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PREFACE 

 

Over the years, the market demand for flexible and wearable electronic devices is 

mind blowing that poses new challenges to global energy crisis. Low-power electronic 

gadgets such as wearable sensors, wireless devices, actuators, and health monitoring 

devices require microwatts to milliwatts of power for their operation. The conventional 

method of using batteries as a power supply is an obstacle to the miniaturisation of 

gadgets, since their periodic replacement and recycling are operational hazards. 

Scavenging different forms of available energy from our day-to-day activities is 

considered as the best alternative to overcome the future energy crisis. The search for 

new energy harvesting techniques from clean and sustainable sources has brought rapid 

progress in the development of nanogenerators. Among various energy harvesters, 

triboelectric nanogenerators (TENGs) are designed to convert low-frequency, high-

entropy mechanical vibrations into electrical energy. These devices, which act as potential 

candidates for self-powered operation, have received immense global attention by virtue 

of their simple operation, higher efficiency, enhanced stability, and cost-effectiveness. 

Thus, TENG based power solution is proven to be useful for applications like the Internet 

of Things (IoT) and energy autonomous sensor networks. Incorporation of new materials 

through innovative designs is actively pursued in TENGs, with the central aim of 

enhancing their output performance. Layered two dimensional (2D) materials are an ideal 

choice for this purpose, thanks to their higher lateral size and atomic level thickness. This 

is because the high specific surface area and capacity for charge trapping of such materials 

help to supplement the triboelectric charge density and thereby improve the power 

output. Additionally, the newly reported 2D TENGs have high transparency and flexibility, 

for usage in foldable and wearable electronic devices. In short, 2D materials present new 

opportunities in energy autonomous wearable electronics.  

 

TENGs, employing hexagonal boron nitride nanosheets (h-BNNSs). These devices are 

beneficial for applications that harvest energy, and thereby power small-scale electronic 

gadgets. The whole thesis has been organized into six chapters.  

In chapter 1, we discuss the theory, mechanism and significance of TENG. Further, we 

covered recent advancements in 2D layered materials acting as triboactive layers for 

          The present doctoral investigation is focused on creating various structural designs for
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TENG’s improved output performance. The rationale behind the choice of the materials 

and methods were also elaborated. 

Chapter 2 discusses the fabrication of a contact separation mode glass supported rigid 

TENG using a liquid-phase exfoliated 2D material, BNNSs. Bulk material was transformed 

into 2D BNNSs using a liquid-phase exfoliation process supported by ultrasonication in a 

suitable solvent, di-methylformamide (DMF). The exfoliated BNNSs were spin-coated 

onto the BoPET (biaxially oriented polyethylene terephthalate) surface, with polyvinyl 

butyral (PVB) serving as the film's binder. Here the 2D material could act as the 

triboelectric negative material against paper that acts as the counter-positive material. 

This innovative design yielded excellent results. The fabricated device could provide an 

output voltage of ~200 V and a current density of ∼0.48 mA/m2 under moderate finger 

tapping. The TENG device has a maximum power density of 0.14 W/m2. Handheld 

electronic gadgets such as LCD clocks and digital thermometers, could be successfully 

powered using BNNSs/BoPET-paper TENG.  

Chapter 3 reveals an ink-based printing technique used to fabricate a high-performance 

flexible TENG that has benefits such as facile fabrication and scalability. In order to 

prepare a triboelectric contact layer, BNNSs were formulated as a composite ink (BN-PC 

ink) with a suitable viscosity that was adequate for printing. Remarkably, the flexible 

screen-printed TENG which was made with BNNSs-based ink as the tribo-negative 

material and printed positive polyvinyl pyrrolidone (PVP) on BoPET as the tribo-positive 

material, demonstrated an incredibly high voltage of ~800 V and a short-circuit current 

density of ~0.78 mA/m2 under an external force of 10 N with 5 Hz frequency. The 

maximum power density for TENG is ~1.36 W/m2. Our research results suggest that these 

devices are useful for transforming portable electronic devices and LED’s into energy 

autonomous. 

Chapter 4 deals with the working of TENG as a self- powered tactile sensor designed for 

touch sensing. Electrospun cellulose acetate nanofibers (ES-CANF) and screen-printed 

BNNSs composite ink (BN-PVP) on BoPET substrate were used as the triboactive 

materials. This improvised design yielded impressive results of ~1200 V as open-circuit 

voltage and 1.33 mA/m2 as short-circuit current density. The peak power density could 

go upto 1.4 W/m2 for a 3 cm x 3 cm area device. Further, this BNPVP-ES-CA flexible TENG 

design was modified to act as a touch sensor for detecting input forces of very low 

magnitude (0.05 N). Remarkably, the sensitivity of the fabricated touch sensor for very 
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small forces (2 N) was 3.98 V/N, whereas for comparably higher forces within the range 

of (2–10 N), it was found to be 1.843 V/N. 

In chapter 5, our focus was on employing high surface area porous h-BN based 3D 

structure to improve TENG’s output. In this study, oxygen functionalized h-BN was cross-

linked covalently using glutaraldehyde-resorcinol chemistry, resulting in the formation of 

a porous monolithic solid with a 3D interconnected network. To demonstrate the output 

performance of porous material based TENG (P-TENG), spin-coated ethyl cellulose film 

on the surface of ITO PET (indium tin oxide-coated polyethylene terephthalate) was 

paired with h-BN based aerogel as two triboactive materials. The developed aerogel-

based TENG exhibited an open circuit voltage of ~720 V and a short-circuit current 

density of ~10 mA/m2 for a 2 cm x 2 cm device, under 10 N external force with 5 Hz 

frequency. Power density reached the highest ever value of this doctoral investigation 

(1.7 W/m2). A successful demonstration of powering a series of commercial LEDs 

suggests its suitability for future potential applications. 

Chapter 6 gives an overall summary of the significant findings drawn from this doctoral 

investigation and the future scopes of the present work. 
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TENGs, are a cutting-edge innovation 

developed to serve for self-powered 

operation. These devices have attracted 

enormous global attention since they 

present as a solution to energy 

autonomous handheld devices. This 

chapter outlines the mechanism, theory, 

and relevance of TENGs. Further, we also 

discusses the emerging innovations in the 

domain of 2D materials functioning as 

triboelectric layers for the enhanced 

output performance of TENGs 
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1.1 Introduction 

Internet of Things (IoT) is the new mantra of digital world, where billions of 

sensors and smart devices are interconnected using internet and manage their operations 

wirelessly. In this way, IoT creates an ecosystem of interconnected devices, which is going 

to be the lifeline of smart healthcare systems in future.1 A significant challenge in this 

journey is the massive power demand for these devices. The depletion of fossil-fuel 

sources such as coal and natural gas and their imminent environmental pollution 

enunciate the need for alternate sustainable solutions for future energy needs.2 

Power management has two essential parts; (i) power production and (ii) storage. 

Conventionally, batteries are the most popular energy storage devices that cumulate the 

power to be used at a later time. However, they have a number of drawbacks, including 

(i) limited functioning life that necessitates replacement regularly, (ii) limitations on 

device miniaturization due to their large size, and (iii) environmental contamination due 

to their poisonous lead-based components.3 Hence, the inefficient power configurations 

of the present must be modified drastically for future electronics. Thus, developing 

innovative self-powered technologies employing alternative sustainable energy sources 

may be the key to addressing the problem of rising energy consumption in low and high-

power applications. Handheld devices need only low-power solutions, whereas 

biomedical devices demand that power sources should be perpetual and maintenance-

free.4 

In the era of nanotechnology, energy harvesting from natural resources via eco-

friendly protocols has drawn prominent attention.5 Sufficient knowledge is now available 

to tap energy from resources like vibrations, mechanical load, temperature gradients, 

solar light, etc. High entropy mechanical energy can be conveniently harnessed from 

resources like human movement6, flowing water7, wind8, vehicle movement9 etc. These 

resources have the advantage of providing energy continuously and sustainably.  

In the past few decades, alternative energy harvesting technologies have met with 

dramatic transformations. An interesting concept is the nanogenerator (NG) which is 

ideally designed to address the energy consumption associated with portable electronic 

gadgets. They were developed to transform the energy present in the ambient 

environment into useful electrical signals, by using the mechanism of energy transfer such 

as the electrostatic effect, piezoelectric effect, and thermoelectric effect.10 NGs have 
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incredible advantages in the booming era of IoT, since they are sustainable, lightweight, 

easily producible, and care-free systems. 

1.2 Nanogenerators (NGs) 

The fundamental idea behind nanogenerators, which was initially materialized in 

Georgia Tech, USA in the year 2006, is to transform mechanical or thermal energy 

generated via physical changes into an electrical signal.11 The term ‘nanogenerator’ was 

derived from the fact that the first reported work used a single vertically grown ZnO 

nanowire for producing electric power by using an AFM tip, its deformation aided minute 

mechanical energy converted into electric power. The practical working of 

nanogenerators are mainly based on three aspects.12 
 

 Piezoelectric effect 

 Triboelectric effect 

 Pyroelectric effect  
 

In the piezoelectric and triboelectric approaches, mechanical energy is harvested, 

whereas in pyroelectric technique, nanogenerators use thermal energy to produce power. 

The development of nanogenerators for the small-scale functioning of nanosystems, can 

use the exceptional capabilities of nanomaterials to address the current energy 

constraint.4 In IoT technology, there are scores of electronic devices that need to be 

sustainably powered which can constantly process and transmit loads of data.13 In other 

words, the future requirement is that portable devices should be made energy-

autonomous. These lightweight devices with variant energy-efficient applications are 

found promising in IoT-based applications including sensing, environmental monitoring, 

personal electronics, and defense technology etc.14 Triboelectric nanogenerator is the 

youngest among the several types of nanogenerators, which has received the most 

attention of late, due to its versatility and many advantages.  

1.3 Triboelectric nanogenerator (TENG) 

The first TENG for harvesting mechanical energy was developed in 2012 by Z. L. 

Wang's group15 in Georgia Tech, USA. Since then, one of the most emerging option for the 

modern era, due to various reasons including high instantaneous power output, cheap 

fabrication process, and broad choice of available materials, eco-friendliness, and 
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customizable working modes for target applications. Compared to piezoelectric 

nanogenerators (PENGs), TENGs generate more electricity from the abundant mechanical 

energy present in the immediate surroundings (see the illustration in Figure 1.1).16,17 

The physics of triboelectric phenomenon lies in the principles of static electricity 

which will be elaborated in the subsequent sections. In simplest terms, the process of 

press and release between two contact materials with opposite triboelectric nature 

results in a combined effect of static electrification and also another electrostatic 

induction effect too. More specifically, contact-induced electrification generates polarized 

charges on the material surfaces of contact. Then, electrostatic induction initiates the 

conversion from its mechanical form of energy to electricity via the electrical potential 

difference developed by the mechanically mediated separation process.18,19 Let us have a 

close look at the triboelectric phenomenon.  

 
Figure 1.1: A representation of the transformation of mechanical energy into an electric signal 

 

1.3.1 Triboelectric effect  
 

In the contact electrification process (which is the heart of TENGs), two dissimilar 

materials become electrically activated when they are separated that were previously in 

contact, this is called triboelectric charging. Here, generated charges have variable 

strengths and polarities according to the material’s properties including surface 

roughness, strain, and other factors. During the separation stage, charge transfer occurs 

between the contact materials surface to preserve an electrochemical potential equality. 

Ions or molecules can make up these transferred charges which creates electric 

potential.20,21 

Interestingly, triboelectrification is a commonly occurring phenomenon in nature. 

It can generate electrostatic charges in industrial components that cause fire, dust 

explosions, electronic damage, dielectric breakdown, and other problems. For this reason, 
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the triboelectric effect has been condemned as a negative effect that is primarily mitigated 

by suitable technology design methods.22 On the contrary from an energy perspective, 

when these developed electrostatic charged surfaces are viewed as part of a capacitive 

energy device (in the separation stage), they open new windows to the horizon of 

electrostatic nanogenerators.23 

1.3.2 Triboelectric series  
 
 

A galaxy of materials we come across in daily life shows triboelectric phenomena, 

but their standard quantification is not yet available. Almost all materials like metals, 

semiconductors, polymers (both natural and artificial), ceramics, glass, etc., exhibit this 

phenomenon and are used as potential candidates for TENG.24 The relative polarity of a 

material with respect to its opposite contact material indicates the sign of charge carried 

by the material. Based on the polarities of different available materials, a ranking system 

called the triboelectric series was developed as shown in Figure 1.2.25 The first 

triboelectric series was developed in 1757 by Johan Carl Wilcke26, whose series was 

dominated by some metals and polymers.  

 

                       

Figure 1.2:  A standard triboelectric series of some common materials. [Reproduced from ref. 25 
with permission, copyright 2017, John RSC publishers] 

 

 



Chapter 1 

 

7 | P a g e  
 

Triboelectric series is very useful for selecting materials in TENG fabrication. In 

this series, the frictional materials are arranged according to their ability to gain or lose 

electrons.27 Later, it was again modified using charge affinity values. Over the years, an 

updated quantified series was proposed by Zou et al., by including a number of non-

metallic inorganic materials with their triboelectric charge densities.25 

1.3.3 Fundamental theory 
 

To explain the theoretical origin of TENGs, a physical model based on the 

electromagnetic theory was developed. Maxwell's displacement current is the main 

driving force internally for the TENGs energy conversion.28 Here, non-electric field 

created polarization term in addition to the medium polarization due to electric field, 

modifies Maxwell's equation of displacement current. The power generation of TENG 

accounts for the induced surface electrostatic charges produced from the contact 

electrification process; hence, an additional ‘Wang term’ (Ps) was added to the 

displacement vector D. Thus, Maxwell’s original equations were expanded by Z. L.  Wang 

in 2017, as given below:29 
 

𝑫 =  𝜀଴E +P + 𝑷𝑺                                                               (1.1) 
 

where vacuum permittivity is represented by ε0 and P is the polarization vector 

related to the externally available electric field E. The Wang term, represented by Ps 

mainly stands for the developed charges on surface that are completely field independent. 

By substituting the above equation (1.1) into original Maxwell's equations, we could 

obtain 
 

     𝑫ᇱ = 𝜀଴𝑬 + 𝑷                                                                                           (1.2) 
 

Maxwell’s equations for stationary conditions were reformulated for their 

applicability to mechano-driven moving media like TENG. From the four self-consistent 

physics laws, Wang has developed the differential form of modified Maxwell’s equations 

are given below.  
 

 

𝛻. 𝑫ᇱ = 𝜌ᇱ                   (1.3) 

𝛻. 𝑩 = 0                               (1.4) 

𝛻 × 𝑬 = −𝜕𝑩 𝜕𝑡⁄                              (1.5) 

𝛻 × 𝑯 = 𝑱ᇱ + 𝜕𝑫ᇱ 𝜕𝑡⁄                 (1.6) 
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The volume charge density is given by the equation 
 

𝜌ᇱ = 𝜌 − 𝛻. 𝑷𝑺                  (1.7) 
 

The current density is defined by, 
 

 𝐽ᇱ = 𝐽 + 𝛻. 𝜕𝑷𝑺 𝜕𝑡⁄                                                                                    (1.8) 
 

Maxwell's displacement current, revised by using Equations (1.1) and (1.3),  
 

  𝑱𝑫 = 𝜕𝑫 𝜕𝑡 = 𝜀 𝜕𝑬 𝜕𝑡 + 𝜕𝑷𝑺 𝜕𝑡⁄⁄⁄                                         (1.9) 
 

In the above equation (1.9), the term ε∂E/∂t represents the displacement current 

as a result of a time-varying electric field and the induced medium polarization due to that 

electric field. The other term Ps/t, called the ‘Wang derivative’, indicates displacement 

current that are developed due to surface charges under a mechanical strain field, which 

does not rely on the electric field. Wang’s modification of displacement current which is 

the main internal driving force of TENGs, acts as a guide towards the development of 

innovative nanogenerators. In an ideal condition of no leakage current, the conduction 

current observed at electrodes and the displacement current are equal.30 

1.3.4 Modes of operation  
 

TENGs can operate in four distinct ways depending on the electrode configuration 

and the change in polarisation orientation. We briefly discuss here the four fundamental 

modes of operation and their mechanisms.31,32 

 Vertical contact-separation (CS) mode 

 Lateral sliding (LS) mode 

 Single-electrode (SE) mode 

 Free-standing (FS) triboelectric-layer mode 

 

1.3.4.1 Vertical contact-separation  
 

This mode was suggested by Zhu et al. in 201233 and is the most frequently used 

and earliest documented working mode in TENG. In this method of operation, electrodes 

are positioned on the top and bottom parts of the material surface wherein two distinct 

materials are aligned vertically face-to-face, as shown in Figure 1.3. Under the influence 

of a stimulus, the two triboelectric contact layers undergo a continuous contact separation 
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process in the vertical direction, generating opposite charges on their surfaces. During its 

releasing stage, the developed potential drop drives the electron flow between the 

electrodes via electrostatic induction, until a charge equilibrium condition is achieved 

(see Figure 1.3 (a)).  

1.3.4.2 Lateral sliding  
 

In LS mode, the TENG structure is almost similar to the CS mode described above. 

In contrast to contact separation mode, where the mechanical force is applied in a 

perpendicular direction to the layer top, the mechanical force operating in a parallel 

direction in this device construction is considerably different. Parallel sliding of contact 

layers over one another under a mechanical stimulus, will start a periodic contact and 

separation that might produce surface triboelectric charges. As a result, the external 

circuit experiences an electron flow to maintain electrostatic equilibrium (see Figure 1.3 

(b)). In short, contact layers periodically closing and sliding provide an AC output signal.17 

1.3.4.3 Single-electrode  
 

From the described two TENG working modes above, two interconnected 

electrodes form a closed loop with an external load for the flow of electrons. However, 

these kinds of device structures limit their applicability in situations where they harvest 

energy from freely moving mobile objects. For example, in situations like moving vehicles, 

animals walking, and people using touch displays to type, electron exchange takes place 

between the bottom electrode and ground. There, single-electrode TENG with the ground 

as the reference electrode has been developed (see Figure 1.3 (c)). This mode produces 

electricity by periodic contact separation or sliding between one triboelectric layer with 

a back electrode and the grounded complementary layer.34 

1.3.4.4 Free-standing triboelectric-layer  
 

In this mode (which is also made to work with moving objects), a pair of linked, 

identical electrodes attached to a FS layer shift positions in response to the movement of 

moving objects (see Figure 1.3 (d)). Further, this will generate an asymmetric charge 

distribution that drives the electron flow between the electrodes also produces electric 

current.35 
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Figure 1.3:  Four basic working modes of TENG operation (a) CS mode, (b) LS mode, (c) FS mode, 

and (d) SE mode 
 

1.3.5 Choice of materials for TENG beyond triboelectric series  
 

Metals and dielectric polymers predominate among the several materials used in 

the traditional triboelectric series. Theoretically, the pair of preferred materials should 

have a significant variation in their charge affinities to provide a greater TENG output. 

When these two materials come into physical contact, electron transfer is triggered, and 

their direction depends on the electron affinity. Materials known as electron acceptors 

have a propensity to draw electrons from other materials. The opposing one acts as an 

electron donor and loses its electrons. Identification of the acceptor and donor behavior 

of materials may be done using the order of arrangement in triboelectric series. For the 

fabrication of TENGs, material selection, and their triboelectric effects are crucial. A good 

TENG design means it should qualify the basic quality control parameters for any 

nanogenerator which include (i) operating stability, (ii) power density, (iii) sustainability, 

and (iv) adaptability.36      

In practice, compared to the increased difference in charge affinities and chemical 

composition, various physical properties of contact materials, such as friction, elasticity, 

and surface morphological structure, are also superior. Polymers, including PDMS, PTFE, 

FEP, kapton, PET, and silicone, are among the most widely used materials for electron 

acceptors. There have been several discoveries of donor materials such as aluminium, 

copper, nylon, polymethyl methacrylate (PMMA), polyurethane (PU), and indium tin 
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oxide (ITO). Metal films such as silver, copper, aluminium, etc., can also serve as both 

electrodes and triboelectric layers.37 

Recently, a lot of green materials, as well as some inorganic materials with 

improved performance, have attracted more attention, in addition to the above-

mentioned polymer materials. A significant improvement in TENG output has been 

achieved using cellulose-based green materials, which are both sustainable in nature and 

mass-producible. A strong triboelectric effect is displayed by highly positive cellulose 

materials with improved performance. In addition to cellulose, high-performance TENGs 

also employ naturally occurring biopolymers such as chitosan, lignin, fish gelatin, etc.16 

One of the future research directions may be on tailoring surface triboelectricity of 

materials by doping or chemically altering their surfaces with nanostructures, which will 

undoubtedly improve TENG output performance by modifying contact properties. 

However, the actual mechanism of charge production in these modified polymers remains 

unclear, necessitating further research. Compared to polymers, the mechanism of 

electron transfer is more predictable in inorganic two-dimensional (2D) materials, but 

only limited studies are available because of the difficulty of making large-area crystalline 

films. However, these materials are more resistant to surface oxidation than pure 

polymers, and hence they can tolerate harsh pressure and temperature conditions.  

Against this background, 2D materials are a good choice since they can serve as 

both electrodes and contact materials. It is believed that the creation of composite 

structures that combine the benefits of currently used triboelectric components may 

greatly increase the device's lifetime and mechanical qualities. Embedded nanoparticles 

in composite structures will modify the surface electrification effect and the permittivity 

of the matrix, making them best suited for improving electrostatic induction. Against this 

background, the present thesis work is ideally designed to give more focus to the 

fabrication of 2D material-based composite structures for mechanically strong and 

durable TENGs.38 

1.3.6 Factors affecting the output of TENGs  
 

Surface charge density, contact material surface roughness, and environmental 

conditions like temperature and humidity are the primary variables that have a significant 

impact on TENGs' electrical output power. In certain triboelectrically active material 

pairs, their performances are mostly related to their surface charge density, which in turn 
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relates to the polarity and efficiency of contact between the two materials. Recently, 

several suitable techniques have been implemented to modify the area of contact and 

surface charge density. These protocols include surface engineering, adding more storage 

layers, chemical modification, nanocomposite formation, etc. The key elements affecting 

contact electrification are triboelectric polarity, contact efficiency, ability to store charge, 

environmental factors, etc. Let us discuss them one by one.  

1.3.6.1 Triboelectric polarity 
 

Triboelectric polarity is the material's innate ability to lose or acquire electrons 

during the process of contact electrification. In an observed triboelectric phenomenon, 

this polarity is directly proportional to the generated charges. Numerous studies led to 

the systematic arrangement of various materials in a "triboelectric series," ranging from 

strongly tribonegative to strongly tribopositive. Combining the appropriate elements 

from this series' top and bottom is expected to result in greater power output.39 

 Chemical functional groups on a material's surface have a significant impact on a 

triboelectric material's polarity. Due to their enhanced propensity to acquire electrons, 

highly electronegative functional groups like fluorine in a material's chemical structure, 

lead to the creation of additional charges. As a result, fluoropolymers often function as 

tribonegative polymers. The most commonly used fluoropolymers are polyvinyldine 

fluoride (PVDF), PTFE, and FEP.  On the contrary, some amino-group polymers with 

nitrogen are naturally tribopositive. Chemical modification of the material surface 

through the introduction of suitable functional groups provides an efficient method for 

polarity control, which broadens its applicability to multiple domains. 

1.3.6.2 Materials’ effective area of contact  
 

If one could increase the volume of surface charges in a triboelectric pair, more 

charge transfer will take place. Surface modification is one of the most efficient methods 

used for improving the contact area between frictional materials. PMMA and PDMS 

surfaces were used to create nanopatterns using the photolithographic process, which 

showed a higher output voltage than the unaltered structure. A hexagonal pattern with a 

narrower pillar width produces more voltage than a pattern with a wider pillar width. 

The effect of contact force on the surface of the materials in contact will alter their output 

efficiency. When the force acting on the material is higher, physicochemical properties of 

the surface induce more charge transfer.40 
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1.3.6.3 Charge-storage ability 
 

Another viable strategy used for obtaining higher TENG output is to control the 

loss of generated charges on the material's surface due to friction. The ability of the 

tribolayer to store charges effectively retains the generated charges on material surface, 

that will definitely improves the charge density also contributes to a higher output. To do 

this, materials with high dielectric constants are mixed with frictional materials to create 

functional composite structures having abundant charge-trapping centers. A typical 

example is the addition of high dielectric constant barium titanate (BaTiO3) nanoparticles  

to a ferroelectric matrix like P(VDF-TrFE) to improve the output of a nanocomposite 

based TENG.41 

It is believed that, atomically thin 2D materials having a lamellar kind of structure 

are the best choice as charge trapping sites in their composite structure, and their ultra-

high capacitance also improves the storage performance.42  The multi-layered device 

construction with an extra storage layer between the frictional tribolayer and the 

electrode in a composite three-layer structure also stimulated attention towards the 

development of triboactive materials with efficient storage capabilities.43 This composite 

three-layer construction greatly increased the surface charge density compared to the 

single-layer structure.44 

1.3.6.4 Environmental factors 
 

The electrical output of TENGs is greatly affected by external environmental 

conditions like temperature, humidity, and atmospheric pressure.45 The triboelectric 

charges developed between the frictional materials increased nearly to 20%, with a 

considerable decrease in their relative humidity values. Studies have shown that humidity 

will adversely affect the charge generation between these triboactive materials.46 Water-

reluctant materials with improved hydrophobic properties can be converted into an anti-

humidity TENG that will provide stable output without causing any significant changes 

even in humid conditions.  

From extensive studies, it has been noticed that the effect of temperature could 

also produce a strong impact on the TENGs output.47 The trends of output variation 

observed at different temperature ranges are quite different from one another. The 

gradually rising temperature from -20 to 20 °C causes decreased output performance, 

whereas between the temperature range of 20 and 100 °C output remains stable. A 
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further increase in temperature causes a rapid decline in output. At higher temperatures, 

surface oxidation generates surface defects, and material permittivity changes severely 

affect the device's output performance. In some kinds of insulating oxides like SiO2 or 

Al2O3, the charge trapping ability of the material is significantly reduced at higher 

temperatures which also causes lower output.48 The effect of atmospheric pressure on 

TENG can be identified by analysing the output performance of the device under vacuum 

conditions, which exhibits improved triboelectric charge density. 

1.3.7 2D Material-based TENGs (2D-TENGs) 
 

Atomically thin crystalline solids with layer thicknesses of a few nanometers or 

less are broadly classified as free-standing 2D materials. These types of materials allow 

for the unrestricted movement of electrons in a two-dimensional plane. However, they 

are unable to move in the third direction because of the laws of quantum physics. In 2004, 

Geim and Novoselov isolated the most popular 2D material reported so far, graphene.49 

2D graphene separated from its bulk graphite powder by using a simple scotch tape 

micromechanical cleavage method. This invention heralded the beginning of a new era of 

research on 2D materials and a richness of associated properties.50 

In the new millennium, the field of electronics saw revolutionary advancements 

that are contributed by many factors, and one of them is the advancements in the domain 

of atomically thin 2D materials. Several 2D layered materials including MXenes, boron 

nitride, TMDs, silicenes, black phosphorous, and bismuthenes were extensively 

investigated, even since the emergence of graphene.  Compared to its bulk counterparts, 

2D graphene has higher carrier mobility at room temperature, superior thermal 

conductivity, and extremely high mechanical strength. These single-layered substances 

display a variety of electrical behaviors. The mechanical, electrical, and optical 

performances of the few or single-layered materials are completely vary from their bulk 

material, and this motivates researchers to focus more on the development of ultra-thin 

layered materials.51 

2D nanomaterials with astonishing physicochemical and optoelectronic 

properties integrated with TENGs can bring about 2D TENGs with enhanced output 

performance.  The newly endowed 2D TENGs support the use of foldable electrical and 

optoelectronic devices. These nanomaterials have better flexibility, optical transparency, 

mechanical robustness, and a high surface-to-volume ratio, making them an appropriate 
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candidate for implementing 2D TENGs.52 The unique structure of 2D nanomaterials 

empowers them with several peculiar properties that possess different functions in 

nanogenerators. The various roles performed by 2D material in TENGs are as follows: 
 

 Electrode materials 

 Triboelectric materials  

 Both electrode and triboelectric materials  
 

For TENGs with thin device structures, stacking structures can be created from 2D 

materials with very low atomic unit thickness. The incorporation of these tiny devices into 

wearables and bodily implants is realized through straightforward processes.16 Recently, 

a few works have been proposed related to 2D TENGs, even though the triboelectric 

properties of 2D materials are still not clearly understood and their triboelectric 

mechanisms are poorly studied.53 By investigating the TENG output from various 

combinations of 2D materials with known materials in triboelectric series, the charge 

polarities of all 2D materials could be identified.54 Based on the investigations made by 

Seol et al.,55 most of the analysed 2D materials show the tendency to accept electrons in 

TENG design and are located mostly at the negative side of the triboelectric series. Charge 

polarity of these materials are completely independent of their layer thickness and the 

adopted synthesis methods. Now let us discuss the commonly adopted protocols to 

improve the output performance in 2D TENGs.  

1.3.7.1 Output enhancement in 2D TENGs 
 

1.3.7.1.1 Ultra-high surface area 
 

High surface contact area in 2D nanomaterials with similarly larger lateral sizes 

and atomic-level thickness contributes to a rise in triboelectric charge density and output 

improvement. Incorporation of high surface area materials in the triboelectric layer can 

improve the contact area of TENG operation. 

1.3.7.1.2 Charge trapping sites 
 

2D materials with interlayer voids can easily capture the charge carriers and store 

them. These materials also act as charge-trapping sites in the polymer matrix that will 

reduce the loss of electrons by transferring them to the interior of the layer from the 

surface. Otherwise, electron recombination with air particles or positively charged ions 
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causes a loss of electrons and decreases output to a great extent. 

1.3.7.1.3 Triboelectric polarity 
 

Theoretically, the effective charge transfer between a pair of triboelectric 

materials strongly depends on their difference in tribopolarity. If the selected materials 

are in a triboelectric pair located at the two ends of the triboelectric series, they can 

produce enhanced output performance due to more charge transfer. As we have seen 

before, 2D atomically thin materials are located near the negative end of the conventional 

series. Hence, the combination of 2D materials with higher positive triboelectric materials 

in a device-forming pair can produce more charge transfer and higher output. 

