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Abstract

In recent times, triboelectricity and piezoelectricity have been widely explored to obtain
electrical energy from surrounding mechanical input. Scientists are focusing towards developing
advanced material composites for utilizing piezoelectricity and triboelectricity for energy
harvesting and sensory applications. In this work, potassium sodium niobate (KNN) based
energy films (EF) have been developed to utilize mechanical energy while simultaneously taking
advantage of triboelectric and piezoelectric mechanisms. The KNN particles were synthesized
using a wet ball milling technigue and then incorporated into a polyvinylidene difluoride (PVDF)
matrix together with multi wall carbon nanotubes (MWCNT). The film was used to develop a
piezoelectric nanogenerator (PENG) with copper electrodes. The piezoelectric output of the film
was further tested utilizing copper electrodes, at variable tapping frequency (60 BPM to 240
BPM) and pressure (10 to 40 psig) were used when activating the pneumatic piston. The open
circuit voltage increased with the increase of both tapping frequency and pressure. The
maximum piezoelectric output voltage was observed to be 35.3 V while the maximum current
was noted as 15.8 pA. The films also showed unique output signals for different types of
deformations performed under hand pressure. The film was further utilized to build a piezo-
triboelectric hybrid nanogenerator to check its hybrid performance. The maximum output was
observed to be 54.1 V and 29.4 pA. This film was integrated with conventional electronic
components (bridge rectifiers, resistors, and capacitors) and tested for its ability to harvest

energy. The hybrid nanogenerator can charge a 0.1uF capacitor to 9.4 V in 60s. The optimum



output power for the device was measured to be 0.164 W. The film was further attached with a
Kapton film and showed a hybrid output of 113.2 V. This experiment endorsed the potential of
the KNN based energy films for multifunctional applications like force, pressure, and motion

sensing as well as lead free energy harvesting.

Graphical abstract

Potassium sodium niobate (KNN) was synthesized and incorporated into PVDF along with
MWCNT to produce lead-free piezoelectric and piezo-triboelectric hybrid energy films. The high
piezoelectric and piezo-tribo hybrid output response showed its potential in biomechanical
energy harvesting. Besides, the energy film can be utilized for biomechanical motion and

pressure sensing operations.
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1. Introduction

Energy deficiency has become a worldwide issue in the twenty-first century [1]. Over the past
few decades, intensive efforts have been made to discover alternative energy sources because of
the threats represented by the fluctuation of petroleum fuel costs, the danger of climate change,
and predicted consumption of non-sustainable fuel sources [2,3]. A potential energy crisis has
become the motivation for the fabrication of high-yield materials to scavenge energy from the
environment [4].The rapid progress of nanotechnology has received widespread attention by
encompassing a continuous study and developing materials with improved properties revealing
promising breakthroughs [3]. The piezoelectric effect was discovered by Nobel laureates Pierre
and Jacques Curie in 1880 [5]. In 2006, Wang et al. [6] made a nanogenerator based on the
piezoelectric effect, this was a revolutionary invention moving discoveries closer towards the
goal of utilizing and harvesting abundant mechanical energy. Later in 2012, the idea of a
nanogenerator utilizing triboelectric phenomena was also introduced by Dr. Wang and his team.
The opportunity of using the triboelectric phenomena provides potential for low cost, high power
density, lightweight, good flexibility, and highly efficient nanogenerators, they coined the term
triboelectric nanogenerator (TENG) [7,8]. Piezoelectric, triboelectric, and a combination of
piezoelectric-triboelectric nanogenerators have spearheaded the research in harvesting ambient
mechanical energy over the last decade [9,10]. Energy harvesting from human movements have
led to a variety of inventions like self-powered devices, sustainable wearable devices, sensors,
and actuators [11-14]. Nanogenerators have opened the path towards development of sustainable

power sources.

Piezoelectric devices are being used for their thin, flexible, and in some cases,
mechanically stretchable structure [5,15], making them suitable for mounting on any type of
surface. Developments in materials and manufacturing processes have yielded piezoelectric
devices from organic materials that can produce a maximum open-circuit voltage of ~80 V and
a short-circuit current of ~300 pA without costly operations such as poling [16]. Triboelectric
nanogenerators have also shown superior open-circuit voltage and current. It has been seen that a
triboelectric nanogenerator can produce open-circuit voltage of ~4000V with a short-circuit
current of ~0.12A [16-18]. Besides, the output power density and energy conversion efficiency
of TENG can be as high as 500W/cm? and 85% efficiency [19-21]. In a study by Wang et al.,



