenon while interacting with the surrounding environment [150], porous metal-polymer 

composites can come with higher surface area and can be applied to gas sensing applications [151] 

etc. However, hydrophilicity, alike polarity and more conductivity may become a drawback for 

their potential use in triboelectric applications.  Therefore, the triboelectric series provides us with 

a list of polymers and other materials from where we can make suitable choice depending on the 

requirement of our work. Since we are working on energy harvesting from water droplet, its quite 

possible that while the droplet was being generated and passed through air its positively or 

negatively charged. Since most of the reports have reported so far that the chance of water droplets 
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to be charged positively is quite higher, we chose to go for selection of tribo-negative polymer in 

the series. Among the different polymers, we chose PDMS due to its several advantages over other 

choices. It generates negative static charges when comes in contact with any other triboelectric 

positive surfaces. Its quite biocompatible as its use is very popular in bioMEMS skin, hair problem 

solutions and foods. PDMS is very flexible and can be deformed to any desired shapes without 

strong possibility of damage. Moreover, its transparency has become a blessing for solar energy 

harvesting along with the triboelectric energy harvesting. 

In case of making filler material selection although several fillers like ceramic, metal- 

nanoparticles, graphene derivatives are available, we chose rGO because of its aforementioned 

unique structural, electronegativity, presence of functional groups, electron trapping potentiality 

properties. Although other graphene derivative could be considered, but its simple synthesis, long 

lasting storage potential without agglomeration in comparison to graphene and carbon nanotubes, 

and higher capacitance [66,68] can offer unique benefits over other carbon-based fillers. The 

optimized oxygen containing functional groups  also impart it better dispersion, higher electrical 

conductivity and less adsorption [66,69–71]. These functional groups also possibly may bless this 

graphene derivative with the utility to create bonding with its host matrix for electrical/mechanical 

property improvement, whereas graphene/other carbon nanofillers do not have such functional 

groups in their pristine condition [72]. Moreover, optimized conductivity of rGO mostly avoids 

the risk of dielectric breakdown, which may happen for highly conductive graphene [73], carbon 

nanospheres [74], carbon nanotube [75] filler included composites at a very lower percolation 

threshold. Furthermore, while graphene oxide (GO) has poor conductivity, higher hydrophilicity 

due to presence of numerous oxygen based functional groups [76–78], rGO has comparatively 

higher conductivity and hydrophobicity because of the reduction of these functional groups. 
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Finally, the hydrophobicity of the prepared nanocomposite samples was justified by the alignment 

of filler flakes on the nanocomposite surface. As better filler alignment may result in regular 

surface wrinkling, which can impart the surface with better surface roughness. This is very 

convenient for droplet’s rapid separation after contact. Furthermore, the thickness effect was also 

studied, and assumptions have proposed in favor of hydrophobicity. 

3.1.1 Materials 

PDMS elastomer and cross-linker were purchased from HSSTS-sylgard. The rGO was obtained 

from Chengdu Organic Chemicals Co., Ltd. All other chemicals and solvents were analytical grade 

and have been used without further modification or purification. 

3.1.2 Preparation of PDMS-rGO nanocomposite solution 

In order to synthesize the nanocomposite solution, at first, six PDMS elastomer solutions of same 

weight (9.56 g) were taken in six separate conical tubes. Varied quantities of rGO (0.5 mg, 0.8 mg, 

1.2 mg, 1.8 mg and 2.8 mg) were taken to mix with the curing agent solution (.956 g). The different 

rGO-curing agent mixture solutions were initially taken through ultrasonication for around 1h 

individually, which was further followed by magnetic stirring at 700 rpm. These phenomena were 

conducted to exfoliate the rGO flakes, which are generally bonded with π-π stacking. Then, all the 

rGO solutions were mixed with the PDMS elastomer solutions and were stirred further at 700 rpm 

for 1h to get the nanocomposite solution. One pristine PDMS solution (PDMS elastomer-curing 

agent at 10:1) was also prepared in the same course. Since all the solutions contained numerous 

air bubbles, they were kept in a vacuum chamber for 30 minutes for degassing.  

3.1.3 Fabrication of Single Electrode Mode TENG 
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The fabrication process flow of the proposed SEM-TENG has been demonstrated in Fig.15. 

Initially six silicon wafer substrates were cleaned with DI water, ethanol, acetone, argon gas flow 

and subsequently dried on a hot plate at 70°C. Secondly, these substrates were further treated with 

chlorotrimethylsilane before drop casting process. At the following step, as prepared pristine 

PDMS (PP) and nanocomposite solutions were poured on to all individual silicon wafer substrates 

using conventional drop casting process. Afterwards, the solutions were spin coated at different 

rpm speeds i.e. 250, 350, 450 respectively to obtain thickness variation of each film. The samples 

were then kept in an oven at 75° for thermal curing for 12h. At the subsequent step, the dried films 

were peeled off from the underneath Si wafer substrate and Au electrodes were deposited on one 

side of each film using magnetron sputtering technique. Finally, one edge of a platinum (Pt) wire 

was attached with each electrode using Silver (Ag) epoxy glue and the other end was connected to 

ground for making SEM-TENG setup. These SEM-TENG devices have surface area ~ 2 cm*2 cm 

(length*width), along with 537 µm, 149µm and 141µm thicknesses respectively for each PP and 

nanocomposite films. Fig. 16. Shows the optical images of as prepared PP, nanocomposite film 

samples as well as the SEM-TENG device setup for experiment. 
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3.2 Quantitative Measurements & Material Characterization 

 

Device Name Evaluation Parameters 

SEM-TENG  Inclined at an angle of 45°, which is the 

industrially preferred standard (according to 

ISO 1514:2004 (E)) [58] 