1.3.7.1.4 Adaptability for further improvement 
 

As hinted before, 2D materials have extended lateral dimensions which can bring 

about high power output by surface modification. Engineering of highly exposed surface 

atoms of 2D materials by external means can tailor the features and functions of the 

material and broaden its applicability. Along with all the above properties, 2D materials 

in the frictional layer provide better durability in high temperature and humid 

environmental conditions. The majority of TENGs' works solely use certain 2D materials, 

like graphene and MoS2. The efforts taken for a thorough investigation of other 2D 

material-based TENGs and their working mechanisms have received increased attention 

now for their improved performance and future applicability. We focus our attention on 

h-BN, a 2D material, due to its exotic electronic properties in comparison with graphene.  

1.3.7.2 Applications of 2D TENGs 
 

Rapidly growing need for intelligent electronics in communication, environmental 

monitoring and healthcare systems, directs the focus toward the creation of devices that 

are responsive to environmental stimuli.56 Recently, 2D TENG-like devices have major 

emphasis on energy harvesting in biomechanical field and also active in self-powered 

sensing like touch, motion, chemical and acceleration sensing. By the versatility of layered 

materials, 2D-TENGs can be integrated into biomedical devices so that human body 

movements can be converted into energy.57,58 A graphene-based TENG in a single 

electrode configuration could go down to thickness up to less than 2.4 μm. This 2D TENG 

is conformally integrated into human skin for powering wearable gadgets without the 

need for charging. Such devices have also found application as a power source for 
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agricultural sensor networks.59 Some unfavorable environmental circumstances, such as 

geology and weather may alter the TENG performance. To counteract the effects of these 

unfavorable factors, new nanogenerator designs have been recently developed with self-

cleaning and humidity-resistant properties.60 Furthermore, a fiber-based 2D TENG 

integrated agro textiles for an intelligent agricultural greenhouse net technology was also  

deployed.61 This technology has the potential to minimise the negative consequences of 

persistent rain on agricultural productivity. The fiber-based 2D TENG utilized MXene ink 

and silver nanoparticles as raw materials. A flexible mixed dimensional (1D/2D) 

composite structure comprising of 1D silver nano wires (AgNWs) wrapped with 2D 

molybdenum disulfide (MoS2) nanosheets, was reported where the so-developed strain 

sensor may be worn on the skin.62  

 
   Figure 1.4: 2D materials in TENGs and their practical applications 

 

In 2D material-based potential active sensors, specific information regarding the 

external stimuli and environment will reflect the output signals via their amplitude or 

frequency. A self-powered handwriting recognition sensor array was reported by C. Jiang, 

et al. constructed of polydimethylsiloxane and MXene (PDMS/MXene) composite film 

over the laser-induced graphene (LIG) electrode. This sensor is designed to accomplish 

real-time trajectory detection.63 Using a mixture of MoS2/graphite glue, Karmakar et al. 

created a self-charging flexible power cell for detecting weight and temperature.64 

Commercially available glue (FEVI®GUM lime Fragrance) was employed as a medium of 

electron transport and also it used as a material for binding. Temperature sensing from 

ambient to 323 K and weight measurement of up to 72 kg was demonstrated. 2D TENGs 
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also act as an external power source to regulate the electron transport properties of 

semiconductor channels in 2D transistors.65 Given below (Figure 1.4) are some examples 

of TENGs integrated with 2D materials and their real-world uses. 

1.4 Hexagonal boron nitride (h-BN) 

Well-known is the fact that h-BN is a structural analog of graphite having a very 

similar layered structure as seen in Figure 1.5. In this material, the individual layers are 

joined by weak vdW type bonding, and each layer has an equal amount of sp2-hybridized 

boron and nitrogen atoms that are covalently placed in hexagonal planar configuration. 

These bonds are highly polarized. The polarity arises from the interlayer stacking pattern 

of h-BN in which each B atom in one layer is situated exactly above or below the 

adjacent layer N atoms. Exotic optoelectrical nature together with mechanical robustness, 

chemical inertness, and thermal stability, are some of the promising features exhibited by 

this material that make it suitable for various stream of applications in nanoelectronics, 

anti-corrosion, photonics, energy storage, and catalysis.66  

                  

 
Figure 1.5:   Hexagonal boron nitride structure 

 

1.4.1 Synthesis of 2D boron nitride nanosheets (BNNSs) 
 

Free-standing 2D materials that are created using both top-down and bottom-up 

techniques have recently received a lot of scientific attention. There have been numerous 

research efforts undertaken to develop 2D BNNSs.67,68 Exfoliation is one of the popular 

top-down approaches for producing 2D BNNSs, in which the weak vdW force of attraction 

between the layers in the bulk material is allowed to cleave.69 Liquid phase exfoliation is  
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the best-known low-cost and scalable method for the synthesis of 2D nanosheets, where 

the layered material is allowed to sonicate continuously in presence of a suitable solvent. 

In the ultrasonic-assisted delamination process, consequent to the pressure fluctuations 

created in the sonication bath, pressure bubbles are generated and collapse within the 

liquid medium, which is called acoustic cavitation effect. The cavitation effect, in 

combination with solvent polarity effect, renders the complete delamination of pristine 

h-BN in a suitable solvent (say, DMF). The mechanism of liquid phase exfoliation in DMF 

solvent is briefly illustrated in Figure 1.6. 

 

 

  Figure 1.6: Schematic representation of liquid phase exfoliation 
 

The process of ultrasonic delamination solicits a profound understanding of the 

colloidal dispersion of individual layers and the nature of the interaction between BN and 

the solvent of exfoliation. The selected solvent should be able to supply external energy 

for weakening the binding between layers, thereby intercalation of solvent takes place 

which in turn promotes the process of exfoliation.70 The stability of the solvent to hold the 

exfoliated nanosheets in colloidal dispersion is of utmost importance since it can prevent 

the reverse recombination of exfoliated layers. Coleman et al.71 proposed that the solvents 

selected for exfoliation should have a comparable surface tension similar to BN 

nanosheets, thereby minimising the enthalpy of mixing. The best solvents used for 

exfoliation are briefed in Table 1.1: 

 

 

 

 

 



2D Material based TENGs 

 

20 | P a g e  
 

 

 

 

 

1.5iMethods for film formation  

 

 

 
Table 1.1: Different solvents for exfoliation summarized (Solvents for exfoliation, 

Sample quality, Specific Remarks and Reference included) 

 

Sl. 

No 

 

Solvent for 

exfoliation 

 

Sample quality 

 

Remarks 

 

Ref. 

1 DMF 

This method produces 

BNNSs of thickness 

around 1.2 nm (only one 

or two layers) 

These nanosheets have in-

plane micrometer-level 

lateral dimensions 

72 

 

2 

 

IPA 

 

Sheet thickness varies 

between 10–20 nm 

Ultrasonication done 

vigorously in the solvent  

was used for both dispersion 

and exfoliation 

 

73 

 

3 

 

NMP 

 

Product yield was 

higher  

This method utilized shear 

forces for exfoliating bulk 

flakes 

 

74 

 

4 

 

Ethanol/water 

mixtures 

 

Nanosheets of thickness 

3–4 nm  

Two poor solvents for 

exfoliation can be combined 

into one good solvent, which 

is based on the HSP (Hansen 

Solubility Parameter) theory 

 

75 

5 
Methane-

sulfonic acid 

Obtained samples 

consisted of less than 10 

layers (≤ 3 nm) 

The resultant BNNSs have 

good dispersibility in polar 

solvents 

76 

6 
IPA:DI 

water (3 : 7) 

3–4 layers of 

nanosheets, having a 

thickness of the order 

∼1.2 nm 

Working principle is the 

Lewis acid-base mechanism 

of interaction  

77 
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1.5iMethods for film formation  

1.5.1 Spin coating  
 

Spin coating is one of the most commonly employed techniques for depositing 

uniform thin coatings on substrate surfaces. The thickness of the coating developed on 

the substrate surface is in the order of micrometres and nanometers. In a typical spin 

coater, the substrate used for thin film formation is clamped using vacuum on a rotatable 

fixture, on the surface of which the coating solution is dispensed. The coating solution is 

driven radially outward by the high speed rotational accelerations during the spin coating 

process, leaving a very thin, uniform coating of the material on the substrate surface.78 A 

schematic depicts the spin-coating method is given in Figure 1.7. The solution's viscous 

flow balances the high-speed acceleration and keeps the substrate's film structure in 

place. This flow concept was first introduced by Emslie, Bonner, and Peck.79 Later, 

Meyerhofer80 introduced the concept of controlled solvent evaporation by splitting the 

spin coating process into two stages. The first stage predominantly deals with viscous 

flow, and the second stage is for solvent evaporation. Based on this concept, the final 

coating thickness (h) is predicted as 
 

h = x (e/2(1-x) K)1/3        (1.10) 
 

where ‘e’ stands for the evaporation constant and ‘K’ is the flow constant, and ‘x’ is 

the total solid content of the solution.  

Most often, polymeric materials in their solution form are applied for coating. This 

technique has been extensively utilized in the manufacturing process of optical mirrors, 

circuit boards, data storage magnetic discs and also in television screens etc.81 

 

 
Figure 1.7: Schematic representation involves various stages of the spin coating process 
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1.5.2 Screen printing  
 

Unlike a spin coating, screen printing is designed for transferring desired patterns 

onto a flat substrate surface. The most commonly used substrates for screen printing are 

paper, fabric, and some polymer films. This method of screen printing transfers dye or ink 

using a woven mesh screen with a stencil design that is impervious to ink. The forceful 

motion of a squeegee wetting the substrate surface fills the open holes of the mesh with 

ink. After the squeegee stroke, the screen springs back from the substrate surface, 

creating a pattern with sharp edges as shown in Figure 1.8.82 Screen printing meshes are 

made up of materials like polyester, nylon, and stainless steel. In addition to being utilised 

for printing on fabric, this method is also recognised as a scalable production process for 

printed electronics, including the manufacture of sensors, multilayer circuits on thin 

ceramic substrates, wearable device components, etc.  

The primary components of screen-printable inks are a formulated mixture of 

vehicles and functional particles. Dispersant solvents are commonly referred to as 

vehicles. Fillers, binders, and various additives are all included in functional powders. 

There are many different types of screen-printable inks available depending on the 

printing requirements. For high-quality printing, the rheological properties of the inks 

play a vital role. These characteristics of the inks include paste fluidity, viscoelastic 

behaviour and thixotropy, which are supposed to have a significant impact on the printing 

quality of the inks. Surface active agents, for example, are some additives that are used to 

obtain improved rheological properties.83 

 

 

Figure 1.8: Schematic representing the screen printing process 
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1.5.3 Electrospinning 
 
 
 
 

   

 Electrospinning is a voltage-driven process for generating ultrafine, continuous 

fibers. The nanofibers produced from polymer solutions have a diameter in the range of 

nanometers to several hundred nanometers. In this method, an electrified liquid drop in 

the form of a jet is converted to a fiber by stretching and elongation process. An 

electrospinning setup consists of a reservoir of polymer solution, most commonly a 

syringe with a needle, a high voltage source, a grounded collector and a pump.84 Different 

geometrical configurations of collectors like rotating drums or discs, mandrels, and flat 

plates are used for the electrospinning process. Figure 1.9 shows an electrospinning 

process experimental setup. The basic principle underlying the electrospinning process is 

that the higher voltage applied converts the liquid droplet at the needle tip to a conical 

shape called a "Taylor cone". This elongation happens when the electrostatic repulsion 

force overcomes its surface tension value. As a result, the charged liquid jet moved 

towards the collector. Electrospun nanofibers have comparably higher surface area and 

porosity than regular nanofibers. By controlling the composition of nanofibers, better 

functionalities and morphological structures could be achieved. Polymer nanofibers with 

attractive properties find many applications in diverse areas like tissue engineering, 

energy storage and conversion, wound dressing, sensors etc.85 

 

 
                  

Figure 1.9: Schematic view of electrospinning experimental setup 
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1.6. Techniques for measuring TENG’s output 

Regardless of the TENG's structural design, certain crucial parameters are 

involved in the evaluation of its output performance. Measurement of output voltage (VOC)  

(which may be performed in both open circuit and external load conditions), short-circuit 

current density (JSC), and capacitor charging. These can be experimentally investigated 

using laboratory tools and another derived quantity called power density, also involved 

in this study is the power recorded in the unit area (P). These parameters are important 

for assessing how well a TENG performs. 

1.6.1 Source measuring unit (Keithley 2450) 
 

The characteristic techniques mainly used for measuring the output voltage 

include either a voltage module arrangement in a multifunctional setup of an electrometer 

that can directly measure the voltage produced. In another way, using a series 

arrangement of an ammeter and resistor setup provides voltage from Ohm’s law 

calculations.86 Here in our work, the above-listed electrical performances of the fabricated 

TENG device were studied using a source meter set up by Keithley 2450 (Figure 1.10). 

The two conductive electrodes connected to the TENG device were attached to the source 

meter directly to quantify the charges transferred between them. The produced voltage 

will vary relative to a number of factors like the kind of triboelectric materials used, force 

exerted, frequency, device configuration environmental factors, etc. All the experiments 

were conducted under the ambient room temperature conditions. The produced output 

voltages may vary from volts to thousand volts. A home-made force providing system was 

developed by altering a sewing machine used for imparting the mechanical forces of ~ 

10N and the developed voltage is measured. The power density of the developed TENG 

was also identified from observed voltages generated using various load resistors, 

ranging from 1 Ω to 1000 MΩ. Power can be calculated from the voltage using the given 

equation.      
 

                                                                            𝑃 =
௏మ

ோ
                                                                                (1.11) 

 

 

where ‘V’ stands for voltage and ‘R’ is the resistance 
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Figure 1.10: Photograph of Keithley 2450 Source measuring unit 

 

1.6.2 Low noise current preamplifier (SR570) 
 

A current preamplifier is required for measuring the low amplitude output 

currents generated within TENGs. The SR570 low-noise current preamplifier may 

provide up to 1 pA/V in current gains (Figure 1.11). The whole bandwidth of the TENG’s 

current signal was relatively on time and possibly measured by the SR570 preamplifier. 

A lab-scale TENG of the active area of few cm2 or less is intrinsically low in output current, 

its values are frequently measured in the nA to μA range.87 These current measurements 

are complicated by TENG’s high inherent impedance because the device is loaded by the 

input from a voltmeter. As a result a substantial percentage of the TENGs output current 

normally sinks. It makes it difficult to monitor the TENG output current with minimal 

interruption hence a pre-amplifier setup is useful for measuring a small current from a 

high-impedance source. 

 

 

           Figure 1.11: Low noise current preamplifier (SR570) 
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 1.6.3 Motorised force impactor with digital force gauge (Mark-10) 
 
 

 

   A force gauge is an instrument mainly designed for measuring forces in 

compression, coefficient of friction, tension, etc. Nowadays, both the mechanical and 

digital force gauges are readily available. Mark 10 force gauges with motorized test stand 

seen in Figure 1.12 can record the generated peak force in a compression and tension 

process. These force gauges are available either as handheld type or in combination with 

a test stand and a supporting gripping fixture to establish a full testing solution. One of 

the fundamental parts of a force gauge is a load cell, which can translate force into an 

electric signal. In addition, a software and electronics part converts the voltage value from 

the load cell to a displayed force. Most often, pound or newton are the most popular test 

units for measuring force. 

 

 
Figure 1.12: Mark-10 motorised force impactor with digital force gauge 

 

1.7 Scope of the present research 

As discussed before, the rising surge of non-renewable energy sources in our 

everyday lives and industrial activity has sparked concerns about an impending energy 

crisis. To reduce the dependence on conventional energy sources like fossil fuels, 

researchers are working to develop renewable energy harvesting methods. For several 

decades, intense search has been going on exploring renewable methods such as solar, 

tidal power, wind, etc.  But tapping energy from these resources is limited by several 

constraints including weather, space and time. Interestingly, mechanical energy is 

regarded as the most wasted energy form. 
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This doctoral research is stemmed from the idea of harvesting mechanical energy 

in the surrounding environment. Energy scavenging from mechanical motion 

supplements the concept of sustainable, renewable and eco-friendly energy harvesting 

for future energy needs. Among mechanical scavengers, TENGs have received increased 

attention since they are way ahead of PENGs in terms of energy conversion efficiency. In 

the present investigation, different forms of triboelectric energy nanogenerators and 

tactile sensors are realized using a unique ultrathin 2D layered material, h-BN. The 

innovative material combinations chosen, synthetic protocols used and the device 

concepts realized, can be heralded as the novelties of the thesis. In this way, this 

investigation was designed to push the knowledge horizon in the domain of non-

conventional energy harvesting, which will ease the fabrication of miniaturized, energy-

autonomous and flexible devices for applications in biomedical and consumer electronics. 
 

The thesis is framed based on the following objectives: 
 

 Design and fabrication of glass supported rigid TENG, in contact separation mode 

employing exfoliated BNNSs. 

 Demonstration of flexible screen-printed TENG (FS-TENG) for powering electronic 

devices utilizing composite ink based on BNNSs on a polymer substrate. 

 Development of self-powered flexible triboelectric tactile sensor made of electrospun 

cellulose nanofibers and BNNS-based composite ink. 

 Realization of a flexible TENG with triboelectric layer made of functionalized 

hexagonal boron nitride porous 3D structure and ethyl cellulose on ITO PET substrate.    
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Chapter 2 
 

In the current world of IoT technology and 

sensor networks, there is an enormous 

demand for sustainable energy harvesting 

methods. In this chapter, we have 

demonstrated a CS mode TENG using liquid-

phase exfoliated 2D-BNNSs, coated on the 

surface of BoPET as one of the triboelectric 

material and paper as counter one. The new 

device system is capable for powering 

handheld electronic devices also showed an 

impressive power output, 70 times higher 

than simple BoPET-paper TENG assembly 
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2.1 Introduction 

Smart cities of future demand power generation from multiple sustainable sources 

which can efficiently power up various energy-autonomous Internet of Things (IoT) 

based sensors. Within the past decade, intense research has been done in this domain to 

develop sustainable techniques that can harness mechanical motion into useful electrical 

energy.1 TENG is suggested as the most promising among green energy harvesters, since 

it can immediately transform mechanical form of energy into power, without leaving any 

carbon footprint. Physical movements2, mechanical vibrations3, water waves4, and wind 

power are the various forms of mechanical energy sources.5 TENGs can harvest electrical 

energy from these abundant mechanical energy sources where the energy generation 

relies on the coupling effect of two phenomena; triboelectric effect and electrostatic 

induction.6 In a CS mode TENG operation, the simultaneous contact and subsequent 

separation of two different material surfaces initiates the continuous flow of electrons. To 

improve the TENGs working efficiency, numerous strategies have been used such as the 

ideal selection of triboelectric materials and their suitable combinations.7 Alteration of 

the materials surface by nanoparticles doping or chemical treatments,8 developing novel 

configuration devices,9 and also polarization method or corona charging which can inject 

charge into the triboelectric materials.10 Small-scale electronic equipment’s such as 

sensors, wireless transmitters and actuators need micro-to milli-watts range of power for 

their operation.11 Making use of batteries for this purpose has to address challenges such 

as limited life span, recycling, and other environmental-related issues.12 

2D layered materials, due to their rich spectrum of properties and atomic level 

thickness, offer an ocean of properties like transparency, flexibility, and together with 

bandgap engineering, it opens up new horizons of applications in wearable electronics, 

photonics, and healthcare sector.13,14,15 Such materials are attractive candidates for 

TENGs, since they have a high transverse area with the maximum amount of surface 

atoms, which qualify them suitable for applications in the fields of wearable and body 

insertable electronic devices.16 However, the triboelectrification mechanism of 2D 

materials is not profoundly understood. In 2014, Kim et al. reported the first graphene-

based transparent, flexible TENG in which large-scale graphene was grown through CVD 

layer-by-layer transfer technique on copper and nickel foils.17 Recently, Seol et al.  
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revealed the triboelectric charging behaviour of a series of 2D materials, including TMDs. 

They exfoliated 2D materials chemically from bulk in the liquid medium which was 

subsequently used for the fabrication of various materials combinations in TENGs. Finally, 

a modified triboelectric series was developed after including these 2D materials, by 

systematically analysing the output signals from various TENGs combinations. Later, 

Dong et al. reported MXene based high-performance TENG capable of generating power 

from simple muscle movements.18 

Hexagonal boron nitride (h-BN), a popular 2D material isostructural to graphene, 

has individual layers made up of covalently bonded boron and nitrogen atoms held 

together by weak van der Waals force of attraction.19 For applications in the field of 

microelectronics, it is possible to integrate 2D h-BN effectively with other materials, such 

as graphene, TMDs, and various polymers. Its exotic optoelectrical properties qualify 

them as suitable materials for future electronic device applications.20,21 In short, the 

research on single-layered materials for TENG energy harvesting is still in its rudimentary 

stage, with the need for improved fabrication techniques and a better understanding of 

electrostatic phenomenon happening in 2D materials during triboelectrification. 

Against this background, we developed a BNNS based TENG in which the 

mechanically exfoliated BNNSs in a liquid medium of comparable surface energy, which 

was spin-coated onto BoPET substrate, after adding polyvinyl butyral (butvar) as a 

binder. This BNNSs/BoPET assembly was used as negative triboelectric material paired 

with counter positive paper material for the fabricated TENG. In this device combination, 

the copper foil was used as electrodes, which are supported on the glass substrate. The 

fabricated BNNSs/BoPET-paper TENG device showed impressive electrical output 

performance with an open circuit voltage of ~200 V, a current density of ~0.48 mA/m2, 

and a peak power of 0.14 W/m2, which is ~70 times higher than simple BoPET-paper 

TENG.  

Improving the working ability and output enhancement of the energy harvesting 

TENG is desirable for its real-world applications. Suitable material combinations and 

optimized conditions are the vital elements for improved performance and mechanical 

stability of the device. Here, we obtained a tremendous power enhancement in the BoPET-

paper TENG by adding 2D BNNSs into the negative frictional contact layer. Our research  

 



Chapter 2 

 

41 | P a g e  
 

revealed that the introduction of 2D BNNSs not only enhanced the output of the 

triboelectric device massively but also supplemented the flexibility, lightweightness, and 

superior mechanical strength, which qualifies this material as a suitable candidate in 

wearable, flexible energy harvesting and storage devices. 

2.2 Experimental 

2.2.1 Materials  
 

BN powder, 98% purity (Sigma Aldrich, USA). Dimethylformamide (DMF) was 

used as the solvent for exfoliation while polyvinyl butyral (Butvar-B-98) was used as 

binder for spin coating (Sigma Aldrich, USA). The substrate used here is the commercially 

available biaxially oriented polyethylene terephthalate (BoPET, Mylar) and a copper 

tape with double side conduction as electrodes (3M Co.) was used. Glass slides of proper 

dimension act as mechanical support for the device. 

2.2.2 Exfoliation of bulk h-BN  
 

For the sonication assisted liquid phase exfoliation process, bulk h-BN powder of 

about 1g was added to 100 ml of DMF solvent contained in a 250 mL beaker, and the 

resulting solution was subjected to a temperature-controlled ultrasonication process for 

48 hours at a controlled temperature of 50℃, with the aid of low power bath sonicator. 

The unexfoliated layers were allowed to settle, by keeping the solution undisturbed 

overnight. The supernatant solution containing the exfoliated nanosheets was separated 

by using a centrifugation process operating at higher rpm (10,000) rotation speed for 10 

min and the top 20 mL solution of the exfoliated nanosheets was collected. The exfoliation 

process is pictorially represented in Figure 2.1 (a). The exfoliated BNNSs solution in DMF 

was mixed with 0.1g of polyvinyl butyral (PVB) as a binder for making good dispersion. 

Then the mixture was again sonicated for 3 hours using an ultrasonic bath for making a 

well-dispersed solution of BNNSs. The resultant milky white-colored dispersion of 

exfoliated nanosheets was used for thin-film fabrication.  

2.2.3 Preparation of thin-film BNNSs 
 

A well-dispersed solution of exfoliated BNNSs in DMF was then cast as thin films 

using the spin coating technique. The spin coating (using SpinNXG-P1, Apex Instruments,  
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India) was done on BoPET substrate in tailor-made dimensions of area (2.5 cm x 2.5 cm).  

The rotation speed was set at 100 rpm, which was optimized to have a thickness < 25 μm, 

where better adhesion to the substrate was provided by the binder. The spin coating 

process continued for 10 minutes at 100 rpm speed, forming a uniform film of BNNSs 

dispersion on the BoPET substrate. Finally, the films were dried at a previously set 

temperature of 80 oC for 12 hours for complete solvent evaporation. The thin-film 

formulation process is pictorially represented as step 4 in figure 2.1(b). 
 

 
 

 

Figure 2.1: (a) and (b) Schematic illustration of the liquid-phase exfoliation process and thin-film 
formation of BNNSs dispersion on BoPET substrate through various process steps. (c) 3D model of 

the BNNSs/BoPET-paper TENG rendered using blender software. (d) Photographic image of an 
actual device 
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2.2.4 Fabrication of TENG device 
 

The BNNSs based TENG fabrication process is in the following manner. Initially, 

two glass slides of 5 cm x 2.5 cm dimension, as supporting substrates, were chosen. A rigid 

support such as glass which allows the force to be evenly distributed throughout the 

material surface. In all devices, double side conductive copper foils (3M) were pasted over 

glass support as electrodes, using adhesive tapes. The active area of the copper electrode 

was set to be 6.25 cm2 (2.5 cm × 2.5 cm). On top of the adhesive side of the first copper 

electrode, BoPET which is having the BNNSs thin films was placed. Thereafter, for the 

second glass slide with copper, a piece of paper with proper dimension (2.5 cm × 2.5 cm) 

was pasted as the counter triboelectric material. Subsequently, two sponges were docked 

between the substrates in the vacant spaces to enable a separation gap of .3 cm between 

the tribo-layers and to provide the recoiling force. The overall device structure is 

schematically represented in the Figure 2.1(c). Finally, two conductive leads of copper 

were connected to the back electrodes of the device for connecting them to the measuring 

instruments. The photograph of the final BNNSs/BoPET-paper TENG is also depicted in 

Figure 2.1(d). 

2.2.5 Characterization methods 
 

AFM in tapping mode (Bruker, Germany) was used to investigate the morphology 

and related information regarding the layered structure of the exfoliated BNNSs sample. 

The sample preparation was done by drop-casting the diluted sample solution of BNNSs 

on a thin mica sheet. In addition, the surface roughness of the thin coating over the BoPET 

was also analyzed by this technique. The translucent, but layered structure of the 

nanosheets was further confirmed using HRTEM technique (FEI Tecnai G2 30S-TWIN, FEI 

Co., USA), by drop-casting the diluted BNNSs sample solution sonicated in a suitable 

solvent onto a copper carbon-coated grid. The phase purity of the BNNSs was analysed by 

XRD (Cu-Kα radiation, PANalytical X’Pert PRO diffractometer, the Netherlands). Raman 

spectra of the exfoliated nanosheets and the material without exfoliation were examined 

using Raman Spectrometer equipped with 532 nm DPSS laser (Horiba Scientific Lab, 

Tokyo, Japan). The surface morphological analysis and thickness of the prepared BNNSs 

thin film were carried out using SEM analysis (Zeiss EVO 50, Oberkochen, Germany). The  
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optical micrographic images of the sample were analysed using a polarizing optical 

microscope (Leica DM2700P, Germany) fitted with a charge-coupled device (CCD) 

camera. To study the characteristic bonds in BNNSs and to compare the chemical 

structure with and without the incorporation of 2D materials onto the substrate, the FTIR 

analysis of the samples was carried out, using Nicolet Magna 560 FTIR (Thermo Scientific, 

Massachusetts, USA). The dielectric spectroscopic studies of the thin film structure BNNSs 

were performed using the impedance analyser (Solartron Impedance/Gain-Phase 

Analyser 1260A, USA). The electrical output characteristics of TENG devices were 

recorded using a source measuring unit (Keithley 2450) and a current preamplifier 

(SR570, Stanford Research) integrated with a digital phosphor oscilloscope (Tektronix 

DPO2004B, USA). By moderate finger tapping, a periodic mechanical impulse of (~3 N) 

was applied to the TENG device systematically and the generated output of the device was 

recorded. The load-dependent power density and capacitor charging profiles of the TENG 

were obtained with the help of different values of resistors and capacitors. To assess the 

versatility, the variation of the TENG results was tested at various biomechanical forces 

like single finger tapping, simultaneous multiple finger tapping, and palm tapping, which 

all differ in the magnitude of force exertion. Further, the same TENG was tested under 

various frequencies of the applied load and also up to 10000 continuous operation cycles, 

to assess its durability. 

2.3 Results and discussions 

2.3.1. Structural and morphological characteristics of exfoliated BNNSs  
 

Ultrasonication-assisted solvent exfoliation is one of the simplest and efficient 

ways for the exfoliation of layered materials, wherein the solvent should possess surface 

energy compared to the layered materials energy per unit area. Here, DMF was proved to 

be ideal to exfoliate the bulk material effectively, which was confirmed with the help of 

the following techniques.12 

Atomic force microscopy (AFM) is traditionally used for collecting surface 

information of the layered materials along with their lateral (edge-to-edge) analysis and 

thickness also. The AFM images in the tapping mode (see Figures (2.2 (a) and (b)) confirm 

the exfoliation of h-BN which were recorded after drop-casting them onto a clean mica  
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sheet. The height profile as an inset of Figure 2.2(b) clearly shows that the typical lateral 

size of the nanosheet is around 130 nm which indicates the reduction of the lateral 

dimension of the exfoliated material compared to its bulk counterpart of 1 µm size 

common in the liquid phase exfoliation process.22 The height from the same holder 

substrate (mica) to the exfoliated layer provides the sheet thickness value, which is of the 

order of 1.05 nm. This recorded value is in close agreement with the reported values of 

0.85 nm for one or two layers. These results indicate that effective delamination of the 

bulk material down to one or two layers, which is an indirect testimony to the efficiency 

of the exfoliation method used.23,24 

 
 

Figure 2.2: (a) & (b) 2D AFM images in the tapping mode of the exfoliated BNNSs. Inset to (b) 
height profile of the exfoliated nanosheets. (c) and (d) TEM images of exfoliated BNNSs with a well-
separated layered structure. (e) FFT pattern provides the typical six-fold symmetry and hexagonal 

view of the BNNSs 
 

 

Figures 2.2(c) & (d) represents the TEM images of the exfoliated BNNSs. The 

continuous solvent-assisted ultrasonication gives rise to continuous dense and sparse 

waves, forming an enormous number of microbubbles that implode violently, thereby 

creating high-speed liquid jets with high pressure and temperature.25 These 

instantaneous high-pressure fronts of cavitation render constant but high pressure on  
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bulk h-BN, forcing them to slide apart, after releasing an enormous amount of energy to 

break the interlayer vdW force.26,27 The ideal choice of solvent supplements this process 

by providing the necessary shear force to delaminate the individual h-BN layers. The so 

derived exfoliated sheets have lateral dimensions in the nanometer range, compared to 

the bulk material (∼1 μm), indicating a reduction in size.28 The seemingly translucent 

nature of the sheets in the present research indicates that the exfoliated sheets are thin 

and well-separated. The typical six-fold symmetry or honeycomb-like hexagonal planar 

structure is revealed from the fast fourier transformation (FFT) pattern, which is included 

as Figure 2.2(e). Further, the TEM micrographs indicate that there is no damage to the 

sheets during the synthesis and the formed thin sheets are well crystallized in nature 

without any defects or dislocations.29 

The crystal phase structure of the as-prepared BNNSs sample and its delamination 

from h-BN can be identified by analyzing the powder XRD patterns. From Figure 2.3(a), it 

is evident that BNNSs are completely phase-pure which is indexed based on JCPDS file 

card no (00-034-0421), belonging to P63/mmc space group. The observed diffraction 

peaks correspond to (002), (100), (101), (102), (004), (110), and (112) are the 

crystallographic planes of the hexagonal phase of BN. The efficient separation of pristine 

h-BN is confirmed from the increased intensity of the XRD peak for the crystal plane (002) 

in BNNSs. The increased intensity value suggests that the more exposed nature of the 

(002) crystal planes of BNNSs and the exfoliation takes place along this plane without any 

crystalline structure destruction.30  

 
 

Figure 2.3: (a) XRD pattern of h-BN & BNNSs. (b) Raman analysis of h-BN & BNNSs 
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Figure 2.3(b) illustrates Raman spectra of the BNNSs along with their bulk counterpart. 

