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Abstract

The research presented investigates the electrochromic properties of various materials,
including metal oxides and conducting polymers, for potential applications in smart
optoelectronic devices. Methods such as sol-gel synthesis, drop casting, and co-precipitation
were employed to synthesize these materials, followed by characterization using techniques
like cyclic voltammetry, electrochemical impedance spectroscopy, UV-Vis spectroscopy,
scanning electron microscopy, X-Ray diffraction and Raman spectroscopy. The study
compares the performance of different doping materials in terms of color switching time,
stability, color contrast, coloration efficiency and reversibility at two different wavelengths.
Results show promising outcomes, particularly with zinc oxide and tungsten trioxide doping,
demonstrating enhanced coloration efficiency and stability. Moreover, the investigation
suggests avenues for further research, such as exploring alternative synthesis methods to
optimize material properties for specific device applications. Overall, the study contributes to
advancing the understanding and development of electrochromic device for diverse

optoelectronic technologies.
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Chapter 1
INTRODUCTION

1.1 Electrochromism
Electrochromism, a captivating phenomenon in materials science, refers to the ability of certain

substances to undergo visible changes in optical properties when subjected to an electrical
stimulus®. These materials, termed electrochromic materials (ECMs), hold immense promise
for a range of applications due to their dynamic color-switching capabilities. The field of
electrochromism has witnessed significant advancements since its inception in the early 1960s,
with researchers continuously exploring novel materials, device architectures, and performance

optimization strategies.

Fundamentally, electrochromic behavior arises from redox reactions occurring at the interface
between electrodes and electrolytes, leading to alterations in the material's absorption or
transmission properties across the electromagnetic spectrum. By modulating the electrical bias
applied to electrochromic devices (ECDs), reversible changes in color or opacity can be
achieved, offering opportunities for applications in smart windows, displays, eyewear, and
adaptive camouflage systems. Understanding the underlying mechanisms of electrochromism
and refining ECM properties are essential steps towards unlocking their full potential in diverse

technological domains.

1.2 Motivation

Working in electrochromic devices (ECDs) presents an exciting opportunity to delve into a
dynamic field with wide-ranging applications. Studying electrochromism allows us to
understand the fundamental processes behind color changes in response to electrical stimuli,
paving the way for the development of advanced materials and devices. By optimizing the
performance of ECDs, we can enhance their energy efficiency, durability, and functionality,
leading to innovations in smart windows, displays, and energy-saving technologies. The
interdisciplinary nature of electrochromism research fosters collaboration between scientists
and engineers from various disciplines, driving innovation and solutions to pressing societal

and environmental challenges. Ultimately, working in electrochromic devices offers a



rewarding path towards developing transformative technologies with tangible benefits for
society, industry, and the environment.

1.3 Types of electrochromic materials

Electrochromic materials (ECMs) encompass a diverse array of substances that exhibit bias-
induced color switching, making them integral to electrochromic devices. Broadly categorized
into organic and inorganic types®, ECMs offer varying properties and functionalities tailored
to specific applications. Inorganic ECMs primarily comprise transition metal oxides (TMOs)
such as tungsten, vanadium, chromium, cobalt, iron, manganese, molybdenum, nickel,
niobium, palladium, and titanium oxides. Additionally, conducting polymers (CPs) like
polyaniline (PANI), polythiophene (P3HT), PEDOT: PSS, polypyrrole (PPy), and polyindole
(PI) exhibit electrochromic behavior owing to their multiple redox states. Viologens, including
bipyridine derivatives, exist as molecular and polymeric forms, exhibiting significant
electrochromic activity. Another notable class comprises hexacyanometalletes like Prussian
Blue (PB), offering multiple-colored states. Metallopolymers, featuring metal-to-ligand charge
transfer, demonstrate long-term stability and efficient switching times. Recent advancements
have introduced novel ECMs such as microporous metal/covalent organic frameworks
(MOFs/COFs), organic-halide hybrid perovskites, MXenes, and composite structures,
expanding the library of ECMs with diverse colors, origins, and functionalities, thus paving the

way for innovative electrochromic applications.

1.4 Electrochromic Device

Fabricating an electrochromic device (ECD) involves several steps to assemble its five-layered
structure. Initially, two transparent conducting substrates, typically made of Indium/Fluorine
Tin Oxide (ITO/FTO) coated glasses®®, are prepared as outer layers for applying bias.
Chromophores are then deposited onto one or both of these substrates using techniques such
as spin coating, spray casting, hydrothermal, or electrodeposition, forming thin films known as
EC electrodes. The second substrate is loaded with an ion-storage layer, and the two electrodes
are integrated together with a gel electrolyte in between. Employing the flip-chip method, the
sturdy ECD is obtained with its ends ready to be connected to a power supply (Figure 1.1). The
gel electrolyte, containing highly mobile ions, facilitates electron movement, resulting in color
changes around the active electrode. The type of ECD fabricated—transmissive or reflective—
depends on the choice of electrochromic materials (ECMs) and the substrate used. For

flexibility or stretchability, glass substrates are often replaced with electrodes like polyethylene



terephthalate (PET). While the standard five-layered structure is common, deviations exist
based on specific requirements and applications, including variations in the number of layers
or types of substrates used. Additionally, measurements are conducted on EC electrodes to
understand their properties, followed by fabrication of Monolayer and bi-layer ECDs before
exploring all-in-one EC gel configurations.

Figure 1.1: Basic schematic of an electrochromic device
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Device durability is defined by five criteria®:

1. The environment for a specific application, which dictates the required operational speed.
2. The upper and lower temperatures of operation (considering variations worldwide).

3. Stresses induced by thermal shock during rapid cooling and warming.

4. Deterioration due to solar exposure, particularly by UV light.

5. Additional stresses like changes in humidity and mechanical shock. Devices relying on
proton movement may need water, and the concentration of water should remain within a
narrow, desirable range. Sealing is crucial to maintain internal humidity levels, protect against
oxygen ingress, and ensure device robustness.

1.5 Device performance parameters

Once the device is fabricated, we need to thoroughly access it performance on various
parameters as mentioned below.

1.5.1 Switching time

Applying a voltage triggers the electrochromic device Y(ECD) to transition between optical
states, known as coloration and bleaching, in a reversible manner. The time taken for this

transition, termed as the switching time, is defined as the duration required for a 90% ( Note:

3



in some papers researchers take 67 % change in absorbance values as the threshold ) change in
absorbance during both coloration (T¢) and bleaching (Ty) processes. While T¢ and Ty are
typically similar in magnitude, they may not be identical due to the distinct microscopic
processes governing coloration and bleaching.

1.5.2 Cyclic stability

To assess the cyclic stability of electrochromic devices (ECDs), researchers evaluate their
cycle life by subjecting them to continuous voltage pulses of specific durations. The optical
output response is then recorded to observe any variations in the contrast value over multiple
coloration/bleaching cycles. An ECD demonstrating minimal changes in colored states even
after numerous cycles is indicative of good cyclic stability, highlighting its suitability for

prolonged usage and practical applications.

1.5.3 Color contrast

The visibility and distinguishability ‘of different states in an electrochromic device (ECD) are
crucial. The color contrast, representing the maximum difference in absorbance values between
the device's colored and bleached states, is quantified using the equation:

c.c=""y 100 or c.c="y 100 (L1
Ty Ay

Here, At / Ts and A; / T represent the final and initial absorbance/Transmittance values at a
specific wavelength, respectively. The resulting color contrast value is expressed as a
percentage, providing a quantitative measure of the device's optical performance and

distinguishability between its various states.

