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Abstract

ABSTRACT
Poly (ethyl Methacrylate) (PEMA) based electrolyte was prepared using Solution Casting
Technique. Poly (ethyl Methacrylate) conductivity was increased by adding Potassium
lodide as salt in different weight percentage variations. After that sample had ionic
conductivity 3.80 x 10 S/cm at 40% weight percentage of Potassium lodide (K1). Further
amorphicity enhancement and mechanical strength was increased by adding Ethylene
Carbonate (EC) as plasticizer. Ethylene carbonate was added (EC) in different weight
percentage variation and got maximum conducting sample at 60% weight percentage of
EC i.e., 4.64 x 10®° S/cm. Maximum conducting sample was investigated using various
characterization approaches such as X-ray Diffraction (XRD), Scanning Electron
Microscopy (SEM), Complex Impedance Spectroscopy (CIS), Fourier Transform Infrared
Spectroscopy (FTIR). Further enhancement of conductivity incorporation of multiwalled
carbon nanotubes was used. Carbon nanotubes were added into maximum conducting
polymer electrolyte of Poly (ethyl Methacrylate) (PEMA) +40% wt. percentage of Kl+
60% wt. percentage of EC for further enhancement of conductivity of composite
electrolyte.  Carbon nanotubes were added into maximum conducting composite
electrolyte with respect to different weight percentage. At 9% wt. percentage of CNT,
polymer composite sample had maximum conducting sample having conductivity 3.5x10"
4 S/cm. After that Polymer electrolyte maximum conducting sample was used to prepare
DSSC solar cell electrolyte. DSSC solar cell prepared using doctor blade technique. The
DSSC solar cell model was tested using Sun Simulator and Keysight instruments under
Sun 1 condition. After 72 hours it again tested and fill factor value obtained 81.12 and

energy conversion efficiency 2.26%.
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Chapter 01

Chapter 1. : Introduction
1.1. GENERAL INTRODUCTION

Now a days many advanced portable devices have being invented, for that purpose
there has been a requirement of high-performance energy devices. So that researchers have
focused on developing advanced energy /battery systems. Early 1830 Michael Faraday
discovered conduction of ions in liquid and solid electrolytes that field known as “Solid
Statelonics”. In this field Ionics fast, ionic conduction takes place through Bulk/solid
materials. For that reason, research is focused in exploring the chemical and physical
properties of these solids known as “Supersonic Solids” or [1] “Fast lon conductors” or

“Solid electrolytes”

1.2. TYPE OF SOLID ELECTROLYTES
Firstly, depending upon ions the solid electrolytes are classified into
following groups:
i.  Solid electrolytes are conductible by silver ion (Ag+).

ii.  Solid electrolytes are conductible by copper ion (Cu*)

iii.  Solid electrolytes are conductible by Lithium ion (Li").

iv.  Solid electrolytes are conductible by Sodium ion (Na*).

v.  Solid electrolytes are conductible by Hydrogen ion (H*).

vi.  Solid electrolytes are conductible by Oxygen ion (O?).
vii.  Solid electrolytes are conductible by Fluoride ion (F).

viii. A few divalent cations, including Ba++, Cd++, and Sr++

But it observed that their conductivity is very small. Additionally, solid electrolytes
are classified into several groups according to their microstructure and physical

characteristics.

i.  Crystalline solid electrolytes.
ii.  Glass solid electrolytes.

ii.  Gel solid electrolytes.
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iv.  Composite or dispersed phase solid electrolytes.

v.  Polymer solid electrolytes or Polymer electrolytes
All these electrolytes have high ionic conductivity so that these electrolytes are used

in electrochemical devices such as batteries, Dye sensitized solar cell (DSSCs).

1.3. POLYMERS BASICS:

The notation “polymer” originates from the language Greek “POLY" means many
and "MEROS," means parts. respectively. It is a material that is made of numerous
components. For polymers, some scientists prefer to use the term "macromolecules.” The
practical impact of polymers on daily life is significant and very direct. The "polymer age”
are currently experiencing. As a result, one of the most significant and expanding fields of
science is that of macromolecules and polymers. [2]. As mentioned above type, Polymer
electrolytes are suitable for energy devices due to light weight, flexibility, chemical
stability, good processability and ease of film forming ability. Solid polymer electrolytes
have flexible mechanical properties with ionic conductivity. So thatthese are used in
rechargeable batteries, fuel cells, supercapacitors, electrochemical sensors etc. [2]-[4]. So,
there has been a challenge to choose a host polymer for preparation of polymer electrolyte

due to availability of various type of polymers. Below figure 1.1 shows chain structure of

‘ Monomer Uniﬂ

Covalent bond

polymer.

Figure 1.1: Chain structure of Polymer.
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1.3.1 CLASSIFICATION OF POLYMERS

Polymers are classified in various categories depending upon nature of origin,
thermal behavior, formation route, and crystalline nature, occurrence of polarity, physical
properties, and type of chain, structural organization, and tacticity polymers. [5]. Some

type of polymer are shown in Figure 1.2.

Polymer

Type

Formation
. Polari
Origin Mode y
; Non-Polar Physncg |
Synthetic " Condensation Polar Properties
Natural Addition
Semi
Syninetic Thermal Nature of
Behaviour Crystallinity Eastomers _ Fibers
/\ Plastics
Thermosetting  Thermoplastic Amorphus Crystalline
Semi
Crystalline

Figure 1.2: Classification of polymers.

Origin
Depending on the nature of origin, polymers are grouped as Natural, Semi Synthetic

and Synthetic.
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(i) Natural polymers: Name suggests that polymers that free available in environment are
acknowledged as Natural Polymers. (e.g.) Rubber, Silk, Protein and so many.

(it) Semi Synthetic Polymers: Polymers are obtained because of chemical modification
of natural Polymers. (e.g.) methyl cellulose, cellulosic.

(iii) Synthetic Polymers: The polymers that are prepared in the lab/research laboratory
using some thermal techniques come under this category. (e.g.) Polyethyl oxide, polyvinyl

alcohol.

. Thermal Activation

Depending on the thermal behavior, polymers fall under two categories.

(i) Thermoplastic Polymers: Polymers that become plastic when subjected to thermal
energy and on removal of heat if the soft plastic gets harden, then the polymers are said to
be Thermoplastic polymers. (e.g.) Nylon, Polyvinyl chloride.

(if) Thermosetting Polymers: On heating if polymers undergo certain chemical reactions
and get converted into an infusible, insoluble polymer network, then the polymers are
known as Thermosetting Polymers. (e.g.) Epoxy Resin, Urea formaldehyde.

Formation Route

The mode of formation of polymers also decides their type.

(i) Addition Polymers: The monomer molecules add to each other and form a chain-by-
chain mechanism. The product formed is the Addition Polymer. The above process by
which Addition Polymers are obtained is termed Addition Polymerisation. (e.g.) Teflon,
Polyethylene.

(if) Condensation Polymers: The polymers formed by condensation reaction are known
as Condensation Polymers. In this case, the molecule fuses to form macromolecules with
some loss of small molecules as by-products. (e.g.) Cellulose, Polypeptide chains of

proteins.

Nature of Crystallinity

Polymers exist in three forms - Amorphous, Semi Crystalline and Crystalline forms. For

specific applications, the state of polymers plays a vital role. Thus, polymers have been
4
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classified based on their crystallinity. Some polymers have a high degree of ordered
crystalline structures whereas certain polymers have disordered non crystalline
arrangements occurring in powdered form. There are some polymers having a mixture of
crystalline and powdery nature. Accordingly, the polymers have been classified as

Crystalline, Amorphous and Semi Crystalline polymers respectively.

Polarity

If the molecules of polymers are not completely bonded to each other by covalent bond,
then a slight imbalance in the charge distribution occurs. Thus, some molecules of the
polymers are electronegative, and some are electropositive. This type of polymer is known
as polar polymers (e.g.) PVC, polyacrylic acid.

In certain polymers, molecules have full covalent bonds and charge symmetry exists. Such

polymers are termed as non-polar polymers (e.g.) polyolefines.

Physical Properties

Due to physical properties polymers are classified in the following categories:

(i) Elastomers: Polymers with weak intermolecular forces, possessing both viscosity (e.g.)
Synthetic rubber, Natural rubber.

(i) Plastic: Synthetic or Organic polymers of high molecular mass are called plastics. On
application of heat and pressure, plastics can be moulded into the required articles. (e.g.)
PMMA, PVC.

(iii) Fibers: Polymers having long filamentous thread and length is longer than its diameter
are said to be Fibers. (e.g.) PAN, Asbestos.

Structural Organization
Depending on the structural arrangement of monomer units in polymers, they are
categorized as follows.
(1) Linear Polymer: Polymer’s monomer unit are arranged in a linear orientation; it is a
linear polymer.
(if) Branched Polymer: If the polymer consists of monomer units which are joined as
branches, then the polymer is known as Branched Polymer.

5
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(iii)Cross linked Polymer: This type of polymer comprises of monomer units that are

connected to each other in a chain like manner.

Chain Formation

Based on the composition of monomer units, there are two divisions of polymer.

(1) Homo Polymers: The monomer units of the same chemical composition or structure
join to form Homopolymers.

(ii) Hetero Polymers: The polymers made of different types of monomer units are known
as hetero polymers.

Tacticity

Tacticity means the configurational orderliness of repeating units in the main chain of the
polymers. On this basis, polymers are classified into three types.

(i) Isotactic Polymer: The presence of substituent groups on the same side of the macro-
molecular backbone constitutes Isotactic Polymer.

(if) Syndiotactic Polymer: In this type of polymer, the characteristic groups are attached
in an alternate way.

(iii) Atactic Polymer: when polymer substituents groups are arranged alongside chain
known as Atactic Polymer

Thus, based on the application, the host polymers are to be chosen carefully. Then the

polymer electrolytes are prepared with these host polymers.

1.4, POLYMERELECTROLYTES

lon incorporated polymer-based materials serve as electrolytes in electrochemical
devices such as supercapacitor, battery, and solar cell etc. The ionic salts are dissolved in
a polymer matrix to create the polymer electrolytes. The PE serves as a divider between
the two electrodes in this instance and acts as a conduit for ionic migration. They are ion
conducting but electrical insulators thus, preventing the short circuit between the anode
and the cathode.
The polymers favour the easy dissociation of salt resulting in cations and anions. The

dissociation takes place due to the coordinating effects of neighboring polymer segments
6
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consisting of hetero atoms such as N, O etc. lonic conduction is caused by a covalent bond
between the salt and the polymer backbone. The reorganization of the polymer segments’
positions and configuration increases ionic mobility. Table 1.1 lists the characteristics,
benefits, and various uses of polymers. The polymers in the polymer electrolyte typically
exhibit two different motions.

(i) Segmental motion: It is also known as internal Brownian motion. This motion is the
result of movement of each monomer segment.

(it) Molecular motion: This is due to the motion of molecule. Molecular motion is also

known as External Brownian motion.

1.4.1 Categories of Polymer electrolytes

Based on the preparation strategies followed during the film casting, the polymer
electrolytes have been categorized into the following four types [6]

e Solvent Free/Dry PE

e Gel based PE.

e Rubbery PE

e Composite PE

Table 1-1: Characteristics, benefits, and use of polymer

S. No Properties Advantage Industrial Application
1 Transparent Easy of fabrication Electrochromic window
2 Light weight restricts the application DSSC, Solar cells, fuel cells

of corrosive bonds

3 Solvent free Extended lifespan Solid state batteries

4 High safety Reduce flammability Analog meter devices

5 lonic conductivity high Non-toxic Electrochromic display equipment’s

6 Versatility Cheaper Electric Automobiles

7 Reliability consistency of the Solid —state batteries
parameters

8 Self-discharging low internal shorting does not Solid —state batteries

7
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exist

Dry / Solvent Free Polymer Electrolytes

These polymer electrolytes contain both polymer and lithium salt. The lithium salt
is dissolved in the polymer matrix to create them. In this case, the polymer supports ionic
conduction by serving as a conducting host. These electrolytes can be easily made into
free-standing films and are highly compatible with the electrodes because of their
flexibility. A tremendous interest is shown in developing various types of dry polymer
electrolytes for their potential applications in rechargeable lithium based cell/batteries
since of its high density energy content and safety [7]. In rechargeable lithium-ion batteries,
poly (ethylene oxide) (PEQ) based polymers with lithium salts are the most frequently used
dry polymer electrolyte. Because the polar groups in the polymer chains aid in dissolving
the ionic salts, PEO-based polymer electrolytes have higher ionic conductivity than those
made of other polymers. [8]. The PEO-based polymer electrolyte system generated a poor
ionic conductivity of the order of 10”7 S/cm at ambient temperatures. Lithium salts and
polymers' lattice energies are key factors in determining ionic conductivity. By combining
lithium salts that have small lattice energies and polymer hosts with high dielectric

constants, high performance dry polymer electrolytes can be created [9].

Gel /Plasticized Polymer Electrolytes

By adding a low molecular weight organic solvent with a high dielectric constant
and low viscosity to the polymer-salt complexes, Gel Polymer Electrolytes are created [4]-
[6]. Since gels have the cohesive properties of solids and the diffusive properties of liquids,
they have a special quality that makes them extremely useful in electrochemical devices.
The plasticizer aids in lowering crystallinity and enhancing segmental mobility of the
polymer. It also promotes ion dissociation, resulting in the emergence of numerous species
of charges for ionic transport. [10]. The plasticizer facilitates ionic mobility by softening
the polymer's backbone. The polymer electrolyte system's expansion of free volume is
made possible by the addition of plasticizer. Gel polymer electrolytes have poor

mechanical as well as thermal stability despite having a high ion conductivity at room

8
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temperature.

