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Abstract

THESIS TITLE: Bio-Compatible Nanoparticles Based Electroactive
Polymer Thin Films: Characterizations and Applications to Energy
Harvesting from Environmental Mechanical Sources via Piezoelectric and
Triboelectric Effect

Submitted by: Debmalya Sarkar

Index no.: 125/19/Phys./26

With the rapid growth of human civilizations, fossil fuels are limiting day by day. For this,
human society will face some serious energy crises in the upcoming days. Along with this, the
regular requirement of power in our daily life activities is increasing quickly. Also, the
cumulative growth of the human population accelerates the daily requirement of power.
Therefore, to solve the problem of the energy crisis and fulfil the daily need of power,
alternative energy sources become the most suitable solution to these problems. Among
different types of alternative energy sources, nanogenerators have gained tremendous attention
owing to their capability to harvest energy from environmental friendly mechanical sources
and convert them into electrical energy. Therefore, the primary objectives of the research work
are to develop self-powered energy harvesting devices with the help of piezoelectric and
triboelectric effects and utilize them in electricity generation from environmentally available
mechanical and biomechanical energy sources. Also, polymeric nanocomposites have been
used in the development of these nanogenerators. To reduce environment pollution and
maintain the fabrication cost, naturally available cotton pappus has been utilized in the
fabrication procedure of a piezoelectric nanogenerator (PENG). The presence of the hydroxyl
group and the amino group inside cotton pappus assist in the generation of stress-induced
polarization and improve the piezoelectricity. Owing to these exceptional properties, cotton
pappus has been incorporated into polydimethylsiloxane (PDMS) matrix and fabricated the
polymeric nanocomposite, which has been further utilized in the designing process of PENG.
Moreover, the capability of the fabricated PENG in harvesting biomechanical energy sources
has been investigated by illuminating LEDs and charging capacitors. Besides this, the effect of
the B-crystalline phase of electroactive polymers on the output performance of PENG has been
monitored theoretically and experimentally. The formation of the B-crystalline phase inside the
matrix of electroactive polymers (PVDF, PVDF-HFP, PVDF-TrFE) has been performed by



incorporating semiconducting materials for example C-dot, MoTe,, Bi>Ses etc. inside the
polymer matrix. Furthermore, the sensitivity of the PENG has been utilized in harvesting
energy from human blood flow and sensing objects with different masses. Alongside, some
fabrication methods including solution casting, electrospinning etc are adapted to develop
polymeric nanocomposites. The morphological, structural and electrical properties of these
composites have been investigated with the support of FESM, XRD, FTIR, XPS, LCR meter,
DSO etc.

Piezoelectric nanogenerators have some drawbacks including low sensitivity, difficulties in
harnessing small-scale energies and moderate output performances. To solve these challenges,
triboelectric effect has been utilized in the development of self-powered energy harvesting
devices. To improve the output performance of the triboelectric nanogenerator (TENG),
surface modification techniques have been performed in the designing of TENG. Along with
this, 2D materials are used in the fabrication process of TENG to prevent the charge
recombination process inside the device, which further results in better current density and
output results. The utility of the TENG in tracking human physiological signals and detecting
artificial finger movements is also monitored. To get a better sensitivity compared to PENG,
another method, the piezo-tribo coupling effect has been utilized during the development of
TENG, which assists in harnessing energy from biomechanical and small-scale energy sources
and generates electrical energy.

Therefore, the developed self-powered piezoelectric and triboelectric nanogenerators will be
impactful in green mechanical and biomechanical energy harvesting applications. Also, the
outstanding sensitivity and energy-harvesting ability of the devices will become an essential

asset in human health monitoring applications and human-machine interfaces.
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1.1 Motivation

Nowadays, energy becomes the crucial part of our daily life’s activities by fulfilling the all
demands of today’s life in every realm. Along with the increasing fashion of population, the
requirement of energy also increases to meet everyone’s demands. From the statistics of world
energy, it has come to know that conventional energy is the key source of the energy which
fulfills this energy demands. There are several sources of conventional energies including
petroleum, fossils fuels like coal, natural gases, oil etc.> 2 Due to the steady rise in the energy
demand, these non-renewable energy sources are limiting day by day. For this reason, alternative
energy resources have come into light to solve the energy demand in the upcoming future.
Moreover, the use of the non-renewable energy sources has some serious effect on the
environment through the phenomenon of glaciers melting, global warming and other nature
related problems. Thus, our environment is facing some serious issues for these conventional
energy sources, which further can be fixed by introducing alternative energy resources.®> The
additional benefit of utilizing the alternative sources is that small amount of waste or neglected
energy sources may have the potential to be transformed into efficient energy. To convert this
waste energy into electricity, energy harvesting concept has been utilized which not only assists
in developing the green energy but also environmental friendly and cost effective.* Thus, the
energy harvester by utilizing the alternative energy resources has been attracted the researchers
more in the era of Internet of Things (IoT). Along with the improvement of 10T, the demand of
the energy harvesters is rising rapidly.®> Moreover, the statistics regarding the demand of energy
harvesting sensors in 10T reveals that over 50 billion energy harvesting sensors have already
been used in the 10T and this number will reach up to 500 billion by the year of 2025.° Beside
this, storage equipments including batteries or capacitors are required to power up these sensors.
But, there have some drawbacks of using these storage equipments for example constrained
capacity, regular charging requirements etc. Also, the containing of toxic substances like cobalt,
lithium and hazardous electrolytes inside the batteries added the additional disadvantages of
these energy storing gadgets and seriously polluted the environment at the time of disposal. The
maintenance cost of these gadgets is also very expensive.”® To keep these drawbacks in mind,
researchers have concentrated on energy harvesters which can be utilized in IoT. The main
benefit of using the energy harvester is that it has the potential to generate electricity for a long

period until the ambient energy sources is exhausted. Additionally, they are nature friendly
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compared to the conventional energy sources. In view of these advantages, the energy harvesters
become a suitable candidate to be utilized as an alternative energy sources in the era of 10Ts.> In
the year of 2006, the first nanogenerator was developed by Wang et al. by using piezoelectric
effect.’® The aim of this novel work is to harvest mechanical energy. Moreover, the piezoelectric
effect was first invented by Nobel Prize honored Pierre and Jacques Curie in the year of 1880.%
After developing the piezoelectric nanogenerator, Prof. Wang and his group introduced
triboelectric properties of the materials and utilized this effect to design nanogenerator, named as
Triboelectric nanogenerator (TENG) in the year of 2012.121% Owing to the capability of
harvesting energy from living bodies including running, jogging, heart beating, stretching,
bending etc. these PENGs and TENGSs can be used in development of self-powered and wearable

devices, sensors and actuators etc.1>2°

In this present thesis, we have designed PENG, TENG and piezoelectric effect supported TENG

and utilized them to harness mechanical and biomechanical energy resources.
1.2 Piezoelectric Nanogenerator

It is an energy harvesting device, which has the capability to convert external mechanical energy
sources into electrical energy with the help of piezoelectric effect. This energy harvesting device
can generate power in the range of nanoWatt (n\W) to mili Watt (mW).?! This generated power

can be used in powering up small and portable electronic gadgets.
1.2.1 Piezoelectric effect

Piezoelectric effect is the phenomenon which is occurred due to the alteration in the polarization
on the appliance of external pressure or stress. The term Piezoelectric is originated from the
Greek word “Piezein” whose meaning is “electricity generating from pressure”. The
piezoelectric effect was first discovered by Jacques and Pierre Curie in the year of 1880.22%
After one year, Hankel named this effect as “Piezoelectricity”.?® The initial utilization of the
piezoelectric effect was in First World War through developing an ultrasonic submarine detector.
There are mainly two types of piezoelectric effect i.e. direct piezoelectric effect and inverse
piezoelectric effect, shown in the figure 1.1. Direct piezoelectric effect means when a material is
subjected to mechanical stress then polarization is induced across the material. The inverse

polarization effect occurs during deformation of material after applying the external force.?®
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Moreover, the operating principle of piezoelectric energy harvester is based on the direct

piezoelectric effect.

Voltage (Output) Voltage (Input)

(-) I (-) |L+)

Q R
N

L qp

1 |

Strain (Input) Strain (Output)
Direct Piezoelectric Effect Inverse Piezoelectric Effect

Figure 1.1: Schematic representation of direct and inverse piezoelectric effect. (Collected from

internet)
1.2.2 Mechanism

The piezoelectric effect is interconnected to the formation of the dipole moment inside the solids.
When an external stress or force is imposed on the materials, the polarization change takes place
which may be occurred due to the orientation of the dipoles of the molecules or change in the
alignment of dipoles. Moreover, the piezoelectricity depends on the following parameters which
are also variable, i.e. symmetry of crystals, orientation of polarization and external applied stress.
Generally, crystal exhibits charge balance which means that positive and negative charges are
cancelled out each other along the rigid plane of the lattice. After applying external pressure on
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the crystals, the balance of charge becomes disturbed which leads to induce charge carriers and
develop electric current within the material. In case of inverse piezoelectric effect, the
deployment of external field disrupts the crystal’s neutral charge balance and results in
modification of lattice structure. The formation of piezoelectric effect is better illustrated by
using crystalline solid and ions array within the unit cell wherein the positive and negative
charges remain the non-centrosymmetric inside the unit cell plane despite of applying any
external force. Moreover, there are thirty two crystallographic classes, depending on the unit
cell’s symmetry and geometry. Among these thirty two classes, the number of non-
centrosymmetric nature based classes is twenty one. Amidst all of classes, only one shows
piezoelectricity. Due to the deficiency of the symmetry in the arrangement of ions, these
crystalline solids generate net dipole moment which further helps in inducing piezoelectric
effect.?’” This piezoelectric effect can be utilized to harness mechanical energy and convert them

into electrical energy.

The underlying physics behind the generation of charges of PENG are described below. The
electrical signal generated by PENG can be explained theoretically through Hooke’s law?. The

electrical behavior can be describes as

Where, D represents the electric displacement, £ is the dielectric permittivity and E defines the
strength of electric field. To identify the system, the linear elastic material can be written from

Hooke's law as

Where, S defines the strain, s and T represent the compliance and stress of the system
respectively. The combination of these two equations gives the piezoelectric strain-charge

equations which are
{D} = [€T] + [d]{T} (Direct piezoelectric effect) ..............cccooviiiiiiiiiiiiiiiie (1.3)

{8} = [sE1{T} + [d*]{E} (Inverse piezoelectric effect) ...............coooviiiiiiiiiiiiiiiinn, (1.4)
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Where, [d] defines the matrix of direct piezoelectric effect, [d'] represents the matrix of inverse
piezoelectric effect. The superscript T and E are the constant stress and electric field which are

coming from the system. The term t elaborates the transposition of matrix.?®

Therefore, piezoelectricity is a combination of stress and strain tensors, elastic and dielectric
variables, and electric displacement and field vectors. Owing to the anisotropic behavior of the
piezoelectric material, the relationship among stimulus and response relies upon the employed
mechanical or electrical stimuli in the energy harvesting and sensing. In case of coordinate

system, strain-charge equations will be?®
D; =&'Ei + diyT; (Direct piezoelectric effect) .............coooiiiiiiiii (1.5)
Si = STy + diiEi  (Inverse piezoelectric effect) ..o, (1.6)

Where, Si,F defines the elastic compliance vector at a constant electric field, ;" represents the
dielectric permittivity tensor at constant stress. The notations: | and J index values are 1 to 6,
whereas i and j can be 1 to 3. Along with this, D and E are 3X1 tensor which is related to the
three coordinate axes X, Y and Z. Moreover, S and T are 6X1 tensor, demonstrating vertical
stress or strain (indexing from 1 to 3), and shear stress or strain (indexing from 4 to 6). These
equations give us the idea of the direction of stimuli.®® Furthermore, the operating principal of
PENG depends only on the direct piezoelectric effect. When external stress is applied on the
piezoelectric material, the induced piezoelectric polarization charge is op occurring at two ends
of the piezoelectric materials. In this case, the induced charge is (t), flowing amidst the two

electrodes. According to the Maxwell’s equation, the displacement current (Jo) will be3! 2

o, o o
]D— at—go 0t+0t ...................................................................................... (17)

Where, P represents the polarization field. During the absence of external electric field and

polarization field along the z axis, the displacement current will be

_ 9Pz _30p(2)
JD= S T (1.8)

Where, Dz = Pz = ar(z). Also, the open circuit voltage of PENG will be

B. Sarkar, jadavpur University 6|Page



Chapten 1

Where, k stands for the thickness of the piezoelectric media. From these equations, we can see
that output voltage has a dependency on the polarization charges which also follow the

piezoelectric coefficient.3 33
1.2.3 Piezoelectric materials

The choice of the material is the crucial part of the designing PENG. Depending on the materials
selection, output performance of PENG is varied. Piezoelectric materials are that kind of smart
materials which can easily convert mechanical energy into electrical energy. There are several
kind of piezoelectric materials for example natural and synthetic crystals lead based and lead free
ceramics, naturally sustainable bio piezoelectric materials, electroactive polymers. Single
crystals are generally composed of organized orientation of positive and negative ions which
enhances the net dipole moment. The major utilized single crystals are quartz, lithium tantalate,
langasite, gallium orthophosphate and lithium niobate.3*3" Moreover, there have some
drawbacks of utilizing these materials like high lost, difficult fabrication process etc. Also they
have the tendency to loss piezoelectric effect under large electric filed. Piezoelectric ceramics are
well known inorganic poly crystalline materials and consist of high piezoelectric coefficient and
dielectric properties. The frequently used ceramics are lead zirconate titanate (PZT), barium
titanate (BaTiOs3), zinc Oxide (ZnO), Potassium niobate (KNbOs3), sodium niobate (NaNbO3),
lead titanate (PbTiOg), PZN-PT, zinc sulphite (ZnSOs), PMN-PT, bismuth ferrite (BiFeOs) etc.1%
3847 Among these piezoelectric ceramics lead based ceramics exhibit high dielectric properties,
piezo coefficient value, but presence of lead restrict them their utilization in the field of
biomedical applications. To overcome this problem, lead free piezoelectric ceramics has been
introduced but their efficiency is not so good compared to lead based piezo ceramics. Apart from
this, natural sustainable bio based materials has been utilized to design PENG. The main
advantages of natural piezoelectric materials are environmental friendly behavior and low
fabrication cost. Some traditional natural based piezoelectric materials are quartz, tendon, egg

shell, sucrose, rochelle salt, silk, dentin, proteins, viruses, cellulose, chitins, enamel etc.*¢->°
1.2.4 Piezoelectric polymers

Nowadays, the polymer based nanocomposite with various electroactive filler has been utilized

widely due to their better optical, electrical and thermal properties. Among various available
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polymers, Poly(vinylidene fluoride)(PVDF) consists of high piezoelectric coefficient values
owing to the unique crystalline formation and structural orientations.®®2 The co-polymers of
PVDF including poly(vinylidene  fluoride-co-hexafluoropropylene)  (PVDF-HFP)®3&4,
poly(vinylidene fluoride—trifluoroethylene—chlorofluoroethylene) (PVDF-TrFE-CFE),
poly(vinylidene fluoride-co-trifluoroethylene) (PVDF-TrFE)®>®® also exhibit very good
piezoelectric properties. These polymers can be used to design flexible and environmental
friendly PENG.

1.2.5 Poly(vinylidene fluoride) (PVDF)

PVDF is a thermoplastic and semi-crystalline fluoro-polymer with various fascinating properties
including light weighted and highly non-reactive. It is generally consist of 1,1-difluoroethene
which is identified as vinylidene fluoride and abbreviated as VF2 or VDF. Compared to other
fluropolymer, the presence of fluorine and hydrogen within PVDF are 59.4 wt% and 3 wt%. The
density of PVDF is 1.78g/cm® Moreover, Dr. Heiji Kawai from Physical Research Laboratory of
Kobayashi Institute, is the first scientist who was discovered the piezoelectric response of PVDF
in the year of 1969. After that, various prestigious works on crystalline phases of PVDF have
been done.®"*The chemical formula of PVDF is (CH2-CF2)n. This semicrystalline polymer
generally consists of five crystalline phases which are o, B, v, 8 and & respectively.”> Among
them, p-crystalline phases is the most crystalline phase and also exhibits very good
piezoelectricity and elasticity properties. Owing to these properties, the nucleation of B-
crystalline phase has gained immense attention. Beside this, a-crystalline phase consists with
monoclinic crystal structure and exhibits TGTG’(T-trans, G-gauche*, G-gauche) dihedral
conformation. This dihedral confirmation makes the a-phase non-polar in nature and does not
exhibit any piezoelectricity. The B-crystalline phase is the most stable phase and crystal structure
is orthorhombic. This B-phase consists of all TTTT conformation and leads to rise in
piezoelectricity. Apart from this, the y-phase exhibits TTTGTTG’ conformation which posses
lower piezoelectricity value compared to B-crystalline phase of PVDF.”*"™The schematic
illustration of three phases of PVDF has been represented in the following figure 1.2.
Furthermore, PVDF has three copolymers which are PVDF-HFP, PVDF-TrFE, PVDF-TrFE-
CTFE.
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e Hydrogen
p-phase * Fluorine
® Carbon
y-phase

Figure 1.2: Crystalline phases of PVDF. (Collected from internet)

PVDF-HFP is the low cost copolymer which is produced by incorporating the amorphous
hexafluropropylene (HFP) into PVDF matrix.”® Due to the existence of bulky CF3 group, PVDF-
HFP exhibits less crystallinity in comparison with pure PVDF. Moreover, PVDF-HFP consists of
very good piezoelectric properties with dsz value of 30 pC/N which helps in a potential candidate
in piezoelectric and ferroelectric related applications.””> ® PVDF-TrFE is most effective
copolymer of PVDF whose electroactive phase concentration is superior compared to PVDF.
Due to inclusion of third fluoride to the TrFE monomer, the PVDF-TrFE copolymer results in all
TTTT conformation and confirms the formation of ferroelectric B-phase. Additionally, PVDF-
TrFE offers appealing piezoelectricity, excellent polarization value of 110 mC/m? and thermal
stability.”® Apart from these two copolymers, PVDF has another two copolymers named as
PVDF-CTFE and PVDF-TrFE-CTFE. They are ferroelectric in nature and can be synthesized by
incorporating required amount of CTFE into PVDF and PVDF-TrFE matrix. In comparison with
pure PVDF, they exhibit outstanding dielectric and piezoelectric properties.®® & The dielectric

and piezoelectric values of PVDF and its copolymers have been depicted in the tabular format.
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Table 1.1: Dielectric constant and piezoelectric coefficient of PVDF and its copolymers

Polymer name Dielectric constant Piezoelectric

coefficient
-24 t0 -3459.81

6_1269, 81, 82

PVDF-HFP 1169.83 -2459.85

PVDF-TrFE 186984 -3g69.86

PVDF-CTFE 136940 -14089.80

1.2.6 Polydimethylsiloxane (PDMS)

PDMS is a non-toxic, optically cleared and non-flammable silicon polymer. The chemical
formula of PDMS is CH3[Si(CHz)20]nSi(CHs)s, where n is the repeating polymer number.?’
Generally, it is a ferro or piezo-electret and used in sensing applications. Owing to heterogeneous
structure, piezo-electret makes itself a potential candidate in sensing applications. This structure
helps in the formation of regular or sporadic micro-cavities inside the polymer matrix. These
cavities are further helped in developing of internal quasi-permanent macro-dipoles which
further induces the piezoelectricity after applying external stress. Moreover, the piezoelectric
coefficient of PDMS is 350 Pc/N which is very large compared to other polymers.%8

1.2.7 Literature review on enhancement of fi-phase and polymer based PENG

The electroactive and polar B-crystalline phase of PVDF and its copolymers exhibits maximum
piezoelectricity property which opens up the utilization of nanocomposite in the field of sensors
and actuators, energy harvesters, water purification etc. Therefore, several techniques have been
used to enhance the B-crystalline phase for example electrospinning, spin coating, solution
casting and Langmuir-Blodgett. Among these, Solution casting technique is the upgraded
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technique where incorporation of nano or micro fillers into the PVDF and its copolymers matrix
is utilized. Among different type of fillers, ceramics filler like BaTiO3%°, PZT® etc. are used to
increase the energy storage and dielectric properties of the PVDF nanocomposites. Moreover, the
self-poling property of PVDF that means no need of physical stretching are attained by
incorporating metal nanoparticles like Fe, Pt, Ag etc.®>%%, metal based oxide nanoparticles like
TiO2, ZnO, Fe304, SiO; etc.®*®" natural mineral nanoparticles like MMT, mud volcano clay

etc.? %8 other nanofillers including graphene, carbon fibers, SWCNT, carbon black etc.%%-10?

From previous work, we can see that the B-phase nucleation of PVDF matrix was obtained by
adding cerium(l)/yttrium(111) nitrate hexahydrate, which was reported by Thakur et al. The
obtained maximum B-phase was 82.3% for 10 mass% cerium nitrate hexahydrate and 81.8% for
5 mass% yttrium nitrate hexahydrate loading.”® Martins et al. reported that they obtained the
maximum electroactive B-phase of 90% after incorporating the ferrite nanoparticles into PVDF
matrix. The electroactive phase nucleation is depending on the electrostatic interaction between
nanoparticles with negative charged surface and PVDF matrix with positive CH, dipole.1%
Moreover, the addition of natural mineral particles into polymer matrix also enhances the
electroactive B-phase. Ghosh et al. used hematite natural particles to enhance the B-crystalline
phase of PVDF matrix. They used simple solution casting method to fabricate the
nanocomposite.' Das et al. reported the nucleation of electroactive B-phase of PVDF matrix by
addition of mud volcano acquired clay nanoparticles. They got 84.8% B-phase for 1 wt% doping
of clay nanoparticles. Moreover, they also used this nanocomposite to fabricate PENG, named as
BPENG which exhibits the 125V output voltage and 7187puW/cm® power density. This
fabricated BPENG has the capability to detect body movements and illuminate 40 no of LEDs.?
Biswas et al. fabricated CTAB-MMT doped PVDF nanocomposite which shows maximum -
phase of 91%, colossal piezoelectric constant value of 62.5 pC/N and dielectric constant of 48.
They utilized this nanocomposite to design PENG and photo power cell.®® Not only mineral
particles but non-conducting ceramic materials also gained immense attention to improve the f3-
phase of PVDF matrix. The incorporation of BaTiOs nanofillers into PVDF polymer leads to
formation of electroactive -phase (80%) which was observed by Mendes et al. This paper has
been highlighted on the size and doping concentration of nanoparicles.'® Gregorio et al.
examined the effect of PZT and BaTiOs nanofillers on the dielectric properties and B-phase of
PVDF matrix. They also came to a conclusion that the relative permittivity of nanocomposites
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are increasing with doping concentration of fillers. This statement was well matched with

106 Fyrthermore, several researchers have been used metal

theoretical calculated data.
nanoparticles to improve the electroactive B-phase. For example, Biswas et al. embedded silver
nanoparticles into PVDF and PVDF-HFP matrix by using in-situ chemical method. They have
noticed that silver nanoparticles accelerate the formation of B-phase in crystallization of molten
PVDF but in case of PVDF-HFP, they do not help in B-phase formation by restricting the
mobility of chain.’”” Mandal et al. developed the thin film of palladium doped PVDF
nanocomposite by using spin coating technique. They have explained the formation of -phase
well through dipole-surface charge model.!% Santos et al. developed the electroactive B-phase of
PVDF matrix by embedding copper nanowires by using precipitation technique through melt
compression. The results indicated that the dielectric property is increased with doping
percentage.® Mitra et al. reported the nucleation of electroactive phase of PVDF-HFP by
incorporating TiO2 nanoparticles by using solution casting technique. They also utilized the
nanocomposite film to design the PENG and harvest the pressure from blood flow, different
mechanical responses.!'® Furthermore, piezoelectric materials with optical properties have been
used to investigate the optical properties of PVDF and its copolymers. Using the
mechanoluminescence property of ZnS nanoparticles, Li et al. developed a ZnS/PVDF-HFP
nanoconposite based flexible mechanoluminescent sensor which has the capability to convert
mechanical energy into yellow, green and white light, visualized in bare eye.!'! He et al.
embedded CuS into PVDF matrix to investigate absorption and dielectric properties. The results
depicted that the nanocomposite exhibited colossal absorption and dielectric values owing to
Debye dipolar relaxation, Maxwell-Wagner interfacial polarization and electron polarization.'?
Recently, bio based organic materials has been embedded into polymer matrix to enhance the -
phase. Tamang et al. developed DNA based PVDF nanocomposite where incorporation of DNA
converts the non-polar a-phase into polar f-phase. They have used this nanocomposite to design
PENG and examine the output performance.!'® The enhancement of electroactive B-phase of
PVDF matrix by embedding cellulose nanofibers was reported by Fu et al. They have used
electrospinning technique and get highest B-phase of 89.96% and also obtained excellent output
results.!* Hoque et al. extracted chitin nanofibers from Crab-shell and incorporated it to PVDF
matrix to obtain the B-phase. This study exhibited that the maximum obtained B-phase is 81%
which was further utilized to fabricate PENG and harness mechanical energy resources.>’ Along
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with the nucleation of the f-phase, nanofillers embedded PVDF nanocomposites have been also
used to develop self-powered and flexible PENGs. For example, Mao et al. fabricated a PENG
by using mesoporous PVDF film. This device exhibits 11.1V output voltage and 9.8yA short
circuit current respectively. Also it has the capability to convert surface oscillation into electrical
energy.’™® Du et al. developed a PENG by using porous nofibers of PZT/PVDF composites
which also exhibited nucleation of B-phase. To fabricate the fibers, the electrospinning method
was used. This fiber was also utilized to fabricate PENG which exhibited the output voltage of
62V and power of 1366.9uW.!® A highly flexible, non toxic and self powered sensor was
fabricated by Bharti et al. by using Bi,-WOs@PVDF-TrFE nanofiber mat. They obtained the
output voltage of 205 V and short circuit current density of 11.91 mA m2 which was further
used to power up electronic devices.!'” Moreover, 2D semiconducting materials are also used to
design flexible PENG. Han et al. used 2D MoS:; shell to fabricate the flexible power generator
with the help of piezoelectric effect which can easily convert the finger tapping energy into
electricity.!'® Lee et al. utilized the piezoelectric property of WSe, bilayers to develop the
piezoelectric nanokgenerator.!*® Furthermore, Li et al. developed an electrode free PENG by
using interfacial polarization effect consisted carbon black/PVDF-HFP nanocompoite. The
obtained results are short circuit current of 0.66 pA, output voltage of 17.6 V and charge of 4.7
nC respectively.?® Roy et al. reported 2D MOF embedded PVDF fibrous mat based flexible
PENG which can successfully convert acoustic energy into electrical energy and detect human
body movements.’?! Along with the PVDF and its copolymer, another piezoelectric polymer
PDMS has been open up its utilization in developing PENG. For example, Zhou et al. designed
PENGs with the help of carbon coated 0-D piezoceramic nanofillers embedded PDMS
nanocomposites. This strategy helped them to obtain excellent peak power densities
of 9.9 uW/cm?, 45.4 uyW/cm? and 59.8 uW/cm? for KNN@C, BT@C and PZT@C based
PENGs.'?2 Yoon et al. reported a stretchable and eco-friendly PENG depending on the
heterostructure of zinc-aluminum layered double hydroxide nanosheets and ZnO, casting on the
PDMS substrates. They elaborated the operating principle through flexoelectric and piezoelectric
combine effect. This PENG generated power density of 2.7uW/cm? during finger tapping mode
and harnessed biomechanical energies.!?® Veeralingam et al. fabricated flexible and semi-
transparent lead free NiFe LDH:PDMS based PENG. The maximum output voltage of 53 V and

current density of 0.79 nA cm 2 was obtained by external pressure of 0.15 kgf. *2* Das et al.
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reported a flexible and skin attachable PENG based on ZnFe»O4 (ZFO) reinforced PDMS

nanocomposite. They used this device for monitoring patient different activities.?

From above discussion, we can see that the piezoelectric polymers based nanocomposites
become most promising candidates in the area of energy harvester by using piezoelectric,
triboelectric and pyroelectric effects, waste water and heavy metals detection, photo power cell,

sensors and actuators, transducers, health monitoring units etc.
1.3 Triboelectric Nanogenerator (TENG)

It is most promising energy harvesting device which has the ability to convert mechanical
energy sources into electrical energy with the help of triboelectric effect and electrostatic
induction.’?® In the year of 2012, Z. L. Wang and his group first fabricated the TENG with
output power density of 3.67 mW/m?2.*?" After one year, they improved the power density of
TENG by optimizing the variables like materials selection, surface properties, mode of operation
etc. and obtained the maximum output power density of 313 W/m?2.12 Moreover, the idea of
triboelectric effect is first ever invented by Greece philosopher, Thales of Miletus who has
discussed about the attraction of amber with other materials. The practical example of given
phenomenon of Thales of Miletus is rubbing of pen with cotton or wool fabric. After rubbing, the
pen can easily attract tiny strips of paper. From this rubbing effect, the word “tribo” is
originated.’?® Generally, contact electrification assists in producing triboelectric effect. When
two distinct materials are contacted with each other, then they become electrically charged and
help in inducing the triboelectric effect. The occurrence  of electrically charged of these
materials is resulted from the transfer of ions, electrons or materials which arises from the
application of friction or pressure. Moreover, adhesion, occurring due to the creation of chemical
bonds, takes place on the surface of the materials at the time of contacting each other. This
adhesion further helps in balancing the potential by transferring the charges from one material to
other. After the separation of materials, some of the atoms will retain more electrons whereas
other will release them. As a result, triboelectric charges are induced on the surface of the
materials. The polarity of the different materials determines the direction of the flowing of
electrons. With the help of this phenomenon, AC current is produced, which is further utilized in
powering up the electronic devices by converting them into DC current through bridge

rectifier,126:130
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Polystyrene (PS)
Polyethylene (PE)

Negative Polypropylene (PP)
Poly(vinyl chloride) (PVC)
Polytetrafluoroethylene (Teflon, PTFE)

Positive

Figure 1.3: List of tribo-positive and tribo-negative materials. (Collected from internet)

1.3.1 Theory of TENG

TENG consists of two dielectric materials which are opposite to each other, shown in the figure
1.4. These two dielectric materials with relative dielectric constant of &1 and & are separated
from a distance of x and induced surface charge densities of +o and -0, resulting from contact
electrification.’3 As a result, charges are flowed from one electrode (named as Metal 1) to other
electrode (named as Metal 2) through external circuit and generated potential difference among
the electrodes of TENG. The total potential differences of TENG will be'®!
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Figure 1.4: Basic structure of TENG.

The second term of the above mentioned equation is raised by the tribo-charges of dielectric
materials and also has the dependency on the distance between two dielectric materials. This
second term is known as open-circuit voltage Voc(x). The first term is coming from the

transferring of charges among the two electrodes of TENG. In the absence of tribo-charges,

TENG behaves like a capacitor by inducing potential of —% , Where C defines the

capacitance value, depending on the distance between materials. Moreover, the above stated
equation is known as V-Q-x relationship, confirms the dependency of TENG on capacitance
value. During the short-circuit situation, the transferred charges (Qsc) nullify the generated tribo-

charges. As a result, the equation will bet3!
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Qsc(®)
0= —% +Voc(x)

Or, Qsc(X) = C(X)Voc(x) ............................................................................ (111)

With the utilization of this equation, there has a possibility to build up an equivalent circuit for
TENG, comprised of two circuit components. The first is the capacitive component of circuit,
denoting by C which is generated among the electrodes. The source of second component of the
circuit is the separation of tribo-charges, shown with an ideal voltage source Voc(x). These two
components build up the equivalent circuit, shown in the figure 1.5. Thus, TENG can be easily
characterized by a small capacitor and voltage source that can be attached to the load in the

circuit.

. |

|
TENG L ]1C :

|

ol Load Circuit ®

Figure 1.5: Basic equivalent circuit of TENG.

To make the calculations simple and easy, resistive load can be used. Kirchhoff’s law makes it
possible to construct the following equation for whole system. The equation will be'*?

o _ _ 0

“dt - @ + Voc(x) .............................................................................. (112)

The above equation can be tackled with numerical analysis method such as Finite element
method (FEM). Also, the behavior of TENG can be simulated by using software. To optimize the

maximum power density of TENG, resistive load can be utilized. The output voltage (V) and
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current (1) will need to be measured in series and parallel fashion on the load for achieving this.
Both values are required to find out the instantaneous power density of TENG. The combination
of Ohm’s law and Joule’s law gives us the expression of instantaneous power (P) of TENG,

which will be?
P = V..o (1.13)
1.3.2 Operating modes of TENG

There are four different modes of TENG which help in generating the output voltage. The four
different operating modes are vertical contact-separation mode, lateral sliding mode, single
electrode mode and free standing triboelectric layer mode respectively, explained in the

following section.
1.3.2.1 Vertical contact-separation mode

The vertical contact-separation mode is the most primitive and fundamental mode of TENG by
which power is generating through the contact separation of two opposite charged surfaces.
Previously, we have discussed about the potential difference, resulting from two electrodes,
consisting of thickness of d1 and d2. Thus, total amount of —Q charge and +Q charge are acquired
on the top and bottom electrode respectively. The amount of stored charges on the surface of the
dielectric 1 and dielectric 2 will be +6S and —¢S. This type of phenomenon is known as
dielectric-to-dielectric type mode. Apart from this, there is another type of phenomenon, known
as conductor-to-dielectric mode, where one conductor replaces the one of dielectric material.
This conductor serves as both electrode and triboelectric layer.r*? Conductor consists of both
charges of dielectric 1 and metal 1, which is (+oS,-Q). Because of the larger dimension of
electrodes in comparison with the distance between electrodes (di+ da+ Xx(t)), we are able to

regard this as ideal capacitor with the expression of capacitance, which is €A/d. Thus, the

voltage between electrodes will be V,. = % = %j :GT'd. This equation helps in deriving the

following equations**
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Figure 1.6: Schematic representation of the structure of vertical contact-separation mode.
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The equation will be V-Q-x relation of vertical contact-separation mode of TENG. Moreover, the

short-circuit charge will be

Sox(t)

Qsc =Voc*C =

In the above equations, S represents the contact area, o defines the surface charge density of
tribo materials, do is the operative thickness of two dielectric layers and x(t) represents the
separation amidst the two dielectric layers. Figure 1.6 shows the structure of vertical contact-

separation mode.

Moreover, using contact-separation mode has been some advantages including high output
power density, simple fabrication process, multilayered structure etc. For this, this method can be

utilized in the wearable and self-powered electronics gadgets.
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1.3.2.2 Lateral sliding mode

Lateral sliding mode of TENG is similar to the contact-separation mode of TENG. Only one
difference has in lateral sliding mode that is the direction of the relative separation among two
tribo layers is parallel to surface of TENG. Moreover, the operating mode of lateral sliding
TENG has been classified into two types, one is dielectric-to-dielectric and other is conductor-to-
dielectric. From figure 1.7, it has been visualized that the equal distribution of positive and
negative charges on the surface of two tribo layers is done after contacting. After sliding out the
one tribo layer, a potential difference is occurred across the electrodes, which further increases
with increasing the relative motion. As a result, current is generated throughout the external
circuit. Similarly, currents are flowing back at the time of sliding in of tribo layer. Thus, the
obtaining open-circuit voltage (Voc) and short-circuit current (Isc) of TENG in the lateral sliding

mode will be!33

'\/

d Dielectric 1
Y+ +++++++++++

[} V IR

Dielectric 2

[++++++++ }
v

Figure 1.7: Schematic illustration of the structure of lateral sliding mode.

d;

_ ax(t)dg
OC = ey s (1.19)

Igc = O'WV(t) .......................................................................................... (120)
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Where, o represents the surface charge density of tribo materials, x(t) defines the relative
separation among two tribo layers, do is the operative thickness of tribo layers, | denotes the
length of tribo layer in direction of motion, w is the width of the tribo layer perpendicular and
v(t) defines the relative velocity between tribo layers.

Therefore, lateral sliding mode is very useful in packaging applications where separation gap is

not needed.

1.3.2.3 Single electrode mode

In this mode, only one electrode is required which acts as a primary electrode (PE).Ground is
considered as a reference electrode (RE) in most of the cases. The operating principle of TENG
within this single electrode mode can be organized into dielectric-to-dielectric and conductor-to-
dielectric types. After getting contact, equal amount opposite charges are gathered on the surface
of dielectric layer and PE. For this, potential drop generates among the PE and RE, helps in
inducing current through the external circuit. When, the dielectric layer is returning to its
previous stage, the inducing current will flow back by diminishing the potential drop in the

external circuit.

d, Dielectric 1
Air
++++++++++++
Prlmary"l-EIectrode _.I.
Air

o)

Vv

Reference electrode

Figure 1.8: Structure of single electrode mode TENG.
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The obtained expression of open-circuit voltage (Voc) and short-circuit charge (Qsc) will be'®*

_ owlC,
V06 = g o guEy e e oo (1.21)
owl
QSC = _Cl(x) ............................................................................................ (1 22)
C2(x)

Where, o and w represent the surface charge density and thickness of dielectric layer, | defines
the length of dielectric layer, C1 is the capacitance value of dielectric layer to PE, C, represents
the capacitance of dielectric layer to RE and Cs stands for the capacitance value of PE to RE.
The structure of single electrode mode has been illustrated in the figure 1.8.

Therefore, single electrode TENG can be used in biomedical application and health care units

due to its easy fabrication process and freely movement of tribo layer.

1.3.2.4 Free standing triboelectric layer mode

In comparison to other three mode of TENG, the setup of the free standing triboelectric layer
mode is little more complicated. The movement of tribo layer can be done vertically among the
parallel two electrodes or laterally on the identical thin film. Moreover, dielectric-to-dielectric
and conductor-to-dielectric are both appeared in the free standing mode of TENG. The operating
mechanism of free standing TENG in the sliding more is depicted in the figure 1.9. After a single

working cycle, adequately charged surfaces of tribo layer slide laterally.
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Figure 1.9: Schematic representation of the structure of free standing mode.

Thus, two electrodes are charged in opposite directions. The potential difference among the two
electrodes and generation of current through the external circuit are occurred, dependent upon
the overlapping areas. It takes some serious effort to figure out the right formula for finding the
overall capacitance value of TENG because the fringing effect outweighs the capacitance
between both fully misaligned electrodes. The precise descriptions of open-circuit voltage and
short-circuit current are therefore a bit difficult.!® Moreover, there are some advantages of free
standing triboelectric layer mode of TENG including high energy conversion ability, freely

movement of tribo layer etc.

1.3.3 Literature review on TENG

With the utilization of different operating modes of TENG, self-powered and wearable devices
have been designed to harness mechanical energies, coming from different sources like wind,
water, sound, vibration, and human body movements etc. and convert them into electricity.
Moreover, TENG consists of numerous merits compared to other traditional techniques,
including easy manufacturing process, high sensitivity with tremendous efficiency, cost-
effectiveness and wide choice of materials etc. For this, it can be used in sustainable and green
technologies. Additionally, the high conversion skill of biomechanical energy into electrical
energy, the self-powered and wearable devices with tribo-effect has potential application in
healthcare units. For example, Jao et al. developed textile based wearable sensors by using
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contact-separation method of TENG to track gait phase and sense sweat and humidity. They
modified the commercial fabric into multifunctional textile by using chitosan-glycerol film and
fabricated the TENG, named as C-TENG which induced the current density of 10mA/m?
throughout the humidity range.'3 Chiu et al. fabricated a smart glove by using nano-structured
chitosan/ glycerol film and utilized it to detect different gestures. The operating mode of this
glove depended on the vertical contact-separation mode. Here, chitosan/glycerol was used as
positive layer and FEP film as negative layer. This fabricated wearable smart glove can be used
in surgical unit.*3” To improve the output performance of wearable TENG, several techniques are
applied. Cui et al. proposed a wearable TENG with porous nanocomposite by reinforcing
Na,COs into PDMS matrix. The operating mode of this fabricated TENG was single-electrode
mode. This fabricated nanogenerator exhibited 125V output voltage and 100pA short-circuit
current. The potential application this nanogenerator was to detect human motions. This idea
opened up a new application in self powered personal electronics.'® A self-powered patch with
single electrode based sliding mode TENG was reported by Yang et al. They utilized surface
modified PTFE patch and Al electrode to develop the TENG, generated output voltage of 1100V
and power density of 350Mw/m?. This device has the versatility to sense displacement vector
along with the mechanical energy. Thus, it can be utilized in touch pad applications.'®
Moreover, Shankaregowda et al. reported a graphite coating paper based electrode to fabricate
the TENG. The hydrophobicity and flexibility of the electrode helped in harvesting mechanical
energy arising from animal movements. Along with this, the graphite paper modified electrode
based TENG successfully detected water and wind energy and converted them into electricity.4°
The energy conversion ability of TENG was improved by Zhang et al. through modifying the
operating mode. They utilized the single electrode mode and free standing tribo layer mode to
accelerate the efficiency of energy conversion. As a result, the dual mode TENG easily charged
up different types of electrical storage equipments.**! To optimize the performance of TENG, the
modification of surface charge density and contact area are required. For example, Shao et al.
prepared nanofibers by reinforcing BaTiOz into bacterial cellulose and utilized this nanofibers in
designing the TENG. This nanofiber layer modified the dielectric property and surface structure,
which resulted in the output voltage of 181V and short-circuit current of 21pA.1*? Venkatesan et
al. accelerated the surface charge density of PVDF by electrospraying the PDMS-PVDF
microbeads. This novel technique improved the output performance of TENG by inducing 305V
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of output voltage and 124.3mW/m? of power density. The improvement of the output
performance of the device successfully assisted in the employment of the device in portable
electronic gadgets.!*® Also, Pandey et al. fabricated a nanofibrous tribo-positive layer by
incorporating ZIF-8 into PAN and constructed TENG with it, named as PZ-TENG. This tribo-
positive layer enhanced the effective surface area and resulted in better performance of TENG.
For wirelessly monitoring human-machine interaction, this PZ-TENG was used as self-powered
VLC system.** Another suitable way to improve the charge density of TENG is to prevent the
charge combination process inside the device. For this, Wang et al. inserted the sulfonated
cellulose nanofibrous layer during the fabrication of TENG. This nanofibrous layer restricted the
charge recombination process and improved the dielectric property. The output performance of
the fluronated nanofibers based TENG was utilized in wireless posture detection applications.#°
Also. Rana et al. fabricated a TENG with PVDF-TrFE/MXene nanofiber mat and investigated its
utilization in controlling the smart home applications like fire alarms, smart doors, fans etc. The
fabricated nanofiber mat assisted in formation of microcapacitor and boosted the output
performance of TENG. Additionally, they examined the effect of fiber mat in output
performance through theoretical modeling. The maximum power density of nanofiber mat based
TENG was obtained with the value of 4.01W/m?.24¢ To keep in mind the stretchable and flexible
properties of TENG, Zhao et al, developed all fibers based TENG with the help of PVDF and
TPU nanofiber membrane and MWCNT based conductive layer. This all fiber based TENG with
high stretchable property easily attached to the human skin and harvested biomechanical energy.
The device induced maximum output voltage of 225V and current of 4.5uA.*’ Moreover, some
researchers are utilized natural friendly and biodegradable materials during the fabrication
process of TENG. This idea opens up the utilization of TENG in implantable applications and
other health related problems. For example, Hao et al. utilized fully biodegradable natural wood
to develop the TENG. This natural wood based TENG exhibited good output voltage of 220V
and short-circuit current of 5.8pA, which assisted in powering up small electronic gadgets.'*®
Khandelwal et al. improved the hydrophobicity of starch by incorporating the edible laver filler
into it. This improvement of hybrophobicity assisted in the biodegradable nature of TENG. Also,
the fabricated biodegradable TENG detected the biomechanical energy and power up electronic
equipments.t*® Furthermore, Rani et al. collected the waste cigarette filters and utilized them in

designing the TENG. To improve the performance of TENG, very small amount of CNT was
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added with the cigarette filters. The fabricated device depicted the output voltage of 60V and
power density of 110mW/m?. Also, it can successfully detect the sound energy and convert it to
electrical energy.™ Shi et al. added a green fabrication technique of TENG and utilized it in self-
powered wearable systems. This idea was executed by fish gelatin and micro-structured leaf. The
micro-structure leaf helped in surface modification and improved the output performance. The
micro-structured assisted fish gelatin based TENG induced maximum output voltage of 320V
and short-circuit current of 0.80pA.*°! Xia et al. proposed a new tribo-positive material which is
wool ball and developed a free floating TENG. The wool ball inspired TENG can harvest wind
energy and generate output voltage of 462V and short-circuit current of 15.5pA.*%? Apart from
the natural materials, self-healable hydrogels are developed to fabricate the TENG. Zhang et al.
reported an ionic hydrogel based TENG to monitor the human-computer interactions and identify
different objects through machine learning process. The hydrogel was prepared by polypropylene
amine (PAM), sodium alginate (SA), tannic acid (TA) and MXene. The exhibited instantaneous
power density of TENG was 52.24mW/m?2.5® Rahman et al. reported ZIF-8 reinforcing
stretchable and flexible hydrogel based electrode and designed the TENG with this electrode.
The reinforcement of ZIF-8 in to hydrogel improved the output performance of TENG which
exhibited maximum power density of 3.47W/m?.1%* Luo et al. fabricated a MXene/PVA hydrogel
based TENG. The incorporation of MXene promoted the conductivity and stretchability of
hydrogel and generated the additional tribolectric effect. As a result, the hydrogel based TENG
showed maximum output voltage of 230V.* Qin et al. reported a self-powered and flexible
sweat sensor with the help of cellulose assisted conductive hydrogel. The conductive and self-
healable hydrogel was prepared by polymerizing the cellulose with PANI and cross-linking with
PVA/borax. This sweat sensor detected the Na, K, Ca ions in perspiration and transmitted the
results wirelessly.®™® Zhang et al. developed a conductive hydrogel through PVA, graphite oxide,
cotton paper and MXene. The as prepared hydrogel was further combined with PTFE to fabricate
the TENG, which was utilized to monitor running posture and detect different strain. The
obtained maximum voltage and short-circuit current was 229.85V and 10.36pA respectively.'’
Furthermore, the power density of the TENG has been improved by combining the triboeffect
with other effect. For example, Singh et al. prepared ZnO-PVDF film based TENG where, ZnO-
PVDF nanocomposite induced piezoelectric effect and triboelctric effect by combining with

PTFE. This nanocomposite based piezo-tribo hybrid nanogenerator generated power density of
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24.5uW/cm?. 158 Karumuthil et al. proposed a energy hervester by using ZnO, grapheme oxide
and MWCNT incorporated PDMS nanocomposite. The ferroelectric and piezoelectric properties
of PDMS nanocomposite improved the output performance and assisted in detection of human
footsteps.?>® Saquib et al. designed self-powered and bio-based nanogenerator by using porous
tomato peel. The porous structure helped in enhancement of tribolectric charges. As a result, this
green nanogenerator induced output voltage of 135 V and power density of 3750uW.° Zheng
et al. reported core-shell resonator with the effect of piezo-tribo coupling effect, where BaTiOs
served as core and porous PVDF-TrFE served as shell. This resonator behaved like an artificial
cochlea.’®! Singh et al. improved the performance of TENG by combining the piezo-tribo effect.
They utilized MoS,-PVDF as piezoelectric layer and PDMS as tribo layer. They applied this
device to harvest mechanical energy and generate electrical energy.'®? The tribolectrification
between PVDF and PTFE was improved by Singh et al. through incorporating ZnO into PVDF
matrix. The incorporation of ZnO enhanced the polarization effect and increased the output
performance of TENG. The maximum obtained power density was 10.6uWcm2.1%% Chai et al.
improved the output performance of TENG by combining the conduction of tribo materials and
ferroelectricity. The ferroelectric layer optimized the power density of TENG from 0.11W/m? to
7.21W/m?.1%4 Suktep et al. designed a hybrid nanogenertor by utilizing piezo-tribo effect. The
silk fibroin was utilized as tribo layer and gamma-glycine was served as piezoelectric material.

The fabricated nanogenerator harvested output voltage of 81V and current of 121uA.1%°

The above discussions interprets the working principles and device designing process of TENG,
selection of materials, techniques to improve the triboelectric charges, enhancement of output
performance and applications in the various fields. Also, it emphasizes how TENG can easily
scavenge mechanical energy sources coming from water, rain, wind, music playing, human body
movements etc. Thus, TENG can be used in biomedical applications as biosensors, healthcare
units, self-powered sensors like photodetectors, chemical sensor, humidity detector, sweat sensor

etc.
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1.4 Experimental Techniques

1.4.1 Fabrication process of thin films
The thesis showcases the simple fabrication process of polymer thin films by utilizing two well-
known and simple process including solution casting method and electrospinning technique.

1.4.1.1 Solution casting method

Solution casting method is a trouble-free and common procedure to fabricate the polymeric thin
films. When the polymer and inorganic nanofillers are well dispersed and dissolved totally, then
this technique will be employed. In solution casting method, the primary polymer (PVDF,
PDMS, Ecoflex etc.) and the nanofillers are dispersed within the appropriate solvents including
DMSO, DMF etc. with the help of mechanical forces coming from magnetic stirrer, water bath
ultra-sonicator, electric force stirrer etc. After well dispersion of the polymer and nanofillers, the
solution is casted on a clean and solid surfaced petri dices and transferred in a hot air oven at
suitable temperature to obtain the required polymeric thin film. The procedure of solution casting

has been represented schematically in the figure 1.10.

Mixing of nanofillers

and polymer in organic |

Stirring the solution ¢

under the external

mechanical forces .

Casted the solution on a
petri dish and kept in oven |

Figure 1.10: Flow chart of solution casting method.

D. Sarkar, Jadavpur University 28| Page



1.4.1.2 Electrospinning technique

The electrospinning technique is performed to fabricate the nanofibers. First of all, stock solution
is prepared by dissolving required amount of polymer in solvent and acetone mixture and kept it
under stirring condition. Thereafter, required amount of nanofillers are added in the mixture
solution and placed it on the stirrer. In the next step, sonication has been performed to get the
stock solution for the electrospinning process.

Thereafter, the stock solution has been loaded in syringe and performed the electrospinning
process by adjusting some parameters including flow rate, distance between the needle of the
syringe and the collector plate and high voltage. After completing the process, the nanofibers are
acquired from the collector plate. The schematic of electrospinning process has been depicted in

the figure 1.11.

Figure 1.11: Schematic representation of electro-spinning process.

1.4.2 Designing of self-powered devices
In this thesis, piezoelectric nanogenerator and tribelectric nanogenerator serve as self-powered
and wearable devices. The fabrication process of these two nanogenerators is described below.

1.4.2.1 PENG fabrication
Firstly, the prepared composite thin film is taken and two aluminum electrodes with required
thickness are attached on the both side of the composite film. Thereafter, two copper wires are
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connected to the composite film to measure the electrical properties. In the next step, the copper
wire connected aluminum electrode attaching composite film is encapsulated with
polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, ratio, 1:10) by submerging the
whole system in PDMS gel. Then, the submerging system is placed in a vacuum oven for drying
at 60°C for few minutes. After that, we get the fabricated PENG. Figure 1.12 represents the

fabrication procedure of PENG schematically.

-, o A

:;rﬁmam“ *\
=

Copper wire

' PENG

Figure 1.12: Schematic illustration of fabrication of PENG.

1.4.2.2 Designing of TENG

Generally, the fabricated TENG device consists of charge generating layer and charge collecting
layer. Herein, PVA nanocomposite, human hand , Ecoflex and PDMS thin films have been used
as charge generating layers and aluminium (Al) electrodes, carbon tape (thickness 41um) as
charge collecting layer. The fabrication of TENG consists of two parts i.e. positive and negative
part. The positive tribo layer consists of PVA film, human hand and the negative layer consists
of PDMS film and ecoflex. After successfully synthesized the positive and tribo layers, the
electrodes are attached with the positive and negative layer of TENG. Then, protecting cover are
utilized by maintaining ample air gap in the middle of the two parts of TENG (positive and

negative parts). Lastly, two copper wires are connected with the electrodes to investigate the
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output performance of fabricated TENG device. The designing of TENG has been illustrated in
the figure 1.13.

TENG

‘ Negative triboelctric layer Double tape

Positive triboelectric layer . Protecting cover
‘ Aluminium (Al) tape

Figure 1.13: Schematic representation of the designing of TENG.

1.5 Characterization Tools

To acquire the structural, morphological and chemical information related to the synthesized
nanomaterials and thin films, characterizations are the central part of any kind of research work,
which not only give us the properties of the synthesized materials but also way out the direction
of the research work. Herein, several scientific apparatus are used to investigate the structural,
physical and chemical properties of synthesized nanoparticles and nanocomposites. The detailed

descriptions regarding the scientific apparatus are stated below.

1.5.1 X-ray Diffractometer (XRD)

The structural properties of synthesized nanomaterials and thin films have been examined by X-
ray diffractometer (XRD; Model-D8, Bruker AXS Inc., Madison, WI). For Cu K, (1.5406 A)
radiation, Germanium (002) monochromator has been used. The experimental results i.e. the

diffraction patterns are visualized in 0 - 20 style. Also, the XRD of samples are performed under
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40 kV voltage and 35 mA current respectively. Moreover, Bragg’s equation is used to calculate
the lattice spacing of the sample from measured diffraction angles.