1.5.4 Coloration efficiency (CE)

The charge efficiency (CE) value, *denoted as ' and expressed in units of cm?/C, serves as a
key parameter indicating the power efficiency of an electrochromic device (ECD). It
quantifies the amount of charge required for inducing a change in optical density or contrast,

represented by AOD. The CE value is calculated using the formula:
n=A40D/Q (1.2)

Here, AOD signifies the difference between the maximum and minimum absorbance values,
while Q represents the charge intercalated or deintercalated by the device to achieve the

observed change in optical density. The physical value of CE is determined from the slope of



a curve plotting the variation of optical density (OD) against charge (Q), providing valuable

insights into the device's power efficiency and performance characteristics.

1.6 Multifunctional applications

Electrochromic devices (ECDs) have revolutionized various industries, serving as smart
switchable windows, rear-view mirrors, curtains, and displays. Despite their widespread
adoption, challenges such as cost, efficiency, and durability persist. To address these issues,
researchers are developing electrodes and devices3capable of multifunctionality, including
charge storage, sensing, memory, and catalysis. Certain electrochromic materials exhibit
excellent charge storage capacities, making them ideal for electrochemical supercapacitors
with superior energy densities and lower input requirements. Additionally, some materials
possess electrocatalytic properties crucial for sustainable applications like water splitting for
hydrogen production. These advancements represent a significant milestone in material
science, paving the way for multifunctional devices with enhanced performance. Furthermore,
in my work the ECD's high absorbance in the infrared (IR) region enables it to function as a
heat-blocking window, effectively mitigating solar heat gain and keeping the building cool
passively without the need for air conditioning. By reducing the reliance on artificial cooling
systems, the ECD contributes to energy savings and promotes sustainability in building design.
This dual functionality of color switching and heat blocking makes the ECD an attractive

solution for enhancing comfort and energy efficiency in architectural applications.



Chapter 2

EXPERIMENTAL TECHNIQUES

All chemicals utilized in this investigation, including ethyl viologen diperchlorate, poly(3-
hexyl thiophene-2,5 diyl), sodium tungstate dihydrate (Na2,WO4.2H20), Zinc nitrate hexa-
hydrate (Zn(NOz)2.6H20), Sodium Hydroxide (NaOH), Hydrochloric acid (HCI), Titanium n-
butoxide, Sodium molybdate dihydrate (Na2Mo04.2H20), Citric acid (CsHgO7), lithium
perchlorate (LiClO4), polyethylene oxide (PEO), nitric acid (HNOs, 38%), and sulfuric acid
(H2S04, 98%), were procured from Alfa Aesar. Analytical grade reagents, such as acetone, 1,2-
dichlorobenzene (DCB, anhydrous), acetonitrile (ACN, anhydrous, 99%), ethanol, methanol,
and isopropyl alcohol (IPA), were sourced from Sigma AldrichTM and used as received.
Substrates, namely Indium Tin Oxide (ITO) and Fluorine doped Tin Oxide (FTO) coated
glasses were obtained from Macwin India and were sliced into pieces measuring 2x1 cm?. The
selection of ITOs and FTOs as the substrate of interest was motivated by their high conductivity

and transparency, essential requirements for electrochromic (EC) devices
2.1 Electrode fabrication techniques

These ITOs and FTOs substrates were then transformed into electrodes by depositing the
desired EC material onto them using one of the below-mentioned techniques, all of which are

bottom-up approaches.
2.1.1 Spin coating method

Spin coating, hailed as one of the simplest techniques for depositing samples onto flat surfaces,
guarantees the uniformity of thin films across the substrate area. This method relies on
centrifugal force to spread the material evenly over the substrate, ensuring complete coverage.
The procedure involves several steps: firstly, the substrate is securely placed onto the sample
holder within the spin coater machine and affixed using a vacuum pump. Then, a specified
volume of solution, typically ranging from 10 to 50 pl, is applied to the substrate. Subsequently,
the deposition occurs at a consistent spin rate for a predetermined duration to achieve the
desired thin film (Figure 2.1). Following deposition, the films undergo drying at temperatures
between 80° and 100° C to eliminate excess solvent. Spin coating offers numerous advantages,

including its straightforward fabrication process, uniform coating distribution, and precise



control over film thickness, making it particularly suitable for coating organic materials and

polymers.

=

Figure 2.1: Schematic showing the spin coating mechanism.
(Image credit: PhD thesis of Dr. Tanushree Ghosh)
2.1.2 Drop Casting

Drop casting deposits a solution onto a substrate, evaporating the solvent to form thin films.
Versatile and cost-effective, it's ideal for lab-scale research and large-scale production. Film
thickness is controlled by solution concentration, droplet volume, and substrate properties.

Suitable for various applications including electronics and biomedical devices.
2.2 Synthesis methods for dopant materials
2.2.1 Hydrothermal method

The conventional method, known as hydrothermal deposition, utilizes elevated temperatures
and water as its primary components for film deposition, as indicated by its name. The
procedure involves several steps: firstly, a precursor solution is prepared by mixing the
necessary chemicals with an appropriate amount of deionized (DI) water, which is continuously
stirred. Next, this solution is transferred into a teflon-coated autoclave, where the substrate is
positioned. Subsequently, the entire autoclave containing the solution is sealed within a
stainless container to prevent air exchange. The setup is then placed into a furnace, where high
temperatures are applied for an extended period, facilitating film deposition (Figure 2.2). The
fundamental principle revolves around vaporizing the water component of the precursor
solution and depositing the remaining material onto the substrate. This method offers the
advantage of enabling the growth of large crystals while maintaining the desired film

composition.
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Figure 2.2: Schematic showing various parts of hydrothermal method.(Image credit: PhD
thesis of Dr. Tanushree Ghosh)

2.2.2 Co-precipitation method

The co-precipitation method is a widely used technique for synthesizing nanoparticles and
composite materials. In this method, two or more precursor compounds are dissolved in a
solvent, typically water, to form a homogeneous solution. Subsequently, a precipitating agent,
such as a base or acid, is added to the solution under controlled conditions, leading to the
simultaneous precipitation of multiple compounds or elements. The reaction conditions,
including temperature, pH, and stirring rate, play crucial roles in determining the size,
morphology, and composition of the precipitated particles. After precipitation, the resulting
solid is typically collected by filtration, washed to remove impurities, and dried. The co-
precipitation method offers several advantages, including simplicity, scalability, and the ability
to control the composition and properties of the resulting materials by adjusting reaction
parameters. This versatile technique finds applications in various fields, including materials
science, catalysis, environmental remediation, and biomedical research, where the synthesis of

tailored nanoparticles and composite materials is desired.
2.2.3 Sol-gel method

The sol-gel method synthesizes materials by converting a sol (a colloidal suspension) into a gel
and then solidifying it. It involves hydrolysis and condensation reactions of metal alkoxides in
a liquid solution, typically alcohol. This process forms a network of interconnected
nanoparticles. By controlling parameters like temperature and pH, the resulting material's
structure and properties can be tailored. Sol-gel is versatile, producing thin films, fibers, and

bulk materials. Widely used in ceramics, glasses, and coatings, it offers advantages such as low



processing temperatures and homogeneity. Its applications range from optics and electronics

to biomedicine and catalysis.
2.3 Characterization techniques

Upon synthesizing materials, it's imperative to conduct characterization to ascertain their

composition and properties accurately.
2.3.1 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a powerful imaging technique used to visualize the
surface morphology, composition, and topography of materials at high resolution. It employs
a focused beam of electrons to probe the surface of a sample, generating detailed images with
magnifications ranging from tens to hundreds of thousands of times.