Rubbery Polymer Electrolytes

This polymer electrolyte consists of a small amount of polypropylene oxide and
polyethylene oxide and a large amount of salt. These materials' glass transition
temperatures are so low that they can still exist in a rubbery state at ambient temperature.
[11], [12]. To maintain high conductivity as well as the rubbery state, these electrolytes
must satisfy the following conditions: To produce rubbery when polymer hosts are added,
the salt's glass transition temperature (Tg) needs to be much lower than the surrounding air
temperature. The salt melt should have good polymer solubility. The Rubbery Polymer
electrolyte should be a single (Li+) ion conductor. The electrolyte should exhibit high
electrochemical stability. The preparation of such polymer electrolytes satisfying the above
conditions becomes quite difficult. These types of polymer electrolytes show appreciable

conductivity at the expense of their rubbery state.

Composite Polymer Electrolytes

CPEs are ceramic fillers that are micro- or nanosized like MgO, Al>Og, SiO2, TiO,
LiAIO,, CeO», and BaTiOs. Due to their high mechanically stable, excellent conductivity,
and good interfacial compatibility with the electrodes, numerous researchers are interested
in studying these polymer electrolytes. [11]-[13]. Composite Polymer electrolytes may be
regarded as continuous phase materials and the flow mechanism here is purely decided by
the composition and the size of the filler [14]. The fillers increase ionic mobility and
decrease the polymer electrolyte system's crystallinity. The host polymer's segmental chain

motion is accelerated by the ceramic fillers, which also helps the ionic transport. [15].

1.4.2 Requirements of Polymer electrolytes

A polymer electrolyte should possess the following properties to be used in Batteries,
solar panel. etc. Various types of polymers are reported in literature and examples of host
polymers used widely are shown in table 1.2.
++ High ionic conductivity at ambient temperature.

¢ They ought to possess thermal stability within the -30 °C to 80 °C range.
9
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X4

Good dimensional stability to function as a separator in batteries.

L)

X4

Better mechanical strength for the preparation of free-standing films.

L)

X/
°

Chemically compatible with the anode and cathode.

X/
°e

Poor electrical conductivity to avoid short circuit.

Table 1-2: Polymer host generally used with unit and examples.

S.  Polymer formula Examples Conductivity Ref.
No (S/cm)
1 Poly (acrylic acid) -(CH2-CH-(- PAA-LiTFSI-Sb,0;  2.15 X 10" [16]
COOH))n-
2 Poly(acrylonitrile) -(CH2-CH-(-CN))»-  PAN-LiClOs-0- 5.7 X 10* [17]
Al,Os
3 Poly (ethyl -(CH-C(-CH3) PEMA-LITf-IL 1.17 X 10* [2]
methacrylate) (-COOCH;CH))n-
4 Poly (ethylene oxide) -(CH2CH20)s- (PEO-HBP)- 2.6 X 10* [18]
LiN(CF3SO2).-
BaTiOs
Poly(e-caprolactone) -(0-(CH2)s-CO)p- PCL-NH;SCH-EC 3.8X10° [17]
Poly (methyl -(CH2-C(-CHa) PMMA-LiCIOs- 7.3X10°® [19]
methacrylate) (-COOCH3))s- DMP-CeO,
7 Poly (vinylidene ~(CH2-CF2)n- PVdF-PEGDA- 45X 103 [20]
fluoride) PMMA
8  Poly (vinylidene -[(CH2-CF2-)-(CF>-  PVdF-HFP)-SiO2- 43X 103 [21]
fluoride- CF-(CF3)]n- LiTFSI-RTIL
Hexafluoro propylene)
9  Poly (vinyl chloride) -(CH,-CHCI),- PVC-Li,B4O7;-DBP 2.83 X10° [22]
10  Poly (vinyl alcohol) -(CH2-CH(-OH))s- PVA-PEO-glass- 4,75 X 102 [23]
fibre-mat

The properties of polymer electrolytes must be tuned for better performance of batteries.
Thus, various approaches to improve the properties of polymer electrolytes are fellow:
¢ Blending of two polymers [24], [25]
e Cross - linking two polymers [26], [27]
e Incorporation of organic solvents (plasticizers) to prepare Gel/Plasticized polymer
electrolytes [4], [14], [28]

10
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e Addition of fillers to form composite polymer electrolytes [29]-[31]
e New polymer synthesis [32]

15. POLYMER-SALT COMPLEX

The dissolution of salt in a polymer produces conductive solid solution and through
this solution the interaction of the salt's cation and the electron pairs carried by a hetero
atom, typically O or N. The type of salt added, the method of reparation, and the
environment in which the polymer-salt complex is prepared determine whether the
complex is crystalline or amorphous. lon transport prefers the phase of amorphous nature.
The structural relaxation of the employed polymer host has an impact on ionic mobility as
well. The polymer-salt complexes are controlled by the solvation energy and lattice energy

of the salt. Only when is it possible for polymer-salt complexes to form.

Lattice energy of
salt
+
Lattice energy of
polymer

Solvation Energy
+
Lattice energy of
the complex

1.5.1 Criteria for the formation of polymer-salt complex
e lonic salts can dissolve in a solvent only if the solvation energy of the ions in
solution is higher than the salt's lattice energy.
e If the polymer matrix completely dissolves the ions and defeats the ionic salt's
lattice energy, the effective polymer-salt complex can form.

e The polymer should be highly flexible and have a low cohesive energy.

1.5.2 Characteristics of polymer host
e For the atoms of polymers to establish coordinate bonds with cations they should
possess sufficient electron donor power.
e Toenable segmental motion, the host polymer's glass transition temperature should
be low.
e To enable a sudden segmental motion of the polymer chain in response to a small
temperature change, the barrier to bond rotation should be as low as possible.

11
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e The appropriate distance between the coordinating centers of the polymer host

allows for the establishment of multiple interpolymer ion bonds.

1.6. ADVANTAGES OF POLYMER ELECTROLYTE

e The polymer electrolyte acts as a binder and hence the interfacial stability with the
electrodes is high.

e The need to incorporate an inert porous separator has been eliminated as the
polymer electrolyte acts as an electrolyte as well as separator.

e Due to their flexibility, they can be fabricated into thin films.

e The formation of gas during charging and discharging processes has been avoided
by polymer electrolyte.

1.7. APPROACHES
. Figure 1.3 depicts a variety of approaches that have been offered in the literature

to improve the PEs' performance and characteristics [3].

Approaches/
Tecniques

. Physical ‘ Chemical
Treatment Addition

Blending Cross-Linking
{ Filler ] { Salts ] [Plasticizers] [IonicLiguids]

Figure 1.3: Techniques for improving performance of polymer.
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1.7.1 Blending

Polymer mixing is the strategy that is most useful among the alternatives. Polymer
blending is the process of physically or chemically combining two or more polymers. A
polymer blend is produced by physically combining two or more polymers or copolymers.
Since polymer blends have unique properties that make them superior to their component
polymers, they are highly valuable items for commercial and industrial applications. With
this technology, mechanical stability, ionic conductivity, and strength are all increased. It
is a typical technique for shrinking a polymer matrix’s crystallite. [2]. It is a conventional

technique to reduce the crystallite nature of polymer solution.

1.7.2 Cross-linking

At room temperature, SPEs exhibit high electrochemical performance due to the
polymer's amorphous state. The cross-linked PEs are completely amorphous and have a
high ionic conductivity at room temperature. Cross-linked polymers, on the other hand, are
frequently inflexible, rigid, and difficult to manufacture [2]. The monomer content
influences the PEs' ionic conductivity and flexibility, according to the research. An

example of a cross-linking polymer is shown in the following diagram.

@+@=§§

Figure 1.4: Polymer blends pictorial model.

1.7.3 Fillers:

Another way to improve SPE performance is to fill polymer matrices with tiny and
13
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small particle size nanomaterial fillers. Figure 1.5 depicts a visual depiction of filler doping
in a polymer electrode. The electrical conductance of PEs is improved by filler doping.
Surface stability, high heat stability, decreased crystallite size and glass change
temperatures, amendment of the conducting polymers in amorphous zone, and enhanced

interfacial stability in contact with a variety of electrode materials are just a few of the

RIS S N

benefits.

CH, CH, H H H H H H H H

C—oH—C—0ht + Fembtmt] — 1E—C—0—C

=0 =0 Jp L& # & ul, G R G o,

Cl)—CH3 C|)—CH3 (I)

poly(methyl methacrylate) poly(vinyl chloride) CH, (|3 =0
(IJ—CHZ—(II—CHZ
t=0 ,
o—ch,

Figure 1.5: Polymer crosslink pictorial model [21]

Polymers' crystallinity is reduced, which prevents them from recrystallizing, while their
amorphicity is increased, which improves ionic conductivity. The fillers lower the
crystalline nature of the polymers, preventing them from recrystallizing, and increase
amorphicity, which improves electrical characteristics. Small particles are more efficient
because they have a larger surface area-to-volume ratio and less crystal formation. Fillers
may alter the lattice structure of polymer matrices. The procedure results in the
development of interfacial layers between the filler grains. As a result, charge carriers, such
as electrode materials, become trapped at the grain boundary of the polymer chain lattice.

Aluminum oxide (Al203), titanium oxide (TiO2), zirconium oxide (ZrOz), and
14
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hydrophobic-fumed silica are all high surface area materials.[13], [34], [35]

1.7.4 Nanofillers:

Nanomaterials can be used as fillers in nanocomposite polymer electrode. The
nanoparticles interaction with the polymer host boosts the PE's physical and electrical
conductance[40] . Capiglia and colleagues [34, p. 2] developed a nanomaterial-based PE
in 1999 by inserting silica in the form of nanomaterial (SiO) into PEO-LiCIlO4 polymer
electrolytes. The ionic conductivities of PEs were similarly increased by nanosized

aluminiumoxide (Al>Oz3), according to another study [35].

1.7.5 Copolymers

A copolymer is a polymer that is made up of at least two distinct monomers. The
cross-linking method can be used to make copolymers. The most commonly composite is
PVdF-HFP, which is synthesized through polymerizing PVVdF and HFP together, as shown
in Figure 1.6. Because of synergistic effects in the mixed structure, the copolymer has
superior properties than the components alone. Electrolytes made of epichlorohydrin, and

ethylene oxide copolymer were investigated for usage in electrochemical devices [2].

'|'°...t =

Figure 1.6: Example of Complex Polymer Electrolyte adding filler.

1.8 Sample preparation technique:
The increasing use of polymer electrolytes in a variety of uses required the

development of high-quality film technology. Various sample preparation techniques are
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listed below.

1.8.1 Solution casting approach
It is a traditional approach for making solid polymer electrolytes bendable (Figure.
1.7). It could also develop polymer films ranging in size from 50 to 300 micrometers.
The following are the steps in this procedure:
1. To achieve homogenous mixing, a preset amount of polymer is added to a solvent and
stirred.
2. A salt solution is added to the polymer matrix, which is then agitated at atmosphere

temperature until the polymer—salt complexation develops.

Film Prepartion
Techniques

l

Y Y Y Y Y

| Solution Casting | ' Spin | Hot Press ’ Screen Dip Melt
Technique Coating Technique | | Printing Coatong Intercation
Technique

Figure 1.7: Sample preparation techniques.

3. The nanofillers/clay/plasticizer are then added, and the mixture is well mixed.

4. Pour the viscous solution into glass or Teflon Petri plates and let it sit at atmosphere
temperature for 2-4 days to gently evaporate.

5. The result is a thin, uniformly thick layer.

1.8.2 Spin coating.

The spin-coating method and solution casting analysis have common features. A
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tiny amount of the chemical mixture is dropped on a mechanical stirrer that rotates at an
appropriate velocity to create a smooth film rather than casting the film on a surface. The
rotating axis of the substance must be the opposite of the surface being coated. Due to
centripetal acceleration, the mixture will spread out on the substrate. The detergent is
subsequently evaporated with the help of spread heating. Spin coating's simplicity and
relative ease of preparation, as well as its ability to swiftly make homogenous films ranging

in thickness a few microns to a few nanometers, are all advantages.

Host Polymer
+ e Filler/clay
Salt

Spin cast the solution
on the substrate

Air Flow

Radial Liquid Flow
Radial Liquid Flow
=
Liquid
Film

“Disk

Figure 1-8: Spin Coating Technique and its systemic arrangement.
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The viscosity (concentration), adhesion strength, rotational time, and speed of rotation of
the mixture can all be easily modified to adjust the film thickness.

Because it has a direct impact on the force applied to the mixture, the rotating speed is
critical. However, this procedure only works with highly viscosity mixtures, not very
viscous ones. The spin coater's rotation is insufficient to properly distribute the gel mixture

droplets and produce a thin sheet [3]. Figure 1.8 shows arrangement.

