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Synopsis

n the 21% century, green and renewable sources of energy have become a global concern

not only to meet the rapidly growing power need due to the rapid urbanization but also to

face various panicking challenges like energy calamities, limited stock of fossil fuels,
unusual climate changes, frightening growth of environmental pollution caused by the usage
of fossil fuels, etc. Among various sustainable energy sources, wind, tide, geothermal, etc. are
used in heavy power grids to generate power in the range of mega to gigawatt. In recent years,
the rapid progress in miniaturized devices, the Internet of Things (loTs), and sensors has
brought a revolution in the field of microelectronics. These miniaturized devices and sensors
that have immense utilization in each corner of our day-to-day life as wearable biomedical
devices, environmental monitoring sensors, climate monitoring sensors, etc. require minimal
power to be operated. Acquiring abundant mechanical energy from our everyday life in the
form of any kind of human motions, acoustic noises, vibrations etc. and converting it to
electrical energy can be an ideal option to harvest sustainable, clean, maintenance-free energy
that can not only run these low-powered sensors and devices but also the self-powering ability
of these devices eliminate the necessity of external battery. These piezoelectric and triboelectric
generators are lightweight, flexible, and thus wearable, portable, and self-powered that partially
meet the power need. Solar energy, available in the maximum portion of the earth, is another
important source of renewable energy. Thus, designing integrated devices that can harvest both
solar and mechanical energy can be an optimum choice to serve wide purposes. Besides
renewable energy harvesting, addressing the inflated energy requirements of modern society
results in cutting-edge research interest in developing energy storage systems. Despite
following two different working mechanisms, researchers have dedicated their tremendous
efforts to the fabrication of sustainable energy sources that integrate energy harvesting and
storage units in a single device. Commonly, a sustainable energy system comprises an energy
harvesting unit, power management circuits, and an energy storing unit. The internal
integration of energy harvesting and storing units into a sole unit eliminates the requirement
for additional power management circuits. Hence, in recent years, the development of self-

powered, self-charging devices has been of high interest.

Perovskite materials have gained immense attention among researchers during past

decades owing to the unusual transport and magnetic properties of oxide perovskites,



fascinating optical properties of hybrid perovskites, long carrier diffusion length, tunable band
gap, etc., and their utilization in a wide range of optoelectronic devices. It is required to study
various intrinsic properties of the perovskites in detail to understand their potential in different
application domains. Hence, the motivation of this dissertation is to extensively investigate the
dielectric and optical properties of some potential perovskite systems and incorporate them in

the fabrication of cost-effective, integrated energy harvesting devices.

Organic inorganic hybrid perovskites have drawn keen interest due to their
inexpensiveness, interesting photovoltaic properties, simple synthesis process, etc. but facing
some important issues that need to be worked on for commercial implementation like poor
stability in the presence of moisture, UV-light, and high temperature. | have synthesized
propylammonium lead halide (CsH7NH3PbXs, with X = 1, Br) that exhibited excellent stability
in the presence of moisture, temperature, and UV exposure. Sol-gel driven CsH7NH3Pblz
possessed a rod-like structure and an optimal band gap of ~ 2.38 eV. We have performed an
extensive study on frequency-dependent dielectric properties of CsH7NH3PbXs, with X =1, Br
for 273 K < T < 373 K. C3H7NH3PbBrs showed giant dielectric constant and appreciable
conductivity. The impedance spectra were analyzed by considering the effect of grain and grain
boundaries. The suppressed Nyquist plot at different temperatures, the asymmetric nature of
the imaginary part of the electric modulus, etc. illustrated the non-Debye type nature of the
samples that varied over the temperatures. The role of ionic conduction in the enhancement of
conductivities of the samples at elevated temperatures was analyzed in detail. Moreover, we

designed a UV photodetector using C3H7NH3PbBr3 that yielded satisfactory output.

Among various ferroelectric materials, polyvinylidene difluoride (PVDF) is one of the
widely used polymers ascribing to its low cost, high piezo output, simple fabrication process,
and ability to be designed in the desired shape. In PVDF, the non-polar o phase is predominant,
in general. To bring out the dominance of the polar B phase that is responsible for
ferroelectricity, various methods such as mechanical stretching, annealing at high
temperatures, hydrated salt addition, etc. have been employed over the years. Among these
practices, adding an appropriate external agent is the most convenient one. We incorporated
C3H7NHz3Pbls in PVDF in different proportions (3.21, 4.76, and 6.20 wt %) to form nanofibers
by the method of electrospinning. Electrospinning was chosen to prepare homogeneous,
flexible, sensitive nanofibers with a significant amount of B phase within it. It has been
evaluated that 4.76 wt% of CsH7NHsPbls decorated PVVDF nanofiber contains significantly

high electroactive phase component ~ 92.5 %, remarkable crystallinity with superior
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piezoelectric coefficient ~ 138 pC/N. The obtained band gap of the aforementioned nanofiber
(~2.2 eV) ensured that the intrinsic properties of the perovskite remained intact. The optically
active nanofiber was then used to fabricate a flexible, ultra-sensitive piezoelectric
nanogenerator that produced a remarkably high ~ 60 V open circuit voltage and 27.5 pA short
circuit current under hammering with a free hand. The generated power was sufficient to light
up several green and blue LEDs. Moreover, the developed power was stored in a commercially
available capacitor that was further used to charge a digital wristwatch. The device showed
excellent stability and a high energy conversion efficiency of ~ 42.03 %. We have also designed
a piezo-active photodetector using the aforesaid composite and obtained satisfactory
performance. The sensitivity, portability, and significant yield confirm its efficacy in the 10Ts,

Sensors, etc.

Next, we synthesized different self-poled flexible films of the same perovskite and
PVDF in larger proportions (5, 10, 15, 20 wt %) than that of nanofibers. The inclusion of
C3H7NH3Pbls in PVDF in 15 wt % produced appreciably high ferroelectric phase content of ~
66.7 %, a degree of crystallinity of ~ 69 % with the polymer matrix. This composite was
employed in the fabrication of piezoelectric energy harvester that produced 80 V open circuit
voltage and 17.8 pA/cm? short circuit current when subjected to the free hand hammering. The
obtained outcome was substantially large compared to that of a reference energy harvester
made of neat PVDF. The flexibility of the piezo energy harvester provided an added advantage
for the film to be used as a wearable bio-sensor. A piezo-active photodetection ability of the

same composite was also successfully explored and investigated in detail.

Here, we fabricated self-charging, flexible piezoelectric supercapacitor that can not
only convert the mechanical energy into the electrical energy but also store the energy as a sole
unit. Despite being potential candidates, the abovementioned perovskites contain toxicity
content lead though the amount of lead is quite low in the ultimate composite and the fabricated
devices. To address the eco-friendly need, we have synthesized lead-free NdMnO3
nanoparticles via sol-gel method and incorporated them in PVDF in 3, 5, 7, and 10 wt % to
prepare self-poled films. The film containing 7 wt % of NdMnQOz nanoparticles in PVDF
possesses an enhanced 3 phase content of 89.71 %. To have a glimpse of the tribo effect, we
designed a piezoelectric-triboelectric hybrid nanogenerator following the configuration Cu
electrode/ NdMnOs@PVDF / Air gap (~100 um)/ PDMS layer/ Cu electrode that produced
enormously large open circuit voltage ~ 160 V in response to free hand hammering. The
intrinsic effect of piezoelectricity of the NdMnOz;@PVDF films only was isolated by

Vi



minimizing the tribo effect and we fabricated piezoelectric nanogenerator using
NdMnOz@PVDF films with sincere care to get rid of any trapped air bubbles between the films
and the electrodes. The piezo nanogenerator exhibited a significant response of open circuit
voltage ~50 V and short circuit current ~30 wA under periodic dynamic strain. The output
response assured its utility in 10Ts. The generated energy was stored in commercially available
capacitors and was sufficient to illuminate several green and blue LEDs. Furthermore, the
piezoelectric generator revealed excellent stability even in a water medium. Moreover, the
degradation of a dye by piezocatalysis exhibited by this film made it a multifunctional
composite. The potential of self-charging piezoelectric supercapacitor using NdMnOs@PVDF
as a separator has also been explored which demonstrated energy storing behavior under the
periodic mechanical deformation. The areal capacitance was significant ~ 41.37 mF cm™ and
99% of capacitance retention after 2000 cycles. The study of the overall performance of the
multifunctional device opens a window for the fabrication of self-powered piezoelectric

wearable devices in union with supercapacitors.
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Motivation and arrangement of the
thesis
Motivation and objectives

he day-by-day increasing power needs across the globe and the limitation of fossil

fuels ignite the requirement for renewable energy sources. Nowadays, there is rapid

progress in microelectronics and sensors that are widely used in different segments
as wearable biomedical devices, environmental monitoring sensors, climate monitoring
sensors, etc., and need minimal power to run. Mechanical energy is the most abundant
sustainable source of energy in our surroundings. Therefore, it can be an ideal choice to harvest
abundant mechanical energy that we can gather from various kinds of vibration, noise, human
motion, etc. of our daily life and convert it to electrical energy to run these low-powered
sensors. These self-powered, flexible sensors often require photodetection for intended
functioning. Solar energy is another sustainable source that is abundant in the maximum
portions of the earth. In the pace of solar energy harvesting, organic-inorganic hybrid
perovskites (OIHP) that are considered to be 3 generation photovoltaic materials have already
set a benchmark in the solar cell domain in a few years owing to their several fascinating
properties such as easy synthesis process, cost-effectivity, tunable band gap, long charge
diffusion length, good photovoltaic properties, etc. These promising optically active OIHPs
need to be studied more to cultivate their potential in energy harvesting devices other than solar
cells. On the other hand, rare earth oxide perovskites have garnered immense attention over the
last decades ascribing to their abundant physical properties like magnetic ordering, interesting
transport properties, etc. and potential usage in magnetic storage media, spintronics,
ferroelectromagnets, etc. The interesting behavior of these perovskites motivates me to
cultivate their potential in the development of multifaceted energy harvesting devices. Besides
renewable energy harvesting and conversion, ambient energy storage is another vital research
topic to deal with the energy challenges. Despite following two different mechanisms, the

integration of both energy harvesting and storage devices in a sole unit is of utmost importance.

In this dissertation, | have performed a detailed analysis of the compositional, optical, and
dielectric response of different types of perovskite materials to construct a path of

understanding their intrinsic properties that can add remarkable values in energy harvesting,
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especially in mechanical and solar, and storing. Polyvinylidene difluoride (PVDF) is a widely
used bio-degradable, inexpensive piezoelectric polymer that consists of four phases a, B, y and
0. Among these phases, a is the non-electroactive and predominant one whereas the polar 3
phase is the electroactive component. To bring out the dominance of the B phase, assisting
appropriate filler within PVDF is one of the most convenient procedures. | have incorporated
different perovskite materials as external fillers in PVDF not only to enhance the [ phase
formation required for significant piezoelectric response but also to utilize the intrinsic
characteristics of the perovskites to fabricate versatile devices. Therefore, the main objectives

of this dissertation are

a To perform an extensive study on several important properties such as impedance and
dielectric, ionic conduction, optical, etc. of some promising perovskite materials,

a To analyze the experimental outcomes with different theoretical models,

a To fabricate and analyze the output performance of versatile energy harvesting devices
based on these perovskites incorporated PVDF composites.

a To design integrated self-charging energy harvester cum storage unit employing the

aforesaid composites.

Organization of the thesis

This dissertation consists of nine chapters as discussed below.

Chapter 1: Introduction

This chapter provides a broad, general overview of different types of perovskite materials, their
properties, and wide applications. Moreover, this chapter includes the basic concepts of
piezoelectric, triboelectric, and solar energy harvesting and storage.

Chapter 2: Literature review

This chapter focuses on the literature review that includes the national and international status

of the proposed research work.
Chapter 3: Methods and characterization
This chapter demonstrates the methods we used in the proposed work to synthesis the chosen

perovskites and the perovskite decorated PVDF composites. Moreover, the working principle
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along with the instrumentation of all the characterization tools that we have utilized to carry

out this research work is explained in this chapter.

The following chapters explain the results and discussions we obtained in this work.

Chapter 4: Temperature and frequency dependent dielectric

response of CsH7NH3Pbls: A new hybrid perovskite

In this chapter, we report the extensive study on temperature and frequency dependent
dielectric properties of sol-gel derived propylammonium lead iodide (CsH7NH3sPbls3), an OIHP
following generic formula ABXs (A denotes the organic cation, B represents the inorganic
component and X refers to the halogen). This hybrid perovskite exhibits appreciable stability
in the presence of moisture. Moreover, the optimal energy band gap ~ 2.38 eV of this perovskite
affirms its potential in optoelectronic applications. The variation of ionic conduction, AC
conductivity, electric modulus, and the dielectric response of the sample with frequency (10
Hz << 8 MHz) as well as temperature (273 K < T <373 K) has been analyzed in detail.

Chapter 5: Influence of activation energy on charge conduction
mechanism and giant dielectric relaxation of sol-gel derived
CsH7NH3PbBrs perovskite; Act as high performing UV
photodetector

In this work, we synthesized propylammonium lead bromide (CsH7NHsPbBrs) via sol-gel
method and we report a study on the dielectric behavior and conductivity of the sample over a
wide range of frequency (4 Hz << 8 MHz) and temperature (273 K < T <373 K). The optimal
energy band gap and thermal stability analysis ensure the capability of the material in device
fabrication. Possessing a wide band gap, this perovskite fascinatingly serves as UV detector.
Moreover, this perovskite is found to achieve a giant dielectric constant at room temperature.
Enhancement of dielectric constant, conductivity along with reduction of dielectric loss make

this perovskite a potential candidate in energy harvesting.
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Chapter 6: Tailoring of dielectric and transport properties of
CsH7NH3PblxBra«x

Here, we report a comparative study on the dielectric behavior and improved conductivity of
the CsH7NH3PbIxBrs« at various temperatures. It has been found that at elevated temperatures,
the conductivity of CsH7NH3PbBrsis 10 times that of CsH7zNH3Pbls.

Chapter 7: Improved energy harvesting ability of C3H7NH3sPbl3

decorated PVDF nanofiber based flexible nanogenerator

In this chapter, we incorporated CsH7NHzsPbls in different concentrations (3.21, 4.76, and 6.1
wt %) in PVDF matrix to produce flexible, lightweight nanofibers by the method of
electrospinning. The perovskite-embedded PVVDF nanofibers possess significantly enhanced (3
phase content along with a remarkably high piezoelectric coefficient in comparison with neat
PVDF. 4.76 wt% CsH7NHsPblz decorated PVDF exhibits improved crystallinity, elastic
properties, etc. that distinctly reflects in the striking response of piezoelectric energy harvester
based on the aforesaid composite nanofiber. The concerned piezoelectric nanogenerator is
flexible, ultra-sensitive, and highly stable ensuring its utility as wearable sensors, 10Ts. The
device not only detects the vibration even in the ultrasonic range but also exhibits an exotic
mechano-sensitivity. Furthermore, the energy conversion efficiency of this device is very high
~42.03 %. The generated open circuit voltage, short circuit current by the device under periodic
hammering with a free hand is adequate to generate enough power required to light up several
green and blue LEDs, as well as a digital wristwatch. This generated electricity is further stored
in several commercially available capacitors. The aforesaid composite (4.76 wt%
C3H7NH3Pbls@PVDF) was further used to form porous, self-polarized films that were
employed in the fabrication of a well-responded piezo-active photodetector. Thus, we perform

a detailed study of the performance of a multifaceted device as mentioned.

Chapter 8: CsH7NH3:Pblz@PVDF porous piezo-active film: A

wearable phototronic potential bio-sensor

Here, we formed highly porous films using different wt % of CsH7NHz3Pbls in PVDF (5, 10,
15, 20 wt %) to investigate the enhancement of ferroelectric phase content within the polymer
matrix. It has been observed that the piezoelectric energy harvester based on 15 wt % of

C3H7NH3Pbls@PVDF yields superior response under different applied dynamic strains. The

4
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flexibility of the energy harvester assures their wearability and utilization as a potential bio-
sensor. This particular composite is further used to fabricate piezo-active photodetector that
performs quite satisfactorily under irradiation with white light. Hence, this report contains an
elaborate analysis of the response and performance of the multi-folded device.

Chapter 9: Environmental friendly multifunctional energy
harvester along with energy storage application of an oxide

perovskite composite

In this chapter, to avoid the toxicity content of the hybrid perovskite, we synthesized rare earth
oxide perovskite, NdMnOs, via sol-gel method and encapsulated this perovskite in PVDF in
different wt % (3, 5, 7, 10 wt %) to fabricate mechanical energy harvesters (hybrid
piezoelectric-triboelectric generator). The addition of 7 wt % of NdMnOs in PVDF
significantly improved the content of the polarized B phase. To evaluate the piezoelectric
contribution of the NdMnOs@PVDF composite, the piezoelectric coefficient was measured
and observed as remarkably high. Moreover, the composite assures its efficacy as a promising
piezocatalyst for dye degradation. The corresponding hybrid piezoelectric-triboelectric
nanogenerator exhibits substantially high output response under free hand hammering. To
isolate the sole contribution of piezoelectricity, we designed piezoelectric nanogenerators that
also produced improved output under different applied forces such as hammering with various
lightweight objects, acoustic vibrations, etc. One of the most interesting features is the excellent
stability of the device even after drowning in water. The impressive outcomes of the device
ensure its utility as mechanical energy harvester. Furthermore, a self-charging piezoelectric
supercapacitor was constructed using the same composite that exhibited significant

performance assuring its potential as self-charging sensor.
Chapter 10: General Conclusion

This chapter includes a general conclusion of this dissertation.
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CHAPTER 1

1. Introduction

This chapter draws an outline and overview of the importance and development of different
perovskite materials. The chapter also provides a general understanding of the contribution of
different properties of the perovskites in renewable energy harvesting in the form of polymer
composites.

1.1. Perovskites

ollowing the discovery of calcium titanium oxide or calcium titanate (CaTiO3) in
1839, German mineralogist Gustav Rose referred to this mineral as “perovskite” after
the Russian mineralogist Lev Perovski [1]. Later, several compounds having
analogous crystal structures to that of CaTiOz such as BaTiOz were discovered rapidly.

Nowadays, the word “perovskite” is used as a general term to describe crystal structures that

Fig. 1.1. Schematic diagram of a perovskite structure

are similar to CaTiOs. The generic chemical formula that the perovskite structure follows is
ABO3 or ABX3 within which the A-sited cation sits at the body centre position and the B-sited
cation occupies the eight corners of the lattice forming the BXs or BOs octahedron as shown
in Fig. 1.1 [2]. The structure ABX3 categorizes the halide perovskites where X represents the
halide anions. A new compound possessing ABOs or ABXz structure can be termed as
“perovskite” if the compound satisfies Goldschmidt tolerance factor (t) proposed by Victor
Goldschmidt [3].

Rg+Ry
t=

= g =
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Here, R4, Rg, Ry refers to the ionic radius of A-sited cation, B-sited cation, and X-sited anion,
respectively. The value of t for an ideally packed perovskite is 1. However, a compound can

be named “perovskite” if the value of t lies between 0.7 to 1.1. Another parameter referred to

as the “Octahedral factor” (m = 11:_3) determines the deformation of the perovskites. Therefore,
X

the ionic radius of the ions forming the perovskite materials should be organized in such a way
as to form a stable compound. Any slight deformation or structural defect can bring a
remarkable change in the intrinsic properties such as optical, structural, dielectric, etc. of the
perovskite materials. Therefore, the optoelectronic, electrical properties of the perovskite
materials can be tuned by intended deformation. Thus, perovskite materials can be considered
a class of a wide range of compounds that can be categorized into different types depending on

the type of constituent elements.

1.2. Classification of perovskite

Perovskite materials can be classified into different categories as shown in Fig. 1.2 based on
their compositions. Compositional changes can bring change to the different properties of the

perovskites.

‘ Perovskite materials

Inorganic oxide Halide perovskites
perovskites (ABX;), X = CI,
(ABO;) Br [ L EF

|
Organic inorganic hybrid
Alkali halide perovskites (ABXj;),
perovskites A= organic cation, B =
| inorganic component

Fig. 1.2. Classification of perovskite materials
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1.2.1. Oxide perovskites

Over the years, oxide perovskites such as rare earth manganates, alkaline earth stannates, etc.
have gained popularity among researchers owing to their different merits and a variety of

physical properties such as [4-9]

High stability

Excellent magnetic and electrical properties
Superconductivity

Metal-insulator transition

Photovoltaic effect

Ferroelectricity

Transparent conductivity

> > > > > > > >

Long carrier diffusion length, etc.

Besides extensive studies, these oxide perovskites have wide applications in catalysis,
high-temperature superconductors, giant magnetoresistance devices, ferroelectricity, magnetic
storage media, sensors, spintronics, etc. The ferroelectricity and non-toxicity content of these
perovskites lead to expanding their utility in energy harvesting devices. However, these

perovskites are very expensive and follow a prolonged and complicated synthesis process.

The emergence of halide anions in place of oxygen ions has brought a significant

change in the perovskite domain.

1.2.2. Organic-inorganic hybrid perovskites (OIHPS)

The coexistence of organic and inorganic cations in OIHP brings the intriguing properties of
both components. These materials have been in the limelight over the past few years ascribing

to their different qualities as mentioned below [10,11]

Inexpensive

High light absorption coefficient
Long charge diffusion length
High power conversion efficiency

Tunable band gap

> > > > > >

Easy synthesis process
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a Structural versatility, etc.

These OIHPs are widely used in various optoelectronic devices like light emitting
diodes (LEDs), solar cells, lasers, photodiodes, X-ray detectors, etc.[12] Moreover, nowadays,
extensive research is carried out globally to utilize the aforesaid qualities of the OIHPs to
develop different kinds of energy harvesting devices. Despite these advantages, the main
disadvantage of these OIHPs is the stability issue of these materials in the presence of moisture,
temperatures, and UV light. This issue can be addressed by either changing the alkylammonium
cation or substituting the halogen anion. These structural changes can bring a lot of change in
the electrical as well as optoelectronic properties of the OIHPs that on the other may be an

added advantage in the fabrication of multifaceted energy harvesting devices.

1.3. Dielectric properties and ionic
conduction

An ideal dielectric is an electrical insulator that can be polarized by the influence of an applied
electric field. Under the application of an external electric field, charges inside the material
shift from their average equilibrium position giving rise to polarization. Therefore, positive,
and negative charges move in the opposite direction leading to the formation of an internal

electric field that reduces the effective field within the dielectric itself.

As previously mentioned, perovskites are very rich in different material properties.
These materials host both ionic and electronic conductivity. Impedance spectroscopy is
frequently used to perform a thorough analysis of the charge transport mechanism, dielectric
behavior over a wide range of frequency and temperature, ionic movement, the contribution of
grain and grain boundary over the total impedance more precisely recombination resistance,
etc. of the sample. The dielectric properties of a material deal with the storage and dissipation
of the electrical energy of the material. The formation and the orientation of the dipole moment
in the presence of an external electric field play a key role in the polarization of the dielectric

molecules.

a)Electronic polarization

If in a dielectric material, the molecules generating elementary dipole moments consist of
neutral particles such as atoms, then in the presence of an external electric field, positive and

negative charges (electrons and nucleus) get displaced producing an “induced dipole moment.”.

9
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b)lonic polarization

If in a dielectric material, the molecules producing elementary dipole moments comprise ions
of opposite charges, then in the presence of an electric field, the positively charged ions move
in the direction of the electric field whereas the negatively charged ion moves opposite to the

direction of the electric field. Thus, the displacement of the ions initiates “ionic polarization”.

c¢) Orientational polarization

The asymmetric charge distribution between the different atoms of the same molecule
introduces permanent dipole moments inside the molecules of a dielectric material. In the
presence of an external electric field, the permanent dipole moments rotate into the direction

of the applied field inducting a polarization.

d)Interfacial polarization

Interfacial polarization holds an essential role in the enhancement of dielectric constant in the
low-frequency region. According to Maxwell-Wagner's interfacial polarization theory,
dielectric materials are composed of two layers ~ of highly conducting grain separated by a
poorly conducting grain boundary. As a result, charge carriers get trapped at the interface of
grain boundaries to restrict the charge flow. In this polarization, the exchange of electrons
between the ions of the same molecules occurs. The deformities and imperfections influence
the alternation of the position and distribution of positive and negative charge carriers. Under
the action of the electric field, positive and negative charges move towards the negative and
positive poles of the electric field giving rise to a large number of dipole moments.

To perform the detailed analysis of the dielectric behavior along with ionic conduction
of the sample, an AC signal was applied across the material under test to measure the complex
impedance (Z* =Z'—jZ") at different frequencies and temperatures. Cole-Cole plot or
Nyquist plot (imaginary impedance component (Z') is plotted against the real impedance
component (Z")) is a very important tool not only to figure out the total bulk impedance of the
sample but also to determine the Debye/non-Debye type nature [13]. The individual
contribution of grain, grain boundary, and electrode-material interface to the total impedance
of the sample can be resolved from Maxwell-Wagner equivalent circuit model as displayed in
Fig. 1.3.

Z'(w) = Rg R (1.2)

1+(wRgCy)?] =~ [1+(wRgpCgp)?]
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wCgRG wCgpRgp
1+(wRyCy)?] ~ [1+(wCgpRgp)?]

(1.3)

Z"(w) = [

7" (MQ)
|
7
- -
—

£'MQ)

Fig. 1.3. Cole-cole plot and the equivalent Maxwell-Wagner circuit.

Here, Ry, Ry, C4 and Cgy;, represent the grain resistance, grain boundary resistance,
grain capacitance, and grain boundary capacitance, respectively. The complex dielectric

response of the sample can be expressed as €* = &' — je".

7"

! —
e'(w) = wCo(Z12+2"2)

(1.4)

zZ!

(@) = Saga

(1.5)

Here, C, = %, g, is the permittivity in vacuum (8.854x1071* F/m), A and L represent
the effective area and thickness of the sample.

Electric modulus (M™) is used to investigate the conduction relaxation of the sample.

Mr=l=-_1__-_% 4 ° (L6)

&* e'+je" er2+g"2 - gr24g"2

Maxwell-Wagner proposed circuit model (comprising of a parallel combination of
resistance and capacitance) is one of the most recognized models to fit the imaginary and real
part of the dielectric permittivity or electric modulus. Modified Kahlrausch-William-Watts
functions (KWW) were used to determine the deviation of the sample from the ideal Debye-
type nature. Electrical conductivity (o,.) of the sample was evaluated from
Ogc = WEYE'tand .7

Here, tand refers to the loss tangent of the sample.
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The ionic conduction that plays a key role in the AC and DC conductivity of the sample
can be explained by the jump relaxation model (JRM). Using Jonscher’s power law, the
individual contribution of AC and DC conductivity over the whole conduction mechanism can
be evaluated. Activation energy that influences the ionic movement of the samples can also be

computed.

1.4. Mechanical and solar energy
harvesting

Utilizing renewable sources of energy to produce power is not a choice today, it has become
an ultimate necessity to provide the rising power need due to the worldwide rapid urbanization

and to fight against

a Limited stock of fossil fuels
a Energy calamities

a Environmental pollution that caused by excessive usage of fossil fuels, etc.

The most acquainted sustainable energy sources such as solar, wind, hydro, geothermal,
etc. [14] are widely used in power grids to accomplish the requirement in mega to giga-watt
power scale. At the edge of modernization, miniaturized devices, 10Ts, MEM-based sensors,
etc. [15] are required on a large scale in each segment of mankind. These devices need to be
recharged at a certain interval and can be run on nominal power. Here, mechanical energy
harvesting can play a remarkable role. Scavenging mechanical energy from our surroundings
especially from our day-to-day lives in the form of human motion (walking, talking, running),
Acoustic noise, vehicle vibrations, etc., and converting it to electrical energy can be considered
to be a sustainable solution to run these low-powered sensors and miniaturized devices.
Moreover, the generation of self-power within the device leads to the elimination of the
external battery portion that on the other hand, reduces expenses, and pollution and initiates
hassle-free operation. Another source of energy i.e. solar energy is the most abundant in the
maximum portions of the world, especially in a tropical country like India. Therefore,
harvesting solar energy is a clean, biocompatible, and economic choice. The zero-emission
solar cell has already built a mass opening in most developed countries. In India also, electric
vehicles, and solar firms get huge financial support through government subsidies. This solar
energy can also be integrated into mechanical energy to design multipurpose devices that we

often require for various purposes, especially in the biomedical domain. The sensors about
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which we have already talked, frequently require photodetection. Thus, harvesting mechanical
and solar energy individually or simultaneously as an integrated unit can be an optimum

solution for the required power production.

1.5. Fundamentals of piezoelectricity

The word “piezoelectricity” comes from the Greek word “piezein” which means squeeze or
press and “electron” which means “amber”. The piezoelectricity or piezoelectric effect is

defined as a linear electromechanical interaction between the mechanical and electrical states

Stress

ﬁ Piezoelectric Effect \ / Converse Piezoelectric Effect \

+ |-

Electric
field

Power

K Stress ——  Electric charge/ \ Electric field —— Strain/
¥ &

Sensing Actuating

Fig. 1.4. illustrates the direct and reverse/converse piezoelectric effect. Source: [16]

of certain non-centric materials. It is noteworthy that the piezoelectric effect is reversible [16].

1) Direct piezoelectric effect

It is defined as the production of electric charges on the surface of certain non-centrosymmetric
materials under the influence of applied mechanical stress. In the presence of applied stress,
proportional electric polarization is generated in the material. Under the temporal distortion,
centres of gravity of positive and negative charges dislocate that polarize the material. The
change in polarization results in the accumulation of charges that we get in terms of voltage
across the terminals. Fig. 1.5. describes the dislocation of centres of gravity of positive and

negative charges of the piezoelectric materials when subjected to temporal distortion.
I1) Reverse piezoelectric effect

It is defined as the generation of mechanical strain in the aforesaid materials in response to an

applied electric field.
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In general, the term “piezoelectricity” is lucidly used to refer to the general of electricity when

(a) (b) ++l+ +!++1++
’A+\
- g -
+ \"

Fig. 1.5. depicts the (a) distribution of centre of charges in absence of any external stress and (b)

displacement of centres of charges under the influence of mechanical stress.

the concerned material is subjected to any mechanical force. Fig. 1.4. emphasizes schematically
the direct and reverse or converse piezoelectric effect. As | already mentioned the electrical
state of a system is linearly proportional to the mechanical state in piezoelectricity, a constant
may be defined for this linear relation. This constant is defined as the piezoelectric coefficient
(d), a third-rank tensor, that couples the first-rank tensor (electric displacement or field) with
the second-rank tensor (stress or strain) [17].

Dy = dy;T;j (1.8)

Here, Dy, is the electric displacement (C/m?), E, is the electric field component (\V/m),
S;j and T;; refers to the strain and stress component (N/m?), respectively, dy; j Or dj; j represents
the component corresponding to the piezoelectric charge or strain constant. Generally, the
piezoelectric constant is expressed as d,,, using reduced Voigt matrix rotation where k denotes
the component of D or E in the Cartesian reference frame (X1, X2, X3), and the index m =1, 2,
3,..,6 defines the mechanical stress or strain. It is noteworthy that m =1, 2, 3 corresponds to
the normal stresses along the X1, X2, and xz axes, respectively, whereas m = 4, 5, 6 represents

the shear stresses T2z, T13, and Tio, respectively. Both d and d* are called the piezoelectric
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Fig. 1.6. shows the piezoelectric energy harvester working in (a) 31 mode and (b) 33 mode.

coefficient having different units ~ pC/N and pm/V, respectively. In a nutshell, piezoelectric

constants are listed below

d = piezoelectric charge or strain coefficient,

diy = G = CHr (1.10)

g = piezoelectric voltage coefficient,

dE; as;
95 =G0 = Gn (1.12)

e = piezoelectric stress coefficient,

;= (aT/)S = (ZTD; - (1.12)

h = piezoelectric stiffness coefficient,

dE;

aT;
= ( )D = ( J)S (1.13)
Commonly, the piezoelectric generators perform in 31 and 33 modes. The first digit
implies the direction of the voltage generation across the device and the second digit refers to
the direction of the applied stress. Fig. 1.6. depicts the schematic diagram of the operation of

piezoelectric devices in the two modes.
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1.6. Relationship between dielectric,
piezoelectric and ferroelectric properties

Dielectric

Piezoelectric

Pyroelectric

Ferroelectric

Fig. 1.7. demonstrates the Venn diagram that represents the relationship between dielectric,

piezoelectric and ferroelectric material.
Since most of the high-yield piezoelectric materials are also ferroelectric materials, it is
necessary to discuss the contribution of ferroelectric properties to piezoelectricity.
Ferroelectricity corresponds to the spontaneous electric polarization of some materials that can
be reversed when subjected to an applied electric field. With the help of a Venn diagram (Fig.
1.7.), we are trying to demonstrate that dielectrics are a big family with the core subset of
ferroelectrics. Dielectric materials, when placed between the plates of a capacitor, become
polarized under the application of an external electric field. Piezoelectric materials having non-
centrosymmetric crystal structures belong to the dielectric family within which positive and
negative charges can be separated when applied to an external strain. It can be concluded that
all ferroelectric materials are piezoelectric, however, all piezoelectric materials are not

necessarily ferroelectric.

1.7. Piezoelectric parameters

1.7.1. Open circuit voltage (Voc)

Under the influence of mechanical stress, a change in polarization takes place within the

piezoelectric material that creates charge accumulation. These accumulated charges across the
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terminals can be measured as the output voltage of the piezoelectric device. In the absence of
any load, the generated output voltage across infinite resistance is considered as open circuit

voltage (V) and the current flowing through the device is negligible or ideally zero.
1.7.2. Short circuit current (lIsc)

The produced current with minimum or ideally zero resistance across the terminals of the
piezoelectric device is considered as short circuit current (Is-). The free charge carriers present

in the piezoelectric material are responsible for generating Ig.
1.7.3. Piezoelectric charge constant

The piezoelectric charge coefficient or constant is expressed as the electric charge generated
per unit area under the application of external mechanical force. It is frequently used to estimate

the goodness of a piezoelectric material.

__ strain developed _ Charge density (1 14)
- applied field - Applied stress '

The two important d constants are [18]

d31 = ka1v/ek3St; (CIN) (1.15)
dsz = ksz\/€0k3S33 (CIN) (1.16)

Here, k represents the electro-mechanical coupling coefficient, kT refers to the relative
dielectric constant at constant stress and S£ is the elastic compliance at a constant electrical

field. The relation between ds5 and d3; IS d33 = 2.5 d3;.

1.7.4. Piezoelectric voltage coefficient

The piezoelectric voltage coefficient is the ratio of the generated electric field in response to

the applied mechanical force
Field developed

g = (1.17)

Applied mechanical force

The g constants are computed from the piezoelectric coefficient and relative permittivity

mentioned as

d

g="1 (1.18)
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1.7.5. Figure of merit

The figure of merit of a piezoelectric material (F,Mp) is a salient parameter that validates the
ability of the material to design a piezoelectric energy harvester. The value of F,Mp can be
evaluated from the piezoelectric charge coefficient and piezoelectric voltage coefficient.
FoMp =dXxg (1.19)

1.7.5.1. Energy conversion efficiency

Energy conversion efficiency (17,:.2,) can be defined as the efficiency of the piezoelectric

generator to convert the mechanical energy to the corresponding electrical energy.

Npiezo = Vfl X 100% (1.20)

mech

Here, W,,...n denotes the amount of mechanical energy and E,;.. refers to the corresponding
converted electrical energy.

1.8. Piezoelectric materials

Over the years, several high-yield piezoelectric materials such as PZT (lead zirconium titanate),
ZnSO3, PbTiO3, ZnO, etc. have been extensively studied. Despite possessing a high
piezoelectric coefficient, the rigidity, brittle nature, high expense, and complicated fabrication
process, somehow limit the practical and commercial implementation of piezoelectric
nanogenerators (PNGs) made of these materials on a large scale. On the other hand,
piezoelectric polymers have gained immense attention nowadays owing to several merits such
as low fabrication cost, flexibility, biodegradability, etc. The piezoelectric polymers can be
categorized in different sections as observed in Fig. 1.8.