the performance degradation of TENGs due to natural accumulation of dust and air moisture was
studied showing that the upper limit of the performance of TENGSs needs to be re-estimated [22].
Another recent study by Lopez et al. shows that effective TENGs can be made using
commercially available materials and their performance can be increased significantly by simple
surface-charge engineering method [23]. Moreover, TENGs have been used for a wide range of
applications like wireless energy delivery, self-powered edge ball judgement system in a ping
pong game as well as for producing DC current [24-26]. And a recent study by Cao et al.
showed that all matters when under force, can produce electromagnetic energy which when we
combine with triboelectricity, should result in higher outputs [27]. Combination between
triboelectric and piezoelectric materials creates hybrid nanogenerators that can produce high and
efficient output with a single source of external force [28,29]. In a recent study by Jung et al., a
piezoelectric-triboelectric hybrid nanogenerator was constructed and shown to reach an open-
circuit voltage of ~370V and a current density of ~12 pA/cm? [16]. Furthermore, these devices
are very effective in charging capacitors and very sensitive to forces [4,30], these characteristics
show the potential of these devices in sensory applications in addition to harvesting of abundant

mechanical energy.

It is very important to choose appropriate materials for the effective utilization of the
piezoelectric and triboelectric effect [15,19,31]. Polyvinylidene fluoride (PVDF) is one of the
most versatile piezoelectric polymers given its low density, high flexibility, low resistance, and
high piezoelectric response [32,33]. PVDF can also work as a tribo-negative polymer [34].
PVDF has several crystalline polymorphs (a, B, v, 6 and &) depending on the chain conformation
[35]. Among all crystalline phases, p and y are of high priority because of its spontaneous
polarization and piezoelectric sensitivity. Several methods are used to induce § phase in PVDF
[36]. The stretching, annealing or poling are processes used to transform PVDF from a to
phase [37]. Yu et al. [38], and Kim et al. [39] confirmed that the use of carbon nanotubes
(CNTs) as fillers in a PVDF matrix leads to a relevant increase in the f-phase content. Moreover,
multi wall carbon nanotubes (MWCNT) also boost the conductivity of composites by creating a
3D network of conductive MWCNT within the polymer matrix, which ease off electron flow
during triboelectric/piezoelectric actions [4]. Kim et al. [40] proposed the triboelectric
performance of PVDF composites with MWCNTSs. Chowdhury et al. [4] also demonstrated a



tribo-piezo hybrid nanogenerator with PVDF/MWCNT/Li-ZnO as the piezoelectric component
and PTFE/PDMS as the triboelectric component.

PVDF based composites incorporating various kinds of inorganic materials such as ZnO,
BaTiO3(BTO), (K,Na)NbO3(KNN), ZnSnO3, GaN, and MoS, nanoparticles have been explored
to fabricate efficient piezoelectric energy harvesters [41]. Lead zirconate titanate (PZT) is also a
commonly utilized piezoelectric ceramic material with active materials for mechanical to
electrical energy conversions, it has shown higher piezoelectric voltage and dielectric constants
than other semiconductor types of piezoelectric materials [42]. Park et al. [43], showed a flexible
piezoelectric PZT thin film nanogenerator on plastic substrates. Lu et al. [44] also discussed
multi-material piezoelectric fibers fabricated from perovskite ceramic NPs (BT/PZT)-PVDF and
CNT-PVDF composites via fiber drawing. However, due to the high toxicity of PZT, PZT-PVDF
fibers are probably not suitable for wearable applications [45]. Nevertheless, the low
conductivity of PZT is not ideal for output performance [41]. Synthesizing low-dimensional,
single-crystal, lead-free piezoelectric nanomaterials can mitigate these issues [15]. Among the
available materials, ZnSnO3, a lead-free multifunctional piezoelectric nanomaterial, has lately
attracted considerable interest with promising potential applications in numerous fields [41].
Apart from these, especially, alkaline niobates, based on perovskite-type oxide (K,Na) NbOs,
have also been discussed as promising lead free piezoelectric ceramics [46] [47]. Teka et at. [48]
portrayed work with potassium sodium niobate, (Na,K)NbO3; (KNN) as a nano piezoelectric
filler, because of its large piezoelectric response, ferroelectric properties, and high curie
temperature (>400°C) as well as suitability for low cost and lightweight requirements. KNN is
well known as a lead-free energy material which can be used with other functional materials for
making piezoelectric composites [49,50]. Moreover, KNN has been reported to achieve a ds3
coefficient of up to 650 pC/N which is superior when compared to the other lead-free
piezoelectric ceramics [51]. However, the performance of KNN based nanogenerators still
requires higher output for real life and industrial applications. For instance, Bairagi et al.,
developed piezoelectric nanogenerator based on KNN, PVDF, and CNT which showed a
maximum output of 23.24 V and 18 YA, and when not using CNT, the output voltage was ~
17.5V and ~0.522 pA current [52]. Nevertheless, the triboelectric property of PVDF has not

been yet utilized.