Instrumentation:

1. Electron Source: SEMs utilize an electron gun to produce a beam of electrons. The electron
source typically consists of a tungsten filament or a field emission gun (FEG) capable of

emitting electrons with high energy and brightness.

2. Electron Optics: The electron beam is focused and directed onto the sample surface by a
series of electromagnetic lenses and apertures. The optics system controls the size, shape, and

intensity of the electron beam, enabling precise imaging and analysis of the sample.

3. Sample Stage: The sample is mounted on a stage that allows for precise positioning and
manipulation during imaging. The stage may provide options for tilt, rotation, and XYZ

movement to facilitate imaging from different perspectives and angles.

4. Detectors: SEMs are equipped with various detectors to capture different signals emitted or
generated by the sample in response to the electron beam. Common detectors include
secondary electron detectors (SE), backscattered electron detectors (BSE), and energy-

dispersive X-ray spectrometers (EDS).

5. Imaging System: The signals detected by the detectors are converted into visual images
displayed on a monitor or computer screen. SEM images can be acquired in real-time or saved

for further analysis and processing.
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Figure 2.3: Schematic showing various parts of an electron microscope

(Image credit: PhD thesis of Dr. Tanushree Ghosh)

Operation:

1. Electron Beam: The electron beam is generated by the electron source and focused onto the
sample surface. The beam interacts with the atoms in the sample, causing various electron

emissions and signals to be produced.

2. Signal Detection: Depending on the interaction of the electron beam with the sample,
different signals are emitted or generated, including secondary electrons (SE), backscattered
electrons (BSE), and characteristic X-rays. These signals are detected by the corresponding

detectors.

3. Image Formation: The detected signals are processed and converted into visual images
displayed on a monitor. SEM images reveal detailed surface features, topography, and
composition of the sample with high resolution and magnification.

4. Analysis: SEM images can be analyzed to extract quantitative information about the sample,
including particle size and distribution, surface roughness, elemental composition, and phase

identification. Additional techniques such as EDS can be used for elemental analysis and
mapping.

Applications:

10



SEM finds wide-ranging applications in materials science, nanotechnology, biology, geology,
forensics, and semiconductor industry. It is used for surface characterization, defect analysis,
failure analysis, quality control, and research in diverse fields. SEMs are indispensable tools
for studying microstructures, nanoparticles, biological specimens, and engineered materials,

providing valuable insights into their properties, behavior, and performance.
2.3.2 Raman Spectroscopy

Raman spectroscopy is a powerful analytical technique used to provide detailed information
about the vibrational and rotational modes of molecules. It offers insights into molecular
structure, composition, and interactions by measuring the inelastic scattering of light, known

as Raman scattering, caused by the interaction of photons with chemical bonds within a sample.
Instrumentation:

1. Laser Source: A monochromatic laser source is used to illuminate the sample. Common
lasers employed in Raman spectroscopy include visible (such as green or red) and near-infrared
lasers. The choice of laser depends on factors such as the sample's optical properties and the
desired spectral range.

2. Optics: The laser beam is directed onto the sample through a series of lenses, mirrors, and
filters. Optics are used to focus the laser beam onto the sample, collect the scattered light, and

direct it to the detector.

3. Sample Chamber: The sample is typically placed in a sample chamber, which may be
equipped with temperature control and environmental control capabilities to optimize

measurements under specific conditions.

4. Detector: A sensitive detector, such as a charge-coupled device (CCD) or photomultiplier
tube (PMT), is used to measure the intensity of the Raman scattered light. The detector converts

the optical signal into an electronic signal that can be processed and analyzed.

5. Spectrometer: A spectrometer is used to disperse the Raman scattered light into its
component wavelengths. It consists of diffraction gratings or prisms and allows for the

selection of specific spectral regions for analysis.

11
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Figure 2.4: Schematic showing basic mechanism of Raman spectroscopy.

(Image credit: PhD thesis of Dr. Tanushree Ghosh)

Operation:

1. Excitation: The laser beam is focused onto the sample, leading to the excitation of molecular
vibrations. A small fraction of the incident photons undergoes inelastic scattering, resulting in

Raman scattering.

2. Scattering: The scattered light contains both Rayleigh scattering, which has the same
frequency as the incident laser light, and Raman scattering, which has shifted frequencies
corresponding to the vibrational modes of the molecules in the sample.

3. Detection: The Raman scattered light is collected by the optics and directed to the detector.

The detector measures the intensity of the scattered light as a function of its wavelength.

4. Analysis: The Raman spectrum, which represents the intensity of scattered light as a function
of Raman shift (frequency difference from the incident laser), is analyzed to extract information

about molecular vibrations, chemical bonds, and structural properties of the sample.
Applications:

Raman spectroscopy finds applications in various fields, including chemistry, materials
science, pharmaceuticals, biology, and forensics. It is used for qualitative and quantitative
analysis of chemical compositions, identification of unknown substances, characterization of
molecular structures, monitoring of chemical reactions, and investigation of biological
specimens. Additionally, Raman spectroscopy can be performed in situ, in real-time, and non-
destructively, making it a valuable tool for research, quality control, and process monitoring in

diverse industries.
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Spectroscopy involves examining how light interacts with matter. Light, as a form of energy
within the electromagnetic spectrum, engages in quantum phenomena when interacting with
matter. These interactions depend on both the properties of the electromagnetic radiation and
the characteristics of the samples under study. The electromagnetic radiation spectrum,
displaying increasing wavelength and decreasing energy, is illustrated in a figure 2.1 from left

to right.
2.3.3 X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a powerful analytical technique used to analyze the crystal structure,
phase composition, and atomic arrangement of materials. It is based on the principle of elastic
scattering of X-rays by atoms in a crystal lattice, resulting in the generation of diffraction
patterns that provide valuable information about the structure and properties of the material.

Instrumentation:

1. X-ray Source: X-ray diffraction requires a source of monochromatic X-rays, typically
generated by an X-ray tube operating at high voltage. The X-ray source emits a narrow beam

of X-rays with a specific wavelength, typically in the range of 0.1 to 2.5 angstroms.

2. Sample Holder: The sample is mounted on a sample holder, which positions it in the path of
the X-ray beam. The sample holder may allow for precise orientation and rotation of the sample

to obtain diffraction patterns from different crystallographic planes.

3. Detector: A detector is used to measure the intensity of the diffracted X-rays as a function
of the diffraction angle (26). Common detectors include scintillation detectors, semiconductor
detectors, and imaging plates. Modern XRD instruments often utilize electronic detectors for
high sensitivity and rapid data acquisition.

4. Goniometer: A goniometer is used to position the sample holder and detector relative to each
other, allowing for precise control of the diffraction geometry. The goniometer can rotate the
sample around multiple axes to collect diffraction data from different orientations.