Among various polymers, polyvinylidene difluoride (PVDF) and its copolymers are the
most popular, synthetic, ferroelectric polymers due to their synthesis simplicity, thermal
stability, high dielectric constant compared to other polymers, cost-effectivity,
biocompatibility, durability, and ability to be shaped in the desired form. PVDF is a semi-

crystalline, homopolymer that contains repetitive CH>-CF>. monomers [19]. There are four
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existing polymorphs namely predominant non-polar o (TGTG conformation), electroactive,

Piezoelectric polymers

Quatural > CSynthetic

Semi-crystalline

Fig. 1.8. illustrates the classification of piezoelectric polymers

polar B (TTTT conformation), y (T3GT3G conformation), d (polarised a phase) in PVDF. The
a, B, and y phases of PVDF have been illuminated in Fig. 1.9 [20]. Among these phases, the
phase acquires the highest value of dipole moments per unit volume along with maximum

ferroelectric content that consequently assures its key role in piezoelectric energy harvesting.

a-phase
* Hydrogen
f-phase ¢ Fluorine
® Carbon
y-phase

Fig. 1.9. illuminates the schematic representation of o, B, and y phase of PVDF. Source: [20]

To bring out the dominance of the § phase in PVDF, various techniques have been used over
the years such as
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Annealing at high temperature
Mechanical stretching
Addition of hydrated salts

Electrical polling

> > > > >

Assisting external filler within the polymer matrix, etc.

Adding an external agent within the polymer is one of the best choices among all these
techniques. The main concerns on incorporating external filler within the PVDF matrix to

significantly improve the B phase are

1) Choosing the appropriate filler not only participates in improving the electroactive
content of the polymer but also makes the composite multifunctional by
contributing to its intrinsic properties.

i) The suitable method of inclusion of the filler plays a vital role in the electroactive
content enhancement process.

The 1% concern can be addressed by choosing different perovskite materials as key
fillers within the PVDF framework. Considering hybrid perovskites as external fillers provide
an added advantage as the photovoltaic properties of these perovskites can be used to harvest
solar energy as well. The toxicity content of the hybrid perovskites can be removed by adding
appropriate oxide perovskite as a filler within the PVDF.

The 2™ concern is approaching the suitable methods to add the filler inside the polymer
mat to properly increase the efficacy of the composite can be considered by employing various

useful techniques such as electrospinning, fabrication of self-poled porous film, etc.

1.9. Fundamentals of triboelectricity

The word “triboelectricity” comes from the Greek word “tribo” which defines “friction”. The
triboelectric effect arises from “contact electrification” which states the flow of electric charges
from the surface of one material to that of the other when they keep in contact with each other.
When the two materials are in contact, opposite static charges are generated on the surfaces

due to contact electrification.

Triboelectric generators can be operated and structured in the following ways [21].
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a)Vertical contact-separation mode

This mode describes a motion direction that is normal to the charged surfaces of a triboelectric

(@ _ . (b)
Vertical contact-separation Lateral sliding mode
mode

+++++++++

(c) (d)
Single electrode mode Freestanding triboelectric-layer

mode

l_ —

+++++++++o—ﬂ

Fig. 1.10. schematically demonstrates the four modes of triboelectric generators. Source: [21]

nanogenerator. In a designed triboelectric generator, no triboelectric charges are generated in
the original state since induced charges cannot be exchanged between two electrodes in open-
circuit mode. When an external force is applied on the upper surface of the device, the surface
comes into contact with the other surface and hence the exchange of charges takes place
resulting in two oppositely charged surfaces of the device (Fig. 1.10a). On the removal of the
force, the two surfaces get separated inducing a potential difference across the top and bottom
electrodes. Thus, electrical energy can be harvested implying any contact modes viz. pressing,

shock, etc.

b)Lateral sliding mode

In this mode, the two constituting surfaces of the triboelectric generator are brought in contact
in such a way that one surface can slide smoothly against the other one resulting in a relative
motion that is parallel to the charged surface plane (Fig. 1.10b). Once the upper surface slides
outward, the contact area reduces that leads to the flow of electrons through the external circuit

since the in-plane charge separation develops an electric field parallel to the plates. Again,
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when the upper surface comes back to the initial position, the electrons on the top electrode

will transfer back through the external circuit to the bottom electrode in a similar way.
c) Single electrode mode

In this mode, the triboelectric generator contains only one electrode since the other electrode
is connected to the ground. The surfaces of the dielectric material and metal electrode are
brought in contact to transfer the charge between them. Once the electrode and the dielectric
materials get separated, free electrons flow from the electrode to the ground, and consequently

current is generated. The corresponding schematic diagram is shown in Fig. 1.10c.
d)Free standing mode

In this mode, two electrodes of the triboelectric generator lie beneath the dielectric layer and a
frictional layer as displayed in Fig. 1.10d. During the to-and-fro movement of the frictional
layer from the dielectric layer, a disturbance occurs due to the unstable charge distribution. To

balance the potential drop, the exchange of carriers occurs between two electrodes.

1.10. Triboelectric materials

Table 1.1. Some of the name of common triboelectric materials and their affinity to lose or gain
electrons

Material Name Electron affinity (nC/J)
Hair, oily skin +45
Nylon, dry skin +30
Paper +10
Pine wood +7
Cotton +5

Wool 0

Acrylic (polymethyl methacrylate) -10
Epoxy (circuit board) -32
Solvent based spray paints -38
Gum rubber -60
Polymide -70

Various materials are found to be promising candidates to harvest triboelectric energy
according to the triboelectric series (series containing some common materials as exhibited in

Table 1.1) [22]. PVDF is tested to be a potential material that can be considered an effective
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dielectric in the triboelectric generator. PVDF is highly non-reacting with an appreciable
piezoelectric response. As already stated, the B phase of PVDF possesses the highest amount
of crystallinity content that consists of fluorine atom and hydrogen atom in the opposite
direction resulting in a high dipole density. The large electron affinity of these fluorine
functional groups enhances the carrier acceptance from the metal during the instantaneous
contact. Thus, PVDF and its composite can be used to harvest triboelectric energy with

significant energy conversion efficacy [22].

1.11. Piezo-catalysis

The rapid development of industrialization throughout the globe results in the production of
environmental pollutants that accumulate in the water. Consequently, the aquatic ecosystem is
in danger and requires environmental remediation urgently. Piezo-catalysis that takes
advantage of piezo and triboelectric effect has gained keen attention as a potential
environmental remediation technique. Without employing any additional electrical energy,
piezo-catalysis is capable of degrading the pollutants effectively. Moreover, these processes do
not require any supply of energy in the form of a light source as is required in conventional
photocatalysis. The built-in electric field appearing from the piezo effects of materials makes
it advantageous for the degradation of pollutants. Piezo-catalysis develops from an intimate
interaction between the native electronic state and the strain state of the piezoelectric material.
To get more insight into the piezo-catalysis process, it is required to understand electrocatalysis
first in which the applied electric field from an external power source triggers the electron
transfer reaction. The applied potential either lowers the electronic energy levels of unoccupied
states within the electrode to a magnitude lower than that of the highest occupied molecular
orbital (HOMO) in the solution or increases the occupied states within the electrode above the
lowest unoccupied molecular orbital (LUMO) in the solution. In piezo-catalysis, piezoelectric
potential plays the role of an external power source that results from piezoelectric polarization.
Thus, piezo-potential will move the electronic energy levels to the occupied or unoccupied
states within the material. Piezo-catalysis can be induced in a solution in the form of different

kinds of mechanical energy such as sonic waves, tides, wind, etc.
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1.12. Photodetector

Photodetectors, an integral wing of solar energy harvesting, have the utmost necessity in
imaging, automation, high-speed optical communications, etc., and have a broad spectrum of
applications ranging from smartphone cameras to Mars rovers [23]. Depending on the mode
and principle of operations, architecture, etc., photodetectors can be divided into two categories
~ photo conductors and photo transistors. In photoconductors, the depletion region of the p-n
junction structure is used to generate and capture incident photons. When the photon energy is
higher than the band gap of the material, photo-generated electron-hole pairs are separated by
the electric field across the depletion region. As the depletion region is the active region that
captures light, a larger depletion area will enable higher sensitivity. Hence, photo detectors are

used with reverse bias that widens the depletion region.

In this context, a brief discussion is necessary about a dynamic parameter ~ response
time. The response time of a photodetector denotes the time taken by the device to reach 63.2
% (1/e) of its steady state when subjected to a periodic switching of optical state. The response
time of a device can be fast as well as slow. The fast segment of response time is ascribed to
the transit time of the carriers inside the device. The slow response of a device denotes the
charge accumulation and RC delay of the total network. Junction capacitance also plays a

significant role in slowing down the response time.

1.13. Hybrid energy harvesting

A hybrid energy harvester integrates two or more energy harvesting techniques in a sole unit
that not only produces sufficient power to operate the microelectronics but also can function
simultaneously in different directions. Generally, a hybrid system acquires renewable energies
from different sources and generates more power than an individual energy harvester. These
devices can work even in the absence of one source of energy. Depending upon the
requirement, these hybrid systems can harvest several energies individually or simultaneously.
Hybridising piezo and triboelectric energy in a single system can produce high energy density
whereas harvesting solar and mechanical energy in a single unit can serve the purpose of the
low-powered sensors that need photodetection at the same time. Therefore, it is very important
as well as challenging nowadays to first choose different energy sources that can be harvested
together and then design a robust multifaceted energy harvesting unit.
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1.14. Supercapacitor as energy storage
device

Generally, an energy system consists of three very important segments- an energy harvesting
unit, a power management circuit, and a storage unit. Nowadays, apart from exploring
sustainable energy sources to address the global energy crisis, storing energy for future usage
according to the requirements along with independence on the condition of weather, timing,
and ambiance is another challenge. In recent times, the electrochemical charge storage units
like batteries, supercapacitors, etc. being used to run portable microelectronics, are extensively
investigated followed by a continuous modification to meet the consumers' need.
Supercapacitors which offer high power density but low energy density as compared to the
batteries, reversible charge-discharge cycle form the bridge between traditional capacitors and
rechargeable batteries. In a conventional capacitor, two parallel metal plates are separated by a
dielectric material such as air to generate an electric potential and store charge electrostatically
in the electric field whereas in a supercapacitor, two metal plates, coated with a porous material
to encompass a large surface area, are immersed in an ion rich liquid electrolyte to create charge
separation and consequent generation of electric potential [24]. A separator is placed between
the porous electrodes of the supercapacitor to provide a safeguard to the device from the
electrical short circuits. Depending on the electrode design and charge storage mechanism,

supercapacitors can be classified into three categories [25].

a)Electric double layer capacitors (EDLC)

EDLC undergoes a non-faradic process since no electron transfer is involved here. In EDLC,
the two conducting electrodes are separated by a liquid electrolyte. The double layer
capacitance forms at the electrode-electrolyte interface due to the polarization as a result of
charge separation when voltage is applied. In EDLC, the charge stores electrostatically and the
amount of stored charge is linearly proportional to the voltage applied. The electrochemical
performance of EDLC depends on specific surface area, and porosity of the electrodes.
Commonly, carbon-based materials such as activated carbon, carbon nanotubes, graphene, etc.
are used as electrode materials in EDLC owing to their wide availability, appreciable stability
in the presence of high temperature and moisture, high conductivity, high surface area, etc.[26—
28]
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b)Pseudocapacitors

Pseudocapacitors follow a faradic nature as a reversible redox reaction is involved between the
electrode and electrolyte at the surface of the electrode. The produced pseudocapacitance also
depends on the surface area, structure, and material of the electrode. The amount of charge
stored in a pseudocapacitor is also linearly proportional to the applied voltage. Generally,
conducting polymers and transition metal oxides are used to prepare the electrodes of the

pseudocapacitors [29-31].
c¢) Hybrid supercapacitors

A hybrid supercapacitor is fabricated by combining the characteristics of both EDLC and
pseudocapacitors to attain better performance. The coupling of faradic pseudocapacitor
electrodes with high pseudocapacitance and non-faradic electric double layer capacitor
electrode provides high energy density along with high power density. Hybrid supercapacitors
are designed by integrating different EDLC materials and redox materials such as activated
charcoals, transition metal oxides, conducting polymers, etc. These hybrid capacitors yield
higher working potential as well as much higher capacitance as compared to the EDLCs and

pseudocapacitors.

1.15. Piezoelectric supercapacitor

Since renewable energy harvesting and energy storing are two key pillars of a sustainable
energy system not only to convert the ambient energy to an electrical signal but also to provide
consistent power supply to the portable electronic devices, it is necessary to hybridize the
individual harvesting and storing unit into a single unit. It is a highly challenging task to
integrate energy harvesting and storage devices that operate in different working mechanisms
in a single unit. Commonly, a full wave rectifier circuit is used as a power management circuit
between a piezoelectric energy harvester and a storage device. The integration of harvesting
and storage devices not only eases the process of power supply but also minimizes unnecessary
power loss at the rectifier circuit. That is why, self-charging piezoelectric supercapacitor is a
new trend for one step solution of energy conversion and storage. In this integrated piezo-
supercapacitor device, a piezoelectric film is used as the separator, as well as an energy
harvester between two electrodes, and a polymer gel electrolyte is used to avoid the
disadvantages of a liquid electrolyte such as the possibility of electrolyte leakage, short circuit

of the electrodes, etc. When the device is subjected to external mechanical stress, a piezo-
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potential develops across the piezoelectric film resulting in the ion migration between the

electrodes and electrolyte towards the interface of the electrodes, and the charge is stored as

the electrochemical energy.
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CHAPTER 2

2. Literature review

This section will provide a clear vision of the national and international status of this

dissertation.

2.1. Perovskites

BOs based ideal cubic perovskite oxide structures are very familiar in inorganic

compounds where A-sited cation is mainly an alkaline-earth, a rare earth or an alkali

element, and B-sited cation is a transition, or post transition metal element that
constructs the BOg octahedra. The structure of these perovskites can remain stable even if A or
B-sited cation is substituted with a larger element. Various studies have been carried out over
the decades on these oxide perovskites because of their variety of physical properties including
superconductivity, metal-insulator transition, photovoltaic effect, transparent conductivity,
ferroelectricity, and magnetism [1]. BaTiO3 was first discovered during World War I1. In 1947,
Robert discovered the good piezoelectric effect in BaTiOz that is almost 100 times higher than
that of quartz (SiO., in 1880, Pierre Curie and Jacques Curie discovered that SiO> exhibits a
direct piezoelectric effect that produces an electric charge in response to a mechanical stress)
[2]. In 1956, the first photo generated current effect was observed in BaTiO3[3]. Later, LiNbO3
was also observed to show ferroelectricity and photovoltaic properties [4]. Afterward, poled
BaTiOz in high voltage was rapidly used in sensors and transducers, especially in Japan. In
1954, enhanced ferroelectricity and antiferroelectricity were observed by Jaffle in the solid
solution of PbTiO3 and PbZrOs (commonly known as PZT) [5].

Another class of perovskites is halide perovskites (ABXz3) which have become a point
of interest among researchers in the past few years because of their promising optical,
structural, and dielectric properties. In alkali-based halide perovskites, a monovalent alkali
metal ion (Li*, Na*, K¥) sits in the position of A. In OIHPs, an aromatic or aliphatic ammonium
organic cation (CHsNHs*, CHN2H4") occupies position A and a divalent cation (Pb?*, Sn?*,
Ni%*, etc.) placed in the B-site. The ionic radii of the halide ions I, Br-, CI" that occupy the X-
site are 2.07 A, 1.84 A, 1.67 A, respectively. The most common and widely used OIHPs are
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methylammonium lead halide (CH3NH3PbX3, MAPbX3) and formamidium lead halide
(CH(NH2)2PbX3, FAPbX3) that exhibit direct bandgap with superior semiconducting
properties. The values of band gap of these OIHPs range from 1.48 (FAPbI3) [6], 1.55 eV
(MAPDI3) [7], 2.23 eV (FAPbBr3) [8], 2.35 eV (MAPDBr3) [7] to 3 eV (MAPDCI3) [9]. The
main challenge faced by these OIHPs is the stability issue in the presence of moisture, high

temperature, and light illumination. The degradation processes are briefly discussed here.

2.2. Stability issues of OIHPs

The main disadvantage of these hybrid perovskites is the poor stability in ambient conditions.
Degradation of these perovskites draws a restriction on the solar cells based on OIHPs.
Absorption of moisture and degradation in the presence of UV light are the most common.
Various types of degradation processes are discussed below.

» Degradation in the presence of moisture

Hybrid perovskites degrade very fast in moisture or an oxygen environment due to the presence
of organic components in it. Moisture induced degradation initiates from the surface of OIHPs.
Polar H20 molecules form a strong hydrogen bond with the organic cation of OIHPs which on
the other hand weakens the bond strength between the organic cation and the BXs octahedra.
Moreover, water molecules protonate the halide ions to release them as hydrogen halide leaving
behind the lead halides in case of lead contained OIHPs [10]. External stimuli like electric field
[11], and heat [12] boost the degradation reaction. CHsNHz3Pbls degrades in the presence of
moisture easily. Compositional engineering to substitute or add the organic cations and halide
ions can effectively reduce degradation.

» Degradation under light irradiation

Stability under illumination is the utmost requirement of a photovoltaic material like OIHPs.
During the early days of OIHP solar cell, Lee et al. explained that an insulated CHsNH3Pbls
solar cell can tolerate 1000 hours in 1 sun light illumination without significantly deteriorating
the performance [13]. However, in 2018 DeQuiletts et al. reported the ion migration under the
influence of light illumination and halide segregation in CH3NH3Pblz [14]. In 2016, Kim et. al.
supported this fact [15]. Hoke et. al. reported that Br- and I" ions of a mixed halide OIHP
separate to form isolated areas of Br™ and I" rich sections. This halide segregation disturbs the

uniformity of the spatial distribution of different halides in the perovskite film. All these studies

32
Department of Physics, Jadavpur University



were performed under the irradiation of full sun spectrum. The UV light exposure can also

cause damage to the OIHPs.

» Temperature induced degradation

Generally, the working temperature of any energy harvesting device lies in between -10 °C to
65 °C. In summer, the upper temperature can even go up further in few places. Moreover,
processing of an OIHP solar cell requires temperature over 120 °C at various steps. On the
other hand, some piezoelectric films are required to anneal at 130 °C. Therefore, the stability
of OIHP at high temperatures is highly required. From the TGA (thermogravimetric analysis)
analysis, it has been reported that CHsNH3Pbls decomposes into volatile CH3NH2 and HI
leaving behind Pbl.. Pblz requires a higher temperature to degrade. The degradation process is
stated as [16-18]

CH3;NH3PbI; (s) = Pbl, (s) + CH3NH, (g) + HI (g) (2.1)

In this dissertation, we address the stability issue of OIHP by introducing a larger cation
C3H7NHz that exhibited excellent stability in the presence of moisture, temperature, and UV
light.

2.3. Piezoelectric materials

Piezoelectric materials are mainly referring to piezoceramics and piezopolymers. InN, GaN,
CdS, ZnO0, etc. are well explored over the years owing to their high piezoelectric response and
superior energy conversion efficiency [19-21]. Besides these ceramics, various perovskites
like BaTiOs, PZT, etc. as already mentioned previously, exhibit piezoelectric coefficients as
high as 200 — 900 pC/N [22]. Despite having high piezoelectric efficacy, these materials are
expensive, brittle, and rigid to some extent and need high end complicated processes to
synthesize on a large scale. These demerits mainly put a limitation on the production of

wearable devices made of these materials on a large scale.

In contrast, among various piezopolymers like nanocellulose, Nylon 11, etc., PVDF
and its copolymers such as PVDF-TrFe, PVDF-HEP, etc. have become immensely popular in
wearable energy harvesting devices mainly because of its low-expense and ability to be shaped
in the desired form [23-26]. PVDF is a semi-crystalline polymer that consists of a, B, v, 9,
€ phases. Among these phases, a phase is non-polar and can be easily achieved directly from

the melt by crystallization [27]. In contrast, B and y phases that are responsible for the
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ferroelectric content possess a significant amount of dipole moment [28]. Hence, it is necessary
to bring out the supremacy of the polar B phase in PVDF that can be achieved using the
following ways.

2.3.1. Phase transition method

The dominance of the 3 phase obtained from direct melting not only requires high temperature
and pressure but also needs some other specified conditions. Doll et al. and Yang et al. reported
a detailed study on high-pressure crystallized PVDF that comprised both low and high melting
phases [29,30]. Yang et al. also showed earlier how quenching and annealing at high
temperatures can induce the f phase formation in PVDF [30]. In 1969, Kawai reported the 8
phase formation from the uniaxial drawing of o film [31]. Later, various investigations were
performed on the conversion from a to B phase by the method of mechanical stretching at
different stretching temperatures with a range of stretch ratio [32-34]. In 1996, Hattori
explained that the piezoelectric response of PVVDF can be enhanced effectively by crystallizing
the PVDF films at high pressure [35]. However, the  phase obtained by “drawing at low
temperature” was not piezoelectric because of their random orientation. A Poling was
necessary to orient the § phases to make it effective for piezoelectricity. This can be achieved

using electrical poling and emerging self-poling methods.

2.3.1.1. Electrical poling

Well, electrical poling includes both electrode poling and corona poling. In electrode poling,
all the dipoles align inside the piezoelectric materials on the influence of a strong electric field

generated by the application of a high voltage across the electrodes.

Compared to electrode poling, corona poling is a bit complicated. In this method, a
metal grid with a voltage of around 0.2 — 3 kV is placed about 3 mm above the sample. The
high voltage will ionize the neighboring ion molecules resulting in the surface charge of the
sample. The charged surface consequently generates a potential difference that induces the

poling of the sample [36,37].

2.3.1.2. Self-poling

This emerging and simplified poling method is widely used to align the dipoles inside PVDF
without applying an external electrical potential. Self-poling can be achieved by assisting
external filler [38,39], hydrated salts [40,41], hydroxides [42], and coagulation of ultra-thin
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film in water [43]. In these processes, dipoles of PVDF can be oriented enormously due to the
electrostatic interaction or formation of hydrogen bonds with CF; and CH: dipoles of PVDF
[42-44].

2.3.2. Solvent casting

Besides the aforementioned techniques, researchers have focused on developing other solvent

casting techniques to form 3 phase enormously.

2.3.2.1. Electrospinning

This method can produce flexible and consistent nanofibers of PVDF and PVDF composites
with enhanced B phase content. In this method, the solution containing PVDF and its
composites are triggered to pump out with immense force from a syringe placed at the spinneret
under the influence of high applied voltage. The generated potential difference can be
optimized by changing the distance between the tip of the syringe and the collector plate. The
high stretching ratio that is responsible for the conversion of a phase to B phase is somehow
similar to the elongation during mechanical stretching. Despite this similarity, some parameters
like flow rate, electrospinning temperature, solvent evaporation temperature, and distance
between the collector plate and the syringe tip are capable of producing highly crystalline
PVDF nanofibers [45,46]. Ribeiro et. al. reported an improved crystallinity of PVDF was
achieved with 85 % [3 phase fraction by the method of electrospinning [47].

2.3.2.2. Spin coating

A thin, uniform polymer film with a superior § phase portion can be achieved by spin coating
the solution on a specific substrate at a controlled temperature [48]. Benz et. al. prepared 2 um
thick PVDF film by the method of spin coating the PVDF solutions [40].

We have used electrospinning and self-poling methods in our work to form
piezoelectric and triboelectric composites.

2.4. Dielectric properties

As discussed, the dielectric property is one of the most important properties of perovskite
materials. As reported by Li et al, Ghosh et al, CH3sNHsPbXsz (X = I. Br) exhibits a giant
dielectric constant at low frequency region [49,50]. Perez et al. introduced the effect of light
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illumination on the dielectric constant [51]. According to the report, the value of the dielectric
constant is significantly high under irradiation. However, the explanation of light illumination
effect was rejected by Almond et al. [52]. Various reports exhibit the giant dielectric constant
of oxide perovskites that is further explained with interfacial polarization and polaronic
relaxation [53,54]. lonic migration is an essential parameter in many applications like energy

harvesting devices.

To the best of our knowledge, extensive study on the temperature and frequency
dependent dielectric properties of CsH7NH3Pblz.xBrx was reported for the first time in our
works. We have observed that C3H7NH3PbBrs possesses a giant dielectric constant at low
frequency range. We have discussed the ion migration process and the influence of activation

energy in detail.

2.5. Recent development of piezoelectric
and triboelectric energy harvesting

Wang et al. termed piezoelectric nanogenerator (PENG) in 2006 following the discovery of
piezoelectric response in ZnO nanowire [55]. Recently, after gaining huge attention in the
photovoltaic domain, hybrid perovskites having ferroelectric response are broadly used in the
PENGs to harvest mechanical energy. Kim et al reported for the first time the piezoelectric
response of PENG that was fabricated by sandwiching a 500 nm thick MAPbI3 in between two
flexible PET electrodes via an adhesive polydimethylsiloxane (PDMS) layer. The PDMS layer
acted as a potential barrier that led to the reduction of leakage current. After poling with a very
high electric field ~ 80 kV/cm, the output response of the PENG was quite promising ~ 2.7 V
open circuit voltage (V) and 140 nA/cm? short circuit current (Ig¢) [56]. Ippili et al. reported
that PENG comprised of PVDF-MASnI; composite exhibited ~ 12.0 V V, and ~ 4 pAlcm?
Isc [57]. Again in 2018, Ippili et al. reported the response of PENG made of PVDF-MAPbD;-
«Fexl3 (0.01 < x <0.50) composite that exhibited ~7.20 V V,. and 0.88 pAlcm? I for x = 0.07
after poling at 30 kV/cm [58]. Pandey et al. reported the performance of a PENG made of
PVDF-FASNI3 in 2019 that delivered ~ 23 V V, under periodic hammering [59]. Ding et al.
showed an interesting response of PENG made of FAPbBr3 nanoparticles and PDMS that was
capable to produce 8.5 V V,. and 3.8 pAlcm? Is. in 2016 [60]. In 2017, the same group
reported an enhanced performance of a PENG ~ 30 V V,. and 6.2 pAlcm? I that made of
FAPDbBr3 nanoparticles and PVDF composite [61]. In 2018, Jella et al. reported a very high V.
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and Ig. as 45.6 V and 4.7 pA/lcm?, respectively of PENGs made of PVDF-MAPbI3 composite
with different concentrations [62]. Sultana et al. reported the enhanced performance of an
acoustic generator based on MAPDbBr3 -PVDF nanofiber in 2018 [63]. Again, Sultana et al.
reported the significant performance of piezoelectric-pyroelectric generator based on MAPbIs-
PVDF nanofiber [64]. Su et al. reported an enhanced performance of a photoinduced
triboelectric generator made of PVDF-MAPDI3z [65]. Wang et al. reported the outstanding
dielectric and electrical properties of triboelectric nanogenerator based on an inorganic halide
perovskite CsPbBrs [66]. The device was fabricated by sandwiching the PVDF- CsPbBrs3
composite in between silver and FTO electrodes. After doping Ba?* into the CsPbBrs, surface
potential, dielectric property, electron binding energy, etc. were optimized in the CsPb;-
«BaxBrs. The device made of PVDF-CsPbo.g1BaoosBrs exhibited 220 V V, and 228 mA/m?
I with higher stability [67]. Du et al. showed that partial substitution of halide ions in CsPbBr3
can effectively enhance the performance of triboelectric generators made of this perovskite
doped PVDF composites [68]. Jung et al. developed hybrid piezo and triboelectric generator in
2015 based on PVDF and polytetrafluoroethylene that produced remarkably high output [69].
In 2016, Wang et al. reported the satisfactory performance of a hybrid tribo and piezoelectric
generator made of P(VDF-TrFE) nanofibers and PDMS/MWCNT composites [70]. In 2018,
He et al. reported the ultra-high response of a hybrid piezo and triboelectric nanogenerator
based on ZnO nanoflakes-PDMS composite films [71].

2.6. Plezo-catalysis

Various studies show the piezocatalysis. In 2020, Bagchi et al. reported the piezocatalytic effect
of MoS2-PVDF composite [72].

2.7. Hybrid mechanical and solar energy
harvesting

Over the years, various attempts have been made to harvest mechanical and solar energy
together. The photodetection of ZnO nanowire-based photodetector has been enhanced owing
to the piezo-phototronic effect [73]. Rai et al. reported the enhanced performance of
photodetection of CdSe / ZnTe core / shell nanowire array through piezo-phototronic effect
[74]. Bao et al. mentioned the significant performance of pressure mapping sensor matrix by
ZnO nanowire/p-polymer LED array employing piezo-phototronic effect [75]. Zhang et al.
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demonstrated in detail the theory behind the piezo-phototronics effect of LEDs [76]. Recently,
Maity et al. reported the enhanced response of piezo-phototronic effect using CsPbls-PVDF
composite [77]. Sultana et al. mentioned the outcome of piezo-active photodetector using an

optically active hybrid perovskite incorporated polymer matrix in their study [78].

2.8. Plezoelectric supercapacitor

In recent years, self-charging piezoelectric supercapacitors have gained keen interest among
researchers. In 2015, Ramadoss et al. fabricated the piezoelectric driven self-charging
supercapacitor using PVDF-ZnO as piezo-active separator, soaked in gel electrolyte made of
H3PO4/PVA, between two MnO: electrodes [79]. In 2017, a group of researchers in China
reported a significant response to a flexible, self-charging power cell using a piezo-electrolyte
[80]. Enhanced performance of a self-charging supercapacitor has been observed using piezo-
polymer as the separator between two graphene electrodes. The device exhibited remarkable
specific device capacitance ~ 28.46 F g-1 and could be charged up to 112 mV when subjected
to external compressive force [81]. Rasheed et al. reported the outcome of a rectifier free, self-
charging power unit designed by PVDF-ZnO-RGO piezoelectric matrix [82]. In 2020,
Krishnamoorthy et al. reported the self-charging property of the piezo-driven supercapacitor
that was able to self charge up to a maximum of 207 mV [83]. The piezo-active supercapacitor

was fabricated using siloxane-PVDF piezofibers and a gel electrolyte.
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CHAPTER 3

3. Methods and Characterization

3.1. Introduction

his chapter will encompass different experimental methods and characterizations
used in my research work. It has been divided into three parts. The first part comprises
the synthesis and preparation methods of the perovskites and the PVDF-perovskite
composites | have used in this dissertation. The second part will cover the description of the
experimental procedures used to characterize different properties of the prepared samples. The
fabrication methods of the energy harvesting devices are discussed in the last part of this

chapter.

| have synthesized one of the potential OIHPs propylammonium lead halide
(CsH7NH3PbX3) via sol-gel method. To avoid the lead content, a promising oxide perovskite
neodymium manganate (NdMnOsz) was prepared via sol-gel method. Nanofiber of
PVDF@C3sH7NH3sPbls was prepared by electrospinning method. CzH7NH3Pbls and NdMnOs
were also incorporated in the PVDF through self-poling method. Structural confirmation of the
synthesized samples was obtained from X-ray diffraction technique (XRD). Surface
morphology of the samples was gained from Field emission scanning electron microscopy
(FESEM). Complex impedance spectroscopy was employed to characterize the dielectric
properties of the samples. High-resolution transmission electron microscopy (HR-TEM) was
used to perform the microstructural study. X-ray photoelectron spectroscopy (XPS) was used
to analyze the elemental composition and the chemical states in the material. The optical
properties of the optically active samples were attained using UV-Vis and photoluminescence
spectroscopy (PL). The ferroelectric content of the ferroelectric films and fiber was computed
from Fourier transform infrared spectroscopy (FTIR). Thermal stability along with the
crystallinity of the samples was assessed with the help of Thermogravimetric analysis (TGA)
and Differential scanning calorimetry (DSC). The elastic property of the ferroelectric fiber and

films was studied using Universal testing machine (UTM). A solar simulator was employed to
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irradiate the fabricated photodetectors. The output performance of the piezo and triboelectric

nanogenerators was investigated based on V,. and Ig.

3.2. Material synthesis
3.2.1. Sol-gel synthesis of CsH;NH3PbX;

To prepare CsH7NHsPbXs, firstly, propylammonium salt (CsH7NHsl, C3H7NH3Br) was
prepared. Hyrdoiodic / hydrobromic acid was mixed in an equimolar ratio with propylamine
(CsH7NH>) and stirred continuously for 2 hours at 0 °C. The resulting solution was dried and
washed by diethyl ether for several times to pull out the unreacted acid. Next, the mixture was

dried in a vacuum at 60 °C for 12 hours to form propylammonium iodide/bromide.

In the next step, the equimolar ratio of C3H7NHasl / CsH7NH3Br and Pblz / PbBrz were
dissolved in dimethylformamide (DMF) at 60 °C and stirred for 10 hours. The solution was
filtered and dried at 65 °C to obtain the desired perovskite ~ yellow coloured CzH7NH3sPblz and
white C3H7NH3PbBrs. Fig. 3.1a-b exhibits the digital photograph of the solution of CsH7NH3sl-
Pbl2 in DMF before filtration and the powder form of C3H7NH3Pbls, c. represents the powder

Fig. 3.1a-b. The digital photograph of CsH;NHzl-Pbl, in DMF and CsH7NHsPblsz in powder
form, c. The powder form of CsH;NH3zPbBrs.

form of CsH7NHsPbBrs.
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3.2.2. Sol-gel synthesis of NdMnQO3z nanoparticles

Neodymium oxide (Nd2Oz) and manganese acetate tetrahydrate (CH3zCOO)2Mn. 4H,0) were
mixed in a stoichiometric ratio and converted to the respective nitrates by adding a few drops

of conc. HNO:s to the precursors. The nitrate solution was then allowed to boil for 15 minutes

Fig. 3.1c. The powder form of NdMnOs nanoparticles

to remove excess HNOz. To mix the metal ions in an atomic scale, a proper amount of citric
acid was added to the solution. Considering that only two of the citrate ions take part in
chemical bonding with metal ions, the amount of citric acid was estimated such that all the
metal ions form metal citrate. Ethylene glycol was added later to the mixture and stirred for 4
hours to form a homogeneous solution. The solution was then kept at 80 °C for 12 hours to
obtain the gel. The gel was kept at 200 °C until it became brownish powder. The powder was
heated at 600 °C and 800 °C respectively, each step for 6 hours, followed by intermediate
grinding to form well-crystallized oxides. The digital photograph of the prepared sample is
displayed in Fig. 3.1c.

3.2.3. Preparation of CsH7NHsPbls:-PVDF nanofiber
by the method of electrospinning

To prepare the stock solution, 10 wt% PVDF was dissolved in a mixture of DMF and acetone
(3:5) by stirring continuously for 3 hours at 60 °C. A transparent solution was formed in which
3.21,4.76, and 6.20 wt% (w/w) of previously synthesized CzH7NH3sPbls was added and stirred
for another 3 hours at the same temperature. The presence of DMF turned the transparent
solution into a yellow color with the addition of CsH7NH3Pbls as shown in Fig. 3.2a.
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Fig. 3.2. @) The solution of CsH;NHsPbl;+PVDF+DMF, b) Electrospin set-up, ¢) PVDF
nanofiber formation, d) 4.76 wt% of CsH;NHsPblsincorporated PVDF nanofiber.

For electrospinning, a 10 ml hypertonic syringe of diameter 8 mm was filled with the
homogeneous solutions and placed in the electrospinning set-up. The solution was squeezed
out by the pump through the needle of the syringe at a flow rate of 0.8 ml/hour and so formed
nanofibers were deposited on the aluminium foil-wrapped collector plate. The temperature of
the collector plate was sustained at 70 °C to evaporate the solvent. The distance between the
collector plate and the needle tip of the syringe was maintained at 6.5 cm during the formation
of nanofibers. All the nanofibers were prepared under a high voltage of 19 kV. The prepared
nanofibers were collected from the aluminium foil for further characterization and device
fabrication. Fig. 3.2b shows the digital photograph of the electrospinning set-up. The formation
of PVDF nanofiber is illuminated in Fig. 3.2c. In Fig. 3.2d, the photograph of 4.76 wt % of
CsH7NH3Pbls incorporated PVDF nanofibers is illustrated.
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3.2.4. Self-poled C3sH7NH3Pbl:-PVDF films

Firstly, 10 wt% of PVDF solution was prepared by dissolving the PVDF powder in DMF and
stirring continuously for 3 hours at 60 °C. Next, 5, 10, 15, and 20 wt% of freshly synthesized
C3H7NH3Pbls powder was mixed in the PVDF solution and stirred for another 4 hours at 60 °C
to form homogeneous precursor solutions of C3H7NH3Pbls@PVDF composites. Lastly, self-
poled CsH7NHsPblz@PVDF films were achieved by consecutive annealing of the respective
precursor solutions at 90 °C for 2.5 hours and 130 °C for 3.5 hours. A reference film using neat
PVDF was also formed following the same procedure to perform a comparative study. Fig.
3.3a-c exhibit the digital photographs of the solution of 15 wt% of C3H;NH3Pbls@PVDF in
DMF, prepared films and the flexibility of the prepared film.

Fig. 3.3. Digital photographs of a) Solution of 15 wt% of CsH;NHs;Pbl;@PVDF in DMF,
b) Prepared films, c) Flexibility of the as prepared film.

