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ABSTRACT

Nanomaterials exhibit chemical and physical traits that are completely different
from their bulk counterparts, owing to their unique shapes and small sizes. At smaller
sizes, high surface-to-volume ratio, along with quantum confinement occur in material,

which are the main reasons behind the altered properties.

Among various branches of nanomaterials, self-healing nanomaterials are
considered to be very astonishing, as these materials are able to reconstruct their
structures after any damage, just like lizard tail and star fish. These days, the self-
healable materials are being utilized in different devices like sensors, solar cells,
batteries etc., which lengthens the service life of these devices by successfully restoring
their structure after any deformation occurs. There are two different kinds of self-
healing phenomena are realized in practice: (1) Intrinsic self-healing materials, where
the healing is achieved from reversible covalent and noncovalent bonds, and (2)
Extrinsic self-healing materials where an external agent is needed to exhaust the healing

substance into the damaged site.

In this work, the self-healable nanomaterials were combined in different
applications to attain self-healable and self-powered sensing device. The sensors being
devices to realize the changes in some physical variable and gives an output as a
function of that input. Nanogenerators were used to make the devices self-powered, as
these are capable of generating electrical energy from mechanical energies. The self-
healing materials were used to recover the damages occurring in the self-powered

sensing devices due to repetitive application of mechanical stress.

There are six chapters in the thesis and a brief outline of its contents is as

follows:

Chapter 1 comprehends the basic information of the self-healing materials,
along with their types, synthesis techniques, properties and applications in different
fields of nanotechnology. This chapter also focuses on different self-healing materials
along with their healing mechanism. A detailed investigation about the progress in self-
healing materials, and usage of different self-healing materials in different applications

are also included here. This chapter also elaborates different self-powered devices using



nanogenerators. The advantages of self-powered sensors over traditional resistive

sensors are discussed as well.

Chapter 2 includes the preparation of a dual layered photo detector, with the
lower layer containing microcapsules of urea-formaldehyde polymer, encircling a
mixture of Nio2Zno.sFe204 and flaxseed oil, serving as the healing element, while the
upper layer is of Nio2ZnosFe2O4 playing the role of detection element. The
Nio.2ZnosFe204 was prepared using citrate gel method, and the microcapsules of U-F
infused with flaxseed oil and Nio.2ZnosFe2O4 core were prepared by oil emulsion
process. The synthesized materials were investigated using TEM, SEM, FTIR, UV-
visible absorption spectroscopy, TGA and XRD. The healing phenomena was
demonstrated after creating an artificial crack in the dual layered film, and the healing
was confirmed using SEM and EDS analysis. When exposed to visible light, both the
uncracked and healed films exhibited very good response and ~98.5% restoration of the

sensing capability was achieved through healing.

Chapter 3 involves the demonstration of self-healable and self-powered visible
light photo detector. Polyaniline-Polypyrrole (PANI-PPY) nano flakes were used in the
device and it was prepared using low temperature aided oxidative polymerization
method. The formation of the nano flakes is also explained here via thermal scission
and surfactant effect. The nano flakes were tested using SEM, FTIR, XRD, and Raman
spectroscopy in detail. An optical absorption spectra spread in the visible region along
with the optical band gap ~1.85¢V. The detection was performed using TENG as power
supply (maximum voltage ~149 volts, maximum current ~16 pA). With this setup, the
nano-flakes showed a sensitivity of ~2.78 %response/mWcem™. The most novel
characteristic of this research is acetone supported rapid self-restoration presented in
Polyaniline-Polypyrrole (PANI-PPY) nano flakes, showing maximum healing
efficiency ~99.8%.

Chapter 4 comprises of a self-powered, self-healable, and visible light-
enhanced LPG sensor based on PANI-PPY 2-dimensional nano-sheets. The preparation
of PANI-PPY (1:4) was similar to what followed in chapter 3 except the ratio of
monomers. SEM, EDS, HRTEM FTIR, RAMAN, XRD, BET and TGA analysis were
performed to characterize the material. The band gap ~2.02 eV was measured from

Tauc plot using UV-Visible spectrum. The material exhibited brilliant LPG detection
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below its LEL (sensitivity ~52.67 SR/vol.%), when illuminated with visible light of 30
mW/cm? at room temperature. The sensor was operated with TENG (3P) that generated
an output voltage and current of ~142 volt and 80 pA respectively. Self-healing ability
was also successfully introduced in the TENG layer to regain its properties after any

damage. The Maximum healing efficiency of ~99.7% was achieved here.

Chapter 5 deals with a unique, cost-effective, and quick method for the
detection of fluoride ions in water. The detection unit was fabricated with waste
materials like BSR rubber, used polythene bag, and used plastic sheet, validating the
waste to energy conversion ability with maximum output voltage ~242 volts and current
~40 pA. BSR ornamented with Lanthanum doped Polyaniline-Polypyrrole (LaPP)
nanospheres (BSR-La) dispersed in PDMS (PDMS/BSR-La) matrix was used to
prepare one layer of the TENG. The following layer is also self-healable in nature. The
materials were characterized by SEM, EDX, elemental mapping, FTIR, XRD, and UV-
Visible analysis. Using this novel detection unit, a maximum sensor response of 12.10,
% sensor response of 1110 %, and 4.7 uM limit of detection was achieved. The
PDMS/BSR-La nanocomposite confirmed fast healing in ~25 min with a healing

efficiency of 99.9%, which is one of the unique features of this device.

Chapter 6 deals with the summarized results obtained from preparation of all
materials and fabrication of different devices. This chapter also includes the
summarised information of the material characteristics and sensing performances. This
chapter also gives the guidelines for further research work in the field of self-healable

and self-powered sensing devices.
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PREFACE

As the Nanotechnology is progressing, the materials and devices are now becoming
more and more smarter. A single device consists of multiple characteristics and
properties. The present thesis contains such a sensing devices, which are both self-
healable and battery less at the same time. Among various branches of nanomaterials,
self-healing nanomaterials are considered to be very astounding, because these
materials are able to renovate their assemblies after any mutilation. The purpose of
studies presented in this thesis is to assemble various sensing devices like LPG, photo

and chemical sensor, which have both self-rejuvenating and self-powering capabilities.

The present thesis is sectioned into five chapters. Chapter 1 contains
explanation of the self-healing materials, their types, self-healing process, properties
and synthesis method. A thorough literature investigation of previously reported self-
healable materials was also presented in this chapter. Further various synthesis
techniques along with healing mechanism were also described. This chapter describes
various types of self-powered devices based on nanogenerators in which self-
recovering materials are used. Chapter 2 describes dual layered core-shell type
Nio2ZnosFe204@ poly (Urea-Formaldehyde) photo detection sensor, which can
reoccupy its actual sensing performance after damage occurs in its physical structure.
Chapter 3 deals with the 2-D PANI-PPY based self-healable and self-powered visible
light photo detector, which was produced using low temperature aided oxidative
polymerization method. A TENG was used to power the photo sensing film, which is
self-healable via interaction with acetone. Chapter 4 deals with PANI-PPY 2-
dimensional nano-sheets based self-powered, self-healable, and visible light-enhanced
LPG sensor. In this chapter the sensing performance was enhanced via incorporating
visible light in LPG sensing. The healing phenomenon was achieved without using any
external trigger source. Chapter 5 describes a unique, cost-effective, and quick
detection method of fluoride ions in water. A new self-powered technique is used and
validated to detect fluoride ions, using a TENG based device fabricated using hazardous
waste (BSR) coated with Lanthanum doped PANI-PPY, used polythene bag, and used
plastic sheet, which validates the waste to energy conversion ability. Chapter 6
explains with the proportional analysis of all synthesized materials and fabricated
devices. This chapter deals with the summarised information of the material

characteristics, sensing output, and future scope of all the chapters.
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Figure 5.2
Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Fabrication of both tribo layers in the present study.

SEM image of (a) BSR-La, (b) magnified image of BSR-La,
(c) LaPP nanospheres, (d) EDX analysis of LaPP, (e)
Elemental mapping of LaPP, (f) FTIR of PP and LaPP, (g)
XRD of PP and LaPP, and (h) UV-Visible spectroscopy with
Tauc plot in inset.

(a) detachable layer 1 (b)dropping fluoride water, (¢) drying,
(d) detection setup, (e-h) output AC and DC voltage and
current, (i) reverse polarity test, and (j) generated charge.

(a) Grotthuss mechanism during high amount of water and
fluoride, (b) after drying at very low humid level, (¢-f) steps
involved in the Fluoride detection (g-j) change in resistance
at different concentrations of fluoride.

(a-e) Output voltage at different concentrations of fluoride
after drying, (f) Sensor response of present active sensor, and
(g) Selectivity of the device.

(a-c) optical images of self-healing, SEM image of
(d)PDMS/BSR-La, (e) Cracked sample, (f) initiation of
healing, (g) complete healing, the output voltage of (h) as

prepared device, (i) cracked device, and (i) healed device.
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Introduction and Aim of Present Work, Chapter 1

Introduction and Aim of Present
Work

This chapter illuminates overview of self-healing nanomaterials,
types, their self-healing mechanisms, properties and synthesis
techniques. The present chapter also concentrates on different
application of self-healing constituents in electronic gadgets. A
thorough investigation of previously reported works in the area
of self-healable electronic devices like sensors, nanogenerators
as well as other devices are presented in this Chapter. Also,
discussions have been carried out on the working mechanism of
different sensors like photo, gas and fluoride sensors, which are
performed to demonstrate self-healable sensing devices. Overall,
this chapter highlights the problems that emerged in the
previously reported researches and motivations for further

- research work.
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1.1 Introduction to nanomaterials

Nanomaterials have developed as a thrilling class of materials, which had been
taken after the Greek term “NANOS” or Latin term “NANUS”, meaning of which is
““‘dwarf”. The dimension of a nanomaterial can be imagined through the example of the
size of 5 silicon or 10 hydrogen atoms aligned, which is 1 nanometer with one of their
dimensions in the range of 1 to 100 nm. Nanotechnology receiving consideration in
nearly all divisions of science and technology like medicine, engineering, environment,

electronics, defence, security, etc.

The nanomaterials display different physical and chemical behaviour than the
bulk material because of their shape and size. Astonishingly, the nanomaterials show
advanced features and proficiencies through the modifications of the size and shape at
the nano dimension, which is called the “size effect”. Other than the size effect,
“Quantum confinement” also shows a crucial role in showing amazing properties in

nano regime. These properties are as follows:

¢ In size effect, the decrement of the particle size enhances the number of
particles present on the particle surface. When bulk particles break into smaller
nanoparticles, the overall surface-to-volume ratio (S/V) increases (as S/V is
directly proportional to 3/r, r being the radius of the particle). The chemical,
excitation, reactivity, emission, and stability properties are dependent on size.

*%* In the quantum confinement effect, the word “quantum confinement”

D)

primarily deals with confined electron energy. In the case of nanomaterials, the
energy levels of electrons become discrete rather than continuous as in bulk
material. This type of property appears when the dimensions of the confining
structure approach near to de Broglie wavelength of electrons, which results in
discrete energy levels. Due to this effect unique optical, electronic and magnetic
behaviour. Based on this confinement, the nanomaterials are zero dimension (all
dimensions are confined in nano regime), one dimension (only one dimension

is confined in nano regime), two dimensions (two dimensions are confined in
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nano regime), and three dimensions (all dimensions are not confined in nano

regime like in core-shell nanomaterial)

1.2 Self-healing nanomaterials

In the past decade, self-healing materials (SHMs) have shown the most
optimistic growth in the research fields of materials science. It is one of the furthermost
fascinating and complicated capabilities of repairing damages. Self-healing properties
actually mimic the healing functionality found in some natural creatures like starfish
and lizard tails. Most of the materials possess a principal concern of mechanical
deformation. Owing to repeated environmental weathering and mechanical pressure,
internal stress arises, which leads to degradation and decrement of the proper
functioning of that particular material. Similarly, when mechanical or environmental
forces are applied continuously to electronic devices like solar cells, sensors, batteries,
etc, their output performances decrease slowly. To tackle these problems, Self-healing
constituents are used nowadays in various kinds of electronic devices like solar cells,
sensors, batteries, etc and in building materials. Polymers and metallopolymers are
generally used as self-healing materials. This can upsurge the working life, protection
and cost-effectiveness of these devices and structures. Self-healing nanomaterials
(SHNs) are used in an extensive variety of applications, for example, in biomedicine,
tissue engineering, biomaterials, smart materials, etc. In electronic devices, by using
the self-healing nanomaterials the output performance of the device can be stabilized
throughout a long period i.e. after mechanical deformation these electronic devices can

regain their original functionality by self-generation behaviour.

1.2.1 Classification of self-healing nanomaterials

Depending on the material and healing agent used, self-healing nanomaterials are

classified into 2 categories as shown in Fig. 1.1:
1.2.1.1 Intrinsic self-healing materials

Intrinsic SHNs comprise of reversible non-covalent and covalent bonds,
resettlement of which gives renovation of the polymeric assembly afterwards

deformation. The concept of intrinsic curing depends on the mechanism that frail bonds
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Self-healing nanomaterials

Intrinsic Extrinsic

Dynamic non-covalent Dynamic covalent bond .
bond based based Microcapsule based Vascular

Fig.1.1 Types of self-healing materials.

Released healing Reversible dynamic ~ Damaged arca

material inside bond inside crack

Damaged ares” /' crack \
S 0 >§1
AR v

N 5.0 f

Dynamic bond

Microcapsule filled
with healing material Catalyst

Fig.1.2 Difference in Extrinsic and Intrinsic self-healing.

can be shattered through mechanical stress with the development of species with low

molecular weight, which, consecutively, can recover more rapidly/easily, inspiring

Page 4



X/
°e

*

Introduction and Aim of Present Work, Chapter 1

quicker healing. In intrinsic self-healing, the process of healing relies on the alterable

frail chemical bonds of polymeric chains that include dynamic non-covalent bonds and

dynamic covalent bonds.

In dynamic non-covalent bond, the process of healing is governed by metal
coordination bonding, hydrogen bonding, electrostatic cross-linking, etc. In this type,
the healing procedure generally happens in the time periods extending from minutes to
hours. Various kinds of outward incentives like heat, light, humidity, and pressure can
be utilized to boost the speed of healing. Metal-ligand (M—L) noncovalent bonds
deliver amazing flexibility regarding the strength of the bonds (50400 kJ mol ™) via
altering the pH or the metal ion in the polymer, which guides towards the controlled
mechanical characteristics. It permits the usage of different M—L mixtures for the
preparation of shape memory and self-healing materials. Recently, many
metallopolymers (MPs) with remarkable characteristics have been employed in
numerous applications as functional materials.

In dynamic covalent bonds, many kinds of dynamic covalent bonds like acyl
hydrazone, Diels—Alder reaction, ester, disulphide, olefin, and imine are investigated to
synthesize the intrinsic self-healing nanomaterials. As compared with noncovalent
bonding, external forces like heat, pH, pressure and light are always required to activate
the healing procedure, as a consequence of the slow formation dynamic of covalent
bonds. It is also denoted as a non-autonomous self-healing process. Their main benefit
is an unlimited quantity of recurrences of the healing procedure without the extra
addition of healing materials. The reversible covalent bonds are usually fused into
polymers by means of cross-linkages, hence, these bonds will initially disrupt and then
reorganized under the effect of exterior inducements, advancing towards repetitive self-

healing.

1.2.1.2 Extrinsic self-healing materials

Here, the healing procedure necessitates the exhaustion of healing agents which
are pre-placed during the production. This self-healing practice is labelled as “extrinsic
self-healing” because the healing phenomenon is not an intrinsic property of these

materials, but some external agent is required to rapture the healing container inside the
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matrix. Extrinsic self-healing materials release their self-healing negotiator that are

encapsulated in “capsules” or “pipes”. When damage occurs, the regenerating
mediators come out from these microcapsules or pipes at the damaged zones to renovate

the fractures by polymerization or materially filling the gap.

In microcapsule based extrinsic self-healing, microcapsules with micro or nano
healing agents are incorporated into the interior of the polymer. Within these
microcapsules regenerating agents are filled, which is conveyed towards the impaired
region prior to fracture of the capsule. The concept of microcapsule-based self-healing
was anticipated by White et al. [1]. They implanted capsules comprising healing
material and catalyst inside a matrix attaining quite good self-healing proficiency. Ever
since, microcapsule-based healing gained attention worldwide and were widely
explored by several scientists owing to their versatile applicability and prospective
production in large quantities.

In vascular-based extrinsic self-healing, equivalent to blood vessels in the biological
system, vascular or fibre-based self-healable structures incorporate rejuvenating agents
into a matrix through micro-channels. This novel idea is proposed by Toohey et al. [2],
in which integration of a micro-channel network comprising dicyclopentadiene
(DCPD) in the material. These micro-channels transported DCPD self-organizing agent

to an epoxy superficial coating comprising Grubbs' catalyst.

1.2.2 Mechanism of different types of self-healing nanomaterials and literature

survey

As discussed above self-healing materials are categorised into two parts:
Intrinsic and Extrinsic. The mechanism involved in self-healing is shown in Fig. 1.2

as discussed below:

1.2.2.1 Intrinsic self-healing
+ In non-covalent Intrinsic self-healing, the procedures comprise all weak
interactions, like van der Waals interactions, hydrogen bonding, ionic
interactions, stacking of m-m, dipole-dipole interactions, host-guest
collaborations, and coordination between metal and ligand [3]. Non-covalent

self-healing is characterized by the manifestation of the small bonding energy
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in comparison to pure covalent healing. Therefore, they generally display
excessive healing capabilities and enable the renovation of the fragmented
bonding at room temperature. These non-covalent-based healing are mostly
employed in elastomers found on hydrogen bonds. Burattini et al. [4]
pronounced an amalgamation of hydrogen bonding and =m-m stacking in a
polyurethane and polyimide elastomer through pyrenyl groups. The healing
occurs due to m-m stacking at the m-electron-vacant di-imide clusters and the
pyrenyl components enriched with m-electron and hydrogen bondings arose at
the intermolecular state, among the terminal remains of the pyrenyl assemblies.
In ionic interactions, electrostatic attraction occurs between opposite charge
sites. Xu et al. [5] successfully synthesized carboxylated styrene-butadiene
rubber (XSBR) packed with nano-chitosan in which ionic clusters allowed the
formation of a crosslinked supramolecular system with adjustable bondings at
room temperature with healing capabilities up to 92%. In host-guest interaction,
the healing occurs due to the acceptance of one whole molecule (guest) by
another molecule (host). Xiao et al. [6] synthesized a material grounded on the
mixture of hydrogen bonding and host-guest interactions in a water-borne
polyurethane.

In covalent Intrinsic self-healing, healing is associated with the bonds which
can be originated among dissimilar atoms and are kinetic in the influence of
external entities. Disulfide bonds are of R—S—S-R' type and specially found in
diene elastomers because sulphur is main element in cross-linked self-healable
reaction [3]. Amine bonds are of R—C=N—R' type which exhibits exchange and
metathesis reactions [3]. In Diels—Alder reaction the chemical reaction occurs
between a coupled diene and a replaced alkene, usually labelled as the
dienophile, to generate a replaced cyclohexene derivative. This is reversible at

a certain temperature [3].

1.2.2.2 Extrinsic self-healing

K/
L X4

In microcapsule based self-healing, the healing mediators are filled inside the
spherical capsule-shaped polymer. When an external stimulus like light, heat,
force etc. is employed in the system, it disrupts the capsule and healing

representative is filled inside the cracks [7].
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¢ In vascular-based self-healing, the healing material is filled inside a vein-like

structure inside a system. These healing agents are packed with either one-part

healing coordination or two-part resin and hardener matrix. In one part healing

system the healing agents from hollow tubes alone heal the crack. In two part

resin-hardener matrix, the cracks were filled when resin comes in contact with

hardener after mechanical damage [7].

Table 1.1 provides the literature survey of most prefunding works in the field of self-

healing materials, their mechanism and efficiency:

Table 1.1 Literature survey of recent self-healing materials.

S. No. Self-healing Healing Healing Operating Ref.
material mechanism Efficiency temperature (°C)
(%) and time
1 Epoxy and Micro-capsule 86 200, 24 hours [8]
Hardener
2 Epoxy and Micro-capsule 64 50, 24 hours [9]
Hardener
3 Di- Micro-capsule 77 80, 48 hours [10]
cyclopentadiene —
Wax Grubbs
4 Epoxy resin Micro-capsule 85 220, 1 hour [11]
(UF)
5 Epoxy and hollow Vascular 90 125, 75 min [12]
glass fibres
6 Pyrenyl end- Hydrogen bonds 80 100, 20 min [4]
capped polymer and T —m
stacking
7 Carboxylated SBR | Hydrogen bonds 92 RT [5]
and ionic
interactions
8 PDMS Hydrogen bonds 90 RT, 24 hours [13]
and ionic
interactions
9 Acrylic copolymer | Hydrogen bonds 75 RT, 24 hours [14]
and Host-guest
interactions
10 Polyurethane Hydrogen bonds 93 100, 36 hours [6]
and Host-guest
interactions
11 PDMS Disulfide bonds 95 RT, 4 hours [15]
and Imine bonds
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12 Dynamic Disulfide bonds 91 RT, 48 hours [16]
hyperbranched and Imine bonds
polyazomethine
13 Poly(urea- Hydrogen bonds 97 RT, 24 hours [17]
urethane) and Disulfide
bonds
14 Polyurea Hydrogen bonds — 150, 4 hours [18]
and Disulfide
bonds
15 Polyurethane Hydrogen bonds 92 120, 8 hours [19]
and Diels-Alder
chemistry
16 PDMS Hydrogen bonds 93 RT, 3 hours [20]
and Imine bonds
17 Acrylic copolymer Ionic 86 60, 7 hours [21]

interactions and
Diels-Alder

chemistry
18 Polysiloxane- Hydrogen bonds 60 120, 20 min [22]
based polymer andm —m
stacking
19 Brominated poly | Hydrogen bonds 39 70, 24 hours [23]
(isobutylene-co- and ionic
isoprene) rubber interactions
20 Polyurethane Hydrogen bonds 88 RT, 60 min [24]
and Disulfide
bonds

1.2.3 Synthesis techniques of self-healing nanomaterials
Some of the synthesis techniques of self-healing nanomaterials are summarized below:
1.2.3.1 Micro-emulsion method

Microemulsion synthesis has been established to be a useful route to
synthesize a variety of nanomaterials and micro-capsules like urea-formaldehyde. A
microemulsion is a stable dispersion (thermodynamically) of two unmixable liquids in
the existence of a surfactant. They are known for very low surface tension and large
surface area. When oil is mixed in water, spherical droplets of oil are formed inside
water, when polymerization of polymer happen in this solution, polymerized material

coat on to the oil droplet to create microcapsule [7].
1.2.3.2 Oxidative polymerization method

Oxidative polymerization is utilized for the preparation of the conducting

polymers from benzene-based complexes like aniline, phenols, diphenyl, pyrrole,
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sulfide, thiophenols etc. The monomers utilized in oxidative polymerization are known

for distinct electron donation properties with elevated oxidation tendencies [25].
Oxidation of these monomers is attained by incorporating an oxidizing mediator or a
potential difference (i.e., electrochemical oxidative polymerization). During oxidative
polymerization, cation sites are produced in the monomer fragment, which initiates

polymer growth.
1.2.3.3 Sol-gel method

Sol-gel synthesis is the most commonly used method for the preparation of
metal oxides and metallopolymers. Here, ‘sol’ denotes a colloidal solution in the fluid
phase, while ‘gel’ is termed as an interrelated network formed by metal-polymer chains
capturing the liquid. Basically, in a general sol-gel technique, a mixture of metal salts
undergoes hydrolysis and condensation chemical reactions to produce polymerized gel
system at either room temperature or at an temperature ~25—200 °C. Typically the pH

of the mixture is altered to deliver uniformity [26].
1.2.4 Applications of self-healing nanomaterials in different electronic devices

Nowadays electronic gadgets, that were bulky and unstable once, are small and
highly accurate now. Stretchable electronics along with Flexible nature electronics are
now also developing. However, the methods to fabricate these sensors and electronic
devices are not resilient to unanticipated mechanical and environmental degradation
caused by repetitive wear-tear, unintended cutting and scraping. These unexpected
sources cause huge changes or total failure in the expected output performance of

electronic devices. Failure of these electronic devices causes the following problems:

% After mechanical damage, when output performance is degraded. These devices
are thrown down, which increases the amount of E-waste year by year.
According to the global e-waste monitor 2020, nearly 53.6 tonnes of electronic-
waste was generated in the year 2019 and this will rise exponentially up to 74.7

tonnes in 2020 [27].