2dSinf = nA

Where, d defines the interplanar spacing, 0 represents the glancing angle and d represents the
wavelength of incident x-rays. The obtained diffraction patterns are utilized to study the

structural properties of the synthesized samples.

Figure 1.14: Digital image of X-ray Diffractometer (XRD).

1.5.2 Fourier Transform Infrared (FTIR) Spectrometer
FTIR is performed to find out the frequencies of absorbed energy and determine the presence of
chemical bonds inside composite films. Moreover, the presence of electroactive crystalline

phases inside pure PVDF and nanoparticles doped PVDF has been investigated by using FTIR
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spectrometer (FTIR-8400S; Shimadzu). To carry out the experiment, the absorbance spectra of
nanocomposites are varied from 400 cm™ to 4000 cm™ with high scan speed.
With the help of IR spectrum, the content of B-crystalline phase inside a composite film has been

examined by using Lambert-Beer law

Where, A, and Ag represent the absorbance at 764 cm™ and 840 cm™ respectively. K, and Kg are
the absorption coefficients at 764 and 840cm™ with carrying the value of 6.1 x 10* cm?mol™ and

7.7 x 10*cm®mol* respectively.

Figure 1.15: Digital photograph of FTIR instrument.

1.5.3 Field Emission Scanning Electron Microscope (FESEM)

Field emission scanning electron microscope (FESEM) has been used to investigate the
morphology and the microstructures of the synthesized materials and nanocomposites. Also, it
gives us the idea of the surface of sample whether it is in micro scale or nano scale range. The
FESEM images, which are included in this thesis, are captured by using FESEM; INSPECT F50.
For capturing the better images of the surface of the sample, gold coating has been performed by
using Q150T Turbo Pumped Sputter Coater.
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Figure 1.16: Digital image of FESEM instrument.

1.5.4 Energy Dispersive X-ray (EDX)

EDX is performed to investigate the elemental composition of the material and determine the
stoichiometry. Also, homogeneous distribution of nanoparticles inside the polymer matrix has
been examined by EDX. In this thesis work, Zeiss Gemini SEM 500 is used to investigate the
elemental composition of synthesized materials and examine the homogeneous distribution of

materials inside the polymer.
1.5.5 Transmission Electron Microscopy (TEM)

To acquire information regarding the topographical, morphological and chemical compositions
of the samples, transmission electron microscopy (TEM; JEOL JEM F200) has been used. Also,
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TEM gives us information of the homogeneous distribution of nanoparticles inside a PVDF

matrix.

1.5.6 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) has been performed to investigate the chemical and
electronic state of atom inside synthesized material. Also, it gives us the information regarding
the surface groups of materials and nanocomposites. In this thesis, X-ray Photoelectron
Spectroscopy (XPS) analysis of samples has been performed with an Omicron Multiprobe
(Omicron Nanotechnology GmbH) photoelectron spectrometer ~ fitted with an  EA125

hemispherical analyzer and a monochromatized Al K, (hv: 1486.6 eV) source.

1.5.7 LCR Meter

LCR meter (IM 3536 LCR Meter) has been used to measure the dielectric properties, ac
conductivity, tangent loss and capacitance value of nanocomposites with changing the range of
frequency from 20 Hz to 2 MHz. Along with this, the ac voltage of 1 V at room temperature is
maintained throughout the experiment. Moreover, the dielectric constant (k) and ac conductivity

(oac) of the nanocomposites have been calculated by using following equations respectively,

Where, C represents the capacitance value, d is the thickness of the nanocomposite, A is the area
of the nanocomposite and & is the free space permittivity, whose value will be 8.854 x 1071

F.m?

Figure 1.17: Digital snapshot of LCR meter.
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1.5.8 Thermal Gravimetric Analysis (TGA)
To examine the temperature-dependent mass of the samples, thermal gravimetric analysis (TGA)
has been performed by using TGA; TGA/SDTA851e, Mettler Toledo AG instrument.

Figure 1.18: Digital snapshot of TGA instrument.

1.5.9 Surface Charge Analyzer
The surface properties and distribution of pore size of synthesized nanoparticles have been
investigated by using Automated Gas Sorption Analyzer, Autosorb 1Q2, Quantachrome

Instruments.

1.5.10 Universal Tensile Machine (UTM)

Universal tensile machine (UTM) has been used to measure the tensile strength and Young’s
modulus of nanocomposites. To execute the measurement, the dimension of nanocomposites is
kept at 1cm x 5¢cm. Also, strain rate of 5 mm/min is maintained throughout the measurement.
Beside this, Tinius Olsen model: H50KS, UK model has been utilized in the UTM analysis.
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1.5.11 Output Performance Analyzer

The open circuit voltage (Voc) and short circuit current (Isc) of the fabricated nanogenerator
have been measured by digital storage oscilloscope (Keysight, Oscilloscope DSO-X 3012A) and
Keysight, Electrometer B2985 under the application of mechanical energies.

Figure 1.19: Digital image of digital storage oscilloscope (DSO).

1.5.12 Wireless Communication system

The wireless communication system has been set up to monitor the output signal to our mobile or
laptop, generated by the nanogenerator. For this, the device has been connected with the
processing circuit to rectify the signal and then passed it to Arduino Uno. Thereafter, the signal

has been transmitted to laptop or mobile through Bluetooth connection.
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Figure 1.20: Pictorial representation of wireless communication system.

1.6 Objectives

With the increasing of global warming, conventional energy sources including coal, petroleum,
natural gases etc. are limiting day by day. For this, human civilizations will face energy crisis in
the upcoming days. Also, the demand of power in our daily life activities is elevating with the
growing fashion of human population. Therefore, researchers are shifted their attention towards
the alternative energy sources to solve these above mentioned problems. In comparison with
other alternative energy sources, piezoelectric and triboelectric nanogenerators are the most
promising and suitable choice, which has the ability to convert waste mechanical energy sources
into electrical energy. Also, the self-powered property of these nanogenreators restricts the
utilization of external power sources and makes the nanogenerators cost effective. Therefore, the
primary objectives of this thesis work are to design the self-powered and wearable energy
harvesting devices with the help of piezoelectric and triboelectric effect and utilize them in
harvesting mechanical and biomechanical energy resources. To accomplish the objectives,
natural piezoelectric material cotton pappus has been reinforced into PDMS polymer and
fabricated the biocompatible and green piezoelectric nanogenerator, which has been further
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utilized in electricity generation from mechanical and vibrational energy sources. Beside this,
improvement of B-crystalline phase of PVDF polymer has been performed by incorporating the
N-doped carbon dots and Bi.Ses. Also, we have utilized this B-crystalline phase in the designing
process of piezoelectric nanogenerators. Thereafter, the capability of detecting different weights
fallen on the device is also investigated. During the monitoring of output performance of
PENGs, some problems including low sensitivity, lack of capability in detecting small scale
energies, moderate output voltage and power density etc. are faced. For this, TENG has been
introduced in this thesis work, which not only exhibits the colossal output voltage but also
generates electricity from small scale energy sources. In fabrication of TENGs, PVA and human
hand are used as positive triboelectric layer and PDMS and elecoflex are as negative tribolectric
layers. Alongside, surface modification technique has been implemented in device designing
process to improve the performance of the TENGs. Furthermore, 2D material (MoTe>) has been
used in charge recombination process inside the TENG, which reduces the charge loss inside the
TENG and improve the output performance as well as sensitivity of the device. Also, piezo-tribo
coupling effect has been used during the fabrication of TENG for elevating the output
performance of the device. The utilization of these fabricated TENGs has been performed by
monitoring the human physiological signals and detecting the artificial finger movements. Also,
the realistic applications of PENGs and TENGs are investigated by charging capacitors and
illuminating LEDs. Therefore, the high sensitivity and self-powered properties of fabricated
energy harvesting devices open up the potential utilizations in the field of biomedical

applications and human-machine interfaces.
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2.1 Introduction

To mitigate the utilization of conventional power sources such as firewood, fossils fuels etc.,
energy harvesting from existing natural systems has increased interest in the development of
self-powered biocompatible and handheld electronic gadgets such as mobile phones, roll-up
displays, implantable medical equipments, actuators, sensors, and portable electronic devices.'”’
For low-energy devices, bio-based materials are become the most promising alternatives over
regular rechargeable batteries.®® Nowadays, piezoelectric nanogenerators (PENGs) and
triboelectric nanogenerators (TENGS) have been identified as potential green energy harvesting
devices, which can harvest electrical energy from various natural and artificial mechanical
energy sources including human body movement, water flow, airflow, vibrations, and
rotations.>!%2* The triboelectric nanogenerator (TENG) has been emerged as a newly evolved
energy harvesting device for transforming mechanical energy into electrical power due to
combine effect of contact electrification and electrostatic induction. Also, the high efficiency,
low cost, easy availability, and eco-friendliness properties assist it in harnessing small

mechanical energy and large-scale energy as well 242

Recently, PENGs have been attracted additional interest of scientists for their flexibility,
mechanical durability, high performance, sensitivity, etc.?2?3% To upgrade PENGs, various
piezoelectric ceramic and metal oxide materials such as ZnO, PMN-PT, (Na, K)-NbOs, BaTiOs,
and PZT?3% have been used. Apart from the piezoelectric ceramic and metal oxide
nanomaterials, certain polymers such as polyvinylidene fluoride (PVDF),% its copolymers with
trifluoroethylen [P(VDF-TrFE)],*? and poly(vinlyacetate) (PVAc)* also show high piezoelectric
properties. Beside this, the above mentioned piezoelectric materials have some limitations
because of their toxicity, high cost, non-biodegradability, and breakability, along with the
lengthy and difficult synthesis process.® To address these problems, it is necessary to design
devices using biodegradable, low-cost, and flexible materials for upcoming days. Therefore,
amply available natural and nontoxic bio-piezoelectric materials have been attracted more
interest in the development of eco-friendly smart devices.?**° Many bio-based PENGs, using a
virus,*! fish scale,*? fish bladder,*® cellulose,** paper-BaTiOs-bacterial cellulose,* cellulose-
BaTiOs,% bio-waste crab shell,%and bio-waste onion skin® as piezoelectric materials, have been

studied for harnessing green energy.
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Recently, bio-waste material based PENGs have been reported with comparatively low output
performances. For example, Maiti et al.®> fabricates an onion skin based PENG that shows an
output voltage of 18 V, short circuit of 166 nA, and instantaneous power density of 1.7 uW cm 2,
A fish scale based PENG with an output voltage of 10 V and a short circuit current of 51 nA has
been reported by Ghosh and Mandal.*?> Owing to cost-effectiveness and recyclability, bio-waste
materials have been attracted many researchers in energy harvesting applications. Thus, we have
designed a simple and cost-effective bio-waste material based piezoelectric nanogenerator with

high output performance, flexibility, high durability, and non-toxicity.

The environment-friendly Sonchus asper (SA) is the strongest natural polymer fiber.*” SA is
known to possess diuretic, refrigerant, sedative, and antiseptic properties and is mainly used in
medical treatment.*® Various chemical studies exposed the presence of ascorbic acid,
carotenoids, and fatty acids in SA.*® Also, the highly crystalline SA pappus forms stress-induced

polarization and generates piezoelectricity.

In our study, a PDMS/SA microfiber thin film based piezoelectric nanogenerator (SPENG) has
been fabricated for harvesting energy from a small amount of mechanical work such as walking,
talking, bending, stretching, pulse vibration, and finger imparting. SA pappus is chosen as the
key component of SPENG for its biocompatible, biodegradable, nontoxic, robust, sustainable,
and renewable properties. The PDMS/SA pappus film based PENG, named SPENG, shows a
maximum output voltage (Voc) of 81.2 V and a short circuit current (Isc) of 1.0 pA, with an
instantaneous power density of 182.06 pW cm™ during continuous finger impartation. Moreover,
the fabricated PENG has the capability of producing output voltage even in the case of low
pressure of heart beats and pulses. The study indicates the prospect of the nanogenerator SPENG
as a green and portable energy harvester to power up portable electronic devices. Furthermore,
after proper improvisation, the fabricated nanogenerator may be used as an energy supply for

pacemakers and other types of health care devices.
2.2 Materials and methods

2.2.1 Purification of Sonchus asper (SA) Cotton Pappus
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Sonchus asper (SA) cotton pappus was collected from the Jadavpur University campus (Kolkata,
India). Collected cotton fibers were washed with deionized water and dried at 100 °C for 4 h.
The cotton was further purified by 100 mL of hydrogen peroxide (Merck India) and 100 mL of
acetic acid (Alfa Aesar) at 80 °C for 24 h to eliminate the chemicals. Finally, the samples were

washed several times with deionized water and dried overnight (15 h) at 100 °C.
2.2.2 Fabrication of Piezoelectric Nanogenerator

The device has been fabricated by polydimethylsiloxane (PDMS), SA, aluminum electrodes, and
copper wires. Two percent of SA pappus was mixed thoroughly with 2 g of PDMS (Sylgard 184,
Dow Corning, ratio of 10:1) into a rectangular plastic mold with a dimension of 5 cm X 3 cm. To
make the bubble-free composite, the solution was kept for 15 min under vacuum. After getting
the bubble-free solution, the polymer composite was kept at 60 °C in a hot air oven for 15 min to
get the polymer/SA fiber film (thickness 0.59 mm). Two aluminum electrodes (dimension 3.6 cm
X 2.1 cm) both connected with 15 cm long copper wires were attached to the wide sides of the
composite film. Finally, the assembly of the thin film along with the attached electrode was
encapsulating the assembly with PDMS. Figure 2.1(a) shows the schematic representation of
device (SPENG) fabrication procedures. The digital photograph of the PENG and its flexibility
are represented in Figure 2.1(b) to (d).
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Figure 2.1: (a) Schematic representation of SPENG fabrication procedure, (b)-(d) digital
photograph of SPENG and flexibility representation of the fabricated device.

Moreover, the X-ray diffraction pattern and FESEM images of cotton pappus have been included
in the figure 2.2. FESEM images are showing the fiber like morphology of SA cotton pappus in
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the figure 2.2(a) and (b). The X-ray diffraction pattern confirms the peaks of SA cotton pappus at
20 = 13.39, 22.5% which is shown in the figure 2.2(c).

9] HV |magO| WD | HFW | ———————100 ym nag WD | HFW [— o BT
M [10.00 kV| 1 200 x |12.1 mm| 249 pym | Jadavpur University, Physics, Inspect F 0.00 k 000 x [12.1 mm|59.7 uym| Jadavpur University, Physics Inspect F

—
o)
s il

Intensity (a.u.)

5 10 15 20 25 30 35 40
Angle 20 (degree)

Figure 2.2: (a),(b) FESEM images of SA cotton pappus and (c) X-ray diffraction pattern of SA
cotton pappus.
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2.3 Results and discussions

2.3.1 Output Performance

The open circuit output voltage (Voc) and short circuit current (Isc) generation through human
finger imparting and releasing of axial force of ~ 13.5 N with ~ 5 to 6 Hz frequency are depicted
in figure 2.3(a) and 2.3(b). Different output voltages have been generated by the SPENG
depending on the application of various forces and frequencies. We have studied the voltage
output performance of the SPENG by applying uniform force of 5 N under the variation of
frequency ranging from 2 Hz to 10 Hz by using self-designed instrument (from Ocean college,
Zhejiang University, PR China). With increasing frequency of the applied forces, the output
performance (Voc) increases gradually from ~ 7.5 V at 2 Hz to ~ 36 V at 10 Hz (Figure
2.3(c)).The output voltage of the SPENG is depended on the impedance and applied strain
frequency. Even at low pressure finger impartation, the device shows high sensitivity. The
maximum output voltage (observed by Keysight, Oscilloscope DSO-X 3012A) and short circuit
current (recorded by Keysight, Electrometer B2985) of the SPENG are Voc ~ 81.2 V and Isc ~
1.0uA respectively as shown in the Figures 2.3(a) and 2.3(b). It is evident from the figures that
the values of both Voc and Isc are non-uniform in nature, which differs slightly for periodic
pressing and releasing by finger. Such variation is raised due to the manual inconsistency of the
applied strain on the energy scavenging devices during finger impartation. The enlarged view
and working process of the nature of growth and decay of Voc for two successive cycles,
generated by instrument impartation at 10 Hz frequency is shown in the figure 2.3(d). The
highest positive peak is obtained when the strain has been applied. After withdrawal of the strain,
the device recovers its original state and consequently negative peak appears. The output
performance of SPENG is greater than any other previously reported such bio-materials-based

devices, given in table form in Table 2.1.

Table 2.1: Comparing the output performance and power density of our fabricated PENG
(SPENG) with the previously reported bio-based PENGs.
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Flexible ZnO- Bath 1.25pA 0.08V 0.12pw/cm?
Cellulose Sonication
Nanocomposite for
Multisource
Energy
Conversion®’
Flexible Not supplied 0.40-0.52 nA 17 mV 0.0002puW/cm?
piezoelectric
nanogenerators
based on a
fiber/ZnO
nanowires/paper
hybrid  structure
for

energy
harvesting®®
Microfibre— Not supplied 4 nA 3amV 76mW/m?
nanowire
hybrid structure
for

energy
scavenging®®
Virus-based 34N 6nA 0.4V Not supplied
piezoelectric
energy
generation®
Novel Piezoelectric 0.1 MPa 1.14pA 14V 0.64pW/cm?
Paper-Based
Flexible
Nanogenerators
Composed of
BaTiO3
Nanopatrticles
and Bacterial
Cellulose®?
High-performance 0.17 MPa 1.5pA 4V
bio-piezoelectric
nanogenerator
made

with fish scale®
Enhanced 14 N 1.5pA 500mV 0.36pW/cm?
electromechanical
behavior of
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cellulose

film by zinc oxide
nanocoating and
its

vibration energy

harvesting®®

Bioinspired
piezoelectric
nanogenerators
based

on vertically
aligned

phage
nanopillars®

30N

9.5nA

140.8mV

0.3nW

Efficient natural
piezoelectric
nanogenerator:
Electricity
generation

from fish swim
bladder®®

~1.4MPa

51nA

10V

0.23uW/cm?

Bio-waste onion
skin

as an innovative
nature-driven
piezoelectric
material

with high energy
conversion
efficiency®®

34 kPa

166nA

18V

1.7uW/cm?

Bio-assembled,
piezoelectric prawn
shell made
selfpowered
wearable

sensor for
noninvasive
physiological
signal
monitoring®’

5.2 kPa

1nA

4V

0.041pW/cm?

Nature driven
spider silk as high
energy conversion
efficient
biopiezoelectric
Nanogeneratort®
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A new insight 81.6kPa 1.45pA 26.4V 238.17uW/cm?®
towards eggshell
membrane as high
energy conversion
efficient bio-
piezoelectric
energy harvester®°
Biowaste crab 275N 1.9uA 49V 6600uW/cm?
shell-extracted
chitin
nanofiberbased
superior
piezoelectric
nanogenerator’®

CsPDbBrs Perovskite Pressing
Nanocrystals and
pvdf based
piezoelectric
nanogenerator.’

170 pAcm™ 103V -

Silver-doped zinc 3 kgf 1.16 pA 2.28V 1.45 mWem 2
oxide nanorods
piezoelectric
nanogenerator on
cotton fabric.”2

Piezoelectric PZT
Thin Film
Nanogenerator on
Plastic
Substrates.”®

Periodical 150 uA-cm™* 200V -
bending

Our present work 13.5N 1.0pA 81.2v 182.06uW/cm®

The fabricated device has also been tested by bending and twisting and the output voltage
performance is recorded. But no remarkable voltage generation is found, proposing that there has
negligible triboelectric effect. Also switching polarity data have been taken and represented in
figure 2.4. Recently Lee et al.** presents a virus-based PENG with an output voltage of ~ 0.4 V
and current of ~ 4 nA, Ghosh et al.* designs a piezoelectric energy harvester with a fish swim

bladder which shows output voltage of ~ 10 V. Maiti et al. also reports an output voltage (Vo) of
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18 V and a short circuit current of 166 nA in case of onion skin based PENG. Hoque et al.® also
fabricates a bio-waste crab shell chitin nanofiber-based PENG with output voltage ~ 49 V and
short circuit current ~ 1.9 pA. Therefore, the output performance of SA pappus based
piezoelectric energy harvester (SPENG) is definitely better than previously reported similar bio-

based devices.
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Figure 2.3: (a) Open circuit voltage (Voc), (b) Short circuit current (Isc) generated by human
finger impartation at frequency ~5 to 6 Hz. (c) Frequency dependent Voc. (d) Magnified view of
Voc for 2 successive cycles corresponding to 10 Hz frequency under 5 N force. Voltage
generation by using the vibration energy of (e) air drier and (f) vortex machine at different

speeds.
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The SPENG also shows high power density ~182.06 uW/cm?. The details of power density and
external force calculation of fabricated SPENG are attached below.

Powerdensity = Power (IV) / operative volume of SPENG................................. (2.1)

For SA pappus based PENG, Isc = 1.0 pA and Voc = 81.2 V. Then calculated Power density
using equation 2.1 will be 182.06 pW/cm?.

The applied force on the SPENG by the finger impartation has been calculated by following two

equations 2.2 and 2.3, which are depended on momentum and energy conservation law:

mv2

mgh =T ............................................................................................. (22)

(F=MG). AL = TV, e e e (2.3)

Where, m represents mass of the imparted object i.e. finger, v is the velocity of the object when it
touches the PENG, h defines the falling height of the object, F is the applied force, g is the
acceleration due to gravity, At represents the time duration between two successive positive or
negative peak of the output voltage vs. time graph. In this work, m = 0.75 kg, v =14 m/s, h =
0.10 m, and g = 9.8 m/s?, At = 0.17 s. Thus, the external force by the finger impartation on
SPENG will be F=13.5 N.

Beside this, energy harvesting from different vibration energy of air drier and vortex machine in
vibrating condition has also been tested. Placing the SPENG under air drier and operating the air
drier at three different settings of low, medium, and high speed, SPENG produces Voc~ 0.2 V, ~
0.42 V and ~ 0.6 V respectively, shown in figure 2.3(e).When the device has been attached to a
vortex machine body, then it shows remarkable voltage output like ~ 1.3 V, ~ 24V, ~3.25V
and ~ 4.1 V depending on vortex rotating speed of low, medium, medium high and high speed
respectively are presented in figure 2.3(f). All the above-mentioned experimental findings show
that the SPENG can harvest electrical energy quite efficiently from any kind of mechanical

energy generated by vibration.
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Figure 2.4: Output voltage switching polarity test (a) forward direction, (b) reverse direction,

with magnifying views for both forward and reverse directions (b) and (d) respectively.

2.3.2 Ultra-sensitivity of the SPENG under different body movements

The fabricated SPENG is also capable of harvesting mechanical energy from the various body
movements. Furthermore, the sensitivity of the fabricated device has been monitored by
dropping balls of different masses from a height of 10 cm on the device surface, shown in figure
2.5(a) to (e). The output voltages are ~ 6V, ~ 10V, ~ 12V, ~ 15V, ~ 17V for dropping balls of
masses 108.793 g, 35.214 g, 9.18 g, 59.34 g, and 15.01 g respectively. When balls are dropped
on the device, different output voltages are induced depending on the masses of balls and the
contact surface area. The ball having maximum mass shows low output voltage compared to the
other balls, due to harder (low elastic properties than others ball) surface of bigger size ball. For
this reason, different pressures are generated on the nanogenerator, which resulted in different
output voltages.
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Figure 2.5: (a) to (e) Open circuit voltage generated by dropping balls of 108.793 g, 35.214 g,
9.18 g, 59.34 g, and 15.01 g on the device from a height of ~10 cm.(f) and (g) Output voltage
generated by forefoot and heel pressing. (h) Wrist bending signal. (i) Light finger touching on
SPENG.

Figures 2.5(f) to (i) indicate that the self-powered flexible SPENG device is sensitive enough to
utilize biomechanical energy from various body movements like heel and forefoot pressing, wrist
up-down movement and just finger touch. High output voltages are obtained during forefoot
pressing (~ 36 V) and heel pressing (~ 15 V) by attaching the device with foot and heel, depicted

in figure 2.5(f) and (g). Generated output voltage during forefoot pressing is greater than that of
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heel pressing. Possible reason behind this result may be the greater contact surface area for
forefoot with device than heel with device surface. The maximum output voltage during wrist
movement is ~ 1.9 V, as represented in figure 2.5(h), which also confirms the capability of the
SPENG device in harvesting green energy from body movement. The sensitivity has been further
checked by just touching the device with a finger, where Voc is ~ 0.65V (figure 2.5(i)). The
results indicate that the fabricated SPENG is competent enough to detect even minute amount of
pressure and convert the mechanical energy, caused by the application of pressure, into electrical
energy. The output voltage of SPENG is recorded each month over the course of a year to check
the stability of our device and results suggest that experimental device possesses almost same
performances throughout the year. Thus, the fabricated SPENG is cost-effective, biocompatible,
flexible and sustainable which, after proper improvisation, can charge biomedical devices by
utilizing biological pressure from various body movement, muscle contraction/relaxation, and
blood circulation.

Moreover, the experimental SPENG can be used to harness energy from a wide range of green
bio-mechanical energy resources, by attaching the SPENG with running machines like
treadmills, dancing floors, interior of shoes, wheels of the car etc. The produced electrical energy
can also be used to switch on LEDs, LCD screens, and other different types of battery charging

equipments.

2.3.3 Working Principle of fabricated SPENG

The performances of SPENG can be explained with the help of synergetic effect of the electro
activity. Most of the biomaterials such as cellulose, gelatin, chitin and collagen exhibit shear
piezoelectricity due to their fibrous configuration. Such piezoelectric effect is due to internal
rotation of polar atomic groups, which are interrelated with the asymmetric carbon atom®3>*, SA
pappus is composed of amide linkage, -OH groups, carbonyl groups, arranged in a-helical and 3
sheet structures. In the SA pappus, helical-oa and B-sheets elastic structures of amino acids are
connected strongly through intra and inter molecular H-bonding among themselves®. Due to
high aspect ratio of SA pappus fibers in conjunction with strong hydrogen bonding energy and
high binding energy, these fibers can be used undoubtedly as bio-piezo materials. The presence
of amide and hydroxyl groups assists SA pappus to produce electric dipoles inside the fiber.

These dipoles show a high piezoelectric response under applied external strain. Under
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mechanical compression, highly crystalline SA pappus form stress-induced polarization and
generate piezoelectricity. Thus, SA pappus is a promising piezoelectric material which has the
capability to generate output voltage under applied mechanical compression.

The working principle of experimental device (SPENG) depends primarily on the changes in
molecular structure of SA pappus under mechanical stress. Application of vertical pressure on
the PENG, causes the movement of total polarization charge towards the electrodes, which acts
as the key for the generation of piezoelectric potential across the two electrodes®®. Thus, applied
vertical force eventually initiate the accumulation of positive and negative charges separately on
two electrodes and thus generates a positive voltage signal. The polarization charge increases
with increasing magnitude of mechanical force and frequency of vibration. When the vertical
strain is released, the collected charges on the electrodes move towards the reverse direction and
hence a negative signal is produced. Due to the coincidence of negative signal and weak damped
piezoelectric potential, we observe the first negative potential peak. Again, small a positive
signal, indicated by second positive peak is observed due to assemblage of free charges at the
electrodes. After returning to the original state, the accumulated electrons fall back again and
giving a second negative peak. The second positive and negative signal peaks are occurred due to
the damping effect of devices. Thus, a continuous pulse or application of an external force is the
main source to obtain the output performances of PENG.

For the piezoelectric effect,

op(2) is the piezoelectric polarization charge density of PENG and o(x) is the free electron charge
density in the electrode.

Considering the strain introduced by the applied compression, 6(x) is a function of the thickness

of the device (z). Now, for the mechanical force, the piezoelectric equation and constituter are

given by

Py = (@) (S) ke vevvemeemeeme ettt (2.4)
T = CES — @ E. . o (2.5)
D =88 — €F. ... (2.6)

Where, (€)ij denotes the piezoelectric third order tensor and S is the mechanical strain. CEand T
are the elasticity tensor and stress tensor, € is the dielectric tensor.

Due to media polarization, the displacement current can be expressed as
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Equation 2.7 illustrates that the changing rate of the applied strain is proportional to the output
current density of the PENG. The frequency dependent output performance of the device (shown

in the Figure 2.3(c)) matches well with the equation 2.7.

2.3.4 Realistic application of SPENG

The ability of fabricated SPENG to charge a 2.2 pF capacitor has been investigated by
connecting the device with the capacitor through a simple bridge rectifier circuit (Figure 2.6(a)
inset) and switching on the SPENG by periodic finger impartation at frequency ~ 5 -6 Hz. The
exponential nature of the time-voltage curve during charging (figure 2.6(a)) of the capacitor
indicates high energy storage capability. Using SPENG, the capacitor (2.2uF) is charged up to
3.2V within 16 seconds under periodic finger impartation. So, we can easily state that the
charging efficiency of SPENG is higher than any other previously reported bio-waste based
PENGs. Since the charging ability of SPENG is very high, it can be used as an alternative energy
sources for portable or medical devices via capacitor charging. Figure 2.6(b) shows the
competence of the SPENG to light up LEDs under continuous finger impartation. The power
produced from SPENG can illuminate 39 blue LEDs, connected through a full wave bridge

rectifier.

(a) 3s _

3.0

Voltage(volt)

o
()
L2

©
o

6 8 10 12 14 16 18
Time (second)

o
N
~

Figure 2.6: (a) Charging performance of 2.2 uF capacitor, inset circuit diagram for charging
capacitor and LEDs light up and (b) snapshot in LEDs glowing condition.
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2.4 Conclusion:

The observations of the studies indicate that naturally and amply available fiber of Sonchus asper
pappus, being piezoelectric in nature, may be successfully employed to develop a bio-inspired
nanogenerator (SPENG). The fabricated SPENG performs quite efficiently to harvest waste
energy from various mechanical and biomechanical movements. Electrical energy is produced by
harnessing the mechanical energy from various living and nonliving sources. This biocompatible
equipment is capable of generating high output voltage (Voc) of ~ 81.2 V and a short circuit
current (Isc) of ~ 1.0 pA under periodic finger imparting and releasing (with axial force 13.5N)
with an average frequency of 6 Hz. The calculated instant power density of the device is 182.06
pWem3. The fabricated SPENG shows remarkable response in exploiting vibration energy of
vortex mixture (~ 6 V) and low force impact of 9.8 g ball falling from 10 cm height on the
surface of SPENG (~15 V). The device is sensitive enough to respond on mere hand movement
and finger touching on it. The realistic application of SPENG has been verified successfully
through lighting up to 39 blue LEDs connected in series via finger impartation only and also by
charging a capacitor (2.2uF) to 3.2V within a very short span time (16 second). All the results
are reproducible and SPENG exhibits exceptional good mechanical stability with brilliant
performances for a year indicating the excellent sustainability of the experimental device. The
bio-piezoelectric material, SA pappus, collected from natural waste material, is a low cost, easily
and amply available green energy material, which can be successfully utilized in several
renewable energy applications. The flexible, biocompatible, and biodegradable SPENG, made of
SA pappus, has the prospect to be used in different handy gadgets as an energy harvester, which
can convert mechanical energy from different sources, easily available in the environment. After
proper improvisation, the device may certainly be used in many in vivo applications as an energy
harvester, which has been proven to be proficient enough to convert biomechanical energy, even

when negligibly small, into usable form of electrical energy.
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3.1 Introduction

The global energy crisis is increasing rapidly with the speedy development of the worldwide
economy.*® In addition, with the continuous growth of human civilization, non-renewable
energy resources such as coal, petroleum, natural gas, fossil fuels, firewood, etc., are limiting day
by day.*®> As a result, renewable energy sources have become the only option to solve this
energy crisis by generating electricity.®'% To address this problem, several renewable energy
resources, such as solar energy, mechanical motion, tidal energy, thermal energy, biomass
energy, etc., which are easily available in nature, are utilized to obtain the useable form of
energy.® Among them, mechanical energy is available quite effortlessly in our daily activities.
Several researchers have reported that mechanical energies involved in everyday human
movement activities, like walking, running, talking, etc., can be used in electrical energy
generation.!’'® Thus, piezoelectric nanogenerators (PENG) have attracted great interest in
generating electrical energy from various mechanical energy sources by using different
piezoelectric materials.?%?2 For the development of PENG, several piezoelectric nanomaterials
and ceramics such as ZnO, PZT, BaTiOs, PMN-PT, ZnSnOs, (Na, K)-NbOs have been used
widely. Versatile use of these materials has been limited due to their heavy weight and non-
flexible nature.?’? In search to resolve the difficulty, polymers have appeared as the most

promising material to design lightweight, flexible, cost-effective, and eco-friendly PENGs.20:26

Recently, different types of piezoelectric materials like quantum dots, perovskite materials, oxide
materials, biomaterials, etc., have been used to design the active layer of various optoelectronic
devices, for example, light-emitting diodes (LEDS), solar cells, photodetectors and piezoelectric
energy harvester. Among them, quantum dots have attracted immense interest in developing
PENGs because of their high surface-to-volume ratio and very high electrical activity. So,
quantum dots and polymer matrix-based nanocomposites have been fabricated to enhance the
piezoelectric properties. These nanocomposites are used as piezoelectric layer for fabricating
PENGs.?"? Cai et al. reported carbon black /graphene and PVDF-based films for harvesting
energy.>® Alam et al. investigated TiO2/ PVDF-HFP nanofiber-based nanogenerator to harvest
acoustic energy.3! A triboelectric nanogenerator for harvesting energy and a gesture sensing
application was reported by Chen et al.**®, PVDF and its copolymers have been used in energy

harvesting applications as the materials are eco-friendly, electroactive, hydrophobic, of low cost
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and flexible.*® With this in mind, we have fabricated Carbon dot incorporated PVDF
nanocomposites to investigate the optical properties of nanocomposites and enhance the
piezoelectric worth of the PENG. Polyvinylidene fluoride (PVDF) is a highly non-reactive,
thermoplastic, semi-crystalline fluoropolymer. Depending on the bond orientation of —-CH> and —
CF; dipoles, it consists of five crystalline polymorphic phases namely a, B, y, & and £.2° Among
them, o, B and y are the most common phases of PVDF. Here non-polar a crystalline phase
(TGTG' dihedral conformation) is obtained directly through the melting process. Having all-trans
(TTTT) conformation, the B crystalline phase is the polar and most crucial phase of PVDF,
exhibiting the highest piezoelectric, pyroelectric, ferroelectric, and dielectric properties
compared to other phases of PVDF.%*% The vy crystalline phase shows average piezoelectric
properties due to its TTTGTTG’ conformation.3®*” Thus, a simple and cost-effective method is
required to develop the electroactive B crystalline phase nucleation of PVDF to optimize their
applications in diverse fields. “Poling” is the traditional procedure for nucleating the 3 crystalline
phase in PVDF. Apart from these processes, self-poled electroactive PVDF can be achieved
easily by incorporating nano/micro-fillers such as metal oxide, nanoparticles of metals and metal
salts, carbon nanotube, ceramic nanoparticles, clays, and organic molecule, etc.®3-%® Nowadays, a
single device with various applications has attracted immense interest in research and industry.>*-
%2 Thus, the orientation of polar B-phase of PVDF and optical absorption property of carbon dot
play an essential role in making a composite, possessing diverse properties. We can use this
composite to design a mechanical energy harvester and a photodetector as well.*3

Carbon dots (CDs) are quasi-spherical nanoparticles having diameters of less than 10nm. These
CDs, a new member of the nanocarbon family was discovered in 2004. Besides being eco-
friendly, the CDs possess many fold advantages such as good solubility, biocompatibility,
conductivity, light bleaching property etc. The main advantage of using Carbon dots is that they
have excellent photoluminescence properties, the reason behind their outstanding performance in
biological sensing, fluorescence labeling, chemical sensing, and light-emitting diodes.***® CDs
can be treated as a shell-core material. The central carbon core is a sp?-sp® hybrid crystal or
formless. The spherical shell has some defects and surface functional groups, like amino group (-
NH>), carboxyl group (-COOH), hydroxyl group (-OH), sulfonic group (-HSOs3), carbonyl group
(C=0), epoxy (-CH(O)CH-) and cyano (-CN) group, etc. With these functional groups, CDs
exhibit excellent dispersion in solvents and take active parts in bonding with different
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materials.**® Herein, we have used nitrogen (N) into carbon dots which enhance the
performance of CDs in above said applications. Nitrogen doping helps carbon to attribute new
physical and chemical properties. Beside this, the doping of N into CDs reduces the work
function of CDs and stimulates in delocalization of charge. Additionally, doping nitrogen also
enhances the charge transferability of CDs and also increases the number of surface defects in
CD, which henceforth helps in escalating the piezo effect of PVDF.**® Owing to these
advantages, we have selected nitrogen as a primary doping material into CDs.

In the present work, we have designed a nitrogen-doped Carbon dots (N-CDs) incorporated self-
poled piezoelectric PVDF (PCD) film based piezoelectric nanogenerator (PPNCD) for
harnessing various forms of mechanical and biomechanical energy such as talking, walking,
finger impartation and so forth and converting them into electrical energy. Carbon dots are
selected as the main component for fabricating nanocomposites and energy harvesters due to
their biocompatibility, eco-friendliness, solubility, chemical stability, and excellent
photoluminescence properties. Besides this, larger surface area and surface defects of Carbon
dots facilitates the formation of  phase in the PVDF polymer matrix. The large surface area and
rich surface defects of CDs generate the active points, having induced mass potential and help in
formation of B-phase within PVDF matrix. Furthermore, the rich surface defects in the shell of
CDs encourage in chemical bond formation between filler and substrate and make interface bond
stronger.*® Different characterization techniques have investigated the effects of N-CDs in PVDF
polymer. The exceptional diverse properties of CDs encouraged researchers to explore the
possibility of the material in several fields of application such as sensing and bioimaging,
photocatalysis, light-emitting diode, electrocatalysis, and solar cells.?® The experimental PCD
film-based PENG (PPNCD) shows elevated output performance with an instantaneous power
density of 1979.87uWcm under periodic finger impartation. The sensitivity of the device has
been investigated by dropping different balls on the upper surface. The B-crystalline phase of
PCD nanocomposites have been examined by X-ray diffraction pattern and FTIR spectra.
Furthermore, the density functional theory (DFT) calculations are used to find out the
geometrical and electrical properties of the B-crystalline phase. In addition, the fabricated
PPNCD can generate output voltages from various body movements like touching, bending,

heartbeats and pulses, heel pressing etc. Our study indicates the prospect of the piezoelectric
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nanogenerator PPNCD as green and handy energy harvester to power up various electronic

devices quite easily and as wearable sensor to detect different weights.
3.2 Experimental section

3.2.1 Preparation of Nitrogen doped Carbon dots (N-CDs)

Nitrogen doped CDs were prepared by a modified report as reported previously by Dong et al.
(J. Mater. Chem. C, 2014, 2, 7477). All reagents were used without further purification.
Ethanolamine and hydrogen peroxide aqueous solution (30% hydrogen peroxide) were of
analytical grade and purchased from Merck. De-ionized water was thoroughly used in the
synthesis process. In a typical synthesis procedure, 3ml of ethanolamine and 4.5ml of hydrogen
peroxide were taken in a 200ml beaker. The beaker was then placed in an oil bath at a
temperature of 200°C for 30min. During this synthesis procedure, the color of the solution
changes from bright yellow to dark brown. The obtained gel was diluted with appropriate

amount of dimethylsulfoxide (DMSO) for further use.
3.2.2 Synthesis of Carbon dots incorporated PVDF composite (PCD) Nanocomposites

N-CDs/PVDF-based nanocomposites were prepared with the help of a simple solution casting
method. At first, 250 mg of PVDF (Sigma-Aldrich, Germany; Mw: 180 000 GPC; Mn:71 000)
was mixed with the required amount of dimethylsulfoxide (DMSQO) (Merck) and kept at 60 °C
on a magnetic stirrer to get a clear solution. The required amount of N-CDs (1, 1.75, 2.5, 5, 10
mass percent) were added with the clear solution and kept on a magnetic stirrer for 14h under the
same conditions. After that, the prepared solutions were cast on clean and dust-free Petri dishes
and dried at 80°C in the oven to obtain the composite PCD nanocomposites. Table 3.1 describes
the amount of N-CDs, DMSO and PVDF used to prepare the samples, with their respective

names.
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Table 3.1: Samples name for different concentrated N-CDs and solvents added with PVDF

5 250 0
4.95 250 0.05
4.9125 250 0.0875
4.875 250 0.125
4.75 250 0.25
4.50 250 0.5

3.2.3 Fabrication of device

At first, PCD nanocomposite was taken with dimensions of 2.4cm X 1.8 cm X 46um. Then two
aluminum electrodes with a thickness of 40um were pasted on both sides of the PCD film, and
two copper wires were connected from both sides of the nanocomposite to measure the output
performance of the nanogenerators. After that, the nanocomposite containing the electrodes and
wires was encapsulated with the polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning,
ratio of 1:10) and kept for 15min in a vacuum to remove the bubbles from the mixture. After
removing the bubbles, the device was put in the oven at 60°C for drying. The dimension of the

fabricated device (PPNCD) was 5cm X 3 cm X 0.3 cm. The procedure is shown in figure 3.1 (a).
3.3 Characterizations

The microstructure, surface morphology, different phase behavior, and thermal properties of
nanocomposites are examined by field emission scanning microscopy (FESEM; INSPECT F50),
Transmission electron microscope (UHR-FEG TEM, JEM-2100F, Jeol, Japan), Fourier
transform infrared (FTIR) spectroscopy (FTIR-8400S; Shimadzu), X-ray diffraction (XRD;
Model-D8, Bruker AXS Inc.,, Madison, WI), thermal gravimetric analysis (TGA;
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TGA/SDTA851e, Mettler Toledo AG) and differential scanning calorimeter (DSC-60,
Shimadzu, Singapore) respectively. Furthermore, X-ray Photoelectron Spectroscopy (XPS)
analysis has been performed with an Omicron Multiprobe
(Omicron Nanotechnology GmbH) photoelectron spectrometer ~ fitted with an  EA125

hemispherical analyzer and a monochromatized Al K, (hv: 1486.6 eV) source.
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Figure 3.1: (a) Graphical representation of the fabricated PPNCD device. (b) A digital snapshot
of PCD nanocomposite. (c) and (d) Digital image and flexibility show of designed PPNCD
device. XPS peaks of (e) C1s, (f) N1s and (g) O1s.
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3.4 Results and discussion

3.4.1 Structural analysis of N-CDs and PCD nanocomposites

The TEM image of N-CDs interprets that the dispersion of synthesized N-CDs is uniform. As a
result, no agglomeration takes place. Moreover, the diameter of the N-CDs is calculated from
TEM image, which is 2.5nm. Figure 3.2 exhibits the TEM image of N-CDs.

Figure 3.2: (a) and (b) TEM images of N-doped C-dots.

Furthermore, X-ray photoelectron spectroscopy (XPS) analysis is performed to analyze the state
of doping and investigate the surface groups of N doping CDs. Figure 3.1(e) to (g) shows the
data of XPS analysis of N-doped CDs and the results of XPS analysis confirm that N-CD
consists of carbon, nitrogen and oxygen. Figure 3.1(e) elaborates that Cls spectrum mainly
consists of four peaks which are observed at 284.5eV, 285.8eV, 287.1eV, and 289.1eV. The peak
at 284.5eV confirms the presence of graphitic structure (sp?C—sp?C).**® Moreover, the
observing peaks at 285.8eV, 287.1eV, and 289.1eV binding energy validate the presence of
C=N, C-N and C-O bonds respectively.®?® From figure 3.1(f), we can see that N1s consist of
three peaks. Among them, the peaks at 397.9eV and 399.1eV confirm the presence of pyridinic
groups.**® Beside this, a peak at 401.8eV is observed which attributes to N-O bonds.
Furthermore, O1s spectrum discloses the presence of C=0 and sp?C—OH bonds at binding

B, Sarkar, jadavpur Mw’!,vers’:,tg 88|Page



Chapten 3

energy of 531.1eV and 533.2eV respectively, which shown in the figure 3.1(g).The peak at
binding energy of 533.2eV also indicates the presence of the cyclic ether containing groups
(C=C-0-C, C-0-C).*® Thus, XPS analysis indicates the states of N doping in CDs.

FESEM micrographs depicting the surface morphology and microstructure of nanocomposites of
pure PVDF and N-CDs incorporated composites are shown in figure 3.3. Surface images of N-
CDs doped PVDF nanocomposites indicate the formation of spherulites. The diameter of the
spherulites is near about Spum, which confirms the nucleationof the electroactive 3-phase. In the
case of pure PVDF nanocomposite, the diameter of spherulites is nearly 40um, which confirms

the presence of non-polar a-phase.

Figure 3.3: FESEM pictures of (a) pure PVDF and (b)-(f) different concentrated N-CDs loaded

PVDF nanocomposites.
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3.4.2 Electroactive - phase analysis

The FTIR spectra and XRD patterns help in investigating the phase behavior of pure PVDF
nanocomposite, and N-CDs loaded PVDF (PCD) films. The X-ray diffraction study confirms
electroactive B-phase formation into the PVDF matrix. The XRD pattern of pure PVDF film and
N-CDs loaded PVDF (PCD) films are shown in figure 3.4(a). In the case of pure PVDF
nanocomposite, we get peaks at 260 = 17.6° (100), 18.3° (020), 19.9° (021), and26.6° ((201),
(310)) which indicate the presence of non-polar a-phase. A minute peak at 20 =38.3° is observed
in the XRD pattern of pure PVDF nanocomposite due to the reflection from either the (002)
plane or the (211) plane where (002) plane corresponds to a- phase and (211) plane corresponds
to y-phase.®32@ This issue has been solved by FTIR analysis of pure PVDF nanocomposite.
With addition of N-CDs into the PVDF matrix, all XRD peaks corresponding to a and y phases
vanish. Only one distinctive peak at 20 = 20.6 ((110),(200)) has a substantial rise, which
confirms the nucleation of electroactive f-phase in PCD nanocomposites.®® A closer scrutiny of
the XRD patterns indicates maximum intensity of diffraction peak at 20 =20.6 for 2.5 mass
percent loading of N-CD into PVDF matrix (PCD 2.5), confirming more electroactive B-phase
crystallization in these PCD films. The amounts of a-phase and B-phase content are estimated by
the ratio between l206 and 113, as shown in figure 3.4(b). This figure shows that for PCD 2.5, we
get a maximum ratio which is 3.537. Figure 3.4(c) and 3(d) describe the FTIR spectra of pure
PVDF and N-CDs incorporated PVDF (PCD) films in the range of 400 to 1100cm ™. The FTIR
spectrum of pure PVDF indicates the absorbance peaks of non-polar o-phases at 487cm™ (CF»
waging), 531cm™ (CF; bending), 616 and 764cm™ (CF bending and skeletal bending), and 796
and 976cm™t (CH, rocking). A small peak is observed in the FTIR spectrum of pure PVDF
nanocomposite at 840cm™ due to CHz rocking, CF: stretching, and skeletal C—C stretching,
which indicates the presence of B- phase though there is an absence of absorbance band of y-
phase at 1234cm™. However, in the case of the PCD nanocomposites, all absorbance peaks of
non-polar a-phase vanish entirely. Only the absorbance peaks at 445cm™ (CF2 rocking and CH;
rocking), 479cm* (CF, deformation), 510 cm™* (CF; stretching), 600 cm™ (CF. wagging), and
840 cm™* are raised prominently. The presence of peaks at 445, 510, and 840cm™ bands in the
FTIR spectra is certainly the signature of nucleation of electroactive B-phases in the N-CDs
doped PVDF nanocomposites.® Therefore, due to the catalytic effect of
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Figure 3.4: (a) XRD pattern of pure PVDF and N-CDs incorporated PCD nanocomposites
(PCD 1, PCD 1.75, PCD 2.5, PCD 5 and PCD10). (b) l205/ l1g.3 ratio of measured samples from
XRD pattern. (c) FTIR spectra of pure PVDF and PCD nanocomposites. (d) Content of f-phase
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of measured samples. (¢) TGA analysis and (f) DSC thermograph of pure PVDF and N-CDs

doped PCD nanocomposites.

N-CDs in the PVDF matrix, -phases are mainly nucleated in the composite samples. Closer
inspection of the FTIR spectra of the composite nanocomposites reveals that the intensity of the
absorbance bands of B-phase is seemed to be maximized for PCD 2.5 (figure 3.4(c)). These
results are in agreement with the XRD data (figure 3.4(a)). In order to estimate the amount of 8
phase present in the PCD nanocomposites, we have calculated the fraction of electroactive p-
phase content (F(B)) with the help of The Lambert—Beer law:*’

F(B) = (K_ﬁ)%

Ke)AatAp
Where, A, = absorbance at 764cm™, Ag = absorbance at 840 cm™?, K, = 6.1 X 104cm?
mol *(absorption coefficients at 764cm™), Kg = 7.7 X 104cm? mol(absorption coefficients at
840cm1).The equation 3.1 gives us an idea about the amount of B phase present in the PCD
nanocomposites and this assessment is very important as better B phase nucleation leads to better
piezoelectric property. The fraction of B-phase increases with the doping concentration of N-CDs
and attains a maximum value for 2.5 mass percent (F(B) = 80.4%), which is shown in figure
3.4(d). The B-phase content increases with the doping concentration of CDs and attains a
maximum F(B) value (80.4%) for 2.5% doping. The reason behind this is the interaction
between dopant and polymer matrix. Generally, at lower doping concentrations, the interfacial
area among the dopant and polymer remains low. As we are increasing the doping concentration,
interfacial area also increases by improving the dopant-polymer interaction. As a result, number
of chains aligning with all trans (TTTT) conformation inside the PVDF matrix increases which
helps in increase in B-phase content3?© In case of 2.5% CDs, maximum dispersion and
distribution properties of CDs in the PVDF matrix take place. As a result, the most intimate
interaction occurs among the dopant (CDs) and PVDF matrix and we get the highest number of
all trans (TTTT) conformation aligning chains inside the PVDF matrix. On further increasing the
mass% on CDs in PVDF agglomeration takes place which results in reduction in the interfacial

surfaces between CD and PVDF matrix leading to a decrement in [B-phase content. The
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electrostatic interaction takes place between negative charge surface of CDs and positive -CH>

group of PVDEF, which helps in formation of B-phase.
3.4.3 Thermal analysis

The thermal strength of the PCD nanocomposites has been examined by the TGA thermograph
shown in the figure 3.4(e). The study is performed by placing the nanocomposites under a
nitrogen atmosphere within the temperature range of 30°C to 500°C with the heating rate at
10°C/min. From the figure 3.4(e), it can be noticed that a very small amount of weight loss takes
place between the temperature of 350°C to 450°C in case of PCD nanocomposites, which is
trivial compared to pure PVDF nanocomposite. After crossing the temperature of 450°C, a
gradual shift of degradation temperature of PCD nanocomposites is observed. The TGA
thermograph also exhibits that after completing the 50% weight loss, we get the different
degradation temperature for different doping concentration based PCD nanocomposites, which is
higher in comparison with the degradation temperature of pure PVDF nanocomposite at the same
weight loss. For example, in case of pure PVDF nanocomposite the degradation temperature at
50% weight loss is 466°C, whereas, the degradation temperature for PCD 2.5 nanocomposite at
same weight loss is 480°C. The homogeneous dispersion of N-doped CD into polymer matrix
and interfacial strength between N-doped CD and PVDF are the key factors for getting such
higher degradation temperature of PCD nanocomposites.?> Thus, the TGA thermograph and
above said discussion indicate that PCD films have higher thermal stability than pure PVDF

nanocomposite.

The crystallization behaviors and melting temperature of PCD nanocomposites has been
investigated by differential scanning calorimetry (DSC) analyzer. The formation of B-crystalline
phase of PCD nanocomposites is also confirmed by DSC analysis. Figure 3.4(f) represents the
melting temperatures and crystallization behaviors of pure PVDF and N-doped CD incorporated
PVDF (PCD) nanocomposites. From DSC thermographs, the melting temperature (Tm) of pure
PVDF is 163.08°C, which confirms the presence of the non polar a-crystalline phase inside the
nanocomposite.’® Whereas, in case of PCD nanocomposites, noticeable shift in melting
temperature are observed, which are higher in comparison to pure PVDF. Among all
nanocomposites, PCD 2.5 exhibits better melting temperature (Tm) with the value of 173.78°C.

Therefore, the shifting of melting temperature confirms the transformation of a-crystalline phase
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(TGTG conformation) to PB-crystalline phase (TTTT conformation) of PVDF. Thus, the
experimental investigations confirm that N-doped CD is a very good nucleating agent and plays
an important role in B-crystalline phase formation. This statement is commensurate with

previously described XRD and FTIR results.
3.4.4 Phase transformation of PVDF

The incorporation of CDs into PVDF leads to phase transformation of PVDF by changing the a-
phase into B-phase, which is also confirmed by XRD, FTIR and TGA analysis. When CDs are
incorporated into PVDF matrix, the interaction between negatively charged surface of CDs and
positive -CHadipoles of polymer takes place, making the CDs as nucleation sites for -phase
formation. As a result, the non polar a- phase nucleates into polar B-phase. Due to this strong
electrostatic interaction, the PVDF chains get aligned on the surface of CDs which leads to the
formation of all trans (TTTT) electroactive B-phase in the polymer matrix.>® The schematic of
electrostatic interaction between negative charge surface of CDs and positive -CH, group of

PVDF has been represented schematically in the figure 3.5.