Fig.15. (a) Synthesis procedure of PRNC thin film (b) SEM-TENG structure 

 

(d) 

PP 

141 µm 

 

PP 

149 µm 

 

PP 

537 µm 

 

0.5 

PRNC 

537 µm 

 

0.5 

PRNC 

149 µm 

 

0.5 

PRNC 

141 µm 

 

0.8 

PRNC 

141 µm 

 

1.2 

PRNC 

141 µm 

 

1.8 

PRNC 

141 µm 

 

2.8 

PRNC 

141 µm 

 

(b) 

(c) 

(a) 
 

Fig 16. Optical Images of (a) Pristine PDMS films (thickness 141 µm, 149µm and 537 µm 

respectively-from left to right); (b) 0.5 PRNC films (thickness 149 µm, 537 µm and 141 µm 

respectively-from left to right); (c) 0.8 PRNC, 1.2 PRNC, 1.8 PRNC and 2.8 PRNC films 

respectively with 141 µm thickness- from left to right and; and (d) Real SEM-TENG device 
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Regular ruler height between the pipette tip and the 

triboelectric nanocomposite film was 

maintained at 55 cm 

Keithley Digital Multi Meter Output signals of SEM-TENG device test 

Contact Angle Meter (Smart Drop Plus, 

FEMTOBIOMED) 

Water-contact angle measurement 

Field Emission Scanning Electron Microscope 

(Nova Nano230 FE-SEM) 

Images of surface and cross-sectional 

morphologies; and thickness of as prepared 

films have been studied. 

Energy-dispersive x-ray (EDX) spectroscopy 

(Nova Nano230 FE-SEM) 

Quantitative elemental information of 

prepared samples 

Varian 2000 Scimitar spectrometer 
Fourier Transformed Infrared (FTIR) 

spectroscopic analysis 

Alpha300S microscope (WITec) 
Raman spectra of PP and nanocomposite films 

were recorded 

3D laser scanning Confocal Microscope (VK-

X200 series, Keyence, Japan) 

Thickness of rGO (with varied amounts) flakes 

was measured 

 

3.2.1 Scanning Electron Microscopy (SEM) 
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This is such an electron microscope which is able to capture high resolution images (better 1 

nanometer). Images have been produced by scanning the sample surface area with the incidence 

of electron beam. This focused beam is comprised of numerous electrons which interact with the 

atoms of surface area under scanning zone and generates information on the morphology and 

elemental composition. In this research, the surface topographies, various elements’ quantitative 

composition (EDX) and the thickness of the samples have been determined using this 

characterization technique.  

3.2.2 Energy-Dispersive X-ray (EDX) Spectroscopy 

 

This analysis provides the information about the identity of elements present on the surface            

and their proportional composition. X-ray excitation is generated and is provided to the particular 

surface zone. As every element present in the scanning zone possess a unique atomic structure, 

thus depending this structure a set of peaks are appeared indicating the atomic and weight 

percentage of individual elements. In this thesis, these information were extracted for the prepared 

samples. 

3.2.3 Fourier Transformed Infrared (FTIR) spectroscopy 

This a technique where a wide range of infrared can be passed through test samples in order to 

obtain an infrared spectrum of transmittance or emission. This obtain spectra refers to the 

molecules’ individual vibration characteristics as well. FTIR is the spectroscopy, by the use of 

which, identification of known and unknown material compounds can be revealed. Moreover, 

presence of chemical functional groups and their corresponding type of vibration can be achieved. 

In this work, with FTIR analysis of each test samples, we tried to determine the functional groups 

or molecular bonding information. 
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3.2.4 Raman Spectroscopy 

 

This is a non-destructive chemical analysis technique, which gives several information like 

chemical structure, chemical bonding, phase and defect in a structure through a light scattering 

process, called Raman scattering. The Raman spectrum profile i.e. peak position and peak intensity 

usually indicates the identity of a particular material. However, the peak provides information 

about the concentration of one particular material. In this thesis, the Raman spectrum were used to 

study the polymer and filler interaction, skeleton structure of filler and defects if there is any due 

to being embedded in polymer matrix. 

3.2.5 Confocal Microscopy 

Confocal microscopy is such a technique where a focused fluorescent light is emitted from the 

microscope to incident on the aimed object for the generation of high-resolution images. Through 

capturing multiple 2D images throughout a sample, its possible to obtain a 3D image. Height 

profile, thickness-type parameters are very convenient to measure with the help of this microscope. 

The only limitation is that its able to read data in micro scale range, not in nanoscale range. Since 

in this thesis, our filler thickness was in micro-level, thus confocal microscopy worked as the best 

choice. The optical height was determined by the incident laser from the microscope to the test 

sample. 

3.2.6   Water Contact Angle 

Water contact angle of the prepared sample were measured with Smart Drop Plus, 

FEMTOBIOMED contact angle meter using sessile drop method at the room temperature. The 

distilled deionized water was used as the droplet to be dropped on the thin pristine polymer and 

nanocomposite film surfaces for determining their hydrophobicity. Its important to mention that, 
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several liquids can be used as droplets and thus surface energy measurement is also possible with 

this given equipment. 

 

3.2.6 X-ray Photoelectron Spectroscopy 

This is such a quantitative spectroscopic technique which is able to determine the surface 

elemental, chemical and electronic state. The spectrum  can be achieved through the 

irradiation of the targeted surface with a beam of  x-rays. At the same time, the kinetic 

energy and quantity of the escaping electrons are also analyzed with this technique. High 

vacuum e.g. P<10-9 millibar is much desired to perform experimentation on this technique. 