X/
°e

Reduction of rare and precious materials because of E-waste.

*

% Maximum of these electronic devices and sensors are made up of toxic

materials. Because of e-waste, pollution in soil and groundwater increases.
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These e-wastes comprise toxic and heavy metals like Cd, Pb, Hg etc. [28], which

infect soil and groundwater and cause serious health problems in all living

organisms.

To tackle above described problem, researchers are now discovering new
materials, ideas and techniques to fabricate self-generating electronic devices as shown
in Fig. 1.3. Different kinds of Self-healable electronic devices like nanogenerators,
sensors, solar cells, batteries, super capacitors etc. have been fabricated with fast

healing ability, which are summarised below:
1.24.1 Perovskite Solar Cells

Methyl ammonium lead iodide (CH3NH3Pbl3) based perovskite solar cell (PSC)
display high efficiency in power conversion surpassing 25%. The deprivation of the
perovskite solar cell-based materials in the existence of ultraviolet light, moisture, and
oxygen was the foremost serious issue constraining the elongated stability [29]. Recent
works in self-healing nanomaterials delivered an auspicious approach for perovskite
solar cells to increase or maintain stability [30]. Such as, the main problem with lead
halide perovskite materials is degradation when kept in presence of humidity. To
remove this deficiency, Zhao et al. [31] devised a self-generating PSC utilizing PEG
(polyethylene glycol) as a polymer matrix. PEG particles on the perovskite surface are
attached via hydrogen bonding, which efficiently absorbs moisture and acts as an
obstruction for the protection of the film from the penetration of water. Due to the strong
collaboration between CH3NH3Pbls and PEG, CH3NH3Pbls molecules were healed by
PEG. In a different report, Finkenauer et al. [32] described a self-healing of 6-um
scratch after heating at 100 °C for 1 h in a nitrogen atmosphere in hybrid halide PSC
by integrating self-rejuvenating thiourea-triethylene glycol inside polycrystalline
perovskite. Chu et al. exhibited electrical self-healing by liquid metal microcapsules to

re-establish the electrical output performance of flexible PSC [33].
1.24.2 Nanogenerators

Nanogenerators, which are mechanical energy harvesters are very prone to
mechanical failure due to cyclic stress during operation. These devices (Piezoelectric

and triboelectric nanogenerators) are able to produce electrical energy from mechanical
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energy by different means. Kim et al. [34] recommended a polyurethane-based shape

memory polymer for self-healable triboelectric nanogenerators (TENG) for the
restoration of its output results after deprivation. In another work, Xu et al. [35]
developed TENG by covering a unique electrode comprising small magnets by self-
healing film of polydimethylsiloxane-polyurethane (PDMS-PU). Parida et al. [36]
showed a healable and stretchable TENG based on self-rejuvenating polyurethane
acrylate. Polyurethane acrylate had hydrogen bonding, which prepared this TENG
stretchable (2500%) and healable after damage.

1.24.3 Supercapacitors

Supercapacitors (SCs), or, electrochemical capacitors have huge power density,
ultra-fast charge and discharge times, and very high cycle lifetimes. The basic ideas of
the self-healing electrolytes and electrodes in SCs are to attain the renovation of ionic
and electrical conductivities, respectively. Wang et al. [37] conveyed the foremost
electrical and mechanical self-healable supercapacitors. In this research, the healable
electrodes were designed by adding Single-Walled Carbon Nanotubes (SWCNTs) thin
film onto self-restoring substrates. This was made up of a supramolecular web
reinforced by TiO2 nanoparticles. In another work, Sun et al. [38] reported a self-
healing yarn-shaped SC depending on a highly proficient conducting wire which serves

as the electrode by covering aligned CNT on healable polymer fibers.
1.2.4.4 Batteries

To achieve high energy density, researchers are now developing novel electrode
materials for batteries. Lithium lon Batteries were the most favourable energy storing
devices owing to their long lifecycle, high volumetric energy density, and
environmental favourability. Flexible Lithium Ion Batteries may be deformed under
various strain conditions and the micro-cracks due to the structural variations
throughout the continuous charging and discharging processes can utterly lessen the
life cycle. Self-recovering Lithium Ion Batteries can reconcile mechanical damages, or
micro-cracks formed in the battery interior to expand the lifetime. For this, Zhao et al.
[39] presented electrodes that were prepared by positioning CNT sheets on a self-
healable substrate. These CNT sheets were coated with LiMn204 and LiTi2(PO4)3. Wu
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et al. [40] informed a self-healable Lithium Ion Battery anode using Ga-Sn liquid metal

alloy, which is decorated on an RGO/CNT skeleton. This structure regained its structure

after mechanical deformation.

Batteries Solar cells

Nanogenerators Supercapacitors

Fig. 1.3 Applications of self-healing materials in different electronic devices.
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Fig. 1.4 Difference between resistive and self-powered sensors.
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1.2.45  Sensors

Sensors, which can sense and distinguish external signals, are a member of the
central apparatus for fabricating stretchable and habiliment smart electronic sensors.
The self-healing materials are most widely used in the sensing area in the electronic
field. Huynh et al. [41] presented a self-healable disulfide-cross-linked polyurethane
and polyurethane/silver-microparticles (uAg) composite flexible sensor to detect
pressure and temperature. The sensor can self-heal the cracks after harsh mechanical
damage. Wang et al. [42] produced a conductive polymeric combination of phytic acid,
polyacrylic acid, and polyaniline to be used in a pressure sensor. The self-healing with
99% efficiency within 24 hours, because of dynamic contact between hydrogen and
electrostatic binding was achieved. Various gas sensors [43], humidity sensors [44],
biosensors [45] etc. were fabricated, which shows the huge potential of self-generating

materials in the sensor area.
1.2.5 Types of sensors

Sensors can be divided in three types:

*%* Physical sensor: A physical sensor is an instrument, which can compute a
physical quantity (like temperature, light, pressure, refractive index etc.) and
translates it into a signal that can be identified by an observer or by a device [46,
47,48]. It is important to know that the measurement features comprised in a
physical sensor does not involve any chemical reaction. These sensors can be
easily fabricated into clothes as a wearable electronics or even used for the

assembly of electronic skin.

* Chemical sensor: Chemical detection is the part of a data-acquisition method

L)

in which the details is obtained about the chemical configuration of the system
in instantaneous time. In this method, an electric signal originated from the
reaction between a chemical species and the sensing device [48,49]. Various
gas sensors [50], humidity sensors [51,52], hazardous ion sensing in drinking
water [53-55] etc. have been explored previously by many researchers.

** Bio sensor: The word “biosensor’” denotes prevailing and pioneering analytical

devices including biological sensing components, which have a large array of
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applications, like biomedicine, drug discovery, food safety, diagnosis,

processing [56] etc. Bio-molecules such as receptors, enzymes, antibodies,

micro-organisms etc. have been used as biological sensing elements.

1.3 Nanogenerator and self-powered sensor

The self-powered sensor is very new among all types of sensors, which is
based on Nanogenerators. So, before discussing self-powered sensors, it is very vital to

discuss nanogenerators and their types.

Nanogenerators are a very new type of energy-harvesting device that generates
electric power from unused mechanical energy such as human motion, water waves,
wind, vehicle motion etc [57]. Energy is a crucial necessity for everyday life and the
ecological growth of our present civilization. Energy is essential in transport,
communication, and aviation, as well as for small electronics like sensors, computers,
smart phones, and other electronic and electrical equipment. In the last few years, the
hasty industrial development, and population progression have amplified the mandate
for energy, which increases the overwhelming exhaustion of fossil fuels. This
rationalizes the fossil assets. Along with this problem, the rising global warming and
climate change reserves are headed to enthusiastic research in the direction of
renewable energy sources. The foremost nanogenerator was fabricated by Wang et al.
[58] in 2006 using ZnO nanowires based on the piezoelectric effect, which is called
piezoelectric nanogenerator (PENG). In the successive development of nanogenerator
technology, a triboelectric generator based on the triboelectric effect was firstly
introduced in 2012 by Wang et al. [59]. PENG and TENG are two chief associates in
the nanogenerator class to harvest mechanical energy that is universally ample in the
surroundings. Pyroelectric nanogenerator (PyENG) coverts thermal energy into
electrical energy [60]. Another new sort of nanogenerator combining two or more
nanogenerators and energy sources was developed, which is known as hybrid

nanogenerator (HNG) [61].
1.3.1 Types of nanogenerators

As mentioned earlier, the nanogenerators are of 4 types:
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(a) Piezoelectric Nanogenerator (PENG)
(b) Triboelectric Nanogenerator (TENG)

(¢) Pyroelectric Nanogenerator (PyNG)
(d) Hybrid Nanogenerator (HNG)

It is very important to discuss the working principle and voltage generation
mechanism in these nanogenerators, especially in TENG. Because TENG generates the

highest output power among all nanogenerators.
1.3.1.1 PENG

The foremost nanogenerator is revealed in aligned ZnO nanowire (NW) arrays,
by scanning with conductive atomic force microscopy (AFM) [58]. We can understand
the basic mechanism of PENG by taking an example of this first pioneer work, which
depends on the semiconducting and piezoelectric characteristics of these types of
materials. The deflection of the piezoelectric material by external force creates a strain
field. Negative strain is developed on the compressed part of the piezoelectric material,
while positive strain generates throughout the stretched part of the piezoelectric
material. Along the strain, an electrical field is generated, when the positive and
negative charge centers move. Through this electric dipoles get created inside the
piezoelectric materials. Because of the applied external stress, these dipoles align
themselves and a net dipole moment is created inside the piezoelectric material, which
is the straight outcome of piezoelectric characteristic. The piezoelectric nanogenerators
generate a low output voltage than TENG, but the stability is very high in terms of

power generation.
1.3.1.2 TENG

TENG, which is the most recent and highest voltage generation nanogenerator
among all available nanogenerator works on the principle of “Electrostatic induction”
and “Triboelectric effect”. The triboelectric effect is charge transmission by which two
distinct materials develop electrical charges in reverse signs after interaction with each
other [62,63]. It is well acknowledged that the triboelectric charges are only restricted
on the material surface. When both of the different triboelectric materials, get into touch

under external force, charges due to the triboelectric effect are generated on their
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exteriors. As this force is removed, these charged sides are detached, and a difference

in potential is created on the two back electrodes. If these electrodes are coupled to a
load, a current is flown amid them to terminate the electric field originated by the
charged faces. As the surfaces are carried into touching base again, the potential change
on these electrodes alters and the same current drift in the reverse track. By this, an
endless AC output is achieved by reciting this sequence. To put it simply, this device
functions on the pairing of two occurrences, electrification at the contact, and
electrostatic induction. The earlier provides the stationary charges on the surfaces of
the material and the later motivations the conversion of mechanical energy to electrical

energy by mechanically caused variation in potential.
Four distinct manners of function of the TENG have been proposed [64,65].

+ Lateral-sliding mode,
« Vertical contact-separation mode,
% Freestanding triboelectric-layer mode,

% Single-electrode mode.

Among all of the above approaches, the vertical contact-separation mode is
preferred, due to its high output generation capacity and versatility [65]. The vertical
contact-separation mode utilizes motion at right angles to the interface of two materials,
and the difference in potential among electrodes is governed by the gap distance

between two surfaces.

The theoretical description of TENG is explained by Maxwell’s equation and

Maxwell's displacement current is well-defined as below [64]:
_9 _ (O, 9P _ 30mino(zH
b=% =85+ 5 = at (1.1

Where, ¢, D, E, Ps are the permittivity of the medium, displacement field,
electric field, the polarization originated from the existence of the polarization charges
developed on the surface from triboelectric or piezoelectric effect, while GTribo is the
surface charge density in TENG. The first term in Eqn. (1.1) discusses a time-variable
electric field and is the cause of origin of electromagnetic waves, whereas the last term

denotes the role from polarization of surface and is the cause of origin of

Page 17



B B
Introduction and Aim of Present Work, Chapter 1

nanogenerators. Extra precisely, in TENGs, outward electrostatic charges that are

induced from contact electrification generate surface polarization which is time-varying

in nature, as two different materials come in touch.
1.3.1.3 PyNG

Thermal energy is one of the profuse energy available in the atmosphere.
Thermoelectric energy nanogenerators have been prepared to convert the thermal
energy in electrical energy with a temperature ramp, via the Seebeck effect [66].
Pyroelectricity in these nanogenerators is described as the temperature-reliant
impulsive polarization in explicit anisotropic crystals. The voltage generated by these
nanogenerators are very low in comparison to other, and the materials are also very

limited.
1.3.1.4 HNG

Despite substantial developments in power density (output) and efficiency, the
net electric power of nanogenerators is still limited. By coupling two or more types of
nanogenerators and energy harvesters, hybridized nanogenerators are formed, which
delivers a possible resolution to this problem [67]. This opens a new technique in the
scavenging of multiple energies through different nanogenerators. PENG-TENG based
hybrid nanogenerators have been emerging to be very popular due to their limitless
output power capabilities. Yang et al. [68] firstly demonstrated the multiple coupled

nanogenerator to achieve a superior amount of energy from the main configuration.
1.3.2 Self-powered sensors

As discussed earlier, TENG generates the highest output power among all
Nanogenerators [69]. This is the core reason for selecting TENG to be a power source
in the case of self-powered schemes developed and demonstrated in this thesis. With
the advancement of the internet of things and smart cities, limitless sensors will be
positioned on different types of sites, and most of them are in unapproachable locations
like large-distance transmission lines, optical cables, gas and oil pipelines in remote
areas and under the sea, forests, etc. Powering these sensors in remote areas is a very

challenging task [69—71]. Power supply using cable is also a very challenging task for
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these areas and lots of resources get wasted. Batteries as power supply unit is another

option, but it has some limitations. These batteries have a limited amount of service life
and they discharge very fast. Usage of batteries for such inaccessible areas is not a cost-
effective approach. These are the reasons for the requirement of such types of sensors
that do not require any peripheral power source. These sensors must possess a cost-

effective fabrication and limitless service life with long-term stability.

As the name advocates, Self-powered sensors are those sensors which operate
without utilization of an external power source [70,72,73]. The self-powered TENG-
based system harvests ambient mechanical energy like human motion, water waves,
wind, rain drops etc. to operate itself. The objective of this is to prepare it proficient to
function self-sufficiently and wirelessly. Several TENG-based self-powered motion
sensors [73,74], fluid sensors [75,76], gas sensors [73,77] etc. have been developed to
demonstrate its wide range of applications. Based on the working principle, the self-
powered sensors utilizing TENG are categorized in 2 types [78]: (1) Self-powered

Active sensors, and (2) Self-powered passive sensors.
1.3.2.1 Self-powered Active sensors

When the external entity (Gas, chemical, pressure etc.), is directly applied to the
nanogenerators and the output power increases or decreases after reacting to these
external agents [79]. Then this whole setup is known as active self-powered sensing as
they do not require any external loading resistance to sense these agents. The main
advantage of these sensors is, that they sense the required external entity directly and
they are a little cost-effective than passive sensors. As TENG possess 2 tribo layers,
When TENG-based active sensors are for example exposed to a gas, chemisorption
occurs on one layer. Based on the material on another layer in TENG, receiving or
donating of an electron occurs [80]. This changes the output voltage or current of the
system. As the concentration or intensity of these external agents change, a

corresponding change in output occurs.
1.3.2.2 Self-powered passive sensors

When an external resistive film is connected to the TENG and the external

agents (Gas, chemical, pressure etc.) are applied to this resistive film, not on the
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nanogenerator. Based on the kind of resistive film (p-type or n-type) and the type of

external entity applied, the resistance of the external resistive film increases or
decreases [81]. The voltage drop across this film then also increases or decreases
accordingly. This type of sensing is called passive self-powered sensing as the
nanogenerator does not sense the external agents directly [78,82]. Advantages of these
sensors are the fabrication of sensing film on any surface, cost-effectiveness and a wide

range of materials for sensing.

1.4 Sensing mechanism of conventional resistive based sensor and self-

powered sensor

Although there is a variety of sensors available like optical, acoustic, and
capacitive but resistive types of sensors are mostly preferred because of the vast area of
selection of materials and the need for less costly detection instruments. These resistive
sensors change their resistance when external agents like light, gas, and chemicals are
exposed to these films. The basic mechanism of resistive-based Photo, Gas, Light
enhanced gas sensors and corresponding self-powered sensing of these external agents.
As discussed earlier self-powered sensing is preferred by the research community
because of its highly responsive, extremely stable and ultra-fast sensing nature. Here
we will also discuss the comparative analysis of both types of sensors (resistive and
self-powered sensors). The basic difference in resistive and self-powered sensor is

shown in Fig. 1.4.
1.4.1 Photo sensors and mechanism of Resistive Photo sensor

Photo sensors (or photo detectors) are those sensors which sense the change the
intensity of incident light (UV, Visible or other). The sensors can detect the change via
variation in electrical resistance of the film, change in intensity (optical), change in
polarization etc. Resistive Photo sensors are the simplest and most cost-effective among

all of them.

In resistive photo sensors, the resistance of the film decreases upon the
application of light of a particular wavelength on the film. When the resistive film is

unveiled to the air, O2 molecules present in the surroundings get chemically adsorbed
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on the upper exterior of the film by attracting conduction band electrons and creating

02 ions as:

0 (ads) + e~ <~ Oy (ads) (1.2)

When photons hit the surface, it generates electron-hole duos [hv — e~ + h*].
On irradiance of the film, some electrons, receive satisfactory energy for passing over
the potential wall employing an electronic transition from valance band to the
conduction band. These holes, which are photogenerated associate with O2™ ions and

translates in O2 molecule.
h*(hv) + 02~ — O3 (Des.) (1.3)

These O2 molecules lastly go through desorption from the film. The residual
uncoupled electron results in a reduction in resistance of the material. With the light
exposure period, further electron-hole sets are produced and create a reduction in the
film resistance. However, as soon as the illumination is off, O2 molecules begin to
adsorb on the film and produce Oz~ ions. This results in the increment of electrical

resistance because of the decrement in surface electrons by adsorption.

1.4.2 Gas sensors and mechanism of Resistive gas sensor

Gas sensor is a sort of chemical sensor that exhibits the variation in its physical
properties upon the introduction of the gaseous molecules that is desirable to be sensed.
There are various kinds of gas sensors like electrochemical gas sensors, acoustic gas

Sensors, colorimetric gas sensors, resistive gas sensors, optical gas sensors etc. [83,84].

The principle behind the working of a resistive gas sensor is the deviation in
electrical resistance of a material upon application of the desired gas. The resistance
variation is noted as output and the different sensing properties are widely calculated

from the data [83].
1.4.2.1 Mechanism of Resistive LPG gas sensing

LPG is an extremely combustive gas with an assortment of hydrocarbons,

mainly butane and propane. It is extensively used as a fuel in industrial and domestic
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applications. Despite being harmful and extremely combustible, LPG is the most

extensively used gas [85]. Hence it is crucial to be detected in the prior stages of the

leakage below the lower explosion limit (LEL) [86].

When the sensing film gets in interaction with the air, oxygen molecules Chemi-
adsorbed to the film. The surrounding oxygen molecules react with the electrons of

conduction band available on the material surface as follows:
O (atmosphere) + e~ (film surface) — Oz (chemisorbed) (1.4)

As a result of the chemisorption of Oz on the sensing element, the electron
concentration on the material decreases, this causes enhancement in the resistance of

the material. This resistance is designated as the resistance of the material in air, Ra.

After that, when LPG is announced to the material, it reacts with the adsorbed
oxygen ions. LPG is comprised of hydrocarbons which chemically interact with the
surface-bound oxygen anions and generates water and other gases following the

reaction mentioned as below [86,87]:
CuH2nt2 + 027 — ChH2:0 + H2O + €7 (1.5)

If the detecting material is n-type, then the freshly generated electrons upsurge
the total number of the majority charge carriers (electrons) present on the film, which
reduces the film resistance. Conversely, if the film is p-type, the formed electrons
combine with the majority charge carriers i.e. holes, which additionally boosts the film
resistance. The variation in resistance becomes steady as soon as the production of the

above-stated products halts.
1.4.2.2 Mechanism of Resistive photo enhanced LPG sensing

Photo enhanced gas sensing is a newly discovered technique to enhance the
sensor response and sensitivity of gas sensors. This technique is a combination of the
mechanism described in sections 1.4.1 and 1.4.2.1. In this technique, when a material
is treated with light of particular energy, it stimulates electrons present in the valence
band, which then led in the direction of the conduction band departing holes behind.

Thus, many electron-hole pairs are formed in the material, which upsurges the electrical
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conductivity significantly. Due to the generation of fresh electrons, more oxygen

molecules get chemically adsorbed on the film surface. Hence, the amount of the O2™
ions produced rises in illumination. When LPG is uncovered inside the sensing
chamber, it reacts with added Oz ions than before and generates more electrons. These
generated electrons then recombine with holes and increase the resistance (for p-type)

of the sample quickly [88,89].
1.4.3 Mechanism of TENG based Self-powered Sensor

The TENG based self-powered passive sensing mechanism is common for all
types of sensors (photo, gas, light enhanced self-powered gas sensor). In this self-
powered system, a resistive film is attached with TENG in series connection, and the
drop of voltage across this film is measured by measuring devices like (an electrometer

or Digital CRO). The input voltage from TENG acts as an input for this resistive film.

When external agents like light, gas (here LPG), or any chemical was exposed
to this resistive film, the resistance of the film changes (increase or decrease) subjected
to the type of film (n-type or p-type) and nature of the external agent. These self-
powered sensors function on the conception of the division of voltage. If R2 acts as a
resistance of sensing element, R is the internal resistance of the electrical circuit, Vin
is the maximum output voltage fed to the resistive film Rz, and then voltage drop

through Ro:

Vour = {R2/(R1 + R2)} X Viy (1.6)

Eqn. 1.6 demonstrates that the output voltage (Vour) through the sensing film
is proportionate with Rz. If Rz varies significantly, the resultant Vour would also vary.
If the resistance of resistive sensing film Ro rises, the voltage drop through the Rz also

increases and vice versa (V= IxR).

1.5 Sensor parameters attributed to resistive and self-powered

sensor

To judge the effectiveness of a sensor, the following parameters should be

calculated [87, 91-93] and compared with previous reported results:
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1.6

a)

b)

d)

2

Sensor Response (SR): When an external agent like gas, light or chemical is
dropped onto the sensor, one of the output continuously change. The sensor
response of a sensing device is specified as the ratio of the maximum value of
output (electrical resistance, voltage, or current) with values of output at
different concentrations of an external agent. For example, sensor response for
chemiresistive LPG sensing is specified as the ratio of the film resistance in the
exposure of that LPG concentration (Rg), and the resistance of the film in the

air (Ra), 1.e.,
SR=-= (1.7)

Sensitivity: The sensitivity of an sensor can be defined as the sensor response
per unit concentration of an external agent, and can be evaluated by determining
the slope of the sensor response versus the concentration curve.

Response Time: The time occupied by the sensing device to attain 90% of the
maximum output value after the addition of external agents in the sensing
chamber is known as the response time.

Recovery Time: The time needed by the sensing device to attain 90% of the
minimum output value after the removal of an external agent in the sensing
chamber is, the recovery time of the sensor.

Selectivity: Selectivity is the comparative study of a sensor toward different
analytes. For example, a sensor device is said to have decent selectivity towards
a particular gas, when it displays a significantly higher sensor response for that
particular gas compared to other gases.

Repeatability: It is described as the proficiency of a sensor to recreate identical
output over a continuously repeating cycle of input agent like gas, light etc.
Reproducibility or long-term stability: A sensor can replicate the same output

results after a long time without any changes in the sensing parameters.