N-doped Carbon dot

Figure 3.5: Schematic representation of electrostatic interaction.
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3.4.5 Theoretical estimation (DFT) of the formation of electroactive f-phase

The results obtained from the basic characterizations such as XRD and FTIR shows the
formation of B phase with increasing dopant (N-CD) concentrations. Thus, density functional
calculations have been performed to obtain the structural and electrical characteristics of the
sample. Herein, the DFT study has been implemented using Orca v.1.2 program. The hybrid
Becke, 3-parameter, Lee-Yang-Parr (B3LYP) functional has been used along with 6-31G"™ basis
set and RIJCOSX auxiliary basis function to accommodate atoms like C, H and F. The molecular
models of both a and B-phases were prepared in Avogadro v.1.2.0 software program. Initially,
the geometries and frequencies were optimized of both the models and no imaginary frequency

were found, which ensures the validity of the structures.

Figure 3.6: Geometry optimized structures of o. and f-phases of PVDF showing bond angle and
bond lengths.

It is observed that the randomized orientation of C and F in a-PVDF radically polarized into the
B-phase, which causes a significant change in dihedral C-C-C angle (mentioned in figure 3.6).
Almost all F and H have been rotated to the either side of C-C chain, which not only polarizes
the model but also minimizes the single point energy of the B-PVDF. Such energy minimization
in B-PVDF stabilizes its structure. Moreover, the electrical properties have been estimated

theoretically using DFT, which shows significant changes in both dipole moment and isotropic
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polarizability. A detailed comparison of electrical properties of o and B-phases of PVDF have
been depicted in table 3.2. Such an augmented polarizability and dipole moment is desirable in

piezoelectric materials.

Table 3.2: Comparison of the electrical properties between o. and -phases of PVDF

Energy Dipole Quadrupole Polarizability

(joule) moment moment (a.u.) (a.u.)
(debye)

o phase of
PVDF film

[S-phase of 3.68
PVDF film

108.54

3.4.6 Working mechanism of PPNCD

The fabricated piezoelectric nanogenerator (PPNCD) generates appreciable voltage from
mechanical energy generated through continuous finger impartation. The synergistic effect of the
dipoles, which are present in PVDF i.e. electroactive f-phases and nitrogen doped carbon dots
(N-CDs), may explain the possible working mechanism of PPNCD. The presence of N-CDs
molecules in the composite matrix triggers the electroactive -phase formation with the help of
strong electrostatic interactions between the water molecules of N-CDs and the negative —CF>
dipoles of the PVDF matrix during the formation of hydrogen bonds. When an external
mechanical force is applied on the PPNCD under periodic finger imparting, a secondary potential
is generated in the N-CDs molecules, which arrange the PVDF dipoles in the direction of the
applied mechanical force, thus promoting stress-associated polarization. When a vertical
mechanical compression is given on the PPNCD, a positive potential at the top electrode and a

negative potential at the bottom one have been produced due to formation of self-polarization
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induced by the deformation of the crystalline structure of the N-CDs doped PVDF
nanocomposite (PCD 2.5). The potential difference between the two electrodes along with self-
polarization, regulates the flow of electrons from one electrode to another through an external
load. The piezoelectric potential abruptly diminishes after the quick release of the compressive
force. The electrons gathered at the bottom electrode flow back to the other electrode via the
external circuit, ensuing in an opposite electrical output.®” This process is repeated in the PPNCD
under continuous compression and relaxation consecutively to obtain the output electric signals
from the piezoelectric energy harvesting device. Figure 3.7 describes the voltage generation
mechanism of the PPNCD device. Furthermore, the working principle of PPNCD device can be
illustrated with the help of Maxwell’s equations. In electrodynamics, Maxwell’s equations

remain constant with local invariance which can be expressed in the equation form

OF, 22 7] =0 oo (3.3)

This equation is called continuity equation. Where, J and p are the total current density and total

charge density.

The charge density can be defined as

Where, ps = free charges and pp = bound charges.

The current density can be expressed as

Where, Js= free currents and J, = bound currents.

In case of dielectric materials, the auxiliary fields take active part in dipole formation, can be

defined as

D(1,t) = €QE(T, 1) F P(T 1) ..o, (3.6)

H(rt) = %t) ML) oo, (3.7)
0
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Where, D = displacement field; ¢, = permittivity of free space; E = electric field; P =
polarization; H = magnetic field; po = permeability of free space; B = magnetic induction; M =

magnetization.

In our present work, Maxwell’s equations in matter can be utilized to describe the working

principle. Considering the free charges and current, the Maxwell’s equations will be

v.D = Ps (Gauss’s Law of electrostatics)..................ooooiiiiiii (3.8)

VH=0 (Gauss’s 1aw magnetoStatiCs).........vuiueeriitit ittt (3.9
= dB ,

VxE = — o (Faraday’s JaW).......c.oieiniiii e e (3.10)

VxH = jf + Z—l: (Ampere’s circuital law with correction)............cooovviiiiiiiiiiiniainn... (3.11)

Where, E = electric field, D = displacement electric field, B = magnetic induction, H = magnetic

field, ps = volume charge density of free electron, ff = current density due to free electron flow.

From electrodynamics, with the help of following equations, we get the displacement current for

an electric field and polarization current for an electric polarization respectively.

J = 0 e (3.12)
aP
JP = S (3.13)

Thus, in case of linear isotropic medium, the second term of Maxwell’s fourth equation (equation
3.11) represents the total displacement current (jp).
5 _aD dE 9P

D:EZGOE-I_E ................................................................................. (314)

There, the total displacement current is a time-dependent term and depends on the electric field
and electric polarization of the dielectric medium. The first term of equation (xiv) helps in
enhancement of output performance of wireless system like radio, RADAR, Wi-Fi etc. and the
second term enhances the piezoelectric effect by increasing the value of P, depends on the
applied force or strain. Applying mechanical strain on a linear isotropic material, the

piezoelectric equations will be®’
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P; = (e)l,k(s)]_k ....................................................................................... (3.15)
T = CES = €TE oottt (3.16)
D = €5 — KE oottt n ettt (3.17)

Where, § = mechanical strain, (e)ijx = piezoelectric third order tensor, T = stress tensor, Cp =

elasticity tensor, k = dielectric tensor.

The displacement current of a linear polarizing medium is

So, the equation 3.18 concludes that the piezoelectric effect and output current density is directly
proportional to the rate of change of applied force or strain. Therefore, the attaining output value

of PPNCD by applying force matches with the theoretical equations.

In absent of external field E on dielectric medium, displacement current is only depend on the
polarization (from equation 3.18 ). Taking the polarization along the z direction, we can write
that

D, = P, = 0p(Z) e (3.19)
Where, g, (z) = piezoelectric polarization surface charges density of the material.

Then, the displace current term along z direction will be

The above equation clearly explains the reason of getting high output performance of PPNCD

device.
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Figure 3.7: Possible voltage generation mechanism of our fabricated device.
3.4.7 Output performances of PPNCD nanogenerators

The fabrication process of the device (PPNCD) is shown schematically in figure 3.1(a). A digital
snapshot of the fabricated device is displayed in figure 3.1(c) and the flexibility of the device is
shown in figure 3.1(d). In the present work, we have designed a piezoelectric energy harvesting
device (PPNCD) with the help of N-CDs/ PVDF (PCD) film and PDMS. Figure 3.8(a) shows the
output voltage vs. time graph. The output voltage is generated by continuous finger imparting
and releasing an axial pressure of 12.3N. The current vs. time output feature of fabricated
PPNCD is depicted in figure 3.8(b). Maximum output voltage and current have been obtained at
the frequency of 6 Hz. The output performance of the nanogenerator is high during finger
impartation. The output voltage (measured by Keysight, Oscilloscope DSO-X 3012A) and the
short circuit current (observed by Keysight, Electrometer B2985) of PPNCD are Voc ~80V and
Isc ~ 1.4pA respectively (figure 3.8(a) and (b)). The difference in the peaks values of the output
voltage and current during periodic pressing and releasing is basically owing to the inconsistency

of the given strain on the piezoelectric energy harvester during manual finger impartation. While
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Figure 3.8: (a) Open circuit voltage (Voc) and (b) short circuit current (Isc) of fabricated
PPNCD device under periodic finger impartation at frequency 6 Hz. (c¢) Output voltage
generation and (d) enlarged view of Voc under 5N force at 6Hz frequency. (e) Frequency
dependent output voltage generated by human finger impartation. (f) Power density for various

load resistances.
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recording the data of output voltage vs. time graph of PPNCD device on the application of force
by hand, we have tried to maintain uniformity as much as possible. Since the applied force is not
machine operated, some human error occurs during the process and every cycle does not obtain
the exact force.}’This discrepancy in the applied force led to the asymmetric peaks in the output
voltage vs. time graph. Another reason for this asymmetry in voltage output is that the time
period for every cycle of applied force is not exactly the same. This again is due to human error
as mentioned earlier. The magnified view of Voc is shown in figure 3.8(d). When strain is
applied to the device, the positive peaks appear and negative peaks appear when the device
comes back to its original form after recovering the strain. Subsequent small peaks have been
obtained due to the damping effect of the N-CDs/PVDF nanocomposite. Compared to the pure
PVDF-based piezoelectric nanogenerators?, the output performance of PPNCD is higher, which
indicates that the presence of N-CDs in the PVDF matrix significantly increases the output
performances of PPNCD. The piezoelectric co-efficient of the PCD nanocomposite is calculated

from the following equation

Where dsz is the piezoelectric co-efficient, Q is the charge which is generated by applied force

and F is the applied force of 12.3N. Again, the charge is calculated using the equation

Where, Isc is the short circuit current.*” The value of Q is 359pC which is calculated from short
circuit current vs. time plot. Putting the value of Q and F in the dss equation, we get the final
value of piezoelectric co-efficient (ds3) of the PCD nanocomposite, which is 29pC/N. This value
confirms the presence of the polar B-crystalline phase and electret dipoles in the PCD

nanocomposite. The efficient power density is calculated from the equation

Where, V is the output voltage, R. is the load resistance, and v is the volume (surface area X
thickness). The fabricated PPNCD device can produce an excellent peak power density of
1979.87uWem3 at 57 MQ loads (figure 3.8(f)). The reasons behind such high power density are

as follows
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i) The strain encouraged piezoelectric potential generated by the N-CDs and the self-
poled PVDF polymer under continuous finger tapping force (~12.3N) to reinforce

each other.

i) The continuous finger tapping helps in generating the additional strain which in turn
encourages spontaneous polarization and resultant dipole formation, leading to the
charge separation and accumulation of charges at the edge sites of piezoelectric N-
CDs and PVDF polymer.

The voltage generation record during twisting and bending of the device shows no significant
output, which confirms the absence of a triboelectric effect in this particular case. Figure 3.8(e)
shows the frequency-dependent (1Hz to 6Hz) output performance of the device, obtained by
continuous finger impartation. The output voltage increases gradually as the frequency of finger
impartation on PPNCD increases. The output performance of our fabricated device depends on
the impedance and the applied strain frequency. The impedance and the applied strain frequency
of PPNCD are inversely proportional to each other?®. Furthermore, the output performance of
PPNCD device has been compared with previously reported carbon doped piezoelectric

nanogenerator (Table 3.3) which confirms the better performance of the fabricated device.

Table 3.3: Comparison of the output performance of PPNCD device with the formerly reported
carbon based PENG.

Investigating the role of| Finger tapping 23.24\V 9 A 52.29uW/cm?
carbon
nanotubes(CNTS)

In the piezoelectric
performance of a
PVDF/KNNbased
electrospun
nanogenerator*?
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Humidity  Sustainable 0.25N 12V 30 nA/cm?

Hydrophobic

Poly(vinylidene

fluoride)-Carbon

Nanotubes Foam Based

Piezoelectric

Nanogenerator®°

PVDF Nanofibers with| Punching mode 30V 3.7 uA 14.7 pw/cm?
Embedded

Polyaniline—Graphitic

Carbon Nitride

Nanosheet Composites

for Piezoelectric Energy

Conversion®?

Flexible Interconnected 12V 0.3 pA/cm? 204 pw/cm?
Cu-Ni Nanoalloys

Decorated Carbon

Nanotube-

Poly(vinylidene

fluoride) Piezoelectric

Nanogenerator®?

Boosting  piezoelectric 14.7N 40V

and triboelectric effects

of PVDF nanofiber

through

carbon-coated

piezoelectric

nanoparticles for highly

sensitive

wearable sensors®?

Development of a Bending 0.62V

carbon nanofiber-

attached flexible

piezoelectric

nanocomposite towards

self-powered wearable

devices®

Our present work 12.3N 80V 1.4 pA 1979.87uWem?3
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3.4.8 Weight sensing performance of PPNCD

Excellent response has been observed while checking the sensitivity of PPNCD by dropping
various rubber balls of different masses from a height of 10 cm on the top surface of the device,
as shown in figure 3.9(a) to (e).By dropping rubber balls of masses 108.79g, 35.22g, 59.35g,
9.18g, and 15.04q, the observed output voltages are 7V, 9V, 10V, 11V, and 13V.The reason for
getting different output voltages depends on the different masses and contact areas of balls with
surface of the film. In case of 108.79g mass contained rubber ball, we get low output voltage in
comparison with other mass contained rubber balls. The reason behind this is the harder surface,
larger size and low elastic properties of 108.79g mass contained ball than other balls. Besides
this, we have investigated the capability and sensitivity of the device with some Indian coins
which are of different weights but of nearly the same size. The coins are released from a height
of 10cm on the upper surface of PPNCD. When a coin falls on the device, N-CDs and PVDF
move toward each other, and we get output voltage. Due to the different masses of Indian coins
(1 rupee, 2 rupee, 5 rupee, and 10 rupee), we get different output voltages which are shown in
figure 3.9(f). The graph describes that with the increasing masses of Indian coins, the output
voltage also increases. The sensitivity performance of PPNCD device has been depicted in the
figure 3.9(g) and 3.9(h).
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Figure 3.9: (a)-(e) Output voltage generated by falling different masses (108.9g, 35.22g, 59.35¢g,
9.18g, and 15.04g) of rubber balls on PPNCD device. (f) Response of the device by dropping
different masses of Indian coins on the upper part from 10 cm height. The sensitivity of the

PPNCD device performed with respect to stress, employed by (g) falling coins and (h) dropping

Pressure (kPa)

different masses of rubber balls.
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These two graphs describe that output voltage of fabricated device increases by increasing the
external pressure and maintain the linear relationship between output voltage and pressure. The

sensitivity of the device has been measured by the following equation

Where, AV and AP are the change in the output voltage and applied external pressure.*’ The
sensitivity of PPNCD device is found to be 10.2V/kPa up to the external pressure region of
0.36kPa, which is generated by falling different masses coins, shown in the figure 3.9(g).
Furthermore, rubber balls having different masses have been dropped on the device from a fixed
height of 10cm to check the sensitivity of the device in the higher pressure region. The PPNCD
device generates different output voltages at different external pressures and also maintains the
linearity pattern between the output voltage and pressure, shown in the figure 3.9(h). The
sensitivity of the device in this region (0.5 to 3kPa) is 2.2V/kPa which is very low compared to
the sensitivity of the low range pressure region (less than 0.5kPa). Theoretical bounds of the
effective strain in the N-doped carbon dots are responsible for this phenomenon in the higher
pressure region (> 0.5kPa).*’ Beside this, our device can detect very low pressure of 0.15kPa.
The coin and rubber balls dropping experiments give us the sensitivity value and the range of
sensitivity of the fabricated device. Along with this, these experiments also describe the
capability of the self-powered device to detect the both low and high range pressure. Thus, the

PPNCD device can be used as a dedicated weight sensor as well.
3.4.9 Voltage generation from human body movements

The PPNCD device has generated the output voltage from body movements such as foot
pressing, heel pressing, pulse cycle, wrist up-down etc. Outstanding output performance has been
obtained by attaching the PPNCD device with foot and heel, shown in figure 3.10(a) and 3.10(b).
During foot pressing and heel pressing, the generated output voltages are 32V and 12V,
respectively, indicating that the fabricated device generates higher voltage during foot pressing
due to increase in contact area with the PPNCD device. Figure 3.10(e) displays the output
performance during wrist up-down movement. From this graph, we can see that when the wrist is
up, the device is sensitive enough to generate nearly 0.62V and when the wrist is down then, the

generated output voltage is near about 0.29V, which confirms the capability of the device in
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Figure 3.10: Open circuit voltage generated by (a) forefeet tapping, and (b) heel pressing. (c)
and (d) Pulse sensing and magnified view of peaks generated from heartbeats by attaching our
PPNCD device to the wrist artery. (e) Voltage generation from wrist up-down. (f) Durability test
of PPNCD device.

B, Sarkar, jadavpur Mwivcrsitt{j 108 |Page



Chapten 3

harvesting green energy effortlessly. The sensitivity is further verified by attaching the device to
wrist artery. Figure 3.10(c) shows the output voltage generated from the pulse wave. During the
heartbeat, blood flows through our body, including the wrist, and creates pressure. Systolic
pressure and diastolic pressure are the central part of the pulse wave. Systolic pressure gives
thepeak, and diastolic pressure gives the trough of the pulse wave. The devised nanogenerator
responses quite efficiently to the pulse pressure (occurs due to alternation of systolic and
diastolic pressure) during blood flow. The device can detect this pressure and generates voltage,
shown in figure 3.10(d). Thus, PPNCD is suitable for sensing pulse waves. The stability and
durability of the fabricated PPNCD has been studied for the eight months, and the device
continues to produce almost the same output voltage during the whole time period as shown in
figure 3.10(f).

3.4.10 Commercial LED and capacitor charging ability of PPNCD

The energy conversion ability of the fabricated PENG (PPNCD) is performed by charging a
capacitor and lighting up commercial LEDs. A 2.2uF capacitor has been charged by connecting
the PPNCD through a bridge rectifier under continuous finger impartation. The exponential
fashion of the capacitor charging graph explains that the device can charge a 2.2uF capacitor, as
shown in figure 3.11(a).Our fabricated device PPNCD can charge a 2.2uF capacitor up to 3.2V
within 14seconds. As the device involves very short duration to charge a capacitor, it can be used
as an alternative energy source for portable or medical devices. Another important aspect of the
device is that it light up commercially available transparent LEDs under periodic finger
impartation, as shown in figure 3.11(c) and (d). The power produced from PPNCD can light up
to 15 blue LEDs or 15 white LEDs by connecting them in series connection through a full-wave

bridge rectifier.
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Figure 3.11: (a) A 2.2uF capacitor charging by PPNCD device. (b) Circuit draw of charging a
capacitor and lighting up LEDs. Digital photographs of (c) blue and (d) white LEDs under

shining conditions.

From the previous investigations, we can see that the device fabricated in our laboratory is very
sensitive and flexible and can be used as a flexible energy harvester and weight sensor which can
generate electricity via various body movements and dropping different weights. Furthermore,

PPNCD device can be employed to light up LED, charge capacitor, etc.

3.5 Conclusion

The present work describes the fabrication and action of N-CDs/PVDF nanocomposite-based
PENG (PPNCD) in harvesting electrical energy from various mechanical energy sources. The
PENG is competent enough to convert mechanical energies of pulse wave and simple body
movements into electrical energy with high values of Voc and Isc. The impact generated by

dropping balls or coins on the PENG have been utilized quite efficient to produce electrical
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energy. The self-powered tiny device produces excellent output voltage (Voc ~ 80V) and a short
circuit current (Isc ~1.4pA) under periodic finger impartation (~12.3N) with an average of 6Hz
frequency. The instant power density of PPNCD is 1979.87uWcm™. Moreover, the highest f-
crystalline phase content (F(B) ~ 80.4%) PCD nanocomposite evaluates the piezoelectric co-
efficient (dss) value of 29pC/N. The density functional theory (DFT) calculations have been
performed to investigate the electrical properties of the B-crystalline phase. In addition with this,
the PCD nanocomposite assisted wearable sensor has the capability to sense the external pressure
at very low region (up to 0.5kPa) along with the sensitivity of 10.2V/kPa. The additional
significance of the PPNCD has been established by charging a 2.2 pF capacitor up to 3.2V in a
short period (14 seconds) and by illuminating 15 blue or 15 white transparent LEDs, connected
in series. The apparatus shows outstanding long-term mechanical stability and reproducibility for
near about a year. The N-CDs incorporated PVDF composite hanocomposites can be used for
multipurpose applications, like mechanical energy harvester, weight sensor, pulse sensor, and
thus may be employed in multi-faced fields such as optoelectronic, biomedical, and energy

technologies after suitable improvisation.
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4.1 Introduction

With the fastest development of internet of things (1oT), the self-powered and wearable electronic
devices attract the researchers and human being more due to its user friendly behavior and
numerous utilization in the field of human-machine interaction and health monitoring unit.>? But,
these wearable devices for example mobile phones, actuators, in-vivo medical gadgets etc. have
some drawbacks like large dimension, regular requirement of charging, eco-friendliness etc. For
resolving these issues, natural available material based wearable and eco-friendly energy

harvesting device is required.>®

In comparison with other energy harvesting devices, triboelectric nanogenerator (TENG) is the
most used and newly developed energy harvester which can easily convert mechanical energy into
electrical energy. The additional advantages of utilizing the TENG are high efficiency, cost
effectiveness, environmental friendly and harnessing both large and small scale energies, which
not only helps in fulfill the power demand of human society but also resolves the drawbacks of
conventional energy storage devices.”® Thus, the aim of the current work is to design a TENG by
using natural available materials and harvesting the biomechanical energies arises from human
body movements. Also, surface modification technique has been used to improve the output
performance of the device.>Among other natural available materials, cotton pappus is the sturdiest
environmental friendly polymeric fiber. It has sedative, antiseptic and diuretic properties and
exhibits high crystallinity and high aspect ratio.’® Moreover, the presence of hydroxyl group,
amide linkage, a-helix and B-sheet structured amino acid inside the cotton pappus assists in

inducing the polarization which directly affects in output of TENG.®

In this work, we have fabricated a eco-friendly, flexible and wearable TENG (CPTNG) by using
3D printer assisted cotton pappus incorporated PDMS nanocomposite (CPD). The device exhibits
the output voltage of 201V under axial pressure of 12N. The instantaneous power density of the
fabricated CPTNG is 1.02W/m? at 10'Q. Moreover, the device is affixed with different parts of
human body and generated electricity during the movement of these parts. Also, the transmission
of generated signal of CPTNG device during finger bending is monitored through ARDUINO. The
realistic application of the device has been investigated by lighting up 95 no of blue LEDs. Thus,

the fabricated device can be used as biomechanical energy harvester.
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4.2 Experimental Section

4.2.1 Purification of cotton pappus

Firstly, the cotton pappus was assembled from the premises of Jadavpur University. Thereafter,
the assembled pappus were cleaned with DI water and placed in a vacuum oven to dry at 100°C.
For eliminating the chemicals, further purification was performed by using hydrogen peroxide
(Merck India) and acetic acid (Alfa Aesar). After removing the chemicals from the body of pappus,
the samples were rinsed with DI water for several times and kept in a vacuum oven at 100°C for

overnight.
4.2.2 Fabrication of CPD nanocomposite and CPTNG device

To fabricate the nanocomposite, a simple solution casting technique was used. First of all, 1g of
PDMS (Sylgard 184, Dow Corning) and required amount of curing agent in the ratio of 10:1 was
measured in a petri dish and mixed very well. Thereafter, 1wt% of purified cotton pappus was
added in the previous mixing solution and poured the sample loaded mixing solution into 3D
printed rectangular mold. In the next step, this 3D printed mold was placed in a vacuum desiccator
for few minutes to make the solution bubble free. After that, the bubble free solution loaded 3D
printed mold was transferred in a hot air oven to dry the solution at 60°C for 20min. Finally, we

get the CPD nanocomposite with thickness of 1.5 mm.

1 wt% Cotton pappus +1 g
PDMS

!

Transferred the solution "

loaded 3D printed mold in
oven at 60°C

Casted on 3D printed
rectangular mold

Figure 4.1: Schematic illustration of fabrication procedure of CPD nanocomposite
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The step by step fabrication technique of CPD nanocomposite has been illustrated in the figure

4.1. Also, the digital snapshot of the fabricated nanocomposite has been depicted in the figure 4.2

(a).

To fabricate the CPTNG device, CPD nanocomposite, conductive cloth and copper wire were
used. At first, the cotton pappus loaded PDMS solution were casted on the 3D printed mold and
then performed vacuum technique by using desiccator. Thereafter, the a 2cm X 2cm conductive
cloth were placed on the upper side of the mold and kept the whole system in a hot air oven at
60°C for 30min. After that, the conductive cloth attached CPD nanocomposite was peeled off from
the mold and connected with a copper wire by using silver paste. Finally, we get the CPTNG
device with thickness of 1.75mm. The schematic representation of designed CPTNG device has

been shown in the figure 4.2 (b).

A\

(b)
CPD nanocompeosite
PNAENNG, . Conductiv
NN, —"cloth
A

A

Figure 4.2: (a) Digital image of 3D printer assisted CPD nanocomposite, (b) schematic depiction
of fabricated CPTNG device.

4.3 Working Mechanism of CPTNG

The operating principal of generating electrical signals of CPTNG device is depended on the
combine effects of contact-triboelectrification and electrostatic induction. During the generation
of electrical energy, CPD nanocomposite and human hand serve as tribo-negative and tribo-
positive layer respectively and conductive cloth has been utilized as charge collecting layer or
electrode layer. Once human hand contacts with CPD nanocomposite, the negative triboelectric
charges are generated on the surface of CPD nanocomposite owing to the negative tribopolarity,

whereas, the human hand contains positive triboelectric charges, depicted in the figure 4.3 (i). In
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the next step, the CPD nanocomposite and human hand are separated from each other, which lead
to conductive cloth to acquire electrostatic charges to counterbalance the triboelectric chargrs. As
a result, electrons are flowing from conductive cloth to ground state across the external load for
maintaining the potential difference among the ground and electrode layer, shown in the figure 4.3
(ii). These flows of electrons are continued until the human hand is completely detached from the
CPD nanocomposite (figure 4.3 (iii)). Whenever, human hand are started to get in touch with CPD
nanocomposite again, the induced electrostatic charges within the conductive cloth are started to
decrease. As a result, electrons are flowed back from ground state to conductive cloth and this
electron flowing is carried on until the human hand is completely contacted with the CPD

nanocomposite again, shown in the figure 4.3 (iv).

(1) === (Il)

(Iv) === (i)

—_—

(1)

() cPD nanocomposite () Conductive cloth

Figure 4.3: Operating mechanism of CPTNG device.
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Therefore, this periodic contact-separation mode assists CPTNG device to generate alternative

current continuously.

4.4 Characterizations techniques

The surface morphology of cotton pappus was examined by field emission scanning electron
microscopy (FESEM; INSPECT F50). The structural analysis of CPD nanocomposite was
investigated by X-ray diffraction (XRD; Model-D8, Bruker AXS Inc., Madison, WI). The
electrical performance of CPTNG device was measured by Digital Storage Oscilloscope
(RTB2002).

4.5 Results and discussions

The morphological property of the surface of the cotton pappus has been depicted in the figure
4.4(a), where the fibrous structure of the sample is shown clearly. The average thickness of these
fibers is 6.18um. So, we have incorporated these fibrous pappus into PDMS to get the
nanocomposite. Figure 4.4(b) confirms the presence of cotton pappus inside the CPD
nanocomposite which clearly indicates the successful incorporation of fibrous pappus inside the
PDMS matrix. The structural analysis of fabricated CPD nanocomposite has been examined by
XRD spectrum, shown in the figure 4.4(c). The observable diffraction peaks of the nanocomposite
are situated at 20=12.8°, 22.5°, 34.1°. The sharp peak at 20=12.8° is raised due to the presence of
PDMS inside the nanocomposite. Compared to the characteristic peak of pure PDMS, a slight
shifting of this sharp peak at 12.8° of CPD composite is noticed which is occurred due to presence

of cotton pappus. Moreover, the other two crystalline peaks are observed at 22.5°

(b) (c)

Intensity (a.u.)

0 15 20 25 30 35 40
Angle(20)
Figure 4.4: (a) Fiber like structure of cotton pappus, (b) FESEM image of CPD nanocomposite,

(c) X-ray diffraction peaks of CPD nanocomposite.
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(002) and 34.1° (023, 040) which occurs due to the effect of cellulose inside the fibers and confirms
the presence of sample inside the nanocomposite.'?

After successfully characterized CPD nanocomposite, we have utilized it to fabricate the CPTNG
device.

The output performances of the fabricated TENG have been measured by connecting it to DSO.
The CPTNG device exhibits 201V output voltage under periodic finger tapping condition (axial
pressure of 12N). Figure 4.5(a) represents the output voltage vs. time graph. Furthermore, the

power density of fabricated device has been measured by utilizing the following equation

Where, V denotes the output voltage of the CPTNG device, Ry is the value of load resistance and
A represents the area of the device.!! The obtained maximum power density of the device is
1.02W/m?, depicted in the figure 4.5(b). The basic operating principal of the device depends on

the dual effect of tribo-electrification and electrostatic induction.

Table 4.1: Output performance of CPTNG device

1.02 W/m?
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Figure 4.5: (a) Generating output voltage and (b) power density of CPTNG device under axial
pressure of 12N, (c) voltage generation by fabricated device from wrist bending and muscle

movements, (d) lighting up 95 no of blue LEDs and transmission of signal through ARDUINO

during finger bending condition.

Moreover, the CPTNG device has been affixed with wrist and muscle of the human body and
monitored the output performance (figure 4.5(c)). During wrist up-down, the device exhibits 1.8V
output voltage which is generated due to the skin deformation and pressure of the joint of the wrist.
Also, the device can detect successfully the movement of muscle and exhibit 2.8V output voltage.
The realistic application of CPTNG device is observed by connecting the blue LEDs in series
combination through the bridge rectifier. The result shows that the device can illuminate 95 no of
LEDs (figure 4.5(d)). The transmission of the signal during finger movement has been visualized
in the figure 4.5(d) by using ARDUINO set up.

. Sarkar, Jadavpur University 126 |Page



4.6 Conclusion

In summary, a wearable and self-powered CPTNG device has been fabricated by using cotton
pappus loaded CPD nanocomposite and investigated the output performance. The device shows
outstanding output voltage of 201V and power density of 1.02W/m? under continuous finger
tapping condition. To create the surface roughness and increase the output results of the device,
3D printed mold has been employed. Moreover, the capability of the CPTNG device to convert
the mechanical energies has been monitored by wrist and elbow bending movements and LEDs
illumination .Also, the transmission of the signals are observed by using ARDUINO. Therefore,

CPTNG device could be a promising candidate in health monitoring system.
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5.1 Introduction

In the era of internet of things, flexible, self-powered and skin attachable wearable electronic
devices have gained tremendous attention due to their versatile utilizations in the field of robotics
technology, human-machine interfaces, biomedical application and healthcare units.1> The main
advantages of using these skin attachable wearable devices are the detection and monitoring
ability of different physical parameters like pressure, strain, sensitivity, temperature etc. Along
with this, these skin attachable devices also have the capability to detect multiple stimuli at a
single time.5® Moreover, there have been some limitations in the use of conventional energy
storage equipments like daily charging requirements, large dimension etc. which restricts in long
term use and also unable to match the required power demand. To overcome these issues and
fulfill the power demand, self-powered and wearable energy harvesting devices have been
utilized.® Among different types of energy harvesting devices, triboelectric nanogenerator
(TENG) is the most suitable and promising candidate in energy harvesting techniques by
converting the waste mechanical energy into electrical energy. Generally, fabrication of TENG
depends on four basic components i.e. charge generating layer, charge trapping layer, electrode
layer and charge storage layer.'® Among them, charge generating layer and charge trapping layer
play important roles to improve the output performance of TENG. However, the working
performance of TENG depends on the coupling effect of generated triboelectric charges and
induced electrostatic charges. Although, several techniques have been used to improve the power
of TENG by inducing more triboelectrification in the charge generating layer, for example,
selecting triboelectric materials from triboelectric series, chemical modification, using micro
structured materials etc.!*2 Along with this, the utilization of functional substances with
nanomaterials is a new technique to improve the power of TENG.° Rajagopalan et al. introduces
a quasi-equilibrium state (made of nylon and aluminium oxide) which helps in better contact
electrification process and exhibits high output performance of fabricated TENG.'® Moreover, Li
et al. used BaTiOs/polyimide nanocomposite to enhance the output performance of TENG.' But
charge recombination takes place in the above mentioned reported studies which diminish the
surface charge density and gives us low output performance of TENG. Generally, when charge
generating layer and electrode layer get in contact with each other, then electrostatic potential is
generated between them. As a result, due to the electric field, the surface charges of charge

generating layer drift easily towards the electrode layer and combine with the opposite charges
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which is induced on the electrode layer.'® For this reason, charge recombination happens between
the generating and electrode layer. This charge recombination directly affects the output
performance of TENG by reducing the surface charge density. To overcome this problem, an
intermediate layer has been placed between the charge collecting layer and electrode layer?®.
This intermediate layer not only traps the electrons but also enhances the output performance of
TENG. Recently, polymer nanocomposite by incorporating 2D materials proves itself a potential
candidate as intermediate layer by preventing charge recombination and enhancing the
performance of TENG.!” Moreover, 2D materials like MXene, reduced graphene oxide (rGO),
transition metal dichalcogenaides (TMD), black phosphorous etc. consist of large surface area
which accelerates in more charge accumulation and results in better output performance.® Along
with the intermediate layer, surface modification also plays an important role to improve the
performance of the TENG. Few pioneer works are reported on surface modification process
which includes Lee et al.® introduces Ceo functionalized polyimide based TENG and Jae Park et
al.?° fabricates cation functionalized nanogenerator to enhance the output performance. But there
are some drawbacks of utilizing these processes such as air breakdown, high cost fabrication
process, low durability etc.® Thus, surface modification is required. In this work, our aim is to
modify the surface, design a charge generating and intermediate or trapping layer. To fulfill this
aim, nanocomposite has been introduced. The benefits of using nanocomposites in TENG are
they consist of large surface area and controllable morphology, the fabrication process is very
simple.?"2® Moreover, the introduction of functional substances into nanocomposite helps in
surface modification and increases the surface potential which directly enhances the triboelectric
charges.’® Additionally, the large phase interaction between inorganic additives and polymer
chains inside the nanocomposite improves the trapping ability of materials and prevents the
charge recombination.?42

2D materials specially transition metal dichalcogenides (TMDs) consists of excellent physical
and structural properties such as high in-plane conductivity, strong spin—orbit coupling, large
magneto-resistance, large surface area, thermal stability, porosity etc.?’*° Owing to these
properties, 2D TMDs have broaden its utilization in versatile application like energy storage and
conversion, catalysis, hydrogen evolution, waste water purifications etc.3*3* Amidst all 2D
TMDs, molybdenum ditelluride (MoTe) is one of the compelling and barely explored material.

It has semimetallic property and topological electronic states.>>3’ Moreover, MoTe, can be
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synthesized in both semimetallic (1T’) and semiconducting (2H) phase as the energy gap
between these two phases is very minimal (near about 40meV). Also layer structured,
semiconducting MoTe, exhibits direct band gap 1.1eV.3"3839 These properties make it a
potential choice in the field of electrical and optical applications.”> Moreover, the excellent
structural property, large surface area, high-in-plane conductivity and large spin-orbital coupling
of MoTe; assist in creating the conducting channel inside the nanocomposite and promoting the
charge transportation. This further helps in enhancing the trapping depth and restricting the
recombination of triboelectric charges and induced charges.®**° Furthermore, by applying
external force, the inversion symmetry in odd layer of MoTe: is broken which helps in inducing
polarization inside the material.***® Thus incorporating this material in polymer matrix improves
in inducing more polarization and enhances the trapping ability of material.*¢4®

In the present work, we have designed a wearable, flexible and skin attachable triboelectric
nanogenerator (EPMTNG) by using charge generating layer, charge trapping layer and carbon
tape. Here, the BaTiOs (BTO) incorporated Ecoflex nanocomposite (EBTO) with micro-pattern
serves as charge generating layer. Moreover, the incorporation of BTO nanoparticles increases
the surface potential and induces more triboelectric charges which further helps in enhancement
of output performance of the device. But, charge recombination occurs between EBTO layer and
carbon tape which results in low output performance. To overcome this problem, 2D MoTe;
(MT) incorporated PVDF nanofibers (PM5) has been inserted between EBTO layer and carbon
tape. The PM5 nanofibers not only serve as an intermediate trapping layer but also prevent the
charge recombination process. This leads to then increment of the output performance of the
device. The presence of intermediate trapping layer in the fabricated device is further established
by using theoretically simulated model. Moreover, our fabricated EPMTNG device generates
outstanding output voltage of 319V and power density of 2.9W/m? under periodic finger
impartation. Owing to high sensitivity at low pressure region, the fabricated device easily detects
different human physiological signals. These physiological signals include wrist bending, elbow
movements, blood flow, vocal cord movement etc. Moreover, the device has the ability to
monitor the robotic gestures. Also, the practical utilization of the device is monitored by
capacitor charging and LEDs illuminating performance. Therefore, the EPMTNG can be used in

health care monitoring and different robotics applications.
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5.2 Experimental section

5.2.1 Synthesis method of BaTiO3 (BTO)

The nanoparticles were synthesized by simple hydrothermal process. At first, 2g Barium
hydroxide salt was measured and dissolved it in 100mL double distilled water. Thereafter, 0.5¢g
Titanium dioxide salt was added with the solution and placed it on a magnetic stirrer for 2h to
dissolve the salts totally. In the next step, the solution was transferred in a hydrothermal setup
and placed it in a vacuum oven at 160°C for 4h. After that the hydrothermal set up was cooled
down and centrifugation process was performed. Thereafter, the collected product after
centrifugation was dried in a vacuum oven for 12h at 60°C. In the final step, the synthesized

powders were heat treated in air at 500°C for 1h.
5.2.2 Synthesis method of 2D MoTe> (MT) nanoparticles

Firstly, 1.088g Sodium molybdate dehydrate, 1.148g metal Tellurium powder and 0.255g
Sodium borohydride were mixed with 60mL double distilled water at room temperature under
continuous stirring condition. After that, the mixture was poured in a hydrothermal set up and
performed the hydrothermal process at 200°C for 30h. Thereafter, the samples were collected
and cleaned thoroughly with distilled water and acetone. Then the cleaned sample was dried at

60°C to obtain the MT nanoparticles.
5.2.3 Fabrication of micro-patterned BaTiOs@Ecoflex nanocomposite

The nanocomposite was fabricated by applying simple solution casting method. At first, 1g of
Ecoflex-A and 1g of Ecoflex-B were measured in a Petri dish and the two solutions were mixed
very well for 10minutes. After mixing the two solutions, 0.5 wt% BaTiOs (BTO) was added in
the mixed solution and stirred at 500rpm thoroughly for 5 minutes. Thereafter, the final solution
was casted on a 3D printed rectangular mould to create roughness on the surface. After that, the
rectangular mould was kept in room temperature (25°C) for 9h to cure the solution. After curing
the solution, sample was peeled off carefully and we finally get the BaTiOz incorporated Ecoflex
nanocomposite with micro-patterned surface and named as EBTO. Figure 5.1(a) represents the

schematic illustration of fabrication process of EBTO nanocomposite.

. Sarkar, jadavpur University 134 |Page



5.2.4 Formation of MoTez (MT) incorporated PVDF nanofibers

The electrospinning technique was utilized to fabricate the nanofibers. First of all, stock solution
was prepared by dissolving 12wt% PVDF in 6ml DMF and 4ml acetone mixture and kept under
stirring condition (400rpm) for 3h at 60°C. Thereafter, required amount (1, 5, 10wt%) of
synthesized MoTe> naoparticles was added to the prepared PVDF, DMF and acetone solution
and placed it on the stirrer for another 3h at same temperature (60°C). Moreover, the addition of
nanoparticles transformed the transparent colour of the solution into blackish colour. In the next
step, the blackish coloured solution was sonicated for 15minutes and we get the stock solution
which was used in the electrospinning process.

A 10ml syringe with a diameter of 8mm was taken and filled with prepared stock solutions.
Thereafter, the stock solution loaded syringe was placed in a syringe pump and performed the
electrospinning process by adjusting some parameters including temperature (25°C) and
humidity (40%). To extract the solution by pump, the flow rate was adjusted at 0.4ml/hour.
Moreover, the distance between the needle of the syringe and the collector plate (Al foil) was
maintained at 14cm throughout the fabrication process of the nanofibers. Along with this, the
nanofibers were fabricated at 12kV high voltage condition and extracted from the collector plate
(Al foil). To recognize the nanoparticles incorporated nanofibers, we have named 5wt% MoTe>
loaded nanofibers as PM5.The fabrication process of nanofibers has been depicted in the figure
5.1(b).

5.2.5 Fabrication of EPMTNG device

Our fabricated triboelectric nanogenerator (EPMTNG) is made up of three layers which are
charge generating layer, charge trapping layer and charge collecting layer. Here, BaTiOs:@
Ecoflex nanocomposite serves as charge generating layer. For charge trapping layer, we have
selected MoTe;z incorporated PVDF nanofibers. Carbon tape has been used as charge collecting
layer. At first, nanofibers were prepared and affixed to carbon tape. Thereafter, BaTiO3
incorporated Ecoflex solution was casted on the other side of nanofiber. Then, 3D printed plate
was attached on the upper surface of the BaTiOs@Ecoflex layer and kept the whole system at
room temperature (25°C) for 9h to dry the Ecoflex solution. After completing the drying process,
the 3D printed plate was peeled off from the upper surface of Ecoflex layer and copper wire was

connected between carbon tape and nanofibers for investigating the electrical performance. The
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dimension of the fabricated EPMTNG device is 4.4cm X 2.5cm. Figure 5.1(c) exhibits the

graphical representation of fabricated device.

O Nf & wm

e

A /\ Pyramid shape

t] BTO@Ecoflex (Charge generating layer)

" MT/PVDF nanofiber (Intermediate layer)

- Carbon tape (Charge collecting layer)

Figure 5.1: Graphical representation of the fabrication process of (a) micro-patterned EBTO

nanocomposite and (b) PM5 nanofiber. (c) The designing of fabricated EPMTNG device.

5.3 Characterization techniques

The structural and morphological properties of the synthesized nanopartices and fabricated
nanocomposites are examined by X-ray diffraction (XRD; Model-D8, Bruker AXS Inc.,
Madison, W1) and field emission scanning electron microscopy (FESEM; INSPECT F50). The
EDS spectra and elemental colour mapping of charge generating and intermediate layer are
performed by Zeiss Gemini SEM 500.The eletroactive phase formation of intermediate layer is
investigated by Fourier transform infrared (FTIR) spectroscopy (FTIR-8400S; Shimadzu). The
electrical properties of charge generating and intermediate layer are investigated by digital LCR
meter (Agilent, E4980A). The output performance of the EPMTNG device is investigated by
Digital Oscilloscope (RTB2002).
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5.4 Results and discussion
The structural and morphological properties of charge generating layer and charge trapping layer
have been analyzed by X-ray diffraction peaks, FTIR spectrums and FESEM images.

5.4.1 Charge generating layer

BTO incorporated Ecoflex (EBTO) nanocomposite represents the charge generating layer. The
synthesis procedure of BTO nanoparticles is elaborated in the section 5.2.1. The characteristic
XRD peaks at 20 = 22.2°, 31.1° 38.8°, 45.5° 56.1° 65.7°, 70.3°, 74.7° confirm formation of
BTO nanoparticles.'* The FESEM image exhibits the spherulities microstructure of
nanoparticles. The XRD peaks and FESEM image of BTO nanoparticles have been shown in the
figure 5.2(a) and 5.2(b). Moreover, the crystalline size (D) of nanoparticle has been calculated

from XRD peaks by using the Scherrer formula, which will be

Where, A represents the wavelength of X-ray, B is the full width at half maximum (FWHM) of
peaks, k is the crystalline shape constant whose value is 0.9. The calculated average crystalline

size of BTO nanoparticle is 9.4nm.
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Figure 5.2: (a) Diffraction peaks and (b) surface morphology of BTO nanoparticles. (c) The X-
ray diffraction peaks of pure Ecoflex and EBTO nanocomposite. (d) Energy dispersive spectra of

EBTO nanocomposite. (e) Surface roughness of EBTO nanocomposite after 10000 cycles.

The table 5.1 related to this calculation has been inserted below. Thus, we have incorporated
BTO nanoparticle into Ecoflex polymer and named the nanocomposite as EBTO and
investigated the structural and morphological properties. Figure 5.2(c) shows the XRD peaks of
pure Ecoflex and EBTO nanocomposite. In case of pure Ecoflex, the characteristic peaks at
12.7°, 21.6° is observed whereas in case of EBTO nanocomposite, an additional characteristic
peak at 30.8° has been noticed which occurs due to the BTO nanoparticles and also confirms the
presence of BTO in the EBTO nanocomposite.'**® The surface morphology of EBTO
nanocomposite has been investigated by FESEM image. First figure of figure 5.2(e) exhibits the
morphology of nanocomposite. Furthermore, EDS spectra are performed to verify the atomic
weight percentage and distribution of elements inside the nanocomposite. Figure 5.2(d) reveals
the atomic weight percentage of individual elements Silicone (Si), Barium (Ba), Titanium (Ti)
and Oxygen (O) which are present in the fabricated EBTO nanocomposite. This confirms the
homogeneous distribution of these elements inside the nanocomposite and concludes the
successful fabrication of EBTO nanocomposite. Furthermore, FESEM image has been captured
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to investigate the surface roughness of the device after 10000 cycles (figure 5.2(e)). From the
images, it have been visualized that the micro-patterns of the EBTO layer remain almost same

after 10000 cycles and no such damage has been observed.

Table 5.1: Crystalline size and other parameters of BTO nanopatrticles

Peak position FWHM () Crystalline size Microstrain Dislocation
(20) (D) in nm density (0) in
nm-2

23.38841 8.975 9.039199306 0.1891968 0.012238835
29.43656 5.564 14.76242074 0.0924203 0.004588649
36.8923 11.85 7.067140747 0.1550151 0.020022233
43.21281 5.422 15.75927335 0.0597336 0.004026499
47.83022 8.824 9.848576431 0.0868228 0.010309867
56.23773 16.859 5.342795575 0.1376589 0.035031835
66.46394 10.397 9.134872987 0.0692414 0.011983812
77.39912 22.904 4.444335604 0.1247444 0.05062748

5.4.2 Charge trapping layer
The charge trapping layer consists of MT nanoparticles incorporated PVDF nanofibers. The
details synthesis method of MT nanoparticles has been elaborated in the supporting information

file. The XRD peaks of MT nanoparticles are depicted in the figure 5.3(a). The observable
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diffraction peaks at 23°, 27.5°, 40.4°, 49.6°, and 56.9° are well matched with JCPDS file no. 01-
073-1650. Some additional peaks at 38.1°, 43.2° and 45.8° attributes due to weaker Te rings and
also matches with JCPDS file no 01-079-0736.%° Thus, the XRD peaks confirm that synthesized
nanoaprticles are MoTez (MT). The crystalline size of the synthesized nanoparticles has been
measured by Scherrer equation. The average crystalline size of MT nanoparticles is 30.2nm.

The surface morphology of MT nanoparticles has been investigated by FESEM image, shown in
the figure 5.3(b). From FESEM image, we can observe the layered structure of MT nanoparticles
which also confirms that the synthesized nanoparicles have 2D structure. Furthermore, we have
incorporated this 2D MoTe2 nanoparticle into PVDF matrix and fabricated the PM5 nanofibers.
The structural properties of PM5 nabofiber have been examined through XRD and FTIR

Table 5.2: Crystalline size and other structural parameters of MT nanopatrticles

Peak position FWHM (B) Crystalline size | Microstrain Dislocation
(20) (D) in nm density (8) in
nm-2
27.48546 0.28717 28.47936409 0.0051235 0.001232933
38.21063 0.32076 26.2108107 0.0040405 0.00145559
40.36877 0.38304 22.09715331 0.0045464 0.002047988
45.85212 0.12221 50.58050087 0.0012608 0.00039087
49.57632 0.24608 35.55968099 0.002325 0.000790832
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Figure 5.3: (a) XRD peaks and (b) FESEM image of MT nanoparticles. (c) The characteristic
diffraction peaks and (d) FESEM image of PM5 nanofibers. (e) FTIR analysis of pure PVDF and
PM5 nanofibers. (f) ) Energy dispersive spectra of PM5 fibers.
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spectra. Figure 5.3(c) represents the diffraction peaks of the nanofibers where, the characteristic
peaks obtain at 20.3%, 27.3° 38.1° and 40.4°. Among them the last three peaks attributes due to
the presence of MT nanoparicles within the nanofibers. The first characteristic peak at 20.3°
arises due to the nucleation of B-crystalline phase within the PM5 nanofibers and also denotes
the crystalline plane (110) and (200). The formation of this B-phase is occurred due to
electrostatic interaction between MT nanoparticles and PVDF matrix which helps in conversion
of o-crystalline phase to B-crystalline phase. The nucleation of B-phase inside the PM5
nanofibers is further confirmed by FTIR analysis, depicted in the figure 5.3(e). From literature
review, the absorbance peaks of pure PVDF at 487cm™ (due to CF, wagging), 531cm™ (due to
CF; bending), 616 and 764cm™ (due to CF, and skeletal bending), 796 and 976cm™ (due to CH;
rocking) are observed which is clearly indicating the presence of non polar a-crystalline phase.
Whereas, the incorporating of MT nanopaerticles into PVDF matrix disappear the non-polar a-
phase and get rise in B-crystalline phase. From figure 5.3(e), the observable absorption peaks at
445cm™ (CF2 and CH: rocking), 479cm™ (CF;, deformation), 510cm™ (CF; stretching), 600cm™
(CF2 wagging), and 840cm™ (CHa rocking, CF» and skeletal C-C stretching) clearly point out the
presence of polar electro-active B-phase. This B-crystalline phase of PM5 nanofibers improves
the polarization effect and enhances the dielectric property. Moreover, the amount of B-phase

content inside the nanofiber has been calculated by using Lambert-beer law,
F(B) = —(K_,,;” —

Kg) @08
Where, F(B) is the fraction of B-crystalline phase content, A, and Ag are the absorbance at
764cm* and 840cm respectively. K, and Kg are the absorption coefficients at 764 and 840cm™
whose values are 6.1 x 10*cm?mol™ and 7.7 x 10*cm?mol™ respectively.**®47 So, the calculated
F(B) value of PM5 nanofibers is 93%. The surface morphology of the PM5 has been investigated
by FESEM image which indicates the nanofibrous morphology, depicted in the figure 5.3(d).
Also, the EDS spectrum has been performed to examine the atomic weight percentage inside the
nanofibers. Figure 5.3(f) represents the atomic weight percentage of nanofibers where the
presence of Fluorine (F), Molybdenum (Mo) and Tellurium (Te) is confirmed the homogeneous

distribution of these elements within the nanofibers.
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5.4.3 Working mechanism of EPMTNG device

The schematic illustration of working mechanism of fabricated EPMTNG device and influence
of trapping layer on output performance has been depicted in the figure 5.4(a) and (b). The
EPMTNG device is designed with three layers i.e. charge generating layer, charge trapping layer
and charge collecting layer. In this present work, EBTO nanocomposite, PM5 nanofiber and
carbon tape serve as charge generating, charge trapping and charge collecting layer respectively.
The combined effect of tribo-electrification and electrostatic induction plays an important role in
operating mechanism of EPMTNG device. When human hand gets into contact with charge
generating layer (EBTO), EBTO layer generates negative triboelctric charges due to negative
tribopolarity. On the contrary, human hand induces positive triboelectric charges as shown in
step (i) of figure 5.4(a). In the next step, relative separation between human hand and EBTO
layer takes place. As a result, electrostatic charges are generated on the charge collecting layer
(carbon tape) to balance the triboelectric charges. Thus, a potential difference develops between
the ground and carbon tape which further helps in flowing of electrons from carbon tape to
ground through external load, depicted in step (ii) of figure 5.4(a). These electrons are continuing
their flow until the EPMTNG device is separated completely (step (iii) of figure 5.4(a)). After
completing the separation, the human hand starts to come close to EBTO layer again and results
in decrease of positive electrostatic charges which are generated on the charge collecting layer
(carbon tape). Thus, electrons return from ground to carbon tape and this flow continues until the
human hand is fully contacted with EBTO layer again, shown in step (iv) of figure 5.4(a). With
the help of this contact separation procedure, EPMTNG device generates output signal
periodically.®

Generally, triboelectric nanogenerator (TENG) consists of four representative layers, which are
charge generating layer, charge trapping layer, charge collecting layer and charge storage layer.
During triboelectrification, the charge generating layer induces the triboelectric charges, which
can drift easily due to the effect of the driving force of electric field and combines with the
opposite induced charges, generated in the charge collection layer. As a result, huge charge loss
takes place, which reduces the surface charge density of TENG and diminishes the output
performance of nanogenerator.X® To overcome the significant issue of charge loss and improve
the performance of TENG, a charge trapping layer has been introduced in the intermediate of

charge generating layer and charge collection layer. The trapping layer restricts in combination
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of triboelectric charges and opposite induced charges and enhances the output performance of
nanogenerator by increasing the surface charge density. For this reason, we have introduced
intermediate trapping layer (PM5) in the designing process of EPMTNG device. The effect of
intermediate trapping layer on the output performance of EPMTNG device has been elaborated

(b) Withoutintermediate With intermediate
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Figure 5.4: (a) Working mechanism of the EPMTNG. (b) Graphical representation of the

presence of trapping layer (PM5 nanofibers) on the output performance.

schematically in the figure 5.4(b). In the absence of charge trapping layer, the generated
triboelectric charges of the EBTO layer get captured inside the trap sites. This helps in
accumulation of induced positive charges in the carbon tape which results in the formation of

electric field among EBTO layer and carbon tape. As the charge trapping ability of EBTO layer
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is very low, the triboelectric charges which are trapped in the shallow trap of EBTO layer easily
drift to the carbon tape in the presence of weak electric field and combine with induced charges
easily. As a result, huge charge loss takes place which further results in low output performance.
To improve the output performance and reduce the charge loss, an intermediate trapping layer
(PM5 nanofiber) has been inserted between EBTO layer and carbon tape. When PM5 layer has
been introduced in EPMTNG device, the phase interfaces between MoTe, and PVDF matrix
serves as efficient trap sites for rapidly accumulating triboelectric charges. These trap networks
retain the negative triboelectric charges while hindering the charges to drift from the EBTO layer
(charge generating layer) to carbon tape (charge collecting layer), leading to decrease in the
neutralization of negative tribo-charges and positive induced charges. Moreover, the addition of
MoTe: into polymer matrix generates the induced charges under the application of external field,
owing to the excellent aspect ratio and high conducting properties of the nanoparticles and
increases the Coulomb force, which results in enhancement of polarization effect. This
polarization effect arranges more capturing networks and then traps the triboelectric charges
steadily by using the deep traps. Furthermore, the MoTe> nanoparticles strengthen the trapping
depth of triboelectric charges by creating the conducting channels inside the PM5 layer and help
in capturing more charges. Thus, the charges which are trapped in deep traps depart slowly from
the trapping sites and extend the charge residence time, resulting in decrement of charge loss
through reducing the charge recombination process. Therefore, the incorporation of PM5 layer
in EPMTNG assists in accumulation of more triboelectric charges on the surface of EBTO layer
and enhances the output performance of the device through increasing the surface charge
density.%% The following equations help in establishing the idea of insertion of PM5 layer in
EPMTNG device, which will bel6®°

dfiimC

By = e e (53)

P = €0(& — A)E oo (5.4)
Veoer

T R R (5.5)

Ve = 20 (5.6)

Where, & defines the relative permittivity, dsim Stands for the thickness of EBTO nanocomposite
and PM5 layer, Co is the highest capacitance value, A defines the area of the EBTO

nanocomposite and PM5 layer, & represents the free space permittivity, P represents the
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polarization at electric field, E defines the electric field, o is the surface charge density, V
represents the surface potential, d is the thickness of the device, Voc defines the output voltage of
the fabricated device and X(t) is the separation distance. With the addition of PM5 layer, the
capacitance value of the device increases which helps in enlarging the relative permittivity from
equation (5.3). Thus, the higher relative permittivity assists in strengthening the polarization
effect under the application of electric field, illustrated in the equation (5.4) and captures more
triboelectric charges. Owing to this high permittivity and polarization effect, the PM5 layer
reduces the charge loss and enhances the surface charge density of the device from equation
(5.5). As a result, the enhancement of the surface charge density improves the output voltage of
EPMTNG device, described from equation (5.6).