3.2.5. Self-poled NdMnO3-PVDF films

PVDF solution was prepared by dissolving 100 mg pure PVDF in 1 ml DMF by continuously
stirring the mixture at 60 °C for 4 hours. Next, 3, 5, 7, 10, vol % (v/v) of NdMnOs3 nanoparticles
were added to the stock solution and kept stirring at room temperature for 24 hours. The
transparent stock solution became black with the addition of NdMnOs nanoparticles. The
composite precursor solutions were ultrasonicated for 45 minutes and then cast on a glass slide
to obtain the composite films by annealing at 90 °C for 2 hours followed by annealing at 130
°C for 3 hours. This annealing procedure helps to enhance the piezo-active phase of the film.
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as three-dimensional gratings for X-ray wavelengths similar to the spacing of planes in a crystal

lattice.

This characterization technique is based on the diffraction of X-ray from the lattice
plane of a material. In the crystalline and polycrystalline materials, lattice cells are periodically
arranged in a repetitive way forming a diffraction grating for X-ray as shown in Fig. 3.4a. When
X-ray beam falls at the planes, it gets diffracted. The angle of diffraction is controlled by the
lattice planes. In the instrument, a goniometer is used to rotate the detector along the incident
beam at an angle 20. On the other hand, the sample is placed at an angle 6. The schematic
diagram of the instrumental set-up is illustrated in Fig. 3.4b. A new diffraction peak appears
depending on the crystal structure and orientation of the sample. This phenomenon is governed

by the Bragg’s equation

=
X-ray
Detector

Fig. 3.4. a) Schematic diagram of X-ray diffraction, b) Schematic diagram of XRD set up.

2dsinf = na 3.1

Here, d refers to the distance between the diffracting planes, n represents the order of
diffraction, and A denotes the wavelength of the x-ray. An X-ray diffraction pattern is obtained
for different scanned 8. From analyzing 6, various information such as lattice phase,
microstrain, and grain size of the sample can be computed. The grain size of the samples can

be evaluated using Scherrer’s formula

0.89
D= Boosd (3.2)

D is the crystallite size in the direction normal to the reflecting planes and f denotes
the FWHM of the peak in radian. Williamson and Hall modified Scherrer’s formula as given

below

54
Department of Physics, Jadavpur University



microstrain, and grain size of the sample can be computed. The grain size of the samples can

be evaluated using Scherrer’s formula

0.891
" Bcos6 (3-2)

D is the crystallite size in the direction normal to the reflecting planes and £ denotes
the FWHM of the peak in radian. Williamson and Hall modified Scherrer’s formula as given

below
cosd = 2222 1 2esing (3.3)
B >

Here, € is the microstrain of the sample.

The crystalline content (Xx.;) of the polymer can also be investigated from XRD

Fig. 3.4c. displays the X-ray powder diffractometer (Bruker D-8 Advance (Germany)).

analysis using the relation

_ Y Acrys
Y AcrystZ Aamorph

X, x 100% (3.4)
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Here, Y, Acrys and X Agmorpn denote the integral area of the crystalline and amorphous

portions of the concerned samples.

In my research work, all our XRD has been carried out in X-ray powder diffractometer
Bruker D-8 Advance (Germany) (1 = 1.5406 A) and PETRA 11l beamline P 2.2 at DESY,
Germany (12 = 0.2074 A). Fig. 3.4c. exhibits the digital photograph of X-ray powder

diffractometer Bruker D-8 Advance (Germany).

3.3.2. Field Emission Scanning Electron Microscopy
(FESEM)

Field emission scanning electron microscopy (FESEM) is a high-resolution imaging
spectroscopy used to investigate the surface morphology and topology of the samples. Electron

beam is used as a source in SEM resulting in a number of advantages over optical microscopy.

Fig. 3.5. a) Schematic diagram of SEM machine, b) Digital image of FESEM
FEI INSPECT F50.

The schematic diagram of a typical SEM is depicted in Fig. 3.5a that shows a high energy
electron gun is placed at the top. The electron gun can yield electron beams of energy ~ 1 kV
to 30 kV. The filament used here is generally made up of high melting point materials like
tungsten of lanthanum hexaboride and is operated under high applied voltage. The electron
beam is shaped and focused on the sample through a no. of electromagnetic lens and aperture
system. The SEM column and sample chamber are maintained at a high vacuum to avoid the

loss of electrons during the collision with air molecules. Electron beam produces secondary
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electrons, back scattered electrons, auger electrons, characteristic X-ray etc. that provide
different information about the samples. For elemental analysis, characteristic X-ray is used in
energy dispersive X-ray spectroscopy (EDX). Secondary and back scattered electrons are
collected with the help of two detectors for imaging. As the electron beam is focused on a
highly confined region, it is necessary to scan the entire surface of the sample to form a 2D
image. Surface morphology of samples in any solid form like powder, thin film, single crystal,
etc. can be obtained using SEM. Sometimes, a thin layer of gold or platinum is used to coat
poorly conducting samples to remove the accumulated charges on the sample during exposure

to the electron beam.

In this dissertation, all the SEM analyses were carried out using FESEM of Zeiss,
Germany, model: SUPRA 40 and FEI, INSPECT F50. In Fig. 3.5b, the digital photograph of
FESEM FEI, INSPECT F50 is shown.

3.3.3. Energy Dispersive X-ray spectrometer (EDX)

As discussed in the SEM analysis, characteristic X-ray is used for elemental analysis. Energy
and intensity of the X-ray are used to detect which element at what amount is present in the
sample at that portion. Along with the compositional investigation, this technique is used for
chemical mapping. As the emitted X-ray is a byproduct of bombarded electrons, the EDX
detector is attached to the SEM or TEM system. Investigation of the data is performed with the
help of an internal database. However, a prior idea about the composition of the sample is
necessary as the same energy with different X-ray lines can be emitted from more than one
element in the periodic table.

3.3.4. High-Resolution Transmission Electron
Microscopy (HR-TEM)

HR-TEM is another important imaging technique that works in transmission geometry. A high
energy electron beam is allowed to transmit through the specimen and hence various detailed
information such as the size, and shape of the particles can be gained using this technique. As
the electron beam is incident on a sample, part of the beam interacts with the sample whereas
the rest part of the beam transmits through the sample. The transmitted electron beam bears the
information regarding the specimen structure that is necessary to get an image of the whole

sample. TEM is capable of imaging at a significantly higher resolution than any other optical
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microscope due to the smaller de Broglie wavelength of electrons. This technique is further
used to study the defects, inter planar spacing, dislocations, etc. Special care is taken to prepare
and place the sample on the TEM grid. The sample should be well dispersed in the relevant
volatile solvent. Then, the mixture is poured on the TEM grid by drop-casting method to form

a very thin layer. The grid is then dried well in the air before placing it in the instrument.

In this research work, all the TEM analysis has been performed using HRTEM ~ FEl,
Tecnai G2, S-Twin microscope with HAADF detector (Fischione, model 3000) and JEOL,
JEM, 2100 F.

3.3.5. X-ray Photoluminescence Spectroscopy (XPS)

XPS is one of the most important quantitative techniques that measure the elemental
composition of the surface of a material along with the binding states of the elements. Kai
Siegbahn got the Nobel prize in Physics in 1981 for his work in XPS. In XPS, X-rays (photons)
are incident onto the sample, and when electrons in the sample absorb sufficient energy, they

Electron Energy Analyzer (0-1.5kV)

(reasures kinetic ensrgy of electrons)

N

Electron Detector
(counts the eiectrons)

Photo-Emitted Electrons (< 1.5 kV)
escape only from the very top surface
(70 - 110A) of the sampie

.

Elactron
Coilection
Lens

Focused Beam of

X-rays (1.5 kV)
Electron
Take-Off-Angle

. Si(2p)
S0, /8i°
Sample

Samples are usually solid because XPS Si(2p) XPS signals
requires ultra-high vacuum (<10° torr) from a Silicon Wafer

Fig. 3.6 exhibits the schematic diagram of XPS.

are ejected with specific kinetic energy from the sample generating a photoelectric effect. The
emitted electrons are referred to as photoelectrons. Generally, the surface of the specimen is
excited with a monochromatic or unfiltered Al K, X-ray to generate photoelectrons. The energy
of the ejected electrons is detected by a detector. Electrons with different energies follow

different paths through the detector that helps to differentiate and generated the required XPS
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spectra. The elements present in the compound can be determined by using the following

equation

Ebinding = Lphoton — (Ekinetic + ®) (3.5)

An atom when bonded with other atoms within a specimen may be in a different energy
state or valence state leads to the alteration of the binding energy of the photoelectron that
causes a change in the measured kinetic energy. The bonding information can be derived from
these chemical shifts. XPS can measure all the elements other than hydrogen and helium and
the experiment must be carried out in ultra-high vacuum. Fig. 3.6 represents the schematic
diagram of XPS.

In my research work, XPS of VSW Ltd., UK was used.

3.3.6. UV-Vis Absorption Spectroscopy

When a broad light spectrum is shot on a material, some of the light gets absorbed whereas the
rest of the portion gets reflected or transmitted. The optical character of an optically active
material determines the amount of light absorbed at different wavelengths. Thus, if the
wavelength of the incident light is scanned and the corresponding transmitted light intensity is
recorded, the absorption characteristics of the specimen can be identified. In the UV-Vis
spectrophotometer, a dual source of tungsten-halogen lamp combined with a deuterium lamp
is used to provide the broad light spectrum to the monochromator with a range of wavelength
from 200 nm to 1100 nm.

Fig. 3.7 shows the digital image of UV-Vis spectrophotometer.

In this dissertation, | have used the Tauc plot analysis to determine the energy band gap of the

samples. The Tauc equation is given below
ahd = A(hY — Eg)" (3.6)
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Here, a (= 2.303 A/t, A is the absorbance and t represents the thickness of the sample)
represents the absorption coefficient of the material, h is the Planck’s constant, 9 is the
frequency of the wavelength and E; is the energy band gap of the material. The value of “n”

can be 2 for direct band gap and % for indirect band gap material. Therefore, from the
intersection of the extrapolated linear region of the plot (ahd)™ vs. hY9 in x-axis, the band gap
of the material can be determined. Fig. 3.7 represents the digital diagram of the UV-Vis

spectrophotometer.

We have used OPTIZEN POP UV-Vis spectrophotometer and Jasconic V-650

spectrophotometer.

3.3.7. Photoluminescence Spectroscopy

When a light spectrum is incident on a material with energy greater than the band gap energy,
the material emits light. PL spectroscopy is based on this fact. It is a non-invasive technique
that can dig up a huge amount of information on the energy bands, impurity states, lattice
defects dynamics, optical band gap of the material, etc. When a specimen is irradiated by light
of higher photon energy than that of the band gap of the sample, electrons from the valence
band get excited and move to the conduction band. After releasing extra energy, the excited
electrons move back spontaneously to the ground level. In the case of direct band gap material,
radiative emission is predominant and thus released energy comes out in the form of light which
is called PL emission. The wavelength of this emission is characteristic of the energy band
diagram of the sample. Therefore, we can obtain information regarding the optoelectronic

properties of the sample by analyzing the emission spectra.

We have used PTI QuantaMaster 400 spectrofluorometer and Fluoromax-4C_1505D-

33 to obtain the PL spectra of all the optically active samples.

3.3.8. Thermogravimetric Analysis (TGA)

TGA is conducted by a thermogravimetric analyzer that is used to detect the mass of the
material continuously with time in the presence of heat flow. Mass, temperature, and time are
considered the primary measurements. A typical thermogravimetric analyzer is made of a
precision balance with a sample pan placed inside a temperature-controlled furnace. The
temperature is generally increased at a constant rate to experience a thermal reaction. The

thermal reaction can be carried out in a variety of atmospheres such as ambient air, inert gas,
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vacuum, etc. The thermogravimetric data obtained from a thermal reaction is plotted keeping
the % of initial mass in the y-axis and the temperature or time on the x-axis. This plot is referred
to as a TGA curve. The first derivative of the TGA curve is used to compute the inflection
points along with differential thermal analysis. Three variations of TGA are commonly
employed:

a Dynamic TGA

In this case, the temperature of the sample is increased continuously over time, and the mass

of the sample is recorded.

a Static TGA

Here, the temperature is kept constant as the mass of the material is measured. This can be used
to gain more insights into a decomposition that happens at a particular temperature.

In other words, this method is used to investigate a material’s stability at a certain temperature.

a Quasistatic TGA

Here, the sample is heated in multiple temperature intervals and held at those intervals for a
time, until the mass stabilizes. This method is the ideal one to investigate the materials that are
known to degrade in various ways at different temperatures and get better information about

the way of decomposing.
3.3.9. Differential Scanning Calorimetry (DSC)

DSC is athermal analysis apparatus that measures the change in physical properties of a sample
against time when the sample is exposed to heat flux. In other words, this tool determines the
temperature and heat flow associated with the transition in material as a function of time and
temperature. In 1962, E. S. Watson and M. J. O’Neil developed this procedure. This method is
used to investigate the crystallinity, melting point, etc. of the polymer and polymer composite
in my research work. This system is made of a measurement chamber attached to a computer.
A sample pan and a reference pan are heated in the measurement chamber. The change in the
rate of the temperature of the sample pan is regulated with the help of the computer. From the
recorded data, various information about the polymer sample can be evaluated. The melting
point of the samples can be detected and from the melting enthalpy, the crystallinity of the

polymer samples can be identified.
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In this work, two DSC set up was used — TG-DSC (model:449C) made by NETZSCH
and DSCQ 2000 TA (Walter India).

3.3.10. Fourier Transform Infrared Spectroscopy
(FTIR)

FTIR spectroscopy is a powerful method to identify different chemical compositions along
with the functional groups in a molecule by projecting an infrared spectrum as a molecular
“fingerprint”. In this process, infrared light is incident on the sample, and the absorption of the
infrared light by the sample is measured which is plotted against the wavenumber of the
infrared radiation. In the elastic collision between the molecules of the material and the infrared
light, characteristic vibrations of varying modes generate a specific vibrational frequency
known as resonance frequency (depending on the bond nature). Vibrational energy increases
with the increase in absorbed energy (quanta) by the material. A molecular bond vibrates at

different frequencies that correspond to the ground or any of a higher excited state. If E, is the
energy of the ground state and E; is the energy of the first excited state, E; — E, = % Here, 4

is the wavelength of light, c is the speed of light, h is Planck’s constant. FTIR spectroscopy
provides information regarding the chemical bonding or molecular structure of samples. The
term “Fourier transform infrared spectroscopy” implies that a Fourier transform is necessary
for the conversion of the raw data into the actual spectrum. The basic mechanism of a Fourier
transform spectrometer is quite simple as it uses an interferometer to modulate the wavelength
and the corresponding signal is analyzed by converting it to a single-beam infrared spectrum.
FTIR spectrometer works by taking a very small quantity of a sample and introducing it to the
infrared cell which is then subjected to an infrared light source and scanned usually from 4000
cm® to 400 cm™. The intensity of transmitted light is measured at each wave number. This is

known as the infrared spectrum of the sample.

In my research work, I have used FTIR to analyze the electroactive phase content of all
the polymer composites. The crystallinity of the polymer samples can be computed using the
relation

Fgy = (Kﬂ“s—“ x 100% (3.7)

A764tA
K764) 76474842

Here, Ag,, and A4, represent the integral area of the absorbance band corresponding

to the ferroelectric B phase at 842 cm™ and non-polar o phase at 764 cm™. Kg,, and K, are
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the corresponding absorption coefficients. The interfacial interaction between the -CH,- and -
CF,- dipoles of PVDF and the filler plays the key responsibility of enhancing the ferroelectric
component due to the addition of external filler. The asymmetric and symmetric stretching of
the vibrational bands results in the formation of a damping source. The damping constant (r;.)

can be evaluated from the angular frequency of damped vibration (w) and free vibration (w,)

w? = wi -1k, (3.8)

In this dissertation, Fourier transform infrared spectroscopy (FTIR) was performed

using IR Prestige-21, Shimadzu spectrophotometer.

3.3.11. Complex impedance spectroscopy

To measure the impedance of the samples, the powder of the perovskites was pelletized at a
pressure of 50 kg/cm? with a pelletizer machine. Diameter of each pallet was maintained at 8
mm to 10 mm. AC signal was applied across the pallet with Cu / Au electrodes on either side
of the pallet. Sample temperature was varied with a built open cycle liquid nitrogen cryostat
that can control the temperature.

In my work, Hioki LCR Q meter (IM3536) was used to analyze the dielectric properties

of the samples.

3.3.12. Elastic properties of the films

A Universal testing machine (UTM) is used to test the mechanical properties (tension,
compression, etc.) of a given test specimen by exerting tensile, compressive, or transverse
stresses. The machine has been named so because of the wide range of tests it can perform over
different kinds of materials. A specimen of a standard size and shape made of the material is
pulled in tension while the load and elongation are continuously (or periodically) monitored.
The data thus collected are used to generate a stress-strain curve. Modern machines have an
intelligent computer interface and have the facility to perform tests under various user-defined
modes (for example load control, displacement control, and strain control). Usually, tensile
tests are performed under displacement control mode where the moveable end of the grip is
made to move at a constant speed. The load and displacement (strain) records are stored at
specified intervals of time. Once the sample breaks the machine stops. Tensile strength, break

load, elongation, Young’s modulus of the samples are derived from this measurement.
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Tinius Olsen H50KS was used in my research work.

3.3.13. Photovoltaic performance measurement

Photovoltaic performance measurement is mainly based on recording the current-voltage (I-
V) curve of the device under a dark and simulated solar spectrum. I-V data is recorded by
sweeping the bias voltage across the device within a certain range while recording the current
at the same time. Under light illumination, charge carriers are generated within the device, and
that gives rise to a photocurrent in the reverse bias region. I-V data were recorded with a
Keithley 2602B two-channel source- measure unit. 80-100 mW/cm? AML1.5 simulated solar
radiation is used to irradiate the photodetector. Simulated sunlight was supplied by a Royal
enterprise (India) solar simulator to our fabricated photodetectors.

3.3.14. Electrochemical analysis

The electrochemical response which includes cyclic voltammetry (CV) and galvanostatic
charge-discharge (GCD) behavior of the designed piezoelectric supercapacitor was recorded
by PGSTAT302N autolab.

CV is a well-known tool to study the performance of the fabricated supercapacitor. In
this technique, the potential of the supercapacitor is scanned between a potential window
limiting from V1 to V2. The applied potential acts as a driving force to generate current which
is measured as a function of potential by a potentiostat. The nature of the cyclic voltammogram
(represented by plotting current vs. potential) depicts the capacitive, pseudocapacitive or ideal
double layer capacitive behavior of the supercapacitor.

In GCD method, at constant current, the supercapacitor is charged until the voltage
reaches from its discharged state (V1) to its charged or operating voltage state (V2). After
reaching V2, the current drives in reverse direction to discharge back the supercapacitor to V1
state. The specific capacitance of the supercapacitor can be evaluated from the CV curves using

the following formula

_JI1adv
Cy = T (3.9

Here, C, denotes the areal capacitance of the device, [ I dv represents the integral area
of the CV curve, A is the area of the device, v refers to the scan rate and AV is the working
potential window. From GCD curves, the specific capacitance can also be estimated using the

formula
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_ IxXAt
AT AxAv

(3.10)

Here, I is the constant discharging current in A, At refers to the discharge time and AV
denotes the working potential window. The energy (E) and power (P) of the device can also

be determined from CV curves following the relations

CAXAV2
2

E= (3.11)

3.3.15. Working mechanism of self-charging
piezoelectric supercapacitor

A piezoelectric potential is generated across the piezo-separator of the device under the
influence of external force. This potential serves as a driving force to initiate electrochemical
oxidation-reduction at both electrodes. At first, in the absence of any external force, the device
stays at the discharging condition and an electrochemical equilibrium is sustained between the
electrodes and electrolyte. The piezo-potential, developed under temporal distortion, produces
positive potential at one electrode and negative potential at the other electrode which initiates
the migration of electrolyte ions towards positive and negative electrodes. As a result, a non-
equilibrium electrochemical state is developed between the electrodes. To attain the chemical
equilibrium, oxidation-reduction reaction takes place at the surface of both the electrodes.
When the external force is removed, piezo-potential disappears at the piezo-separator.
Consequently, to compensate for the disturbed electrochemical equilibrium, few ions traverse
back to the electrolyte but the electrons do not move back to the positive electrode resulting in
no current flow in the reverse direction. Under repeated distortion, the Voc of the device
increases that signifies the self-charging process of the device. The working mechanism of self-

charging piezoelectric supercapacitors is still controversial.

3.4. Fabrication of devices
3.4.1. Fabrication of UV detector

Firstly, a fluorine-incapacitated tin oxide (FTO) coated glass substrate was cleaned and
ultrasonicated in deionized water and isopropyl alcohol for 20 min each and then dried in air.
Next, a mildly acidic solution of titanium isopropoxide (TiO2) was spin-coated on the cleaned

FTO substrate at 3000 rpm for 60 s followed by consecutive annealing in ambient conditions
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at 100 °C for 15 min and 500 °C for 30 min, respectively. In this way, the layer of compact

Fig. 3.8 The fabricated UV detector.

TiO, forms that serves as an electron transportation layer (ETL). A thin layer of
(propylammonium lead bromide) optically active PAPbBTr3 is spin-coated on C-TiO; at 1000
rpm for 20 s and 4000 rpm for 20 s respectively. Then, the substrate containing multi- layers
was annealed at 100 °C for 10 min. Next, a layer of carbon paste was then blade coated onto
the perovskite layer to form the sandwich structure and annealed at 100 °C for 5 min. The
carbon paste contains 1 g carbon black, 3 g of graphite nanopowder, 40 mg carbon nanotube
(CNT) in 8 g a-terpeniol, and 10 ml of ethanol. The digital photograph UV detector is
illuminated in Fig. 3.8.

3.4.2. Spin coating

Spin coating is the simplest method to apply a uniform film onto a solid surface by using
centrifugal force and requires a liquid-vapor interface. The machine used for spin coating is
called a spin coater. The spin-coating process starts with the dilution of the material to be
deposited in a solvent. The thickness of the coated film depends upon the spinning speed,
surface tension, and viscosity of the solvent. The applied solvent is usually volatile and
evaporates simultaneously. After evaporation of the solvent, spin coating results in a thin film

ranging from a few nanometers to a few microns in thickness.

In this research work, | have used EZspin-Al, apex instruments for spin coating that

have been shown in Fig. 3.9.
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Fig. 3.9. The digital diagram of spin coating.

3.4.3. Designing of piezoelectric nanogenerator

The piezoelectric nanogenerator was fabricated by sandwiching the polymer composite
between two copper (Cu) electrodes and two copper wires were soldered on the electrodes.
Finally, the fabricated nanogenerator, configured as Cu electrode / PVDF composite / Cu
electrode, was laminated by PDMS (polydimethylsiloxane) layer to enhance its durability as
depicted in Fig. 3.10. In our latest work, we have laminated the nanogenerators by laminating

machine.

Fig. 3.10. The fabrication of piezoelectric nanogenerators.

3.4.4. Fabrication of piezo-active photodetector

At first, the prepared PVDF-filler solution was cast drop-wise slowly on an ITO-coated flexible
PET substrate and kept at 90 C for 2 h. The coated ITO serves as a top electrode of the obtained
film. An aluminium electrode is attached to the other side to design a sandwich-structured
piezo-active photodetector. Finally, the device is laminated to provide a safeguard and to

increase its lifetime.
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3.4.5. Fabrication of hybrid piezo and triboelectric
nanogenerator

To design a hybrid piezoelectric and triboelectric nanogenerator, the Cu electrode was attached
to a PVDF-perovskite composite that serve as the top electrode. A uniform layer of
polydimethylsiloxane (PDMS) is cast on a separate Cu electrode and dried at 60 °C for 2 hours.
Then the hybrid device was configured as Cu electrode / PVDF composite / air gap / a very

thin layer of PDMS/ Cu electrode. The digital photograph of the fabricated device is shown in

Fig. 3.11. The designed hybrid piezoelectric-triboelectric nanogenerator.

Fig. 3.11.

3.4.6. Designing of piezoelectric supercapacitor

At first, NdMnOg (as an active material), graphite powder, and PVDF were mixed in the ratio
85:10:5 and dispersed in N-methyle pyrrolidine to prepare a homogeneous slurry. The slurry
was coated uniformly on the surface of two flexible steel plates used as symmetric electrodes
(the effective area of each plate is 1.5 cm x 1.5 cm) and dried at 50°C for 5 hours. To fabricate
the self-charging piezoelectric supercapacitor, NdMnOz incorporated PVDF self-poled, piezo-
active film was used as piezo-separator soaked in gel electrolyte H3sPO4/PVA. The gel
electrolyte was prepared by mixing 1g of HsPOs, 3g of PVA, and 20 ml of DI water following
rigorous stirring at 90 °C until a homogeneous solution was achieved. The separator was then
sandwiched between two prepared electrodes to design the device. Furthermore, the device was

laminated to provide safeguard.
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CHAPTER 4

4. Temperature and Freqguency
Dependent Dielectric Response of
CsH7NHsPbls: A New Hybrid
Perovskite
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4.1. Introduction

rganic-inorganic hybrid perovskites have become a point of interest among

researchers due to its immense utility in solar energy harvesting. Previously, pure

organic materials were introduced in the field of photovoltaics to replicate the
natural photo-synthesis method. Their high light absorption coefficient, long carrier diffusion
length, good photo-voltaic properties, and many other interesting properties boosted its growth.
However, their low mechanical as well as thermal stability brings down the lifetime of the
devices. In the meantime, hybrid perovskite materials exhibit various desirable properties for
optoelectronic applications due to the benefaction of both organic and inorganic components
[1-3]. These hybrid perovskites possess improved structural, optical, and electronic properties
concerning the organic or inorganic component alone. All these have affirmed hybrid
perovskite materials as a promising new-generation photovoltaic with its simple fabrication
procedure, appreciably low manufacturing expense, and high-power conversion efficiency
over the last few years. The generic form of this type of hybrid perovskite is ABXz where A is
a cation of any organic compound, B is a bivalent inorganic cation like Sn or Pb and X refers
to monovalent halogen ion like CI, Br or I. The most popular material in light harvesting is
methylammonium lead iodide (CH3NH3Pblz) for its attractive optoelectronic properties [4,5].
Irrespective of its tunable band gap, high extinction coefficient, and excellent optical response,
the stability of the material is still a problem. CH3NHsPbls is highly unstable in the open
ambiance as it degrades quickly in the presence of air, moisture, and ultraviolet light [6].
Moreover, methylammonium lead halide based solar cells can easily be dissociated in its
electrolyte solution possessing remarkable loss in solar cell function.” To get rid of this adverse
nature of the material, researchers nowadays are far more eager to work with other hybrid
perovskites either by replacing organic cation with other alkylammonium cation or by varying
halogen ion [7]. Replacement of new organic components may lead to a change in the bandgap
of the material which in turn influences its opto-electronic properties. The incorporation of new
organic components can lead to a change in the structural and dielectric properties along with
the band structure of the material significantly which in turn influences its stability and
optoelectronic performance [8]. In the large family of hybrid perovskites, propylammonium
lead iodide C3H7NHz3Pbls (PAPDI3) is comparatively a newcomer. Unlike CH3sNH3PbX3, pore
free thin film of propylammonium lead iodide is easily achievable using simple lab-scale

deposition techniques like spin coating. However, to assess this new material’s compatibility
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with the field of next generation photovoltaics and optoelectronics, an extensive investigation

of its structural and dielectric properties is very important.

Here, the synthesis, structural, and optical characterization of PAPDbIz have been
reported. Since this hybrid perovskite material is quite unexplored, it demands a detailed
investigation of optical and electrical properties. Impedance spectroscopy is a very convenient
and powerful tool to investigate the dielectric properties. The temperature and frequency
dependent dielectric study of PAPbIz can provide detailed information about the performance
of the localized charge carriers, conduction mechanism, permittivity, loss factor, etc. To the
best of our knowledge, very few literature is available regarding the detailed study of optical
properties, AC conductivity, and dielectric relaxation of PAPbIs. In this article, the study of
dielectric relaxation using impedance spectroscopy, electric modulus and conductivity of
PAPbDI3z has been extensively carried out as a function of frequency and temperature. The
outcomes of dielectric studies have been scrutinized minutely with the help of different
theoretical models. Detailed discussions on dielectric loss, dielectric constant, impedance

study, electric modulus, AC and DC conductivity of this perovskite have been reported here.

4.2. Experimental details
4.2.1. Chemicals

n — Propylamine [(CsH7NH>), Spectrochem, 98%] Hydroiodic acid [57 wt. % in water, Loba
Chemie], Dimethylformamide [anhydrous, 99.8%, Merck Chemicals], lead iodide [(Pbl>),
Loba Chemie] were used to carry out the synthesis of the required sample. All the chemicals

utilized here were of analytical grade and used without any further purification.

4.2.2. Synthesis of propylammonium lead iodide
(CsH7NH3PDbls)

To synthesize propylammonium lead iodide, propylammonium salt (CH3CH2NHsl) was
prepared at first. Hydroiodic acid (HI) was mixed with propylamine (CH3CH2NH2) in an
equimolecular ratio and stirred continuously for 2 hours at 0 °C. The resulting solution thus
obtained was dried and washed with diethyl ether several times to remove unreacted HI.
Finally, the mixture was dried under vacuum at 60 °C for 12 hours to form propylammonium
iodide.
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In the presence of ambient surroundings, equimolar propylammonium iodide
(CH3CH2NHzsl) and Pbl, were dissolved in dimethylformamide at 60 °C and stirred for 10 hours
[9]. The solution was filtered to pull apart the precipitate through a syringe filter having pore
size of 0.45 um. The solvent was evaporated at 65 °C to obtain the required yellow sample
powder (C3H7NH3Pbls).

4.2.3. Characterization

The structural behavior of synthesized PAPbIz was examined by the powder X-ray diffraction
(XRD). The XRD analysis was carried out by Rigaku miniflex — 600 bench top diffractometer
using Cu Kq line radiation (A = 1.54 A) in the range of 20 = 10° — 50° with a step size of 0.04°
at room temperature. Sample morphology was characterized by transmission electron
microscope (HRTEM, FEI, Tecnai G?, S-Twin microscope). A HAADF detector (Fischione,
model 3000) was used to record scanning transmission electron microscopy high angle annual
dark field pictures. For compositional information of the surface of the sample, X-ray
Photoelectron Spectroscopy (XPS) analysis was carried out using an XPS facility (VSW Ltd.,
UK) attached in a UHV (base pressure in the XPS chamber was 5x1071° mbar) compatible
nanocluster deposition unit.% In this experiment, Mg K, x-ray, having an energy of 1253 eV
(or wavelength of 9.89 A) was used, and the photoelectrons produced were analyzed by a
hemispherical electron analyzer of a mean radius of 150 mm at an operating pass energy of 20
eV and a dwell time of 1 second. XPS spectra were analyzed by using commercially available
Casa XPS processing Software. To study the optical characteristic and to evaluate the optical
bandgap, Ultraviolet — visible spectroscopy (UV — Vis spectrophototmeter, Optizen POP) of
spin coated glass film has been carried out. The absorbance spectrum thus obtained was
between 450 nm - 800 nm. The luminescence properties of the sample are analyzed by room
temperature photoluminescence spectroscopy (PTI QuantaMaster 400 spectro — fluorometer).
The dielectric constant, impedance studies, loss tangent, electric modulus, ac conductivity, and
the Nyquist plot of this hybrid perovskite was estimated from the complex impedance spectra.
complex impedance spectra were recorded by inserting a material pellet (diameter — 8 mm) of
measured thickness between two Cu electrodes in Hioki LCR Q meter (IM3536) instrument.
The dielectric studies have been performed for different temperatures (273 K — 383 K) over an

appreciable wide range of frequencies (10 Hz — 8 MHz).
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4.3. Results and discussions

4.3.1. Microstructural study

The obtained XRD pattern of PAPbI3 is shown in Fig. 4.1a. It matches well with the reported
data exhibiting the monoclinic structure with Cc space group [9]. The significant diffraction
peaks were observed at 20 at 12.19° 18.28° 24.44° 25.88°, 30.68°, 31.92°, 31.92°
corresponding to 001, 220/310, 221/13-1, 311, 240, 202 lattice planes, respectively. To check
the robustness of this material, the sample was kept in 75% relative humidity for 168 hours.

—— After 168 hours at 75% humidit)]
—— Pristine sample

(2)
WW
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311

Intensity (a.u.)

240
202

220
310

001

10 15 20 25 30 35 40 45 50
20 degree)
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Fig. 4.1. (a) X-Ray diffraction pattern of pristine and moisture exposed PAPbIs shows no
visible change of peaks. (b) Dark field TEM image showing micro rods of PAPDIs. (c) d-
spacing calculated from HRTEM image. (d) Well resolved diffraction rings of SAED pattern
confirming polycrystalline nature.

The constant relative humidity in a closed container was achieved by using a saturated NaCl

solution.! After 168 hours, no deviation of the XRD peak was observed which indicates the
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remarkable stability of CsH7NH3Pbls (Fig. 4.1a). The morphology of the synthesized sample is
directly observed by transmission electron microscopy study (TEM). The micrograph (Fig.
4.1b) exhibits that the microfibres of the sample are of stem-like structure with an average
length of around 1 um and width of 100 nm. Figure 4.1c depicts HRTEM image showing the
lattice planes of the samples. The d-spacings found for several planes of single calculated
microfibre are 3.738, 4.363, 7.262 A which correspond to the respective miller indices as
221/13-1, 220/310 and 001 respectively [4]. The sample is found to be polycrystalline from X-
Ray pattern as well as from the resolved circular SAED pattern displayed in Fig. 4.1d. d-
spacing TEM from the SAED are 2.909, 4.590 and 6.463 A corresponding to 240, 220/310,

and 001 planes, respectively.

4.3.2. Spectroscopic characterization: XPS, UV-Vis
spectroscopy and photoluminescence Study

Figure 4.2a shows the XPS survey spectrum of C3H7NH3sPblz along with normalized atomic
concentrations shown for different peaks coming out from the photoelectrons of representative
signals. The atomic concentrations of the main elements present in the sample are estimated
from the corresponding XPS peaks. The dominant peaks are C 1s (B.E. 284 eV), O 1s (532
eV), and Si 2p (98.7 eV), whereas, |1 3d and Pb 4f doublets are observed with trace amounts of
respective atomic concentrations. The sample was dispersed on a silicon substrate and the
dominant peaks of Si came from that substrate. The high-resolution XPS spectra of Pb 4f and
| 3d were analyzed and the elemental peaks along with the corresponding satellite peaks were
de-convoluted as shown in Fig. 4.2b and c respectively. The binding energies of Pb 4f7;
(binding energy = 138 eV) and Pb 4fs;> (binding energy = 143 eV) having binding energies
difference of 5 eV have appeared from pure Pb present in the sample CsH7NH3sPbls. No other
compound or Pb-oxide is seen in the spectra. Similarly high resolution XPS peaks attributed to
| 3d electrons are seen in Fig. 4.2c where a splitting of |1 3d bond into | 3ds. (B.E. = 620 eV)
and 13ds2 (B.E. = 631 eV) has occurred upon interacting with x-ray beam. These two peaks
also signify that lodine did not form any bonds with Pb. The peaks | 3ds;; and Pb 4f7, also
correspond to Pbl> compound. In semiconductors, optical absorption defines the transition of

electrons from the valence band to the conduction band and it can be of two types — direct
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transition and indirect transition. This phenomenon is useful for the determination of optical

energy band gap (Ej) and it can be derived from the well — known Tauc plot equation (4.1),
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Fig. 4.2. (a) XPS Survey spectrum from the CHsH;NHsPbls. (b) High resolution XPS spectra
of Pb 4f and Pb 5s peaks of the sample. The background subtraction curve is shown by green,
while the deconvoluted curves of Pb 4f7, and Pb 4fs;; are highlighted by red and magenta
colors. Pb 5s is shown in blue. (c) High resolution XPS spectra of 1 3d doublet from the sample.
The background subtraction curve is shown by magenta, while the de-convoluted curves of |

3ds2 and | 3ds, are highlighted by green colors.
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(ahd)n = A (h9 — E,) 4.1)

where « is absorption coefficient, h is the Planck constant, 9 is frequency, E; refers to
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Fig. 4.3. (a) UV-Vis spectroscopy of the sample, (b) Room temperature PL of

CH3H7NH3Pbls.
the optical energy band gap and A corresponds to a temperature independent normalizing
constant [7]. Generally, direct electronic transition is observed in this kind of hybrid perovskite.
To determine the optical energy band gap, (ahd)? was plotted against hd using the Tauc plot
equation as shown in Fig. 4.3a. By extrapolating the straight-line segment to hJ axis, the
intersection position provides the value of Ej as to be 2.38 eV making it a competitive choice
for light emitting diodes and different next generation photovoltaic applications like tandem

solar cells, building integrated photovoltaics and transparent photovoltaics, etc.