Literature survey with problems experienced in traditional

photo sensor, LPG sensors and Fluoride ion sensors

There are many problems already exists in available photo sensors or photo

detectors, LPG sensor and Fluoride ion sensor, which are listed below:
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+* These devices lose their sensing behaviour with time because of mechanical and

L)

L)

environmental degradation. After the distortion in internal matrix of the film,

output performance is greatly reduced. The use of self-healable materials for

photo sensors is missing.

Most photodetectors are not self-powered in nature. They use some kind of

power source like batteries to operate properly, which limits them to not to use

on remote areas.

The sensor response and responsivity are very low, while response and recovery

time are also very high for existing materials.

Most of the sensors are very costly because of the usage of expensive materials

like CNT, graphene etc. Ferrites, which are abundant on the earth's surface was

never explored before for photodetector purposes.

Table 1.2 describes the works reported before in Photo sensing areas:

Table 1.2 Literature survey of recent photo sensing devices.

S. Sensing material Self- Self-powered | Response/Re | Responsivit | Ref.
No. healing Nature covery time y (RES)/
property (s) Sensor
Response
(SR)

1 MoS»/ZnS Not Not present 22 9.50 x10 ~° [93]
present

2 Nanocrystalline Not Not present 4.92/4.06 - [94]
silicon thin film present

3 ZnO Nanowire Not Not present 20/20 - [95]
present

4 Boron Not Not present 1.8 91.7x10~° [96]
present

5 MoS,/ZnO Not Not present 55 2.7 [97]
present

6 Polypyrrole/SnO, Not Not present 21/24.5 - [98]
present

7 Ti,C,Tx/TiO, Not Not present 2.54 6 %1073 [99]
present

8 Black Phosphorus Not Not present 200 9 x10* [100]
present

9 MoS, Not Not present 13 103 [101]
present

10 Graphene Not Not present 269 0.11 [102]
present

11 Carbon quantum Not Not present 570 18.12 x10 =3 | [103]
dot/MoS, present

12 WSe, Not Not present 900/2000 0.92 [104]
present
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13 Methylammonium Not Not present 250/530 115 [105]
lead iodide present
perovskite/graphene
14 PMMA/MoS; Not Not present 12 0.2 x1073 [106]
present x103/19x10 3
15 InSe Not Not present 1000/1000 3.9 [107]
present
16 ZnO Not Not present 300/500 84.94 [108]
nanorod/Graphene present
17 MoS; nanosheet Not Present 0.32/0.36 - [109]
present
18 CsPbl;-PVDF Not Present 2.4/1.1 0.3x10 3 [110]
present
19 | Graphene/Imidazoli Present Not present 0.91/0.92 93 x10 ¢ [111]
um-based
norbornene polymer
20 ZnS/Cu/PDMS Present Not present 0.042/2.67 - [112]
Note: RES = M, SR = 28— Vdark
AP Riight Viight
Table 1.3 pronounces the works reported before in LPG sensing:
Table 1.3 Literature survey of recent LPG sensing devices.
S. Sensing Concent Self- Self- Response/Re Sensor Ref.
material and ration healing powered | covery time Response
No. Operating property Nature (s) (SR)/%
temperature Sensor
Response
1 Pd-ZnO 2600 Not Not 80/240 —/84% [113]
(RT) ppm present present
2 Li-CuFe;O4 4.0 vol. Not Not 162/1161.6 —/83.82% | [114]
(RT) % present present
3 LaNbOg4 500 ppm Not Not 25/100 —/80 % [115]
(250 °C) present present
4 CuFe,04 5.0 vol. Not Not 150/510 —/57 % [116]
(RT) % present present
5 ZnCo0204 50 ppm Not Not 85/75 72/— [117]
(350 °C) present present
6 CdFe;04- 1000 Not Not 50/110 —/50.83 % | [118]
PANI ppm present present
(RT)
7 LaFeO; 5000 Not Not 50/350 —/394 % [119]
(RT) ppm present present
8 CuO-ZnO 1000 Not Not 10/16 140/— [120]
(350 °C) ppm present present
9 CuFe;04 5.0 vol. Not Not 30/200 —/2.6 % [121]
(RT) % present present
10 BaTiO3 5.0 vol. Not Not 30/60 —/250 % [92]
RT % resent resent
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11 Ag-In,0;3 50 ppm Not Not 6/30 16.53/— [122]
(400 °C) present present
12 Sn-CuFe;O4 2.0 vol. Not Not 32/111 —/78.78 % | [123]
(RT) % present present
13 CdoO 0.16 vol. Not Not 30/60 —/34.11 % | [124]
(425 °C) % present present
14 ZnFe)O4 2000 Not Not 35/55 —/55 % [125]
(375 °C) ppm present present
15 o- Fe304 500 ppm Not Not 3/480 1746/— [126]
(300 °C) present present
16 ZnSn03/ZnO 8000 Not Present 72/88 —/83.23 % | [127]
(RT) ppm present
17 Nip, 2.0 vol. Present Not 28.08/52.46 2.15/— [128]
4ZngsFerO4 % present
(RT)
18 | MngsZngsFe; | 2.0 vol. Not Not 58/30 1.88/— [129]
O4 % present present
(250 °C)
19 TiO» 4.0 vol. Not Not 240/247.8 2.80/— [130]
(RT) % present present
20 NiO 5000 Not Not 94/92 —/72 % [131]
(300 °C) ppm present present
Table 1.4 pronounces the works reported before in Fluoride ion sensing:
Table 1.4 Literature survey of recent fluoride sensing devices.
S. Sensing material Sensing Self- Self-powered Limit of Ref.
technique healing Nature detection
No. property (LOD)
1 7-O-tert- Fluorescence | Not present Not present 0.2 mg/L [132]
butyldiphenylsilyl-
4-methylcoumarin
2 Zirconium- Colorimetric | Not present Not present 0.2 mg/L [133]
SPADNS
3 Near-cubic Colorimetric | Not present Not present 0.06 mg/L | [134]
ceria@zirconia
nanocages) and a
xylenol
4 Anthracene Colorimetric | Not present Not present 8 uM [135]
& fluorescent
5 Azo dye Colorimetric | Not present Not present 10 uM [136]
6 Benzohydrazide UV-Visible | Not present Not present 0.5 mg/L [137]
7 Arylaldoximes UV-Visible | Not present Not present 0.7 mM [138]
8 Boronic acid Fluorescent | Not present Not present 0.1 mg/L [139]
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9 Levofloxacin, Selective Not present Not present 7.89 uM [140]
nebivolol and electrode
efavirenz Drug
10 RBC Potentiometr | Not present Not present 72 uM [141]
bioreactor y
11 | Benzothiadiazole- | Colorimetric | Not present Not present 9.13 uM [142]
bisphenol A & fluorescent
12 Boron- Colorimetric | Not present Not present 52 uM [143]
dipyrromethene & fluorescent
13 Calixarene Photolumines | Not present Not present 6.6 uM [144]
cence
14 Coumarin- Colorimetric | Not present Not present 9.2 uM [145]
carbohydrazone | & fluorescent
15 | Diketopyrrolopyrr | Colorimetric | Not present Not present 21 uM [146]
ole & fluorescent
1.7 Motivation and Objective of research work

As discussed above via literature survey, there is very little work is going on in

the field of self-healable and self-powered sensors and energy devices. During the

literature survey following challenges are found:

R/
A X4

*

*

X/
°

Low cost and easy synthesis process: Most of self-healing process utilizes
expensive precursors and equipment, which enhances the cost of the synthesis
process. So, it is very vital to select cost-effective precursors to synthesize
efficient healable materials.

High self-healing efficiency: It is required to get 100% efficient self-healable
material. The motive of the work to be performed here is to come close to this
efficiency.

Simultaneous Self-healable and Self-powered properties: There is almost
negligible amount of work which had been performed globally to achieve Self-
healable and Self-powered properties in a single device. The main objective of
work performed here is to demonstrate such electronic devices and sensors.
Exploration of new techniques: After successful synthesis, it is required to
explore other sensing applications of healable materials.

Room temperature sensing: It is very crucial for cost effective sensors to
perform efficiently at room temperature. So, the motive of this research work is
the fabrication self-healable sensors and electronic devices operable at room

temperature.
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1.8 Organization of thesis

There are five chapters in this thesis and a brief outline of its contents is as follows:

Chapter 1: This chapter describes the self-healing materials, their types, self-healing
process, properties and synthesis method. A detailed literature investigation of earlier
reported research in the area of self-healable electronic devices is discussed in this
chapter. This chapter also describes the different applications of self-healing
nanomaterials in electronic devices. Discussions on the working mechanism of
different sensors like photo, gas and fluoride sensors, which are performed to
demonstrate self-healable sensing devices have been presented. This chapter

illuminates the main problems that emerged in the earlier reported studies.

Chapter 2: This chapter describes a procedure to prepare a dual-layered photodetection
sensor, which can reoccupy its actual sensing performance after damage occurs in its
physical structure. In this work two layers were used, microcapsule based bottom layer
and upper NZF sensing layer. The NZF nanomaterial was synthesized via citrate acid
aided sol-gel process, and was used as the resistive sensing film. Microcapsules of U-
F infused with NZF and flaxseed oil core were prepared by oil emulsion method and
used as a self-healing material. Via the easy fluidic motion of the flaxseed oil, NZF
nanoparticles can fill in the damaged areas when the microcapsules are ruptured. In this
layer, flaxseed oil acts as a transporting agent, which carries NZF nanoparticles toward
the cracks. The sensing capability of the sample post healing was recreatable up to

98.5%.

Chapter 3: This chapter deals with the fabrication of self-recoverable and self-powered
(without battery) visible light photodetector. In this chapter 2-D Polyaniline-
Polypyrrole (PANI-PPY) nanoflakes were produced using low temperature aided
oxidative polymerization method. The NFs formation was also explained in this chapter
via thermal scission and surfactant effect. The most distinctive characteristic of this
research is acetone-reinforced rapid self-restoration presented in Polyaniline-
Polypyrrole (PANI-PPY) nanoflakes. The maximum healing efficiency of 99.8% was

accomplished in this work.

Page 29



Introduction and Aim of Present Work, Chapter 1
Chapter 4: This chapter deals with visible light-enhanced LPG sensor, which is self-
powered, self-healable, and based on PANI-PPY (2P) 2-dimensional nano-sheets. The

material showed enhanced LPG detection below its LEL when irradiated with visible
light at room temperature. The material was able to detect very low concentrations of
LPG almost instantaneously with response/recovery times 172/580 ms. Self-healing
ability was also efficaciously introduced in the TENG layer to recover its properties
after any damage. The maximum healing efficiency of ~99.7% was achieved here in

this work.

Chapter 5: This chapter describes a unique, cost-effective, and quick detection method
of fluoride ions in water. The device is assembled using waste materials like BSR
rubber, used polythene bags, and used plastic sheets, which validate the ability of device
for producing energy from waste materials. The self-healing ability of PDMS/BSR-La
nanocomposite shows fast healing in ~25 min with a healing efficiency of 99.9%, which
is one of the unique features of this device. This unique chemisorption-based self-
powered fluoride detection device shows a maximum sensor response of 12.10 and %

sensor response of 1110 %, which is very high.

Chapter 6: This chapter gives the concluding observation and comparative analysis of
all synthesized materials and fabricated devices. This chapter incorporates summarised
information on the material characteristics, sensing output, and future scope of all the

chapters mentioned previously.
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2.1. Introduction

Fossil fuels, coals etc. are non-renewable energy resources and will be depleted
in the proximate future. The unceasing growth in population will bring the ingestion of
more power sources [1]. The non-renewable energy sources are unable to satisfy these
energy necessities. So, there will be a global dependency on conventional energy
resources in the near future. To achieve sustainable growth, the conservation of
electricity is as vital as its generation. Many research groups have been working on
topics like batteries [4-6], superconductors [2,3], light dependent resistors (LDR) [7,8]
to preserve electric power. Globally a gigantic extent of electric power is being wasted
owing to unreasonable usage of certain equipment in the daytime. The unclear power
conservation guidelines and highly expensive unmanned switches (e.g., light-
dependent resistors) are the leading causes of the wastage of electric power [9,10]. The
photodetector has the characteristic to alter its electrical resistance when the intensity
of the applied light varies. While different nanomaterials are broadly investigated in

this field [11-13], ferrites are the least explored materials in photodetection.

An additional serious complication in this perspective is the service life of
electronic devices. The devices are unceasingly degrading with time due to frequent
mechanical strain, corrosion, and damage while operating. Even slight damage in the
structure can cause a vast variation in its output. Sometimes, it even causes complete
failure of the entire device. This leads to a terrific yearly boost in electronic waste (E-
waste). Roughly, e-waste of approximately 44.7 and 47 million metric tons was
produced in 2016 and 2017 respectively [14]. Furthermore, e-waste produces stark
impacts on the environment and health of humans. Mostly, the e-wastes comprise toxic
and heavy metals (Cd, Hg, Pb etc.) [15] that infect the soil and natural sources of water
which distresses all living creatures [16-18]. Recently, researchers are working on
developing electronic appliences with self-healing capabilities that can redevelop their
internal configurations and characteristics after any deformation. There is noteworthy
progress in self-healable perovskite solar cells [22-24], nanogenerators [19-21], sensing

devices [25-28], etc.
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In the following work, we have pointed toward the concern of recovering the
sensing behaviour of a solar light photosensor after mechanical distortion. NZF along
with flaxseed oil coated with U-F polymeric shell was formed via the oil-in-water
emulsion technique. The self-healing, along with the free-drifting competency of the
flaxseed oil, has already been conveyed in many reports [29-32]. The entire preparation
is very easy, simple and inexpensive. A photodetector that can recuperate its sensing
characteristics after any structural distortion is well demonstrated here. The graphical
representation of the working principle of the self-healing process is revealed in Fig.
2.1. A bi-layered, healable film, where the top layer was made with Nio.2Zno.sFe204
(NZF) and the bottom layer with Urea-formaldehyde (U-F) microcapsule containing
NZF and flaxseed oil. Taking advantage of the easy-flowing skill of flaxseed oil, NZF
nanoparticles are able to fill in the damaged areas when the microcapsules are ruptured.
Here flaxseed oil acts as a transporting agent, which carries NZF nanoparticles toward

the cracks.

2.2. Experimental

2.2.1. Nio.2Znos Fe204 (NZF) synthesis

NZF nanomaterial was prepared through citrate acid-assisted sol-gel scheme.
Hydrated metal nitrates (nickel nitrate, iron nitrate and zinc nitrate) in stoichiometric
amount were added in DI and stirred magnetically at room temperature until a
homogeneous mixture formed. Next, an aqueous solution of citric acid prepared at an
equal molar ratio between the citric acid and the metal ions was included in the last
concoction and blended in ambient temperature. In this synthesis process, citric acid is
used for inducing chelation in order to achieve consistent distribution of metal cations.
Afterwards, diluted ammonia in minute amount was added slowly in the (metal nitrate
+ citric acid) solution to increase the pH value from 2 to 8. The heat was then applied
to the solution by applying an external temperature of ~100 °C until xerogel forms. Due
to the presence of chelating agent, the gel starts igniting, and the dry xerogel speedily
burns on its own and formed loose powder-like material. This nanopowder was then

cooled down, rinsed multiple times, and treated at 600 °C for 2 hrs inside a tube furnace.
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Fig. 2.1 Schematic diagram depicting the self-healing phenomenon in present work.
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Fig. 2.2 Schematic diagram of the polymerization process of U-F.

After annealing, dark brown-coloured NZF nanopowder was received. The

chemical reaction of NZF formation in this process is as follows:

0.2Ni(NO3)2.6H20 + 0.8Zn(NO3):.6H:0 + 2Fe(NO3)3.9H:0 + 3C¢Hs07 —
Nip.2Zno.sFe;04+CO2 + H2O + N, 2.1)
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2.2.2. U-F Microcapsule synthesis

The polymeric U-F microcapsules were prepared using the reverse micellar
procedure as shown stepwise in Fig. 2.3. In the beginning, 2 gm resorcinol, 1 gm NH4Cl
and 10 gm Urea were mixed in 100 ml DI. When everything was dissolved completely
in water, aqueous solution of PVA (5 wt.%) was included in it and stirred. Next, the
solution was made acidic by reducing its pH to 2. The stirring speed then increased
from 500 rpm to 900 rpm, and 50 ml flaxseed oil was dripped very slowly in the solution
for maintaining the size and shape of the microcapsules. ~ 4 gm NZF was added to the
mixture. Finally, 37 wt.% formaldehyde solution was incorporated in the solution,
while the temperature raising to 65 °C. Shortly, after 3 hrs, polymeric microcapsules
enclosing NZF nanomaterial and flaxseed oil were formed. The microcapsules were

then collected by filtration, washed, and dehydrated at room temperature overnight.

The chemical reactions of urea-formaldehyde polymerization are presented in
Fig. 2.2. The whole polymerization occurs in a two-stage procedure: alkaline
methylolation and acid condensation. In the 1% step, each molecule of urea connects
with the formaldehyde molecules to form mono-, di- and tri-methylolurea prepolymers.
In the 2" stage, the prepolymers get accumulated on the surface of the oil droplets, and
polymerization occurs at high temperatures. Finally, polymeric microcapsules

encircling the core material (NZF+oil) are formed.
2.2.3. Self-healable bilayered film fabrication

Spin coating technique was used for depositing the bi-layered self-healable
photo-detecting film. Temperature was controlled skillfully to maintain the
microcapsules unbroken in the prepared film. ~ 8 gm microcapsules were mixed in 10
ml DI, and the mixture was smeared evenly on a clean substrate (glass) inside the spin
coater spinning at 500 rpm, and dried at 55 °C for 10 min. Next, a dispersion of 2 gm
NZF in acetic acid (10 ml) was layered above this film by spin coating at 1100 rpm for
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Fig. 2.4 SEM images of (a) group of microspheres, (b) single microcapsule, (c)
porous NZF film and (d) dual-layered film.
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60 sec. The final bi-layered film was ultimately desiccated by giving a temperature of

~55 °C for a period of 10 min.

2.3. Results and discussion

2.3.1. SEM and EDS analysis

SEM micrographs were taken for the morphological analysis of the

microcapsules and NZF nanomaterials, along with the prepared bi-layered sensing film.

Fig. 2.4(a) shows the clustered microcapsules, being perfect spherical in shape.
Fig. 2.4(b) shows a single microcapsule with a smooth surface. The SEM results verify
the reliability of synthesis process in the formation of even, identical, perfect spheres

of microcapsules.

Fig. 2.4(c) displays the porous surface of NZF nanomaterial, while, Fig. 2.4(d)
demonstrates the SEM micrograph of the bi-layered film, that was analyzed when the

sample stage was tilted at 53° from vertical.

The EDS analysis in Fig. 2.5 approves the presence of all constituent elements
such as Iron (Fe): 47.73 wt.%, Oxygen (O): 20.36 wt.%, Zinc (Zn): 28.20 wt.% and
Nickel (Ni): 3.71 wt.%.

2.3.2. HR-TEM analysis

The nesting of NZF in the interior of the polymeric microcapsules was affirmed
by HR-TEM accompanied by SAED configuration (Fig. 2.6(a-d)). The outer periphery
of the microcapsules containing the dark core material can be visualized easily. The
SAED pattern revealed the lattice fringes of NZF regarding the planes (220) and (311)
as shown in Fig. 2.6(b). A gloomy ring can be observed around NZF planes which
represents the polymeric shell. In the TEM image of Fig. 2.6(c), the average NZF
dimension can be seen as ~20 nm. Fig. 2.6(d) shows the crystalline nature of NZF. The
interplanar spacing of the certain set of planes was ~0.165 nm, which belongs to (511)

set of planes, as revealed from the XRD pattern of NZF.

Page 49



Improved sensing ...... poly (Urea-Formaldehyde) Chapter 2

Spectrum 2
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Fig. 2.5 EDS spectra of NZF nanopowder.
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Fig. 2.6 (a) TEM image of single microsphere showing outer and inner boundary,

(b) SAED pattern of NZF-flaxseed oil encapsulated U-F microcapsules, (¢) TEM
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image of NZF inside microsphere and (d) HRTEM image of crystalline NZF

nanomaterial.
2.3.3. XRD analysis

The XRD representations of NZF nanopowder prior to, and after heat treatment
is given in Fig. 2.7(a) and (b), arranged in the same scaling to get better visualization.
The heat-treated nanomaterial owns all prominent characteristic peaks of NZF, as
indexed in the image (JCPDS 08-0234). The diffraction from the planes (440), (511),
(422), (400), (222), (311) and (220) occurred at 61.98°, 56.42°, 52.96°, 42.58°, 34.96°

and 29.62° positions respectively.

In the as-synthesized sample, almost all characteristic NZF peaks have
appeared, but their intensities are very low owing to low crystallinity. Whereas, sharp
and strong peaks have occurred in the annealed sample, proving significant
enhancement in both crystallinity and crystallite size due to heating at 600 °C. The
molecular concentration increases on the surface of the crystal when a high temperature
is applied. As a result, crystal growth is encouraged at high temperatures. Moreover,
the mobility of atoms also increases at high temperatures, which provides excess energy

to the crystal grains for further growth.

Using Scherer relation, the average crystallite size along (311) direction was

calculated in case of both the samples:
D = 0.97/BcosO 2.2)

Here, D, A, 6 and P are crystallite size, wavelength of the striking beam, Bragg’s angle
and FWHM. The measured size of the crystallite along (311), interplanar spacing of
(311) planes and lattice constant of NZF before and after annealing are shown in Table
2.1, which illustrates that all the parameters have improved greatly with temperature.
This means heat treatment is very important for controlling crystallization and

crystallite sizes.
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Fig. 2.7 XRD pattern of polycrystalline Nio.2ZnosFe204 nanopowder (a) before

annealing and (b) after annealing (JCPDS No. 08-0234).
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Fig. 2.8 Raman spectra of pure NZF nanopowder (annealed).
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Table 2.1. Effect of annealing on crystal parameters.

Sample Crystallite size, D Interplanar Lattice constant,
(nm) spacing, d (A) a(A)
NZF before 14.57 2.5635 8.1035
annealing
NZF after 17.73 2.5690 8.1239
annealing

2.3.4. Raman analysis

In general, Zn>" cations conquer the tetrahedral sites of the NZF lattice, and
introduce structural disorder in the lattice, due to having larger diameter than Ni**
cations. From the group theory prediction, the Raman active modes present in cubical
spinel NZF (Fd-3m symmetry) are, 3F2¢, A1z and Eg [33]. The symmetric stretching
vibrations of oxygen in Zn—0, Fe—0, along with Ni—O bonds residing in the tetrahedral
positions give rise to Aig modes, appearing at ~637 ¢cm’'. When vibrations occur
among the ions residing in octahedral positions, they create two Raman modes: F2¢ (2)
and F2g (3) at ~ 470 cm™ and ~35 cm™! correspondingly. The symmetric bending of

oxygen anions in Fe—O bonds represents Eg mode at 303 cm™.

2.3.5. FTIR analysis

The IR exploration of annealed NZF, microcapsules containing only flaxseed
oil, together with the microcapsules containing both flaxseed oil and NZF was done,
and comparative data are presented in Fig. 2.9 for analysing the presence of

characteristic peaks corresponding to the constituent phases in the nanohybrid.

The spectrum of NZF (black line) contains the fingerprint vibrations of spinel
ferrites at 542.9 cm™ due to stretching vibrations in M—O bonds residing in the
tetrahedral positions, and under 400 cm™ (not able to be detected precisely due to the
instrumental limitations) due to stretching vibrations in M—O bonds residing in the

octahedral positions [33].
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Fig. 2.10 Thermogravimetric analysis (a) Weight loss vs. Temperature of U-F
microspheres with NZF-flaxseed oil (b) DTG curve of U-F microspheres with NZF-
flaxseed oil (c) Weight loss vs. Temperature of pure NZF (d) DTG curve of pure
NZF.

The spectrum of microcapsules containing flaxseed oil (blue line) contains
representative vibrations of the core counterpart (flaxseed oil) at 1743 cm™ and 1168
cm’! because of vibrations generated due to stretching motions in the bonds C—O and
C=O0 respectively. Another prominent vibration has also been perceived at 3354 cm’!
arising from the stretching at secondary N—H bonds. The bands present at 3016 cm™!,
2929 cm™!, 2850 cm™! exist as the consequence of stretching at sp> C—H, whereas, the

band at 1461 cm™! is owing to bending at sp* C—H [29, 30].