In this work, we have synthesized KNN through ball milling process and incorporated the
synthesized KNN into a PVDF matrix along with MWCNT to fabricate lead-free hybrid energy
films (EF) for harvesting mechanical energy through triboelectric and piezoelectric mechanisms
and we have provided a comprehensive analysis of the piezoelectric and triboelectric properties
as well as the potential applications the energy film possesses. The synthesized KNN particles
were characterized using X-Ray diffraction (XRD) spectroscopy and scanning electron
microscopy (SEM). The film was equipped with copper electrodes to be converted into a PENG
and tested at variable load frequencies (60, 120, 180 and 240 BPM). The output piezoelectric
voltage of the device was also tested at variable pressures from 10 to 40 PSI utilizing a
pneumatic piston. Besides, the energy film was studied during different types of finger
movement. A hybrid piezoelectric and triboelectric nanogenerator was fabricated to test the
effect of triboelectricity along piezoelectricity. Also, three different types of films with 3%, 4%
and 5% KNN were synthesized and tested. Furthermore, the hybrid film was integrated with a
bridge rectifier, capacitor, and LEDs to check its compatibility with conventional electronic
components. Lastly, the energy film was attached with Kapton to utilize the high triboelectric
effect of Kapton along with the piezoelectric effect of the energy film. Overall, the experiment
was performed with an aim to develop a lead free triboelectric and piezoelectric composite film
for efficient biomechanical energy harvesting and sensory applications with an aim for

promoting sustainable future.

2. Experimental Method
2.1. Synthesis of KNN particles

Potassium carbonate (K,COs3), sodium carbonate (Na,COs), and niobium pentoxide (Nb,Os) (all
from Sigma Aldrich) were selected based on the stoichiometric calculation from the following

reaction:

K>,C0O3+ Na,CO3 + 2Nb,0Os > 4(Ko_5Nao_5)NbO3 + 2C0O,




Before starting the process, the carbonates were dried at 200°C for 2h for their hygroscopic
nature. Wet ball milling was performed with ethanol as a solvent and stainless-steel balls with a
diameter of 0.25in at 1000 RPM in a vortex mixture for 12h in a sealed round bottom Pyrex
glass. After the milling, the mixture was dried at 120°C for 24h. Then, the dried materials were

calcined at 900°C for 6h to obtain the KNN particles.

2.2 Preparation of the KNN/PVDF/MWCNT Composite Film

PVDF pellets (Sigma Aldrich) and Multi Walled Carbon Nanotubes (MWCNT) were added in
N, N-Dimethylformamide (DMF) (Sigma Aldrich) and the solution was stirred at 400 rpm for 1h
at 60°C. Then, the synthesized KNN nanoparticles were added to the DMF solution and placed
in a water bath for 30 min at 30°C. After that, the solution was continuously stirred for 24h at
400 rpm and 60°C. The mixture was then cast on the Cu electrode film and dried for 24h at 60°C

to generate the KNN/PVDF/MWCNT composite films.

2.3 Preparation of the Piezoelectric and Piezoelectric-Triboelectric Hybrid Nanogenerator
(PTENG)

Copper tape was added on both sides of the synthesized KNN/PVDF/MWCNT composite film to
create a piezoelectric nanogenerator. The poling of the piezoelectric film was performed at 80°C
for 2h with applied voltage of 4 KV. To create the piezoelectric-triboelectric hybrid
nanogenerator (PTENG), polyurethane (PU) spacers were added between the copper tape and the
top part of the synthesized composite film. This created an airgap which enabled a triboelectric
action parallel to the piezoelectric action. A 2 in? polylactic acid (PLA) layer was attached to the

outer side of both electrodes to impart rigidity.



2.4 FTIR Characterization

The Fourier Transform Infrared Spectra of the PVDF film, KNN particles, and the
KNN/PVDF/MWCNT composite film were conducted using the VERTEX 70v FTIR
Spectrometer (Bruker). The analyzed range was between 450cm™ to 4500cm™ where

transmittance was recorded for each sample and the resolution for the analysis was 4 s™.

2.5 XRD Characterization

The XRD of the KNN was performed using the Rigaku Miniflex X-ray diffractometer. The

output data were collected in the 26 range from 20° to 60° with a scanning step size of 0.015°.

2.6 SEM characterization

Scanning Electron Microscopy was conducted utilizing a Carl Zeiss Sigma VP Scanning

Electron Microscope.
2.7 Output Measurement

The piezoelectric and hybrid output voltage signals were characterized using the Tektronix
TDS1001B digital oscilloscope. The signals were further characterized by the VersaSTAT3
potentiostat; this device was used to analyze the potential of the piezoelectric and hybrid film as
an energy harvester. This was conducted by connecting the film with bridge rectifiers and
capacitors and then analyzing their signals with the potentiostat. The current was measured using

a Stanford Research System SR570 current preamplifier.