Room temperature photoluminescence spectrum (PL) shows strong excitation emission peak
at around 546 nm (Fig. 4.3b). The sharp peak is close to the band gap value obtained from the
absorption band edge in ultraviolet—visible spectroscopy.
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4.3.3. Impedance Spectroscopy Results

Complex impedance spectroscopy (CIS) is an essential and well established method to analyze
the electrical behavior of material. It furnishes information about the movement of ions inside
the material, relaxation time, electrical conductivity, etc. The frequency dependent real part of
complex impedance (Z'(w)) vs. imaginary part of impedance (Z'' (w)) at different temperatures
is shown in Fig. 4.4a. This diagram is commonly known as Cole — Cole plot or Nyquist
diagram. Generally, for any dielectric material, three distinct semicircles appear in Nyquist
diagram which indicate the contribution of grain, grain boundary, and electrode-material
interface as the total impedance of the dielectric material. Semicircles which appear in high
frequency region represents the contribution of grain whereas the presence of semicircles in
low frequency region is due to the contribution of the grain boundary of the material. Lastly,
the semicircles in ultra-low frequency region are due to the presence of electrode material
interface [12]. Figure 4.4a shows the complete impedance spectra of the samples in the
temperature range 273 K< T < 373 K demonstrating single depressed semicircles. This single
depressed semicircle comprises two successive semicircles which encompass the overall
distribution of grain and grain boundary. For the hybrid perovskite PAPDbIs, the contribution of
electrode - material interface is absent. It is very difficult to differentiate the involvement of
grain and grain boundary from this single depressed semicircle. To resolve the contribution of
grain and grain boundary distinctly from the single semicircles, Maxwell — Wagner equivalent
circuit model which comprises of parallel combination of a number of resistors (R) and
capacitor (C) is employed. The impedance spectra of all temperatures are fitted with the help
of EC lab software. In this case, the desired circuit model is obtained by connecting two parallel
R C elements in series as displayed in the inset of Fig. 4.4a [12]. Figure 4.4a also indicates that
with the rise in temperature, the diameter of the semicircle i.e. the intersection point on the real
axis diminishes observably which represents the enhancement of DC conductivity with higher

temperatures. The formalism of complex impedance can be expressed as the following:

Z(w) =Z"(w) +jZ"(w) (4.2)

Where Z'(w) and Z"(w) indicate their usual expression as stated above.

Z'() = ; Re 4 Reb (4.3)

1+(wRyCg)?] =~ [1+(wRypCyp)?]

2 2
a)CgRg ngbRgb
1+(a>RgCg)2] [1+(ngngb)2]

Z"(w) = [ (4.4)
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Where, R, is the grain resistance, C, refers to grain capacitance, R, indicates the grain
boundary resistance and Cg;, represents the grain boundary capacitance. Table 4.1 consists of

all the obtained values of R and C of the sample for various temperatures.
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Fig. 4.4. (a) Cole-Cole plot of CHsH;NHsPbls at different temperature, inset of (a) Maxwell
Wagner equivalent circuit. Frequency dependence of (b) Z’ (w) and (c) Z"' (w) of the PAPbI;
at different temperature, inset of (b) Impedance study in high frequency range. (d) Variation

of Ry and Rgp with temperatures.

Variation of Ry and Rgy at different temperatures is illustrated in Fig. 4.4d. The
frequency variation of Z’(w) at different temperatures in the range 273 K < T <373 K as
shown in Fig. 4.4b exhibits sigmoidal type variation with frequency. It is observed that the
magnitude of the real part of the impedance Z'(w) is higher in low frequency region. The
values of Z'(w) decrease with the increase in frequency as well as temperature following the
negative temperature coefficient of resistance which in turn causes the rise in AC conductivity
with temperature. Eventually, the contribution of grain boundaries in the total impedance
reduces at higher frequency region as Z'(w) tends to decrease with the elevation of frequency
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and temperature. No variation of Z'(w) is observed with temperatures in high frequency region
resulting in converging to each other (inset of Fig. 4.4b). The reason behind this behavior may
be due to the release of space charges along with the reduction of barrier properties which

subsequently enhance the AC conductivity [12-17].

Table 4.1. The variation of different resistance and capacitance values for different temperatures

Temperature Rg (Q) Rgb (2) Coveranl (F) Goodness of

(K) fitting factor (y%)
273 1.56 x 10° 8.23x10° 4.972x10%  0.00253

293 8.98 x 10° 1.12x10° 2.55x 10710 0.03701

313 0.952x 10°  4.923x10° 5.955 x 10°° 0.01619

333 0.797 x 10> 3.865x10°  1.116 x 107 0.0132

353 0.58 x 10° 2.432x10° 1.709 x 10”7 0.0243

373 0.327 x 10*  4.889x10* 3.568 x 10°® 0.0161

The variation of the imaginary part of impedance Z" (w) with frequency can be considered as
loss spectrum. The variation of Z"'(w) with frequency demonstrates a significant relaxation
peak which is remarkably temperature dependent as shown in Fig. 4.4c. When the frequency
of the external field matches with the frequency of localized hopping electrons, relaxation
peaks appear [14, 18]. The observed relaxation peaks are much broader than the ideal Debye
curve and hence PAPbDIs exhibits non Debye type of relaxation. The width of the peak is
responsible for the relaxation time and it is observed that the peak width is proportional to the
temperature [14]. The width of the relaxation peak increases gradually with the rise in

temperatu re.
4.3.4. Dielectric studies

The dielectric response of a material can be expressed in the form of a complex dielectric

constant

¢(w) = £'(w) —je"(w) (4.5)

Here, &' (w) is the real part of the complex dielectric constant and represents the stored

energy while " (w) represents the imaginary part of the dielectric constant as well as the energy
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dissipation of the applied electric field as polarization. The real and imaginary part of the

dielectric constant can be stated as equation 4.6-7.

g'(w) = m (4.6)
£'(w) = —= 4.7)

wCo(Z12+2"2)

Here, Co = €0A/d (Co is the free space capacitance, o is the permittivity of free space,
A is the area of the concerned electrode, and d is the thickness of the pellet). The variation of
the dielectric constant as a function of angular frequency has been investigated in the
temperature 273 K < T <373 K. Figure 4.5a-b demonstrate that at a particular temperature, the
dielectric constant is large in low frequency region and decreases gradually with the increase
in frequency. £'(w) and €"(w) play a significant role in the ionic conduction process which is
governed by mainly four types of polarization viz. ionic, electronic, orientational, and
interfacial. lonic and electronic polarizations are the deformational component of polarizability
while orientational and interfacial polarizations refer to the relaxation component of
polarizability [19]. The variation of the real part of permittivity with frequency can be
explained by Maxwell Wagner's interfacial polarization which is in union with Koop’s
phenomenological theory [20]. According to Koops’s theory, interfacial polarization is
important in low frequency region which is due to the presence of double layers in the dielectric
material. Koop proposed that dielectric materials comprise of low-resistive layer of grains
which is separated by a comparatively poor conducting layer of grain boundary. Hence, charge
carriers get trapped at the interface of grain boundaries to restrain the flow of charge carriers
[20, 21]. In the interfacial polarization process, the exchange of electrons between the ions of
the same molecules takes place. The deformities and imperfections present in the material are
responsible for altering the position and distribution of positive and negative space charges.
This hopping mechanism emerges from propylammonium cation (CsH7NHs*) orientation.
Under the influence of the applied electric field, positive and negative charges move towards
the negative and positive poles of the applied field respectively [17, 22]. As a result, a large
number of dipoles are formed. In PAPDbI3, molecules having permanent dipole moments can
change their orientation along the direction of the electric field in low frequency region. Hence,
in low frequency region, dipoles follow the quasi-static field (o << 1/t) easily, so the dielectric
constant €'(w) is increased. However, with the increase in frequency, the dielectric constant

gradually decreases as the dipoles are unable to follow the electric field. This fact can be
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attributed to the periodic setback of the applied field which occurs in such a rapid manner that
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Fig. 4.5. (a) Variation of &' of the sample at various temperature and fitted by modified Cole-
Cole model, inset of (a) variation of £'in high frequency region. (b) Variation of & of the
material at several temperatures and fitted by modified Cole-Cole model. (c) tanévs. angular

frequency spectra of CHsH;NH3Pbls.

the dipoles are unable to align themselves along the direction of the applied field. As a result,
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the number of electrons decreases at the grain boundary at high frequency region. Therefore,
the behavior of the real part of dielectric response in low frequency region is governed by
orientational polarization and interfacial polarization which confirms the non-Debye behavior
[16, 17, 22]. The effect of ionic and electronic polarization is observed in high frequency region
which leads to a lowering of the value of the dielectric constant (¢'(w)). Among the above-
stated four polarizations, dipolar and space charge polarizations are strongly dependent on
temperature. The increasing trend of &'(w) with temperature as shown in the inset of Fig. 4.5a
is mainly due to the presence of thermally activated charge carriers and the moment of electric
dipoles [18, 23]. Under the influence of the electric field, the rotation of temperature dependent
dipoles in propylammonium cation causes fluctuation in energy and hence the dielectric

constant is increased with temperature (inset of Fig. 4.5a).

The dielectric loss factor is found to decrease with an increase in frequency. According
to the Koop’s theory, imperfections or impurities present in the material form a potential barrier
for the transportation of the charge carriers. The space charge polarization restricts the partial
conduction of charges until they are clogged at a potential barrier or grain boundary. Therefore,
due to the dominant effect of grain boundary in low frequency region, electrons require more
energy for hopping which in turn gives rise to the high dielectric loss. On the other hand, with
the increase in frequency, the effect of low-resistive layers of grain becomes prominent, and
hopping electrons fail to follow the applied electric field. Thus, a very small amount of energy
is required for the exchange of electrons between the ions of the same molecules which causes
a decrease in dielectric loss in high frequency region. Orientational polarization requires more
time than ionic or electronic polarization in high frequency region. Although, all four types of
polarizations are present in the low frequency region, only ionic and electronic polarizations
perform a significant role in high frequency region which causes the decrease in dielectric loss
factor in high frequency region for all the specified temperatures [24, 25].

To study the variation of frequency of dielectric constant and dielectric loss for various
temperatures, modified Cole-Cole model with a DC conductivity, correction term has been
employed among several popular theoretical models [22, 26]. According to the modified Cole-

Cole model, the complex permittivity can be expressed as

P

. _ N
€ = ot 1+(wt)B o™ (48)
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Here, o* refers to the summation of space charge career conductivity (o) and free

charge career conductivity (oy.), € Is the low-frequency limit of permittivity and &, is the
high-frequency limit of permittivity. m is known as the frequency exponent and [ refers to the
modified Cole-Cole parameter whose value lies between 0 and 1. t represents the relaxation
time. The real (¢') and imaginary (¢"") part of dielectric constant can also be represented as
equation (4.9,4.10).

(es—€00)]1+( )B cos Bm s
_— oot o (4.9)
1+2(wT)B cos(7)+(wr)2/3 €™
. (BT
n_ (ss—soo)(w‘l:)l:tsm(T) + chm (4-10)
1+2(wt)B cos(7)+(wr)zﬁ €W

The experimental data of €’ and €'’ are fitted with modified Cole-Cole equation and the derived
values of several parameters B, m, Ogp, O, T are enlisted in Table 4.2. From Table 4.2, the
value of space charge conductivity (os,) and free charge conductivity (o) increases with the

increase in temperature. The value of P lies between 0 and 1 which further confirms the non-

Debye nature. The relaxation time is found to decrease with the increase in temperature.

Table 4.2: Estimated values of relaxation time, parameter, exponent, space charge, free charge
conductivity froom the fitting of modified Cole-Cole model of frequency and temperature

dependent dielectric constant and dielectric loss of PAPDI .

Temperature
Parameter

273 K 293 K 313 K 333K 353 K 373K
T 0.091 1.018x10* 1.392x10* 4.209 x10* 1.729 x10° 2.795 x10°®

B 0.754 0.288 0.412 0.559 0.479 0.831

m 0.690 0.835 0.902 0.967 0.989 0.993
Osp 6.388 x10° 2.214x10® 3.684 x10® 2.112x107 2.810 x10” 1.273 x10°®
Ofc 1.041 x107 9.904 x107 4.545x10° 1.631x10° 3.616 x10°  8.222 x10°

In this aspect, loss tangent is defined as the ratio of dielectric loss and the real part of
the dielectric constant, and the variation of loss tangent with frequency for a given range of
temperature is depicted in Fig. 4.5c.

&"(w)

&l(w)

tan(6) =

(4.11)
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Loss tangent decreases with the increase in frequency and acquires a constant nature in
high frequency region in a specific temperature. The appearance of peaks in low frequency
region may be attributed to the dominant nature of dipolar polarization. Values of loss tangent
increase and accordingly peaks shift with the increase in temperature which confirms that
dipolar polarization is a thermally controlled mechanism. Interestingly, a loss peak arises when
the hopping frequency matches appreciably with the frequency of the applied external AC field.
Moreover, the hopping mechanism suggests that electrical conductivity increases with
temperature which triggers the thermally activated charge carriers [27].

4.3.5. Analysis of electric modulus

To get an idea about the relaxation procedure in PAPbIs, detailed complex modulus spectra
have been studied. The complex electric modulus is the reciprocal of complex permittivity
proposed by Macedo which is a very convenient tool to study the electrical relaxation
mechanism of space charge distribution by suppressing the electrode effect. Electric modulus
represents the relaxation of the electric field within the material when the dielectric

displacement is constant. The electric modulus is given by the following formula:
1 1 g g"

M =2 +i =M +iM" (4.12)

e (e'+je)  er2+e? £r24¢"2

Where M', M", e"and &"are the real part and imaginary part of the electric modulus, M*,

and dielectric constant, £”, respectively [22, 28].

Figure 4.6a shows the real part of electric modulus spectra as a function of frequency
for a range of temperatures. The variation of M’ with frequency of PAPbI3 depicts that M’
acquires very small value (nearly zero) in low frequency region for all temperatures. Low value
of M' in low frequency region and the sigmoidal nature of M’ are ascribed to the long range
mobility of charge careers in the conduction mechanism as well as the negligence of electrode
polarization. There is a slight shift in the peak of M’ along the high frequency region with the
rise in temperature. The variation of the imaginary part of electric modulus, M", with frequency
is represented in Fig. 4.6b at different temperatures. At a particular temperature, M" acquires
its maximum value giving rise to a peak at a certain frequency which corresponds to the
relaxation frequency. No peak is found in low frequency region whereas a broad, distinct,

significant peak is observed in high frequency region. In lower frequency region, charge
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carriers can move freely over a long distance which indicates the successful hopping of charge

carriers from one site to its neighbouring site while charge carriers are confined in their

Table 4.3: Values of shape parameters a and b evaluated from the fitting of frequency and

temperature dependent imaginary part of electric modulus of sample

Temperature (K) a b

273 0.79316 0.28773
293 0.80041 0.36876
313 0.84 0.41
333 0.86748 0.73641
353 0.87 0.738
373 0.87128 0.743

potential well and make restricted motion within the short range of the well in high
frequency region. Thus, the occurrence of peak furnishes information about the transition from
long range to short range mobility of charge carriers. The peaks in M" are found to shift towards
high frequency region with the increase in temperature which can be explained by the hopping
mechanism. The asymmetrical nature of peaks in M" indicates the non-Debye response of the
sample. To explain the asymmetric nature of peaks in the imaginary part of electric modulus,
Bergman, in 2000, proposed a general function, considering a modified Kohlrausch —~Williams
—Watts (KWW) function having two independent shape parameters for low and high frequency

sides and a smoothing parameter of M" spectra as enunciated in equation 4.13 [22, 26].

M) = ———mex (4.13)
((;4'17)) b(fmfax) +a(fn{ax) te

Here, M, is the maximum value of the imaginary part of the electric modulus and
the corresponding frequency is denoted as f,q., @ and b signify two independent shape
parameters for low and high frequency sides respectively and ¢ denotes the smoothing
parameter. If a=b =1 and ¢ = 0, then equation 4.13 is reduced to equation 4.14 which refers
to the ideal Debye type behavior. The ideal Debye type response provides the symmetrical
nature of M" spectra as a function of frequency. The solid line shows the fitting of modified
KWW function in Fig. 4.6b and the values of shape parameters for different temperatures are
summarized in Table 4.3. The values of a and b are found to increase with the rise in
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temperature and tend very close to unity which suggests that with the rise in temperature,
M"(w) becomes close to the ideal Debye response. The deviation of the ideal Debye response
happening in low and high frequency sides of experimental data points at 353 K for the sample

is shown in the inset of Fig. 4.6(b).

.
M"((I)) — maxmax (414)
%[(f f )+(frr{ax)]

The relaxation time has been calculated using the relations equation (4.15).

1

r= (4.15)

fmax

The average activation energy of charge carriers can be estimated from the Arrhenius

equation stated as equation 4.16.

= 273K e« 203K @ 23K o 193K @ 3K 333K
0.1244 313K v 333K @ 35K 9 37K ——Modified KWW fit
+ 353K « 3K 0.049,, 2 g §
_ 0.08- ..; 7 = epor?®
E : ‘. : 000 0 2 4 o s iy
.l K4 A < 10" 107 10 }0 10
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Fig. 4.6. (a) Frequency dependence of real part of electric modulus of CHsH;NHsPbls. (b)
Frequency dependence of imaginary part of electric modulus of the sample, inset of (b) Deviation
from ideal Debye response at 353K. (c) Arrhenius plot of frequency maximum of M"(w) of the

sample. (d) Normalised imaginary electric modulus M"/ M4y VS. f!fmax at different temperatures.
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Eq
T = Toexp(— m) (4.16)

The derived activation energy from the slope of the least square fitting of In = vs 1000/T
plot (Fig. 4.6¢) is 0.461 eV. This also proves the conduction mechanism in PAPbIz is due to
the thermally stimulated charge carriers. The variation of the normalized imaginary part of the
electric modulus with the normalized frequency of the studied sample for different
temperatures has been shown in Fig. 4.6d. The peak positions of the normalized spectrum also
exhibit the transition from long range mobility to short range mobility of charge carriers along
with the hopping method of charge carriers as already explained in detail in the case of M"
spectra [29]. The coincidence of all the peaks at specified temperatures indicates the

temperature independent performance of dynamic processes taking place within the sample.

4.3.6. Electrical conductivity

To interpret the electrical conduction mechanism, the AC conductivity of the sample has been
studied extensively. The variation of temperature dependent AC conductivity as a function of
frequency is shown in Fig. 4.7a. The AC electrical conductivity has been estimated using the
relation o,. = we’'eytand where g, corresponds to the permittivity of free space. Here, the
estimated conductivity in low frequency region is attributed to DC conductivity, and
conductivity in high frequency region is attributed to AC conductivity. The curves seem
flattened in low frequency region which is due to the contribution of frequency independent
and temperature dependent DC conductivity [25]. However, the curves of electrical
conductivity become much wider and show strong frequency dispersion with the increase in
frequency which is due to the contribution of AC conductivity. In this type of frequency
dependent conductivity, the frequency at which the transition of conductivity takes place is
known as “hopping frequency” (wp). The hopping frequency is found to shift towards a high
frequency region with the elevation of temperature. The observed frequency independent DC
conductivity and frequency dependent AC conductivity can be illuminated by the theory of
jump relaxation model (JRM) proposed by Funke [17]. According to this theory, in low
frequency region, the ions can hop successfully to its neighboring vacant sites. Availability of
long time period supports these successful jumps which lead to a long-range translational
motion of ions devoted to DC conductivity. On the other hand, in high frequency region, both
successful and unsuccessful hopping takes place. The jumping ions can jump back to its initial

site (forward-backward-forward motion) giving rise to unsuccessful hopping. In successful
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hopping, the excited jumping ion jumps to the new site and becomes stable in the new position

10°43 273K 203K @ 313K 333K
@ 353K @ 373K —fitted line
‘g (a)
G
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g — Linear Fit
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Fig. 4.7. (a) Variation of AC conductivity with frequency at different temperatures of CHsH;NHsPbls,
inset of (a) Variation of frequency exponent (FE) with temperature. (b) ouc vs. 1000/T plot of
CH3H7NH3Pbls,
and the neighbouring ions become relaxed with this stationary ion. The ratio of successful and
unsuccessful hopping is found to increase in high frequency region giving rise to dispersive
conductivity in high frequency region. Now, among various conduction mechanisms, the
measured electrical conductivity is ascribed to universal dielectric response (UDR) model

proposed by Jonscher which is known as Jonscher’s power law [30,31]

Ogc = Ogc +0of° (4.17)

where, o,. and o, refer to the AC and DC contribution of total conductivity

respectively, g, is a constant and S is known as the frequency exponent, the value of which lies
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between 0 and 1. S follows the interaction of charge carriers with the lattice of the sample.
UDR model is employed to fit the experimental data of frequency dependent conductivity of
the sample (Fig. 4.7a). It can be observed from the inset of Fig. 4.7a that values of S tend to
decrease with the increase in temperature which recommends the correlated barrier hopping
(CBH) conduction mechanism expressed in equation 4.18. [17,26]

6KpT

S=1- Wm—KBTln(wLTO)

(4.18)

where, W, represents the maximum barrier height, K is Boltzmann constant, w is the angular

frequency and t, refers to relaxation time.

For an ideal dielectric system, the value of S becomes equal to 1 which indicates the minimum
ideal Debye type dipole-dipole interaction. In this case, the value of S is found to be 0.83049
for 273 K which is quite lower than the ideal dielectric material. The linear decline of frequency
exponent can be analyzed with the help of simpler form of CBH model as stated in equation
4.19.

s=1-2%2 (4.19)

Wm

The value of effective barrier height can be calculated from the linear fitting of temperature

dependent frequency exponent. The value of W}, is found to be 0.2329 eV in this case.

In this context, o, values have been calculated for different temperatures by non-linear curve
fitting of g, with the help of UDR model. The activation energy (Ea) of PAPbI; has further

been estimated from the oy, vs. 1000/T plot (Fig. 4.7b) using Arrhenius equationo,. =
opexp [— %], where, g, is considered as a pre-exponential factor. The value of Ea of PAPDI3

is assessed to be 0.372 eV which is very close to the value obtained from the M" spectra. oy,
at 293 K is calculated to be 2.013 x10® S.m™ which is comparable to 1.29E-6 S.m™ of
CHsNHsPbls [32]

4.4. Conclusion

In summary, propyl-ammonium lead iodide has been synthesized by sol gel method, and its
structural, optical, and extensive dielectric properties are investigated. The XRD analysis
confirms the formation of polycrystalline propyl-ammonium lead iodide. High dielectric

constant with low dielectric loss in high frequency region makes this perovskite attractive for

89
Department of Physics, Jadavpur University



applications. Space charge and free charge conductivity are measured from the modified Cole-
Cole plot which are found to increase with the rise in temperature. AC conductivity has been
studied in detail and described based on CBH conduction mechanism and it indicates a
satisfactory response for applications. Dielectric study furnishes information about the
contribution of grain and grain boundary on the total impedance. Asymmetric electric modulus
curves obtained from the measurement are evaluated with the KWW equation. It has also been
found that with the elevation in temperature, the non-Debye nature of the imaginary part of the
electric modulus decreases. Activation energy has been calculated from both modulus spectra
as well as DC conductivity. The very close values of activation energy suggest that the process
of relaxation behavior and conduction mechanism are similar. The structural simplicity as well
as the ease of fabrication process may make this material attractive in the formation of multi-
layered devices for energy harvesting. The estimated favorable energy band gap, evaluated
dielectric constant, relaxation time, and above all conductivity indicate this sample is a new

promising perovskite which can be employed in energy harvesting systems.
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CHAPTER 5

5.  Influence of Activation Energy
on Charge Conduction Mechanism
and Giant Dielectric Relaxation of
Sol-gel Derived CzH7NH3PbBr;
Perovskite; Act as High
Performing UV Photodetector
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5.1. Introduction

rganic-inorganic hybrid perovskites are a class of perovskites which drawn

immense attention in recent years in the field of optoelectronic applications

including photovoltaics, photodetectors, lasers, etc. These organometallic
perovskites are semiconductor compounds which possess a certain crystal structure having
inorganic anions in an organic framework with a general formula of ABX3z where A refers to
the organic cation, B denotes metallic or inorganic ion and X stands for halide anion. High
absorption efficiency, tunable band gap, long charge diffusion distance, etc. make these hybrid
halide perovskites attractive for commercialization in optoelectronic devices [1]. The inorganic
components of these hybrid perovskites are strongly interactive with organic cations. Hence,
electronic properties like band gap, and mobility of charge carriers of these organometallic
perovskites can be tuned by substituting metal ions, organic cations, or halide anions. Though
the interactivity between organic and inorganic components of hybrid structure has not yet been
analyzed, nowadays researchers are dealing with various types of alkylammonium lead halides
[2,3]. Propylammonium lead bromide, a simple single (1-dimensional) chain structure
perovskite, is one of the promising hybrid perovskites. This compound is visibly white and
possesses a wide range of energy band gap of ~ 3 eV [4]. Moreover, this perovskite shows
appreciable thermal stability. The structural simplicity and optimal band gap make this
perovskite potential for optoelectronic applications like UV detectors. To the best of our
knowledge, the enthralling response of this material under UV irradiation is reported here for
the very first time. Charge conduction through the material significantly participates in the
determination of its efficiency in electrical and optoelectronic applications. Dielectric behavior
is quite important to depict the nature of AC conduction through the widespread frequency and

temperature driven sample which will help to understand the nature of the compound.

In this report, propylammonium lead bromide (PAPbBr3) has been prepared by solution
gel method. Besides the structural and optical properties, a detailed analysis of the electrical
properties of the proposed perovskite has been carried out in this work. The thermally active
dielectric response of PAPbBr3 can deliver adequate information regarding the charge transport
mechanism, movement of the localized charge carriers, relaxation time, permittivity, behavior
of electric modulus, etc. The experimental consequences of electrical properties have been
analyzed meticulously using various available theoretical models to extract different

parameters like dielectric constant, relaxation time, activation energy, charge conductivity, etc.
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5.2. Experimental details
5.2.1. Materials

n — Propylamine (CsH7NH., 98 %) was purchased from Spectrochem. Hydrobromic acid (57
wt. % in water) was bought from Loba Chemie. 99.8% Anhydrous Dimethylformamide (DMF)
and lead bromide (PbBrz) were purchased from Merck Chemicals and Loba Chemie
respectively. All the reagents employed here were used as their receiving form and each of

them was of analytical grade.

5.2.2. Preparation of propylammonium lead bromide
(C3H7NH3PbBr3)

First of all, propylammonium bromide (CsH7NH3zBr) was prepared by mixing propylamine
(C3H7NH>) and hydrobromic acid (HBr) in equimolecular ratio at 0 °C and stirred continuously
for two hours. The obtained solution was then evaporated and splashed thrice with diethyl ether
to eliminate unreacted HBr molecules. Lastly, the propylammonium bromide was obtained by
drying the solution under vacuum for 12 hours.

For the synthesis of propylammonium lead bromide, an equimolar ratio of
propylammonium bromide and lead bromide were dissolved in DMF at 60 °C followed by
continuous stirring for 10 hours. Then the solution was sieved to separate the precipitate and
the clear solvent thus obtained was vaporized at 65 °C to form the desired white powder
(CsH7NH3PbBr3).

5.2.3. Fabrication of UV photodetector

The fluorine incapacitated tin oxide (FTO) coated glass substrate was cleaned at first and
ultrasonicated in deionized water and isopropyl alcohol for 20 min each and then dried in air.
Next, a mildly acidic solution of titanium isopropoxide (TiO2) was spin coated on the cleaned
FTO substrate at 3000 rpm for 60 s followed by consecutive annealing in ambient conditions
at 100 °C for 15 min and 500 °C for 30 min, respectively. Hence, the layer of compact TiO>
form which serve as an electron transportation layer (ETL). A thin layer of PAPbBrs is spin
coated on C-TiO at 1000 rpm for 20 s and 4000 rpm for 20 s respectively. Then, the substrate
containing multi-layers was annealed at 100 °C for 10 min. Next, a layer of carbon paste was
then blade coated onto the perovskite layer to form the sandwich structure and annealed at 100
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°C for 5 min. The carbon paste contains 1 gram carbon black, 3 grams of graphite nanopowder,

40 mg carbon nano tube (CNT) in 8 grams a-terpeniol and 10 ml of ethanol.

5.2.4. Characterization

The structural study of the as synthesized sample has been carried out with high resolution
synchrotron X-Ray power diffraction data from PETRA III beam line (A = 0.207430 A) at
DESY, Germany. The sample was loaded carefully in a glass capillary tube and then sealed on
both sides to avoid further damage. The sample loaded capillary tube was subjected to move
from left to right so that the x-ray could irradiate different portions of the sample. The
microstructural morphology has been categorized by scanning electron microscopy using
FESEM (Zeiss, Germany, model: SUPRA 40) with a spatial resolution of 2 nm. Ultraviolet —
visible spectroscopy has been conducted to determine the band gap of the sample using
PerkinElmer (. = 1050 A). X-ray Photoelectron Spectroscopy (XPS) has been undergone with
the help of XPS facility (VSW Ltd., UK) connected in a UHV companionable nanocluster
deposition unit to determine the compositional information of the sample. The internal pressure
of XPS chamber was maintained at 5 x 10"2° mbar. Mg K, of energy 1253 eV was employed
in this experiment and produced photoelectrons were analyzed with a hemispherical electron
analyzer operating at 20 eV with a stay time of 1 s. Thermal stability analysis was carried out
NETZSCH make TG — DSC (model: 449C). Differential scanning calorimetry (DSC) and
thermogravimetry studies were performed from 30 °C to 625 °C (at a ramp up rate of 10 K/min).
The IV curve of the so formed device was recorded with a Kiethley 2602B in dark or
illuminated mode. White light was supplied with an array of white LEDs. A UV laser was used
for UV light. For response time measurement, the photo detector was subjected to a pulsating
UV light and the output photo voltage of the photo detector was recorded with a Tektronix
digital storage oscilloscope. The nature of dielectric response, relaxation time, impedance
study, electric modulus, loss tangent, activation energy, AC conductivity, etc. was analyzed
with the help of complex impedance spectra which was obtained by inserting a sample pellet
of diameter 8 mm between a pair of Cu electrode in Hioki LCR Q meter (IM3536). The
dielectric measurement was carried out at range of temperatures (273 K < T <373 K) as a

function of frequency (4 Hz < f< 8 MHz).
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5.3. Results and discussions

5.3.1. Structural, microstructural, and optical
behavior

We have performed initial Lebail refinement using triclinic space group (P -1) symmetry using
FullProf software [5,6]. The profile shape has been modeled using pseudo-voigt function. The
observed, calculated, and the difference between observed and calculated data is shown in Fig.

(a) = [ Observed data (O)
Calculated data (C)

—— Difference between (O) and (C)

Intensity (a.u.)

—— PAPbBr, d
) @
2 z
< 20 o
e '
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&) oy
2
-g 10- '§
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= .
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Fig. 5.1.(a) X-ray diffraction pattern of synthesized sample, (b) SEM image showing

microstructure of PAPbBrs3, (C) [%] vs. hd plot showing discontinuity, inset of (c)

In(ah?) is plotted against In(hd — E), (d) Band gap calculation from (ah9)? vs.
(h9).
5.1a. The difference between calculated and observed data is almost flat as can be noticed and

all the peaks are well indexed with the space group (P -1) symmetry with lattice parameters a
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= 21.414425 A, b = 21.563747, ¢ = 36.350903, o. = 92.003860°, B = 93.686470° and y =
90.545921°. The space group matches with the previously reported data [4]. Fig. 5.1b shows
the microstructural morphology of the as synthesized sample. The optical band gap of this
sample is evaluated using equation 5.1.

a= () (o — E)™ (5.1)

Here, a refers to the optical absorption coefficient, A is a constant, hd represents the
incident energy and m determines the nature of optical transition. Though most of the hybrid
perovskites exhibit allowed direct optical transition, the nature of transition may vary. Thus,
avoiding the pre-assumption, the nature of transition has been determined here first. Equation

1 can be also written as equation 5.2.

In(ah¥) = InA + mIn(hd — E,) (5.2)
d(In(ah¥))] _ m
[ a(hd) 1 (ho9-Ey) (5.3)

The plot of [%] vs. h9 shows a signature discontinuity which indicates a

transition at 3.04 eV (Fig. 5.1c) and the value of E,; has been evaluated from the divergence of
the plot. m is estimated as 0.48 (slightly lesser than 0.5) from the slope of In(ahd) vs.
In(hd — E;) signifying allowed direct transition in the representative spin coated film (inset
of Fig. 5.1c). The exact value of the direct energy band gap of the sample is finally assessed as
3.04 eV (Fig. 5.1d) from the intersection of the absorption axis (ah9)? to the energy axis
(h9) using Tauc plot equation [7].

5.3.2. XPS investigation

Fig. 5.2a indicates the entire XPS survey spectrum of PAPbBr3 consisting of overriding peaks
of C 1S (binding energy (B.E.) = 285 eV), O 1s (532 eV), Pb 4f doublets (138.9 eV and 143.6
eV), Br 3d doublets (68 eV — 70 eV) with submissive peaks of Br 3p doublets (182 eV, 189.6
eV) and Si 2p (98.6 eV). As the synthesized sample was dispersed on a Si substrate, a peak of
Si was found in the survey spectrum. The elemental peaks accompanied by corresponding
satellite peaks are deconvoluted and analyzed from high resolution (HR) spectra of Pb 4f, Br
3d, and Br 3p as shown in Fig. 5.2(b, c, d). Peaks of Pb 4f7, (138.9 eV) and Pb 4fs» (143.6 eV)

emerge from untainted Pb present in PAPbBr3.This investigation confirms the non-existence
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of any other Pb-oxide compound within the sample. Twin peaks of Br 3p (Br 3pz;zand Br 3ps2)
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Fig. 5.2.(a) XPS survey spectrum of the sample, (b) High resolution spectrum of Pb and its
deconvoluted curves, (¢) and (d) High resolution spectra containing deconvoluted curves of
Br 3d and Br 3p, respectively.

do not participate in bond formation with Pb. Br 3d peaks and Pb 4fs;» appear from PbBr»
compound.

5.3.3. Thermal stability study

Thermogravimetric analysis (TGA) is employed to investigate the thermal stability of
PAPDBrz. It can be observed from Fig. 5.3a that weight loss of the sample occurred in three
steps ranging between (i) 76 — 130 °C, (ii) 301 — 393 °C, and (iii) 456 — 600 °C. 2.64% weight
loss in the 1% step is merely because of the removal of absorbed moisture in the sample [8]. No

thermal degradation occurred in the 1% stage. Sequential decomposition in the sample is found
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to initiate in the 2" step as organic component propylammonium bromide undergoes thermal
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Fig. 5.3(a) DSC and TGA curve of the sample, (b) Derivative weight % vs. temperature
curve of the sample, (c) Heat flow vs. flow time curve of the sample.
degradation and weight loss of HBr and propylamine takes place [8]. Thus, amine group is
found to be combined more tightly in perovskite structure in comparison with HBr. The TGA
weight loss profile shows complete mass loss in the 3 step due to the sublimation of lead
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bromide within this temperature range. The DSC shows no significant endothermic or
exothermic reaction occurs below 300 °C. The second endothermic peak with sublimation at
354.9 °C found in DSC curve implies the thermal stability of the concerned perovskite up to
300 °C since the first endothermic peak indicates only the release of absorbed moisture in the
perovskite sample. Derivative weight % shows the prominent thermal behavior of the sample
(Fig. 5.3b). Enthalpy (AH) of the endothermic reaction is found to be 218.91 J/g (Fig. 5.3c).

5.3.4. UV photodetector

Having a wide band gap, PAPbBrz shows its potential in the application of optoelectronic
devices particularly as UV photodetector. The architecture of the fabricated device follows the
well conventional sandwich structure (Fig. 5.4a) where the intermediate layer of PAPbBTr3 acts
as active material which is used to absorb the incident photons and produce electron—hole pairs
under the light illumination. The carbon paste layer is used as an effective back contact
electrode as well as the hole transport layer (HTL). The intimate connection between the
PAPDBTr3 and carbon layer boosts the performance of the device by easing the assortment of
photo-excited holes at the perovskite layer. This HTL cum back electrode configuration in a
single package makes the device architecture simple and efficient by eliminating a dedicated
HTL and reducing subsequent capacitive and resistive effects that slow down the photodiode
under operation. C-TiO: layer deposited on FTO substrate performs as hole blocking layer and

averts the shorting of electrodes.