The spectrum of microcapsules containing NZF and flaxseed oil (red line)
contains all the representative bands of the individual phases, which confirms the

presence of all the phases in the hybrid sample.
2.3.6. TGA analysis

To analyze the thermal stability of the hybrid sample and to assess the quantity
of each phase present in the hybrid, TGA/DTA investigation was performed by raising
the temperature upto 1000 °C (Fig. 2.10(a),(b)). The experiment started with ~8 gm of
the sample. Later, at a temperature ~310 °C, the U-F microcapsules were decomposed,
leaving NZF and flaxseed oil in the specimen. Beyond 310 °C, out of the initial amount,
~6.11 gm of the sample remained, and ~1.93 gm of U-F polymer material got
decomposed. Hence, ~24% U-F polymer was existing in the nanohybrid. A major
decomposition took place ~480 °C, proving the decomposition of the oil phase, after
which ~2.42 gm sample remained, which is basically NZF. Therefore, in the hybrid,
~46% of material was flaxseed oil, while ~30% material was NZF. Beyond 480 °C, any

loss in weight was not witnessed.

The TGA/DTA analysis of just-prepared NZF (without annealed) is presented
in Fig. 2.10(c),(d). Three different decompositions can be seen in the curve. At 1%,

among 50 °C — 150 °C, the adsorbed compounds (CO2, H20 etc.) got released from
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NZF. Next, from 150 °C- 400 °C, oxidation of organic complexes and breakage of
inorganic compounds happened. Then, from 400 °C — 600 °C the development of the
metal oxide took place. Beyond that, any loss in weight was not witnessed, which means
that annealing the sample at a temperature equal to or higher than 600 °C can eliminate

all impurities.
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Fig. 2.11 Absorption spectra of pure NZF film with Tauc plot in the inset for band

gap observation.
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Fig. 2.12 SEM analysis of (a) cracked, and (b) healed sample.
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2.3.7. UV-vis spectroscopy

NZF shows maximum optical absorption at ~307 nm, when irradiated with
optical light (Fig. 2.11). The band gap (optical) was measured from the Tauc plot

presented in the inset, using the relation
ahv=A(hv-E,)" 2.3)

Here, A, and v are the constant, and the optical transitional frequency respectively. n
represents the nature of the transition, where n is considered 1/2 when band gap is
direct, and 1/3 when it is indirect. In NZF, n is taken 1/2 as its band gap is direct in
nature. The band gap acknowledged from the Tauc plot of NZF was ~3.51 eV.

24 Self-healing analysis
2.4.1. Self-healing capability of the sensing film

The chief purpose of this report is the fabrication of a sensing film which is able
to recoup its actual structure afterwards any deformation. The recovery of sensing
properties of the film also depends on the amount of healing. If any discontinuity is
present amid the anode and cathode in the device, we won’t get any response as the
drift of charge carriers is obstructed by that damaged area. The movement of the charge
carriers can be regained only when the damage will be recovered. For that purpose, a
bi-layered film was assembled with the topmost layer acting as the detector, and lower
layer acting as healer. The microcapsules containing NZF and flaxseed oil make the
healing layer, where flaxseed oil plays the character of a mediator to transport NZF
towards the cracked region owing to its mobility, as granular NZF cannot transfer by
itself. After creating an imitation fracture, the bi-layered film was warmed at ~100 °C,
where, the microcapsules broke, and the oil with NZF came out and filled the crack.
Fig. 2.12 (a) shows the SEM micrograph of the cracked region of the film, where, some
additional fractures can be seen in the film as some stress developed in the sample while
creating the crack. After generating the crack, the film was kept at a temperature of
~100 °C for 60 min and then kept at ambient temperature overnight to get rid of all the

extra oil from the material.
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Full Scale 505 cts Cursor: 0.000

Fig. 2.13 EDS response from the healed region of the film.

Figure 2.12 (b) shows the SEM image of the healed region of the film where
partial healing can be observed in some places around the edge of the film, which might
be due to leakage of NZF with the oil through the edges. EDS analysis was performed
in the healed region to prove the presence of NZF in the healed area (Fig. 2.13). It
confirmed that NZF was effectively mediated in the deformed area.

2.4.2. Photodetection mechanism

When a sensing film is kept in the open atmosphere, the molecules of oxygen

start chemically adsorbing on the sensing element by the reaction with the surface

electrons of the material as,

0 (ads) + e~ < Oy (ads) 2.4)
0: (ads) +2e 207 (ads) 2.5)
O~ (ads) +e~ <> Oy (ads) (2.6)
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grains due to atmospheric exposure (¢) Diminution in depletion width after
illumination (f) Potential barrier vs. depletion width curve under dark condition (g)

decrease in barrier height along with depletion width under illumination.

When the film is radiated with light, multiple electron-hole pairs are created in
the material, from which, the holes interact with the previously adsorbed oxygen ions

and free oxygen molecules in air.
h*(hv) + 02~ — O3 (Des) 2.7

The residual electrons then rise the carrier concentration of the material,
creating a decrement in the width of the depleted region along with the electrical
resistance of the material. As time passes, further charge carriers get generated, and a
significant reduction of the resistance is achieved. This phenomenon practically can be
observed in Fig. 2.15. When the light is turned off, the material regains its actual

resistance.

2.4.3. Photodetection performance before and after healing

The changes in the resistance of sensing film in the attendance and absence of
illumination (~100 mW/cm?) are shown in Fig. 2.15. After the crack generation, no
response was seen in the film, as the charge carriers were not able to move between the
electrodes. However, after healing, the response reoccurred (Fig. 2.15(b)). Both the
responses of the uncracked film and healed film were almost similar, indicating towards

good healing. The photo-response of the material was calculated from the formula:

Response (%) = %xmo = AR—Rxmo 2.8)
d d

Here, R¢ and Rq are the resistances in light and dark correspondingly. The
variation in the resistance of sensing element is the outcome of the generation of

numerous charge carriers in presence of light and it can be described by the relation,

£
AR = T 2.9)
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Fig. 2.16 Photoconductive response of NZF (a) before healing (b) after healing at
30, 60 and 100 mW/cm? light intensities. The behaviour of Photo response at fixed
100 mW/cm? light illumination (c) before self-healing and (d) after self-healing for

continuous 6 repeated cycles of illumination and dark.

Where q, y, d, £, An and t are the electronic charges, mobility, width, lengths,
change in the carrier concentration under radiation, and thickness of the sensing

material respectively.

The photo response of the uncracked film and healed film were measured in
case of illuminations of 30, 60 and 100 mW/cm? and plotted as shown in Fig. 2.16 (a)
and (b). The response/recovery times in uncracked and healed films were calculated to
be ~1.74/3.28 sec and 1.75/2.84 sec respectively. Hence, the deviation in the case of

response time was ~0.57%, while the same in recovery time was ~13%.

For noticing the reproducibility of the material, the uncracked and healed film
was exposed repeatedly to illumination (100 mW/cm?), as well as dark multiple times,
as revealed in Fig. 2.16(c),(d). Both the films show almost similar result, when same

experiment was repeated continuously.

Another essential parameter for the evaluation of the sensing performance is
responsivity. It can be demonstrated as the current density per illumination power, i.e.,

Jp _ Al

R;=
P; APy

(2.10)

Where Ry, Jp, Pa, Al and A are the responsivity, current density, illumination

power, photo-current, and illuminated film area.

~98.5% response was recovered via healing, revealing successful regain of
sensing properties. The electrical resistance of the material was slightly raised after
healing (from 276 MQ to 286 MQ), possibly due to either partial healing at some places
as discussed earlier, or, the existence of some oil in the voids of the film. These
outcomes approve that a photodetector is successfully prepared that can reestablish its

sensing properties after any mechanical damage.
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Fig. 2.17 Responsivity curve under the illumination of 100 mW/cm?.
2.5. Conclusions

The NZF nanomaterial was synthesized via citrate acid aided sol-gel scheme
and was used for the light detection measurements. The microcapsules made with U-F
polymer, encompassing NZF and flaxseed oil were prepared using reverse micellar
method and used to achieve self-healing. The preparation methods are quite easy,
effortless and inexpensive. The polycrystallinity and pureness of the NZF were
established by XRD study. The wrapping of the nano ferrite by the U-F polymer was
proved via SAED, TEM, and FTIR analysis. The effective restoration of the element
was authenticated using SEM and EDS investigations. By regaining the actual
configuration, the sensing element was competent to reinstate the sensing properties.
The response/recovery times taken by the undamaged film were 1.74/3.28 sec, whereas
the same for the film after healing were 1.75/2.84 sec correspondingly. The detection
capability of the specimen post healing was re-creatable towards ~98.5%. Thus, we
have effectively elaborated a procedure for preparation and fabrication of a bi-layered
photo-detecting device, which can redeem its actual operations when any damage

occurs in its physical structure.
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2-D self-healable polyaniline-polypyrrole

nanoflakes based triboelectric
nanogenerator for self-powered solar

light photo detector

In this chapter, self-powered and self-healable photo detector sensing visible
light is demonstrated. Polyaniline-Polypyrrole (PANI-PPY) nano flakes were
used in the device and it was prepared using low temperature supported
oxidative polymerization procedure. The nano flakes were tested using SEM,
FTIR, XRD, and Raman spectroscopy in detail. The formation of the nano
flakes is also explained here via thermal scission and surfactant effect. An
optical absorption spectra spread was observed in the visible region along
with the optical band gap ~1.85eV. The detection was performed using TENG
as power supply (maximum voltage ~149 volts, maximum current ~16 uA).
With this setup, the nano-flakes showed a sensitivity of ~2.78
%response/mWem™?. The most novel characteristic of the research presented
in this chapter is acetone-supported rapid self-restoration offered in
Polyaniline-Polypyrrole (PANI-PPY) nanoflakes, showing maximum healing
efficiency ~99.8%.
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3.1 Introduction

Triboelectric nanogenerators (TENGs) are known as the next-generation devices to
produce environment-suitable, and extremely gainful electrical energy [1]. The
development of novel nanoparticles is extremely necessary for maintainable growth in the
upcoming years. Increasing demands for energy enhance the demand for progress of self-
powered, profitable, self-recoverable futuristic energy-producing devices and methods are
extremely crucial in firming small-size electronics [1]. The future battery-less
nanogenerators (NGs) based sensors will have a compressed dimension along with huge
output power. TENG operates using the principle of triboelectrification as well as
electrostatic induction, by which it translates mechanical power to electric power [1].
Materials such as Rhododendron plant [2], decomposable materials like paper [3], and
different polymers [4-6] were previously used in TENG fabrication. Despite their
outstanding output, TENGs have a chief drawback of deprivation due to repeated
mechanical force and environmental degradation. To remove these problems, self-healable
materials [SHMs] are incorporated inside NGs. SHMs are widely incorporated in several
electronics like solar cells [7-9], supercapacitors [10-12], batteries [13], sensors [14, 15]
etc. The incorporation of SHMs in these devices can broadly ease the e-waste problem. In
recent years, the TENG based self-powered gas sensors [16-19], humidity sensors [20,21],
motion sensors [22-24], pressure sensors [25] etc. are designed. Still, the self-repairing
ability is absent in the above battery-less sensing devices. The work presented here focuses
on undertaking this problem by incorporating SHM in the device. Electricity conservation
is extremely crucial as power production and photodetectors play a chief role in preserving

electrical energy.

Here in this work, an extremely responsive self-powered, self-recoverable and
conducting polymer (CP) based photodetector for the sensing of solar light is presented.
For this purpose, the polyaniline-polypyrrole (PANI-PPY') 2-D nanoflakes (NFs) has been
prepared and used in TENG and their output characteristics are observed. The most novel
characteristic of this research is acetone-supported rapid self-recovery presented in PANI-

PPY nanoflakes.
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3.2 Experimental

3.2.1 Materials

Methanol, polyaniline (PANI), cetrimonium bromide (CTAB), polypyrrole (PPY),
ammonium persulfate (APS), HCI solution, ethanol (AC grade), and de-ionised water were
utilized for PANI-PPY synthesis. These compounds were obtained from Fisher Scientific
and utilized in the synthesis process as received. PET films were acquired from Sigma

Aldrich.
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Fig. 3.1 Schematic diagram of steps involved in the synthesis process of PANI-PPY NFs.

3.2.2 Synthesis of PANI-PPY

PANI-PPY was produced using low temperature aided oxidative polymerization
method as displayed in Fig 3.1. certain quantity of concentrated hydrochloric acid was

diluted in 100 ml of deionized water, and then the beaker was shifted on a stirrer.
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Fig. 3.2. PANI-PPY co-polymer reaction mechanism.
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The entire preparation procedure was performed at a rotational speed of 800 rpm.
10 min later, surfactant CTAB was mixed in a concentration of 35 mM for the promotion

of the flake-like shapes in the nanomaterial.

APS solution was dropped in the mixture till a precipitate in white colour was
observed. PANI and PPY in 1:5 ratio was dropped in the previous mixture. The temperature
of solution was upraised towards 65 °C for the next 1 hour. After that CH3OH was mixed
into the mixture to halt polymerization. Finally, the precipitate was cleaned with C2HsOH
and deionized water. The material was then desiccated at ambient temperature for 1 day,

after which the nanoflakes were ready for use.
3.2.3 Reaction mechanism of PANI-PPY formation

PANI-PPY NFs were prepared via the oxidative polymerization procedure as
shown in Fig.3.2. At first aniline monomer was mixed in the HCI solution with APS, and
initially radical aniline cations were generated. H'ions from hydrochloric acid solution
were utilized in protonation of aniline [26]. This procedure was trailed via an electrophilic
replacement method to rejoin these radicals. Monomers used in the reaction comprise their
highest responsive de-protonated state. Redox progression of neutral aniline inside solution
with oxidizing agent APS begins and in the proliferation phase para-site of this monomer
interacts with an oxidized end oligomer of the amino group. With time, the monomers of
aniline and APS present in the mixture reduces. Polymerization of Aniline halts after

complete reduction of APS or aniline.

Likewise, the polymerization of the monomers of pyrrole occurs in the mixture.
The negative ions of the mixture retain electroneutrality of synthesized polymer using the
acquisition of the negative ions in the mixture. APS provide e towards the pyrrole
monomer. Moreover, the m-bond from additional pyrrole was reacted by electron of
pyrrole. As a result, a pair formed on creating a free ¢ and chain proliferation of
polypyrrole starts. The entire mechanism is very similar to polymerization of Polyaniline.

Aniline and pyrrole polymerizations occur concurrently in the mixture.

Page 72



2-D self-healable ...... photo detector Chapter 3

3.2.4 Fabrication of TENG

Copper-tapes (2 mm thick) were stuck to PET film for electrodes. One of these
electrodes was stuck to the Kapton film. This Kapton film was scrubbed with sandpaper to
improve triboelectricity by increasing its surface coarseness. The second electrode was
made by drop casting with PANI-PPY NFs. Overall assembly of the designed TENG is
displayed in Fig. 3.3. Both tribo-layers with a surface area of ~32 cm? were separated using

spacers.
3.2.5 Characterization Techniques

The characterization methods used for analyzing the presence of different elements,
bonding, crystal properties, thermal stability, encapsulation, morphology, optical
absorption etc. were Fourier transform infrared spectroscopy (FTIR; Thermo-Scientific
Nicole 6700), Raman spectroscopy (Renishaw In Via reflex micro-Raman spectrometer),
Thermogravimetric analysis (Perkin Elmer Pyris 1 TGA), X-ray Diffraction (XRD;
Panalytical - X’Pert Powder) with Cu-Ka radiation (A~ 1.5418 A), High-resolution
transmission electron microscope (HRTEM; FEI Tecnai TF20) analysis, Scanning electron
microscope (SEM; JEOL JSM-6490 LV) and UV—-vis spectroscopy (Thermo Scientific-
Evolution 201). Thermogravimetric study (TGA) and Differential thermal analysis (DTA)
were performed (PerkinElmer Pyris 1 TGA) in a nitrogen environment with 10 °C ramp
rate. The electrical measurements of TENG was investigated by Keithley-6517B

electrometer.
3.3 Results and discussion

Polymers are widely utilized in NGs and energy storing devices like batteries due
to self-recovering and charge holding properties. It is difficult to restrain the shapes in
polymer because of their huge agglomeration frequency. Different particles of a monomer
can be simply joined to other polymer monomers due to the high accumulation rate during
polymerization. Contact electrification quality of nano-scale polymers is significantly

amplified due to their great surface-to-volume ratio (S/V).
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Fig. 3.3. (a) Constituents layers in PANI-PPY based TENG (b) lateral and (c) side-ways

images.

30.35 nm

Fig. 3.4. SEM images of (a) Group of NFs, (b) layered NFs and (c) Thickness of NFs ~
47 nm and (d) TEM image of PANI-PPY NFs with SAED pattern in inset showing

semicrystalline defused ring.
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The electrical charges produced at the contact are able to be effortlessly received at
electrodes with zero waste in TENG, made from conducting polymer (CP). Additional
benefit of the development of a polymeric nanostructure is that various nanogenerators [37-
46] are constructed with the mixture of inorganic nanomaterials and polymers i.e. in the
beginning, an inorganic nanomaterial is prepared, and blended in a polymeric matrix (PVA,
PDMS, etc.). Due to the alteration in the mechanical characteristic of both constituents,
inner distortion may happen. Furthermore, assume when an extremely conducting
nanomaterials like graphene oxide, CNT, graphene etc. are added to polymers with
insulating nature, then the overall conductivity of the nano-composite is reduced. The
discrepancy present in the internal grain boundaries of the microscale layer gives rise to
this characteristic. CNT possess an electrical conductivity of ~10%-10% S/m. When CNTs
are dispersed in an insulating polymer matrix, the hybrid structure shows an electrical
conductivity of only ~10? S/m, as the contact of polymer margins with CNTs arbitrarily in
the hybrid. Polymeric nanocomposite can improve the flexibility, and healing capability of
the nanocomposite, however, the electron movement is significantly diminished as the
resistance and band gap are raised. It is well known that valence and conduction band in
CNT overlays, while in CNT-polymer nanocomposite a band gap resides. When the charge
is produced after mechanical effort in nanogenerator, it flows throughout the tribo-film to
the electrode. If tribo-film is non-conducting, the charges will probably be diffused in the
film before approaching an electrode. Output performance of NGs is typically influenced
by the proficiency of the collection of the produced charge. If there is an assembly of a
huge amount of charges at electrodes before the diffusion, the output performance would
upsurge. Conducting polymer in nano dimension improves charge gathering at electrodes
and upsurges the total surface extent. So, PANI-PPY based conducting polymer nanosheets

are incorporated here.
3.3.1 Electron microscopic analysis

SEM micrographs were taken to examine the exterior features of PANI-PPY nano-
flakes. In Fig 3.4(a) group of even and identical NFs are clearly visible, evenly distributed
all over. The SEM micrographs validate the reliability of the accepted synthesis procedure
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in the creation of identical PANI-PPY NFs. Well-organized NF layers were inspected by
aligning the sample platform at an angle of ~50° from y-axis as visualized in Fig. 3.4 (b).
A high-resolution SEM micrograph of NFs is displayed in Fig. 3.4(c), where the smallest
width of NF is ~30.35 nm.

TEM photographs displayed in Fig. 3.4(d) authenticate the shape and construction
of the NFs. While the smallest thickness of nanoflakes (~30 nm) was authenticated from
SEM image and the length of NFs was ~ 300 nm. SAED (inset) displays a blurry bright
ring-like feature and a glowing epicenter that validates the semi-crystalline nature of the
polymer. In polymers, semi-crystallinity resides because of the existence of arrangements

repeated over short ranges, established from the XRD analysis (section 3.3.5) as well.
3.3.2 FTIR analysis

FTIR spectra of the copolymer and its constituent individual phases are
comparatively shown in Fig. 3.5 (a) and explained in Table 3.1 as well. All the
characteristic bands of individual polymer phases were present in the copolymer phase,

which confirms the presence of both PPY and PANI phases in the copolymer.
3.3.3 TGA analysis

TGA analysis was executed to validate the thermal behaviour and constancy of the
co-polymer. TGA graph presented in Fig. 3.5 (b) shows the deteriotion of PANI-PPY in
three steps. 1% phase is visualized at about 75-130 °C due to the loss of adsorbed water
from the sample. 2" stage is visualized at 230-460 °C, when the tiny oligomers get
excluded and the ions doped in the polymer are decayed. The disintegration at the 3™ stage
was visualized at 510 °C and beyond, due to the obliteration of the chains of the polymer.
It was observed that at the termination of the 2™ stage, ~ 43 £ 1 % of the sample was
decayed. Therefore, only ~ 57 + 1 % material remained at high temperatures. These
annotations from Fig. 3.5 (b) display the good thermal steadiness of the synthesized

material.
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Fig. 3.5. (a) Stacked FTIR spectra of PPY, PANI and PANI-PPY for comparative
analysis (b) TGA analysis of PANI-PPY copolymeric NFs (c) UV—Visible absorption

spectra with Tauc plot for bandgap observation of PANI-PPY composite (d) XRD of
PANI-PPY NFs showing semi-crystalline nature.
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Table 3.1 FTIR peaks in PPY, PANI and PANI-PPY with corresponding assignments.

Peak in PPY Peak in PANI Peak in PP (cm_l) Assignment
(cm-1) (cm_l)
3317 3270 3373 N—H stretching
2888 - 2951 C—H stretching
2806 — 2895 C—H stretching
1524 1543 1626 C=C stretching
1460 1449 1454 C=C stretching
1270 1340 1357 C—N stretching
1038 1167 1026 C—H stretching
520 571 591 C—Cl stretching

3.3.4 UV-Visible spectroscopy

It is vital to discuss that the band gap of utmost effective photovoltaic constituents

lies between 0.5-2.5 eV [27]. Presented NFs reveal bandgap in the same array. The graph

amid the energy of photon (hv) and coefficient of optical absorption (o) is graphed as per

displayed in Fig. 3.5 (¢) for achieving band gap (Eg):

ahv = A (hv — E,)P

(3.1)
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where A signifies a constant, v represents the exact frequency needed in transition,
p shows the kind of transition taking place. The (ahv)? vs hv plot, also known as Tauc plot

is drawn that displays a bandgap ~1.85 eV as shown in Fig. 3.5 (c).
3.3.5 XRD analysis

Fig. 3.5 (d) displays the XRD configuration of PANI-PPY copolymer. The
representative diffraction of PPY is noticed at Bragg angle 25°, while in case of PANI,
diffraction occurs at 25°, 20° and 15° corresponding to (200), (020) and (011) planes [28].
Strident diffraction at 25° resembles face-to-face inter-chain piling of phenyl rings. Wide
raised peaks at 24.80°, 19.86°, and 14.85° display the semi-crystal like behaviour of
polymer. The observed diffraction at 19.86° is related to cyclicity parallel with the
polymeric chain, and the diffraction detected at 24.80° exists owing to cyclicity
perpendicular with polymer chains. The semi-crystal-like nature of the copolymer is the
consequence of the inclusion of semi-crystalline PANI [28]. The emi-crystals are also
validated by SAED in HR-TEM section (section 3.3.1). These outcomes coincide with
earlier testified copolymeric XRD [29] and display the purity of synthesized material.

3.3.6 Raman analysis

Raman spectra study of the copolymer is displayed in Fig. 3.6. The existing Raman

active modes with their positions and assignments are shown in Table 3.2.

Table 3.2 Raman active modes of PANI-PPY copolymer.

Raman shift Assignment
(em’)
1558 C—C stretching
1455 quinoid ring’s C=N stretching
1333 C—N’ stretching
1119 C—H in-plane bending
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Fig. 3.6. Raman spectra of synthesized conducting PANI-PPY polymeric NFs.
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Fig. 3.7. (a) PANI-PPY nanoflakes formation mechanism, (b) optical image of a cracked
film, (c) optical image of the healed film, (d) SEM image of a crack generated film, and
(e) SEM image of the healed film.
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3.3.7 NFs formation process and Self-recovering ability

The formation of every nanoparticles with specific shape requires well-ordered and
accurate control. The PANI-PPY polymerization was analyzed in section 3.2.3. The
process of NFs development is revealed in Fig. 3.7 (a). The applied temperature of 65 °C
and CTAB surfactant are the main keys in the development of NFs. Numerous molecules
comprise of PPY and PANI produce when polymerization begins. These molecules are
rapidly enclosed by surfactant, which halts these polymer molecules from accumulation.
After the temperature was raised towards 65 °C, the process of thermal division arises at
random places in the solution [59] and thus short-chained polymer in place of long-ranged
polymer is created. These low-range molecules converged and polymerized in a single
plane to produce a flake-like assembly. SEM study in Fig. 3.4(a), (b) and (c) validate finely
detached 2-D NFs.

