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Abstract

In the era of smart and adaptive technologies, materials that can sense
and respond to their environment are reshaping modern electronics.
Among them, electrochromism stands out as a key concept for flexible
smart windows, energy-efficient systems, and multifunctional devices.
Electrochromic materials can dynamically modulate color and
transparency under an applied bias while storing energy, bridging the gap
between materials and intelligent electronics. Covering inorganic,
organic, and hybrid systems, they exhibit tunable band gaps that lead to
visible color changes. Typically, electrochromic devices (ECDs) employ
a five-layered configuration, with performance evaluated through

parameters defining efficiency, stability, and reversibility.

The growing demand for flexible, multifunctional, and energy-efficient
smart devices has accelerated research in electrochromic (EC)
technologies. This thesis focuses on the design, synthesis, and
development of advanced electrochromic and electrochromic-
supercapacitor (ESCD) devices by integrating all-organic and organic-
inorganic hybrid materials to achieve superior optical modulation, rapid

switching, and enhanced mechanical stability.

This thesis presents the development of flexible electrochromic devices
(ECDs) by combining the fast electrochromic response of organic
polymers with the stability of metal oxides. Hybrid structures based on
P3HT-EV and oxide nanomaterials enabled devices with rapid
switching, high color contrast, and excellent mechanical flexibility. To
expand their functionality for wearable and heat-shielding applications,
a flexible NIR-cutting ECD was further engineered using a WS2/WO:s-

doped polymer system. The device showed efficient optical modulation
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and notable NIR-blocking ability, demonstrating strong potential for

next-generation smart windows and heat-filtering smart eyewear.

Besides their use in smart windows and displays, electrochromic devices
(ECDs) also offer multifunctional applications in energy storage systems
such as supercapacitors and batteries, as well as in heat and NIR
shielding technologies. Their tunable optical response, flexibility, and
compatibility with advanced nanomaterials make them ideal for next-
generation adaptive and energy-efficient devices. Therefore, in this
work, multifunctional electrochromic-energy-storage systems were
developed by integrating organic polymers with engineered
nanomaterials. An all-organic solid-state electrochromic supercapacitor
was fabricated using MXene-viologen and P3HT electrodes, delivering
strong optical modulation, fast switching, and efficient pseudocapacitive
behavior for integrated energy-optical applications. Additionally, an
organic—inorganic asymmetric electrochromic supercapacitor based on
CoTiO3.P3HT and WOs; electrodes was developed, showing stable
coloration, robust electrochemical performance, and effective NIR
attenuation for thermally adaptive systems. Overall, this thesis
demonstrates nanomaterial-engineered strategies for creating flexible,
durable, and multifunctional electrochromic platforms suitable for smart
displays, wearable electronics, and advanced thermal-management

applications.
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NIR cutting-ECD at 515 nm.

Figure 3.22: In-situ transmittance spectra of the flex-NIR
cutting ECD in bent state with a bending angle of 60° (inset)
in initial, ON and OFF states.

Figure 4.1: (a) FESEM micrograph along with a magnified
portion (inset), (b) Elemental mapping of the synthesized
MXene from MAX phase, (c) The Raman spectrum and (b)
XRD pattern of MXene.
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Figure 4.2: (a) The FESEM micrograph and (b) Raman
spectra of MXene doped EV electrode.

Figure 4.3: (a) The FESEM micrograph and (b) Raman
spectra of P3HT electrode.

Figure 4.4: (a) The CV curves of MXene on carbon cloths at
various scan rate and (b) Nyquist plot of MXene on CC with
equivalent electrical circuit.

Figure 4.5: (a) Comparative CV curves of alone EV and
EV+MXene on GC electrode at 100 mV/s scan rate (b) CV
curves of EV+MXene with varying scan rate (c) CV curve of
EV on bare GC with varying scan rate (d) Nyquist plot of
alone EV and EV+MXene along with equivalent electrical
circuit (inset).

Figure 4.6: (a) In-situ transmittance spectra, (b) Single
switching cycle, (c) Current response with varying voltage
pulse of £ 0.7 V, and (d) Coloration Efficiency of the MXene-
doped EV in two-electrode setup.

Figure 4.7: Schematic of fabricated device and
corresponding photograph of actual device in two different
states.

Figure 4.8: in-situ transmittance spectra of device at 0V and
+ 1.4V (inset CIE plot along with actual image of the device)

Figure 4.9: (a, b) Single switching cycle of the device at
515nm and 700nm (c, d) coloration efficiency at 515 nm and
700 nm along with stability diagram (inset).

Figure 4.10: Applied square pulse of + 1.4V and
corresponding current flowing through the device.

Figure 4.11: (a) Scan rate dependent CV curves from the
device along with GCD plots (b).
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Figure 4.12: (a) Specific capacitance vs current density
curve, (b) Retention graph of M-doped-ESD with capacitive
stability (inset)

Figure 4.13: Nyquist plot of device at 1.1V with equivalent
circuit (inset)

Figure 5.1: (a) The FESEM image, (b) TEM image, (c) The
Raman spectrums and (b) the XRD plot of CoTiO3.

Figure 5.2: SEM micrograph of WO3 evenly spread all over
the ITO substrate along with nano flower (Inset), (b) The
Raman spectrum and (b) XRD plot of WO3 film.

Figure 5.3: (a) The XRD plot and (b) optical image of CTO-
P3HT film.

Figure 5.4: The Cyclic Voltammetry curve of CoTiO3 with
bare glassy carbon electrode and CoTiO3 drop casted over
glassy carbon electrode and (b) Nyquist plot of CoTiO3.

Figure 5.5: (a) Cyclic voltammetry at different scan rates
(Inset: actual images) and (b) Nyquist plot at OV of CTO-
P3HT electrode

Figure 5.6: Logarithmic peak current distribution as a
function of logarithmic scan rate for CoTiO3 doped P3HT

Figure 5.7: (a) Charging/discharging curves with increasing
current densities and (b) corresponding Specific Capacitance
vs Current density graph of CTO-P3HT electrode.

Figure 5.8: (a) Cyclic voltammetry at different scan rates
(Inset: actual images) and (b) Nyquist plot at 0V of the WO3
electrode.

Figure 5.9: Logarithmic peak current distribution as a
function of logarithmic scan rate for WO3 electrode.
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Figure 5.10: (a) Charging/discharging curves with increasing
current densities and (b) corresponding Specific Capacitance
vs Current density graph of WO3 electrode.

Figure 5.11: (a) In-situ transmittance spectra of CoTiO3
doped P3HT electrode under an external bias of + 1.4 V (b)
single switching cycle of CoTiO3 doped P3HT electrode and
(c) cyclic stability at 515 nm.

Figure 5.12: Schematic of the fabricated ESCD

Figure 5.13: In-situ biased dependent transmittance spectra
of the device at initial, on and off state with actual
photographs (a) in visible range (b) in NIR range.

Figure 5.14: Single switching cycle of colored and bleached
state of the device at (a) 515 nm, (b) 700 nm and (c) 850 nm.

Figure 5.15: Coloration Efficiency of ESCD at (a) 515 nm,
(b) 700 nm and (c) 850 nm and (d) Current vs time vs potential
plot.

Figure 5.16: Cycle life of ESCD at (a) 515 nm, (b) 700 nm
and (c) 850 nm

Figure 5.17: Cyclic voltammetry of the device at different
scan rates (20mV/s to 200mV/s).

Figure 5.18: Logarithmic peak current distribution as a
function of logarithmic scan rate @ 1.4 V (anodic current) (b)
0.8 V (anodic current) and (c) 0.8V (cathodic current), and
ip/sqrt (scan rate) as a function of sqrt (scan rate).

Figure 5.19: Capacitance percentage distribution as a
function of scan rate.

Figure 5.20: (a) charging/discharging curve of ESCD and (b)
varying specific capacitance value with energy density vs
power density graph.
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Figure 6.1: Optimized molecular geometry (a,b) and
corresponding molecular electrostatic potential (MEP) plot
(c,d) of graphene (Gr) and graphene oxide (GO). Cross
sectional view of MEP is shown in corresponding insets.

Figure 6.2: The FESEM micrographs of (a) Gr, (b) GO and
Raman spectra of Gr and GO.

Figure 6.3: The FESEM micrographs along with Raman
spectra in insets (a) NiO electrode, (b) Gr-NiO electrode, (¢)
GO-NiO electrode, elemental mapping images of NiO
electrode (d, e), Gr-NiO electrode (f-h), GO-NiO electrode(i-
k). The HRTEM microscopic images of (1) NiO, (m) Gr-NiO,
and (n) GO-NiO electrodes.

Figure 6.4: (a) XPS survey scan spectrum of NiO, Gr-NiO,
GO-NiO electrodes confirming the characteristic elements,
High resolution XPS spectra from (b, c¢) NiO, (d-f) Gr-NiO
and (g-1) GO-NiO electrodes.

Figure 6.5: (a) Schematic of the electrochemical
arrangement, (b) comparative CVs of all the electrodes, scan
rate dependent CV curves of (¢) NiO, (d) Gr-NiO and (e) GO-
NiO electrodes.

Figure 6.6:(a) logarithmic plot of the current density v/s scan
rate for all the electrodes (b) capacitive contribution plot of
GO-NiO electrode, (¢) NiO and Gr-NiO (d)

Figure 6.7: (a) EIS plot of all the electrodes, (b) comparative
GCD plot of all the electrodes, GCD plot of (c) NiO, (d) Gr-
NiO, (e) GO-NiO and (f) comparative specific capacitance vs
current density plot of all the electrodes.

Figure 6.8: Computed ESP plots of (a) Gr- NiO, (b) GO- NiO
and NiO (c¢).

Figure 6.9: Schematic representation of asymmetric
supercapacitor
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Figure 6.10: (a) CV curve of GO-NiO-SCD, (b) specific
capacitance value of GO-NiO-SCD , (c) scan rate dependent
CV curve of GO-NiO-SCD, (d) Comparative CV curve of Gr-
NiO-SCD and GO-NiO-SCD, (e) The scan rate dependent CV
curve of the Gr-NiO-SCD and (f) Comparative Nyquist plot
of Gr-NiO-SCD and GO-NiO-SCD recorded at 0.2V

Figure 6.11: (a) GCD plot along with actual photograph of
the device in corresponding charged state (inset), (b)
Comparative GCD profile of Gr-NiO-SCD and GO-NiO-
SCD recorded at 3.5 mA/cm2, (c) Specific capacitance value
with varying current density from GO-NiO-SCD and (d)
Retention of the GO-NiO-SCD with stability up to 500 cycles
(inset).

Figure 6.12: (a) The CV curve of the GO-NiO-SCD before
and after stability measurements, (b) large area GO-SCD
while charging, (c) while discharging through LED, (d) when
50% discharged through LED.

Figure 6.13: (a) Photograph of the optical measurement setup
used to perform the in-situ bias dependent optical
measurements of the electrodes, (b) transmittance spectra of
the NiO electrode with varying applied bias, (c) transmittance
spectra of Gr-NiO in unbiased, On and Off states and (d)
transmittance spectra of GO-NiO in unbiased, On and Off
state.

Figure 6.14: (a) single switching cycle of the Gr-NiO
electrode showing fast switching, the single switching cycle
of the (b) N1O and GO-NiO electrodes (c), (d) electrochromic
stability of the GO-NiO electrode, The switching stability of
the (e) NiO and Gr-NiO electrodes (f).
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Chapter 1

Introduction

Nanoscience and nanotechnology originated from pioneering ideas

about controlling matter at the atomic and molecular levels, notably
introduced by Richard Feynman in his 1959 lecture “There’s Plenty of
Room at the Bottom, ” which envisioned the direct manipulation of atoms
to construct novel materials[1]. Later, in 1974, Norio Taniguchi formally
defined nanotechnology as atom-by-atom precision engineering[2]. The
advent of advanced microscopy techniques during the 1980s enabled the
visualization and manipulation of individual atoms, establishing
nanoscience as a distinct and rapidly expanding research field.

1.1 Background of Electrochromism: The Flexible &
Multifunctional Electronics.

The continuous evolution of nanotechnology has revolutionized material
design, enabling precise control over structural, compositional, and
functional characteristics at the nanoscale. This advancement has paved
the way for next-generation materials and devices with exceptional
optical, electrical, and mechanical properties. As the demand for smart,
energy-efficient, and adaptive systems grows, the integration of
nanomaterials into functional devices has become central to modern
research. Among the various smart material technologies,
electrochromism[3,4] has emerged as a promising field owing to its
ability to reversibly modulate color and optical transmittance under an
applied electric potential. The need for electrochromic materials arises
from the pursuit of technologies capable of dynamic energy

1
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management, privacy control, and multifunctional operation. The

discovery of electrochromism in tungsten oxide (WOs3) by S. K. Deb in
1969 marked a turning point[5], revealing the potential of materials that
could change color in response to electrical stimuli. Since then, research
has expanded from inorganic oxides to organic polymers,
nanocomposites, and hybrid materials, driven by the goal of achieving
flexibility, durability, and multifunctionality. With the advent of flexible
and wearable electronics, electrochromic systems have been engineered
to combine optical modulation with energy storage, sensing, and thermal
regulation, positioning them as key enablers of next-generation smart
and sustainable technologies.

1.2 Electrochromism — The Art of Reversible Color Change
Electrochromism, often described as the art of reversible color change,
is the phenomenon wherein certain materials undergo a visible and
reversible alteration in color, transmittance, or reflectance upon the
application of a suitable external electrical stimulus[3,6,7]. This unique
property is primarily driven by faradaic or redox reactions occurring at
the electrode—electrolyte interface, which induce changes in the
oxidation states and electronic structure of the electrochromic materials.
The associated movement of electrons through the electrodes and ions
within the electrolyte facilitates a coupled ion-electron transfer process
that produces optical modulation, which can extend from the ultraviolet
(UV) through the visible spectrum to the near-infrared (NIR) region. The
reversibility and energy efficiency of this process make electrochromic
materials particularly attractive for smart, adaptive, and low-power
technologies.

Since its first observation in the early 1960s, electrochromism has
evolved into a diverse and multidisciplinary field, propelled by advances

in nanoscience, materials engineering, and device fabrication. The
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mechanisms of color change vary depending on the material type: in

inorganic metal oxides such as WOs3; and NiO, the process involves
intervalence charge transfer between metal ions of different oxidation
states[8], whereas in organic polymers like polyaniline and PEDOT, the
modulation arises from dynamic doping and de-doping processes, which
alter the m—n* electronic transitions within the HOMO-LUMO bandgap,
generating polaronic and bipolaronic states that produce distinct color
changes[9].

The performance of electrochromic devices (ECDs) relies on parameters
such as color contrast, switching speed, reversibility, coloration
efficiency, and stability, which are crucial for practical applications[10].
Conventional solid-state ECDs consist of an electrochromic layer, ion-
storage layer, electrolyte, and two transparent electrodes, forming a
compact architecture for efficient optical modulation. Recent research
has advanced flexible, wearable, and multifunctional designs that
integrate nanocomposites, hybrid electrodes, and energy-storage layers,
enabling simultaneous optical switching, energy storage, sensing, or
thermal management. By careful material selection, the entire optical
spectrum can be tuned, allowing devices for smart windows, displays,
mirrors, adaptive camouflage, and electrochromic supercapacitors.
Electrochromism thus exemplifies the synergy between materials
science, electrochemistry, and nanotechnology, providing a versatile,
energy-efficient, and multifunctional platform for next-generation smart
electronics.

1.3 Redox-Active Materials: Electrochromic Active Materials

The phenomenon in which the certain materials’ changes optical
properties (color, transparency or reflectance) on the application of
suitable external bias, is called as electrochromism[4] and the materials

are called electrochromic (EC) active materials. This optical change of
3
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the EC active materials is typically reversible switches back and forth

between two or more colors and main cause of the changes is the ingoing
electrochemical redox reaction or the flow of electrons. The two colors
or the multicolor switching of the materials depends upon its various
redox states. The EC active materials are categorized into two basis (1)
material types[11,12] (organic, inorganic and organometallics), (2) based
on the bias induced color change[13] that is anodic (changes color on
positive bias, p-type) or cathodic (changes color on negative bias, n-
type). Additionally, certain materials are both cathodic and anodic; these
materials are referred to as ambipolar EC materials. The various EC
active materials based on material type and bias induced color change
are shown in Table 1.1.

Table 1.1 Various EC active materials.

Material Name P-type N-type | Ambipolar
Organic Poly  3-hexyl v
Thiophene

Poly pyrrole v

Viologens v

Polyaniline v

PEDOT: PSS v
Inorganic WO; v

TiO> v

NiO v
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Co0304 v

V205 v

MnO» v

Nb20s v

MoO3 v

Fe;04 v

SnO; v

Taz0s v

ZnO v
Organometallic = Prussian blue v

In the latest advances, researchers have expanded the library of EC
materials beyond conventional organic and inorganic systems. Emerging
candidates such as microporous metal—organic frameworks[14] (MOFs)
and covalent organic frameworks[15,16] (COFs) offer tunable porosity
and high surface areas, enabling efficient ion transport and enhanced
color-switching ~ behavior.  Similarly,  organic-halide = hybrid
perovskites[17,18], well known for their exceptional optoelectronic
properties, are being explored for their reversible color modulation under
applied voltage. In addition, two-dimensional MXenes[19,20], with their
outstanding electrical conductivity, layered structures, and rich surface
chemistry, have demonstrated promising electrochromic activity. These
new material platforms open exciting possibilities for next-generation

flexible, multicolor, and high-performance electrochromic devices.
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1.3.1 Nanomaterials

Nanomaterials are a promising class of materials with unique structural,
electronic, and optical properties, making them useful for a wide range
of applications. They are defined as materials in which 50% or more of
the particles have one or more dimensions in the 1-100 nm range[21].
Based on the number of nanoscale dimensions, nanomaterials can be
classified as follows (Figure 1.1):

(1) Zero Dimensional: Zero-Dimensional (0-D) nanomaterials have
all three dimensions in the 1-100 nm range, typically forming spherical
or quasi-spherical nanoparticles, nanoclusters, or nanocrystals. Electrons
are confined in all directions, giving rise to unique quantum and optical
properties

(2) One-Dimensional Nanomaterials: One-Dimensional (1-D)
nanomaterials have two dimensions in the nanoscale (1-100 nm) and
include nanowires, nanorods, and nanotubes. Electrons are confined in
two directions, allowing enhanced electrical, optical, and mechanical
properties along the unconfined axis

(3) Two-Dimensional Nanomaterials: Two-Dimensional (2-D)
nanomaterials have one dimension in the nanoscale (1-100 nm),
typically forming sheets or flakes. Electrons are confined in one
direction, resulting in unique electronic, optical, and mechanical
properties across the extended plane.

(4) Three-Dimensional Nanomaterials: Three-Dimensional (3-D)
nanomaterials have no dimensions in the nanoscale themselves but are
formed by closely packed clusters of 0-D, 1-D, or 2-D nanomaterials.

Electrons are not confined in any direction.
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x A% X
S g

0-D Material 1-D Material 2-D Material 3-D Material

Figure 1.1: Schematic illustration of types of nanomaterials.

1.3.2 Synthesis Methods

With the advancement of nanotechnology, the synthesis of nanomaterials
has become highly sophisticated and is generally classified into two main
approaches:

» Top-Down Approach: The top-down approach involves breaking
down bulk materials into nanosized structures through techniques such
as physical treatment (includes grinding and milling)[22], chemical
treatment (includes etching, hydrolysis, and ablation)[23,24], and laser
ablation[25].

> Bottom-Up Approach: The bottom-up approach builds
nanostructures atom-by-atom or molecule-by-molecule using chemical,
physical, or biological processes, such as chemical vapor deposition[26],
sol-gel synthesis[27], hydrothermal[28], electrodeposition[29], etc.