Usually the output spectra will provide peaks against binding energies of individual 

molecular bonds present on the surface. Almost all kind of materials i.e. organic/inorganic 

compounds, metals, polymers, semiconductors, composites etc can be analyzed with this 

spectroscopy. 
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Chapter 4 

Analysis of Results and Working Mechanism 

 

4.1   Results and Discussion 

The fundamental working principle of TENG is based on well-known contact and separation 

phenomenon between two asymmetric materials with different electron affinities. Thus, it is quite 

important to ensure that this phenomenon occurs efficiently. As this current work is concerned on 

triboelectrification between water droplet and as proposed surface, separation of droplets is a very 

crucial thing to get better triboelectric outputs. In such case, hydrophobic property of these as 

prepared samples should be addressed well. In order to obtain an optimized hydrophobic 

nanocomposite surface, a non-uniform/rough surface is more desired rather than having a uniform 

or flat one. Through this research, we have proved that water-repellent surface can be attained by 

including optimized quantity of fillers (rGO) material into PDMS polymer matrix. Fig. 17. shows 

the EDS elemental analysis to quantify the effect of rGO addition in polymer matrix. The EDS 

spectrum for different samples showed their variation according to the filler inclusion phenomenon. 

For further clarification, the weight percentage (%wt) of the individual element contents i.e. carbon 

(C), Oxygen (O), Silicon (Si) have been summarized in Table 4. A clear tendency of C content 

rise was observed, and maximum quantity was found 27.12% for 2.8 PRNC. In addition, maximum 

amount of O content was found for 0.5 PRNC nanocomposite sample containing utmost 24.76% 

O content, which indicates the presence of O containing functional groups. However, with 

incorporation of rGO flakes, these functional groups got reduced because of the 

overlapped/restacked rGO flakes along the basal plane. Therefore, reduction of O content was 

noticed for further filler integrated nanocomposite samples.  
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Fig.17. EDS elemental analysis of (a) Pristine PDMS, (b) 0.5 PRNC, (c) 0.8 PRNC, (d) 1.2 

PRNC, (e) 1.8 PRNC, and (f) 2.8 PRNC 

Table 4. EDS elemental analysis 

Element Pristine 

PDMS 

(%wt) 

0.5 PRNC 

(%wt) 

0.8 PRNC 

(%wt) 

1.2 PRNC 

(%wt) 

1.8 PRNC 

(%wt) 

2.8 PRNC 

(%wt) 

C 25.26 24.77 26.74 24.41 26.19 27.12 

O 22.55 24.76 21.73 20.67 21.99 21.60 

Si 52.19 50.47 51.52 54.92 51.82 51.27 
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Roughness in these resultant nanocomposite surfaces has been induced via formation of wrinkled 

micro-structure due to the encapsulation of PDMS polymer around dispersed rGO flakes, as seen 

in FE-SEM surface morphology in Fig. 18. It was clearly observed that on the 0.5 PRNC 

nanocomposite surface the flakes were well-dispersed and formed wave-shaped wrinkled structure 

(Fig. 18(b)), which caused non-uniformity. These rough surface patterns bestowed the 

nanocomposite surface with better water-repellent property in comparison to flat PP surface (Fig. 

18(a)). Fig. 19 represents the optical images of contact angles for triboelectric PP and 

nanocomposite films. The water contact angle was measured 116.9° for 0.5 PRNC, whereas lower 

contact angle 107.2° was noticed for PP. However, for 0.8 PRNC (Fig. 18 (c)) wrinkled patterns 

tend to merge due to increased amount of fillers, and hence surface roughness got reduced, which 

is evident from the contact angle value i.e. 114.1° of this nanocomposite film. With the further 

quantity increase of rGO flakes in the matrix we found overlapping patterns (Fig. 18(d)) on the 

surface morphology of 1.2 PRNC and eventually some aggregated rGO flakes were visible on the 

surfaces (Fig. 18(e,f)) of 1.8 and 2.8 PRNC films respectively.  Therefore, most of the surface of 

these later samples lacked surface roughness and pertained almost pristine properties, as observed 

for PP film. Such occurrence instigated surface wetting tendency and lower contact angles i.e. 

109.5°, 105° were detected for 1.8 and 2.8 PRNC films respectively as a result.  

The dispersion phenomenon of rGO fillers can be further explained by filler amount variation and 

their effect in PDMS matrix, which can be observed in FE-SEM surface and cross-sectional 

morphologies shown in Fig. 3 and Fig. 5 respectively. If these both figures are considered together, 

then it is clearly visible that pristine PDMS is nothing but a plane polymer with no surface 

perturbance (Fig. 18(a), Fig. 20(a)). However, when rGO is added in a very small quantity (0.5 

mg) then the surface wrinkling was observed (Fig. 18(b)). In this case, the rGO flakes were fully  
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Fig. 18. FE-SEM surface images of (a) Pristine PDMS, (b) 0.5 PRNC, (c) 0.8 PRNC, (d) 1.2 

PRNC, (e) 1.8 PRNC, and (f) 2.8 PRNC 

 

 

Fig. 19. Optical water-contact angle images of (a) Pristine PDMS, (b) 0.5 PRNC, (c) 0.8 PRNC, 

(d) 1.2 PRNC, (e) 1.8 PRNC, and (f) 2.8 PRNC 
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wrapped by the adhesive PDMS polymer after the curing process. These wrinkling seemed quite 

regular in nature in the surface morphology images and were further elucidated from the cross-

section morphology (Fig. 20(b)). These regular wrinkling proved the better dispersion of fillers on 

the surface as well as in the bulk matrix. On the other hand, when a little more filler was added in 

the polymer e.g. 0.8 PRNC, the wrinkles appeared to coalesce instead of maintaining well-ordered 

morphology (Fig. 18(c), Fig. 20(c)). This scenario indicated the tendency of rGO flakes to 

consolidate with each other. Therefore, the desired regular dispersion was compromised in this 

case. This The subsequent samples demonstrated wrinkles originated from overlapping rGO flakes 

for 1.2 PRNC film (Fig. 18(d), 20(d)), and clustered filler flakes formed on 1.8 PRNC (Fig. 18(e), 

20(e)) and 2.8 PRNC film (Fig. 18(f), 20(f)) respectively. In these later samples, we found that the 

dispersion started to weaken as these flakes were showing high agglomeration behavior owing to 

their substantial specific energy [152,153]. Therefore, considerably lower amount of filler 

inclusion has been inferred to be the best choice for this work. 