To examine the ability of restoration of the NFs, both SEM and optical imaging are
performed. For this, the film was itched using a spatula as presented in Fig. 3.7 (b) and (d),
the healing phenomenon was observed in the ambient environmental state. Figures 3.7(c)
and 3.7(e) exhibit how rapid the healing was originated in the PANI-PPY under only 10
minutes after the inclusion of a few acetone drops, which were dropped using a
micropipette. Each copolymer molecule was connected with each other by frail hydrogen
and m-bondings [60], that is able to be simply shattered with acetone. When acetone
dehydrates, these bonds reestablishes and the crack gets sealed (Fig. 3.7 (¢),(e)). Reaction
between acetone and the polymer does not disturb the morphological and electrical

characteristics of nano-flakes that is clearly visualized in segment 3.3.8.
3.3.8 Self-powered Photo-detection

A graphical picture of the battery-less solar light photo-detector is displayed in Fig.
3.8 (a). Here, PANI-PPY based TENG (section 3.2.4) is utilized to supply the sensor
required power for operation. The electrodes of TENG are coupled to a different resistive
copolymer film, which behaves like a photo-sensing element. When illuminations of
diverse power densities are radiated on this sensing film, it behaves as a changeable
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resistor. The potential drop through this resistive film was observed using Keithley
electrometer (6517B). A PC linked to the electrometer saves the output data produced. The
copolymer film on the glass substrate was positioned inside the detection compartment that
is linked to a light intensity controller as can be seen in Fig. 3.8 (a). Photo-sensing setup is

completely secured to evade mistakes owing to exterior light sources.

On this context, the discussion of the fundamental working principle of self-
powered sensing devices is very crucial. These devices operate on the norm of a voltage
divider (Fig. 3.8 (b)) that precisely imitates the self-powered Photo sensing circuit
displayed in Fig. 3.8 (a).

The output coming from the nanogenerator plays the role of the input voltage source
Vi for the sensing element to work. R is the interior resistance of NG and circuit, whereas

Rz denotes the resistance of sensing film. The potential drop across Ro:
Vour = {R2/(R1 + R3)} X Viy (3.2)

Equation 3.2 displays that voltage drop across R: is proportionate with Ro.
Therefore, any change in Rz will change Vour as well. The working of a self-powered
sensing devices can be simply realized by this concept. The voltage produced by the TENG
works as input voltage Vin for the sensing film. When light is made to fall on the sensing
element Ro, the electrical resistance of the material rapidly varies. As the resistance of
sensing film varies, voltage drops through the sensing element, hence Vour also alters.
Diverse kinds of earlier testified self-powered sensors operate on a similar principle

[16,18,20,21].
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Fig. 3.8. (a) Schematic diagram of self-powered visible light photodetection unit, (b)
circuit diagram of voltage divider circuit, (¢) Max output voltage of PANI-PPY based
TENG, (d) Max output current of PANI-PPY based TENG, and (e) Current density graph
of PANI-PPY TENG.

Page 84



2-D self-healable ...... photo detector Chapter 3

After a detailed literature review, it was found that present PANI-PPY NFs have an
improved response/recovery time than previously reported works. Furthermore, this work
displays self-healing functionality accompanied by the self-powered property that is the
originality of the following study.

The output characteristics of the co-polymer based TENG were investigated under
the influence of a perpendicular force (contact-separation mode), which is compressive in
nature. For this work, repeatedly pressing by fingers, was applied on the TENG. An open-
circuit voltage as high as ~149 volts was attained as displayed in Fig. 3.8 (c). A steady
current of 16 ~pA was detected, which demonstrates the permanency of the device. The
observed standard deviation in current is 0.7730 pA and the relative standard deviation
(RSD) is 4.97 %. These observations illustrate that device generated current is very steady.
The power density generated in this device was 83.56 uWem 2 (surface area of TENG ~32

cm?), while the current density achieved was ~0.56 pAcm 2.

Functioning of the TENG-based solar light photo sensor can be understood by
understanding the working of resistance variation during the ON/OFF switching process.
The PANI-PPY based resistive film that behaves like a photo sensing element was
positioned inside the sensing compartment as exposed in Fig. 3.8 (a). As soon as the
material was exposed to open air, oxygen ions get chemisorbed on the exterior of the

material as displayed in Eqns. 3.3, 3.4 and 3.5.

0 (ads) + e~ < Oz (ads) 3.3)
0; (ads) +2e" 207 (ads) (34
O~ (ads) +e~ < Oy (ads) 3.5

Electron-hole pairs are formed when the film is illuminated with light. When the
film is endlessly radiated with photons, some electrons get adequate energy for jumping

beyond the potential wall to travel from conduction band to valance band.
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These photo-generated holes react with chemisorbed oxygens and desorb them

immediately into oxygen molecule as,
O; + h*(hv) — Oz (Des.) 3.6)

After this development, because of the remaining unpaired electrons, the resistance
drops as depletion width is lessened (Fig. 3.9 (d) and 3.10 (a)). As the light intensity or the
illumination time is upsurged, a huge quantity of e-h sets gets produced. This creates an
additional reduction in electrical resistance. In dark, oxygen molecules begin to adsorb on
the material again by forming Oz ions. This aids in the increment of resistance as displayed

in Fig. 3.10 (a).

Fig. 3.10 (a) demonstrates the variation in resistance of the material in the presence
of solar light (100 mW/cm?). As discussed earlier in Fig. 3.8 (b), the achieved voltage drop
through sensing element varies with its resistance. Fig. 3.10 (b) shows the reduction in
voltage across film when film resistance reduces with the rise of irradiance of solar light.
The produced voltage of 126.4, 83.6, and 39.4 volts across the sensing film was obtained
under the different intensities of the light of 30, 60, and 100 mW/cm?. As light of 100
mW/cm? was put on the sample, the voltage was changed from 149 volts to 39 volts. The
least response/recovery times were observed for 30 mW/cm?, which are 0.41 sec and 0.45
sec as displayed in Fig. 3.10 (c). The % sensor response and sensor response were measured

using Eqns. 3.7 & 3.8 [26]:
% sensor reponse = (Vy; — Vp)/Vi X100 3.7
sensor reponse = Vy;/V; 3.9)

Here, Viand Vniand represent voltages produced without any illumination and with
illumination (30, 60 and 100 mW/cm?). The %sensor responses and sensor responses at 0,
30, 60 and 100 mW/cm? illumination were observed to be 0, 17.78, 78 and 278 %, and
1.00, 1.18, 1.78 and 3.78 correspondingly. Sensitivity is gradient of calibration graph that

is 2.78 %response/mWem™.
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Fig. 3.10. (a) Variation of resistance under illumination and dark, (b) Maximum output
voltage under various incident visible light intensities, (¢) Change in output voltage when
0 to 30 mW/cm? to calculate response and recovery time of photosensor, (d) % response
and response curve of the photosensor, maximum output voltage (e) before healing and

(f) after healing.
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A very significant findings of this research work is the investigation of the the
consequence of self-healing on the device’s output behaviour. It was achieved by cracking
the sensing film using a spatula and then healing it with acetone. The voltages recorded pre
and post-healing were 149.2 volts and 149 volts respectively as presented in Fig. 3.10 (e)
and (f). It is fascinating to observe that not any significant variations were perceived in the
produced voltage that confirms the healing capability and electrical recovery in the TENG.
The power density in the healed material was 83.54 uWem™2. A negligible variation of
only 0.02 uWcm? displays the efficacy of self-healing. Moreover, it demonstrates an

insignificant modification in the S/V ratio also occurred post healing.
3.4 Conclusion

In conclusion, we have demonstrated PANI-PPY NFs with self-healing ability
prepared via a simple chemical method with the application in self-powered photo sensor.
The method of preparation is very simple to form nano-dimension (~30 nm) 2-D NFs. Self-
healing ability was found absent in earlier published self-powered photo sensors that are
able to change the output enactment of the device after damage. TENG measurements were
made to explore the ability of TENG. A highest voltage and current of 149 volts, and 16
1A, maximum current density and power density of 0.56 pAcm 2, and 83.56 pWem ™2 were
obtained from this sensing scheme that illustrates greater performance against the
previously testified self-powered sensors. Thus, this work emphasizes the advancements

in self-recoverable and self-powered photo sensors.
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Gigantic stimulation in response by solar

irradiation in self-healable and self-

Chapter 4

powered LPG sensor based on

triboelectric nanogenerator
Visible light induced, self-powered and self-recoverable LPG senor is

reported in this chapter. The operating voltage was supplied by TENG
fabricated in the laboratory. The utilization of unused energy (finger
tapping) for functioning sensors to maintain green and sustainable
development have been employed. 2-dimensional PANI-PPY (2P)
nanosheets were prepared and employed as PDMS/PANI-PPY (3P) based
TENG. The TENG reveals huge output voltage and current. 3P polymeric
nanocomposite also displayed fast self-recovering competency under 35

min. The 2P-based film was used in the recognition of LPG at room

. temperature under visible light illumination. y
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4.1 Introduction

Due to their applicability in developing imperishable energy-centred,
sustainable, self-driven, highly efficient sensors detecting pressure, humidity, light,
gases etc., nanogenerators have been investigated and modified in the last few years
[1,2]. Conventional gas detectors need an external power source and external heating
equipment for producing good sensing behaviour with high and fast response [3,4]. The
addition of nanogenerators in these sensors cut off the need for an external power source
as the output voltage of the nanogenerators can directly be used to operate the sensor.
LPG is an exceedingly combustible gas with a lower explosive limit as low as ~2.2
vol.%, and is widely used by mankind as a fuel source [5,6]. The early detection of
leaked LPG is exceptionally important, as the number of LPG consumers is rising
sharply day by day. For decades, metal oxides (ZnO, CdO, MgO etc.), polymers
(polypyrrole, polyaniline), and different nanohybrids (Nb2Os/PANI, CdO/graphene,
PANI/CNT etc.) have been explored in LPG detection [8-10]. However, most of these
sensors need high temperature for operation and are mostly not self-powered. Many
attempts have been taken to remove the temperature barrier in gas sensing applications.
In this context, light-induced gas sensing is one of the newest and very effective
methods in room temperature gas sensing. Here, photon energy is utilized to boost the
gas detection capabilities of the material at room temperature (RT). However, the usage
of this technique in LPG sensing is rather new. Combining the photo-enhanced LPG
sensors with nanogenerators can considerably improve the sensing behaviour, decrease
the operating cost and prevent any accidents (due to high temperature) in the device

[11, 12].

TENG operates on the concepts of combined effect of electrification on contact,
and electrostatic induction, which generated comparatively higher output voltage than
other kinds of nanogenerators [46]. Yet, the nonstop mechanical process causes
structural damage in TENG. This obstacle can be removed by introducing self-healing
material inside the TENG matrix. The self-healing materials can regain their original
structure afterwards without any mechanical damage. Hence using self-healing
materials, the working life can be enhanced and the production cost of the devices can

be reduced significantly. Inclusion of self-recovery in electronic devices lowers the

Page 95



Gigantic stimulation...triboelectric nanogenerator Chapter 4

generation of electronic waste, which is a serious global issue. The usage of self-healing
materials in these devices also reduces the number of toxic materials released from
electronic waste. Toxic elements like Pb, Cd, Cu etc. get mixed from the e-waste in the

natural water sources and soil, causing serious health and environmental issues [14-16].

Polymeric materials have been utilized extensively in sensors, batteries,
supercapacitors, self-healing, and nanogenerators for being highly stable and non-toxic
in nature. To make the material highly responsive towards gas, it can be illuminated
with light instead of applying external temperature. For this application, the optical
band gap of the utilized sensing material is a very important factor. The band gap of the
used material decides the energy needed to activate the photocatalytic property of the
material. According to Plank, the energy (E) of the photon can be related to its
wavelength () [17],

E = he/h = 1240 eV/a 4.1)

From this relation, it can be realised that the materials utilizing the visible part
of the falling light should possess a band gap between ~ 1.7 to 3.1 eV. At a higher band
gap, the material would be activated by UV light. The adsorption rate of the oxygen

molecules can be expressed as Eqn.4.2:
Rads = Roase™Pats/fT + Roqg(A,1) 42)

Where Radgs, R%as, E, R, T, Rlags, A and I are the rate of adsorption of O,
maximum rate of adsorption of Oz on exterior driven by temperature, temperature of
the material surface, rate of adsorption of O2 on material surface driven by photons,
wavelength and intensity of light used. Eqn. 4.2 gives an idea of how the adsorption
rate depends on the operating temperature and irradiation. The adsorption rate is
proportional to the exponential of inverse of applied temperature, whereas, it is directly
proportional to the wavelength of the applied light. Clearly, at room temperature, the
effect of light is dominant in the adsorption rate. Hence, we can get improved sensing

properties at room temperature by illuminating the sample with light of certain energy.

Therefore, a detailed investigation for developing a self-powered, self-healable,

and visible light-enhanced LPG sensor-based PANI-PPY (2P) 2-dimensional nano-
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sheets has been carried out. The sensing properties were enhanced at room temperature
by applying visible light of 30 mW/cm? at room temperature. For TENG operation,
these nano-sheets were homogeneously distributed in PDMS matrix (3P), which also

worked as a self-healing layer.
4.2 Experimental

4.2.1 Synthesis of 2P nanosheets

A very easy and less complicated synthesis process was followed for the
preparation of the nanomaterials as shown schematically in Fig. 4.1. The procedure was
similar to what followed in Chapter 3 with some modifications. In short, diluted HCI
solution was prepared by mixing concentrated HCI in 150 ml DI. While magnetically
stirring this solution at a constant speed, APS solution was added until a white
precipitate formed. Next, 50 mM CTAB was added to the mixture to act as a capping
agent. The monomers of pyrrole and aniline were added to it at a ratio 4:1, and heated
at 70 °C. After completion, the final product was collected, washed and dried overnight

at 30 °C.
4.2.2 Reaction and formation mechanism of the nanosheets

Fig. 4.2 (a) and (b) show the possible reactions and formation mechanism of the
nano-sheets. Primarily, when the aniline monomer was added to the oxidizing, acidic
solution, it formed aniline cations. The Cl™ ions from dissolved HCI protonate the
monomer cations to make the material conducting. The radical cations then are
connected via electrophilic replacements. The para position of the monomer attaches
with the oligomers of the clustered amino that are oxidized. The polymerization

continues until the scarcity of any of the reactants [18].

A similar process takes place in the case of pyrrole monomers as well, unless
the first stage where the pre-occupied anions maintain the electrical neutrality of the
material [19]. The polymerization of both the monomers takes place simultaneously
within the solution. The sheet-like structure is obtained via a heat treatment at 70 °C.
Three steps were followed in the development of the flake-like structure of the polymer:

nucleation and growth, effect of surfactant, scission via heat. The surfactant CTAB and
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externally applied temperature play the most crucial role in the formation of the 2D

morphology of the nanomaterial.
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Fig. 4.1 Schematic diagram of synthesis procedure of 2P nanosheets.

The applied temperature in this work is higher than what was used in the
previous study. It was observed that this change caused significant improvement in the
width and shape of the polymeric sheets. As shown in Fig. 4.2(b), during the early
stages of the polymerization, the individual molecules of the PANI-PPY copolymer
(2P) get coated with CTAB. This capping agent prevents the agglomeration between
the neighboring copolymers by decreasing the surface tension on the boundary of the
copolymers. The capping agent prevents further size growth of the polymers. With the
creation of more polymers, the newly formed copolymers begin to form chains with the
existing copolymers. With an elevation in the reaction temperature, thermal scission
occurring at random points of the polymer leads to the formation of short-range polymer
instead of long chains. When polymerization takes place amid solitary planes,

copolymers tend to manifest sheet-like structures [20].
4.2.3 Assemblage of TENG

For TENG operation, two different layers are needed for the production of
contact electrification. For that purpose, a homogeneous dispersion of the 2P nano-
sheets in PDMS was covered on single side of a PET substrate inside a spin coating

unit.
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Fig. 4.2 (a) Chemical reaction involved in 2P copolymer synthesis and (b)

Mechanism of formation of 2D NSs.

The film was kept inside a vacuum compartment to get rid of any air bubbles
inside the PDMS matrix, and further dried at room temperature overnight. On the other
hand, Kapton adhesive tape was stuck to second PET substrate after rubbing with a
sandpaper for making its surface rough. The rough surface makes it more efficient to
generate triboelectric charges. Either side of the substrates was then joined using Cu
tape, acting as pair of electrodes, and separation of ~ 3 mm was maintained between

the active layers with double-sided tape.

4.3 Result and discussion
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4.3.1 SEM and TEM analysis

24.76 nm

Fig. 4.3 (a) 2P NSs, (b) Thickness of NF (~ 24.76 nm), (¢) TEM images showing
nanoflake structure, and (d) SEM image of NSs dispersed in PDMS (3P sample).
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Fig. 4.4 (a) FTIR analysis of PDMS/PANI-PPY, (b) XRD of PDMS/PANI-PPY,
(c) RAMAN peaks of synthesized PANI-PPY, and (d) TGA graph of 2P NSs.

The 2-dimensional nanostructured copolymer can be well observed via SEM
micrographs in Fig. 4.3 (a) and (b). Multiple nano-flakes can be found all through the
sample, which authorizes the effectiveness of the reported synthesis method for the
development of sheet-like nanomaterial. From Fig. 4.3 (b), the average thickness of a

copolymer flake was measured ~24.76 nm.

HRTEM analysis was performed to authorize 2-dimensional structure of the
copolymer. The occurrence of light-colored flakes affirms the polymeric nature of the

synthesized material.
4.3.2 FTIR analysis

The chemical analysis of the 2P-PDMS composite was done via FTIR
spectroscopy as shown in Fig. 4.4 (a). Two characteristic vibrations corresponding to
C=C of quinoid and benzoid rings of PANI were found at 1636 and 1467 cm™! positions.
The stretching of the N—H bonds from amine cluster gives rise to an intense absorption
at 3403 cm™!. The distinctive vibrations corresponding to the C—H stretching of methyl
and methylene groups of PPY were found at 3211 and 2970 cm™! positions. A prominent
peak at 3403 cm™' can be seen due to N—H stretching in both PANI and PPY. Other
peaks at 1266, 1037, 897 and 796 cm’! were observed owing to C—N vibrations and
C—H out-plane distortion, in-plane distortion, and bending vibrations respectively. The
successful doping of C1™ ions in the 2P matrix was confirmed by C—Cl vibration at 668
cm’!. The presence of PDMS was affirmed by the Si—O—Si and Si—C stretching
vibrations at 1090 and 897 cm! [21, 22].

4.3.3 XRD analysis

The semi-crystallographic nature of the copolymer due to the presence of short-
range repetitive arrangement was observed in the XRD pattern of the 2P-PDMS
composite (Fig. 4.4 (b)). The diffraction peaks at 14.93° and 20.13° confirm the
presence of polyaniline in the sample, whereas, the peak at 24.87° can be attributed to
both polypyrrole and polyaniline. The existence of PDMS was confirmed by a frail

amorphous peak at 11.54°. The co-existence of both crystalline and amorphous peaks
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in the sample points towards the manifestation of short-range periodic arrangements of
polymeric chains in the sample. The crystallinity can be controlled via the synthesis

conditions of the nanomaterial [23, 24].
4.3.4 Raman analysis

The Raman spectrum of the copolymer is visualized in Fig. 4.4 (c). All the
characteristic peaks corresponding to the constituent polymers were found in the
sample. The presence of doped Cl™ ions in 2P matrix was confirmed by C—Cl vibrations
at 740 cm™ and 538 cm™!. Peaks at 1550 and 1350 cm™! are attributed to the stretching
in C—C and C—N" bonds respectively. The C=N stretching vibration, C—H in-plane
twisting, and distortion of quinoid ring are witnessed at 1486, 1130 and 840 cm™. On
the other hand, the benzenoid ring deformation and distortion of PANI can be perceived
at 1275 and 910 cm™’. The vibrations from the quinoid polaron and quinoid bi-polaron

of PPY occur at 1005 and 990 cm™! [25, 26].
4.3.5 Thermogravimetric analysis

The thermal stability of the copolymer was inspected via TGA analysis. The
material was heat treated in N2 gas environment starting from room temperature. From
the TGA curve shown in Fig. 4.4 (d), 1% degradation was observed below 120 °C due
to the evaporation of moisture from the sample. Above 250 °C, the long chains start
breaking and CI™ ions start detaching from the polymer. A huge degradation takes place
between 310-505 °C owing to the dissociation of dopant Cl™ ions and the elimination
of the oligomers from the copolymer. Final degradation occurs above 530 °C due to the
complete decomposition of the polymer [70]. By the end, ~ 65% material remains in

the sample.
4.3.6 UV-vis spectroscopy

The optical absorption of the material is shown in Fig. 4.5 (a). Maximum
absorption was obtained around 367 nm, which falls in the visible range. The inset
contains the Tauc plot to reveal the optical band gap of the material ~2.02 eV. As
mentioned earlier, the materials possessing an energy gap amid 1.7-3.1 eV are able to
utilize photocatalytic behaviour under visible light. Hence, our material is capable to

be activated under visible light.
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Fig. 4.5 (a) UV-visible spectra of 2P along with Tauc plot in the inset.

(b) Adsorption-desorption isotherm along with pore size distribution in inset.
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Fig. 4.6 (a) Schematic picture of solar-induced gas detection setup, (b) Real-time
image of Photoinduced gas sensing setup, (¢) Lateral view of sensing setup, and (d)

Mechanism of photo stimulated gas sensing.
4.3.7 BET analysis

To analyze the distribution of pore size and the surface area of the sample, BET
analysis was done. For sensing applications, a material should possess a high surface
area, and pores lying in the mesoporous region (2-50 nm) [28]. The specimen was 1%
pre-treated in nitrogen environment for adsorption studies. The BET analysis was
carried out using He carrier gas and N2 adsorption gas. The distribution of pore size
was investigated using BJH model as depicted in Fig. 4.5 (b). The specific surface area,
avg. pore size, and mean pore volume were found ~125.6 m*/g, 30.23 nm, and 0.086
cm?’/g respectively. The mesoporous structure with great surface area reveals its good

capability in sensing applications.
4.3.8 Self-powered visible light-induced gas sensing setup and mechanism

All the sensing measurements were executed at RT (30 °C), at humidity ~60
%RH, as measured using HTC-2 Digital Thermo-Humidity Meter. Fig. 4.6 (a)
elaborates the graphical representation of the self-powered light-boosted LPG sensing
unit. The LPG cylinder, controlled mass flow meter, visible light source, gas chamber,
Keithley electrometer (6517-B), PC, and a digital CRO (Owon SDS 1022) are the most
important parts of the measurement unit. Real-time photo of the whole measurement
unit is shown in Fig. 4.6 (b), (c). The sensing chamber is equipped with a visible light
source along with an intensity controller, and an inlet/outlet for inserting/removing gas.
A specimen holder is attached inside the chamber to adhere the sensing element. The
voltage required to operate the sensing element was supplied via TENG, and recorded

through the CRO.

The sensing mechanism depends on the chemical reactions taking place on the
material surface and applied gas molecules, and the conduction of charges of the
polymer. LPG contains propane and butane molecules that interact with the sensing

element.
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Fig. 4.8 (a) Vo, (b) Isc, (¢) Generated surface charge under continuous tapping by
finger, and (d) Circuit diagram of voltage divider-based gas sensor powered by

TENG.

Conducting polymers generally are equipped with conjugated - and n-bonds.
The o-bonds decide the mechanical properties in the material via chain formations
through electron sharing. The charge transfer and conduction mechanism arise from the
n-bonds. The delocalization of m-bond electrons through the polymer chains causes the
electrical conduction of the polymer. The charge transport takes place in two manners:
intra chain, where the charge transport takes place along a monodirectional pristine
conjugated backbone, and inter chain, where tunnelling and hopping of electrons take

place [29].