1.8.3 Tape casting technique:

In the container, the host polymer and salt are dissolved in the proper ratios with an
appropriate solvent, like DMF or acetone, and the mixture is stirred continuously for 10 to
12 hours. The dispersion of the nanofiller in various weight percentages relative to the host
polymer is now carried out in the correct ratio and combined for the same time as before
in the polymer-salt complex. The viscous solution is now tape-cast and allowed to air-dry
after being briefly heated on a hot plate.

Tt Transfer of
Filler/cla Stiming
+Solvent . i :)lrl:‘l?e:tne;
plate

Polymer
nanocomposite
il

Figure 1-9: Tape casting technique.
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As a result, a self-supporting conductive polymer nanocomposite film can be made with
desired thickness. The amount of slurry at the blade edge, as well as the pressure, are kept
constant. The full technique is depicted in Figure 1.9. A slurry-filled steel container is
hooked up to a gaseous metal tank. Gas pressure is used to regulate the slurry flow rate,
which maintains a constant amount of slurry at the scraper edge. The edge of the scraper
and the carrier split apart to generate a slit when the carrier (tape) is run through a solution
at a certain value. The membrane is obtained and rolled into a container after the slurry has
dried on the carrier with a slit-sized opening. The thickness of the membranes can be altered
by adjusting the slit. This technology is perfect for manufacturers because it can easily

handle the sample's width and size.[3].

1.8.4 Hot press technique:

It is substituting the standard solution cast process, is a one-of-a-kind technology
that provides advantages including speed, cheap cost, solvent-free operation, and the ability
to work with thick materials. The advantage of this method is that it can compound a large
variety of metallic particles and alkali salts with a large variety of polymer candidates.
The apparatus consists of a temperature sensor, a utility room, a heating chamber, and a
weighing cylinder. An ideal powdery mixture of polymer, salt, and filler/plasticizer is
firmly pounded for one to two hours at room temperature in an agate pestle and mortar. To
change the pressure, the sample is pressed using a weighing cylinder [3]. To create a hot
slurry for later use, stainless steel (SS) blocks are separated from the mixture of polymer,
salt, and filler compositions (Fig. 1.10). The environment's reactive lithium salts make it
challenging for lithium ions to operate in the hot press, necessitating special processing

conditions.

1.9 Dye-Sensitized Solar Cell Overview:

Nearly 80% of the energy used globally is provided by fossil fuels, which are quickly
running out. So, a potential energy crisis may arise soon. Numerous initiatives have been
made worldwide to develop some alternative energy sources to address this issue. Direct

solar energy use is the best course of action in this situation to generate electricity. On the
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surface of the earth, solar radiation and energy are unending and constant. The photosphere
of the Sun, which is at 6000 K, is where it is released. The solar constant, also referred to
as "solar constant,” is the value for the average solar radiation (or solar power) intensity
that the earth's surface experiences on an annual basis. The "Photovoltaic effect” was first
noticed by French scientist Edmond Bequerel in 1839 after he noticed the potential
difference between two electrodes attached to a solid/liquid system on its two opposite
faces when exposed to light. This breakthrough made it possible to transform solar energy
into electrical energy [39].

~ Weighting
Cylinder
e |
|

Temperature controller

Sample

Figure 1-10: Hot Press Technique

Heater

Since then, several fresh ideas have emerged to create photovoltaics or solar cells,
which turn solar energy into electricity directly. Solar cells or photovoltaics have been
discovered in three generations so far. First-generation solar cells have been developed
with both crystallized and amorphous silicon as their materials. Crystalline and amorphous
silicon, copper indium gallium diselenide, cadmium telluride, and several semiconductors
including GaAs, GalnAsP, GaAlAs, InAs, and InP make up the second-generation solar
cells. These solar cells, also referred to as photo electrochemical solar cells, are more
expensive than the thermal and hydroelectric power currently in use, according to research.
Using the nanocrystalline material TiO>. The first third-generation solar cells, also referred

20



Chapter 01

to as dye-sensitized solar cells (DSSCs) or Grétzel cells, were invented in 1991 by B.
O'Regan and M. Gratzel. The first and second generations of solar cells are semiconductors
that separate charge carriers created by light using p-n hetrojunction. However, DSSC
operation is based on a number of different fundamental principles [40]. To separate
photogenerated charge carriers, these do not use a p-n hetrojunction. The DSSCs are
superior to semiconductor thin film solar cells in many ways, including ease of fabrication
and the use of low cast materials. Therefore, currently, extensive research is being done on
a global scale to develop the theory and real-world applications of DSSCs [40]-[44]. The
following critical discussions are also provided because DSSCs are the subject of this

investigation.

1.9.1 Working principle of DSSC

Figure 1.11 depicts the DSSC's configuration, and it consists of a porous
nanocrystalline TiO2 coating on a conducting transparent glass sheet that serves as the
working electrode. The colourant molecules are adhered to the TiO2 surface. A redox pair,
a counter electrode plated with platinum, and an electrolyte with a cathode are also present.,
for example 1 /1*. An external load is connected to the two electrodes. A current is drawn
from the cell by the external load when the cell is illuminated, creating a potential
difference between the two electrodes. In DSSC, dye molecules absorb incident light,
which causes them to release electrons that separate charges in the TiO. at the
semiconductor electrolyte interface [45]. Only 1% of the incident light can be absorbed by
a single layer of dye molecules [40]. To improve the absorption of incident light, a porous
nanocrystalline titanium oxide electrode structure is used. More dye molecules can be
attached to the electrode because of the increased internal surface area. Clearly, this
improves charge separation at the interface between the electrolyte and the TiO>. [46]. If
the electrode has a thickness of 10 m and particle and pore sizes that are typically in the
range of 20 nm, the inner surface area of the TiO electrode becomes 103 times larger than
the flat surface area of the electrode..[40], [47]. Additionally, the TiO2 porous electrode is

a semiconductor with a large band gap that only absorbs solar radiation below 400 nm,
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allowing dye molecules to absorb most of the solar radiation that is available. The DSSC
is a regenerative type of photo electrochemical solar cell. In figure 1.11, its working cycle
is depicted. The dye molecule that is present on the surface of the porous TiO> electrode
absorbs the incident visible light photon of energy hv. As a result, in the dye molecule, an
electron gets excited from a molecular ground state S to a higher lying excited state S* (1).
The dye molecule is left behind in the oxidized state S+ as this excited electron is soon
injected into the TiO2 molecule's conduction band (2). As a result, this injected electron
travels through the porous TiO, space before reaching the glass substrate's conducting

layer, which acts as a working electrode.

Dye Electrolyte

Y A \
<] > Conductin

Glass/FTO L8

Light
Max.

Redox
e Potential

Ground
State

/ —T .

Ti04 Counter
2 Electrode

[1+]

Figure 1-11: Construction and working of solar cell.

It then moves to the counter electrode (cathode) of the cell through an external load
that is attached to the cell (3). In the presence of a platinum catalyst, this electron gets

transferred to the triiodide (I3°) ion in the electrolyte at the cathode to produce iodide (I°)
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ion. (4).
The terminology of chemical reactions can be used to summarize the working cycle. [48]
as-
Anode: hv+S=3S" (Absorption) ....(1.10)
S*+S*+e” =Tio, (Electron Injection) ...(1.11)
28T+ 31 =13 + 28 (Regeneration) ... (1.12)
Cathode: I3 + 2e™ =3I~ ....(1.13)
Cell: e~ (Pt) + hv = e"TiO, ....(L.14)

It has been found by researchers that the potential difference between the TiO2 conduction
band edge and the predicted maximum photovoltaic under open circuit conditions and the
redox potential of the I/ I3” pair in the electrolyte solution [44]. Potential variations between
the DSSC's electrodes and, consequently, across the external load can be produced. that is
attached because of the different positions of energy levels at the cathode and anode as
shown in figure 1.8. The net cell reaction is depicted in equation 1.14. Which clearly
implies that no permanent chemical changes in the cell's involved species take place;
instead, incident light energy is only converted into electricity. DSSC is a photo

electrochemical solar cell that is regenerative in nature. [40], [46].

1.9.2 Performance parameters of a DSSC

Light energy is converted into electrical energy by the DSSC. Depending on its
capabilities,it might be able to simultaneously generate a photocurrent (I) across it and a
potential difference (V) across an external loadconnected to it. For a variety of loads, V
and J measurements are taken with fixed illumination and constant temperature. Figure
1.11 illustrates the plot of the current density(J) versus voltage (V) curve. The DSSC's
(J-V) characteristic curve is what this is known as.(A). These are the defined DSSC
parameters.
Open circuit Voltage (Voc):

It has been defined to be the cell voltage when the DSSC does not generate any

current.
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Current density in short circuits (Jsc):

It is a current density that can be determined when the DSSC is shorted under light, or
when the DSSC voltage is V=0.

Fill factor (FF):

It serves as the main DSSC photo performance criterion. Its equation is the
reciprocal of the product of the maximum power output (Pmax), the short circuit current
density (Jsc), and the open circuit voltage (\Voc).

FF = Pnax/JscVoc
= JmaxVimax/JscVoc ... (1.18)
where the maximum power output, Pmax, equals Jmax. Vmax is the product of the
maximum current density (Jmax) and the maximum voltage (Vmax) at the point of highest

power on the J-V curve that is characteristic of a DSSC.

Efficiency ():
It is the ratio of Pmax at MPP on J-V curve to Pin (incident photo power) on the
DSSC.
M= Pmax / Pin X 100 ... (1.19)
N= Jmax. Vmax / Pin X 100 ... (1.20)
N=Jsc. Voc. FF / Pin x 100 ... (1.21)

As for as n is concerned, some important points to be noted are -

(1) n depends upon Jsc, Voc and FF. Jsc, Voc, and FF. The photo performance of DSSC can
be enhanced by optimizing these parameters.

(ii) The efficiency of a DSSC is also influenced by the cell's temperature, the total amount
of incident light intensity, and the light's spectral composition.

As a result, each of these needs to be mentioned whenever is reported. Considering these
facts, DSSC testing should be standardized across all laboratories globally. There are some
accepted standard conditions. The incident light intensity is 1000 W/m?, the incident light
source's spectrum is the AML1.5 global standard solar spectrum, as shown in figure 1.12,

and the cell's temperature is 25 °C.[41].
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Figure 1-12: Standard I-V curve to calculate efficiency of solar cells.
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Chapter 2. : Literature Review
2.1. POLYMER

First decade of the 1970s, materials with solid states such as ceramic, glass,
crystalline, and polymer electrolytes were produced [5]. Fenton et al.'s first publication of
polymer electrolyte in 1973 and awareness of the significance of its scientific use in the
early1980s [49]. A membrane known as an electrolyte composed of polymers (PE) is made
up of salt dissolving in a high-molecular-weight polymer matrix [9]. Because of their solid,
solvent-free structure's high ionic conductivity, electrochemical appliances like solid-state
battery packs, rechargeable batteries, and lithium-ion batteries frequently use them.
Supercapacitors, fuel cells, dye-sensitive solar cells, rechargeable batteries,
electrochemical sensors, analogue memory devices, and electrochromic windows are some
of the more recent examples of cutting-edge electrochemical and electronic devices that
PEs may be used [10-14].

2.2 PEMA AS POLYMER HOST

A methacrylic ester polymer is called Poly (ethyl methacrylate) (PEMA). It offers
great optical transparency, strong surface resistance, good ionic conductivity, and chemical
resistance.
Rajendran et al. [50] used PEMA polymer using EC as a plasticizer and LiClO4 as a
dopant. It was noted that the polymer mix electrolyte with 8 weight percent lithium salt
was reported to have the highest ionic conductivity, which was found to be 3.454x107 Scm’
1 at room temperature. It was discovered that ion aggregates that impede ionic transport
occurred above 8 %. wt. of salt. It was discovered that the electrolyte with 8 wt.% salt has
a thermal stability of 231 °C.

Thermal analysis used by Kwei et al. [51] to confirm the compatibility in PVdF and PEMA
mixes. Due to the polymer PEMA's predominately amorphous nature, the DSC spectra
showed that combinations containing 80% or more of PEMA displayed a single glass
transition temperature. Furthermore, the temperatures for glass transition and melting were
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established.

Han et al. [52] described the synthesized polymer blend electrolytes based on a 1:1 mixing
of EC/PC and PVC/PEMA host polymer blend and 1 M of LiPFe. The PVC/PEMA
polymer was found to have two phases: one that was rich in electrolytes and the other that
was rich in polymers. While the polymer-rich phase assisted in the increase of mechanical
strength, the electrolyte-rich phase served as a conducting channel for ion transport. The
PVC/PEMA polymer blend electrolyte offered a mechanical strength that was significantly
higher than a PVC/PMMA polymer blend electrolyte that had previously been reported.
The conductivity of the electrolyte system was greater than 103 Scm™.

The optical morphology of annealed PVC, PEMA, and PVC/PEMA blends was
investigated by Fahmy et al. [53]. The morphology of the annealed polymers changed, as
was seen. The polymer PEMA revealed minute round-shaped domains after annealing, but
the annealed PVC showed a rod-like structure. For the prepared samples, various
characterization procedures including FTIR, XRD, and TSDC were carried out to

investigate the temperature-induced morphological changes.