1.4 Generic Structure of ECDs.

Electrochromic devices (ECDs) integrate EC active materials for
applications such as smart windows, e-curtains, energy storage, and
camouflage. A typical ECD consists of two transparent conducting
substrates (ITO- or FTO-coated), with one coated with an EC layer and
the other with either an ion-storage layer for monolayer devices or
another EC layer for bilayer devices. A gel electrolyte is incorporated to

prevent leakage and enable ion transport[19].
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Figure 1.2: Generic structure of an electrochromic device

The growing demand for flexible ECDs has led to the use of ITO-coated
PET or other flexible substrates, producing lightweight, thin, and
portable devices suitable for wearable electronics and adaptive
systems[30]. Flexible devices can also be monolayer or bilayer,
depending on the application, while material and device design ensure
high performance, mechanical flexibility, and long-term stability.

1.5 The Multifunctional ECDs and Its Applications

In recent years, research in the area of ECDs has risen due to its
multifunctional application which can be summarised in the schematic
in Figure 1.3.

1. Heat Filters / Thermal Control: EC materials like WO3 and
polythiophene block or filter infrared (IR) radiation. Thus, it reduces heat
entering buildings, lowering energy consumption for cooling
systems[31,32].

2. Solar Cells: The ECDs can store electrical energy generated by
sunlight. Device color changes reflect the charge storage state, returning

to the original color when energy is used [33].
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3. Sensors: Certain EC materials, e.g., MoOs, can detect specific

chemicals such as HF. Useful for environmental monitoring and
chemical detection [34].

4. Camouflage / Adaptive Coatings: The ECDs dynamically adapt to
surroundings (deserts, forests, snow, seas) under applied bias.
Advantages include lightweight, flexible, low-bias operation, suitable for
wearable applications, vehicles, or tents for security and stealth

purposes[35].

Heat filter

Electrochromic
Devices

Figure 1.3: Schematic showing various application of ECDs.

5. E-Curtains and Smart Windows: Flexible windows or curtains that
adjust light transmission by changing color. Helps control indoor lighting
and improves comfort while reducing glare[36].

6. The EC Supercapacitor Device: Energy storage devices store energy
and release it when needed to perform useful work[37]. Batteries provide
high energy density, capacitors offer high power density, and

supercapacitors bridge the two, delivering both high energy and power
9
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density while offering fast charging, long cycle life, and high stability.

Since ECDs and pseudocapacitors share a similar mechanism, ECDs can
also store charge via ion diffusion[38]. Their color modulation property
allows them to function as color-indicating supercapacitors, visually
showing charging and discharging states. Depending on the charge
storage mechanism, supercapacitors are classified as (Figure 1.4):

1.Electric Double Layer Capacitors (EDLC): EDLCs store charge
physically at the electrode—electrolyte interface through electrostatic ion
adsorption, known as non-faradaic reaction, offering high power density
and excellent cyclic stability but relatively lower energy density, with
common electrode materials including activated carbon, graphene, and
carbon nanotubes.

ii.Pseudocapacitors: The pseudocapacitors store charge chemically via fast
and reversible surface redox reactions also called as faradic reaction,
providing higher energy density while maintaining good power density,
though with slightly lower cyclic stability, and typically employ metal

oxides (e.g., TiO2, MnO») or conducting polymers as electrode materials.

EDLC Pseudocapacitors
-+ AT - N
1
B Sl
| |°0<_ o I |“<— o 1 l“”
- SIS T BC) - .““
99 _ N9 _ A

Figure 1.4: EDLC (non-faradic) and pseudocapacitive (Faradic) charge

storage mechanisms.
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Based on device fabrication, EC supercapacitors are classified into:

1. Symmetric: A symmetric EC supercapacitor is an electrochemical
capacitor with two identical electrodes[38], having the same material,
design, and mass, and sharing a similar charge storage mechanism. These
devices typically offer intermediate power density along with high cyclic
stability, making them reliable for long-term energy storage applications.
2. Asymmetric: An asymmetric EC supercapacitor has two different
electrodes, typically combining an EDLC-type with a pseudocapacitive
electrode[39]. This design provides a wider operating voltage and
enhanced performance. It delivers both high energy density and high-
power density compared to symmetric devices.
1.6 Electrochromic Supercapacitor Device Performance Metrics
Before being used as a final application, the performance of a ECD and
EC supercapacitor device fabricated according to the device schematic
(Figure 1.2) must be thoroughly evaluated using several key parameters
to assess its functionality and efficiency:
1.6.1 Color or Optical Contrast
The color contrast (CC) or optical contrast (OC) is a quantitative measure
of the visible optical changes that occur during the modulation of an
ECD. It is determined by performing in-situ optical spectroscopy on the
device or electrode at a specific wavelength during the color-changing
process. The CC ratio calculates the net change in transmittance value
between two colored states or one bleached state of the device, and is
expressed in percent using the following equation (Eq. 1.1:
BT 100 o LET0
T; T¢

Color Contrast (%) = x100, (1.1)

where Tr, T; are the initial and final transmittance values displayed by

the device or electrode. Alternatively, this equation is also applicable to

the initial and final absorbance values of the device.
11
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1.6.2 Coloration Efficiency

Coloration efficiency (n.) is a key parameter for evaluating the
performance of an ECD. At a given wavelength, ., represents the ratio
of the change in optical density (OD) between the colored and bleached
states to the charge injected or extracted per unit area of the working
electrode, as expressed in Eq. (1.2)

A0OD (1) 10g10(F)

Nee = o or o (1.2)

here the AOD(A), T and Q represents the change in optical density,
Transmittance and charge density respectively at particular wavelength
where the CC value is high. The value of 1., can be obtained from the
slope of the graph between the AOD(A) and Q .

1.6.3 Switching/Response Time

When an adequate bias is applied to the ECD, its color changes from one
state to another (colored state), and when reversive bias is applied, it
returns to its original color (bleached state). The time necessary to switch
from the original state to the colored state and from the colored state to
the bleached state is known as switching time (usually estimated at 67%,
77%, or 90% of total coloration or bleaching).

1.6.4 Cyclic Life

To study the multiple switching between coloration and bleaching or the
cyclic stability of the ECD, it is toggled multiple times between the
colored and bleached state by applying continuous square pulse of
voltages for particular time period and the corresponding

transmittance/reflectance value is measured for a certain period of time.

12
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1.6.5 Specific Capacitance
Specific capacitance is a key parameter for estimating the charge storage
capacity of an electrode or device. It can be calculated from the GCD

(galvanostatic charge—discharge) profile using Eq. 1.3:
At iAt
S—mAVOI'm, (13)

here, i/m or /A is the current density, At is the discharging time, and AV
is the potential window. Another way to determine the specific

capacitance is using CV using Eq. 1.4:

_ J1av
S 7 2umAV’

(1.4)

here, f IdV is the area under the CV, m is the mass deposited over the
substrate, v is the scan rate, and AV is the potential window.
The mass ‘m’ can be replaced by active area ‘A’ of the electrode if the

mass deposited over the substrate is unknown.

1.6.6 Columbic Efficiency
The Coulombic efficiency is the ratio of the charge extracted from the
device or electrode to the amount of charge stored. The Coulombic

efficiency of the device can be calculated using Eq. 1.5.

Coulombic Ef ficiency = %, (1.5)

here, At; and At, is the discharging and charging time of the device.
1.6.7 Capacitive Retention

The capacitive retention of the device is a parameter used to determine the
cyclic life or stability of the device with a number of cycles. The
percentage of capacitance retention can be calculated using Eq. 1.6.

Capacitance at nthcycle

Retention % = x 100, (1.6)

Capacitance at 15tcycle
The device with high capacitance retention gives high stability and is

desirable for real-life applications.

13
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1.6.8 Ragone Plot

The Ragone plot is the plot of energy density vs power density. The energy
density of the device can be calculated using Eq. 1.4.

Cs(AV)?
2%3.6 ° (1'7)

Energy density =

The power density of the device can be calculated using Eq. 1.5.

. Energy densit
Power density = %, (1.8)
d

The Ragone plot of the device is a comparative parameter that usually
compares the energy and power density of the device with those already
reported in the literature.

1.7 Main Objective of the Work

¢ To develop an understanding of electrochemical-based electrodes
for EC applications and their device fabrication.

¢ To utilize metal oxides, metal chalcogenides, MXene, perovskites
and carbonaceous materials for the fabrication of EC solid and flexible
devices and investigate their role in enhancing the device’s performance
in EC and other diverse fields.

¢ To understand the mechanism of color change during the device’s
operation using in-situ techniques vis-a-vis, UV-vis spectroscopy.

¢ To understand the parameters involved in the fabrication of ECD by
the doping of various inorganic and organic complexes.

¢ To synthesise organic and inorganic EC active electrodes using
various methods and to investigate EC performance and charge storage

applications of it.

14
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¢ Explore the possibility beyond the EC for the application of prepared

nano and microstructures in other areas like supercapacitors and heat
shielding.

¢ Designing improved all-organic and inorganic ECD with
supercapacitor application by incorporating novel synthesized EC
material and investigating its performance in both solid, flexible, and
large-area electrodes.

1.8 Organization of Thesis

The above-mentioned studies (detailed results and discussion with
experimental methodologies) have been complied in the thesis by

adopting the following chapter-wise plan:

% Chapter 1: The current chapter provides an overview of the
pertinent topics related to the thesis work and establishes the objectives
that the thesis aims to achieve.

% Chapter 2: Deals with the details of the experimental methodology
used for the experimental work carried out along with details of various
experimental parameters and procedures followed for the fabrication of
EC materials. It also summarizes details of various equipment used for
characterization.

% Chapter 3: It deals with the doping effect of complementary metal
oxides (WO3 and Co304) and metal oxides-metal chalcogenides mixture
(WS2/WO03) in all-organic flexible ECDs with heat shielding application.
% Chapter 4: It deals with the effect of 2-D layered materials of
MXene for enhancing the performance of all-organic solid-state ECD
with charge storage applications.

s Chapter 5: It describes the role of high dielectric perovskites

(CoTi03) for supercapacitor application in all-organic solid state ECD.
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% Chapter 6: The doping role of various carbonaceous material

(Graphene and Graphene Oxide) in metal oxide (NiO) in all-inorganic
asymmetric EC supercapacitor devices has been explored.

% Chapter 7: It summarizes all the conclusions drawn based on the
research work reported above. This also includes future scope of works

that may be carried out to enhance the understanding in the field.
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Chapter 2

Experimental Techniques

This chapter provides a comprehensive overview of the methodology
employed to fabricate various samples, including metal oxides, metal
oxide-chalcogenides mixture, perovskite CoTiO3, 2-D MXene,
Graphene Oxide, electrodes, and devices. Additionally, it discusses the
range of experiments techniques used to characterize these materials and
evaluate their applications parts. Details of the instruments including X-
ray diffraction (XRD), Scanning electron microscopy (SEM),
Ultraviolet-Visible spectroscopy (UV-Vis), Atomic force microscopy
(AFM), X-ray photoelectron spectroscopy (XPS), Electrochemistry and
Raman spectroscopy have been provided. The chapter covers the
fundamentals of electrochemistry, including cyclic voltammetry (CV),
electrochemical i1mpedance spectroscopy (EIS), and galvanostatic
charge/discharge. These aspects are organized into two main sections:

sample preparation and instrumentation, as discussed below.
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2.1 Sample Preparation Techniques

Various synthesis techniques such as the sol-gel method, Co-precipitation,
hydrothermal, electrodeposition, and selective etching technique have
been used to synthesize various nanomaterials such as cobalt oxide
(C0304), tungsten oxide powder (WO3), tungsten sulphide/oxide mixture
(WS2/WO03), WOs film, 2-MXene, Perovskite CoTiO3;, Graphene and
graphene Oxide.

2.1.1 Sol-Gel Method

The sol-gel method is a bottom-up approach that utilizes small molecular
precursors to synthesize nanomaterials, particularly metal oxides[40].
This technique involves a series of carefully controlled steps, which are
outlined as follows:

1. Sol formation: Hydrolysis of metal precursors such as metal
nitrates and metal sulfates in water, resulting in a homogeneous solution.

2. Gel-formation: Condensation and polycondensation of solution by
adding surfactants and gelators such as citric acid and ethylene glycol. The
addition results in a solution in the formation of a gel.

3. Calcination: During calcination, the pores of the gel network
collapse, and the remaining organic species are volatilized, resulting in the
formation of metal oxides.

4. Heat treatment: During heat treatment, the material is transformed
into desired forms, such as films, fibers, and nanosized powders.

The sol-gel method allows precise control over nanostructure size, shape,
and morphology through gelation and heat treatment. Its versatility with
various precursors enables the synthesis of oxides, sulfides, and metal
nanoparticles.

2.1.2 Co-Precipitation

The co-precipitation method is a widely used chemical technique for

synthesizing nanomaterials by simultaneously precipitating multiple

18



Chapter 2

precursors from a homogeneous solution[41] (Figure 2.1). This approach
allows precise control over particle size, composition, and morphology by
adjusting key parameters such as pH, temperature, and reactant
concentration. It is simple, cost-effective, and scalable, making it suitable

for large-scale production of nanomaterials.

4 \ 4
____________________ Washed Dried
Material =) Stirred = =
T
_solution _ Gy oo ST

Figure 2.1: Co-precipitation synthesis method step by step.

This method is particularly versatile, enabling the synthesis of a wide
range of inorganic materials, including metal oxides, sulfides, and mixed-
phase compounds. Its ability to produce uniform and highly pure materials
makes it highly valuable in research areas such as catalysis, energy
storage, and electronic applications. Overall, co-precipitation provides a
robust platform for designing functional nanomaterials with tailored
properties for advanced technological applications.

2.1.3 Hydrothermal

The term “hydrothermal” combines “hydro” and “thermal,” referring to a
method for synthesizing nanocrystals through chemical reactions at high
temperature and pressure in a sealed aqueous environment[42]. In this
method, the precursor solution is stirred to achieve homogeneity and then
transferred to a Teflon-lined stainless-steel autoclave (Figure 2.2), which

is heated in an oven.
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Figure 2.2: Schematic illustration of a hydrothermal setup

The temperature generates pressure, which is crucial for controlled
nanostructure growth. External parameters such as reaction time and
heating/cooling rates influence the size, shape, and morphology of the
nanomaterials. A limitation of this method is that the requirement of sealed
vessels restricts scalability and increases the complexity and cost of large-
scale production.

2.1.4 Electrodeposition

The term “electrodeposition” refers to the formation of thin films at the
electrode—electrolyte interface, driven by the passage of electric
current[43]. Typically, a three-electrode configuration-comprising a
working electrode (WE), reference electrode (RE), and counter electrode
(CE)-1s employed to regulate charge transfer using an external power
source (Figure 2.3).

In this setup, Pt wire and Ag/AgCl serve as the CE and RE, respectively,
while conducting substrates such as ITO, FTO, or carbon cloth act as the
WE. By controlling parameters such as applied potential or current,
electrolyte concentration, and deposition time, different morphologies of
thin films can be achieved. Electrodeposition offers several advantages,
including uniform film formation, strong substrate adhesion, high
stability, and precise thickness control, making it a versatile technique for

fabricating functional devices across various applications
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Figure 2.3: Schematic of electrodeposition setup with three electrodes.
2.1.5 Selective Etching Method

The chemical etching process is a top-down approach employed for
nanomaterial synthesis, involving the selective removal of material from
a substrate using chemical solutions containing oxidizing or reducing
agents[44]. This method enables the controlled fabrication of
nanostructures by tuning parameters such as reagent concentration,
temperature, and reaction time. The wet chemical etching process
typically involves three key steps:

1. Addition of an acid to remove the selective layer like A layer from the
MAX phase to form the MXene,

ii. The washing step to remove the dirt particles and maintain the pH.

i11. The heat treatment process to get desired materials.

This versatile and cost-effective method allows precise control over
particle size and morphology, facilitating the synthesis of various metal
oxide nanomaterials with tailored structural and functional properties for
advanced applications.

2.1.6 Hummer’s Method

Hummer’s method[45,46] is a widely used wet chemical technique for
synthesizing graphene oxide (GO) from graphite powder through strong

oxidation. It is considered a top-down approach, as it involves breaking
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down bulk graphite into individual graphene oxide layers via chemical
exfoliation. In this process, graphite is treated with concentrated sulfuric
acid (H2SO4) and phosphoric acid (H;PO4), which introduce oxygen-
containing functional groups (such as hydroxyl, epoxy, and carboxyl) into
the graphite layers. These functional groups weaken the van der Waals
interactions between layers, enabling exfoliation into GO sheets. The
resulting GO can then be chemically or thermally reduced to obtain
reduced graphene oxide (rGO) or graphene. Hummer’s method is
advantageous due to its simplicity, scalability, and ability to produce
highly oxidized, dispersible graphene derivatives suitable for various
electronic and electrochemical applications.

2.1.7 Spin-Coating

Spin coating is a widely used technique for depositing thin films from a
liquid precursor onto a substrate, and its effectiveness depends on the
material’s initial state and the substrate’s properties[47]. In this process, a
small amount of solution is dropped onto the substrate, which is then
rapidly rotated to spread the material uniformly through centrifugal force
(Figure 2.4). The substrate, fixed to a spinning rotator, accelerates at high
speed, forming a uniform and smooth film.

The resulting film thickness is primarily governed by parameters such as
solution viscosity, concentration, and spinning speed. After the spin
coating the sample over the substrate it was dried by giving some heat.
Spin coating offers advantages including simplicity, cost-effectiveness,
and excellent control over film uniformity, making it ideal for fabricating

thin films used in electronic, optical, and energy devices.
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Figure 2.4: The schematic illustration of spin-coating technique.

2.1.8 Drop Casting

The drop-casting technique is a simple and versatile method for depositing
thin films from a liquid precursor solution. In this process, a small droplet
of the material is placed onto the substrate surface using a pipette, where
it spreads and forms a thin film as the solvent evaporates[47] (Figure 2.5).
The film thickness can be tuned by varying the solution concentration and
droplet volume. This method requires minimal equipment and is suitable
for rapid film preparation on various substrates. However, achieving
uniform thickness across the entire surface remains challenging due to
uneven solvent evaporation and droplet spreading. Despite this limitation,
drop-casting is widely used for fabricating thin films in optoelectronic,

sensing, and energy storage applications.

Solution

~

Figure 2.5: The schematic representation of drop casting method.
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2.2 Synthesis of Materials

2.2.1 Cobalt Oxide (C0304)

The Co304 was synthesized using simple sol-gel method as described
earlier[48]. Cobalt nitrate hexahydrate and urea were dissolved in 30ml
deionized water in separate beakers in 1:1 molar ratio. Both the above
prepared solutions were then mixed and stirred for 2 hours at room
temperature. Then the homogeneously prepared solution was dried at
80°C under intense stirring to evaporate the excess water present. The
powder obtained was then calcined at 400°C for 4 hours. The obtained
powder was kept in desiccator for further characterization.

2.2.2 Tungsten Oxide (WO3)

For the preparation of ultra fine powder of WO3, a simple co-precipitation
method has been adopted[49]. Initially, 0.33 g of Sodium tungstate was
added to 20ml di water and was stirred continuously. 2 M HCI was added
drop wise to the above prepared solution to maintain the pH of the solution
at 1.5 and was stirred for next 13 hours. Then the prepared precursor
solution was rinsed three times with deionized water and ethanol to
remove all the impurities. The precipitate obtained was dried for 16 hours
at 50°C, to get yellow color powder. The obtained powder was calcined
at 450°C for 24 hours. After calcination the obtained powder was kept in
desiccator for further characterization without any further purification.
2.2.3 Tungsten Oxide/ Tungsten Sulfide (WO3/WS:z) Mixture

A single-step hydrothermal method was employed to synthesize
WS2/WOs3 nanoflakes. The process began with a 1:3 weight ratio of
ammonium paratungstate [(NHas)10(H2W12042)4H20] and thiourea
[(NH2)>CS]. These precursors were dissolved in 70 mL of de-ionized
water with continuous stirring for 30 minutes, resulting in a
homogeneous, colorless solution. This solution was then transferred to a

100 mL Teflon-lined stainless steel hydrothermal reactor, which was
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heated to 240°C in a muffle furnace for 3 hours before being allowed to
cool to room temperature. The resulting greyish black precipitates was
collected by centrifugation and thoroughly washed with de-ionized
water and ethanol. Finally, the reaction product was dried overnight in a
vacuum oven at 60°C[50,51].