2P is a p-type material and when it is exposed in air, O2 molecules get

chemisorbed on material surface at room temperature as,
0,(gas) + e~ < 0, (adsorb) <200 °C “4.4)

The adsorbed ions create a depletion layer on the material surface, which gives the base

resistance Ra of the material.

When the material surface is irradiated with light of particular wavelength,
multiple electron-holes sets are created on the surface of material. As a result, the
number of carrier of the material upsurges, and the resistance of the material drops
significantly (Fig. 4.7(a)). The increased number of surface electrons encourages more
adsorption of oxygen molecules on the material surface. As the foreign gas molecules
(LPG) react with the adsorbed oxygen, hence with an increased number of Oz ions,
more reactions will take place with the LPG molecules. The hydrocarbons of LPG react

as:
CyHz,42 (LPG) + 05 © C,H,,0 + H,0 + e~ (4.5)

The newly released electrons then recombine with the majority carrier, holes of
the material. As a consequence, the resistance of the material rises, and we get a sensing

response of the material.
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Fig. 4.10. Output voltages under different LPG concentrations (a) 2.0 vol.%, (b) 1.5

vol.%, (c) 1.0 vol.%, (d) 0.5 vol.%, (e) without LPG in the presence of air; response

and recovery time (f) under light induced LPG sensing (g) under dark condition, (h)
Sensor response under light on and off conditions; and (i) selectivity of fabricated

LPG sensor with voltage change in inset.

With increased number of adsorbed oxygen molecules, and charge carriers, the
number of interaction with LPG rises in presence of light, thereby, giving an improved

sensing performance at room temperature.

The effect of illumination on the LPG sensing performance can be prominently
observed in Fig. 4.7 (a), (b) and (c). Different concentrations of LPG (0.5, 1, 1.5, 2
vol.%) was exposed to the sensing element both in dark, and in presence of illumination
of 30 mW/cm?. The base resistance (Ra) in dark and radiance were ~1.83 MQ and 1.21
MAQ respectively. A sharp decrease in resistance can confirm the creation of enormous
charge carriers within the material due to light energy. When exposed to LPG, the
highest resistance (Rg) in 2.0 vol.% LPG in dark and radiance were ~107 MQ and 153
MAQ respectively. This massive change in electrical resistance (~46 MQ) is the reason
of enhanced O™ ions adsorption in irradiation. The significance of the huge changes of
resistance is very crucial in the gas sensors that are operated by nanogenerators, as
discussed in future section. In presence of light, the LPG sensor operated by DC power
source displayed minimum response/recovery times ~23/9 sec in 0.5 vol.% LPG

exposure.

The real-time pictures of AC open-circuit voltage (Voc) and short circuit current
(Isc) of as-prepared TENG measurement are shown in Fig. 4.8 (a) and (b) respectively.
Maximum Isc and Voc were ~80 pnA and 140 volts respectively. The power density and
current density of the TENG (surface area ~30 cm?) were measured ~390.6 uW/cm?

and 2.79 pA/cm? respectively.

Fig. 4.8 (c) shows the transfer of electrical charges amid the Kapton film and
2P layer, with a maximum ~78 nC. The circuit illustrates the TENG-based sensor

operated by the output of the TENG after rectification.
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The output voltage and current of the TENG after rectification were found to be
~142 volts and 80 pA (Fig. 4.9 (a), (b)). To confirm whether the figures measured from
TENG are pure output or signal noise, the voltage and current were again measured at
opposite polarities as shown in Fig. 4. 9 (c), (d). the experiment approved the generation

of pure output of the circuit, rather than any noise.

The output voltage of the TENG plays the role of the operating voltage source
(Vi) of the LPG sensing element as shown in the circuit diagram (Fig. 4.8 (d)). The
formation of the circuit is similar to a voltage divider. As can be seen in Fig. 4.8 (d),
the resistance Rz is the gas sensing element (here 2P film), and Ri is the internal

resistance of the circuit. The output of the circuit is the voltage drop across Rz, i.e.,
Vour = {R2/(R1 + R3)} X Viy (4.6)

It can be clearly seen that Vour is directly proportional to film resistance Ra.
Hence Vour will increase if film resistance increases. Before it was discussed that the
resistance of the p-type sensing element increases in presence of LPG. Hence, the
voltage across the film in this circuit also increases when LPG is exposed. The output
voltage of the circuit was measured in illumination and in presence of LPG of different
concentrations at illuminated conditions (Fig. 4.10 (a-e)). It can be seen that the output
voltage across the sensing film for 2.0, 1.5, 1.0 and 0.5 vol.% were ~142, 70.9, 39 and
21 volts respectively, while in the air it was ~1.5 volt. The relative standard deviation
(RSD) of the output voltage was ~1.78 %, which is acceptable as the suitable RSD value

1s below 2 %.

Fig. 4.10 (f) and (g) were utilized for the measurement of response/recovery
time of the sensor in case of 2 vol.% LPG, in presence of visible light, and in dark
respectively. The response/recovery times in illumination were found to be ~172/580
ms. The voltage decreased from 142 V to 1.5 V when the LPG was removed from the
chamber. On the other hand, when 2 vol.% LPG was exposed to the film in dark, it
showed response/recovery times ~1.97/1.81 sec, with voltage falling from 67 V to 16.2
V on removal of LPG. A significant improvement can be seen in the LPG sensing
behaviour due to illuminating the film. The sensor response was measured from the

relation [13],
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v,
Sensor response (SR) = V—g 4.7)

Where, Vg = the output voltage of the circuit attained at certain gas
concentration, Va = the output voltage in air. In case of 2.0 vol.% LPG with radiance,

the highest sensor response was ~94.67, while the same in dark was only 4.13.

For the measurements taken in Fig. 4.7(b-d), the experiments were operated
with an external dc power source that is commonly used in most sensors. In these power
supplies, a constant amount of voltage is applied to the sensing element, and the
resistance of the film is measured in the presence/absence of gas. But, in self-powered
sensors, the voltage generated in a TENG is pulse-type dc voltage in nature that changes
every millisecond. Further, in the resistance curves of Fig. 4.7(b-d), the change in the
resistance takes place slowly depending on the reactions on the material surface. But in
TENG-operated sensors, the voltage is provided for milliseconds multiple times.
Hence, numerous electrons are supplied to the film for the reactions within
milliseconds. So, in TENG based sensor, the output voltage is the outcome of an
instantaneous resistance, and the output voltage/current is in the form of pulses. When
external DC power is used, the operating voltage supplied is only 5 volts. But the
voltage generated in TENG is high ~142 volt. When this high voltage is applied to the
sensing film within milliseconds, a large number of electrons are supplied in the sample,
which next does the surface reactions. Due to this reason, the self-powered sensors give

very high sensitivity in a very small time.

The slope of the calibration curve gives the sensitivity of a sensor. As can be
seen in Fig. 4.10 (h), the sensitivity of the material is ~52.67 SR/vol.% in illumination
and ~1.83 SR/vol.% in dark. Selectivity decides the ability to sense a particular gas
more than any other gas. For that, the sensing experiments were carried out in presence
of ethanol and acetone. The copolymer turned out to be highly selective towards LPG

as can be seen in Fig. 4.10 (i).

The stability of the device was tested after a gap of 2 months from the day of
film fabrication. For a good sensing device, the outputs should be consistent with the
outputs received from the fresh sample. After the time gap, the device produced an

output voltage of 141 volts in response to 2.0 vol.% LPG under visible light (sensor
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response = 94.00). After two weeks, the experiments were repeated, which gave an
output of 142.8 volts under similar conditions (sensor response = 94.93). The obtained

results show the high stability of the device over long-term use.

The high porosity of the 2P nano-flakes is the reason behind the high and fast
sensing response of the material. The nanomaterials are well blessed with a high
surface-to-volume ratio. 2-dimensional nanomaterials possess outstanding charge-
transport properties owing to the possession of fewer grain boundaries compared to
other types of nanomaterials (1-dimensional, 3-dimensional). Less number of grain
boundaries makes the flow of electrons uniform between the electrodes [30]. The low
electron diffusion maintains uniform output throughout the experiment. The application
of visible light makes the sensing performance even better due to the production of

enormous charge carriers on the sample.
4.3.9 Self-healing capability

The self-healing ability of the 3P material was observed at room temperature as
shown in Fig. 4.11 with real-time images. At 1%, a layer of 3P was smeared inside a
silicon mould, and dried overnight at room temperature. The resultant shiny, smooth,
black layer was used to conduct the healing experiments afterwards. With the help of a
sterilized, sharp razor, a clean cut was introduced into the specimen. Real-time images
were taken after every 5 min, and the sample was found to be completely healed within
only 35 min. The introduction of 2P inside the PDMS matrix brings covalent bonds in
3P composite that is reversible in nature. The FTIR and Raman analysis of the
composite revealed the presence of C—H and N—H bonds in the sample. These bonds
are regenerated within the sample after any deformation. Hence, after a cut was
introduced, the material regained its previous uncracked structure by the restoration of
reversible hydrogen bonding and n-bonding in the composite. The healing was achieved

at room temperature without any external agent within 35 min.

The output voltages of the nanogenerator pre- and post-healing were measured
to analyze the restoration of the material. The output voltage of the nanogenerators
before any damage was ~142 volts, while, the healed nanogenerators gave an output

~141 volts.
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Fig. 4.11 Real-time images of 3P composite, consecutively taken after 5 min gap

showing healing nature.
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Fig. 4.12 (a) Variations in Output voltage with the increasing %RH for 2 vol.% LPG.

(b) Variations in sensor response with the increasing %RH for 2 vol.% LPG.
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Hence, the healing efficiency of the output voltage was 99.7%, which affirms the fast

and effective healing of the composite system.
4.3.10 Effect of humidity on LPG sensing

For a gas sensor fabrication, it is highly desirable to test the effect of different
humidity levels on the gas sensing performance of that sensing element. For an efficient
gas sensor, the effect of humidity should be the least. Fig. 4.12 (a), (b) shows the
changes in output voltage and sensor response, when the material was exposed to 2
vol.% LPG in presence of different humidity levels. There were no extreme changes
that occurred in LPG sensing performance which proves that the overall sensing

performance does not get affected much in presence of humidity.
4.4 Conclusion

In this work, waste energy has been utilized for driving a sensor. 2-dimensional
nano-sheets of PANI-PPY copolymer (2P) were prepared using an easy and
inexpensive method. The copolymer was thoroughly investigated using different
characterization techniques. The material showed brilliant LPG detection below its
LEL when illuminated with visible light at room temperature. The sensor was operated
with TENG (3P) that generated an output voltage and current of ~142 volt and 80 pA
respectively. Using the output of TENG as a power source, the sensing element showed
a maximum sensor response ~94.67 and sensitivity ~52.67 SR/vol.% under the
influence of 30 mW/cm? visible light. The material was able to detect very low
concentrations of LPG almost instantaneously with response/recovery times 172/580
ms. Self-healing ability was also successfully introduced in the TENG layer to regain

its properties after any damage.
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Waste material based self-healable and

self-powered Fluoride ion detection
device: An unexplored and highly

responsive detection method
This work discusses the results of a new method for the detection of

fluoride ions in water below permissible limits using a waste material-
based self-healable triboelectric nanogenerator. The steps involved
during the process is explained in detail. The device is fabricated using
waste materials like polythene bags, BSR rubber, and used plastic sheets
that confirms the waste-to-energy conversion capability with a voltage
~242 volts and current ~40 puA. The self-powered detector shows
maximum sensor response of 12.10 and % sensor response of 1110 %.
This device also has self-healing ability showing rapid healing under ~25
min with a healing efficiency of 99.9%. The calculated LOD value in

present work is 4.7 uM, which is better than previous works.
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5.1 Introduction

In this era, with the progress in technology and economy, the concerns related
to a shortage of energy, solid and electronic waste, drinkable water, and other ecological
and health distresses are also growing speedily. Earth won’t be habitable without energy
and water. The fluoride ions in stones and soil are one of the natural sources of the
contamination of water. According to WHO, 1.5 gm/ltr is the maximum permissible
limit of fluoride concentration in water [1]. Above that, it can cause joint stiffness,
calcification of ligaments, sporadic pain, osteosclerosis, and damage in soft tissues,
lungs, liver, kidneys etc. [2]. These issues are the reason for the early detection of
fluoride effectively. At present, many methods like photoluminescence, colorimetric,
absorption, and fluorescent are used for detecting these ions [3]. Yet, these methods
have a serious problem of required resources, equipment and detection time. Heavy and
big instruments are needed in fluoride detection that needs a huge power supply, while
a major portion of the world has electricity insufficiency. Hence, a detecting system
that does not need an external power supply is highly needed to detect these ions well.
Another big problem is that almost 7.3 kg/capita of electronic waste was produced
worldwide in 2019. The report says in the next 30 years the total e-waste will exceed
3.4 billion tons from what it was in 2016 (2.01 billion tons) [4]. Butadiene-styrene
rubber (BSR) is present in tyre tube rubber, and plastics are one of the main parts of
solid waste. These products are not bio-degradable and are very hazardous [5]. When
the non-renewable energy sources will be exhausted, renewable energy resources and
green energy equipment will be the only solutions for tackling the energy crisis. Both
energy and waste materials crises have given the chance to decipher these issues for the

research community.

Recently, waste management has arisen as a widespread area of research to
recycle these materials in environment-friendly and sustainable development. Since
2012, triboelectric nanogenerator (TENG) has become a new member in the progress
of new techniques for green energy generation, where electricity is generated by
coupling of electrostatic induction and contact electrification [6]. In TENG, waste

materials can be used as a contact layer to provide the required power to operate
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electronic devices. Previously, materials like wasted tea leaves, milk cartons, waste
papers, sunflower husk, etc. have been used in preparing the TENG layers to reuse

garbage in generating electricity [7-10].

Moreover, in the unceasing progress of different sensors, the dimension of the
device, material selection, and power supply plays a very vital part in the price of that
device. Existing sensors working on optical, chemisorption, electrochemical, etc. are
big-sized, operate at high temperatures, depending on the external power source, have
large response/recovery times, exhibit low response, and their production cost is high.
With the discovery of TENG, different sensors such as humidity sensors, photosensors,
pressure sensors, biosensors, temperature sensors, gas sensors etc. are using
nanogenerators for power sources [11-21]. These sensors need a high temperature and
power source to operate. One major reason for the need of high temperatures is
involving costly but less sensitive materials. Different types of materials (conducting
polymers, metal oxides, metallopolymers etc.) have been used to solve this problem.
The mechanical distortion in nanogenerators is a big issue occurring from repetitive
stress and strain. This problem can be overcome by using healable materials during

device fabrication.

Here, a new technique is used and validated to detect fluoride ions, using a
TENG-based device fabricated using hazardous waste (BSR). BSR decorated with
Lanthanum doped Polyaniline-Polypyrrole (LaPP) nanospheres (BSR-La) mixed in
PDMS (PDMS/BSR-La) was used to form one layer of the TENG that is self-healable
in nature. The BSR-La gives an increased contact area amid the tribo layers owing to
the high surface-to-volume ratio. The same BSR-La was also deposited on scotch tape
to use as the sensing element. The detection was very fast and self-powered. This device

can detect fluoride ions very efficiently.
5.2 Experimental
5.2.1 LaPP nanosphere synthesis

The synthesis process followed in this work is the same as mentioned in Chapter

3, except for the addition of Lanthanum nitrate for doping of La in the matrix.
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Other steps followed in the entire synthesis process contain no changes. Here,
after adding the monomers of aniline and pyrrole, lanthanum nitrate was added
immediately and stirred at 900 rpm for ' hr. After that, 65 °C temperature was applied
and kept stirring for 6 hr at 1000 rpm. The final black product was collected, washed
thoroughly, and finally dispersed in DI water to coat it on BSR.

5.2.2 Tribo layer fabrication

TENG needs two dissimilar layers for operation. 1% layer was prepared with
powdered BSR coated with LaPP (BSR-La) in the PDMS matrix. The BSR was
collected from waste space, cleaned thoroughly, and scrubbed with sandpaper to get
BSR small particles. The BSR powder was dispersed in an aqueous solution of LaPP,
while stirring at 900 rpm for 2 hr at 55 °C, to properly combine both the phases. The
final product (BSR-La) was filtered and dried at room temperature. The BSR-La was
dispersed evenly in PDMS, and coated on scotch tape using a spin coater. The tape was
then stuck to Cu tape (electrode). The 2" layer was prepared with a waste polyethylene
bag collected from waste space, which was cleaned, and attached to another Cu tape.
Both the layers were attached to each other using a double-sided tape, leaving space

between them as shown in Fig. 5.2.

5.3 Result and discussion

5.3.1 Electron microscopic analysis with elemental mapping

The SEM micrographs of BSR-La are shown in Fig. 5.3(a), where large BSR
particles with LaPP may be seen. Fig. 5.3(b) is an SEM micrograph of the marked
section of Fig. 5.3(a) at a higher resolution, where both phases can be seen more
precisely. The boundaries of the phases can be seen well connected with each other.
Fig. 5.3(c) shows the LaPP nanomaterial with a perfect spherical shape within a size
14-50 nm. The elements present in the LaPP were confirmed by both EDX and
elemental mapping shown in Fig. 5.3(d) and (e). From the images, the presence of

chlorine and lanthanum was proved as well.

Page 121



Waste material..

14.86 nm

2823 nm
=

.....detection method

Counts

Chapter 5

Elcment

Weight %

<

38.23

N

33.73

(e

26.75

s

0.61

La

0.68

100.00

[(9Q 4000 3500 3000 2500 2000 1500 1000 500 mso o PP
T T T T T T 1
—— PP 200 |
16.1 | _
= 150
=
i =
138 | H Bl g 1007
o H b g =
3 :§ H 50
= 115} H 3
2 o7
=
= ! ! ! "
= 10 20 30 40 50 60
E 9.2 |- 2 Theta (degree)
£ gl « LaPP
& o - =
4 //
= 72 107 3| E=158ev
= o
= 0.8 -
% o] 7
54 | E - N O
S 0.4+
=
36 |- 0.2 4
I I 1 1 1 1 0.0
4000 3500 3000 2500 2000 1500 1000 500 . . - . . v
400 500 600 700 800 200 1000

Wavenumber (cm'l)

Wavelength (nm)

Page 122



Waste material........ detection method Chapter 5

Fig. 5.3 SEM image of (a) BSR-La, (b) magnified image of BSR-La, (¢) LaPP
nanospheres, (d) EDX analysis of LaPP, (e) Elemental mapping of LaPP, (f)
FTIR of PP and LaPP, (g) XRD of PP and LaPP, and (h) UV-Visible

spectroscopy with Tauc plot in the inset.
5.3.2 Fourier Transform Infrared spectroscopic analysis

In the FTIR spectra of LaPP and PP samples, all the characteristic absorptions
were present (Fig. 5.3 (f)) as shown in Table 5.1. In the LaPP sample, an additional
band related to doped La was present at 601 cm™. The bands were slightly red-shifted
in LaPP, owing to doping.

Table 5.1. FTIR peak positions in both PP and LaPP.

S.No. | Peak position in PP Peak position in Assignment
(ecm™) LaPP (cm™)
1. 3410 3217 N—H stretching
2. 3203 3052 N—H stretching
3. 2973 2917 C—H stretching
4. 1643 1629 C=C stretching
5. 1460 1423 C=C stretching
6. 1262 1302 C—N stretching
7. 1084 1026 C—H out of plane
stretching

8. 889 820 C—H in-plane stretching
9. 798 718 C—H bending
10. 703 647 C—Cl stretching

No other extra bands were present, proving there was no impurity. The presence
of C—H stretching in LaPP confirms that the benzene ring of PP sample was not
destroyed in the process of doping [22]. The ratio of area under the curves of benzenoid
and quinoid rings is proportional to the conjugation length present in the polymer,

which is again directly proportional to the electrical conductivity of the nanomaterial

Page 123



Waste material........ detection method Chapter 5

[23]. Here, the ratio is bigger in LaPP than in PP, which means LaPP is more conductive

than PP.
5.3.3 XRD investigation

The XRD curves of both LaPP and PP show semi-crystallographic nature of the
samples (Fig. 5.3(g)). The peaks at 20.72° and 15.82° are the characteristics of PANI,
while the peak at 25.51° is the characteristic of both PANI and PPY. The LaPP
diffractions are a bit noisier than PP owing to the doping of La. The increase of
crystallinity in LaPP can be observed by broader and sharper peaks compared to those
in PP. There is an obvious change in the intensity in the La-doped sample as the density
of electrons changes due to La doping. The shifting of peaks can also be observed as

the size change in LaPP.
5.3.4 UV-visible analysis

In the optical spectrum of PANI, two major peaks, one due to m—n transitions
at benzenoid rings at 340 nm, and the other due to excitonic charge relocation in the
quinoid arrangement at 600 nm observed [24]. The combination of PANI with PPY,
and La doping cause a shift in these absorptions towards higher wavelengths. As a
result, in the LaPP sample, the peaks arise at 352.93 nm and 621.86 nm. The optical
band gap measured from the Tauc plot was ~1.58 eV. Generally, PP samples possess a
bandgap of 1.8-2.2 eV [25]. Here, the band gap can be seen to be red-shifted as the

conductivity in the material increases with doping.
5.3.5 TENG output performance and Battery-less fluoride ion detection

The PDMS/BSR-La coated tribo layer is presented in Fig. 5.4 (a), while the
fluoride water dripping on the tribo layer, and evaporation of water from the film are
shown in Fig. 5.4 (b) and (c). The whole setup of TENG based fluoride detector is
shown in Fig. 5.4(d), which operates on the mode of contact separation, and generates
an output voltage of ~242 volts when tapped by a finger. The open-circuit output
voltage and short circuit current of TENG with finger tapping are displayed in Fig. 5.4
(e) and (f) which are ~242 volts and ~40 pA respectively (area ~24 cm?). The DC
outputs were also produced with a full wave rectifier circuit (Fig. 5.4 (g), (h)), which

was detected in a digital oscilloscope for fluoride ion detection.
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Fig. 5.4 (a) detachable layer 1 (b)dropping fluoride water, (¢) drying, (d)
detection setup, (e-h) output AC and DC voltage and current, (i) reverse polarity
test, and (j) generated charge.

The self-powered detection mechanism is explained in Chapter 1, section 1.3,
with the voltage divider circuit used to generate voltage in the TENG (Fig. 1.4). If VIx,
Rc and Rs are the input voltage, the internal resistance of the circuit and the resistance

of sensing film, then the output voltage drop across Rs will be,

Vour = {Rs/(R¢ + Rg)} X Viy (5.1)

Eqn. 5.1 shows that the output voltage is directly proportional to the resistance
Rs, i.e., the resistance of the detecting film. This phenomenon was used for the detection
of fluoride, as the film resistance changes when interacts with fluoride water. The
change in resistance causes a change in the output voltage as well. Here, the sensing

element can detect even the slightest change in the Rs, by showing a changed Vour.

A film of LaPP was deposited on a scotch tape using spin coater, upon which
two Ag electrodes were prepared and connected along the output of the rectifier circuit.
The usage of scotch tape makes the process inexpensive, versatile, and easily
discardable after use. After the fluoride water interacts with the sample, fluoride ions
are trapped in LaPP. Hence, after each application, a fresh film is needed for the next

detection. To save expenses on the new substrate, paper scotch is used here as substrate.

The fluoride ion detection mechanism is based on the interactions between the
fluoride water and the sensing element causes the change in resistance of the material
(Rs). For the detection of fluoride ions (measured by EUTECH ION 6+ USA), the film
of LaPP nanospheres was spin-coated on paper scotch tape, and then 2 silver electrodes
were made which were connected across the output of the rectifier circuit. The reason
for using scotch tape is because of its low cost, and versatile nature, and it is easily
discardable after usage. After the interaction with fluoride water, fluoride ions are stuck
in the LaPP matrix. So, for a new sample, a completely new substrate is needed because
it cannot be used again for different concentrations of fluoride ions. This is the core
motive for using paper scotch tape-based single-use substrate. The whole mechanism

of fluoride detection via self-powered way is dependent upon this method. One of the
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main features of fluorine is its electronegativity, which is the highest among all the

known elements.
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Fig 5.5 (a) Grotthuss mechanism during high amount of water and fluoride, (b) after
drying at very low humid level, (c-f) steps involved in the Fluoride detection (g-j)

change in resistance at different concentrations of fluoride.