5. Data Acquisition System: A data acquisition system is used to record and process the
diffraction data collected by the detector. This system may include software for controlling

instrument parameters, collecting diffraction patterns, and analyzing the resulting data.

13
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Figure 2.5: Schematic of an X-ray diffractometer.

(Image credit: PhD thesis of Dr. Tanushree Ghosh)

Operation:

1. Incident X-rays: The X-ray beam emitted by the X-ray source is directed onto the sample at
a specific angle of incidence. The X-rays interact with the atoms in the crystal lattice of the

sample, causing them to scatter in different directions.

2. Diffraction: The scattered X-rays interfere constructively or destructively, depending on the
spacing between the atomic planes in the crystal lattice. This results in the generation of a
diffraction pattern consisting of discrete peaks corresponding to the diffraction angles (26) at

which constructive interference occurs.

3. Data Collection: The diffracted X-rays are collected by the detector and converted into
electrical signals. The intensity of the diffracted X-rays is recorded as a function of the

diffraction angle (20) to generate a diffraction pattern.

4. Analysis: The diffraction pattern is analyzed to extract information about the crystal
structure, phase composition, and orientation of the sample. This may involve comparing the
experimental diffraction pattern with reference patterns from known crystal structures,
performing quantitative phase analysis, and determining lattice parameters and

crystallographic orientation.

Applications:
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X-ray diffraction is widely used in various fields, including materials science, chemistry,
geology, and biology. It is employed for phase identification, crystallographic analysis, texture
measurement, residual stress analysis, and defect characterization in a wide range of materials,
including metals, ceramics, polymers, minerals, and pharmaceuticals. XRD is indispensable
for research, quality control, and process optimization in industries such as manufacturing,

aerospace, automotive, electronics, and pharmaceuticals.
2.3.4 UV-Vis spectroscopy

The machine used to perform the experiment is PerkinElmer UV/VIS Lambda 365.

Figure: 2.6: UV-Vis Spectroscopy.

UV-Vis spectroscopy, short for ultraviolet-visible spectroscopy, is a technique used to analyze
the absorption and transmission of light by a substance across the UV and visible regions of
the electromagnetic spectrum. This method provides valuable insights into a material's
electronic structure, concentration, and chemical environment. UV-Vis spectroscopy involves
passing light through a sample and measuring the absorbance or transmittance at various
wavelengths. The instrumentation typically consists of a UV-Vis spectrophotometer equipped
with a light source, monochromator, sample holder, and detector (Figure 2.7). By comparing
the absorbance spectrum of a sample to reference spectra, researchers can identify compounds
and quantify their concentration. UV-Vis spectroscopy finds applications in various fields,
including chemistry, biochemistry, environmental science, and pharmaceuticals, for analyzing

compounds such as organic molecules, metal ions, and biological macromolecules.
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Figure 2.7: Schematic of an UV-Vis spectrometer

(Image credit: PhD thesis of Dr. Tanushree Ghosh)

2.3.5 Electrochemistry

Electrochemistry investigates chemical properties influenced by applied current or bias, crucial
for understanding redox behavior and electron/mass transport phenomena. Electrochemical
studies employ a three-electrode cell setup alongside an electrolytic solution. Experimental
setups utilized instruments such as the Keithley-2450 source meter and the Metrohm Autolab
Potentiostat for data acquisition. These tools enable precise control over current and voltage
conditions, facilitating the characterization of sample properties. Through electrochemical
analysis, researchers gain insights into reaction mechanisms, kinetics, and interfacial processes,
contributing to the comprehensive understanding of material behavior and facilitating
advancements in various fields, including energy storage, corrosion prevention, and sensor

development.

(i auroLAB

Figure 2.8: Autolab PGSTAT101

(Image credit: Google)

2.3.5.1 Cyclic Voltammetry (CV)
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Cyclic voltammetry is a powerful electrochemical technique used to investigate the redox
properties of materials. It involves sweeping the potential of a working electrode linearly over
time while measuring the resulting current. The cyclic voltammogram obtained provides
information about the electrochemical behavior of the system, including oxidation and
reduction potentials, electron transfer kinetics, and diffusion coefficients. This technique is
widely used in various fields, including battery research, corrosion studies, and sensor
development, due to its simplicity, versatility, and ability to provide valuable insights into the
electrochemical processes occurring at the electrode-electrolyte interface. Experimental setups
typically involve a three-electrode cell configuration with a working electrode, reference

electrode, and counter electrode, controlled by a potentiostat.
2.3.5.2 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a powerful technique used to study the
electrical properties of electrochemical systems. It involves applying a small amplitude
sinusoidal potential or current to a system over a range of frequencies and measuring the
resulting impedance. EIS provides valuable information about the resistive and capacitive
components of the system, as well as its frequency-dependent behavior. This technique is
widely used to study phenomena such as charge transfer processes, diffusion, adsorption, and
corrosion Kinetics. EIS is particularly valuable for characterizing the performance of batteries,
fuel cells, sensors, and corrosion protection coatings. Experimental setups typically involve a
potentiostat or impedance analyzer coupled with a three-electrode cell configuration, allowing
precise control over the applied signals and measurement of the system's response.

2.4 Synthesis of Zinc Oxide (ZnO)

The ZnO nanoparticles were synthesized using co-precipitation method. The typical °synthesis
is as follows: the alkali solution of zinc was prepared by dissolving zinc nitrate hexahydrate
[Zn(NO3)2-6H20] in 50 ml deionized water and NaOH in another 50 ml deionized water in the
molar ratio [Zn?* = 1M, OH™ = 2M]. Then the NaOH solution was kept at 35°C. Under constant
stirring, the zinc nitrate solution was added slowly (dropwise for 30 min) to the above alkali
solution. After a 3 hours reaction under constant stirring, the solution is allowed to settle. A
white precipitate was deposited in the bottom of the flask and was collected using filter paper
and washed several times with absolute ethanol and distilled water to remove any unreacted
chemicals and NaNOs. The precipitate mostly consists of Zn(OH). and ZnO. Finally, the ZnO
powder is obtained by dehydration of Zn(OH), at 130°C for 9 hours in an oven®.
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2 Zn(0H), — 27n0 +2 H,0 (at 130°C for 9 h) 2.2)

To increase the precipitate formation and maximizing the yield we tried not to use excess
NaOH as the precipitate of zinc hydroxide will dissolve, forming a colourless solution of
zincate ion. We can also keep the temperature low after mixing the zinc nitrate solution with
the sodium hydroxide solution. This will reduce the solubility constant of zinc hydroxide and

it will precipitate out of the solution.

A B

My sample

https://www.rangeproducts.com.aw/wp-

content/uploads/2015/07/DSC 0151.jpg

Figure 2.9: ZnO sample
2.5 Synthesis of Tungsten trioxide (WO3)

To produce ultrafine WO3; powder, a straightforward “co-precipitation technique was
employed. Initially, 0.33 g of Sodium tungstate was dissolved in 20 ml of distilled water and
stirred continuously. Subsequently, 2 M HCI was gradually added to the solution to maintain a
pH of 1.5, followed by stirring for 13 hours. The resulting precursor solution was then washed
thrice with deionized water and ethanol to eliminate impurities. The precipitate obtained was
dried for 16 hours at 50 °C, yielding greenish-blue powder. This powder underwent calcination
at 450 °C for 24 hours. Following calcination, the powder was stored in a desiccator for further
characterization without additional purification.
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Figure 2.10: WO3sample
2.6 Synthesis of Titanium dioxide (TiO2)

TiOz is synthesized using hydrothermal method. The typical synthesis is as follows, combine
15 mL of HCI with 15 mL of distilled water and stir for 10 minutes®. Next, add 400 pL of
titanium n-butoxide to the solution and continue stirring for another 10-12 minutes. Transfer
the mixture into an autoclave and heat it at 150 °C for 9 hours. Then, filter the mixture using
filter paper and wash the residue several times with distilled water. Allow the powder to dry in

an oven for 3 hours at 80 °C.