 

Fig. 20. FE-SEM cross-section images of (a) Pristine PDMS, (b) 0.5 PRNC, (c) 0.8 PRNC, (d) 

1.2 PRNC, (e) 1.8 PRNC, and (f) 2.8 PRNC 
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Confocal Raman spectroscopy (Fig. 21) exhibited interaction between PDMS polymer and rGO 

flakes added into it. The D-band and G-band in case of pristine rGO have been observed at ~1352 

cm-1 and ~1592 cm-1 respectively, which is quite similar to the existing literature [154]. However, 

when this pristine rGO (PrGO) was used in the PDMS matrix as a filler material with different 

concentration, the D and G bands behaved quite differently through their wavelength shifting, and 

peak size and intensity changing phenomena, as observed in Raman spectra. Variations in rGO 

bands’ spectral features, while being infilled in polymer matrix, indicate their interaction with the 

polymer matrix or between themselves. For instance, intensity decrease of D & G bands of rGO 

in each nanocomposite spectrum, while being compared with PrGO, may be due to the 

encapsulation of rGO flakes by polymer. According to existing literatures, wavelength shifts of 

0.5 PRNC could be ascribed to filler-polymer interlocking interaction in the matrix [154,155]. But, 

since both D & G bands were found to be down-shifted, filler-filler interaction could be concluded 

to be quite higher than filler-polymer [156]. Slight increase in ID/IG indicated the perturbance in 

rGO structure because of the presence of PDMS matrix. However, with the increasing amount of 

filler content (beyond 0.5 PRNC) e.g. for 0.8 PRNC, the D & G spectra did not shift, if compared 

with PrGO. Their ID/IG, peak size and peak intensities increased instead. Increase of gradual D-

band strength and ID/IG can be attributed to polymer coating interference on rGO skeleton or 

coating on carbon particles besides rGO sheets [155]. Furthermore, as we mentioned earlier that 

stacked or overlapped rGO flakes might cover the functional groups present on the basal plane, 

this phenomenon could be assumed to induce defect in the rGO structure. At the same time, due 

to presence of apparently merging rGO sheets, rise in G-band intensity was also observed. 

Additional filler incorporation caused further augmentation of these properties, which could be 

clarified from Raman spectrum of succeeding nanocomposite samples. Furthermore, the 



 

72 
 

underlying reason behind D-band and G-band peaks’ unusual broadening of 0.8 PRNC and 

following samples could be explained with the overlapping of several rGO flakes together, which 

could form multi-layers of rGO sheets [157]. Finally, peaks originated from PDMS polymer also 

showed intensity variation owing to the presence of rGO in the matrix. The peak intensity of Si-

O-Si symmetric stretching (488 cm-1) increased gradually in nanocomposite samples due to 

existence of oxygen-based functional groups in rGO fillers. Moreover, enormous carbon rings in 

the rGO molecular structure contributed to elevate the intensity of Si-C symmetric (708 cm-1) and 

asymmetric (787 cm-1) stretching present in bulk PDMS matrix. 

 

Fig. 21. Confocal Raman Spectroscopy 

The evidence of poor chemical interaction between pristine PDMS and rGO can be clarified further 

from the FTIR spectra of transmittance, as observed in Fig. 22. If the spectra of pristine PDMS is 
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considered prior to nanocomposite sample spectra, then it can be observed that (Si-CH3)2 bonding 

of out-plane oscillations and in-plane bending are present in wavelength ~794 cm-1 and ~1262 cm-

1 respectively [158,159]. In addition, doublet peaks at ~1017 cm-1 and ~1080 cm-1 also indicate 

the presence of symmetric and asymmetric Si-O-Si bonds respectively [158,159]. Moreover, the 

appearance of Si-C at ~845 cm-1, asymmetric -CH3 at ~1412 cm-1 and ~2961 cm-1 also complied 

with the literature [158–160]. Now, after incorporation of rGO fillers, we did not see any noticeable 

variation in the spectra of nanocomposite samples. This finding confirmed the absence of chemical 

interaction between the filler and polymer matrix [159]. Therefore, these FTIR results further 

supported the claim made in Raman spectroscopic analysis that the chance of filler-polymer 

interaction is very meagre in these proposed nanocomposite samples. 

 

Fig. 22. FTIR Spectra of pristine PDMS and nanocomposite films 
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XPS characterization of the prepared samples has been used to determine chemical composition 

and surface state of those synthesized samples. Table 5 shows the elemental composition of 

various elements in the test samples. Here an increasing tendency of C and O contents has been 

observed with the increasing filler quantity inclusion in the polymer matrix. This phenomenon 

almost matched the trend noticed in EDS (Fig.17 and Table 4). Fig. 23 demonstrates the survey 

scan full-spectrum and Fig. 24 shows the core-level spectra of both pristine and nanocomposite 

samples. In Fig. 23, it can be clearly seen that the intensity of C1s and O1s peaks got higher in the 

nanocomposite samples compared with pristine PDMS. The reason behind this can be assigned to 

rGO filler addition. Among all the pristine and nanocomposite samples, 0.5 PRNC shows far 

higher C1s and O1s peak intensity compared to others. The additional carbon rings and O-based 

functional groups in rGO structure might be responsible for this. Although succeeding higher 

quantity filler included samples showed higher C1s peak intensity, their O1s peak intensity 

fluctuated. This phenomenon signifies the restacking/agglomeration of rGO flakes, as described 

in Raman spectroscopic analysis (Fig. 21). Moreover, the sudden decrease in peak intensity ratio 

(C1s : O1s) for nanocomposite samples, in comparison to the pristine polymer, further clarifies the 

significant increase of O content in the nanocomposite samples (as shown in Table 5).  