The current-voltage (1) characteristic curve of the so formed photo diode in dark and
illuminated conditions is shown in Fig. 5.4b. The IV curve in the dark condition shows a very
good diode profile, confirming a good rectifying interface inside the device. Under white light
illumination of intensity 80 mW / cm?, the device shows a very slight change in the IV curve
concerning the dark condition. However, the device exhibits a remarkable change in
photocurrent when exposed to UV laser with an intensity of just 5 mW / cm?. The slight change
in photocurrent under white light excitation is due to the minor presence of UV rays in a white
light source. The interesting fact is that the device is not influenced by any external wavelength
filter. This device possesses an impressive response in UV light illumination due to the wide
band gap of PAPDbBrz. It has been noticed that the photocurrent follows the conventional diode
response. In forward bias conditions, the current does not show much improvement under
increasing bias voltage both in the dark and under illumination. But in the reverse bias,

photocurrent is found to increase at pretty higher rate with applied voltage (see Fig. 5.4b).
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When the device is irradiated with UV laser, a large number of excitons form at the perovskite
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Fig. 5.4(a) Schematic illustration and digital photograph of the photodetector, (b) IV
characteristics of the photodetector under dark, white light and UV light irradiation, (c) Transient
response characteristics of the photodetector.
layer. Then, the excitons split up to generate free electrons and holes at both of the interfacing
layers. Now in reverse bias, the depletion region increases with the increase in reverse bias
voltage, and hence photons incident on a larger area and get converted proficiently in electric
current. At a reverse bias of -1 V, the current is observed to be - 0.134 mA in dark mode while
illuminated by white light, photocurrent becomes - 0.29 mA. The photocurrent enhances

substantially in UV exposure and its value becomes - 4.7 mA at that same voltage.
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Another important parameter of the photodiode is transient response time. The rise and
decay time needed by the fabricated photodiode to shift from 10 % to 90 % and 90 % to 10 %
of maximum photocurrent when illuminated in UV laser are 21 ms and 91 ms respectively (Fig.
5.4c). C-TiO: slows down the decay time with the diffusion current. Moreover, no external
voltage is employed here during measurement, and hence this device executes itself as a

promising self-biased voltage driven UV photodiode.

5.3.5. Complex impedance spectroscopy (CIS)
analysis

The potential ionic transportation and estimation of the independent influence of grain and
grain boundary over the total impedance within the material is investigated using CIS analysis.
Commonly, semicircles in the Nyquist plot correspond to the involvement of grain, grain
boundary and electrode - material interface to the entire impedance. Fig. 5.5a shows the Cole-
Cole plot or Nyquist plot of PAPbBrs3 at mentioned temperatures. The semicircles are
suppressed at its center owing to the non - Debye type dipolar relaxation of the concerned
sample. Though the contributions of grain boundary and grain are designated by the semicircles
appear in low and high frequency domain respectively, it is highly troublesome to distinguish
their distinct impact from the solo suppressed semicircle at temperature in bare eyes as they
are closely overlaid with each other. For PAPbBTr3, the impact of electrode — material interface
on the total resistance is completely absent since no semicircle is detected in ultra — low
frequency region [9]. The desired equivalent circuit for this hybrid perovskite (Fig. 5.5a)

encompasses of parallel combination of a pair of resistances (R,, Ryp) and capacitance (Cy,
Cyp)- All these Cl spectra are resolved by EC lab software and the derived data regarding the

individual involvement of grain and grain boundary to the total impedance are enlisted in Table
5.1. It has been observed from Fig. 5.5(a) that the diameters of the depressed semicircles
diminish significantly with the escalation of temperature which specifies the augmentation of

DC conductivity with temperature.
The frequency dependent complex impedance can be expressed as
Z(w)=Z"(w)+jZ"(w) (5.4)

Where Z'(w) and Z"' (w) denote the real and imaginary of impedance.

Rg Rgb (5.5)

+
1+(wRyCy)?]  [1+(wRgpCyp)?]

Z'(w) = ;
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2 2
wCgRG wCgpRyp
1+(wRyCy)?] ~ [1+(wRgpCgp)?]

2'(0) = - (5.6)
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Fig. 5.5(a) Cole-Cole plot of PAPbBr; at different temperature, Inset of (a) Maxwell

Wagner equivalent circuit, (b) variation of Rgand Ry, with temperature, (c) Frequency

dependence of Z'(w) at different temperature, (d) Variation of Z”'(w) as a function of
frequency of the PAPbBTrs.

Here, R, and Ry, denote the distribution of grain and grain boundary to the total
electrical behavior of PAPbBrs while C; and Cgy;, refer to the impact of the grain and grain
boundary on the total capacitance of the sample. Fig. 5.5b represents the thermally triggered
contribution of grain and grain boundary.

The variation of Z'(w) of PAPbBr3 as a function of temperature is illustrated in Fig.
5.5¢ which depicts that the magnitude of Z'(w) forms a sigmoidal nature with enhancement of
temperature. The higher magnitudes of Z'(w) in low frequency region are found to abate

gradually with the increment of frequency and temperature and this behaviour corresponds to
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the effect of negative temperature coefficient of resistance (NTCR). Semiconducting materials
typically exhibit NTCR effect and for PAPDbBr3, this effect is quite prominent. Such
performance specifies the lower contribution of grain boundary to the total resistance in high
frequency region which in turn is responsible for the growth of AC conductivity in high
frequency region. At the higher frequency domain, values of Z'(w) for all temperatures are
found to combine signifying the probable release of space charges and reducing the barrier
potential which may lead to the rise in AC conductivity (inset of Fig. 5.5c) [9-14]. Fig. 5.5d
exhibits the variation of Z"(w) as a function of temperature. This loss spectrum divulges the
information about the relaxation time of charge carriers along with the mechanism of charge
conduction. Frequency dependent Z"(w) spectra exhibit distinct relaxation peaks for all
temperature. These relaxation peaks appear at resonance i.e. when the frequency of localized
charge carriers becomes almost equivalent to the frequency of applied electric field [9]. These

peaks are found to move towards high frequency domain by the rise in temperature [15].

Table 5.1. The values of resistances and capacitances for all the temperatures.

Temperature (K) R, (Q) N (9)) Coveran (F) Goodness  of
fitting factor

273 1.29 x 106 3.35 x 108 4,278 x 10710 0.05291

293 9.53 x 10° 8.79 x 10° 1.522 x 10710 0.02384

313 1.13 x 10° 1.76 x 10° 1.717 x 10°® 0.02557

333 1.55 x 10* 1.32 x 10° 1.631 x 10° 0.01603

353 2.69 x 10° 3.35 x 10* 3.197 x 10°° 0.01164

373 7.12 x10° 3.11 x 10° 1.784 x 10°° 0.005793

5.3.6. Dielectric properties

The complex dielectric behavior is used to inspect several polarization responses, dielectric

relaxation, and conductivity of the sample which can be expressed as follows

¢(w) = &'(w) — je'(w) (5.7)
The dispersion of frequency dependent dielectric constant ¢'(w) and dielectric loss
e (w) for 273 K < T < 373 K are presented in Fig. 5.6a and Fig. 5.6c, respectively. The
dielectric constant refers to the energy stored in the system and the dielectric loss denotes the
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amount of energy debauched from the system. This real and imaginary part of complex

dielectric response can be articulated as equation (5.8, 5.9) respectively.

: z'
&'(w) = wCo(27212') (5.8)
£'(w) = —= (5.9)

wCo(Z12+2"2)
Here, C, (Cy = & 2, &oiS the permittivity of the vacuum, A is the area of the

corresponding electrode, and d denotes the thickness of the pellet) designates the free space
capacitance. PAPbBrs exhibits a giant dielectric constant, a fascinating physical behavior, near
room temperature at low frequency limit. When the real part of the dielectric permittivity of a
material at low frequency region becomes very large (¢'(w) > 1000) around room temperature,
the material is supposed to possess a giant dielectric constant (GDC) [16]. The origin of GDC
might be a topic of debate since it can be attributed to several reasons. But in this context both
PA™ and Br- migration play important roles in the giant dielectric phenomenon. The nature of
dielectric constant & (w) in low frequency region is regulated by interfacial polarization which
plays crucial role in ionic conduction [17]. Apart from the interfacial polarization, the entire
bulk effect from the grain side is responsible for this dielectric behavior [18]. The variation of
dielectric constant can be emphasized by the theory of Maxwell-Wagner interfacial
polarization in association with Koop’s phenomenological theory which concludes that
dielectric materials consist of a relatively high conducting layer of grains detached by a high
resistive layer of grain boundary [19]. As a result, the charge carriers get stuck at the edge of
the grain boundary developing interfacial polarization. Defects and imperfections present in
the material compel the positive and negative space charges to hop from their original position
to their new position [10,19]. Thus, in the presence of an applied electric field, the core of
propylammonium cations (CsH7NH3") gets displaced towards the core of inorganic anions.
Consequently, a huge number of oscillating dipoles are generated which can accumulate and
align themselves at the interface along the way of the external electric field. So, this dielectric
constant is very high due to the influence of interfacial polarization in low frequency region (®
<< 1/t) which confirms the non-Debye type nature of PAPbBr3 as displayed in Fig. 5.6a
[13,14,20]. But, with the rise in frequency, dipoles fail to chase the direction of the applied
electric field and hence dielectric constant decreases gradually with the increase in frequency
[21]. The behaviour of dielectric constant in high frequency region is controlled by ionic and
electronic polarization effect. Thermally triggered charged carriers enhance the dielectric

constant with temperature. In the case of PAPbBrs, GDC is found to reach up to 10° with the
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escalation of temperature which can be attributed to the existence of thermally stimulated
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Fig. 5.6(a) Variation of real part of dielectric constant of the sample at various temperatures
fitted by modified Cole-Cole fit, (b) Variation of dielectric constant at lower frequency limit, (c)
Variation of imaginary part of dielectric constant of the material at several temperatures fitted

by modified Cole-Cole fit, (d) tand vs. angular frequency spectra of PAPbBFs.

charge carriers as well as dipole moments. In the presence of external electric field organic
cations (CsH7NHs") with thermally active dipole moments reorient triggering energy
fluctuation. As a consequence, &' rapidly enhances with the temperature at low frequency
domain which is exhibited in Fig. 5.6b [18].
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Table 5.2. The values of g, m, T estimated from the fitting of modified Cole-Cole model of £’ and
&''of PAPDBr3;

Temperature
Parameters 273K 293K 313K 333K 353K 373K
T 0.081 0.050 0.0312 0.02341 5.1x10°% 1.95x103
B 0.9917 0.9864  0.8617 0.8943 0.7630 0.8512
m 0.6167 0.6984  0.8688 0.7664 0.8991 0.9132

€'" is also observed to reduce as frequency increases. According to Koop’s theory, deformities
and contaminants present in the sample construct a potential barrier which restricts the
conduction of charge carriers. Therefore, under the effect of space charge polarization, charges
are confined at the grain boundary in low frequency region. Subsequently, electrons consume
more energy to hop and overcome the barrier giving rise to huge dielectric loss in low frequency
region. In high frequency region, the effects of high conducting grain layers become prominent,
and hence electrons need lesser energy to hop. As a result, dielectric loss at each temperature
reduces gradually in high frequency domain [22,23].

The obtained experimental data of &' and €' are fitted with a modified Cole — Cole

model with which complex permittivity (€¢*) can be expressed as

g = g, f St T (5.10)

1+(joT)B B o™

Here, & and €., represent low and high frequency dielectric constants, t refers to the
relaxation time, w is the angular frequency, 0 < < 1, m is the exponent, ¢* is the summation
of space charge (o) and free charge (o) conductivity [20,24]. The dielectric constant and

dielectric loss are articulated as

(ss—soo){1+(w1:)ﬁ cos(@)} o
"= g+ e 5.11
€ & L+2(w‘r)ﬁ cos(%)+(w‘c)25 €™ ( )
"_ (g5— €o0) (WT)P sin(%) + Ofc (5 12)
1+2(wt)B cos(%)+(wr)25 €™ '

Consequently, the ratio of dielectric loss to dielectric constant is defined as loss tangent

(tan(6) = %) Fig. 5.6¢ depicts the variation of tan(8§) with frequency over the range of

selected temperatures. The fitted values of m, B, o™ are enlisted in Table 5.2. Loss tangent

decreases in higher frequency region and becomes constant for each temperature. The peak of
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loss tangent arises due to the supremacy of dipolar polarization. Hence, charge carriers become

thermally excited, and electrical conductivity increases with the rise in temperature [25].
5.3.7. Study of Electric modulus

To understand the relaxation process of space charge distribution within a material in the

absence of an electrode effect, a complex electric modulus is employed.

1

M= — =M +iM" (5.13)
Here, M’ and M" signifies the real and imaginary part of the electric modulus,
respectively [20,24].
The variation of M’ as a function of frequency and temperature is exposed in Fig. 5.7a

which depicts that the values of M’ of all temperatures are approaching zero initially for its
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Fig. 5.7 Frequency dependence of (a) real part (b) imaginary part of electric modulus of PAPbBr3,
Inset of (b) indicates deviation from ideal Debye response of experimental data at 353K, (c)
Variation of M'(w) and M"(w) versus frequency at different temperature, (d) Normalised

imaginary electric modulus M"/ M, 4, VS. flfmax at different temperatures.
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enthrallingly high &’ in low frequency region. The curves adopt a sigmoidal type nature as
frequency rises. The reason behind this nature is the long range transportation of charge carriers
as well as the absence of electrode polarization. As temperature ascends, the peaks that appear
in high frequency region are found to shift slightly. M" achieves its maximum value at high
frequency region producing a comprehensive, significant peak which is commonly referred to
as a relaxation peak (Fig. 5.7b). Since charge carriers can move keenly from one location to its
neighboring site i.e. charge carriers enjoy successful hopping in low frequency region, no
occurrence of peak in M" is found. But, in the high frequency domain, charge carriers are
restricted to localized movement within its potential well. Therefore, the journey of charge
carriers from long range to short range translational motion is responsible for the formation of
peaks in M" on high frequency region and the peaks drift distinctly towards high frequency
domain with the enhancement of temperature. Since & always acquires larger values than that
of €., the relaxation time for the electric modulus of PAPbBrzis smaller than that of dielectric
permittivity. Thus, the relaxation peak of electric modulus shifts towards high frequency region
in comparison with dielectric permittivity [26]. However, it has been noticed that M" peaks are
asymmetrical in nature resembling the non — Debye behaviour of PAPbBr3. Modified KWW
function, proposed by Bergman, resolve the diversion of M" spectra from ideal Debye
behaviour. [20,24]. The KWW function stated in equation 5.12 contains two independent shape
parameters a and b in low and high frequency sides respectively and a smoothing parameter
(o).
M'(@) = ——Mmex (5.14)

_ —a
((;HC?)) b(fn{ax) +a(fn{ax) e

Table 5.3. Evaluated values of shape parameters a and b from the fitting of frequency and

Temperature (K) a b

273 0.7822 0.3473
293 0.8014 0.4518
313 0.84 0.5952
333 0.8597 0.6267
353 0.9052 0.7177
373 0.9159 0.7363
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For the ideal Debye response, a = b =1 and ¢ = 0, and equation 5.12 is reduced in the

form of equation 5.15.

" Mmax
M"(w) = %[(fm%% ( ﬁ )] (5.15)

The extracted values of a and b are enlisted in Table 5.3 for every specified
temperature. The values of a and b are noted to increase up to unity with the rise in temperature
which conforms to the shift of non—Debye to Debye type behavior of the material with the
enhancement of temperature. The diversion of the actual experimented value from the ideal
Debye response at 333 K is shown in the inset of Fig. 5.7b.

M' and M" is plotted as a function of frequency and illustrated in Fig. 5.7c for stated
temperatures. It has been perceived that there exist two kinds of relaxation process — Debye
type relaxation process at lower frequency side and non—Debye type relaxation at higher
frequency side for low temperatures [27]. Non-Debye type relaxation process tends to shift
towards Debye type relaxation as the temperature rises for both higher and lower frequency
values [28]. To investigate the scaling behavior of the concerned sample, the normalized
imaginary part of complex electric modulus is plotted against normalized frequency for 273 K
< T <373 K as shown in Fig. 5.7d. This figure gives an insight into the co-existence of long-
range relaxation along with localized movement within the sample. Charge carriers can traverse
long distances on the lower frequency side and conduct a hopping mechanism from one
position to its neighboring position whereas, in high frequency portion, charge carriers are
confined in a potential well and restricted to performing localized movement within the well.
The peak positions illuminate the long range to short range translational motion of charge
carriers [28]. The concurrence of all the peaks for selected temperatures confirms the
temperature dependent dynamic process of the system.

5.3.8. Study of electrical conductivity

To comprehend the charge transport procedure, frequency and temperature dependent AC
conductivity of the concerned sample have been carried out. The AC conductivity follows a
generic relation g, = we'egtand where g, refers to the free space permittivity. Fig. 5.8a
delineates the fact that the curves are frequency and temperature independent in low frequency
region and become wider with the rise in temperature which is accredited to the DC
conductivity [23]. However, in high frequency domain, the curves were found to exhibit strong
frequency dispersion for all selected temperatures which is due to the influence of AC
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conductivity. Hopping frequency (w,), the frequency at which slope of conductivity transits,
is found to move along high frequency domain with the upsurge in temperature. The frequency
dependent AC conductivity along with the frequency independent DC conductivity i.e. the
overall electrical conductivity is described and analyzed by jump relaxation model (JRM)
designed by Funk [13]. Conferring to this model, the ion after hopping from its originally
relaxed and stable native configuration will not be able to be in equilibrium with its neighboring
ions. The neighboring ions need to shift accordingly to relax and accommodate the ion in its
new site. In this way, the ions are capable of hopping efficaciously to their neighboring vacant
positions in low frequency region. Long range mobility of ions is responsible for successful
hopping in low frequency region which contributes to DC conductivity. Sometimes, after
hopping, the ion needs to jump back (forward — backward — forward position) to its initial
position to relax the new configuration partially giving rise to unsuccessful hopping.
Unsuccessful hopping increases with temperature and in high frequency region, both successful
and unsuccessful hopping occurs. Eventually, dispersive conductivity initiates in the high
frequency region as the successful hopping takes over the unsuccessful part. Jonscher’s power
law is an effective tool to analyze the frequency dependent AC conductivity. This is based on

the universal dielectric model (UDR) and named after its designer Jonscher. [29,30],

Ogc = Ogc + 0of° (5.16)
where g, and g, signify the AC and DC component of electrical conductivity of the
sample, gy, is a temperature dependent pre-factor and s refers to frequency exponent (FE), (0 <
s <1). The measured data of the electrical conductivity of the sample is fitted with UDR model
(Fig. 5.8a). It has been depicted in the inset of Fig. 5.8b that frequency exponent is inversely
proportional to the temperature which is ascribed to the correlated barrier hopping (CBH)

conduction mechanism expressed as,
GKBT

S=1- —
W= KgTIn(-)

(5.17)

Here, W, refers to the maximum barrier height, Kz is the Boltzmann constant, w

denotes the angular frequency and 7, represents to the relaxation time. Fitting equation 5.18

on frequency exponent vs. temperature yields W,,, = 0.352 eV.
6KﬁT
Win

S=1- (5.18)
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Fig. 5.8(a) Variation of AC conductivity with frequency at different temperatures of
PAPDBrs;, (b) Variation of temperature dependent DC conductivity fitted with VRH

model, Inset of (b) depicts variation of frequency exponent with temperature.
The value of W, is high in this case in comparison with propylammonium lead iodide
[7]. Here, S is calculated as 0.79831 at 373 K showing deviation from ideal dielectric behavior.
S attains unity for ideal dielectric material implying ideal Debye type dipolar interaction.
The values of DC conductivity obtained from Jonscher’s power law fitting of AC conductivity

is analyzed and tailored with Mott’s three dimension variable range hopping model (VRH)
expressed as equation over specified temperatures.

1
o = opexp [- (7] (5.19)
Here, o, represents conductivity at infinite temperature. Mott proposed in this model

that charge carriers hop from the residing state to the neighboring vacant state near the Fermi
level [31]. The DC conductivity vs. temperature is shown in Fig. 5.8b.
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5.3.9. Activation energy

Migration of constituting ions of the sample builds the basis of activation energy. In this
context, any of Pb?*, PA*, Br- may migrate. Moreover, further ions like H* or any combined
ion may migrate due to contamination or degradation. The migration rate (1;,,) of ions inside
the material is affected by the activation energy (E,) of the ions as it follow the following

relationship,

Tm @ exp (—=) (5.20)

Eq
KBT
Activation energy is influenced by the ionic radius, charges of ions, etc. lons with smaller ionic
radius and having vacant interstitial positions can easily migrate. The values of activation
energies of I', Br, Pb?*, MA* (methylammonium ion) have been reported in many articles. The
majority of these articles claim that experimentally as well as computationally obtained
activation energy of halide ion is very low which plays and hence performs significantly in ion
conduction. Though the ionic radius of bromine is smaller than that of iodine, the
electronegativity of bromine is higher which helps to increase the interaction with cations and
other anions. Hence, the activation energy of bromine is higher than that of iodine. Pb?* (ionic
radius ~ 6.28 A) possesses a very high activation energy of 2.31 eV which restricts easy
migration of Pb?* within the material and hence makes these ions almost immobile [32].
Moreover, the high value of E, decreases its diffusion capability and make it a rate controlling
component in crystal growth mechanism [33]. On the other hand, it has been reported in many
articles that methylammonium cation (CHsNH3*) (ionic radius ~ 1.8 A) possesses activation
energy of the order of ~ 1 eV (nearly 0.84 eV) and its high level orientational motion hinders
the long-range mobility of this ion. Propylammonium cation (C3H7NHz3") having a larger chain
might possesses higher ionic radius which suggests negligible diffusion of this ion [33,34].
Thus, PAPbBTr3 is a mixed ionic-electronic conductor in which Br is the majority ionic carrier.

The mobile ionic species are associated with vacancy sites in the lattice. The activation energy

has been calculated from the Nyquist plot using the Arrhenius relation z,, = 1, exp(%)
B

where 7,,, is estimatedas t; = CyRg and 7, = Cyp Ry respectively. The values of activation
energies thus obtained from the fitted Int,, vs. 1000/T data (Fig. 5.9a) (r,, =
T, , T, respectively) are 0.595 eV and 0.492 eV respectively. The contribution of grain is
significant in higher frequency domain although grain boundary subsidizes in low frequency

domain. Despite of the very close values of acquired activation energies, the value of E, is
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detected to be suppressed in low frequency zone which suggests that ions migrate faster though
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Fig. 5.9(a) Arrhenius plot using the values of Ry, Ry, C4 and Cg4pfrom Nyquist diagram,
(b) Arrhenius plot using the peak of Z"'(w), (c) Int,, vs. 1000/T plot of PAPbBr3; using the
peak values of electric modulus, (d) oy vs. 1000/T plot of PAPbBrs.

grain boundaries than via grain or bulk of the perovskite [35]. Using the peak values of Z"(w)
and M"(w) for all temperatures, the activation energies are derived from fitted plot of Int,, vs.
1000/T (Fig. 5.9b and Fig. 5.9¢c respectively) employing the stated Arrhenius relation. The
values of E, thus observed are 0.537 eV and 0.491 eV respectively also indicate bromine ion
migration within the sample. Moreover, the values of ag,. for all temperatures are extracted
from o, using equation 5.14. Fig. 5.9d denotes the least square fit of Inag,,. vs. 1000/T which
provides the value of E, as 0.534 eV. The similarities among the values of E, suggest that
dielectric polarization as well as electric conduction is identical for this sample. lonic migration
contributes appreciably to the hysteresis behavior of perovskite solar cells. This hysteresis can

go high enough to create a difference of almost 90% power conversion efficiency between its

116
Department of Physics, Jadavpur University



forward and reverse scan. Along with this reversible effect, some irreversible effect like the
decomposition of halogen also takes place. Therefore, ionic conduction-oriented complexity
decreases with the increase in activation energy value. In this work, E, is found to be higher

than that of propylammonium lead iodide [7].

5.4. Conclusion

In brief, the temperature dependent electrical properties of sol gel-derived propylammonium
lead bromide have been investigated in detail. The exceptional thermal stability and fascinating
response under UV irradiation make this concerned perovskite a deserving entrant in energy
harvesting. Nyquist diagram depicts the role of grain and grain boundary on the total
impedance. This material may appear as an attractive perovskite with its appreciably higher €’
and lesser €' in room temperature in low frequency zone. It has been depicted from a modified
Cole-Cole plot that space charge and free charge conductivity are proportional to temperature.
M" is found to be asymmetric and evaluation of the KWW equation assures the non-Debye
response of PAPbBrs. Moreover, it has been concluded that the non-Debye nature of M"(w)
decreases and shifts towards Debye type response as temperature escalates though ideal Debye
type nature could not be attained. The electrical conductivity has been analyzed and illuminated
comprehensively on JRM model and CBH conduction mechanism. Temperature dependent DC
conductivity is fitted with VRH model. The acquired activation energy explains the ion
migration and ionic conduction within the sample. The higher values of activation energy
calculated from different experimental data conclude that this sample is stable enough to be
employed in energy harvesting. Thus, the detailed studies on dielectric constant, relaxation
behavior, AC conductivity, and activation energy of the material construct a pathway for

further studies and employing the concerned material in energy harvesting systems.
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CHAPTER 6

6. Tailoring of dielectric and
transport properties of
C3sH7NH3PblxBrs«
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6.1. Introduction

ybrid perovskites are a group of popular semiconductors exhibiting attractive

features like the ease in fabrication method, cost effectiveness, high power

conversion efficiency, long charge diffusion distance, tunable band gap, and used
in awide array of applications in solar energy harvesting, optoelectronic devices, etc [1]. These
perovskites follow a general structure ABX3 where A refers to organic cation, B represents
bivalent inorganic cation and X denotes halogen ion. Despite the mentioned striking properties,
the stability of these hybrid perovskites is still a point of concern [2]. Though
methylammonium lead iodide is the most prevalent hybrid perovskite to date, researchers
nowadays are dealing with other alkylammonium lead mixed halide hybrid perovskites to
explore and overcome the limitations. C3H7NH3PbIxBrsx (0 < x < 3) are encouraging
candidates with appreciable stability. A comparative study of temperature and frequency
dependent on the electrical properties has been reported here. It shows the significant influence
of halogen ions over dielectric constants, conductivity, etc.

6.2. Materials and methods

Both the samples were synthesized by sol-gel process. Firstly, stoichiometric amounts of
C3H7NHzand HI / HBr were stirred for 3 hours in an ice bath to form a homogeneous solution.
The solutions thus formed were dried and cleaned with diethyl ether to remove unreacted HI /
HBr. Finally, the resultants were dried and evaporated to form CzH;NHzl and C3H7NH3Br

respectively.

Next, C3H7NHsl and CsH7NH3zBr are mixed with Pbl. and PbBr> respectively in
equimolar ratio in DMF and stirred for 12 hours at 65 °C. The homogeneous mixtures thus
dried at 65 °C in a vacuum to yield yellow-colored CsH;NH3Pbls and visibly transparent
CsH7NH3PbBrs.

5.3. Characterizations

The structural characterization of both the samples were carried out by X-ray diffraction
method using Rigaku miniflex — 600 benchtop diffractometer. The electrical properties of
C3H7NH3PbIxBrsx (x = 0, 3) were measured in the temperature range 300 K < T < 373 K
within 4 Hz < f < 8 MHz using Hioki LCR Q meter (IM3536) system.
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6.4. Result & Discussions

6.4.1. Structural analysis

The X-ray diffraction patterns (XRD) measured at room temperature in the range 20° - 40° of

—— C,H_NH_Pbl,
I ——C_H,NH,PbBr,

m

M

221,

Intensity

5 30 35 40
20 (degree)

Fig. 6.1. XRD pattern of CsH;NHsPbl,Brzx (x = 0.0, 3.0).

20 for CsH7NH3sPbIxBrzx (x = 0.0,3.0) is illustrated in Fig. 6.1. All lines are unambiguously
indexed for different (h k I) planes corresponding to the preovskite structured CsH7NH3PblxBrs.
x [2—4]. As the ionic size of I (~0.220 nm) is more than that of Br (~0.196 nm), the introduction
of I in place of Br in hybrid perovskite causes the lattice expansion. This in turn causes a shift
of the XRD peaks of C3H7NH3sPblz towards the smaller angle of diffraction. Thus, Fig. 6.1 may

confirm the successful introduction of | in ABXz3 lattice [2].

6.4.2. Dielectric study

Fig. 6.2a-b shows the temperature and frequency dependence of the dielectric constant of
C3H7NH3PbIxBrax (x = 0, 3). €' (w) of C3H7NH3PbBrzis observed to be much higher than that
of CsH7NH3Pblz for all temperatures. &' (w) of both the samples exhibit an ascending tendency
with an increase in temperature. The behaviour of dielectric constant at low frequency domain
can be demonstrated by Maxwell -Wagner interfacial polarization in association with Koop’s
phenomenological theory. The theory states that dispersion of dielectric constant in low
frequency region appears due to the presence of double layers (high conducting layer of grain
which is separated by a highly resistive layer of grain boundary). Hence, charge carriers get

stuck at the interface of the grain boundary. In the low frequency domain, dipoles follow the
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applied electric field (w « 1/7) properly and quasistatic €'(w) is attained. But, with the rise
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Fig. 6.2a and b shows the variation dielectric constant of CsH;NHsPblBrsx (x = 0.0, 3.0)
as a function of frequency, inset of Fig. 6.2a and b refers to the enlarged portion of high

frequency region. Fig. 6.2 ¢ and d denote the loss tangent spectra of both samples.

in frequency, dipoles fail to track the applied AC field and hence the movement of the charge
carriers becomes delimited near the grain boundary lowering the value of the dielectric constant
[5,6].

Fig. 6.2c and d exhibit the variation of loss tangent with frequency for different
temperatures. No peak is observed within the frequency range of investigation for
C3H7NHz3Pbls. On the other hand, for CsH7NH3PbBrs, peaks are observed as shown in Fig. 6.2d
and found to shift towards higher frequency region with an increase in temperature. This infers

the lowering of relaxation time with the increase of temperature.
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6.4.3. Electric modulus analysis

Complex electric modulus construes the relaxation procedure of the materials and is expressed

as
. 1 1
M= e gl+ig! (61)
Here, all the symbols follow their usual significance. The inverse of the complex
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Fig. 6.3a and b indicate the variation of frequency dispersed real part of electric modulus of
CsH/NH;3PblBrsx (x = 0,3). Fig. 6.3c and d exhibits the variation of KWW model fitted
data of imaginary part of electric modulus with frequency. Inset of Fig. 6.3c and d shows

the deviation from ideal Debye response.

dielectric constant depicts the impacts of space charge distribution in the relaxation mechanism.
Fig. 6.3a-b shows the dispersion of the real part of the electric modulus M’ (w) of both materials
with frequency. It has been noticed that in low frequency region, M'(w) attain almost zeros

value and with the rise in frequency, the values of M'(w) are found to increase and obtain a
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sigmoidal shape. The shape of M’ (w) indicates the dominance of long range mobility of charge
carriers and suppresses the influence of electrode polarization.

Fig. 6¢-d show the variation of temperature dependent imaginary part of the electric
modulus (M" (w)) of both the samples with frequency. It has been observed that M" (w)
obtains its maximum value at a certain frequency commonly known as relaxation frequency.
For both samples, the peaks are observed to arise at high frequency domain attributing to the
confined movement of charge carriers within the potential well. The peaks thus imply clearly
that the charge carriers can hop spontaneously from one position to its neighbouring position
following the long range translational motion in low frequency domain and with the
enhancement of frequency, charge carriers only follow the short range mobility. The nature of
M" (w) is asymmetric confirming the non-Debye type behavior of both samples. Kohlrausch —
Williams — Watts (KWW) function is employed to detect the qualitative deviation from the
ideal Debye type response. KWW equation stated as [6]

M”((l)) — Minax (62)
(ﬁ)<b(frr{ax)_a+a(fn{ax)b]+C

a and b are two shape parameters that acquire values of near unity for both samples at

303 K indicating the reduction of deviation from ideal Debye type response. c is referred to
here as a smoothing parameter. The fitted data reveals that the materials shift their responses
from non-Debye type to nearly ideal Debye type with the escalation of temperature. The Inset
of Fig. 6.3c-d clearly depicts the deviation of M" (w) from ideal Debye type response for
C3H7NH3PbIxBrzx at 303 K and 373 K respectively.

6.4.4. Conductivity

The variation of frequency dispersed conductivity of CsH7NHsPblxBrsx (x = 0, 3) is shown
in Fig. 6.4a-b. In low frequency domain, the curves are frequency independent and flat
ascribing to DC conductivity. At hopping frequency, conductivity increases appreciably
addressing AC conductivity. CsH7NHsPbBrs3 indicates substantially higher AC conductivity
than CzH7NHz3Pbls for all concerned temperatures. The hopping frequency is temperature
dependent, i.e. as temperature increases, hopping frequency is found to move slightly toward
high frequency region. The overall conductivities of both samples obey Jonscher’s power law
(universal dielectric response (UDR)) [7]. The conduction mechanism can be described here
with the jump relaxation model. According to this model, the flattened nature of DC

conductivity is due to the successful hopping of ions possessing long-range translational
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motion. When an ion hops from its relaxed site, the neighboring ions shift apart to soothe the
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Fig. 6.4a and b depicts the distribution of Jonscher’s power law fitted AC conductivity

CsH/NHsPblBrs.« (x = 0, 3) with frequency. Inset of Fig. 6.4a shows the oy vs. 1000/T

for two samples.
hopping ion. But sometimes, the hopping ion moves back to its initial state to partially stable
the configuration initiating unsuccessful hopping. In high frequency domain, both successful
and unsuccessful hopping participants and dispersive conductivities are observed. ;. obtained
from the fitted data using UDR is plotted against 1000/T for both materials and hence the
values of activation energy of both samples are evaluated. The Inset of Fig. 6.4a shows that the
activation energies are 0.29118 eV and 0.6853 eV respectively.

6.5 Conclusion

C3H7NH3PbIxBrax (x = 0,3) are synthesized via sol gel method. Dielectric constant of
CsH7NH3sPbBrs is much higher than that of CsH7NH3sPbls. With the help of KWW equation,
the deviation of non — Debye type response of the imaginary part of the electric modulus from
the ideal Debye type response is well explained for both the samples. It has also been found
that this deviation diminishes substantially with rise in temperature. C3H7NH3PbBr3 possesses
much higher conductivity than CsH7NH3sPbls for all concerned temperatures. The comparative
study of different electrical properties of CsH7NHsPblxBrs.x (x = 0.0,3.0) will help to

comprehend the nature of these relatively less explored potential perovskites.

128
Department of Physics, Jadavpur University



References

[1] P. Sadhukhan, S. Kundu, A. Roy, A. Ray, P. Maji, H. Dutta, S.K. Pradhan, S. Das,
Solvent-Free Solid-State Synthesis of High Yield Mixed Halide Perovskites for Easily Tunable
Composition and Band Gap, Cryst. Growth Des. 18 (2018) 3428-3432.
https://doi.org/10.1021/acs.cgd.8b00137.

[2] P. Sengupta, P. Sadhukhan, A. Ray, R. Ray, S. Bhattacharyya, S. Das, Temperature and
frequency dependent dielectric response of CsH7NHasPbls: A new hybrid perovskite, J. Appl.
Phys. 127 (2020) 204103. https://doi.org/10.1063/1.5142810.

[3] M. Safdari, A. Fischer, B. Xu, L. Kloo, J.M. Gardner, Structure and function
relationships in alkylammonium lead iodide solar cells, J. Mater. Chem. A. 3 (2015) 9201
9207. https://doi.org/10.1039/C4TA06174H.

[4] X. Ren, X. Yan, A.S. Ahmad, H. Cheng, Y. Li, Y. Zhao, L. Wang, S. Wang, Pressure-
Induced Phase Transition and Band Gap Engineering in Propylammonium Lead Bromide
Perovskite, J. Phys. Chem. C. 123 (2019) 15204-15208.
https://doi.org/10.1021/acs.jpcc.9b02854.

[5] D.K. Pradhan, S. Kumari, V.S. Puli, P.T. Das, D.K. Pradhan, A. Kumar, J.F. Scott, R.S.
Katiyar, Correlation of dielectric, electrical and magnetic properties near the magnetic phase
transition temperature of cobalt zinc ferrite, Phys. Chem. Chem. Phys. 19 (2017) 210-218.
https://doi.org/10.1039/C6CP06133H.