2.2.4 Cobalt Titanate (CoTiO3)

CoTiO3 nanoparticles were synthesized using a sol-gel method as
described earlier [52]. Shortly, 3.4 ml of titanium (IV) n-butoxide were
added to 30 ml anhydrous ethanol and stirred for 30 minutes. In the
mixture solution 4.202 g citric acid and 2.362 g cobalt nitrate has been
added and stirred continuously for another 90 minutes at 50 °C. Then the
mixture was dried at 80 °C for 12 hours in the oven to obtain the gel.
The obtained gel was calcined at 700 °C in muffle furnace. The powder
obtained after calcination was used for further characterization and
device application without any purification.

2.2.5 MXene Titanium Carbide (TizC2Tx)

The MXene (Ti3C.Tx) was prepared by selectively removing the
aluminum layer from the MAX (Ti3AlC») phase[53,54]. At first, 5 ml of
deionized water was introduced into a teflon container, followed by the
addition of 15 ml of HCI (12 M) and 1.6 g of LiF. Subsequently, 1.0 g
of Ti3AlC, was gradually added into the solution over a period of 5
minutes, with continuous stirring at a speed of 300 rpm for 22 h.
Subsequently, the suspension underwent centrifugation at a speed of
5000 rpm for a duration of 10 minutes, with this process being repeated
until the pH reaches a state of neutrality (above 6). Ultimately, Ti3C2Tx
that was acquired underwent filtration and was thereafter dried at a
temperature of 60 °C for 8§ h in a vacuum oven. After the successful
synthesis of the MXene (Ti3C2Tx), solid state electrochromic device has

been fabricated by incorporating MXene.
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2.2.6 Graphene (Gr) and Graphene Oxide (GO)

The graphene nano-flakes were synthesized by simply ultrasonically
dispersing the 10 g graphite powder in 50 ml DI water for 24 hours,
followed by filtration using Whatman filter paper. The obtained material
was then dried in an oven at 60°C for couple of hours and stored in a glass
vial for later use.

The synthesis of graphene oxide was done using Hummers’ method[55].
A 400 ml acidic solution was prepared by combining concentrated H>SO4
and H3PO4 in a 9:1 ratio. Subsequently, 3 g of graphite powder was added,
and the mixture was stirred at room temperature for 30 minutes to ensure
uniform dispersion. Afterward, 18g KMnO4 was added slowly to the
above solution and again stirred for 2 hours at 50°C, and then allowed to
cool to room temperature, followed by the addition of 3 ml H,O», and the
solution was quenched by the addition of 400 ml of crushed ice. The
solution was then centrifuged at 4000 rpm for 2 hours and filtered using
Whatman filter paper. Following multiple washes with HC1 and DI water,
the residual solid material was dried overnight at 70°C in a vacuum oven.
For later use, the produced graphene oxides were gathered and stored in a
clean glass vial.

2.3 Electrode Preparation

The ITO/FTO coated glass substrates are used to get the solid-state ECD
and for the fabrication of flexible ECD the ITO-coated PET
(polyethylene terephthalate) substrate is used. Prior to the synthesis of
all the electrodes the ITO/FTO coated glass substrate were cleaned
ultrasonically in the solution containing acetone, isopropanol alcohol
(IPA), and distilled water, then dried for further use. The flexible ITO

coated PET substrates are cleaned using the DI water only.
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2.3.1 Poly (3-Hexylthiophene), P3HT Electrode (Flexible/ solid
state)

1. A 0.4 wt.% P3HT solution was prepared by dissolving P3HT in
dichlorobenzene (DCB) to obtain a homogeneous mixture.

2. Approximately 50 pL of the prepared solution was spin-coated onto the
ITO/FTO glass and PET substrate at 600 rpm for 120 seconds.

3. The resulting film was dried in an oven at 80 °C for 1 hour to ensure
solvent removal and film stabilization.

2.3.2 The C0304— Doped P3HT Electrode

1. The 0.1 wt.% Co304 has been doped in 4 wt.% P3HT solution prepared
in the DCB to get the uniform solution.

2. Approximately 50 pL of the prepared solution was spin-coated onto the
ITO/FTO PET substrate at 600 rpm for 120 seconds. The electrode was
dried at 80°C for 30 minutes.

2.3.3 The WOs3 — Doped Ethyl Viologen (EV) Electrode

1. A 5wt.% PEO (polyethylene oxide) in ACN and 4wt.% EV in ACN
(Acetonitrile) has been prepared in separate glass vial.

2. A 0.1 wt.% WOs has been doped in EV solution. The WO3 doped EV
is mixed with PEO mixture in equal proportion (1:1), it was drop casted
on another PET substrate.

2.3.4 The WS2/WOs-Doped EV Electrode

1. In a separate glass vial 4 wt.% EV in ACN was prepared and 0.1 wt.%
WS2/WO3 mixture was doped in the solution of EV.

2. In another vial 5 wt.% PEO in ACN was prepared to get the gel
consistency, both the prepared solution (WS2/WO3 mixed EV and PEO
gel) were mixed in equal amount to get the gel like consistency.

3. The produced gel was drop-casted over a second cleaned ITO coated

PET substrate
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2.3.5 MXene TizC2Tx -Doped EV Electrode

1. A 0.1 wt.% MXene, 5 wt.% PEO, and 3 wt.% EV were prepared in
acetonitrile. The prepared solution was mixed together in equal
proportion.

2. Approximately 5 pL of the solution was drop casted over the cleaned
ITO to get the final doped electrode.

2.3.6 Perovskite CoTiO3-Doped P3HT Electrode

1. For the fabrication of CoTiO3 doped P3HT (say CTO-P3HT) electrode,
0.2 wt.% CoTiO3 was mixed with 0.5 wt.% P3HT in DCM and mixed
properly using vortex mixing.

2. Thin film has been grown in ITO glass substrate using the spin coating
method at 600 rpm for 120 seconds, has been dried at 70 °C for 30
minutes.

2.3.7 The WO3 Electrode

1. For synthesis of WOs3 electrode, 0.015 M H>0» (Hydrogen peroxide)
was added to the 0.0125 M sodium tungstate solution under constant
stirring.

2. Afterward, 0.48 M HNO3 (Nitric acid) has been added to the previously
prepared solution of WO3 to maintain the pH of the solution and called as
WOs3 precursor solution.

3. A constant voltage of -0.47 V has been applied to ITO glass substrate
to grow WOs3[56] electrochemically using the above prepared WO;
precursor solution in three electrode system, Ag/AgCl as reference
electrode and platinum wire as counter electrode for 300s, after that it was

dried at 70 °C for 1 hour in hot plate (Figure 2.6).

28



Chapter 2

M RE [W.E C.E

-0.47V

]
1

|

Na,WO0,.2H20 +

Figure 2.6: Schematic representation of WO3 electrode preparation.
2.3.8 The NiO Electrode

1. The synthesis of nickel oxide (NiO) electrodes was done using the spin-
coating method with slight modification[57,58] and as shown

schematically in Figure 2.7.

Cacid 4 ,Q
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T
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Figure 2.7: Generic synthesis route for the fabrication of NiO.

PVA + DI

2. The NiO precursor solution was prepared by dissolving 0.872 g of
Ni(NO3)2:6H>O (nickel nitrate hexahydrate) in 15ml of IPA under
continuous stirring. Subsequently, a solution of 1g polyvinyl alcohol
(PVA) in 15ml DI water was added dropwise to the above mixture,
followed by continuous stirring at 80 °C until a homogeneous solution
was obtained.

3. After proper mixing of the solutions, 2 ml ammonia solution was
added dropwise, followed by the addition of 1g citric acid. The final NiO
precursor solution was stirred at 350 rpm at 80°C overnight to get a

uniform solution.
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4. The NiO precursor solution (50 pl) was spin-coated over the cleaned
FTO-coated glass substrate at 1000 rpm for 30s and was annealed at
400°C in a muffle furnace for 20 minutes. The NiO-coated electrode was
used again, and the same procedure of spin coated was repeated for five
cycles.

2.3.9 The Gr/GO-Doped NiO Electrode

1. For the synthesis of graphene-doped NiO (say Gr-NiO) and graphene
oxide-doped NiO (say GO-NiO) electrodes, Smg of the fabricated nano-
flakes of each material, were added to 1 ml IPA and were mixed properly
using the mortar and pestle, then, were collected in two different cleaned
Eppendorf tubes, namely Gr solution and GO solution.

2. In two separate cleaned glass vials, 5 ml of the NiO precursor solution
was taken and 50 pl of the above prepared solutions of Gr and GO were
added and named as Gr-NiO precursor solution and GO-NiO precursor
solution.

3. The prepared precursor solutions of Gr-NiO and GO-NiO were used
for fabricating the Gr-NiO electrode and GO-NiO electrode using the
procedure mentioned in section 2.3.8, by spin coating the precursor
solutions. All the fabricated electrodes were carefully marked and kept
in vacuum desiccators.

2.4 Characterization Techniques

Various characterization techniques were employed to analyze the
prepared samples and understand their structural, optical, and
electrochemical  properties. ~ Microscopic,  spectroscopic, and
electrochemical measurements were performed to evaluate the
performance of the materials and devices. A brief description of the

working principles of these techniques has been provided below:
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2.4.1 Scanning Electron Microscopy

Scanning Electron Microscopy[59] (SEM) is a powerful analytical
technique used to examine the surface morphology and microstructural
features of materials. In this technique, a focused beam of high-energy
electrons interacts with the specimen, generating various signals that
provide information about the surface topography, morphology,
chemical composition, and other material properties. An SEM system
consists of several key components, including an electron gun for
generating electrons, electromagnetic lenses for focusing the beam,
scanning coils for beam deflection, a vacuum chamber to maintain
stability, and detectors such as secondary and backscattered electron
detectors for image formation (Figure 2.8). Together, these components
enable high-resolution imaging and detailed surface characterization of

the specimen.
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Figure 2.8: Schematic illustration of major components of scanning
electron microscopy.
Model Used: A 7610F Plus/JEOL field emission scanning electron
microscope (FESEM).
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2.4.2 Transmission Electron Microscopy

Transmission Electron Microscopy[60] (TEM) is a powerful
characterization technique used to investigate the internal structure,
crystallography, and morphology of materials at atomic to nanometer
scales. In TEM, a high-energy electron beam is transmitted through an
ultrathin specimen. As the electrons interact with the sample, they
undergo scattering, and the transmitted or diffracted electrons are used
to form high-resolution images. TEM enables detailed analysis of lattice
structures, grain boundaries, defects, and phase distributions, making it
invaluable for materials science and nanotechnology studies.

A Transmission Electron Microscope (TEM) comprises several key
components that work together to produce high-resolution images. The
electron gun generates high-energy electrons, which are focused onto the
ultrathin specimen by the condenser lenses. The objective, intermediate,
and projector lenses magnify the transmitted image, while the specimen
stage allows precise positioning and tilting. A vacuum system prevents
electron scattering, and imaging detectors such as fluorescent screens or
CCD cameras capture the transmitted electron patterns for structural and
compositional analysis.

Model Used:

(1) The TEM was done using FEI Tecnai G2 F20 TMP running an
emission field gun at 200 kV used for CoTiOs.

(2) The HRTEM, JOEL Japan, JEM-2100 Plus

2.4.3 X-ray Diffraction

X-ray diffraction (XRD) is a versatile and non-destructive technique
used to study the physical properties of powders, solids, and liquids,
including their phase composition, crystal structure, and
orientation[61,62]. The X-rays, which are electromagnetic radiation with

wavelengths around 1 A, diffract upon interacting with a crystalline
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material, where the crystal lattice planes act as diffraction elements. The
working principle of XRD is based on Bragg’s law, which states that
constructive interference occurs when X-rays incident on a crystal with
interlayer spacing d at an angle 6 satisfy the condition that the path
difference equals an integer multiple nof the wavelength A.
Mathematically, this is expressed as Eq. 2.1.

2dsinf = nl , (2.1)
Each atom within the crystal lattice acts as a diffraction center and
collectively creates a grating-like effect for diffracting X-rays.

The major components of the XRD are as below (Figure 2.9).
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Figure 2.9: Schematic illustration of major components of X-ray
diffractometer.

Model Used: Rigaku Smart lab Multipurpose Versatile XRD having Cu
Ka radiation of wavelength 1.5 A.

2.4.4 Raman Spectroscopy

Raman spectroscopy is used to study the chemical structure and
molecular properties of materials[63]. When exposed to monochromatic
light, the photons are absorbed, reflected, or transmitted, while a small
fraction is scattered, resulting in different frequency of light when

compared to incident light. Light scattered at the same frequency is the
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Rayleigh component, and light with shifted frequencies forms the Raman
component, including Stokes (energy loss) and Anti-Stokes (energy
gain) lines. The frequency shifts correspond to the vibrational energy
levels of the sample, providing detailed structural and chemical
information. Various components used in Raman spectroscopy are

described below (Figure 2.10).
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Figure 2.10: Schematic illustration of major components of Raman
spectrometer.
Model Used: Horiba Jobin-Yvon spectrometer using wavelengths 532
and 633 nm.
2.4.5 UV-Vis Spectroscopy
UV-Vis spectroscopy is a powerful analytical technique used to study
the electronic structure and properties of molecules[64]. It measures the
light absorbed by the material in solution or solid state by exposing it to
light in the 200-1100 nm wavelength range. Electrons in the material
absorb specific wavelengths and are excited from the ground state to
higher energy levels, while other wavelengths are either transmitted or
reflected. The characteristic absorption peaks can identify specific
compounds, and the absorbance can be used to quantify concentration
using Beer-Lambert’s law (Eq. 2.2 and 2.3):

A xcXxl, (2.2)
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A=€exXcXl, (2.3)
here € is the molar absorptivity coefficient constant, 1 is the path length of
the cuvette or sample holder (usually 1 cm), and ¢ is the concentration of
the solution (M). Various components used in UV-Vis spectroscopy are

shown in Figure 2.11.
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Figure 2.11: Schematic of an UV-Vis spectrometer

Model Used: PerkinElmer, lambda 365 spectrophotometer

2.4.6 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a surface-sensitive analytical
technique used to determine the elemental composition, chemical states,
and electronic structure of materials[65]. In XPS, the sample is irradiated
with monochromatic X-rays, causing the emission of core-level electrons
via the photoelectric effect. The kinetic energy of these emitted electrons
is measured, and from this, the binding energy is calculated, providing
detailed information about the elements and their chemical
environments. Main Components of XPS are:

1. X-ray Source: Produces monochromatic X-rays to irradiate the
sample, commonly Al Ka or Mg Ka.

2. Ultra-High Vacuum (UHV) Chamber: Maintains a vacuum to prevent
scattering of emitted electrons.

3. Electron Energy Analyzer: Measures the kinetic energy of
photoelectrons with high resolution.

4. Sample Stage: Holds and positions the sample, allowing rotation and

tilt for optimal analysis.
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5. Detector: Collects and counts the emitted electrons to generate spectra
showing elemental composition and chemical states.

Instrument Used: Survey scans were recorded with an X-ray source
power of 50 W and pass energy of 187.85 eV. High-resolution spectra of
the major elements were recorded at 46.95 eV pass energy. All the XPS
data were processed using PHI's Multipak software. The binding energy
was referred to the C 1s peak at 284.8 eV.

2.4.7 Electrochemical Measurement.

Electrochemical measurements are widely used to investigate ion
transport mechanisms in materials. Typically, a three-electrode setup is
employed, consisting of a working electrode (WE), reference electrode
(RE), and counter electrode (CE). The WE contain electro-active
materials, the commonly used RE is Ag/AgCl wire saturated in 3 M KCl,
and the used CE is a platinum wire (Figure 2.12). To study ion transport
in a device, RE and CE are often connected together. Various

electrochemical techniques used for analysis are discussed below.

Figure 2.12: The schematic of the electrochemical workstation having
three electrodes.

Model Used: Metrohm-Multi Autolab M204 potentiostats

2.4.7.1 Cyeclic Voltammetry

Cyclic voltammetry (CV) applies the potential in a linear, cyclic manner

using a three-electrode setup, sweeping first from V;to V,(cathodic path)
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and then back from V,to V;(anodic path)[66]. This allows simultaneous
evaluation of both oxidation and reduction behaviors within a single
potential window. The shape and area of the CV curve provide insights
into charge storage capacity and redox activity. Materials exhibiting
reversible redox reactions show peaks in both scan directions, while
those with only oxidation or reduction display peaks only in the
respective direction.

2.4.7.2 Galvanostatic Charging Discharging

Galvanostatic charge-discharge (GCD) is used to study the charging and
discharging behavior of a material under a constant current within a fixed
potential window[67]. A constant current, either positive or negative, is
applied, and the corresponding potential response is recorded over a set
time interval. This technique provides information on the charge storage
capability, energy density, and electrochemical stability of the material.
The potential-time profile from GCD measurements reveals the charge
storage mechanism of the material. A linear increase or decrease in
potential indicates EDLC-type behavior, a non-linear trend corresponds
to pseudocapacitive behavior, and the presence of a plateau signifies
battery-type charge storage.

2.4.7.3 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy[68] (EIS) measures the
response of an electrochemical system to an external alternating current
over a wide frequency range (10 mHz to 10 kHz). The resulting Nyquist
plot provides insights into material properties: the high-frequency region
(10 kHz-10 Hz) reflects charge transfer and solution resistance, while
the low-frequency region (10 Hz-10 mHz) indicates ion transport
behavior. A straight line inclined toward the imaginary axis represents
charge storage capability, whereas a semicircle corresponds to diffusion-

controlled processes within the material.
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2.4.7.4 Chronoamperometry

Chronoamperometry is a technique used to measure the current response
over time for a specific applied potential. It involves the occurrence of a
faradic reaction at the electrode surface, enabling the flow of current.
2.4.7.5 Chronopotentiometry

Chronopotentiometry applies a constant current to the working electrode
while measuring the potential between the working and reference
electrodes. It is commonly used to study the charging and discharging
behavior of electrodes in batteries and capacitors

2.4.7.6 In-situ Absorbance Spectroscopy

In this technique, electrochemical measurements are performed directly
inside the UV-Vis spectrometer cuvette (Figure 2.13), allowing
simultaneous recording of absorbance versus wavelength and current
versus time under an applied bias. The working electrode (WE) is the
electrode of interest, while the reference (RE) and counter (CE)
electrodes are typically combined. This method is particularly useful for

studying the kinetics and real-time behavior of electrode materials.

e :——+@ -_:-——ﬂ- iy
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Figure 2.13: Schematic showing In-situ absorbance spectroscopy.

2.5 Methodologies for Device Fabrication

After thorough characterization, the electrodes are fabricated into a fill-
fledged device. Typically, two compatible electrochromic (EC)
electrodes are selected and assembled as described below. A crucial step

is choosing a suitable electrolyte that is compatible with both EC
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materials to ensure proper device functionality. The electrolyte
incorporated in this work is in semi-solid gel which acts as cushion and
holds the electrodes together while enabling ion transport.

Gel Electrolyte: A 5 wt.% PEO solution in acetonitrile was stirred with
heating for 5-6 hours, followed by the addition of 0.1 M LiClO4 in a 1:1
ratio (PEO: electrolyte). The mixture was vortexed thoroughly to obtain

a thick, homogeneous gel electrolyte.

2.5.1 ECD Assembly Using Flip-Chip Method

The fabricated electrodes are assembled using the following methods.
2.5.1.1 Flexible ECD (Flex-ECD)

The electrodes fabricated as described in Sections 2.3.2 and 2.3.3 were
assembled to construct the flex-ECD. Both electrodes were attached
using double-sided tape to hold the PET substrates together, forming the
complete flex-ECD. The step-by-step process is shown in Figure 2.14.