Furthermore, the XPS core spectra for each sample, demonstrated in Fig. 24 (a-f), might provide 

an insight on the presence of various bonds against their respective binding energies. It was found 

in almost all nanocomposite samples that the C1s spectra’s peak binding energies were ~284 eV 

(with approx. deviation ±0.3). Therefore, the existence of C-C/C-H could be anticipated there, 

which literally represented the graphene-structure [15–17,97]. Peaks noticed at ~532.9 and ~101.8 

eV in the O1s and Si2p spectra respectively (Fig. 24 (a-f)) might be attributed to the existence of 

SiO2 [98]. In addition, presence of SiC was also comprehended at ~100.7 eV in Si2p spectrum [99] 
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of each test sample (Fig. 24 (a-f)). In case of 0.8 PRNC and 2.8 PRNC samples, appearance of C-

O-C was realized in C1s and O1s spectra, which was assumed to occur because of air 

contamination. As no new peaks appeared in the nanocomposites and no significant peak shifts 

observed, it can be inferred that there was least chemical interaction occurred between the fillers 

and polymer. This analysis also reinforced the results of Raman and FTIR analyses. 

 

Fig. 23. XPS survey scan spectra for Pristine PDMS and nanocomposite films 
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Fig. 24. XPS Core spectra for (a) Pristine PDMS; (b) 0.5 PRNC; (c) 0.8 PRNC; (d) 1.2 PRNC; 

(e) 1.8 PRNC; and (f) 2.8 PRNC. 

Table 5. XPS analysis results for Pristine PDMS and nanocomposite samples 

Sample C (% at) O (% at) Si (% at) Peak Intensity 

Ratio 

(C1s:O1s) 

Pristine PDMS 44.46 27.08 28.46 1.561 

0.5 PRNC 43.23 29.01 26.63 0.675 

0.8 PRNC 43.95 27.44 28.61 0.642 

1.2 PRNC 46.11 26.16 27.73 0.680 

1.8 PRNC 45.43 27.31 27.26 0.738 

2.8 PRNC 43.32 27.53 29.15 0.640 

 

In order to clarify the performance of several nanocomposite films and to make logical comparison 

between them, it’s also pivotal to study the thickness of rGO flakes. For this purpose, several 

aqueous solutions of rGO samples were prepared. In each solution, different quantities of rGO was 

dispersed in DI water and sonication was done for 30 minutes for each as prepared solution. Then 

one single drop of each solution was dropped over a properly cleaned silicon wafer substrate. After 

curing those droplets in an oven at ~70ºC for 1 hour, only dispersed rGO flakes were obtained on 
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the substrate as the water particles evaporated during the heating. A confocal microscope was used 

to measure the thickness of the remaining rGO flakes on each substrate. Fig. 25 revealed the 

average flake thickness through 3D topographical profiles, where the color code bar at the upper 

left of each profile indicated the numerical value of dispersed rGO flakes’ thickness. Average 

thickness can easily be identified by spotting the “green color” and maximum thickness can be 

discerned by the “red color” on the topographic profiles and color code bars. From Fig. 25(a), the 

average 

 

Fig. 25. Average rGO flakes’ thickness for (a) 0.5 mg, (b) 0.8 mg, (c) 1.2 mg, (d) 1.8 mg and (e) 

2.8 mg 

Table 6. Average and Maximum thickness of dispersed rGO flakes with varied quantity 

Sample Average Flakes Thickness 

(µm) 

Maximum Flakes Thickness 

(µm) 

0.5 mg rGO ~4 µm ~14.1 µm 

0.8 mg rGO ~20 µm ~72.7 µm 

1.2 mg rGO ~40 µm ~94.4 µm 

1.8 mg rGO ~60 µm ~173.9 µm 
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2.8 mg rGO ~700 µm ~836.1 µm 

 

thickness was found ~2-4 µm for 0.5mg rGO sample and flakes were spotted in well-dispersed 

condition throughout the whole surface. However, for the immediate higher quantity (0.8 mg) of 

rGO sample, as shown in Fig. 25(b), the average thickness raised to ~20-30 µm. In this case, along 

with thickness proliferation, aggregation was also detected although dispersion was better than the 

following samples. These phenomena resembled with the surface and cross-sectional 

morphologies of 0.8 PRNC film in Fig. 18(c) and 20(c). Highest average flake thickness was 

found for 2.8 mg sample (Fig. 25(e)), which was around ~700 µm and maximum thickness was 

noticed ~836.1 µm for this very sample. This observation also validated the agglomerated rGO 

flakes on polymer surface and cross-section (Fig. 18 (f), 20 (f)). The average and maximum flake 

thicknesses of varied rGO samples have been presented in Table. 6 for better comprehension. 

For further illustration of efficacy of the nanocomposite films, the alignment of rGO sheets have 

been considered. Previous literature [52] has proved that spin-coating assisted nanocomposite 

films would provide better dispersion and alignment of filler sheets in the polymer matrix. In 

addition, Wand D.R. et al have shown that along with good dispersion of fillers, strong interfacial 

interaction can also be achieved by spin-assisted coating [161]. These several favorable properties 

were also observed in surface and cross-section morphology analysis, (as shown in Fig. 18 and 

Fig. 20) and Raman spectroscopic analysis (as illustrated earlier) for the nanocomposite films 

presented in this current work. After measuring the output voltages of PP, 0.5 PRNC, 0.8 PRNC, 

1.2 PRNC, 1.8 PRNC and 2.8 PRNC films (as shown in Fig. 26), it has been investigated that 0.5 

PRNC induced more output peak to peak voltage ~2V (Fig. 26(b)). Topmost ISC peak was observed 
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~2 nA (Fig. 32 (b)) from this nanocomposite film-water droplet contact triboelectrification output. 