[6] D.K. Rana, S.K. Singh, S.K. Kundu, S. Roy, S. Angappane, S. Basu, Electrical and
room temperature multiferroic properties of polyvinylidene fluoride nanocomposites doped
with  nickel ferrite nanoparticles, New J. Chem. 43 (2019) 3128-3138.
https://doi.org/10.1039/C8NJ04755C.

129
Department of Physics, Jadavpur University


https://doi.org/10.1039/C8NJ04755C

CHAPTER 7

7. Improved energy harvesting
ability of CsH;NHsPbls decorated
PVDF nanofiber based flexible
nanogenerator

C;H,NH;Pbl;
+ PVDF

Voltage (V)
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7.1. Introduction

owadays, sustainable, green energy resources have garnered immense attention

globally to accomplish our inflated daily power needs and to confront various

alarming challenges like non-renewable energy limitations, climate changes, and
frightening growth of environmental pollution caused by excessive usage of fossil fuels.
Among various sources of renewable energy like solar, wind, mechanical, tide, geothermal,
etc., solar and mechanical energy sources are very popular due to their environmental
friendliness and abundance in the surroundings. Converting the mechanical and vibrational
energies obtained from persistent sources around us to electrical signals can be a fitter,
biocompatible, and safer option. During the last few years, the rapid development of
microelectronics with microchips and MEM-based sensors has emerged a new era in the field
of miniaturization. All these miniature instruments like flexible medical devices, body sensors,
pressure sensors, communication devices, environmental monitoring devices, etc. run on
minimal power but require recharging and often include photo sensors for intended functioning
[1,2]. Lightweight, flexible, self-driven, portable, wearable, simple-structured piezoelectric
energy harvesters can be an optimum solution here to perform without any peripheral voltage
sources. Piezoelectric materials-based nanogenerators (PNG) accumulate energy to produce
piezoelectric potential when exposed to dynamic strain and consequently, a transient current
generates in the attached circuit. Several semiconducting materials like BaTiOs, ZnSOs, lead
zirconium titanate (PZT), ZnO, CdS, GaN, etc. have been studied and well explored over the
years [3-5]. Despite high piezoelectric efficacy and high-power output, these inorganic
piezoelectric materials have various limitations like cost-intensiveness, complicated rigorous
synthesis process, rigidness, brittle nature, etc. Piezoelectric nanogenerators using these
inorganic nanomaterials, therefore, face challenges in modern practical implementations of
portable electronic appliances and Internet-of-Things (loTs). On the contrary, piezo-active
ferroelectric polymers and their copolymers can be appropriate and competent due to their
fabrication simplicity, cost-effectivity, and ability to be designed in the desired shape and size.
Despite having all these advantages, the low piezoelectric coefficients and efficacy of these
polymers restrict their performance in PNGs made of these polymers. To get the enhanced
performance, and to achieve the sturdiness necessary to run self-powered, wearable devices,
integrating ferroelectric polymer matrix with suitable organic-inorganic hybrid nanofillers in a
sole unit is the new trend. Among various polymers like cellulose, poly-L-Lactide (PLLA),
polyvinylidene difluoride (PVDF), etc., PVDF and its copolymers are widely used in PNGs on
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account of their easy synthesis technique with a superior piezoelectric response, flexibility, and
biocompatibility [6-8]. In semi-crystalline PVDF, the polarized § phase (TTTT conformation)
is mostly responsible for its piezo and ferroelectric activity with the highest dipole moment per
unit volume among four different phases a (TGTG conformation), B, y (T3GT3G
conformation), and & (polarised a). In general, the non-polar a phase is prevalent in PVDF. To
bring out the dominance of the electroactive B phase, various methods like stretching [9,10]
PVDF in the high electric field, annealing in high temperatures [11] hydrated salt addition [12],
etc. are followed. Roopa et al. [10] reported that the mechanical stretching of the films causes
non-uniformity due to a lower stretching ratio and can face difficulty in maintaining a constant
temperature. Moreover, annealing at high temperatures may ruin the film's quality and
durability [9,10]. On the contrary, the electrospinning method can be an ideal and expedient
alternative to produce ultra-thin, flexible, feathery PVDF nanofibers with improved  phase.
Although the high stretching ratio to convert o phase to p phase during electrospinning is
similar in some way with the mechanical stretching, but some conditional parameters like
distance between tip of the needle and the collector plate, flow rate, electrospinning
temperature can control the fiber quality and consistency. But the partial transition from the
non-electroactive a phase to the highly electroactive p phase somehow draws a limitation in
the piezoelectric application. The formation of B phase in PVDF nanofiber can be enhanced
significantly by incorporating suitable filler in the precursor solution. Optically active hybrid
perovskite materials (generic structure ABXs, A-organic cation, B-inorganic cation, and X-
halide anion) which have gained immense popularity in recent years due to their synthesis
simplicity, low expense, tunable bandgap, appreciable optical and electrical properties and
wide application in energy harvesting, can be a fascinating choice for this job [13-15]. These
perovskites show ferroelectricity that improves the  phase induction of the PVDF matrix and
also contributes to better separation of the photogenerated electron-holes inside the perovskite
for photodetection. Though intensive research has been carried out on the hybrid perovskites
in solar cell applications, the mechanical energy harvesting domain using these perovskites is
still less explored. To date, few works have been reported using methylammonium lead halide,
formamidinium lead, and tin halide as additives in the polymer matrix [15-20]. Strong
polarization in these perovskites can also be induced by using a large organic cation in the A-
site that can deform the BXs octahedra of the perovskite structure. Propylammonium ion is
much larger than methylammonium ion. Propylammonium lead iodide (CsH7NH3sPbls) is a
promising candidate that possesses a high dielectric constant indicating strong polarizability of

the material and needs to be studied more. Besides, this particular hybrid perovskite exhibits
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far better stability in presence of humidity and UV light [21] compared to methylammonium
lead halide. Propylammonium lead iodide (PAPbI3) decorated PVDF exhibiting excellent
mechanical stability can be employed in a multifaceted device that can harvest mechanical and
solar energy simultaneously or separately. Thus, in short, this perovskite as the key filler in
PVDF nanofiber not only improves the piezoelectric activity of the system but also enhances

the light absorption capability of the fabricated photodetector.

In this report, we have synthesized PAPbIs doped PVDF nanofibers by the
electrospinning technique. The doping of PAPbIz enhances the degree of crystallinity of
electrospun nanofibers substantially and converts almost solely the non-polar phase to polar
phase content. The fabricated nanogenerator using PAPblz@PVDF nanofibers exhibits exotic
mechano-sensitivity as well as energy conversion efficiency. The optimal energy band gap and
fascinating behavior of PAPblz@PVDF composite under light illumination certify its ability
as a piezo-active photodetector. Thus, this report includes the striking response of PAPbI;
doped PVDF composite-based flexible, self-powered nanogenerator and justification of its
credibility as a deserving candidate for scavenging mechanical energy as well as intended

photodetection.

7.2. Materials and methods
7.2.1. Materials

To synthesize PAPbI3, n-Propylamine (CsH7NH2, 98%), N, N-dimethylformamide (DMF,
anhydrous, 99.8%), hydroiodic acid (57 wt.% in water), and lead iodide (Pbl2) were purchased
from Spectrochem, Merck Chemicals, Loba Chemie and Alfa Aesar, respectively. PVDF
powder, required for nanofiber formation, was bought from Alfa Aesar. All the chemicals used

in the experiment were of analytical grade.

7.2.2. Synthesis of PAPDI3

At first, propylamine (CsH7NH2) was mixed in an equimolar ratio with hydroiodic acid (HI)
and stirred in an ice bath for 2 hours. The formed solution was then dried and cleaned with
diethyl ether thrice to pull out unreacted acid if any. The resultant mixture was then dried

overnight at 60 °C to yield propylammonium iodide salt (CzH7NHzl).
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C3H7NHzsl and lead iodide (Pbl2) were taken in stoichiometric ratio and dissolved in
DMF in an open ambiance and stirred for 10 hours at 65 °C. The solution was then filtered and
dried at 65 °C to obtain the required yellow PAPDIs.

7.2.3. Formation of electrospun nanofibers (NFs)

To prepare the stock solution, 10 wt% PVDF was dissolved in a mixture of DMF and acetone
(3:5) by stirring continuously for 3 hours at 60 °C. A transparent solution was formed in which
3.21, 4.76, and 6.20 wt% (w/w) of previously synthesized PAPbI3 was added and stirred for
another 3 hours at the same temperature. The presence of DMF turns the transparent solution

into yellow colour with the addition of PAPblz as shown in Fig. 7.1.

For electrospinning, a 10 ml hypertonic syringe of diameter 8 mm was filled with the

Fig. 7.1. CsH/NHsPbls — PVDF solution in the mixture of DMF and acetone.

homogeneous solutions and placed in the electrospinning set-up. The solution was squeezed
out by the pump through the needle of the syringe at a flow rate of 0.8 ml/hour and so formed
nanofibers were deposited on the aluminium foil-wrapped collector plate. The temperature of
the collector plate was sustained at 70 °C to evaporate the solvent. The distance between the
collector plate and the needle tip of the syringe was maintained at 6.5 cm during the formation
of nanofibers. All the nanofibers were prepared under a high voltage of 19 kV. The prepared
nanofibers were collected from the aluminium foil for further characterization and device
fabrication. PAPbls@PVDF nanofibers are denoted as PANF (3.21), PANF (4.76), and PANF
(6.20) considering the PAPbIs w/w concentrations.
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7.2.4. Fabrication of piezoelectric nanogenerators
(NGS)

A very lightweight, cost-effective, flexible, nanogenerator (effective area ~ 25 mm x 15 mm)
was fabricated by employing PANF (4.76) as an electroactive material. PANF (4.76) was
sandwiched between two copper (Cu) electrodes and two copper wires were soldered on the
electrodes. Finally, the fabricated nanogenerator, configured as Cu electrode / PANF (4.76) /
Cu electrode, was laminated by PDMS (polydimethylsiloxane) layer to enhance its durability.
Another nanogenerator using undoped PVDF, named PVNF, was also fabricated following a

similar configuration for the comparative study of performance.

7.2.5. Fabrication of Photo piezo-active energy garner
(PPEG)

At first, the prepared PVDF-PAPbI3 (4.76) solution was cast drop-wise slowly on an ITO-
coated flexible PET substrate and kept at 90 °C for 2 hours. The coated ITO serves as a top
electrode of the obtained film. An aluminium electrode is attached to the other side to design a
sandwich structured PAPPEG (effective exposed area ~ 25 mm x 15 mm). Finally, the device

is laminated to provide a safeguard and to increase its lifetime.

7.3. Characterization

The structural property of synthesized nanofibers was examined by X-ray powder
diffractometer (Bruker D8). The FTIR spectrum was obtained from PerkinElmer, Spectrum —
2000. The surface morphology of the samples and the detection of constituent elements were
performed by FESEM (FEI, INSPECT F50) and EDX (Bruker). TEM image and SAED pattern
of PANF (4.76) were gained from JEOL (JEM, 2100). The photoluminescence property of
PANF (4.76) at room temperature was attained from Fluoromax—4C_1505D-33. DSC
thermographs of the concerned fibers were analysed by Waters India (TA), DSC Q2000. The
tensile strength of the samples was measured using Tinius Olsen H50KS at a strain rate of 1
mm/min. The fibers were sandwiched between two Au electrodes (diameter~1 ¢cm) and the
dielectric properties of the fibers were analysed by Hioki LCR Q meter (IM3536). The open
circuit voltage response was recorded using a digital storage oscilloscope (Keysight, 1052A)

and the short circuit current was measured using Kiethley 2602B. The values of dsz were

135
Department of Physics, Jadavpur University



obtained using a wide range of dsz meter. We have used AM1.5G, a standard solar spectrum of

a solar simulator to illuminate PPEG.

7.4. Results and discussions

7.4.1. Structural characterization and quantification
of ferroelectric phase content

The X-ray diffraction pattern of as-synthesized PAPDbIz using Cu K, radiation is shown in Fig.
7.1a. All the peaks in the diffraction pattern could be indexed by the monoclinic structure with
the space group of Cc as reported earlier by Sengupta et al. [21]. Thus, the XRD data confirms
the absence of any detectable impurity phase. A digital photograph of the sol-gel derived,
yellow colored, PAPDI3 is shown in the inset of Fig. 7.2a. This perovskite is used as the key

filler with different concentrations in the PVDF matrix to produce nanofibers.

For the quantitative estimation of the electroactive B phase in the electrospun
nanofibers, the FTIR analysis was carried out for all the samples. The FTIR spectra of the
nanofibers made of pure PVDF (PVNF), and its composites PANF (1.55), PANF (3.21), and
PANF (4.76), are shown in Fig. 7.2b. PVNF is mainly composed of a- and p -crystalline phases
with the characteristic absorption peaks observed at 1121, 976, 796, 764, 612 cm™ (non-polar
o phase), and 1281 cm™, 843 cm™ (polar B phase) [6]. In general, pure PVDF contains a low
percentage of  phase which limits its usage in energy harvesting applications. The inclusion
of PAPbI; as filler in the PVDF matrix reduces the intensity of these characteristic a peaks
significantly. On the contrary, the intensity of the absorbance peak of the polar g phase (1281
cm™t and 843 cm™) enhances gradually in the presence of PAPbIz up to 4.76 wt%. Moreover, a
tiny semi-polar y phase characterized by an absorption peak at 1238 cm is found to appear in
PANF (4.76) in contrast to PVNF.

The electroactive phase content (Fi,) of the concerned samples are calculated using the
relation [22-24]

Fop= w54 x 100% (7.1)

843
A +A
(,(764 JA764+AgA
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Here, A4 and A4, correspond to the integral area of the absorbance bands at 843 and 764 cm”
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Fig. 7.2. (a) The XRD pattern of sol-gel synthesized PAPDbIs. Inset of (a) is the
corresponding digital photograph of PAPbIs. (b) The FTIR spectra of PVNF and PANF
with different wt% of PAPDbI; in the range of 1600-600 cm™. (c) The variation of
electroactive phase content with different wt% of PAPDbI; in PVDF. (d) The FTIR spectra
PVNF and PANF (4.76) within 3080-2920 cm™. (e)-(f) The deconvoluted XRD curves of
PVNF and PANF (4.76), respectively. Inset of (e) and (f) are the digital photographs of
PVNF and PANF (4.76), respectively.
! respectively and Kg,3; and K4, are the absorption coefficient of these respective bands
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(Kga3 = 7.7 X 10* cm?/mol, K44 = 6.1 x 10* cm? /mol). The variation of electroactive
phase content of PAPblI:@PVDF due to the incorporation of PAPbIlz with a different
concentration is shown in Fig. 7.2c. It is found to be maximum for 4.76 wt% loading of the
perovskite. The maximum value of Fy, is estimated to be 92.5 % for PANF (4.76) whereas that
of PVNF is as low as 74.5 %.

The interaction between the surface charges of PAPbIz and -CH.- dipoles of the PVDF
chain in PANF is primarily responsible for the conversion of non-polar phase content to polar
phase content. Interestingly, the filler up to 4.76 wt %, is dispersed uniformly throughout the
PVDF which results in better interaction between the positive and negative charges as well as
smooth bead defect-free nanofibers. An attempt was made to prepare nanofibers with 6.20 wt%
PAPDIs filler in the polymer matrix. However, due to the higher concentration, agglomeration
of PAPDbIs occurred within the PVDF chain which in turn ruined the formation of nanofibers
and effectively reduced the electroactive phase content as illustrated in Fig. 7.2c. In the
presence of the solvent, ABXs structured perovskite CsH7NH3Pblz breaks into
propylammonium cation (CzH7NH3") along with Pbls™ anion. The inorganic Pbls™ framework
exhibits negative charge density due to the presence of electronegative iodine atoms, whereas
CsH7NH3* possesses mono-cationic charge due to a highly electronegative nitrogen atom.
Thus, Pbls™ interacts electrostatically with -CH»- dipoles which introduce and play a key role
in the formation of electroactive  phases. Moreover, the lone pair of fluorine atoms in PVDF
participates in the formation of crystallinity of the polymer matrix. Each fluorine atom consists
of three lone pairs which may participate as coordination centers. During electrospinning,
PVDF molecules attract the cations of C3H7NH3Pbls precursors due to the presence of the
electronegative -CF»2- group. In this way, ABXs structured CzH7NH3Pbls interacts with PVDF
to the nucleation of the polarized B phase. Interfacial interactions between the aforesaid filler
and -CHy- dipoles of PVDF can be closely observed within the range 3070 — 2930 cm due to
the asymmetric (9,,) and symmetric () stretching vibrational bands as shown in Fig. 7.2d for
PVNF and PANF (4.76). These vibrational bands are not united with any other vibrational
modes and thus shifting of these bands toward low frequencies can be attributed to a sort of
disruption of vibration. The presence of the external filler in the PVDF chain improves the
interfacial interaction which effectively increases the effective mass of -CH»- dipoles and
reduces the stretching frequency. Such interactions originate damping and relate to vibrational

frequencies as follows

w? = w3 -1, (7.2)
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Here, w is the frequency of damped vibration, w, is the frequency of free vibration and
r4c denotes the damping factor. Equation (7.2) can be written in terms of wavenumber as
9 — [[92 — (Tdcy2
J= |[93 - (97 (7.3)

The maximum value of the damping constant is obtained as 5.65 x 102 sec for PANF
(4.76). With the addition of the perovskite in the polymer matrix, the damping factor r,;. gets
enhanced as expected. This behavioral trend indicates the significant p phase formation within
PVDF in the presence of PAPbIs filler is owing to the dipole interactions between the filler and
polymer. Thus, PANF (4.76) acquiring satisfying electroactive phase content can be an

appropriate choice for harvesting piezoelectric energy.

To analyze further the crystallinity of the electrospun nanofibers, XRD studies of PVNF
and PANF (4.76) are performed. The diffraction peak of PVNF at 18.1° refers to the non-polar
a phase (020) whereas, the deconvoluted peak at 20.6° is assigned to the dual characteristics of
B and y phases as shown in Fig. 7.2e. Interestingly, this non-polar a content is found to
disappear completely in PANF (4.76) along with an appearance of a trace amount of semi-polar
v phase at 19.2° (002). The polar  phase is significantly enhanced in PANF (4.76) as depicted
in Fig. 7.2f. To further assess the total degree of crystallinity (x. %) of PANF (4.76) and
PVNF, the respective XRD curves are deconvoluted. The values of X % of the concerned
samples are achieved using the following equation [16].

X = ZAcryst
ct Y AcrysttY Aamph

x 100 % (7.4)

Here, X Acryse and Y Agmpn represent the integral area of crystalline phases and
amorphous portions of the samples. The evaluated X .; % of PANF (4.76) and PVNF are 78.8
% and 62.6 %, respectively. Thus, the result of enhanced crystallinity of PANF (4.76) is in tune
with that of the FTIR result. The presence of some additional diffraction peaks in PANF (4.76)

assigned as that of PAPbIs confirms the non-degradation of the filler within the polymer.

7.4.2. FESEM imaging and TEM analysis

The surface morphology of PVNF and PANF (4.76) are illustrated in Fig. 7.3a and b,
respectively. With the filler load of 4.76 wt%, it can be observed that the randomly oriented
fibres are smooth and lump-free. Moreover, the absence of surface bead defects and cracks
within the fibre strengthens its durability. The average diameters of PVNF and PANF (4.76)
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are ~ 400 nm and ~ 150 nm, respectively (inset of Fig. 7.3a and b). The prominent decrease in

50/ 260 150 200, 28 300350
N ( Fiber diameter(nm)

e

240-———=E

221 ---- =
200/1107
(B phase) %

Figure 7.3. (a)-(b) The FESEM images of PVNF and PANF (4.76). Distribution of the fiber
diameters of PVNF and PANF (4.76) are shown in the inset of (a)-(b). (c)-(d) The TEM
image and SAED pattern of PANF (4.76), respectively.

the diameter of PANF (4.76) is ascribed to the uniform distribution of PAPbl3z in PVDF solution
which boosts the charge density of the electrospinning solution. Consequently, under an
applied high voltage, the filler-contained solution is triggered with immense force in an
electrified jet and produces fibers with a reduced diameter than PVNF. The reduced diameter
improves the efficacy as well as the mechanical stability of PANF (4.76). The energy dispersive
X-ray (EDX) analysis of PANF (4.76) confirms the presence and well distribution of PAPbI3
in the polymer medium. The corresponding constituent elements (C, N, F, Pb, 1) embedded in
the nanofibers are mapped as depicted in Fig. 7.4a(i-vii).
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Fig. 7.4a(i-vii) represents the chemical mapping of PANF (4.76), b shows the SEM image
of PAPDI.

The incorporation along with the good dispersion of PAPDbI3 in the PVDF matrix is also
evident from the TEM image of PANF (4.76) (as shown in Fig. 7.3c). An interesting fact can
be observed that the sol-gel processed PAPbIs possesses a rod-like structure and the average
length of the rods is in the micrometer range (as illustrated in Fig. 7.4b). But when the filler is
dissolved in DMF in the presence of PVDF, cations, and anions of the filler get separated and
PVDF covers the filler as a capping agent. After electrospinning, during the evaporation of the
solvent, PAPbIsrecrystallizes and embeds within PVDF, and then PVVDF restricts the crystallite
size of PAPbIs in nanometer order. Therefore, the primarily prepared micro crystallite PAPbI3
is finally limited to the nanometer range surrounded by PVDF in PANF (4.76) and improves
the B phase efficacy noticeably. The resolved circular pattern and sharp diffraction spots found
from the selected area electron diffraction (SAED) pattern as displayed in Fig. 7.3d describe
PANF (4.76) as polycrystalline. The planes corresponding to the B phase of PVDF and
crystalline PAPDI3 are labeled and thus it supports the co-existence of both. The mechanism of
improved crystallinity of PVDF in the presence of PAPbIs is schematically described in Fig
7.5.

7.4.3. Photoluminescence study

To study the luminescence property, room temperature photoluminescence (PL) of PANF
(4.76) was carried out. An emission peak at 558.7 nm is detected in PL spectra as in Fig. 7.6a
which suggests that the energy band gap of PANF (4.76) is 2.22 eV. The emission peak of

PAPbDI3 was found at 546.2 nm as mentioned in the previous report which is fairly close to the
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Fig. 7.5 demonstrating schematic diagram of improved crystallinity of PVDF in presence of

PAPbI-.
peak obtained for PANF (4.76) [21]. This recommends that the filler being enclosed by PVDF

medium retained its original optical behavior. This property, on the other hand, can be utilized

in the formation of multi-functional devices.

7.4.4. Thermal stability

The overall change in thermal stabilization on the incorporation of PAPbl3z in PVDF is assessed
by the DSC thermograph. The melting point of PVNF is observed as 157.78 °C due to the
predominant non-polar a phase. The addition of PAPbIz in pure PVDF introduced the
nucleation of  phase adequately and hence the melting point of PANF (4.76) is increased by
1.36 °C as shown in Fig. 7.6b. The degree of crystallinity of both nanofibers may be assessed

using the following equation [7]

AHp,

Xc (%) = AH

X 100 (7.5)
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Here, AH,, and AH,,, denote the melting enthalpy of the concerned samples and
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Fig. 7.6. (a) The PL spectra of PANF (4.76). Inset of (a) denotes the PL spectra of 4.76 wt% of
PAPbI;@PVDF film. (b) The DSC thermographs of PVNF and PANF (4.76). (c) Photograph
illustrating the ultra-flexibility of PANF (4.76) is by wrapping it around a finger. (d) The stress-
strain curve of the electro-spun PVNF and PANF (4.76). (e)-(f) the dielectric properties and
conductivity studies of PVNF and PANF (4.76), respectively. Inset of (e) shows the change in &,

in high frequency region.

melting enthalpy of 100 % crystallite PVDF (AH,,, = 104.5 J/g). The x. (%) of PVNF and
PANF (4.76) are evaluated as 25.36 % and 34.5 %, respectively. The improvement of
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crystallinity due to the incorporation PAPbI3 agrees with the outcome of the XRD and FTIR

investigation.

7.4.5. Investigation of mechanical and -electrical
properties

The elastic properties of the nanofibers are assessed by the stress-strain relationship as
displayed in Fig. 7.6d. The values of Young’s modulus (Y) of PANF (4.76) and PVNF are
calculated to be 58.1 MPa and 37.8 MPa respectively. Possessing a higher value of Y, PANF
(4.76) attains better mechanical stability. Furthermore, the ultimate elongation at break load
improves from 7.2 % (for PVNF) to 20.37 % (for PANF (4.76)), resulting PANF (4.76) with
much better mechanical toughness. The interaction between PVDF and 4.76 wt% of PAPDbI3
yields a significant improvement in the tensile strength and makes it an appropriate choice for
mechanical energy harvesting. A digital photograph of wrapping a piece of PANF (4.76)

around a finger is shown in Fig. 7.6c demonstrating its desired ultra-flexibility.

The electrical behavior of the nanofibers is investigated at room temperature in the
frequency range 200 Hz < f < 8MHz. Figure 7.6e demonstrates that the real part of
permittivity (&,), which is enhanced by 2.53 times due to 4.76 wt% PAPbIsz doping in pure
PVDEF in the low-frequency region. The large value of the dielectric constant (¢,.), in the low-
frequency domain owing to the interfacial polarization effect as explained by Maxwell Wagner
polarization [25]. Charge carriers get trapped at the interface of PAPDbI3z grain surrounded by
the poorly conducting grain boundary of PVDF. The molecules of PAPbIs having permanent
dipole moment can change their orientation along the direction of the applied field in low
frequency region resulting in a high dielectric constant in that region. With the rise in
frequency, the dipoles become unable to follow the direction of the applied field and hence
dielectric constant gradually decreases. With the increase in frequency, &, of both samples,
decreases gradually. Interestingly, even at high frequency, the value of &, of PANF (4.76) is
higher than that of P\/NF as depicted in the inset of Fig. 7.6e. The conductivity of PANF (4.76)
is found to increase significantly than that of PVNF as displayed in Fig. 7.6f. In the low-
frequency region, the flattened, frequency-independent portion of the curves refers to the DC
conductivity whereas the conductivity in the high-frequency domain is attributed to AC
conductivity. It can also be observed that DC conductivity for both samples is very low. The

144
Department of Physics, Jadavpur University



interaction between the charges of the filler and the PVDF results in the improvement of both

&, and conductivity.

7.4.6. Piezoelectric response

To examine the piezoelectric performance, a piezoelectric nanogenerator employing PANF

(4.76) as piezo-active material (PANG) was fabricated. The schematic layer-by-layer sandwich

structure of PANG is exhibited in Fig. 7.7a. Another nanogenerator using PVNF was also

designed (RNG) to perform a comparative study on their respective piezo responses. Figures
7.7b, ¢, d, and e exhibit that PANG yielded 60 V open circuit voltage (V) and 27.54 uA short
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Fig. 7.7. (a) The schematic diagram of device fabrication. (b)-(e) The variation of open

circuit voltage and short circuit current of PANG and RNG, respectively as a function of

time under hammering with free hand.
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circuit current (Isc) (current density 7 pA/cm?) under repetitive hammering with a free hand in

Figure 7.8. The working mechanism of PANG.

a vertical direction whereas RNG under similar pressure in an identical direction provides 5 V
(Voc) and 5 pA (Igc). The improved electroactivity of PANF (4.76) reflected in the piezo
response as PANG produces 12 times higher V,. voltage and 5 times higher I, than that of
RNG under identical mechanical strain. This occurs due to the enhancement of the § phase of
PVDF in the PANF (4.76). A possible reason behind this phenomenon is the generation of
potential differences due to temporal distortions under applied mechanical strain. To
compensate for this potential developed by the dipoles, an electrical potential difference may
occur between the two electrodes that have been delivered as the output signal. On removal of
this external strain, the accumulated charges on opposite sides of the nanofibers flow back in
the direction opposite to the accumulation process, thus generating an electric impulse in the
reverse direction. The working mechanism of the nanogenerator is demonstrated in Fig. 7.8. A
comparative study on the output voltage, current, and power density produced by the composite
of different lead-based organo-halide perovskites and PVDF are enlisted in table 7.1. It has
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been observed that under free-hand hammering, the output response of PANG is satisfactorily

large. The asymmetry in the obtained positive and negative peaks of V. and Ig. with time is

Table 7.1: A comparative study of output open circuit voltage (Voc), short circuit current (Isc),
generated power of different organic-inorganic hybrid perovskite filler used in PNGs. NA refers
to “Not Available”.

Filler Applied Voc Isc (Current/ Output power / References

pressure V) Current Power density

density)

MAPbDI3 50 N 178  21pA/cm?  NA [15]
MAPbxFe1xl3 NA 4.52 0.50 pA/cm?  NA [36]
x =0.07
MAPDI3 NA 2.7 140 nA/ cm?  NA [37]
FAPbBII 0.5 MPa 85 30 A 10 pwW/cm? [20]
FAPbBr3 0.5 MPa 30 6.2 nA/cm?  27.4 pW/ cm? [17]
FAPbBr3 0.5 MPa 8.5 3.8 uAlem? 12 uW/ cm? [18]
MAPbDI; Finger tapping 5 60 nA 0.28 pW/ cm? [16]
PAPbI3 10N 60 7 pA/cm? 9.8 mW/m? Present work

ascribed to the difference between the applied external force on the device at the time of
approaching and the restoring force of the device at the time of releasing. The charge (Q)
produced by PANG during repeated hammering with the free hand (an applied force of 10 N,
measured by load cell) is evaluated as 2.68 nC by integrating I per unit area (Q = [ Js¢ dt)

in the positive half which contributes to the piezoelectric coefficient (|ds3| = %) [26]. The

value of |d3| is calculated as 268 pC/N for PANG and 32.4 pC/N for RNG using the aforesaid
equation. This calculated value of |d53| may be overestimated due to some tribo-electrification
effect during the attachment of electrodes on both sides of the devices. Therefore the
piezoelectric coefficient (|d;3]|) of PANG and RNG are measured directly with a d5; meter.
The value of d;3; for PANG is obtained as 138 pC/N which is still strikingly high [27,28]

compared to that of RNG (24.4 pC/N). As a consequence, the voltage conversion coefficient

(g33 = %, [29] €, refers to the permittivity of free space, ¢, denotes the dielectric constant
r<0

(37.8 for PANF (4.76) and 15 for PVNF at 1 KHz)) is also substantially enhanced for PANG
(0.41 Vm/N) as compared to RNG (0.18 Vm/N). Finally, the piezoelectric figure of merit
(FoMp ~ d33 X gs33) [30] is assessed to be 5.658 x 101! Pa! for PANG which is 12.88 times
than that of RNG (4.392 x 1012 Pa!). This outcome ensures the credibility of PANG with
PANF (4.76) as high performing piezoelectric generator.

147
Department of Physics, Jadavpur University



Furthermore, the piezoelectric sensitivity of PANG was assessed by repeated
hammering with a few lightweight objects such as a piece of thermocol, a piece of folded tissue,
a pen, etc. at a fixed distance of 5 cm from the device. Figure 7.9a exhibits the corresponding
voltages generated as a function of time and the insets show the static state of the objects on
PANG. The consistent responses of PANG on the applications of these light forces confirm
that this designed NG is ultrasensitive, stable, and a potential candidate for nano-tactile sensing.
The sensitivity of PANG under the application of several forces ranging from 0.015 N to 14 N
is depicted in Fig. 7.9(b). The responding capability under different mechanical provocations

AVoc
AF

is enumerated by mechano-sensitivity (S,,) which can be expressed as [30]. As observed

Table 7.2: A comparative study on the mechano-sensitivity exhibited by different PNGs.
NA refers to “Not Available”

Structure Composite Mechano- References
materials sensitivity

Nanowire P(VDF-TrFE) 458 mV/N [38]

Microfiber P(VDF-TrFE) 269.4 mV/N [39]

Micropiller PVDF- 257.9 mV/N [40]
TrFe/BaTiO3

Nanofiber PVDF 60.5 mV/N [41]

Triboelectric 28 mV/N [42]

nanogenerator

Nanofiber Pt-PVDF 600 mV/N [30]

NA BTS-GFF/PVDF 1.23 VIN [43]

Necklace like PZT 1.13 VIN [44]

particle chain

Nanofiber C3H7NH3Pbls- 6.3 V/N- Present work
PVDF 12.12 VIN

in Fig. 7.9b, two distinct linear response curves with distinct slopes in low and high forces
regions are obtained. The values of S,, in low-force and high-force regions are 6.3 V/N and
12.12 V/N respectively. A comparative study based on the previous reports was performed and
briefed in Table 7.2. It is noteworthy that the mechano-sensitivity of PANG is far superior to
piezo-active films made of PVDF and its copolymers, piezo-active nanofibers, nanowires, etc.
The exotic value of S,, further approves the potential of PANG as a smart, lightweight, nano
tactile sensor cum power generator. In addition, the bending and twisting of PANG not only
generate a response as displayed in Fig. 7.9¢c, and 7.9d but also exhibit its flexibility. Such
flexibility suggests that PANG can be employed as a wearable mechanical energy scavenger.
The upper surface of PANG was rubbed with a finger continually from one end to the other

end of the device and the result is depicted in Fig. 7.9e. At room temperature, PANG was
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attached to the outer surface of a beaker full of water and subjected to an ultrasonic probe
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Fig. 7.9. (a) The plot of voltage responses under different applied force. Insets of (a) are the digital
photographs of the device under various forces. (b) The mechano-sensitivity of PANG. (c)-(e) The
voltage responses as a function of time while bending, twisting and rubbing the PANG,
respectively. (f)-(g) The sensitivity of PANG under ultrasonic vibration and phone vibration,
respectively. Digital photograph of ultrasonic vibration is shown in the inset of (f). (h) The voltage
response of PANG under gentle heel pressing. Corresponding digital photographs are shown in
the insets of respective Figs. (i) The response of PANG under hammering with hand after 3 and 6
months of fabrication of the device.

sonicator to detect the ultrasonic vibration. The voltage response is exhibited in Fig. 7.9f.
Moreover, the generated voltage of PANG under phone vibration is exhibited in Fig. 7.99. The
vibration sensing ability of PANG recommends it as a potential candidate as a vibration sensor,
even in the ultrasonic range. The output response of PANG under gentle heel pressing is also

observed and shown in Fig. 7.9h. Moreover, the open circuit voltage produced by PANG
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(illustrated in Fig. 7.91) under free hand imparting after 3 and 6 months of fabrication exhibits

significant stability of the device.

To compute the effective electric output power, PANG was connected (inset of Fig.
7.10b) to various external load resistances ranging from 3KQ to 12.5MQ. The output power

density (P) is calculated using the relations (7.6) and (7.7).

)
I, = AxE, (7.6)
P=V, xI, (7.7)

Here, 1, is the peak-to-peak voltage across each load resistance (R), I, is the
corresponding current density and A is the effective contact area. The variation of output
voltage (V) and power density with the load resistance is illustrated in Fig. 7.10b and 7.10c,
respectively. The maximum output power density of 9.81 mW/m? is attained at 4.03 MQ.
Therefore, the internal resistance of PANG (Rint) may be considered as 4.03 MQ using the
maximum power transfer theorem [31]. The energy conversion efficiency (npiezo) 0f PANG can

be estimated as the ratio of generated electrical energy to applied mechanical energy i.e. Npiezo

= Zelee 100 %. The generated electrical energy per cycle across Rint (= 4.03 MQ), is given

mech

2
by Egiec = [ % dt, where v (¢t) is the instantaneous voltage response as shown in Fig. 7.7b.)

is estimated as 282 nJ. The applied mechanical energy per cycle of under hammering with free

hand can be estimated as Eo., = FeL, where F= 10N, e = 2% = 2.03 MPa _ 4.47x107%, L
Y 58.1 MP,

=150 uM, the thickness of the device [29]. E,;,ccr, for PANG comes out to be 671 nJ. Thus, the
appraised value of npiezo Of fabricated PANG is 42.03 % which is not only greater as compared
to several commercials along with experiment-derived PNGs, but also proves its superiority in

the mechanical energy harvesting segment [17,30,32,33].