3. Result and Discussion
3.1 Characterization of the Synthesized Nanoparticles

Figure 1a shows the XRD pattern of synthesized KNN. Sharp peaks can be observed
from the pattern at (100), (110), (002), (200) and (211) from 20° to 60° angle. These peaks
clearly denote the formation of the perovskite crystalline structure (Fig 1b) of the KNN particles
[53,54]. No impurities can be observed from K, Na or NbO3 Besides, the sharp peaks of the

pattern state the high crystalline quality of the KNN particles.
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Figure 1: (a) X-ray Diffraction pattern of synthesized KNN powder. (b) Perovskite crystal

structure of KNN (c) SEM image of KNN powder



These results and SEM image indicate that the KNN particles of perovskite structure with
orthorhombic phase have been obtained. Diffraction peaks resulting from impurities have been
minimized with increasing the calcination temperature to 900° C. The sharp peaks and the peak
split around 26 at 45° are attributed to the purity of the KNN [55]. In addition, no pyrochlore
phases are detected. The structures of the KNN particles were further studied using SEM. Fig 1c
shows the SEM image of the synthesized KNN particles with a 1um scale. The dimension of
these synthesized cubic particles varied from 80 nm to 300 nm. The SEM also confirms the high
degree in grain uniformity and morphology compared to the KNN nanoparticles produced at
lower calcination temperatures [56]. Lower particle size could have been achieved by reducing
the calcination temperature but that would have been achieved at the cost of losing grain

uniformity and morphology [55].

3.2 Characterization of the KNN/PVDF/MWCNT Based Triboelectric and Piezoelectric Energy

Film
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Figure 2: (a) Optical view of the synthesized KNN/PVDF/MWCNT film. Implementation of
the energy film as (b) a PENG and as (c) Hybrid PTENG. (d) SEM image of the surface of
the energy film (e) FTIR spectroscopy of the energy film (f) a, p and y crystalline phases of
PVDF



Figure 2a shows the optical image of the film composed of PVDF, KNN, and MWCNT.
The EF can be used as PENG by attaching electrodes in both sides. The sandwiched EF along
with the electrodes are shown in figure 2b. Copper has been used for the electrodes given its
excellent conductivity and availability [57,58]. Additionally, a PTENG was synthesized with the
EF (Figure 2c) by attaching the Cu electrode with upper side of the film and attaching the other
Cu electrode with a polyurethane (PU) spacer of 1cm in thickness. The whole PTENG structure

was reinforced with PLA layers added on top of the electrodes on both sides.

SEM studies depict the surface morphology of the EF, Figure 2d shows the uniformity of
the film; it can be clearly seen that the KNN and MWCNT has dispersed throughout the PVDF
film making it uniform. Also, KNN particles were not observed on the surface of the film

therefore confirming insertion of the KNN particles within the PVDF polymer matrix.

Figure 2e shows the FTIR spectra for the pure PVDF film, the KNN nanoparticles, and
the PVDF/KNN/MWCNT composite film. The sharp peaks observed at 881cm™ and 1401cm™
are due to the vibration of C-F stretching and C-H bending of PVDF [59,60]. The peaks around
1180 cm™ of the PVDF in the EF film indicates the presence of both B and vy crystalline phases
at high intensity [61]. Besides, the peaks at 510 cm™, 840 cm™ and 1070 cm™ strongly
correspond to the presence of B phase [37,60,62]. Peaks observed at 1232 cm™ and 489 cm™
correspond to the y phase development [61,63]. It seems from the FTIR spectra that the sample is
dominant on  phase with some presence of y phase. The presence of  phase in the film is very
significant for the piezoelectric effect [37]. The y phase provides some stability to the film as y
phase is more stable at higher temperature enabling the y phase to stem the diminution of

polarization over time [63,64]. The orientation in o, p and y crystalline phases of PVDF are



demonstrated in figure 2f. For the KNN, we see an emergence of a broad peak right under the
wave number 1000 cm™; peaks on that region are characteristic vibrations of the Nb-O

octahedron which indicates the formation of a perovskite structure [65-68].

3.3 Piezoelectric Performance of the EF
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Figure 3: (a) Mechanism of the EF attached PENG: i. Press stage ii. Release Stage (b)
Output Voltage and (c) Current observed by tapping the EF attached PENG at 60 BPM,
120 BPM, 180 BPM and 240 BPM load frequency (d) Maximum peak to peak voltage and
current observed for tapping the EF attached PENG at variable load frequencies.

The piezoelectric response of the EF was measured by applying an external load on the

EF attached PENG. Figure 3a demonstrates the working mechanism of the EF attached PENG



under external pressure. When external vertical force is applied (Figure 3a-i), the crystal
structure of KNN and PVDF gets interrupted. It results in orientation of an electric dipole within
the crystal structure. This orientation occurs in a direction which is known as stress induced
poling effect [69,70]. An overall voltage difference emerges between two electrodes due to this
orientation of dipoles. Positive voltage develops at the upper electrode due to attachment of the
electrode with positive portion of the dipole. Electron moves from the upper electrode to the
bottom electrode resulting a positive voltage signal in the output [15,49]. When the pressure is
released from the PENG, the piezoelectric potential gets removed. As a result, electron moves
from the bottom electrode to the upper, resulting a negative signal in the output [69,71]. The
intensity of the positive peak was higher compared to the negative peak as the positive peak
occurred due to the applied stress from the external source while the negative peak is caused by
the resilience of the film by itself [72]. The film is under higher pressure during the external load

compared to the self-resilience pressure.