These results validated the aforementioned discussion of 0.5  

 

Fig. 26. Open Circuit Voltage (VOC) of (a) Pristine PDMS, (b) 0.5 PRNC, (c) 0.8 PRNC, (d) 1.2 

PRNC, (e) 1.8 PRNC, and (f) 2.8 PRNC 

PRNC to be an efficient triboelectric material. Until now the reasons behind this optimized output 

could be assigned to proper dispersion of filler flakes in polymer matrix and their alignment, filler 

thickness, interfacial interaction, surface roughness due to evolving of wrinkled micro-structure. 

In addition to these, dielectric properties and thickness of these as fabricated test films are also 

significant factors to further optimize their suitability. 

To explain more, dielectric properties of PP and rGO@PDMS nanocomposite films were 

measured at room temperature and over the frequency range from 2x104 Hz to 1x105 Hz. Samples 

were prepared by depositing Au electrode in circular pattern (area of each circular electrode were 

determined 0.5 mm2) using RF magnetron sputtering technique. Fig. 27 (a) shows the dielectric 
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constant trend for varied filler incorporated nanocomposites over the above-mentioned frequency 

range. Several changes have been identified while analyzing the gradual increasing and then 

decreasing attitude of dielectric constant curves. The sharp rise of dielectric constant from PP to 

0.5 PRNC indicates the formation of numerous micro-capacitor model due to increasing rGO 

concentration. For instance, for pure PDMS thin film, the dielectric constant was found ~8.6 at 

frequency 60 kHz, whereas for 0.5 PRNC the constant was noticed at ~22.7 under same frequency. 

This happened due to the rGO filler addition in the container matrix. Here the rGO fillers can be 

regarded as electrodes and polymer matrix can be interpreted as dielectric medium. Therefore, two 

adjacent rGO sheets and thin polymer film in between can form capacitor model. Myriad 

capacitors were formed in this process and can be addressed as micro-capacitors. These newly 

formed micro-capacitors promoted the capacitance of the thin triboelectric composite films, which 

consequently enhanced the dielectric constant. Hence, voltage generated due to contact separation 

of the sliding droplets over the film surface will be distributed among these micro-capacitors and 

amplified voltage and more electrical energy storage can be realized [52,53]. However, following 

higher filler quantity enhanced nanocomposite films showed gradual decrease of dielectric 

constant values at identical frequency. This can be attributed to the van der waals forces acting 

between the amphiphilic rGO flakes which resultantly decrease the distance between them as the 

filler concentration increases in the polymer. In 0.8 PRNC film, the filler flakes tend to come close 

to each other and ended up merging in several places. Therefore, formation of consistent micro-

capacitors got compromised, which resulted in declination of dielectric values. Further drop was 

observed for 1.2 PRNC due to mass overlapping of flakes in frequent places and in case of 1.8 

PRNC film the flakes appeared on the surface as cluster due to gravimetric sedimentation. This 

phenomenon causes to form an asymmetric composite film [153,162]. If dielectric constant curves 
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for individual triboelectric films is carefully analyzed, then it should be perceived that for the lower 

frequency value the constant was higher. The underlying reason behind this might be higher span 

of relaxation time through which the dipoles can reorient under an applied electric field. On the 

contrary, a reverse tendency occurred at higher frequency and dielectric constant fell off [163]. 

 

Fig. 27. (a) Dielectric Constant, (b) AC conductivity 

In addition to dielectric properties, AC conductivity values under same frequency has been 

presented in Fig. 27 (b). The conductivity got higher at the higher frequencies as increasing 

frequency would induce extra electrons, accumulated in the micro-capacitors, to hop across the 

filler-polymer interface [164]. It has been realized that lower filler mixed composite matrix posed 

higher conductivity (~0.32 S.m-1) than the pristine polymer film (~0.14 S.m-1) in this research. The 

reason can be ascribed to better conductive network between fillers at lower threshold. However, 

it also has been noted that conductivity trend revealed a very irregular trend onwards for other 

nanocomposite films. Although the filler flakes seemed to be merged for 0.8 PRNC in several 

places on surface, insubstantial conductivity might result from the absence of likewise rGO 

amalgamation across the entire measuring section. This is also an indirect indication of non-

uniform dispersion of fillers throughout this whole nanocomposite sample. 1.2 PRNC film showed 
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highest conductivity (~0.37 S.m-1) due to highly agglomerated and overlapped rGO flakes, 

whereas 1.8 PRNC thin film manifested far poorer conductivity (~0.15 S. m-1), very close to 

pristine polymer film. Highly clustered flakes over polymer surface can be the rationale for this, 

while most of the polymer matrix lacked filler to form proposed capacitor model. Therefore, 

dielectric and conductivity properties were pretty adjacent to PP film.  

Furthermore, the thickness effect of each nanocomposite film was also considered along with the 

parameters discussed before. The thickness of the as prepared nanocomposite films has been 

shown in Fig. 28. Prepared pristine and nanocomposite triboelectric samples have been tested for 

three different thicknesses 537 µm, 149 µm and 141 µm respectively. At first, we compared 

between the thicknesses of three PP samples. A clear comparison of thickness difference has been 

shown in Fig. 29 & Fig. 30 for PP and 0.5 PRNC triboelectric nanocomposite films respectively. 