The observed Raman peak of BNNSs occurs at 1368 cm-1, which arises as a result of E2g 

phonon vibration mode. After exfoliation, the E2g phonon mode is slightly blue-shifted 

compared to the bulk h-BN, even though this shift is within the experimental error limit. 

The blue-shift can be explained by phonons softening phenomena by the interlayer 

interactions. This interaction between layers causes the elongation of B–N bonds in bulk 

h-BN.31,32 

2.3.2. Properties of thin film BNNSs on BoPET substrate 
 

The presence of BNNSs in the thin film structure of BNNSs/BoPET was examined 

by FTIR spectra (see Figure 2.4(a)). Two core peaks of the material h-BN were identified 

at 786 cm-1 and 1342 cm-1, which are the broad B–N–B out-of-plane vibrations as well as 

in-plane B–N stretching vibrations respectively.33,34 The observed peak at 1730 cm-1 is 

due to the presence of C=O stretching of the ester groups present in the polymer BoPET. 

The peak centered at 1409 cm-1 is attributed to the presence of an aromatic ring in the 

polymeric structure. Characteristic peak around 1235.6 cm-1 due to the aliphatic C-H 

bending vibrations. The band observed at 1143 cm-1 attributed to the stretching 

vibrations of C-O and C-H skeletons. The peak at 730 cm-1 can be assigned to the out-of-

plane C-H bending vibration of the polymer BoPET. Some of these characteristic peaks of 

the polymer BoPET are also observable in the BNNSs incorporated polymer film with the 

characteristic peaks of h-BN.35,36 A typical AFM micrograph of the thin film, after spin 

coating on the surface of BoPET, is depicted in Figure 2.4(b). A more apparent 

microstructure of the developed thin film on the substrate surface is clear from the three-

dimensional AFM images. The average surface roughness (Ra) of the spin-coated BNNSs 

layer is about 7.9 nm and the root mean square roughness (Rq) value is nearly 10.2 nm 

which represents the standard deviation in surface heights. The extent of surface height 

variations can be available from these parameter values. Skewness indicates the measure 

of surface asymmetry or variation of the sample surface. For ideal planar surfaces, the 

skewness value should be zero. The lower positive value for skewness (0.55) indicates 

the smoothness of the thin film on the substrate. The kurtosis of the topography height 

distribution is the distribution of spikes from the mean position, where a normal 

distribution planar surface is having a kurtosis value of 3 nm. The spin-coated thin film  
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on the BoPET substrate has a kurtosis value of 3.88 nm hence its surface is 

leptokurtoic.37,38 

From profilometric technique, the coating thickness was further measured 

(included in Figure 2.4(c)). The approximate thickness of BoPET is 106 µm and 125 µm 

for BNNSs spin-coated on the surface of BoPET. This difference in thickness value is nearly 

identical to the thickness obtained from cross-sectional SEM micrographs. The frequency-

dependent dielectric variation of the thin film triboelectric friction material 

BNNSs/BoPET and BoPET only in the range of frequency 102–106 Hz is shown in Figure 

2.4(d).  

 
 

Figure 2.4: (a) FTIR analysis of uncoated BoPET film and BoPET film with BNNSs. (b) Atomic force 
micrographic 3D image of BNNSs/BoPET thin-film structure. (c) The profilometric thickness of 

BoPET and BNNSs/BoPET films. (d) Dielectric dispersion spectrum of BoPET and BNNSs/BoPET 
 

 

The incorporation of BNNSs results in a distinct dielectric permittivity increase of 

the normal BoPET substrate. The dielectric permittivity reaches 2.7 at 103 Hz for 

BNNSs/BoPET, whereas this parameter is nearly 2.4 only for the pure BoPET film. The 

dielectric properties of the triboelectric friction materials are closely related to the 

electric output performance of a TENG. The enhancement in the value of dielectric  
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permittivity can also improve the charge trapping capability of the system39, which 

further decreases the surface charge dissipation rate and also creates a visible 

enhancement in the surface charge density of the BNNSs/BoPET. The cumulative effect of 

these phenomena is expected to result in a better performance of the TENG.40 

The representative photographic images and magnified surface and cross-

sectional SEM images of the BNNSs thin-film on BoPET are given in Figure 2.5. 

Characteristics like morphology, thickness, film packing, etc. of the thin-film structure 

viewed in the sectional image (Figure 2.5(a)), reveal the quality of films. The flexibility of 

the spin-coated film could be seen in Figure 2.5(b). Further, the SEM surface morphology 

in Figure 2.5(c) confirms the homogeneous distribution of polymer blends 
 

 
                                                                                   

Figure 2.5: (a) Photographic image of exfoliated BNNSs spin-coated on the surface of BoPET 
substrate and (b) the film in flexed form. (c) & (d) Optical images of BNNSs/ BoPET film surface. (e) 

& (f) Magnified cross-sectional SEM micrographs showing the thickness of the BNNSs thin film on 
BoPET 
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The thin-film structure of BNNSs spin-coated on the surface of BoPET supports the 

claim that the thin-film surface is uniform, and the presence of macropores is not visibly 

observed. But on a closer look, some minor pores are visible, which is expected in the first 

place as a consequence of the solvent evaporation, and secondly, no post-printing 

sintering procedures were employed in the present protocol. From this observation, we 

can conclude that the presently adopted strategy is adequate to develop films with 

minimal aggregation of particles, discontinuity, and cracks when coated on BoPET 

substrate.41 Normally, h-BN needs functionalization to improve its interfacial adhesion. 

However, we used a simple sonication-assisted mixing of BNNSs directly, which provides 

better blending with polymer.42 Moreover, the optical micrographs of the BNNSs film 

(Figure 2.5 (d)) represent a uniform distribution over the substrate. From the cross-

sectional SEM images, shown in Figure 2.5 (e) & (f) the coated film’s thickness is estimated 

to be approximately 20 μm.  

2.3.3. Properties of BNNSs/BoPET triboelectric nanogenerator 
 

A vertical CS mode TENG (CS-TENG)43 arrangement with BNNSs/BoPET assembly 

with paper as counter contact electrification material, is shown in Figure 2.6(a). The 

popularity of CS-TENG is due to its simple structural design, high instantaneous power 

density, and great device robustness compared with the other three fundamental working 

modes of the TENG.44 This configuration is widely used to convert mechanical energy 

from finger typing45, human walking46, engine vibration47, and also in biomedical 

systems.48 As hinted before, spin-coating and subsequent heat treatment were employed 

for the BNNSs film development, which yielded thin and uniform BNNSs layers on the 

surface of BoPET, suitable for the fabrication of the TENG device. To assess the role of 

BNNSs on the output performance of the nanogenerator, a TENG device with bare BoPET 

was also fabricated with paper as the counter material. Both the devices bear the same 

positive contact layer (paper). The bottom stacked layer of BNNSs/BoPET in the friction 

layer acts as the negative friction material that can capture electrons from the top friction 

layer during the process of triboelectrification.7,49 

In CS mode, the fundamental mechanism of electricity generation depends on the 

contact electrification and electrostatic induction process occurring in the triboelectric 

materials, which should ideally lie far apart in the triboelectric series.50 Under an external 
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force, physical contact is initiated between the two materials, having different electron 

affinity values, thereby generating opposite charges on surfaces, as schematically 

represented in Figure 2.6 (b).  
 

 

       

Figure 2.6: (a) Image of actual device pressed and released state also included. (b) Working 
mechanism of BNNSs/BoPET-paper TENG 

 

Once the contact is lost by releasing the external force, the generated triboelectric 

charges are separated, which induces charges on the electrodes. These free electrons will 

flow from one electrode to the other to maintain the electrostatic charge balance. As a 

result, an electrical potential difference is created between the two planar electrodes 

placed on the top and bottom sides. On subsequent contact pressing, the electrostatic 

potential difference generated by the triboelectric charges diminishes, and the induced 
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electrons will pump back.43,51 The entire working mechanism is schematically 

represented in Figure 2.6(b). Therefore, continuous pressing and releasing of the 

triboelectrically active structures drive the electrons to flow through the external circuit 

periodically.40 In the present BNNSs incorporated TENG, the external force was provided 

by a moderate finger tapping (~3N). The BNNSs/BoPET layer acts as an electron acceptor 

because the embedded BNNSs having the ability to trap electrons and behave as more 

triboelectrically negative similar to other 2D materials.7 

The observed voltage and current density of the fabricated TENG device with and 

without BNNSs are shown in Figures 2.7(a) and 2.7(b) respectively. The open-circuit 

voltage (Voc) of the BoPET against paper TENG (without BNNSs film) is about 36 V 

whereas the Voc value of the TENG with BNNSs film is as high as 200 V. Furthermore, it is 

seen from Figure 2.7(b) that, the short-circuit current density (Jsc) of the TENG with 

BNNSs (~0.48 mA/m2) is comparably higher than that of the TENG without BNNSs 

(~0.016 mA/m2). The output of the TENG devices was analysed under resistive loads 

ranging from 1 Ω to 1 GΩ. These experiments were carried out under ambient 

environmental conditions of relative humidity 50 %, and temperature  27 oC. 

As depicted in Figures 2.7(c) and 2.7(d), the value of output voltage increases to 

200 V with loading for BNNSs incorporated TENG as compared to the 36 V increment in 

TENG without BNNSs with the increase in load resistance. In addition, the electric power 

density (Pd) generated by the TENG can be calculated using the equation, 
 

                                       𝑃ௗ = 𝑉ଶ

𝑅. 𝐴ൗ                                                     (2.1) 
 

where V is the voltage and R is the load resistance and A is the area of contact. From 

Figures 2.7(c) and (d), it can be seen that the observed output power density initially 

increases to a sufficiently high value as resistance increases, and then it decreases as the 

resistance become too high. As per equation (2.1), the specific resistance at which 

maximum output power is delivered to the load is governed by the ‘matching resistance’ 

or ‘impedance matching’ phenomenon.52 Here both the fabricated devices show 

impedance matching around a resistance value of ~200 MΩ. BoPET-paper TENG and 

BNNSs/BoPET-paper TENG devices exhibit a peak power density of 0.002 and 0.14 W/m2 

respectively, which shows a whopping 70 times power enhancement for the TENG, after 

the incorporation of an exfoliated BNNSs material.    
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Figure 2.7: (a) Voc & (b) Jsc generated from the BoPET-paper & BNNSs/BoPET-paper TENG 
respectively under single finger tapping force of ~3 N. (c) & (d) Output power density of the BoPET-

paper TENG & BNNSs/BoPET-paper TENG respectively under resistive load testing 
 

To analyze the force-dependent performance of the fabricated CS-TENG, different 

kinds of biomechanical forces such as single finger tapping (1.5-2 N), simultaneous 

tapping with multiple fingers (four, usually) (7-9 N), and tapping using palm (18-20 N), 

were carried out on the device and the corresponding current density and voltage 

generated were systematically analyzed, as shown in Figures 2.8(a) and (b). It should be 

noted that the average force exerted during single finger tapping is slightly inferior to 

moderate finger tapping (3N). The current density and voltage generated by the BNNSs 

/BoPET-paper TENG under various biomechanical forces mentioned above show that the 

palm tapping can generate an appreciable current density of ∼1.0 mA/m2 which is much 

higher than the other motions like single finger tapping (~0.25 mA/m2) and simultaneous 

multiple finger tapping (~0.7 mA/m2). The voltage curves under various forces 

(measured using a voltage divider) follow the same trend as the current density curve, 

with a maximum value of voltage for palm tapping, which proportionately decreases with 
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decreasing biomechanical force. Frequency-dependent current density is also depicted in 

Figure 2.8(c), wherein the device was tested at 1.5 Hz, 2.0 Hz, 2.5 Hz, and 3.5 Hz. The 

BNNSs/BoPET-paper TENG shows almost the same output in the lower frequency ranges 

and as the frequency increases the output starts to decrease. The frequency dependency 

analysis showed that the BNNSs/BoPET-paper TENG is highly suitable for scavenging 

low-frequency biomechanical motions. Similarly, the apparent degradation of output 

power for long-term practical application was carried out with the help of an in-house 

developed force impactor that can deliver a constant force of 3N per impact. Here, 

BNNSs/BoPET-paper TENG was evaluated up to 10000 cycles. This investigation showed 

that the Jsc of (~0.5 mA/m2) has no considerable fluctuations even after the 10000 press-

release cycles, indirectly certifies the practical stability of the present design of 

BNNSs/BoPET-paper TENG.53 
 

 
 

Figure 2.8: (a) & (b) Voc & Jsc generated from BNNSs/BoPET-paper TENG under various 
biomechanical forces such as single finger pressing, tapping with multiple fingers & pressing using 

palm. (c) Frequency dependence of generated current (d) Durability test of the device 
BNNSs/BoPET-paper TENG over 10000 cycles 
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As seen before, the BNNSs based TENG generates electricity as alternating current 

signals. However, most small-scale electronic gadgets require a DC power supply rather 

than an AC source which would make the devices dysfunctional.54 Hence the generated 

signals of the prepared BNNSs/BoPET-paper TENG were rectified by introducing a full-

wave bridge rectifier circuit (see Figure 2.9(a)). These rectified output signals during the 

contact and non-contact movement of the TENG can charge a capacitor. Figure 2.9(b) 

shows the capacitor charging behaviour of BNNSs/BoPET-paper TENG, evaluated using 

various capacitors of capacitance values (0.47, 1.0, and 10.0 μF) for charging. The 

saturation voltage of 0.47 μF capacitor could reach up to 12 V within a couple of minutes. 

As expected, the saturation voltage decreases with the capacitance values increase.  
 

 
 

Figure 2.9: (a) Pictorial representation of the circuit diagram for capacitor charging. (b) 
Capacitor charging process showing the voltage profile of different capacitors 0.47 µF, 1 µF, and 10 
µF by using the BNNSs/BoPET-paper TENG. The Inset of figure 2.9(b) shows the enlarged detailed 

view of the capacitor charging event. The photographic image shows the circuit diagram for 
powering (c) a digital thermometer and (d) an LCD clock using the BNNSs/BoPET-paper TENG. 
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The inset of Figure 2.9(b) shows the enlarged view of the capacitor charging 

process, which portrays the voltage increase during the pressing and releasing of the 

capacitor by the TENG. The utilization of electrical energy from BNNSs/BoPET-paper 

TENG could be used to power small electronic devices attached parallel to the capacitor, 

as shown in photographic images 2.9(c) and (d). Accordingly, with the help of a suitable 

rectifier circuit, the BNNSs based TENG was able to power a digital thermometer and an 

LCD clock. 

2.4 Conclusions 

Cost-effectiveness, light-weight, and sustainability are the vital driving elements 

for the materials chosen as power sources for small-scale electronics. In this first working 

chapter, we have reported the liquid-phase exfoliated BNNSs can act as an efficient 

triboelectric electron acceptors in the lab-scale demonstration of a TENG device. 

Sonication-assisted liquid-phase exfoliation method in a suitable solvent is used for the 

exfoliation. Subsequently, an energy-efficient CS-TENG prototype was fabricated using 

exfoliated BNNSs, employing a sponge to provide the recoiling force between electrode 

pairs and, glass as the structural support that allows the force to be evenly distributed 

throughout the material surface. For the film development, PVB was used as a binder 

while BoPET was used as the substrate. The new BNNSs based CS-TENG device, paired 

with ordinary paper as counter material, yielded excellent results. Under finger tapping 

force, the TENG could produce a voltage of ~200 V and a current density of ∼0.48 mA/m2. 

The power density of the TENG reached 0.14 W/m2, which is 70 times better after the 

incorporation of BNNSs to the system. Small-scale electronic devices like LCD clocks, and 

digital thermometers were successfully demonstrated to power, using the newly designed 

BNNSs/BoPET-paper TENG. Further, the versatility and durability of the TENG was tested 

under various frequencies of the applied load and also up to 10000 continuous operation 

cycles. In this way, the present protocol of harvesting mechanical energy using exfoliated 

BNNSs incorporated BoPET-paper TENG is proven to be advantageous, due to its 

simplicity in fabrication and efficiency to power energy-autonomous electronic systems 

and portable low-power devices. 
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Flexible screen-printed TENG for powering electronic 

devices utilizing composite ink based on BNNSs  

 

 

 
         

  

Chapter 3 
 

Printing, a revolutionary technique used 

to fabricate large area high-performance 

wearable devices, has many benefits such 

as facile fabrication and scalability. In this 

chapter, a high-performance flexible TENG 

was developed based on 2D- BNNSs ink 

printed on Mylar substrate as a 

triboelectric negative contact layer paired 

with the printed polyvinyl pyrrolidone 

(PVP) on Mylar as tribo-positive material 
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3.1 Introduction 

The future of mankind is going to be anchored on innovations like the IoT which is 

a critical concept in creating an elite class of autonomous and mobile gadgets that need to 

operate for longer duration without any battery changes.1,2 For this to happen, imperative 

efforts have to be made to harvest energy from ambient green resources for powering a 

multitude of portable devices. That is, energy harvesting is a key element in IoT-enabled 

systems that brings man’s intelligence to the edge. As stated in previous chapters, 

vibrational energy harvesting techniques including TENGs can harness energy from 

human motions such as dancing, walking, computer key tapping, etc., to drive portable 

sensors, mobile gadgets, or even in high-voltage applications.3 As long as there is friction 

between triboelectrically different materials by any means, there exists a finite amount of 

power that can be tapped using TENG by virtue of contact electrification and electrostatic 

induction.4 An intuitive approach to enhance the process of triboelectrification is the 

improvement of contact charges developed between the surfaces of triboelectrically 

dissimilar materials, where it can be done by several means.5 To enhance the TENG 

output, either the choice of materials should lie far from each other in the triboelectric 

series or the modification of the active surface layer to increase the contact area, which 

may eventually improve the surface charge density. In addition, the contact electrification 

property of the triboelectric materials is strongly influenced by the charge trapping 

capability of the contact materials. It is seen that the incorporation of nanomaterials with 

lamellar structure- enhances the charge trapping ability of frictional layers.6   

Nowadays, developing cost-effective and scalable TENGs are given preeminence. 

Modern printing technology promises rapid advances in terms of its manufacturing 

efficiency and applicability in various fields. On the other hand, power sources of modern 

times should possess features like ultra-thinness, cost-effectiveness, flexibility and 

sustainability. Printed electronics can meet these goals and are considered an emerging 

revolutionary technology, aiming at relatively large-area electronic devices and 

components. In conventional flexible electronics, printed inks are used for various 

applications such as energy harvesting, smart packaging, radiofrequency (RF) 

communication, and flexible display applications.7 Even though printing is a popular 

scalable additive manufacturing tool, it is not much explored for fabricating flexible 

TENG.8,9 Seol et al. developed an all-printed TENG in which the core-shell structural frame  
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was fabricated by using a 3D printing method, in which the printing material was 

polylactic acid. 2D printing was also performed to form the functional contact layer poly 

(methyl methacrylate) (PMMA) with a grating pattern on nanocellulose substrate.10 

Salauddin et al. designed an MXene/Ecoflex nanocomposite-based flexible fabric TENG, 

which utilizes a 3D printing method for its contact material fabrications.11  

Of the available printing methods, screen printing is an inexpensive method 

capable of rapid mass production and also provides good control over the printing area 

over a wide choice of substrates like polymers, papers, fabrics, etc.12 In this technique, 

specific patterns are deposited on various substrates using screen masks for creating 

large-area high-resolution 2D patterns having thicknesses down to a few microns.13,14 

There are several available reports in connection with screen-printed TENGs. Cao et al. 

reported a screen printable carbon nanotube (CNT) ink-based flexible washable 

electronic textile, that serves as a touch or gesture sensor for intelligent human−machine 

interactions.15 Similarly, Wen et al. proposed a silk fibroin-based printed TENG for 

wearable multi-functional sensing, which utilizes a screen-printing process to prepare the 

graphite interdigital electrodes on top of a soft PDMS substrate.16 A 2D material-based 

TENG-directed flexible and self-powered humidity sensor was proposed by Zhang et al., 

in which nanoflowers of tin disulphide/reduced graphene oxide nanohybrid has been 

used. This hybrid film was fabricated using the screen-printing method.17 

h-BN is useful for a variety of stretchable and flexible applications. Exfoliated 2D 

materials are attractive for future energy harvesting technology as potential 

materials.18,19 Traditionally, liquid phase exfoliation is a scalable method for the 

production of layered 2D nanostructures. The well-exfoliated nanosheet dispersion 

combined with suitable solvents and stabilizing polymers is ideal for printing 

applications.20 In uniform printed films, the deposited BNNSs form a porous structure 

compromising their mechanical integrity, susceptibility to moisture, and also substrate 

adhesion. A solution-processable h-BN ink specially formulated for screen printing can 

yield thermally and chemically stable printed components for device applications.21 There 

are several reports on h-BN nanosheet ink for use in printed electronic devices and 

components.22 In 2007, Carey et al. demonstrated inkjet printed h-BN-based ink as a gate 

dielectric layer in an all-printed field effect transistor.23 Similarly, highly viscous screen- 

printed polymer-based BNNSs inks were also developed for wearable and flexible  
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electronics.24 A printed 2D BNNSs-based flexible triboelectric nanogenerator is a novel 

concept for power generation.  

Herein, a successful demonstration of a CS mode flexible screen printed (FS-TENG) 

using BNNSs ink printed on a polymer substrate for powering electronic devices is 

presented. The formulated viscosity tunable ink, for screen printing purposes, 

incorporates ultra-thin BNNSs as a filler material, with polycarbonate as a polymer binder 

and other organic additives suitable for printing and rheology adjustments. A printed 

flexible TENG device is developed with the formulated screen-printed ink as negative 

material against printed PVP as the positive tribomaterial. Notably, the embedded layered 

2D material boosts the output by ~7 times. The FS-TENG was further able to power 

handheld electronic devices, such as thermometers calculators and LED’s. 

3.2 Experimental 

3.2.1 Materials  
 

BN powder (1μm size), as well as the polymers polyvinyl pyrrolidone (PVP), and 

polycarbonate (PC) were procured from Sigma Aldrich, USA. The dispersant solvent DMF 

is purchased from HPLC lab reagents in India. Commercially available Mylar (BoPET), 

(DuPont, USA), with 80 μm thickness was used as the substrate for screen printing, as well 

as the structural framework for FS-TENG. Ethanol (Merck Chemicals) was used for 

printing purposes as a substrate cleaning agent. A conducting copper tape (3M Co.) with 

adhesive on both sides was used as electrodes for the FS-TENG. All chemicals were used 

without any further modification or purification. 

3.2.2 Formulation of BN-PC ink 
 
 

BNNSs-polycarbonate composite (BN-PC) ink was formulated by simple solution 

mixing followed by sonication and magnetic stirring as shown in Figure 3.1. Initially, 

exfoliated BNNSs for screen-printable ink were produced by liquid-phase assisted 

exfoliation method (detailed characterization is shown in Chapter 2). Thereafter, 

polycarbonate and BNNSs in the weight ratio of 1:1 (0.5 g) were added to 1 ml of DMF 

solvent in a culture tube, followed by the addition of 50 μL Triton X100 as a thixotropy- 

controlling additive. The so-derived ink suspension was mechanically stirred vigorously 

for 12 hours at 700 rpm speed to ensure homogeneous mixing for stable dispersion. The  
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entire process was repeated without using BNNSs for printing pure polymer PC film. 

 

                       

        
Figure 3.1: Schematic depicting formulation of BN-PC ink 

 

 

3.2.3 Preparation of printed triboelectric layer  
 

The rheology-optimized screen printable ink of exfoliated BNNSs was made into a 

flexible composite film using the screen printing technique. Here, a custom-made silk 

screen with a desired square pattern of active area of 9 cm2 (3 cm x 3 cm), was fabricated 

by photoresistive masking. It was used as the screen for the printing of BN-PC ink on 

BoPET substrate. The screen printing process using BN-PC ink is schematically 

represented in Figure 3.2. Initially, the prepared viscous ink was placed over the screen 

with the substrate under it at a fixed snap-off distance. Then, with the help of a rubber 

squeegee, the ink was cast as films onto the substrate through the screen in the desired 

pattern. With repeated printing strokes, the thickness and quality of the film can be 

controlled. Here, the inter-particle cohesion and adhesion of the BNNSs on the BoPET 

substrate were made possible by the polycarbonate binder. Finally, it was dried in an oven 

at 60 oC to obtain polycarbonate BNNSs film on BoPET. Similarly, 20 wt% PVP in DMF was 

screen printed on BoPET and dried in the oven for use as the counter contact layer for the 

FS-TENG device. 
 

 
 

Figure 3.2: Schematic illustration of the screen printing process using BN-PC ink 
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3.2.4 Fabrication of FS-TENG device 
 
 

The traditional CS mode assembly was used for the fabrication of FS-TENG device. 

Flexible BoPET acts as the supporting structure for TENGs while also contributing to 

structural stability. Substrates for contact materials were cut in square shapes of 

dimensions 3 cm×3 cm. The FS-TENG was prepared by printing the prepared BN-PC ink 

onto BoPET substrate as negative tribo-material and PVP printed on BoPET as the counter 

one. The conductive copper tape was used as the electrodes for FS-TENG, and thin copper 

leads were attached to this conductive tape as leads for taking external connections. The 

separation between two contact materials is maintained as 1 cm using the BoPET support 

structure. For developing the control FS-TENG device (without BNNS), the entire 

fabrication process was repeated by printing PC film and PVP films as contact materials.  

The schematic model and the photograph of the FS-TENG are depicted in Figures 3.3(a) 

and (b).  
 

 

Figure 3.3: (a) Schematic model of the FS-TENG. (b) Photograph of the fabricated TENG device 
 

3.2.5 Characterization methods 
 

The colloidal stability and flow characteristics of the formulated ink were analyzed 

at 20 oC using a rheometer (Rheo plus 32, Anton Paar, Graz, Austria) equipped with a 

chiller. The contact angle of the formulated ink was analyzed by a contact angle measuring 

device (DSA 30, KRUSS GmbH, Germany). Thermal stability and gravimetry of the dried 

BN-PC ink and polycarbonate polymer were investigated by a thermogravimetric 

analyzer TA Q50, at a 10 °C/min heating rate. The FTIR spectra of the ink and polymers  

were carried out using Nicolet Magna 560 FTIR (Thermo Scientific, Massachusetts, USA). 

The surface and cross-sectional morphology of the printed patterns were viewed using a 

SEM (Karl Zeiss EVO 50, Oberkochen, Germany). Atomic force microscopy (AFM,  
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Multimode, Bruker, Germany) in tapping mode was used to evaluate the surface topology 

of the film on the BoPET substrate. The optical imaging of the printed films were taken 

using a polarizing optical microscope (Leica DM2700P, Germany)  attached to a charge-

coupled device camera. The electrical characteristics of the FS-TENG device were 

analyzed using a source measuring unit (Keithley 2450), and a current preamplifier 

(SR570, Stanford Research) coupled with a digital phosphor oscilloscope (Tektronix 

DPO2004B, USA). Using a custom-developed force impactor, a cyclic uniform mechanical 

force (~10 N) was applied to the FS-TENG device periodically, and the corresponding 

electrical outputs were recorded. An automatic force tester (AFT500, Apple Electronics) 

was used for measuring the force imparted. By using various load resistors, varying from 

1 Ω to 1000 MΩ, the load-dependent power density of the device was calculated. Capacitor 

charging profiles were recorded using different values of capacitors. The cyclic stability 

and durability were confirmed by the continuous operation of the FS-TENG for more 

than10000 cycles. 

3.3 Results and discussions 

3.3.1. Properties of the BN-PC ink 
 

The quality of the screen-printed films are closely related on several factors like 

printing parameters, substrate selection and the ink’s flow characteristics. The printing 

parameters mainly include screen-printing speed, snap-off distance, screen mesh 

parameter, angle and geometry of the squeegee, etc., which can be carefully controlled for 

printing purposes. In addition, to maintain the proper ink adhesion on various substrates 

and colloidal stability of the ink, choice, concentration, and addition sequence are critical. 

Here, the ink rheology of the screen printable hexagonal boron nitride nanosheets based 

ink is customized with polycarbonate as a polymer binder and Triton X100 as an additive. 

Then choice of polycarbonate as a binder for BNNSs is owing to its good solution 

processability, low cost, and higher glass-transition temperature of around 150°C. The 

photograph of the prepared highly viscous ink is given in the inset of Figure 3.4(a). 