To utilize PANG as mechanical energy garner, the device was connected with a full
bridge rectifier circuit as in Fig. 7.10a. This instantaneous output power, generated under the
hammering with a free hand, is adequate to illuminate several blue and green LEDs without
any peripheral storage system (inset of Fig. 7.10c). Here, in PANG, PANF (4.76) acts as a
production unit of charges (q) connected in parallel with internal capacitance (C;) and
resistance (R;). Moreover, on pressing with hand, the instantaneous produced electricity was

stored in several commercially available external capacitors. As displayed in Fig. 7.10d, the
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momentary response of the 2.2 uF capacitor reached 5.3 V (V) in 74 sec. The corresponding
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Fig. 7.10. (a) the bridge rectifier circuit designed to light up LEDs as well as to charge the
capacitors. (b)-(c) the plots of output load voltage and output power density across various
load resistances, respectively. Insets of (b) and (c) are the schematic circuit of PANG with
different load resistances and the glowing LEDs showing “JU”, respectively. (d) The
response of the capacitors as a function of time. (e)-(f) The powering of wrist watch with

charged capacitors.
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energy stored in the capacitor (E = %CVCZ) [2,25,30] is 30.9 wJ which has been further used to

power a digital wristwatch as demonstrated in the inset of Fig. 7.10d. The connection of wrist
watch with the charged capacitor is illustrated in Fig. 7.10e. The wristwatch was powered up
for 10 sec (Fig. 7.10f). Following the RC circuit model (t = R;,:Cr, Cr = C; + C), T is found
to be 27.2 sec, and the total capacitance of the circuit (C;) is estimated to be 6.74 uF. Thus, the
internal capacitance of PANG (C;) is calculated as 4.54 uF. This combination of internal
resistance with high internal capacitance makes PANG an extremely potential entrant in the
domain of self-powered devices. All of these measurements were carried out using only one
PANG device which ensures the durability of the designed NG.

7.4.7. Photo piezo-active response

The intense wide absorption spectrum as in Fig. 7.6a indicates that PAPblz may possess photo-
response characteristics. Thus, a photodetector using optically active PAPbI3z (4.76) @ PVDF
film has been fabricated as described in Fig. 7.11a and the current-voltage (I-V) characteristic
of the photodetector (PAPPEG) under dark and light condition was recorded as shown in Fig.
7.11b. To investigate the piezo response of this photodetector (PAPPEG), the device is
customized with ITO coated PET and Al foil as two electrodes. The thickness of PAPPEG
device is 140 um. The I-V characteristic observed here under dark is almost linear following
the ohmic response, whereas that under illuminated conditions is non-linear. This non-linearity
is attributed to the possible Schottky barrier formation at the metal-semiconductor junction.
When exposed to light, PAPDbI3z perovskite in the PAPbIs (4.76) @ PVDF film absorbs the
incident photons and generates electron-hole pairs. Under the influence of external bias
voltage, the excitons split up to free electrons and holes that move outer electrodes. These photo
carriers take part in the generation of photocurrent. However, the generated current in both dark
and illuminated conditions is low. It might be due to the insulating behavior of PVDF which
limits the charge flow by breaking the interconnected network of semiconducting PAPDI3
(4.76). The difference in magnitude of photocurrent in the presence of the light of intensity ~
80 mW/cm? at any bias voltage is significant. It can be observed in Fig. 7.11b that the current
is shifted from zero crossing in both dark and illumination. To get more clearance, hysteresis
loops of the I-V curves in both dark and illuminated conditions are measured. The non-zero
crossing 1-V hysteresis behaviour as depicted in Fig. 7.11c. suggests the capacitive response of
the device [34,35]. This capacitive effect which arises due to the charge accumulation at the

interface between electrodes and the active layer is found to increase under irradiation.
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Therefore, when the external voltage reduces to O, residual current still appears due to the
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Fig. 7.11. (a) The step-by-step fabrication process of PAPPEG. In PAPPEG, (b) The
variation of current with voltage under both dark and illuminated conditions, (c) The
hysteresis loop of 1-V both in dark and illumination, (d) The response of photocurrent with
time, (e) The response of current in dark and illumination under applied stress and inset of

(e) is the corresponding schematic diagram.

capacitance effect.
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Figure 7.11d depicts the photocurrent as a function of time (I-t) by illuminating the
photodetector (PAPPEG) with a white light of intensity ~ 80 mW/cm?, keeping the bias voltage
between two electrodes constant at 5 V. Light illumination was switched on and off periodically
with an interval of ~ 350 s through shutter to study the photoresponse of the photodetector. The
piezo response is enhanced significantly on the illumination of white light as illustrated clearly
in Fig. 7.11e. The short circuit current Is., measured under dark conditions is smaller than that
reported in Fig. 7.8c. This is not only due to the different morphology (e.g. nanofibers and film)
of the composite PAPbIs (4.76)@PVDF present in the PANG and PAPPEG, respectively but
also absolutely the different measurement conditions. The piezo response of PAPPEG is
measured under gentle finger touch whereas that of PANG is measured under hammering with

a free hand.

7.5. Conclusion

PAPDI3 was prepared by the sol-gel method and then incorporated into the PVDF matrix to
synthesize electrospun nanofibers (PANF). PANF (4.76) not only enhanced dramatically the
degree of crystallinity of PVDF but also transformed solely the non-polar o phase to the polar
B phase. This conversion is reflected in the response of PANG under hammering with a free
hand in comparison with RNG. The optical properties, tensile strength, thermal stability, and
electrical properties of PANF (4.76) are analyzed and found to improve substantially. The
PANG exhibits enhanced piezoelectric coefficient, voltage conversion efficiency, and
piezoelectric figure of merit. Moreover, PANG shows superior mechano-sensitivity along with
energy conversion efficiency. Furthermore, the ultra-sensitive nanogenerator is proficient in
ultra-quick charging of various capacitors under external mechanical stimuli which assures its
potential as a self-driven, ultra-fast power generator. The PAPDbI3 (4.76)@PVDF composite
also possesses photo-active characteristics in the presence of white light. The I-V
characteristics of the photodetector under both dark and illumination and in the presence of
mechanical strain suggest its utility as a photodetector. The overall studies conclude that the
proposed composite can be an appropriate choice for designing a hybrid device for mechanical

energy harvesting with intended photodetection.
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CHAPTER 8

8. Cs3H;NHsPbls@PVDF porous
piezo-active film: A wearable
phototronic potential bio-sensor
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8.1. Introduction

0 address the alarming energy crisis, harvesting renewable energy from our

surroundings to run these wide range of self-powered, portable electronic devices has

gained keen research as well as trade interest. Collecting mechanical energy from
human motions, acoustic noise, vibration from vehicles, etc., and converting it to electrical
signals is one of the optimum choices among green sources of energy to fight against the energy
calamities and several environmental issues triggered by fossil fuels. Moreover, a large number
of miniaturized devices such as wireless transmitters, environment monitoring sensors,
wearable sensors, biomedical devices, etc. which have become very popular during the last few
years require minimal power to be operated, and can be powered up using this piezoelectric
energy without the need of any external battery part.[1] The removal of the peripheral battery
portion effectively eliminates the effort and time required to recharge these devices at regular
intervals. Furthermore, most of these miniaturized devices frequently comprise photosensors
for envisioned operation. Solar energy is another persistent and abundant source of sustainable
energy. Harvesting mechanical and solar energy follow distinctly different working
mechanisms. Various piezoelectric ceramics and perovskites like PZT (lead zirconate titanate),
GaN, BaTiOs, KNbO3, NaNbOs have shown their superior potential in this segment owing to
their high piezoelectric constant, enhanced energy conversion efficiency, etc. and are well-
studied over the years.[2] Despite being potential candidates, these ferroelectric materials
possess several disadvantages like high expense, brittle nature, non-biocompatibility, etc.
These drawbacks somewhat put a limitation on the large-scale production of piezoelectric
devices using these piezo-active ceramics. Researchers have put dedicated effort in recent years
to find suitable light-weight, flexible, environmentally friendly alternatives to fabricate
piezoelectric energy harvesters (PEHSs). Polyvinylidene difluoride (PVVDF) and its copolymers
are the most widely used polymer due to their cost-effectivity, flexibility, durability,
biocompatibility, etc among various piezoelectric polymers.[3-5] PVDF is a semi-crystalline
polymer in which at least four polymorphs exist. Among them, non-polar o phase (TGTG
conformation) is the most stable and predominant in PVDF but the polar  phase (TTTT
conformation) is the electroactive one. To achieve the dominance of  phase in PVDF, several
methods like annealing at high temperatures, mechanical stretching at a high electric field, etc.
have been studied which exhibit that these techniques may ruin the flexibility of the PVDF

films.[2] In addition, these techniques are expensive and time-consuming and hence not
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preferable for large-scale commercialization of PEHs. On the other hand, self-poled, hassle-
free, piezo-active PVDF films are trendy now which can be accomplished by the incorporation
of appropriate external agents in definite proportion to PVVDF. The presence of suitable filler
reacts with the -CH»- and -CF»- dipoles of PVVDF and leads to the huge formation of the most
desired crystalline (3 phase in PVDF.

Hybrid perovskites (generic formula ~ ABXs, A represents an organic cation, B denotes
inorganic ion and X refers to the halide anion) have been illuminated to the research interest
over the past few years due to their low expense, ability to tune the energy band gap by altering
the cations and/or anions, high light absorption efficiency, long charge diffusion length,
etc.[6,7] Moreover, these hybrid perovskites are optically active and possess wide applications
in optoelectronic devices.[8,9] The incorporation of a hybrid perovskite within PVDF matrix
not only results in the formation of $ phase in a significant proportion but also can act as a solar
energy harvester owing to its light absorbing property. The main disadvantage of these organo-
halide perovskites which restricts their performance over a long span is their stability in the
presence of moisture and UV light. Despite facing the stability issue, methylammonium lead
iodide (CH3NH3Pbls) is one of the most enlightened hybrid perovskites on which several
studies have been performed over the years. On the other hand, propylammonium lead iodide
(CsH7NH3Pbl3) is less explored and is a promising hybrid perovskite that exhibits excellent
stability in the presence of moisture.[10] Moreover, the optimal wide energy band gap (~ 2.38
eV) of CsH7NH3sPbls (PAPDI3) makes it an appropriate candidate to be decorated within PVDF
to fabricate an integrated package or separated systems of the mechanical and solar energy
harvester. The capping of PAPbIz by the polymer may protect the environment from the

toxicity of lead.

In this work, we include the response of self-poled, flexible PEHs employing
PAPbI:@PVDF porous films. The fabricated PEH exhibits a significant response under
hammering with a free hand. The significant response of piezo-active photodetector of the
concerned composite is also studied extensively to understand the intrinsic properties of the
composite along with the device. The flexibility of the devices makes them wearable and the
output response corresponding to different human motion ensures its utility as a potential

biosensor.
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8.2. Experimental details
8.2.1. Materials

N-propylamine (CsH7NH2, 98%) was purchased from Spectrochem whereas hydroiodic acid
(HI, 57 wt.% in water), N-N dimethylformamide (DMF, anhydrous, 99.8%) was bought from
Merck chemicals. Lead iodide (Pbl2) used in the synthesis of CsH7NH2Pbls was from Loba
Chemie, and PVDF was bought from Alfa Aesar. All the chemicals used in this work were of

analytical grade.

8.2.2. Preparation of PAPDI;

The preparation of PAPDbIz is explained in our early reports in detail [7,8].

8.2.3. Formation of PAPbI:@PVDF films

Firstly, 10 wt% of PVDF solution was prepared by stirring PVDF powder in DMF continuously
for 3 hours at 60 °C. Next, 5, 10, 15, and 20 wt% of freshly synthesized PAPblz powder was
mixed in the PVDF solution and stirred for another 4 hours at 60 °C to form homogeneous
precursor solutions of PAPblIs@PVDF composites. Lastly, ferroelectric PAPblz@PVDF films
were achieved by consecutive annealing of the respective precursor solutions at 90 °C for 2.5
hours and 130 °C for 3.5 hours. The prepared films are designated as PAPI_5, PAPI_10,
PAPI_15and PAPI_20. A reference film using only PVDF was also formed following the same

procedure to perform a comparative study.

8.2.4. Fabrication of PEHs

To design the PEHSs, the prepared films were sandwiched in between two Cu electrodes. Two
Cu wires were soldered on each side of the Cu/ PAPblz@PVDF films/Cu structure for electrical
connection. Finally, the fabricated devices were laminated with PDMS (polydimethylsiloxane)

layer to provide safeguard and ensure their durability.

8.2.5. Fabrication of piezo-active photodetector

To fabricate the piezo-active photodetector, precursor solution of PAPbIs incorporated PVDF

was casted on ITO coated PET followed by consecutive annealing at 90 °C for lhour and at
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130 °C for 1 hour. Silver paste was attached on the other side of the film and two Cu wires

were soldered on both sides of the electrode.

8.3. Characterization

The structural confirmation of the synthesized perovskite as well as films was investigated by
X-ray powder diffractometer (Bruker D8). The FTIR spectrum was obtained from
PerkinElmer, Spectrum — 2000. The surface morphology of the samples was detected by
FESEM (FEI, INSPECT F50). The photoluminescence property of the composite films at room
temperature was attained from Fluoromax—4C_1505D-33. DSC thermograph of all the films
were analysed by Waters India (TA), DSC Q2000. The tensile strength of the samples was
measured using Tinius Olsen H50KS at a strain rate of 1 mm/min. The open circuit voltage
response was recorded using digital storage oscilloscope (Keysight, 1052A) and the short
circuit current was measured using Kiethley 2602B. AM-1.5¢, standard solar spectrum of solar

simulator was used to irradiate the photodetector with intensity 100 m\W/cm?.

8.4. Result and discussion

8.4.1. Structural and microstructural analysis of
PAPDI;

The XRD profile of the sol-gel driven PAPbIs as shown in Fig. 8.1a is similar to that reported
in the literature [7,8] which thus ensures the formation of the proposed perovskite. The FESEM
image of the micro-sized PAPDI3 powder is illuminated in Fig. 8.1b that depicts the flake/rod
like structure of the perovskite. The digital photograph of PAPbIz powder is displayed in the
inset of Fig. 8.1a.

8.4.2. Quantification of ferroelectric phase content
and degree of crystallinity

The XRD patterns of PAPI_X@PVDF films, (X =0, 5, 10, 15, 20) are depicted in Fig. 8.2a
that shows the variation of  phase enhancement with the wt% of PAPDbIz in PVDF. It has been
observed that B phase enhances significantly and polar o phase decreases effectively with the

rise in the PAPbIs content in PVDF that leads to the overall improvement of the crystallinity of
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the concerned films. The overall degree of crystallinity (X;.) of the prepared films was

221
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Fig. 8.1. a-b) The XRD pattern and FESEM imaging of the sol-gel derived PAPbI; powder,
Inset of @) The digital photograph of PAPbI; powder.
computed using the relation

_ Y Ac
Xrc= —ZAc+ZAamp X 100 (8.1)

Here, 3. A¢ denotes the total area of the crystalline portion whereas Y. Ay, refers to
the total area of the amorphous portion of the films. The variation of the computed value of
Xrc With the wit% of the proposed filler in the polymer matrix is exhibited in Fig. 8.2b.
PAPI_15 is found to achieve the highest X, ~ 69 % among all films.

The FT-IR study has been performed to estimate the  phase content of all the films.
Conversion of the non-polar o phase which is predominant in pure PVDF to the polar 3 phase
with the increase in filler concentration evident from Fig. 8.2c. A semi-polar y phase appears
in the filler embedded films in contrast to the neat PVDF film. The ferroelectric active phase
content of all the prepared films can be calculated employing the following equation [9]

Foq= 222 % 100% (8.2)

Kgap
—=2)A +A
(1(764 )A764+Agaz

Here, Ag4, and A, represents the integral area of the absorbance bands at 842 and
764 cm?, respectively and Kg,, and K4, are the absorption coefficient of these respective
bands (Kgs, = 7.7 X 10* cm? /mol, K,¢, = 6.1 X 10* cm? /mol). The evaluated values of

Fg4 is plotted against the variation of filler PAPbIz as shown in Fig. 8.2d. The rapid
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Fig. 8.2. a) The XRD pattern of all the films, b) The variation of degree of crystallinity of all

the films, c) The FTIR pattern of all the films, d) The variation of the ferroelectric phase content

with the wt. of PAPDbI; in the composite films, e) The stretching of symmetrical and

asymmetrical vibrational bands, f) The variation of the values of damping factor with

concentration variation of PAPbI.
enhancement of F, due to the addition of the filler can be observed that includes the highest
value of Fz, ~66.7 % for PAPI_15. This significant improvement of ferroelectric phase content
is owing to the interfacial interaction between the surface charges of PAPblsand -CH.- dipoles
of PVDF. In the presence of DMF, PAPbIs dissociates into C3H7NHs" and Pbls™ during the
formation of precursor solution and interacts with the -CF»- and -CHa- dipoles of PVDF during
the evaporation of the solvent that reflects in the appreciable improvement in 3 phase

nucleation.
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8.4.3. Surface morphology of the prepared films

Fig. 8.3. a-e) The FESEM images of all the prepared films. Insets of a-e denotes the digital
photograph of the films, f) The flexibility of PAPI_15.

The surface morphologies of the films are exhibited in Fig. 8.3 which shows a smooth, pore-
free surface of the neat PVDF film (Fig. 8.3a). On the other hand, the inclusion of PAPbIs
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within the PVDF matrix creates pores throughout the surface of the film. PAPbI; crystallizes
faster than the polymer during the process of annealing, more precisely at the time of the
evaporation of the solvent, and as a result, the surfaces of filler loaded films are full of pores
[10,11]. The sizes and distribution of the pores on the surface of films increase up to 15 wt%
of filler loading. The digital photographs of the films are illuminated in the inset of the
corresponding diagrams (Fig. 8.3a-e). The digital photograph showing the flexibility of the
PAPI_15 is exhibited in Fig. 8.3f.

8.4.4. Optical, elastic, and thermal properties of the
films

To investigate the optical properties of the filler loaded films, PL spectra of the films are
measured from which we estimated the energy band gap of the films (Fig. 8.4a). The values of
the energy band gap of the films lie between 2.30 — 2.32 eV which not only confirms the
presence of PAPbI3[7] within PVDF but also suggests that the optical property of the filler

remains unaltered even within the polymer framework.

The elastic properties of the film are illustrated in Fig. 8.4b-d. From the stress-strain
curve, as shown in Fig. 8.4b, Young’s modulus of the films is estimated to be maximum for 15
wt% loading of PAPDIs as illustrated in Fig. 8.4c. The corresponding evaluated values of
Tensile strength are shown in Fig. 8.4d. As the porosity of the films increases, the tensile

strength is also found to increase significantly.

The thermal properties and degree of crystallinity of the films are assessed with DSC
thermograph analysis. The melting point of the films rises substantially with the rise in filler
loading in polymer matrix. The melting point of PAPI_20 is the highest ~ 168.83 °C in contrast
to neat PVDF 162.97 °C as shown in Fig. 8.4e. Furthermore, the crystallization temperature of
the films enhances appreciably with the increase in filler content. The melting point of PAPI_20
is as high as 142.80 °C in comparison with neat PVDF ~ 133.21 °C. The degree of crystallinity
of the films are achieved with the help of the following equation [12,13]

AHp,
AH190

xc (%) =

X 100 (8.3)
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Fig. 8.4. a) The PL spectra of the composite films. b) The stress-strain curve of all the films, c)
The variation of the values of Young’s Modulus with the variation of PAPbI;content in the film,
d) The values of tensile strength of all the films, DSC thermographs showing e) the heating cycle

and f) cooling cycle of the films.
Here, AH,, and AH,,, denote the melting enthalpy of the concerned samples and

melting enthalpy of 100 % crystallite PVDF (AH,,, = 104.5 J/g). The x. (%) of the films are
evaluated as 25%, 27.8%, 33%, 42% and 37% for neat PVDF, PAPI_5, PAPI_10, PAPI_15,

170
Department of Physics, Jadavpur University



and PAPI_20 respectively. The significant improvement of crystallinity due to the inclusion
PAPDI3 agrees with the results of the XRD and FTIR study.

8.4.5. Piezoelectric response of the devices made of
the films

The piezoelectric performance of the PEHs made of all the films (PPEH) is evaluated
extensively under the application of various dynamic strain. Fig. 8.5a and 8.5b indicate the
superior response of open circuit voltage (V,c) and short circuit current density (Jsc) of
PPEH_15 under hammering with a free hand. PPEH_15 (effective area ~ 2.5 cm x 1.5 cm,
thickness ~ 100 um) yields as high as ~ 80 V V,. and 17.8 pAlcm? /5. in contrast with REH
that produces 7 V and 1.9 pA/cm? under similar pressure. Since PAPI_15 possesses the highest
degree of crystallinity which reflects the highest formation of B phase in this film, the
piezoelectric performance of PPEH_15 matches the outcomes of previous studies. Fig. 8.5¢c
reflects the ultra-sensitivity of PPEH_15 as the device was able to detect very lightweight
pressure-like tissue that had fallen repeatedly on the device from a height of 7 cm. Next, one
edge of the device was attached to an edge of a table in such a way that the other edge was free
to move and the response upon repeated hammering on the free edge with a matchstick was
measured (Fig. 8.5c). The responses under index finger touch and tapping with a pen were also
detected (Fig. 8.5c). Fig. 8.5d denotes the voltage output under twisting of PPEH_15 which
demonstrates the flexibility of the device. Fig. 8.5e represents the response of PPEH_15 under
gentle foot press whereas Fig. 8.5f illustrates the vibration sensitivity of PPEH_15 even in the
ultrasonic range. The behavior of PPEH_15 under various types of external dynamic strain or
vibration assures its potential as a promising candidate in the field of 10Ts.

To calculate the generated power of PPEH_15 under hammering with bare hand, the
device was connected to various external resistance that varies from 3KQ to 12.5 MQ. The
schematic diagram of the corresponding circuit is exhibited in Fig. 8.6a. The variation of the
voltage response under hammering with a free hand is plotted against the resistances as

illustrated in Fig. 8.6b. The output power density (P) is calculated from

_ Yo
I, = AxRL (8.4)
P =1V, xI, (8.5)
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Here, V},,, refers to the peak-to-peak voltage across each load resistance (R,), I, is the
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Fig. 8.5. a-b) The output response of Voc and Jsc of all the PEHs under hammering with
free hand, ¢) The response of PPEH_15 under the application of very light weight objects,
response under d) twisting, e) foot press, f) ultrasonic vibration.

corresponding current density and A is the effective contact area. The maximum power ~ 3.91

mW/cm? under hammering with hand was obtained across 1.97 MQ load (Fig. 8.6¢). Thus,
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using the maximum power transfer theorem, we estimated the internal resistance of the device
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Fig. 8.6. a) The schematic diagram of bridge rectifier circuit attached to the device, b) The
variation of load voltage across a range of load resistance, Inset of b) The schematic diagram
of the corresponding circuit, ¢) The variation of output power density across load resistance, d)
glowing up several green and blue LEDs, €) charging a capacitor.

(R;) as 1.97 MQ.

The generated power is sufficient enough to light up several green and blue LEDs as

shown in Fig. 8.6d. Furthermore, this power is used to charge a commercially available
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capacitor of 2.2 uF (Fig. 8.6e) that can produce 14.6 V in 55 sec. The corresponding energy
stored in the capacitance is (E = %CVCZ) 234.476 pJ. The internal capacitance of PPEH_15 was

computed using the conventional RC circuit model
T = RiCT (86)

Here, T represents the time constant and C; is the total capacitance. Therefore, the

internal capacitance (C;) of the device thus evaluated (C; = C + C;) as 11.1 uF.

The flexibility of PPEH_15 helps to detect various physiological measures such as
bending of a finger, pulse rate monitoring, detection of abnormal knee jerk reflex, and
movement of neck joint at different angles and thus makes it a wearable bio-medical sensor.
At rest, no signal was detected whereas, with the movement of the finger, a response was
detected as shown in Fig 8.7a. The response changes for different angles of the movement of
the finger. Hence, the response with the movement of the finger suggests that this device may
be used in detecting arthritis which mainly affects the ball and socket joint. Next, PPEH_15
was placed on the human knee and generated an electric signal in response to a mild hammering
at the knee (Fig. 8.7b) can detect the abnormal knee jerk reflex if any. A diminished reflex or
exaggerated reflex which implies a lesion/defect in the peripheral nervous system or the central
nervous system could be identified by comparing the strength of the electric pulse with that of
to normal reflex. The Voc obtained in detecting the radial artery pulse of a healthy human being
in normal condition confirms its potential as a pulse monitoring device (Fig. 8.7¢). To protect
our backbone and spinal cord, maintaining proper body posture while working on a
laptop/desktop for a prolonged time is very important. We placed the device at the human neck
and the output response was received when the neck was bent at different angles ~ 30°, 60°, etc
(Fig. 8.7d-e). At different bending angles, the output response is completely different that
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assures its use as a posture monitoring system. The response corresponding to the arm joint

bending is depicted in Fig. 8.7f.
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Fig. 8.7. The output response of PPEH_15 under (a) finger bending, (b) knee reflex, (c) pulse,
(d-e) neck bending at 30° and 60°, (f) arm joint bending, respectively.
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8.4.6. Response of the piezo-active photodetector

PAPI_15 was employed in the fabrication of piezo-active photodetector. The wide absorption
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Fig. 8.8. a) The step-by-step schematic diagram of the fabrication of the photodetector. b) 1-V

characteristics of the device in both dark and irradiated condition. ¢) The current-time plot of

the device, d) The photo-active piezo response of the device.
peak as observed in Fig. affirms its utility as an optically active layer in the photodetector. The
schematic step-by-step diagram of designing the photodetector is depicted in Fig. 8.8a. The I-
V characteristic of the designed photodetector is shown in Fig. 8.8b in which the difference
between the current obtained in dark and illuminated conditions is distinct. The I-V nature in
both dark and under irradiation is linear owing to the ohmic response. In the presence of
irradiation, a large number of excitons are produced at the absorption layer (exposed area ~ 2.5
cm x1.5 cm, the thickness of the photodetector ~ 100 um). In the presence of external bias
voltage, the excitons that form during irradiation split up into free holes and electrons and shift
toward the outer electrodes. As a result, photocurrent is generated. The periodic switching of

photocurrent from OFF state to ON state is exhibited with time in Fig. 8.8c indicating the
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appreciably fast response time of the device. The piezo response under gentle touch is also

found to be enhanced in the presence of illumination (Fig. 8.8d).

8.5. Conclusion

PAPbDIs, a promising, optically active, hybrid perovskite was employed as an external agent in
different proportions in PVDF solution to form flexible, porous films that were used in the
fabrication of PEH. PPEH_15 was found to be the most electroactive and possess the highest
degree of crystallinity among all the films. Moreover, the values of the energy band gap of the
films affirm their efficacy as optically active semiconductors. The elastic properties of the films
ensure their flexibility. The porosity of the films as observed from SEM image may be
responsible for the formation of B phase. The values of Voc and Jsc of PPEH_15 are
significantly high in contrast to REH. The generated power output is sufficient to light up
several green and blue LEDs. This piezo-active flexible film could be used as a biomedical
sensor which particularly can monitor pulse rate, can detect abnormal knee-jerk reflexes which
may be due to defects in the peripheral nervous system or central nervous system and more
precisely bending posture of different parts of our body. Moreover, PAPI_15 was used to

design a piezo-active photodetector.
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CHAPTER 9

9. Environmental friendly
multifunctional energy harvester
along with energy storage
application of an oxide perovskite
composite

L
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9.1. Introduction

ver the past decade, miniaturized renewable energy harvesting devices have become

focal point of interest to power the various self-driven sensors and loTs based

systems [1]. Scavenging abundant mechanical energy from surroundings and
converting it to electrical energy can be a perfect choice not only as a promising alternative to
batteries, which require periodic replacement but also meet the global concern of the
environment pollutions caused by fossil fuels. Inexpensive, portable, maintenance free,
wearable, flexible piezoelectric can produce electrical energy when exposed to any dynamic
strain in any living ambience irrespective of the day-night cycle, climate, and humidity
conditions. In recent years, miniaturized, self-charging supercapacitor devices have garnered
keen attention to store energy [2-5]. It can be very interesting to follow a single step to harvest
and store energy in a single unit. Various piezoelectric materials like lead zirconate titanate
(PZT), lithium niobate (LiNbO3), barium titanate (BaTiOz), Galium nitride (GaN), zinc oxide
(Zn0O), etc. [6-10] have gained immense popularity over the years due to their high
piezoelectric performance. Despite being highly ferroelectric, these materials are brittle and
thus restricted in applications. On the other hand, among various semi-crystalline ferroelectric
polymers, polyvinylidene difluoride (PVDF) (chemical formula: —(CH2>—CF2)—), and its
copolymers are diversely used in piezoelectric nanogenerators (PNGS) in recent years owing
to their low expense, fabrication simplicity, biocompatibility, light weight, and desired
flexibility. There are four crystalline phases a, B, y and & of PVDF out of which predominant
non-polar phase is o whereas, polar phase B is the highest electroactive component. PVDF can
have several nanostructures like fibers, ribbons, wires etc. and each of these is well explored
over the years. Despite being considered as piezo-active material, the efficacy of pure PVDF
was not up to the mark. To achieve the supremacy of B phase within PVDF, various techniques
like mechanical stretching, spin coating, annealing at high temperature, high field electrical
poling, etc. have been performed. But these methods are time consuming, tedious, and hence
fail to supply wide reaching production of PNGs [11,12]. Enhancement of the § phase of PVDF
using the nanofiller is considered to be a smart and convenient choice. The addition of suitable
nanofiller helps to orient the -CH>/-CF> dipoles in PVDF which induces self-poling. Lead based
systems are found to be suitable candidate as nanofiller because of its high piezoelectric
constant and coupling factor which provide superior power conversion efficiency [13,14].
However, various regulating agencies across the globe are imposing restrictions on devices

containing lead-based materials due to environmental issues. Thus, the development of a lead-
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free piezoelectric nanogenerator is required owing to its less toxic nature. Another concern is
to store the harvested energy properly to provide an uninterrupted power supply. The rapid
development of supercapacitors eliminates the need of batteries and utilized in various
applications. Hence, we further propose to fabricate a hybrid self-charging, piezoelectric device
that can harvest mechanical and store it simultaneously. In this case, the mechanical energy is
converted into the electrical energy which further transmutes to electrochemical energy.
Various efforts that includes the conversion of mechanical to electrical to electrochemical
energy have been observed in these reports [15-17]. Here, we have used gel electrolyte instead
of liquid electrolyte to avoid unnecessary leakage problem, stability issue of the liquid solvent,
physical phase of the liquid solvent that may put an obstacle for harvesting mechanical energy,

etc.

Perovskite materials have gained immense attention owing to their wide applications in
optoelectronic devices [18]. In this report, we include a lead-free rare earth oxide perovskite
(ABO3), neodymium manganate (NdMnOs), as a nanofiller in P\VVDF matrix. MnOs octahedra
is the base component of this perovskite structure and the large atomic weight difference of A
and B-sited atoms makes it a suitable candidate for mechanical energy harvesting [19,20].
Structural and temperature dependent electrical behavior of NdMnOs is studied in detail. The
XRD and FTIR experimental result of the composite films proves the appreciable enhancement
of B phase in PVDF as NdMnOs is embedded in it. The output response of the fabricated
piezoelectric nanogenerator was significantly high that assures the potential of the energy
harvester. The appreciably large piezoelectric coefficient and voltage conversion efficiency of
NdMnOs@PVDF film confirm the contribution of piezoelectric effect of the films. The
required flexibility and striking stability in the water medium make this nanogenerator an
appropriate choice for producing wearable sensors/devices. It is noteworthy that the prepared
film performs as a promising piezocatalyst for dye degradation even in the dark that can be
utilized for industrial purposes. Moreover, a multifaceted self-charging, flexible piezo-active
device was designed using the same composite that was capable of harvesting mechanical

energy and storing the electrical energy separately/simultaneously as a sole unit.
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9.2. Experimental section
9.2.1. Materials

To synthesize NdMnOs, neodymium oxide (Nd203) (99.99 % trace metal basis) was purchased
from Sigma Aldrich whereas manganese acetate tetrahydrate ((CH3COO)>Mn.4H20)), nitric
acid (HNOs), Ethylene glycol and citric acid were bought from Merck Chemicals. N, N-
dimethylformamide (DMF, anhydrous, 99.8%), N-methyl pyrrolidine (NMP), PVDF, H3POs,
and PVA used in the synthesis of films, were bought from Merck Chemicals and Alfa Aesar,

respectively. All the chemicals used to carry out this work maintained analytical grade.

9.2.2. Synthesis of NdMnO3 nanoparticles

NdMnOs nanoparticles were synthesized by sol-gel method [21]. Nd2O3 and (CH3COOQ).Mn.
4H>0) were mixed in stoichiometric ratio and converted to the respective nitrates by adding a
few drops of conc. HNOs to the precursors. The nitrate solution was allowed to boil for 15
minutes to remove excess HNOs. To mix the metal ions in an atomic scale, a proper amount of
citric acid was added to the solution. Considering that only two of the citrate ions take part in
chemical bonding with metal ions, the amount of citric acid was estimated such that all the
metal ions form metal citrate [22]. Ethylene glycol was added later on to the mixture and stirred
for 4 hours to form a homogeneous solution. The solution was then kept at 80 °C for 12 hours
to obtain the gel. The gel was kept at 200 °C for until it became brownish powder. The powder
was heated at 600 °C and 800 °C respectively, each step for 6 hours, followed by intermediate

grinding to form well-crystallized oxides.

9.2.3. Preparation of films

PVDF solution was prepared by dissolving 100 mg pure PVDF in 1 ml DMF by continuous
stirring the mixture at 60 °C for 4 hours. Next, 3, 5, 7, 10 wt % (w/w) of NdMnO3z nanoparticles
were added to the stock solution and kept stirring at room temperature for 24 hours. The
transparent stock solution became black on addition of NdMnO3 nanoparticles. The composite
precursor solutions were ultrasonicated for 45 mins and then casted on glass slide to obtain the
composite films by annealing at 90 °C for 2 hours followed by annealing at 130 °C for 3 hours
[23]. This annealing procedure helps to enhance the piezo-active phase of the film.
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NdMnOz@PVDF composite films of different concentrations are designated as NMO_X films
with X =3, 5, 7, and 10.

9.2.4. Fabrication of hybrid piezoelectric and
triboelectric nanogenerators (PTNGS)

To design a hybrid piezoelectric-triboelectric nanogenerator (PTNG), a Cu electrode was
attached on one side of NMO_X film to form the bottom electrode. Then, a uniform layer of
polydimethylsiloxane (PDMS) is casted on a separate Cu electrode and dried at 60 °C for 2
hours. The hybrid device was structured as Cu electrode/ NMO_X film/ Air gap (~100 um)/
PDMS layer/ Cu electrode and designated as PTNNG_3 for PTNNG_5, PTNNG_7 and
PTNNG_10. An NG using pure PVDF films is also designed following similar steps for
reference purposes (RNG). Two Cu wires were soldered on both sides of each of the NG for

connection purposes.

9.2.5. Fabrication of piezoelectric nanogenerators
(NGs)

To design a piezoelectric nanogenerator, two Cu electrode was attached on either side of
NMO_X film to form a sandwich structure. Finally this sandwich is laminated in order to get
rid of any air bubble trapped between the film and electrode. Thus the lamination may assure
the absence or significant reduction of tribo effect. The nanogenerator was configured as Cu
electrode/ NMO_X film/ Cu electrode and designated as NNG_3 for NNG_5, NNG_7 and
NNG_10. An NG using pure PVDF films is also designed following similar steps for reference
purposes (RNG). Two Cu wires were soldered on both sides of each of the NG for connection

purposes.

9.2.6. Piezo-catalysis study

A NMO_7 film of dimension 2.5 cm x 1.5 cm and thickness ~ 40 um was immersed in 15 ml
of 5 ppm aqueous solution of methylene blue (MB) dye. The beaker containing the above mixer
was subjected to a bath sonicator so that the film is exposed to ultrasonic waves. After
sonication for a desired time, a small portion of the solution was pipetted out. The
concentration of residual MB in the filtrate was determined by JASCO V 650 UV-VIS
spectro-photometer. The catalytic experiment was carried out in dark to avoid the photo effect

and the temperature was maintained at 28 °C.
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9.2.7. Preparation of the electrodes and fabrication of
self-charging piezoelectric supercapacitor

At first, as-synthesized NdMnOs, graphite powder, and PVDF were mixed in the ratio 85:10:5
and dispersed in NMP to prepare a homogeneous slurry. The slurry was coated uniformly on
the surface of two flexible steel plates used as symmetric electrodes (the effective area of each
plate is 1.5 cm x 1.5 cm) and dried at 50 °C for 5 hours. To fabricate the self-charging
piezoelectric supercapacitor (SCPS), NMO_7 was used as piezo-separator soaked in gel
electrolyte HsPO4/PVA. The gel electrolyte was prepared by mixing 1g of H3sPOgs, 3g of PVA,
and 20 ml of DI water following rigorous stirring at 90 °C until a homogeneous solution was
achieved. The separator was then sandwiched between two prepared electrodes to design the

device. Furthermore, the device was laminated to provide safeguard.