Ramesh Prabhu et al. [54]examined the ionic conductivity of the nano composite
PVC/PEMALICIOs- PC-TiO2. Using various characterization techniques, they
investigated the conductivity, thermal responsiveness, and surface morphology of the
created electrolyte membranes. For the membrane containing 15 wt.% TiO2, the AC
impedance spectra produced a conductivity value of 7.179x10% Scm™. lon motion was
helped by the creation of a new kinetic channel by the polymer-ceramic filler, where
ceramic particles act as nucleation centers. For 15 wt.% of TiO, it was discovered that the
glass transition temperature (Tg) was decreased, promoting segmental mobility, which in
turn helps with ionic transport. lonic diffusion was significantly improved by the positive
contact between the polymer chains and the cations. The Scanning Electron Microscopy
image proved that the polymer electrolyte system was in a homogenous phase. The XRD
examination showed that the blend had both crystalline and amorphous phases.
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2.3 PMMA AS POLYMER HOST

Poly (methyl methacrylate) (PMMA) is a highly transparent polymer with good
stiffness and dimensional stability. The polymer's ease of handling, processing, and low
cost make it a popular ingredient in polymer blends.
The PGR-NMR method was used by Nicotera et al. [55] to measure the lithium self-
diffusion coefficient and ionic conductivity of PMMA/ PVdF+ EC/PC +lithium . The
results showed that the sample with 60% PMMA and 40% PVdF exhibited the highest
ionic conductivity. The interaction between the EC and lithium cations was controlled by

the PMMA/PVdF mix ratios, and it was verified by Raman Spectroscopy.

Using blends of PVdF+ and PEO-b-PMMA copolymers made using a phase inversion
approach, Xiao et al. [56] evaluated the conductivity of a novel macroporous polymer
electrolyte. The DSC study proved that as the PEO-b-PMMA content rose, the polymer
blend's crystalline phase changed to an amorphous phase. It was discovered that adding
block copolymers to PVdF enhanced the electrolyte system's porosity and
interconnectivity. The ionic conductivity at room temperature was 2.79 x10° Scm™,
according to the AC impedance test. The prepared sample's electrochemical stability

window was reported to be 5.0 V.

Kuo et al.[57] produced PMMA-based polymer electrolytes utilizing various LiClO4 salt
ratios with constant concentrations of the plasticizer PC and another system of polymer
electrolytes by adjusting the PC content in PMMA-LiICIO4-SiO, composite polymer
electrolytes. The FTIR investigation supported the development of polymer-salt-
plasticizer-filler complexes. The thermal behavior of the electrolytes was examined using
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) (DSC).
The electrolyte systems had excellent thermal properties, which were confirmed by TGA
and DSC experiments. At 80 °C, the electrolyte membrane with 14 wt.% LiClO4 salt had
a maximum conductivity of 1.39x10° Scm™. The conductivity value for the composite
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polymer electrolyte system with 7 wt.% SiO: filler was 8.91x107 Scm™* at 90 °C.

Conductivity of poly (vinyl chloride)/poly (methyl methacrylate)-LiBF4-EC/PC and
poly(vinyl chloride)/poly(methyl methacrylate)-LiCIO4-DEP plasticized polymer blend
electrolytes were reported by Stephan et al. [58]. The kind and concentration of plasticizers
and lithium salt had a significant impact on the conduction in the plasticized polymer blend
electrolytes. The results of an AC impedance investigation identified the variables that
influence ionic conductivity. Contrary to the plasticizer EC/PC, it was discovered that
adding DEP reduced conductivity. The decrease in conductivity demonstrated that the
primary determinant of ion dynamics was determined by the molecular interactions
between the plasticizer and ions. The polymer electrolytes' amorphous phase with EC/PC
and crystalline phase with DEP were both validated by XRD spectra.

Electrolytes constructed of PVdF-HFP/PMMA-LiTf polymer blend were studied by
Gebreyesus et al.[59] . For the produced polymer blend electrolytes, several
characterization procedures including XRD, FTIR, SEM, DSC, and AC impedance tests
were carried out. lonic conductivity was determined by the PVdF-HFP/PMMA polymer
blend's composition and temperature. With 22.5 wt.% of PMMA, the greatest ionic
conductivity measured at room temperature was 7.4x10° Scm™. This value was attributed

to the polymer's amorphous rich phase, which facilitated ionic mobility.

24  CATEGORIES OF PES

The PEs have been divided down into three categories in an extensive literature

review, as shown in figure 2.1.

2.4.1 Liquid polymer electrolyte

Liquid electrolytes are made up of a short-circuit-preventive separator and lithium-
salt that has been dissolved in an organic solvent. According to the solvent, it is divided
into two categories: electrolyte in aqueous liquid (ALE) and non-aqueous liquid (NALE).
NALE can be produced by dissolving solvents in alkaline salts which include ethylene

carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate (DEC), and propylene
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carbonate (PC), which act as a solid polymer electrolyte with a high ionic conductivity.
Some of our appealing qualities include high ionic conductivity, thermal stability in
ambient and sub-environmental conditions, relatively large electrochemical conditions, a
stable lock, and simplicity of use. [23]- [30]. Since ALE is more conductive than NALE
and has qualities, such as having inexpensive and flammable in addition to being safe, it is

a good potential applicant for practical use even at temperatures that are higher.

Categories of
PES

I 2

Liquid Polmer Gel Polmer Solid Polmer
Electrolyte Electrolyte Electrolyte

Figure 2.1:Categories of polymers.

lonic liquids (ILs) are primarily in a generation in organic salts such as minerals and present
in liquid form in the environment temperature because of low ion interaction / inadequate
packaging atoms. These ionic liquids are suitable for use due to their electrochemical
stability and solvability properties, making them candidates for the development of organic
electrolytes to replace inorganic ones. Supercapacitors, batteries, fueltanks, and other
advanced electrochemical devices. Using different cations or anions and adjusting the
cation-to-anion ratio in ionic liquids can significantly change the properties of solvents.
Some liquid polymer electrolytes (LPEs) are shown in Table 2.3 along with their

conductivity.
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2.4.2 Gel polymer electrolytes
A low-molecular-weight solvent, dissolved salt, and an inert polymer matrix are all
components of third-generation materials known as GPEs. Based on the method employed,
gels can be grouped into two categories [43,14]
e Physical gels are limited to a polymer matrix without the possibility of bonding the
polymer with solvent e.g., LiClO4 / EC / PC (PMMA).
e Chemical gel crosslinkers assist in the development of a chemical relationship
between the crosslinker agent and the polymer feature group.

Table 2-1: Polymer, salt, solvents as LPE and their parameters.

S.No Polymer Salt/ILs Solvent  Conductivity Ref.
1 PEO-PVdF LiTFSI Acetone/DMACc 49X 103 [60]
2 PVdF-HFP [BMIM][BF.] Acetone 1.6 X 1072 [61]
3 PVA LiCIO4/[EMIM][EtSO4] DMSO 1.9X10%  [62]
4 PVdF-HFP PANi-MMT/BMIMBr Acetone 7.7X10° [10]
5 PEO LiTFSI/BMITFSI Solvent free 3.2X10* [63]
6 PEMA NH4CFsSO3/BMATSFI THF 10* [64]
7 PEO LiTf/EMITF ACN 3X10* [65]
8 PVA CH3;COONH4/(BmIMC  Distilled water 7.3X10° [66]

)
9 PVA Li,So4/BMIMCI - 37 X103 [67]
10 PEO LiPFs/MMPIPFs - 1.13 X 10 [68]
11 PEO EMIM-TY Solvent free 10* [69]
12 PEO LiCIO4/[BMIM][PF¢] Anhydrous 8 X 10® [70]
methanol
13 PEO AlLO/EMIM-TY Distilled 5.8 X 10 [71]
methanol
14 PEO LiTFSi[PyriaTFSI] - 1.1X10%  [72]

Cohesive and diffusive solid properties are carried by GPEs. properties of liquids and high
mechanical strength. The polymer in GPEs serves to maintain a solid-state matrix with an
approximate conductivity value of 103 Scm™ at room temperature and permits ion
migration in solvents. GPEs make our lives easier due to advantages like their many

different shapes, faster charging and discharging rates, light weight, low cost, and high-
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power density. Additionally, ionic conductivity increased, but mechanical reliability

declined.
Table 2-2: Polymer, salt, solvent as GPEs and their parameters
S.No Polymer+Salt/ILs Solvent conductivity Ref.
1 PVdF-HFP+ NaClO,-EC/DMC/DEC DMF 0.60X 1073 [73]
2 P(EO-co-PO) + LiPFs DMF-+distilled water 2.8X10°8 [74]
3 P(MMA-AN-VAC)+ LiPFs DMF 3.48 X 103 [75]
4 PMMA+ ZnTr EC/PC 1.67 X 107 [76]
5 LiBF4-EC/PC - 6 X 10 [77]
6 PMMA+ LiN(CF3S02), EC/DMC 1073 [78]
7 PVdF-HFP+ LiN(CF3S0y); EC/DEC 103 [79]
8 LiN(CF3S0>). EC/PC 1.74 X 107 [28]
9 PVdF+ SiO,-PAALI-EC/EMC/DMC DMF/acetone 35 X 10°® [80]
10 P(HFBMA-co-PEGMA)/PVDF - 3.19 X 103 [81]
11 PVdF+ LiPVAOB - 0.26 X 1073 [26]
12 PAN-PMMA+ PYR14TFSI - 3.6 X 10° [82]
13 PVDF-HFP DMF 0.45 X 1073 [83]
14 PECA-PET+ LiPFs Acstone 2.54 X 1073 [84]
15 PVdF-PEO+ LiClO,-EC/PC/DVB - 3.03 X 10* [85]
16 PEMA+ LIBF-EC/EMC/PC THF 5.8 X 10* [86]
17 PVDF-PEMA+ LICIO-EC/PC THF 1.47 X 1073 [87]
18 PVA+ NH,SCN DMSO 2.58 X 1073 [88]
19 P(MA-co-AN)/PVA+ LIPFs- - 0.98 X 1073 [89]
EC/DM/CDEC
20 PVB+ LIPFs - 4.09 X 10* [90]
21 PVDF-HFP+ Urea/PVP DMF 2.823 X 10° [91]

2.4.3 Solid polymer electrolytes

For several reasons, including their high durability, extended shelf life, high energy

density, decreased weight, isolation from solvent, exceptional cell size stability, low

electrode reactivity., SPEs have been favored over LPEs and GPEs. For operations above

the ambient temperature and less expensive packaging, toxic gas leakage occurs. More
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substantial electrochemical, some thermal stability, and low volatility are also present. [64].

Table 2-3: Various SPEs and its properties

S. No Polymer Salt Solvent Filler/plasticizer ~Conductivity Ref.
1 PVA Mg(NOs3) Triply - 7.36X 107 [92]
distilled
water

PAN LiClO, DMF ALA-MMT 2.44 X 10 [52]
PVC- LiPFs THF - 103 [93]
PEMA

4 PEO LiTf - EC/sepiolite 10+ [94]

5 PEO- LiClO, NMP PA 1.59 X 10 [90]
PMMA

6 PVA- LiClO, DMF - 3.03 X 10° [95]
PVdF

7 PEO- LiTFSI THF AlLO3 3.24 X 10* [96]
PMMA

8 PVdF- LiTFSI DMF MMT 4.31 X 10* [97]
PVA

9 PAN LiPFe DMF DMMT 3.7X10°3 [98]

10 PAN LiCF3SO3 DMF DMMT 103 [99]

11 PEO LiClO, - Si0, 1.2 X 103 [100]

12 PEO LiAsFs ACN MMT 4 X10° [101]

13 PEO LiCFsS03 - Al,03.-DOP 7.60 X 10 [102]

14 PAN- LiClO, EC/DMC EC/DMC 2.5 X 10* [103]
PVA

15 PVA- LiCFsSO3 DMF - 2.7 X103 [104]
PVdF

16 PEO LiFSI ACN - 1.3 X103 [105]

17 PVA NH4AI(SO4),12H,0  Water - 1.73 X 10*  [106]

18 PVC- LiClO, THF PC 3.45X10°  [107]
PEMA

19 PVA Cu(NO3)2 - - 1.6 X 10° [57]

20 PMMA  LiCIO4 - PC 7.04 X 10°° [108]

21 PVB LiClO, - PEG 2.15 X 10°® [109]

22 PVdF- NaHCO3 - SiO, 3.32 X 10°¢ [110]
PAN

Solid polymer electrolyte (SPEs), which is a decomposing of the salt in a matrix of

polymers and has an electron donor group, has several benefits, including design flexibility,
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the ability to miniaturize, increased safety, eased device manufacturing, etc. Additionally,
the electrical conductivity and mechanical resistance of an ionically performing polymer
membrane for electrochemical applications must be properly balanced. Due to their
enhanced conductivity and environmental stability, SPEs may have applications in ionic
solid-state products like supercapacitors, gasoline tanks, high-energy-density lithium-ion

batteries, and other products [65]. Table 2.5 shows various SPEs and their properties.