Further, the rheogram of the formulated ink (Figure 3.4(a)) shows a considerable 

decrease in viscosity with the increase in external shear rate. This pseudoplastic behavior 

is suitable for application in screen printing since this enables continuous extrusion of the 

viscous ink through the tensioned screen mesh under normal conditions.21,25 Note that  
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the observed viscosity of the ink is 2 Pa.s at a shear rate of 10 s-1 gradually decreases and 

levelled to a constant lower value at higher shear. Similar rheological behavior was 

observable in other 2D material-based inks also and usually the required range of the ink 

viscosity for screen printing is 1–10 Pa.s.26 Also the dynamic viscoelastic behavior of the 

ink, represented in Figure 3.4(b), indicates viscous liquid-like nature in the entire strain 

region where loss modulus (G’’) dominates over storage modulus (G’).  The storage 

modulus and loss modulus in the rheology analysis of the formulated ink represents the 

solid and liquid behaviour respectively, as a function of shear stress. Apart from this, 

surface wetting parameter is also an essential component in printing, and can be 

identified from the contact angle measurement.27 The observed lower value of contact 

angle, 63o (Figure 3.4(c)), attests to its better wettability provided by the high affinity of 

the ink towards the BoPET substrate.28,29  

 

Figure 3.4: (a) Viscosity variation of the formulated ink with shear rate. The inset of figure 3.4 (a) 

shows the photograph of the BN-PC ink. (b) The plot of storage modulus and loss modulus versus 

strain. (c) Contact angle measurement of the BN-PC ink on BoPET substrate 
 

In the FT-IR analysis of BN-PC ink and pristine PC polymer (Figure 3.5(a)), the 

characteristic peaks observed in the fingerprint region 400-1000 cm-1 arise from the C-C 

bond stretching vibrations of polymer material. Similarly, the peaks in the range 1232–

1164 cm−1 are due to the presence of asymmetric O–C–O deformations of the carbonate 

group. While the observed CH3 vibration peak at 1081 cm−1 and the additional peak near 

1015 cm−1 is the symmetric deformation of the O–C–O carbonate group. Further, the C=C 

stretching vibrations appear at 1506 cm-1 due to the presence of aromatic ring carbon, 

and carbonate group C=O deformations occur near 1775 cm-1. All these peaks are common 

to both the FT-IR spectra and it arises from the polymer material. Whereas, the two strong  

and sharp absorption peaks observed at 760 cm-1 and 1360 cm-1 in the BN-PC FTIR  
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spectrum are the characteristic peaks of h-BN. These peaks arise from broad B–N–B out-

of-plane bending and B–N in-plane stretching vibrations respectively.30,31,32 Thus the FTIR 

spectra establishes the formation of the composite ink as expected.  

 

Figure 3.5: (a) FT-IR analysis of pristine polycarbonate and ink powder. (b) Thermal degradation 
behavior of polymer and BN-PC ink. (c) Thickness profile of the printed ink on the BoPET substrate 

 

The thermal behavior of dried screen printed ink was analyzed by using 

thermogravimetric analysis (TGA), which is depicted in Figure 3.5(b). The weight loss 

observed at a temperature range of 100-350 oC in the BN-PC polymer composite was 

mainly attributed to the evaporation of volatile residual solvents and also the thermal 

degradation of the surfactant present in the ink. The main weight loss starts in both 

samples after a temperature of ~370 oC arises because of the cleavage of the carbonate 

functional groups present in the polymer material. In pure polymer PC, almost 80% of the 

degradation takes place after 400 oC. The observed weight loss in BN-PC sample is 

comparably less because of the filler loading, and the incorporation of higher thermal 

stability filler like BNNSs in polycarbonate-based ink enhances its thermal stability.33,34,35  

The thickness of the BN-PC film on BoPET substrate was identified from the profilometric 

technique, and the thickness value is found to be 8.5 ± 2 µm (see Figure 3.5(c)).   

3.3.2. Morphology of PC & BN-PC ink screen printed on BoPET substrate  
 

The surface morphological analysis of the screen-printed PC and BN-PC films were 

done with the aid of SEM and AFM surface imaging. The surfaces of the printed ink consist 

of homogenously dispersed nanosheets embedded in the polymer matrix parallel to the 

surface due to the leveling effect of the squeegee.36 The microstructure of BN-PC film 

shows good compatibility between the filler material and polymer binder (Figure 3.6(a)). 

Even after continuous cycles of operation, the surface of the BN-PC film showed only 

minute changes compared with the films before operations as in Figure 3.6(b). Whereas  
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the film thickness of the printed pattern on the substrate surface for 3 strokes of printing, 

on average, is found to be 7.5 ± 2 µm, which was estimated using the cross-sectional SEM 

(see Figures 3.6(c) and (d)). This thickness value is in agreement with the value estimated 

using the profilometer.  
 

       
 

Figure 3.6: (a) Surface morphology of the BN-PC ink screen printed on BoPET substrate via SEM 
analysis. Inset of 3.6 (a) PC printed on BoPET without BNNSs. (b) SEM image of BN-PC film after 

10000 cycles of operation. (c) & (d) Cross-sectional view of the printed ink on BoPET 
 

The formulated ink screen-printed on BoPET substrate having a white translucent 

nature. Uniformity and homogeneity of the film is ensured by the multiple strokes of 

printing. Where the horizontal stacking of multiple layers is realized effectively because 

of the preferred low potential energy arrangements of the ink when initially it is printed 

on the pristine substrate and then over the printed layers. Similar behavior of printed 

patterns were observed in other 2D material-based screen-printed graphene inks also.7,37  

The AFM analysis is also extensively used to make meticulous observations on 

surface topography and evaluate the textural characteristics of diverse film surfaces. 

Here, the surface morphology of the screen-printed pattern was obtained from the AFM 

analysis of PC and BN-PC film surfaces with different weight percentages of BNNSs. (see  
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Figures 3.7 (a), (b), (c) and (d)) also corroborates with the inference obtained using the 

SEM.  
 

    
 

Figure 3.7: (a) AFM images of BN-PC film with (a) 0 wt%, (b) 10 wt%, (c) 30 wt%, and (d) 50wt % 
of BNNSs (Ra- Average surface roughness) 

 
The AFM surface roughness analysis of BN-PC film with 50 wt% BNNSs shows that 

the film exhibited an average surface roughness value (Ra) of 86.1 nm, which is a measure  

of roughness and general variations over the entire scanning area. A root mean square 

roughness (Rq) of 107 nm represents the standard deviation in surface height profiles. 

Where the distribution of spikes relative to the mean line above or below is obtained from 

the kurtosis value and it was found to be 2.76 which represents bumpy surfaces. The 

positive skewness value of 0.336 also indicates the presence of bumps than valleys and 

shows that the surface of the printed sample has predominant height variations compared 

to printed pristine polycarbonate film. The surface roughness and root mean square 

roughness of PC film without BNNSs are similarly decreased to 29.4 and 38.5 nm, 

respectively (Figure 3.7(a)).38,39 The observed significant increase in surface roughness  
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value in BN-PC film is attributed to the incorporation of an inorganic material having a 

higher surface roughness value compared to the polymer material.40 

3.3.3. Output characteristics of FS-TENG device 
 

When it comes to triboelectric nanogenerator, choice of contact material is the 

obvious first priority, and 2D BNNSs have been previously proven to be an excellent 

candidate.31 Here, the formulated BNNSs based ink showed excellent thermal stability and 

good adhesion to the substrate, which are very crucial for the stable triboelectric 

application. In addition, the enhancement in the surface area resulted from the microscale 

roughness of the printed surface could magnify the triboelectric charge generation during 

the contact electrification.41 Also, the screen printing process provides facile scalability 

when it is required. The designed screen-printed TENG comprises BNNSs in 

polycarbonate matrix printed on a BoPET as primary TENG material, while printed PVP 

as the second material, and they are chosen based on their position in the triboelectric 

series.42 The detailed fabrication steps are depicted in the experimental section. Figure 

3.8 shows the schematic representation of the working of the FS-TENG device and is 

explored well in the literatures.43 

The fabricated FS-TENG has two contact layers, one BN-PC ink printed on BoPET 

substrate and a printed PVP layer. Copper electrodes were separately attached on bottom 

of these contact layers. The working of this vertical contact separation mode FS-TENG is 

illustrated in Figure 3.8. Here, the supporting structure not only provides the necessary 

separation gap but also provides recoiling for the same. When a mechanical force is 

imparted, layers come into contact and triboelectric charges are generated on the 

surfaces. Whereas in the releasing stage, electrostatic charge induction generates a 

potential difference between the electrodes. Consequently, flow of electrons takes place 

between the electrodes when they are connected. In this way, alternate pressing and 

releasing motion can generate alternating electrical signals in the external circuit.44,45  
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Figure 3.8: The schematic representation of the working mechanism of FS-TENG during (a) 
pressed state, (b) releasing state, (c) released saturation state, and (d) further pressing state 

 

The output voltages (V) and short-circuit current density (Jsc) of the screen-printed 

TENGs with and without BNNSs are shown in Figures 3.9(a) and (b). For this the as-

fabricated TENGs were continuously pressed and released by a custom-made force 

impactor test system with a vertical contact force of ~10 N at a frequency of 5 Hz, which 

provided stable and systematic contact between the top and bottom layers. The TENG 

device with BNNSs showed noticeable improvements in electrical properties compared 

to TENG without BNNSs. The printed polycarbonate FS-TENG against PVP exhibited an 

output voltage of about 400 V while the TENG with BNNSs exhibited a two-fold enhanced 

V of 800 V. The Jsc of the printed TENG with BNNSs displayed a value of 0.78 mA/m2, which 

is remarkably higher than the printed TENG without BNNSs (0.55 mA/m2). The output 

enhancement observed in the BNNSs ink-based TENG compared to the PC-only TENG is 

that the addition of a more tribo-negative and electron-trapping capable filler material 

contributes to the output enhancement of the fabricated device. That is, without the 

incorporation of BNNSs, the developed charges would be comparably less, due to the 

difference in tribo-polarity being small. Then the introduction of more triboelectrically 

negative BNNSs as a filler in the polycarbonate ink improves the triboelectric charge 

transfer, storage, and charge trapping ability simultaneously.46  
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The major factors influencing the contact electrification process involve the 

electrical polarity and charge storage capability of the materials in contact. Modulation of 

the electrical polarity can be achieved by either increasing the tribo-layers electro 

positivity or electro negativity by incorporating certain nanomaterials, and in turn 

improving the contact electrification. Furthermore, when BNNSs are embedded in a 

polymer matrix, the presence of inter-layer voids in the 2D nanomaterial sheets can 

capture carriers easily and then trapped them to the interior of the negative triboelectric 

layer and store them. This phenomenon alleviates the loss of electrons due to the air 

breakdown effect by reducing the surface potential.47 The charge trapping ability of 2D 

layered materials also decreases the recombination of electrons with the positive ions or 

particles in the air, further enhancing the electrical output of TENGs. In addition, 

atomically thin 2D nanomaterial layers with large lateral dimensions can possess higher 

specific surfaces, thereby improving the contact area effectively in triboactive layers and 

also resulting in the efficient output performance of the device by increasing triboelectric 

charge density.48,49 

To evaluate the performance of FS-TENG for practical applications, the power 

density of the device must be analysed critically. For this, the FS-TENG was connected to 

various resistors with variable values ranging from 1 Ω to 1000 MΩ. From the observed 

voltages corresponding to the connected loads, power density was calculated. The output 

power densities of the contact separation mode FS-TENG with an active contact area of 9 

cm2 without and with BNNSs are shown in Figures 3.9(c) & (d). In the power density 

curve, voltage increases to a maximum value as load resistance increases, meanwhile, the 

power density also increases and reaches a maximum, and then decreases. For the 

reference device, the peak power density obtained was about 0.18 W/m2 at 200 MΩ. In 

comparison, the maximum peak value of power density for the FS-TENG with BNNSs is 

∼1.36 W/m2, which is 7 times that of the reference that was observed at 200 MΩ. 
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Figure 3.9: (a) and (b) V and Jsc generated from the  PC/PVP & BN-PC /PVP FS-TENG respectively 
under a mere tapping force of ~10 N at 5Hz. (c) and (d) Output power density of the PC/ PVP & BN-

PC/PVP FS-TENG under various resistive loads 
 

 For the quantitative analysis of the energy output, we connected capacitors to the 

FS-TENG via a rectifier circuit to identify the quantification of actual charges stored. As 

shown in Figure 3.10(a), a full-wave bridge rectifier was used to convert the AC output 

signal to DC out, and various capacitors with different capacitances (0.5 μF, 1 µF, 5 μF, 10 

µF) were used for identifying the capacitor charging profile (Figure 3.10(b)). Within 180 

seconds, the FS-TENG charged a 0.5 μF capacitor up to a maximum saturation voltage of 

32 V. This stable electrical energy provided by the FS-TENG is sufficient for powering low-

power electronic gadgets. To demonstrate this, using the TENG’s output from hand 

tapping motion, different electronic gadgets such as digital thermometers, calculators and 

LEDs are successfully powered (Figure 3.10(c)). That is, the FS-TENG’s output electrical 

performances are suitable for energy storage in capacitors and in turn power portable 

electronic devices. 
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Figure 3.10: (a) Circuit diagram of rectifying circuit for capacitor charging and powering 

electronic gadgets is depicted. (b) Charging profile of capacitors with capacitance values (0.5, 1, 5, 
and 10 µF) for the FS-TENG. (c) Photographs of using FS-TENG for powering digital thermometer, 

calculator, and LEDs 
 

To conduct a thickness-dependent investigation, BN-PC films with various printing 

strokes 1, 3, and 5 were done. The thickness of the film increases with the number of 

printing strokes. The thickness-dependent output performance of the FS-TENG device is 

shown in Figure 3.11 ((a) and (b)). From the observed voltage and short circuit current 

density, both are showing an increasing trend initially up to 3 strokes of printing and then 

decrease. The maximum performance was exhibited by the FS-TENG with BN-PC film with  

3 strokes of printing. In comparison to the 1 and 5 strokes of printing, the generated 

voltage for 3 strokes printing FS-TENG is ∼800 V and short-circuit current density is ∼.78 

mA/m2. BN-PC films in FS-TENGs with 1 and 5 printing strokes exhibit an impressive 

output voltage of 715 V, and 650 V and Jsc of 0.72 mA/m2, 0.70 mA/m2, respectively. A 

similar trend of thickness-dependent output variations is available in literature.50 In order 

to have a better understanding of how the BNNSs in composite structure affects BN-

PC/PVP FS-TENG output enhancement, we have furnished TENG outputs with various 

weight percentages of BNNSs, which is shown in the Figure 3.11. Evidently, the output 

voltage 3.11(c) and current density 3.11(d) are improved significantly with increasing 

BNNSs concentration. 
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Figure 3.11: (a) Thickness dependent V and (b) Jsc of BN-PC FS-TENG. (c) V and (d) Jsc of BN-
PC/PVP FS- TENG with 0, 10, 30, and 50 wt% BNNSs 

 
Since the FS-TENG’s practical implementation is focused on powering portable or 

wearable electronic gadgets, the capability of the FS-TENG to harvest bio-mechanical 

energy is to be investigated. For this, harvesting energy from biomechanical inputs such 

as the single finger, multiple fingers, and palm force are investigated and demonstrated. 

The output for all these are graphically represented in Figures 3.12(a) & (b). The output  

voltages developed from single finger tapping, multiple fingers tapping, and palm tapping 

was 400 V, 730 V, and 1150 V, respectively. Similarly, the corresponding short-circuit 

current density obtained are 0.32 mA/m2, 1 mA/m2, 1.5 mA/m2, respectively. Here, the 

process where continuous tapping of the device attached to the palm generated 

comparably higher voltage and current than the single finger and multiple finger motions. 

This is primarily because the pressing force is much higher in palm tapping compared to 

others, which contributes to more area of contact. In addition to that, the long-term cyclic 

stability and adaptability of the fabricated device are very crucial for the practical 

environment.  
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Figure 3.12: (a) & (b) V & Jsc from different human body movements (e.g., single finger contact, 
multiple fingers pressing, and palm pressing). (c) Frequency influence on the output voltage of FS-

TENG. (d) Cyclic stability test for 10000 cycles 
 

Two confirmatory experiments, frequency-dependent output performance 

analysis, and a cyclic stability test have been carried out with the FS-TENG device using 

the force impactor. The influence of tapping frequency on the output voltage is shown in 

Figure 3.12(c). With increase in the working frequency of the force impactor, the output 

voltage linearly increases from 210 to 800 V with respect to the increase in frequency 

from 2 to 5 Hz. At a higher tapping frequency, external electrons in the device system can 

attain equilibrium in a faster way providing better performance.51 The screen-printed BN-

PC-based TENG showed good practical stability, which is verified by continuous press-

release operation of 10000 cycles at 5 Hz. The generated output voltage of 800 V 

reproducible during the entire cycle of operation (Figure 3.12(d)).  

A study of the influence of different parameters of TENG on the output 

performance is also systematically investigated by varying its area of contact and 

separation distance. Figure 3.13(a) and (b) shows the V and Jsc values of the FS-TENG with 

three contact areas 1, 4, and 9 cm2, constructed at a constant separation gap of 1 cm.  
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Figure 3.13: (a) & (b) Comparison of the V and Jsc measured from different contact areas of FS-
TENG. (c) & (d) Dependence of V and Jsc on the separation gap of TENG.  

 

  From the figure, it can be seen that the device output increases significantly from 

170 V to 800 V, with a proportionate increase in the contact area from 1 cm2 to 9 cm2. The 

increase in the output voltage can be due to the fact that more triboelectric charge 

accumulation occurs in large-area devices. In the same way, keeping the contact area at a 

constant value of 9 cm2, dependence on separation distance was evaluated (Figures 

3.13(c) and (d)). The V and Jsc show a significant increase as a function of the separation 

gap. This increase in output voltage is mainly contributed from the lowering of its 

capacitance value. Whereas, short circuit current density directly depends on the velocity 

contribution which is more predominant than the inverse square dependence on the 

separation gap.52 A higher speed of motion arises from the increase in the structure 

modulus of the supporting material, which contributes to the stress and recoiling speed 

of the system.11,52,53  
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3.4 Conclusions 

In summary, we have demonstrated the development of a FS-TENG device, 

working in vertical CS mode for scavenging mechanical energy. The FS-TENG having an 

active surface area of 9 cm2 and 1 cm separation distance, is fabricated using BN-PC-

composite ink as tribonegative and PVP as tribopositive materials. The formulated BN-PC 

ink consists of BNNSs as filler, polycarbonate as binder and other thixotropy adjustment 

components. Under specific mechanical inputs, the electrical voltage and current density 

of the FS-TENG device were systematically analyzed and compared. The BN-PC-based FS-

TENG can deliver an impressive voltage of ~800 V and current density of ~0.78 mA/m2, 

under a mechanical force of ~10 N impacted at 5 Hz frequency. The peak value of power 

density was ~1.36 W/m2, at a resistive load of 200 MΩ. These apparent results are 

significantly higher than the output results obtained from similar FS-TENG constructed 

using PC ink alone (without BNNSs filler). Interestingly, the power density of BN-PC-based 

FS-TENG showed ~7 times higher value than the FS-TENG without BNNSs. Charge 

trapping ability and higher surface contact area are the major contributing factors to the 

output enhancement of FS-TENG with BNNSs ink. The influence of various structural 

parameters like contact surface area of the tribo-active materials and separation distance 

on the output performance of FS-TENG were systematically studied. The output of the 

device showed a monotonic trend with the structural parameters, wherein the maximum  

output was observed for the device with a contact area of 9 cm2 at a separation gap of 1 

cm. Further, variations in the output of FS-TENG was studied using various biomechanical 

input forces, and additionally confirmed the cyclic stability of the device even after 10000 

continuous cycles of operations. To demonstrate its practical use, the fabricated FS-TENG 

was utilized to power up commercial grade LEDs, digital thermometers, and calculators, 

where the mechanical impulse was derived from bio-mechanical movements. 
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Self-powered flexible triboelectric tactile sensor made of 

electrospun cellulose nanofibers and BNNS-based 

composite ink 

  
 

 

  

Chapter 4 
 

In this chapter, we developed a self–

powered tactile sensor using two 

complimentary triboelectric materials; 

(i) screen-printed BNNSs composite ink 

on polymer substrate and (ii) 

electrospun cellulose acetate 

nanofibers. Low magnitude forces 

down to below 1 N could be sensed by 

this modified tactile sensor system. 
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4.1 Introduction 

The power management issues of multi-dimensional sensor arrays could be 

resolved intelligently by assimilating the principle of alternate resources like triboelectric 

nanogenerators (TENGs).1 These issues include installation, maintenance and 

management of these sensor networks in bleeding edge domains like intelligent sports, 

touch control, health care, security, and document management systems.2 Prominent 

among the galaxy of sensors used to transform information from the physical world to 

digital format, includes capacitive sensing and other self-powered sensors. This type of 

sensing is highly suitable for facilitating human-machine interaction. The challenge before 

future electronics is to transform the capacitive touch sensors to be energy autonomous.3 

Numerous studies have reported the application of TENG-based active sensors for 

human machine-interactions. For example, Pu et al. reported a super stretchable 

transparent tactile sensor system for touch or pressure sensing, which found applications 

in soft robotics, functional displays, electronic  skins, and other areas.4 This sensor system 

was developed by hybridizing two elastomers, one as electrification layer while ionic 

hydrogels like polyacrylamide-based hydrogel containing lithium chloride as the 

electrode layer. This sandwich-structured sensor system in single electrode mode could 

sense even a low input pressure. In 2020, Li et al. also reported a soft TENG-based 

triboelectric sensor array system that was realized via direct ink writing technology. In 

terms of voltage modulation, this array of sensors could recognize the touching outline of 

physical objects. Such printed arrays could find promising use in e-skin for soft robotics.5 

Yet another study has shown that instantaneous force sensing using flexible and ultrathin 

TENGs could sense force instantly without the need for additional power supply.6 Such 

systems have profound applications including touch sensing in electronics that are 

sustainable and intelligent. In fact, touch sensors open up a plethora of innovative 

interaction methods in small-scale wearable electronics. Triboelectric nanogenerator-

based touch sensors are one step toward self-powered sensors for the sustainable future. 

The usability of green materials such as cellulose-based natural polymers into 

energy industry expands their application horizon. In addition to abundance and 

renewability, cellulose-based materials are lightweight, biodegradable, flexible, and 

mechanically strong. cellulose readily gains a positive charge by losing electrons, making  
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them a positive candidate for eco-friendly TENGs.7 When positive cellulose material and  

a very negative triboelectric substance are combined properly in a TENG configuration, 

the triboelectric potential difference between the layers is found to be greatly improved.8  

2D materials, can provide better output performance in TENGs due to their 

physical, chemical, and opto-electronic characteristics.9 As seen in previous chapters, 2D 

h-BN can be employed in its hybrid/composite form to enhance the output performance 

of TENGs.10 It is reasonable to expect that cellulose and h-BN based triboelectric pair with 

a sizable polarity difference, can guide to the realization of high-performance TENGs. 

Further, to increase the surface charge density in a contact-electrification phenomenon, 

triboelectric material surfaces are modified via suitable methods contributing to 

enhanced performance of the device.11 

In the present investigation, we have introduced a novel flexible screen-printed 

TENG-based self-powered tactile sensor for touch detection. Screen-printed BNNSs 

polyvinyl pyrrolidone composite ink (BN-PVP) on BoPET substrate and surface-modified 

electrospun cellulose acetate (ES-CA) nanofibers, served as the two contact materials. 

This flexible TENG in vertical CS mode produced remarkable results of output voltage 

~1200 V and short-circuit current density of 1.2 mA/m2 respectively. Here the 

incorporation of 2D nanosheets in polymer matrix greatly improves the power output of 

the fabricated TENG. Further, a self-powered tactile sensor was fabricated for touch 

sensing with slight modifications on the TENG structure.  Remarkably, the developed 

TENG-based tactile sensor was able to detect and distinguish apart ∼0.05 N forces. The 

sensitivity achieved here is 3.98 V/N for comparably lower forces of less than 2N, 

whereas, for higher forces in the range of 2–10 N, it is found to be 1.843 V/N. 

4.2 Experimental 

4.2.1 Materials 
 

Pristine h-BN (powder size ~1 μm and 98 % purity) is procured from Sigma-

Aldrich. The binder polymer polyvinyl pyrrolidone (PVP) and cellulose acetate (CA) of 

average molecular weight Mn ~30,000 were also purchased from Sigma-Aldrich (India). 

DMF, a dispersing organic solvent, is acquired from HPLC (India). The substrate material 

Mylar (BoPET) was received from DuPont, USA. Ethanol for printing was procured from  
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Merck Chemicals, India. All reagents and chemicals were used without further 

purification. 

4.2.2 BN-PVP ink formulation 
 

Liquid phase exfoliation of bulk h-BN in an organic solvent, DMF produced 2D 

BNNSs. These BNNSs were blended with polymer binder PVP and dispersant via a 

solution mixing process and continuous stirring, that converted the mixture to an ink (BN-

PVP). Delaminated BNNSs and polymer in a 1:1 weight ratio were dispersed in 1 mL of 

organic solvent taken in a culture tube. Afterwards, the highly viscous dispersion was 

magnetically stirred for 12 hours at 700 rpm rotation speed. In this method, PVP plays a 

dual role; as polymer matrix for the composite as well as binder for the formulated ink. A 

similar procedure was also adopted for printing pure PVP without BNNSs. 
 

4.2.3 Screen printing of triboelectric layer using BN-PVP ink 
 

Highly viscous BN-PVP ink was screen-printed on a flexible substrate (BoPET) as 

shown in Figure 4.1, for casting a film suitable for the contact-separation device structure. 

Here a home-made nylon screen with predesigned square patterns was used for printing 

the composite ink. The first step in the printing process was to spread the rheology-

controlled BN-PVP ink over the nylon-screen. Following this, the rubber squeegee moves 

horizontally over the screen surface, which pushes the ink to pass through the open pores 

of the screen. Consequently, the desired pattern was inscribed on the substrate surface 

that was placed under the screen at a specific snap-off distance.   
 

 
 

Figure 4.1: Schematic depicting the BN-PVP ink formulation and screen printing 
 

The number of strokes of printing can be varied to control the thickness of the 

printed film. The smooth-printed BN-PVP film on the BoPET substrate was then dried at 

60 °C in an oven. This acts as the negative layer of the fabricated TENG. Through a similar 
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printing procedure, pure polymer PVP film (without adding BNNS filler) on BoPET 

substrate was also made for comparing the device outputs.   

4.2.4 Preparation of electrospun-cellulose acetate (ES-CA) nanofiber mat 
 

Fibers of CA was prepared using electrospinning technique. For this, we used a 

well-dispersed homogeneous solution of CA in a solvent mixture of acetone and DMF. The 

solution was loaded in the syringe of the spinner that has ~1 mm inner needle diameter. 

The CA solution’s flow rate was set around 1 mL/h at a spinning voltage of 15 kV, to 

produce nanometer dimension fibers. During the electrospinning operation, a solution 

was continuously extruded towards the rotating collector drum covered with Al foil, 

which is kept 15 cm away from the nozzle tip.  The spinning collector drum (rotation 

speed ~900 rpm) and needle tip were linked to the ground (negative) and positive 

electrodes, respectively. The CA nanofiber mat developed on the surface of Al foil, dried 

in a vacuum oven at 60 °C overnight. 

4.2.5 BN-PVP/ES-CA TENG-based tactile sensor fabrication 
 

The flexible BN-PVP/ES-CA TENG was designed in CS mode using a flexible BoPET 

substrate. BN-PVP ink printed on BoPET substrate and electrospun-cellulose acetate 

nanofiber mat on aluminum foil were taken as the two opposite contact materials for 

TENG. The polymer substrate, BoPET was employed as the support structure for 

assembling positive and negative TENG contact materials. The negative BN-PVP on the 

BoPET triboelectric layer with the back copper electrode layer and positive ES-CA layer 

on Al, were arranged on the rectangular flexible frame using suitable adhesives as two 

opposite materials. The two electrode layers, copper and Al, were arranged as sandwich 

layers between the rectangular framework and negative and positive triboelectric 

materials, respectively. Electrodes were connected to the measuring instruments through 

copper wires. With the help of a homemade continuous force impactor system, output 

performance of the fabricated device could be assessed. The BN-PVP/ES-CA TENG was 

converted into a tactile sensor by modifying the contact area and separation distance 

between the two triboelectric materials. The two contact materials of area 1 cm2 were 

arranged with a spacing of 80 μm between them, while the spacing was maintained using 

a BoPET layer. The entire system was encapsulated within a protective layer using  
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vacuum sealing method. Figure 4.2 shows a schematic of the electrospinning procedure 

for creating a cellulose acetate nanofiber mat on aluminium foil and also the photograph  

of tactile sensor system with 1 cm x 1 cm area that employ ES-CA nanofibers and BN-PVP 

ink on BoPET.  

 
 

Figure 4.2: Schematic illustration representing the electrospinning process for developing cellulose 
acetate nanofiber mat on an aluminum foil for fabricating a (1x1) area tactile sensor 

 

 

4.2.6 Characterization methods 
 

Various characterization techniques were used to conduct a systematic 

examination of the developed BN-PVP ink, its coating on the polymer substrate, ES-CA 

nanofibers, BN-PVP/ES-CA TENG device, and also the BN-PVP/ES-CA TENG-based tactile 

sensor. The rheological characteristics like viscosity and visco-elastic properties of the 

BN-PVP composite inks were tested using Anton Paar Rheo plus 32 rheometer (Graz, 

Austria). This study examined viscosity of the inks at shear rates varying from 0 to 100 s-

1. The FT-IR spectra of the filler BN-PVP ink powder and pure polymer PVP were recorded 

using a Thermo Scientific Nicolet Magna 560 FTIR instrument (Massachusetts, USA). The 

contact angle measurement instrument DSA 30, KRUSS GmbH sessile drop method, 

Hamburg, Germany was used to investigate the wettability of ink on the substrate surface. 

Wide-angle X-ray diffraction (WAXD) measurements of the cellulose acetate nanofibers 

were performed using the Xeuss WAXS system (Xenocs, Grenoble, France). The surface of 

screen-printed BN-PVP films on a polymer substrate was investigated by scanning 

electron microscopy technique (SEM Zeiss EVO 50, Oberkochen, Germany) at the 
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accelerating voltage of 15 kV. A polarising optical microscope with a CCD camera was used  

to capture the optical images of the printed films (Leica, DM2700P, and Germany). All the 

electrical measurements of the fabricated PVP/ES-CA TENG with and without BNNSs 

were carried out using a Keithley 2450 source measurement unit system (Tektronix, 

USA). The device's short-circuit current was measured using a Stanford Research low-

noise SR570 current preamplifier setup. A custom-made modified force impactor system 

that was used as the mechanical input source for the operation of TENG can impart ~10 

N force with variable frequencies. Many custom-made resistors and capacitors were used 

to study the load-dependent output power density and charging profile of the developed 

TENGs. All the device characterizations were conducted at ambient conditions. A mark 10 

force impactor (ESM303 stand and M5-50 gauge) was used to supply the input forces for 

analyzing the performance of the fabricated touch sensor. 