5.4.4 Theoretical investigation of the effect of PM5 fibers on EPMTNG

The effect of intermediate trapping layer (PM5 fibers) on the output performance of EPMTNG
has been investigated theoretically by using finite element analysis. Also a simulation model
using numerical analysis through python has been prepared for the comparison of surface
potential and output performance of TENG, with respect to the presence and absence of
intermediate layer. For this, a fundamental numerical modeling has been prepared and analyzed
it by using Python 3.9 libraries on Jupyter lab framework. Moreover, some libraries including
NumPy and Pandas have been used in Python to analysis the numerical functions and data
configurations. NumPy helps in numerical operations including multidimensional array and
matrix, elemental operations etc. and Panda assists in analyzing the organized and structured
data-frame. After successfully simulated the data in Python, Matplotlib library have been utilized
to plot the excepted graph by using the simulated data points. In the absence of intermediate
trapping layer (PM5), the V-Q-x relation of conductor to dielectric type triboelectric

nanogenerator will bel®>’

ox(t)

€0

V= _sQTO(dO +x(D) +

d
Where, d = ﬁ

In the above equation (5.7), Q is the amount of charge transferred; S defines the area of
EPMTNG; &o represents the free space permittivity; desto is the thickness of charge generating

layer (EBTO nanocomposite); &esto  represents the relative permittivity of EBTO
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nanocomposite; x(t) is the distance between two triboelectric surfaces; o defines the surface
charge density. For open-circuit condition, Q=0 that means no charge transfer process will occur.

Therefore, the open-circuit voltage will be®

During the presence of intermediate layer (PM5) within EPMTNG device, V-Q-x relationship

will be®’

ox(t)
£

V= —%(d0 +x(D) +

Where, do will be sum of the EBTO layer and PMS layer. That means, dg = <£870. 4 2ems 1

érgpro  Erpms

simplify the calculations, some assumptions are taken which are (a) the distribution of charges
on the surface of triboelectric layers is uniform, (b) triboelectric charges are only staying on the
contact surfaces,(c) measured surface charge density is linearly related to the surface potential,
(d) the applying force on the device for all cases is same, (e) thickness of EBTO nanocomposite
and PM5 layer are assumed to be 1Imm and 256um respectively. The highest capacitance value is
considered to be utilized in calculation. Area of the EBTO nanocomposite and PM5 layer are
1.1cm? and 1.4cm? respectively. The surface charge density of TENG with PM5 layer and
without PM5 layer is assumed to be 3.5 X 10*C/m? and 1.3 X 10*C/m? respectively.
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Figure 5.5: (a) Theoretical assessment of the effect of PM5 layer on the output performance of
EPMTNG. (b) Comparison of theoretically and experimentally obtained output voltage. Contour

plot of surface potential during the (c) absence of PM5 layer and (d) presence of PM5 layer.

First of all, we have calculated the relative permittivity (&) of EBTO nanocomposite and PM5
layer. As we know that high permittivity based layer increases the surface charge of density by

inducing more polarization. The & has been measured by using the equation®’

B L (5.10)

A£0

Here, drim stands for the thickness of EBTO nanocomposite and PM5 layer, Co is the highest
capacitance value, A defines the area of the EBTO nanocomposite and PM5 layer and &
represents the free space permittivity. Thus, the calculated relative permittivity values of EBTO
nanocomposite and PM5 layer are 7 and 23 respectively.

Therefore, the high permittivity value of PM5 layer assists in inducing more polarization effect
and enhances the surface charge density of EPMTNG device. In the presence of PM5 layer, the

induced high surface charge density increases the output voltage of the device. The estimated
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output voltage of EPMTNG device from finite element analysis is 304V. In the absence of PM5
layer, the estimated voltage is 120V, shown in the figure 5.5(a). Additionally, a diagram has been
presented to investigate the theoretically and experimentally obtained output voltage with the
absence and presence of PM5 intermediate layer, shown in the figure 5.5(b). Moreover, the
changes in relative permittivity, the value of do also changes for both cases (with and without
PM5 layer). Along with this, the amount of charge transfer (Q) is both cases also varied with the
surface charge density as charge transfer is dependent on the surface charge density and contact
area. In order to investigate the effect of PM5 layer, the surface potential has been calculated

theoretically by using the equation:*8

Where, o defines the surface charge density, d, represents the thickness of layer, &, is the
permittivity of free space and &, is the relative permittivity. The estimated results from
simulation describe that TENG with PM5 layer consists of surface potential of 0.18V, which is
higher than the TENG without PM5 layer (surface potential of 0.064V). Also, the variation of
surface potential with the different distances between human hand and device has been mapped
in both cases. The simulated data of surface potential in both cases are represented in the figure
5.5(c) and 5.5(d). The possible reasons behind the enhancement of surface charge density,
surface potential and output voltage during the presence of intermediate trapping layer are

(i) Prevention of electrons decay with positive induced charges

(ii) Capturing more residual charges in trap sites of PM5 layer

(iii) Reinforcing the polarization effect through trapping more charges and improving the
conductivity. This further restricts the charge loss by preventing charge recombination and
enhances the surface potential.

As a result, output performance of EPMTNG is increased. Thus, the theoretical model clearly
indicates the prominent advantages due to the presence of intermediate layer in fabricated device

and establishes our proposed concept.

5.4.5 Output performance and electrical properties of EPMTNG device
The three layers of the device not only increase the output performance but also make the device
flexible and user friendly. Furthermore, the output performance of EPMTNG device has been

investigated by connecting the wire of device with DSO. The wearable and flexible device
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exhibits 319V output voltage under continuous finger tapping condition with generated axial
pressure of 12N. Moreover, the influence of intermediate layer is also observed. With the help of
intermediate layer, the EPMTNG device exhibits 319V output voltage whereas the device
generates only 130V output voltage in the absence of charge trapping layer (Figure 5.6(a)). The
reason behind such high output is the influence of trapping layer by capturing more charges
within the trapping sites and increasing the charge storage ability of the device. From,
Coulomb’s law, we can see that the electric field (E) among triboelectric (Qt) and induced
charges (Qe) is varying inversely to the square of the distance(r) between triboelectric charges

and induced charges, i.e.

Where K, represents the Coulomb’s constant.
When the intermediate trapping layer is absent, the small amount of charges is trapped at high
electric field. Thereafter, these trapped charges drift easily and combines with induced charges as

drift velocity (u) depends on the electric field, which will be'’
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Figure 5.6: (a) Output voltage of the EPMTNG device under periodic finger tapping (12N). (b)
Magnified view of generated output voltage of the device during same axial pressure. (c) Force
dependent output voltage of EPMTNG. (d) Instantaneous power density with the variation of
external load resistance. (e) Obtaining the output voltage by different tribo positive materials. (f)
Measuring the current densities of four devices: ECTNG, EBTNG, EBPTNG and EPMTNG.
Sensitivity of EPMTNG at (g) low pressure region (up to 0.5kPa) and (h) high pressure (>
0.5kPa) region. (i) Output voltage of EPMTNG device at different thickness of EBTO

nanocomposite.

That means, high electric field induces high drift velocity which helps in more charge
recombination process and induces low output result. Whereas, the presence of charge trapping
layer increases the distance (r) between charges and induces weak electric field which reduces
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the drift velocity of charges and prevents in charge recombination. As a result, EPMTNG device
generates such high output voltage in presence of intermediate layer (PM5). Moreover, the
enlarged view of generated output voltage has been depicted in the figure 5.6(b) where positive
peak appears at the time of applying strain on the EPMTNG device and negative peak induces
after recovering the strain. The influence of applied force on the output performance of device
has been monitored by applying different force on the device, shown in the figure 5.6(c). As we
increase the applied force, the output voltage also increases. The possible reason behind this is
that with the increase of force, the contact between the two triboelectric layers also increase
which helps in more charge generation.>® In order to explore the load capacity of our fabricated
device, the multiple valued load resistances have been used. The EPMTNG device exhibits
different instantaneous power density with the variation of load resistance changing from 103 to
108Q (figure 5.6(d)).The power density of the device has been calculated by using

Where, V represents the output voltage of the EPMTNG device, RL defines the value of load
resistance and A is the surface area of the EPMTNG device (4.4 X 2.5cm?).*” The obtained
maximum power density is 2.9W/m? at 10’Q. Furthermore, the thickness of charge generating
layer (EBTO nanocomposite) effects in the output performance of triboelectric nanogenerator.
As we increase the thickness of EBTO nanocomposite, output voltage also decreases. The
maximum voltage is obtained for 1mm thickness, depicted in the figure 5.6(i). The reason behind
this behavior is that the surface charge density reduces with the increasing of thickness of EBTO
which results in lowering the output voltage. The equation which validates this reason, will be

Where, V describes the surface potential of EBTO nanocomposite, &, represents the dielectric
constant of air and &, represents the dielectric constant of nanocomposite, o defines the surface
charge density of nanocomposite and d is the thickness of EBTO nanocomposite.*®Thus, it is
clearly visible that increasing thickness of nanocomposite decreases the surface charge density

which results in low output voltage as

where, Voc is the output voltage of EPMTNG device, o is the surface potential and A is the

surface area of EBTO nanocomposite , C, defines the capacitance of device.>®
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While measuring the output voltage of the device for more than one set of values, we get
different results. This incident also happens in case of measuring the current density. The
possible reasons behind the changes of the results are the presence of errors arising from external
mechanical force, contact area, contact speed, frequency etc.>® Another leading factor of
inducing the errors is the separation distance between the two triboelctric layers. When
separation distance is deviated from its optimal value, the charge transfer between electrodes also
changes. As a result, we get different output results for same device. Also, the contact area of the
EPMTNG device is another source of error. Error in contact area results in fluctuations in charge
density and gives us inaccurate output value. Whenever, we measure the output voltage and
current density for different case of fabricated TENGs, some deviations are observed due to the
above mentioned sources of errors. To improve the reliability, error bar has been included.
Moreover, the material selection of positive layer of EPMTNG device plays a significant role in
the output performance. To demonstrate the excellent output performance of fabricated device,
its output result has been measured by using different positive materials like PVA, aluminum
sheet, silk, nitrile glove and human hand, shown in the figure 5.6(e). The measured output
voltages using different positive materials like PVA, aluminium sheet, silk, nitrile glove and
human hand are 110 + 2.9V, 123 + 4.2V, 149 + 3.5V, 253 + 4.8V and 318 + 3.9V respectively.
The findings indicate that the performance of triboelectric nanogenerator is greatly impacted by
the active layer materials and the human hand generates maximum output voltage than other
positive materials as it is an extremely positive triboelectric material.® For this reason, we have
selected human hand as positive layer in this present work. Furthermore, the current density of
the EPMTNG has been measured. Also, the influence of trapping layer in the current density has
been examined. We have prepared four devices (i) Ecoflex and carbon tape based TENG, named
as ECTNG, (ii) BTO incorporated Ecoflex nanocomposite and carbon tape based TENG, named
as EBTNG, (iii) EBTO layer, PVDF layer and carbon tape based TENG, named as EBPTNG and
(iv) EBTO layer and MT incorporated PVDF nanofiber (charge trapping layer) based EPMTNG.
The measured current density of these devices is shown in the figure 5.6(f). The measured
current densities of these four devices are 1.6 + 0.2, 3.6 + 0.4, 45 + 0.3, 9 + 0.4mA/m?
respectively. This result indicates that the presence of intermediate trapping layer improves the
current density of TENG compared to other devices. Generally, in the absence of charge trapping

layer, some charges of EBTNG device are captured in the shallow trap of BTO layer. Thereafter,
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these charges drift easily and combine with positive charges of carbon tape which results in low
surface charge density. Moreover, the presence of MT nanoparticles within the intermediate
layer reinforces the polarization effect and prevents in charge recombination. This increases
charge density and enhances the current density of EPMTNG. This can be mathematically

expressed as

deg

dH e dor H

= O0r— =T
T at dtEesz)(@o4z)  dt oy

Ip

Where, Jo represents the current density and H represents the function of time which is
associating with the contact frequency. This equation confirms that the current density is directly
proportional to the charge density.'® Thus, we get maximum current density in case of EPMTNG
device compared to other devices. Also, the sensitivity of the fabricated EPMTNG device has
been measured by falling different masses objects on the device. The equation helped in

calculates the sensitivity of the device will be

Where, S is the sensitivity of the device, AV is the change in the obtained output voltage and AP
defines the change in applied pressure.*’The sensitivity of the device at low pressure region (up
to 0.5kPa) is 32.5V/kPa, shown in the figure 5.6(g). In the higher pressure region (> 0.5kPa), the
sensitivity value of the device is 28.1V/kPa, shown in the figure 5.6(h).

Furthermore, the stability performance of EPMTNG device has been performed over 10000
cycles under the applied mechanical force by human hand. Figure 5.7(a) exhibits the stability
performance of the device, resulting that the device maintains near about the same output voltage
throughout the whole time period and no such degradation of output voltage is observed after
10000 cycles. These results confirm the long-term stability of the EPMTNG device. The
durability test of EPMTNG device has been performed under the application of mechanical force
by hand. The device exhibits near about 314V output voltages at 5Hz frequency. The durability
test has been conducted for a consecutive 12days and the results interpret that EPMTNG device
generates near about same output voltage throughout the whole time period and maintains over
98% of initial output voltage, shown in the figure 5.7(b). Therefore, the results indicate that the

EPMTNG device has exceptional durability and is suitable for long-term practical applications.
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Figure 5.7: (a) Stability and (b) durability performance of EPMTNG device. (c) Twisting
performance of the fabricated device. (d) Measuring the robustness of the fabricated device by
bending it over 800 times.

To observe the robustness of the device, bending and twisting tests have been examined. Figure

5.7(d) shows the bending performance of the EPMTNG device. After bending over 400 times,

the device exhibits near about same output voltage compared to its initial value and maintains

99% of initial value. Thereafter, the device has been bend again more 400 times and has been

maintained 98% of initial value. The results of the bending test indicate the very good robustness
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of the device. Moreover, the twisting performance of the device has been observed in the figure
5.7(c). After twisting the device over 400 times, the device generates almost same output voltage
and maintains 98% of its initial value. To investigate the high robustness of the device, we have
twisted it 400 times more and obtained nearly same output voltage, maintaining the 97% of
initial value. Therefore, the bending and twisting test of the device exhibit the outstanding
robustness behavior of the EPMTNG device.

5.4.6 Electrical properties of EPMTNG device

The electrical properties of the different layers of the fabricated EPMTNG device have been
examined by dielectric measurement. To enhance the surface charge density and improve the
output performance of the device, dielectric parameters play a significant role. In this present
work, we have prepared three systems, one is EBTO layer, PM5 nanofiber and dual layer
(combining EBTO and PM5) by attaching the copper electrode on the both side of each system
and measured the dielectric parameters (for measurement of the prepared three systems) through
LCR meter by varying the frequency range from 10Hz to 1MHz. Figure 5.8(a) exhibits the
dielectric constant value of three systems by varying the frequencies. Relative dielectric constant

can be expressed as

Where, ¢’ is the real part and &” is the imaginary part of relative dielectric constant. The
imaginary part contributes in energy dissipation inside the dielectric material, whereas the real
part indicates the energy storage capacity of dielectric substance. The real part of dielectric

constant can be calculated by using this mathematical equation

, _ Cd
_E()A

Where, C represents the capacitance value of respective system; o is free space permittivity
whose value is 8.85 x 10712 F/m; d is the thickness and A is the area of respective systems. For
EBTO layer, the maximum dielectric constant is found to be 11 at 10Hz frequency which is very
high compared to the dielectric constant (~ 3) of pure ecoflex. The reasons behind getting high
value of dielectric constant are the formation of macroscopic dipole and microcapacitor
network.** Moreover, the presence of oxygen (O) inside the BTO nanoparticles and hydrogen
(H) inside the ecoflex polymer helps in dipole formation, whereas the microcapacitors are

induced between nearest fillers (BTO nanoparticles). Each single microcapacitor contributes to
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Figure 5.8: (a) Dielectric constant and (b) tangent loss of EBTO nanocomposite, PM5
nanofibers and dual layer. (c) Measured ac conductivity of three layers by varying frequencies.
(d) Dielectric constant of EBTO layer at different weight percentage loading of BTO

nanoparticles.

build microcapacitor network which further leads to high dielectric value.'® Thus, EBTO layer
shows maximum dielectric value at 0.5wt% of BTO. At higher doping concentration (1wt%),
dielectric value of nanocomposite reduces due to the attainment of the percolation limit.® After
reaching the percolation threshold, the interaction between fillers triggers the leakage current to
increase. Additionally, the BTO nanoparticle sets up a network of conductive molecules within
the polymer matrix, which results in shifting from non-Ohmic to Ohomic conduction.*® Due to

these possible reasons, the dielectric value decreases at higher concentration of BTO, depicted in
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figure 5.8(d). For PM5 nanofiber layer, the obtained maximum dielectric constant is found to be
16 at 10Hz frequency. Thereafter, dielectric constant reduces gradually with the increasing in
frequency value. This phenomenon is attributed due to the Maxwell-Wagner interfacial
polarization, which occurs while the carriers of free charge accumulate at high resistive grain
edge. In details, within the PM5 nanofiber layer, the edges of insulated grains separate the
conducting grains, which facilitate in trapping of free charge carriers and induce dipoles through
the grain during their hopping.* For this reason, we get such high value of dielectric constant.
Additionally, a fast decrement of dielectric value at high frequency zone has been observed as
dipole orientation polarization and electronic displacement polarization are unable to survive
with the frequency variation.*® In case of double layer, the maximum dielectric constant is found
to be 23 at 10Hz frequency which is relatively high compared to EBTO layer. The possible
reason behind this increment in dielectric value is the addition of intermediate layer, which traps
more residual charges in trapping sites. Moreover, the incorporation of MT nanoparticles into
PVDF matrix reinforces the polarization effect of dual layer and enhances the number of charge
carriers which improves the dielectric property.®

Along with the dielectric value, tangent loss and ac conductivity of three systems have been
observed and shown in the figure 5.8(b) and figure 5.8(c). The EBTO layer, PM5 layer and dual
layer exhibit low tangent loss. From figure 5.8(b), low tangent loss value is observed at low
frequency region, whereas increment of loss value at higher frequency region is visualized. The
possible reason behind this phenomenon is the thermal agitation of the dipoles.*® Thus, the high
dielectric value with low tangent loss of EBTO layer, PM5 fiber and double layer confirms that

the EPMTNG device consists of good storage capacity.

5.4.7 Robotic gesture detection

Owing to have high sensitivity, low thickness and flexibility, the wearable EPMTNG device has
been utilized in robotic gesture detection. Firstly, the device is affixed with a hollow cylindrical
object and the different responses of pressure which is generated by the full bending of each
fingers of an artificial wooded hand, was monitored. Figure 5.9(a) to (e) represents the digital
snapshots of the device being pressed by the five fingers (index, middle, ring, middle and
thumb). For continuous pressing and releasing of artificial hand fingers, we get individual output

responses of each finger, shown in the figure 5.9(f). Along with this, the positive peaks and the

D. Sarkar, Jadavpur University 158 |Page



Chapten 5

r T T T T
f i : ] g X 10-
(h) & o9 T(i,nsle (se::gnd) 1.8 0 ( - ) Index Middle Ring Little Thumb

- E-9-0~1

EPMTNG Processing Arduino Bluetooth Laptop
circuit Uno Monitor

a o u

Output voltage (volt)
> o & o > boc

b o w
hg

1_. 2 3
Time (second)

Figure 5.9: (a) to (e) Digital snapshots and (f) output responses of five artificial fingers (index,
middle, ring, middle and thumb) at touching condition of device. (g) Obtaining the output
voltage during each finger movement. (h) Output responses and digital image of gripping
different objects (rectangular box, hollow cylinder and rubber ball). (i) Schematic illustration of
wireless connection of transmitted signal. (j) Displaying the transmitted signal on laptop monitor

during artificial finger bending.

negative peaks of generated output responses are also observed which are attributed due to the
pressing and releasing effect of fingers. As the generated forces of the fingers on the EPMTNG
device are different, thus the obtained output voltages of each finger movement are also
different. During artificial finger bending, the generated error values are also included with the

obtained output voltages of each finger movement (figure 5.9(g)). Therefore, index, middle,
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thumb fingers generate 19 £ 0.7V, 18 + 0.5V, 22 + 0.8V and ring, little fingers exhibit 16 + 0.3V,
17 £ 0.6V output voltage respectively. Thus, the flexible and wearable device can be utilized in
robotic surgery and human-machine interfaces applications.>® Furthermore, the sensing ability of
device opens up a new path of utilization in the field of soft robotic application. The utilization
of the device in soft robotic application has been investigated by gripping different shaped
objects. First of all, three differently shaped objects are selected which are a rectangular box, a
hollow cylindrical object and a rubber ball. Thereafter, the device is attached with these
respective objects and monitored the responses during gripping condition. When the objects are
gripped, the device generates positive peaks and negative peaks occur at the time of releasing the
object, shown in the figure 5.9(h). Also, each differently shaped object generates different output
response during gripping and releasing condition due to different contact area. Therefore, the
rectangular box generates high output voltage compared to other objects as the higher curvature
induces superior contact area which leads to high output result.>*Thus, the gripping ability and
object distinguishable capability makes EPMTNG device a suitable candidate in soft robotic
applications. Additionally, a wireless system has been introduced to monitor the bending
movements of robotics finger by transmitting the generated signal to a laptop through Arduino
Uno Bluetooth system. Figure 5.9(i) demonstrates the wireless connection of the transmitted
signal. During bending of finger, the EPMTNG device generates the output signal which passes
through low pass filter and rectifier module contained processing circuit for rectifying the signal.
After getting rectified, the signal has been sent to Arduino Uno and also transferred wirelessly to
laptop via Bluetooth system. The rectified signals during bending motion are clearly displayed in

the laptop monitor, shown in the figure 5.9(j).

5.4.8 Tracking different human physiological signals

The different body portions of human body exhibits various characteristics of physiological
signal. Owing to high sensitivity, stretchability, flexibility and skin compatibility properties,
EPMTNG device can be used as self-powered human physiological signal detector. These
properties can have advance implication in multiple areas for example human machine interface,
analysis of the performance in different sporting activity, medical rehabilitation etc.® To track the
physiological signals, we have attached EPMTNG device to the different parts of human body
like wrist, neck, throat, and elbow. As the device has high sensitivity in low pressure region
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(32.5V/KkPa up to 0.5kPa) so it can successfully detect the blood flow of human body. When we
are attaching the EPMTNG device on wrist pulse, the device exhibits quite high output voltage
(near about 0.7V), generated from blood flow, shown in the figure 5.10(a). Systolic and diastolic
are the two main components of blood pressure, which provide the peak and dip of the pulse
wave during blood flow.*’

(a)1s

SO Q-
o wu o
:

Output voltage (volt)
o
0

-
o

2 4 6 8 10
= = Time (second)
) (¢)9

6

o

=2

(

3
0
-3

Output voltage (vol

Output voltage (volt)

b &b A Vo v s o

; 3 y 4 6 8 10
4 6 8 10 ,
( d ) Time (second) Time (second)

—
JO
o

-
<

wrist up
\

\

rad

.
s

Output voltage (volt)
o
=T
Output voltage (vol

0
-
o

wrist down

S A M o v »
Sarn g T o B e

2 4 6 8 1, =2 3l 4
Time (second) Time (second)

o

Figure 5.10: Generating the output voltage from (a) blood flow by fabricated EPMTNG device.
Tracking the human physiological signals generated by the wearable device during (b)

coughing, (c) neck movement, (d) flexion and extension of elbow and (e) wrist up down.
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Therefore, the fabricated device promptly detects the alternation of systolic and diastolic
pressure and generates output signal. From the following figure, it has been clearly visualized
that the EPMTNG device successfully detects 12 pulse beats in 10 seconds. That means, the total
number of pulse beats detected by our device in 60 seconds will be 72. This value is well
matched with the normal pulse rate of a healthy person in 60 seconds. Thus, the EPMTNG
device may be useful in the clinical identification of hypertension and heart related health
problems.*® Moreover, the capability of EPMTNG device towards sensing thoracic pressure,
generated by the vibration of vocal cord at the time of coughing, has been monitored.

The result exhibits that the fabricated device can detect every action of coughing (made up with
opening burst, noisy airflow and closing of glottis) and generate output voltage in every action,
which is near about 2V. The detection of coughing action depicts in the figure 5.10(b).
Therefore, the EPMTNG device can be utilized to track the airflow process during coughing
action and diagnosis the diseases related to the coughing like bronchitis, asthma etc.4%%
Moreover, the neck movement of human body is also detected by the EPMTNG device. The
device successfully detects continuous up and down motion of head and generates the output
signal. During neck movement, the generated output voltage is near about 5V (figure 5.10(c)).
The device was further affixed with synovial joints like elbow and wrist to monitor the generated
physiological signal. In case of elbow movement, the EPMTNG device can promptly detect the
flexion and extension of elbow and convert this generated stress into electrical signal, shown in
the figure 5.10(d).>* Additionally, the sensing ability of device towards the wrist movement has
been investigated. The EPMTNG device is expanded and emits rising and falling voltage signal
as the wrist bending continuously occurs from outward to inward (figure 5.10(e)). This response
is generated due to the combine effect of wrist joint pressure and skin deformation.® Therefore,
the fabricated device may be helpful in the area of sports like monitoring athlete movement and
other sporting activity. All these results confirm the potential utilization of EPMTNG device

towards the broad futuristic application in healthcare unit and self-evaluation of health.
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5.4.9 Realistic approach of fabricated EPMTNG device
To investigate the energy conversion ability and practical utilization of EPMTNG device in our
daily life, the LEDs illumination and capacitor charging have been performed. The LEDs are

illuminated under periodic finger pressing condition by connecting them into series arrangement
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Figure 5.11: (a) Digital image of illuminating blue LEDs under periodic finger pressing. (b)
Charging of capacitors by EPMTNG device. (c) Storing of energies into three capacitors. (d)
Pictorial representation of wireless connection. Transmitting the generated signals wirelessly

during (e) single finger tapping, (f) vocal cord vibration, (g) glottis movement.

with the help of bridge rectifier. Figure 5.11(a) represents the pictorial image of lighting up of
blue LEDs. This figure also depicts the capability of illuminating 140 no of blue LEDs of
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EPMTNG device under periodic finger impartation. Furthermore, the fabricated device is wired
with bridge rectifier to charge up the capacitors under continuous finger pressing. Figure 5.11(b)
exhibits the capacitor charging curve which clearly indicates that EPMTNG device is capable of
charging 2.2uF, 4.7uF and 10uF capacitor up to 3.9V, 25V and 1.1V within
75second.Additionally, the capacitor charging curves illustrates how the saturation voltage
gradually reduces with the capacitance value increases. Moreover, the accumulation of energy

inside the capacitors during the charging process has been calculated by using

Where, E defines the accumulated energy, C describes the capacitance value and V defines the
voltage on the capacitor. The total amount of energy gathered in the 2.2uF, 4.7uF and 10uF
capacitors are 16.7uJ, 14.6pJ and 6.2 respectively, depicted in the figure 5.11(c). Thus,
portable electronic appliances can be charged by using this EPMTNG device which has very
good energy conversion and energy storage ability. Along with the capacitor charging and LEDs
illuminating, wireless transmission of the generated signal from fabricated device has been
visualized. First of all, the device is connected with the processing circuit to rectify the signal
and then passed it to Arduino Uno, which is further transmitted the signal in laptop through
Bluetooth connection. The digital snapshot of wireless connection is represented in the figure
5.11(d). The wireless transmission of signals, generated from single finger tapping, coughing and
speaking conditions are also monitored. Figure 5.11(e) exhibits the transmitted signals wirelessly
during single finger tapping. The vocal cord vibration and glottis movements are also monitored.
Figure 5.11(f) depicts the generated signals from the vocal cord vibration of female person at the
time of speaking some words. Each and every vibration is successfully displayed on the monitor
of the laptop through waveforms. Moreover, the wireless transmission of signals, induced from

glottis movement during single coughing has been visualized in the figure 5.11(g).

5.5 Conclusion

The current work expresses the fabrication process and output performance of wearable and
flexible EPMTNG device. The designing of the device is made of micro-patterned
BaTiOz@Ecoflex (EBTO) nanocomposite, 2D layered MoTe, incorporated PVDF nanofibers
(PM5) and carbon tape. The idea behind the utilization of surface modification of EBTO

nanocomposite is to create the surface area and improve the surface potential. The micro-
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patterned structure creates the surface roughness on EBTO nanocomposite and assists in
increment of effective contact area between human hand and EBTO layer. Therefore, more
triboelectric charges are induced on the surface of EBTO layer and human hand. As a result,
potential difference increases during triboelectrification process. This potential difference further
helps in enhancing the output performance of EPMTNG device. Furthermore, a charge trapping
layer (PM5 nanofiber) has been introduced between EBTO nanocomposite and carbon tape to
prevent the charge recombination process and enhance the output performance of fabricated
device. The idea behind the addition of charge trapping layer in the designing of EPMTNG has
been established theoretically by using finite element simulation model where the value of
theoretically calculated surface potential and output voltage in the presence of PM5 layer, are
clearly indicated the validation of proposed concept. Under continuous finger pressing (12N)
condition, the self-powered and flexible device generates the output voltage of 319V and current
density of 9mA/m? respectively. Also, the device exhibits very good power density of 2.9W/m?
at 10’Q under the same axial pressure. Moreover, the effect of PM5 nanofibers in the electrical
property of the device has been investigated by dielectric measurements. The incorporation of
2D MoTe; nanoparticles into PVDF matrix increases the B-crystalline phase and reinforces the
polarization effect by inducing more charge carriers inside the polymer matrix. This -phase
nucleation and polarization reinforcement help in the improvement of the dielectric property of
the device. In addition to this, the wearable EPMTNG device has high sensitivity (32.5V/kPa) at
low pressure region of up to 0.5kPa. This high sensitivity value helps in the tracking of different
human physiological signals and transmitting these signals wirelessly to laptop. The additional
significance of the device is the detection of robotic gestures. Furthermore, the realistic
utilization of fabricated device is monitored by illuminating LEDs and charging different
capacitors. Thus, the self-powered and wearable EPMTNG device can be used in
multidimensional applications including monitoring sporting activity, speech therapy, medical
rehabilitation etc. Also, the device has the potential utilization in the field of robotic surgery and
soft robotics applications. Therefore, the fabricated device may be useful in health care unit and

human machine interfaces.
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Elevating the performance of
nanoporous Bismuth Selenide
incorporated arch-shaped triboelectric
nanogenerator by implementing piezo-
tribo coupling effect: Harvesting
biomechanical energy and low scale
energy sensing applications

Chapter 6




6.1 Introduction

With the fastest expansion of recent science and technology, Internet of things (loTs) makes
human life easier and enjoyable.? As a result, the usage of conventional energy storage tools like
sodium ion batteries, rigid batteries, lithium-ion batteries, supercapacitors etc. which have
immense dimensions and regular charging requirements, seems to be limited.>® Therefore,
alternative energy sources and equipments which help us to charge up the sensors and devices
have gained immense attentions among the researches in the last few years.®’ Triboelectric
nanogenerator (TENG) is chosen as the suitable candidate of alternative energy sources which
can power up the previously mentioned devices easily due to its conversion ability of naturally
available mechanical energies like water wave energy, wind energy, biomechanical energy,
vibrational energy, low scale mechanical energy and rotational energy into electrical energies.®
10,14 The triboelectric phenomenon was first proposed by Wang et al. in 2012 and published a
standard list of triboelectric materials to give us the idea about their effective pairing. Moreover,
the working principle of TENG is based on electrostatic induction and tribo-electrification.*®
Generally, TENG has four working modes. Among them, contact-separation (CS) mode is most
preferable one due to its charge generating, simple fabrication process and high output
performance.'® Therefore, selection of triboelectric materials plays an important role in
improving the charge generation and fabrication of TENG. To design the layered structure and
improve the charge generation of TENG device, polymers are utilized due to their high charge
affinity, high dipole moment, flexibility and durability.!*** Till now, the reported negative
triboelectric polymers are poly(tetrafluoroethylene) (PTFE), poly(vinyldene fluoride) (PVDF),
poly(dimethyl siloxane) (PDMS), polyimide (PI), poly(vinyl chloride) (PVC), poly propylene
(PP) etc. and reported positive polymers are thermoplastic polyurethane (TPU), poly(vinyl
alcohol) (PVA), poly(3-hydroxybutyrate-co-3-hydroxyvalerate)(PHBV) etc.® 15 In this present

work, PDMS and PVA have been used as tribo-negative and tribo-positive material.

Moreover, there are so many advantages of using TENG such as light weight, flexibility,
durability, simple fabrication process, cost effectiveness and robustness.'> 2 2° Recently, few
pioneers works have been done by utilizing the effect of TENG. For example, Lin et al.
developed an active bacterial anti-adhesion strategy to remove the bacteria from the surfaces of
materials which was driven by TENG.!® Jia et al. proposed the electron transfer mechanism

. Sarkar, jadavpur University 174 |Page



Chapten 6

among the metal and SiO. composites by using first principal study. This idea is very helpful in
selection of dielectric layer for TENG.'” Moreover, Zhang et al. proposed a new strategy to
combat the environmental pollution by using cellulose instead of traditional polymers and
utilized it to design nanogenerators.!® Additionally, Ghafari et al. developed PVDF
nanogenerator for harvesting low range frequencies and converting them into electricity.’® To
improve the performance of TENG and keep the properties like flexibility, durability etc. intact,
researchers have given the efforts to hybridize the triboelectric effect with other effect.?? For
example, Han et al. fabricated triboelectric-electromagnetic nanogenerator,?® Wei et al. designed
an energy harvester using the combine effect of Curie effect, triboelectric effect and electrostatic
induction effect,?! Jirayupat et al. fabricated a hybrid nanogenerator by using piezo-tribo
combine effect.?? Although several work has been done on hybrid nanogenerator but very few
work has been reported on nanocomposite based piezo-tribo coupling effect. Although, the
working mechanisms of triboelectricity and piezoelectricity are different, their electrical stimuli
generation process never overlaps with each other.>°® Thus, combining the piezoelectric effect
with triboelectricity into a single device not only enhances electron transfer but also generates
extra charges, which results in better output. Moreover, the alignment of dipoles of piezoelectric
materials within nanocomposite film plays an important role to obtain better output performance
by generating maximum piezopotential.?> In this study, piezoelectric layer based TENG has
been designed with the help of nanoporous Bi>Sez and PVDF polymer based nanocomposite thin
film, PDMS thin layer and PVA thin film. To improve the output performance of the fabricated
TENG, doping technique has been used. PVDF is a semi-crystalline, electro-active, fluro
polymer. It consists of five crystalline phases such as a, B, y, 8, €. Among them [ phase is more
crystalline and polar due to its all-trans conformation and also exhibits very good piezoelectric
and ferroelectric properties.®*® Owing to these properties, PVDF has broaden its utilization in
various fields of application. For example, Cheng et al. fabricated porous PVDF-Ni/PE-CNTs
composite foam through melt extrusion and batch foaming methods which exhibited very good
hydrophobic, EMI shielding and optical-electrical-thermal properties.?® Gao et al. modified the
surface of CNTs through silanization and fluorosilanization combine methods and utilized the
modified CNTs to prepare hydrophobic electrospun membrane by mixing with PVDF matrix.
This membrane was further utilized in direct contact memebrane distillation applications.?

Furthermore, Wu et al. improved the thermal conductivity and dielectric properties of PVDF
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matrix by embedding BN-SiO.@MWCNT into PVDF and proposed the utilization of the
nanocomposite in the field of microelectronic packaging.?® Sharafkhani et al. fabricated a high
performance piezoelectric sensor by using well-orientated CNTs contained PVDF nanofibers.2®
Moreover, Li et al. developed piezoelectric sensor with the help of PVDF-HFP/ZnO nanofibers
to track sporting workout of players and monitor their activities wirelessly.?’ Liu et al. fabricated
PVDF/PAN membrane with 83.4% [ content through electrospinning method. This electrospun
membrane was further utilized as piezoelectric energy harvester and sodium-ion battery
separator.?® Beside this, several approaches were taken to synthesize the dipole aligned B phase
by using annealing and post stretching or doping with fillers. Here, Bi>Ses nanograins have been
reinforced into PVDF matrix to enhance the percentage of crystallinity of B phase because of the
dipole-dipole interaction between the hydrogen atom of the PVDF matrix and electronegative
atom of the co-polymer. The induced P phase gives high polarizability, electro-active and
dielectric properties which enhances the output performance of TENG.3!

Topological insulators (TI) are a new class of quantum matter, consisting of bulk gap and
reversible time symmetry protected relativistic Dirac fermions on the surface. In the bulk states,
these materials are electrically insulating but can carry out the electricity in the surface states
because of the topologically covered electronic edge. Thus, TIs are used directly in
thermoelectric devices, superconductors, photoelectronic sensors etc.32-3* Compared to other Tls,
bismuth selenide (Bi>Ses) has gained huge attention among the researchers owing to has the
topological surface states. Bi.Ses has sole characteristics such as high surface mobility, small
band gap near about 0.35eV, excellent electrical conductivity and photoconductivity.35-3 The
small band gap property helps Bi>Ses in light absorption over the wide wavelength range. The
sturdy topological structures helps bismuth selenide to maintain the stability in ambient or
unkind environment.*° Inside the crystal structure of this TI, five covalent bonded atomic planes
Se-Bi—Se—Bi—Se make the planar quintuple layers and these weakly bonded quintuple layers are
piled along c axis through Van der Waals interactions. Owing to this specific structure and
topological surface states, Bi-Ses makes itself a potential candidate in the area of electrochemical
energy storage system and also borrows the distinctive physical properties and electronic
structure.** For these reasons, Bi,Ses has been selected as primary doping element and also

utilized in device fabrication process.
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In this current work, arch shaped and self-powered piezoelectric thin film with bismuth selenide
based triboelectric nanogenerator, named as PBTNG has been designed to harness different types
of mechanical energies like heel and feet pressing, hand impartation, single finger tapping, pulse
vibration, keypad striking etc. and convert them into electrical energy. The Bi.Ses nanoparticles
have been chosen as doping material owing to the topological surface, distinctive physical
properties, and electronic structure. The piezoelectric thin film based PBTNG device exhibits
very good output voltage (Voc) of 171.8 V with maximum power density of 2.03 Wm2 under
continuous finger impartation. Moreover, the PBTNG device has the capability to illuminate
LEDs through heel pressing and periodic finger impartation. Beside this, the device is sensible
enough to catch small scale mechanical energies and convert them into electrical energy easily.
These valuable investigations are indicating that PBTNG is a green and wearable energy

harvester which can be used to power up portable electronic devices used in daily life.

6.2 Experimental section

6.2.1 Synthesis procedure of Bi-Ses nanoparticle

0.03g Selenium powder was dissolved in 60mL Ethylene glycol and placed the solution on a
magnetic stirrer for few minutes. Thereafter, 0.03g bismuth nitrate salt was added with the
solution and kept on stirrer until it dissolved totally. After that the final solution was transferred
into a 80mL hydrothermal setup and kept it inside a oven at 160°C for 10h.In the next step, the
product was washed with distilled water and acetone for several times through centrifugation at
8000 rpm for 15 minutes. After completing the centrifugation process, the final product was

accumulated and kept in a vacuum oven at 60°C for 12h.
6.2.2 Synthesis of PDMS and PVA thin films

At first, 2 g of polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, ratio of 1:10) was
taken in a rectangular mold and mixed the solution very well with binder. Thereafter, the mixture
was kept in a vacuum desiccator for 15 min to make the mixture bubble free. After completing
the vacuum process, the bubble free mixture was placed in a hot air oven at 60°C for 15 min to
obtain the thin film. Finally, we get the PDMS thin film of thickness 0.61mm.
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The thin film of PVA was synthesized by using simple solution casting method. The required
amount of PVA (20% of solvent) was mixed with distilled water and kept the solution on
magnetic stirrer at 60°C for 12 h to get homogeneous mixture. Thereafter, the solution was
casted in a clean Petri dish and placed in a hot air oven at 80°C to obtain the PVA thin film of

thickness 51um.
6.2.3 Fabrication of Bi>Ses assisted PVDF (PBi) piezoelectric nanocomposite

The simple solution technique was used to fabricate the Bi,Ses doped PVDF nanocomposite
(PBI) thin films. Firstly, 250 mg of PVDF (Sigma-Aldrich, Germany;Mw: 180 000 GPC; Mn:71
000) was mixed with 5mL of dimethylsulfoxide (DMSQO) (Merck) and placed them on magnetic
stirrer at 60°C to obtain the clear solution. After obtaining the clear solution, Bi>Ses (1, 2.5 and 5
mass %)were added with them and kept the total solutions on the magnetic stirrer at 60°C for 14
h. Thereafter, the mixtures were casted in dust free and clean Petri dishes and placed in a vacuum
oven to dry at 80°C. After completing the drying process, we finally get the nanocomposite thin
films which are named as PBil, PBi2.5, PBi5 according to the 1, 2.5 and 5 mass % of Bi.Ses.
Figure 6.1(a) and 6.1(b) represent the fabrication process of PBi thin film schematically and

digital picture of fabricated thin film.
6.2.4 Designing of piezoelectric layer based triboelectric nanognerator (PBTNG)

The fabricated PBTNG device consists of three layers i.e. charge generating layer, piezoelectric
layer and charge collecting layer. Herein, PVA and PDMS thin films has been used as charge
generating layers, PBi thin film as piezoelectric layer and aluminium (Al) electrodes ( thickness
41 um) as charge collecting layer. The fabrication procedure of PBi thin film, PVA film and
PDMS film has been elaborated in the supporting information file. PBTNG consists of two parts
i.e. positive and negative part. The positive part consists of PVA film and Al electrode, and the
negative part consists of PDMS film, Al electrode and PBi thin film. Thereafter, the positive part
(PVA film and electrode attached together) was affixed with double tape to the upper part of the
arch-shaped protective foam cover. Then, the negative part (PDMS layer, electrode and PBi
filmattached together) was affixed to the lower part of the protective cover, maintaining ample

air gap in the middle of the two parts. Two copper wires were joined with the electrodes to
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investigate the output performance of fabricated PBTNG device. Figure 6.1(c) exhibits the
design of fabricated PBTNG device graphically.

@ rsithin fim @) roMSs thin film
PVA film ‘ protecting cover

Double tape . Aluminium (Al)
tape

Figure 6.1: (a) Schematic representation of the fabrication process of PBi nanocomposite. (b)
Snapshot of the piezoelectric thin (PBi) film. (c) Graphical illustration of designed PBTNG
device. (e) Digital photograph of arch like shape of PBTNG.
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6.3 Characterization techniques

The crystallographic structures and surface morphologies of the synthesized nanopartices and
fabricated thin films are investigated by X-ray diffraction (XRD; Model-D8, Bruker AXS Inc.,
Madison, WI), field emission scanning electron microscopy (FESEM; INSPECT F50) and
transmission electron microscopy (TEM; JEOL JEM F200). The elemental mapping of thin film
has been performed by using Zeiss Gemini SEM 500. The elemental analysis of PBI
nanocomposite was done by X-ray photoelectron spectroscopy (XPS) (Model:
PHI5000VERSAPROBE III, Make ULVAC-PHI, Inc., Japan).The different phase performance
and thermal behaviors of thin films are examined by Fourier transform infrared (FTIR)
spectroscopy  (FTIR-8400S; Shimadzu) and thermal gravimetric analysis (TGA;
TGA/SDTAS851e, Mettler Toledo AG). The mechanical properties of thin film have been
measured by Universal Testing Machine (Tinius Olsen model: H50KS, UK). The electrical
properties of the thin film are investigated by IM 3536 LCR Meter. The surface properties of
synthesized Bi>Ses nanoparticles have been examined using Automated Gas Sorption Analyzer,

Autosorb iQ2, Quantachrome Instruments.

6.4 Results and discussion
6.4.1 Experimental analysis of nanoporous Bi>Ses
6.4.1.1 Structural and morphological analysis of Bi»Ses

The crystalline peaks and surface morphology of the nanoparticle have been investigated by
XRD analysis and FESEM micrographs. The crystalline peaks at 25.02° (101), 29.23° (015),
40.22° (101), 43.52° (110), 47.72° (116) and 53.35° (205) confirm the formation of Bi.Ses
nanosized (33 nm) particles, shown in the figure 6.2(a). These identical peaks match with the
JCPDS file no 33-0214. Furthermore, the refinement of XRD peaks of Bi.Ses was performed by
using Rietveld-based software package MAUD v2.8 to investigate the micro-structural and
crystallographic parameters. Initially, standard Caglioti PV functions were deployed to refine the
detector and diffractometer. During this cycle, instrumental broadening was also rectified. The
experimental diffraction peaks were refined by employing a regular crystallographic information
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file (.cif) of bismuth selenide (COD file no. 1530736). To achieve better fitting outcomes, a
number of micro-structural parameters including crystal size, unit cell dimension were
optimized. The texture analyses were also performed to obtain adequate fitting results. The low
value of the global reliability parameters such as Rwp and Rp are suggesting the consistency of
refinements. The refinement of parameters was performed up to fifteen cycles and corresponding
results are depicted in the Table 6.1.Figure 6.2(a) shows the experimental and refined X-ray
crystalline peaks of Bi,Ses nanoparticles. Furthermore, the computed.cif files of Bi.Ses have
been visualized with the help of VESTA 3.5.7 software which confirms the rhombohedral
structure of bismuth selenide, shown in the figure 6.2(c). The rhombohedral structure consists of
three quintuple layers (QL) which are weakly bound to each other through Van der Waals force.
Each QL have five atomic planes along with the atomic order of Sei1-Bi-Se>-Bi-Se1 where, Se1 &
Se, denotes the nonequivalent layers.*® Moreover, the polyhedral species has been observed with
bond length and bond angle, depicted at figure 6.2(d). The bond length between Bi-Se; and Bi-
Se; is 2.97 A and 2.73A and the dihedral angle between Se:-Bi-Se; is 86.26°.

Table 6.1: Refinement parameters of Bi>Ses nanoparticle

Parameters ‘ Bi,Ses
T 9.8600
b(A) ‘ 9.86578
‘ 9.86578
a () ‘ 24.2300
B 24.2340
7 (°) ‘ 24.2340
142.1871
1.8659
8.7887
12.0082
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The surface morphology of nanoparticle has been examined by FESEM image (figure 6.2(b)).

The FESEM image describes that the synthesized nanoparticles are porous and some gaps are

seen to restrict the formation of uniform structure. This is the reason we get tube or grain-like

structure of the nanoparticle.
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Figure 6.2: (a) Crystalline peaks and (b) FESEM image of synthesized Bi,Ses nanoparticles. (c)
Rhombohedral structure and (d) polyhedral species of synthesized nanoparticles. (e) N2

adsorption/desorption isotherm and (f) pore size distribution of Bi>Sez nanoparticles.
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6.4.1.2 Surface properties of Bi;Ses nanoparticles

Brunnauer—-Emmett-Teller (BET) experiment is performed to investigate the surface area and
pore size of the synthesized Bi>Sez nanoparticles. The surface properties of synthesized Bi.Ses
nanoparticles have been examined by Nitrogen adsorption/desorption isotherm. Figure 6.2(e)
shows the adsorption/desorption isotherm of Bi.Ses nanoparticles which indicates that the
isotherm is type Il. Throughout the adsorption process, at first the single molecular layer
adsorption takes place at low pressure thereafter multi molecular layer adsorption occurs at
higher pressure.® Figure 6.2(e) also indicates that the obtained hysteresis loop of the synthesized
Bi>Ses nanoparticles is well matched with H3 loop which confirms the presence of slit-shaped
pores inside the BizSes nanoparticles.® From BET analysis, surface area of Bi>Ses nanoparticles is
measured which is 16.07 m?/g. Moreover, the pore size and pore volume of the synthesized
nanoparticles have been obtained from the desorption part of the adsorption/desorption isotherm.
Figure 6.2(b) depicts the pore size distribution of Bi>Ses nanoparticles. The obtained pore size of

the Bi,Ses nanoparticles is 2.64 nm and pore volume is 0.031 cm®/g.
6.4.2 Theoretical analysis of nanoporous Bi>Ses

Density functional theory (DFT) study is performed on the samples to investigate the electronic
band structure, density of state (DOS) by using both localized and de-localized methods. On one
hand, the DFT calculation over Bi>Sesz was conducted by using Quantum Espresso software
employing a local density approximation functional having cut-off wave function energy of 50
Ry. Moreover, the band structures were calculated by using a similar theoretical level employing
a I'-centered k-point having a width of 9x9x9 mesh.
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Figure 6.3: (a) Electronic band structure and (b) density of states (DOS) calculation of Bi>Ses

nanoparticles.