&
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I -

Assembled together with double-sided tape using flip-chip method.

Figure 2.14: Schematic of step-by-step process for the fabrication of

device.
2.5.1.2 Flexible NIR-cutting ECD (flex-NIR cutting- ECD)

The prepared electrodes as mentioned in Section 2.3.1 and 2.3.4 were

joined together using Flip-chip method to get a flex-NIR cutting- ECD
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2.5.1.3 MXene Doped Electrochromic Supercapacitor Device (M-
doped ESD)

Both the prepared electrode in sections 2.3.1 and 2.3.5 were joined

together using Flip-chip method to get a M-doped ESD (Figure 2.15).

%+\,~%/

P3HT coated ITO M-doped EV drop-casted ITO Assembled electrode to form a device

Figure 2.15: Schematic for the fabrication of electrode and device.

2.5.1.4 Perovskite CoTiOs3-Doped Electrochromic Supercapacitor
device (ESCD)

The prepared CTO-P3HT electrode (Section 2.3.6) and WO3 electrode
(Section 2.3.7) were assembled together by sandwiching the gel
electrolyte (IM LiClO4) in between them to fabricate the ESCD using
flip chip method.

2.5.2 Supercapacitor Device (SCD) Assembly

For the fabrication of asymmetric supercapacitor devices, the fabricated
electrodes of Gr-NiO and GO-NiO (Section 2.3.9) were used as active
electrodes. For the counter electrode, a solution of AC in DI water was
prepared (10mg/ml). Approximately 100 pl of the AC solution was drop-
casted over a cleaned FTO substrate and was left to dry in an oven for 8
hours at 60 °C. Afterwards, both the prepared electrodes, namely the Gr-
NiO, GO-NiO electrodes and the prepared AC electrode, were
sandwiched together with the help of parafilm, keeping a Whatman filter
paper soaked in 2M KOH as a separator between. The prepared
asymmetric supercapacitor devices (Gr-NiO-SCD and GO-NiO-SCD)

were used as prepared.
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2.6 About Software: Osram Sylvania

The CIE-defined color space quantitatively relates visible wavelengths
to colors perceived by the human eye, using RGB or LMS coordinates
as mathematical constructs. Figure 2.16 shows a conventional CIE
diagram, where combining two colors results in a third coordinate.
Specialized software was used to analyze these color coordinates for the

electrochromic devices (ECDs).

Figure 2.16: A typical CIE chart wherein various colors has been

assigned to certain specific co-ordinates.

2.7 Computational Details

Density Functional Theory (DFT) calculates vibrational, magnetic, and
electronic properties of atoms, crystals, or many-body systems using
electron density instead of the complex many-body wavefunction. This
reduces the 3N variables of the Schrédinger equation to just three spatial
coordinates. DFT employs various approximations such as Local Density
Approximation (LDA), Generalized Gradient Approximation (GGA),
Meta-GGA, Hyper-GGA, and Adiabatic Local Density Approximation
(ALDA) to model the system efficiently.
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Computation details for NiO, Gr, GO, Gr-NiO and GO-NiO.
The theoretical density functional theory (DFT) calculation for the NiO,

Gr, GO, Gr-NiO, and GO-NiO, such as optimization of molecular
geometries, was carried out using the B3LYP function and 3-21G basis
set as implemented in the Gauss 5.0™ software. Geometrical
optimizations were performed without imposing any molecular symmetry
constraints. For all the computational details, tight convergence criteria
with a quadratically convergent SCF method have been used. The
molecular electrostatic potential plots of Gr, GO, Gr-NiO, and GO-NiO

molecules were plotted to deconvolute the electroactive sites.
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Chapter 3

Highly Flexible asymmetric all-organic

multifunctional ECDs

Flexible electrochromic (EC) devices have emerged as promising
components in wearable electronics, offering dynamic color control and
thermal regulation. Several approaches have been made to enhance the
performance of all-organic ECDs based on P3HT and ethyl viologen
(EV). This chapter highlights the incorporation of nanomaterials,
including metal oxides and chalcogenide mixtures, significantly
enhancing EC performance while also introducing effective heat-
shielding properties to the ECD. The ECDs show fast, reversible color
switching across visible and NIR regions with excellent flexibility.
Structural analysis through FESEM, XRD, and Raman confirms
successful formation of nanomaterials, while in-situ UV-Vis
spectroscopy demonstrates the suitability of ECD for real-life smart
window applications. This work has been published in international

journals'2.

1Sahu. B. et al., Mater. Today Electron. 2024, 7, 100082.
28ahu. B. et al., ACS Appl. Opt. Mater. 2024, 2, 10, 2128-2136.
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3.1 Complementary Nature of P3HT and Viologen

As discussed in earlier chapters, electrochromism refers to the reversible
change in color or transparency of an electrochromic material caused by
redox reactions under an applied electric bias. A wide range of
electrochromic (EC) materials have been explored and are generally
classified as n-type (cathodic) or p-type (anodic) based on their redox
behavior in device applications. Among them, poly(3-hexylthiophene)
(P3HT) has emerged as an excellent p-type material, while viologen
derivatives serve as efficient n-type counterparts. These materials exhibit
complementary redox properties and display distinct, complementary
color changes upon the application of an electric bias. Here, the P3HT
(Scheme 3.1a) and Viologen derivative particularly ethyl viologen

diperchlorate (Scheme 3.1b) have been studied for their EC

performances.
@  CgHqs CeHi3 H3C\_N/ NN\
o N\ /N,
n °=C\léo O:C\l/o
CgH13 CgH13 4 4

Scheme 3.1: (a) The P3HT and (b) Ethyl viologen diperchlorate

molecules.

Thiophenes are inherently p-type materials that exhibit color changes
under positive bias. The pristine color of poly(3-hexylthiophene) (P3HT)
1s magenta, which gradually turns transparent upon applying a small
positive bias due to the formation of the polaronic state. With a further
increase in bias, the material undergoes another transition from
transparent to blue, corresponding to the formation of the bipolaronic
state. In contrast, ethyl viologen diperchlorate (EV) exhibits n-type

behavior, showing color changes only under negative potentials. The
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native EV?* species is colorless or transparent, but upon the application
of a small negative bias, it is reduced to the radical cation (EV™) state,
displaying a dark blue color. When a device is fabricated using only
P3HT and EV, its initial appearance is magenta owing to the intrinsic
color of P3HT and the transparent nature of EV>*. Upon applying a small
bias, the device color changes to dark blue because of the formation of
the bipolaronic state in P3HT and the radical cation state (EV*-) in EV.
By carefully controlling the applied bias, an intermediate transparent

state of P3HT can also be achieved.

3.2 Highly Bendable and Twistable Property of Metal Oxide Doped
All-Organic ECDs

Nanomaterials have emerged as versatile components in modern science
and technology, finding extensive applications in catalysis[69],
sensing[70], energy storage[71], and optoelectronic devices[72,73] due
to their large surface area, tunable electronic properties, and high
reactivity. In electrochromic device[74,75] (ECD), nanostructured
materials play a key role in enhancing ion diffusion, charge transfer, and
optical response of the materials and devices. Among them, tungsten
trioxide[43] (WO3) and cobalt oxide[76] (Co304) have gained particular
interest because of their excellent electrochemical activity, optical
transparency, and mechanical stability. WO3, a well-known n-type
semiconductor, exhibits high stability with reversible redox behavior,
while Co30s4, a p-type semiconductor, promotes fast charge transport and
structural durability.

Integrating these oxides into organic electrochromic systems enhances
overall performance by uniting the mechanical flexibility of polymers
with the structural stability and electrochemical strength of inorganic
materials[47,77] along with additional property of heat filter[78]. In this
context, P3HT and ethyl viologen[79] (EV) serve as complementary
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redox-active polymers ideal for metal oxide doping. Here, WO3 and
Co304 are incorporated into the P3HT—EV-based all-organic ECD,
effectively enhancing charge transfer and mechanical endurance, leading
to a highly efficient, twistable, and bendable electrochromic device
suitable for next-generation flexible applications[80—-82].

3.2.1 Structural Characterization of Metal Oxides

Prior to the device formation and electrochromic study of fabricated
flexible-ECD (flex-ECD), the synthesized dopant materials (Section
2.2.1 and 2.2.2), namely WO3 and Co304 nanomaterials have been
characterized using different techniques (Figure 3.1). The size of dopant
material plays vital role in influencing the performance of an ECD.
Preferably dopant material with nanosized dimensions with high surface
porosity shows increase in electrochromic performance. The synthesized
WOs3 and Co0304, has been characterized by using field emission scanning
electron microscopy (FESEM) to study its morphological and structural
properties. The FESEM micrograph shows the formation of flakes-like
structure of WO3 powder (Figure 3.1a) evenly distributed all over the
surface making the surface highly porosity. At the same time, the
FESEM image of Co304 (Figure 3.1b) shows high surface porosity with

nano-sized particle.

Figure 3.1: The surface morphology of the metal oxides nanomaterials

(a) WO3 and Co304 (b).
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Further, the XRD plot was recorded to examine the crystalline structure,
phase purity, and crystallite size of the synthesized dopant metal oxides.
The XRD graph (Figure 3.2a) shows the crystalline nature of WO3
powder having monoclinic crystal structure. Diffraction peaks at 20
values of 23.1°, 23.6°, 24.3°, 26.6°, 28.7°, 33.4°, 34.1°, 41.6°, 47", 48.1°,
50.1°, 51.2°, 54.5° and 55.9° corresponds to the (002), (020), (200),
(120), (112), (202), (122), (222), (004), (040), (140), (114), (024) and
(420) crystal phases of monoclinic structured WO3 powder (JCPDS card
No. 43-1035)[49,83]. Whereas, the diffraction peak from Co304 were
observed at 31.4°, 36.8°, 44.7°, 59.3° and 65.2° corresponds to (220),
(311), (400), (511) and (440) indicates the cubic spinel structure of
Co0304 (JCPDS card file No. 43-1003)[84] (Figure 3.2b). The absence
of any additional peaks in the XRD patterns confirms the high phase
purity of both dopant materials.
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Figure 3.2: The Raman spectrum and XRD plots of the metal oxides

nanomaterials (a,c) WO3 and Co304 (b,d).
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To further quantify the crystallite size of WO3 and Co30O4 nanomaterials,

the Debye—Scherrer equation was employed using the Eq. 3.1.

0.91
D= 7050’ (3.1)

where D is the average crystallite size, A is the wavelength of X-ray
source, [ is the full width at half maxima and © is the diffraction angle.
The average size of Co304 nanomaterial was calculated to be 28 nm in
diameter and WO3 flakes have average thickness of 10 nm. These
nanoscale dimensions, in combination with the high surface porosity
observed in FESEM images, provide a large active surface area that
facilitates efficient ion intercalation and electron transport, thereby
enhancing the electrochromic performance of the flexible devices.

To further investigate the chemical structure of WO3 and Co3O4 powder,
Raman analysis has been done. The Raman spectrum of WO;3 (Figure
3.2¢) shows three main characteristic peaks at around 270 cm™, 715 cm™
"'and 805 cm™! arising due to bending and stretching vibration of O-W-
O of the monoclinic phase of WO3[49,85], respectively, which is in
accordance with the XRD pattern of WOs3. The Raman spectrum from
Co304 (Figure 3.2d) shows three intense peaks and a weak peak at 185

cm™!, 460 cm™!, 502 cm™ and 660 cm™!. The peaks at around 185cm’!,

460cm™, 502cm™', and 660 cm™', attribute' Fz(j),Eg, Fé(;),

and A,
symmetry respectively[86]. The Raman spectrum of Co3zOj4 is consistent
with the above-mentioned XRD pattern.

3.2.2 Flexible ECD Fabrication.

The well-characterized WO3 and Co3O4 powders the flex-ECD has been
fabricated using the recipe discussed in the experimental section 2.5.1.1
to obtain a device with generic structure
“PET/P3HT+C0304/EV+WOs3/PET” (Figure 3.3). Due to the natural
shade of P3HT and the transparent nature of EV, the as-prepared flex-
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ECD had appeared to be magenta (inset Figure 2b). When an external
bias of +1.4V is applied to the device (say ON), such that +1.4V is
supplied to the Co3O4 doped P3HT electrode gets oxidized by losing
extra electrons and changes color to blue because of the bipolaronic
condition of P3HT (P3HT - ¢ = P3HT" ) occurs due to dynamic doping
[87,88] (Figure 3.3). At the same time, the clear tint of the EV turns blue
by accepting the extra electrons donated by the complementary Co304
doped P3HT electrode as the negative bias of -1.4V is getting supplied
to the WO3 doped EV electrode. The transformation of the EVZ* ion into
its EV-" radical cation is what causes EV to go from transparent to blue
(EV* + e = EV"). Hence, under +1.4V bias, the device's overall color
was seen to be blue (Figure 3.3). The incorporation of Co3O4 in P3HT
and WO3 in EV helps in the easy access of electron from one electrode
to another, improving the performance of flex-ECD. On reversing the
potential (-1.4V, say OFF), the device returns to its initial state (magenta
color) by reverse redox reaction occurring on the electrode, showing the

excellent reversibility of flex-ECD.
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Figure 3.3: The schematic of the fabricated flex-ECD with original
device color in ON and OFF state.
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3.2.3 Optical Measurement of the Initial flex-ECD.

To better understand the aforementioned color switching, change in
optical spectra has been studied OV and +1.4V using UV-Visible
spectroscopy (Figure 3.4a). Initially, when the flex-ECD is unbiased
(0V) absorbs maximum green color wavelength of visible spectrum and
transmitting the two remaining primary colors (red and blue) giving the
magenta color to the device. On application of 1.4V, the whole
absorption spectra shift towards lower energy and starts absorbing red-
green color with low absorption of blue color, giving the same color to
the device. Further, on reversing the polarity (-1.4V), it retraces the initial
unbiased curve giving the original magenta color to the flex-ECD
confirms the color reversal on reversing the bias. This reversible change
in the absorbance spectra demonstrates the excellent electrochromic
reversibility of the flex-ECD, which is a crucial parameter for practical

applications such as flexible displays and wearable electronics.

The above-mentioned color modulation can also be understood from the
bias-dependent transmittance variation response of the device (Figure
3.4b). The flex-ECD shows maximum change in transmittance value,
called as color contrast at 515 nm in visible spectrum, which can be
evaluated from Eq. 1.1. The color contrast of 50 % with change in
transmittance value (AT% = T(1.4v)— T(1.4v)) of 7.34 % has been observed
under an external bias of 1.4 V (Figure 3a) at 515 nm. The high color
contrast is due to the complementary nature of the two electrodes (Co3z04
doped P3HT & WOs3 doped EV). In addition to this, the maximum
change in transmittance (AT) value was also observed at around 665nm
which is near infrared region (NIR). The observed value of AT is ~29 %
(Figure 3.4b). The high AT value of the device in NIR region make the
device to have a possible applicant as heat filter because in ON state the

device is highly absorbing NIR region. This dual functionality-visible
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color modulation and NIR absorption, enhances the practical scope of

the device for smart window with heat filtering capacity.
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Figure 3.4: Performance of the initially fabricated flex-ECD (a) in-situ

bias dependent absorbance, (b) in-situ bias dependent transmittance

spectra, (c) Single switching cycle at 515 nm, (d) at 665 nm and (e) the
cyclic stability at 515 nm and (f) 665 nm.
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To study the switching kinematics of the device, how fast the device is
changing color from blue to magenta (colored state) and from magenta
to blue (bleached state), a continuous square pulse of £1.4V was applied
and corresponding absorbance spectra was recorded. The time required
for the flex-ECD to switch from blue to magenta (coloration time) (90%
change in the absorbance value) is ~ 1.2 s and to switch from magenta
to blue (bleaching time) is ~ 2.5 s (Figure 3.4¢). The fast-switching
speed with few seconds of switching time can be understood as the doped
Co0304 (in P3HT) and WO3 (in EV) helping the device to switch fast
between the two colors by donating/accepting the excess electrons
rapidly. The high value of switching speed also indicates the charge is
getting stored on the surface of electrode under external bias. Also, the
bleaching time of ~ 1.8s and coloration time of ~1.5s has been observed
for flex-ECD at 665nm (Figure 3.4d). While studying the electrochromic
performance of an electrochromic device, switching stability/cyclability
is another crucial aspect for the application purpose as it is used to
estimate how fast the flex- ECD can switch between the two colors and
for how many cycles with little to no stability compromise. The stability
of the flex-ECD has been checked at 515 nm by applying a continuous
square pulse of £1.4V with 5s of each polarity for 120 switching’s (600
s) (Figure 3.4e). The flex-ECD shows excellent stability with almost
constant change in the absorbance spectra making the device a potential
candidate for application purpose. The cyclic stability at 665 nm (Figure
3.4f), also shows an excellent performance of the flex-ECD by applying
the same square pulse of +1.4V with 10s of each polarity for 30
switching’s. The remarkable stability of device could be caused by the
doping of Co304 in P3HT and WOs in EV, as it acts as a mediator for the

transfer of electron from one electrode to another.
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Figure 3.5: (a,b)The AOD vs charge density graph for calculating
coloration efficiency at 515 nm and 665 nm of the initially fabricated

[flex-ECD with corresponding current vs time vs voltage graph for 515nm
and 665 nm (c,d).

Further, the critical factor for evaluating the device's performance is
coloration efficiency (7..), was calculated using Eq. 1.2. The evaluated
Nce of the device was found to be 420 cm?/C for visible region (515 nm)
(Figure 3.5a) and 380 cm?/C for NIR region (665 nm) (Figure 3.5b).
The high coloration efficiency of device is due to the doping of WO3 and
Co0304 nanomaterials to respective electrode which facilitates the easy
charge transfer. And the charge density Q has been calculated from the
current density response on the application of an external pulse train of
+1.4V (Figure 3.5¢, @ 515nm & Figure 3.5d, (@ 665nm)Such high 1.,
values highlight the effectiveness of incorporating WO3 and Co0304

nanomaterials into the respective electrodes, as the doping significantly
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enhances charge transfer kinetics and optimizes ion diffusion pathways.
One more essential parameter is the reversibility of the electrochromic
device, which is the defined as the ratio of de-intercalated charge density
to the intercalated charge density. The reversibility (R) of the device has
been calculated using the Eq. 3.2[89],

R= ‘?Z—nn X 100% |, (3.2)
where, Q4._in and Q;,, denotes the density of charge de-intercalated and
intercalated. The effective ion extraction and insertion indicate high
electrochemical reversibility. The determined reversibility of the flex-
ECD was 56% and 99% at 515 nm and 665 nm. The flexible device
shows excellent reversibility at 665 nm. This clearly demonstrates that
the flexible device exhibits excellent reversibility in the NIR range,
ensuring stable and repeatable optical modulation during multiple

switching cycles.
3.2.4 Optical Measurement of the b-flex-ECD After 20 Bending.

Afterward, to study the flexibility of the same flex-ECD in terms of
bending, it has been bent upward and downward 20 times under ambient
condition and left for 60 s. The corresponding bending angle and
frequency were calculated and presented in Figure 3.8a, and

importantly, no device failure was observed during the bending process.

After bending, the device was named as b-flex-ECD, the in-situ bias
dependent transmittance spectra have been recorded initially without
applying voltage and after applying +1.4V (inset: Figure 3.6). The
transmittance curve shows the typical initial behaviour with little
decrease in the transmittance value. The little change in transmittance

value is due to the bending of the b-flex-ECD. The maximum change in
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transmittance spectra was again observed at 515 nm (visible region) and

665 nm for the b-flex-ECD (Figure 3.6b).

(a)

Bending
Angle

Bending Angle =75°
Bending Frequency = 0.5Hz

Figure 3.6: (a) The bending angle and bending frequency of the b-flex-
ECD under ambient condition and (b) Photograph showing the bending
of the device along with in-situ bias dependent transmittance spectra

(inset) of the b-flex-ECD after bending 20 times.