So, it can attract an electron from a nearby atom more easily than any other
element. Another basic mechanism to detect fluoride in water is the change in resistance
of the film due to the presence of fluoride ions. Both of these principles of
electronegativity and change in resistance are related to each other. The mechanism
involved after dropping the fluoride water (High concentration) is shown in Fig 5.5 (a).
When fluoride water was dropped (200 pL using micropipette) there are two reactions
involved in the process (1) Change of resistance due to Grotthuss reaction in the
presence of water, (2) Change in resistance due to reaction of Fluoride ions with
Lanthanum atom. When a semiconducting material is exposed to humidity the water
molecules rapidly dissociate into H" (Protons) and OH™ (Hydroxide ions) ions owing
to the self-ionization or collision with the material surface. The Eqn. involved in this

process:
H,0 < H* + OH™ (5.2)

The dissociated proton instantly reacts with the next water molecule and

produces Hydronium ion (H30"), following the relation:
H,0 + H,0 & H;0" + OH™ (5.3)

In low humid conditions (10-40 %RH), there are a smaller number of water
molecules present. Due to this only hydroxide ions remain on the surface of the
material. These hydroxide ions provide the active sites for the hopping of protons onto
the material surface as shown in Fig 5.5 (b). So, in very low humidity the conduction is
governed by protons ions by hopping. In high humidity conditions (40-90 %RH), due
presence of a high number of water molecules, now conduction is governed by protons
by hopping onto the water molecules present on the material surface as shown in Fig
5.5 (a). Besides this, diffused H3O" ions also release protons to an adjacent water
molecule to form H3O" and so on. This process of transfer of protons between the

neighbouring water molecules is known as the Grotthuss mechanism, which results in
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a significant decrement in electrical resistance. Fig. 5.5 (c-f) shows the steps involved

in the Fluoride detection.

As mentioned earlier fluorine is highly electronegative and highly reactive. The

reaction comprises in this process:
La3* + HF — H* + LaF*? (Fluoride Complexing) (5.4)
La3* + 3HF — 3H™ + LaF; (Electrostatic attraction) (5.5

Due to the above reactions, there is the release of H' ions on the surface of p-
type LaPP material. This increases the total number of holes on the material surface,
and hence decreases the resistance of the material surface. Hence in the early condition,
when base voltage before the interaction of fluoride to the triboelectric layer was
measured, it shows the increased voltage as the resistance of the film was also high.
Conversely, when the triboelectric layer was exposed to fluoride water, the Material
surface gained additional holes due to the interactions mentioned earlier. This
enhancement in carrier concentration reduces the resistance of the film as shown in Fig.
5.5 (g-j). It can be seen from the insets of Fig 5.5 (g-j) that there is a gradual decrement
in minimum resistance of the film when the concentration of fluoride in water is
successively increased. It is very important to mention here that this work aims to find
the effect of only fluoride (not the water) on the sensing device. So, to neglect the effect
of water, a blow dryer was used for ~ 15 min. When the film was dried the resistance
of the film again increases, but because of fluoride, it stops increasing above a certain

level.

The most unique finding of this work is the change in voltage before and after
dropping fluoride water (200 puL using micropipette) as discussed previously in Eqn.

5.1

To observe the effect of only fluoride ions, the water on the film is dried with a
dryer. In the dry film, the resistance again rises, but due to fluoride ions, it stops at a
certain value. Fig 5.6 (a) shows the resistance curve of the film dried after applying
fluoride water of 0.1, 0.3, and 0.5 mg/L. concentrations. It can be clearly seen that the

resistance of the dried films is completely different. Due to this, the output voltage will
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also be different. Fig. 5.6 (b) shows a maximum voltage of the material ~242 volt
without fluoride water. The output voltage of the material in 0.1 mg/L, 0.3 mg/L and
0.5 mg/L fluoride concentrations are shown in Fig. 5.6 (c-e) having a maximum output
voltage. Because of the availability of fluoride on the surface of the film change in
resistance occur and the voltage generated from the device also changes as suggested
in Eqn.5.1.
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Fig. 5.6 (a-e) Output voltage at different concentrations of fluoride after drying, (f)

Sensor response of present active sensor, and (g) Selectivity of the device.

There is a decrement in voltage for 0.1, 0.3, and 0.5 vol.%, which are 163 volt,

38 volt, 20 volt respectively.
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The sensor response (SR) of the sensing element can be measured from,
SR = Vair/V (5.6)

Where Vair and Vrare voltages in air and in the presence of fluoride respectively.

Similarly, % Sensor response (% SR) is given by
% SR = (V,ir — Vr)/Ve X 100 (5.7)

The calculated SR at 0.1 mg/L, 0.3 mg/L and 0.5 mg/L are 1.48, 6.37 and 12.10
(Fig. 5.6 (f)), while % SR are 48 %, 537 % and 1110 % respectively.

(a)
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3 @ - 1 & T 1
Complete healin { L1 06 2 13 06 12 L& 1 06 12 18 4
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Fig. 5.7. (a-c) optical images of self-healing, SEM image of (d) PDMS/BSR-La, (e)
Cracked sample, (f) initiation of healing, (g) complete healing, (h) output voltage of
as prepared device, (i) output voltage of cracked device, and (i) output voltage of

healed device.
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Limit of detection (LOD) is another one of the most important characteristic of
a sensor (especially in fluoride sensing), which is defined as the minimum
concentrations of analyte that can be steadfastly perceived from the sensing device. The
calculated LOD value in present work as suggested in previous literature is found to be
4.7 uM. The LOD value of the presented work (4.7 uM) is far better than previously

reported works.

For the understanding of the selectivity of the material, it was exposed to nitrates
and sulphates of 0.5 mg/L concentration. As can be seen in Fig. 5.6 (g), the device is

more responsive toward fluoride than other ions.
5.3.6 Healing analysis in PDMS/BSR-La

PDMS/BSR-La composite showed speedy healing under 25 min in room
temperature. The healing was witnessed via optical and SEM images as shown in Fig.
5.7 (a-g). To analyze this, PDMS/BSR-La was fabricated as mentioned earlier. The
prepared composite was itched at multiple places with a spatula. Fig. 5.7 (a) is the
freshly scratched composite. The healing was observed and pictures were taken time-
to-time (Fig. 5.7 (b-c)). A section of the sample was also analyzed and the healing was
confirmed using SEM as shown in Fig. 5.7 (d-g). In Fig. 5.7 (d), the PDMS can be seen
well coated on BSR-La. Fig. 5.7 (e) was taken on the freshly scratched film, and Fig.
5.7 (f) was taken ~15 min after scratching, where we can see the initialization of the
healing process. Fig. 5.7 (g) is the same film after ~25 min where we can see clear proof
of healing. The output voltages were also measured during this process. Fig. 5.7 (h) is
the output voltage corresponding to film before scratching showing a maximum voltage
~242 volt (1.58% RSD). Fig. 5.7 (i) is the output voltage in the scratched film, with
maximum voltage ~95 volt (21.50% RSD), due to broken contact at the cracks. Finally,
the healed sample provides a voltage ~240 volt (1.82% RSD) as shown in Fig. 5.7 (j).
The composite gives a healing efficiency of ~99.9%. The healing is basically achieved
by the reversible covalent bonding in the composite. The FTIR spectrum showed the
presence of weak hydrogen bonds present in the sample. The healing capability comes

from the reversible hydrogen bonds in the sample.

Page 132



Waste material........ detection method Chapter 5

5.4 Conclusion

Here, an efficient, fast, inexpensive, and self-powered detection technique of
fluoride ions in water has been demonstrated. Waste materials such as, used polythene
bags, BSR rubber, and used plastic sheets are used in the device fabrication that
describes waste-to-energy conversion capability with a maximum voltage ~242 volts
and current ~40 pA. This chemisorption-based self-powered fluoride detection device
displays a maximum sensor response of 12.10 and % sensor response of 1110 %. The
TENG layer is prepared with PDMS/BSR-La nanocomposite that shows self-healing
nature under only 25 min. Hence the device is self-healable with a healing efficiency
0f99.9%. Also, the method of resistance measurement to minimize the water effect and

corresponding output voltage nature of the detector is described in detail.
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Conclusion and Future scope of

Chapter 6

research work

This chapter gives the closing remark and comparative analysis of all
synthesized materials and fabricated devices. This chapter deals with the
summarised information of the material characteristics, sensing output,
and future scope of all the chapters mentioned previously. A chapter wise
overview of this thesis including the materials, their application, sensor
response, presence of self-healing and self-powered ability along with
response/recovery times is depicted in this chapter. A comparative
analysis of all the materials synthesized and fabricated sensors were also
presented. Also, this chapter gives the future possibilities of research work

in this area.
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6.1 Conclusion

Mechanical damage along with the need for a power source to operate sensing
devices are two main drawbacks during the functioning period. Self-healing and self-
powering characteristics are used separately nowadays to tackle these problems. As
discussed in Chapters 2, 3, 4 and 5 that previously developed sensors don’t have the
capability of self-healing and self-powering simultaneously. We have successfully
incorporated both functionalities in different types of sensors (Photo sensor, LPG
sensor, and Fluoride sensor). TENG was used in powering these different kinds of
sensors. As discussed earlier in chapter 1 that polymers were preferred over any other
material in TENG for triboelectrification because of the better charge holding properties
and rigidity. We have incorporated different types of polymeric materials (2-D and
spherical) in TENG for enhanced output performance. Different characteristics of

developed sensors are concluded as follows:

6.1.1 Improved sensing behaviour of self-healable solar light photodetector

based on core-shell type Nio2Zno.sFe;O4@ poly (Urea-Formaldehyde)

In this work, we elaborated a procedure to prepare and fabricate a bi-layered
photo-detecting device, which can redeem its actual functionality after damage occurs
in its physical structure. In this work two layers were used, microcapsule-based bottom
layer and an upper NZF sensing layer. Via the free-flowing skill of flaxseed oil, NZF
nanoparticles are able to fill in the damaged areas when the microcapsules are ruptured.
Here flaxseed oil acts as a transporting agent, which carries NZF nanoparticles towards
the cracks. The NZF nanomaterial was synthesized via citrate acid aided sol-gel
method, and was used as the sensing element. The U-F microcapsules with flaxseed oil
and NZF core were prepared by oil emulsion method and used as a self-healing
material. The preparation methods are very easy, simple and inexpensive. Different
characterization techniques were employed to realize the thermal stability, chemical
bonding, elemental analysis, optical band gap, and crystal information of the
synthesized materials. The polycrystallinity along with the purity of NZF was
established by XRD investigation. The encapsulation of NZF inside U-F polymer was
proved by TEM and SAED and FTIR analysis. Via TEM analysis, the average NZF
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dimension was found as ~20 nm. The measured band gap of NZF via Tauc plot in UV-
Visible analysis was ~3.51 eV. The effective restoration of the film was confirmed by
SEM and EDS analysis. By regaining the original structure, the sensing element was
competent to reinstate the sensing properties. The response/recovery time of the
uncracked sample was 1.74/3.28 sec, while those for the healed sample were 1.75/2.84
sec. The most important parameter of healing efficiency was calculated, which tells the
restoration of electrical properties of the fabricated photodetector. The sensing
capability of the healed sample was reproducible up to 98.5%. These outcomes approve
that a photodetector is successfully prepared that can re-establish its sensing properties

after any mechanical damage.

6.1.2 2-D self-healable polyaniline-polypyrrole nanoflakes based triboelectric

nanogenerator for self-powered solar light photodetector

Here in this research work, PANI-PPY NFs with self-restoring ability prepared
via a simple chemical method has been demonstrated. PANI-PPY was synthesized
using low temperature aided oxidative polymerization method. The method of
preparation is very simple to form nano-dimension (~30 nm) 2-D NFs. A high-
resolution SEM image of NFs confirmed the smallest width of NF ~30.35 nm. The
measured band gap of PANI-PPY via Tauc plot in UV-Visible analysis was ~1.85 eV.
The NFs formation was also explained in this chapter via thermal scission and
surfactant effect. Self-healing ability was found absent in earlier published self-
powered photo sensors that can change the output enactment of the device after damage.
Therefore, this work emphasized on advances in self-recoverable and self-powered
photo sensors. TENG measurements were taken to explore the performance of TENG.
A maximum voltage of 149 volts, a maximum current of 16 pA, a maximum current
density of 0.56 pAcm 2, and a maximum power density 83.56 uWcm 2 were detected
from the sensing device that illustrates greater performance against the previously
testified self-powered sensors. Least response/recovery times were observed for 30
mW/cm?, which are 0.41 sec and 0.45 sec. The % response at 0, 30, 60 and 100 mW/cm?
illumination were observed to be 0, 17.78, 78 and 278 % respectively with sensitivity
2.78 %response/mWcm™. Most significantly TENG doesn’t display any foremost

variations in voltages pre and post-healing. The most novel characteristic of this
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research is acetone-supported rapid self-restoration presented in PANI-PPY

nanoflakes. The maximum healing efficiency of 99.8% was accomplished in this work.

6.1.3 Gigantic stimulation in response by solar irradiation in self-healable and

self-powered LPG sensor based on triboelectric nanogenerator

Waste energy has been utilized in this work for powering a sensor. A self-
powered, self-healable, and visible light-enhanced LPG sensor-based PANI-PPY (2P)
2-dimensional nano-sheets is demonstrated. The procedure to synthesize PANI-PPY
(1:4) was similar to what followed in Chapter 3 except for the ratio of monomer. The
copolymer was thoroughly investigated using different characterization techniques.
Multiple nano-flakes can be found all through the sample with minimum thickness of
~24.76 nm. HRTEM analysis was performed to authorize a 2-dimensional polymer
structure. FTIR, RAMAN, XRD, and TGA analysis were also performed to characterize
the sample. The measured band gap of PANI-PPy via Tauc plot in UV-Visible analysis
was ~2.02 eV. The BET analysis confirmed the specific surface area, average pore size,
and mean pore volume of ~125.6 m?/g, 30.23 nm, and 0.086 cm?/g respectively. The
material showed brilliant LPG detection below its LEL when illuminated with visible
light at room temperature. The sensor was operated with TENG (3P) that generated an
output voltage and current of ~142 volt and 80 pA respectively. Using the output of
TENG as a power source, the sensing element exhibited a maximum sensor response
of ~94.67 and sensitivity of ~52.67 SR/vol.% under the influence of 30 mW/cm? visible
light. The material was able to detect very low concentrations of LPG almost
instantaneously with response/recovery times 172/580 ms. Self-healing ability was also
successfully introduced in the TENG layer to regain its properties after any damage.

The Maximum healing efficiency of ~99.7% was achieved here in this work.

6.1.4 Waste material-based self-healable and self-powered Fluoride ion

detection device: An unexplored and highly responsive detection method

This work establishes a unique, cost-effective, and time-efficient detection
method of fluoride ions in water. The device is fabricated using waste materials like
BSR rubber, used polythene bag, and used plastic sheet, which validates the waste to

energy conversion ability with a maximum output voltage of ~242 volts and 40 pA
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current. A new technique is used and validated to detect fluoride ions, using a TENG-
based device fabricated using hazardous waste (BSR). BSR decorated with Lanthanum
doped Polyaniline-Polypyrrole (LaPP) nanospheres (BSR-La) mixed in PDMS
(PDMS/BSR-La) was used to form one layer of the TENG that is self-healable in
nature. LaPP nanomaterial with a perfectly spherical shape within a size of 14-50 nm
was confirmed by SEM. The elements present in the LaPP were confirmed by both
EDX and elemental mapping. FTIR, XRD, and UV-Visible analysis were also
performed to characterize the sample. The optical band gap measured from the Tauc
plot was ~1.58 eV. The present chemisorbed-based self-powered fluoride detection
device shows a maximum sensor response of 12.10 and a % sensor response of 1110
%, which is very high. The calculated LOD of the present device is 4.7 uM. The self-
healing ability of PDMS/BSR-La nanocomposite shows fast healing in ~25 min with a
healing efficiency of 99.9%, which is one of the unique features of this device. Besides
that, this manuscript also demonstrates the method of resistance measurement to
minimize the water effect and corresponding output voltage behavior of the sensor. In
summary, this work establishes the exclusive way to detect fluoride using waste

materials.

In conclusion, both physical and chemical sensors with self-restoring and self-
powering capabilities were successfully demonstrated. Besides this, A unique new
method to detect fluoride ions well below permissible limit was demonstrated with self-

healing and battery-less ability.

A chapter-wise overview of this thesis including the materials, their application,
sensor response, presence of self-healing and self-powered ability along with

response/recovery times is depicted in Table 6.1.
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Table 6.1 Chapter-wise information and characteristics of developed material and

sensor.
Chapter Sensing element Application Max. Self- Self- Min. Min.
No. Sensor healing powered Response Recovery
response ability ability time time
and
efficiency
2 Ni;,Zn  Fe,0,@ Photo 11 Present Not 1.74 sec 3.28 sec
poly (Urea- sensor (98.5%) present
Formaldehyde) (Visible
microcapsules light)
3. 2-D Polyaniline- Photo 3.78 Present Present 0.41 sec 0.45 sec
Polypyrrole sensor (99.8 %)
Nanoflakes (Visible
light)
4. 2-D Polyaniline- Visible 94.67 Present Present 172 ms 580 ms
Polypyrrole light- (99.7 %)
Nanosheets induced
LPG sensor
5. Lanthanum Fluoride ion 12.10 Present Present = =
doped sensor (99.9 %)
Polyaniline-
Polypyrrole
nanospheres
6.2 Future scope of research work

R/
A X4

Other functionalities like self-cleaning, shape memory, etc. along with
healing and self-powering may be incorporated into a single device.

Other polymers with different nano dimensions like 2-D, 1-D, and 0-D may
be explored and incorporated into TENG for better performance.

Other polymers and materials may be explored for enhanced self-healing
ability.

Other types of chemical, gas and biological sensors like CO2, ammonia, and
different acids may be explored with PANI-PPY nanostructures.

Further studies of nanostructured polymer and formation mechanism can be
explored.

Effects of different synthesis parameters like precursors, concentrations,
solvents, pH, temperature, etc. on the prepared material can be studied

further for optimization
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A.1 Introduction

The methodology as well as several experimental techniques followed in the

synthesis of different nanomaterials and their nanohybrids have been elaborated.

Different techniques like XRD, SEM, EDS, FTIR, TEM, SAED, Raman, TGA and UV-

vis spectroscopy were employed to understand and illustrate the size, shape, structure,

compositions, and electrical, thermal, optical properties of the materials. Some of the

practices used in this thesis work is defined in detail in this chapter.

A.2 Methodology of Present Work

Succeeding stages were carried out for the present investigation:

1)
2)
3)

Synthesis of the chosen nanomaterials.

Fabrication of the film and TENG layer.

Exploration of various features and properties of the synthesized nanomaterials
like, morphology, phase information, bonding, composition, optical absorption,
band gap, encapsulation, particle size, crystallinity, etc. utilizing relevant
characterization procedures as follows:

X-ray Diffraction (XRD): XRD is used to investigate the crystallinity and to
identify the phases.

Scanning Electron Microscopy (SEM): It is used for achieving the
information about the surface morphology of the material.

Energy Dispersive X-ray Spectroscopy (EDS): EDS helps to recognize the
fundamental elements existing in the specimen.

Transmission Electron Microscopy (TEM): TEM micrographs expose the
topography of the material with internal structure, grain distribution, grain
diameter etc.

Selected Area Electron Diffraction (SAED): SAED patterns help to know
about the crystallinity and the crystal planes present in the crystalline materials.
UV-visible Spectroscopy: It provides the optical absorption of the material,

from which the optical band gap of the material is measured.
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g) Fourier Transform Infrared (FTIR) Spectroscopy: FTIR distinguishes the

chemical bonds existing in the material.

h) Raman Analysis: It recognizes the molecular vibrational bonds present in the
materials.

i) Keithley electrometer: It is used to measure the electrical resistance of material
at different environments.

j) Digital CRO: It is used to observe the AC and DC current and voltage

generated by nanogenerator device.

A.3 Synthesis

A.3.1 Citrate gel method

Citrate gel process is a distinct part of the sol-gel method. Here, along with
metal nitrate salts, citric acid is also used in precursors, as a chelating agent. Here, the
gel condensed from the sol experience auto-ignition owing to citric acid, working as a

chelating agent.

Citrate gel method contains self-ignition caused due to self-maintained
thermally stimulated redox reactions amid the concoction of precursor solutions.
During synthesis, metal nitrates and citric acid in necessary amounts are mixed in
deionized water and the pH of the mixed solution is altered from acidic to basic. Heating
this basic mixture evaporates the water and changes the watery solution into thick gel
system, which gradually converts into xerogel. At a point, exothermic reactions take
place in the xerogel network, and the additional heat produced in the system auto-
ignites the entire specimen. After complete burning, only powder-like nanomaterial

remains inside the beaker.

This scheme is favoured because it is very cost-effective and less complicated
procedure. However, the final product has to go experience heat treatment after

production for proper crystallization and impurity removal.
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A.3.2 Ocxidative-polymerization technique

This method belongs to one of the least complicated and cheap polymerization
routes for the synthesis of the conducting polymers at room temperature. Polyaniline,
polythiophene, polypyrrole, etc. conducting polymers are typically prepared using this
technique. The procedure involves inorganic or organic oxidizing agents. Occasionally,

surfactants are also incorporated to control the size and shape of the polymers.

Here, the polymerization is originated via the production of cationic radical sites
in each monomer. A pair of monomers then link together by covalent bonds, and form
a dimer. The dimer then connects to another monomer to create a trimer and so on.
Various kinds of arrangements like head-to-tail, head-to-head tail-to-tail can be
perceived in the networking of the monomers. Therefore, extensive distinctions of

monomers can be merged to create chains of polymer using this method.
A.3.3 OQOil-in-water micro-emulsion process

Synthesis via this technique results in large assembly of polymers in a
suspension arrangement (oil-in-water). The key components in this method are water,

monomers (water insoluble), stabilizer, emulsifier (surfactant) etc.

Generally, the monomer is dripped in aqueous medium that produces droplets
suspended in water. Stabilizers and/or surfactants are used to stabilize the droplets and
to stop the agglomeration between the droplets. The surfactants construct thin coating
around the droplets and repulsion between the droplets are created from the electrostatic
charge of the surfactant molecules. Once polymerization occurs, various distinct well

separated polymeric particles are formed in the droplets.
A.4. Annealing

Heat treatment of a specimen includes heating and cooling of the material at
definite settings to modify its structure, morphology, crystallization, and to alter its
mechanical, chemical, and physical characteristics, and to eliminate impurities. There
are six different categories of heat treatments typically used: annealing, stress relieving,

normalizing, quenching, tempering and hardening. Amid these, annealing mainly

Page 1



Appendix

includes warming the material upto a definite temperature at a definite rate, sustaining

the temperature upto a definite time, and lastly cooling down at a definite rate. There
are two kinds of annealing treatments: slow thermal annealing (STA) and fast thermal
annealing (FTA). In STA, at room temperature, the specimen is positioned inside a
furnace (Fig. A.1) and heated progressively upto a certain temperature, while in FTA,

the sample is placed inside a furnace that is pre-heated in the desired temperature.
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Fig. A.1 Experimental setup of tube furnace: Matrex (NSRL, BBAU, Lucknow)

Annealing can be executed in diverse environments: atmospheric air, vacuum,
or certain gas. Annealing a sample refines crystal structure, removes impurities,
encourage further crystallization, modifies different chemical, electrical, and magnetic

properties etc.
A.5. Fabrication techniques for thin film
A.5.1 Spin coating method

Spin coater (Fig. A.2) is used for thin film fabrication using a consistent gel of
the nanomaterial. The instrument generally contains a vacuum pump to clutch the
substrate placed on top of a rotator and a potent motor to spin the rotator. In this process,

some drops of the dispersion is put on the middle of the substrate and the rotator is
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gyrated upto needed speed (upto 6000 rpm) for a certain time. Centripetal acceleration

is generated when the substrate is revolved. This assists the dispersion to spread out

consistently on the substrate.