2.5 DYE-SENSITIZED SOLAR CELL

Dye sensitized solar cell coverts solar energy or light energy into electrical energy.
It is a 3rd generation solar cell having the advantage of low cost and easy fabrication. The
first third-generation solar cells, also referred to as dye-sensitized solar cells (DSSCs) or
Gritzel cells, were invented in 1991 by B. O'Regan and M. Grétzel. The 1% and 2"
generations solar cells are semiconductors that separate charge carriers created by light
using p-n hetrojunction. However, DSSC operation is based on a number of different
fundamental principles [40]. In the following section literature review of DSSC cell
discussed.
Jihuai wu et al. [111] discusses the regenerative cycle of electrolytes in DSSCs and how it
is completed by the conversion of I° to I2. The paper explains the series of successive
reactions that take place on the TiO: interface during the dye regeneration process. The
paper proposes that the Grotthus-like mechanism can explain the high photocurrent density
observed in DSSCs, independent of the viscosity of the electrolyte. The paper show that
the relationship between conductivity and temperature in Grotthus-like mechanism follows
the Arrhenius equation. The paper provides insights into the mechanisms involved in the
operation of DSSCs, which can help in the development of more efficient and cost-
effective devices.
Kumar etal. [112] prepared a natural dye from Balagidda leaves using different solvents
and analyzing their properties using UV-spectrophotometer, pH-meter, colorimeter, and
chromatography and prepared the photoanode using ZnO powder and the counter electrode
using a combination of electrolyte (KI+ 12 + Acetonitrile) and carbon soot. Author applied
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the natural dye paste onto the FTO coated glass substrate for effective sunlight harvesting,
analyzed the structure of the ZnO coated with the dye using an optical microscope and
measured the Voc (open circuit voltage), Isc (short circuit current), FF (fill factor), and
efficiency of the DSSC using the Balagidda dye.

Gong et al., [113] offered a thorough analysis of the most recent advancements in dye-
sensitized solar cells (DSSC) research, with a focus on device modeling, cutting-edge
methods, and innovative device structure . The authors talked about how DSSCs are better
than traditional silicon solar cells because they use cheap, abundant, and eco-friendly
materials like titanium oxide, and they have comparable power conversion efficiency at
low material and production costs. The paper also highlights the potential of DSSCs for
indoor applications due to their better performance under lower light intensities. The
authors additionally examined at how translucent and colorful thin layers can improve the
DSSCs' aesthetic qualities. The paper concludes by discussing the future research

directions and commercialization efforts in this promising technology.

Gong et al.,[114]examined the working of DSSC Cell. In this paper DSSC cell present
development and future prospectus are also discussed. The paper discussed the limitations
of traditional silicon-based solar cells and the advantages of DSSCs, which include low
module cost, easy fabrication, lightweight, and flexibility. The study also covered the first
dye-sensitized nanocrystalline solar cells developed in 1991 by Oregan and Gratzel, which
had an incident photon to electrical current conversion efficiency of about 80% and a
photoelectric energy conversion rate of 7.1%. The paper also discusses the evaluation of
the overall performance of DSSCs in terms of cell efficiency and fill factor, and the

dependence of active surface area on the geometry parameter.

Tandem-structured dye-sensitized solar cells (T-DSSCs), which are made up of a black
dye-sensitized near-infrared-responsive bottom cell and a N719-sensitized UV-visible-

responsive top cell, are optimized by Yanagida et al., [115].The performance of T-DSSC
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for both parallel and series T-DSSCs is examined in relation to the thickness of TiO2
coating in the top cell. Under solar-simulating light circumstances (AM 1.5, 100
mWcmA?), the optimized parallel T-DSSC yielded a photovoltaic conversion efficiency
(Z) of 10.6% (aperture area: 0.188 cm?, total area: 0.25 cm?). This Z value was verified as
the greatest value of the conversion efficiency for T-DSSCs.

Alhamed et al., [116] prepared DSSC cell using the study of natural dyes . To create a
photosensitizer for DSSC, the contributors have investigated the optical and structural
characteristics of pigments found in plants. To manufacture thin film components
FTO/TiO2 / Natural Dye / Electrolyte / Pt / FTO, they employed a variety of natural dyes
that are classified as anthocyanins, including berries, shami-berries, grapes, hibiscus, and
a combination of colors. They also prepared the DSSC using the SOL-GEL approach. The
efficiency of DSSC obtained 3.04%, having fill factor = 60% for cell area a = 4cm?, short
circuit current 0.6 mA/cm? and open circuit voltage 0.42 V. The authors have also isolated
anthocyanins pigments from natural plants and extracted Chlorophyll from green leaves

for the study.

Sharmaetal., [117] included a comprehensive review of the current state and developments
in the area of photoelectrode, photosensitizer, and electrolyte for DSSCs till 2015. The
paper also discusses the highest efficiency 11.2% for N719 achieved by DSSCs. The
performance of DSSC modules is found to be superior to Si modules when the paper also
conducts a comparison between the two types of modules. To create more affordable,
flexible, stable, and lightweight DSSCs with improved efficiency, the study also
emphasizes the need for novel, thin, inexpensive, and easily synthesized materials.

Iftikhar et al.,[118] provided a comprehensive review of the progress made in the
development and application of electrolytes for DSSC solar cells. The review covers
various types of electrolytes and their role in enhancing the photovoltaic performance and
long-term stability of DSSCs. The advantages and disadvantages of recently disclosed

innovative electrolyte compositions to produce inexpensive and industrially scalable solar
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cell technology were also covered in the research. The literature review of the research
includes a variety of electrolyte formulations that have been developed and tested in
different DSSC configurations to address the challenges of long-term stability and
photovoltaic performance.

Sokolsky and Cirak [119] discussed the history and development of dye-sensitized solar
cells (DSSCs). It mentions the first panchromatic film that used dyes and silver halide
grains to produce black and white images. The operating principle of DSSCs was
recognized in the 1960s when researchers used organic dyes to sensitize a ZnO
photoelectrode. However, these cells had low efficiency due to the use of single crystals
and polycrystalline materials. The performance of DSSCs improved with the introduction
of mesoporous materials such as TiO2 and synthesized dyes. The paper also mentions the

use of porous TiO- electrodes with a roughness factor to improve the efficiency of DSSCs.

Gu et al., [120] discussed the performance of dye-sensitized solar cells (DSSC) is
influenced by the type of electrolyte used, with organic solvents showing better
performance than inorganic solvents.. The best performance DSSC can be obtained with
an electrolyte solution containing 0.6 mol/L Kl and 0.075 mol/L 12, and After being left at
room temperature for 72 hours, a solvent mixture consisting of ethylene glycol and

acetonitrile demonstrated superior stability.

In the above literature review information got that selection of materials used to prepare
WE/CE/Dye also affects the efficiency and fill factor of DSSC cell. Table 2.4 shows the

comparison of different materials used to prepare WE/CE/Dye.

2.6 RESEARCH GAP

As per literature review electrochemical application of polymer-based composites
have been studied on account of their flexibility, shelf life, leak proof and ease of
fabrication. Numerous polymers, including PEO, PVA, PVC, PVDF, PMMA, and PEMA,

are mentioned in the literature.
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In the present investigation PEMA based composites used as a host polymer offers several

advantages as mentioned below.

1.

2.
3.
4.

It offers high optical transparency, excellent chemical resistance, superior surface
stability, and simple ion movement through the polymer segments.

It has electrochemical stability up to 4.3V.

It exists in semicrystalline form.

Very less literature is available for PEMA.

As per available literature, composites based on PEMA mainly consist of lithium-based

salts like LiClO4, LiBF4, LiFSI, LiPFs etc. This results in an unstable composite apart from

preventing repeatability of the results. Potassium iodide as a salt used in PEMA polymer

that made it more stable composite and will ensure repeatability of result.

Also, very less literature is available on amorphous PEMA as a polymer electrolyte.

In the present research, the mobility of polymer chain enhanced by adding plasticizers so

that maximum space is available for ions to move in the host polymer. Conductivity will

further be enhanced by adding nanoparticles.

2.7 OBJECTIVES

Synthesis of polyethyl methacrylate-based polymer electrolyte by adding potassium
iodide (KI) as salt using solution casting method.

Amorphicity enhancement by using ethylene carbonate (EC) as plasticizer.
Incorporation of multiwalled carbon nanotubes for further enhancement of ionic
conductivity.

Characterization of the maximum conducting sample using Scanning electron
microscopy (SEM), X-ray diffraction (XRD), Complex impedance spectroscopy
(CIS), Fourier transform infrared spectroscopy (FTIR)

Application of the prepared nanocomposite in Dye-Sensitized solar cell
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Table 2-4. Different Strategies for Enhancing DSSC Efficiency

S.NO. WE/CE/DYE Material Jsc MACM?)  Voc(V) FF (%) (%) Ref.
1 WE TiO, doped 11 0.754 [121]
fluorine 76 6.31

2 WE ONT/FTO 10.65 0.700 70 5.32 [122]
3 WE TiO, doped with scandium 19.10 0.752 68 9.6 [123]
4 WE TiO, doped with tungsten 15.10 0.730 67 7.42 [124]
5 WE TiO, doped with boron 7.85 0.660 66 3.44 [125]
6 WE TiO, doped with indium 16.97 0.716 61 7.48 [126]
7 WE TiO, doped with carbon 20.38 0.730 57 8.55 [127]
8 WE Nanographite TiO, 1.69 0.720 35 0.44 [128]
9 CE PtCo 16.96 0.717 66 7.64 [129]
10 CE PtMo 15.48 0.697 62 6.75 [130]
11 CE PtCuNi 18.30 0.758 69 9.66 [131]
12 CE FeN/N-doped graphene 18.83 0.740 78 10.86 [132]
13 CE NiCo,S, 2.98 0.148 55.8 0.24 [133]
14 CE SS: Graphene 1.46 0.524 26 1.98 [134]
15 CE AC/MWCNTSs 16.07 0.753 83 10.05 [135]
16 CE Cu,0 11.35 0.680 47 3.62 [136]
17 Dye Y123+CO3*2* 74 8.81 [42]

18 Dye YA422+CO* 2 74 10.65 [137]
19 Dye N3+I3/- 71 9.25 [138]
20 Dye N3+Pentacence 49 0.8 [139]
21 Dye Mangosteen+PEG 14.5 0.01 [140]
22 Dye D102+VM5C9 38 0.47 [141]
23 Dye N719+PET membrane 83 10.24 [142]
24 Dye SQ+TVT 64 0.19 [143]

39



Research Methodology

Chapter 3. : Research Methodology
3.1. PEMA

PEMA, or poly (ethyl methacrylate), is a methacrylic ester. The material has
exceptional optical transparency and strong chemical resistance. PEMA films also exhibit
outstanding mechanical strength, good adherence to the substrate, and good elastic
properties [30]. PEMA has a high surface resistance and ionic conductivity. Due to the
superior mechanical properties of PEMA, which are higher than the mechanical properties
of polymer PMMA [31], the polymer PEMA can be blended with other polymers where
the boost in the mechanical strength is necessary. The oxygen electron pairs in PEMA's
oxygen atoms can coordinate with lithium ions, which makes it easier to build polymer salt
complexes. The PEMA's carboxylic group (-COOH) can facilitate easier ion flow along
the polymer segments by enhancing the interconnecting routes. The PEMA's
characteristics are listed below:

Molecular Formula: CeH1002
Molecular weight: 51.5 x 10*g mol*
Nature: Semicrystalline
Density: 1.119 g/cm?

Glass Transition Temperature: 66 °C
Melting temperature: 210 °C

Appearance: Powder

rCH3
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3.2.  Plasticizers

Plasticizers are naturally occurring solvents that are not volatile having lower
atomic weights, high dielectric constants, and low viscosities. The natural rubberiness and
brittleness of polymers is greatly diminished when plasticizers are added. This is because
adding plasticizer weakens the binding forces of attraction between polymer chains, which
significantly lowers the Tg of the polymers. Due to their small size, the plasticizer
molecules can remain attached to the polymer chain segments and create an adhesive force
of attraction within the polymer matrix. This increases the flexibility of the polymer chains
by reducing the cohesive force between them. As a result, segmental mobility increases,
enhancing ionic conductivity. lonic conductivity of the polymer-salt mixture is increased
by the addition of plasticizers. Several studies [34—36] have documented how plasticizers
affect the ionic conductivity of polymer electrolytes. The properties of the plasticizers,
including gamma-butyrolactone (GBL), propylene carbonate (PC), and ethylene carbonate
(EC), which have been introduced into the polymer-salt complexes, are listed in Table 3.1.

Table 3-1: Properties of different Plasticizers

Properties EC PC GBL
Molecular Formula | C3H403  C4HeOs CaHeO2

Density (g/cmq) | 1.320 1.205 1.125

Melting Point(°C) | 34-37 -55 -43
Boiling Point (°C) | 260.7 240 202
Dielectric Constant | 89.6 64.4 39.1
Viscosity | 2.53 1.85 1.75

3.3.  SAMPLES STUDIED

In this research topic, Polymer PEMA, salt KI, plasticizer EC and CNT were used to
make maximum conductivity sample that act as polymer electrolyte in preparation of
DSSC solar cell.

1. Poly (ethyl methacrylate, or PEMA), doped with KI salt at various concentrations;
specifically, PEMA +x wt% KI, where x = 10, and increment by 10 up to 90.
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2. Poly (ethyl methacrylate) (PEMA) doped with 40wt.% KI salt at different
concentrations of Ethylene carbonate (EC) i.e., PEMA+ 40 wt.% KI+ x wt.% EC where
x =10, 20....90

3. Poly (ethyl methacrylate) (PEMA) doped with 40wt.% KI+60wt.% EC +x wt.%
Carbon Nano Tubes at different concentration. i.e., PEMA+ 40 wt.% KI+60wt.%
EC +x wt.% CNT wherex=1, 2, ....... 20.