To calculate the greatest spectrum, change at a specific wavelength, the
color contrast was calculated using Eq. 1.1. The color contrast of ~55 %
was observed with change in transmittance value of (AT%) 6.76 %. The
increase in color contrast at 515nm can be understood as due to the
bending of the b-flex-ECD, the whole transmittance spectrum has been
shifted downward. The value of Tn also became smaller due to the
bending; hence the value of color contrast increases due to the lower
value in the denominator. Also, the decrease in optical modulation is due
to the bending moment. The AT value at 665nm has been decreased due
to the bending moment of b-flex-ECD. Slight change or no change in
absorbance spectra of b-flex-ECD shows its suitability as flexible ECD.
This highlights its potential applicability as a mechanically robust and
flexible ECD.
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Figure 3.7: Single switching cycle at (a) 515 nm and (b) 665 nm and the
cyclic stability at 515 nm and 665 nm of the b-flex-ECD (c,d).

To study the switching dynamics of b-flex-ECD, switching time was
calculated at 515 nm and 665 nm by applying a square pulse of £1.4V
with 5s and 10s of each polarity, respectively and was calculated at 90%
of maximum change in absorption. The coloration time of ~1.9 s and
bleaching time of ~2.5 s has been observed for 515 nm wavelength
(Figure 3.7a). The coloration time has been increased to ~0.7s whereas
the bleaching time remains unchanged (2.5s) after bending. The
bleaching and coloration time at 665nm have also been calculated
(Figure 3.7b). It was found that the bleaching time was increased by 2s
taking ~3.8s to switch from magenta to blue. The coloration time was
increased by 1s taking ~2.5s to switch from blue to magenta. The
increment in the switching time of post-bending b-flex-ECD is likely due
to the bending moment of the device showing little deviation from the

originally prepared flex-ECD. Further, the cyclic stability of the b-flex-
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ECD was checked, to ensure the performance of device for real life

applications. The stability of the b-flex-ECD was examined at 515 nm

by applying multiple square pulse of £1.4V for 60 cycles (600 s) with 5s

of each polarity (Figure 3.7¢). The b-flex-ECD shows great stability

with less compromise in the performance. The stability test was also

performed at 665 nm by applying multiple pulse train of 1.4V for 30

cycles (600s), showing high stability with almost no compromise in the

performance (Figure 3.7d). It is evident from above results that the b-

flex-ECD shows high performance with a little increment in switching

and high performance in terms of efficiency and stability after bending

for 20 times.
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Figure 3.8: (a,b) The AOD vs charge density graph for calculating

coloration efficiency at 515 nm and 665 nm of the b-flex-ECD with

corresponding current vs time vs voltage graph for 515nm and 665 nm

(c,d).
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To study the effective performance of b-flex-ECD, the coloration
efficiency has been calculated using Eq. 1.2. It was found that the
coloration efficiency has not changed much after bending for 20 times
giving 415 cm?/C efficiency (Figure 3.8a). The unchanged efficiency is
owing to a little to no change in optical density (OD) and charge flowing
through the b-flex-ECD, proves its suitability as flexible ECD. To
calculate the efficiency at 665 nm, a pulse train of +1.4V with 10s of
each polarity was provides to the device and corresponding absorbance
spectra was recorded. The efficiency of 255 ¢cm?/C at 665nm was
observed (Figure 3.8b). The Q value for 515nm and 665 nm were
evaluated by current response of device under a pulse train of 1.4V with
5s (Figure 3.8¢) and 10s (Figure 3.8d) of each polarity respectively. The
decrease in efficiency in NIR region is likely due to the observed
decrease in OD from 29 % to 18 %. The electrochemical reversibility
was found to be 67% and & 75% for 515 nm and 665 nm evaluated using
the Eq. 3.2 showing high insertion and extraction of ions within the
device. The fabricated b-flex-ECD with such appreciable properties
make the device most efficient for application purpose with bending

moments.
3.2.5 Optical Measurement of the #b-Flex-ECD After 20 Twisting.

Furthermore, the same b-flex-ECD was then used to study the effect of
twisting moments on the device performance. The b-flex-ECD was
twisted for 20 times without device failure under ambient conditions
(Figure 3.9a) and left idle for 60 s and the post twisting device (say ¢b-
flex-ECD) was tested for its performance. The twisting angle and

frequency has been shown in Figure 3.9a.
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Figure 3.9: (a) The twisting angle and twisting frequency of the th-flex-
ECD under ambient condition and (b) Photograph showing the bending
of the device along with in-situ bias dependent transmittance spectra

(inset) of the th-flex-ECD after twisting 20 times.

The bias dependant transmittance spectra were recorded for the tb-flex-
ECD with no bias (0V) at first and then by the application of 1.4V
(inset: Figure 3.9b). The transmittance spectra of the device were not
much changed after twisting with little upward shift in the ON state. In
the transmittance spectra of tb-flex-ECD, the maximum change in
transmittance spectra was observed at 515 nm and 665 nm. At 515nm,
the tb-flex-ECD shows high color contrast (calculated using Eq. 1.1) of
64 % in visible region after the twisting. The color contrast was increased
by ~10 % after twisting with respect to the b-flex-ECD. The increment
in color contrast can understood as the difference in ON and OFF state
(T, — Tf) of the device is more as compared to b-flex-ECD, hence
increment in optical modulation was observed having value 10 %. The
change in transmittance (AT) at 665nm was observed to be 16 %, with a
little decrease in the value. The decrease in the AT value at 665 nm is

due to the twisting of the device.
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The switching time was determined for both the wavelengths by the
application of square pulse of +1.4V and corresponding absorbance
spectra was recorded. At 515 nm (Figure 3.10a), the tb-flex-ECD takes
2.9 s to switch from blue to magenta (coloration) and 2.7 s to switch from
magenta to blue (bleaching). In comparison to the b-flex-ECD, the tb-
flex-ECD is taking 1s of extra time to go to the colored state and 0.2 s
more time to go to bleached state. The bleaching and coloration time at
665nm was found to be 4.4 s and 3.9 s (Figure 3.10b). An increase of
0.6s and 1.4s was observed after twisting the b-flex-ECD. The switching
time was increased by few seconds after bending and twisting moment

of the flex-ECD at 515 nm and 665 nm without much compromise in

contrast.
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Figure 3.10: (a,b) Single switching cycle at 515 nm and 665 nm and the
cyclic stability at 515 nm and 665 nm of the tb-flex-ECD (c,d).

The switching stability of the device is also a parameter to check its
suitability as ECD. To examine the cyclic stability at 515nm and 665nm,
a continuous train pulse of £1.4V was applied with 5s and 10s of each
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polarity, respectively and corresponding absorbance spectra was
recorded. At 515nm (Figure 3.10c), the tb-flex-ECD shows excellent
switching stability for 60 cycles (600s). Similarly, the tb-flex-ECD
exhibits high stability over 30 cycles (600s) at 665 nm (Figure 3.10d) as

well.
( )0.25 )
a
-9
0.20 -9
,°,° 0.25
9
015 4 o 0204
a o a
90.10 - ©.0.15 +
= °/ “0.10
0.05 - Vs .10 _ 2
Q n=445cm?C
=393 cm?C ]
0.00 - o/ t 0.08 /
0004 &
-0.05 1 I T T T T T T T T T
0.2 0.4 0.6 0.8 01 02 03 04 05 06 07 038
Total Charge (mC/cm2) Total Charge (mC/cm?)
10 1.0 [ 0.5
(c) o d 4
8 - [ 0- L 0.0
L 0.0 [ 05—
=6 T o4 =3
£° L05E 2 L 10 E
$a- -0 §) L 155
g,] F155 2 L 20 5
F-20 0 L -25
0 --25 L 3.0
2 . 3.0 24 T 35

T T T T T T T T
0 10 20 30 40 50 20 40 60 80 100
Time (s) Time (s)

o

Figure 3.11: (a,b) The AOD vs charge density graph for calculating
coloration efficiency at 515 nm and 665 nm of the b-flex-ECD with
corresponding current vs time vs voltage graph for 515nm and 665 nm
(c,d).

At 515 nm and 665 nm wavelengths, the device's performance was
examined in terms of coloration efficiency. The coloration efficiency of
393 cm?/C was evaluated for 515 nm wavelength (Figure 3.11a) which
is of the same order as of the pre-bending and pre-twisting device. The
coloration efficiency at 665 nm was observed to be 445 cm?/C (Figure

3.11b). The Q value was calculated using current response of device
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under external bias of £ 1.4 V (Figure 3.11c for 515 nm) and (Figure
3.11d for 665 nm). The sudden increase in the efficiency of the tb-flex-
ECD was due to the low charge flow in the device. As the current flowing
through the tb-flex-ECD is decreased (Figure 3.13b), the charge was
also get decreased as Q is the product of current and time. So, as the
current value decreases, the charge transfer decreases and hence the
efficiency of the device increases as Q value is in the denominator (Eq.
1.2). The electrochemical reversibility was also determined for tb-flex-
ECD having value 79% and 66% for 515 nm and 665 nm using Eq. 3.2.
The high value of reversibility indicates that after twisting ion diffusion

was still high, indicating no device failure.

Table 3.1: Comparison of different flexible devices on basis of different

performance parameters.

S. Device Color Coloratio | Efficiency @ Reference
No Contrast n/
(cm?/C)

Bleaching

time(s)
1. WO3/ZnO 68.2% 6.2/2.8 80.6 Bi et al.[90]
2. PANI/EV 41% 0.5/0.8 - Ghosh et

al.[91]

3. PET/NiOx 40% - 67 Lin et al.[92]
4. PET/V20s-. | 43.3% - 102.5 Lin et al.[93]
5. This work 50% 1.2/2.5 420 Sahu et al.
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The overall performance of the device is comparable to the recently

reported flexible electrochromic devices, Table 3.1. To compare the

performance of the flex-ECD, b-flex-ECD and tb-flex-ECD a

comparison table has been made (Table 3.2). These super bending and

super twisting moments make the device appropriate for futuristic

wearable device.

Table 3.2: Comparison table between the flex-ECD, b-flex-ECD and tb-

flex-ECD on basis of their performances.

Device

Initial

flex-ECD

b-flex-
ECD

th-flex-
ECD

Wavelength

(nm)

515

665

515

665

515

665

CC @ 515nm/
AT @ 665nm

(%)

50

29

55

18

64

16

63

Switching (s)
(tc/tb)

1.2/2.5

1.5/1.8

1.9/2.5

2.5/3.8

2.9/2.7

3.9/4.4

Efficiency
(cm?/C)

420

380

415

255

393

445
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3.3 Flexible NIR-Cutting Electrochromic Goggles Using Metal

Chalcogenides Oxide Mixture.

The global demand for smart, flexible, and energy-efficient electronic
devices has driven interest in multifunctional systems[94-96] such as
supercapacitors[97,98], batteries[99,100], LEDs[101], solar cells[102],
and heat filters[103]. Flexible electrochromic devices[104—106] (ECDs)
with additional heat filtering applications are particularly promising as
they block near-infrared (NIR) radiation and modulate optical properties
with very low energy input. Their bendable and twistable nature makes
them suitable for smart windows, energy-efficient buildings, and
camouflage applications[80]. However, challenges such as mechanical
deformation, low electrochemical performance, and electrolyte leakage
limit their stability[105,107,108]. These issues can be mitigated by using
suitable substrates like ITO-coated PET and -carefully selecting
compatible electrochromic materials with complementary redox and
color properties[109]. Flexible electrochromic devices (ECDs) based on
P3HT and EV are attractive due to their complementary redox behavior,
little heat filtering property and easy processability, but they suffer from
poor stability and slow switching. These limitations can be addressed by
doping with transition metal oxides (TMOs) and chalcogenides (TMCs),
which enhance redox activity and electrochemical stability[110]. In
particular, a WS>/WO3 composite provides both NIR heat shielding and
improved stability, while its charge storage facilitates redox reactions in
P3HT and EV, enhancing ion flow and switching performance[111].
Such doped systems significantly boost the overall performance of
flexible NIR-cutting ECDs, making them suitable for versatile
applications[30].
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3.3.1. Structural Characterization of WS2/WOQOs Nanoflakes.

Prior to their incorporation into a flexible electrochromic device (ECD),
the synthesized materials (Experimental Section 2.2.3) were examined
to study their surface morphology, as it provides crucial information
about particle size, shape, and distribution, which directly influence the
device’s electrochemical performance and optical modulation. The
FESEM micrograph (Figure 3.12) provides a clear view of the
morphological characteristics of the hydrothermally synthesized
WS2/WOs3 nanoflakes, showing a thickness of a few nm. The flakes
morphology of the WS>/WO3 mixture with the presence of open voids
will be utilized in easy facilitation of electrons. Also, due to the empty
space present, it has the capability to store some charges. These stored

charges will help in accelerating the redox reaction and hence improve

the performance of flexible ECD.
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Figure 3.12: (a) The FESEM image and (b) the XRD plot of the
WS,/WOs3 nanoflakes mixture

The XRD analysis of synthesized WS2/WO3 nanoflakes provides crucial
structural insights (Figure la). The peaks were indexed using ICDD
database by using inbuilt software in the XRD setup. The card numbers
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corresponding to WO3; and WS, were 1004057 and 9012191
respectively. The diffraction peaks at 20 ~ 13.8 ©, 23.6 °, 24.1°, 27.3 °,
36.8 °, 47 °,57.7 °, 63.1 ° corresponds to the (100), (001), (110), (200),
(201), (002), (400) and (401) crystal planes of 2H-WOs3, respectively,
whereas the peaks at 20 ~ 14.9 °,28.8 °,31.3 ©,34.1 ©, 39.1 ©, 49.2 © and
55.6 ° corresponds to the (002), (004), (100), (102), (103), (105) and
(106) planes of hexagonal WS, (2H-WS,)[112,113]. The peak marked
by an asterisk (*) corresponds to the (111) plane of orthorhombic
WO3-0.33H20[114]. The presence of both (002) and (100) peaks
corresponding to WSz and WOs, respectively in the spectrum served as

compelling evidence for the coexistence of WO3 and WSo.

Intensity (a.u.)

10 20 30 40 S
Angle (20)

Figure 3.13: (a) XRD pattern and FESEM micrographs of (a) WO3
nanorods (1h), (¢) WS2/WO3 nanoflakes (3h) and (d) WS, nanoflakes
(24h).
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Thus, it indicated the formation of mixed phase of WO; and WS,
providing a unique insight into the evolving structure of the materials.
Further, the formation of the mixed phase of WS>/WOs3 can also be
understood by the varying reaction time. As the XRD patterns and
FESEM micrographs corresponding to reaction times of 1, 3, and 24 h
(Figure 3.13) reveal the transformation process, WO3 nanorods (at 1 h)
convert into WS> nanoflakes (at 24 h), and WS>/WO3 nanoflakes (at 3 h)
represent a mixed state. Therefore, the flakes synthesized at the 3 h

reaction time correspond to a mixed phase of WS2/WO3 nanoflakes.

3.3.2 Flexible NIR-Cutting ECD Fabrication.

Following the successful synthesis of WS2/WOs nanoflakes, the fully
flexible-NIR cutting-electrochromic device (flex-NIR cutting-ECD) was
fabricated in the configuration “PET/P3HT//EV+WS2/WO3/PET”, as
depicted in Figure 3.14, using the recipe mentioned in the experimental
section 2.5.1.2. The WS2/WOs is n-type material, showing redox activity
in negative potential and EV is also an n-type material changing color in
negative bias, so the mixture of WS2/WO; was mixed in EV solution to

accelerate the redox activity of the EV-P3HT-based ECD.

Figure 3.14: Schematic of the flex-NIR cutting-ECD in ON and OFF

states.
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At first, the as-prepared flex-NIR cutting-ECD appeared magenta in
color due to the natural pristine color of P3HT and transparent nature of
WS2/WO; mixed EV. When a bias of 1.5 V (with respect to P3HT
electrode) is applied to the flex-NIR cutting-ECD (say ON state), the
color of the device changes from magenta to blue (Figure 3.14) due to
the redox reaction between the two electrodes containing redox active
materials, which is rejecting the NIR component. The change of color
from magenta to blue of flex-NIR cutting-ECD is due to the occurrence
of a bipolaronic state of P3HT which is formed after losses of electrons
as a result of bias-induced oxidation also known as “dynamic
doping”. The electron lost by P3HT gets consumed by the
WS,2/WO3 mixed EV layer present in the device, and as a result, the EV
changes its color from the transparent state to blue (EV radical to EV
radical cation). Hence, the overall color of the flex-NIR cutting-ECD
appears as dark blue (colored state). The device has a significantly
reversible feature whereby it regains its original magenta color (bleached
state) when reverse bias is applied.

3.3.3 Flex-NIR Cutting ECD As Smart Eye-Soothing Goggle
Prototype

In the same ON state (the blue color state), the flex-NIR cutting-ECD is
highly cutting the NIR region, making it suitable for a heat
cutting/filtering application to reduce the use of air conditioning during
summer as has been discussed in detailed below. A prototype resembling
a goggle has been fabricated by connecting two identical flex-NIR
cutting-ECD in series to demonstrate its practical use in the real world

(Figure 3.17).

In the initial/OFF states, the goggle’s glass is magenta in color and has

no heat cutting properties (Figure 3.15a). The color of the glass changed
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to dark blue when exposed to a 3 V external bias (ON state) due to a
redox reaction between the two electrodes containing P3HT and
WS2/WOs3 mixed EV (Figure 3.15b). As soon as the color of the goggle
glass changes, the goggles begin to function as a heat cutting device. The
designed prototype goggle offers good reversibility and excellent
flexibility.

Figure 3.15: Flex-NIR cutting-ECD in goggle form showing two
different shades in ON and OFF states

3.3.4 Optical Study of the Flex-NIR Cutting ECD in NIR Region.

The above-mentioned NIR cutting and change in (visible) color between
magenta to blue to magenta was further analyzed by recording the in-situ
bias-dependent transmittance spectra. The transmittance spectra (Figure
2¢) show that without any bias the flex-NIR cutting-ECD was following
the black curve, and when +1.5 V (with respect to P3HT electrode) is
applied (ON state), the device was following the purple curve. In the ON
state of the device, the transmittance value is decreased as the flex-NIR
cutting-ECD means it starts cutting the NIR wavelengths thus working

as heat filter/NIR filter by decreasing the room’s temperature. When the
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polarity is reversed (to —1.5 V, with respect to P3HT) the flex-NIR

cutting-ECD regains its initial magenta color and starts transmitting
more in the NIR region in comparison to the ON state. The actual
photographs of the device in ON (NIR cutting) and OFF (initial state)

states have been shown in the inset of Figure 3.16a.
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Figure 3.16: (a) In-situ transmittance spectra in NIR region for (a) flex-
NIR-Cutting ECD and (b) pristine EV-P3HT-based ECD.

The minimum transmittance (or maximum absorbance) was observed at
1100 and 800 nm, with change in transmittance (AT) value of 15% and
16%, respectively, between the ON and OFF states, whereas in the case
of pristine EV-P3HT-based ECD the observed value of AT is only 9%
and 8% at 1100 and 800 nm wavelengths, respectively (Figure 3.16b).
The increased value of AT for flex-NIR cutting-ECD in both
wavelengths is due to the doping of the WS»/WO; mixture, as WOs3 is

known as a heat filtering application.

Owing to the flex-NIR cutting-ECD’s capacity to filter heat and cause a
maximal change in transmittance at 1100 and 800 nm, key performance
metrics have been investigated at this NIR wavelength. First, a
continuous train of voltage pulse of +1.5 V with 5 s of each for 1000 s
has been given to examine the cyclic stability of the flex-NIR cutting-

ECD at 1100 nm (Figure 3.17a). The change in absorbance value was
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almost constant throughout the stability testing duration. Although little
spikes had appeared in between, no change in the difference of
absorbance (AA = change in absorbance value in ON and OFF states of
the device) for 100 cycles was observed, ensuring good stability when
used for heat cutting. A similar cyclic stability check was performed at
800 nm (Figure 3.17b), which demonstrates that the device is very stable
for 100 switching cycles with little to no change in the A4 value. The
remarkable stability of the flex-NIR cutting-ECD is attributed to the
doping of a highly stable WS>/WO3 mixture.
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Figure 3.17: The switching stability of the flex-NIR-Cutting ECD at (a,
b) 1100 nm and 800 nm with single switching cycle at (c,d) 1100 nm and
800 nm.