The peak to peak open circuit potential differences (VOC) were found ~0.5 V, ~0.9 V and ~1V for 

537 µm, 149 µm and 141 µm thicknesses respectively, Fig 31. Similarly, we measured the same 

parameters for 0.5 PRNC sample and obtained ~0.4V, ~2V, ~2V respectively (Fig. 32). From these 

observations, it was evident that thinner films came up with better output performance. The  

 

 

Fig. 28. (a,b,c) SEM Cross-sectional thickness of gradually thinning films 
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Fig. 29. Open Circuit Voltage (VOC) comparison of Pristine PDMS with thickness variation 

 

Fig. 30 Open Circuit Voltage (VOC) comparison of 0.5 PRNC with thickness variation 
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underlying cause can be ascribed to two major assumptions: i) as film thickness decreases more 

encapsulated filler (rGO) flakes would appear on the surface, in comparison to the same amount 

of fillers included in thicker film samples, which contributed to the surface roughness, and ii) 

density of micro-capacitors in thinner film is higher than thicker film-thus induced voltage should 

be higher in the thinnest nanocomposite films. Hence, all the succeeding films were measured for 

the thinnest films only.  

 

Fig. 31. Open Circuit Voltage (VOC) of PP with (a) 537 µm, (b) 149 µm (c) 141 µm 

 

Fig. 32. Open Circuit Voltage (VOC) of 0.5 PRNC with (a) 537 µm, (b) 149 µm (c) 141 µm 

 

4.2 Working Mechanism 

Like all other modes of TENG, the operating principle of this proposed SEM-TENG is based on 

electrostatic induction and triboelectric effect. The conventional mechanism along with the 
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enhanced energy storage phenomenon has been explained in detail through a schematic diagram 

as shown in Fig. 33(a) (i-iv). Firstly, water droplet is charged positively while making contact 

electrification with the pipette tube (PTFE) from where it was dropped and with air through which 

it travels towards the targeted triboelectric surface [59]. Since PTFE is highly negative (according 

to the triboelectric series), therefore it can be assumed that the droplet generated would have 

contained positive charges in itself. As close as the that charged water droplet approached the 

prepared triboelectric nanocomposite surface, a positive potential difference was induced between 

the ground and Au electrode, which consequently made the electrons to flow from ground to Au 

electrode to nullify the potential difference. However, a negative potential difference was induced 

between electrode and ground when water droplet completely rolled off the contact surface. In this 

case the electron flow direction was reverse. It should be noted that the better wrinkled structured 

surface, 0.5 PRNC film found in the optimization, will assist to complete droplet removal from 

surface owing to the roughness it introduced. 

Fig. 33(b)(i-viii) demonstrated the mechanism of triboelectric phenomenon between 

nanocomposite surface and sliding water droplet. The triboelectric output can be achieved from 

the dripping and sliding of droplet over the preferred surface via forming electrical double layer 

(EDL) between them. Since rGO carries negative charges, as reported by Navjat Kour et al [23], 

and PDMS is also negative in triboelectric series therefore, it can be inferred that the whole 

polymer composite will act as a negative surface for energy harvesting. Thus, when the droplet 

came in contact with nanocomposite surface, surface ionization of nanocomposite occurred. This 

made the droplet to be positively charged and the surface to be charged negatively. Therefore, 

electrical neutrality was sustained as long as the droplet kept rolling over the surface. As soon as 

the droplet left the surface, charge was preserved on the surface due to the nature of dielectric 
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electret. A negative potential difference was created between electrode and ground, and electron 

flow was occurred from electrode to ground to neutralize this until the charge equilibrium was 

achieved. When the following water droplets contacted the surface then uninterrupted output can 

be gained. This working mechanism has been demonstrated schematically in Fig. 33 (b) (v-viii).  
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Fig. 33. working mechanism of SEM-TENG device (a) when droplet was pre-charged due to 

triboelectrification with Pipette/air, (b) when contact electrification occurred between droplet and 

thin triboelectric films, and (c) micro-capacitor model due to optimized filler addition. 

It is also crucial to notice that the water droplet contact outputs showed higher peaks, as marked 

in dotted rectangle in Fig. 8 (a-f). On the contrary, in the same figure, separation peaks revealed 

lower output peaks but apparently consistent and lasted longer in most cases. The reason might be 

attributed to slower separation process, which also matched with the literature of identical 

phenomenon [59]. 

This triboelectric effect can be explained further with the variation of filler amount mixed with 

pure PDMS matrix. A clear performance comparison can be made between PP and filler enhanced 

nanocomposites based on the capacitance effect. If the polymer is considered in the pristine 

condition and since its dielectric constant at frequency 60 kHz was known along with the film 

thickness (141 µm), then the capacitance can be measured with the following equation: 

CPP=
ε1A

d
 

Where ε1 = dielectric constant of PP film, A= Area of friction area, and d= film thickness. Table 

7 presented the capacitance value with respect to the dielectric constants measured for each sample 

films. Calculated capacitance, C1=24.39, indicated the quantitative measurement of charge storage 
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threshold of PP film upon generation of triboelectric charges when friction occurred between two 

contact surfaces. These charges cannot move due to higher insulating properties of bulk PDMS 

electret. Since the charge generation in pristine triboelectric film is affected by the capacitance, it 

can also be concluded prudently that enhancing this capacitance property would generate more 

charges on surface. Therefore, to increase the capacitance, it was necessary to tune the bulk matrix 

of PDMS with fillers. rGO conductive fillers would increase the number of micro-capacitors by 

forming filler-dielectric-filler structure, as presented in Fig. 33 (c) (ii) by changing the dielectric  