Fig. A.2 Experimental setup of spin coating: Matrex (NSRL, BBAU, Lucknow)

The thickness of the film is decided from controlling the time and speed of
revolution. The thickness of the film reduces as the speed and/or time increases.
However, the surface tension, viscosity of the fluid, etc. aspects also subsidizes the film
thickness too. Finally, the film is dried either by heating (~100 °C) or at room

temperature.
A.6. Characterization techniques

The synthesized nanomaterials and their nanocomposites were characterized by

various techniques as revealed below:
A.6.1 X-ray Diffraction (XRD)

It was found by Max von Laue in 1912, that the materials that are crystalline in
nature, act as 3-dimensional diffraction grating for incident X-ray beams, as the

interplanar spacing of the crystal is comparable with the wavelength of the X-rays.
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X-ray diffraction (Fig. A.3) analysis is mainly utilized to investigate the

crystallographic phases and other crystal information. The process involves the
constructive interference of monochromatic X-rays that are diffracted from the planes

of a crystal.

Fig. A.3 Experimental setup of XRD: Malvern Panalytical Ltd — X Pert® Powder
(USIC, BBAU, Lucknow)

The applied X-rays are created from a CRT (Cathode Ray Tube), and sifted to
attain radiation with single wavelength, and guided to get intense and fixated to the
specimen. The X-rays falling on the material get diffracted from the planes present in
the crystal. The constructive interference of these diffracted rays generates the X-ray

diffraction configuration which fulfills the Bragg’s law:
2dsin® = nA

Where, d, 20, n and A are the spacing between diffracting planes along same

direction, Bragg angle, diffraction order and wavelength of the beam.

The diffractions and relevant angles are distinguished using a detector that gives

a pattern to analyze further. The diffraction pattern is also equated with the standard
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reference outlines conveyed by the Joint Committee on Powder Diffraction Standards

(JCPDS) and International Centre for Diffraction Data (ICDD) to recognize the

material.

The XRD plot of any material delivers crucial information like, presence of
contaminants, existence of phases, degree of crystallinity, presence of any amorphous
nature, lattice parameters, direction of alignment of the crystallites, size of crystallite,
interplanar spacing between the crystal planes along same direction, micro strain etc.
The average crystallite size at a specific direction is generally computed from the

Scherrer formula,

kA
PcosO

Where, D = average crystallite size, k = polarization factor, § = FWHM of
diffraction peak.

A.6.2 Scanning Electron Microscopy (SEM)

Scanning electron microscope is employed for the disclosure of the surface
morphology of the sample via glancing over the surface of the material using a fixed
ray of electrons excited at high energy. The applied electrons intermingle with the
elemental atoms existing on the surface of the material, and creates diverse signals that
encompass the accurate data about the surface morphology even at the nanometer scale.
Usually, in almost all viable SEM instruments (Fig. A.4), the secondary electrons
emanated from the atoms are perceived to achieve the essential info. A SEM device is
equipped with an electron gun that has a filament prepared with lanthanum hexaborate
or tungsten serving as the electron source to provide electron rays. A voltage is applied
externally to heat up the filament, to produce flow of electrons. The electron stream is
densified using a condenser lens that limits the current of the electron flow and gets rid
of the high-angled electrons from the stream of electrons. An additional condenser lens
associated next narrows down the electron beam further, in order to make the beam
more concentrated. Adjacent to the end of the device, scanning coils are positioned that

focuses the beam of the electrons more.
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Fig.A.4 Experimental setup of SEM: JEOL JSM-6490 LV USIC, BBAU, Lucknow)

Additionally, when the electron beam hits the surface of the sample, the
scanning coils gather all the secondary electrons and escort them on the way to the
detector. The detector then calculates the secondary electrons, strengthens the current
intensity and uses these to envision the appearance of the material surface on a

COl’l’lplltCI' screen.

Numerous interactions take place when electron beam interacts with the surface

atoms of the sample as listed below:

e Secondary electrons: When the electron rays fall on the sample surface, they
handover some energy to the K-shell electrons and ionizes the surface atoms of
the sample. The electrons detached from the material surface are known as the
secondary electrons. These secondary electrons hold all the evidence associated
with the material surface.

e Backscattered electrons: These electrons are backscattered or reflected back
from the volume of the material. It happens as the falling electrons strike a
surface atom that is perpendicular with the trail of incidence. The number of
generated backscattered electrons is equivalent with the atomic number of the
sample. Because of this purpose, one can use the backscattered electrons to

identify the chemical composition of the sample.
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e Cathodoluminescence: When the ray of electrons is made fall on the specimen

surface, they stimulate the surface atoms. When these atoms go back to the
analogous ground state, they emanate photons. This practice is called
cathodoluminescence. If suitable detector is used, real colored images can be
received.

e Auger electrons: When the electron is separated from the core of the atom, an
empty space is generated that is filled by higher energy electron discharging
energy which is transferred to a different electron, which is then cast out as
Auger electron. Auger electron has a distinctive energy feature that is exclusive
for each elements. Hence, the auger electrons are detected to give the

compositional information of the specimen.
A.6.3 Energy Dispersive X-ray Spectroscopy (EDS)

SEM can also carry out the inspection of discriminatory point sites located on
the surface of the material and gives a qualitative analysis of the elements present in
the specimen via EDS. It is a qualitative apparatus associated with the SEM for X-ray
micro-investigation that means it informs the study relying on the output signal
containing the summits of the energy tallies. X-ray ionizes the surface atoms and a solid
state detector (SSD) of enhanced resolution detects the outcome, and then its

consequences regarding the elements present in the sample is scrutinised by an analyser.
A.6.4 Transmission Electron Microscopy (TEM)

In TEM, extremely focused, highly energetic beams of electrons are passed
through the sample that interacts with the material and gives characteristic radiation
and some additional particles, and generates 2-dimensional pictures consisting of 3-
dimensional restorations using a magnification lying between ~50x-10°x. The splendid

spread of magnification is the outcome of minor wavelengths of the incident electrons.
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Fig. A.5 Experimental setup of TEM: FEI Tecnai TF20 (CRF, IITD, Delhi)

Here, the output signal (Fig. A.5) is conquered from both deflected and
undeflected electrons which go in through the width of the material. Manifold magnetic
lenses at and below the specimen stage are accountable for conveying the output signal
to a detector that is normally a screen, a video camera, or a film plate. There are two

distinct kinds of specimen examinations proposed by TEM:

e Image mode: In this case, an image of the irradiated area of the specimen is
generated. The contrast of the image can be ascribed to numerous mechanisms:
contrast in thickness because of non-uniform thickness of specimen, mass
contrast caused by the separations in space between different elements, contrast
of diffraction in crystals due to the incident electrons scattered from the defects
in sample and phase contrast.

o Diffraction mode: In this mode, electron diffraction pattern can be received in
place of topography of the material. The diffraction pattern is analogous to the
X-ray diffraction pattern of the same material. Single spot pattern is produced
by a single crystal, on the screen, while, ring-like patterns are obtained from
polycrystalline materials. Diffused halo-like patterns are achieved from the

amorphous material.
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A.6.5 UV-visible Spectroscopy

Ultraviolet and visible (UV-vis) absorption spectroscopy (Fig. A.6) is used to
study the attenuation of a light beam when it voyages through a material. Ultraviolet
and visible light of definite energy are ample to encourage the electrons of outer levels
to levels with higher energy. The energy absorption can happen at single wavelength or
can be wide-spread over a spectral section reliant to the characteristics of the material.
Generally, this technique is practised to molecules or inorganic complexes in solution.
This spectroscopy is beneficial in characterizing the transmission, absorption, and

reflectivity of materials.

Fig. A.6 Experimental setup of UV-Visible spectroscopy: Thermo Scientific-
Evolution 201 (NSRL, BBAU, Lucknow)

The advancement of an electron from the ground state at energy Ei to higher
energy state at Er can be possible, when the material absorbs radiation of the wavelength
A = he/(ErEi) (¢ = speed of light, h = Planck’s constant). The new higher energy state
of the electron is known as an excited state. The time period of the existence of the
excited states are generally very short (femto seconds to microseconds). The energy
difference of the first excited states and the grounds states of most of the materials falls
in the UV and/or visible sections of the optical spectrum. In practise, UV-visible

spectrophotometers are used to determine absorbance that is the logarithmic ratio
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between the transmitted and the incident intensities. The spectrum is further analysed

by plotting (chv)? vs hv, measured from the equation:
ahv = A(hv-Ey)"

Where, A = constant, a = absorption coefficient, value of n portrays the type of
transition. A straight line is obtained when (ohv)? vs light energy (hv) curve is
extrapolated towards the energy axis. The intercept of the straight line on hv axis

corresponds to the optical energy band-gap (Eg) of that material.

In a standard UV-vis spectrophotometer, a beam of incident light is split in two
halves, one part is traversed through a transparent cell containing a dilute solution of
the material to be analysed, and other half is travelled through an alike cell holding just
the solvent used as reference. The instrument makes a comparison of the intensities of
the transmitted beams. If the material absorbs light of certain wavelength, the intensity
of the specimen beam will be less than that of the reference beam.
Absorption/transmission/reflection of radiation by a specimen is observed by
irradiating different wavelengths ranging from 380-800 nm and plotted to display the
spectrum that is a plot between the wavelengths vs the absorption of light at each

wavelengths.
A.6.6 Fourier Transform Infrared (FTIR) Spectroscopy

For the recognition of inorganic, and/or organic bonds (functional groups)
existing in a material, FTIR analysis is performed. The expression ‘Fourier transform’
indicates a contemporary upgradation where the gathered information is altered from
an interference pattern to a spectrum for better realization. Now-a-days FTIR
apparatuses (Fig. A.7) are totally computer-functioned, which aids them to be more

sensitive and quicker than the older dispersive instruments.

When a sample is radiated with specific wavelengths of light in IR range, the
absorptions are treated as the characteristic bands analogous to definite chemical bonds
present in that material. The chemical bonds present in a molecule can be spotted from
the explanation of the IR absorption spectrum. FTIR spectra of pure materials are

distinctive, hence they are often labelled as ‘fingerprint’ absorptions. The organic
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compounds mostly own quite rich FTIR spectra, while inorganic ones have simpler

spectra. Typically, the spectrum of an unknown/known material is acknowledged by

equating the output data with a library of known complexes.

Fig. A.7 Experimental setup of FTIR: Thermo-Scientific Nicole 6700 (USIC, BBAU,

Lucknow)

Counting on the elements and the bonds present in a material, the molecular
bonds are likely to oscillate at definite frequencies. Any certain bond can quiver at
numerous explicit frequencies. From quantum mechanics, it can be said that, those
frequencies fit in the ground level and many excited levels. The frequency of a
molecular vibration can be amplified and the bond can be agitated by absorbing light
energy in IR region. In case of any transitions amid two energy levels, the light energy
should specifically match with the energy difference among the two levels, i.e., the

ground level (Ei) and the first excited level (Er). Hence,
E¢-E; =hc/A
A.6.7 Raman analysis

Raman spectroscopy (Fig. A.8) delivers information about the molecular
vibrations to recognize the material in practise. Here, monochromatic laser light is made

fall on a material and the lights dispersed from the sample are spotted. Most of the
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dispersed light own the frequency analogous to that of the incident light, this is elastic

scattering termed as Rayleigh scattering. A tiny segment of the dispersed light gets
energy-shifted from the incident light owing to inelastic interactions among the
vibrational energy levels of the specimen molecules and the incident light. Drawing a
curve among the intensity of this ‘shifted’ light vs frequency brings in the Raman
spectrum of that material. The Raman spectra are graphed with the incident laser
frequency to confiscate the Rayleigh band. In the Raman spectrum of a material, the
band occurs at frequencies analogous to the certain vibrational energy levels of various

functional groups.

Fig. A.8 Experimental setup of RAMAN analysis: Renishaw inVia reflex micro-
Raman spectrometer (CSIR-AMPRI, Bhopal)

In 1928, Dr. C. V. Raman witnessed that a minor fragment of the incident visible
light was scattered by definite molecules, whose wavelength diverges from the incident
light. The shifts in energy is influenced by the chemical assembly of the molecules. The
perception of Raman scattering elaborates that the events occur from the identical
quantized vibrational deviations which are escorted with infrared absorption. For this
reason, the variance in wavelength amongst the incident and scattered radiation matches

with the wavelengths in the mid-infrared section.
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When a monochromatic laser light of frequency vo excites molecules and

changes them in oscillating dipoles, they release light having three different

frequencies.

A.6.8

Photon having frequency vo can be absorbed by a molecule that is in its basic
vibrational state, when the interaction takes place. Portion of the energy of the
photon is transported to the Raman-active mode having frequency vm. The
resultant frequency of dispersed light is decreased to (vo — vm). This frequency
is termed as Stokes frequency.

Photon having frequency vo can be absorbed by a molecule that is literally in its
excited vibrational state at the time of interaction. When the extra energy of the
excited mode is liberated, the molecule proceeds towards the basic vibrational
state and the resultant frequency of dispersed light rises up to (Vo + Vm). This
frequency is titled Anti-Stokes frequency.

A molecule without any Raman-active modes absorbs a photon of the frequency
vo. The excited molecule goes back to the same basic vibrational state and
releases light with the same frequency vo as an excitation source. This type of

interaction is entitled as an elastic Rayleigh scattering.
Thermogravimetric Analysis (TGA)

TGA 1is one sort of thermal stability analysis, where the sample is heated from

room temperature (27 “C) up to ~1000 °C for the observation of the variations in its

chemical and physical features.
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Fig.A.9 Experimental setup of TGA: Perkin Elmer Pyris 1 (CIPET, Lucknow)

The TGA study of a material embraces the loss of mass with growing
temperature. From the exploration, various properties of the material like,
decomposition, desorption, vaporization, dehydration, degradation, phase transition

etc. can be investigated.

The instrument (Fig. A.9) principally consists of a balance with great precision
kept inside a programmable furnace. The material is kept on a sample holder stuck on
the balance for uninterrupted weight revelation. The interior temperature of the furnace
is slowly elevated at certain rate and the weight loss is recorded all through. The output
is presented as a plot between the weight (or the percentage weight loss) of the material

vs. applied temperature
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In this work, a bilayered ultra responsive self-healable photodetector that can restore both its structure as well as
sensing property after deformation has been reported. This photodetector is based on ferrite with ultrafast
sensing ability along with restoration property. In this dual-layered structure, the upper layer is Niy »Zng gFe,04
(NZF) prepared by citrate gel method and acts as sensing layer, whereas, the lower layer is Urea-Formaldehyde
(U-F) microcapsules with flaxseed oil and NZF core. Here bottom layer acts as a healing layer, which can suc-
cessfully restore film sensing property after deformation. Flaxseed oil acts as a medium to transport NZF from
lower layer to the upper sensing area, which was deformed manually. The evaluated photoresponse and recovery
time of NZF before deformation are 1.74 sec and 3.28sec at 100 mW/cm? respectively, whereas, response and
recovery after healing were 1.75sec and 2.84 sec respectively. The solar light photodetector based on micro-
capsule that can restore its sensing property ~98.5%. The purpose of this work is to develop a method by which

anyone can fabricate the different types of self-healable solar light photodetector.

1. Introduction

Non-renewable energy resources like fossil fuel, coals etc. are going
to deplete in the near future. The continuous increment in global po-
pulation and socio-economics will lead to the consumption of more and
more electricity (Destek and Aslan, 2017). Non-renewable energy alone
cannot fulfil these electricity requirements and hence conventional
energy resources will play a vital role in the near future. Electricity
conservation is as important as electricity generation to gain sustain-
able growth. Various research groups continuously working on super-
conductors (Saito et al., 2016; Charnukha et al., 2018), batteries (Han
et al., 2015; Song et al., 2015; Sun et al., 2017), light dependent re-
sistors (LDR) (Rawal et al., 2015; Tripathi et al., 2018) in order to save
the generated electric power. Most of the countries are wasting a huge
amount of electric power due to unnecessarily overriding of lightning
equipment during day time. The unfamiliarity of the energy saving
policies and the high cost of automatic switches, like light dependent
resistors (LDRs), seem to be the main reasons for electrical energy
wastage (Rawal et al., 2016, 2017). The solar light photodetector has a
property to change their resistance with a variation of light intensity.
Nanostructured metal oxides and metal sulphides are extensively

* Corresponding author.
E-mail address: beyadava@bbau.ac.in (B.C. Yadav).

https://doi.org/10.1016/j.solener.2019.06.003

explored for photoconductors and photo-conducting light switches
(Kripal et al., 2011; Tripathi et al., 2015; Georgakopoulos et al., 2015),
while ferrites are the least investigated materials for photodetector
applications.

Other well-known problems in context to the serviceability of
electronic devices e.g. photodetectors are continuous degradation of
these devices by means of corrosion, repeated mechanical strain and
damage during functioning. Even a slight change in a structural design
by means of external cause leads to a gigantic change in output per-
formance. In some cases, this causes the total failure of the whole de-
vice. These deformations in electronic devices lead to a tremendous
increment in electronic waste (E-waste) year by year. Approximately,
44.7 million metric ton of e-waste was generated in 2016 and 47 mil-
lion metric tons in 2017 (Baldé et al., 2017). Moreover, e-waste creates
severe environmental and human health impacts. As these wastes
contain heavy and toxic materials like Hg, Cd, Pb, etc. (ISWA, 2009),
which contaminate groundwater and soil which directly or indirectly
affects all living organisms (Leung et al., 2006, Zhang and Xu, 2016;
Labunska et al., 2013). In recent years, research communities are trying
to develop self-healable electronic devices, which can regenerate their
structures and electrical properties after a mechanical failure. There is
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« Synthesis of novel 2-D nanoflakes
(~30 nm) of Polyaniline-Polypyrrole
based conducting polymer.

« Acetone-assisted self-healing was
observed in a polymeric thin film.

« Triboelectric nanogenerator (TENG)
based on PANI-PPY nanoflakes (NFs)
was fabricated.

« The input source in solar light
photodetector with the maximum
output voltage of ~149 volts was
used.

« Ultra-fast response and recovery time
(0.41 sec and 0.45 sec) were recorded
respectively.

« The theoretical analysis was carried
out using Gaussian 09 and Gauss
view 05 software.
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This work demonstrates an easy and cost-effective synthesis of PANI-PPY conducting nanoflakes (NFs)
with a self-healing capability. Scanning electron microscopic (SEM) analysis shows the minimum width
of NFs as 30 nm, while HRTEM analysis confirms the shape, size, and semi-crystalline nature of the poly-
mer. These PANI-PPY NFs were used to fabricate a contact separation mode triboelectric nanogenerator
(TENG) based self-powered photosensor which gave the maximum output voltage (149 V), maximum
output current (16 pA), current density 0.56 pAcm~2 and power density 83.56 uWem™2, Detailed literature
survey shows the comparative study of PANI-PPY NF's with other photo-sensing materials. This literature
review highlights the tremendous ability of PANI-PPY to self-restore and ultra-fast self-powering nature.
This work also demonstrates a very easy and cost-effective method to develop polymeric nanomaterials
via temperature-assisted polymerization, which need only a stirrer with a hot plate. Theoretical analysis
(DFT calculations using Gaussian 09 and Gauss view 05) shows a consistent increase in stability when
the number of molecules in the polymer chains analyzed was increased. The developed self-healing tribo-
electric nanogenerators exhibited stable performance before and after healing.




Sensors & Actuators: B. Chemical 359 (2022) 131573

Contents lists available at ScienceDirect

Sensors and Actuators: B. Chemical

ELSEVIER

journal homepage: www.elsevier.com/locate/snb
Gigantic stimulation in response by solar irradiation in self-healable and s

self-powered LPG sensor based on triboelectric nanogenerator:
Experimental and DFT computational study

Shakti Singh ?, Prabhakar Yadav °, Manoj Kumar Gupta, Gulzhian I. Dzhardimalieva de
Jinhwan Yoon, Chiranjit Maiti ! Bal Chandra Yadav®

# Nanomaterials and Sensors Laboratory, Department of Physics, Babasaheb Bhimrao Ambedkar University, Lucknow 226025, India

Y Department of Electrical Engineering, Shri Ram Swarup College of Engineering and Management, Lucknow, U.P., India

© CSIR-Avanced Materials and Processes Research Institute, Bhopal 462026, India

d Engineering Department, Moscow Aviation Institute (National Research University), 125993 Moscow, Russia

€ Laboratory of Metallopolymers, The Institute of Problems of Chemical Physics RAS, Academician Semenov avenue 1, Chernogolovka, Moscow Region 142432, Russian
Federation

f Department of Chemical Materials, Institute for Plastic Information and Energy Materials, Sustainable Utilization of Photovoltaic Energy Research Center, Pusan
National University, Busan 46241, Republic of Korea

ARTICLE INFO ABSTRACT
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The present paper reports the highest sensor response of Solar light induced, battery-less and self-healable LPG
sensor powered by triboelectric nanogenerator. This work establishes the concept of waste to energy conversion
and utilization of waste energy (finger tapping) for driving sensors for green and sustainable development. In this
study synthesis of 2D PANI-PPY (2P) nanosheets by the polymerization and further its employment as PDMS/
PANI-PPY (3P) based TENG is demonstrated. The fabricated TENG exhibits high output voltage of 142 volts
and 80 pA current. 3P polymer nano-composite showed fast self-healing capability under 35 min. The assembled
3P based self-powered LPG sensor exhibits exceptional response and sensitivity under light illumination. The
maximum sensor response of 94.67 (% response = 9367%) and the sensitivity 52.67 SR/vol% were found under
30 mW/cm? visible light radiance, which illustrates that the developed material is extremely responsive and
sensitive under light condition even at a very low concentration of LPG below LEL (2 vol%). The least recovery
and response times of the material were measured to be 172 ms and 580 ms correspondingly. The theoretical
analysis confirms that Cl-doped 2P was highly reactive and exhibited high negative potential sites to interact
with the H™ ion of LPG.

1. Introduction temperature, and low sensor response. This greatly increases the service

cost of the device. But nanogenerator based gas sensors solved these

Nanogenerator technology is one of the most evolving fields, ever
since the discovery of Piezoelectric nanogenerator (PENG) [1] and
triboelectric nanogenerator (TENG) in 2006 and 2012 correspondingly
[2]. The constant evolution of these technologies helps to develop the
self-powered, renewable energy based, sustainable and
high-performance hybrid nanogenerators [3,4], pressure sensors [5,6],
moisture sensors [7-9], gas detectors [10-12], motion sensors [13-15],
photocatalysis [16,17], etc. Conventional gas sensors which are resistive
type [18,19], electrochemical [20,21], and optical [22,23], etc. have the
disadvantage of high electric power expenditure, high operating
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problems as they don’t need any external power source and exhibit a
high sensing response at room temperature (RT). Continuous moni-
toring of explosive and volatile gasses is extremely important. Liquified
petroleum gas (LPG) which is a combination of propane and butane, is a
highly explosive gas with a very low lower explosive limit (LEL) of 2.2
vol% [24,25]. Detection of this gas is extremely important as it covers a
large distance in vapor form and household consumers of this gas are
rising exponentially year by year. A minute error in detection of this gas
early can cause devastating effects due to its explosive nature. For this
various metal oxides like BaTiO3 [25], graphene/CdO [26], MgO [27],
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Abstract: The current work outlines the finding of a distinctive method to detect hazardous

fluoride ions in the water below permissible limits using a waste material-based self-
healable triboelectric nanogenerator. In this work, the authors showed the steps
involved to detect fluoride in a chemisorption-based self-powered sensor. The device is
made-up of waste materials like BSR rubber, used polythene bags, and used plastic
sheets, which validates the waste to energy conversion ability with maximum output
voltage of ~242 volts and 40 pA current. The present self-powered fluoride detection
device displays a maximum sensor response of 12.10 and a % sensor response of
1110%, which is very high. The self-healing ability of PDMS/BSR-La nanocomposite
shows fast healing in ~25 min with a healing efficiency of 99.9%, which is one of the
unique features of this device. Additionally, the present work also demonstrates not
only recognition but the removal of fluoride ions using waste Juncus effusus biomass.
The removal percentage of the fluoride was found to be 92.6% having an adsorption
capacity of 2.31 mg/g. In summary, this paper establishes a special way to sense the
fluorides and their removals using waste materials.
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