A closer switching cycle was closely analyzed to see the time taken to

achieve 90% change in the absorbance value which gives the switching
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time. The flex-NIR cutting-ECD takes ~0.9 s to switch from the ON state

to OFF state or vice versa at 1100 nm (Figure 3.17¢). At 800 nm, a very
high switching time of ~0.5 s was obtained for coloration and bleaching
(Figure 3.17d). A switching time of a few sub seconds, one of the fast
switchable devices, could be achieved due to the doping of the
WS2/WO3 mixture, which facilitates the electrons’ flow. The flake
morphology of the WS2/WO; mixture provides open voids for the
movement of electrons from one electrode to another, which
significantly improved the performance of flex-NIR cutting-ECD in

terms of switching speed.
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Figure 3.18: (a,b) Variation of change in optical density as a function of
charge density for coloration and bleaching process (inset) at 1100 nm
and 800 nm and (c,d) Current v/s voltage response of the flex-NIR
cutting-ECD at 1100 nm and 800 nm respectively.
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Further, another important parameter is coloration (filtering)/bleaching
(non-filtering) efficiency, which is defined as ease to filter/nonfilter the
heat per unit inserted charge. The coloration efficiency (7. ) or bleaching
efficiency (1) has been calculated using Eq. 1.2. The evaluated value
of CE at 1100 nm is 109 cm?/C (Figure 3.18a), while the BE is 37 cm?/C
(inset, Figure 3.18a). The 7., and 71, at 800 nm were determined to be
182 ¢cm?/C (Figure 3.18b) and 83 cm?/C (inset, Figure 3.18b). For
calculation, the value of charge density has been calculated from the
current v/s voltage graph (Figure 3.18c for 1100 nm and Figure
3.18d for 800 nm). The comparatively higher value of coloration
efficiency with respect to the bleaching efficiency is due to the less
charge involved in coloration. While the high charge is involved in the
bleaching, the same can be seen in the current v/s voltage graph (Figure
3.18¢), which increases the O value in the denominator (Eq. 1.2), hence
decreasing the value of BE. The above calculations make the flex-NIR
cutting-ECD a fast switchable device with stable cyclic performance and
moderately high coloration efficiency, which qualifies for a practical use

as a heat filtering device for real life.
3.3.5 Practical Evaluation of NIR-Cutting Performance of flex-NIR
Cutting ECD.

The above-mentioned heat cutting operation can be meaningful only if it
can be of practical usage as has been investigated here. In order to check
the NIR cutting practicability of ECD, the fabricated flex-NIR cutting-
ECD was further checked by keeping the device, in its ON and OFF
states, on a hot plate which was kept at a constant temperature of 55 °C
(Figure 3.19a). The device shows the temperature of 43.7 °C in the OFF
state (Figure 3.19a). The decrease in temperature between the hot plate

and device was due to some heat isolation by the substrate. The photo of
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the device as seen under white light is shown in Figure 3.19b. On
applying the potential (+1.5 V), the flex-NIR cutting-ECD shows the
temperature of 37.7 °C, 6 °C less than the OFF state of the device (Figure
3.19¢). A 15% reduction in temperature makes the other area more
soothing if seen from a safety goggles design point of view. The actual
photo of device in ON state under white light is shown in Figure 3.19d.
The observed decrease in temperature of the device in the ON state is
due to the NIR shielding effect of the device. These above results
adequately establish that the flex-NIR cutting-ECD can be used for eye
soothing heat shielding flexible ECD as discussed in the above

discussion.

Figure 3.19: Photograph captured using a thermal (IR) camera of a hot
plate covered with flex-NIR cutting-ECD in (a,b) OFF and (c,d) ON

states.
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3.3.6 Optical Study of the Flex-NIR Cutting ECD In the Visible

Region.

In addition to the NIR region, a notable bias-dependent color transition
(magenta to blue) was observed in the visible range, and the
corresponding spectral variations were systematically analyzed to
evaluate the device performance. As the human eye is highly sensitive to
500-600 nm in the visible region, the optical modulation or color
contrast of flex-NIR cutting-ECD was studied at 515 nm in the visible
region (Figure 3.20a). and the actual photograph of the device in colored
(ON) and bleached (OFF) states is also shown in the inset of Figure
3.20a. Hence, the device performance has been measured in the visible
regions as discussed below. The maximum optical change of the device
was also observed at 515 nm. Consequently, the optical modulation or
color contrast at 515 nm has been calculated using Eq. 1.1. A high OM
(or CC) value of 60% was evaluated for flex-NIR cutting-ECD at 515
nm; on the other hand, the pristine EV-P3HT device shows 37% of OM
only (Figure 3.20b). Owing to the device’s great degree of reversibility,
the flex-NIR cutting-ECD transmittance spectra nearly trace the curve

for unbiased state.
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Figure 3.20: (a) In-situ transmittance spectra in visible region for (a)

flex-NIR-Cutting ECD and (b) pristine EV-P3HT-based ECD.
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The switching stability (Figure 3.21a) of the device was studied at 515
nm as the human eye is very sensitive to this wavelength (500 to 600
nm). Again, a pulse train of £1.5 V (5 s each for coloration/bleaching)
was applied, and the corresponding change in absorbance spectra was
recorded for 1000 s. The flex-NIR cutting-ECD gives high switching
stability at 515 nm with no variation in absorbance value (AA) for up to
100 cycles. Additionally, Figure 3.21b illustrates a single switching
cycle of the device, indicating ~0.9 s for coloration and bleaching (90%
of coloration/bleaching), in order to assess the device’s switching time.
Like in the NIR range, the switching speed is high also in the visible
region. Furthermore, the coloration/beaching efficiency of the flex-NIR
cutting-ECD has been evaluated using Eq. 1.2. A high coloration and
bleaching efficiency values of 260 and 91 cm?/C, respectively, was
achieved at 515 nm wavelength (Figure 3.21c¢). For estimating the
efficiency, the Q value has been calculated from the current v/s voltage

response graph (Figure 3.21d).

As the human eye is more sensitive to visible range, therefore photopic
coloration efficiency which covers the whole visible spectra has been

calculated using Eq. 3.3

780

_ Jago T).S(D).P(2).dA
Tphotopic = TS pYar (3.3)

where T(A) is the spectral transmittance of the flex-NIR cutting-
ECD, S(\) is the normalized spectral emittance of the light source,
and P()) is the normalized spectral response of the eye. The Tpnorpic for
coloration and bleaching can be determined using the transmittance
spectra in colored and bleached states of the flex-NIR cutting-ECD. The
evaluated photopic transmittance values for 7 and 7t are 28.3% and

21.8%, respectively. The final photopic coloration efficiency at charge
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density of 3.3 C/cm?, which is evaluated from Figure 3.21d, was found

to be 34 cm?/C.
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Figure 3.21: (a) Switching cyclic stability. (b) Single switching cycle.
(c) Variation of change in optical density as a function of charge density
for coloration and bleaching process (inset). (d) Current v/s voltage

response of the flex-NIR cutting-ECD at 515 nm.
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Afterward, the flexibility as well as the EC performance of flex-NIR
cutting-ECD have been checked in the bent state. The bias-dependent
transmittance spectra have been recorded in the bent state by bending the
device 60° under ambient condition as shown in Figure 3.22 inset. The
transmittance spectra of the flex-NIR cutting-ECD in the bent state
(Figure 3.22) is comparable with the original device as there is no
significant changes in OM at 515 nm, and AT values at 800 and 1100 nm
were observed which show the robust nature of the flex-NIR cutting-
ECD. It is worth mentioning here that the little increment in the A7 value
was observed in the bent state, as the transmittance spectra has been
shifted a little bit downward in the ON state. This downward shift of
transmittance spectra in the ON state has increased the AT value at 800
and 1100 nm by 2% and 4%, respectively. The flex-NIR cutting-ECD
exhibits significant performance at three different wavelengths (515 nm,
visible; 800 and 1100 nm, NIR), which are collectively shown in Table
3.3, and has been compared with related recent works.

Table 3.3: Comparison of performance parameters for the flex-NIR

cutting-ECD.

Wavelengt  Coloration Bleaching Referen
- hs - ce
i Efficien i Efficien
(nm) cy cy
(cm?/C) (cm?/C)
1100 0.9 109 1 37
800 0.4 182 0.6 83 This
work
1. 515 0.8 260 0.9 91
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22 700 5.1 120.9 9.7 - Liang et
al.[115]

3. 750 5 87.6 3 - Amarri
et

al.[116]

The device exhibits notable electrochromic performance and blocks a
sufficient amount of NIR radiation to give a soothing effect as it cuts
15% of heat by not letting the NIR radiation pass through the device
when in the ON state. These above results adequately establish that a
flex-NIR cutting-ECD can be used for eye soothing heat shielding
flexible ECD using P3HT and WS2/WO3 nanoflakes’ mixed viologen.

3.4 Summary and Conclusion

The incorporation of metal oxides and chalcogenides nanomaterials into
the P3HT—EV-based electrochromic device enhances its performance in
both visible and NIR regions. Doping p-type Co3;0O4 into P3HT and n-
type WOs3 into EV enables efficient charge transfer and rapid redox
switching. The flexible device shows fast coloration (1.5 s) and bleaching
(2.5 s) with a high coloration efficiency of 420 cm?/C. Maximum change
in transmittance occurs at two wavelengths 515 nm and 665 nm with 50%
color contrast at 515 nm. Even after repeated bending and twisting, it

retains 445 cm?/C efficiency, confirming excellent mechanical stability.

Similarly, the incorporation of a WS2/WO3 mixture into EV-P3HT based
ECD, accelerates redox kinetics, enabling ultrafast switching of the flex-
NIR-cutting ECD in both visible and NIR regions within milliseconds,
with a photopic coloration efficiency of ~34 cm?/C. The goggle-like
prototype has been prepared, which offers efficient NIR shielding and a
~6 °C temperature drop under 3 V bias, providing a soothing thermal
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effect to eye. The device exhibits excellent cyclic stability and high
efficiency, confirming the synergistic effect of metal oxide and
chalcogenide doping for next-generation flexible electrochromic and

heat-filtering device.
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Chapter 4

MXene-Based Asymmetric All-Organic

Multifunctional Electrochromic Supercapacitor

In this chapter, an all-organic multifunctional solid-state electrochromic
supercapacitor device was developed by integrating 2D-MXene with
ethyl viologen and polythiophene. The incorporation of MXene into
device combines electrochromic and pseudocapacitive functions within
a single platform, offering high stability and dual functionality. The
integration enhances charge transfer and optical modulation, enabling
rapid and reversible color switching along with efficient energy storage
capability. This study presents a promising strategy for designing next-
generation flexible and multifunctional electrochromic supercapacitors
suitable for practical and wearable applications. The findings of this

work have been published in a peer-reviewed international journal®.
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3Sahu. B. et al., Adv. Eng. Mater. 2024, 26, 2401295
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4.1 Multifunctional All-Organic Electrochromic Supercapacitor

Doped With 2D MXene

MXenes are a class of two-dimensional transition metal carbides and
nitrides, synthesized by selectively etching “A” layers from MAX
phase[117]. They exhibit exceptional electrical conductivity, large
surface area, hydrophilicity, and pseudocapacitive behavior[53,118],
making them highly suitable for applications in energy storage and
electrochromic devices. Their unique thin sheet-like structure facilitates
rapid ion diffusion and efficient charge transfer, enhancing both
electrochemical performance and optical modulation of EC based
devices. However, some EC materials also possess charge storage
capability itself[43], enabling integration into multifunctional
electrochromic supercapacitors that visually indicate their charge
state[119—-123]. Organic materials such as polythiophene (namely,
P3HT) and viologens (particularly Ethyl viologen, EV) provide high
conductivity and complementary redox behavior but have limited energy
storage capacity. Incorporating 2-D MXenes into these polymers based
ECD significantly improves charge transport, coloration efficiency, and
device stability. By tuning the amount of MXene doping[124], a balance
can be achieved between optical contrast and energy storage
performance. MXene-doped all-organic EC devices therefore offer a
versatile platform for multifunctional optical-energy applications,

combining rapid optical switching with efficient energy storage[19].
4.2 Structural Characterization of 2-D MXene TizC2Tx

The synthesized MXene (section 2.2.4) has been initially characterized
using FESEM, the formation of nanosheet (Figure 4.1a) having a few
nanometers thick sheets (Figure 1a, inset), which will likely provide

essential surface area to the electrolyte for the proper movement of
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electron for energy storage application. The elemental mappings of
Ti3CoTx were also done (Figure 4.1b), revealing a uniform distribution
of Ti, F, C, and O throughout the material. The presence of gold (Au) is
attributed to the conductive coating applied during sample preparation.
These findings confirm the successful etching of the MAX phase,
resulting in pure Ti3C2Tx MXene.

—_
(3)
-~
—
Qo
-
-
-
@]
N
-
#

(002)

Intensity (a.u.)
Intensity(a.u)

400 800 1200 1600 020 30 405060 70
Raman shift (cm-1) 20 (degree)

Figure 4.1: (a) FESEM micrograph along with a magnified portion

(inset), (b) Elemental mapping of the synthesized MXene from MAX

phase, (¢) The Raman spectrum and (b) XRD pattern of MXene.

Further to validate the formation of desired MXene, Raman spectroscopy
was carried out (Figure 4.1¢). The peak at 152 cm™ and 624 cm
corresponds to Ajg vibration modes for both the carbon layer and
titanium outer layer of MXene respectively[53]. The peak at around 1320
cm™ and 1570 cm™!, which corresponds to the carbon D and G bands,

indicates that the sample contains some free carbon.
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In addition, the Powder X-Ray Diffraction (p-XRD) has been used to
validate the crystallinity as well as formation of MXene from MAX
phase (Figure 4.1d). An intense peak at 26 = 7.2°, which corresponds to
the (002) plane in the p-XRD pattern, indicates the unoxidized form of
Ti3C2Tx, that is further supported by the absence of a peak at 20 = 25°,
the characteristic peak of TiO2 (JCPDS No. 52-0875). Further
significant peaks were seen at 20 = 36°, 38°, 41.8°, 45.1°, 52.5°, 57.6°,
and 60.6°, which correspond to the (002), (101), (103), (104), (105),
(107), (108), and (110) planes[125] respectively. These peaks
demonstrate strong crystallinity of the MXene that was formed from the
MAX phase. The absence of impurities in MXene is essential for having
strong electrochemical characteristics, which is verified by the absence

of any extra peaks in the XRD pattern.
4.3 Structural Characterization of EC Active Electrode

The prepared electrodes of MXene-doped EV and P3HT, the two EC

active electrodes have been characterized using FESEM and Raman.

4.3.1 MXene Doped Ethyl Viologen (EV) Electrode
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Figure 4.2 (a) The FESEM micrograph and (b) Raman spectra of MXene
doped EV electrode.

The MXene-doped EV electrode has been characterized using FESEM
to study surface morphology. For the same, 0.1 wt.% MXene doped in 4
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wt.% EV has been drop-casted over ITO substrate. The FESEM
micrograph of MXene doped EV (figure 4.2a) shows uniform
distribution of MXene doped EV over the substrate. In the Raman spectra
(figure 4.2b), the peak at 936 cm™, 1176 cm™!, 1298 cm’!, 1545 cm! and
1653 cm™ corresponds to the CI-O symmetric stretching, N-CH,CH3
stretching, inter-ring vibration of C-C bond, H-C-C bending along with
C-N stretching and C-C inner ring vibration, respectively (represented
by *)[126].

4.3.2 The Poly (3-Hexyl thiophene-2,5 diyl) (P3HT) Electrode
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Figure 4.3: (a) The FESEM micrograph and (b) Raman spectra of P3HT
electrode.

Nextly, the P3HT (chosen as secondary electrode to make M-doped
ESD) spin coated over ITO electrode has been characterized using
FESEM and Raman are shown in Figure 4.3. The FESEM micro-image
shows the uniform coating of P3HT over the ITO substrate (Figure
4.3a). And in the Raman spectra (Figure 4.3b), the peak around 1380
cmand 1446 cm™! are the characteristic peaks corresponding to the
P3HTI[78].

4.4 Electrochemical Measurement of MXene And Electrodes.

The electrochemical activity of the MXene, successfully synthesized
from the MAX phase, was investigated, which was studied in a standard

three-electrode cell setup consisting of Platinum (Pt.) wire and Ag/AgCl
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as counter and reference electrodes, respectively. A suspension of
MXene was prepared for this by dispersing 10 mg of MXene in 1ml
ethanol which was drop casted (10ul) on carbon cloth (CC) and used as
working electrode in a 1M KOH as electrolyte.
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Figure 4.4: (a) The CV curves of MXene on carbon cloths at various
scan rate and (b) Nyquist plot of MXene on CC with equivalent electrical

circuit.

The scan rate-dependent CV curve (10 mV/s to 100mV/s) of MXene is
shown in Figure 4.4a in the potential range of -0.2 V to -1.1 V. MXene
exhibits redox activity in the negative potential, with redox peaks
appearing at -0.8 V (reduction) and -0.5 V (oxidation), at 100 mV/s scan
rate indicating pseudocapacitive nature of the same. Afterward, in order
to look into the charge transfer mechanism, electrochemical impedance
spectroscopy (EIS) was done (Figure 4.4b) in the frequency range of
100 kHz to 10 mHz. The Nyquist plot of MXene on CC was obtained
without any bias with an amplitude of 10 mV, showing a semicircle in
the high-frequency region with 2 Q (Rs) and 98 Q (Rct) solution and
charge transfer resistance, respectively. The straight line in the lower
frequency range describes the redox process at the electrode-electrolyte

interface. Also, an equivalent electrical circuit has been drawn to fit the
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EIS data (Figure 4.4b, inset). The electrochemical investigation reveals

the pseudocapacitive nature of MXene.
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Figure 4.5: (a) Comparative CV curves of alone EV and EV+MXene on
GC electrode at 100 mV/s scan rate (b) CV curves of EV+MXene with
varying scan rate (¢) CV curve of EV on bare GC with varying scan rate
(d) Nyquist plot of alone EV and EV+MXene along with equivalent
electrical circuit (inset).