Table 7. Dielectric Constant and Capacitance of as synthesized films 

Dielectric 

Properties 

Pristine 

PDMS 

0.5 PRNC 0.8 PRNC 1.2 PRNC 1.8 PRNC 

Dielectric 

constant 

8.6 22.7 12.5 11.5 8.4 

Capacitance 24.39 64.4 35.46 32.62 23.83 

 

property and capacitance of the matrix. The capacitance of this new nanocomposite can be 

estimated by the following equation: 

CNC=
ε2A

d
 

Where ε2= dielectric constant of nanocomposite film. These micro-capacitors enhanced 

capacitance would enhance the charge density of nanocomposite film under the same friction 

occurrence. In addition, filler enhanced nanocomposites of same thickness as PP indirectly proved 

the reduction of pristine polymer film thickness inside the bulk matrix [53]. However, too much 

addition of fillers can cause agglomeration inside the matrix, which would cause downturn of the 

capacitance values. Therefore, it was pivotal to check the dielectric properties and the output 

performance of the proposed TENG to figure out the optimized filler quantity. When low quantity 
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filler i.e.0.5 mg was added in the polymer, quite higher capacitance 64.4 was realized than pristine 

polymer without any filler. This enriched capacitance indicated the better dispersion of filler sheets 

with minimal thickness and well-formed numerous micro-capacitors throughout the 

nanocomposite sample that can boost up the output performance. When the voltage is generated 

due to triboelectrification, these micro-capacitors distributed the voltage among them and potential 

difference was greatly increased for 0.5 PRNC film compared to PP film, which can be further 

verified by the open circuit voltage (VOC) results presented in Fig 26 (a, b). VOC was found ~1V 

and ~2V for PP and 0.5 PRNC triboelectric films respectively. However, for further increase of 

filler quantity resulted in downfall of capacitance values. 0.8 PRNC film showed capacitance 

~35.46, which was quite lower in comparison to 0.5 PRNC. In this case, filler flakes tempted to 

merge with each other instead of forming capacitor-like morphology in the matrix. Although the 

dispersion of fillers was apparently better in many places, lower capacitance ratified the stacking 

phenomenon of filler sheets in the polymer matrix. As a consequence, VOC (~1.65 V) reduced 

during droplet-nanocomposite surface contact electrification (Fig. 26 (c)). Further increment of 

fillers tended to decrease the capacitance even lower. The reason of which can be attributed to the 

same phenomenon we mentioned earlier: undesired higher agglomeration and clustered fillers 

inside the polymer matrix or on the surface. It was worthy to mention that 1.8 PRNC 

nanocomposite film displayed very close capacitance (~8.4) to PP film. Apart from this, the filler 

flake’s thickness drastically increased to 60 µm for this nanocomposite film. The effects of 

decreasing capacitance were further followed by decreasing SEM-TENG’s performance i.e. ~0.9 

V, ~0.49V and ~0.54 V for succeeding nanocomposite films, represented in Fig 26 (d, e, f). From 

this discussion, it can be concluded that 0.5 PRNC is the best optimized triboelectric 

nanocomposite film that generated more voltage due to its uniform capacitor model as well as 
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induced surface roughness. The observed output close-circuit current (ISC) for all triboelectric 

nanocomposite films of uniform thickness (141µm) has been presented in Fig. 34. 

 

Fig. 34. Close Circuit Current (ISC) of (a) Pristine PDMS, (b) 0.5 PRNC, (c) 0.8 PRNC, (d) 1.2 

PRNC, (e) 1.8 PRNC, and (f) 2.8 PRNC 
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Chapter 5 

Conclusion and Future Work Direction 
 

5.1 Conclusion 

In brief, we prepared several triboelectric pristine polymer and nanocomposite films to fabricate 

SEM-TENG devices as well as to test their prospects for droplet-based triboelectrification. Here 

we varied the amount of fillers to optimize the energy harvesting outputs. While running 

experiments on these samples, we found that lower filler enhanced nanocomposites showed better 

dispersion, surface roughness due to wrinkled patterns, higher hydrophobicity, dielectric 

properties etc. Moreover, the output performance also has been found greater as much as the films 

became thinner. Through several nano-characterization techniques, dielectric and quantitative 

output measurements, we also tried to demonstrate that how increasing filler amount beyond a 

certain extent can cause gradual deterioration of hydrophobic and dielectric properties of the 

nanocomposite films. Finally, we have successfully concluded that 0.5 PRNC triboelectric film of 

141 µm thickness presented superior results e.g. water contact angle 116.º, dielectric constant 

~22.7, ~0.32 Sm-1, Capacitance ~64.4, Isc=~2 nA and VOC= 2V in comparison to other thin PP and 

nanocomposite films. This work represents a very simple and efficient way to harvest triboelectric 

energy from meagre droplet movement. The electrical energy generated through this 

triboelectrification can be applied directly to charge capacitors for its subsequent application to 

power small-scale sensors or electronic devices. 

5.2 Future Work Direction 

The hydrophobicity improvement is the biggest challenge to implement following merely chemical 

process. Although the present work has come up with a new aspect of hydrophobicity optimization, 
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the objective of getting a superhydrophobic surface is the toughest job without further interference. 

Therefore, in order to make it superhydrophobic or reducing the surface energy to minimum level, 

the following works can be done- 

➢ Inductive Coupled Plasma-Reactive Ion Etching (ICP-RIE) can be performed on 

the as synthesized pristine and nanocomposite surfaces, as this will certainly 

increase surface roughness to higher level 

➢ If certain condition can be applied to grow nanowires on surface, then air 

diffusion resistance will be increased, which will cause higher water repelling 

phenomenon following contact as a consequence 

➢ Furthermore, higher itching time can cause damage to filler flakes. In such case, 

2/3 minutes etching may possibly remove the polymer layer and may cause the 

filler flakes appeared on the surface. Then the flakes themselves will induce 

surface roughness. 
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