4.3 Results and discussions 

4.3.1 Rheology and structural analysis of BN-PVP ink 
 

Precise control over the ink composition is necessary for the printing to be 

effective and to provide the desired qualities for the formulated inks.  The even 

distribution of filler particles (BNNSs) in the vehicle system controls the ink’s colloidal 

stability. The well dispersed filler in DMF solvent with suitable bio-compatible binder 

material PVP stabilizes the filler nanosheets in dispersion and modifies the rheology 

appropriate for screen printing.12 The adherence of the ink to the substrate surface was 

also improved by PVP. The flow characteristics of the BN-PVP composite ink was carried 

out to investigate the printability of the prepared ink. As shown in Figure 4.3(a), the 

viscosity variation of the BN-PVP ink shows typical shear thinning behavior with the 

variation of shear rate from lower 1 s-1 to higher 100 s-1. The inset Figure 4.3(a) is the 

photographic representation of the BN-PVP ink. This colloidal ink mixture displays an 

ideal pseudoplastic behaviour. In other words, the observed behavior is towards 

decreasing viscosity linearly as a function of shear rate. At a shear rate of 10 s-1, it shows 

an ideal viscosity of about 3.2 Pa.s which is within the required range suitable for screen 

printing.13 The viscoelastic property of the BN-PVP ink was further analyzed using the 

diagrams of storage modulus (G’) and loss modulus (G’’), as depicted in Figure 4.3(b). In 

the entire strain region, the storage modulus shows a decreasing trend compared to the 
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loss modulus values (G″ > G′). This implies that the BN-PVP ink possesses an ideal viscous  

liquid-like behaviour rather than a solid-like nature, that promotes solidification of the 

inks during printing.14  

A comparison of FT-IR spectra of the pure polymer and the composite BN-PVP is 

displayed in Figure 4.3(c). A distinctive peak was seen at 1652 cm-1 in pure polymer PVP, 

corresponding to the C-O stretching vibrations. This recorded peak at 1652 cm-1 is also evident 

in the FT-IR spectra of the BN-PVP composite. The other peaks of pure polymer centered at 

1423 cm-1 represent bending of the C-H bond, while the peak at 1288 cm-1 shows wagging 

vibrations of the CH2.15 These polymer peaks are absent in the BN-PVP sample because these 

vibrational lines and the peak for B-N in-plane stretching vibrations of the BNNSs overlap in 

this window. Two more peaks are seen in the BN-PVP composite in addition to the polymer 

peak at 1652 cm-1. These peaks are located at 760 cm−1 and 1342 cm−1 representing the out of 

plane B–N–B bending vibration and B–N stretching vibration respectively.16  
 

 
 

Figure 4.3: (a) Viscosity-shear rate study of the BN-PVP ink. The inset of figure 4.3(a) represents 
the photograph of the BN-PVP ink. (b) Storage modulus and loss modulus variation of BN-PVP ink 
with respect to shear strain. (c) Comparison of FTIR spectra PVP and BN-PVP and (d) the contact 

angle of the BN-PVP ink on BoPET substrate 
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The contact angle of the formulated BN-PVP ink was used to determine its wetting 

behaviour on the substrate surface as well as its interface characteristics. A static ink 

droplet on the BoPET surface with an average contact angle θ = 64.9° is shown in Figure 

4.3(d). This contact angle formed on the substrate surface might provide vital information 

about its wetting nature. Lower contact angle values, almost equal to θ = 0°, signify more 

liquid spreading nature of the substrate surface. In other words, the substrate surface is 

more hydrophilic and has better wetting when θ is less than 90°. On the other hand, when 

θ is more than 90°, it is commonly referred to as hydrophobic in nature and has a poor 

wetting quality.17,18 Better wettability and affinity of the BN-PVP ink on the BoPET 

substrate are shown by the recorded contact angle, which is 64.9°. 

4.3.2 Morphology analysis of BN-PVP on BoPET 
 

The representative SEM micrograph of the surface of screen-printed BN-PVP 

coating on BoPET is exhibited in Figure 4.4(a). The films produced by the screen printing 

process are homogeneous and have excellent ink distribution across the substrate. The 

PVP polymer matrix contains the exfoliated BNNSs embedded in it with minimal 

aggregation.  
 

 
 

Figure 4.4: (a) SEM image of BN-PVP ink surface on BoPET. (b) Optical image of BN-PVP ink 
surface on BoPET. (c) & (d) SEM cross-sectional images of BN-PVP ink on BoPET substrate showing 

the film's thickness 
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As seen in Figure 4.4(b), the optical image of the BN-PVP ink surface is also 

displayed. The thickness evaluation of the BN-PVP coating on the substrate surface is 

shown in Figures 4.4(c) and (d). The average thickness of the films was measured to be 

approximately 9μm, where the film was formed after two screen printing cycles. The 

factors such as solid content contribution, viscosity of the ink and the number of printing 

strokes, determine the printed film thickness.19,20   

 4.3.3 Cellulose acetate nanofibers structure and morphology 
 

Among the tested triboelectric materials, sustainable cellulose materials are 

considered triboelectrically positive.21 The cellulose film-based triboelectric positive 

layer is a consequence of several procedural steps, including electrostatic spinning, laser 

treatment, and plasma treatment. These strategies may enhance the functionality of 

TENGs and operate more effectively.22 As a positive TENG material, ES-CA nanofibers 

were developed in this study.  
 

 
 

Figure 4.5: (a) FT-IR spectra and (b) WAXD pattern of ES-CA nanofibers. Similarly, the (c) SEM 
micrograph showing the ES-CA nano fibers and (d) the optical image of ES-CA nanofibers on Al foil 

are represented 
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The FT-IR spectra of ES-CA nanofibers in Figure 4.5(a) shows strong characteristic 

absorption peaks at 1751 cm-1 and 1240 cm-1. These peaks arise as a result of C=O 

(carbonyl) stretching vibrations and acetyl C-O stretching respectively. The additional 

peak observed at 1052 cm-1 is also due to the C-O stretching vibrations.23 

The less sharp, comparatively weak intensity peaks in the WAXD pattern of ES-CA 

nanofibers, is seen in Figure 4.5 (b). This suggests that the structure is amorphous and 

lacks a regular molecular structure.24 SEM micrograph of the prepared cellulose acetate 

nanofibers from the electrospinning method is included in Figure 4.5(c). From these 

images, it can be seen that thin nanofibers with varying widths and lengths, do not form 

any beads. Its smooth surfaces, which indicate the purity of the fibers generated, may be 

single or joined to many sections. The optical image of the ES-CA nanofibers on Al 

substrate is represented in Figure 4.5(d).  

4.3.4 Performance of BN-PVP/ES-CA TENG 
 

The BN-PVP/ES-CA flexible TENG was developed, using ES-CA nanofibers as the 

positive triboelectric layer with a very positive triboelectric polarity and correspondingly 

BNNSs embedded PVP polymer with a negative triboelectric polarity as the opposite 

contact layer. ES-CA nanofibers with higher specific surface area and porosity could 

provide better mechanical contact during the device operation, which enhanced the 

magnitude of the induced triboelectric charges.25 In addition to that, the charge trapping 

nature resulted by the inclusion of BNNSs as the filler material for the polymer-based ink, 

further improved the TENG output by confining more generated tribocharges on the 

surface. The presence of 2D BNNSs in the BN-PVP composite structure also transformed 

the surface charge potential to a larger negative value, which resulted in a significant 

triboelectric potential difference between the two top and bottom contact layers.26,27   

Figure 4.6 schematically illustrates the basic working mechanism of the BN-

PVP/ES-CA TENG. This device uses an ES-CA nanofibers mat as the positive layer and BN-

PVP ink on BoPET substrate as the negative layer, which are arranged in a CS mode 

configuration. The forced contact generates a collection of equal-dense opposite charges 

between the two contacting triboelectric layers. When the force is released, the separation 

between triboelectric layers creates an electrical potential difference, in order to maintain 

an equilibrium, it drives the flow of electrons from the top electrode to the bottom one 
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owing to electrostatic induction. As a result, an instantaneous current flow is observed in 

the external circuit. The external circuit allows the flow of electrons to move back and 

forth, resulting in an alternating electrical output, due to the sequential operation of 

pressing and releasing.28  
 

     
 

Figure 4.6: Schematic representation of the operation of flexible BN-PVP/ES-CA TENG in CS mode 
configuration. (a) Initial contact stage, (b) separation stage, (c) separated stage of saturation, and 

(d) further contacting stage 
 

To examine the mechanical energy harvesting performance of the BN-PVP/ES-CA 

TENG, a specifically modified force impactor setup was used. The electrical measurements 

of the TENG, having a 9 cm2 area with 10 mm gap was analyzed. The output voltage and 

current density comparison plots are shown in Figures 4.7 (a) & (b), which exhibit an 

improved triboelectric performance by the introduction of BNNSs, which may have 

attributed to the charge-trapping nature of 2D nanomaterials in its composite structure.10 

The flexible screen-printed TENG employing BN-PVP on BoPET and ES-CA nanofibers has 

generated a massive output voltage of 1200 V and a current density of 1.2 mA/m2, 

respectively. This fabulous result is significantly much greater than the PVP/ES-CA TENG 

without BNNSs. Specifically, PVP/ES-CA TENG only yields an output voltage of 180 V and 

a current density of 0.23 mA/m2 respectively. 
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From the impedance matching experiments, the power densities of both PVP/ES-

CA TENG and BN-PVP/ES-CA TENG were investigated by using different resistors with 

varying resistance values, as shown in Figures 4.7(c) and (d) respectively. With increasing 

resistance, the BN-PVP/ES-CA TENG's output voltage progressively rises to a maximum 

of 1200 V. From the load-matching study, output power initially increases and then 

decreases. The calculated instantaneous power density of the BN-PVP/ES-CA TENG on 

external load reaches a maximum of 1.4 W/m2 at 200 MΩ resistance condition is shown 

in Figure 4.7(d). This observed power density is more than 100 times higher than the 

power density of 0.015 W/m2 for PVP/ES-CA TENG represented in Figure 4.7(C). It is 

obvious that small-scale electronic devices can be powered by this high output power.  
 

          
 

Figure 4.7: (a) Output voltage comparison of PVP/ES-CA & BN-PVP/ES-CA TENG having device 
area 9 cm2.  (b) Current density comparison of PVP/ES-CA & BN-PVP/ES-CA TENG. (c) Power 

density of PVP/ES-CA TENG without BNNSs in polymer matrix with varying load resistance. (d) 
Power density of BN-PVP/ES-CA TENG 
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Figure 4.8(a) depicts the capacitor charging curves via a bridge rectifier by BN-

PVP/ES-CA TENG, utilizing various capacitors with capacitance values of 0.5 µF, 1 µF, 5 

µF, and 10 µF. For capacitors with higher capacitance values, longer charging times are 

needed. The BN-PVP/ES-CA TENG could charge the above capacitors to an adequate level 

which is good enough to power handheld electronic devices and sensor units. Regarding 

the relationship between TENG's output characteristic on the input frequency, Figure 

4.8(b) illustrates how the output voltage of the fabricated TENG device varies in 

frequency. It shows significant enhancement as the frequency increases from a lower to 

higher value. Since the maximum output is recorded at 5 Hz frequency, all other 

subsequent measurements of the BN-PVP/ES-CA TENG were conducted under 5 Hz 

frequency. The durability analysis of the BN-PVP/ES-CA TENG was further conducted by 

elongated cycles of operation. Almost 12000 cycles of contact and separation movement  

produce stable output without any degradation. The durability analysis of the BN-   

PVP/ES-CA TENG is represented in Figure 4.8(c). 
 

  
 

Figure 4.8: (a) Analysis of BN-PVP/ES-CA TENG capacitor charging profile with different 
capacitors of varying capacitances. (b) Analysis of the output voltage of BN-PVP/ES-CA TENG with 

respect to frequency. (c) Durability study of BN-PVP/ES-CA TENG after 12000 cycles of device 
operation. 
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Figures 4.9(a) and (b) represent the variation of output voltage and short-circuit 

current density of BN-PVP/ES-CA TENG under diverse magnitudes of biomechanical 

forces. These results show a significant increment in the intensity of the applied forces. 

The impact of force is obviously higher for palm pressing compared to single-finger 

tapping and multiple-finger tapping. 

 
Figure 4.9: (a) & (b) Output voltage and current density of BN-PVP/ES-CA TENG under various 

biomechanical pressures from pressing with a single finger, several fingers, and the palm. (c) & (d) 
Output voltage & current density of BN-PVP/ES-CA TENG with varying contact areas. (e) & (f) 

Output voltage & current density of BN-PVP/ES-CA TENG with different separation gaps 
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Correspondingly, the output results are also considerably higher for palm 

pressing. Relatively inferior results were obtained for single-finger pressing. The higher 

impact force can provide better surface contact between the triboelectric materials and 

the output will be higher.31 As shown, an output voltage of 1640 V and short-circuit 

current density of 2 mA/m2 were obtained in the palm pressing condition which well 

above that for single-finger (500 V and 0.66 mA/m2) and multiple-finger tapping (1300 V 

and 1.4 mA/m2). Yet another variable is the triboelectric materials contact area that was 

shown to influence the output performance of BN-PVP/ES-CA TENG. This was 

investigated by systematically creating TENGs with triboelectric layers of constant 

separation gaps but varying contact areas of 1, 4, and 9 cm2. Proportionate variations 

observed in output voltage and short circuit current density as a function of the device’s 

contact area are depicted in Figures 4.9(c) and (d). As expected, enhanced charge transfer 

and surface charges are responsible for the observed improvement in the device 

performance.32,33 For example, the voltage outputs of devices with contact areas 1, 4, and 

9 cm2 are 110 V, 520 V, and 1200 V respectively. The corresponding current densities are 

0.27 mA/m2, 0.8 mA/m2, and 1.2 mA/m2. In a similar way, to examine the influence of 

separation gap on the device output, a series of TENGs were built with a constant contact 

area of 9 cm2 with various separation gaps (0.5 cm, 0.7 cm, and 1 cm). Figures 4.9(e) and 

(f) illustrates the fluctuation in output voltage and short-circuit current density of these 

BN-PVP/ES-CA TENGs with various separation gaps. Both the voltage and current density 

show an increasing trend with the separation gap also, and the maximum voltage of the 

device (~1200 V), was achieved with a 10 mm separation between the contact layers. 

4.3.5 BN-PVP/ES-CA TENG as a self-powered tactile sensor 
 

The force-sensitive study of the present BN-PVP/ES-CA TENG demonstrates its 

exceptional potential as a self-powered tactile sensor for touch-sensing applications. To 

investigate the application of the fabricated device for pressure sensing, the BN-PVP/ES-

CA TENG’s structural configuration was suitably modified by decreasing the contact 

materials area to 1 cm2 and the separation gap to approximately 85 μm. The TENG-

modified self-powered tactile sensor is displayed as the inset image of Figure 4.10(a) and 

the experimental setup is in Figure 4.10(b). To examine the sensitivity of the tactile 

sensor, a different magnitude of forces ranging from 0.05 N to 10N with slow movement  
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speeds, have been applied to the device. It is discovered that the BN-PVP/ES-CA tactile 

sensor output voltage is clearly force-sensitive. Figure 4.10(a) indicates the output 

voltage variation produced by the tactile sensor under different pressure conditions. 

These results indicate the triboelectric sensor's linear dependence on force and also its 

ability to detect very minute forces. This linear trend can be explained by the more 

effective surface contact between the triboelectric materials at higher force conditions, 

which improve its output results. 
 

 
 

Figure 4.10: Tactile sensing performance of the BN-PVP/ES-CA TENG based tactile sensor. (a) 
Output voltage variation with respect to applied pressure ranging from 0.05N to 10N. (b) 

Photographic image of the Mark-10 digital force gauge set-up used for studying tactile sensor 
performance of the device, and the sensitivity of the tactile sensor in the force ranges of (c) 0.05 N 

to 2N as well as from (d) 2N to 10N 
 

The observed resolution is ~0.05 N for the triboelectric tactile sensor in the 

current experimental design. As the force changes from 0.05 N to 2 N, the tactile sensor's 

output voltage varies linearly from millivolts to 9 V. Figure 4.10(c) illustrates the 

corresponding sensitivity in this lower force region, which is 3.98 V/N. In the higher force 
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range from 2 N to 10 N, a similar trend can be seen. At 10 N force, the maximum voltage 

could reach up to 23 V, and the observed sensitivity is 1.843 V/N, as shown in Figure 

4.10(d). The tactile sensor's sensitivity is higher in the lower force regime because there 

is a greater shift in the creation of triboelectric charges in this lower force regime. As the 

force increases, the device reaches a saturation point and sensitivity decreases thereafter.  

On the contrary, in low-pressure situations, the developed BN-PVP/ES-CA tactile sensor  

is ideal to detect even the smallest force variations with exceptional sensitivity.29,30  

4.4 Conclusions 

In conclusion, this work package demonstrates the design and realization of a 

flexible TENG for biomechanical energy harvesting and also for tactile sensing. In this 

journey, electrospun cellulose acetate (ES-CA) nanofibers and screen-printed BNNSs 

composite ink (BN-PVP) on BoPET substrate were used as the positive and negative 

triboactive materials respectively. Ours is an improvised design with a 10 mm separation 

gap and 9 cm2 contact area that yielded an impressive result of ~1200 V as the output 

voltage and 1.2 mA/m2 as the short-circuit current density. The resultant peak power 

density could go up to 1.4 W/m2, for a 3 cm × 3 cm area device. The device performance 

is comparably much higher than a similar PVP/ES-CA TENG constructed using PVP alone 

(without 2D nanosheets). Specifically, the power density of BN-PVP/ES-CA TENG is over 

100 times better than the reference device without 2D fillers (PVP/ES-CA TENG). The new 

device is flexible and durable for long-term operations, making it a suitable practical 

choice for powering wearable and portable devices. The high power delivering capability 

of the TENG could be translated into a self-powered sensitive tactile sensor. For this, a 

BN-PVP/ES-CA based touch sensor was fabricated, for detecting input forces of very low 

magnitude (0.05 N). Remarkably, the low force sensitivity of the sensor is 3.98 V/N, 

whereas, for comparably higher forces (2–10 N), it is found to be 1.843 V/N. In brief, 

innovative material design and device architecture lead to the development of a flexible 

high energy TENG and tactile sensor, which offers a viable solution towards energy 

autonomous wearable devices.   
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Chapter 5 
 

Porous structures as triboelectric layer is 

believed to perform better than the dense 

films of the same material, when subjected 

to external force of same magnitude. In 

chapter 5, we employed a functionalized and 

porous h-BN based 3D structure as 

triboelectric negative layer against a spin 

coated positive material like ethyl-cellulose 

film on ITO-PET. The ability to successfully 

power a number of commercial LEDs  
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5.1 Introduction 

The prospective development of sensor systems for emerging technological needs, 

as discussed in previous chapters, requires technologies that can scavenge power from 

surrounding stray energy resources. TENGs can provide viable self-sustaining energy 

solutions for the associated electronics and sensor networks.1 Even though remarkable 

improvements in the output performance of TENGs have been observed in these recent 

years, they are still being hampered by several challenges that need to be prevailed over.2 

Numerous studies are continuing to develop novel functional materials as well as 

innovative structures for efficient TENG devices. One strategy is to enhance the surface 

charges of the TENG by increasing the frictional material’s overall contact surface area. 

To accomplish high contact area and improved relative capacitance, various materials are 

explored.3 

In accordance with that, the lightest solid materials-aerogels, with extraordinary 

porosity, flexibility, 3D mesh-like structure, and high specific surface area, have shown 

impressive performance when used in TENGs.4,5 Additional charges are accumulated on 

the surface of the porous materials as a result of high surface area and electrostatic 

induction. Tiny deformations on porous structures contribute to efficient capturing of the 

mechanical energy. In this way, nanogenerators built based on aerogels can be considered 

to form an innovative and creative way to address the current global energy dilemma.6          

Aerogels are made through umpteen methods using both organic and inorganic 

components. Specifically, 2D material-based aerogels seem to be ideal choices for 

practical applications due to their high mechanical robustness, extremely lightweight, and 

ability to withstand harsh environmental conditions in their operations.7,8 As shown in 

previous chapters, layered BNNSs or “white graphene” with superior thermal, 

mechanical, and electrical properties, have stimulated research interest in diverse areas.9 

Aerogels based on BNNSs are more resistant to oxidation and intercalation. Further, they 

have good thermal conductivity and stability, and are even stable at temperatures up to 

1000°C.10  

Numerous reports discuss the use of BNNSs in polymer composite architectures, 

both in film and nanofibers form, for energy harvesting applications. For example, Pang 

et al. reported a polyimide based sandwich-structured TENG, PI/BNNS/PI in which the  
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film of BNNS interlayer was utilized as a negative frictional layer for output 

enhancement.11 In another work, Mahapatra et al. developed a BNNS-embedded flexible 

cotton hybrid device for health monitoring.12 In addition to these strategies, several 

effective surface modification methods involving BNNSs also shown to considerably 

improve their energy scavenging characteristics.13  So far as mechanical energy harvesting 

with BNNSs is concerned, two strategies are most effective; (a) functionalization and (b) 

3D porous structure formation.14,15 Both strategies are used in the present investigation. 

Accordingly, we have utilized functionalized BNNS-based 3D porous structure to 

fabricate a high-performance TENG. The BNNSs incorporated macroscopic porous 

structure was developed via an in-situ scalable freeze-drying method. In this protocol, 

oxygen functionalization and chemical cross-linking of liquid-phase-exfoliated BNNSs 

with polyvinyl alcohol (PVA) molecules were carried out. These lightweight free-standing 

BNNSs/PVA porous structures have improved mechanical stability that are contributed 

by the developed interconnections between the nanosheets, compared to the other 

pristine BN-based porous structures. Here, PVA molecules act as a bridge between the 

nanosheets that hold the individual layers together through the intermolecular hydrogen 

bonding interaction, leading to the formation of a network structure. Resultant is the 

functionalized porous aerogel (P-BN) with BNNSs and PVA molecules as tribo-negative 

layer against the ethyl cellulose layer coated on ITO-PET as positive material that provides 

better performance for powering handheld electronic devices. 

5.2 Experimental 

5.2.1 Materials  
 

Bulk h-BN, was used as the starting material that was commercially procured from 

Sigma Aldrich (powder size ~1μm). Potassium permanganate (KMnO4), borax (sodium 

tetraborate), and hydrogen peroxide (H2O2) were received from Merck Chemicals, India. 

Sulphuric acid (H2SO4), phosphoric acid (H3PO4), resorcinol, and glutaraldehyde solution 

were also received from Merck Chemicals. Ethyl cellulose (EC) and polyvinyl alcohol 

(PVA) were supplied by Sigma Aldrich. Deionized water (DI) was used as the solvent for 

exfoliation. The substrate for spin coating was ITO-PET (indium tin oxide coated 

polyethylene terephthalate) from Shilpent. All reagents and materials were used as 

received.  
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5.2.2 Functionalization of h-BN 
 

Oxidized h-BN (O-BN) was synthesized by adopting a modified process similar to 

that used to prepare graphene oxide.16 In this procedure, initially, a dispersion of h-BN 

was prepared in 200 ml acid mixture of H2SO4 and H3PO4 in the ratio 9:1, which was then 

continuously stirred for 2h at 50° C. Following the addition of KMnO4 as oxidizing agent, 

the dispersion was then stirred again for overnight. Afterwards, the resulting solution 

mixture was added to an ice-filled beaker. Later, H2O2 was gradually added in drops to 

dissolve any leftover KMnO4 in the solution generating a white solution with 

effervescence. Stirring continued for additional period of 1h, and then allowed to cool. The 

functionalized product was collected and then washed several times with DI water, 

followed by washing with 30 wt% aqueous solution of HCl and ethanol. The residual 

powder was dried subsequently in an oven at 50°C overnight. 

5.2.3 Conversion of functionalized O-BN to 3D porous aerogel (P-BN) 
 

The porous structure of BNNSs was developed via a covalent polymerisation 

process using cross-linking agents externally.17 For that, O-BN powder was dispersed in 

10 mL DI water for continuous sonication, and stirring for 15 h aided the exfoliation of 

the material into well-separated individual nanosheets. Then very small quantities of 

resorcinol (5 mg), glutaraldehyde solution (40 μL), and sodium tetraborate were added 

and then stirred again for 2h. Afterward, 1 wt% PVA solution in DI water was further 

added to the above solution and then sonicated for 2h. The final step was to transfer the 

solution mixture to a mold for liquid nitrogen treatment and then freeze-dried. The 

functionalization of bulk h-BN and its 3D porous structure formation via the chemical 

cross-linking method, is schematically represented in Figure 5.1. This schematic also 

contains the photographic image of the light-weight aerogel. 

5.2.4 Preparation of spin-coated EC film on ITO-PET 
 

The positive triboelectric material employed in the current investigation was spin-

coated EC film on the PET side of ITO-coated PET. A 10 wt% solution of EC in a 1:4 mixture 

of ethanol and toluene solvents provided a highly viscous solution after continuous 

magnetic stirring at 60° C for 6h. After cooling, the resultant clear solution was spin-

coated on the surface of ITO-PET substrate of area 2 cm x 2 cm, using a spin coating 
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equipment SpinNXG-P1, Apex Instruments, India. The rotation speed of the instrument 

was set to 2000 rpm for uniform films. Finally, the spin-coated EC film was dried 

overnight in an oven with a temperature set at 60 °C. 
 

5.2.5 Fabrication of porous aerogel based TENG (P-TENG)  
 
In the present investigation also, a conventional CS mode TENG device was 

employed for energy harvesting. A BoPET substrate was used to build a flexible support 

for TENG that was bent into the shape of a rectangular cage that serve as the support 

structure. The synthesized porous aerogel was served as the negative layer, while the EC 

film developed on ITO-PET served as the tribo-positive layer. These two triboelectric 

materials were arranged as two opposing materials in flexible TENG.  
 

 
Figure 5.1: A Schematic presenting the functionalization of h-BN followed by chemical cross-

linking to form BNNS based porous monolithic solid 
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A double-sided conducting copper tape was used as the conducting electrode layer 

attached to the back side of both the triboelectric materials. An adhesive tape was used to 

attach the two materials with electrodes to the supporting structure. Two copper leads 

were drawn from the back electrodes for providing electrical connection to the fabricated 

P-TENG device for measurements. To examine the output performance of P-TENG 

systematically, a specially designed homemade force impactor was developed for 

converting mechanical energy to readable electric power. 
 

5.2.6 Characterization methods 
 

Oxygen functionalization and elemental composition analysis of O-BN was 

identified from an X-ray photoelectron spectroscopic (XPS) study using PHI 5000 Versa 

Probe II, Focus X-ray photo-electron spectroscope, purchased from ULVAC-PHI, Inc. USA, 

equipped with microfocused (200μm, 15 kV) monochromatic Al Kα X-ray source (hν= 

1486.6 eV). Multipack software was used for peak fitting purposes. The binding energy 

reference was considered to be the C 1s line.  The background was taken as the Shirley 

background for curve fitting. Fourier transform infrared (FT-IR) spectroscopic analysis 

was performed using Nicolet Magna 560 FTIR (Thermo Scientific, Massachusetts, USA), to 

identify the characteristic bonds in the analyzed material under the study as well as to 

compare the chemical structure of pristine h-BN with the derived porous material. The 

BET (Brunauer−Emmett−Teller) surface area of the bulk h-BN and synthesized porous 

aerogels were analyzed from nitrogen adsorption-desorption isotherms recorded using 

the instrument Gemini 2375, Micromeritics, Norcross, USA. The samples were previously 

degassed before measurement at 200 °C for 5 hours. A thermal stability study of the 

BNNSs/PVA aerogel was carried out using a TGA TA Q50 working under inert atmosphere 

of continuous argon flow. The temperature ramp for the samples was set from room 

temperature to 800°C at a heating rate of 5°C/min. The highly porous network structure 

of the aerogel after functionalization and freeze-drying was revealed from the surface 

morphological analysis carried out via Zeiss EVO 50, scanning electron microscope 

Oberkochen, Germany. Optical images of the aerogel were recorded using a Leica 

DM2700P Polarizing Optical Microscope, Germany with a CCD (charge-coupled device) 

camera. Voltage and current measurements of the developed aerogel-based P-TENG were 

measured using a source measurement unit (Keithley 2450, Tektronix USA) and a low-
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noise current preamplifier setup (SR570, Stanford Research, USA). The power density 

calculation and capacitor charging profile of the fabricated P-TENG were conducted with 

the use of resistive banks and various capacitors. A modified electric sewing machine can 

act as a force impactor system that can deliver a constant force of ~10 N for measuring 

the device's performance. The cyclic stability of the device was assessed by performing 

the operations over 15,000 continuous cycles. 

5.3 Results and discussions 

5.3.1. Structural analysis of functionalized O-BN 
 

Highly porous BNNS-based aerogel was developed using a functionalization 

followed by chemical crosslinking and subsequent freeze-drying process. The initial stage 

of porous structure formation is the oxidation that will introduce some hydroxyl groups 

over the surface and edges of pristine h-BN. An efficient and simple oxygen 

functionalization method using a mixture of acids was confirmed from XPS analysis.  
 

 

Figure 5.2: (a) XPS survey spectra of O-BN. De-convoluted XPS spectra of O-BN (b) B 1s (c) N 1s 
and (d) O 1s 
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This oxygen functionalization promotes the exfoliation of stacked layered 

structures into separate individual layers. After functionalization, the presence of 

additional oxygen-containing functional groups are evident from the XPS survey 

spectrum depicted in Figure 5.2(a).  

It shows the presence of oxygen in addition to the B and N elements. Further, a 

detailed analysis on the de-convoluted XPS spectra of individual elements is shown in 

Figures 5.2(b), (c), and (d), that confirms oxygen functionalization. An observed peak at 

192.5 eV in the de-convoluted B 1s spectra indicates the presence of B-O bonding. 