Owing to the redox activity of the MXene at the negative potential, it is
expected that it may enhance the electrochromic property when
combined with ethyl-viologen (EV) by providing electrons and
accelerating the redox reaction. For the same, electrochemical
measurements were done from EV (blue curve) by using it in the solution
(4 wt.% EV in ACN), and bare glassy carbon (GC) was used as the
working electrode in three-electrode setup in the potential range 0.2V to
-1.8V. Again, Pt. wire and Ag/AgCl were used as counter and reference

electrodes, respectively. To see the effect of EV and MXene together,
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MXene ink (MXene, activated carbon, and nafion were added to DI
water in ratio of 75:10:15) was drop-casted on GC ~10 pl and using
which the CV was measured in an electrolyte where 4wt.% EV in ACN
was present. The comparison of both the CV curves can be seen in
Figure 4.5a. It is clear from the cyclic voltammogram, MXene in EV
(red curve) shows high current giving larger area under the CV curve
along with more prominent reduction (-0.8 V & -1.7 V) and oxidation
peaks (-0.52 V & 0.04 V) when compared with the only EV curve when
recorded at scan rate of 100 mV/s (blue curve, Figure 4.5a). The CV
curve of MXene in EV and alone EV at various scan rates are shown in
Figure 4.5b and Figure 4.5¢ respectively. The large area under the CV
curve reveals the high charge storage capability (pseudocapacitive
nature) in response to electrolyte ions intercalating on the electrode
surface of the MXene, making it a viable material for doping in EV to
improve their electrochromic properties and offers an additional charge
storage feature, creating a device that may be used for multiple purposes.
Furthermore, EIS has been carried out to better understand the ion
diffusion mechanism in alone EV and MXene in EV. Nyquist plots were
obtained for alone EV and EV+MXene in the frequency range of 100
kHz to 10 mHz using the same set up in which CV were obtained as
mentioned at -0.5 V with an amplitude of 20 mV (Figure 4.5d). It is
evident from Figure 4.5d that the Nyquist plot for MXene with EV (red
curve, Figure 1d) has almost same solution resistance (Rs= 115Q) with
very low charge transfer resistance (Rct = 104 Q) due to the presence of
very small semicircle show the degree of interaction between the
electrolyte ions and the electrode surface is high, on the other side, the
EV alone (using blank GC as electrode) has high R value of 240 Q in
higher frequency side (blue curve, Figure 2d). When observed in the

lower frequency side, MXene+EV has comparatively more inclination
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towards the imaginary axis suggesting typical pseudocapacitive nature
of the MXene when doped in EV. The equivalent electrical circuit has
been obtained by fitting both the EIS, both alone EV and MXene+EV
have same electrical circuit as shown in Figure 2d. Also, Table 4.1,
shows the collective solution (Rs) and charge transfer (Rc:) resistance of
MXene on carbon cloth, alone EV and MXene-doped EV electrodes. The
above study confirms the pseudocapacitive nature of the MXene in
4wt.% EV (in ACN) giving high current value along with high area under
the curve, proves its suitability as dopant. Consequently, MXene doped
EV has been selected as n-type electrochromic active material for solid-
state electrochromic device preparation to improve the electrochromic
performance along with charge storage properties.

Table 4.1: Collective solution and charge transfer resistance of MXene

on carbon cloth, EV and MXene-doped EV electrodes.

MXene on carbon 2 98
cloth

EV 114 241
MXene-doped EV 115 104

4.5 Optical Study of MXene Doped EV Electrode.

After successfully analyzing the electrochemical properties, the
electrochromic performance of the MXene-doped EV electrode was

studied in two electrode setups consisting of MXene ink (prepared
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above) deposited over ITO and Pt. wire in 4 wt.% EV in ACN solution.
The in-situ biased dependent transmittance spectra has been recorded by
applying the £ 0.7V to the MXene-doped EV electrode (Figure 4.6a).
Initially, during the unbiased condition, it was following the blue curve.
The high transmittance was observed initially due to the transparent
nature of EV. When a negative bias of -0.7V was applied to the electrode,
due to the presence of EV, electrode changes its color to blue (EV™ + ¢’
— EV ), giving the red curve (Figure 4.6a). Again, when the reverse
bias (+0.7V) is applied to the electrode, it follows the pink curve (Figure
4.6a). The maximum color contrast (CC) of 62.4% was observed at 600

nm which is calculated using Eq. 1.1.
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Figure 4.6: (a) In-situ transmittance spectra, (b) Single switching cycle
,(¢) Current response with varying voltage pulse of £ 0.7 V, and (d)
Coloration Efficiency of the MXene-doped EV in two-electrode setup.

Afterward, a crucial factor, which is the electrode’s switching speed
(time taken to switch between the two colors), was also examined by

giving the pulse of + 0.7V for 10 seconds each (Figure S3c, SI). The
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electrode is taking ~7.5s (90% of coloration/beaching) to switch between
the two colors (transparent <> blue) (Figure 4.6b). Another important
parameter from the electrochromic application point of view is the
coloration efficiency (7n..) has also been calculated using Eq. 1.2. The
Nce for MXene-doped EV electrode was evaluated to be 200 cm?/C
(Figure 4.6¢). The value of 1., of the MXene-doped EV electrode was
estimated from the slope of the graph between AOD v/s charge density
(Q). The charge density has been calculated from the current v/s. time

graph (Figure 4.6d).
4.6 The Fabrication of MXene-Doped EC Supercapacitor Device.

After examining the MXene-doped EV electrode's electrochromic
performance and effectively characterized both electrodes, a solid-state
electrochromic device (ECD), n the geometry
“ITO/P3HT//EV+MXene/ITO” (schematic in Figure 4.7) was fabricated
using the technique discussed above and as summarized in Section
2.5.1.3, in Experimental section. The schematic also shows various
components and bias polarity protocol along with the photograph of the
device in two different bias conditions of 1.4V (say blue or ON state)

and -1.4V (say magenta or OFF state) which also corresponds to the

nitial or unbiased state of the device.

OFF (0/-1.4V).4——" . ON (+1.4V)

Figure 4.7: Schematic of fabricated device and corresponding

photograph of actual device in two different states
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As can be seen, originally, due to the transparent nature of EV and the
natural color of P3HT, the M-doped-ESD was seen to be magenta in
color (0V) (Figure 4.7, inset). After the application of 1.4 V (with
respect to P3HT), the color of the device changes to blue due to the
coupled redox reaction taking place between the P3HT and MXene
doped EV (Figure 4.7, inset) as a result of dynamic doping taking place
in the device. The process of dynamic doping means, due to the
application of bias, the P3HT loses its electron (gets oxidized) and
changes color from magenta to light blue (occurrence of bipolaronic
state). Simultaneously, the MXene doped EV gains the electron given by
P3HT and changes color from transparent to blue. Thus, giving overall
blue color to the device. On reversing the bias polarity, the device regains
its original magenta color, due to the reverse redox reaction between
P3HT and MXene doped EV electrodes, showing good reversibility of

the device.

4.7 Optical Study of the M-Doped ESD.

The same above-mentioned color switching mechanism of the M-doped
ESD has been investigated using in-situ transmittance spectroscopy
(Figure 4.8). The bias dependent transmittance spectra show the
device’s optical modulation with applied bias which corresponds to the
observed color of the device. In the initial/off state the device has
magenta color (black & pink curves, Figure 4.8) and when bias is
applied, (on state) device shows blue color (blue curve, Figure 4.8). The
maximum variation in transmittance of 13.5% and 57% was observed at
515 nm and 700 nm wavelengths respectively. The very high color
contrast (CC) estimated using Eq. 1.1 was obtained to be 86% in the
visible region at 515 nm, showing its suitability for smart window

application.
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Figure 4.8: in-situ transmittance spectra of device at 0V and + 1.4V

(inset CIE plot along with actual image of the device)

Furthermore, due to the notable variation in the near-infrared region at
700 nm, high transmittance values are observed when turned off and low
transmittance values when turned on, indicating its suitability as
IR/thermal filter. Despite being black in appearance, the MXene doping
has greatly enhanced the CC, demonstrating high appropriateness for
usage in smart buildings. The reversible switching of M-doped-ESD
between the magenta and blue color, when analyzed using CIE
(Commission Internationale de I’Eclairge International Commission on
[llumination) color chart, corresponds to coordinate (Figure 4.8 inset)
(x, y) of (0.55,0.21) in OFF state and (0.33,0.15) in ON state (Osram
Sylvania).

For quantifying any electrochromic device’s suitability for application,
different performance parameters need to be known. As the device shows
maximum variation in transmittance at 515nm and 700nm (Figure 4.8)
therefore, these two wavelengths are chosen to study the further
performance of the device like switching kinematics and coloration

efficiency.
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Figure 4.9: (a, b) Single switching cycle of the device at 515nm and
700nm (c, d) coloration efficiency at 515 nm and 700 nm along with

stability diagram (inset).

A crucial factor is switching kinematics to study how much time is
required to switch between the observed color (magenta to blue & vice
versa). The device takes v1s (90% of coloration/beaching) to switch
between the two perceived colors in both wavelengths (515nm &
700nm), meaning significantly high switching speed (coloration and
bleaching) between the two colors (Figure 4.9a, 4.9b). Apparently, the
doping of MXene, which aids in accelerating the redox reaction by
providing the desired charge/electrons required for necessary redox
reaction, is responsible for the device's observed rapid switching speed.
Another important parameter to study ECD behavior is coloration

efficiency defined in Eq. 1.2. For 515 nm (Figure 4.9¢) and 700 nm

94



Chapter 4

(Figure 4.9d), a significant coloring efficiency of 340 cm?/C and 263
cm?/C, respectively, was obtained. As mentioned above, these values
were determined from the graph's slope between AOD v/s Q using Eq 1
where the necessary charge values were estimated from the current v/s

time plot (Figure 4.10).
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Figure 4.10: Applied square pulse of + 1.4V and corresponding current
flowing through the device.

In addition to the faster speed and high 7., the devices need to have
good cycle life. The switching kinematics of device was checked for
1000s by applying the square pulse of + 1.4V of 5s each to investigate
the stability of the device. The M-doped-ESD shows great stability
without much compromise in stability even after switching for 100
cycles at 515nm (inset, Figure 4.9¢) and 700nm (inset, Figure 4.9d).
The cyclic stability of the device at 515nm is almost constant for up to
1000s with very little gradual increase in both upper and lower
absorbance value but the value of 44 is almost constant throughout the
cycle. The (little) gradual increase in absorbance value at 515nm is likely
because of charge storage property of the device as some charge is
getting permanently stored which does not get reversed completely while

switching the bias. Therefore, a gradual increase in absorbance value was
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observed in both upper and lower absorbance value side for 515 nm. But
in the NIR region, constant stability was achieved as no change in the 44
was observed for first and last cycle. On a closer look the variation looks
almost similar with a small change in the absolute absorbance value in
the visible region. These devices show such typical behavior and the
switching gets stabilized with prolonged usage. The doping of MXene
has apparently made a good performing solid state electrochromic device
which is one of the best in this family as can be seen from the comparison
table (Table 4.2). The doping of MXene in the ESD has significantly
increased the performance of the device, by giving high optical contrast
and accelerating the switching speed along with high efficiency. As
mentioned above, the MXene has charge storage property, the doping of
which in EV has increased the area as well as current, therefore the

fabricated M-doped-ESD has been studied to explore the charge storage
property.

Table 4.2: Comparison table for comparing the electrochromic

performance of the M-doped ESD.

S.NO. Device Color Coloration  References
Contrast  Efficiency
(%) (ecm?/C)
1. P3HT 40 230 Liet
al.[127]
2. Viologen 65 75.5 Alesanco et
al.[128]
3. P3HT/viologen 50 222 Chaudhary
et al.[47]
4. P3HT/TAI/PET 82.4 252 Kim et
al.[129]
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5. P3HT+ 50 166 Sahu et
CoTiO3/WOs3 al.[130]
6. P3HT/EV+MXene @ 86 340 This work

4.8 Charge Storage Study of the M-Doped ESD

As discussed above, the prepared M-doped-ESD can have charge storage
property, therefore an investigation using cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) and galvanostatic
charging discharging (GCD) has been performed. The CV curve of the
device has been taken by varying the scan rate from 20 mV/s to 200mV/s
in the potential window of 1.7V to OV (Figure 4.11a). The oxidation and
reduction peak were observed at 1.4V and 1.2V respectively for scan rate
20 mV/s which shifts to 1.6V and 0.9V respectively for higher scan rate
(200mV/s), showing pseudocapacitive type nature of the device. With an
increase in scan rate, the current value and the area under the curve both

increases, indicating a high diffusion of ions in the device at higher scan

rates.
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Figure 4.11: (a) Scan rate dependent CV curves from the device along

with GCD plots (b).

Since the electrochromic device is storing charge, as indicated in the CV

curve, the charging and discharging phenomena has been investigated
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using GCD by varying the current density (0.1mA/cm? to 0.2mA/cm?) in
potential window OV to 1.7V (inset Figure 4.11b), which shows that as
the current density increases the discharging time decreases due to the
high diffusion of electrolyte ions into the active materials. It was found
that, for 0.lmA/cm? the M-doped-ESD takes a bit longer to get
discharged (23.1s) than charging times (6.7s), indicating high columbic
efficiency of the M-doped-ESD. When the M-doped-ESD is fully
charged, it appears blue due to the positive application of a potential to
the device (with respect to P3HT), and when fully discharged, it appears
magenta, making it an electrochromic charge indicative supercapacitor.
The pseudo-triangular shape of the GCD (Figure 4.11b) demonstrates

the device's pseudocapacitive charge-storing capability.
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Figure 4.12: (a) Specific capacitance vs current density curve, (b)

Retention graph of M-doped-ESD with capacitive stability (inset)

The specific capacitance has also been calculated for the device (Eq. 1.3,
experimental section), giving a moderate value of 1.3 mF/cm® at
0.lmA/cm? (Figure 4.12a), and is comparable with the recently
published article (Table 4.3).

The capacitive stability of the device has also been done at 0.3mA/cm?

(Figure 4.12b, inset). The retention has been calculated (Eq 1.7) for M-
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doped-ESD shows ~100% retention even after 100 cycles of switching

(Figure 4.12b), showing its applicability for use as supercapacitor.

Table 4.3: Comparison table for comparing the energy storage

application of the M-doped ESD.

S. Device Name Specific Current Ref.
No. Capacitance | Density
(mF/cm?) (mA/cm?)
1. WO3NB/PsW30// 2.84 0.98 Yang et
MXene al.[131]
2. Asymmetric 4.0 0.1 Qu et
ECSC al.[132]
3. M-doped ESD 1.3 0.1 This
work
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Figure 4.13: Nyquist plot of device at 1.1V with equivalent circuit

(inset).

Further, to study the ion diffusion mechanism in the device, Nyquist plot

has been obtained by varying the frequency from 100 kHz to 10 mHz at
99



Chapter 4

voltage 1.1V with an amplitude of 20 mV (Figure 4.13). The Nyquist
plot exhibits semicircle and linear curve in higher and lower frequency
range associated with solution and charge transfer resistance giving
value of 0.08 kQ and 1.47 kQ respectively which can also be seen in the
zoomed portion of the plot in the inset. The EIS fitting has also been done
to obtain the equivalent electrical circuit plot and is shown in the inset of
Figure 4b. It is evident from the detailed electrochemical and
spectroscopic studies that the M-doped-ESD displays improved
electrochromic performance and adds supercapacitive properties. The
charge storage property of MXene works as the facilitator in the process
of dynamic doping to improve performance and a supercapacitor with

electrochromic color indicator can be designed.

4.9 Summary and Conclusion

The incorporation of 2D MXene into an EV/P3HT-based electrochromic
device enables multifunctional operation by enhancing color modulation
and adding supercapacitor capability. The MXene-doped system shows
reversible magenta-blue switching with high optical contrast (86%),
coloration efficiency (~340 cm?/C), and stable cycling stability over 200
cycles. It operates effectively in both visible and NIR regions, making it
suitable for smart window applications. Additionally, the device exhibits
color-indicative supercapacitor behavior with longer discharge,
moderate capacitance (1.3 mF/cm?), and efficient charge transfer. The
improvement in the overall performance of the device is due to the
doping of MXene as it is accelerating the transfer of electron from one
electrode to another along with storing the charge. The doping of MXene
in the device provides a viable approach to effectively create a
multipurpose device for energy storage and smart window applications

in real-world scenarios.
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Chapter 5.

Perovskite-Based Asymmetric Organic-Inorganic

Electrochromic Supercapacitor Device.

In this chapter, an organic—inorganic solid-state asymmetric
electrochromic supercapacitor device (ESCD) is presented, based on
nano-CoTiO3/P3HT and WO;3 as two active electrodes. The CoTiOs3 acts
as a pseudocapacitive material, adding energy storage capability while
enhancing electrochromic performance of the ESCD. The device
demonstrates rapid and reversible optical switching, high stability, and
effective near-infrared heat blocking, highlighting its potential as a
multifunctional smart heat-filtering system. This study demonstrates a
viable approach to design a multifunctional electrochromic device for
practical and smart applications. This result has been published in peer-

reviewed international journal®.
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5.1 Nano-CoTiO3/P3HT and WOs-Based ESCDs

Perovskite materials[133], characterized by their ABX3 crystal structure,
have attracted significant attention due to their exceptional optical,
electronic, and ionic properties[ 134]. They have been widely explored in
photovoltaics[135], light-emitting devices[136], sensors[137], and
catalysis[138] because of their high carrier mobility, tunable bandgap,
and structural versatility. In electrochromic devices, incorporation of
perovskites provides strong electrochemical activity, enabling rapid and
reversible color changes under applied bias. Moreover, perovskites
possess high dielectric constants, which enhance their charge storage
capability by facilitating efficient ion accumulation and improved
capacitance. This combination of high dielectric property and redox
activity makes perovskites ideal for doping in multifunctional
electrochromic devices, offering both fast color switching and efficient
energy storage applications. Electrochromic devices (ECDs) based on
organic polymers like P3HT offer high conductivity and complementary
redox activity but often suffer from slow switching and limited stability.
Metal oxides such as WOs provide structural robustness and high
stability but have lower electrochromic efficiency. Organic polymers
like P3HT provide good conductivity and redox activity but suffer from
slow switching, while metal oxides such as WO3 offer stability yet lower
efficiency; combining them synergistically enhances overall
electrochromic ~ performance. = Additional  incorporation  of
pseudocapacitive materials like CoTiO; further accelerates redox
reactions and adds energy storage capability, enabling multifunctional,
fast, and durable electrochromic devices.

5.2 Structural Characterization of CoTiO3 PerovsKkite.

Before fabricating the solid state asymmetric ECD, the prepared CoTiO3

nanoparticles powder by sol gel method (section 2.2.5) has been
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characterized using FESEM techniques to confirm the formation of
nano-CoTiO3 (Figure 5.1a). The morphology of CoTiOs; shows the
formation of ~80 nm sized structures uniformly distributed all over the
surface. The micrograph also shows the presence of macropores which
is crucial for the diffusion of electrolyte ions into the inner surface of
electrode. The formation of CoTiOs clusters was further confirmed from
the TEM micrograph (Figure 5.1b). The TEM image of the CoTiO3 also

confirms the formation of spherical shaped material.
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Figure 5.1: (a) The FESEM image, (b) TEM image, (c) The Raman
spectrums and (b) the XRD plot of CoTiOs.

Further, to verify the structural composition of CoTiO;, Raman
spectroscopy (Figure 5.1¢) and XRD have been done. The Raman modes
detected at 193, 237, 480, 521, 608, 689 cm™ are characteristic peaks of
ilmenite CoTiO3[139], which is further confirmed from the XRD plot
(Figure 5.1d). The XRD plot shows diffraction peaks at 24°, 32.8°,
35.4°, 40.5° corresponds to the (012), (104), (110), (113) planes,
respectively (JCPDS Card No. 77-1373)[140]. Absence of any additional
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peaks in XRD plot indicates the absence of impurity in CoTiO3 which is
a crucial factor for high electrochemical properties.

For the fabrication of devices, WOs3 electrode (synthesized as described
in section 2.3.7) is used as a negative electrode due to its complementary
redox behavior with P3HT. Before being applied to the device, WO3
electrode was used to study its surface morphology and electrochemical
performance. The surface morphology of the WOs electrode was studied
using FESEM showing the uniform deposition of WOs3 film on ITO
substrate (Figure 5.2a). The FESEM micrograph at higher magnification

shows the formation of nano sized flower (inset, Figure 5.2a) of WO3,
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Figure 5.2: SEM micrograph of WOs3 evenly spread all over the ITO
substrate along with nano flower (Inset), (b) The Raman spectrum and
(b) XRD plot of WOs3 film.

The chemical composition of WO;3 have been confirmed using Raman
spectroscopy and XRD (Figures 5.2b) [56]. The Raman spectrum
exhibits two prominent features-one broad peak centered around ~758
cm’! corresponding to the O—W-O stretching vibration and another near

217 cm™' associated with its bending mode (Figure 5.2b). These
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characteristic bands are in close agreement with the reported vibrational
modes of monoclinic WO3, confirming the formation of the intended
oxide phase with good structural integrity.