The electronic band structure gives us the idea about the surface states of BixSes. The surface
states is represented by the electronic bands which are located around Fermi energy level (Ef) at
the centre of Brillouin zone, i.e. I"-point. It is observed that both the conduction band minima and
valence band maxima share the single valley nature.® %8 Moreover, the momentum of both these
bands matches with each other elucidating a direct band gap nature of the Bi>Sez nanoparticle. A
very small gap (~ 0.1 eV) exists between the conduction band minima and valence band maxima
resulting in a semi-conductive nature of the sample, shown in the figure 6.3(a). It is evident that
the Dirac cone is situated inside the band gap. Along with the band structure calculation; DOS
has been examined to elucidate the dirac cone within the band gap. From the electronic band
structure, the surface states are located at Fermi level which confirms the presence of the Dirac
cone within the band gap. The dependency of momentum of electrons on energy is linear. As the
surface states present within the energy gap, the DOS near the Fermi energy level should be
linear. *® Figure 6.3(b) confirms that the DOS maintains the linearity near Fermi level. According
to Mohyedinet al. the electronic band gap radically decreases with the increasing number of
quintuple layers (QL) of Bi>Ses. They also validated the fact that such an increment in QLS can
cause higher polarizability in the sample.** Herein, the synthesized Bi.Ses nanoparticles have
five QLs, which could also enhance the polarizability of the sample. In order to achieve a
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promising piezoelectric material the dopant (herein Bi.Se3) should have a promising
polarizability. Thus, studying electronic band structure and DOS help in predicting the

applicability of the material in this domain.
6.4.3 Experimental analysis of PBi nanocomposite films
6.4.3.1 Morphological analysis of PBi thin films

The microstructure and surface morphology of the Bi>Ses incorporated PVDF composite thin
(PBIi) films are examined by FESEM images, shown in the figure 6.4(a) to (d). The closer
inspections of the FESEM images of the composite thin films are indicating the formation of the
spherulites. The diameter of the spherulites of PBi thin films is near about 10um which confirms
the presence of the electroactive B-crystalline phase. Whereas, the diameter of the pure PVDF
thin film is 50um which indicates the presence of the non-polar a-crystalline phase.3* Moreover,
the presence of Bi>Ses nanoparticle inside the polymer matrix has been shown in the figure
6.4(e). The homogeneous surface of PBi 2.5 confirms the well dispersion of Bi.Ses porous
nanoparticles into PVDF matrix. The Van der Waals interaction between Bi>Sesz porous
nanoparticles and PVDF matrix is responsible for this well dispersion.?® Along with the high
resolution SEM image, elemental mapping have been provided to confirm the homogeneous

dispersion of Bi>Ses nanoparticles into PVVDF matrix, shown in the figure 6.4(f) to (h).
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Figure 6.4: FESEM images of (a) pure PVDF thin film and (b)-(d) Bi>Ses incorporated PVDF
thin (PBI) films. (e) Confirming the presence of Bi.Ses nanoparticles within the PBi composite

film. Elemental mapping images of (f) fluorine (F), (g) bismuth (Bi) and (h) selenium (Se).

The presence of incorporated Bi>Ses nanoparticles within the composite film has been clearly
observed in the figure 6.4(e) and no agglomeration takes place. These results are clearly
indicating the uniform and homogeneous dispersion of synthesized Bi>Ses nanoparticles within
PVDF matrix.
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6.4.3.2 Mechanical properties of PBi thin film

The stress vs. strain curve and Young’s modulus of BixSes incorporated PVDF thin film
represents the mechanical properties. The mechanical properties of thin film have been measured
by Universal Testing Machine with strain rate of 5 mm/min. The dimension of the thin film was
50 mm x 15 mm and thickness was 0.122 mm to execute the measurement. The stress vs. strain
curve of the thin film has been depicted in the figure 6.5(a). The maximum tensile strength of the
thin film is 15 MPa and Young’s modulus is 881 N/mm? This result infers the higher
mechanical stability of thin film in comparison with pure PVDF whose Young’s modulus is 700
N/mm?2. Moreover, the improvement of tensile strength is attributed due to tough interfacial
interaction between the Bi,Ses nanoparticle and PVDF matrix.®® The increment in Young’s
modulus of thin film compared to pure PVDF is attained because of the interaction among the
Bi>Sesz and PVDF matrix which restrict in the mobility of molecular chains of polymer. Along
with this, the polar groups of the thin film enhance the friction amidst the molecules at the time
of their continuous movements and make the mobility of molecular chain much harder.®” As a

result, the thin film shows better stiffness and Young’s modulus than pure PVDF.
6.4.3.3 Electroactive f-crystalline phase analysis of PBi thin films

The formation of electroactive B-crystalline phase in Bi-Sez nanoparticle loaded PVVDF thin (PBi)
films have been investigated by X-ray diffraction patterns. Figure 6.5(b) demonstrates the XRD
pattern of pure PVDF thin film and PBi thin films. For pure PVDF thin film, the characteristic
peaks are observed at 20= 17.6° (100), 18.3° (020), 19.9° (021), and 26.6° ((201), (310))
confirming the existence of non-polar a-crystalline phase. At 20=38.3°, a tiny peak is also
noticed in the XRD pattern of the pure PVDF thin film. The reason behind this is the reflection
from either (002) plane (representing the a-crystalline phase) or (211) plane (representing the y-
crystalline phase).3" - 53 This matter has been resolved by the FTIR spectra of the pure PVDF
thin film. When Bi>Ses nanoparticles are added into PVDF polymer matrix, all characteristic
XRD peaks of the a-crystalline phase disappears. Only one diffraction peak at 26=
20.4°(110),(200) has extensive rise, confirming the formation of electroactive B-crystalline phase
in PBi thin films.3% 53 The closer inspection of XRD graph shows that with the increasing mass
% of Bi,Ses intensity of B-crystalline phase at 20.4° also increases and maximizes for 2.5 mass %

loading Bi>Ses. Thus, PBi 2.5 exhibits maximum B-crystalline phase compared to other PBi thin
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films. The intensity ratio between 20.4° and 18.3° has been calculated to check the presence of a
and B-crystalline phase in pure PVDF thin film and PBi thin films. The maximum lzo.4/ l1g3 value

is obtained for PBi 2.5 which is 1.65, shown in the figure 6.5(c).
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Figure 6.5: (a) Stress vs. strain curve of PBi 2.5 thin film. (b) X-ray diffraction peaks and (c)
I20.4/ 1183 ratio of pure PVDF thin film and Bi2Ses doped PVDF thin films (PBi 1, PBi 2.5, PBi 5).
(d) FTIR spectrum and (e) F(p) value of pure PVDF thin film and PBi thin films.

The electroactive B-crystalline phase formation has been further examined by FTIR spectra
analysis. Figure 6.5(d) illustrates the FTIR spectrum of pure PVDF thin film and Bi.Ses loaded
PVDF thin (PBi) films in the region of 400 to 1100 cm™. In case of pure PVDF thin film, the
absorbance peaks at 487cm™t (CF. waging), 531 cm™* (CF2 bending), 616 and 764cm™ (CF.
bending and skeletal bending), and 796 and 976cm™* (CH. rocking) stipulating the presence of
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the non polar a-crystalline phase. At 840cm™ (CH; rocking, CF: stretching, and skeletal C—C
stretching), a small absorbance peak is also observed in the IR spectrum of pure PVDF thin
films. The presence of B and B+y crystalline phases may be the reason behind getting this peak.
But no characteristic peak at 1234cm™ is present, which is the main absorbance peak for -
crystalline phase in the FTIR spectra of pure PVDF. For this reason, the absorbance peak at
840cm™ confirms the presence of the B phase, occurring due to the all TTTT conformation in
polymer chain of pure PVDF film. After doping with Bi>Ses nanoparticles into PVDF matrix, all
characteristic absorbance peaks which are representing the non polar a-crystalline phase
disappeared and absorbance peaks at 445 cm™ (CF, rocking and CH: rocking), 479 cm™ (CF,
deformation), 510 cm™ (CF: stretching), 600 cm™ (CF2 wagging), and 840 cm™ appeared which
confirms the nucleation of the electroactive B-crystalline phase in PBi thin films.3" %3 Thus, p-
crystalline phase has mainly nucleated in the composite thin films due to the catalytic effect of
Bi>Ses nanoparticles in the PVDF polymer matrix. The closer investigation of FTIR spectra of
PBi thin films discloses that for PBi 2.5, the intensity of absorbance spectra becomes maximum
which is matched with the XRD data. Furthermore, the fraction of electroactive B-crystalline
phase (F(B)) has been calculated for estimating the amount of B-crystalline phase available in the
PBi thin films by using the Lambert—Beer law 3!

Where, A, = absorbance at 764 cm™, Ag = absorbance at 840 cm™*,Kp = 7.7 x 104 cm? mol™
(absorption coefficients at 840 cm™), K, = 6.1 x 104 cm? mol™* (absorption coefficients at 764
cm1).This equation is very helpful as it gives the idea about the amount of B-crystalline phase
available in PBi thin films and a better formation of the PB-crystalline phase gives better
piezoelectric property. Compared to other PBi thin films, PBi 2.5 exhibits the maximum F(p)

value which is 82.1%, shown in the figure 6.5(e).
6.4.3.4 Elemental analysis of PBi nanocomposite

The X-ray photoelectron spectroscopy (XPS) analysis of the nanocomposite PBi 2.5 is shown in
figure 6.6(a). The XPS spectra revealed that the C-1s peak is observed at a binding energy of 285

eV in the Bi>Ses/PVDF nanocomposite, corresponding to carbon atoms present in the sample.
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The presence of carbon atoms bonded with fluorine was evident from the peak observed at
approximately 292 eV, which is a characteristic of the -CF,- group. Additionally, a peak
observed at 286.5 eV indicated the presence of carbon atoms bonded with hydrogen in the form
of -CHa>- bonds. The F-1s peak observed at a binding energy of 690 eV confirmed the presence
of fluorine atoms in the sample, which is also present in the PVDF polymer. 3354 From figure 6.6
(b), the core level spectra of Bi-4f is observed in the binding energy range of 155 to 168 eV. The
deconvoluted spectra of Bi-4f also show two major peaks centered at 157.6 eV and 162.9 eV,
which represent the two various spin-orbits coupled 4f components (4fz> and 4fs/, respectively)
in bismuth. Similarly, deconvoluted spectra of Se-3d display two major peaks centered at 53.3
eV and 54.1 eV corresponding to the spin-orbit coupled 3d components 3ds, and 3dsq
respectively. In brief, the core level spectra of Se-3d lie in the binding energy range of 50 eV to
57 eV as can be seen in figure 6.6(c).
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Figure 6.6: (a) XPS analysis of the PBi 2.5 nanocomposite. Core level spectra of (b) Bi-4f in the
binding energy range of 155 to 168 eV and (c) Se-3d in the binding energy range of 50 eV to 57
eV. (d) Dielectric constant of pure PVDF film and PBi 2.5 film. (e) Tangent loss of PBi 2.5 film.

D. Sarkar, Jadavpur University 190 |Page



Chapten 6

These spectra thus confirmed the presence of bismuth and selenium in the nanocomposite.
Overall, the XPS analysis provided evidence for the presence of the expected elements and
bonding in the Bi,Ses/PVDF thin film.3® The peaks observed in the survey scan and core-level
spectra offered valuable information about the elemental composition and bonding in the sample
PBi 2.5.

6.4.3.5 Electrical properties of composite film

The electrical properties of PBi 2.5 thin film has been investigated by dielectric measurement.
The dielectric properties of thin film depend on various parameters like applied external electric
field, grain structure, chemical composition etc. Relative dielectric constant (e=¢'+jé&")
describes the dielectric response. In the expression of relative dielectric constant, ¢ and &”
exhibit the real part and imaginary part of . The real part gives the idea about the energy storage
capacity of the dielectric material, caused by polarization and the imaginary part helps in energy
dissipation within the material. The mathematical formula which can be used to calculate the real

part of the dielectric constant, expressed as *°

Cxd
g =

Where, C is value of capacitance of the PBi film, d and A are thickness and area of the silver
coated PBi film and eois permittivity of the free space permittivity with value of
8.85x 1072 F/m. The real part of the dielectric constant of the PBi 2.5 thin film has been
observed by varying the external electric field frequency from 10 Hz to 1MHz. The maximum
dielectric constant of this thin film is found at 10Hz frequency with the value of 25 which is
higher than the dielectric constant of pure PVDF film (the value is 10 at 10 Hz frequency),
shown in the figure 6.6(d). The value of the dielectric constant is decreasing steadily with the
increasing frequencies. The behavior of the dielectric constant vs. frequency graph can be
represented by Maxwell-Wagner interfacial polarization phenomenon.*® When the free charge
carriers gather at the grain boundary which has high resistivity, the interfacial polarization takes
place. In brief, inside the dielectric thin film, the boundaries of insulated grain separate the
conducting grains which help in the trapping of free charge carriers and generate dipoles through
the grain at the time of their hopping. Furthermore, a constant loss in the value of dielectric
constant due to the gradually decrement of the average dipole moment per unit volume, is
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observed. In the high frequency region, a rapid decrement of dielectric value has been seen as
electronic displacement polarization and dipole orientation polarization cannot survive with the
variation of the external electric field frequency.® The tangent loss (tand) vs. frequency graph
(figure 6.6(e)) also supports the dielectric value of PBi thin film. At the low frequency region,
low tangent loss has been visualized. If the value of frequency increases, the tangent loss value
also increases at higher order frequency range. This phenomenon can occur due to the thermal
agitation of the dipoles, occurring due to their orientations. As a result, the dipoles are unable to
follow the variation of the applying external electric field and exhibit high loss at higher range of
frequency.®® Thus, the PBi 2.5 thin film exhibits high dielectric constant value along with low

tangent loss, so this thin film could have good storage capacity.
6.4.4 Theoretical investigation of structural and electrical properties of PBi nanocomposite

The structural and electrical properties of the PBi 2.5 film were found out with the help of
density functional theory. Herein, the DFT calculation has been employed by using the Orca
v.1.2 program. The hybrid Becke, 3-parameter, Lee-Yang-Parr (B3LYP) functional along
with the def 2 functional associated with 6-31G" basis set and RIJCOSX auxiliary basis function
has been used for assigning the atoms like C, H and F. The molecular models of PVDF monomer
and a, B-crystalline phases were drawn by Avogadro v.1.2.0 software program. The frequencies
and geometries of all models were optimized and no imaginary frequency was observed, which
confirms the proposed models. These optimized structures also consist of lowest amount of self
consistent field energy. The mechanism of attachment of Bi>Sez ions on PVDF polymer has been
investigated. Figure 6.7(a) and 6.7(b) show the top and side view of Bi>Ses ions and PVDF
polymer interaction. These two images exhibit that PVDF monomer places itself parallel to the
plane of nanoparticles. Initially, the PVDF monomer is placed near about 3A distance from the
Bi>Ses plane and it maintained the parallel distance from plane of the nanoparticle. Then, the
DFT study was performed to optimize the geometrical structure and monitor the interaction
between monomer and nanoparticle atoms. After the DFT calculation, a chemical interaction
occurred between the PVDF monomer and Bi»>Ses plane as the bond length between C and Bi is
shifted from 3A to 5A, shown in the figure 6.7(c) and thus the bond lengths between H-Se and F-
Se also changes, shown in the figure 6.7(b). It is observed that the Se atom is attracted by the

neighboring H atom, which results in a significant reduction in the distance between H-Se
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(2.686A) atoms. Conversely, the distance between F-Se (3.336A) slightly increased in order to
minimize the surface energy of the composite. Such interaction between Bi>Ses and PVDF plays
an important role to attach Bi.Sez with PVDF, which has also been validated by XRD and FTIR
results. In reality, Bi,Ses nanoparticle posses negative surface charge, 3 which is responsible to
attract the H-moiety of the PVVDF to form a strong attachment between Bi,Sez-PVDF.

Moreover, the electrical properties of the B-crystalline phase has been investigated by 6-
31G"basis set.

(a)

Use @B @CO FQH

Figure 6.7: Optimized geometrical structures acquired from DFT (a) top view of Bi.Ses and
PVDF interaction, (b) side view of Bi,Ses and PVDF interaction with bond lengths. (c) Pictorial
representation of bond length shifting occurred between C and Bi before and after DFT. (d) -

crystalline phase of PBi 2.5 nanocomposite with total energy.
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From the geometrical structures of a and -phases, it is noticed that the irregular orientation of C
atom and F atom in a-PVDF got completely polarized into the B-phase of PVDF. That is the
reason, a significant change in the C-C-C dihedral angle (114°) has been observed. The F and H

atoms are rotated alongside of C-C chain and helped the model to polarize and

minimize the single point energy of B-phase (figure 6.7(d)). The electrical properties of f-phase
have been calculated theoretically, which describes that both isotropic polarizability and dipole
moment of B-phase increases compared to the value of a-phase. Due to this, the higher dielectric
constant value of PBi thin film is obtained compared to pure PVDF film experimentally. The
comparison of electrical properties between a and B-phases of PVDF have been investigated in
the table 6.2.

Table 6.2: Comparison of electrical properties between a. and p-phase of PVDF

Phase of PVDF Energy Dipole Quadrupole Polarizability

(hartree) moment | moment (a.u.) (a.u.)
(debye)

a phase -1187.68 0.37 73.74 106.62

p-phase -1386.08 5.07 82.16 108.41

6.4.5 Working mechanism of PBTNG device

Figure 6.8 describes the working mechanism of PBTNG device. The working principle of
fabricated triboelectric nanogenerator depends on the coupling effect of triboelectrification and
piezoelectric effect during contact separation (CS) mode. In CS mode, PBTNG consists of two
parts i.e. positive and negative part. The positive part consists of PVA film and Al electrode, and
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the negative part consists of PDMS film, Al electrode and PBi thin film. According to the
triboelectric series, the PVA and PDMS film acquire positive and negative triboelectric charges
respectively. When these two films get contacted with each other, the PDMS film gains electrons
from PVA film. The electron transfer capability depends on their position in the triboelectric

series. The working mechanism of PBTNG is elaborated in four stages.

Stage 1: In the original state, the triboelectric layers are separated from each other. Thus, the
PBTNG device remains electrically neutral condition and also free of charges, shown in the
figure 6.8(i).When an external force is applied on the PBTNG device, the PVA and PDMS film
come close to each other from the original state. As a result, the positive and negative
triboelectric charges are produced in the PVA and PDMS films respectively, shown in the figure
6.8(ii). In this stage, the piezoelectric layer (PBi thin film) remains same and no deformation

takes place under applied external force.

Stage 2: Under external force, the deformation of the piezoelectric layer (PBi film) takes place
and the dipoles of the piezoelectric film are aligned along the direction of the applied external
force. Under the deformation, the electric dipoles of the nanocomposite get properly oriented
and help in the changing of polarization inside the piezoelectric nanocomposite. As a result,
equal amount of positive and negative piezoelectric charges is induced on the top and bottom
electrodes respectively. Thus, electron flow occurs from top electrode to bottom electrode during
this deformation process. The above said phenomenon is depicted schematically in the figure
6.8(iii).
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Figure 6.8: Mechanism of the voltage generation of fabricated PBTNG device.

Stage 3: When the external force starts to decrease, the contact between the positive and negative
layer remains intact and the polarization of the piezoelectric thin film starts to recover. As a
result electrons flow from bottom to top electrode until the polarization is fully recovered, shown
in the figure 6.8(iv).

Stage 4: After the recovery of polarization, the piezoelectric potential gets balanced and only the
triboelectric charges gather on the surface of positive and negative triboelectric layer. On further
decrement of external force, separation between the positive and negative triboelectric layer
takes place. As a result, the electrons flow from bottom to top aluminum electrode, shown in the
figure 6.8(v).On further application of external force on PBTNG device again, the two charge

generating layers start to come close to each other. As a result, the electrons flow between
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electrodes and it returns to figure 2(ii) and the cyclic process continues. Thus, the flow of

electrons between the two electrodes generate alternative electric signal.

The above said detailed description of the mechanism of PBTNG device confirms that both the
triboelectrification and piezoelectricity process takes active part to complete a full cycle.
Therefore, the coupling effect of triboelectrification and piezoelectric effect is responsible for the
improvement of the output performance of the device. The basic mechanism of triboelectric
nanogenerator (TENG) can be elaborated by Maxwell’s equations. Wang, the founder of TENG

has introduced the surface polarization (Ps) term in the displacement vector (D) equation: >
D=£0E+P+PS ..................................................................................... (63)

Where, Ps defines the polarization induced by electrostatic triboelectric and piezoelectric effect.

P is the electric field encouraged medium polarization.

After adding surface polarization term in displacement vector, the Maxwell displacement

current3! will be

aD  JE  dPg
= 4+ —
]D ot Sa YRR (64)

t

Where, E is the electric field and ¢ is the permittivity of the medium.%!

The first term in displacement current equation gives the idea of the electromagnetic wave which
has been utilized in various wireless systems and the second term represents the contribution of

the displacement current in the energy and sensors systems. 46 5253
6.4.6 Investigation of output performances of the fabricated PBTNG device

The output performance of PBTNG device is shown in the figure 6.9. The output voltage vs.
time graph of fabricated device is displayed in the figure 6.9(a). Figure 6.9(b) describes the short
circuit current vs. time graph of PBTNG device. The generation of the output voltage and short
circuit current are performed by periodic finger pressing and releasing, with axial pressure of
11.7 N. The fabricated energy harvesting device (PBTNG) attains maximum output voltage at
5Hz frequency. The generated output voltage (recorded by the Keysight, Oscilloscope DSO-X
3012A) and the short circuit current (measured by the Keithley DAQ6510) of PBTNG device are
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Voc ~171.8 V and Isc ~ 11.7 pA respectively, shown in the figure 6.9(a) and 6.9(b). The non
uniform pattern of the peak values of Voc under periodic finger imparting and releasing are
obtained due to the inconsistent strain applied on the energy harvesting device at the time of the
manual finger impartation. Figure 6.9(d) displays the single peak of the output voltage. This
figure describes the appearance of the positive peak when the strain is applied on the device and
after recovering the strain, the device returns to its original state then eventually a negative peak
appears. The output performance of the PBTNG device is further verified at different frequency
range of 1to 6 Hz under periodic finger impartation. The frequency dependent output
performance graph of PBTNG device is shown in the figure 6.9(c). The maximum output voltage
(~171.8 V) is obtained at 5 Hz frequency which is near about two times higher than the obtained
highest output voltage (~ 89.6 V) at 1 Hz frequency. The output voltage of PBTNG device can

be calculated with the help of the following equations >

Vor = 200 (6.5)

x(H) =v*t(t< "";ﬂ) ................................................................................. (6.6)

Where, Voc = output voltage; o= charge density of the surface; x(t) = distance b/w two positive
and negative triboelectric layers; 0= vacuum permittivity; v = average velocity; Xmax = maximum

distance between triboelectric layers.

With the increase of the frequencies, the velocity of the applied force also increases. Thus, the
output voltage of PBTNG device increases with the increase of frequencies and gradually rises
up to 5 Hz. Thereafter, the output voltage decreases by increasing the frequency. The reason
behind this is obtaining very small compression cycle at very high range frequencies. Therefore,
the PBTNG device cannot come back to its original state completely. For this reason, the x(t)
value and Voc value are reduced with increasing frequency from 5 Hz. The load capacity of
fabricated device is investigated by varying the different external loads. The PBTNG device
generates different instantaneous power density by varying the resistance value of the resistors
from 10% Q to 10° Q. Figure 6.9(e) exhibits the power density vs. resistance graph. The power

density is calculated from the following equation: %3

D. Sarkar, Jadavpur University 198 |Page



Chapten 6

() 200 (b) 45 ©is5
P 5Hz
3._-:160- = 4 Hz 6 Hz
= 10 0150 3Hz
2120 = 5 I .
o < o100 1Hz
2 80+ = S
= 4~ ©°
c S 504
g 40 g o
2 ] S F L
2 Yl (3 3 I~ f”rnn” ” [
S a0 - _50-
S 40 50
-80 . ; . : . - - ; ; . 0 1 _2 3 4 5 6
00 05 10 15 20 25 0 1 2 3 Time (second)
Time (second) Time (second)
(d) ()
160 2.2 ®
= 2.0] 0. 7. $=20.2 V/kPa
g < 1.8 Fon g °
o 80 S 1.6 ° 2 6
g g g >
= 40 §.1.4' ° S 54
[~ 8 1.2 ] .
w01 (] - 4
5 < 1.0 ® 3
L 40 S 0.8 5
3 3 ; 3 ¥
O 4o * g-i- S 2
042 044 046 048 050 "~ 103 10° 105 10° 107 10° 10° 015 020 025 030 035
Time (second) Resistance (ohm) Pressure (kPa)

Figure 6.9: (a) Output voltage and (b) short circuit current of the designed PBTNG device
during the periodic finger tapping. (c) Frequency dependent output voltage. (d) Magnified sight
of generated output voltage at 5Hz frequency. (¢) Power density by varying different load

resistances. (f) Sensitivity of PBTNG device.

Where, V is the output voltage of the PBTNG device, Ry is the load resistance and A is the
effective surface area of the PBTNG device. In this present work, the effective surface area (A)
of the device is (0.022 x 0.011) m?,

The maximum generated power density of PBTNG device is 2.03 W/m? at 107 Q. Additionally,
the sensitivity of PBTNG device has been calculated by using the following equation 4’
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Where, AV and AP represents the change in the output voltage and externally applied pressure.
The sensitivity of PBTNG device is 20.2 V/kPa up to the pressure region of 0.5 kPa, which is

generated by dropping coins on the surface of the device, shown in the figure 6.9(f).
6.4.7 Electricity generation from different body movements

The fabricated device (PBTNG) has the capability to detect different body movements and
convert them into electrical energy directly, shown in figure 6.10. PBTNG device can produce
output voltage easily from different body movements like heel and foot pressing, single finger
tapping etc. Figure 6.10(b) and 6.10(e) show the excellent output performance of device when
attached it with heel and foot. At the time of heel and foot pressing, the observable output
voltages are 52 V and 15 V. These results describe that the generated output voltage is higher
during heel pressing compared to the foot pressing. The contact area of heel or foot with the
device is responsible for this phenomenon i.e. higher contact area with the PBTNG device leads
to higher output voltage. As a result, heel pressing gives us higher voltage than feet pressing. The
output performance of the PBTNG has been also performed under the single finger tapping. The
generated output voltage during single finger tapping is 40V which has been shown in the figure

6.10(a). The sensitivity of the single electrode bismuth selenide based triboelectric nanogenerator
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Figure 6.10: Output voltage produced by PBTNG device from (a) single finger tapping, (b) feet
tapping and (e) heel pressing. (c) Monitoring the heart beating of human body by attaching
SBTNG device on the wrist. (d) Enlarged view of the generated peaks during heartbeat.

(SBTNG) (consisting of PBi thin film, Al electrode and PDMS film) is checked by dropping
coins on the upper surface and it shows high sensitivity value of 20.2 V/kPa at low pressure
region (less than 0.5 kPa. When SBTNG device is attached with the wrist, it shows very good
output voltage, shown in the figure 6.10(c). The magnified view of this graph describes that after
touching with wrist, the SBTNG device detects the blood pressure of human body. This pressure
is divided into two parts one is systolic pressure and another is diastolic pressure. During the
blood flow, the systolic pressure and the diastolic pressure provide the peak and the drain of the
pulse wave.>® The SBTNG device detects this pulse pressure which is arising from the

alternation of the systolic and diastolic pressure, quickly and generates output voltage, shown in
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the figure 6.10(d). Thus, fabricated device is very much sensitive and can be used in various

medical equipments.
6.4.8 Generation of electrical signals from low frequency range energy resources

SBTNG device has the capability to perceive another low range mechanical energy which is
generated during writing some words on the upper surface of the device. A paper sheet has been
placed on the surface of the device and wrote some English letters on it, the SBTNG can harvest
the mechanical energy from this writing process and generate some electrical energy, displayed
in the output voltage vs. time graph in the figure 6.11(c) which describes that the SBTNG

devices shows output voltage near about 0.5V at the time of writing condition.
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Figure 6.11: Catching small or low range mechanical energies with the help of SBTNG device
from (a) Striking space bar of keyboard, (b) External CD drive on running condition, (c) Writing
on device, (d) Mouse clicking.
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During stopped writing condition, no peak is observed in the figure 6.11(c).Thus, SBTNG can be
used as self-powered handwriting pad to identify signature. Moreover, the negative part of
PBTNG device is attached with the space bar of the keyboard to catch the mechanical energy
during keystroke. At the time of striking the space bar, each keystroke generates huge amount of
mechanical energy and the device successfully coverts them into electrical energy easily. The

generated output voltage of

SBTNG device during keystroke is 2V as shown in the figure 6.11(a). Hence, SBTNG can be
utilized as the self powered keyboards, keystroke speed recorder sensor etc. External CD drive
gives the vibrational energy at very low frequency range during running condition and fabricated
SBTNG device is highly sensitive and quite efficient to recognize this vibrational energy. During
running condition, it can easily covert this vibrational energy into electrical energy and generate
output voltage near about 200mV. Figure 6.11(b) shows the output voltage vs. time graph of the
CD drive at running conditions. Beside this, the fabricated SBTNG device has the ability to
covert mechanical energy into electrical energy which is arising by clicking the mouse
continuously. The generated output voltage is 1.8V during mouse clicking condition which is
shown in the figure 6.11(d).

6.4.9 Realistic applications of PBTNG nanogenerator

The realistic applications of piezoelectric thin film based triboelectric nanogenerator (PBTNG)
have been investigated by charging capacitors and illuminating blue light-emitting diodes
(LEDs). The PBTNG device is connected with bridge rectifier to charge the capacitors under
periodic finger impartation. Figure 6.12(a) illustrates the capacitor charging graph which shows
that the fabricated device has the capability to charge 1uF, 2.2uF and 4.7uF capacitors up to 3.97
V, 2.20V, and 1.19 V within 60s. Along with this, figure 6.12(a) also describes that with the
increasing value of capacitance the saturation voltage decreases gradually. Furthermore, the
energy storage capacity of three capacitors has been measured. The energy (E) accumulated into

the capacitors can be calculated by the following equation: >

Where, C= Capacitance value of the capacitor and V= voltage on the capacitor.
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Figure 6.12: (a) Charging of capacitors by fabricated PBTNG device. (b) Circuit diagram of
capacitor charging and illuminating of LEDs. (c) Accumulation of energies into the capacitors.
Snapshots of blue LEDs lighting up by (d) periodic finger impartation and (e) heel pressing. (f)
Durability performance of PBTNG device.

The amount of the energy accumulated in the three capacitors (1, 2.2 and 4.7pF) is shown in the
figure 6.12(c).The closer inspections of the figure 6.12(c) describe that the capacitor having
smaller capacitance value has larger energy storage capacity which means, 1uF capacitor can
accumulate larger amount of energy compared to the other two capacitors (2.2 and 4.7uF). The
amount of energy accumulated in the 1, 2.2 and 4.7 uF are 7.88, 5.32 and 3.32 uJ respectively.
Thus, PBTNG device can be utilized to power up portable electronic gadgets. Apart from this,
the fabricated device also has the potential to charge up transparent blue light emitting diodes
(LEDs) under continuous finger impartation and heel pressing. The power generated from the
PBTNG device can illuminate 84 blue LEDs under the periodic finger impartation and 30 blue
LEDs under the heel pressing by connecting them in the series combination through a bridge
rectifier, shown in the figure 6.12(d) and 6.12(e). The durability of fabricated PBTNG has been
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investigated for seven months and the device exhibits near about same output voltage throughout

the whole time period, shown in the figure 6.12(f).

6.5 Conclusion

In this present work, the arch shaped, self-powered and wearable piezoelectric thin film with
bismuth selenide based triboelectric nanogenerator, named as PBTNG has been fabricated with
the help of nanoporous Bi>Ses and PVDF based piezoelectric thin (PBi) film, PVA thin film,
PDMS and aluminium electrodes. The coupling effect between piezoelectricity and
triboelectricity enhances the output performances of fabricated triboelectric nanogenerator. The
PBTNG device converts different forms of mechanical energy into electrical energy easily. The
single electrode bismuth selenide based triboelectric nanogenerator, named as SBTNG exhibits
high sensitivity (20.2 VV/kPa) at low pressure region (<0.5 kPa) which helps SBTNG to catch the
small biomechanical energy, generated by various body movements and convert them into
electrical energy. Besides, the extra advantage of using this SBTNG device is that it can harness
electrical energy from small scale range energy sources like keypad tapping, mouse clicking,
writing on device, vibration of external CD drive at running mode etc. and each and every case
shows very good output performance. The wearable and self-powered PBTNG device generates
outstanding output voltage (Voc) which is near about 171.8 V and short circuit current (Isc) near
about 11.7pAat 5 Hz frequency under continuous finger impartation (near about 11.7 N).The
maximum power density produced by PBTNG device is 2.03 W/m?2 at 10’Q. The PBTNG device
also produces very good output voltage during heel pressing which has been utilized to
illuminate 30 numbers of blue LEDs. The realistic importance of PBTNG device has been
examined by charging three different capacitors within a short time span and lighting up 84
numbers of blue LEDs under periodic finger impartation. The device exhibits long term
durability for seven month by generating almost the same output performance throughout this
period. The piezoelectric thin film with bismuth selenide based triboelectric nanogenerator
(PBTNG) can be used in various versatile applications like weight sensor, mechanical and
biomechanical energy harvester, blood flow sensor etc. Furthermore, the device can be utilized
as self-powered handwriting identifier, keystroke sensor and recorder, vibrational energy sensor

etc.
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7. Conclusion

With the fastest developments of human civilization, fossils fuels are limiting day by day.
Therefore, human society will face some serious energy crisis in the upcoming days. From
different literature review, it has been came to know that the fossils fuels will run out near about
one hundred and fifty years. Alongside the growing fashion of human population increases the
daily power requirements of human body. To fulfill the power demand of human society and
resolves the problem of energy crisis, researches are looking forward towards the utilization of
alternative energy sources. Among different types of alternative sources, renewable energy is the
most suitable and easily available energy sources in our environment, which is easily available in
our nature and also a never ending energy sources. Therefore, utilization these renewable sources
in our daily life activities not only resolve the power demand of the human society but also gives
us the alternative of fossils fuels. There are several renewable sources are available in our nature
for example wind energy, water wave, solar energy, mechanical energy etc. Amidst of all
renewable sources, mechanical energy is the most abundant energy sources and also
environmental friendly. Therefore, my primary objectives is to develop self-powered energy
harvesting devices and utilize them in generating electrical energy through harvesting

mechanical energy sources by using piezoelectric and triboelectric effects.

In chapter 2, naturally available Sonchus asper (SA) pappus has been employed to fabricate a
bio-inspired nanogenerator which is named as SPENG. The efficiency of the fabricated SPENG
is investigated by harnessing the mechanical energy arising from various living and nonliving
sources. Moreover, the amide and hydroxyl groups of SA pappus assist in producing electric
dipoles inside the fiber under the application of external strain. For this, SA pappus forms stress-
induced polarization and generates piezoelectricity. As a result, the fabricated SPENG device
exhibits high output voltage (Voc) of ~ 81.2 V and a short circuit current (Isc) of ~ 1.0 pA under
axial force of 13.5N. The instant power density of the device has been calculated, which is
182.06 pwcem=. Beside this, the SPENG shows remarkable response in exploiting vibration
energy of vortex mixture (~ 6 V). Also, it responses proficiently when different masses objects
are fallen on the surface of the device from 10 cm. Moreover, the sensitivity of the device has
been utilized to harvest biomechanical energy from various body movements like heel and

forefoot pressing, wrist up-down movement and just finger touch. Each and every case, the
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device exhibits very good output results. Furthermore, the realistic application of SPENG has
been verified by successfully lighting up to 39 blue LEDs connected in series via finger
impartation only and also by charging a capacitor (2.2uF) to 3.2V within a very short span time
(16 second). All the results are reproducible and SPENG has outstanding mechanical stability
with brilliant performances for a year. Therefore, the self-powered and flexible SPENG can be
used to harness energy from a wide range of green bio-mechanical energy resources including
treadmills, dancing floors, interior of shoes, wheels of the car etc. and generated electrical energy
which can be used to switch on LEDs, LCD screens, and other different types of battery charging

equipments.

In chapter 3, N doped carbon dots (N-CDs) have been incorporated into PVDF matrix to form
the electroactive B-crystalline phase confirming by XRD, FTIR and FESEM analysis. Also, TEM
and XPS analysis of N-CDs are performed to investigate the homogenous dispersion and the
surface groups of synthesized nanoparticles. The incorporation of N-CDs into PVDF matrix
nucleates the formation of B-crystalline phase and exhibits the maximum F(pB) value of 80.4% for
2.5 wt% loading of N-CDs. Moreover, the presence of N-CDs inside PVDF matrix strengthens
the thermal property of PCD nanocomposite and improves the piezoelectric co-efficient (ds3)
value, which is 29 pC/N. The density functional theory (DFT) calculations have been carried out
to investigate the electrical properties of the B-crystalline phase. After successfully characterized
the PCD nanocomposite, we have utilized it in development of a self-powered and flexible
piezoelectric nanogenerator, named as PPNCD and generated electricity from various
mechanical energy sources. Under 12.3 N forces, the PPNCD generates maximum output voltage
of 80 V and short circuit current of 1.4uA. The instant power density of PPNCD is
1979.87uWem3. Beside this, the sensitivity of the device has been measured in both low and
high pressure region from 0.1 to 3 kPa and the obtaining results indicate that the device has very
good sensitivity with the value of 10.2 VV/kPa. This impressive sensitivity of PPNCD assists in
harvesting electrical energy from pulse wave and other human body movements. Also, the
device has the ability to induce electrical energy from the impact of different masses objects
falling from a fixed height on the device. Along with this, PPNCD has the potential to charge a
2.2 UF capacitor up to 3.2V in a short period (14 seconds) and light up 15 blue and 15 white
transparent LEDs by connecting them in series. Therefore, the significant sensitivity and energy

harvesting ability of PPNCD open up its utilization in multipurpose applications including
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mechanical energy harvester, weight sensor, and pulse sensor so that it can be employed in

optoelectronic, biomedical, and energy technologies.

In chapter 4, we have fabricated 3D printer assisted cotton pappus embedded CPD
nanocomposite which is further used in designing of self-powered and wearable TENG
(CPTNG). The reason behind the utilization of 3D printed mold is to enhance the output
performance of the device by inducing more surface potential. Moreover, the high aspect ratio
and presence of chemical groups of cotton pappus directly improves the output results of
CPTNG device by generating more polarization. Thus, the fabricated self-powered and wearable
CPTNG depicts outstanding output performance of 201V output voltage and 1.02W/m? power
density under 12N axial pressure. Additionally, the environmental friendly and flexible
properties of the device expand its utilization in the field of biomechanical energy harvester by
harnessing the energy during wrist up-down and muscle movements and converting them into
electrical energy. The energy conversion ability of the device has been monitored by lighting up
95 no of blue LEDs. Furthermore, the transmission of signal come out from finger bending
movement is also monitored by using ARDUINO UNO setup. Thus, the CPTNG device may be

helpful in future health monitoring unit.

In chapter 5, self-powered and flexible triboelectric nanogenerator (EPMTNG) has been
designed with  charge generating layer using micro-patterned BaTiOs@Ecoflex (EBTO)
nanocomposite, nanofibrous trapping layer with 2D MoTe> and carbon tape as charge collecting
layer. The utilization of micro-patterned surface assists in creation of surface roughness of EBTO
layer and increases the effective contact area among human hand and EBTO layer, which results
in the enhancement of output performance of the device by increasing the potential difference
during triboelectrification process. Along with the enhancement of output performance of the
device, charge recombination takes place between charge generating layer and charge collecting
layer resulting in the decrement of output performance of the device by lowering the surface
charge density. To overcome this problem, an intermediate nanofibrous trapping layer by
incorporating 2D MoTe> into PVDF matrix (PM5) has been introduced in the device designing
process. The introduction of PM5 trapping layer restricts the triboelectric charges to combine
with the opposite induced charges and increases the surface charge density, which further results

in enhancement of output performance. Moreover, the incorporation of 2D MoTe, nanoparticles
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reinforces the polarization effect by accumulating more charge carriers and improves electrical
conductivity of the device. Besides, the fabricated EPMTNG device exhibits output voltage of
319V and current density of 9mA/m? under the axial pressure of 12N. The generated maximum
power density of the device is 2.9W/m? at 10’Q. A theoretical simulation model using finite
element analysis has been prepared to validate the idea of incorporation of intermediate trapping
layer (PM5 nanofibers). Beside this, EPMTNG shows very good sensitivity of 32.5V/kPa at low
pressure region of up to 0.5kPa helping in the detection of human physiological signals arising
from blood flow, neck movement, elbow movement and glottis movement. The additional
significance of the EPMTNG device is the detection of robotic gestures. Along with this, a
wireless communication setup has been established to monitor the signals of human
physiological activities and artificial finger movements. The realistic applications of the device
have been investigated by illuminating 140 no of blue LEDs and charging capacitors. Therefore,
the self-powered and flexible EPMTNG can be used in multidimensional applications including
monitoring sporting activity, speech therapy, medical rehabilitation, robotic surgery, soft robotic

applications etc.

In chapter 6, an arch shaped and self-powered triboelectric nanogenerator has been developed
with the help of piezoelectric thin film, tribo-positive and tribo-negative layers and aluminium
electrodes and named the nanogenerator as PBTNG. The idea behind the addition of
piezoelectric layer in the development of the device is to elevate the output performance and
sensitivity of the device. To fabricate the piezoelectric thin film (PBi), nanoporous bismuth
selenide (Bi.Ses) has been incorporated into P\VDF matrix, which further helps in the nucleation
of B-crystalline phase and improves the piezoelectric property. Furthermore, density functional
theory (DFT) has been performed to investigate the electrical properties including polarizability
and dipole moment of PBi thin film and the interaction between Bi>Sez and PVDF matrix. Also,
DFT has been carried out to investigate the electrical band gap and density of states of Bi.Ses
nanoparticles. Beside this, the working principal of the fabricated PBTNG device depends on the
coupling effect of piezoelectricity and triboelectricity by which PBTNG exhibits outstanding
output voltage of 171.8V and short circuit current of 11.7uA under periodic finger impartation.
The maximum power density generated by the PBTNG device is 2.03 W/m? at 10’Q. The
utilization of the device in our daily life activities has been monitored by illuminating 84

numbers of blue LEDs and charging three different capacitors under periodic finger tapping
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conditions. Also, the device has the capability to convert the mechanical energy generated during
heel pressing into electrical energy and illuminate 30 numbers of blue LEDs at the same heel
pressing condition. Beside this, the sensitivity of the PBTNG has been measured by falling
Indian coins and dropping different mass containing balls on the surface of the device. The
obtaining high sensitivity value of 20.2 V/kPa at low pressure region (<0.5 kPa) assists in
detecting different body movements like heel pressing, feet tapping, blood flow, single finger
tapping etc. and converts them into electricity. Also, the sensitivity of the device extends its
utilization in harnessing small scale energies coming from keypad tapping, mouse clicking,
writing on device, vibration of external CD drive at running mode etc. Moreover, the PBTNG
exhibits long term durability for seven month by generating almost the same output performance
throughout the time period. Therefore, the valuable investigations and results are indicating that
PBTNG is a green and wearable energy harvester and can be used to power up portable
electronic devices used in daily life.
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ABSTRACT: Energy harvesting from natural resources has gained
much attention due to the huge increase in the demand for portable
electronic devices and the shortage of conventional energy resources
in general. In the present work, the fabrication and realistic
applications of a piezoelectric nanogenerator (PENG) using
polydimethylsiloxane (PDMS) and the abundantly available,
environment-friendly natural fiber Sonchus asper (SA) have been
discussed. The biocompatible, low-cost SA fibers were flexible
enough and showed high piezoelectric properties as active materials
in the study. The SA pappus based piezoelectric nanogenerator
demonstrated its ability to convert the harvested biomechanical
energy into electrical energy from the various mechanical energy
sources available in our environment. The SA pappus/PDMS thin
film based piezoelectric nanogenerator (SPENG) fabricated in the
laboratory showed colossal output performances (open circuit output voltage, Vo ~81.2 V; short circuit current, Iy ~1.0 uA) by
continuous finger impartation. Uniform output performance was also obtained by the application of uniform force on the devices
(e.g, ~42 V for S N force at 10 Hz frequency). The SPENG was capable to charge a 2.2 uF capacitor to 3.2 V within a short time
span (16 s) under continuous finger impartation and illuminate 39 commercial high-power blue LEDs that were connected in series.
Thus, the fabricated SPENG can be used as a green and portable energy source to power up portable electronic devices. Apart from
this, the SPENG may also be used as a self-powered energy supply for pacemakers or different types of health care units if properly
improvised.

B INTRODUCTION mechanical energy into electrical power due to the couple
effect of contact electrification and electrostatic induction. Due
to its high efficiency, low cost, easy availability, and eco-
friendliness, TENG is applicable in harnessing small mechan-

To reduce the use of conventional power sources such as
fossils fuels, firewood, etc,, energy harvesting from living
natural systems has attracted more interest in the development ol a1 ) EYER:
of self-powered biocompatible and portable electronic gadgets 1caReneI:tgly anPEI':lIrGge-s;a : enetify tas dwe d ditional interest of
such as mobile phones, implantable medical appliances, roll-up nece }cll, hS, gve,be,‘l. acte ha . 10 da b'l'e esh.(;l
displays, actuators, sensors, and wearable electronic devices.' ™’ scelrefré t;rsrincl;e ZZnts':ilrit ex1et1clg)£,' 23‘2? ;r;lca F:gel lIt’}%NlC(}gs
. . . . i .
For low-energy devices, bio-based materials are considered to ber 7 lectri S 1 oPg il };
be suitable alternatives over regular rechargeable batteries.*” various piezoelectric ceramic and meta o?ade materia’s 5%
. ; . as ZnO, PMN—PT, (Na, K)-NbO;, BaTiO;, and PZT
Nowadays, piezoelectric nanogenerators (PENGs) and tribo-

have been used. Apart from the piezoelectric ceramic and
electric nanogenerators (TENGs) have been identified as P P

promising green energy harvesting devices. These PENGs and
TENGs can harvest electrical energy from various natural and
artificial mechanical energy sources (such as human body
movement, water flow, airflow, vibrations, and rotations) via
piezoelectric and triboelectric effects.”' ">’

The triboelectric nanogenerator (TENG) has emerged as a
newly evolved energy harvesting device for transforming
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Figure 1. (a) Open circuit voltage (V) and (b) short circuit current (Isc) generated by human finger impartation at a frequency of ~S to 6 Hz.
(c) Frequency-dependent V¢. (d) Magnified view of Vi for two successive cycles corresponding to 10 Hz frequency under S N force. Voltage
generation by using the vibration energy of an (e) air drier and (f) vortex machine at different speeds.

metal oxide nanomaterials, certain polymers such as poly-
vinylidene fluoride (PVDF),*" its copolymers with trifluoro-
ethylene [P(VDFE-TrFE)],** and poly(vinlyacetate) (PVAc)*
also show high piezoelectric properties. The announced
materials have some limitations because of their toxicity,
high cost, nonbiodegradability, and breakability, along with the
lengthy and difficult synthesis process.’” To address these
problems, it is necessary to design devices using biodegradable,
low-cost, and flexible materials for upcoming days. Therefore,
amply available natural and nontoxic bio-piezoelectric
materials have attracted more interest in the development of
eco-friendly smart devices.***” Many bio-based PENGs, using
a virus,*' fish scale,** fish bladder,”* cellulose,** paper-BaTiO;-
bacterial cellulose,* cellulose—BaTiO3’46 biowaste crab shell,®
and biowaste onion skin® as piezoelectric materials, have been
studied for harnessing green energy.

Recently, biowaste material based PENGs have been
reported with comparatively low output performances. Maiti
et al.’ described their study on an onion skin based PENG that
showed an output voltage of ~18 V, short circuit of ~166 nA,
and instantaneous power density of ~1.7 yW cm ™ A fish scale
based PENG with an output voltage of 10 V and a short circuit
current of 51 nA was reported by Ghosh and Mandal.** Due to
their cost-effectiveness and recyclability, biowaste materials
have attracted many researchers for harvesting electrical

28711

energy. Thus, we have designed a simple and cost-effective
biowaste material based piezoelectric nanogenerator with high
output performance, flexibility, high durability, and non-
toxicity.

The environment-friendly Sonchus asper (SA) is the
strongest natural polymer fiber."” SA is known to possess
diuretic, refrigerant, sedative, and antiseptic properties and is
mainly used in medical treatment.*® Various chemical studies
exposed the presence of ascorbic acid, carotenoids, and fatty
acids in SA." Also, the highly crystalline SA pappus forms
stress-induced polarization and generates piezoelectricity.

In our study, we fabricated a PDMS/SA microfiber thin film
based piezoelectric nanogenerator (SPENG) for harvesting
energy from a small amount of mechanical work such as
walking, talking, bending, stretching, pulse vibration, and finger
imparting. SA pappus was chosen as the key component of
SPENG as it is not only an abundantly available biowaste
material but biocompatible, biodegradable, nontoxic, robust,
sustainable, and renewable also. The PDMS/SA pappus film
based PENG, named SPENG, showed a maximum output
voltage (Vo) of 81.2 V and a short circuit current (Igc) of 1.0
UA, with an instantaneous power density of 182.06 yW cm™
during continuous finger impartation. Moreover, the fabricated
PENG was capable of producing output voltage even in the
case of low pressure of heart beats and pulses. The study
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Figure 2. (a—e) Open circuit voltage generated by dropping balls of 108.793, 35.214, 9.18, 59.34, and 15.01 g on the device from a height of ~10
cm. (f and g) Output voltage generated by forefoot and heel pressing. (h) Wrist bending signal. (i) Light finger touching on SPENG.

indicated the prospect of the nanogenerator SPENG as a green
and portable energy harvester to power up portable electronic
devices. Furthermore, after proper improvisation, the fab-
ricated nanogenerator might be used as an energy supply for
pacemakers and other types of health care devices.

B RESULTS AND DISCUSSIONS

Output Performance. The open circuit output voltage
(Voc) and short circuit current (Igc) generation through
human finger imparting and releasing of an axial force of ~13.5
N with ~5 to 6 Hz frequency is depicted in Figure lab.
Different output voltages were generated by the SPENG
depending on the application of various forces and frequencies.
We studied the voltage output performance of the SPENG by
applying a uniform force of S N under varied frequencies
ranging from 2 to 10 Hz by using a self-designed instrument
(from Ocean College, Zhejiang University, PR China).

With increasing frequency of the applied forces, the output
performance (Vo) increased gradually from ~7.5 V at 2 Hz to
~36 V at 10 Hz (Figure 1c). The output voltage of the SPENG
depended on the impedance and applied strain frequency.
Even at low-pressure finger impartation, the device showed
high sensitivity. The maximum output voltage (observed by
Keysight, Oscilloscope DSO-X 3012A) and short circuit
current (recorded by Keysight, Electrometer B2985) of the
SPENG were Ve ~81.2 V and I ~1.0 puA, respectively, as

shown in Figure 2ab. It is evident from the figures that the
values of both V¢ and Iy were non-uniform, which differed
slightly for periodic pressing and releasing by finger.

Such variation was due to the manual inconsistency of the
applied strain on the energy scavenging devices during finger
impartation. The enlarged view and working process of the
nature of growth and decay of Vi for two successive cycles,
generated by instrument impartation at 10 Hz frequency, are
shown in the Figure 1d. The highest positive peak was
obtained when the strain was applied. After withdrawal of the
strain, the device recovered its original state, and consequently,
the negative peak appeared. The output performance of
SPENG is greater than that of any other previously reported
biomaterial-based devices, given in table form in the
Supporting Information (Table S1). The fabricated device
was also tested by bending and twisting and the output voltage
performance was recorded, but no remarkable voltage
generation was found, proposing that there was negligible
triboelectric effect. Also, switching polarity data have been
taken and represented in Figure S2 in the Supporting
Information. Recently, Lee et al.*' presented a virus-based
PENG with an output voltage of ~0.4 V and current of ~4 nA.
Ghosh and Mandal® reported a piezoelectric energy harvester
derived from a fish swim bladder with an output voltage of ~10
V. Maiti et al. also reported an output voltage (Vo) of 18 V
and a short circuit current of 166 nA in the case of an onion
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Figure 3. (a) Charging performance of the 2.2 uF capacitor; inset: circuit diagram for the charging capacitor and LEDs light up and (b) snapshot of

LEDs in glowing condition.

skin based PENG. Hoque et al.® also fabricated a biowaste crab
shell chitin nanofiber-based PENG with an output voltage ~49
V and a short circuit current ~1.9 pA. Thus, the output
performance of the SA pappus based piezoelectric energy
harvester, SPENG, was definitely better than that of previously
reported similar bio-based devices. The SPENG also showed a
high power density of ~182.06 W cm ™. The details of power
density and external force calculation of the fabricated SPENG
are in the Supporting Information section.

Energy harvesting from different vibration energies of an air
drier and vortex machine in vibrating condition was also tested.
Placing the SPENG under the air drier and operating the air
drier at three different settings of low, medium, and high speed,
SPENG produced Vo ~0.2, ~0.42, and ~0.6 V, respectively,
as shown in Figure le.When attached to a vortex machine
body, the SPENG showed remarkable voltage output of ~1.3,
~2.4, ~3.25, and ~4.1 V depending on the vortex rotating
speed of low, medium, medium high, and high speed,
respectively, as presented in Figure 1f. All the above-
mentioned experimental findings show that the SPENG can
harvest electrical energy quite efficiently from any kind of
mechanical energy generated by vibration.