The output performance of the EF attached PENG were tested at tapping frequencies of
60 BPM (1 Hz), 120 BPM (2 Hz), 180 BPM (3 Hz), and 240 BPM (4 Hz) keeping 1 in (2.54 cm)
distance between the finger and the upper surface. Tapping acts as an external pressure on the
device which results in a voltage and current output. Figure 3b and 3c demonstrates the open
circuit voltage and short circuit current obtained from the EF attached PENG at variable load
frequencies. Both the voltage and the current increase with increasing frequency. The maximum
output voltage and current were observed to be 35.3 V and 15.8 pA for 240 BPM load
frequency. Additionally, the maximum voltage for 60 BPM, 120 BPM and 180 BPM was
observed to be 5V, 13.7 V and 25.5 V. On the other hand, the maximum output current was

recorded as 2.9 YA, 5.3 pA and 10.8 pA for the respective frequencies. With the increase of the



load frequency the impact acceleration as well as the force applied on the PENG increases. This
results in higher strain in the film which contributes to higher piezoelectric potential [73]. Also,
the electrons have less time to neutralize the piezoelectric potential due to the increase of tapping
frequency. Therefore, an increase in charge accumulation occurs at the electrodes resulting in
higher electron flow and output current [74]. Figure 3d shows the maximum peak to peak
output voltage and current by the PENG for a tapping frequency of 30 to 240 BPM. The
maximum peak to peak voltage and current was noted to be 40.9 V and 21.6 pA respectively.
The output signal increased at a lower rate for first 90 BPM load frequency which increased
linearly at a higher rate afterwards. Also, voltage increased at a higher rate compared to the
current. This denotes the increasing resistance of the system with increases in load frequencies.
Since the resistance of the conductor and electrode is a function of the mechanical dimension, the

resistance changes with the external force that increases with loading frequencies [75,76].

The piezoelectric performance of the EF was also measured for various loadings of KNN
in the EF. KNN loadings range from 3 to 7 wt. %. The EFs were tapped at 60 BPM load
frequency with 1cm gap. Supplementary Figure S2 shows the output voltage of EF with the
increase in concentration of KNN. The maximum output voltage increased from 2.3 V t0 5.24 V
with the increase of KNN from 3 to 5 wt. %. However, the output decreased 3.04 VV when KNN
concentration increased to 7 wt. %. KNN act as piezoelectric fillers in the film. Increasing the
percentage of KNN in the film significantly affects the output. KNN contributes to restrict the
nucleation of the p phase of the polymer and increases the chance of creating defects within the
PVDF matrix [77]. As a result, the output voltage decreased with the increase of KNN after 5

weight percent.



3.4 Performance of the EF as a Pressure, Force and Finger Motion Sensor
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Figure 4: (a) Output piezoelectric voltage signal from the energy film at variable pressure
of the pneumatic piston. (b) Maximum voltage observed at variable pressure (Error bars
for 95% confidence interval of the mean) (c) Output piezoelectric voltage signal from the
energy film for different finger motions: i. One side tapping ii. Two side taping iii. Fist
closing and opening iv. Backward movement of finger v. Finger pressing without pulling
the finger up vi. Free end tapping.

The response of the EF attached PENG was further tested at variable pressures. The test
was performed at 75 BPM loading frequency with a pneumatic piston of 2 cm in diameter. The
applied pressure varied from 10 PSI to 40 PSI. The output voltage signals are demonstrated on
Figure 4a, this figure clearly shows identical values of the output signal for certain pressure on

the device. The maximum output voltage was observed to be 20.6 V for 40 psi. Figure 4b shows

the resultant average value of the output voltage by the EF from 10 psi to 40 psi with 5 psi



interval. The error bars were considered for a 95% confidence interval of the mean. The output
voltage clearly increased as a non-linear function of the pressure. With the increase of the
pneumatic pressure the force on the EF also increases. The force value can be found by
multiplying the pressure with the cross-sectional area of the piston. This increasing force results
in the increase of compressive stress on the EF. Consequently, the strain of the EF increases
which contributes to the higher piezoelectric voltage in the output. This identical increase of the
output voltage with the pressure clearly supports the possible application of the EF as a pressure

as well as force sensor.