Similarly, the shoulder peaks observed in N 1s and O 1s spectra indicate the presence of 

N-O and C-O bonding respectively.18  

In order to dig deep into the oxygen functionalized porous aerogel structure, the 

presence of developed hydroxyl groups as a result of oxidation on the edges or surfaces 

of P-BN was identified from FT-IR analysis. A comparative analysis of FT-IR spectra of 

bulk h-BN and P-BN aerogel is shown in Figure 5.3(a). The highly intense prominent 

bands observed at 817 cm-1 and 1370 cm-1 are the characteristic B-N-B out-of-plane 

bending vibrations and B-N in-plane stretching vibrations of h-BN respectively that are 

observed in both samples.19,20 Other than the major peaks, a broad peak observed near 

the spectral range 3300 cm-1 in the P-BN aerogel structure represents the presence of –

OH groups on the boron sites. Additional characteristic bands developed at the peak 

positions of 1100 cm-1 and 959 cm-1 after porous structure formation indicate the in-plane 

bending of B-O-H and B−N−O bonds respectively, that confirms the attachment of 

hydroxyl groups on the edges or surfaces of h-BN.21 These hydroxyl groups as a result of 

oxidation, act as an anchoring point for further hydrogen bond formation with PVA 

molecules that connect the individual BN layers via a cross-linking chemistry that 

improves its mechanical stability too. A peak appeared after aerogel formation at 2900 

cm-1, representing the C-H stretching vibrations for covalent hemiacetal linkages.22  

A thermal stability comparison of the h-BN and P-BN structure was conducted. The 

represented thermogram in Figure 5.3(b) shows the thermal behavior of samples in the 

inert atmosphere of argon gas. According to the apparent TGA results, pure h-BN is 

thermally stable up to a higher temperature of 750o C, but the P-BN begins to disintegrate 

when the temperature rises from lower to higher. Initial weight loss observed below 100o  

C in the TGA analysis of P-BN may be attributed to the presence of water molecules 
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adsorbed on the surface of P-BN. Above 230o C, almost 60% weight loss was observed by 

500o C. The thermal decomposition in this temperature window is due to the elimination 

of various oxygen-containing functional groups present in the porous material, that were 

induced as a result of the cross-linking process.23   

To explore the surface area and pore structure of the as-developed porous material 

were studied using N2 adsorption−desorption isotherms. These isotherms exhibit a kind 

of type II isotherm curve in analysis with the IUPAC classifications.24,25 The hysteresis 

loops of H3 type were observed at higher pressure regions (P/Po >0.80).  
 

 
 

Figure 5.3: (a) FT-IR spectra of pristine h-BN and P-BN (b) TGA analysis of pristine h-BN and P-BN. 
BET surface area of (c) bulk h-BN and (d) P-BN from N2 adsorption-desorption isotherm analysis 

 

From the isotherm curves of pure h-BN and P-BN, BET (Brunauer− 

Emmett−Teller) speciϐic surface area of the porous structure is comparably higher than  

the pristine material. Porous h-BN has a BET surface area of ~60.9 m2/g with mesoporous 

structure whereas for pristine material surface area is a lower value of around 21.74 

m2/g.  
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5.3.2. Morphology analysis 
 
 

Surface morphology analysis and energy dispersive X-ray (EDX) study of h-BN and 

O-BN samples before and after functionalization are illustrated in the SEM images shown 

in Figures 5.4(a) and (b) respectively. A more stacked thick structure is observed for 

pristine h-BN compared to the oxidized product. Fewer stacks and a smaller lateral 

dimension suggest that the oxidation process causes exfoliation of the material.26 The 

distribution of various elements in pristine h-BN and its functionalized products were 

identified from the EDX mapping of samples along with their corresponding SEM images. 

The elemental atomic weight percentage is also incorporated as an inset table along with 

the EDX mapping.  
 

 
     

Figure 5.4: (a) SEM image of the pristine h-BN before oxygen functionalization with EDX analysis 
showing the elemental composition, and (b) SEM image of the O-BN with EDX analysis 

 

Based on this quantitative analysis, major atomic percent by weight in samples are 

demonstrated by boron and nitrogen elements. After functionalization, small amounts of 

additional oxygen are present in the oxidized sample that could have resulted from the 

surface oxidation process.27 

The development of extended solids with multifunctional properties from 2D 

materials using a solution mixing based self-assembly process can build covalently 
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interconnected nanosheets with improved mechanical properties. The structure and 

surface morphology of the synthesized aerogels of multi-layered structures in different 

magnifications were further investigated to gain a better understanding of the critical role 

of layered BNNSs in producing such porous lightweight and low-density aerogels. The 

aerogel structure was developed from BNNSs to create a distinctive, well-organized three-

dimensional structure.  
 

 
   

Figure 5.5: (a) Low magnification SEM image of the P-BN. Inset figure higher magnification SEM 
image of the P-BN aerogel. (b) Optical photograph depicting the P-BN aerogel before pressing. (c) 
SEM image of the P-BN aerogel after pressing. (d) Optical image showing the P-BN aerogel after 

pressing 
 

The cross-linked interconnected BNNS layers are shown in the SEM images of 

Figure 5.5(a). The inset of Figure 5.5(a) represents the high-magnification SEM image of 

the aerogel and indicates the uniform network porous structure with layered 

connections.10,28 The optical image of the porous aerogel is shown in Figure 5.5(b). The 

SEM microstructure of aerogel in a pressed state after several cycles of device operation 

is shown in figure 5.5(c) with the corresponding optical image after pressing represented 

in Figure 5.5(d).   
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5.3.3. P-BN aerogel based TENG (P-TENG): device performance 
 

In this work, a novel class of high-performance triboelectric nanogenerator based 

on P-BN aerogel is demonstrated. The developed P-TENG is made up of a thin, porous 

aerogel film that acts as the negative triboelectric material and a positive EC polymer film 

that is spin-coated on the ITO-PET surface. Remarkably, the aerogel-based TENG with an 

active contact area of 4 cm2 and a 5 mm separation gap between the layers, could yield 

excellent outcomes. This shows that, incorporating a porous structure into the TENG can 

significantly improve its output performance which may be associated with the 

comparably higher surface area of the porous films can produce more output power than 

its dense films with the same mechanical force.5  

When compressing a porous structure, the increased contact area results in the 

development of more charges, and electrostatic induction also adds some additional 

charges to the pore surfaces. Moreover, higher deformation of the porous films under a 

compressive force will significantly improve the relative capacitance. Furthermore, an 

interlayer PET between the EC film and the ITO electrode in a multilayer hetero-structure 

way definitely enhance the P-TENG's capacity for charge retention. The generated charges 

will be effectively preserved by this method inhibits interfacial charge recombination on 

the electrodes. In these ways, enhanced electrical performance of the device could be 

expected.29,30 

The power generation mechanism in P-TENG is shown in Figure 5.6. When 

mechanical stress is acting on the two triboelectric materials, charge transfer between the 

material surfaces takes place.  This process generates positive charges to form on the 

surface of ethyl cellulose and negative charges on the P-BN layer surfaces. In addition to  

the surface contact between the triboelectric materials, the electrostatic effects resulting 

from the compression of pores also contribute to the produced charges. In the releasing 

stage of P-TENG, a voltage differential is established between the two copper electrodes. 

This causes electrons to move through external circuit producing an output electrical 

signal. In the subsequent cycle of applying stress on the P-TENG, the reverse flow of 

electrons in the external circuit occurs, generating an electrical signal in the opposite 

direction.30,31  
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Figure 5.6: Schematic depicting the working mechanism of P-TENG with EC film on ITO-PET (a) 
Pressed state (b) Releasing state (c) released state of saturation (d) further pressing cycle 

 

The P-TENG is markedly effective in producing improved output results with EC 

coating, whose working mechanism is briefly displayed in Figure 5.6. When a mechanical 

impulse of magnitude 10 N acts at a frequency of 5 Hz, the P-TENG generates an output 

voltage of 720 V and current density (Jsc) of 10 mA/m2, respectively (Figures 7(a) & (c)). 

In comparison with the performance of P-TENG without an EC coating on ITO-PET, the 

presently observed result is significantly better. The recorded output voltage and current 

density for P-TENG without EC coating are only 190 V and 0.875 mA/m2 respectively 

(Figure 5.7(a) & 5.7(c)).  

Additionally, the following studies were also performed to analyze the power density 

parameter of P-TENGs.  To evaluate their power density performance, the P-BN aerogel 

nanogenerator with and without EC film on ITO-PET was connected to various load 

resistors. The output voltage exhibits an increasing trend at an operating frequency of 5 

Hz for both P-TENGs with and without EC coating on ITO-PET. When the load resistance 

rises from lower 1 Ω to higher 1000 MΩ, P-TENG without EC film exhibits an observed 

maximum output power density of 0.12 W/m2 at 100 MΩ load resistance, as shown in 

Figure 5.7(b). The peak instantaneous power density of P-TENG with EC film on ITO-PET 

reaches 1.7 W/m2 at 100 MΩ load resistance, as shown in Figure 7(d).  
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Figure 5.7: (a) Output voltage of P-TENG with and without EC film on ITO-PET having an area of 4 
cm2 under a mechanical force of 10 N & 5Hz frequency. (b) Power density of P-TENG without EC on 
ITO-PET obtained as a function of different load resistance. (c) Current density generated from P-

TENG with and without EC film. (d) Power density of P-TENG with EC on ITO-PET 
 

It is worthwhile to note that the output power density of nanogenerator has been 

improved massively (14 times) with EC coating on ITO-PET, compared to the P-TENG 

without EC film. The highly tribo-positive EC coating on ITO-PET combined with P-BN 

aerogel increases the charge transfer between the material surfaces, and the charge 

storage PET interlayer effectively stores the produced charges.. This generated power is 

good enough to power numerous small-scale electrical gadgets and energy storage 

devices.  

The capacitor charging profiles of P-TENG with EC film using several capacitors 

with different capacitance values were examined to analyze the energy harvesting 

capability of the device for practical use. Figure 5.8(a) illustrates the P-TENGs capacitor 

charging performance, demonstrating that a 0.5 μF capacitor can be charged more quickly 

than other capacitors with higher capacitance values. The capacitor charging profile for a 

0.5 μF capacitor attains a voltage of 27 V within 3 minutes. To demonstrate the P-TENG's  
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practical usefulness, it was connected to electronic devices like calculator, digital 

thermometer and 15 green LEDs placed in series through a bridge rectifier. The 

mechanical stress on the P-TENG caused the LEDs to ignite instantly as shown in Figure 

8(d) also useful for powering other devices too Figure 8(b) & (c). This certifies that low 

power electronic gadgets could be easily powered using the P-TENG. These experiments 

suggest that P-BN aerogel-based TENG may be used as a cheap, sustainable and 

environmentally friendly power source. 

 

Figure 5.8: (a) Capacitor charging curve of P-TENG with EC film using different capacitors with 
capacitances 0.5 μF, 1 μF, 5 μF, and 10 μF. (b) Lighting of 15 LEDs using P-TENG with EC coating 

on ITO-PET 
 

The force-dependent output performance of the P-TENG with EC film was 

recorded by applying different biomechanical forces of varying magnitudes such as 

single-finger force, multiple-finger force, and palm pressing to portray the biomechanical 

energy harvesting capability of the P-TENG. Figures 5.9(a) and (b) display the output 

voltage and current density produced by the applied biomechanical forces respectively. 

The output voltage and current density show an increasing trend as a function of the 

magnitude of the force exerted on P-TENG. For example, palm pressing could exert 

comparably higher force than single-finger force as well as multiple-finger tapping forces, 

where the former contributes to the efficient contact between the triboactive layers 

during the operation. The voltage and current density generated by the P-TENG are 1030 

V and 12.5 mA/m2 due to palm pressing state. This result is obviously better than the 

single-finger pressing force (300 V and 2.6 mA/m2) and multiple-finger force (820 V and 

9.5mA/m2).   
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Figure 5.9: (a) Output voltage and (b) current density of P-TENG with EC film on ITO-PET under 
different biomechanical forces of single finger pressing, multiple finger pressing, and palm pressing. 

(c) Durability analysis of the P-TENG with EC coating over 15,000 cycles of operation. 
 

The durability of the energy harvesting device is a critical parameter that needs to 

be evaluated for the prepared porous energy harvestor, P-TENG. The continuous testing 

of the device with 15,000 cycles of pressing and releasing events at a frequency of 5 Hz is 

represented in Figure 5.9(c). After this many cycles, the developed voltage remains almost 

the same with only minute changes. These experimental results indicate the reliability 

and robustness of the P-TENG.32       Dimensions of the P-BN aerogel layer was shown to 

have an intuitive influence on the electrical output performance of P-TENG with EC 

coating. By changing the contact area of aerogel film, an investigation of output 

performance was conducted to study how this parameter affects the performance of the 

device. Figure 5.10(a) and (b) represent the output voltage and current density of P-TENG 

with EC film having three contact areas, 1, 4, and 9 cm2. The recorded results of output 

voltage (190 V, 720 V, 1290 V) and current density (6.4 mA/m2, 10 mA/m2, 12.1 mA/m2) 

for respective areas 1, 4 and 9 cm2 indicate considerable enhancement in its voltage and 

current performance as the contact area changes from lower to higher values at a constant 

separation gap of 5 mm. Obviously, this indicates the scalability of the P-TENG and the  
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development of more triboelectric charges in higher contact area improves the 

performance of the device.  

Finally, the output performance is also significantly influenced by another 

parameter; TENG's separation gap. To study the influence of the separation gap, output 

voltage, and current density were systematically analyzed by varying the separation gap 

from 3 mm to 7 mm, while the contact area remains constant (4 cm2). Figures 5.10(c) and 

(d)) display the output voltage and current density dependence with the TENG’s 

separation gap. The observed results for 3, 5, and 7 mm separation are 520 V, 720 V, and 

830 V output voltages while 6.5 mA/m2, 10 mA/m2, and 11.7 mA/m2 are the current 

densities, respectively.  
 

 

Figure 5.10: (a) Output voltage and (b) current density of P-TENG with EC film on ITO-PET having 
different contact areas. (c) Output voltage and (b) current density of P-TENG with EC film on ITO-

PET with varying device separation gaps. 
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5.4 Conclusions 

In conclusion, this work package accomplishes the development of a unique 

porous aerogel structure based on h-BN that serves as a tribo-active negative layer for 

mechanical energy harvesting. These aerogels were developed via oxygen 

functionalization followed by chemical cross-linking and porous structure formation. In 

this study, oxygen-functionalized h-BN was cross-linked covalently using glutaraldehyde-

resorcinol chemistry, resulting in the generation of a porous monolithic solid with 3D 

interconnected network. The as-prepared h-BN-based aerogel shows layered and porous 

structure with a comparably higher surface area than its bulk counterpart. This porous 

aerogel was employed to enhance the output of TENGs. To demonstrate the output 

performance P-TENG, highly viscous EC solution spin-coated on the surface of ITO PET as 

positive material, was paired with P-BN aerogel as a negative triboactive material. The 

assembled P- TENG exhibited an output voltage of ~720 V and a short-circuit current 

density of ~10 mA/m2 for a 2 cm x 2 cm device, under 10 N external force applied at 5 Hz 

frequency. Power density reached the highest ever value of this doctoral investigation 

(1.7 W/m2). This high power nanogenerator was employed to successfully power a 

series of commercial LEDs, which is a testimony to its suitability for future potential 

applications. Further, the developed P-TENG possesses excellent electrical output 

performance as well as superior mechanical stability even after continuous several 

thousand cycles of operations. 
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Abstract: Two dimensional hexagonal boron nitride (h-BN) is an isomorph of graphene with a 

very similar layered structure. This 2D material exhibits high mechanical strength, thermal 

stability and chemical inertness which qualify them suitable for application in the field of 

transistors, nergystorage and photoelectric devices. The insulator characteristic of hexagonal 

boron nitride delimits its applications in microelectronics. Its poor electron mobility is stemmed 

from its wide optical bandgap 5.6 eV, which can be tuned by a number of strategies such as by 

doping, substitution, functionalization and hybridization. For microelectronic applications, hBN 

can be used only if one can bring about its band gap to semiconducting ranges, where band gap 

plays a central role that governs the electron transport and light-matter interactions in 2D 

materials. Chemical modification of h-BN by functionalizing its surface with various dopants, is a 

convenient strategy to tailor the bandgap of 2D materials. In the present research, the layered 

structure of h-BN is presented as an ideal platform for band gap engineering. With this 

objective, fluorinated hexagonal boron nitride nanosheets were prepared by using simple 

chemical functionalization method in which fluorine doped into the mechanically exfoliated boron 

nitride in isopropyl alcohol (IPA). Our initial results suggest that an impressive reduction in 

bandgap occurred from 5.6 eV to below 3 eV. These experiments were repeated several times to 

test the consistency of results. Various spectroscopic and surface morphological characterizations 

were done and assessing the applicability of bandgap tuned h-BN in electronic devices are 

currently underway. 
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Abstract: Two dimensional hexagonal boron nitride (2D-hBN), one of the most promising 

inorganic nanomaterial, is isostructrural to graphene due to its very similar layered structure. 

Owing to its exotic opto-electrical properties, mechanical robustness, thermal stability and 

chemical inertness, this material has been extensively studied for application in field effect  
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transistors (FETs), tunneling devices, energy storage devices, photoelectric devices and nanofillers. 

Through properly designed functionalization, it is expected that many exotic and novel properties 

can emerge in 2D materials. 2D-hBN being an insulator with optical bandgap 5.5 eV, its band 

structure can be engineered by a number of strategies such as doping, substitution, 

functionalization and hybridization, thereby making it a truly versatile functional material. 

Electrical transport measurements done on 2D-hBN reveal that its wide band gap delimits its 

applications in microelectronics. They can be qualified to use in electronic devices, only if one can 

reduce its band gap to semiconducting range (close to those of conventional semiconductors such 

as Si, GaAs etc). Chemical modification of h-BN by functionalizing its surface with various dopants, 

provide a platform for reducing its bandgap. The present work reports that meticulously 

controlled fluorination in hexagonal boron nitride nanosheets could be achieved through a simple 

acid-mediated chemical functionalization method. In this process, fluorine is doped into the 

mechanically exfoliated BNNSs, and as a consequence, its bandgap is reduced from 5.6 eV to below 

3 eV. More importantly, the acid mediated fluorination can induce magnetism in the diamagnetic h-

BN system. As a result of this combined effect, this material can be utilized as a magnetic 

semiconductor for device level applications. 

[3] Bhavya, A. S.; Varghese, H.; Chandran, A.; Surendran, K. P. 2D-Hexagonal Boron Nitride 

Nanosheets/BoPET Assembly based Triboelectric Nanogenerator for Mechanical Energy 

Harvesting Applications, International Conference on Technologies for Smart Green Connected 

Societies (ICTSGS-1), held on November 29-30, 2021 through MS Teams online platform (Oral 

presentation) 

Abstract: Boron nitride nanosheets (BNNSs), a structural analog of graphene having a hexagonal 

planar structure with alternate Boron and Nitrogen atoms. This 2D layered material has attracted 

ever-growing research interest in the past few years, due to its superior mechanical, electrical, and 

thermal properties. All along the history of mankind, there exists an ever growing demand for clean, 

sustainable, and efficient sources of energy. Since conventional energy sources are dwindling, new 

class of energy harvesting nanogenerators (NGs) have been extensively investigated during the last 

few decades which are capable of harvesting energy from the working environment such as heat, 

light, and mechanical vibrations. Among them, triboelectric nanogenerators (TENGs) have proven 

to be a promising technology due to their high efficiency, low cost, and ease of harvesting from the 

natural environments. Search for new materials along with cutting-edge designs are going on, 

aimed to enhance the output performances of triboelectric nanogenerators (TENGs). Single layered 

2D materials are rarely being tested in TENG devices. Transparency, flexibility, and very high 

surface-to-volume are the basic characteristics of 2D materials. Along with these properties, the 

atomic layer thickness also contributes to the possibility to obtain very thin devices, even if stacking 

structures are used in the fabrication process.  
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In the present research, we have successfully fabricated a contact separation mode TENG 

using a liquid-phase exfoliated 2D material, hexagonal boron nitride (h-BN) which is employed as 

an efficient triboelectric electron acceptor material. In contact-separation mode TENGs, the 

fundamental mechanism of electricity generation depends on the contact electrification and 

electrostatic induction process occurring in the triboelectric materials which should lie far apart 

in the triboelectric series. Ultra-sonication assisted liquid-phase exfoliation method in DMF 

solvent is used for the exfoliation of bulk h-BN. Subsequently, an energy-efficient contact 

separation mode TENG (CS-TENG) prototype was fabricated using exfoliated boron nitride 

nanosheets (BNNSs). The exfoliated BNNSs were spin-coated on the surface of BoPET utilizing 

polyvinyl butyral as a binder for the thin film, where the 2D material can act as the triboelectric 

negative material, against the paper as the counter positive material with glass as rigid structural 

support for the device. In order to provide the necessary recoil during contact separation, two 

sponges were docked between the tribo-layers that maintain a separation distance of 3 mm. The 

new BNNSs based CS-TENG device, paired with ordinary paper as counter material, yielded 

excellent results. Even under moderate finger tapping, the fabricated device could generate an 

output voltage of ~200 V and a current density value of ∼0.48 mA/m2. The highest value of power 

density for the BNNSs incorporated TENG device reached 0.14 W/m2, which is much higher than 

that of the TENG device without the BNNSs. Small electronic gadgets such as LCD clocks, digital 

thermometers, and LEDs can be successfully powered using BNNSs/BoPET-paper TENG. The 

present concept of incorporating 2D materials in TENG design, opens door to new horizons of 

application to 2D materials, as an efficient booster of the output power density of TENGs. Thus, 

this method has been proven to be a promising alternative for satisfying the demands of 

distributed energy for the Internet of Things (IoTs) and sensor networks. With the further 

improvement in the output performance of h-BN incorporated TENGs, their application can be 

extended for powering small electronic gadgets for micro or nano power sources, building self-

powered systems, and also for soft/flexible electronics. 

[4] Bhavya, A. S.; Varghese, H.; Chandran, A.; Surendran, K. P. High Power Output Generation in 

PET-paper based Contact-Separation Mode TENG Using Hexagonal Boron Nitride Nanosheets as 

Triboelectric Negative Material, International Conference on Chemistry and Applications of Soft 

Materials (CASM 2022), held on July 25-27, 2022 CSIR- NIIST, Thiruvananthapuram (Poster 

presentation) 

Abstract: Incorporation of new materials through innovative designs is actively pursued in 

triboelectric nanogenerators (TENGs), with the central aim to enhance their output performance. 

Single layered 2D materials are rarely being tested in TENG devices. Transparency, flexibility, and 

very high surface-to-volume are the basic characteristics of 2D materials. Along with these 

properties, the atomic layer thickness also contributes to the possibility to obtain very thin 
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devices, even if stacking structures are used in the fabrication process 

In the present research, we have successfully fabricated a contact separation mode TENG 

using a liquid-phase exfoliated 2D material, hexagonal boron nitride (h-BN). Ultra-sonication 

assisted liquid-phase exfoliation method in DMF solvent is used for the exfoliation of bulk h-BN. 

The exfoliated BNNSs was spin-coated on the surface of BoPET using polyvinyl butyral as the 

binder for the thin film. Here the 2D material can act as the triboelectric negative material, against 

the paper as the counter positive material, and the innovative design yielded excellent results.  

Even under moderate finger tapping, the fabricated device could generate an impressive 

output voltage of ~200 V and a current density value of ∼0.48 mA/m2. The highest value of power 

density for the BNNSs incorporated TENG device reached 0.14 W/m2, which is much higher than 

that of the TENG device without the BNNSs. Small electronic gadgets such as LCD clocks, digital 

thermometers, and LEDs can be successfully powered using BNNSs/BoPET-paper TENG 

[5]   Bhavya, A. S.; Varghese, H.; Chandran, A.; Surendran, K. P. 2D Hexagonal Boron Nitride 

Nanosheets-Polycarbonate Screen Printable Ink for Flexible Triboelectric Nanogenerator 

Applications, National Conference on Advanced Materials and Manufacturing Technologies 

(AMMT 2023), held on February 23, 2023 CSIR-NIIST, Thiruvananthapuram (Poster 

presentation) 

Abstract: Boron nitride nanosheets (BNNSs), an isomorph of graphene with a very similar layered 

hexagonal planar structure. This 2D material offers extremely high mechanical strength, unique 

electronic properties, flexibility and transparency, that has attracted tremendous research 

interest worldwide. Growing demands for Boron nitride nanosheets (BNNSs), an isomorph of 

graphene with a very similar layered hexagonal planar structure. This 2D material offers 

extremely high mechanical strength, unique electronic properties, flexibility and transparency, 

that has attracted tremendous research interest worldwide. Growing demands for clean and 

sustainable sources of energy harvesting techniques brings rapid progress in the development of 

triboelectric nanogenerators (TENGs). These devices can energize small scale portable devices 

scavenging available mechanical energy and converting it into electricity. In comparison with 

traditional manufacturing methods, ink-based printing techniques can be suitably employed to 

manufacture TENGs owing to low cost, superior fabrication accuracy, highly versatile and 

satisfactory production efficiency etc. Against this background, a high-performance flexible screen 

printed TENG was developed here using 2D-hexagonal boron nitride nanosheets (BNNSs) 

composite ink, which was screen-printed on BoPET substrate as a triboelectric contact layer in 

TENG design. Remarkably, the flexible screen printed TENG fabricated using BNNSs based ink as 

tribo-negative material, paired with the printed positive polyvinyl pyrrolidone (PVP) on Mylar as 

tribo-positive material, exhibited an impressively high voltage of ~810 V and a short-circuit 

current density of ~0.77 mA/m2 respectively under an external force of ~10 N with 5 Hz 
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frequency. Our research results suggest that these devices are useful for powering handheld 

electronic devices. 
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A B S T R A C T   

In the present era of the Internet of Things (IoT) and sensor networks, clean and sustainable power sources are in 
huge demand, and triboelectric nanogenerators (TENGs) are a hot cake in green energy production. Here, we 
have developed a contact-separation mode TENG using liquid-phase exfoliated 2D-hexagonal boron nitride 
nanosheets (BNNSs) coated on biaxially-oriented polyethylene terephthalate (BoPET) and paper as counter 
triboelectric materials, which showed an impressive 70 times higher power output than simple BoPET-paper 
TENG assembly. Even under a moderate finger tapping force (~3 N), the developed BNNSs/BoPET-paper 
TENG device could generate an open circuit output voltage of ~200 V and a short circuit current density of 
~0.48 mA/m2. While under load testing, the peak value of electric power density for the BNNSs/BoPET-paper 
TENG device reached ~0.14 W/m2 at 200 MΩ resistive load. The incorporation of BNNSs has significantly 
enhanced the electron-accepting capabilities of the BoPET film which is evident from the enhanced dielectric 
permittivity of the BNNSs/BoPET assembly, and thus resulted in the enhanced electrical output of TENG. 
Additionally, the fabricated BNNSs-TENG was successfully demonstrated for powering electronic gadgets such as 
LCD clock, digital thermometer, and LEDs through cyclic finger tapping force.   

1. Introduction 

Smart cities of future demand power generation from multiple sus
tainable sources which can efficiently power up various energy- 
autonomous Internet of Things (IoT) based sensors. Within the past 
decade, intense research has been done in this domain to develop sus
tainable techniques that can harness mechanical motion into useful 
electrical energy [1]. Triboelectric nanogenerator (TENG) is suggested 
as the most promising among green energy harvesters, since it can 
directly convert ambient mechanical energy into electricity, without 
leaving any carbon footprint. Physical movements [2], mechanical vi
brations [3], water waves [4], and wind power are the various forms of 
mechanical energy sources [5]. TENGs can harvest electrical energy 
from these abundant mechanical energy sources where the energy 
generation is based on the combined effect of two phenomena; tribo
electric effect and electrostatic induction [6]. In a typical triboelectric 
nanogenerator operating in contact separation mode, the flow of 

electrons is triggered when two dissimilar surfaces touch each other and 
then separates. To improve its efficiency, several strategies have been 
adopted such as the optimal selection of triboelectric materials and their 
combinations [7], surface modification of the materials by utilizing 
doping with nanoparticles or chemical treatments [8], designing novel 
device configurations [9], and also the method of polarization or corona 
charging which can inject charge into the triboelectric materials [10]. 
The power requirement for the working of small electronic devices like 
sensors, actuators, and wireless transmitters requires a micro- to 
milli-Watt power range[11]. Making use of batteries for this purpose has 
to address challenges such as limited life span, recycling, and other 
environmental-related issues [12]. 

2D layered materials, due to their rich spectrum of properties and 
atomic level thickness, offer an ocean of properties like transparency, 
flexibility, and together with bandgap engineering, it opens up new 
horizons of applications in wearable electronics, photonics, and 
healthcare sector [13–15]. 2D layered materials are attractive 

* Corresponding authors at: Materials Science and Technology Division, CSIR, National Institute for Interdisciplinary Science and Technology (CSIR-NIIST), In
dustrial Estate P.O., Thiruvananthapuram 695019, India. 

E-mail addresses: achuchandran@niist.res.in (A. Chandran), kpsurendran@niist.res.in (K.P. Surendran).  

Contents lists available at ScienceDirect 

Nano Energy 

journal homepage: www.elsevier.com/locate/nanoen 

https://doi.org/10.1016/j.nanoen.2021.106628 
Received 17 August 2021; Received in revised form 12 October 2021; Accepted 12 October 2021   

mailto:achuchandran@niist.res.in
mailto:kpsurendran@niist.res.in
www.sciencedirect.com/science/journal/22112855
https://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2021.106628
https://doi.org/10.1016/j.nanoen.2021.106628
https://doi.org/10.1016/j.nanoen.2021.106628
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2021.106628&domain=pdf


Nano Energy 90 (2021) 106628

2

candidates for TENGs since they have a high transverse area with the 
maximum amount of surface atoms, which qualify them suitable for 
applications in the fields of wearable and body insertable electronic 
devices [16]. However, the triboelectrification mechanism of 2D mate
rials is not profoundly understood. In 2014, Kim et al. reported the first 
graphene-based transparent, flexible TENG in which large-scale gra
phene was grown through CVD layer-by-layer transfer technique on 
copper and nickel foils [17]. Recently, Seol et al. revealed the tribo
electric charging behaviour of a series of 2D materials, including tran
sition metal dichalcogenides (TMDCs). They exfoliated 2D materials 
chemically from their bulk flake in the liquid medium which was sub
sequently used for the fabrication of various materials combinations in 
TENGs. Finally, a modified triboelectric series was developed after 
including these 2D materials, by systematically analysing the output 
signals from various TENGs combinations [13]. Later, Dong et al. re
ported MXene based high-performance TENG capable of generating 
power from simple muscle movements [18]. 