Ultrasensitivity of the SPENG under Different Body
Movements. The fabricated SPENG was also capable of
harvesting mechanical energy from the various body move-
ments. Furthermore, the sensitivity of the fabricated device was
tested by dropping balls of different masses from a height of 10
cm on the device surface, shown in Figure 2a—e. The output
voltages were ~6, ~10, ~12, ~15, and ~17 V for dropping
balls of masses 108.793, 35.214, 9.18, 59.34, and 15.01 g,
respectively. When balls were dropped on the device, different
output voltages were produced depending on the masses of
balls and the contact surface area. The ball with the maximum
mass showed a low output voltage compared to the other balls
due to the harder (lower elastic properties than other balls)
surface of the bigger-size ball. For this reason, different
pressures were generated on the nanogenerator, which resulted
in different output voltages.

Figure 3f—i indicates that the self-powered flexible SPENG
device was sensitive enough to utilize biomechanical energy
from various body movements like heel and forefoot pressing,
wrist up—down movement, and just finger touch. High output
voltages were obtained during forefoot pressing (~36 V) and
heel pressing (~15 V) by attaching the device to the foot and
heel, depicted in Figure 2f—g. The generated output voltage
during forefoot pressing was greater than that during heel
pressing. A possible reason behind this result may be the

greater contact surface area for the forefoot with device than
the heel with device surface. The maximum output voltage
during wrist movement is ~1.9 V, as represented in Figure 2h,
which also confirms the capability of the SPENG device in
harvesting green energy from body movement. The sensitivity
was further checked by just touching the device with a finger,
where Vo was ~0.65 V (Figure 2i). The results indicate that
the fabricated SPENG is competent enough to detect even a
minute amount of pressure and convert the mechanical energy,
caused by the application of pressure, into electrical energy.
The output voltage was recorded each month over the course
of a year to check the stability of our device, and results
suggested that the experimental device possessed almost the
same performances throughout the year. Thus, the fabricated
SPENG is cost-effective, biocompatible, flexible, and sustain-
able, which, after proper improvisation, can charge biomedical
devices by utilizing the biological pressure from various body
movements, muscle contraction/relaxation, and blood circu-
lation.

Moreover, the experimental SPENG can be used to harness
energy from a wide range of green biomechanical energy
resources by attaching the SPENG to running machines like
treadmills, dancing floors, interior of shoes, wheels of cars, etc.
The electrical energy produced can also be used to switch on
LEDs, LCD screens, and other different types of battery
charging equipment.

Working Principle of the Fabricated SPENG. The
performances of SPENG can be explained with the help of the
synergetic effect of the electro activity. Most of the
biomaterials such as cellulose, gelatin, chitin, and collagen
exhibit shear piezoelectricity due to their fibrous configuration.
Such piezoelectric effect is due to the internal rotation of polar
atomic groups, which are interrelated with the asymmetric
carbon atom.’”" SA pappus is composed of an amide linkage,
—OH groups, and carbonyl groups arranged in a-helical and j-
sheet structures. In the SA pappus, a-helical and f-sheet elastic
structures of amino acids are connected strongly through intra-
and intermolecular H-bonding among themselves.”” Due to
the high aspect ratio of SA pappus fibers in conjunction with
the strong hydrogen bonding energy and high binding energy,
these fibers can be used undoubtedly as bio-piezo materials.
The presence of amide and hydroxyl groups assists SA pappus
to produce electric dipoles inside the fiber. These dipoles show
a high piezoelectric response under applied external strain.
Under mechanical compression, highly crystalline SA pappus
forms stress-induced polarization and generates piezoelec-
tricity. Thus, SA pappus is a promising piezoelectric material
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that has the capability to generate output voltage under applied
mechanical compression.

The working principle of the experimental device (SPENG)
depends primarily on the changes in the molecular structure of
SA pappus under mechanical stress. Application of vertical
pressure on the PENG causes the movement of total
polarization charge toward the electrodes, which acts as the
key for the §eneration of piezoelectric potential across the two
electrodes.” Thus, the applied vertical force eventually
initiates the accumulation of positive and negative charges
separately on two electrodes and thus generates a positive
voltage signal. The polarization charge increases with
increasing magnitude of mechanical force and frequency of
vibration. When the vertical strain is released, the collected
charges on the electrodes move toward the reverse direction,
and hence, a negative signal is produced. Due to the
coincidence of the negative signal and weak damped
piezoelectric potential, we observe the first negative potential
peak. Again, a small positive signal, indicated by the second
positive peak, is observed due to the assemblage of free charges
at the electrodes. After returning to the original state, the
accumulated electrons fall back again and give a second
negative peak. The second positive and negative signal peaks
occur due to the damping effect of devices. Thus, a continuous
pulse or the application of an external force is the main source
to obtain the output performances of PENG.

For the piezoelectric effect, 6,(z) = piezoelectric polarization
charge density of PENG and o(x) = free electron charge
density in the electrode.

Considering the strain introduced by the applied compres-
sion, 6(x) is a function of the thickness of the device (z). Now,
for the mechanical force, the piezoelectric equation and
constituter are given by:

B = (e)ijk(S)jk (1)
T=CE - ¢'E (2)
D =¢S — ¢E (3)

where (e);; denotes the piezoelectric third-order tensor and §
is the mechanical strain. CE and T are the elasticity tensor and
stress tensor, and ¢ is the dielectric tensor.

Due to media polarization, the displacement current can be
expressed as follows:

oPi
o = o ()

Equation 4 illustrates that the changing rate of the applied
strain is proportional to the output current density of the
PENG. The frequency dependence of output performance of
the device (shown in the Figure 1c) matches well with eq 4.

Realistic Application of SPENG. The ability of the
fabricated SPENG to charge a 2.2 uF capacitor was
investigated by connecting the device with the capacitor
through a simple bridge rectifier circuit (Figure 3a inset) and
switching on the SPENG by periodic finger impartation at a
frequency ~5—6 Hz. The exponential nature of the time—
voltage curve during the charging (Figure 3a) of the capacitor
indicated a high energy storage capability. Using SPENG, the
capacitor (2.2 uF) was charged up to 3.2 V within 16 s under
periodic finger impartation. So, we can easily state that the
charging efficiency of SPENG is higher than that of any other
previously reported biowaste-based PENGs. Since the charging

ability of SPENG is very high, it can be used as an alternative
energy source for portable or medical devices via capacitor
charging. Figure 3b shows the competence of the SPENG to
light up LEDs under continuous finger impartation. The power
produced from SPENG can illuminate 39 blue LEDs
connected through a full wave bridge rectifier. The video is
in the Supporting Information (Video S1).

B CONCLUSIONS

The observations of the studies indicated that the naturally and
amply available fiber of Sonchus asper pappus, being piezo-
electric in nature, might be successfully employed to develop a
bio-inspired nanogenerator (SPENG). The fabricated SPENG
performed quite efficiently to harvest waste energy from
various mechanical and biomechanical movements. Electrical
energy was produced by harnessing the mechanical energy
from various living and nonliving sources. This biocompatible
equipment was capable of generating a high output voltage
(Voc) of ~81.2 V and a short circuit current (Igc) of ~1.0 A
under periodic finger imparting and releasing (with an axial
force of 13.5 N) with an average frequency of 6 Hz. The
calculated instant power density of the device was 182.06 yW
cm™>, The fabricated SPENG showed remarkable response in
exploiting the vibration energy of the vortex mixture (~6 V)
and low force impact of the 9.8 g ball falling from 10 cm height
on the surface of SPENG (~15 V). The device was sensitive
enough to respond to mere hand movement and finger
touching on it. The realistic application of SPENG was verified
by successfully lighting up to 39 blue LEDs connected in series
via finger impartation only and also by charging a capacitor
(2.2 uF) to 3.2 V within a very short span time (16 s). All the
results were reproducible, and SPENG showed an exception-
ally good mechanical stability with brilliant performances for a
year that indicated the excellent sustainability of the
experimental device.

The bio-piezoelectric material, SA pappus, collected from
natural waste material is a low-cost and easily and amply
available green energy material, which can be successfully
utilized in several renewable energy applications. The flexible,
biocompatible, and biodegradable SPENG, made of SA
pappus, has the prospect to be used in different handy gadgets
as an energy harvester, which can convert mechanical energy
from different sources easily available in the environment. After
proper improvisation, the device may certainly be used in
many in vivo applications as an energy harvester, which has
been proven to be proficient enough to convert biomechanical
energy, even when negligibly small, into a usable form of
electrical energy.

B MATERIALS AND METHODS

Sonchus asper (SA) Cotton Pappus Purification.
Sonchus asper (SA) cotton pappus was collected from the
Jadavpur University campus (Kolkata, India). Collected cotton
fibers were washed with deionized water and dried at 100 °C
for 4 h. The cotton was further purified by 100 mL of
hydrogen peroxide (Merck India) and 100 mL of acetic acid
(Alfa Aesar) at 80 °C for 24 h to eliminate the chemicals.
Finally, the samples were washed several times with deionized
water and dried overnight (15 h) at 100 °C.

Piezoelectric Nanogenerator Fabrication. The device
was fabricated by polydimethylsiloxane (PDMS), SA, alumi-
num electrodes, and copper wires. Two percent of SA pappus
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Figure 4. (a) Schematic representation of the SPENG fabrication procedure. (b—d) Digital photograph of SPENG and flexibility representation of

the fabricated device.

was mixed thoroughly with 2 g of PDMS (Sylgard 184, Dow
Corning, ratio of 10:1) into a rectangular plastic mold with a
dimension of 5 X 3 cm. To make the bubble-free composite,
the solution was kept for 15 min under vacuum. After getting
the bubble-free solution, the polymer composite was kept at 60
°C in a hot air oven for 15 min to get the polymer/SA fiber
film (thickness 0.59 mm). Two aluminum electrodes
(dimension 3.6 X 2.1 cm) both connected with 1S cm long
copper wires were attached to the wide sides of the composite
film. Finally, the assembly of the thin film along with the
attached electrode was encapsulating the assembly with PDMS.
Figure 4a shows the schematic representation of device
(SPENG) fabrication procedures. The digital photograph of
the PENG and its flexibility are represented in Figure 4b—d.
The X-ray diffraction pattern and FESEM images of cotton
pappus have been included in the Supporting Information
Section S1.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.1c03374.

FESEMimages and the X-ray diffraction pattern of the
SA cotton pappus (Figure S1); output voltage switching
polarity test (Figure S2); and comparison of output
performance and power density of our fabricated PENG
(SPENG) with the previously reported bio-based
PENGs (Table S1) (PDF)

Video of illuminating 39 blue LEDs with the help of
SPENG (MP4)
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This work reports a flexible and wearable nanocomposite made of nitrogen doped carbon dot (N-CD) modified
PVDF (PCD) nanocomposite assisted piezoelectric device (PPNCD) that can harvest different forms of mechanical
energy and convert them into electrical energy. The efficacy of this device is dependent upon its ‘sandwiched’
structure made of PCD nanocomposite wrapped with aluminum electrodes on both sides. Herein, N-doped CD has
been incorporated into PVDF matrix for obtaining maximum pB-crystalline phase (F(B) ~ 80.4%), which is
confirmed by XRD, FTIR and DSC analysis. The polarizability of the PCD nanocomposite has a great contribution
to the total output performance of the device. The polarizability of the film has been measured by using a
standard density functional approach. The piezoelectric coefficient (d33) has also been calculated, which is found
to be 29 pC/N. Such augmented electrical parameters and enhanced piezoelectric coefficient are further utilized
to fabricate the PPNCD device, which is capable to detect human body movements efficiently and can act as a
weight sensor with a sensitivity of 10.2 V/kPa (up to 0.5 kPa). Moreover, this device provides a power density of
1979.87pWem > and exhibits an exceptional output performance (Voc ~ 80V) under periodic finger imparta-
tions in comparison to other carbon based piezoelectric nanogenerators. The PPNCD device can illuminate 15
blue/white LEDs and charge a 2.2 pF capacitor within a few seconds under continuous finger impartations. Such
a multifunctional device could be a promising candidate for both healthcare monitoring systems and their power
supplies.

1. Introduction become the only option to solve this energy crisis by generating elec-

tricity [6-10]. To address this problem, several renewable energy re-

The global energy crisis is increasing rapidly with the speedy
development of the worldwide economy [1-3].In addition, with the
continuous growth of human civilization, non-renewable energy re-
sources such as coal, petroleum, natural gas, fossil fuels, firewood, etc.,
are limiting day by day [4,5]. As a result, renewable energy sources have
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sources, such as solar energy, mechanical motion, tidal energy, thermal
energy, biomass energy, etc., which are easily available in nature, are
utilized to obtain the useable form of energy [11-16]. Among them,
mechanical energy is available quite effortlessly in our daily activities.
Several researchers have reported that mechanical energies involved in
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everyday human movement activities, like walking, running, talking,
etc., can be used in electrical energy generationl [7-19]. Thus, piezo-
electric nanogenerators (PENG) have attracted great interest in gener-
ating electrical energy from various mechanical energy sources by using
different piezoelectric materials [20-22]. For the development of PENG,
several piezoelectric nanomaterials and ceramics such as ZnO, PZT,
BaTiO3, PMN-PT, ZnSnO3, (Na, K)-NbO3 have been used widely. Ver-
satile use of these materials has been limited due to their heavy weight
and non-flexible nature [21-25]. In search to resolve the difficulty,
polymers have appeared as the most promising material to design
lightweight, flexible, cost-effective, and eco-friendly PENGs [20,26].

Recently, different types of piezoelectric materials like quantum
dots, perovskite materials, oxide materials, biomaterials, etc., have been
used to design the active layer of various optoelectronic devices, for
example, light-emitting diodes (LEDs), solar cells, photodetectors and
piezoelectric energy harvester. Among them, quantum dots have
attracted immense interest in developing PENGs because of their high
surface-to-volume ratio and very high electrical activity. So, quantum
dots and polymer matrix-based nanocomposites have been fabricated to
enhance the piezoelectric properties. These nanocomposites are used as
piezoelectric layer for fabricating PENGs [27-29]. Cai et al. reported
carbon black/graphene and PVDF-based films for harvesting energy
[30].Alam et al. investigated TiOo/PVDF-HFP nanofiber-based nano-
generator to harvest acoustic energy [31]. A triboelectric nanogenerator
for harvesting energy and a gesture sensing application was reported by
Chen et al.[32a]. PVDF and its copolymers have been used in energy
harvesting applications as the materials are eco-friendly, electroactive,
hydrophobic, of low cost and flexible [30]. With this in mind, we have
fabricated Carbon dot incorporated PVDF nanocomposites to investigate
the optical properties of nanocomposites and enhance the piezoelectric
worth of the PENG.

Polyvinylidene fluoride (PVDF) is a highly non-reactive, thermo-
plastic, semi-crystalline fluoropolymer. Depending on the bond orien-
tation of -CH, and -CF, dipoles, it consists of five crystalline
polymorphic phases namely o, B, y, 8 and € [20]. Among them, o, § and y
are the most common phases of PVDF. Here non-polar « crystalline
phase (TGTG’ dihedral conformation) is obtained directly through the
melting process. Having all-trans (TTTT) conformation, the § crystalline
phase is the polar and most crucial phase of PVDF, exhibiting the highest
piezoelectric, pyroelectric, ferroelectric, and dielectric properties
compared to other phases of PVDF [33-35]. The y crystalline phase
shows average piezoelectric properties due to its TTTGTTG’ conforma-
tion [36,37]. Thus, a simple and cost-effective method is required to
develop the electroactive f crystalline phase nucleation of PVDF to
optimize their applications in diverse fields. “Poling” is the traditional
procedure for nucleating the p crystalline phase in PVDF. Apart from
these processes, self-poled electroactive PVDF can be achieved easily by
incorporating nano/micro-fillers such as metal oxide, nanoparticles of
metals and metal salts, carbon nanotube, ceramic nanoparticles, clays,
and organic molecule, etc.[33-38]Nowadays, a single device with
various applications has attracted immense interest in research and in-
dustry [39-42]. Thus, the orientation of polar f-phase of PVDF and
optical absorption property of carbon dot play an essential role in
making a composite, possessing diverse properties. We can use this
composite to design a mechanical energy harvester and a photodetector
as well [43].

Carbon dots (CDs) are quasi-spherical nanoparticles having di-
ameters of less than 10nm. These CDs, a new member of the nanocarbon
family was discovered in 2004. Besides being eco-friendly, the CDs
possess many fold advantages such as good solubility, biocompatibility,
conductivity, light bleaching property etc. The main advantage of using
Carbon dots is that they have excellent photoluminescence properties,
the reason behind their outstanding performance in biological sensing,
fluorescence labeling, chemical sensing, and light-emitting diodes [44,
46]. CDs can be treated as a shell-core material. The central carbon core
is a sp%sp’ hybrid crystal or formless. The spherical shell has some
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defects and surface functional groups, like amino group (-NH>), carboxyl
group (-COOH), hydroxyl group (-OH), sulfonic group (-HSOs), carbonyl
group (C=0), epoxy (-CH(O)CH-) and cyano (-CN) group, etc. With
these functional groups, CDs exhibit excellent dispersion in solvents and
take active parts in bonding with different materials.[(45a)] Herein, we
have used nitrogen (N) into carbon dots which enhance the performance
of CDs in above said applications. Nitrogen doping helps carbon to
attribute new physical and chemical properties. Beside this, the doping
of N into CDs reduces the work function of CDs and stimulates in delo-
calization of charge. Additionally, doping nitrogen also enhances the
charge transferability of CDs and also increases the number of surface
defects in CD, which henceforth helps in escalating the piezo effect of
PVDF.[(45b)] Owing to these advantages, we have selected nitrogen as a
primary doping material into CDs.

In the present work, we designed a nitrogen-doped Carbon dots(N-
CDs) incorporated self-poled piezoelectric PVDF (PCD) film based
piezoelectric nanogenerator (PPNCD) for harnessing various forms of
mechanical and biomechanical energy such as talking, walking, finger
impartation and so forth and converting them into electrical energy.
Carbon dots are selected as the main component for fabricating nano-
composites and energy harvesters due to their biocompatibility, eco-
friendliness, solubility, chemical stability, and excellent photo-
luminescence properties. Besides this, larger surface area and surface
defects of Carbon dots facilitates the formation of p phase in the PVDF
polymer matrix. The large surface area and rich surface defects of CDs
generate the active points, having induced mass potential and help in
formation of B-phase within PVDF matrix. Furthermore, the rich surface
defects in the shell of CDs encourage in chemical bond formation be-
tween filler and substrate and make interface bond stronger [48].
Different characterization techniques have investigated the effects of
N-CDs in PVDF polymer. The exceptional diverse properties of CDs
encouraged researchers to explore the possibility of the material in
several fields of application such as sensing and bioimaging, photo-
catalysis, light-emitting diode, electrocatalysis, and solar cells [20].

The experimental PCD film-based PENG (PPNCD) shows elevated
output performance with an instantaneous power density of
1979.87uWem > under periodic finger impartation. The sensitivity of
the device has been investigated by dropping different balls on the upper
surface. The f-crystalline phase of PCD nanocomposites have been
examined by X-ray diffraction pattern and FTIR spectra. Furthermore,
the density functional theory (DFT) calculations are used to find out the
geometrical and electrical properties of the p-crystalline phase. In
addition, the fabricated PPNCD can generate output voltages from
various body movements like touching, bending, heartbeats and pulses,
heel pressing etc. Our study indicates the prospect of the piezoelectric
nanogenerator PPNCD as green and handy energy harvester to power up
various electronic devices quite easily and as wearable sensor to detect
different weights.

2. Experimental section

2.1. Synthesis of carbon dots incorporated PVDF composite (PCD)
nanocomposites

N-CDs/PVDF-based nanocomposites were prepared with the help of
a simple solution casting method. At first, 250 mg of PVDF (Sigma-
Aldrich, Germany; Mw: 180 000 GPC; Mn:71 000) was mixed with the
required amount of dimethyl sulfoxide (DMSO) (Merck) and kept at
60 °C on a magnetic stirrer to get a clear solution. The required amount
of N-CDs (1, 1.75, 2.5, 5, 10 mass percent) were added with the clear
solution and kept on a magnetic stirrer for 14 h under the same condi-
tions. After that, the prepared solutions were cast on clean and dust-free
Petri dishes and dried at 80 °C in the oven to obtain the composite PCD
nanocomposites. Table 1 describes the amount of N-CDs, DMSO and
PVDF used to prepare the samples, with their respective names.
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Table 1
Samples name for different concentrated N-CDs and solvents added with PVDF.

Samples name DMSO(in ml) PVDF(mg) N-CDs(in ml)
Pure PVDF 5 250 0

PCD1 4.95 250 0.05
PCD1.75 4.9125 250 0.0875
PCD2.5 4.875 250 0.125

PCD5 4.75 250 0.25

PCD10 4.50 250 0.5

2.2. Fabrication of device

At first, PCD nanocomposite was taken with dimensions of 2.4 cmx
1.8 cm x 46pm. Then two aluminum electrodes with a thickness of 40
pm were pasted on both sides of the PCD film, and two copper wires
were connected from both sides of the nanocomposite to measure the
output performance of the nanogenerators. After that, the nano-
composite containing the electrodes and wires was encapsulated with
the polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, ratio of
1:10) and kept for 15 min in a vacuum to remove the bubbles from the
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\
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mixture. After removing the bubbles, the device was put in the oven at
60°C for drying. The dimension of the fabricated device (PPNCD) was
5cm x 3 cm x 0.3 cm. The procedure is shown in Fig. 1(a).

3. Results and discussion

The microstructure, surface morphology, different phase behavior,
and thermal properties of nanocomposites are examined by field emis-
sion scanning microscopy (FESEM; INSPECT F50), Transmission elec-
tron microscope (UHR-FEG TEM, JEM-2100F, Jeol, Japan), Fourier
transform infrared (FTIR) spectroscopy (FTIR-8400S; Shimadzu), X-ray
diffraction (XRD; Model-D8, Bruker AXS Inc., Madison, WI), thermal
gravimetric analysis (TGA; TGA/SDTA851e, Mettler Toledo AG) and
differential scanning calorimeter (DSC-60, Shimadzu, Singapore)
respectively. Furthermore, X-ray Photoelectron Spectroscopy (XPS)
analysis has been performed with an Omicron Multiprobe (Omicron
Nanotechnology GmbH) photoelectron spectrometer fitted with an
EA125 hemispherical analyzer and a monochromatized Al K, (hv:
1486.6 eV) source.
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Fig. 1. (a) Graphical representation of the fabricated PPNCD device. (b) A digital snapshot of PCD nanocomposite. (c, d) Digital image and flexibility show of

designed PPNCD device. XPS peaks of (e) Cls, (f) N1s and (g) Ols.
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3.1. Structural analysis of N-CDs and PCD nanocomposites

The TEM image of N-CDs interprets that the dispersion of synthesized
N-CDs is uniform. As a result, no agglomeration takes place. Moreover,
the diameter of the N-CDs is calculated from TEM image, which is 2.5
nm. Fig. S1(b) exhibits the TEM image of N-CDs. Furthermore, X-ray
photoelectron spectroscopy (XPS) analysis is performed to analyze the
state of doping and investigate the surface groups of N doping CDs.
Figure shows the data of XPS analysis of N-doped CDs and the results of
XPS analysis confirm that N-CD consists of carbon, nitrogen and oxygen.
Fig. 1(e) elaborates that Cls spectrum mainly consists of four peaks
which are observed at 284.5 eV, 285.8 eV, 287.1 eV, and 289.1 eV. The
peak at 284.5 eV confirms the presence of graphitic structure
(sp?C-sp>C) [45b]. Moreover, the observing peaks at 285.8 eV, 287.1
eV, and 289.1 eV binding energy validate the presence of C=N, C-N and
C-O bonds respectively [32b]. From Fig. 1(f), we can see that Nls
consist of three peaks. Among them, the peaks at 397.9 and 399.1 eV
confirm the presence of pyridinic groups [45b]. Beside this, a peak at
401.8 eV is observed which attributes to N-O bonds. Furthermore, O1s
spectrum discloses the presence of C=0 and sp>C-OH bonds at binding
energy of 531.1 eV and 533.2 eV respectively, which shown in Fig. 1(g).
The peak at binding energy of 533.2 eV also indicates the presence of the
cyclic ether containing groups (C—=C-O-C, C-0-C).**® Thys, XPS
analysis indicates the states of N doping in CDs.

FESEM micrographs depicting the surface morphology and micro-
structure of nanocomposites of pure PVDF and N-CDs incorporated
composites are shown in Fig. 2. Surface images of N-CDs doped PVDF
nanocomposites indicate the formation of spherulites. The diameter of
the spherulites is near about 5pm, which confirms the nucleationof the
electroactive p-phase. In the case of pure PVDF nanocomposite, the
diameter of spherulites is nearly 40pm, which confirms the presence of
non-polar a-phase [33].

3.2. Electroactive f-phase analysis

The FTIR spectra and XRD patterns help in investigating the phase
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behavior of pure PVDF nanocomposite, and N-CDs loaded PVDF (PCD)
films. Fig. 3(c) and (d) describe the FTIR spectra of pure PVDF and N-
CDs incorporated PVDF (PCD) films in the range of 400-1100 cm L. The
FTIR spectrum of pure PVDF indicates the absorbance peaks of non-
polar a-phases at 487cm ™! (CF, waging), 531 em™! (CFy bending),
616 and 764 cm ™! (CFq bending and skeletal bending), and 796 and 976
em ™! (CH, rocking). A small peak is observed in the FTIR spectrum of
pure PVDF nanocomposite at 840 em™! due to CHy rocking, CFo
stretching, and skeletal C-C stretching, which indicates the presence of
B-phase though there is an absence of absorbance band of y-phase at
1234cm™!. However, in the case of the PCD nanocomposites, all
absorbance peaks of non-polar o-phase vanish entirely. Only the
absorbance peaks at 445 cm ™! (CF rocking and CH, rocking), 479 cm™!
(CF, deformation), 510 em™! (CFy stretching), 600 em™! (CF, wagging),
and 840 cm ™! are raised prominently. The presence of peaks at 445, 510,
and 840 cm ™! bands in the FTIR spectra is certainly the signature of
nucleation of electroactive p-phases in the N-CDs doped PVDF nano-
composites [36]. Therefore, due to the catalytic effect of N-CDs in the
PVDF matrix, p-phases are mainly nucleated in the composite samples.
Closer inspection of the FTIR spectra of the composite nanocomposites
reveals that the intensity of the absorbance bands of $-phase is seemed to
be maximized for PCD 2.5 (Fig. 3(c)). These results are in agreement
with the XRD data (Fig. 3(a)). In order to estimate the amount of § phase
present in the PCD nanocomposites, we have calculated the fraction of
electroactive p-phase content (F(f)) with the help of The Lambert—Beer
law:
Aﬂ .
Fp)=7~—— @
N ey

Where.
1

A, = absorbance at 764 cm™ .

Ag = absorbance at 840 em™)

Kg=7.7 x 104 cm? mol’l(absorption coefficients at 840 cm’l)

Ky = 6.1 x 104 cm? mol_l(absorption coefficients at 764 cm_l) [37].

Fig. 2. FESEM pictures of (a) pure PVDF and (b)—(f) and different concentrated N-CDs loaded PVDF nanocomposites.
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Fig. 3. (a) XRD pattern of pure PVDF and N-CDs incorporated PCD nanocomposites (PCD 1, PCD 1.75, PCD 2.5, PCD 5 and PCD10). (b) I»0.5/11g 3 ratio of measured
samples from XRD pattern. (c) FTIR spectra of pure PVDF and PCD nanocomposites. (d) Content of p-phase of measured samples. () TGA analysis and (f) DSC

thermograph of pure PVDF and N-CDs doped PCD nanocomposites.

This equation gives us an idea about the amount of f phase present in
the PCD nanocomposites and this assessment is very important as better
f phase nucleation leads to better piezoelectric property. The fraction of
B-phase increases with the doping concentration of N-CDs and attains a
maximum value for 2.5 mass percent (F(B) ~ 80.4%), which is shown in
Fig. 3(d).

The p-phase content increases with the doping concentration of CDs
and attains a maximum F(B) value (80.4%) for 2.5% doping. The reason
behind this is the interaction between dopant and polymer matrix.
Generally, at lower doping concentrations, the interfacial area among
the dopant and polymer remains low. As we are increasing the doping
concentration, interfacial area also increases by improving the dopant-
polymer interaction. As a result, number of chains aligning with all
trans (TTTT) conformation inside the PVDF matrix increases which
helps in increase in p-phase content [32c]. In case of 2.5% CDs,
maximum dispersion and distribution properties of CDs in the PVDF
matrix take place. As a result, the most intimate interaction occurs
among the dopant (CDs) and PVDF matrix and we get the highest
number of all trans (TTTT) conformation aligning chains inside the
PVDF matrix. On further increasing the mass% on CDs in PVDF
agglomeration takes place which results in reduction in the interfacial
surfaces between CD and PVDF matrix leading to a decrement in -phase
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content. The electrostatic interaction takes place between negative
charge surface of CDs and positive -CHy group of PVDF, which helps in
formation of B-phase as can be seen in Fig. S2. Additionally, the expla-
nation of phase transformation of PVDF has been discussed in the sup-
porting information file.

The X-ray diffraction study also confirms electroactive f-phase for-
mation into the PVDF matrix. The XRD pattern of pure PVDF film and N-
CDs loaded PVDF (PCD) films are shown in Fig. 3(a). In the case of pure
PVDF nanocomposite, we get peaks at 20 = 17.6° (100), 18.3° (020),
19.9° (021), and26.6° ((201), (310)) which indicate the presence of non-
polar a-phase. A minute peak at 20 = 38.3° is observed in the XRD
pattern of pure PVDF nanocomposite due to the reflection from either
the (002) plane or the (211) plane where (002) plane corresponds to
a-phase and (211) plane corresponds to y-phase [31,32a]. This issue has
been solved by FTIR analysis of pure PVDF nanocomposite. With addi-
tion of N-CDs into the PVDF matrix, all XRD peaks corresponding to o
and y phases vanish. Only one distinctive peak at 26 = 20.6 ((110),
(200)) has a substantial rise, which confirms the nucleation of electro-
active p-phase in PCD nanocomposites [36].

A closer scrutiny of the XRD patterns indicates maximum intensity of
diffraction peak at 20 = 20.6 for 2.5 mass percent loading of N-CD into
PVDF matrix (PCD 2.5), confirming more electroactive p-phase
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crystallization in these PCD films. The amounts of a-phase and p-phase
content are estimated by the ratio between I and I;g 3, as shown in
Fig. 3(b). This fig. shows that for PCD 2.5, we get a maximum ratio
which is 3.537.

3.3. Thermal analysis

The thermal strength of the PCD nanocomposites has been examined
by the TGA thermograph shown in Fig. 3(e). The study is performed by
placing the nanocomposites under a nitrogen atmosphere within the
temperature range of 30 °C-500 °C with the heating rate at 10 °C/min.
From Fig. 3(e), it can be noticed that a very small amount of weight loss
takes place between the temperature of 350 °C-450 °C in case of PCD
nanocomposites, which is trivial compared to pure PVDF nano-
composite. After crossing the temperature of 450 °C, a gradual shift of
degradation temperature of PCD nanocomposites is observed. The TGA
thermograph also exhibits that after completing the 50% weight loss, we
get the different degradation temperature for different doping concen-
tration based PCD nanocomposites, which is higher in comparison with
the degradation temperature of pure PVDF nanocomposite at the same
weight loss. For example, in case of pure PVDF nanocomposite the
degradation temperature at 50% weight loss is 466 °C, whereas, the
degradation temperature for PCD 2.5 nanocomposite at same weight
loss is 480 °C. The homogeneous dispersion of N-doped CD into polymer
matrix and interfacial strength between N-doped CD and PVDF are the
key factors for getting such higher degradation temperature of PCD
nanocomposites [20]. Thus, the TGA thermograph and above said dis-
cussion indicate that PCD films have higher thermal stability than pure
PVDF nanocomposite.

The crystallization behaviors and melting temperature of PCD
nanocomposites has been investigated by differential scanning calo-
rimetry (DSC) analyzer. The formation of p-crystalline phase of PCD
nanocomposites is also confirmed by DSC analysis. Fig. 3 (f) represents
the melting temperatures and crystallization behaviors of pure PVDF
and N-doped CD incorporated PVDF (PCD) nanocomposites. From DSC
thermographs, the melting temperature (Ty,) of pure PVDF is 163.08 °C,
which confirms the presence of the non polar a-crystalline phase inside
the nanocomposite [20]. Whereas, in case of PCD nanocomposites,
noticeable shift in melting temperature are observed, which are higher
in comparison to pure PVDF. Among all nanocomposites, PCD 2.5 ex-
hibits better melting temperature (T,) with the value of 173.78 °C.
Therefore, the shifting of melting temperature confirms the trans-
formation of a-crystalline phase (TGTG conformation) to f-crystalline
phase (TTTT conformation) of PVDF. Thus, the experimental in-
vestigations confirm that N-doped CD is a very good nucleating agent
and plays an important role in p-crystalline phase formation. This
statement is commensurate with previously described XRD and FTIR
results.

3.4. Theoretical estimation (DFT) of the formation of electroactive
p-phase

The results obtained from the basic characterizations such as XRD
and FTIR shows the formation of  phase with increasing dopant (N-CD)
concentrations. Thus, density functional calculations have been per-
formed to obtain the structural and electrical characteristics of the
sample. Herein, the DFT study has been implemented using Orca v.1.2
program. The hybrid Becke, 3-parameter, Lee-Yang-Parr (B3LYP) func-
tional has been used along with 6-31G* basis set and RIJCOSX auxiliary
basis function to accommodate atoms like C, H and F. The molecular
models of both o and p-phases were prepared in Avogadro v.1.2.0 soft-
ware program. Initially, the geometries and frequencies were optimized
of both the models and no imaginary frequency were found, which en-
sures the validity of the structures.

It is observed that the randomized orientation of C and F in a-PVDF
radically polarized into the B-phase, which causes a significant change in
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dihedral C-C-C angle (mentioned in Fig. 4). Almost all F and H have
been rotated to the either side of C-C chain, which not only polarizes the
model but also minimizes the single point energy of the f-PVDF. Such
energy minimization in -PVDF stabilizes its structure.

Moreover, the electrical properties have been estimated theoretically
using DFT, which shows significant changes in both dipole moment and
isotropic polarizability. A detailed comparison of electrical properties of
o and p-phases of PVDF have been depicted in Table 2. Such an
augmented polarizability and dipole moment is desirable in piezoelec-
tric materials.

4. Working mechanism of PPNCD

The fabricated piezoelectric nanogenerator (PPNCD) generates
appreciable voltage from mechanical energy generated through
continuous finger impartation. The synergistic effect of the dipoles,
which are present in PVDF i.e. electroactive B-phases and nitrogen
doped carbon dots (N-CDs), may explain the possible working mecha-
nism of PPNCD. The presence of N-CDs molecules in the composite
matrix triggers the electroactive B-phase formation with the help of
strong electrostatic interactions between the water molecules of N-CDs
and the negative —CF; dipoles of the PVDF matrix during the formation
of hydrogen bonds. When an external mechanical force is applied on the
PPNCD under periodic finger imparting, a secondary potential is
generated in the N-CDs molecules, which arrange the PVDF dipoles in
the direction of the applied mechanical force, thus promoting stress-
associated polarization. When a vertical mechanical compression is
given on the PPNCD, a positive potential at the top electrode and a
negative potential at the bottom one have been produced due to for-
mation of self-polarization induced by the deformation of the crystalline
structure of the N-CDs doped PVDF nanocomposite (PCD 2.5). The po-
tential difference between the two electrodes along with self-
polarization, regulates the flow of electrons from one electrode to
another through an external load. The piezoelectric potential abruptly
diminishes after the quick release of the compressive force. The elec-
trons gathered at the bottom electrode flow back to the other electrode
via the external circuit, ensuing in an opposite electrical output [37].
This process is repeated in the PPNCD under continuous compression
and relaxation consecutively to obtain the output electric signals from
the piezoelectric energy harvesting device. Fig. 5 describes the voltage
generation mechanism of the PPNCD device. Furthermore, the working
principle of PPNCD device can be illustrated with the help of Maxwell’s
equations. In electrodynamics, Maxwell’s equations remain constant
with local invariance which can be expressed in the equation form

Fig. 4. Geometry optimized structures of @ and f-phases of PVDF showing bond
angle and bond lengths.
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Table 2
Comparison of the electrical properties between o and p-phases of PVDF.
Energy Dipole Quadrupole Polarizability
(joule) moment moment (a.u.) (a.u.)
(debye)
o phase of -5.1 0.37 73.74 106.62
PVDF film
p-phase of —6.04 3.68 86.06 108.54
PVDF film
VI 42 (VD) =0 (ii)
ot
0 —
Rrv.T =0 (iii)

This equation is called continuity equation. Where, J and p are the
total current density and total charge density.
The charge density can be defined as

P=ps+py (@iv)
Where, ps = free charges and p, = bound charges.

The current density can be expressed as
I=J 41y ™)

Where, J¢ = free currents and Jp, = bound currents.
In case of dielectric materials, the auxiliary fields take active part in
dipole formation, can be defined as

D(r,t) =&oE(r,t) + P(r,t) (vi)
0 = 20Y v g (vid)
Ho

Where, D = displacement field; ¢y = permittivity of free space; E =
electric field; P = polarization; H = magnetic field; jjp = permeability of
free space; B = magnetic induction; M = magnetization.

In our present work, Maxwell’s equations in matter can be utilized to
describe the working principle. Considering the free charges and cur-
rent, the Maxwell’s equations will be

Initial state
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V.D= ps(Gauss’sLawofelectrostatics) (viii)
g . .
V.H =0(Gauss’slaw magnetostatics) (>ix)

—
0B
VXE = pr (Faraday’s law) )
— — dD L. . . .
VxH = J;+ T (Ampere’s circuital law with correction) (xi)

Where, E = electric field, D = displacement electric field, B = mag-
netic induction, H= magnetic field, p; = volume charge density of free
electron, 7f = current density due to free electron flow.

From electrodynamics, with the help of following equations, we get

the displacement current for an electric field and polarization current for
an electric polarization respectively.

J:s(%E (xii)
Ip= ‘i_:t’ (xiii)

Thus, in case of linear isotropic medium, the second term of Maxwell’s
fourth equation (equation (xi)) represents the total displacement current
(G-
—~ 0D __JE 0P
To =" =85 T
There, the total displacement current is a time-dependent term and
depends on the electric field and electric polarization of the dielectric
medium. The first term of equation (xiv) helps in enhancement of output
performance of wireless system like radio, RADAR, Wi-Fi etc. and the
second term enhances the piezoelectric effect by increasing the value of
P, depends on the applied force or strain. Applying mechanical strain on
a linear isotropic material, the piezoelectric equations will be [37].

Pi= (©)i (g)jk

(xiv)

(xv)
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Fig. 5. Possible voltage generation mechanism of our fabricated device.
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T=CgS —¢"E (xvi)
— — —
D=eS —kE (xvii)

- . . . . .
Where, S = mechanical strain, (e)ijk = piezoelectric third order tensor,

T = stress tensor, Cg = elasticity tensor, k = dielectric tensor.
The displacement current of a linear polarizing medium is

oF
- i
Jpi= i

So, the equation (xviii) concludes that the piezoelectric effect and
output current density is directly proportional to the rate of change of
applied force or strain. Therefore, the attaining output value of PPNCD
by applying force matches with the theoretical equations.

In absent of external field E on dielectric medium, displacement
current is only depend on the polarization (from equation (xviii)).
Taking the polarization along the z direction, we can write that
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D,=P,= 6p(2) (xix)
Where, op(2) = piezoelectric polarization surface charges density of the
material.

Then, the displace current term along z direction will be

J 0P, 0oy,(z)
P27 T ot

The above equation clearly explains the reason of getting high output
performance of PPNCD device.

(xx)

5. Output performances of PPNCD nanogenerators

The fabrication process of the device (PPNCD) is shown schemati-
cally in Fig. 1(a). A digital snapshot of the fabricated device is displayed
in Fig. 1(c) and the flexibility of the device is shown in Fig. 1(d). In the
present work, we have designed a piezoelectric energy harvesting device
(PPNCD) with the help of N-CDs/PVDF (PCD) film and PDMS. Fig. 6(a)
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Fig. 6. (a) Open circuit voltage (Voc) and (b) short circuit current (Isc) of fabricated PPNCD device under periodic finger impartation at frequency 6 Hz. (c) Output
voltage generation and (d) enlarged view of Vo under 5N force at 6Hz frequency. (e) Frequency dependent output voltage generated by human finger impartation.

(f) Power density for various load resistances.
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shows the output voltage vs. time graph. The output voltage is generated
by continuous finger imparting and releasing an axial pressure of 12.3 N.
The current vs. time output feature of fabricated PPNCD is depicted in
Fig. 6(b). Maximum output voltage and current have been obtained at
the frequency of 6 Hz. The output performance of the nanogenerator is
high during finger impartation. The output voltage (measured by Key-
sight, Oscilloscope DSO-X 3012A) and the short circuit current
(observed by Keysight, Electrometer B2985) of PPNCD are V,. ~80 V
and Iy, ~ 1.4pA respectively (Fig. 6(a) and (b)). The difference in the
peaks values of the output voltage and current during periodic pressing
and releasing is basically owing to the inconsistency of the given strain
on the piezoelectric energy harvester during manual finger impartation.
While recording the data of output voltage vs. time graph of PPNCD
device on the application of force by hand, we have tried to maintain
uniformity as much as possible. Since the applied force is not machine
operated, some human error occurs during the process and every cycle
does not obtain the exact force [17]. This discrepancy in the applied
force led to the asymmetric peaks in the output voltage vs. time graph.
Another reason for this asymmetry in voltage output is that the time
period for every cycle of applied force is not exactly the same. This again
is due to human error as mentioned earlier. The magnified view of V. is
shown in Fig. 6(d). When strain is applied to the device, the positive
peaks appear and negative peaks appear when the device comes back to
its original form after recovering the strain. Subsequent small peaks
have been obtained due to the damping effect of the N-CDs/PVDF
nanocomposite. Compared to the pure PVDF-based piezoelectric nano-
generators [20], the output performance of PPNCD is higher, which
indicates that the presence of N-CDs in the PVDF matrix significantly
increases the output performances of PPNCD. The piezoelectric
co-efficient of the PCD nanocomposite is calculated from the following
equation d33 = %

Where d33 is the piezoelectric co-efficient, Q is the charge which is
generated by applied force and F is the applied force of 12.3 N. Again,
the charge is calculated using the equation

0= / I,.dt

Where, Igc is the short circuit current [47]. The value of Q is 359 pC
which is calculated from short circuit current vs. time plot. Putting the
value of Q and F in the d33 equation, we get the final value of piezo-
electric co-efficient (ds3) of the PCD nanocomposite, which is 29 pC/N.
This value confirms the presence of the polar B-crystalline phase and
electret dipoles in the PCD nanocomposite. The efficient power density
is calculated from the equation

(xxii)

V2
_m (xxiii)
Where, V is the output voltage, Ry, is the load resistance, and v is the
volume (surface area x thickness). The fabricated PPNCD device can
produce an excellent peak power density of 1979.87 pWem ~at 57 MQ
loads (Fig. 6(f)). The reasons behind such high power density are as
follows.

i) The strain encouraged piezoelectric potential generated by the N-
CDs and the self-poled PVDF polymer under continuous finger tap-
ping force (~12.3 N) to reinforce each other.

ii) The continuous finger tapping helps in generating the additional
strain which in turn encourages spontaneous polarization and
resultant dipole formation, leading to the charge separation and
accumulation of charges at the edge sites of piezoelectric N-CDs and
PVDF polymer.

The voltage generation record during twisting and bending of the
device shows no significant output, which confirms the absence of a
triboelectric effect in this particular case. Fig. 6(e) shows the frequency-
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dependent (1 Hz-6 Hz) output performance of the device, obtained by
continuous finger impartation. The output voltage increases gradually as
the frequency of finger impartation on PPNCD increases. The output
performance of our fabricated device depends on the impedance and the
applied strain frequency. The impedance and the applied strain fre-
quency of PPNCD are inversely proportional to each other [20].
Furthermore, the output performance of PPNCD device has been
compared with previously reported carbon doped piezoelectric nano-
generator (Table S2) which confirms the better performance of the
fabricated device.

5.1. Weight sensing performance of PPNCD

Excellent response has been observed while checking the sensitivity
of PPNCD by dropping various rubber balls of different masses from a
height of 10 cm on the top surface of the device, as shown in Fig. 7(a)-
(e). By dropping rubber balls of masses 108.79g, 35.22g, 59.35g, 9.18g,
and 15.04g, the observed output voltages are 7V, 9V, 10V, 11V, and
13V.The reason for getting different output voltages depends on the
different masses and contact areas of balls with surface of the film. In
case of 108.79g mass contained rubber ball, we get low output voltage in
comparison with other mass contained rubber balls. The reason behind
this is the harder surface, larger size and low elastic properties of
108.79g mass contained ball than other balls. Besides this, we have
investigated the capability and sensitivity of the device with some In-
dian coins which are of different weights but of nearly the same size. The
coins are released from a height of 10 cm on the upper surface of PPNCD.
When a coin falls on the device, N-CDs and PVDF move toward each
other, and we get output voltage. Due to the different masses of Indian
coins (1 rupee,2 rupee, 5 rupee, and 10 rupee), we get different output
voltages which are shown in Fig. 7(f).The graph describes that with the
increasing masses of Indian coins, the output voltage also increases. The
sensitivity performance of PPNCD device has been depicted in Fig. 7(g)
and (h). These two graphs describe that output voltage of fabricated
device increases by increasing the external pressure and maintain the
linear relationship between output voltage and pressure. The sensitivity
of the device has been measured by the following equation

S= AV/ AP (xxiv)
Where, AV and AP are the change in the output voltage and applied
external pressure [47]. The sensitivity of PPNCD device is found to be
10.2 V/kPa up to the external pressure region of 0.36 kPa, which is
generated by falling different masses coins, shown in Fig. 7(g).
Furthermore, rubber balls having different masses have been

dropped on the device from a fixed height of 10 cm to check the
sensitivity of the device in the higher pressure region. The PPNCD device
generates different output voltages at different external pressures and
also maintains the linearity pattern between the output voltage and
pressure, shown in Fig. 7(h). The sensitivity of the device in this region
(0.5-3 kPa) is 2.2 V/kPa which is very low compared to the sensitivity of
the low range pressure region (less than 0.5 kPa). Theoretical bounds of
the effective strain in the N-doped carbon dots are responsible for this
phenomenon in the higher pressure region (>0.5 kPa) [47]. Beside this,
our device can detect very low pressure of 0.15 kPa. The coin and rubber
balls dropping experiments give us the sensitivity value and the range of
sensitivity of the fabricated device. Along with this, these experiments
also describe the capability of the self-powered device to detect the both
low and high range pressure. Thus, the PPNCD device can be used as a
dedicated weight sensor as well.

5.2. Voltage generation from human body movements

The PPNCD device has generated the output voltage from body
movements such as foot pressing, heel pressing, pulse cycle, wrist up-
down etc. Outstanding output performance has been obtained by
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attaching the PPNCD device with foot and heel, shown in Fig. 8(a) and
(b). During foot pressing and heel pressing, the generated output volt-
ages are 32V and 12V, respectively, indicating that the fabricated device
generates higher voltage during foot pressing due to increase in contact
area with the PPNCD device. Fig. 8(e) displays the output performance
during wrist up-down movement. From this graph, we can see that when
the wrist is up, the device is sensitive enough to generate nearly 0.62V
and when the wrist is down then, the generated output voltage is near
about 0.29V, which confirms the capability of the device in harvesting
green energy effortlessly. The sensitivity is further verified by attaching
the device to wrist artery. Fig. 8(c) shows the output voltage generated
from the pulse wave. During the heartbeat, blood flows through our
body, including the wrist, and creates pressure.

Systolic pressure and diastolic pressure are the central part of the
pulse wave. Systolic pressure gives the peak, and diastolic pressure gives
the trough of the pulse wave. The devised nanogenerator responses quite
efficiently to the pulse pressure (occurs due to alternation of systolic and
diastolic pressure) during blood flow. The device can detect this pressure
and generates voltage, shown in Fig. 8(d). Thus, PPNCD is suitable for
sensing pulse waves. The stability and durability of the fabricated
PPNCD has been studied for the eight months, and the device continues
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to produce almost the same output voltage during the whole time period
as shown in Fig. 8 (f).

5.3. Commercial LED and capacitor charging ability of PPNCD

The energy conversion ability of the fabricated PENG (PPNCD) is
performed by charging a capacitor and lighting up commercial LEDs. A
2.2pF capacitor has been charged by connecting the PPNCD through a
bridge rectifier under continuous finger impartation. The exponential
fashion of the capacitor charging graph explains that the device can
charge a 2.2pF capacitor, as shown in Fig. 9(a).Our fabricated device
PPNCD can charge a 2.2pF capacitor up to 3.2 V within 14 s. As the
device involves very short duration to charge a capacitor, it can be used
as an alternative energy source for portable or medical devices. Another
important aspect of the device

is that it light up commercially available transparent LEDs under
periodic finger impartation, as shown in Fig. 9(c) and (d). The power
produced from PPNCD can light up to 15 blue LEDs (shown in sup-
porting video VS1) or 15 white LEDs (shown in supporting video VS2) by
connecting them in series connection through a full-wave bridge
rectifier.
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Fig. 8. Open circuit voltage generated by (a) forefeet tapping, and (b) heel pressing. (c) and (d) Pulse sensing and magnified view of peaks generated from heartbeats
by attaching our PPNCD device to the wrist artery. (e) Voltage generation from wrist up-down. (f) Durability test of PPNCD device.

Supplementary video related to this article can be found at https://
doi.org/10.1016/j.ceramint.2022.10.070

From the previous investigations, we can see that the device fabri-
cated in our laboratory is very sensitive and flexible and can be used as a
flexible energy harvester and weight sensor which can generate elec-
tricity via various body movements and dropping different weights.
Furthermore, PPNCD device can be employed to light up LED, charge
capacitor, etc.

6. Conclusion

The present work describes the fabrication and action of N-CDs/
PVDF nanocomposite-based PENG (PPNCD) in harvesting electrical
energy from various mechanical energy sources. The PENG is competent
enough to convert mechanical energies of pulse wave and simple body
movements into electrical energy with high values of Vo and Isc. The
impact generated by dropping balls or coins on the PENG have been
utilized quite efficient to produce electrical energy. The self-powered
tiny device produces excellent output voltage (Voc ~ 80 V) and a
short circuit current (Isc ~1.4 pA) under periodic finger impartation
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(~12.3 N) with an average of 6 Hz frequency. The instant power density
of PPNCD is 1979.87uWem ™3, Moreover, the highest p-crystalline phase
content (F(f) ~ 80.4%) PCD nanocomposite evaluates the piezoelectric
co-efficient (dsg) value of 29 pC/N. The density functional theory (DFT)
calculations have been performed to investigate the electrical properties
of the B-crystalline phase. In addition with this, the PCD nanocomposite
assisted wearable sensor has the capability to sense the external pressure
at very low region (up to 0.5 kPa) along with the sensitivity of 10.2 V/
kPa. The additional significance of the PPNCD has been established by
charging a 2.2 pF capacitor up to 3.2 V in a short period (14 s) and by
illuminating 15 blue or 15 white transparent LEDs, connected in series.
The apparatus shows outstanding long-term mechanical stability and
reproducibility for near about a year. The N-CDs incorporated PVDF
composite nanocomposites can be used for multipurpose applications,
like mechanical energy harvester, weight sensor, pulse sensor, and thus
may be employed in multi-faced fields such as optoelectronic, biomed-
ical, and energy technologies after suitable improvisation.
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Fig. 9. (a) A 2.2pF capacitor charging by PPNCD device. (b) Circuit draw of charging a capacitor and lighting up LEDs. Digital photographs of (c) blue and (d) white

LEDs under shining conditions
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Abstract

With the increasing demand of environmental friendly and unlimited power supplies, the use of triboelectric nanogenerator
(TENG) also increases due to its high mechanical energy to electrical energy conversion ability. Herein, an arch shaped, self-
powered, and wearable piezoelectric thin film with bismuth selenide based triboelectric nanogenerator, named as PBTNG, is
fabricated with the help of nanoporous bismuth selenide (Bi,Se;) incorporated poly(vinyldene fluoride) (PVDF) composite
piezoelectric thin film (PBi). The mechanism of the PBTNG device is induced by piezo-tribo coupling effect. Furthermore,
the surface area and distribution of pore size of Bi,Se; have been measured from Brunnauer—-Emmett-Teller (BET) analysis
and also described by basal spacing, which helps in increment of f-crystalline phase of the thin film. The density func-
tional theory (DFT) has been performed to find out the electrical band gap and density of states of Bi,Se; nanoparticles.
The interaction of nanoparticle with PVDF monomer and electrical properties of -phase has been investigated with DFT
calculations as well. The fabricated triboelectric device exhibits outstanding output performance with a maximum power
density of 2.03 Wm™2 under continuous finger impartation and can illuminate light-emitting diodes (LEDs) under heel press-
ing and periodic finger tapping. Additionally, the wearable PBTNG device traps the biomechanical energy from different
body movements like heel pressing, feet tapping, blood flow, single finger tapping, etc., and converts them into electrical
energy easily. Furthermore, single electrode bismuth selenide based triboelectric nanogenerator, named as SBTNG exhibits
high sensitivity value (20.2 V/kPa) at low pressure region (< 0.5 kPa) which helps in electricity generation from small scale
mechanical energies such as writing on the device, mouse clicking, keyboard striking, external CD drive running, etc. Thus,
self-powered and wearable energy harvester can be used in daily life as a substitute of batteries.