A

https://5.imimg.com/data5/SELLER/Default/2022/2/0Y/LG M y sam pl e
/GT/51551970/titanium-dioxide-powder-1000x1000.jpg

Figure 2.11: TiO2 sample

2.7 Synthesis of Molybdenum trioxide (MoO3)
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Sodium molybdate dihydrate (Na2Mo4.2H,0), citric acid (CsHgO7), and nitric acid (HNO3)
were utilized in the synthesis of molybdenum trioxide ®powder via the sol-gel method. The
precursor solution was formulated by dissolving 0.01 M (50 mg) sodium molybdate in 20 mL
of deionized water. Subsequently, 0.016 M of HNO3 (20 uL) was added dropwise to the
precursor solution with continuous stirring for over 30 minutes. To act as a surfactant, 0.1 M
citric acid was incorporated into the solution and stirred for 1 hour. The resultant solution was
then subjected to heating in an oven at 120°C for 6 hours. Following this, the resulting
precipitate was annealed at 450°C for 3 hours under an inert atmosphere. The powder obtained
after annealing was collected for further characterization without undergoing any purification

steps.

A

https://www.oshimetal.com/wp- Mv sample
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Figure 2.12: MoO3 sample
2.8 Device Fabrication

2.8.1 Preparation of P3HT electrode: For fabrication of electrochromic device, 0.3 wt%
P3HT solution in DCB (1, 2- Dichlorobenzene) was prepared by vortex mixing. . The P3HT
film was spin-coated on ITO-coated glass substrate (commercially procured) at 600 rpm for
120s and annealed at 80 °C for 1 h.

2.8.2 Preparation of Gel Electrotyte: 5 wt% of PEO is mixed with ACN and mixed

thoroughly to form gel-like substance.
2.8.3: Preparation of EV electrode: 4 wt% Ethyl Viologen diperchlorate is mixed with ACN.

2.8.4: Device assembly: We then take the required metal oxide (ZnO/WO3/TiO2/MoQ3 as per
need) as our dopant and mix it with EV in the proportion 0.1 wt%. We then mix the solution
with PEO in equal proportion. The combined mixture is drop casted onto an ITO coated glass
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substrates and then assemble together with the help of double-sided tape to keep the both ITO

substrates attached with each other.

Double sided tape

LE7P (7

Gel electrolyte Final ECD!

Figure 2.13: Schematic showing step by step method of device fabrication
(Image credit: PhD thesis of Dr. Tanushree Ghosh)
2.9 Ethyl Viologen diperchlorate (EV)

Ethyl viologen diperchlorate (EV) is a chemical compound commonly used in various
electrochemical applications. It consists of a viologen moiety with two ethyl groups attached
to the nitrogen atoms and perchlorate ions as counterions®. EV is known for its reversible
redox properties, making it suitable for use as an electron shuttle or mediator in redox reactions.
Its ability to undergo rapid and reversible reduction-oxidation processes makes it valuable in
systems such as batteries, sensors, and electrochromic devices!!. Additionally, EV's stability
and solubility in polar solvents contribute to its versatility in electrochemical studies and

applications.

How Viologens show_color: Viologens, more formally known as 1,1'-disubstituted-4,4'-

bipyridilium salts, are recognized as electrochromic materials exhibiting a diverse range of
colors dependent on their radical substituents. These compounds undergo sequential electron-
transfer reactions, progressing from the di-cationic state to a radical cation, and finally forming
a neutral species'?. Each step in this process yields distinct colors determined by the specific
substituents present. The term "viologen" originates from the violet hue produced when 1,1'-
dimethyl-4,4'-bipyridilium is reduced by a single electron, resulting in the formation of the
radical cation'®. The di-cationic form stands as the most stable among the three common
viologen redox states, appearing colorless in its pure form, unless optical charge transfer with
the counter anion occurs. The radical cation, known for its vibrant coloration, arises from
intense intramolecular optical charge transfer. Radical cations with short alkyl chains exhibit a
blue (or blue-purple in concentrated solutions) color, transitioning to crimson as the alkyl chain

length increases due to enhanced dimerization. Conversely, the neutral species typically appear
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uncolored. Thus the electrochromic mechanism involves reversible redox reactions of ethyl

viologen molecules, manifesting in three possible states: di-cation, radical cation, and neutral.

(a)

- M Yellow Dication form
» Y — R
y" ~. Green Red X \ / \ / X-

-¢ || te

_/ \ 7/,

Radical cation form

+e

Figure 2.14: Showing various forms of

EV which shows color.

2.10 Poly (3-Hexyl thiophene) (P3HT)

Poly(3-hexylthiophene) (P3HT) is a semiconducting polymer widely used in organic
electronics. With its conjugated backbone structure, P3HT exhibits excellent electrical
conductivity** and optical properties'®. In electrochromic devices, P3HT can reversibly change
its color when subjected to an applied voltage or current. This property arises from the
polymer's ability to undergo redox reactions, leading to changes in its absorption spectrum.
P3HT-based electrochromic materials have been explored for applications in smart windows,
displays, and sensors, offering a versatile platform for responsive and energy-efficient

optoelectronic devices.
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How Poly(3-hexylthiophene) P3HT shows colour:

Poly(3-hexylthiophene), abbreviated as P3HT, is a
widely utilized polymer in organic solar cells. Its
colouration primarily stems from its electronic

structure, particularly the energy levels of its highest

occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO). The observed colour of P3HT results from the selective
absorption and reflection of light at specific wavelengths, dictated by the energy difference
between the HOMO and LUMO levels, commonly referred to as the band gap. When light with
energy matching this band gap is absorbed, electrons undergo excitation from the HOMO to
the LUMO. The remaining wavelengths of light are either transmitted or reflected, contributing

to the perceived colour of the material.

2.11 Preparation of thin film for CV

Approximately 1 mg of the metal oxide is dispersed in 2 ml of ethanol and sonicated for 30
minutes to ensure proper mixing. Following this, 5 pl of Nafion is introduced into the solution
to serve as a binding agent. Meanwhile, an ITO substrate measuring 2x1 cm? is meticulously
cleaned using a sonicator to remove any contaminants. Once dried, 100 pl of the prepared
solution is drop-cast onto the ITO substrate and allowed to settle undisturbed, facilitating the

evaporation of ethanol. Subsequently, the electrode is prepared for various measurements.
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Chapter 3

RESULTS AND DISCUSSIONS

Section A
3.1 Basic characterization of the synthesized materials
3.1.1 Zinc Oxide

Zinc oxide (ZnO) is a multifunctional semiconductor material renowned for its diverse
applications and unique properties. With a direct wide bandgap of approximately*® 3.37
eV, ZnO finds utility in optoelectronic devices like LEDs, solar cells, and UV
photodetectors. Its exceptional transparency in the visible region makes it suitable for
transparent conductive coatings in displays and touchscreens!’. Moreover, ZnO's
piezoelectric properties enable its use in sensors, actuators, and energy harvesting devices.
Nanoparticles of ZnO serve in cosmetics, biomedical imaging, and drug delivery systems,
thanks to their biocompatibility and photocatalytic activity*®. ZnO also boasts a significant
dielectric constant, enhancing its value in capacitors and other electronic applications®®.
Additionally, its robust antibacterial properties make it ideal for antimicrobial coatings,

ensuring its relevance across various industries®.
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Figure 3.1: (a) SEM image (b) Raman shift (¢) XRD (d) Cyclic voltammetry at different
scan rates.