Each of the polymer electrolytes’ materials used and sample preparation methods are

discussed in separate chapters along with their characterization.

3.4. SAMPLE PREPARATION

Spin coating, sputtering, chemical/physical vapour deposition, and solution casting
are a few well-known methods for fabricating free-standing polymer electrolyte films. In
our laboratory, these polymer electrolytes were prepared to obtain thin film by solution

cast method. The complete process is explained in the next section.

3.4.1 Solution cast technique

It is the most straightforward, affordable, and well-liked method for preparing polymer
electrolytes. Using this technique, various samples were prepared in the form of thin film.
This technique described as follow:

1. For complete dissolution at room temperature, a decided fix quantity of
polymer is continuously magnetically steered into the predetermined
solvent.

2. The predetermined salt quantity is added to the above- mentioned polymer
solution.

3. For 4 hours, the mixture is continuously mixed or stirring using a magnetic
stirrer until ahomogeneous viscous solution of “polymer-salt complex™ is
obtained.

4. The solvent from this viscous solution is then allowed to slowly

evaporate at roomtemperature for several days in polypropylene petri
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dishes.
5. Free self-standing polymer-salt thin complex films are ultimately produced

after drying at room temperature.
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Figure 3.1: Solution Casting Technique

These complex films of free-standing polymer salts with varying salt weight percentages
have been used to characterize the films' structural, electrical, and optical properties. For
structural characterization, XRD and Fourier transform infrared (FTIR) methodologies
have been used. Optically scanned studies have been carried out to better understand the
surface morphology of the prepared films. Electrical characterization has been carried out
using dc polarization studies and impedance spectroscopy.

3.5. STRUCTURAL CHARACTERIZATION
3.5.1 X- ray diffraction
In the research study, the complexation of the sample was investigated by x-ray
diffraction (XRD) method. The films that were created were relatively amorphous. The
justification is provided below.
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The atoms present throughout the planes scatter the monochromatic x-ray when it
collides with a collection of equidistant parallel planes with an interplanar distance of d.
The intensity variations that show up as maxima and minima in the diffraction patterns are
caused by interference between various scattered x-rays from subsequent planes.
According to Bragg's law, the nth order maximum condition is as follows:

2d * Sinf = An ...(3.1)
Where n value varies up to infinity. Offers the order of the diffraction maximum values
and is the material-specific glancing angle or scattered angle on an individual plane.
Additionally, it has been observed that while samples are non-crystalline type or
amorphous type materials show few broad hallows at maximum, crystalline materials show
clearly defined narrow peaks at each maximum. The XRD patterns of semicrystalline solids
will exhibit sharp peaks crossing a hollow. Utilizing XRD analysis, the polymer-salt
complexes have been thoroughly investigated. This research made use of the Rigaku
D/max-2500 x-ray diffractometer (figure 3.2). A highly efficient technique for figuring out
the vibrations of various structural groups found in both simple and complex molecules is
IR vibrational spectroscopy, which studies molecular vibrations. The near range from 0.75
pm to 2.5 um and mid infrared range from 2.5 pm to 50 um in pum is the most practical
range because most molecular vibrations take place in this range. In essence, IR spectra
serve as molecular structures' digital fingerprints. This method is appropriate for the study
of proton conductors because A-H stretching modes (A = O, N, or halogen) produce strong
absorption bands in the 4000-1700 cm™ range where there is not much interference from

other groups.

3.5.2 FTIR Spectroscopy

FTIR spectroscopy can also be used to examine the structural change observed after the
formation of the polymer-salt complex (or polymer electrolyte), which is the focus of this
research problem. To achieve this, the IR spectra of films made of pure PEMA polymer,
PEMA+ Kl salt, PEMA+KI+EC and PEMA+KI+EC+CNT complex were all observed and

compared. In this investigation polymer original spikes and their shifted spikes due to salt,
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plastizer and CNT addition wavelength was studied. A Perkin Elmer IR spectrometer

model 883 was used to record the FTIR spectrum for each sample (Figure 3.3)

Figure 3.2: Rigaku D/max- 2500 diffractometer.

3.5.3 Bulkionic complex impedance spectroscopy
The scientific term in electrical conductivity is described below.
o=Gl/A ....(32)
Where G = 1/ R is referred to as the conductance and R is the sample's bulk resistance with
a thickness of | and an area of cross-section of A. Typically, a single crystal sandwiched
between two suitable electrodes, a membrane or film, or a pressed pellet is used to measure
electronic conductivity, commonly employed geometry is,
Electrode / Electrolyte / Electrode

45



Research Methodology

Figure 3.3: Perkin Elmer IR spectrometer model 883

The contributions from (i) electrode-electrolyte contact resistance make it difficult to
interpret the measured ionic conductivity. (ii) Polarization at the electrode-electrolyte
interface. Thus, the electrical conductivity that was measured cannot precisely represent
the bulk conductivity. In the case of dc electrical conductivity measurements in particular,
the unidirectional flow of current results in the formation of a gradient of concentration
that cancels out the effect of the applied field. Therefore, solid electrolyte cannot be
measured for dc electrical conductivity. The AC impedance technique is used for
determining conductivity. To distinguish the true bulk conductivity in ionic solids from
electrode, electrolyte, and grain boundary impedances, Bauerle [9] developed a
sophisticated impedance method. A solid electrolyte-filled cell is exposed to a low
amplitude sinusoidal a.c. signal in complex impedance spectroscopy. Over a broad
frequency range, the real and imaginary components of the impedance and admittance are
measured. Everyone can write the impedance (Z) / admittance. (Y) as

z2(w) = z'(w) — jz"(w)

And
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y(@) = G(w) + jB"(W).eveeereaannnnn.. (3.3)
7’ real part, z”’ imaginary part of impedance, G conductance, B susceptance and w is
frequency. The real parts and imaginary parts are plotted in complex planes to calculate
frequency dispersion. These standard curves provide data on the effects of the grain
boundary, bulk resistance, and electrode-electrolyte interface. The Nyquist (B-G) plots of

a few practical simple circuits are shown in Figure 3.4
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Figure 3.4: Nyquist plots of different RC combination.

The following three cases occur in practice when measuring the bulk ionic conductivity of
polymer solid electrolytes, and each is discussed in turn.
e Sample using reversible/non-blocking electrodes:
Figure 3.5 shows a solid polymer electrolyte film enclosed between two non-

blocking/reversible electrodes (a). In this circuit geometrical capacitance (Cg) parallel with
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the bulk resistance R at the high-frequency range. The equivalent circuit is shown in Figure
3.5 (b), Figures 3.5(c) and (d) describe corresponding impedance and admittance plots
respectively. At low frequency no division at electrode — electrolyte interface due to
electrodes are non-blocking and reversible and result is no frequency dispersion. The
intercept of the dispersion curve on the real axis providesthe bulk resistance (R) /
conductance (G = 1/R).

Reversible
electrodes

+ .~ N\ — R

MX
o—iM Wy ] —o
W ||
Cg
(a) (b)

ok B A

- =
/TN
i 113 G
R z! R
(c) (a)

Figure 3.5: (a) non-blocking electrode, (b)Ideal Circuit, (c) Nyquist plot of respective
circuit and (d) Nyquist plot respective circuit.

e Sample placed between blocking electrodes:

If the sample is placed between both blocking electrodes, the corresponding circuit
illustrated in Figure 3.6 (a) has an additional double layer capacitance (Cd1) connected in
series with the Cg-R where Cg-R are in parallel configuration. The corresponding
impedance and admittance plots, shown in figures 3.6(b) and (c), respectively, show a

further low frequency dispersion region. In this region, Cg has little impact, and double
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layer capacitance is primarily responsible for polarization at the electrode-electrolyte
interface. The electrode-electrolyte interface surfaces,however, have been presumably
assumed to be ideal, that is, flat and immaculately smooth. Idealized interfaces cannot be
implemented in practice because they change the impedance / admittance plots in figures
3.6(b) and (c) at the low frequency region. Finding the point where the low-frequency and

high-frequency dispersion meet each other at real axis yields the sample's bulk resistance

or conductance.
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Figure 3.6: a) Ideal circuit of blocking electrode, (b) Respective Nyquist plot and (c)
Respective Nyquist plot

e Polycrystalline sample having grain boundary effects:
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Additionally, polycrystalline samples and samples having incredibly rough surfaces can
contain grain boundaries. These grain boundaries may alter the conductivity depending on
whether the activation energy for the conduction at the grain boundaries is lower or higher
than the activation energy for conduction in the bulk. Polycrystalline with blocking
electrode sample are shown in figure 3.7(a). In this diagram, the letters R1-Cy in parallel
configuration known as electrode polarization, Ro-C> in parallel configuration known as
bulk resistance, and Rz with series configuration known as boundary resistance. The

corresponding B-G plots are shown in Figure 3.7.
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Figure 3.7: (a) Ideal circuit of polycrystalline sample and (b) Nyquist plots for different
electrical/electronic components
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The contribution of the active at high frequencies grain boundaries to conductivity is
revealed by the high frequency intercepted on the real axis of the frequency distribution
curve. The corresponding B-G plots for them (b) are shown in Figure 3.7. The contribution
to conductivity made by the grain boundaries when they are active at high frequencies
is revealed by the high frequency capture on the real axis of the frequency dispersion curve.
Many other investigators have also investigated howelectrochemical cells respond to
changes in impedance and admittance. [10—14]. Polymer complex electrolyte sample bulk
resistance was determined using the cell configuration Steel / Polymer electrolyte / Steel
with the aid of a "CH instrument model 604 D, U.S.A." and formula 3.2 is used. An easy-
to-use, spring-loaded sample holder, like the one in figure 3.8, was used for all
measurements. In this case, steel electrodes were used to ensure proper electrode-

electrolyte contact.

Impedence
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-Thermocouples

Temperature
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&
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/
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Figure 3.8: Conductivity measurement arrangement setup.
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3.6. DSSC Solar Cell

DSSC stands for "dye-sensitized solar cell,” which is a type of photovoltaic (PV) cell
used to convert sunlight into electrical energy. DSSCs are also known as Gratzel cells,
named after their inventor, Michael Gratzel. DSSCs have gained attention due to their
potential for low-cost manufacturing and their ability to generate electricity under low-

light conditions.
Here's how a DSSC works:

1. Absorption of light: The DSSC consists of a semiconductor layer made of titanium
dioxide (TiO2) nanoparticles that are coated with a photosensitive dye. When
sunlight (photons) strikes the dye, it absorbs the light and transfers the energy to
the TiO> layer.

2. Electron generation: The absorbed light energy causes the dye molecules to release
electrons, creating electron-hole pairs. The electrons move from the dye molecules

to the TiO: layer, leaving behind positively charged holes in the dye.

3. Electron transport: The TiO> layer acts as an electron conductor, allowing the
electrons to move freely through the material. This electron transport is facilitated

by the interconnected network of nanoparticles in the layer.

4. Redox couple: To maintain charge balance, a redox couple is introduced into the
DSSC. Typically, an electrolyte containing a redox couple, such as iodide/triiodide
(I'/13°), is used. The oxidized form (13") of the redox couple accepts the electrons
from the TiO> layer, while the reduced form (I") shuttles electrons back to the dye.

5. Electricity generation: Electric current is produced when electrons move through
an external circuit; this current can be used to power electronic devices or stored in

a battery for later use.

Advantages of DSSCs include:

52



Chapter 03

1. Cost-effective manufacturing: low-cost material and simple manufacturing
processes like printing or coating, making them potentially less expensive than

traditional silicon-based solar cells are used to prepare DSSC.

2. DSSCs can be fabricated using low-cost materials and simple manufacturing
processes like printing or coating, making them potentially less expensive than

traditional silicon-based solar cells.

3. High efficiency under low-light conditions: DSSCs can produce electricity even
under diffuse or low-light conditions, making them suitable for indoor applications

and cloudy environments.

4. Versatile design: DSSCs can be made flexible and transparent, allowing for various
applications such as building-integrated photovoltaics (BIPV), portable electronics,

and wearable devices.
However, DSSCs also have some limitations:

1. Lower efficiency: Despite significant efficiency improvements, DSSCs still have a
lower overall conversion efficiency than conventional silicon-based solar cells.

There are ongoing efforts to increase their effectiveness.

2. Durability concerns: The liquid electrolyte used in DSSCs can potentially leak or
degrade over time, affecting the long-term stability and durability of the cells.

Solid-state DSSCs using solid electrolytes are being developed to address this issue.

3. Sensitivity to moisture: DSSCs are sensitive to moisture ingress, which can degrade
their performance. Proper encapsulation or use of moisture-resistant materials is

necessary to protect the cells.

DSSCs are an active area of research and development, with ongoing efforts to improve
their efficiency, stability, and commercial viability. They offer an alternative approach to
harness solar energy and have the potential to contribute to the renewable energy

landscape.
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3.6.1 Doctor Blade Method

The doctor blade method is a specific technique used in the manufacturing process
of dye-sensitized solar cells (DSSCs). It involves the deposition of the various layers of the
DSSC structure using a doctor blade or a similar tool shown in figure 3.8.

Here's an overview of the doctor blade method in the context of DSSC manufacturing:

1. Substrate preparation: The process begins with preparing a suitable substrate,
which is typically a conductive glass or plastic material coated with a transparent
conductive oxide (TCO) layer, such as fluorine-doped tin oxide (FTO) or indium
tin oxide (ITO). The substrate provides the foundation for the DSSC structure.