Keywords Nanoporous Bi,Se, - Piezoelectric thin film - Coupling effect induced triboelectric nanogenerator - Harvesting
small scale energies - Sensing body movements
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1 Introduction

With the fastest expansion of recent science and technol-
ogy, internet of things (IoTs) makes human life easier
and enjoyable [1]. As a result, the usage of conventional
energy storage tools like sodium ion batteries, rigid batter-
ies, lithium-ion batteries, supercapacitors, etc., which have
immense dimensions and regular charging requirements,
seems to be limited [2—5]. Therefore, alternative energy
sources and equipment which help us to charge up the sen-
sors and devices have gained immense attentions among
the researches in the last few years [6, 7].

Triboelectric nanogenerator (TENG) is chosen as the
suitable candidate of alternative energy sources which can
power up the previously mentioned devices easily due to its
conversion ability of naturally available mechanical ener-
gies like water wave energy, wind energy, biomechanical
energy, vibrational energy, low scale mechanical energy,
and rotational energy into electrical energies [8—11]. The
triboelectric phenomenon was first proposed by Wang
et al. in 2012 and published a standard list of triboelectric
materials to give us the idea about their effective pair-
ing. Moreover, the working principle of TENG is based
on electrostatic induction and tribo-electrification [10].
Generally, TENG has four working modes. Among them,
contact-separation (CS) mode is most preferable one due
to its charge generating, simple fabrication process, and
high output performance [10]. Therefore, selection of tri-
boelectric materials plays an important role in improv-
ing the charge generation and fabrication of TENG. To
design the layered structure and improve the charge gen-
eration of TENG device, polymers are utilized due to their
high charge affinity, high dipole moment, flexibility, and
durability [12—14]. Until now, the reported negative tri-
boelectric polymers are poly(tetrafluoroethylene) (PTFE),
poly(vinyldene fluoride) (PVDF), poly(dimethyl siloxane)
(PDMS), polyimide (PI), poly(vinyl chloride) (PVC), poly
propylene (PP), etc., and reported positive polymers are
thermoplastic polyurethane (TPU), poly(vinyl alcohol)
(PVA), poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
(PHBV), etc. [10, 15]. In this present work, PDMS and
PVA have been used as tribo-negative and tribo-positive
material.

Moreover, there are so many advantages of using
TENG such as light weight, flexibility, durability, simple
fabrication process, cost effectiveness, and robustness
[12, 13, 16]. Recently, few pioneers works have been
done by utilizing the effect of TENG. For example, Lin
et al. developed an active bacterial anti-adhesion strategy
to remove the bacteria from the surfaces of materials
which were driven by TENG [17]. Jia et al. proposed
the electron transfer mechanism among the metal and
SiO, composites by using first principle study. This idea

@ Springer

is very helpful in selection of dielectric layer for TENG
[18]. Moreover, Zhang et al. proposed a new strategy to
combat the environmental pollution by using cellulose
instead of traditional polymers and utilized it to design
nanogenerators [19]. Additionally, Ghafari et al. developed
PVDF nanogenerator for harvesting low range frequencies
and converting them into electricity [20]. To improve
the performance of TENG and keep the properties like
flexibility, durability, etc. intact, researchers have given
the efforts to hybridize the triboelectric effect with other
effect [21]. For example, Han et al. fabricated triboelectric-
electromagnetic nanogenerator [22]; Wei et al. designed
an energy harvester using the combine effect of Curie
effect, triboelectric effect, and electrostatic induction effect
[23]; Jirayupat et al. fabricated a hybrid nanogenerator by
using piezo-tribo combine effect [21]. Although several
work has been done on hybrid nanogenerator but very few
work has been reported on nanocomposite-based piezo-
tribo coupling effect. Although the working mechanisms
of triboelectricity and piezoelectricity are different, their
electrical stimuli generation process never overlaps with
each other [24]. Thus, combining the piezoelectric effect
with triboelectricity into a single device not only enhances
electron transfer but also generates extra charges, which
results in better output. Moreover, the alignment of dipoles
of piezoelectric materials within nanocomposite film plays
an important role to obtain better output performance by
generating maximum piezopotential [21]. In this study,
piezoelectric layer based TENG has been designed with
the help of nanoporous Bi,Se; and PVDF polymer based
nanocomposite thin film, PDMS thin layer, and PVA
thin film. To improve the output performance of the
fabricated TENG, doping technique has been used. PVDF
is a semi-crystalline, electro-active, fluro polymer. It
consists of five crystalline phases such as a, B, y, 9, and
€. Among them [ phase is more crystalline and polar due
to its all-trans conformation and also exhibits very good
piezoelectric and ferroelectric properties [24]. Owing
to these properties, PVDF has broaden its utilization in
various fields of application. For example, Cheng et al.
fabricated porous PVDF-Ni/PE-CNT composite foam
through melt extrusion and batch foaming methods
which exhibited very good hydrophobic, EMI shielding,
and optical-electrical-thermal properties [25]. Gao et al.
modified the surface of CNTs through silanization and
fluorosilanization combine methods and utilized the
modified CNTs to prepare hydrophobic electrospun
membrane by mixing with PVDF matrix. This membrane
was further utilized in direct contact membrane distillation
applications [26]. Furthermore, Wu et al. improved the
thermal conductivity and dielectric properties of PVDF
matrix by embedding BN-Si0,@MWCNT into PVDF
and proposed the utilization of the nanocomposite in the
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field of microelectronic packaging [27]. Sharafkhani et al.
fabricated a high performance piezoelectric sensor by
using well-orientated CNT-contained PVDF nanofibers
[28]. Moreover, Li et al. developed piezoelectric sensor
with the help of PVDF-HFP/ZnO nanofibers to track
sporting workout of players and monitor their activities
wirelessly [29]. Liu et al. fabricated PVDF/PAN membrane
with 83.4% B content through electrospinning method. This
electrospun membrane was further utilized as piezoelectric
energy harvester and sodium-ion battery separator [30].
Beside this, several approaches were taken to synthesize
the dipole-aligned B phase by using annealing and post
stretching or doping with fillers. Here, Bi,Se; nanograins
have been reinforced into PVDF matrix to enhance the
percentage of crystallinity of p phase because of the
dipole—dipole interaction between the hydrogen atom of the
PVDF matrix and electronegative atom of the co-polymer.
The induced P phase gives high polarizability, and electro-
active and dielectric properties which enhances the output
performance of TENG [31].

Topological insulators (TI) are a new class of quantum
matter, consisting of bulk gap and reversible time symmetry
protected relativistic Dirac fermions on the surface. In
the bulk states, these materials are electrically insulating but
can carry out the electricity in the surface states because of
the topologically covered electronic edge. Thus, TIs are used
directly in thermoelectric devices, superconductors, photo-
electronic sensors, etc. [32-34]. Compared to other TIs,
bismuth selenide (Bi,Se;) has gained huge attention among
the researchers owing to the topological surface states.
Bi,Se; has sole characteristics such as high surface mobil-
ity, small band gap near about 0.35 eV, excellent electri-
cal conductivity, and photoconductivity [35-39]. The small
band gap property helps Bi,Se; in light absorption over the
wide wavelength range. The sturdy topological structures
help bismuth selenide to maintain the stability in ambient
or unkind environment [40]. Inside the crystal structure of
this T1, five covalent bonded atomic planes Se-Bi—Se-Bi—Se
make the planar quintuple layers, and these weakly bonded
quintuple layers are piled along ¢ axis through Van der
Waals interactions. Owing to this specific structure and
topological surface states, Bi,Se; makes itself a potential
candidate in the area of electrochemical energy storage sys-
tem and also borrows the distinctive physical properties and
electronic structure [41-44]. For these reasons, Bi,Se; has
been selected as primary doping element and also utilized
in device fabrication process.

In this current work, arch-shaped and self-powered pie-
zoelectric thin film with bismuth selenide based triboelec-
tric nanogenerator, named as PBTNG, has been designed
to harness different types of mechanical energies like heel
and feet pressing, hand impartation, single finger tapping,
pulse vibration, keypad striking, etc., and convert them into

electrical energy. The Bi,Se; nanoparticles have been cho-
sen as doping material owing to the topological surface,
distinctive physical properties, and electronic structure.
The piezoelectric thin film based PBTNG device exhibits
very good output voltage (V) of 171.8 V with maximum
power density of 2.03 Wm™2 under continuous finger impar-
tation. Moreover, the PBTNG device has the capability to
illuminate LEDs through heel pressing and periodic finger
impartation. Beside this, the device is sensible enough to
catch small scale mechanical energies and convert them
into electrical energy easily. These valuable investigations
are indicating that PBTNG is a green and wearable energy
harvester which can be used to power up portable electronic
devices used in daily life.

2 Fabrication of piezoelectric thin film
with bismuth selenide based triboelectric
nanogenerator (PBTNG)

The fabricated PBTNG device consists of three layers, i.e.,
charge generating layer, piezoelectric layer and charge col-
lecting layer. Herein, PVA and PDMS thin films have been
used as charge generating layers, PBi thin film as piezoelec-
tric layer and aluminum (Al) electrodes (thickness 41 pm) as
charge collecting layer. The fabrication procedure of PBi thin
film, PVA film and PDMS film has been elaborated in the
supporting information file. PBTNG consists of two parts,
i.e. positive and negative parts. The positive part consists of
PVA film and Al electrode, and the negative part consists of
PDMS film, Al electrode and PBi thin film. Thereafter, the
positive part (PVA film and electrode attached together) was
affixed with double tape to the upper part of the arch-shaped
protective foam cover. Then, the negative part (PDMS layer,
electrode, and PBi film attached together) was affixed to the
lower part of the protective cover, maintaining ample air gap
in the middle of the two parts. Two copper wires were joined
with the electrodes to investigate the output performance of
fabricated PBTNG device. Figure 1(c) exhibits the design
of fabricated PBTNG device graphically.

3 Working mechanism of PBTNG device

Figure 2 describes the working mechanism of PBTNG
device. The working principle of fabricated triboelectric
nanogenerator depends on the coupling effect of triboelec-
trification and piezoelectric effect during contact separation
(CS) mode. In CS mode, PBTNG consists of two parts, i.e.
positive and negative parts. The positive part consists of
PVA film and Al electrode, and the negative part consists of
PDMS film, Al electrode and PBi thin film. According to the
triboelectric series, the PVA and PDMS film acquire positive

@ Springer
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Fig. 1 a Schematic demonstra-
tion of the fabrication process
of PBi thin film. b Snapshot

of the piezoelectric thin (PBi)
film. ¢ Graphical illustration

of designed PBTNG device. e
Digital photographs of arch-like
shape of PBTNG device

@ rsithin fiim
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and negative triboelectric charges respectively. When these
two films get contacted with each other, the PDMS film gains
electrons from PVA film. The electron transfer capability
depends on their position in the triboelectric series. The
working mechanism of PBTNG is elaborated in four stages.

Stage 1: In the original state, the triboelectric layers
are separated from each other. Thus, the PBTNG device
remains electrically neutral condition and also free of
charges, shown in Fig. 2(i). When an external force is

Fig.2 Mechanism of the volt-
age generation of fabricated
PBTNG device
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applied on the PBTNG device, the PVA and PDMS film
come close to each other from the original state. As a
result, the positive and negative triboelectric charges are
produced in the PVA and PDMS films respectively, shown
in Fig. 2(ii). In this stage, the piezoelectric layer (PBi thin
film) remains same and no deformation takes place under
applied external force.

Stage 2: Under external force, the deformation of the
piezoelectric layer (PBi film) takes place and the dipoles of
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the piezoelectric film are aligned along the direction of the
applied external force. Under the deformation, the electric
dipoles of the nanocomposite get properly oriented and help
in the changing of polarization inside the piezoelectric nano-
composite. As a result, equal amount of positive and nega-
tive piezoelectric charges is induced on the top and bottom
electrodes respectively. Thus, electron flow occurs from top
electrode to bottom electrode during this deformation pro-
cess. The above-said phenomenon is depicted schematically
in Fig. 2(iii).

Stage 3: When the external force starts to decrease, the
contact between the positive and negative layers remains
intact and the polarization of the piezoelectric thin film
starts to recover. As a result electrons flow from bottom to
top electrode until the polarization is fully recovered, shown
in Fig. 2(iv).

Stage 4: After the recovery of polarization, the piezoelec-
tric potential gets balanced and only the triboelectric charges
gather on the surface of positive and negative triboelectric
layers. On further decrement of external force, separation
between the positive and negative triboelectric layers takes
place. As a result, the electrons flow from bottom to top
aluminum electrode, shown in Fig. 2(v). On further appli-
cation of external force on PBTNG device again, the two
charge generating layers start to come close to each other. As
a result, the electrons flow between electrodes and it returns
to Fig. 2(ii) and the cyclic process continues. Thus, the flow
of electrons between the two electrodes generates alternative
electric signal. The above said detailed description of the
mechanism of PBTNG device confirms that both the tribo-
electrification and piezoelectricity process takes active part
to complete a full cycle. Therefore, the coupling effect of
triboelectrification and piezoelectric effect is responsible for
the improvement of the output performance of the device.

The basic mechanism of triboelectric nanogenerator
(TENG) can be elaborated by Maxwell’s equations. Wang,
the founder of TENG, has introduced the surface polariza-
tion (Pg) term in the displacement vector (D) equation: [45]

D=¢E+P+Ps €))

where Pg is the polarization which is induced by electrostatic
triboelectric and piezoelectric effect and P is the electric
field—encouraged medium polarization.
After adding surface polarization term in displacement
vector, the Maxwell displacement current [31] will be
_9 _ oE 9P

= =& —+ 2
Io="5 o ot @
where E is the electric field and e is the permittivity of the
medium [31].

The first term in displacement current equation gives the
idea of the electromagnetic wave which has been utilized in

various wireless systems and the second term represents the
contribution of the displacement current in the energy and
sensors systems [45-48].

4 Result and discussions

The crystallographic structures and surface morphologies of
the synthesized nanoparticles and fabricated thin films are
investigated by X-ray diffraction (XRD; Model-D8, Bruker
AXS Inc., Madison, WI), field emission scanning electron
microscopy (FESEM; INSPECT F50), and transmission
electron microscopy (TEM; JEOL JEM F200). The elemen-
tal mapping of thin film has been performed by using Zeiss
Gemini SEM 500. The elemental analysis of PBi nanocom-
posite was done by X-ray photoelectron spectroscopy (XPS)
(model: PHISOOOVERSAPROBE III, Make ULVAC-PHI,
Inc., Japan). The different phase performance and thermal
behaviors of thin films are examined by Fourier transform
infrared (FTIR) spectroscopy (FTIR-8400S; Shimadzu) and
thermal gravimetric analysis (TGA; TGA/SDTA851e, Met-
tler Toledo AG). The mechanical properties of thin film have
been measured by Universal Testing Machine (Tinius Olsen
model: H50KS, UK). The electrical properties of the thin
film are investigated by IM 3536 LCR Meter. The surface
properties of synthesized Bi,Se; nanoparticles have been
examined using automated gas sorption analyzer (Autosorb
1Q2, Quantachrome Instruments).

4.1 Experimental and computational structural
analysis of nanoporous Bi,Se;

The detailed synthesis procedure of Bi,Se; nanoparticle
has been described in the supporting information file. The
crystalline peaks and surface morphology of the nanopar-
ticle have been investigated by XRD analysis and FESEM
micrographs. The crystalline peaks at 25.02° (101), 29.23°
(015), 40.22° (101), 43.52° (110), 47.72° (116), and 53.35°
(205) confirm the formation of Bi,Se; nanosized (33 nm)
particles. These identical peaks match with the JCPDS file
no 33-0214. Furthermore, the refinement of XRD peaks
of Bi,Se; was performed by using Rietveld-based software
package MAUD v2.8 to investigate the micro-structural
and crystallographic parameters. Initially, standard Cagli-
oti PV functions were deployed to refine the detector and
diffractometer. During this cycle, instrumental broaden-
ing was also rectified. The experimental diffraction peaks
were refined by employing a regular crystallographic
information file (.cif) of bismuth selenide (COD file no.
1530736). To achieve better fitting outcomes, a number
of micro-structural parameters including crystal size and
unit cell dimension were optimized. The texture analyses
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were also performed to obtain adequate fitting results.
The low values of the global reliability parameters such
as Ryp and Rp are suggesting the consistency of refine-
ments. The refinement of parameters was performed up
to 15 cycles and corresponding results are depicted in the
Table S1. Figure 3(c) shows the experimental and refined
X-ray crystalline peaks of Bi,Se; nanoparticles. The sur-
face morphology of nanoparticle has been examined by
FESEM image (Fig. 3(b)). The FESEM image describes
that the synthesized nanoparticles are porous and some
gaps are seen to restrict the formation of uniform structure.
This is the reason we get tube or grain-like structure of the
nanoparticle.

From BET analysis, surface area of Bi,Se; nanoparticles
is measured which is 16.07 m?/g. From the desorption
part of the adsorption/desorption isotherm, the obtained
pore size of the Bi,Se; nanoparticles is 2.64 nm and pore
volume is 0.031 cm®/g. The obtained hysteresis loop and the
pore size distribution of the synthesized Bi,Se; nanoparti-
cles are given in the supporting file, Fig. S7. The porosity
is further confirmed by basal spacing whose value is found
to be 6.03 A (Fig. 3(e)) which infers the high porosity value
of synthesized nanoparticle. Furthermore, the computed.cif
files of Bi,Se; have been visualized with the help of VESTA
3.5.7 software which confirms the rhombohedral structure
of bismuth selenide, shown in Fig. 3(d). The rhombohedral
structure consists of three quintuple layers (QL) which are
weakly bound to each other through Van der Waals force.
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Each QL have five atomic planes along with the atomic
order of Se,—Bi-Se,—Bi-Se; where, Se, and Se, denote the
nonequivalent layers [49]. Moreover, the polyhedral spe-
cies has been observed with bond length and bond angle,
depicted in Fig. 3(a). The bond lengths between Bi-Se;
and Bi-Se, are 2.97 A and 2.73 A and the dihedral angle
between Se,—Bi—Se, is 86.26°.

Furthermore, density functional theory (DFT) study is
performed on the samples to investigate the electronic band
structure and density of state (DOS) by using both localized
and de-localized methods. On one hand, the DFT calculation
over Bi,Se; was conducted by using Quantum Espresso soft-
ware employing a local density approximation functional hav-
ing cut-off wave function energy of 50 Ry. Moreover, the band
structures were calculated by using a similar theoretical level
employing a I'-centered k-point having a width of 9 x99 mesh.

The electronic band structure gives us the idea about the
surface states of Bi,Se; The surface states are represented
by the electronic bands which are located around Fermi
energy level (Ep) at the center of Brillouin zone, i.e. I'-point.
It is observed that both the conduction band minima and
valence band maxima share the single valley nature [35, 49].
Moreover, the momentum of both these bands matches with
each other, elucidating a direct band gap nature of the Bi,Se;
nanoparticle. A very small gap (~0.1 eV) exists between the
conduction band minima and valence band maxima, result-
ing in a semi-conductive nature of the sample, shown in the
Fig. S3(c).
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It is evident that the Dirac cone is situated inside the
band gap. Along with the band structure calculation, DOS
has been examined to elucidate the Dirac cone within the
band gap. From the electronic band structure, the surface
states are located at Fermi level which confirms the pres-
ence of the Dirac cone within the band gap. The depend-
ency of momentum of electrons on energy is linear. As
the surface states present within the energy gap, the DOS
near the Fermi energy level should be linear [49]. Figure
3(f) confirms that the DOS maintains the linearity
near Fermi level.

According to Mohyedin et al., the electronic band gap
radically decreases with the increasing number of quintu-
ple layers (QL) of Bi,Se;. They also validated the fact that
such an increment in QLs can cause higher polarizability
in the sample [44]. Herein, the synthesized Bi,Se; nano-
particles have five QLs, which could also enhance the
polarizability of the sample. In order to achieve a prom-
ising piezoelectric material, the dopant (herein Bi,Se;)
should have a promising polarizability. Thus, studying
electronic band structure and DOS helps in predicting the
applicability of the material in this domain.

4.2 Surface morphological analysis of composite
thin films

The microstructure and surface morphology of the Bi,Se;
incorporated PVDF composite thin (PBi) films are exam-
ined by FESEM images, which are shown in Fig. S1. The
closer inspections of the FESEM images of the composite
thin films are indicating the formation of the spherulites.
The diameter of the spherulites of PBi thin films is near
about 5 um which confirms the presence of the electroac-
tive f-crystalline phase, whereas the diameter of the pure
PVDF thin film is 40 um which indicates the presence of
the non-polar a-crystalline phase [31]. The surface structure
and topography of Bi,Se; incorporated PVDF thin film have
also been investigated by TEM images. Figure 4(a) depicts
the TEM images of PBi 2.5 film where homogeneous sur-
face of PBi 2.5 composite is clearly visible. Moreover, the
presence of Bi,Se; nanoparticle inside the polymer matrix
is shown in Fig. 4(b). The homogeneous surface of PBi
2.5 confirms the well dispersion of Bi,Se; porous nano-
particles into PVDF matrix. The Van der Waals interaction
between Bi,Se; porous nanoparticles and PVDF matrix is
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responsible for this well dispersion [28]. Along with this,
the high-resolution SEM images with elemental mapping
have been provided to confirm the homogeneous disper-
sion of Bi,Se; nanoparticles into PVDF matrix, shown in
the supporting information file. The presence of incorpo-
rated Bi,Se; nanoparticles within the composite film has
been clearly observed in Fig. 4(c) and no agglomeration
takes place. These results are clearly indicating the uni-
form and homogeneous dispersion of synthesized Bi,Se;
nanoparticles within PVDF matrix. Moreover, the synthesis
procedure of composite film is described in the supporting
information file.

4.3 Elemental analysis of PBi nanocomposite (X-ray
photoelectron spectroscopy)

The X-ray photoelectron spectroscopy (XPS) analysis of
the nanocomposite PBi 2.5 is shown in Fig. 4(d). The XPS
spectra revealed that the C-1s peak is observed at a bind-
ing energy of 285 eV in the Bi,Se;/PVDF nanocomposite,
corresponding to carbon atoms present in the sample. The
presence of carbon atoms bonded with fluorine was evident
from the peak observed at approximately 292 eV, which is
a characteristic of the —CF,— group. Additionally, a peak
observed at 286.5 eV indicated the presence of carbon atoms
bonded with hydrogen in the form of -CH,— bonds. The F-1s
peak observed at a binding energy of 690 eV confirmed
the presence of fluorine atoms in the sample, which is also
present in the PVDF polymer [33, 50]. From Fig. 4 (e),
the core level spectra of Bi-4f is observed in the binding
energy range of 155 to 168 eV. The deconvoluted spectra
of Bi-4f also show two major peaks centered at 157.6 eV
and 162.9 eV, which represent the two various spin—orbit-
coupled 4f components (4f;,, and 4£;,, respectively) in bis-
muth. Similarly, deconvoluted spectra of Se-3d display two
major peaks centered at 53.3 eV and 54.1 eV corresponding
to the spin—orbit coupled 3d components 3ds;, and 3d;;,
respectively. In brief, the core level spectra of Se-3d lie in
the binding energy range of 50 eV to 57 eV as can be seen in
Fig. 4(f). These spectra thus confirmed the presence of bis-
muth and selenium in the nanocomposite. Overall, the XPS
analysis provided evidence for the presence of the expected
elements and bonding in the Bi,Se;/PVDF thin film [33].
The peaks observed in the survey scan and core-level spectra
offered valuable information about the elemental composi-
tion and bonding in the sample PBi 2.5.

4.4 Electroactive B-crystalline phase analysis of PBi
thin films

The formation of electroactive B-crystalline phase in Bi,Se;

nanoparticle loaded PVDF thin (PBi) films has been investi-
gated by X-ray diffraction patterns. Figure 5(a) demonstrates
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the XRD pattern of pure PVDF thin film and PBi thin
films. For pure PVDF thin film, the characteristic peaks are
observed at 20=17.6° (100), 18.3° (020), 19.9° (021), and
26.6° ((201), (310)) confirming the existence of non-polar
a-crystalline phase. At 260=38.3°, a tiny peak is also noticed
in the XRD pattern of the pure PVDF thin film. The reason
behind this is the reflection from either (002) plane (repre-
senting the a-crystalline phase) or (211) plane (representing
the y-crystalline phase) [31, 45, 51]. This matter has been
resolved by the FTIR spectra of the pure PVDF thin film.
When Bi,Se; nanoparticles are added into PVDF polymer
matrix, all characteristic XRD peaks of the a-crystalline
phase disappear. Only one diffraction peak at 20=20.4°
(110), (200) has extensive rise, confirming the formation of
electroactive p-crystalline phase in PBi thin films [31, 45].
The closer inspection of XRD graph shows that the increas-
ing mass % of Bi,Se, intensity of p-crystalline phase at 20.4°
also increases and maximizes for 2.5 mass % loading Bi,Se;.
Thus, PBi 2.5 exhibits maximum f-crystalline phase com-
pared to other PBi thin films. The intensity ratio between
20.4° and 18.3° has been calculated to check the presence
of a- and B-crystalline phases in pure PVDF thin film and
PBi thin films. The maximum I, 4/I,4 3 value is obtained for
PBi 2.5 which is 1.65, shown in Fig. S2(b).

The electroactive p-crystalline phase formation has been
further examined by FTIR spectra analysis. Figure 5(b)
illustrates the FTIR spectrum of pure PVDF thin film and
Bi,Se; loaded PVDF thin (PBi) films in the region of 400
to 1100 cm™". In case of pure PVDF thin film, the absorb-
ance peaks at 487 cm~! (CF, waging), 531 cm™! (CF,
bending), 616 and 764 cm™' (CF, bending and skeletal
bending), and 796 and 976 cm~' (CH, rocking), stipu-
lating the presence of the non-polar a-crystalline phase.
At 840 cm™! (CH, rocking, CF, stretching, and skeletal
C —C stretching), a small absorbance peak is also observed
in the IR spectrum of pure PVDF thin films. The pres-
ence of § and f+ 7y crystalline phases may be the reason
behind getting this peak. But no characteristic peak at
1234 cm™! is present, which is the main absorbance peak
for y-crystalline phase in the FTIR spectra of pure PVDF.
For this reason, the absorbance peak at 840 cm™~! confirms
the presence of the f phase, occurring due to the TTTT
conformation in polymer chain of pure PVDF film. After
doping with Bi,Se; nanoparticles into PVDF matrix, all
characteristic absorbance peaks which are representing
the non-polar a-crystalline phase disappeared and absorb-
ance peaks at 445 cm™! (CF, rocking and CH, rocking),
479 cm™! (CF, deformation), 510 cm™! (CF, stretching),
600 cm™! (CF, wagging), and 840 cm™! appeared, which
confirms the nucleation of the electroactive pB-crystalline
phase in PBi thin films [31, 45]. Thus, p-crystalline phase
has mainly nucleated in the composite thin films due to
the catalytic effect of Bi,Se; nanoparticles in the PVDF



Advanced Composites and Hybrid Materials (2023) 6:232

Page90of18 232

C) A (b)

Intensity (a.u.)

Absorbance (a.u.)

pure PVDF

N adla st

15 20 25 30 35 40 45 50 450 600
20 (degree)
(d)0.12-

0.06

Tangent loss (tan3)
(=]
8

0.04 T T T v
10 100 1000 10000 1000001000000

Frequency (Hz)

(9)

Wavelength (cm'1)

(c)
p 251,
a [ o
! £
i § 20-
[7]
31
8 151
o
£ 10 Verrenneen PUTEPVDF
- H I s
o s
... PBi25
! \ 04 . e R
750 900 1050 10 100 1000 10000 100000 1000000

Frequency (Hz)

—
e
j |
3 |
O
=

Fig.5 a X-ray diffraction peaks of pure PVDF thin film and
Bi,Se; doped PVDF thin films (PBi 1, PBi 2.5, PBi 5). b FTIR spec-
trum of pure PVDF thin film and PBi thin films. ¢ Dielectric constant
of pure PVDF film and PBi 2.5 film. d Tangent loss of PBi 2.5 film.
Optimized geometrical structures acquired from DFT e top view of

polymer matrix. The closer investigation of FTIR spectra
of PBi thin films discloses that for PBi 2.5, the intensity of
absorbance spectra becomes maximum which is matched
with the XRD data. Furthermore, the fraction of electro-
active p-crystalline phase (F(f)) has been calculated for
estimating the amount of p-crystalline phase available in
the PBi thin films by using the Lambert — Beer law [31].

Ap
K
(K—Z>Aa+Aﬂ

where A, =absorbance at 764 cm™', Ag=absorbance at
840 cm™!, K,=7.7 % 104 cm® mol ™! (absorption coefficients
at 840 cm™ '), and K,=6.1x104 cm? mol™! (absorption

1

Use @8 @C O FQH

Bi,Se; and PVDF interaction, f side view of Bi,Se; and PVDF inter-
action with bond lengths, g p-crystalline phase of PVDF with total
energy. h Pictorial representation of bond length shifting occurred
between C and Bi before and after DFT

coefficients at 764 cm™!). This equation is very helpful as
it gives the idea about the amount of p-crystalline phase
available in PBi thin films and a better formation of the
B-crystalline phase gives better piezoelectric property. Com-
pared to other PBi thin films, PBi 2.5 exhibits the maximum
F(p) value which is 82.1%, shown in Fig. S2(a).
Furthermore, the structural and electrical properties of
the PBi 2.5 film were found out with the help of density
functional theory. Herein, the DFT calculation has been
employed by using the Orca v.1.2 program. The hybrid
Becke, 3-parameter, and Lee—Yang—Parr (B3LYP) func-
tional along with the def 2 functional associated with 6-31G”"
basis set and RIJCOSX auxiliary basis function have been
used for assigning the atoms like C, H, and F. The molecular
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models of PVDF monomer and «, 3-crystalline phases were
drawn by Avogadro v.1.2.0 software program. The frequen-
cies and geometries of all models were optimized and no
imaginary frequency was observed, which confirms the
proposed models. These optimized structures also consist
of lowest amount of self-consistent field energy. The mecha-
nism of attachment of Bi,Se; ions on PVDF polymer has
been investigated. Figure 5(e) and (f) shows the top and side
views of Bi,Se; ions and PVDF polymer interaction. These
two images exhibit that PVDF monomer places itself parallel
to the plane of nanoparticles. Initially, the PVDF monomer
is placed near about 3 A distance from the Bi,Se; plane and
it maintained the parallel distance from plane of the nano-
particle. Then, the DFT study was performed to optimize the
geometrical structure and monitor the interaction between
monomer and nanoparticle atoms. After the DFT calcula-
tion, a chemical interaction occurred between the PVDF
monomer and Bi,Se; plane as the bond length between C
and Bi is shifted from 3 to 5 10\, shown in Fig. 5(h), and
thus the bond lengths between H-Se and F-Se also change,
shown in Fig. 5(f). It is observed that the Se atom is attracted
by the neighboring H atom, which results in a significant
reduction in the distance between H-Se (2.686 10\) atoms.
Conversely, the distance between F-Se (3.336 A) slightly
increased in order to minimize the surface energy of the
composite. Such interaction between Bi,Se; and PVDF plays
an important role to attach Bi,Se; with PVDF, which has
also been validated by XRD and FTIR results. In reality,
Bi,Se; nanoparticle possesses negative surface charge, [38]
which is responsible to attract the H-moiety of the PVDF to
form a strong attachment between Bi,Se;-PVDF.

Moreover, the electrical properties of the p-crystalline
phase have been investigated by 6-31G basis set. From the
geometrical structures of a and p-phases, it is noticed that
the irregular orientation of C atom and F atom in a-PVDF
got completely polarized into the -phase of PVDF. That is
the reason a significant change in the C—C—C dihedral angle
(114°) has been observed. The F and H atoms are rotated
alongside of C—C chain and helped the model to polarize
and minimize the single point energy of p-phase (Fig. 5(g)).
The electrical properties of f-phase have been calculated
theoretically, which describes that both isotropic polariz-
ability and dipole moment of pf-phase increase compared
to the value of a-phase. Due to this, the higher dielectric
constant value of PBi thin film is obtained compared to pure
PVDF film experimentally (Fig. 5(c)). The comparison of
electrical properties between o and § phases of PVDF has
been investigated in Table S2.

The mechanical properties of PBi thin film have been
measured by a universal testing machine with strain rate
of 5 mm/min. The maximum tensile strength of the thin
film is 15 MPa and Young’s modulus is 881 N/mm?. This
result infers the higher mechanical stability of thin film in
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comparison with pure PVDF whose Young’s modulus is 700
N/mm?. The detailed description regarding the mechanical
stability of the thin film has been elaborated in the support-
ing information file.

4.5 Electrical properties of composite film

The electrical properties of PBi 2.5 thin film have been inves-
tigated by dielectric measurement. The dielectric properties
of thin film depend on various parameters like applied exter-
nal electric field, grain structure, chemical composition, etc.
Relative dielectric constant (¢=¢"+j €") describes the dielec-
tric response. In the expression of relative dielectric constant,
&' and ¢" exhibit the real part and imaginary parts of ¢. The
real part gives the idea about the energy storage capacity of
the dielectric material caused by polarization and the imagi-
nary part helps in energy dissipation within the material. The
mathematical formula which can be used to calculate the real
part of the dielectric constant is expressed as [52].

6, _ Cxd
£y*A

“

where C is value of capacitance of the PBi film, d and A
are thickness and area of the silver coated PBi film, and
g, 1s permittivity of the free space permittivity with value
of 8.85x 107! F/m. The real part of the dielectric constant
of the PBi 2.5 thin film has been observed by varying the
external electric field frequency from 10 Hz to 1 MHz. The
maximum dielectric constant of this thin film is found at
10 Hz frequency with the value of 25 which is higher than
the dielectric constant of pure PVDF film (the value is 10
at 10 Hz frequency), shown in Fig. 5(c). The value of the
dielectric constant is decreasing steadily with the increas-
ing frequencies. The behavior of the dielectric constant vs.
frequency graph can be represented by Maxwell-Wagner
interfacial polarization phenomenon [52]. When the free
charge carriers gather at the grain boundary which has high
resistivity, the interfacial polarization takes place. In brief,
inside the dielectric thin film, the boundaries of insulated
grain separate the conducting grains which help in the trap-
ping of free charge carriers and generate dipoles through the
grain at the time of their hopping. Furthermore, a constant
loss in the value of dielectric constant due to the gradual
decrement of the average dipole moment per unit volume
is observed. In the high frequency region, a rapid decre-
ment of dielectric value has been seen as electronic displace-
ment polarization and dipole orientation polarization can-
not survive with the variation of the external electric field
frequency [53]. The tangent loss (tand) vs. frequency graph
(Fig. 5(d)) also supports the dielectric value of PBi thin film.
At the low frequency region, low tangent loss has been visu-
alized. If the value of frequency increases, the tangent loss
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value also increases at higher order frequency range. This
phenomenon can occur due to the thermal agitation of the
dipoles, occurring due to their orientations. As a result, the
dipoles are unable to follow the variation of the applying
external electric field and exhibit high loss at higher range
of frequency [52]. Thus, the PBi 2.5 thin film exhibits high
dielectric constant value along with low tangent loss, so this
thin film could have good storage capacity.

5 Analysis of output performances
of the fabricated PBTNG device

The schematic representations of the fabricated piezoelectric
thin film (PBi) and device (PBTNG) are demonstrated in
Fig. 1(a) and (c). The optical images of PBi thin film and

PBTNG device are shown in Fig. 1(b) and (d). Figure 1(d)
exhibits the arch like shape of fabricated PBTNG device. The
output performance of PBTNG device is shown in Fig. 6.
The output voltage vs. time graph of fabricated device is dis-
played in Fig. 6(a). Figure 6(b, ¢) describes the short circuit
current vs. time graph of PBTNG device. The generation of
the output voltage and short circuit current is performed by
periodic finger pressing and releasing, with axial pressure of
11.7 N. The fabricated energy harvesting device (PBTNG)
attains maximum output voltage at 5 Hz frequency. The gen-
erated output voltage (recorded by the Keysight, Oscilloscope
DSO-X 3012A) and the short circuit current (measured by
the Keithley DAQ6510) of PBTNG device are V,~171.8 V
and Ig-~11.7 pA, respectively, shown in Fig. 6(a) and (b).
The non-uniform patterns of the peak values of V5. under
periodic finger imparting and releasing are obtained due
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to the inconsistent strain applied on the energy harvesting
device at the time of the manual finger impartation. Figure
6(e) displays the single peak of the output voltage. This
figure describes the appearance of the positive peak when the
strain is applied on the device and after recovering the strain,
the device returns to its original state, then eventually a nega-
tive peak appears. The output performance of the PBTNG
device is further verified at different frequency ranges of 1
to 6 Hz under periodic finger impartation. The frequency
dependent output performance graph of PBTNG device is
shown in Fig. 6(d). The maximum output voltage (~171.8 V)
is obtained at 5 Hz frequency which is near about two times
higher than the obtained highest output voltage (~89.6 V) at
1 Hz frequency. The output voltage of PBTNG device can
be calculated with the help of the following equations [54]:

_ o xx()
Voe = e )
xmax
x(t)=vxtlt< T) 6)

where V- =output voltage; o =charge density of the sur-
face; x(f) =distance b/w two positive and negative triboelec-
tric layers; &, =vacuum permittivity; v =average velocity;
Xnax = Maximum distance between triboelectric layers. With
the increase of the frequencies, the velocity of the applied
force also increases. Thus, the output voltage of PBTNG
device increases with the increase of frequencies and
gradually rises up to 5 Hz. Thereafter, the output voltage
decreases by increasing the frequency. The reason behind
this is obtaining very small compression cycle at very high-
range frequencies. Therefore, the PBTNG device cannot
come back to its original state completely. For this reason,
the x(#) value and V- value are reduced with increasing
frequency from 5 Hz.

The load capacity of fabricated device is investigated by
varying the different external loads. The PBTNG device
generates different instantaneous power densities by vary-
ing the resistance value of the resistors from 10° to 10° Q.
Figure 6(f) exhibits the power density vs. resistance graph.
The power density is calculated from the following equa-
tion [45]:

V2
TR XA @

where V is the output voltage of the PBTNG device, R, is
the load resistance, and A is the effective surface area of the
PBTNG device. In this present work, the effective surface
area (A) of the device is 0.022x0.011 m?. The maximum
generated power density of PBTNG device is 2.03 W/m?
at 107 Q. Comparing the output performance of the PTNG
(piezoelectric thin (PBi) film is absent) with PBTNG device,
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the fabricated device (PBTNG) exhibits higher output volt-
age which confirms the effective contribution of the piezo-
electric thin film, shown in Fig. S6(a). Additionally, the
sensitivity of PBTNG device has been calculated by using
the following equation [51]:

S =AV/AP ®)

where AV and AP represent the changes in the output volt-
age and externally applied pressure. The sensitivity of
PBTNG device is 4.1 V/kPa up to the pressure region of
4.7 kPa, which is generated by dropping various masses rub-
ber balls, shown in Fig. 6(g).

5.1 Electricity generation from different body
movements and low frequency range
mechanical energy resources

The fabricated device (PBTNG) has the capability to detect
different body movements and small range mechanical
energy and convert them into electrical energy directly,
shown in Figs. 7 and 8. PBTNG device can produce out-
put voltage easily from different body movements like heel
and foot pressing, single finger tapping, etc. Figure 7(b)
and (e) shows the excellent output performance of device
when attached it with heel and foot. At the time of heel
and foot pressing, the observable output voltages are 52 V
and 15 V. These results describe that the generated output
voltage is higher during heel pressing compared to the foot
pressing. The contact area of heel or foot with the device is
responsible for this phenomenon, i.e., higher contact area
with the PBTNG device leads to higher output voltage.
As a result, heel pressing gives us higher voltage than feet
pressing. The output performance of the PBTNG has been
also performed under the single finger tapping. The gen-
erated output voltage during single finger tapping is 40 V,
which is shown in Fig. 7(a). The sensitivity of the single-
electrode bismuth selenide—based triboelectric nanogen-
erator (SBTNG) (consisting of PBi thin film, Al electrode
and PDMS film) is checked by dropping coins on the upper
surface, and it shows high sensitivity value of 20.2 V/kPa
at low pressure region (less than 0.5 kPa), shown in Fig.
S6(b). This sensitivity value helps SBTNG device in har-
vesting low frequency range of mechanical energy sources
like touching, keypad typing, writing, running external CD
drive, etc. When SBTNG device is attached with the wrist,
it shows very good output voltage, shown in Fig. 7(c). The
magnified view of this graph describes that after touching
with wrist, the SBTNG device detects the blood pressure of
human body. This pressure is divided into two parts: one is
systolic pressure and another is diastolic pressure. During
the blood flow, the systolic pressure and the diastolic pres-
sure provide the peak and the drain of the pulse wave [45].
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Fig. 7 Output voltage produced by PBTNG device from a single finger tapping, b feet tapping, and e heel pressing. ¢ Monitoring the heart beat-
ing of human body by attaching SBTNG device on the wrist. d Enlarged view of the generated peaks during heart beats

The SBTNG device detects this pulse pressure which is aris-
ing from the alternation of the systolic and diastolic pressure
quickly and generates output voltage, shown in Fig. 7(d).
Thus, fabricated device is very much sensitive and can be
used in various medical equipment.

Besides this, SBTNG device has the capability to per-
ceive another low-range mechanical energy which is gener-
ated during writing some words on the upper surface of the
device. A paper sheet has been placed on the surface of the
device and wrote some English letters on it; the SBTNG
can harvest the mechanical energy from this writing process
and generate some electrical energy, displayed in the output
voltage vs. time graph in Fig. 8(c), which describes that the
SBTNG devices show output voltage near about 0.5 V at the
time of writing condition.

During stopped writing condition, no peak is observed in
Fig. 8(c).Thus, SBTNG can be used as self-powered hand-
writing pad to identify signature. Moreover, the negative
part of PBTNG device is attached with the space bar of the

keyboard to catch the mechanical energy during keystroke.
At the time of striking the space bar, each keystroke gen-
erates huge amount of mechanical energy and the device
successfully coverts them into electrical energy easily. The
generated output voltage of SBTNG device during keystroke
is 2V, as shown in Fig. 8(a). Hence, SBTNG can be utilized
as the self-powered keyboards, keystroke speed recorder sen-
sor, etc. External CD drive gives the vibrational energy at
very low frequency range during running condition, and fab-
ricated SBTNG device is highly sensitive and quite efficient
to recognize this vibrational energy. During running condi-
tion, it can easily covert this vibrational energy into electri-
cal energy and generate output voltage near about 200 mV.
Figure 8(b) shows the output voltage vs. time graph of the
CD drive at running conditions. Beside this, the fabricated
SBTNG device has the ability to covert mechanical energy
into electrical energy which is arising by clicking the mouse
continuously. The generated output voltage is 1.8 V during
mouse clicking condition, which is shown in Fig. 8(d).
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5.2 Realistic applications of PBTNG nanogenerator

The realistic applications of piezoelectric thin film—based
triboelectric nanogenerator (PBTNG) have been investi-
gated by charging capacitors and illuminating blue light-
emitting diodes (LEDs). The PBTNG device is connected
with bridge rectifier to charge the capacitors under periodic
finger impartation. Figure 9(a) illustrates the capacitor
charging graph which shows that the fabricated device has
the capability to charge 1 uF, 2.2 uF, and 4.7 pF capacitors
up to 3.97 V, 2.20 V, and 1.19 V within 60 s. Along with
this, Fig. 9(a) also describes that with the increasing value
of capacitance, the saturation voltage decreases gradually.
Furthermore, the energy storage capacity of three capacitors
has been measured. The energy (E) accumulated into the
capacitors can be calculated by the following equation [55]:

E= %CVZ ©)

where C=capacitance value of the capacitor and V=voltage
on the capacitor.

@ Springer

The amount of the energy accumulated in the three
capacitors (1, 2.2, and 4.7uF) is shown in Fig. 9(c). The
closer inspections of Fig. 9(c) describe that the capacitor
having smaller capacitance value has larger energy storage
capacity, which means 1 uF capacitor can accumulate larger
amount of energy compared to the other two capacitors (2.2
and 4.7 pF). The amounts of energy accumulated in the 1,
2.2, and 4.7 uF are 7.88, 5.32 and 3.3 2 pJ, respectively.
Thus, PBTNG device can be utilized to power up portable
electronic gadgets. Apart from this, the fabricated device
also has the potential to charge up transparent blue light
emitting diodes (LEDs) under continuous finger impartation
and heel pressing. The power generated from the PBTNG
device can illuminate 84 blue LEDs under the periodic fin-
ger impartation and 30 blue LEDs under the heel pressing by
connecting them in the series combination through a bridge
rectifier, shown in Fig. 9(d) and (e). The durability of fab-
ricated PBTNG has been investigated for 7 months and the
device exhibits near about same output voltage throughout
the whole time period, shown in Fig. 9(f).
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6 Conclusion

In this present work, the arch shaped, self-powered,
and wearable piezoelectric thin film with bismuth sele-
nide based triboelectric nanogenerator, named as PBTNG,
has been fabricated with the help of nanoporous Bi,Se;
and PVDF based piezoelectric thin (PBi) film, PVA
thin film, PDMS and aluminum electrodes. The cou-
pling effect between piezoelectricity and triboelectricity
enhances the output performances of fabricated triboelec-
tric nanogenerator. The PBTNG device converts different
forms of mechanical energy into electrical energy easily.
The single electrode bismuth selenide based triboelectric
nanogenerator, named as SBTNG, exhibits high sensitiv-
ity (20.2 V/kPa) at low pressure region (< 0.5 kPa) which
helps SBTNG to catch the small biomechanical energy
generated by various body movements and convert them
into electrical energy. Besides, the extra advantage of
using this SBTNG device is that it can harness electrical
energy from small scale range energy sources like keypad
tapping, mouse clicking, writing on device, vibration of
external CD drive at running mode etc., and each and
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every case shows very good output performance. The
wearable and self-powered PBTNG device generates out-
standing output voltage (V(;c) which is near about 171.8 V
and short circuit current (/gc) near about 11.7 A at 5 Hz
frequency under continuous finger impartation (near
about 11.7 N). The maximum power density produced
by PBTNG device is 2.03 W/m? at 10’ Q. The PBTNG
device also produces very good output voltage during heel
pressing which has been utilized to illuminate 30 num-
bers of blue LEDs. The realistic importance of PBTNG
device has been examined by charging three different
capacitors within a short time span and lighting up 84
numbers of blue LEDs under periodic finger impartation.
The device exhibits long term durability for 7 months by
generating almost the same output performance through-
out this period. The piezoelectric thin film with bismuth
selenide based triboelectric nanogenerator (PBTNG) can
be used in various versatile applications like weight sen-
sor, mechanical and biomechanical energy harvester, blood
flow sensor, etc. Furthermore, the device can be utilized
as self-powered handwriting identifier, keystroke sensor
and recorder, vibrational energy sensor, etc.
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With applications in robotic technology, human-machine interfaces and healthcare unit, the self-
powered wearable triboelectric nanogenerator has the ability to detect different physical parameters.
These aspects continue to be incredibly exciting for the researchers. Herein, a self-powered, skin-
attachable and flexible triboelectric nanogenerator (EPMTNG) is designed with a charge generating layer
using micro-patterned BaTiOsz@Ecoflex (EBTO) nanocomposite, nanofibrous trapping layer with 2D
MoTe, and carbon tape as a charge collecting layer. Furthermore, charge recombination becomes the
significant issue, which not only reduces the surface potential but also diminishes the output
performance of TENG. For this, a 2D transition metal dichalcogenide (MoTe,) incorporated PVDF
nanofibrous (PM5) layer is introduced as a charge trapping layer to prevent the charge recombination
and improve the output performance of the device. Additionally, the incorporation of 2D MoTe,
nanoparticles reinforces the polarization effect by gathering more charge carriers and improves the
dielectric property and conductivity of the device. To establish our concept of inclusion of an
intermediate trapping layer in EPMTNG, a theoretical simulation model has been prepared confirming
the rise of surface potential and output voltage in the presence of the trapping layer. Along with this,
a surface modification technique has been resorted to create surface roughness and improve the
output performance of EPMTNG. Thus, the intermediate trapping layer and micro-patterned
nanocompositebased EPMTNG device generate a colossal output voltage of 319 V and an instantaneous
power density of 2.9 W m~2 under an axial pressure of 12 N. Also, the high sensitivity (32.5 V kPa™?) of
the device at low-pressure region assists in successfully detection of robotic gestures, including artificial
finger bending and objects gripping. Moreover, the flexibility and skin attachable properties encourage
the EPMTNG device in tracking human physiological signals coming from blood flow, glottis movement,
neck up down, wrist bending, etc., and monitor the wireless transmission of these signals. Therefore, the
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i Electronic supplementary information (ESI) available: Flexibility and weight of
the EPMTNG device; synthesis method of BaTiO; (BTO); synthesis method of 2D
MoTe, (MT) nanoparticles; thickness dependent output performance and twist-
ing test of the EPMTNG device; calculation of applied force of EPMTNG; electrical
properties of charge generating and charge trapping layer; monitoring swallowing
and speaking ability of the device; circuit diagram of LED illumination and
capacitor charging; effect of surface modification of EBTO nanocomposite on
output performance; theoretical investigation of the effect of PM5 layer in charge
loss; table of crystalline size and other parameters of BTO nanoparticles; table of
crystalline size and other structural parameters of MT nanoparticles, table of
comparison between EPMTNG device and previously reported 2D materials and
nanofibers based TENGs; video of illuminating LEDs. See DOI: https://doi.org/
10.1039/d3tc03822j
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In the era of the Internet of Things, flexible, self-powered, and
skin-attachable wearable electronic devices have gained tre-
mendous attention due to their versatile utilizations in the
field of robotics technology, human-machine interfaces, bio-
medical applications and healthcare units."” The main advan-
tages of using these skin-attachable wearable devices are the
detection and monitoring ability of different physical para-
meters, such as pressure, strain, sensitivity, and temperature.
Along with this, these skin-attachable devices also have
the capability to detect multiple stimuli at a single time.®™®
Moreover, there have been some limitations in the use of
conventional energy storage equipments, like daily charging
requirements, large dimensions etc., which restrict in long-term
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use and also unable to match the required power demand.
To overcome these issues and fulfill the power demand, self-
powered and wearable energy harvesting devices have been
utilized.® Among the different types of energy harvesting
devices, triboelectric nanogenerator (TENG) is the most suita-
ble and promising candidate in energy harvesting techniques
by converting waste mechanical energy into electrical energy.
Generally, the fabrication of TENG depends on four basic
components, i.e. charge generating layer, charge trapping layer,
electrode layer and charge storage layer." Among them, the
charge generating layer and charge trapping layer play impor-
tant roles in improving the output performance of TENG.
However, the working performance of TENG depends on the
coupling effect of generated triboelectric charges and induced
electrostatic charges. Although, several techniques have been
used to improve the power of TENG by inducing more tribo-
electrification in the charge generating layer, for example,
selecting triboelectric materials from triboelectric series, chemical
modification, using micro-structured materials etc.'>** Along with
this, the utilization of functional substances with nanomaterials is
a new technique to improve the power of TENG.'® Rajagopalan
et al. introduced a quasi-equilibrium state (made of nylon and
aluminium oxide), which helps in better contact electrification
processes and exhibits high output performance of fabricated
TENG."® Moreover, Li et al. used BaTiO,/polyimide nanocompo-
site to enhance the output performance of TENG.'* But charge
recombination takes place in the abovementioned studies, dimin-
ishing the surface charge density and yielding low output perfor-
mance of TENG. Generally, when the charge generating layer and
electrode layer get in contact with each other, an electrostatic
potential is generated between them. As a result, due to the
electric field, the surface charges of the charge generating layer
drift easily towards the electrode layer and combine with the
opposite charges which is induced on the electrode layer." For
this reason, charge recombination happens between the generat-
ing and electrode layers. This charge recombination directly
affects the output performance of TENG by reducing the surface
charge density. To overcome this problem, an intermediate layer
has been placed between the charge collecting layer and electrode
layer.’® This intermediate layer not only traps the electrons but
also enhances the output performance of TENG. Recently, poly-
mer nanocomposites by incorporating 2D materials prove itself a
potential candidate as intermediate layer by preventing charge
recombination and enhancing the performance of TENG."” More-
over, 2D materials like MXene, reduced graphene oxide (rGO),
transition metal dichalcogenides (TMD), black phosphorous, etc.
have a large surface area, accelerating more charge accumulation
and resulting in better output performance.'® Along with the
intermediate layer, surface modification also plays an important
role to improve the performance of the TENG. Few pioneer works
have been reported on surface modification processes, which
include Cg, functionalized polyimidebased TENG by Lee et al.'®
and cation functionalized nanogenerator by Jae Park et al* to
enhance the output performance. But there are some drawbacks
of utilizing these processes such as air breakdown, highcost
fabrication process, low durability etc.’ Thus, surface modification
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is required. In this work, our aim is to modify the surface and
design charge generating and intermediate or trapping layers.
To fulfill this aim, nanocomposite has been introduced. The
benefits of using nanocomposites in TENG are their large surface
area and controllable morphology, and the fabrication process is
very simple.”’*® Moreover, the introduction of functional sub-
stances into the nanocomposite helps in surface modification and
increases the surface potential, directly enhancing the triboelec-
tric charges.'® Additionally, the large phase interaction between
inorganic additives and polymer chains inside the nanocomposite
improves the trapping ability of materials and prevents charge
recombination.**>°

2D materials, especially transition metal dichalcogenides
(TMDs), have excellent physical and structural properties,
such as high in-plane conductivity, strong spin-orbit coupling,
large magneto-resistance, large surface area, thermal stability,
porosity etc.”’° Owing to these properties, 2D TMDs have
broadened their utilization in versatile applications like energy
storage and conversion, catalysis, hydrogen evolution, waste
water purifications etc.*'** Amidst all 2D TMDs, molybdenum
ditelluride (MoTe,) is one of the compelling and barely
explored material. It has semimetallic properties and topologi-
cal electronic states.>*” Moreover, MoTe, can be synthesized
in both semimetallic (1T’) and semiconducting (2H) phases, as
the energy gap between these two phases is very minimal (near
about 40 meV). Also, layer-structured, semiconducting MoTe,
exhibits a direct band gap of 1.1 eV.>”*° These properties make
it a potential choice in the field of electrical and optical
applications.*® Moreover, the excellent structural properties,
large surface area, high-in-plane conductivity, and large spin-
orbital coupling of MoTe, assist in creating conducting chan-
nels inside the nanocomposite and promoting charge trans-
portation. This further helps in enhancing the trapping depth
and restricting the recombination of triboelectric charges and
induced charges.>**° Furthermore, by applying an external
force, the inversion symmetry in the odd layer of MoTe, is
broken, which helps in inducing polarization inside the
material.*’™*? Thus, incorporating this material in the polymer
matrix induces more polarization and enhances the trapping
ability of the material.***?