SEM images: From the SEM images we can see that very fine particles of less than 100
nm are formed. These fine particles are clustered together to form bigger particles.
Raman spectroscopy: We can see various peaks at 436, 712, 726, 1011, 1051, 1320 cm’
! The peak at 436 cm™ corresponds?! to E,"'9" mode. The peaks at 712 and 726 correspond
to LA+TO modes i.e Longitudinal Acoustic and Transverse Optical phonon modes. The
peak at 1051 corresponds to TO+LO i.e Transverse Optical and Longitudinal Optical
phonon modes of vibration. Additionally, Raman scattering from defects, such as oxygen
vacancies or zinc interstitials, can result in additional peaks or broadening of existing
peaks in the Raman spectrum.

XRD: X-ray diffraction (XRD) analysis of zinc oxide (ZnO) powder shows that it has
wurtzite structure, which belongs to the space group P63mc??, provides valuable insights
into its crystalline properties. The wurtzite structure of ZnO is characterized by hexagonal
symmetry, with zinc and oxygen atoms arranged in alternating layers along the c-axis. In

XRD patterns of ZnO, characteristic diffraction peaks corresponding to the
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crystallographic planes (hkl) can be observed, such as?® (100), (002), and (101). The XRD
pattern closely matches with the JCPDS card no 36-1451.

Cyclic voltammetry: The cyclic voltammetry is performed by taking a thin film of ZnO
drop casted on ITO in a three electrode setup using®* 1 M LiClOs as an electrolyte. The
CV curve is recorded in the potential window -1.8 V to 0.8 V. It reveals that there are two
oxidation (-0.94 V and -1.4 V) and two reduction (-1.21 V and -1.61 V) peaks. At lower
scan rate all the peaks are noticeable. At higher scan rate all the peaks are not
distinguishable.

3.1.2 Tungsten trioxide

Tungsten trioxide (WQO3) is a versatile transition metal oxide compound with a wide range
of applications owing to its unique properties. It exists in various structural forms,
including monoclinic, orthorhombic, and hexagonal phases, each exhibiting distinct
physical and chemical characteristics?®. WOs is most commonly found in its monoclinic
form, featuring layers of tungsten atoms sandwiched between layers of oxygen atoms. This
layered structure contributes to its exceptional electrochromic, photochromic, and

catalytic properties.

One of the most notable applications of WOz is in electrochromic devices (ECDs), where
it serves as an active material capable of reversibly changing its optical properties in
response to an applied voltage?. This property finds use in smart windows, displays, and
electronic devices, enabling dynamic control over light transmission and energy
efficiency. Additionally, WOz is utilized in gas sensors for detecting harmful gases such
as nitrogen dioxide and carbon monoxide due to its high surface area and sensitivity to gas

molecules?’.

Furthermore, WO3 nanoparticles exhibit promising photocatalytic activity, making them
suitable for environmental remediation, water purification, and solar energy conversion?®,
WOs-based materials are also employed in lithium-ion batteries?®, electrochromic mirrors,
and electrochromic smart films, showcasing its versatility across various technological
domains. Overall, tungsten trioxide's unique properties make it a valuable material for
applications ranging from energy storage and conversion to environmental monitoring and

optoelectronics.
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Figure 3.2: (a) SEM image (b) Raman shift (c) XRD (d) Cyclic voltammetry at
different scan rates.

SEM images: From the morphology we can say that flakes of 0.5 um are formed.
Raman spectroscopy: The Raman spectra of tungsten trioxide (WQOs3) offer valuable
insights into its structural properties and vibrational modes. In the Raman spectrum of
WOs3, characteristic peaks arise from the symmetric stretching and bending vibrations of
the tungsten-oxygen (W-O) bonds within the crystal lattice. Typically, WO3 exhibits
several prominent Raman peaks in the range of 100 to 1000 cm™, reflecting its complex
crystal structure and symmetry.
XRD: The diffraction peaks observed in the experimental 3lpattern 22 (001), 23.4e
(110), 252 (101), 42° (220), 55° (202) match closely with the positions and intensities of
peaks in the reference pattern JCPDS: 01-072-1465. So we can conclude that the
synthesized WOs is in its monoclinic phase.
Cyclic voltammetry: The cyclic voltammetry is performed by taking a thin film of WO3

drop casted on ITO in a three electrode setup®? using 0.5 M H2SOy4 as an electrolyte. The
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CV curve is recorded in the potential window -0.5 V to 0.8 V. It reveals that there is one
oxidation (0.13 V') and one reduction (-0.06 V) peak.
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3.1.3 Titanium dioxide

Titanium dioxide (TiOy) is a versatile semiconductor known for its photocatalytic, optical, and

electronic properties®. It occurs in various crystalline forms, with anatase and rutile being the

most common. Anatase TiO: exhibits superior photocatalytic activity, finding applications in

environmental remediation and self-cleaning surfaces®. As a white pigment, TiO2 is widely

used in paints, coatings, plastics, and cosmetics due to its high refractive index and opacity>°.

In sunscreens, TiO, nanoparticles provide UV protection by scattering and absorbing

ultraviolet radiation. Additionally, TiO> plays a vital role in energy storage and conversion

technologies, including dye-sensitized solar cells and lithium-ion batteries. Its diverse

applications make TiO> a key material in industries ranging from environmental engineering

and cosmetics to renewable energy and electronics.

3
s
o
(2]
c
[7]
8
£
) e - T T T T
EHT = 20.00 kV Signal A=InLens  Date :27 Mar 2024 @ 200 400 600 800 1000§
H WD = 6.1 mm Mag = 200.00 K X Time :15:36:26 Raman Shift ‘cm.1)
C D 0.5
0.0
wn - —_—
R 3 g
o & E-05 ——20 mv/s
2 2 € ——40 mv/s
n [
n S E 10 —— 60 mv/s
4] 5 .
a £ o ——80 mv/s
o 100 mv/s
-1.5
-2.0
T T T T T T T T L] L] T
20 30 40 50 60 70 80| -1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -04
20 (Degree) Potential (V)

Figure 3.3: (a) SEM image (b) Raman shift (c) XRD (d) Cyclic voltammetry at

different scan rates.

SEM images: spherical particles of approx. 20 nm are formed, which are clumped together to

form bigger blobs.
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Raman spectroscopy: In the Raman spectrum of TiO,, characteristic peaks® correspond to
different vibrational modes, offering information about its crystal structure, phase purity, and
defects. Typically, TiO2 exhibits prominent Raman bands attributed to its rutile or anatase
phases, with peaks corresponding to symmetric stretching modes (Eg), bending modes (Eg,
B1g), and oxygen vacancies (Tio-Ti). The raman shift is matched with existing literature. And
we can confirm that we have successfully synthesized TiO- .