2. Preparation of the photoactive layer: The photoactive layer of the DSSC contains a
mesoporous film made of titanium dioxide (TiO) nanoparticles. In the doctor blade
method, a slurry or paste containing the TiO2 nanoparticles is prepared. The slurry
typically consists of the TiO> nanoparticles dispersed in a solvent, along with a
binder material to enhance film cohesion. The slurry is spread onto the substrate

using a doctor blade.

3. Doctor blade deposition: The doctor blade is a flat and straight-edged tool, often
made of metal or plastic. It is used to spread the slurry evenly onto the substrate,
creating a uniform layer of the TiO> film. The doctor blade is held at a fixed distance
above the substrate, and as it is moved across the substrate, excess slurry is pushed
away, leaving behind a controlled thickness of the TiO layer. The speed and
pressure of the doctor blade movement determine the thickness of the deposited

layer.

4. Dye sensitization: After the TiO> layer is deposited, it is dried and then immersed
in a solution containing a photosensitive dye. The dye molecules adsorb onto the
surface of the TiO2 nanoparticles, forming a monolayer that enables light

absorption and electron transfer.
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Start with substrate, such as a conductive glass coated with
a transparent conductive oxide(TCO) layer

¥

Prepare a slurry or paste containing the desired materials,
such asTiO; nanoparticles for the photoconductive layer or
a counter electrode material
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Place the substrate on a flat surface

«

onto the substrate

Using a doctor blade,a straight edged tool, spread the slurry ‘
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Figure 3.9: Doctor Blade Method
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5. Counter electrode deposition: The counter electrode is typically made of a
conductive material, such as platinum or carbon. In the doctor blade method, a paste
or ink containing the counter electrode material is applied to another substrate using
the same doctor blade technique. The substrate with the counter electrode is then

carefully placed on top of the TiO> layer, creating a sandwich-like structure.

6. Electrolyte filling: A liquid electrolyte or a solid-state hole transport material is
introduced into the DSSC structure to facilitate the flow of electrons and ions. For
liquid electrolyte based DSSCs, a sealing layer is applied to encapsulate the cell

and prevent electrolyte leakage.

The doctor blade method offers a simple and scalable approach to deposit the TiO> layer
and other components of the DSSC structure. It allows for control over the film thickness
and uniformity, which are crucial for achieving optimal performance. However, it's worth
noting that other deposition techniques, such as screen printing, spin coating, or spray
coating, are also employed in DSSC manufacturing, depending on the specific

requirements and capabilities of the fabrication process.
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Chapter 4. . Result and Discussion
4.1. Sample images

During the laboratory work various samples were prepared using solution casting
techniques. Some sample images are shown in figure 4.1.

(b)PEMA+40%K |
S

() PEMA+40%KI1+60% EC (e) PEMA+40%KI+50 %EC
Figure 4.1: Various sample images obtained after Solution Casting Techniques
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4.2.  Complex impedance spectroscopy

HIOKI 3522-50 LCR that is used in the frequency range of 50 Hz to 100 kHz, the
prepared polymer composite electrolyte films were examined for their ionic conductivity.
Separate cole-cole plots were used to determine the polymer composite electrolyte's ionic
conductivityas a function of Kl and EC. Conductivity was measures using the stainless-

steel electrodes and calculate it using the following formula:
l

o=G 1
G is conductance (I/Rb), | is sample the thickness, A is sample area, and is ionic
conductivity.Rb is bulk resistance where the map of Nyquist intersects with the real axis.
Table 4-1: Conductivity variation in PEMA concerning Kl concentration.

S.No Wt.% Conductivity(S/cm)
Samplel 10 6.24x 1078
Sample2 20 4.82x1077
Sample3 30 9.33x10”7
Sample 4 40 3.80x10°®
Sample5 50 2.40x10°®
Sample6 60 9.60x10”7
Sample7 70 7.20x10°7
Sample 8 80 5.60x1077
Sample9 90 2.34x1077

Figure 4.2 shows the difference in polymer electrolyte ionic conductivity concerning
the different concentrations of the scattered Kl phase. By doping the given polymer
at 40% wt.KI concentration, the maximum conducting sample was achieved. It was
observed that the highest conductivity was 3.80 x 10 S/cm. The ionic conductivity

is increased by adding KI to the pure PEMA matrix.
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Figure 4.2: Conductivity variation in PEMA concerning Kl concentration.

The conductivity value observed 4.65 x 10®° Scm™ at 40 weight percent of KI, where it
reaches its peak, and then it starts to decline, as shown in Figure 4.2. The ionic conductivity
related to KI concentration may decrease by more than 40 weight percent due to the
formation of multiples of higher charge, while the ionic conductivity may increase with
rising Kl concentration due to an increase in the number of mobile charge carriers. Figure
4.4 illustrates how variations in EC concentration affect the polymer electrolyte's ionic
conductivity (PEMA + 40% KI).

The graph clearly shows that increasing the amount of plasticizer by 60% increased
conductivity by almost three orders in the maximally conducting sample. The highest

conductivity was identified as 4.64 x 10 S/cm.
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Figure 4.3: PEMA + 40% wt. KI maximum conductivity sample cole-cole plot.

Figure 4.3 displays the cole-cole plot of the salt polymer electrolyte and figure 4.5 displays

the cole-cole plot of the plasticized polymer electrolyte device with full conducting. The

addition of plasticizer makes the polymer electrolyte more amorphous, which enhances

conductivity.

Table 4-2: EC wight percentage variation in PEMA+40% wt. K.

S. No Wt.% Conductivity(S/cm)
Sample 1 20 6.82x10°
Sample 2 40 1.05x10°
Sample 3 50 3.76x10°
Sample 4 60 4.64x10°
Sample5 70 4.53x10°
Sample 6 80 4.50x10°
Sample 7 90 2.40x10°

Comparing polymer molecules to plasticizer molecules, polymer molecules are relatively

large. Thus, plasticizer molecules quickly and firmly bind to the chain fragments after

entering the polymer matrix. Strong interactions between plasticizing agent molecules and
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polymer chains decrease the forces that bind polymer chains together and increase the
mobility of different polymer chain sectors, which further boosts the ionic conductivity and
discharge time of the polymers. The main function of the plasticizer, according to
the present study, is to reduce the viscosity of the electrolyte and help isolate KI, KI*, and
I. The ionic conductivity (s) for the electrolyte scheme is given as

o=n.q.U

Where the density of the charge carrier is n, q is the carrier's charge, m is

the carrier'smobility.
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Figure 4.4: Conductivity vs EC weight percentage variation

Therefore, the importance of ionic conductivity would undoubtedly be influenced by any
rise in any of the n or g parameters. lonic conductivity increases when Kl is added to the
PEMA +EC solution matrix form, and ionic conductivity decreases can be explained

using the model of charge pairs. In the present case, Kl causes the production of
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additional mobile charge species, which are KI* cation and I" anion. lon conduction in

PEMA polymerelectrolytes is also brought on by the ionic hopping process.
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Figure 4.5: PEMA + 40% KI + 60% EC maximum conductive sample cole-cole plot.

4.3. FTIR

From 500 and 4500 cm™ wavenumbers, the FTIR spectra of pure PEMA and salt
doped PEMA (PEMA+40% KI+60% EC) were obtained using the Perkin-Elmer
spectrophotometer (model 833). This method is crucial for examining the composition of
the polymer because it provides a thorough understanding of the composite and
coordination between various materials in a composite electrolyte polymer device. In
Figure 4.6, the vibrational bands at 2990 and 2945 cm™ are attributed to the asymmetric
and symmetric C- H stretching of the methylene group of PEMA. The modes of C-H>
scissoring, C-H> wagging, and -CH> rocking are indicated by the heights of 1484,
950, and 755cm™ respectively. At 1718cm?, the C = O carbonyl stretching was seen. The
vibration of the C = CH_ group band was observed at 941 cm™. The peaks found in the
range of 3000 to 3550 cm™ display classes of -OH and -OOH. At 1800cm™ wavelength

peak exist due to Kl salt. At 1774 cm™ and 1804 cm™ C=0 stretching band exist due to
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EC [144].

Figure 4.6: FTIR spectra comparison of pure PEMA (yellow colour) (PEMA +40% KI)
(red colour) and (PEMA +40% KI+60%EC) (green colour).

44. SEM

SEM representations of the pure polymer (a) and the full conducting composite
electrolyte sample (b) are seen in figure 4.7. Compared to the rough crystalline appearance
found in the standard/pure film, the plasticized film structure is typically finer. Plasticizers
may have contributed to this transition by causing the crystalline host polymer film to
plasticize, which changed it into an amorphous film. The microstructure is very easy to see
in Figure 4.7 (a). The solution casting procedure results in the deposition of PEMA film.
The pores indicates that have developed from crystalline to amorphous states because of
PEMA conversion in the SEM image of the complex material. In this picture, there are
some bright pores and some dark pores. However, above the light area, there is no Kl in
the film. Additionally, every component was evenly combined. The image makes the
surface's roughness very clear to see. Dark pores appear to have formed as PEMA changed

from a crystalline to an amorphous state.
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10kV X3,000 1wpm

Figure 4.7: SEM micrograph of PEMA (a), PEMA+40%KI (b),
PEMA+40%KI1+60%EC(c).

45. XRD

Shimadzu XRD-6000 diffractometer was used to record the X- ray diffraction
(XRD) patterns. To evaluate the complexity and crystallization of the polymer matrix,
XRD analysis is used. Figure 4.8 shows that all films have an amorphous form, though the
absence of sharp salt-related crystalline peaks in the complexes suggests that the
potassium salts have completely dissolved. With a sharp peak at 20= 43°, the pure PEMA
XRD pattern reveals a nearly amorphous nature. The amorphous peak characteristic of the
radial distribution function, which represents the inter-chain distances, is what causes the
large peak of pure PEMA.
Figure 4.8 (b) illustrates how the sample's PEMA peak amplitude decreased after the
addition of salt. The ordering of polymer side chains causes a decrease in crystallinity,
which was visible. Additionally, it was discovered that the peak strength of the plasticizer
decreased when EC was added in comparison to PEMA. This suggests that a polymer
mixture sample between PEMA, salt KI, and EC was conducted, which also facilitates the

polymer structure's amorphous region.
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Figure 4.8: XRD analysis of different sample with different salt/material variation.

4.6. CNTEFFECTON IONIC CONDUCTIVITY
Maximum conducted polymer complex sample PEMA+40% Kl +60%EC has

conductivity 4.64 x 10° S/cm. Further conductivity enhanced by adding nanocomposite

into the sample. CNT nanocomposite weight percentage variation such as 3% wt., 5%
wt., 7% wt., 9% wt., 11%wt., 13% wt., and 15% wt. were added into maximum conducting

solution.

The solution of each variation was stirring up to 12 hours and obtained uniform viscous

solution. Each solution is put into the Petric plate and dried at room temperature to obtain

film. Maximum conductivity obtained 3.5x10* S/cm at 9% wt. as shown in figure 4.9.
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Table 4-3: CNT variation in maximum conductivity sample (PEMA+KI+EC)

conductivity (S/cm)

=== conductivity |

16

S. No Wt.% Conductivity(S/cm)
Samplel 1 2x10°
Sample2 3 4 x10°
Sample3 5 1.4 x10*
Sample4 7 2.3x10*
Sample5 9 3.5 x10*
Sample 6 11 2.5x10*
Sample 7 13 1.8 x10*
Sample 8 15 1.3x10*
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Figure 4.9: Conductivity v/s CNT variation.
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47. SEM

Solid polymer electrolyte materials morphology was determined by using scanning
electron microscopy. First sample coated with gold film to prevent static charging. Surface
morphology of pure PEMA, PEMA+KI+EC, PEMA+ Kl +EC+CNT(d) are shown in
figure 4.10(a-d).

10kV X3.000 1wpm 19 30 SEI

Figure 4.10: Surface morphology of pure PEMA (a), PEMA+KI (b), PEMA+ KI +EC(c)

Due to crystalline nature of PEMA, it was observed that the surface of Pure PEMA was
dark in color and rough after adding salt and plasticizer the image was smooth. The change

of color and smooth surfacedue to the change of crystalline nature to amorphous nature.
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The variation of surface texture of each sample corresponds to its variation of ionic

conductivity. Morphological change occurs due to variation of ionic conductivity.

4.8. FTIR Analysis

FTIR characterized technique was used to investigate the information about function
group and composite polymer structure. To investigate this test, the Perkin-Elmer
spectrophotometer was used to obtain FTIR spectrum about different samples shown in
figure 4.11.
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Figure 4.11: FTIR analysis comparison of different polymer composite PEMA,
PEMA+KI+EC, PEMA+KI+EC+CNT.

FTIR spectrums were plotted between 500-4500 cm™wavenumber and vibrational band
obtained at wavenumber 2990 cm™ and 2931 cm™ due to symmetric, asymmetric C-H
stretching of methylene group present in PEMA. At 3000 cm™ to 3500 cm™ wavenumber
-OH and -OOH single bond group was obtained due to hygroscopic nature of solvent THF
used. Addition of CNT mixed into maximum conducting sampleof PEMA, KI, and EC
some additional peaks of carbon nanomaterial were obtained at 1600cm™ and 1700 cm™,
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4.9. XRD Analysis

XRD technique used to identify the nature of the polymer composite electrolyte
whether it is crystalline or amorphous nature. X-Ray diffraction analysis was recorded by
using Shimadzu diffractometer XRD. XRD analysis shown in figure 4.8 and following

points were observed such as Pure PEMA has crystalline nature shown in figure 4.8.
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Figure 4.12: XRD comparison of PEMA+KI+EC and PEMA+KI+EC+CNT.