0.3. Characterization

The XRD analysis of synthesized NdMnOs nanoparticles as well as NdMnOs@PVDF films
were obtained from X-ray diffractometer (Bruker D8). The surface morphology of the both the
nanoparticles and the composite films was performed by FESEM (FEI, INSPECT F50). The
FTIR pattern was obtained from PerkinElmer, Spectrum — 2000. The open circuit voltage
response was recorded using digital storage oscilloscope (Keysight, 1052A) and the short
circuit current was measured using Kiethley 2602B. The values of ds3 of the films were
measured using a dsz meter. UV-Vis spectroscopy was carried out using JASCO V 650
spectrophotometer. The dielectric properties of all the films were analyzed by Agilent 4294A
impedance analyzer. The PE loop was measured using a Precision Premier Il ferroelectric
tester. The electrochemical measurement was carried out with the help of PGSTAT 302N

autolab.

9.4. Result and discussions

9.4.1. Structural and morphological characterization
of NdMnO3z nanoparticles

The X-ray diffraction pattern of NdMnOs using CuK,, radiation is illustrated in Fig. 9.1a. We

have performed Rietveld refinement using MAUD software that confirms no presence of
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impurity or spare peaks in the sample. NdMnOs possesses orthorhombic phase (JCPDS PDF
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Fig. 9.1. (a) The XRD pattern. Inset of (a) The Williamson Hall plot to determine the
crystallite. (b) The atomic model. (c) SEM image. Inset of (c) Distribution of the

corresponding particle size size of sol-gel derived black colored NdMnOs.

card no. # 25-0565) that belongs to Pbnm space group with a=5.43010 A, b=5.59210 A, c =
7.65060 A, unit cell volume 232.3155 A3, The crystallite size (D) and microstrain (&) of

NdMnOs are estimated using Williamson and Hall’s modified Scherrer’s equation [21]
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PcosO = % + 2esinf (1)

Taking under consideration the prominent XRD peaks having uniquely defined FWHM
a linear fit of Scos 6 versus sin 6 plot is shown in the inset of Fig. 9.1a. The average crystallite
size and the microstrain of NdMnOs nanoparticles are estimated to be 97 nm and 0.00248,
respectively. The atomic model of the synthesized sample is depleted in Fig. 9.1b. The
morphology of the as-synthesized NdMnOgz nanoparticles is characterized by field emission
scanning electron microscopy (FESEM). Figure 9.1c depicts the FESEM images of the
particles. The size of the particle follows the Gaussian distribution (inset of Fig. 9.1c) with the

maximum number of particles around 100 nm which is consistent with the XRD results.

9.4.2. Structural analysis and estimation of
electroactive phase: XRD, EDX, and FT-IR studies

The XRD patterns of neat PVDF film and NMO_X films with X =3, 5, 7, and 10 are illustrated
in Fig. 9.2a. The non-polar a phase is found to be absent in NMO_X films. Moreover, the
degree of crystallinity of the filler-added and pure PVDF films is quantified by using the
relation [24]

Y Ac

Xp—m= —m————
Ct 2 AC"‘Z Aamp

x100 (2

Here, X, represents the total degree of crystallinity, where 3 A; and Y. A,,, denote
the total crystalline and amorphous area, respectively. Figure 9.2b illustrates the variation of
X, of the films with X, the wt % of NdMnOQg. It shows that NMO_7 acquires the maximum

value of X, ~86.67 % amongst all the films.

For elemental analysis of NdMnOs in the film, NMO_7 as a representative member of
the series NMO_X was selected, and EDX measurement was performed. Fig. 9.2c¢ depicts the
energy-dispersive spectra (EDX). The ratio of oxygen to Nd atom is approximately ~ 3-6.
However, the value of 3 may not be claimed with high precision from the EDX experiment
only.

The FT-IR spectra of all the films as shown in Fig. 9.2d are investigated to evaluate the
electroactive phase content of the films both in the presence and the absence of the perovskite-
filler within the PVDF matrix. Figure 9.2e indicates that up to NMO_7, the polar, electroactive

B phase (corresponding band at 842 cm™ and 1282 cm™) significantly enhances and then is
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found to decrease in the case of NMO_10. It is also evident that the non-polar a phase is
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Fig. 9.2. shows (a) XRD patterns of the NMO_X films with X=0, 3, 5, 7, 10. (b) Plot of
crystallinity of the films vs. vol. % of the nanofiller. (c) EDX spectra of NMO_7. (d)

FTIR spectra of the composite films. (e) Variation of Fg4% vs. vol. % of the nanofiller
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completely converted to the B phase in NMO_7. Thus, the non-toxic NdMnOs filler can be an
appropriate choice to produce remarkable enhancement of the electroactive phase. The relative
electroactive phase component (Fg,) of each film is evaluated using the relation [25-27]
Fop=—i22 %100 (3)

(7222) 4764 +As42

Here, A,4, and Ag,, are the respective integral area of absorbance bands at 842 cm™
and 764 cm, the corresponding absorption coefficients are Kgy, = 7.7 X 10* cm? mol™ and
K;64 = 6.1 x 10* cm? mol™. The variation of Fg,with X, the wt% of the NdMnOs in PVDF
matrix is shown in Fig. 9.2e. NMO_7 achieves the highest value of Fy, ~89.71 % which is in

tune with the XRD outcome.

9.4.3. Surface morphology of composite films

The surface morphology of neat PVDF and NMO decorated PVDF films are illustrated in Fig.
9.3a—e. The surface of PVDF film is observed as dense, pores-free, and smooth. On the
contrary, the surfaces of NMO_X films with X =0, 3, 5, 7, and 10 films have spherical pores
distributed on the surface. During prolonged stirring in open ambiance, water molecules may
get absorbed in the solution from the air. These water molecules evaporate quite faster than the
solvent DMF due to lower boiling point which results in pores structure throughout the surface
of the film. Some of these pores are occupied by NdMnOs nanoparticles. The homogeneous
distribution of NdMnOs throughout the surface is observed in the films with higher filler
content. The inset of Fig. 9.3a-e shows the digital photograph of the prepared films. The
flexibility of NMO_7 is illuminated in Fig. 9.3d. Cross-sectional view of the NMO_7 film
revealing 40.4 um thickness is illustrated in Fig. 9.3f.

9.4.4. Dielectric behavior of the composite films

The dielectric response of NMO_X films with X =0, 3,5, 7, and 10 over 4 Hz < f < 8MHz
are shown in Fig. 9.3g that depicts the rise in the dielectric constant of P\VDF film in presence
of NdMnQOz. The Inset of Fig. 9.3g depicts that the real part of permittivity increases with the
increase in filler content at high frequency region. The interfacial polarization and porous

structure of the films play the key role in the dielectric property of the films specifically in low
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frequency region[28,29]. The dielectric constant of NMO_10 enhances almost 3 times that of
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Fig. 9. 3. (a)-(e) SEM images of the pure PVDF and composite films. Digital photographs of the
films and the flexibility of NMO_7 are exhibited in the inset of the corresponding SEM images.
(f) Thickness of NMO_7 film. (g)-(h) The dielectric behavior and conductivity study of all the

films.

pure PVDF film in low frequency domain owing to the contribution of interfacial polarization.
NMO_40 is found to achieve the highest dielectric constant too in high frequency region. The
conductivity of all the films has been evaluated using wey.€'tand [28,30]. The frequency
variation of the AC conductivity of NMO_X films with X =0, 3, 5, 7, and 10 is shown in Fig.
9.3h. The Inset of Fig. 9.3h illustrates the appreciable enhancement of the AC conductivity
with the increase in filler content in the film. The flattened portions of the conductivity curves
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in low frequency region represent the DC portion and highly frequency dispersive regions

appear owing to the AC contribution.

9.4.5. Output response of the fabricated
nanogenerators

NdMnO; +
PVDF +DMF
L _ 7
o - NMO film Air ga
RO 2 -
Glass slide
B NMO film
PDMS layer
Cu electrode (a)
NdMnO; +
PVDF +DMF
.% ~ NMO film : ,
WY A
Glass slide
B NMO film
Cu electrode
(b)

Fig. 9.4. depicts the schematic diagrams of the fabricated nanogenerators.

The step-by-step fabrication process of the PTNGs is illustrated in the form of a
schematic in Fig. 9.4a. To have a glimpse of tribo effect, a hybrid device was fabricated as Cu
electrode/ NMO_X film/ Air gap (~100 um)/ PDMS layer/ Cu electrode. This hybrid device
(PTNNG_7) exhibits enormously large Voc (~ 160 V) for X = 7 as reported in the Fig. 9.6a.

The working mechanism of the hybrid nanogenerator is illustrated in schematic form in Fig.
9.5. Initially, no potential difference occurs between the two electrodes as no charge is

generated in the absence of the relative motion of the layers and the deformation of the
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Fig. 9.5. exhibits the working mechanism of the hybrid nanogenerators.

piezoelectric layer. Due to the application of the external mechanical force, different layers
(NdMnOs@PVDF and PDMS) come in contact causing the deformation of the device and so
the deformation of NdMnOs@PVDF. Firstly, positive, and negative charges are generated in
the piezoelectric functional layer under compressive stresses. In the meantime, the PDMS
surface which comes in contact with the NdMnOs@PVDF layer is also charged due to the
triboelectric effect. On the other hand, the continuous releasing process separates the PDMS
layer with an air gap from the NMO layer. The generated potential difference leads to the output
electrons flowing in the circuit between two concerned frictional layers. When the two
triboelectric layers get separated during the removal of the mechanical force, the charges at the
surfaces do not neutralize immediately. Rather, a potential difference occurs between the two
concerned electrodes that drive the electron to transfer from one electrode to the other one to
generate an electrical signal in the opposite direction. When the separation distance retains its
original value, the potential difference is fully offset by the flow of electrons between the

electrodes, and hence no electric signal is produced.
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In order to study the intrinsic effect of piezoelectricity of the NMO_X film only, tribo
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Fig. 9.6. (a) Vo of the designed hybrid nanogenerator. (b)-(c) V¢ and I, of the fabricated NNGs

under hammering with free hand. (d) PE loop of NMO_7 and PVDF. (e) Saturation polarization of

both the films. (f) Energy density and efficiency of both the films.

effect is to be minimized and so the device was prepared with sincere care to get rid of any air

trapped between the film and electrodes as shown in Fig. 9.4b. The piezoelectric response of
the fabricated NNGs and RNG are studied to investigate the effect of the NdMnO3 nanofiller
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within PVDF matrix. The open circuit voltage (V) and short circuit current (I,.) produced by
the concerned NGs under repetitive hammering with free hand is illustrated in in Fig. 9.6b and
9.6¢, respectively. Amongst all NGs, NNG_7 exhibits the highest response, i.e., 50 V V, and
30 pA I, under periodic hammering with a free hand whereas RNG produces 3V V- and 2
uA I under similar pressure. Almost 17 times V,. and 15 times I, exhibited by NNG_7
compared to that of RNG complements the p phase enhancement as inferred from XRD and
FTIR analysis. To assess the piezoelectric contribution, the piezoelectric coefficient (d53) of
NMO_7 was measured by ds; meter and obtained as 32.2 pC/N which is effectively very high
compared to that of neat PVDF (17.8 pC/N). To determine the ferroelectric nature of the films
at room temperature, we have recorded the polarization (P) vs. electric field (E) hysteresis loops
for pure PVDF film and NMO_7 (Fig. 9.6d) since NMO_7 not only possess superior electro-
active phase content, enhanced crystallinity but also exhibits significantly improved V,. and
I,.. Figure 9.6e depicts that the saturation polarization (Ps) of NMO_7 is higher than that of
pure PVDF. The shaded regions refer to the energy stored by the films and the corresponding
energy density and efficiency have been plotted in Fig. 9.6f.

Since, the output response of the NNG_7 is the highest, this device was used to perform
various experiments to understand its sensitivity and efficacy. The sensitivity of the fabricated
NNG_7 is examined by hammering it with various lightweight objects like tooth pick, pen,

thermocol, etc. is exhibited in Fig. 9.7a that not only indicates its ultra-sensitivity but also

AVoc

confirms its utility in nano tactile sensing. The mechano-sensitivity [31] (Sy = s

) of the

hybrid NNG_7 was considerably high ~7.81 VV/N obtained from the voltage response under the
application of different forces (forces were measured using a load cell as shown in Fig. 9.7b
inset). The voltage outcome of NNG_7 under gentle repeated heel pressing device ensures its
potential as a wearable sensor (Fig. 9.7c). Figure 9.7d demonstrates the response of NNG_7
when subjected to a phone vibration. The device was attached on the outer surface of a beaker
full of water kept under ultrasonic vibration and the corresponding output response of the
device is displayed in Fig. 9.7e. Furthermore, the NNG_7 was placed inside a beaker full of
water to assess the sensitivity of the water wave produced due to the ultrasonic vibration (Fig.
9.7f). These outcomes suggest that NNG_7 can be an appropriate choice as a vibration sensor.
Furthermore, the device was attached on a mouse connected to the computer. The voltage

response on repetitive clicks on the mouse is shown in Fig 9.7g. A piece of paper was placed
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on NNG_7 and the illustrated outputs (Fig. 9.7h) on writing a few alphabets assure that the
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Fig. 9.7. Voltage response of NNG_7 under several conditions (a) pressure imparting with very
light weight objects, (b) mechano-sensitivity of NNG_7 computed from load cell, (c) gentle heel
pressing, (d) phone vibration, (e) ultrasonic vibration, (f) wave motion, (g) mouse click, (h) writing
on a piece of paper placed on the device, (i) hammering with free hand after drowning the device
under water for 24 hours, (j) stability checking by hammering with free hand after 6 months of
the fabrication, (k) Voltage output of NNG_7 in response to a drum toy at the time of fabrication,

(1) Stability test after 12 months of fabrication in large cycle.

device can be used as a smart writing board sensor. Next, the efficacy of the device is further
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assessed in water by drowning NNG_7 in a beaker full of water for 24 hours. After 24 hours,
measured V, under periodic hammering with free hand was interestingly obtained as before
(Fig. 9.7i). The excellent stability of the device under water makes it a desired wearable sensor
in wide applications. Furthermore, the performance of the device was tested after 6 months of
the fabrication and observed a similar voltage response (Fig. 9.7j) without any significant decay
under similar pressure. To investigate the stability of the NNG_7 in a large cycle, the device
was hammered by a toy. The corresponding V, is exhibited in Fig. 9.7k that was recorded at
the time of fabrication of the device. The similar performance of the device obtained in
response to the drum toy in an appreciably large cycle after 12 months of fabrication confirms
its excellent stability (Fig. 9.71).

NNG_7 was connected to various load resistances (R,) ranging from 3KQ to
20 MQ and the corresponding voltage response (V) was measured as illustrated in Fig. 9.8a to
compute the internal resistance of the concerned device. The schematic diagram of this circuit
is illustrated in the inset of Fig. 9.8a. The corresponding load current density (I,) is calculated

using the relation

= T (4)

A X Ry,

Here, 1, refers to the peak-to-peak load voltage and A denotes the effective area of

contact of NNG_5 (2.5 cm x 1.5 cm).
The output power density is further evaluated using the relation

P=V, xI, ()

As depicted in Fig. 9.8b, the power density becomes maximum (~35.33 mW/cm?) for
R; =3.96 MQ. This corresponds to the internal resistance (R;) of NNG_7 using the maximum
power transfer theorem [32]. To assess the ability of NNG_7 as a mechanical energy harvester,
it was connected to several green and blue LEDs through a full bridge rectifier circuit to light
up under simple hammering with free hand. The rectified circuit diagram is illustrated in Fig.
9.8c. The produced instantaneous power is found to be sufficient to glow up these LEDs as
observed in Fig. 9.8d. The Generated power output was attempted to store in a commercially

available external capacitor. The voltage response of a 3.3 pF capacitor attains a maximum

voltage of 13.2 V (V%) as depicted in Fig. 9.8e. The equivalent energy (1/2CV./%*?) stored
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in the capacitor is 287.47 uJ. The internal capacitance of NNG_7 is computed using the RC
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Fig. 9.8. (a) Voltage response of NNG_7 across several load resistances. Inset of (a)
Corresponding schematic diagram of the circuit (b) Plotting of power density of NNG_7 across
the load resistances. (c) A schematic diagram referring the full bridge rectifier circuit. (d)
Glowing up LEDS. (e) Capacitor charging by NNG_7.

circuit model.

T =R;Cr (6)
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Here, 7, the time constant, is calculated as 28.82 sec. C represents the total capacitance
of NNG_7. Now, the internal capacitance (C;) is estimated as 3.9 uF employing the relation
[33]

Cr=C+C (7)

The computed R; and C; suggest NNG_7 as a potential candidate for energy harvesting.
Furthermore, the aforesaid experimental results confirm its ability as an energy source to run
small-powered miniature devices. The desired flexibility, ultra-sensitivity, and excellent
stability in the air, as well as water medium, ensure its utility not only as a wearable sensor but

also in the biomedical industry as it is lead free non-toxic energy harvester.

9.4.6. Piezoelectric dye degradation

To get more insight into the piezoelectric efficacy of NMO_7, the piezocatalytic activity of
NMO_7 has been studied by analyzing the degradation of methylene blue (MB) dye aqueous
solution under piezoelectric vibration in dark conditions. The schematic diagram of the
working process of the dye degradation by the influence of piezocatalysis is illustrated in Fig.
9.9a. The piezoelectric dye degradation was monitored by computing the change in intensity
of the characteristic absorption peak of MB at 663 nm (Fig. 9.9b). Moreover, the apparent
change in the color of the dye loaded solution was observed visually after 30 min of
ultrasonication which confirms the piezocatalytic property of the concerned film. After 40 min,
the dye degraded almost completely and an almost clear solution was obtained. In contrast, the
concentration of MB dye remains almost unchanged when a neat PVDF film was used in the

identical MB dye aqueous solution and exposed to ultrasonic vibration for the same time as

observed in Fig. 9.9c The degradation [34] of MB dye defined as € = % measures the

0

degradation efficacy of the piezocatalyst (Fig. 9.9d). Here, C, is the initial concentration of the

dye and C; denotes the concentration of the residual dye after time t. The variation of degree

of degradation (%) with the time[35] of ultrasonication (t) is illustrated in Fig. 9.9e that
0

confirms the degradation of MB reaches by ~ 56 % in just 10 min. However, the concerned
film exhibits appreciably catalytic activity in the dark with ~ 90 % degradation in 40 min of
mechanical stimulus. The piezocatalytic mechanism of MB degradation is explained in Fig.
9.9f. Incorporation of NdMnQO3z in PVDF produces self-poled piezoelectric composite. Under
the continuous exposure of ultrasonic waves, piezoelectric field is generated across NdMnOs

@PVDF film due to the separation of positive and negative charges. These charges (+ve and -
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ve) accumulate on the opposite side of the surface of the film. Oxygen (O2) molecules dissolved
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Fig. 9.9. (a) Working mechanism of piezocatalysis, (b) Absorbance spectra in presence

of NMO_7 at different interval. (c) Absorbance spectra in presence of neat PVDF at
several intervals. (d) Degradation efficiency of NMO _7 is plotted against time. (e)

Variation of (%) with time. (f) Schematic representation of the reaction mechanism of
0

piezo-catalyst.

in solution, receive the electron from the mechanical vibration induced —ve charges to form

superoxide anion radical (e O;) while the positive charges get the electron from the surface-
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bound H20 and OH™ to produce hydroxyl radicals (*OH). These « O; and « OH radicals are

the main reactive species for the degradation of organic dye MB.

Furthermore, the film used in photocatalysis was employed again to fabricate a
piezoelectric generator following the aforesaid similar configuration that exhibited a similar
voltage response without any decay under hammering with a free hand. Hence, it can be

confirmed that the concerned film is highly stable even in dye containing aqueous solution.

9.4.7. Electrochemical performance of SCPS device

The electrochemical energy storage property of the fabricated flexible SCPS device was
investigated using cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD)
analysis within working potential window 1.2 V. The quasi-rectangular shape of all the CV
curves scanned at different scan rate indicates that the ion-intercalation pseudo capacitance is
responsible for the charge storage at the electrode (Fig. 9.10a). The absence of any redox peak
in the CV curves confirms the involvement of the non-Faradic charge storage process of the
system. The rise in the current range with the increase in the scan rate (2 mV/s to 100 mV/s)

illuminates the good capacitive properties of the device. The areal device capacitance is

_J1adv

evaluated as 41 mF cm™ using C; = ——
VAAV

(C, denotes the areal capacitance of the device,

[ Idv represents the integral area of the CV curve, 4 is the area of the device, v refers to the
scan rate and AV is the working potential window)[36] at an applied scan rate of 2 mV/s. It has
been observed in Fig. 9.10b that the device capacitance decreases gradually with the increase
of the applied scan rate. SCPS exhibits 10.59 mF cm when the scan rate is increased by 50

times. Furthermore, the device capacitance was also monitored from GCD analysis using C, =

IXAt
AXAV

the working potential window)[36] at different current densities as displayed in Fig. 9.10c. The

(1 is the constant discharging current in A, At refers to the discharge time and AV denotes

areal capacitance is found to be 41.37 mF cm at a current density of 2 mA. The variation of
the areal capacitance with the rise in current density is exhibited in Fig. 9.10d. To check, the
device's stability, the device capacitance was scrutinized during 2000 cycles of charging and
discharging at a constant discharging current density of 5 mA. The capacitance retention of
99% of its initial value after completing 2000 cycles assures the potential of the concerned
electrode for the application of a supercapacitor. The variation of 1% 11 cycles and the last 11
cycles is shown in Fig. 9.10e suggests no significant change in the values of areal capacitance.
Figure 9.10f represents the energy—power response of the device in the form of a Ragone plot.

200
Department of Physics, Jadavpur University



The energy (E) and power (P) of the SCPS were determined from the CD curves using the
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Fig. 9.10. (a) CV curves of SCPS at different scan rate. (b) Variation of areal capacitance of the
device with scan rates computed from CV curves. (c) GCD curves of the device at different
discharging current. (d) Areal capacitance of the device calculated from GCD spectra. (e) Cyclic
stability and capacitance retention of the device. Inset of (€) show the 1% 11 cycles and last 11 cycles.
() Energy-power performance of the SCPS presented in the form of Ragone plot.

relations[?2]
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P = (9)

9.4.8. Self-charging performance of the fabricated
SCPS

Figure 9.11a-c represents the self-charging performances of the as-designed SCPS at different
bending angles ranging from 30° to 90°. When SCPS is bent repetitively at 30°, the voltage of
the device reaches 436 mV from 23 mV in just 147 that assures its self-charging properties
under dynamic strain. The device was further allowed to retain its initial state within 118 s by
applying a steady discharge current of 0.1 mA. The device was also periodically bent at 60°
and 90° to investigate the output self-charging response under mechanical deformation. SCPS
attains 590 mV and 890 mV in 146 s when bent at 60° and 90°, respectively followed by a
discharge to the initial state within 100 s. The increase in the self-charging voltage of the device
with the rise in deformation in the form of bending is owing to the piezoelectric effect of the
NMO _7. The charging-discharging cycle under periodic bending at 90° is also checked and
displayed in Fig. 9.11d that ensures the device's potential to power various miniaturized
instruments run on minimal power. The digital photograph of the illuminating LEDs as
illuminated in Fig. 9.11e further assures the storing capacity of the fabricated SCPS.

9.4.9. Working mechanism of SCPS

The self-charging device has been designed using a piezoelectric separator NMO_7 soaked in
PVA/H3PO4 between two electrodes. Although the working mechanism of the self-charging
piezoelectric supercapacitors has been explained in many literatures based on
piezoelectrochemical process, the mechanism is still not clear. It can be stated that self-
charging piezo-active process lies in the piezoelectrochemical reaction that occurs at the
surface of the electrodes and the electrolyte soaked piezoelectric separator. The electrolyte
PVA/H3PO4 was uniformly spread over the surface of the electrodes and the separator. When
the device is subjected to mechanical deformation, positive and negative piezoelectric potential
is generated across the piezo-separator that leads to the electrolyte ion migration towards the
opposite symmetric electrodes. At the initial state, as an electrochemical equilibrium is
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sustained between the two electrodes and the electrolyte, no charge transfer occurs. In the
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Fig. 9.11. Self-charging properties of SCPS subjected to different bending angle (a) 30°, (b)
60°, (c) 90°, (d) Stability of the self-charging properties of the SCPS under the application of
periodic bending at 90°. (¢) The LEDs illuminated by SCPS.

presence of external pressure, the equilibrium gets disturbed giving rise to stress-driven
potential across the piezo-separator. To compensate for this piezo-potential, cations (H")
traverse towards the negative electrode through the piezo-active separator. Consequently, the
faradic or redox reaction occurs at the surface of both electrodes to attain the chemical
equilibrium condition. A reduction reaction occurs at the negative NdMnOs electrode owing to
the insertion of H* ions that leads to the accumulation of positive charges at the negative
electrode. On the other hand, an oxidation reaction occurs at the positive electrode due to the
reduction of H* ions which leads to the gathering of free electrons at the interface of positive
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electrodes. When the applied pressure is removed, the piezoelectric properties of the separator

DI R
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Fig. 9.12. Schematic diagram of the working mechanism of SCPS (a) The original state of SCPS

in absence of any applied force. (b) Piezoelectric potential generated by the separator under the
influence of external force initiating the electrolyte ion migration. (c) Migration of H* and PO,*
towards the electrodes. (d) An equilibrium state has been achieved between the piezoelectric
potential generated and the electrochemical reaction. () Withdrawn of external force and
piezoelectric potential disappears in the SCPS.

vanish and hence the electrolyte ions are re-distributed uniformly throughout the electrode

surface to maintain the equilibrium. In this way, the conversion of mechanical energy to
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electrochemical energy takes place. The entire mechanism is illustrated in Fig. 9.12 using a

schematic diagram.

9.5. Conclusion

An integrated self-charging piezoelectric nanogenerator is designed using NdMnOz:@PVDF
composite films and PVA/H3PO4 layer to harvest and store energy in a sole unit. The
piezoelectric contribution of the NdMnOz@PVDF composite films is estimated from the XRD
and FTIR analysis which indicates the significantly enhanced crystallinity and electroactive
content of the films owing to the interaction between the nanofiller and the polymer. Variation
of NdMnOz nanoparticles content in the composite reveals that the composite with 7 wt %
(w/w) of NdMnO3z viz. NMO_7 achieves the highest crystallinity (~86.67 %) and is found to
be the most electro-active film (~89.71 %) among all the prepared films. The fabricated NNG_7
exhibits appreciably high mechano-sensitivity and remarkably high V. and Is. under free hand
hammering. The outstanding stability of the concerned NG under water and striking responses
under the application of various low forces ensures its potential application as a mechanical
energy harvester. The adequate power generation indicates the usefulness of the device as a
power source to run various low-powered devices. It is noteworthy that the non-toxicity of the
designed NG meets the eco-friendly need. Moreover, NMO_7 exhibited its efficacy as a
promising piezo catalyst that is reusable. The fabricated piezoelectric supercapacitor exhibits
41.37 mF cm™ areal capacitance with 99% capacitance retention even after 2000 cycles.
Hopefully, this study will help to show a promising window to fabricate self-powered and self-

charging sustainable power sources and storage devices.
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10. General Conclusion

n recent years, renewable energy harvesting is not an option, it has been the ultimate future

to maintain sustainability. Collecting abundant mechanical energy from the ambiance and

converting it to an electrical signal is one of the finest options to run a large number of
microelectronics that require low power to operate. Besides mechanical energy, solar energy is
another important renewable source that can be acquired in the maximum portions of the earth.
It is now in trend to hybridize two or more energy harvesting units in a sole unit to develop a
multifaceted, self-powered, portable, and wearable device to perform in a wide horizon that
can harvest more than one energy simultaneously or separately. While talking about solar
energy harvesting, OIHPs have gained immense attention worldwide owing to their exciting
photovoltaic property, tunable band gap, long carrier charge diffusion length, simple synthesis
processes, etc. Rare earth oxide perovskites have also been well explored for years in different
domains and are an integral option for energy harvesting owing to the high dielectric constant
hence polarization, excellent stability, catalytic properties, etc. PVDF is one of the most
popular ferroelectric polymers due to its cost-effectiveness, easy synthesis process, and
flexibility. The inclusion of appropriate filler such as perovskite materials can enhance the
ferroelectric phase content, and degree of crystallinity to an appreciable extent. Generally, an
energy system comprises an energy harvesting unit, a power controlling system, and a storage
unit. Energy storage is another global concern today to power devices anywhere and
everywhere, irrespective of weather, and time. Therefore, it would be very convenient if we

integrate energy harvesting and storage units in a single device.

In this thesis work, we have prepared organic-inorganic hybrid perovskite
propylammonium lead halide (CsH7NH3PbXs, X = 1, Br) via sol-gel method. We got the
structural confirmation of the samples from XRD analysis. Despite being popular due to their
interesting properties such as easy synthesis process, low expense, high carrier diffusion length,
tunable band gap, and appreciable photovoltaic properties, these hybrid perovskites face
stability issues in the presence of moisture, high temperature, and UV irradiation that harness
the practical implementation of these perovskites in large scale. We have investigated the
stability of CsH7NH3sPbls in moisture ambiance by keeping the bare C3H7NH3Pbls in saturated
NaCl solution for 168 hours. We have found no detectable change in the XRD peaks after 168
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hours that ensures the significant stability of this perovskite. CsH7NHsPbls possesses an
optimal band gap of ~ 2.38 eV that has been calculated from the absorbance peak using the
Tauc plot. The extensive study on dielectric properties of the sample over 10 Hz < f < 8 MHz
for 273 K < T <373 K was measured. The contribution of grain and grain boundary over the
total impedance was evaluated. The grain and grain boundary resistance is found to decrease
with the temperature rise. The asymmetrical behavior of the imaginary part of the electric
modulus implies the non-Debye type nature of the sample. From the fitting of the Kohlrausch—
Williams—Watts function, it is observed that the non-Debye nature shifts to the Debye type

with the rise in temperature.

C3H7NH3PbBrs which possesses a wide bandgap of ~ 3 eV is also very stable as can be
concluded from the DSC thermograph. Despite being stable in high temperatures, this
perovskite is also very stable in UV illumination. We have fabricated a UV photodetector using
this perovskite as light absorption material. A comparative study on the dielectric properties of
both the aforesaid perovskites was performed. It has been observed that CsH7NHsPbBrs3
exhibits a giant dielectric constant at room temperature. The AC conductivity is observed to be
appreciably high in elevated temperatures. The ionic conduction that plays an important role
in the conductivity of the sample has been analyzed by Jonscher’s power law. The influence of

the activation energy on ionic conduction has been analyzed in detail.

To harvest mechanical energy, we have incorporated CsH7NH3Pbls in PVDF in different
proportions (3.21, 4.76, 6.20 wt %) to produce nanofiber by the method of electrospinning. It
has been observed that 4.76 wt% CzH;NHsPblz decorated PVDF nanofiber (PANF (4.76))
exhibits the highest electroactive phase content ~ 92.5 % with superior crystallinity ~ 78.8 %
among the nanofibers of all concentrations. In contrast, neat PVDF nanofiber (PVNF)
possesses electroactive phase content as low as ~ 74.5 % with crystallinity of ~ 62.6 %.
Moreover, the remarkably reduced diameter of the nanofiber on the inclusion of 4.76 wt %
C3H7NH3Pbls suggests the significant formation of polarized B phase within the polymer
matrix. The optical and elastic properties of the prepared nanofiber are analyzed in detail. The
computed band gap of PANF (4.76) ~ 2.2 eV ensures that the perovskite retains its intrinsic
properties even in the nanofiber. The melting point of the composite nanofiber is increased
effectively due to the presence of the perovskite that has been concluded from the DSC
thermograph. We have performed a comparative study on the performance of the fabricated
piezoelectric nanogenerators (PNGs) using PANF (4.76) and PVNF (hamed PANG (4.76) and
PVNG, respectively). The lightweight, flexible, durable, cost-effective, self-powered PANG
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(4.76) is observed to generate 60 V open circuit voltage, 27.5 uA short circuit current, and 9.81
mW/m? power under periodic hammering with a free hand. The generated power is enough to
glow up several green and blue LEDs. Moreover, the power output was stored in commercially
available capacitors that were further used to run a digital wristwatch. The output response of
the device under the influence of various forces is detected. The concerned device demonstrates
significant mechano-sensitivity that assures its potential as 10Ts and wearable sensors. The
optimal energy band gap of the aforesaid composite confirms its efficacy as a piezo-active
photodetector. Hence, we can design a multifaceted device using the proposed composite that
can harvest both mechanical and solar energy separately or simultaneously.

Next, we prepared self-poled piezoelectric films using CsH;NHsPbls and PVDF (5, 10,
15, 20 wt %). The inclusion of CsH7NH3Pblz in 15 wt% in PVDF produces significant
enhancement of degree of crystallinity ~ 88 % and ferroelectric phase content ~ 86 % within
the film. The melting point of the composite is also effectively improved. Moreover, the elastic
and optical property of the film ensures its flexibility as well as its optical capability to be used
in optoelectronic devices. The porosity of the films induces self-polarization and hence
improves the transformation of B phase content. This composite was employed in the
fabrication of a piezoelectric energy harvester (PPEH_15) that generated ~ 80 V Voc and 17.8
nA/cm? Jsc under hammering with a free hand and the obtained outcome is substantially high
compared to that of a PEH made of neat PVDF. Finally, the photo-active piezo response of the
photodetector made of the aforesaid composite was remarkable enough to serve the photo-

detecting purpose.

Next, we have synthesized lead-free oxide perovskite NdMnQOsz nanoparticles through
sol-gel method. The structural confirmation and surface morphology was obtained from XRD
and FESEM analysis. NdMnOgz nanoparticles are embedded in PVDF in different volume
fractions (3, 5, 7, and 10 wt %) to prepare self-poled, porous films. The loading of 7 wt %
NdMnOs nanoparticles within PVDF results in significant enhancement of g phase formation
~ 89.71 % which assures its utility in the field of wearable sensors and 10Ts. The aforesaid
NdMnOszdecorated PVDF film affirms itself as a promising piezocatalyst in the dark to degrade
dye effectively. We have designed ultra-sensitive hybrid piezoelectric-triboelectric
nanogenerators that are fabricated using NdMnO3 decorated PVDF films and PDMS that
exhibit V,. as high as 160 V. The sole contribution of piezoelectric effect was isolated by
designing piezoelectric nanogenerator that produced 50 V V, and 30 pA Ig. under free hand

hammering. The generated power is adequate to glow up several green and blue LEDs. The
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sufficient power generation of the piezo generator confirms its efficacy as a potential power
source. Interestingly, the device shows excellent stability even in water medium. We have
fabricated an integrated self-powered self-charging piezoelectric supercapacitor using
NdMnOs@PVDF composite films to harvest and store energy in a sole unit. The composite
film is used as a piezo-active separator in the integrated device that yields 41.37 mF cm™ areal

capacitance with 99% capacitance retention even after 2000 cycles.

?ayod S’w?u]@h

02. Dga 2024

213
Department of Physics, Jadavpur University



	be915dc882828ce756ccdb6712acdaf50d0972d17f37b226d9d08efbe3ed0f23.pdf
	43e05c9557903e76576c49f2308ca2fdded8c7726b8cead163440d7698b4a31b.pdf
	b4beb15b9ff477e0fa4f459704ffe27c5225489fdcb7b4462c4a171a6f7d262b.pdf
	Title page and dedication


	43e05c9557903e76576c49f2308ca2fdded8c7726b8cead163440d7698b4a31b.pdf
	Untitled

	43e05c9557903e76576c49f2308ca2fdded8c7726b8cead163440d7698b4a31b.pdf
	43e05c9557903e76576c49f2308ca2fdded8c7726b8cead163440d7698b4a31b.pdf
	b4beb15b9ff477e0fa4f459704ffe27c5225489fdcb7b4462c4a171a6f7d262b.pdf
	Untitled
	b4beb15b9ff477e0fa4f459704ffe27c5225489fdcb7b4462c4a171a6f7d262b.pdf


	be915dc882828ce756ccdb6712acdaf50d0972d17f37b226d9d08efbe3ed0f23.pdf
	be915dc882828ce756ccdb6712acdaf50d0972d17f37b226d9d08efbe3ed0f23.pdf
	be915dc882828ce756ccdb6712acdaf50d0972d17f37b226d9d08efbe3ed0f23.pdf