XRD: In the X-ray diffraction (XRD)3' pattern of TiO,, characteristic peaks are observed
corresponding to its crystalline phases, primarily rutile and anatase. The anatase phase typically
exhibits diffraction peaks at 26 angles of around 25.3°, 37.8°, 48°, and 54.4°, corresponding to
the (101), (004), (200), and (105) crystallographic planes, respectively. Similarly, rutile TiO2
displays peaks at approximately 27.4°, 36.1°, and 54.3°, corresponding to the (110), (101), and
(211) planes. The relative intensities and positions of these peaks can vary depending on factors
such as sample preparation methods and annealing conditions. Additionally, the presence of
other phases or impurities may result in additional peaks in the XRD pattern. The XRD pattern
matches closely with the JCPDS card no 88-1175 confirming the successful synthesis of TiO>
particles.

Cyclic voltammetry: The cyclic voltammetry is performed by taking® a thin film of TiO,
drop casted on ITO in a three electrode setup using 0.1 M KCI as an electrolyte. The CV curve
is recorded in the potential window -1.5 V to -0.4 V. It reveals that there is one oxidation (-
0.92 V') and one reduction (-1.17 V') peak. Slowing drifting peaks show pseudo reversibility.

3.1.4 Molybdenum trioxide

Molybdenum trioxide (MoO3) is a transition metal oxide with various applications owing to
its unique properties. It exists in several crystalline forms, including a-MoO3 and -MoO3,
each exhibiting different physical and chemical characteristics®°. MoO3 is commonly used as
a catalyst in chemical reactions, particularly in the petroleum industry for sulfur removal and
in the production of polymers and fine chemicals. It also finds application as an electrochromic
material in smart windows, displays, and electronic devices, where it can reversibly change its
optical properties in response to an applied voltage. Additionally, MoO3 is utilized in lithium-
ion batteries as an electrode material due to its high capacity and stability. Furthermore, MoO3
nanoparticles show promising potential in gas sensing, photovoltaics, and
photoelectrochemical water splitting for renewable energy applications. Overall, molybdenum
trioxide's diverse properties make it a valuable material for a wide range of industrial and

technological applications.
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Figure 3.4: (a) SEM image (b) Raman shift (c) XRD (d) Cyclic voltammetry at different
scan rates.

SEM images: MoOs particles of approximate 10um are formed.

Raman spectroscopy: In molybdenum trioxide (MoO3), Raman modes indicate how its atoms
vibrate. These modes are like fingerprints, showing unique vibrations. The spectra reveal
different peaks at specific frequencies*. For example, peaks at 996 cm—1 and 817 cm—1 show
certain stretching motions, while others at 667 cm—1 and 471 cm—1 indicate bending. These
peaks help identify the structure and properties of MoO3. The observed spectrum is matched
with the existing literature on MoOs.

XRD: Matched °with the JCPDS card no 050508.

Cyclic voltammetry: The cyclic voltammetry is performed by *taking a thin film of MoOs
drop casted on ITO in a three electrode setup using 1 M LiClOg as an electrolyte. The CV curve
is recorded in the potential window -0.3 V t0 0.8 V.
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3.2 EIS of single electrode

EIS is performed using a three electrode setup as shown in the picture below. The measurement
is performed at different voltages as indicated in the respective diagrams. The setup and the
electrolyte for performing the EIS experiment is same as the set up for recording CV.
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Figure 3.5: (a) ZnO at-1V (b) WOz at-0.1V (c) TiOz2at -1.2 V (d) MoOsz at -0.1 V

Electrochemical impedance spectroscopy (EIS) provides insights into various electrochemical
processes, including the resistive and diffusive nature of the system. In an EIS spectrum, the
resistive behavior is reflected in the real part of the impedance (Z'), while the diffusive behavior
is evident in the imaginary part (Z"). A high frequency semicircle in the Nyquist plot indicates
the charge transfer resistance (Rct), “which reflects the resistive nature of the interface. The
Warburg element or inclined line at lower frequencies suggests the diffusive nature,
representing the transport of ions within the electrolyte or electrode material. Additionally,
changes in the shape and position of impedance plots can indicate alterations in the
electrochemical processes, such as changes in reaction kinetics, interface properties, or ion
diffusion coefficients.

Section B

3.3 CV and EIS of combined systems
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The samples mentioned above were drop-cast onto ITO substrates, after which measurements
were conducted using a three-electrode setup. Subsequently, the drop-cast films were immersed
in EV solution, and all measurements were carried out accordingly. All the EIS measurements

are carried out at 0 V.

Figure 3.6: Three electrode setup. And how we performed the CV and EIS of combined

system.

3.3.1EV+ITO

This serves as the control setup, where we conducted CV and EIS on a bare ITO electrode
immersed in the EV solution.
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Figure 3.7: (a) CV of EV at different scan rates (b) EIS measurement at 0 V
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3.3.2ZnO+ITO+EV
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Figure 3.8: (a) CV of ZnO film dipped in EV at different scan rates (b) EIS measurement of

the system at 0 V
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Figure 3.9: (a) CV of WOs film dipped in EV at different scan rates (b) EIS measurement of
the system at 0 V

3.34 TiO2+ITO+EV

34




10
EV+TiO,+ITO

=10 4

Current (mA)

=20 4

—— 20 mv/s
—— 40 mv/s
—— 60 mv/s
—— 80 mv/s
100 mv/s

2" (Q) (K ohm)

Potential (V)

ov

EV+TiO,+ ITO

1 2
Z' (Q) (K ohm)

Figure 3.10: ((a) CV of TiO film dipped in EV at different scan rates (b) EIS measurement

3.3.5 M0oOs+ITO+EV
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Figure 3.11: (a) CV of MoOs film dipped in EV at different scan rates (b) EIS measurement

of the system at 0 V
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Section C
3.4 Device performance

Following the fabrication method outlined in Chapter 2, we proceeded to assess the device
across several parameters including coloration time (T¢), bleaching time (Ty), stability, and

coloration efficiency at two wavelengths, namely 515nm and 750nm.

Off state OV On state +1.5V

Figure 3.12: Electrochromic device

3.4.1 EV+P3HT

From the % transmittance data, it is evident that significant changes in % transmittance occur
at wavelengths of 515 nm and 750 nm. Hence, all measurements were conducted at these
wavelengths. Graph A illustrates that the lines corresponding to 0 V and -1.5 V almost overlap,
indicating good reversibility of the device. To determine the switching time at 515 nm,
absorbance values were recorded at intervals of 0.2 s using square pulses of +1.5V and -1.5V,
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and the time taken to achieve 90% of the maximum transmittance values was noted. Stability
was assessed by applying square pulses of +1.5 V (5 seconds) and -1.5 V (5 seconds) over 100
cycles (1000 seconds total). Coloration efficiency was calculated using the formula outlined in
Chapter 1. Charge density was determined by dividing the total charge
intercalated/deintercalated by the area of the window (1 cm?). Additionally, color contrast at
these wavelengths was computed using the formula provided in Chapter 1.
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Figure 3.13: (a) Transmittance of the device wrt wavelength at three different voltages 0,
+1.5 and -1.5 volts (b) switching at 515 nm (c) Stability at 515 nm (d) Coloration efficiency
at 515 nm