Figure 4c shows the output signal by the EF under different finger motion. The device
was directed towards different finger motions at 120 BPM. The strength and intensity of the
touch and the vibration and direction of the motions helps the EF to distinguish between different
finger motions [78-81]. This ability promotes its motion sensing operation. Figure 4c-i and 4c-ii
demonstrates the output signal for tapping the EF attached from upper and both sides
respectively. The maximum output voltage observed for the two-side tapping was 9.3 V while it
was 4.4 V for the single side tapping. The output voltage doubled due to the application of force
from two sides. Besides, after the application of the stress, the relaxation of the films occurs from
both sides. As a result, the negative voltage was observed to be higher and sharper for the two-
side tapping. In figure 4c-iii the signal represents the output signal from the EF in closed fist-
open fist operation while keeping the device in the fist. The signal is identical with the signal
related to two side tapping since the device was directed to force from both sides. The output
voltage can be as high as 10 V for this case. Next the PENG was attached to the back of the
index finger and the finger was moved backwards freely at 120 BPM frequency in figure 4c-iv.

As the finger was attached with the lower electrode of the PENG, force was exerted on the lower



electrode. This free backward movement resulted in a bending motion of the device. Negative
voltage was generated with every free movement of the finger, which however, generates a
positive signal whenever the finger moves towards its initial position. The maximum output
voltage was observed to be 4.2 V in this test. The signals are observed to be oscillating compared
to the double or single side tapping motions. Due to the free end of the motion, additional
oscillations can be observed through the signal during every cycle of the free movement [81,82].
The EF was also tested under continuous thumb press at 120 BPM without any distance between
the thumb and the device (Fig 4c-v). A single peak can be observed for every press on the
PENG. The maximum voltage of this continuous ‘w’ shaped response was 0.8 V. The zero
distance of impact resulted in less force on the PENG which resulted in low output voltage.
Figure 4c-vi demonstrates the output response of the EF attached PENG under free end tapping.
This can be better defined as a cantilever operation through the PENG. While tapping the film at
free end, vibration increases in the film due to the cantilever action mode. This results in
additional oscillations in the output response [82,83]. It can be clearly stated from the above
discussion that the EF shows identical response and intensity when directed to different finger
motions. Therefore, its potential as a sensor to detect biomechanical and finger motions is highly

promising. This promotes its implementation as a wearable devices for sensory applications.

3.5. Output performance of EF attached Piezoelectric-Triboelectric Hybrid Nanogenerator

Figures 5a to 5g demonstrate the triboelectric working mechanism of the EF attached
PTENG. The triboelectric function of the device occurs due to contact triboelectrification and
electrostatic induction [11,19,84]. The initial neutral charge of the device with full airgap is
shown in figure 5a. With the application of an external force on the device, the upper layer of Cu

moves towards full contact with the EF (Fig 5b). Due to the lower position of PVDF in the



triboelectric series compared to Cu, electrons transfer to the PVDF surface from the Cu surface
which is defined as contact triboelectrification [4,85,86]. The upper electrode moves back to its
initial position. The PTENG circle starts operating after the upper electrode of the device starts
approaching the EF after contact triboelectrification (Fig 5c). While the upper electrode is
moving towards the EF, an electron flow occurs from the upper electrode towards the lower one
due to the potential difference between the two electrodes which is the result of electrostatic
induction. The upper electrode then comes back to full contact with the EF. The upper electrode
IS positively charged at this stage to counterbalance the negatively charged EF film. At this stage,
the EF goes under full pressure due to the external load (Fig 5d). The piezoelectric dipoles are
created at this pressing stage. The electron moves from the upper electrode to the lower electrode
due to the piezoelectric voltage. The device shows maximum positive voltage at this position. At
the next stage, the external load is withdrawn from the device. As a result, the piezoelectric
potential is removed from the device leading towards the flow of the electron from the bottom
electrode to the upper electrode. The output voltage starts decreasing. Eventually, the Cu layer
starts to move back towards its initial position due to this release of external forces (Fig 5f). To
neutralize electrostatic voltage between the two electrodes, electrons from the bottom electrode
move towards the positively charged upper electrode. The whole cycle results in alternative
current (AC) in the output which continues with the application of the external force. An optical

view of the PTENG is demonstrated in Figure 5g.
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Figure 5: Working mechanism of the EF attached PTENG (a) EF attached hybrid PTENG
at initial stage (b) EF attached PTENG in full contact due to external load (c) Approaching
stage: Upper electrode of the EF attached PTENG starts approaching towards the EF due
to the repetition of the external force (d) Pressing Stage: EF attached PTENG under fully
pressed condition (e) Releasing Stage: Pressure release from the EF attached PTENG due
to the removal of external load (f) Separation Stage: Separation of the EF from the upper
electrode as the electrode moves towards its initial position (g) Optical view of the EF
attached PTENG (h) Output voltage response of the EF attached PTENG at 240 BPM
tapping frequency (i) Comparison of the maximum peak to peak voltage between the EF
attached PENG and PTENG at 60BPM, 120BPM, 180BPM and 240BPM tapping
frequency (j) Output current response of the EF attached PTENG at 240 BPM tapping
frequency (k) Comparison of the maximum peak to peak current between the EF attached
PENG and PTENG at 60BPM, 120BPM, 180BPM and 240BPM tapping frequency