Hexagonal boron nitride (h-BN), a popular 2D material isostructural 
to graphene, has individual layers made up of covalently bonded boron 
and nitrogen atoms held together by weak van der Waals force of 
attraction [19]. For microelectronic applications, 2D h-BN can be well 
integrated with other materials, such as graphene, transition metal 
dichalcogenides, and various polymers. Its exotic optoelectrical prop
erties combined with high mechanical robustness, thermal stability, and 
chemical inertness qualify them as suitable materials for future elec
tronic device applications [20,21]. In short, the research on 
single-layered materials for TENG energy harvesting is still in its rudi
mentary stage, with the need for improved fabrication techniques and a 
better understanding of electrostatic phenomenon happening in 2D 
materials during triboelectrification. 

Against this background, we developed a boron nitride nanosheets 
based TENG in which the mechanically exfoliated BNNSs in a liquid 
medium of comparable surface energy, which was spin-coated onto 
BoPET substrate, after adding polyvinyl butyral (Butvar) as a binder. 

Fig. 1. (a) and (b) Schematic illustration of the exfoliation process and preparation of thin-film BNNSs on BoPET substrate through various process steps. (c) 3D 
model of the BNNSs/BoPET-paper TENG rendered using blender software. (d) Photograph of actual device. 

A.S. Bhavya et al.                                                                                                                                                                                                                              



Nano Energy 90 (2021) 106628

3

This BNNSs/BoPET assembly was used as a negative triboelectric ma
terial paired with paper as the counter positive material for the fabri
cated TENG. In this device combination, the copper foil was used as 
electrodes, which are supported on the glass substrate. The fabricated 
BNNSs/BoPET-paper TENG device showed impressive electrical output 
performance with an open circuit voltage of ~200 V, a current density of 
~0.48 mA/m2, and a peak power of 0.14 W/m2, which is ~70 times 
higher than simple BoPET-paper TENG. 

Improving the output performance of the TENG is desirable for its 
real-world applications. Suitable material combinations and optimized 
conditions are vital elements for the output performance and the me
chanical stability of the fabricated device. Here, we obtained a 
tremendous power enhancement in the triboelectric output performance 
of a BoPET-paper TENG by introducing 2D hexagonal boron nitride (h- 
BN) material into the negative friction layer. Our research revealed that 
the introduction of 2D h-BN not only enhanced the output of the 
triboelectric device massively but also supplemented the flexibility, 
lightness, and superior mechanical strength, which qualifies this mate
rial as a suitable candidate in wearable, flexible energy harvesting and 
storage devices. 

2. Experimental 

2.1. Materials 

Boron nitride powder (98% purity, 1 µm size) was used as the 
starting material (Sigma Aldrich, USA). Dimethylformamide (DMF) was 
used as the solvent for exfoliation while polyvinyl butyral (Butvar-B-98) 
was used as a binder for spin coating (Sigma Aldrich, USA). All chem
icals were used as received, without any further purification. The sub
strate used here is the commercially available biaxially oriented 
polyethylene terephthalate (BoPET, Mylar®) and a double side con
ducting copper foil tape (3 M Co.) was used as electrodes. Glass slides of 
proper dimension act as mechanical support for the device. 

2.2. Exfoliation of bulk h-BN to 2D h-BNNSs 

For the liquid phase exfoliation process, bulk hexagonal boron 
nitride powder of about 1 g was added to 100 ml of DMF solvent con
tained in a 250 ml beaker, and the resulting solution was subjected to a 
temperature-controlled ultrasonication process for 48 h at a controlled 
temperature of 50 ℃, with the aid of low power bath sonicator. The 
unexfoliated layers were allowed to settle, by keeping the solution un
disturbed overnight. The supernatant solution containing the exfoliated 
nanosheets was separated by centrifugation at 10,000 rpm for 10 min 
and the top 20 ml solution of the exfoliated nanosheets was collected. 
The exfoliation process is pictorially represented in figure1 (a) as step 2. 
The exfoliated BNNSs solution in DMF was mixed with 0.1 g polyvinyl 
butyral as a binder for making good dispersion. Then this was again 
sonicated for 3 h using an ultrasonic bath for making a well-dispersed 
solution of BNNSs. The resultant milky white-colored dispersion of 
exfoliated nanosheets was used for thin-film fabrication (which is 
depicted as step 3 in Fig. 1(a)). 

2.3. Preparation of thin-film BNNSs 

A well-dispersed solution of exfoliated BNNSs in DMF was then cast 
as thin films using the spin coating technique. The spin coating (using 
SpinNXG-P1, Apex Instruments, India) was done on BoPET substrate in 
tailor-made dimensions (2.5 cm × 2.5 cm). The rotation speed was set 
at 100 rpm, which was optimized to have a thickness < 25 µm, where 
better adhesion to the substrate was provided by the binder. The spin 
coating process continued for 10 min at 100 rpm speed, forming a uni
form film of BNNSs dispersion on the BoPET substrate. Finally, the films 
were dried in an oven at a set temperature of 80 ◦C for 12 h for complete 
solvent evaporation. The thin-film formulation process is pictorially 

represented as step 4 in Fig. 1(b). 

2.4. Fabrication of TENG device 

The BNNSs based TENG fabrication process is in the following 
manner. Initially, two glass slides of 5 cm × 2.5 cm dimension, as sup
porting substrates, were chosen. In practical scenarios, the uniform 
distribution of force throughout the contact surface could not be guar
anteed. This would hinder the TENG to perform in its peak efficiency, 
thus providing rigid support such as glass which allows the force to be 
evenly distributed throughout the material surface ((fig. S1, Supporting 
Information). The open-circuit voltage (Voc) value of the flexible TENG 
is 150 V, and the short-circuit current density (Jsc) of (0.2 mA/m2). The 
voltage and current density values show that the observed output is 
comparably lower than the TENG device with glass support). In all de
vices, double side conductive copper foils (3 M) were pasted over glass 
support as electrodes, using adhesive tapes. The active area of the copper 
electrode is set to be 6.25 cm2 (2.5 cm × 2.5 cm). On top of the adhesive 
side of the first copper electrode, BoPET which is having the BNNSs thin 
films was placed. Thereafter, for the second glass slide with copper, a 
piece of paper with proper dimension (2.5 cm × 2.5 cm) was pasted as 
the counter triboelectric material. Subsequently, two sponges were 
docked between the substrates in the vacant spaces to maintain a sep
aration distance of 3 mm in between the tribo-layers and to provide the 
recoiling force. The overall structure of the fabricated TENG is sche
matically represented in Fig. 1(c). Finally, two copper leads were 
attached to the electrodes for the ease of connecting them to the 
measuring instruments. The photograph of the final BNNSs/BoPET- 
paper TENG is also depicted in Fig. 1(d). 

2.5. Characterization methods 

Atomic force microscopy in tapping mode (AFM, Multimode, Bruker, 
Germany) was used to investigate the morphology and related infor
mation regarding the layered structure of the exfoliated BNNSs sample. 
The sample preparation was done by drop-casting the diluted sample 
solution of BNNSs on a thin mica sheet. In addition, the surface rough
ness of the thin film structure on the BoPET substrate was also analysed 
by this technique. The translucent, but layered structure of the nano
sheets was further confirmed using high-resolution transmission elec
tron microscopy (HRTEM) (FEI Tecnai G2 30S-TWIN, FEI Co., Hillsboro, 
OR, USA), by drop-casting the diluted BNNSs sample solution sonicated 
in a suitable solvent onto a copper carbon-coated grid. The phase purity 
of the BNNSs was analysed by XRD (Cu Kα radiation, PANalytical X′Pert 
PRO diffractometer, the Netherlands). Raman spectra of the exfoliated 
nanosheets and the material without exfoliation were examined using 
RAM HR Evolution Raman Spectrometer equipped with 532 nm DPSS 
laser (Horiba Scientific Lab, Tokyo, Japan). The surface morphological 
analysis and thickness of the prepared BNNSs thin film were carried out 
using scanning electron microscopy (Zeiss EVO 50, Oberkochen, Ger
many). The optical micrographic images of the sample were analysed 
using a polarizing optical microscope (Leica DM2700P, Germany) fitted 
with a charge-coupled device (CCD) camera. To study the characteristic 
bonds in BNNSs and to compare the chemical structure with and without 
the incorporation of 2D materials onto the substrate, the Fourier trans
form infrared (FTIR) analysis of the samples was carried out, using 
Nicolet Magna 560 FTIR (Thermo Scientific, Massachusetts, USA). The 
dielectric spectroscopic studies of the thin film structure BNNSs were 
performed using the impedance analyser (Solartron Impedance/Gain- 
Phase Analyser 1260 A, USA). The electrical output characteristics of 
TENG devices are recorded using a source measuring unit (Keithley 
2450) and a current preamplifier (SR570, Stanford Research) integrated 
with a digital phosphor oscilloscope (Tektronix DPO2004B, USA). By 
moderate finger tapping, a cyclic mechanical force (~3 N) was applied 
to the device systematically and the generated electrical output of the 
TENG device was recorded. The load-dependent power density and 
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capacitor charging profiles of the TENG were obtained with the help of 
different values of resistors and capacitors. To assess the versatility, the 
output performance of the TENG device was tested at various biome
chanical forces like single finger tapping, simultaneous multiple finger 
tapping, and palm tapping, which all differ in the magnitude of force 
exertion. Further, the same TENG was tested under various frequencies 
of the applied load and also up to 10000 continuous operation cycles, to 
assess its durability. 

3. Results and discussions 

3.1. Structural and surface morphological characteristics of exfoliated 
BNNSs 

Ultrasonication-assisted solvent exfoliation is one of the simplest and 
efficient ways for the exfoliation of layered materials, wherein the sol
vent should possess surface energy compared to the energy per unit area 
of the layered material. Here DMF was proved to be ideal to exfoliate the 
bulk material effectively, which was confirmed with the help of the 
following techniques. 

Atomic force microscopy is traditionally used for collecting surface 
information as well as the lateral size (edge-to-edge) and thickness of 

Fig. 2. (a) and (b) 2D AFM images of the exfoliated BNNSs in the tapping mode. Inset to (b) height profile of the exfoliated nanosheets. (c) and (d) TEM images of 
exfoliated BNNSs with a well-separated layered structure. (e) FFT pattern provides the typical six-fold symmetry and hexagonal view of the BNNSs. 

Fig. 3. (a) XRD pattern of bulk h-BN and BNNSs. (b) Raman spectra of bulk h-BN and BNNSs.  
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layered materials. The AFM images in the tapping mode (see Fig. (2(a) 
and (b)) confirm the exfoliation of hexagonal boron nitride which were 
recorded after drop-casting them onto a clean mica sheet. The height 
profile in the inset of Fig. 2(b) shows that the typical lateral size of the 
nanosheet is around 130 nm which indicates the reduction of the lateral 
dimension of the exfoliated material compared to its bulk counterpart of 
1 µm size common in the liquid phase exfoliation process[22]. The 
height from the same holder substrate (mica) to the exfoliated layer 
provides the sheet thickness value, which is of the order of 1.05 nm. This 
value is in agreement with the reported values of 0.85 nm for one or two 

layers. These results indicate that effective delamination of the bulk 
material down to one or two layers, which is an indirect testimony to the 
efficiency of the exfoliation method used[23,24]. 

Fig. 2(c) and (d) show the TEM images of the exfoliated BNNSs. The 
continuous solvent-assisted ultrasonication gives rise to continuous 
dense and sparse waves, forming an enormous number of microbubbles 
that implode violently, thereby creating high-speed liquid jets with high 
pressure and temperature [25]. These instantaneous high-pressure 
fronts of cavitation render constant but high pressure on bulk boron 
nitride, forcing them to slide apart, after releasing an enormous amount 

Fig. 4. (a) FTIR spectra of uncoated BoPET film and spin-coated BoPET film with BNNSs. (b) Atomic force micrographic 3D image of BNNSs/BoPET thin- 
film structure. 

Fig. 5. (a) Magnified cross-sectional SEM micrograph showing the thickness of the BNNSs thin film on BoPET substrate. (b) Photographic image of the flexible 
exfoliated BNNSs spin-coated on the surface of BoPET substrate. (c) The profilometric thickness of BoPET and BNNSs/BoPET films. (d) Dielectric dispersion spectrum 
of BoPET and BNNSs/BoPET. 
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of energy to overcome the interlayer van der Waals force [26,27]. The 
right choice of solvent supplements this process by providing the 
necessary shear force to delaminate the individual h-BN layers. The so 
derived exfoliated sheets have lateral dimensions in the nanometer 
range, compared to the bulk material (~1 µm), indicating a reduction in 
size [28]. The seemingly translucent nature of the sheets in the present 
research indicates that the exfoliated sheets are thin and well-separated. 
The typical six-fold symmetry or honeycomb-like hexagonal planar 
structure is revealed from the fast Fourier transformation (FFT) pattern, 
which is included as Fig. 2(e). Further, the TEM micrographs indicate 
that there is no damage to the sheets during the synthesis and the formed 
thin sheets are well crystallized in nature without any defects or dislo
cations [29]. 

The crystal phase structure of the as-prepared BNNSs sample and its 
delamination from h-BN can be identified by analyzing the powder X-ray 
diffraction (XRD) patterns. From Fig. 3(a), it is evident that BNNSs are 
completely phase-pure which is indexed based on JCPDS file card no 
(00–034–0421), belonging to P63/mmc space group. The observed 
diffraction peaks correspond to (002), (100), (101), (102), (004), (110), 
and (112) are the crystallographic planes of the hexagonal phase of BN. 
The efficient exfoliation of bulk h-BN is confirmed from the increased 
intensity of the XRD peak for the crystal plane (002) in BNNSs. The 
increased intensity value suggests that the more exposed nature of the 
(002) crystal planes of BNNSs and the exfoliation takes place along this 
plane without any crystalline structure destruction[30]. Fig. 3(b) illus
trates Raman spectra of the BNNSs along with their bulk counterpart. 
The observed Raman peak of BNNSs occurs at 1368 cm− 1, which is due 
to the E2 g phonon mode. After exfoliation, the E2 g phonon mode is 
slightly blue-shifted compared to the bulk h-BN, even though this shift is 
within the experimental error limit. The blue-shift can be explained by 
phonons softening phenomena by the interlayer interactions. This 
interaction between layers causes the elongation of B–N bonds in bulk 
h-BN[31,32]. 

3.2. Properties of Thin Film BNNSs on BoPET Substrate 

The presence of BNNSs in the thin film structure of BNNSs/BoPET 
was examined by FTIR spectra (see Fig. 4(a)). Two core peaks of the 
material h-BN were identified at 786 cm− 1 and 1342 cm− 1, which are 
associated with the broad B–N–B out-of-plane bending vibrations as well 
as in-plane B–N stretching vibrations respectively[33,34]. The peak 
observed at 1730 cm− 1 can be attributed to the presence of C––O 
stretching of the ester groups present in the polymer BoPET. The peak 
centered at 1409 cm− 1 is attributed to the presence of an aromatic ring 
in the polymeric structure. Characteristic peak around 1235.6 cm− 1 due 
to the aliphatic C-H bending vibrations. The band observed at 
1143 cm− 1 attributed to the stretching vibrations of C-O and C-H skel
etons. The characteristic peak centered at 730 cm− 1 can be assigned to 
the out-of-plane C-H bending vibration of the polymer BoPET. Some of 
these characteristic peaks of the polymer BoPET are also observable in 
the BNNSs incorporated polymer film with the characteristic peaks of 
h-BN[35,36]. A typical AFM micrograph of the thin film, after spin 
coating on the surface of BoPET, is depicted in Fig. 4(b). A more 
apparent microstructure of the developed thin film on the substrate 
surface is clear from the three-dimensional AFM images. The average 
surface roughness (Ra) of the spin-coated BNNSs layer is about 7.9 nm 
and the root mean square roughness (Rq) value is nearly 10.2 nm which 
represents the standard deviation in surface heights. The extent of sur
face height variations can be available from these parameter values. 
Skewness indicates the measure of surface asymmetry or variation of the 
sample surface. For ideal planar surfaces, the skewness value should be 
zero. The lower positive value for skewness (0.55) indicates the 
smoothness of the thin film on the substrate. The kurtosis of the 
topography height distribution is the distribution of spikes from the 
mean position, where a normal distribution planar surface is having a 
kurtosis value of 3 nm. The spin-coated thin film on the BoPET substrate 

has a kurtosis value of 3.88 nm hence its surface is leptokurtoic[37,38]. 
The representative magnified cross-sectional SEM image of the 

BNNSs thin-film on BoPET substrate is given in Fig. 5(a). Characteristics 
like morphology, thickness, film packing, etc. of the thin-film structure 
viewed in the sectional image, reveal the quality of films. The flexibility 
of the spin-coated film could be seen in Fig. 5(b). Moreover, the optical 
micrographs of the BNNSs film (figure S2, Supporting Information) 
represent a uniform distribution over the substrate. To understand the 
surface morphology of these films further the representative SEM images 
of the BNNSs thin-film on BoPET are shown in (figure S3, Supporting 
Information). The thin-film structure of BNNSs spin-coated on the sur
face of BoPET supports the claim that the surface of thin-film is fairly 
uniform, and the presence of macropores is not observed. But on a closer 
look, some minor pores are visible, which is expected in the first place as 
a consequence of the solvent evaporation, and secondly, no post- 
printing sintering procedures were employed in the present protocol. 
From this observation, we can conclude that the presently adopted 
strategy is adequate to develop films with minimal aggregation of par
ticles, discontinuity, and cracks when coated on BoPET substrate[39]. 
Further, the SEM surface morphology confirms the homogeneous dis
tribution of polymer blends. Normally, hexagonal boron nitride needs 
functionalization to improve its interfacial adhesion. However, we used 
a simple sonication-assisted mixing of BNNSs directly, which provides 
better blending with polymer[40]. From the cross-sectional SEM images, 
the film’s thickness is estimated to be approximately 20 µm. The 
thickness of the thin film was further measured by the profilometric 
technique (included in Fig. 5(c)). From surface profiling, the thickness of 
BoPET is nearly 106 µm and 125 µm for BNNSs spin-coated on the sur
face of BoPET. This difference in thickness value is nearly identical to the 
thickness obtained from cross-sectional SEM micrographs. The 
frequency-dependent dielectric variation of the thin film triboelectric 
friction material BNNSs/BoPET and BoPET only in the range of fre
quency 102–106 Hz is shown in Fig. 5(d). The incorporation of BNNSs 
results in a distinct dielectric permittivity increase of the normal BoPET 
substrate. The dielectric permittivity reaches 2.7 at 103 Hz for 
BNNSs/BoPET, whereas this parameter is nearly 2.4 only for the pure 
BoPET film. The dielectric properties of the triboelectric friction mate
rials are closely related to the electric output performance of a TENG. 
The enhancement in the value of dielectric permittivity can also improve 
the charge trapping capability of the system[41], which further de
creases the surface charge dissipation rate and also creates a visible 
enhancement in the surface charge density of the BNNSs/BoPET. The 
cumulative effect of these phenomena is expected to result in better 
electrical output performance of the TENG[42]. 

3.3. Properties of BNNSs/BoPET Triboelectric Nanogenerator 

A vertical contact-separation mode TENG (CS-TENG) [43] arrange
ment with BNNSs/BoPET assembly, with paper as counter contact 
electrification material, was employed in the present research. The 
popularity of CS-TENG is due to its simple structural design, high 
instantaneous power density, and great device robustness compared 
with the other three fundamental working modes of the TENG [44]. This 
configuration is widely used to convert mechanical energy from finger 
typing [45], human walking [46], engine vibration [47], and also in 
biomedical systems [48]. As hinted before, spin-coating and subsequent 
heat treatment were employed for the BNNSs film development, which 
yielded thin and uniform BNNSs layers on the surface of BoPET, suitable 
for the fabrication of the TENG device. To assess the role of BNNSs on the 
output performance of the nanogenerator, a TENG device with bare 
BoPET was also fabricated with paper as the counter material. Both the 
devices bear the same positive contact layer (paper), and the detailed 
fabrication procedure is already given in the experimental section. The 
bottom stacked layer of BNNSs/BoPET in the friction layer acts as the 
negative friction material that can capture electrons from the top friction 
layer during the process of triboelectrification [7,49]. 
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In contact-separation mode, the fundamental mechanism of elec
tricity generation depends on the contact electrification and electro
static induction process occurring in the triboelectric materials which 
should lie far apart in the triboelectric series [50]. Under an external 
force, physical contact is initiated between the two materials, having 
different electron affinity values, thereby generating opposite charges 
on surfaces, as schematically represented in Fig. 6. Once the contact is 
lost by releasing the external force, the generated triboelectric charges 
are separated, which induces charges on the electrodes. These free 
electrons will flow from one electrode to the other to maintain the 
electrostatic charge balance. As a result, an electrical potential 

difference is created between the two planar electrodes placed on the top 
and bottom sides. On subsequent contact pressing, the electrostatic 
potential difference generated by the triboelectric charges diminishes, 
and the induced electrons will pump back [43,51]. The entire working 
mechanism is schematically represented in Fig. 6. Therefore, continuous 
pressing and releasing of the triboelectrically active structures drive the 
electrons to flow through the external circuit periodically [42]. In the 
present BNNSs incorporated TENG, the external force was provided by a 
moderate finger tapping (~3 N). The BNNSs/BoPET layer acts as an 
electron acceptor because the embedded BNNSs having the ability to 
trap electrons and behave as more triboelectrically negative similar to 

Fig. 6. Working mechanism of BNNSs/BoPET-paper TENG.  

Fig. 7. (a) and (b) Open-circuit voltage & short-circuit current density generated from the BoPET-paper & BNNSs/BoPET-paper TENG respectively under single 
finger tapping force of ~3 N. (c) and (d) Output power density of the BoPET-paper TENG & BNNSs/BoPET-paper TENG under resistive load testing. 

A.S. Bhavya et al.                                                                                                                                                                                                                              



Nano Energy 90 (2021) 106628

8

other 2D materials [7]. 
The observed open-circuit voltage and current density of the fabri

cated TENG device with and without BNNSs are shown in Fig. 7(a) and 
(b) respectively. The open-circuit voltage (Voc) of the BoPET against 
paper TENG (without BNNSs film) is about 36 V (figure S5, Supporting 
Information), whereas the open-circuit voltage value of the TENG with 
BNNSs film is as high as 200 V. Furthermore, it is seen from Fig. 7(b) 
that, the short-circuit current density (Jsc) of the TENG with BNNSs 
(0.48 mA/m2) is comparably higher than that of the TENG without 
BNNSs (0.016 mA/m2) (figure S5, Supporting Information). The output 
performance of the fabricated TENG devices was analysed under resis
tive loads ranging from 1 Ω to 1 G Ω. These experiments were carried 
out under ambient environmental conditions of relative humidity 
~50%, and temperature ~ 27 ◦C. 

As depicted in Fig. 7(c) and (d), the value of output voltage increases 
to 200 V with loading for BNNSs incorporated TENG as compared to the 
36 V increment in TENG without BNNSs with the increase in load 
resistance. In addition, the electric power density (Pd) generated by the 
TENG can be calculated using the equation, 

Pd = V2/R∙A (1)  

where V is the voltage and R is the load resistance and A is the area of 
contact. From Fig. 7(c) and (d), it can be seen that the observed output 
power density initially increases to a sufficiently high value as resistance 
increases, and then it decreases as the resistance become too high. As per 
Eq. (1), the specific resistance at which maximum output power is 
delivered to the load is governed by the ‘matching resistance’ or 

‘impedance matching’ phenomenon[52]. Here both the fabricated de
vices show impedance matching around a resistance value of ~200 MΩ. 
BoPET-paper TENG and BNNSs/BoPET-paper TENG devices exhibit a 
peak power density of 0.002 and 0.14 W/m2 respectively, which shows 
a whopping 70 times power enhancement for the TENG, after the 
incorporation of an exfoliated BNNSs material. 

To analyse the force-dependent output performance of the fabricated 
CS-TENG, different kinds of biomechanical forces such as single finger 
tapping (1.5–2 N), simultaneous tapping with multiple fingers (four, 
usually) (7–9 N), and tapping using palm (18–20 N), were carried out on 
the device and the corresponding current density and voltage generated 
were systematically analysed, as shown in Fig. 8(a) and (b). It should be 
noted that the average force exerted during single finger tapping is 
slightly inferior to moderate finger tapping (~3 N). The current density 
and voltage generated by the BNNSs /BoPET-paper TENG under various 
biomechanical forces mentioned above show that the palm tapping can 
generate an appreciable current density of ~1.0 mA/m2 which is much 
higher than the other motions like single finger tapping (~0.25 mA/m2) 
and simultaneous multiple finger tapping (~0.7 mA/m2). The voltage 
curves under various forces (measured by using a voltage divider) follow 
the same trend as the current density curve, with a maximum value of 
voltage for palm tapping, which proportionately decreases with 
decreasing biomechanical force. Frequency-dependent current density is 
also depicted in Fig. 8(c), wherein the device was tested at 1.5 Hz, 
2.0 Hz, 2.5 Hz, and 3.5 Hz. The BNNSs/BoPET-paper TENG shows 
almost the same output in the lower frequency ranges and as the fre
quency increases the output starts to decrease. The frequency de
pendency analysis showed that the BNNSs/BoPET-paper TENG is very 

Fig. 8. (a) and (b) Short-circuit current density and open-circuit voltage generated from BNNSs/BoPET-paper TENG under various biomechanical forces such as 
single finger tapping, tapping with multiple fingers simultaneously, and tapping using palm. (c) Frequency dependence of generated current signals from the TENG 
device. (d) Durability test of the device BNNSs/BoPET-paper TENG over 10000 cycles. 
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suitable for scavenging low-frequency biomechanical motions. Simi
larly, the apparent degradation of output power for long-term practical 
application was carried out with the help of an in-house developed force 
impactor that can deliver a constant force of 3 N per impact. Here, 
BNNSs/BoPET-paper TENG was evaluated up to 10000 cycles. This 
investigation showed that the short circuit current density of (~0.5 mA/ 
m2) has no considerable fluctuations even after the 10000 press-release 
cycles, indirectly certifies the practical stability of the present design of 
BNNSs /BoPET-paper TENG[53]. 

As seen before, the BNNSs based TENG generates electricity in 
alternating currents. However, most small-scale electronic gadgets 
require a DC power supply rather than an AC source which would make 
the devices dysfunctional [54]. Hence the generated signals of the pre
pared BNNSs/BoPET-paper TENG were rectified by introducing a 
full-wave bridge rectifier circuit (see Fig. 9(a)). These rectified output 
signals during the pressing and releasing motion of the TENG can charge 
a capacitor [49]. Fig. 9(b) shows the capacitor charging behaviour of 
BNNSs/BoPET-paper TENG, examined using different capacitors values 
(0.47, 1.0, and 10.0 μF) for charging. The saturation voltage of 0.47 μF 
capacitor could reach up to 12 V within a couple of minutes. As ex
pected, the saturation voltage decreases with the increase in the 
capacitance values. The inset of Fig. 9(b) shows the enlarged view of the 
capacitor charging process, which portrays the voltage increase during 
the pressing and releasing of the capacitor by the TENG. The utilization 
of electrical energy from BNNSs/BoPET-paper TENG could be used to 
power small electronic devices attached parallel to the capacitor, as 
shown in photographic images 9(c) and (d). Accordingly, with the help 
of a suitable rectifier circuit, the BNNSs based TENG was able to power 
an LCD clock, a digital thermometer, and LEDs (see fig. S4 and supple
mentary videos 1 and 2 given in Supporting Information). 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nanoen.2021.106628. 