For all the other device the data acquisition process is identical. So, | have merely pasted the
data. And at the end | have provided a comparison table between various devices and various
parameters.
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Figure 3.14: (a) Absorbance of the device wrt wavelength at three different voltages 0, +1.5
and -1.5 volts (b) switching at 750 nm (c) Stability at 750 nm (d) Coloration efficiency at 750
nm

Color Contrast at 515 nm= 56 % . Change in transmittance at 750 nm= 52.8 %.
Switching at 515 nm T¢,=0.9s Tp=0.8's

Switching at 750 nm T¢,=1.2s Tp=0.9s

Coloration efficiency at 515 nm=755 cm?/C

Coloration efficiency at 750 nm=755 cm?/C

Reversibility: Second best

Stability: Best
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3.4.2 ZnO+EV+P3HT
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Figure 3.15: (a) Transmittance of the device wrt wavelength at three different voltages 0,
+1.5 and -1.5 volts (b) switching at 515 nm (c) Stability at 515 nm (d) Coloration efficiency
at 515 nm
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Figure 3.16: (a) Absorbance of the device wrt wavelength at three different voltages 0, +1.5
and -1.5 volts (b) switching at 750 nm (c) Stability at 750 nm (d) Coloration efficiency at 750

nm

Color Contrast at 515 nm=57.2 % . Change in transmittance at 750 nm= 37.5 %.

Switching at 515 nm T¢=0.7 s Tp=0.7s
Switching at 750 nm T,=0.8 s Tp=0.4s
Coloration efficiency at 515 nm=319 cm?/C
Coloration efficiency at 750 nm=1005 cm?/C
Reversibility: Best

Stability: Not so good
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3.4.3 WO3z+EV+P3HT
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Figure 3.17: (a) Transmittance of the device wrt wavelength at three different voltages 0,
+1.5 and -1.5 volts (b) switching at 515 nm (c) Stability at 515 nm (d) Coloration efficiency

at 515 nm
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Figure 3.18: (a) Absorbance of the device wrt wavelength at three different voltages 0, +1.5
and -1.5 volts (b) switching at 750 nm (c) Stability at 750 nm (d) Coloration efficiency at 750

nm

Color Contrast at 515 nm= 41.5 % . Change in transmittance at 750 nm= 16.4 %.

Switching at 515 nm T¢=0.3s Tp=0.55s
Switching at 750 nm T¢,=0.4s Tp=0.6'S
Coloration efficiency at 515 nm=1143 cm?/C
Coloration efficiency at 750 nm=321 cm?/C
Reversibility: poor

Stability: poor
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3.44 TiO2+EV+P3HT
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Figure 3.19: (a) Transmittance of the device wrt wavelength at three different voltages 0,
+1.5 and -1.5 volts (b) switching at 515 nm (c) Stability at 515 nm (d) Coloration efficiency

at 515 nm
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Figure 3.20: (a) Absorbance of the device wrt wavelength at three different voltages 0, +1.5
and -1.5 volts (b) switching at 750 nm (c) Stability at 750 nm (d) Coloration efficiency at 750
nm

Color Contrast at 515 nm= 39 % . Change in transmittance at 750 nm= 14.5 %.

Switching at 515 nm T¢=0.7 s Tp=0.7s
Switching at 750 nm T¢=0.6 s Tp=1.2'S
Coloration efficiency at 515 nm=994 cm?/C
Coloration efficiency at 750 nm=441 cm?/C
Reversibility: Moderate

Stability: Decent
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3.4.5 MoOs+EV+P3HT
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Figure 3.21: (a) Transmittance of the device wrt wavelength at three different voltages 0,
+1.5 and -1.5 volts (b) switching at 515 nm (c) Stability at 515 nm (d) Coloration efficiency

at 515 nm
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Figure 3.22: (a) Absorbance of the device wrt wavelength at three different voltages 0, +1.5
and -1.5 volts (b) switching at 750 nm (c) Stability at 750 nm (d) Coloration efficiency at 750

nm

Color Contrast at 515 nm= 35.5 % . Change in transmittance at 750 nm=21.3 %.

Switching at 515 nm T,=0.8s Tp=1.0s
Switching at 750 nm T,=1.9s Tp=0.7s
Coloration efficiency at 515 nm=453 cm?/C
Coloration efficiency at 750 nm=241 cm?/C
Reversibility: Good

Stability: Good
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Chapter 4

CONCLUSIONS AND FUTURE SCOPE

P3HT+EV ZnO+P3HT+ | WO3+P3HT | TiO2+P3HT+ | MoO3+P3H
EV +EV EV T+EV

Switchingat Tc=0.9s Tc=0.7s Tc=0.7s Tc=0.8s

515 nm Tb=0.8s Tb=0.7 s Tb=0.7s Th=1.0s
Switchingat Tc=1.2s Tc=0.85s Tc=0.65s Tc=1.9s
750 nm Tb=0.9s Th=0.4s Th=1.2s Th=0.7s

CCat515 56 %
nm

(Colour

Contrast)

AT at 750 nm - 37.5% 16.4% 14.5 % 21.3%

Colouration  755cm?/C 319 cm?/C 994 cm?/C 453 cm?/C
efficiency
(515 nm)

Colouration 485 cm?/C
efficiency
(750 nm)

Reversibility  Second best -
Stability - Second best

Table 4.1: Performance table of all the fabricated devices

41.5% 39 % 355%

321 cm?/C 441 cm?/C 241 cm?/C

The data presented in the table provides valuable insights into the performance of various
devices fabricated using different doping materials. Upon analysis, it becomes evident that the
WOgs-doped device exhibits superior performance in terms of switching and coloration
efficiency specifically at a wavelength of 515 nm. Conversely, the ZnO-doped device
demonstrates exceptional color contrast at 515 nm. Interestingly, the bare P3HT+EV device
emerges as the top performer in terms of stability and percentage modulation at 750 nm.
Remarkably, the ZnO-doped device stands out once again, showcasing remarkable coloration
efficiency at 750 nm and reversibility, the latter indicating its ability to revert to its original
state without any residual color once the voltage is removed. Overall, the ZnO-doped device

emerges as the frontrunner across multiple parameters, suggesting its versatility and efficacy.
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Moreover, this research offers valuable insights into potential strategies for enhancing specific
parameters by doping the PSHT+EV device with appropriate materials, thereby providing a

roadmap for further optimization and improvement in device performance.
Future scope

Given the promising results observed with ZnO doping, it is prudent to explore whether the
synthesis of ZnO using various methods influences its performance. Methods such as
electrodepositing ZnO film, depositing the electroactive form of ZnO, or utilizing the
hydrothermal method can yield different morphologies, potentially impacting electron transfer
kinetics and consequently altering device performance significantly. Therefore, investigating
these different synthesis methods holds immense potential for enhancing our understanding of

Zn0-based devices and optimizing their performance characteristics.

e Electrodepositing ZnO on ITO and conducting a thorough characterization of the
resulting material.

e Deposition of ZnO on ITO through a hydrothermal process and conducting a thorough
characterization of the resulting material.

e Constructing a device wherein ZnO is electrodeposited or hydrothermally grown on
ITO, followed by a performance analysis in comparison with a device incorporating

powdered ZnO.
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