The hybrid response by the EF attached PTENG at 240 BPM is demonstrated in Figure
5h. The gap between the finger and the device was set to be 1 in. The maximum output and peak
to peak voltage of the device was measured to be 54.1 V and 69.4V, respectively. The maximum
peak to peak voltage of the hybrid PTENG was compared with maximum peak to peak voltage
by the PENG from Figure 5i. The maximum output voltage for the PTENG was 18.6 V, 27.7 V
and 35.2 V for the PTENG at 60 BPM, 120 BPM, and 180 BPM load frequencies which came as
5V, 13.7 V, and 25.5 V for the PENG. The maximum voltage of the PTENG was higher
compared to the PENG alone. The combined effect of triboelectricity and piezoelectricity
resulted in 18.8 V higher output compared to the piezoelectric voltage alone at 240 BPM. This
difference clearly increased with the increasing load frequency. Also, the short circuit current
showed a similar trend for the increasing load frequencies. Figure 5j shows the output current by
the EF attached PTENG for 240 BPM. The maximum short circuit current was observed to be
29.4 pA. The maximum peak to peak current by the EF attached PTENG was also compared
with the output current response by the PENG as shown in Figure 5k. The output current for the
PTENG increased from 8.9 YA to 29.1 pA with the increase in frequencies from 60 BPM to 240
BPM. This higher kinetic energy contributes to the flow of electron [19]. Besides, electrons flow
at a shorter time to neutralize charge accumulation which results in higher output current [87].
The voltage also increases with the increasing loading frequencies as a linear function of current.
[88,89]. The higher triboelectric output with higher frequencies significantly contributes to the

output increase for the PTENG at a higher rate compared to the output by the PENG.
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Figure 6: (a) Electrical circuit used for charging the capacitors for EF attached PTENG (b)
Charging capacitors for 30s with EF attached PTENG through finger tapping (c) Observed
accumulated charge during charging the 0.1 uF and 1 pF capacitors by tapping the EF
attached PTENG. (d) Charging and discharging of 0.1 uF capacitors with EF attached
PTENG (e) Average voltage and current measured with variable external resistance with
EF attached PTENG (f) Average power measured with variable external resistance with
EF attached PTENG

The performance of the attached EF was further tested with conventional electronic
components. First, it was tested with a full wave bridge rectifier at 120 BPM loading frequency
and 1 in finger to top-electrode distance. Supplementary Figure S3 shows the rectified output
signal by the PTENG. The signal by the PTENG was completely rectified by the bridge rectifier.
Point 1 and 2 indicate the pressing and releasing signals of the EF attached PTENG respectively
after the rectifying operation. The maximum voltage after rectifying the voltage was measured to

be 18.4 V.



In another experiment the EF attached PTENG were used as capacitors, its capability to
harvest and store energy from mechanical motions and provide constant biased voltage for
powering electronic devices was measured [90,91]. The circuitry system used for the test is
exhibited in Figure 6a. The device was connected with a full wave bridge rectifier followed by a
parallel connection with a capacitor. The VersaStat3 was used in this test. Figure 6b shows the
output by the PTENG while charging 0.1 uF and 1 pF capacitors at 120 BPM and 180 BPM for
30s. The maximum voltage after charging the 0.1 yuF and 1 pF capacitors at 120 BPM was 2.5 V
and 1.6 V respectively. Higher capacitor leads towards higher loss of charges in the capacitor
[30,92-94]. Therefore, higher voltage was observed for the 0.1 uF capacitor. Besides, the 0.1 pF
capacitor was charged at a higher rate at 180 BPM compared to 120 BPM. The maximum
voltage after 30s for 180 BPM loading was observed to be 4.9 V. The larger number of contacts
between the surface due to the higher frequency lead towards higher transfer of charges. As a
result, higher output voltage as well as higher rate of charging was observed [19,94]. In addition,
the accumulated number of charges at the output during the test were observed for the 0.1 puF and
1 uF capacitors (Fig 6¢). The charge accumulation in the output increased linearly with time. The
number of accumulated charges in the output for the 0.1 puF and 1 YF capacitors at 120 BPM
were 3.2 UC and 2.8 pC respectively. The higher loss of charge in the 1 pF capacitor leads
toward lower accumulation of charge in the output. Subsequently, the 0.1 uF capacitor was used
for a charging-discharging test with the PTENG (Fig 6d). It was frequently tapped for 60s at 180
BPM. The output voltage reached up to 9.8V after 60s (180 cycles). The load was released
afterwards. The device took about 80s to discharge. The charging of the device fully depends on

the tapping force and frequency, however the discharge of the capacitor occurs at a constant rate



as there is no external force during discharge [94]. The above results clearly indicate the

application of the EF attached PTENG for self-charging operations of electronic devices.