In the present work, we have designed a wearable, flexible,
and skin-attachable triboelectric nanogenerator (EPMTNG) by
using charge generating layer, charge trapping layer and carbon
tape. Here, the BaTiO; (BTO) incorporated Ecoflex nanocom-
posite (EBTO) with micro-pattern serves as a charge generating
layer. Moreover, the incorporation of BTO nanoparticles
increases the surface potential and induces more triboelectric
charges, which further helps in enhancement of output perfor-
mance of the device. However, charge recombination occurs
between the EBTO layer and carbon tape, which results in low
output performance. To overcome this problem, 2D MoTe,
(MT) incorporated PVDF nanofibers (PM5) have been inserted
between the EBTO layer and carbon tape. The PM5 nanofibers
not only serve as an intermediate trapping layer but also
prevent the charge recombination process. This leads to the
increment of the output performance of the device. The presence

This journal is © The Royal Society of Chemistry 2023
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of an intermediate trapping layer in the fabricated device is
further established by using a theoretically simulated model.
Moreover, our fabricated EPMTNG device generates an outstand-
ing output voltage of 319 V and a power density of 2.9 W m™>
under periodic finger impartation. Owing to the high sensitivity at
a low-pressure region, the fabricated device easily detects different
human physiological signals. These physiological signals include
wrist bending, elbow movements, blood flow, vocal cord move-
ment, etc. Moreover, the device has the ability to monitor robotic
gestures. Also, the practical utilization of the device is monitored
by capacitor charging and LEDs illuminating performance.
Therefore, the EPMTNG can be used in health care monitoring
and robotics applications.

2. Experimental section

2.1. Fabrication of micro-patterned BaTiO;@Ecoflex
nanocomposite

The nanocomposite was fabricated by applying simple solution-
casting method. At first, 1 g of Ecoflex-A and 1 g of Ecoflex-B
were measured in a Petri dish and the two solutions were mixed
very well for 10 minutes. After mixing the two solutions,
0.5 wt% BaTiO; (BTO) was added to the mixed solution and
stirred thoroughly at 500 rpm for 5 minutes. Thereafter, the
final solution was cast on a 3D-printed rectangular mould to
create roughness on the surface. After that, the rectangular
mould was kept at room temperature (25 °C) for 9 h to cure the
solution. After curing the solution, the sample was peeled off
carefully and we finally obtained the BaTiO; incorporated
Ecoflex nanocomposite with a micro-patterned surface and
named as EBTO. Fig. 1(a) represents the schematic illustration
of the fabrication process of the EBTO nanocomposite.

(a):::f\ Ec.,nﬁ matio, /3o

— \\.;.fo‘ ...
L D Ll |
3D printed mold

(b)

View Article Online

Paper

2.2. Formation of MoTe, (MT) incorporated PVDF nanofibers

The electrospinning technique was utilized to fabricate the
nanofibers. First of all, stock solution was prepared by dissol-
ving 12 wt% PVDF in 6 ml DMF and 4 ml acetone mixture and
kept under stirring conditions (400 rpm) for 3 h at 60 °C. The
required amount (1, 5, 10 wt%) of synthesized MoTe, nano-
particles was added to the prepared PVDF, DMF, and acetone
solution and placed on the stirrer for another 3 h at the same
temperature (60 °C). Moreover, the addition of nanoparticles
transformed the transparent colour of the solution into black-
ish colour. In the next step, the blackishcoloured solution was
sonicated for 15 minutes and we obtained the stock solution
which was used in the electrospinning process.

A 10 ml syringe with a diameter of 8 mm was taken and
filled with the prepared stock solutions. Thereafter, the stock
solution-loaded syringe was placed in a syringe pump and the
electrospinning process was performed by adjusting some
parameters, including temperature (25 °C) and humidity
(40%). To extract the solution by pump, the flow rate was
adjusted to 0.4 ml hour '. Moreover, the distance between
the needle of the syringe and the collector plate (Al foil) was
maintained at 14 cm throughout the fabrication process of the
nanofibers. Along with this, the nanofibers were fabricated at a
12 kV high voltage condition and extracted from the collector
plate (Al foil). To recognize the nanoparticleincorporated nano-
fibers, we have named the 5 wt% MoTe, loaded nanofibers as
PM5. The fabrication process of nanofibers is depicted in
Fig. 1(b).

2.3. Fabrication of EPMTNG device

Our fabricated triboelectric nanogenerator (EPMTNG) is made
of three layers: the charge generating layer, charge trapping

\ \
ooy

A A\ Pyramid shape
C] BTO@Ecoflex (Charge generating layer)

@ MT/PVDF nanofiber (Intermediate layer)

- Carbon tape (Charge collecting layer)

Fig. 1 Graphical representation of the fabrication process of (a) micro-patterned EBTO nanocomposite and (b) PM5 nanofiber. (c) The design of the

fabricated EPMTNG device.

This journal is © The Royal Society of Chemistry 2023
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layer and charge collecting layer. Here, BaTiO;@Ecoflex nano-
composite serves as a charge generating layer. For the charge
trapping layer, we have selected MoTe, incorporated PVDF
nanofibers. Carbon tape has been used as the charge collecting
layer. Initially, nanofibers were prepared and affixed to the
carbon tape. Thereafter, BaTiO; incorporated Ecoflex solution
was cast on the other side of the nanofiber. Then, a 3D printed
plate was attached to the upper surface of the BaTiOs;@Ecoflex
layer and the whole system was kept at room temperature
(25 °C) for 9 h to dry the Ecoflex solution. After completing
the drying process, the 3D printed plate was peeled off from the
upper surface of the Ecoflex layer and a copper wire was
connected between the carbon tape and nanofibers to investi-
gate the electrical performance. The dimension of the fabri-
cated EPMTNG device is 4.4 cm x 2.5 cm. Fig. 1(c) exhibits the
graphical representation of the fabricated device.

2.4. Characterization techniques

The structural and morphological properties of the synthesized
nanoparticles and fabricated nanocomposites are examined by
X-ray diffraction (XRD; Model-D8, Bruker AXS Inc., Madison,
WI) and field emission scanning electron microscopy (FESEM;
INSPECT F50). The EDS spectra and elemental colour mapping
of the charge generating and intermediate layers are performed
by Zeiss Gemini SEM 500. The electroactive phase formation of
the intermediate layer is investigated by Fourier transform
infrared (FTIR) spectroscopy (FTIR-8400S; Shimadzu). The elec-
trical properties of charge generating and intermediate layers
are investigated by a digital LCR meter (Agilent, E4980A). The
output performance of the EPMTNG device is investigated by a
Digital Oscilloscope (RTB2002).

3. Results and discussion

The structural and morphological properties of the charge
generating layer and charge trapping layer have been analyzed
by X-ray diffraction peaks, FTIR spectra and FESEM images.

3.1. Charge generating layer

BTO incorporated Ecoflex (EBTO) nanocomposite represents
the charge generating layer. The synthesis procedure of BTO
nanoparticles is elaborated in the ESIL.{ The characteristic XRD
peaks at 260 = 22.2°, 31.1°, 38.8°, 45.5°, 56.1°, 65.7°, 70.3°, and
74.7° confirm the formation of BTO nanoparticles."* The
FESEM image exhibits the spherulite microstructure of nano-
particles. The XRD peaks and FESEM image of BTO nano-
particles have been shown in Fig. S2(a) and (b) (ESIY).
Moreover, the crystalline size (D) of nanoparticles is calculated
from the XRD peaks using the Scherrer formula,

K
Y

where / represents the wavelength of X-ray, f§ is the full width at
half maximum (FWHM) of peaks, and k is the crystalline shape
constant whose value is 0.9. The calculated average crystalline
size of BTO nanoparticles is 9.4 nm. The table related to this
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calculation has been inserted in the ESI.{ Thus, we have
incorporated BTO nanoparticles into the Ecoflex polymer,
named the nanocomposite as EBTO, and investigated the
structural and morphological properties. Fig. 2(a) shows the
XRD peaks of pure Ecoflex and EBTO nanocomposite. In
the case of pure Ecoflex, the characteristic peaks at 12.7° and
21.6° are observed, whereas, in the case of the EBTO nanocom-
posite, an additional characteristic peak at 30.8° has been
noticed, which occurs due to the BTO nanoparticles and also
confirms the presence of BTO in the EBTO nanocomposite.'*"®
The surface morphology of the EBTO nanocomposite has been
investigated by FESEM images. Fig. 2(b) exhibits the morphol-
ogy of the nanocomposite. Furthermore, EDS spectra and
elemental color mapping are performed to verify the atomic
weight percentage and distribution of elements inside the
nanocomposite. Fig. S5(a) (ESIt) reveals the atomic weight
percentage of individual elements, silicon (Si), barium (Ba),
titanium (Ti), and oxygen (O), which are present in the fabri-
cated EBTO nanocomposite. The distributions of these ele-
ments are further verified by the colour mapping image,
shown in Fig. S5(b) (ESIT). This confirms the homogeneous
distribution of these elements inside the nanocomposite and
concludes the successful fabrication of the EBTO nanocomposite.
Furthermore, FESEM image has been captured to investigate the
surface roughness of the device after 10 000 cycles (Fig. 2(f)). From
the images, it can be seen that the micro-patterns of the EBTO
layer remain almost the same after 10 000 cycles, and no damage
is observed.

3.2. Charge trapping layer

The charge trapping layer consists of MT nanoparticle-incor-
porated PVDF nanofibers. The synthesis method of MT nano-
particles has been elaborated in the ESI.¥ The XRD peaks of MT
nanoparticles are depicted in Fig. S3(a) (ESIT). The diffraction
peaks at 23°,27.5°,40.4°, 49.6°, and 56.9° are well matched with
JCPDS file no. 01-073-1650. Some additional peaks at 38.1°,
43.2° and 45.8° attribute due to weaker Te rings and also match
with JCPDS file no 01-079-0736.%° Thus, the XRD peaks confirm
that synthesized nanoparticles are MoTe, (MT). The crystal-
line size of the synthesized nanoparticles has been measured by
the Scherrer equation. The average crystalline size of MT
nanoparticles is 30.2 nm. The surface morphology of MT
nanoparticles has been investigated by FESEM, as shown in
Fig. S3(b) (ESI{). From the FESEM image, we can observe the
layered structure of MT nanoparticles, which also confirms that
the synthesized nanoparticles have a 2D structure. Further-
more, we have incorporated these 2D MoTe, nanoparticles into
the PVDF matrix and fabricated PM5 nanofibers. The structural
properties of PM5 nanofibers have been examined through
XRD and FTIR spectra. Fig. 2(c) represents the diffraction peaks
of the nanofibers, where the characteristic peaks are at 20.3°,
27.3° 38.1° and 40.4°. Among them, the last three peaks appear
due to the presence of MT nanoparticles within the nano-
fibers. The first characteristic peak at 20.3° arises due to the
nucleation of the f-crystalline phase within the PM5 nano-
fibers and also denotes the crystalline planes (110) and (200).

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) The X-ray diffraction peaks of pure Ecoflex and EBTO nanocomposite. (b) FESEM image, (c) the characteristic diffraction peaks of PM5
nanofibers. (d) FESEM image of PM5 nanofibers. (e) FTIR analysis of pure PVDF and PM5 nanofibers. (f) Surface roughness of the EBTO nanocomposite

after 10 000 cycles.

The formation of this B-phase is occured due to electrostatic
interactions between MT nanoparticles and the PVDF matrix,
which helps in the conversion of the o-crystalline phase to
B-crystalline phase. The nucleation of the B-phase inside the
PMS5 nanofibers is further confirmed by FTIR analysis depicted
in Fig. 2(e). From literature reviews, the absorbance peaks of
pure PVDF at 487 cm ™' (due to CF, wagging), 531 cm™ " (due to
CF, bending), 616 and 764 cm ™' (due to CF, and skeletal
bending), 796 and 976 cm ™' (due to CH, rocking) are observed,
clearly indicating the presence of a non-polar o-crystalline
phase. By incorporating MT nanoparticles into the PVDF
matrix, the non-polar a-phase disappears and the B-crystalline
phase rises. From Fig. 2(e), the observable absorption peaks at
445 em™" (CF, and CH, rocking), 479 cm™" (CF, deformation),
510 cm ™' (CF, stretching), 600 cm ™' (CF, wagging), and 840
em ™' (CH, rocking, CF, and skeletal C-C stretching) clearly
point out the presence of a polar electroactive B-phase. This
B-crystalline phase of PM5 nanofibers improves the polariza-
tion effect and enhances the dielectric properties. Moreover,
the amount of the B-phase content inside the nanofiber has
been calculated using the Lambert-beer law,

_ Ap
P E
K,) T

This journal is © The Royal Society of Chemistry 2023

where F(f3) is the fraction of B-crystalline phase content, 4, and
Ag are the absorbance values at 764 em™' and 840 cm ™Y,
respectively. K, and K; are the absorption coefficients at
764 and 840 cm ™', whose values are 6.1 x 10* cm? mol™" and
7.7 x 10* ecm? mol *, respectively.**”*> So, the calculated F(f)
value of PM5 nanofibers is 93%. The surface morphology of
PM5 has been investigated by FESEM, which indicates the
nanofibrous morphology, as depicted in Fig. 2(d). Also, the
EDS spectra and elemental colour mapping are performed to
examine the atomic weight percentage and elemental distribu-
tion inside the nanofibers. Fig. S5(c) (ESIt) represents the
atomic weight percentage of nanofibers where the presence of
fluorine (F), molybdenum (Mo), and tellurium (Te) is con-
firmed. The homogeneous distribution of these elements
within the nanofibers is further verified by elemental colour
mapping, as depicted in Fig. S5(d) (ESI).

3.3. Working mechanism of the EPMTNG device

The schematic illustration of the working mechanism of the
fabricated EPMTNG device and the influence of the trap-
ping layer on the output performance are depicted in Fig. 3(a)
and (b). The EPMTNG device is designed with three layers,
i.e. charge generating layer, charge trapping layer and charge
collecting layer. In this work, EBTO nanocomposite, PM5
nanofiber and carbon tape serve as the charge generating,
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charge trapping and charge collecting layers, respectively. The
combined effect of tribo-electrification and electrostatic induc-
tion plays an important role in the operating mechanism of the
EPMTNG device. When the human hand gets into contact with
the charge generating layer (EBTO), the EBTO layer generates
negative triboelctric charges due to negative tribopolarity.
On the contrary, the human hand induces positive triboelectric
charges, as shown in step (i) of Fig. 3(a). In the next step,
a relative separation between the human hand and the EBTO
layer takes place. As a result, electrostatic charges are generated
on the charge collecting layer (carbon tape) to balance the
triboelectric charges. Thus, a potential difference develops
between the ground and carbon tape, which further helps in
the flow of electrons from the carbon tape to the ground
through an external load, as depicted in step (ii) of Fig. 3(a).
These electrons continue their flow until the EPMTNG device is
separated completely (step (iii) of Fig. 3(a)). After completing
the separation, the human hand comes closer to the EBTO layer
again, decreasing the positive electrostatic charges generated
on the charge collecting layer (carbon tape). Thus, the electrons
return from the ground to the carbon tape and this flow
continues until the human hand is fully in contact with the
EBTO layer again, as shown in step (iv) of Fig. 3(a). With the
help of this contact separation procedure, the EPMTNG device
generates the output signal periodically.’

Generally, a triboelectric nanogenerator (TENG) consists of
four representative layers: the charge generating layer, charge
trapping layer, charge collecting layer, and charge storage layer.

(i) == (ii)
(iv) == (iii)
Y T
e
oo
(iv) le

() BTO@Ecoflex (EBTO)

() MT/PVDF nanofibera (PM5)
@3 Carbon tape
<44 positive charges

@ = negative charges
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During triboelectrification, the charge generating layer induces
the triboelectric charges, which can drift easily due to the effect
of the driving force of the electric field and combines with the
opposite induced charges generated in the charge collection
layer. As a result, huge charge loss takes place, which reduces
the surface charge density of TENG and diminishes the output
performance of the nanogenerator.'® To overcome the signifi-
cant issue of charge loss and improve the performance of
TENG, a charge trapping layer has been introduced in the
intermediate of the charge generating layer and charge collec-
tion layer. The trapping layer restricts the combination of
triboelectric charges and opposite induced charges and
enhances the output performance of the nanogenerator by
increasing the surface charge density. For this reason, we have
introduced an intermediate trapping layer (PM5) in the design-
ing process of the EPMTNG device. The effect of the intermedi-
ate trapping layer on the output performance of the EPMTNG
device has been elaborated schematically in Fig. 3(b). In the
absence of a charge trapping layer, the generated triboelectric
charges of the EBTO layer get captured inside the trap sites.
This helps in the accumulation of induced positive charges in
the carbon tape, which results in the formation of an electric
field between the EBTO layer and the carbon tape. As the charge
trapping ability of the EBTO layer is very low, the triboelectric
charges, which are trapped in the shallow trap of the EBTO
layer easily drift to the carbon tape in the presence of a weak
electric field and combine with the induced charges. As a result,
huge charge loss takes place, which further results in low

(b) Without intermediate With intermediate
layer layer

High charge
loss

© © Induced charges
@ @ Triboelectric charges

() EBTO nanocomposite
(__] PMS nanofibers

() Carbon tape
Combination of charges

~ o) Triboelectric and induced
charges combine

Blocking the combination

of charges

Fig. 3 (a) Working mechanism of the fabricated EPMTNG device. (b) Graphical representation of the effect of the trapping layer (PM5 nanofibers) on the

output performance.
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output performance. To improve the output performance and
reduce the charge loss, an intermediate trapping layer (PM5
nanofiber) has been inserted between the EBTO layer and
carbon tape. When the PM5 layer is introduced in the EPMTNG
device, the phase interface between MoTe, and the PVDF
matrix serves as efficient trap sites for the rapidly accumulating
triboelectric charges. These trap networks retain the negative
triboelectric charges while hindering the drifting of charges
from the EBTO layer (charge generating layer) to the carbon
tape (charge collecting layer), decreasing the neutralization of
negative tribo-charges and positive induced charges. Moreover,
the addition of MoTe, into the polymer matrix generates the
induced charges under the application of an external field,
owing to the excellent aspect ratio and high conducting proper-
ties of the nanoparticles and increases the Coulomb force,
enhancing the polarization effect. This polarization effect
arranges more capturing networks and then steadily traps the
triboelectric charges by using the deep traps. Furthermore, the
MoTe, nanoparticles strengthen the trapping depth of the tri-
boelectric charges by creating conducting channels inside the
PM5 layer and help in capturing more charges. Thus, the charges
trapped in deep traps depart slowly from the trapping sites and
extend the charge residence time, resulting in a decrement in
charge loss by reducing the charge recombination process. There-
fore, the incorporation of the PM5 layer in EPMTNG assists in the
accumulation of more triboelectric charges on the surface of the
EBTO layer and enhances the output performance of the device by
increasing the surface charge density.'**

3.4. Theoretical investigation of the effect of PM5 fibers on
EPMTNG

The effect of the intermediate trapping layer (PM5 fibers) on the
output performance of EPMTNG has been investigated theoreti-
cally using finite element analysis. Also, a simulation model using
numerical analysis through Python has been prepared for the
comparison of surface potential and output performance of TENG
with respect to presence and absence of the intermediate layer.
For this, fundamental numerical modeling has been applied and
analyzed using Python 3.9 libraries on the Jupyter lab framework.
Moreover, some libraries, including NumPy and Pandas, have
been used in Python to analyze the numerical functions and data
configurations. NumPy helps in numerical operations, including
multidimensional array and matrix, elemental operations, etc.,
and Panda assists in analyzing the organized and structured data
frame. After successfully simulating the data in Python, the
Matplotlib library is utilized to plot the excepted graph using
the simulated data points. In the absence of the intermediate
trapping layer (PM5), the V-Q-x relation of the conductor to the
dielectric type triboelectric nanogenerator will be'®*®
ax(1)

V ==+ () +

dgBTO

ErEBTO
In the above equation, Q is the amount of charge trans-

ferred; S defines the area of EPMTNG; ¢, represents the free

where dy =
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space permittivity; dggro is the thickness of the charge generat-
ing layer (EBTO nanocomposite); ¢gpro represents the relative
permittivity of the EBTO nanocomposite; x(¢) is the distance
between two triboelectric surfaces; ¢ defines the surface charge
density. For an open-circuit condition, Q = 0 that means no
charge transfer process will occur. Therefore, the open-circuit

. X(! . .
voltage will be"” Voc = M. In the presence of the intermedi-
&0
ate layer (PM5) within the EPMTNG device, V-Q-x relationship
will be*®
ox(t)

¥ == o+ (1) + P,

where d, is the sum of the EBTO layer and PM5 layer. That
d, d

means, d() — ZEBTO + OPMS
&EBTO  &rPMS

assumptions are taken which are

(a) The distribution of charges on the surface of triboelectric
layers is uniform.

(b) Triboelectric charges stay only on the contact surfaces.

(c) Measured surface charge density is linearly related to the
surface potential.

(d) The applying force on the device for all cases is the same.

(e) Thickness of the EBTO nanocomposite and PM5 layer are
assumed to be 1 mm and 256 pm, respectively. The highest
capacitance value is considered in the calculation. Areas of the
EBTO nanocomposite and PM5 layer are 1.1 cm?® and 1.4 cm?
respectively. The surface charge densities of TENG with and
without the PM5 layer are assumed to be 3.5 x 10~* C m > and
1.3 x 107* C m?, respectively.

Initially, we have calculated the relative permittivity (e;) of
the EBTO nanocomposite and PM5 layer. As we know, the high
permittivity based layer increases the surface charge density by
inducing more polarization, and ¢, has been measured using

the equation®®
_ dﬁlm CO

o= AS()

Here, dgim stands for the thickness of the EBTO nanocom-
posite and PM5 layer, C, is the highest capacitance value,
A defines the area of the EBTO nanocomposite and PM5 layer,
and ¢, represents the free space permittivity. Thus, the calcu-
lated relative permittivity values of the EBTO nanocomposite
and PM5 layer are 7 and 23 respectively.

Therefore, the high permittivity value of the PM5 layer
assists in inducing a more polarization effect and enhances
the surface charge density of the EPMTNG device. In the
presence of the PM5 layer, the induced high surface charge
density increases the output voltage of the device. The esti-
mated output voltage of the EPMTNG device from finite ele-
ment analysis is 304 V. Without the PM5 layer, the estimated
voltage is 120 V, as shown in Fig. 4(a). Additionally, a diagram
has been presented to investigate the theoretically and experi-
mentally obtained output voltages in the absence and presence
of the PM5 intermediate layer, shown in Fig. 4(b). Moreover, in
addition to the changes in relative permittivity, the value of d,
also changes for both cases (with and without the PM5 layer).

. To simplify the calculations, some
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Fig. 4 (a) Theoretical evaluation of the effect of the PM5 layer on the

experimentally obtained output voltages. Contour plot of surface potential
color bars.

Along with this, the amount of charge transfer (Q) in both cases
is also varied with the surface charge density, as charge transfer
is dependent on the surface charge density and contact area.
In order to investigate the effect of the PM5 layer, the surface
potential has been calculated theoretically using the equation:®

O'Xdo
y=-""0
& X &

where ¢ defines the surface charge density, d, represents the
thickness of layer, ¢, is the permittivity of free space, and ¢, is the
relative permittivity. The estimated results from the simulation
describe that TENG with the PM5 layer has a surface potential of
0.18 V, which is higher than that of the TENG without the PM5
layer (surface potential of 0.064 V). Also, the variation of surface
potential with different distances between the human hand and
device has been mapped in both cases. The simulated data of the
surface potential in both cases are represented in Fig. 4(c) and (d).
The possible reasons behind the enhancement of surface charge
density, surface potential, and output voltage in the presence of
the intermediate trapping layer are (i) prevention of electron decay
with positive induced charges, (ii) capturing more residual
charges in the trap sites of the PM5 layer, (iii) reinforcing the
polarization effect through trapping more charges and improving
the conductivity. This further restricts the charge loss by prevent-
ing charge recombination and enhancing the surface potential.
As a result, the output performance of EPMTNG is increased.
Thus, the theoretical model clearly indicates the prominent
advantages due to the presence of an intermediate layer in the
fabricated device and establishes our proposed concept.
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output performance of EPMTNG. (b) Comparison of theoretically and
during the (c) absence of PM5 layer and (d) presence of PM5 layer, with

3.5. Output performance and electrical properties of the
EPMTNG device

The three layers of the device not only increase the output
performance but also make the device flexible and user-
friendly. The flexibility of the device is shown in Fig. Si(a)
and (b) (ESIt). Also, the weight of the device is measured, which
confirms that the device is lightweight, as shown in Fig. S1(c)
(ESIY). Furthermore, the output performance of the EPMTNG
device has been investigated by connecting the device with
DSO. The wearable and flexible device exhibits 319 V output
voltage under continuous finger tapping conditions with a
generated axial pressure of 12 N. Moreover, the influence of
the intermediate layer is also observed. With the help of the
intermediate layer, the EPMTNG device exhibits 319 V output
voltage, whereas the device generates only 130 V output voltage
in the absence of a charge trapping layer (Fig. 5(a)). The reason
behind the high output is the influence of the trapping layer by
capturing more charges within the trapping sites and increas-
ing the charge storage ability of the device. From Coulomb’s
law, we can see that the electric field (E) among triboelectric (Qy)
and induced charges (Q.) varies inversely to the square of the
distance (r) between triboelectric charges and induced charges,
ie.,

— Ke QlQe

E
72

where K, represents the Coulomb’s constant. When the inter-
mediate trapping layer is absent, a small amount of charge is
trapped at a high electric field. Thereafter, these trapped
charges drift easily and combine with induced charges as the
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Fig. 5 (a) Output voltage of the EPMTNG device by periodic finger pressing (12 N). (b) Magnified outlook of the generated output voltage of our device
during the same axial pressure. (c) Force dependent output voltage of the EPMTNG device. (d) Instantaneous power density with the variation of external
load resistance. (e) Obtaining the output voltage by using different tribo positive materials. (f) Measuring the current densities of four devices (i) Ecoflex
and carbon tape based TENG (ECTNG), (ii) BTO incorporated Ecoflex nanocomposite and carbon tape based TENG (EBTNG,) (iii) EBTO layer, PVDF layer,
and carbon tape based TENG (EBPTNG) and (iv) EBTO layer and MT incorporated PVDF nanofiber (EPMTNG). Sensitivity of the EPMTNG device at (g) low
pressure (up to 0.5 kPa), (h) high pressure (>0.5 kPa) regions. (i) Dielectric constant of the EBTO nanocomposite, PM5 nanofibers, and dual layer.
(j) Stability and (k) durability performance of the EPMTNG device. (I) Measuring the robustness of the fabricated device by bending it over 800 times.

drift velocity (1) depends on the electric field (u = uE)."” That
means, a high electric field induces high drift velocity, which
helps in more charge recombination processes and induces a
low output result. Meanwhile, the presence of a charge trapping
layer increases the distance (r) between the charges and
induces a weak electric field, which reduces the drift velocity
of charges and prevents charge recombination. As a result,

This journal is © The Royal Society of Chemistry 2023

the EPMTNG device generates such high output voltage in
the presence of an intermediate layer (PM5). Moreover, the
enlarged view of the generated output voltage has been depicted
in Fig. 5(b), where a positive peak appears when strain is applied
to the EPMTNG device and a negative peak after recovering
from the strain. The influence of an applied force on the output
performance of the device has been monitored by applying
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different forces on the device, as shown in Fig. 5(c). As we
increase the applied force, the output voltage also increases.
The possible reason is that with the increase in force, the
contact between the two triboelectric layers also increases,
which helps in more charge generation.*®*? In order to explore
the load capacity of our fabricated device, multiple valued load
resistances have been used. The EPMTNG device exhibits
different instantaneous power densities with the variation of
load resistance changing from 10° to 10° Q (Fig. 5(d)). The
power density of the device has been calculated by using

VZ
TR x A

where V represents the output voltage of the EPMTNG device,
R, defines the value of load resistance, and 4 is the surface area
of the EPMTNG device (4.4 x 2.5 cm?).*®> The obtained maxi-
mum power density is 2.9 W m~> at 10’ Q. Furthermore, the
thickness of the charge generating layer (EBTO nanocomposite)
affects the output performance of the triboelectric nanogenerator.
As we increase the thickness of the EBTO nanocomposite, the
output voltage also decreases. The maximum voltage is obtained
for 1 mm thickness, as depicted in Fig. S4(a) (ESIT). The reason
behind this behavior is that the surface charge density reduces
with the increasing thickness of EBTO, which results in lowering
the output voltage. The equation validating this will be

Veoer
g =
d

where V describes the surface potential of the EBTO nanocompo-
site, ¢, represents the dielectric constant of air, ¢, represents the
dielectric constant of the nanocomposite, ¢ defines the surface
charge density of the nanocomposite, and d is the thickness of the
EBTO nanocomposite.'® Thus, it is clearly seen that increasing the
thickness of the nanocomposite decreases the surface charge
density, resulting in low output voltage as

Voc=2c,
where Vo is the output voltage of the EPMTNG device, ¢ is the
surface potential, and A is the surface area of the EBTO nano-
composite, C, defines the capacitance of the device.*® While
measuring the output voltage of the device for more than one
set of values, we get different results. This incident also happens
when measuring the current density. The possible reasons behind
the changes in the results are the errors arising from the external
mechanical force, contact area, contact speed, frequency, etc.>*
Another leading factor of inducing the errors is the separation
distance between the two triboelectric layers. When the separation
distance is deviated from its optimal value, the charge transfer
between electrodes also changes. As a result, we obtain different
output results for the same device. Also, the contact area of the
EPMTNG device is another source of error. Errors in the contact
area result in fluctuations in charge density and provide inaccu-
rate output values. Whenever, we measure the output voltage and
current density for different cases of fabricated TENGs, some
deviations are observed due to the above mentioned sources of
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errors. To improve the reliability, an error bar has been included.
Moreover, the material selection of the positive layer of the
EPMTNG device plays a significant role in the output perfor-
mance. To demonstrate the excellent output performance of the
fabricated device, its output result has been measured using
different positive materials like PVA, aluminum sheet, silk, nitrile
glove, and human hand, as shown in Fig. 5(e). The measured
output voltages using different positive materials like PVA, alu-
minium sheet, silk, nitrile glove, and human hand are 110 + 2.9V,
123 £ 4.2V, 149 £+ 3.5V, 253 + 4.8 V, and 318 £ 3.9 V respectively.
The findings indicate that the performance of the triboelectric
nanogenerator is greatly impacted by the active layer materials and
the human hand generates the maximum output voltage more
than other positive materials as it is an extremely positive tribo-
electric material.” For this reason, we have selected the human
hand as the positive layer in this present work. Furthermore, the
current density of EPMTNG has been measured. Also, the influence
of the trapping layer on the current density has been examined. We
have prepared four devices (i) Ecoflex and carbon tape-based TENG,
named as ECTNG, (ii) BTO incorporated Ecoflex nanocomposite
and carbon tape based TENG, named as EBTNG, (iii) EBTO layer,
PVDF layer and carbon tape based TENG, named as EBPTNG and
(iv) EBTO layer and MT incorporated PVDF nanofiber (charge
trapping layer) based EPMTNG. The measured current densities
of these devices are shown in Fig. 5(f). The measured current
densities of these four devices are 1.6 + 0.2, 3.6 £+ 0.4, 4.5 + 0.3,
9 + 0.4 mA m > respectively. This result indicates that the
intermediate trapping layer improves the current density of
TENG compared to other devices. Generally, in the absence of a
charge trapping layer, some charges of the EBTNG device are
captured in the shallow trap sites of the BTO layer. Thereafter,
these charges drift easily and combine with positive charges of
the carbon tape, resulting in low surface charge density. More-
over, the presence of MT nanoparticles within the intermediate
layer reinforces the polarization effect and prevents charge
recombination. This increases the charge density and enhances
the current density of EPMTNG. This can be mathematically
expressed as

de,

dH d H
Jp = o1 & o

a1 <dso )(deo )+ & (dso )
di|—+:z +z +z
& & &

where Jp, represents the current density and H represents the
function of time associated with the contact frequency. This
equation confirms that the current density is directly propor-
tional to the charge density.'® Thus, we get maximum current
density in the case of the EPMTNG device compared to other
devices. Also, the sensitivity of the fabricated EPMTNG device
has been measured by dropping objects of different masses on the
device. The equation to calculate the sensitivity of the device is

v

SAP

where S is the sensitivity of the device, AV is the change in the
obtained output voltage, and AP defines the change in applied
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pressure.*® The sensitivity of the device at a low pressure region (up
to 0.5 kPa) is 32.5 V kPa™", as shown in Fig. 5(g). In the high-
pressure region (>0.5 kPa), the sensitivity value of the device is
28.1 V kPa™ ', as shown in Fig. 5(h). Furthermore, the stability
performance of the EPMTNG device has been analyzed over 10 000
cycles under the applied mechanical force by a human hand.
Fig. 5(j) exhibits the stability performance of the device, showing
that the device maintains nearly the same output voltage through-
out the whole time period and no such degradation of output
voltage is observed after 10000 cycles. These results confirm the
long-term stability of the EPMTNG device. The durability test of the
EPMTNG device has been performed under the application of
mechanical force by hand. The device exhibits about 314 V output
voltage at 5 Hz frequency. The durability test has been conducted
for 12 consecutive days and the results show that the EPMTNG
device generates nearly the same output voltage throughout the
whole time period and maintains over 98% of the initial output
voltage, as shown in Fig. 5(k). Therefore, the results indicate that
the EPMTNG device has exceptional durability and is suitable for
long-term practical applications. To observe the robustness of the
device, bending and twisting tests have been performed. Fig. 5(1)
shows the bending performance of the EPMTNG device. After
bending over 400 times, the device exhibits the same output voltage
compared to its initial value and maintains 99% of the initial value.
Thereafter, the device has been bent again 400 times more and
maintained 98% of its initial value. The results of the bending test
indicate the very good robustness of the device. Moreover, the
twisting performance of the device is shown in Fig. S4(b) (ESI}).
After twisting the device over 400 times, the device generates almost
the same output voltage and maintains 98% of its initial value. To
investigate the high robustness of the device, we have twisted it 400
times more and obtained nearly the same output voltage, main-
taining 97% of its initial value. Therefore, the bending and twisting
tests of the device exhibit the outstanding robust behavior of the
EPMTNG device. Besides this, the output performance of the
EPMTNG device is compared with the previously reported 2D
materialbased TENGs and nanofiberbased TENGs. The comparison
has been organized in table format and depicted in Table S3 (ESIT).

The electrical properties of the different layers of the fabri-
cated EPMTNG device have been examined by dielectric mea-
surements. Dielectric parameters play a significant role in
enhancing the surface charge density and improving the output
performance of the device. In this present work, we have
prepared three systems, the EBTO layer, PM5 nanofiber, and
dual layer (combining EBTO and PM5), by attaching the copper
electrode on both sides of each system and measuring the
dielectric parameters (for measurement of the prepared three
systems) through an LCR meter by varying the frequency range
from 10 Hz to 1 MHz. Fig. 5(i) exhibits the dielectric constant
values of three systems by varying the frequencies. The relative
dielectric constant can be expressed as ¢ = ¢’ +j¢”, where ¢’ is the
real part and ¢’ is the imaginary part of the relative dielectric
constant. The imaginary part contributes in energy dissipation
inside the dielectric material, whereas the real part indicates
the energy storage capacity of the dielectric substance. The real
part of the dielectric constant can be calculated using this

This journal is © The Royal Society of Chemistry 2023
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mathematical equation ¢’ = (C-d)/(e0A) where C represents the
capacitance value of the respective system; &, is free space
permittivity whose value is 8.85 x 10° "> F m™'; d is the
thickness, and A is the area of the respective systems. For the
EBTO layer, the maximum dielectric constant is found to be
11 at 10 Hz frequency, which is very high compared to the
dielectric constant (~3) of pure Ecoflex. The reasons behind
getting high value of the dielectric constant are the formation
of macroscopic dipoles and microcapacitor networks.’> More-
over, the presence of oxygen (O) inside the BTO nanoparticles
and hydrogen (H) inside the Ecoflex polymer helps in dipole
formation, whereas the microcapacitors are induced between
the nearest fillers (BTO nanoparticles). Each single microcapa-
citor contributes to build the microcapacitor network, which
further leads to high dielectric values.'® Thus, the EBTO layer
shows the maximum dielectric value at 0.5 wt% of BTO.
At higher doping concentrations (1 wt%), the dielectric value
of the nanocomposite reduces due to the attainment of the
percolation limit.® After reaching the percolation threshold, the
interaction between fillers triggers the leakage current to
increase. Additionally, the BTO nanoparticles set up a network
of conductive molecules within the polymer matrix, which
results in shifting from non-Ohmic to Ohmic conduction.®
Due to these possible reasons, the dielectric value decreases at
higher concentrations of BTO, as depicted in Fig. S6(a) (ESIf).
For the PM5 nanofiber layer, the maximum dielectric constant
is found to be 16 at 10 Hz frequency. Thereafter, the dielectric
constant reduces gradually with the increasing frequency value.
This phenomenon is attributed due to the Maxwell-Wagner
interfacial polarization, which occurs while free charge carriers
accumulate at high resistive grain edges. In detail, within the
PM5 nanofiber layer, the edges of the insulated grains separate
the conducting grains, which facilitate in trapping of free
charge carriers and induce dipoles through the grain during
their hopping,** yielding high values of dielectric constant.
Additionally, a fast decrement of dielectric values at highfre-
quency zones has been observed as the dipole orientation
polarization and electronic displacement polarization are
unable to survive with the frequency variation.”® In the case
of a double layer, the maximum dielectric constant is 23 at
10 Hz frequency, which is relatively high compared to the EBTO
layer. The possible reason behind this increment in dielectric
value is the addition of the intermediate layer, which traps
more residual charges in trapping sites. Moreover, the incor-
poration of MT nanoparticles into the PVDF matrix reinforces
the polarization effect of the dual layer and enhances
the number of charge carriers, which improves the dielectric
property.'®

Along with the dielectric value, tangent loss and ac conduc-
tivity of three systems have been observed and shown in
Fig. S6(b) and (c) (ESIt). The EBTO layer, PM5 layer, and dual
layer exhibit low tangent loss. From Fig. S6(b) (ESIt), a low
tangent loss value is observed at a low-frequency region,
whereas an increment of loss value at a higher-frequency region
is visualized. The possible reason behind this phenomenon is
the thermal agitation of the dipoles.** Thus, the high dielectric
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value with low tangent loss of the EBTO layer, PM5 fiber, and
double layer confirms the good storage capacity of the EPMTNG
device.

3.6. Tracking different human physiological signals

The different body parts of the human body exhibit various
characteristics of physiological signals. Owing to high sensitiv-
ity, stretchability, flexibility, and skin compatibility properties,
the EPMTNG device can be used as a self-powered human
physiological signal detector. These properties can have advanced
implications in multiple areas, for example, human-machine
interface, analysis of the performance in different sporting activi-
ties, medical rehabilitation etc.® To track the physiological signals,
we have attached the EPMTNG device to the different parts of the
human body like wrist, neck, throat, and elbow. As the device
has high sensitivity in low pressure regions (32.5 V kPa™" up to
0.5 kPa), it can successfully detect the blood flow in the human
body. When we attach the EPMTNG device to the wrist pulse, the
device exhibits quite high output voltage (nearly 0.7 V) generated
from blood flow, as shown in Fig. 6(a).

Systolic and diastolic are the two main components of blood
pressure, which provide the peak and dip values of the pulse
wave during blood flow.*> Therefore, the fabricated device
promptly detects the alternation of the systolic and diastolic
pressure and generates output signals. From the following

(b),

(
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figure, it can be clearly seen that the EPMTNG device success-
fully detects 12 pulse beats in 10 seconds. That means the total
number of pulse beats detected by our device in 60 seconds will
be 72. This value matches the normal pulse rate of a healthy
person in 60 seconds. Thus, the EPMTNG device may be useful
in the clinical identification of hypertension and heart-related
health problems.>® Moreover, the capability of the EPMTNG
device towards sensing thoracic pressure, generated by the
vibration of the vocal cord at the time of coughing, has been
monitored. The result exhibits that the fabricated device can
detect every action of coughing (made up with opening burst,
noisy airflow, and closing of the glottis) and generates an
output voltage in every action, which is nearly 2 V. The detec-
tion of coughing action is depicted in Fig. 6(b). Therefore, the
EPMTNG device can be utilized to track the airflow process
during coughing and in diagnosing diseases related to cough-
ing like bronchitis, asthma etc.”> In addition, the swallowing
process has been monitored through the EPMTNG device by
affixing it to the throat of the human body. The corresponding
fluctuation in output signal confirms the activity of the throat’s
muscle during the swallowing process, which occurs due to the
opening and closing of the glottis (Fig. S7(a), ESIT). The detec-
tion of the swallowing process is further confirmed by a
short time Fourier transform (STFT) spectrogram, as shown
in Fig. S7(b) (ESIt). Thus, the fabricated device may be helpful
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in the identification of Dysphagia and Odynophagia patients.>
The fabricated device has the capability to sense muscle move-
ments while speaking. At the time of speaking, the stress is
induced due to the vibrations of the vocal cord. The EPMTNG
device converts this stress into electric energy and gives us the
output voltage, which is also confirmed by the STFT diagram,
as depicted in Fig. S7(c) and (d) (ESIt). These results open up
the utilization of the fabricated device in speech therapy.
Moreover, the neck movement of the human body is also
detected by the EPMTNG device. The device successfully detects
the continuous up and down motion of the head and generates
the output signal. During neck movement, the generated out-
put voltage is about 5 V (Fig. 6(c)). The device was further
affixed to synovial joints like the elbow and wrist to monitor the
generated physiological signals. In the case of elbow move-
ments, the EPMTNG device can promptly detect the flexion and
extension of the elbow and convert this generated stress into
an electrical signal, as shown in Fig. 6(d).>” Additionally,
the sensing ability of the device towards the wrist movement
has been investigated. The EPMTNG device expands and emits
rising and falling voltage signals as the wrist bending continuously
occurs from outward to inward (Fig. 6(e)). This response is
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generated due to the combined effect of the wrist joint pressure
and skin deformation.*® Therefore, the fabricated device may
be helpful in the area of sports like monitoring athlete move-
ments and other sporting activities. All these results confirm
the potential utilization of the EPMTNG device towards broad
futuristic applications in healthcare and self-evaluation of
health.

3.7. Robotic gesture detection

Owing to high sensitivity, low thickness, and flexibility, the
wearable EPMTNG device has been utilized in robotic gesture
detection. Firstly, the device is affixed with a hollow cylindrical
object and the different responses of pressure generated by the
full bending of each fingers of an artificial wooden hand has
been monitored. Fig. 7(a)-(e) represents the digital snapshots
of the device being pressed by the five fingers (index, middle,
ring, middle, and thumb). For continuous pressing and releas-
ing of artificial hand fingers, we get individual output
responses from each finger, as shown in Fig. 7(f). Along with
this, the positive peaks and the negative peaks of the generated
output responses are also observed, which are attributed due to
the pressing and releasing effect of fingers. As the generated
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Fig. 7 (a)—(e) Digital snapshots and (f) output responses of five robotic fingers (index, middle, ring, middle, and thumb) at device touching conditions.
(g) Obtaining the output voltage during each finger movement. (h) Output responses and digital images of gripping different objects (rectangular box,
hollow cylinder, and rubber ball). (i) Schematic illustration of the wireless connection of transmitted signal. (j) Displaying the transmitted signal on a laptop

monitor during artificial finger bending.
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forces of the fingers on the EPMTNG device are different, the
obtained output voltages of each finger movement are also
different. During artificial finger bending, the generated error
values are also included with the obtained output voltages of
each finger movement (Fig. 7(g)). Therefore, the index, middle,
and thumb fingers generate 19 + 0.7 V, 18 £+ 0.5 V, and 22 +
0.8 V and the ring, little fingers exhibit 16 + 0.3 V, 17 £ 0.6 V
output voltage respectively. Thus, the flexible and wearable
device can be utilized in robotic surgery and human-machine
interface applications.”® Furthermore, the sensing ability of the
device opens up a new path of utilization in the field of
soft robotic applications. The utilization of the device in soft
robotic applications has been investigated by gripping different
shaped objects. First of all, three differently shaped objects are
selected, which are a rectangular box, a hollow cylindrical
object and a rubber ball. Thereafter, the device is attached to
these respective objects and monitor the responses during
gripping. When the objects are gripped, the device generates
positive peaks and negative peaks occur at the time of releasing
the object, as shown in Fig. 7(h). Also, each differently shaped
object generates different output responses during gripping
and releasing due to different contact areas. Therefore, the
rectangular box generates a high output voltage compared to
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other objects as the higher curvature induces a superior contact
area, which leads to a high output signal.”® Thus, the gripping
ability and object distinguishable capability make the EPMTNG
device a suitable candidate in soft robotic applications. Addi-
tionally, a wireless system has been introduced to monitor the
bending movements of the robotics finger by transmitting the
generated signal to a laptop through Arduino Uno Bluetooth
system. Fig. 7(i) demonstrates the wireless connection of the
transmitted signal. During the bending of the finger, the
EPMTNG device generates an output signal that passes through
a low-pass filter and rectifier module containing a processing
circuit for rectifying the signal. After getting rectified, the signal
is sent to Arduino Uno and also transferred wirelessly to the
laptop via a Bluetooth system. The rectified signals during the
bending motion are clearly displayed in the laptop monitor,
as shown in Fig. 7(j).

3.8. Realistic approach of the fabricated EPMTNG device

To investigate the energy conversion ability and practical utili-
zation of the EPMTNG device in our daily lives, LEDs illumina-
tion and capacitor charging have been performed. The LEDs are
illuminated under a periodic finger pressing condition by
connecting them into a series arrangement with the help of a
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(a) Digital image of illuminating blue LEDs under periodic finger pressing. (b) Charging of capacitors by the EPMTNG device. (c) Energy storage in

three capacitors. (d) Pictorial representation of the wireless connection. Transmitting the generated signals wirelessly during (e) single finger tapping,

(f) vocal cord vibration and (g) glottis movement.
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bridge rectifier. The circuit diagram of LEDs illumination and
charging capacitors has been depicted in Fig. S8 (ESIt). Fig. 8(a)
represents the pictorial image of lighting up blue LEDs. This
figure also depicts the capability of illuminating 140 blue
LEDs of the EPMTNG device under periodic finger pressing.
Furthermore, the fabricated device is wired with a bridge
rectifier to charge up the capacitors under continuous finger
pressing. Fig. 8(b) exhibits the capacitor charging curve, which
clearly indicates that the EPMTNG device is capable of charging
2.2 pF, 4.7 pF and 10 pF capacitors up to 3.9V, 2.5 Vand 1 V
within 75 seconds. Additionally, the capacitor charging curves
illustrate how the saturation voltage gradually reduces with the
increasing capacitance values. Moreover, the accumulation of
energy inside the capacitors during the charging process has
been calculated using

1
E=-CV?
2 b

where E defines the accumulated energy, C describes the
capacitance value, and V defines the voltage on the capacitor.
The total amount of energy gathered in the 2.2 pF, 4.7 pF
and 10 PF capacitors are 16.7 pJ, 14.6 puJ and 6.2 nJ respectively,
as depicted in Fig. 8(c). Thus, portable electronic appliances
can be charged using this EPMTNG device, which has very good
energy conversion and energy storage ability. Along with the
capacitor charging and LEDs illumination, wireless transmis-
sion of the generated signal from the fabricated device has been
visualized. First of all, the device is connected to the processing
circuit to rectify the signal and then passed to Arduino Uno,
which is further transmitted the signal in laptopthrough a
Bluetooth connection. The digital snapshot of the wireless
connection is represented in Fig. 8(d). The wireless transmis-
sion of signals generated from single finger tapping, coughing
and speaking conditions are also monitored. Fig. 8(e) exhibits
the transmitted signals wirelessly during single finger tapping.
The vocal cord vibration and glottis movements are also
monitored. Fig. 8(f) depicts the generated signals from the
vocal cord vibration of a female person at the time of speaking
some words. Each and every vibration is successfully displayed
on the monitor of the laptop through waveforms. Moreover, the
wireless transmission of signals induced from the glottis move-
ment during single coughing has been visualized in Fig. 8(g).

4. Conclusion

The current work expresses the fabrication process and output
performance of wearable and flexible EPMTNG devices. The
designing of the device is made of micro-patterned BaTiO;@
Ecoflex (EBTO) nanocomposite, 2D layered MoTe, incorporated
PVDF nanofibers (PM5) and carbon tape. The idea behind the
utilization of surface modification of the EBTO nanocomposite
is to create the surface area and improve the surface potential.
The micro-patterned structure creates the surface roughness
on the EBTO nanocomposite and assists in the increment
of effective contact area between the human hand and the
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EBTO layer. Therefore, more triboelectric charges are induced
on the surface of the EBTO layer and the human hand. As a
result, potential difference increases during the triboelectrifica-
tion process. This potential difference further helps in enhan-
cing the output performance of the EPMTNG device.
Furthermore, a charge trapping layer (PM5 nanofiber) has been
introduced between the EBTO nanocomposite and carbon tape
to prevent the charge recombination process and enhance the
output performance of the fabricated device. The idea behind
the addition of a charge trapping layer in designing EPMTNG
has been established theoretically using a finite element simu-
lation model, where the values of the theoretically calculated
surface potential and output voltage in the presence of the PM5
layer are clearly indicated the validation of the proposed con-
cept. Under continuous finger pressing (12 N) conditions, the
self-powered and flexible device generates an output voltage of
319 V and a current density of 9 mA m ™~ respectively. Also, the
device exhibits a very good power density of 2.9 W m™ > at 10" Q
under the same axial pressure. Moreover, the effect of PM5
nanofibers on the electrical properties of the device has been
investigated by dielectric measurements. The incorporation
of 2D MoTe, nanoparticles into the PVDF matrix increases
the B-crystalline phase and reinforces the polarization effect
by inducing more charge carriers inside the polymer matrix.
This B-phase nucleation and polarization reinforcement help in
the improvement of the dielectric properties of the device. In
addition to this, the wearable EPMTNG device has high sensi-
tivity (32.5 V kPa™") at low-pressure regions of up to 0.5 kPa.
This high sensitivity value helps in the tracking of different
human physiological signals and transmitting these signals
wirelessly to a laptop. The additional significance of the device
is the detection of robotic gestures. Furthermore, the realistic
utilization of the fabricated device is monitored by illuminating
LEDs and charging different capacitors. Thus, the self-powered
and wearable EPMTNG device can be used in multidimensional
applications, including monitoring sporting activity, speech
therapy, medical rehabilitation, and identification of dysphagia
and odynophagia patients etc. Also, the device has potential
utilization in the field of robotic surgery and soft robotics
applications. Therefore, the fabricated device may be useful
in health care and human-machine interfaces.
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