When salt added in pure PEMA composite there was a sharp peak indicating it disturbed
the crystalline nature of pure PEMA, it decreases intensity of PEMA and decrease degree
of crystallinity. This composite was not amorphous enough for movement of ion in the
composite materials. To make the more amorphous nature of polymer composite material
EC plasticizer added i.e., shown in figure 4.12 in red colour. Now it was observed the
composite was more amorphous shown in figure 4.12 in black colour. It was observed
sharp peaks are eliminated when CNT added into the polymer composite. After addition of

EC mechanical strength of polymer composite decrease and it improved by adding nano composite
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CNT into the polymer matrix shown in blue colour. It observed that the sample was more
amorphous than PEMA+KI+EC variation sample.
4.10. Effect of Temperature on conductivity

Concerning temperature variation, the ionic conductivity of the maximum
conducting sample was measured. Conductivity has been found to increase further with
temperature rises to 90 °C shown in figure 4.13. It was observed that the increase in
temperature also increase in the conductivity plasticized polymer electrolyte upto 3.80 x
10° Scm™ of sample PEMA+KI. Similarly result obtained in EC and CNT variation sample
up to maximum conductive sample 4.65 x 10°S/cm (PEMA+KI+EC) and 3.5 x 10S/cm
(PEMA+KI+EC+CNT). Table 4.4, Table 4.5, and table 4.6 show the relationship between
log conductivity and 1000/K temperature of various samples of KI, EC, and CNT variation
in pure PEMA respectively.

Table 4-4: Effect of temperature on the conductivity on PEMA+40% wt. Kl

S.No Temperature(1000/K)  Log Conductivity(S/cm)

1 3.531697 -7.20482
2 3.411223 -6.31695
3 3.298697 -6.03012
4 3.193358 -5.42022
5 3.094538 -5.61979
6 3.001651 -6.01773
7 2.914177 -6.14267
8 2.831658 -6.25181

70



Result and Discussion

Table 4-5: Effect of temperature on the conductivity on PEMA+40% wt. KI +60% wt. EC

S.No Temperature(1000/K)  Log Conductivity(S/cm)

1 3.41 -5.16622
2 3.19 -4.97881
3 3.09 -4.42481
4 3.00 -4.33348
5 2.91 -4.3439

6 2.83 -4.34679
7 2.75 -4.36653
8 3.41 -5.16622

Table 4-6: Effect of temperature on the conductivity on PEMA+40% wt. KI +60% wt. EC
+9% wt. CNT

S.No Temperature(1000/K)  Log Conductivity(S/cm)

1 3.531697 -4.69897
2 3.411223 -4.39794
3 3.298697 -3.85387
4 3.193358 -3.63827
S 3.094538 -3.45503
6 3.001651 -3.60206
7 2.914177 -3.74473
8 2.831658 -3.88606

The action of Arrhenius was accompanied by an increase in conductivity concerning
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increased temperature. The transition from semi-crystalline to amorphous may be what

improved temperature conductivity.
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Figure 4.13: Conductivity change due to temperature variation (a) PEMA+KI (b)
PEMA+KI+EC (c) PEMA+KI+EC+CNT.
At a certain temperature, polymeric segments rise due to the polymer electrolyte's capacity
for vibration. At this temperature, additional energy is needed to compact nearby atoms
and make a tiny gap around their volume, which enables vibrational motion.

However, the increased ion mobility brought on by this free volume enhances conductivity
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and polymer segments. Similar results are found in the quantity and composites of other
polymers.
_Ea
~%0%T
T is the absolute temperature, k is the Boltzmann constant, and oy is the activation energy.,

o

where the proportionality constant is c.

At a certain temperature, polymeric segments rise due to the polymer electrolyte's capacity
for vibration. At this temperature, additional energy is needed to compact nearby atoms
and make a tiny gap around their volume, which enables vibrational motion.

The above relationship predicts that log o and 1000/T have a linear relationship. Multiple
curvatures are present at temperatures ranging from 20 to 90 °C, as shown in Figure 4.13.

4.11. Preparation of DSSC Solar Cell
The required electrodes for the DSSC cell preparation were prepared on 30x30 cm? of FTO

glass, then cut into pieces having dimensions 2x1.5 cm?.

DSSB solar cells consist of two electrodes.
1. Blocking Electrode or Working Electrode

2. Counter Electrode

4.11.1 Materials used to prepare DSSC cell
The materials needed to prepare the working electrode, counter electrode, dye, and

electrolyte are shown in table 4.7.
4.11.2. Steps to prepare DSSC Cell

Stepl) Washing: Both glasses washed properly with acetone.

Step2) Conductivity Check: The conductivity of each surface of the FTO glass was
measured using a multimeter, and the conductivity-containing surface was used to prepare
the DSSC cell.

Step3) Scotch tape was pasted to the glass's conductivity-containing side, as seen in figure
4.14.
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Table 4-7: Material used for preparation of DSSC.

S.No  Components Material
1 Working Titanium oxide (TiO2)
Electrode
2 Counter Chloroplatinic acid (H2PtCls)
Electrode
3 Dye solution N3 Ruthenium

Step 4) TiO2 Coating: TiO2 has previously been produced and applied as a coating on
FTO glass. To create a consistent layer on FTO glass, a spin coating device is employed
at 1200 rpm for a single minute.

Figure 4.14: Scotch tape at FTO glasses.

Another name for this layer is the blocking layer. Once this is finished, take off the scotch
tape. One kind of layer that was added to FTO glass is depicted in figure 4.15. The
procedure for creating a counter layer with platinum material is the same. For thirty
minutes, place the prepared electrode in a furnace set at 500 °C. Figure 4.15(a) depicts the
TiO,-coated working electrode and (b) the platinum-coated counter electrode.

Step 5) Doctor blade method: A 50 um layer was formed on working electrode by pasting
a doble scotch tape on it. As seen in figure 4.16, a consistent layer of titania paste was

formed on the working electrode using the doctor blade approach. Now, for 30 minutes,
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the prepared electrode placed into a furnace at 500 °C temperature. Figure 4.16 illustrates

the entire procedure.

Figure 4.15: (a) TiO,, (b) Platinum Coating on FTO glasses

Step 6) Dye Sensitization: As seen in figure 4.17, the prepared working electrode was
now dipped in silicon paste and left for six hours.

Figure 4.16: (a) Double tapping (b) Apply Titania paste (c) Result after doctor blade
method.

Step 7) Polymer Electrolyte layer: Following the process of dye sensitization, polymer

electrolyte was added to the dye layer and coupled together using paper clips, resulting in
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the final construct DSSC cell depicted in figure 4.18.

Figure 4.17: (a) Apply dye material (b) doping into dye material.
4.12. V-l characteristics of DSSC Solar Cell
Keysight and a solar simulator were used to measure the |-V characteristics of the
dye-sensitized solar cell under a sun 1 condition. For developing redox couple, iodine have
added in PEMA+40%KI1+60% EC +9% CNT matrix with maximum ionic conducting
value. Then polymer electrolyte applied between the already prepared electrode. After 72
hours the performance of DSSC was calculated using the following equations and table 4.4

shows the result.

Figure 4.18: Assembled DSSC Model
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1.93 x 0.56

~ Voo Ise 194 %069

=81.12

81.12 % 0.69 = 3.88

FF = Vmax Imax
VOC]SC
=FF =

100

= 2.26

FF stands for fill factor, n photon to electricity conversion efficiency, Voc is open circuit

voltage(V), Vmax & Jmax (MAJcm?) are current and voltage in the J-V curve respectively

at the point of maximum power output, Jsc is the short circuit current density (mAcm-2).

Observed parameters are shown in table 4.8. 1-V characteristics (photocurrent density —

voltage) are shown in figure 4.19.

Table 4-8: Observation parameters of DSSC sample

S. No sc(mA/cm?)

Voc(V)

Fill Factor

Efficiency (%)

1 3.879308

0.688721

81.12

2.26

Current (mA)

~|\/ characterstics of solar cell |

N
o
o
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o
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Figure 4.19: 1-V characteristics of DSSC solar cell.
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4.13. Validation of Result
Obtained result are compared with previous research paper as shown in table 4.9. Fill
factor and efficiency of proposed solar cell is compared with previous research publication.

Table 4-9: Comparison with previous research

S.No Voe(MmV) Jsc(mA/cm?) FF n References

1| 660 7.85 66  3.44 [125]
2591 6.84 56 2.28 [145]
31720 1.69 35 0.44 [128]
4 | 670 7.9 65 3.4 [146]
5 524 1.46 26 1.98 [134]
6 | 148.6 2.98 55.8 0.24 [133]
7 | 680 11.35 47 3.62 [147]
8 | 688 3.897 81.12 2.26 Obtained result

In some research paper our result is more effective and optimised. The material used to
prepared solar cell also play very important role to enchance the fill factor and efficiency
of solar cell [117] that is dicscussed in literature review in table 2.4. In previous research
paper the fill factor and efficiency is more than our proposed solar cell. Silicon based solar
cell has highest efficiency but the cost of Silicon material is very high. As compared to
other research, proposed new material that contain polymer PEMA i.e. plastic form that
has semicrystalline struture, high conductivity,high mechnical strength, flexible for
packing design, low cost, light weight, no leakage and long life. In this research work
Postium iodide used as a salt that is more stable than litium salt because it is not expose in
air and environment. Again mechnical strength and amorphicity incresed using EC

plastizier.
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Conclusion

Polymer Electrolyte composite of PEMA (polyethyl methacrylate) and potassium
iodide (KI) was prepared using solution casting technique and obtained maximum
conducting sample of PEMA+ 40% wt. percentage of Kl having conductivity 3.80 x 10°®
S/cm. Further, amorphicity enhancement by adding ethylene carbonate (EC) as plasticizer.
The maximum conducting sample was obtained at ratio PEMA+40% wt. percentage + 60%
wt. percentage of EC having conductivity 4.65 x 10° S/cm. Further enhancement of the
conductivity of sample by incorporation of carbon nanotubes. At 9% wt. percentage of
CNT, polymer composite got maximum conductive sample having conductivity 3.5x10*
S/cm. The maximum conductive sample was characterized using Scanning electron
microscopy (SEM), X-ray diffraction (XRD), Complex impedance spectroscopy (CIS),
Fourier transform infrared spectroscopy (FTIR). X-Ray diffraction characterization
technique was used to identify maximum conducting sample crystalline or amorphous
nature. FTIR characterization technique was used to indicate change in interaction between
various materials such as KI, EC and CNT. After that the maximum conductivity polymer
sample PEMA+40% KI+ 60% EC+ 9% CNT was obtained having conductivity 3.5x10*
S/cm using solution casting technique. Using Doctor Blade Method Dye-Sensitized solar
cell was prepared and tested using Keysight instrument and solar simulator at 1 sun
condition. Fill factor 81.12 and energy conversion efficiency 2.26% was obtained. The
obtained result was compared with the previously reported result. Silicon based solar cells
have maximum efficiency and better fill factor. Proposed new material that contain
polymer PEMA i.e. plastic form that has semicrystalline struture, high conductivity,high
mechnical strength, flexible for packing design, low cost, light weight, no leakage and long
life. In this research work Postium iodide as a salt was used that is more stable than litium
salt because it is not expose in air and environment. Again mechnical strength and
amorphicity incresed using EC plastizier. By enhancing the materials for preparing
working electrode, counter electrode, dye further efficiency of DSSCs can be increased.
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Future Aspects

Further research should focus on finding optimal parameters to slow down dye
degradation and improve dye stability. Exploring the use of new dye structures that can
absorb more light at longer wavelengths, particularly in the near-infrared (NIR) region, can
enhance dye stability and overall performance. Investigating the chemical stability of
oxidized Ru (111) complexes, such as Ru bipyridyl complexes, can contribute to improved
dye stability. Developing new dye sensitizers with good absorption properties, long
excited-state lifetimes, and efficient metal-to-ligand charge transfer can enhance dye
stability. Conducting research on dye and electrolyte additives that can enhance the
stability of dye-sensitized solar cells can also contribute to improved dye stability.
Improving dye stability and structure to enhance light absorption at longer wavelengths
and increase overall efficiency. By enhancing the morphology of semiconductors to
improve electronic conduction and reduce dark current. Exploring the use of dye and
electrolyte additives to enhance cell performance. Improving the mechanical contact
between the two electrodes to optimize cell efficiency. Investigating new materials for the
semiconductor oxide, dye sensitizer, and counter electrode to further enhance DSSC
performance. Addressing the challenges of low conversion efficiency and stability through
research and development.
Exploring the potential of solid-state DSSCs using hole transport materials or solid-state
electrolytes. Continuously monitoring and improving the stability and reliability of DSSCs
to ensure long-term performance. Further to reduce the cost of materials used instead of
platinum for preparing counter electrode researcher can also use carbon material. Carbon

materials can be prepared from biowaste and kitchen waste.
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