The PTENG was further characterized with external resistance from 10* to 10° Q. The
output voltage and current for variable external loads is presented in Figure 6¢. Following Ohm’s
law (V=IR) the voltage increases and the current decreases with the increase in resistance. The
voltage and current incidents at 2.2 MQ which can be defined as the optimum point. The power
is expected to maximize at this optimum resistance [95,96]. Figure 6f shows the measured output
power for variable external load. The maximum power measured was 164.74 pW at 2.2 MQ

(optimum point) external resistance.

3.6: EF and Kapton based PTENG
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Figure 7: (a) Schematic of the Nanogenerator with the Cu, Kapton and Energy Film (b)
Output voltage of the EF attached Kapton based PTENG at 180 BPM (c) Extended view of
the output voltage of the PTENG from 12.4s to 13s (d) Schematic of the Nanogenerator
with Cu and Kapton (e) Output voltage of the TENG without EF at 180 BPM (f) Extended
view of the output voltage of the PTENG from 12s to 12.6s (g) Electrical circuit used for
powering LEDs (h) Lighting LEDs with the EF attached Kapton based PTENG

The EF was further attached with Kapton to fabricate a PTENG for higher output. Kapton
is highly known for its triboelectric properties [8,97] The Kapton layer is set over the EF layer

along with the Cu electrodes (Fig 7a). The device was tapped at 180 BPM. The output shows a

maximum voltage of 113.2 V (Figure 7b). An extended view of the voltage signals is



demonstrated in Figure 7c. A Kapton based Triboelectric Nanogenerator (TENG) was also
constructed for comparison purposes (Fig 7d). The Kapton based TENG exhibited a maximum
78.4 V for the same experimental condition. Figure 7e shows the output signal for Kapton based
TENG. The extended view of the output signal by the TENG is shown in Figure 7f. It can be
clearly stated that the EF is compatible with a Kapton layer to fabricate a PTENG. More
importantly, the PTENG shows higher output compared to Kapton based TENG due to the

combination of piezoelectricity and triboelectricity from the EF and Kapton respectively.

Durability is an important parameter for a biomechanical energy harvester like PTENG.
To test the durability and stability of the device, we performed an experiment on the device for
and extended amount of time. When the EF was attached to Kapton, it was subjected to hand
tapping at 180 BPM for 3000 cycles where the gap between hand and the PTENG was kept
approximately at 1 in. The results are shown in Supplementary Figure S4. No degradation of
peaks has been observed throughout the cycle suggesting that the PTENG can take higher loads

for an extended amount of time.

The EF/Kapton based PTENG was further tested with light emitting diodes (LED). An
equivalent circuitry diagram is shown in Figure 7a. The circuit included a bridge rectifier,
capacitors, and a switch. The LEDs were connected in series. The circuit was switched on after
tapping the device for 60s at 120 BPM. 30 LEDs were successfully lighted after switching on the
circuit. It is evident from the experiment that the EF has a huge prospect to power small
electronic devices. Also, the mechanical energy harvesting capability and sensory characteristics
of the piezoelectric and triboelectric EF magnifies its application in self-powered sensory
devices. Proper application of the EF will promote the goal of lead-free energy harvesting

systems leading towards sustainable development.



Conclusion

In Summary, KNN was synthesized using the ball milling method to fabricate a
piezoelectric and triboelectric hybrid energy film along with PVDF and MWCNT. The EF
provided a maximum piezoelectric voltage and current of 35.3 V and 15.8 YA respectively. The
film was observed to be sensitive for variable pressure and force. Besides, the energy film was
sensitive to various modes of finger motion. The results promote the application of this energy
film as a pressure, force, and motion sensor. The film also showed higher output voltage with the
increase in the percentage of KNN (up to 5% by weight). The film was successfully utilized as
piezoelectric/triboelectric hybrid nanogenerator for higher output voltage. The maximum voltage
and current during the hybridization were noted as 54.1V and 29.4 pA. The output voltage was
observed to be 28.8 V higher compared to the previous studies regarding KNN and PVDF due to
the utilization of both triboelectricity and piezoelectricity. Furthermore, the energy film was
successfully integrated with bridge rectifiers, capacitors, and LEDs. The energy film showed the
capability of charging capacitors of 0.1uF and 1uF. The optimum power for the film was
measured to be 164.74 uW with 2.2MQ load resistance. Additionally, the attachment of Kapton
with the energy film showed a high voltage of 113.2 V. 30 LEDs were lighted with this modified
device. Overall, this film has a strong potential to develop lead free mechanical energy

harvesting devices.
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Highlights
* KNN/PVDF/MWCNT based (lead free) energy film was synthesized for piezoelectric and
triboelectric operation.

* The energy film was tested at variable pressure, load frequency and finger motions.
* The hybrid energy film showed high output of 54.1 V and 29.4 pA.

* The energy film can be used for lead free energy harvesting (powering small electronic
devices) and multidimensional sensory operations.






	KNN based piezo-triboelectric lead-free hybrid energy films
	Recommended Citation
	Authors

	KNN based Piezo-Triboelectric Lead-Free Hybrid Energy Films