4. Conclusions 

Cost-effectiveness, lightweight, and sustainability are the vital ele
ments for the materials chosen as power sources for small electronics. In 
this work, we have successfully demonstrated that the liquid-phase 
exfoliated BNNSs can act as efficient triboelectric electron acceptors in 
the lab-scale demonstration of a TENG device. Sonication-assisted 
liquid-phase exfoliation method in a suitable solvent is used for the 
exfoliation. Subsequently, an energy-efficient CS-TENG prototype was 
fabricated using exfoliated BNNSs, employing a sponge to provide the 
recoiling force between electrode pairs and glass as a structural support 
that allows the force to be evenly distributed throughout the material 
surface. For the film development, polyvinyl butyral was used as a 
binder while BoPET was used as the substrate. The new BNNSs based CS- 
TENG device, paired with ordinary paper as counter material, yielded 
excellent results. Even under moderate finger tapping, the TENG could 
generate an output voltage of ~200 V and a current density of 
~0.48 mA/m2. The peak value of power density for the BNNSs incor
porated TENG device reached 0.14 W/m2, which is 70 times higher than 
that of the TENG device without the BNNSs. Small electronic gadgets 
such as LCD clocks, digital thermometers, and LEDs were successfully 
demonstrated to power using the newly designed BNNSs/BoPET-paper 
TENG. Further, the versatility and durability of the TENG was tested 
under various frequencies of the applied load and also up to 10000 
continuous operation cycles. In this way, the present protocol of har
vesting mechanical energy using exfoliated BNNSs incorporated BoPET- 
paper TENG is proven to be advantageous, due to its simplicity in 
fabrication and efficiency to power energy-autonomous electronic sys
tems and portable low-power devices. 
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ABSTRACT: In the modern world, the rapid depletion of
conventional energy sources demands urgent exploration of
materials and methods for clean, efficient, and sustainable energy
production. As a mechanical energy harvester, triboelectric
nanogenerators (TENGs) have been investigated extensively in
recent years due to their high power output, superior energy
conversion efficiency, low cost, and ease of manufacturing. Herein,
a high-performance flexible TENG is developed based on 2D-
hexagonal boron nitride nanosheet (BNNS) ink printed on Mylar
substrates as a triboelectric contact layer. The thixotropy of the
BNNS dispersion was controlled by polycarbonate (PC) and other
suitable organic additives. Further, the formulation was modified
into a versatile ink (BN-PC ink) suited for screen printing. Remarkably, the flexible screen-printed TENG (FS-TENG) fabricated
using BN-PC ink as a tribonegative material, paired with the printed polyvinylpyrrolidone (PVP) on Mylar as a tribopositive
material, demonstrated a very high voltage of ∼800 V and a short-circuit current density of ∼0.78 mA/m2, respectively, under an
actuating force of ∼10 N with 5 Hz frequency. The FS-TENG has shown an impressive power density of ∼1.36 W m−2 at 200 MΩ
resistive load, which is ∼7 times higher than that of the TENG without BNNSs. Further, the fabricated FS-TENG device is
demonstrated for powering electronic gadgets such as digital thermometers, calculators, and light-emitting diodes (LEDs) with a
mere finger-tapping force of ∼5 N.
KEYWORDS: flexible triboelectric nanogenerator, functional ink, hexagonal boron nitride, printed nanogenerator, polycarbonate

■ INTRODUCTION
The future of mankind is going to be anchored on innovations
like the Internet of Things which is a critical concept in
creating an elite class of autonomous and mobile gadgets that
need to operate for a longer duration without any battery
changes.1,2 For this to happen, imperative efforts have to be
made to harvest energy from ambient green resources for
powering a multitude of portable devices. That is, energy
harvesting is a key element in IoT-enabled systems that bring
intelligence to the edge. Vibrational energy-harvesting
techniques including triboelectric nanogenerators (TENGs)
can harness energy from human motions such as dancing,
walking, computer key tapping, and so forth to drive portable
sensors, mobile gadgets, or even high-voltage applications.3 As
long as there is friction between triboelectrically different
materials by any means, there exists a finite amount of power
that can be trapped using TENG by virtue of contact
electrification and electrostatic induction.4 An intuitive
approach to enhance the process of triboelectrification is the
improvement of contact charges developed between the

surfaces of triboelectrically dissimilar materials, where it can
be done by several means.5 To improve the output
performance of TENG, either the choice of materials should
lie far from each other in a triboelectric series or the
modification of the active surface layer to increase the contact
area, which may eventually improve the surface charge density.
In addition, the contact electrification property of the
triboelectric materials is strongly influenced by the charge-
trapping capability of the contact materials. It is seen that the
incorporation of nanomaterials with lamellar structure
enhances the charge-trapping ability of frictional layers.6

Nowadays, developing cost-effective and scalable TENGs is
getting priority. Modern printing technology promises rapid
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advances in terms of its manufacturing efficiency and
applicability in various fields. On another hand, power sources
of modern times should possess features such as ultrathinness,
cost effectiveness, flexibility, and sustainability. Printed
electronics can meet these goals and are considered an
emerging revolutionary technology aiming at relatively large-
area electronic devices and components. In conventional
flexible electronics, printed inks are used for various
applications such as energy-harvesting, smart packaging,
radiofrequency (RF) communication, and flexible display
applications.7 Even though printing is a popular scalable
additive manufacturing tool, it is not much explored for
fabricating flexible TENGs.8,9 Seol and co-workers developed
an all-printed TENG in which the core−shell structural frame
was fabricated by using a 3D printing method, in which the
printing material was polylactic acid. Two-dimensional printing
was also performed to form the functional contact layer
poly(methyl methacrylate) (PMMA) with a grating pattern on
the nanocellulose substrate.10 Salauddin et al. designed an
MXene/Ecoflex nanocomposite-based flexible fabric TENG,
which utilizes a 3D printing method for its contact material
fabrication.11 Of the available printing methods, screen
printing is an inexpensive method capable of rapid mass
production and also provides good control over the printing
area over a wide choice of substrates like polymers, papers,
fabrics, and so forth.12 In this technique, specific patterns are
deposited on various substrates using screen masks for creating
large-area high-resolution 2D patterns having thicknesses down
to a few microns.13,14 There are several available reports on
screen-printed TENGs. Cao et al. reported a screen-printable
carbon nanotube (CNT) ink-based flexible washable electronic
textile that serves as a touch or gesture sensor for intelligent
human−machine interactions.15 Similarly, Wen et al. proposed
a silk fibroin-based printed TENG for wearable multifunctional
sensing, which utilizes a screen-printing process to prepare the
graphite interdigital electrodes on top of a soft PDMS
substrate.16 A two-dimensional material-based TENG-driven
flexible self-powered humidity sensor was proposed by Zhang
et al., in which a tin disulfide nanoflower/reduced graphene
oxide (SnS2/RGO) nanohybrid has been used. This SnS2/
RGO hybrid film was fabricated using the screen-printing
method.17

Hexagonal boron nitride (h-BN) is a well-known 2D-layered
material, isostructural with graphene, which is useful for a
variety of stretchable and flexible applications. Exfoliated 2D

materials are attractive for future energy-harvesting technology
as potential active materials.18,19 Traditionally, liquid-phase
exfoliation is a scalable method for the production of layered
2D nanostructures. The well-exfoliated nanosheet dispersion
combined with suitable solvents and stabilizing polymers is
ideal for a wide range of printing applications.20 In printed
films, the deposited BNNSs form a porous structure,
compromising their mechanical integrity, susceptibility to
moisture, and also substrate adhesion. A solution-processable
h-BN ink specially formulated for screen printing can yield
thermally and chemically stable printed components for device
applications.21 There are several reports on h-BN nanosheet
ink for use in printed electronic devices and components.22 In
2007, Carey et al. demonstrated inkjet-printed h-BN-based ink
as a gate dielectric layer in an all-printed field effect
transistor.23 Similarly, highly viscous screen-printed polymer-
based BNNS inks were also developed for wearable and flexible
electronics.24 A printed 2D BNNS-based flexible triboelectric
nanogenerator is a novel concept for power generation.
Herein, a successful demonstration of a contact separation

mode FS-TENG using BNNS ink screen printed on a polymer
substrate for powering electronic devices is reported. The
formulated viscosity-tunable ink, for screen-printing purposes,
incorporates ultrathin boron nitride nanosheets (BNNSs) as a
filler material, with polycarbonate as a polymer binder and
other organic additives suitable for printing and rheology
adjustments. A printed flexible TENG device is developed with
the formulated screen-printed ink as a negative material against
the printed polyvinylpyrrolidone as the positive tribomaterial.
Notably, the embedded layered 2D material boosts the output
performance of FS-TENG by ∼7 times. The FS-TENG was
further able to power small electronic devices such as
thermometers, calculators, and LEDs.

■ EXPERIMENTAL METHODS
Materials. High-purity boron nitride powder (1 μm size), as well

as the polymers polyvinylpyrrolidone (PVP) and polycarbonate (PC),
was procured from Sigma-Aldrich, USA. The dispersant solvent
dimethylformamide (DMF) was purchased from HPLC Lab Reagents
in India. Commercially available Mylar (BoPET) (DuPont, USA)
with 80 μm thickness was used as the substrate for screen printing as
well as the structural framework for FS-TENG. Ethanol (Merck
Chemicals) was used for printing purposes as a substrate cleaning
agent. A conducting copper tape (3 M Co.) with adhesive on both
sides was used as the electrode for FS-TENG. All chemicals were used
without any further modification or purification.

Figure 1. Schematic illustration of the screen-printing process using BN-PC ink.
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Formulation of BN-PC Ink. BNNS−polycarbonate composite ink
was formulated by simple solution mixing, followed by sonication and
magnetic stirring. Initially, exfoliated BNNSs for screen-printable ink
were produced by a liquid-phase-assisted exfoliation method. For that
bulk, h-BN of 1 g was added to 100 mL of DMF, and then sonication
was continued 48 h for effective delamination, from which the
exfoliated sheets were collected from the supernatant solution after
centrifugation (detailed characterization is shown in Supporting
Information Figures S1 and S2). The unexfoliated layers that settled
down in the bottom of the solution were discarded. These collected
exfoliated BNNSs were dried in an oven set temperature of 60 °C.
Thereafter, polycarbonate and BNNSs in the weight ratio of 1:1 (0.5
g) were added to 1 mL of DMF solvent in a culture tube, followed by
the addition of 50 μL of Triton X100 as a thixotropy-controlling
additive. The so-derived ink suspension was mechanically stirred
vigorously for 12 h with 700 rpm speed to ensure homogeneous
mixing for stable dispersion. The entire process was repeated without
using BNNSs for printing a pure polymer (PC) film.
Preparation of the Printed Triboelectric Layer. The rheology-

optimized screen-printable ink of exfoliated BNNSs was made into a
flexible composite film by using the screen-printing technique. Here, a
custom-made silk screen with a desired square pattern of active area of
9 cm2 (3 cm × 3 cm), fabricated by photoresistive masking, was used
as the screen for the printing of BN-PC ink on the BoPET (Mylar)
substrate. The screen-printing process using the BN-PC ink is
schematically represented in Figure 1. Initially, the prepared viscous
ink is placed over the screen with the substrate under it at a fixed
snap-off distance. Then, with the help of a rubber squeegee, the ink
was cast as films onto the substrate through the screen in desired
patterns. With repeated printing strokes, the thickness and quality of
the film can be controlled. Here, the interparticle cohesion and
adhesion of the BNNSs on the BoPET substrate were made possible
by the polycarbonate binder. Finally, it was dried in an oven at 60 °C
to obtain polycarbonate BNNS films on BoPET. Similarly, 20 wt %
PVP in DMF was screen-printed on BoPET and dried in the oven for
use as the counter contact layer for the FS-TENG device.
Fabrication of the FS-TENG Device. The traditional contact

separation mode assembly was used for the fabrication of the FS-
TENG device. Flexible BoPET acts as the supporting structure for
TENGs while also contributing to the structural stability. Substrates
for contact materials were cut in square shapes of dimensions 3 cm ×
3 cm. The FS-TENG was prepared by printing the prepared BN-PC
ink onto the BoPET substrate as a negative tribomaterial and
polyvinylpyrrolidone (PVP) printed on BoPET as the counter one.
The conductive copper tape was used as the electrode for FS-TENG.,
Thin copper leads were attached to this conductive tape as leads for
taking external connections. The separation between two contact
materials is maintained at 1 cm using the BoPET support structure.
For developing the control FS-TENG device (without BNNS), the
entire fabrication process was repeated by printing a PC film and PVP
films as contact materials. The schematic model and the photograph
of the FS-TENG is depicted in Figure 2a,b.
Characterization. The colloidal stability and flow characteristics

of the synthesized ink with a polymer binder were analyzed at 20 °C
by using a rheometer (Rheo plus 32, Anton Paar, Graz, Austria)
equipped with a chiller. The contact angle of the formulated ink was
analyzed by a sessile drop test utilizing a contact angle measuring
device (DSA 30, KRÜSS GmbH, Hamburg, Germany). Thermal

stability and gravimetry of the dried BN-PC ink and polycarbonate
polymer were investigated by a TA Q50 thermogravimetric analyzer
at a 10 °C/min heating rate under a nitrogen gas atmosphere. The
Fourier transform infrared (FTIR) spectra of the ink and polymers
were obtained using a Nicolet Magna 560 FTIR system (Thermo
Scientific, Massachusetts, USA). The surface and cross-sectional
morphologies of the printed patterns were viewed using a scanning
electron microscope (Karl Zeiss EVO 50, Oberkochen, Germany). An
atomic force microscope (Multimode, Bruker, Germany) in tapping
mode was used to evaluate the surface topology of the film on the
BoPET substrate. The optical images of the printed films were taken
using a polarizing optical microscope (Leica DM2700P, Germany)
attached to a charge-coupled device camera. The electrical character-
istics of the FS-TENG device were analyzed using a source-measuring
unit (Keithley 2450) and a current preamplifier (SR570, Stanford
Research) coupled with a digital phosphor oscilloscope (Tektronix
DPO2004B, USA). Using a custom-developed force impactor, a cyclic
uniform mechanical force (∼10 N) was periodically applied to the FS-
TENG device, and the corresponding electrical outputs were
recorded. An automatic force tester (AFT500, Apple Electronics)
was used for measuring the force imparted. By using various load
resistors, varying from 1 Ω to 1000 MΩ, the load-dependent power
density of the device was calculated. Capacitor charging profiles were
recorded using different values of capacitors. The cyclic stability and
durability were confirmed by the continuous operation of the FS-
TENG for more than 10,000 cycles.

■ RESULTS AND DISCUSSION
Properties of the BN-PC Ink. The quality of the screen-

printed films is closely related to several factors like screen-
printing parameters, substrate selection, and the ink rheology.
The printing parameters mainly include screen-printing speed,
snap-off distance, screen mesh parameter, angle, geometry of
the squeegee, and so forth, which can be carefully controlled
for printing purposes. In addition, to maintain the proper ink
adhesion on various substrates and colloidal stability of the ink,
the choice, concentration, and addition sequence are critical.
Here, the ink rheology of the screen-printable hexagonal boron
nitride nanosheet-based ink is customized with polycarbonate
as a polymer binder and Triton X100 as an additive. Then, the
choice of polycarbonate as a binder for BNNSs is made owing
to its good solution processability, low cost, and higher glass-
transition temperature of around 150 °C. The photograph of
the prepared highly viscous ink is given in the inset of Figure
3a. Further, the rheogram of the formulated ink (Figure 3a)
shows a considerable decrease in viscosity with the increase in
the external shear rate. This pseudoplastic behavior is suitable
for application in screen printing since this enables continuous
extrusion of the viscous ink through the tensioned screen mesh
under normal conditions.21,25 Note that the observed viscosity
of the ink is 2 Pa s at a shear rate of 10 s−1 which gradually
decreases and levels to a constant lower value at higher shear
values. A similar rheological behavior is observable in other 2D
material-based inks also,26 and usually, the required range of
the ink viscosity for screen printing is 1−10 Pa s.26 Also, the
dynamic viscoelastic behavior of the ink, represented in Figure
3b, indicates a viscous liquid-like nature in the entire strain
region where the loss modulus (G″) dominates over storage
modulus (G′). The storage modulus and loss modulus in the
rheology analysis of the formulated ink represent the solid and
liquid behaviors, respectively, as a function of shear stress.
Apart from this, the surface wetting parameter is also an
essential component in printing and can be identified from the
contact angle measurement.27 The observed lower value of
contact angle, 63° (Figure 3c), attests to its better wettability

Figure 2. (a) Schematic model of the FS-TENG. (b) Photograph of
the fabricated TENG device.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://doi.org/10.1021/acsaelm.3c00712
ACS Appl. Electron. Mater. 2023, 5, 5483−5493

5485

https://pubs.acs.org/doi/suppl/10.1021/acsaelm.3c00712/suppl_file/el3c00712_si_003.pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00712?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00712?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00712?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.3c00712?fig=fig2&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.3c00712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


provided by the high affinity of the ink toward the BoPET
substrate.28,29

In the FT-IR analysis of the BN-PC ink and pristine
polycarbonate polymer (Figure 4a), the characteristic peaks
observed in the fingerprint region of 400−1000 cm−1 arise
from the C−C bond stretching vibrations of the polymer
material. Similarly, the peaks in the range 1232−1164 cm−1 are
due to the presence of asymmetric O−C−O deformations of
the carbonate group. However, the observed CH3 vibration
peak at 1081 cm−1 and the additional peak near 1015 cm−1 are
the symmetric deformations of the O−C−O carbonate group.
Further, the C�C stretching vibrations appear at 1506 cm−1

due to the presence of aromatic ring carbon, and the carbonate
group C�O deformations occur near 1775 cm−1. All these

peaks are common to both the FT-IR spectra, and they arise
from the polymer material. However, the two strong and sharp
absorption peaks observed at 760 and 1360 cm−1 in the BN-
PC FTIR spectrum are the characteristic peaks of h-BN. These
peaks arise from the broad B−N−B out-of-plane bending and
B−N in-plane stretching vibrations, respectively.30−32 Thus,
the FTIR spectra establish the formation of the composite ink
as expected. The thermal behavior of the dried screen-printed
ink was analyzed by using thermogravimetric analysis (TGA),
which is depicted in Figure 4b. The weight loss observed in the
temperature range of 100−350 °C in the BN−PC polymer
composite was mainly attributed to the evaporation of volatile
residual solvents and also the thermal degradation of the
surfactant present in the ink. The main weight loss in both

Figure 3. (a) Viscosity variation of the formulated ink with the shear rate. The inset of Figure 3a shows the photograph of the BN-PC ink. (b) Plot
of storage modulus and loss modulus vs strain. (c) Contact angle measurement of the BN-PC ink on the BoPET substrate.

Figure 4. (a) FT-IR analysis of pristine polycarbonate and ink powder. (b) Thermal degradation behavior of the polymer and BN-PC ink. (c)
Thickness profile of the printed ink on the BoPET substrate.

Figure 5. (a) Surface morphology of the BN-PC ink screen-printed on the BoPET substrate via SEM analysis. (b,c) Similarly, cross-sectional
analysis of the printed ink on the BoPET substrate is also done. (d) Additionally, optical image of the printed ink with the photograph of the
printed film with an area of 9 cm2 as the inset is represented.
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samples after a temperature of ∼370 °C arises because of the
cleavage of the carbonate functional groups present in the
polymer material. In pure polymer PC, almost 80% of
degradation takes place after 400 °C. The observed weight
loss in the BN-PC sample is comparably less because of the
filler loading, and the incorporation of higher thermal stability
fillers like BNNSs in polycarbonate-based inks enhances its
thermal stability.33−35

Morphology of BN-PC Ink Screen-Printed on BoPET
Substrate. The surface morphological analysis of the screen-
printed PC (Supporting Information Figure S7a) and BN-PC
films was done with the aid of SEM and AFM surface imaging.
The surfaces of the printed ink consist of homogeneously
dispersed nanosheets embedded in the polymer matrix parallel
to the surface due to the leveling effect of the squeegee.36 The
microstructure of the BN-PC film shows good compatibility
between the filler material and the polymer binder (Figure 5a).
However, the film thickness of the printed pattern on the
substrate surface for three strokes of printing, on average, is
found to be 7.5 ± 2 μm, which was estimated using the cross-
sectional SEM (see Figure 5b,c). This thickness value is in
agreement with the value from the profilometer, which is also
found to be 8.5 ± 2 μm (Figure 4c). The optical image of the
printed surface is shown in Figure 5d whose inset bears a clear
photographic image of the formulated ink screen-printed on a
BoPET substrate having a white translucent nature. Uniformity
and homogeneity of the film are ensured by the multiple
strokes of printing, and the horizontal stacking of multiple
layers is realized effectively because of the preferred low
potential energy arrangements of the ink when initially it is
printed on the pristine substrate and then over the printed
layers. A similar behavior of printed patterns is observable in
other 2D material-based screen-printed graphene inks.7,37

The AFM analysis is also extensively used to make
meticulous observations on the surface topography and
evaluate the textural characteristics of diverse film surfaces.
Here, the surface morphology of the screen-printed pattern
obtained from the AFM analysis of the BN-PC film surface
(see Figure 6a,b) also corroborates with the inference obtained
using SEM. AFM shows that the film exhibited an average
surface roughness value (Ra) of 86.1 nm, which is a measure of
roughness and general variations over the entire scanning area.
A root-mean-square roughness (Rq) of 107 nm represents the
standard deviation of the surface height profiles. However, the
distribution of spikes relative to the mean line above or below
is obtained from the kurtosis value, and it was found to be 2.76,
which represents bumpy surfaces. The positive skewness value

of 0.336 also indicates the presence of bumps compared to
valleys and shows that the surface of the printed sample has
predominant height variations compared to the printed pristine
polycarbonate film. The surface roughness and root-mean-
square roughness of the PC film without BNNSs are similarly
decreased to 29.4 and 38.5 nm, respectively (Supporting
Information Figure S7b,c).38,39 The observed significant
increase in surface roughness value in the BN-PC film is
attributed to the incorporation of an inorganic material having
a higher surface roughness value compared to the polymer
material.40

Output Characteristics of the FS-TENG Device. In a
triboelectric nanogenerator, the choice of contact material is
the obvious first priority, and 2D BNNSs have been previously
proven to be an excellent candidate.31 Here, the formulated
BNNS-based ink showed excellent thermal stability and good
adhesion to the substrate, which are very crucial for stable
triboelectric application. In addition, the enhancement in the
surface area that resulted from the microscale roughness of the
printed surface could magnify the triboelectric charge
generation during the contact electrification41 Also, the
screen-printing process provides facile scalability if it is
required. The designed screen-printed TENG comprises
hexagonal boron nitride in the polycarbonate matrix printed
on a BoPET substrate as a primary TENG material, while
printed PVP as the second material, and they are chosen based
on their position in the triboelectric series.42 The detailed
fabrication steps are depicted in Experimental Methods. Figure
7 shows the schematic representation of the working of the FS-
TENG device and is explored well in the literature.43

The fabricated FS-TENG has two contact layers, one BN-
PC ink printed on the BoPET substrate and a printed PVP
layer. Copper electrodes were separately attached on the
bottom of these contact layers. The working of this vertical
contact separation mode FS-TENG is illustrated in Figure 7.
Here, the supporting structure not only provides the necessary
separation gap but also provides recoiling for the same. When a
mechanical force is imparted, layers come into contact, and
triboelectric charges are generated on the surfaces. However, in
the releasing stage, electrostatic charge induction generates a
potential difference between the electrodes. Consequently, the
flow of electrons takes place between the electrodes when they
are connected. In this way, alternate pressing and releasing
motion can generate alternating electrical signals in the
external circuit.44,45 The output voltages and current density
of the screen-printed TENGs with and without boron nitride
nanosheets are shown in Figure 8a,b. For this, the as-fabricated

Figure 6. (a) Two-dimensional and (b) 3D AFM images of BN-PC ink on a BoPET substrate.
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TENGs were continuously pressed and released by a custom-
made force impactor test system, with a vertical contact force
of ∼10 N at a frequency of 5 Hz, which provided a stable and
systematic contact between the top and bottom layers. The
TENG device with boron nitride nanosheets showed
noticeable improvements in electrical properties compared to
the TENG without BNNSs. The printed polycarbonate FS-
TENG against polyvinylpyrrolidone exhibited an output
voltage of about 400 V, while the TENG with BNNSs
exhibited a two-fold enhanced output voltage of 800 V. The
short-circuit current density (Jsc) of the printed TENG with
BNNSs displayed a value of 0.78 mA/m2, which is remarkably
higher than the printed TENG without BNNSs (0.55 mA/m2).
The output enhancement observed in the BNNS ink-based
TENG compared to the PC-only TENG is that the addition of
a more tribonegative and electron-trapping-capable filler
material contributes to the output enhancement of the
fabricated device. That is, without the incorporation of
BNNSs, the developed charges would be comparably less,

due to the difference in tribopolarity being small. Then, the
introduction of more triboelectrically negative BNNSs as a
filler in the polycarbonate ink improves the triboelectric charge
transfer, storage, and charge-trapping ability simultaneously.46

The major factors influencing the contact electrification
process involve the electrical polarity and charge storage
capability of the materials in contact. Modulation of the
electrical polarity can be achieved by increasing either the
tribolayers’ electropositivity or electronegativity by incorporat-
ing certain nanomaterials and in turn improving the contact
electrification. Furthermore, when BNNSs are embedded in a
polymer matrix, the presence of interlayer voids in the 2D
nanomaterial sheets can capture carriers easily and then trap
them in the interior of the negative triboelectric layer and store
them. This phenomenon alleviates the loss of electrons due to
the air breakdown effect by reducing the surface potential.47

The charge-trapping ability of 2D-layered materials also
decreases the recombination of electrons with positive ions
or particles in the air, further enhancing the electrical output of
TENGs. In addition, atomically thin 2D nanomaterial layers
with large lateral dimensions can possess higher specific
surfaces, thereby improving the contact area effectively in
triboactive layers and also resulting in the efficient output
performance of the device by increasing triboelectric charge
density.48,49

To evaluate the performance of FS-TENG for practical
applications, the power density of the device must be analyzed
critically. For this, the FS-TENG was connected to various
resistors with variable values ranging from 1 Ω to 1000 MΩ.
From the observed voltages corresponding to the connected
loads, power density was calculated using the formula P = V2/
RA, where V is the voltage, R is the resistance, and A is the
contact area. The output power densities of the contact
separation mode FS-TENG with an active contact area of 9
cm2 without and with BNNSs are shown in Figure 8c,d. In the
power density curve, voltage increases to a maximum value as
load resistance increases; meanwhile, the power density also

Figure 7. Schematic representation of the working mechanism of FS-
TENG. (a) Pressed state, (b) releasing state, (c) released saturation
state, and (d) further pressing state.

Figure 8. (a,b) Output voltage and short-circuit current density generated from the PC/PVP and BN-PC/PVP FS-TENG, respectively, under a
mere tapping force of ∼10 N at 5 Hz. (c,d) Output power density of the PC/PVP and BN-PC/PVP FS-TENG under various resistive loads from 1
Ω to 1000 MΩ.
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increases and reaches a maximum and then decreases. For the
reference device, the peak power density obtained was about
0.18 W m−2 and was observed at 200 MΩ. In comparison, the
maximum peak value of power density for the FS-TENG with
BNNSs is ∼1.36 W m−2, which is 7 times that of the reference
and was observed at 200 MΩ. Then, for the quantitative
analysis of the energy output, we connected capacitors to the
FS-TENG via a rectifier circuit to identify the quantification of
actual charges stored. As shown in Figure 9a, a full-wave bridge
rectifier was used to convert the AC output signal to DC
output, and various capacitors with different capacitances (0.5,
1, 5, and 10 μF) were used for identifying the capacitor
charging profile (Figure 9b). Within 180 s, the FS-TENG
charged a 0.5 μF capacitor up to a maximum saturation voltage
of 32 V. This stable electrical energy provided by the FS-

TENG is sufficient for powering low-power electronic gadgets.
To demonstrate this, using the TENG’s output from the hand-
tapping motion, different electronic gadgets such as digital
thermometers, calculators, and LEDs are successfully powered
(Figure 9c). That is, the FS-TENG’s output electrical
performance is suitable for energy storage in capacitors
which in turn power portable electronic devices.
Since the FS-TENG’s practical implementation is focused on

powering portable or wearable electronic gadgets, the
capability of the FS-TENG to harvest biomechanical energy
from biomechanical inputs such as the single finger, multiple
fingers, and palm force is also demonstrated. The output for all
these is graphically represented in Figure 10a,b. The output
voltages developed from single finger-tapping, multiple finger-
tapping, and palm-tapping were 400, 730, and 1150 V,

Figure 9. (a) Circuit diagram of rectifying circuit for capacitor charging and powering electronic gadgets. (b) Obtained charging profile of
capacitors with capacitance values (0.5, 1, 5, and 10 μF) for the FS-TENG. (c) Photographs of using FS-TENG for powering digital thermometers,
calculators, and LEDs.

Figure 10. (a,b) Output voltage and current density measured from different human body movements (e.g., single finger-tapping, multiple finger-
tapping, and palm-tapping). (c) Frequency dependence on the output voltage of FS-TENG. (d) Cyclic stability test for 10,000 cycles at a frequency
of 5 Hz and a force of 10 N.
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respectively. Similarly, the corresponding short-circuit current
densities obtained are 0.32, 1, and 1.5 mA/m2. In this process,
continuous tapping of the device attached to the palm
generated comparably higher voltage and current than the
single finger motion and multiple finger motion. This is
primarily because the pressing force is much higher in palm
tapping compared to that in other hand tappings, which
contributes to more area of contact. In addition to this, the
long-term cyclic stability and adaptability of the fabricated
device are crucial for practical environment. Two confirmatory
experiments, frequency-dependent output performance anal-
ysis and a cyclic stability test, have been carried out with the
FS-TENG device using the force impactor. The influence of
tapping frequency on the output voltage is shown in Figure
10c. With an increase in the working frequency of the force
impactor, the output voltage linearly increases from 210 to 800
V with respect to the increase in frequency from 2 to 5 Hz. At
a higher tapping frequency, external electrons in the device
system can attain equilibrium in a faster way, providing better
performance.50 The screen-printed BN-PC-based TENG
showed good practical stability, which is verified by a
continuous press-release operation of 10,000 cycles at 5 Hz.
The generated output voltage of 800 V was reproducible
during the entire cycle of operation. Even after continuous
cycles of operation, the surface of the BN-PC film showed only
minute changes compared with the films before operations
(Supporting Information Figure S6).
A study of the influence of different parameters of TENG on

the output performance is also systematically investigated by
varying its contact area and separation gap. Figure 11a,b shows
the V (voltage) and Jsc (short circuit current density) values of
the FS-TENG with three different contact areas, 1, 4, and 9
cm2, constructed at a constant separation gap of 1 cm. From
the figure, it can be seen that the device output increases from
170 to 800 V, with the increase in contact area from 1 to 9
cm2. The increase in the output voltage can be understood
since more triboelectric charge accumulation occurs in large-

area devices. In the same way, keeping the contact area at a
constant value of 9 cm2, dependence on the separation
distance is evaluated (Figure 11c,d). The output voltage and
current density show significant increases as a function of the
separation gap. This increase in output voltage is mainly
caused by the lowering of its capacitance value. However,
short-circuit current density directly depends on the velocity
contribution, which is more predominant than the inverse
square dependence on the separation gap.51 A higher speed of
motion arises from the increase in the structure modulus of the
supporting material, which contributes to the stress and
recoiling speed of the system.11,51−59

■ CONCLUSIONS
In summary, we have demonstrated the development of a FS-
TENG device working in a vertical contact separation mode
for scavenging mechanical energy. The FS-TENG having an
active surface area of 9 cm2 and 1 cm separation distance is
fabricated using the BN-PC-composite ink as tribonegative and
PVP as tribopositive materials. The formulated BN-PC ink
consists of hexagonal boron nitride nanosheets as fillers,
polycarbonate as the binder, and other thixotropy adjustment
components. Under specific mechanical inputs, the electrical
output voltage and current density of the FS-TENG device
were systematically analyzed and compared. The BN-PC-based
FS-TENG can deliver an impressive output voltage of ∼800 V
and a short-circuit current density of ∼0.78 mA/m2, under a
compressive force of ∼10 N impacted at 5 Hz frequency. The
peak value of the power density was ∼1.36 W m−2 at a resistive
load of 200 MΩ. These exhibited results are significantly
higher than the output results obtained from similar FS-
TENGs constructed using PC ink alone (without BNNS
fillers). Interestingly, the power density of the BN-PC-based
FS-TENG showed ∼7 times higher value than the FS-TENG
without BNNSs. Charge-trapping ability and higher surface
contact area are the major factors contributing to the output
enhancement of FS-TENG with BNNS ink. The influence of

Figure 11. (a,b) Comparison of V and Jsc measured from different contact areas of FS-TENG. (c,d) Dependance of V and Jsc on the separation gap
between contact materials in the TENG device.
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various structural parameters like contact surface area of the
triboactive materials and separation distance on the output
performance of FS-TENG was systematically studied. The
output performance of the device showed a monotonic trend
with the structural parameters, wherein the maximum output
was observed for the device with a contact area of 9 cm2 and a
separation gap of 1 cm. Further, variations in the output of FS-
TENG were studied using various biomechanical input forces,
and the cyclic stability of the device was additionally confirmed
even after 10,000 continuous cycles of operations. To
demonstrate its practical use, the fabricated FS-TENG was
utilized to power up commercial LEDs, digital thermometers,
and calculators, where the mechanical impulse was derived
from biomechanical movements.
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