Further the XRD plot of WO3 film (Figure 5.2¢) displays several distinct
diffraction peaks. The peaks marked with ‘*’ correspond to tungsten
trioxide (WO3), consistent with the JCPDS reference data (File No. 01-
072-1465) [141], appearing at 26 values of 22° (001), 23.4° (110), 25°
(101), 42° (220), and 55° (202) [142]. The broad peak centered at 23.4°
corresponds to the monoclinic phase of WO3 [143]. Additional peaks
marked with ‘#’ are attributed to the underlying ITO layer on the glass
substrate, appearing at 30°, 35°, 50°, and 60° [144]. The coexistence of
clear and intense diffraction peaks along with the characteristic Raman
bands collectively confirms the successful synthesis of a monoclinic

WOs film.
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Figure 5.3: (a) The XRD plot and (b) optical image of CTO-P3HT film.
The spin-coated CoTiOs-doped P3HT (CTO-P3HT) electrode

(synthesized as described in section 2.3.6) has been characterized using
XRD and optical microscopy which has been used to study the surface
morphology of the electrode. The XRD plot (Figure 5.3a) of CTO-P3HT
shows prominent peaks of CoTiO3 at 24°, 32.8° and 35.4°along with ITO
peak at 30.1° corresponding to (222) plane (JCPDS: 71-2194) [145].
Since the CTO-P3HT was coated in the indium doped tin oxide (ITO)-

covered glass substrate, an obvious ITO peak has been seen. Also, the
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polymer does not exhibit a peak on the XRD map, no P3HT peak has
been detected. The optical micrograph of CTO-P3HT electrode shows
the homogeneous distribution of CoTiO3 nanoparticle over the substrate
(Figure 5.3b).

5.3 Electrochemical Measurement of the Electrodes.

To study the electrochemical properties of CoTiOs3, Cyclic voltametery
(CV) in the potential range of -0.5 V to 0.6 V was done at different scan
rates (Figure 5.4) in 1M KOH electrolyte in three-electrode
arrangement. Ag/AgCl as reference electrode, Pt-wire as counter
electrode and CoTiO3 drop casted (10 pul) on GCE as working electrode

were used.
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Figure 5.4: The Cyclic Voltammetry curve of CoTiO3 with bare glassy
carbon electrode and CoTiO3 drop-casted over glassy carbon electrode

and (b) Nyquist plot of CoTiOs,

The CV curve of CoTiO3 shows the presence of reduction peak at -0.05 V
for 20 mV/s scan rate showing the material is redox active and has
pseudo capacitive nature (Figure 5.4a). As increasing the scan rates from
20 mV/s to 200 mV/s the reduction peak gets shifted from -0.05 V to -
0.2 V approximately showing faster intercalation of electrolyte ions,
hence increasing the area under the curve. The presence of pseudo-
rectangular shape of CV curve at negative potential window shows the

charge storage capability which can be used to store charge in
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electrochromic active material. A linear increase in current at positive
potential window was also observed. The high current value in the
positive potential window shows the presence of excess electrons which
can be used to participate in redox activity of electrochromic active
material to enhance its performance. So, the doping of CoTiO; in
electrochromic active material P3HT helps in enhancing the redox
reaction due to the presence of excess electron by adding an extra feature
of charge storage property in electrochromic material P3HT in the
negative potential window. To study the ion diffusion mechanism in
CoTiOs3, electrochemical impedance spectroscopy (EIS) has been done
in the frequency range 100 kHz to 10 mHz at -0.1 V, 0 V and 0.4 V with
20 mV amplitude (Figure 5.4b). Nyquist plot of CoTiOz at -0.1 V in high
frequency range shows the solution-electrolyte contact resistance (Rs) of
value 0.04 kQ with low to negligible charge transfer resistance (R¢¢) due
to absence of semi-circle which increases for the Nyquist plot at 0 V due
to the incomplete redox activity, indicating the pseudocapacitive nature
of nanomaterial at -0.1 V. Also, Diffusion arc in the low frequency range
at -0.1 V indicates redox mechanism and ion transport/interaction in the
electrode-electrolyte interface. The diffusion arc increases from -0.1 V
to 0.4V as the diffusion increases at higher voltage as also expected from
the CV curve. So, from the CV curve and EIS data it is confirmed that
the CoTiOs has pseudocapacitive nature in negative potential window
with high diffusion current value in the positive potential window. The
charge storage nature in negative potential with high current value in the
positive potential makes CoTiO3 a good candidate for doping with P3HT
to have application as supercapacitor, and to further increase its
electrochromic property by fasting the redox activity. Thus, CoTiO;
doped P3HT (CTO-P3HT) is used as positive electrode for the

fabrication of device.
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5.4 Electrochemical Measurement of CTO-P3HT Electrode

To check the electrochemical activity and compatibility of CTO-P3HT
electrode and WOs electrode, CV of CTO-P3HT electrode has been
performed in 0.5M LiClO4 in PC, in the potential window of 1.2 V to -
0.1 V at various scan rates (20mV/s to 200mV/s) (Figures 5.5a). Three
electrode systems consisting of Ag/AgCl as reference electrode, Pt-wire
as counter electrode and CoTiO3 doped P3HT/ WOs electrode as working

electrode has been used for this purpose.
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Figure 5.5: (a) Cyclic voltammetry at different scan rates (Inset: actual
images) and (b) Nyquist plot at 0V of CTO-P3HT electrode

Initially, the above-mentioned P3HT electrode with incorporated
CoTiOs appeared magenta in color (0V) which turns to light blue color
with an applied bias (1.2V) (inset, Figure 5.5a). The magenta
appearance of the CTO-P3HT electrode is purely due to the natural shade
of P3HT. Consequently, when no bias is applied to the CTO-P3HT
electrode it appeared magenta (a natural color of P3HT). However, when
an external bias of 1.2V is applied to the CTO-P3HT electrode it changes
its color from magenta to light blue due to the necessary redox reaction
taking place on the electrode, which causes the occurrence of polaronic
state of P3HT. The color change of electrode is solely due to the
electrochromic active material (P3HT). No influence in the color change

was observed due to the doping of CoTiOs, as it is not electrochromic
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active material. The doping of CoTiO3 was done to enhance the
electrochromic property by fasting the redox reaction and to add the
charge storage property due to the pseudocapacitive nature of CoTiOs.
In CV curve of CoTiO3 doped P3HT electrode (Figure 2a), the presence
of redox peak indicates redox active nature with oxidation and reduction
peak at around 0.7 V and 0.8 V respectively at 20 mV/s scan rate. The
high area under the CV curve indicates more intercalation of electrolyte
ions on the electrode surface confirming its charge storage capability.

Further to confirm the charge storage capability of CTO-P3HT electrode,
EIS was performed (Figure 5.5b) at OV in the frequency range 100 kHz
to 10 mHz with 5 mV amplitude, which shows linear increase in graph,
indicating pseudocapacitive nature which is in accordance with the CV
curve (Figure 5.5a). Further the dominance of diffusion controlled and
surface capacitance was evaluated using Dunn’s power-law relationship

Eq. 5.1:
i = av®, (5.1)

where Z» s the peak current at particular voltage, »is the scan rate, a and
b are adjustable constants. The value of b = 0.44 for CTO-P3HT
electrode at 0.8 V indicates the dominance of the diffusion-controlled
process (Figure 5.6). The dominance of diffusion-controlled process
enables faster movement of ions from electrolyte to electrode indicating

the high electrochromic performance of electrode.
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graph of CTO-P3HT electrode.

To further evaluate the charging discharging property of electrode,
Galvanostatic charge-discharge (GCD) has been done at various current
densities (Figure 5.7a). The electrode takes 20 s to completely charge
whereas 127s was required to completely discharge it at a current density
of 0.1 mA/cm? indicating a high coulombic efficiency. The non-linear
decrease in potential with time under the bias of external current
confirms the pseudocapacitive nature of electrode. The specific
capacitance has also been calculated using Eq. 1.3. The specific
capacitance calculated from GCD plot has value 11.5 mF/cm? for 0.1

mA/cm? current density (Figure 5.7b).
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5.5 Electrochemical Measurement of WQO3 Electrode

Additionally, to check the compatibility of WO3 electrode with CTO-
P3HT, the CV curve of WOs3 film has been recorded in the electrolyte
containing 0.5M HSOs, in the potential range of 0.5 V to -0.5 V
respectively at various scan rates (20mV/s to 200mV/s) (Figures 5.8).
Three electrode systems consisting of Ag/AgCl as reference electrode,
Pt-wire as counter electrode and CoTiO3 doped P3HT/ WOs electrode as

working electrode has been used for this purpose.
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Figure 5.8: (a) Cyclic voltammetry at different scan rates (Inset: actual
images) and (b) Nyquist plot at 0V of the WO3 electrode.

Afterward, the WOs electrode synthesized using electrodeposition
method, was used to study the electrochemical behavior in 0.5M H2SO4
in three electrode system as mentioned earlier. The WO; electrode
appeared transparent under unbiased condition (0 V) and changes color
to a dark blue when a field is applied (-0.5 V) (inset, Figure 5.8a). The
change in color from transparent to blue is due to the redox reaction
taking place on the WOs3 electrode. The CV curve of the WOs (Figure
2b) electrode shows redox peaks at 0.15 V and -0.1 V at 200 mV/s which
confirms the redox active nature. The redox activity of WO3 electrode is
due to insertion and extraction of H" ion from electrolyte to WO3
electrode which is given by the following equation:

WO;+ne  +nH* o H,WO; , 4.1)
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The apparent high area under the CV curve of WO3 predicts the high
charge storage capacities due to intercalation of electrolyte ions on the
electrode surface which further increases with scan rate. To further
confirm the charge storage properties of WOs3 electrode, EIS was
performed (Figure 5.8b). The linear increase of resistance in low
frequency region indicates pseudocapacitive nature as also expected

from the CV curve of WO:s.
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Figure 5.9: Logarithmic peak current distribution as a function of
logarithmic scan rate for WOs3 electrode.

Additionally, the dominance of diffusion controlled- and surface-
capacitive current was further evaluated for WO;3 film using Eq. 5.1
(Figure 5.9) which helps in finding the value of b which in turn helps in
inferring the above dominance. The value of b = 0.88 for WO3 electrode

at -0.15 V indicates the dominance of surface capacitance.
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Figure 5.10: (a) Charging/discharging curves with increasing current
densities and (b) corresponding Specific Capacitance vs Current density
graph of WO3 electrode.

To determine the charging discharging properties of WO3 electrode,
GCD tests have been taken at various current densities (0.5mA/cm? to
3mA/cm?). This data shows that discharging takes more time than
charging the WOs electrode. The WO3 electrode takes ~ 38 s to charge
and ~74 s to discharge completely at 0.5 mA/cm? (Figure 5.10a),
indicating high coulombic efficiency of the WOs electrode. The specific
capacitance (Figure 5.10b) has been calculated using Eq.1.3 with
various current densities from the GCD plot of the WOs electrode. These
calculations show a maximum capacitance of 53 mF/cm? at 0.5 mA/cm?
current density. From the above discussion of the two electrodes, it is
confirmed that WO; and CTO-P3HT electrode have complementary
optical properties with complementary redox activity and showing a
pseudocapacitive nature, which confirms that CTO-P3HT and WOs
electrodes have excellent compatibility for the fabrication of device. In
addition, the dominance of diffusion-controlled process in CTO-P3HT
electrode and dominance of surface capacitance with pseudocapacitive
nature can enhance the electrochromic performance along with the
supercapacitive nature. So, with the help of these two electrodes, a solid

state asymmetric electrochromic supercapacitor device (ESCD) can be
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fabricated and is expected to have charge storage capacity with high
electrochromic performance.

5.6 Optical Study of the CTO-P3HT Electrodes

To study optical properties of CTO-P3HT electrode in two electrode
system using CTO-P3HT electrode and Pt- wire as two electrodes in 0.5
M LiCIO4 in PC, the bias dependent spectro-electrochemistry of CTO-
P3HT electrode has been taken. Initially the color of electrode was
magenta owing to natural color of P3HT (0 V, initial state). After the
application of 1.4 V, the CTO-P3HT electrode changes its color from
magenta to light blue as P3HT goes to bipolaronic state[146] by losing
electrons, called as bleached state. Again, when reverse bias of -1.4 V is
applied it regains its original color that is magenta (colored state),
revealing high color reversibility of the CTO-P3HT electrode (inset
Figure 5.11a). The same has been verified from the in-situ biased
dependent transmittance spectra of CTO-P3HT electrode. Initially the
electrode absorbs green color thus transmitting magenta color
(combination of red and blue), giving low transmittance value in the
green region (Figure 5.11a). Under the external bias (1.4 V), the overall
transmittance of electrode increases, or transmits all the color
wavelengths implies the transparent to light blue color of the CTO-P3HT
electrode. On reversing the potential (-1.4 V), the transmittance spectra
of CTO-P3HT electrode retraces its initial curve confirming the
reversibility of electrode. The maximum change in the transmittance of
CTO-P3HT electrode was measured using color contrast (CC) which
was achieved at 515 nm, which is calculated using the Eq. 1.1. The color
contrast of v46 % under an external bias of = 1.4 V was observed with
color modulation (T, —Tf) of 15%. The fact that CoTiO; is not
transparent and electrochromic active results in a little reduction in color

contrast.
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Figure 5.11: (a) In-situ transmittance spectra of CoTiO3 doped P3HT
electrode under an external bias of + 1.4 V (b) single switching cycle of
CoTiOs3 doped P3HT electrode and (c) cyclic stability at 515 nm.

The rate at which the CTO-P3HT electrode is changing color was
studied using switching mechanism of the electrode (Figure 5.11b),
under an external pulse of +1.4 V, and corresponding absorbance spectra
has been taken at 515 nm. The electrode takes 0.7 s to switch from light
blue state to magenta state (coloration time) and it takes 0.9 s to switch
back from magenta to light blue state (bleaching time) at 90 % of
maximum transmittance change. Switching time of less than a second
represents a fast color switching of the CTO-P3HT electrode, which
make it a good candidate for the fabrication of device. To study the
switching stability of the CTO-P3HT electrode, a square pulse of +1.4
V was applied in an interval of 5 seconds of each polarity for 100
switching (500 s). The electrode shows excellent cyclic stability over
100 switching without much change in the transmittance value (Figure

5.11c¢). The excellent electrochromic properties of CTO-P3HT electrode
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with charge storage properties shows its ability to be a potential
electrode candidate for the application of electrochromic supercapacitor.
5.7 The Fabrication of Asymmetric EC Supercapacitor Device
(ESCD) by Doping CoTiO3

Owing to high electrochemical and optical properties of CTO-P3HT
electrode with excellent compatibility with WO;3 electrode, an
asymmetric electrochromic supercapacitor device (ESCD) has been
fabricated (section 2.5.1.4). The CTO-P3HT was chosen as a positive
electrode, and WOs3 as negative electrode for device fabrication using a
flip chip method as discussed in the experimental section 2.5.1.4. The
fabricated structure of solid-state asymmetric ESCD obtained was
"ITO/CTO-P3HT // WO3/ITO", by sandwiching PEO gel containing 1M
LiClO4 in PC between the two electrodes aligned as schematic shown in
Figure 5.12, along with the actual photographs of the device in ON and
OFF state. The PEO gel containing 1M LiClOg4 in PC is transparent in
nature due to its application in electrochromism by creating a channel for
electron transport from one electrode to another which is important for
redox reaction to occur.

Initially, identical to the electrode (Figure 2) the color of the device is
magenta due to the transparent nature of WO;3 and magenta color of
P3HT in its initial state (0 V). Under the external bias of 1.6 V, the device
changes its color from magenta to blue, due to the electrode containing
CoTiOs in the P3HT matrix loses its electrons and goes to a bipolaronic
state, resulting in change of color from its initial magenta color to blue.
At the same time, the electrode containing WO3 changes its color from
transparent to blue by gaining the electrons donated by the P3HT matrix,
resulting in a reduction of W6 to its reduced W>" state, depicting the

overall color of device as blue (inset, Figure 4b).
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Figure 5.12: Schematic of the fabricated ESCD.

5.8 Optical Study of the Fabricated EC Supercapacitor Device
(ESCD)
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Figure 5.13: In-situ biased dependent transmittance spectra of the device
at initial, on and off state with actual photographs (a) in visible range (b)
in NIR range.

Owing to the gradual change in optical properties of device ESCD, in-situ
biased dependent tranmittance spectra has been recorded to study the
optical change in ESCD under an external bias of £1.6 V. Initially the
device is in magenta color which was confirmed using tranmittance
spectrum (Figure 5.13a), under an bias of +1.6 V the color of device
changes from magenta to dark blue due to transmitting all wavelength as
can be understood from almost purple flat line. On reversing the bias, the

device regains its magenta color, as P3HT comes back to its neutral state
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while at the same time WOs3 get oxidised re-establishing its orginal W (V1)
state

The maximum change in transmittance of 11.2% occurs at 515 nm in the
visible range, corresponding to the color contrast value of 50.5%,
calculated using Eq. 1.1. The high color contrast of device is due to the
complemetary redox active nature of device with complementary color.
In addition to that, the maximum change in transmittance was also
observed at 700 nm and 850 nm (NIR region), giving the value of AT as
20% and 19.7% respectively (Figure 5.13b). The high transmittance
change at 850 nm indicates the possible application as heat filter, as the
device is blocking the heat in ON state and transmitting heat in OFF state.
The switching dynamics of device was studied by applying continous
square pulse of £1.6 V and corresponding absorbance spectra was
recorded at 515 nm, 700 nm, and 850 nm. The coloration time (blue to
magenta) and the bleaching time (magenta to blue) was calculated at 90%
of its maximum change and is found to be 0.8 s and 1.8 s respectively at
515 nm (Figure 5.14a). On the other hand the device takes 1s for
coloration time and and 3 s for bleaching time at 700 nm (Figure 5.14b),
and 1.5 s for absorbing and 2.2 s for transmitting 90% of its maximum
absorbance change at 850 nm (Figure 5.14¢).

The coloration efficiency is one of the crucial factors to quantify the
performance of electrochromic devices. The coloration efficiency (7., ) of
the prepared device is calculated by the Eq. 1.2. The n., was found to be
166 cm?/C, 91cm?/C and 80 cm?/C at 515 nm (Figure 5.15a), 700 nm
(Figure 5.15b), and 850 nm (Figure 5.15¢) respectively. The
coressponding Q value has been calculated from current density response
of device under an external pulse train of £1.6 V (Figure 5.15d), an
excellent current stability was observed. The low coloration efficiency of

device was due to the charge storage capability of the device (being charge
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stored at denominator in formula) which also validates the conclusion

drawn from the electrochemical properties of the electrodes .
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Figure 5.14: Single switching cycle of colored and bleached state of the
device at (a) 515 nm, (b) 700 nm and (c) 850 nm.

For the application purpose the device should show good stability and

switchability under the external stimuli, the cyclic stability of the solid

state asymmetric ESCD is the measure of how effectively it can switch

between the two color and for how many cycles. The stability of device

at 515 nm has been measured by applying a continous pulse of +1.6 V in

an interval of 5 s each polarity for 200 pulses (1000 s) (Figure 5.16).
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Almost constant change in absorbance spectra in cycle life of solid state
asymmetric ESCD except a little change in the beigining where the
devices encounters a bit initial chemical modifications and remains

almost constant afterwards.
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Figure 5.15: Coloration Efficiency of ESCD at (a) 515 nm, (b) 700 nm
and (c) 850 nm and (d) Current vs time vs potential plot.

Further cycle stability for 700 nm (Figure 5.16b) and 850 nm (Figure
5.16¢) has been measured by applying a square pulse of +£1.6 V in an
interval of 5 s each polarity for 80 switching (700 nm) and 70 switching
(850 nm) respectively. The device shows remarkable stability at both 700
nm and 850 nm, keeping change in absorbance constant even after
continious use for 80 and 70 switchings. The high cyclic stability of the
shown device might be due to the integration of CTO-P3HT polymer
matrix which acts as an electron donor at positive applied potentials. It is
worth mentioning here that absorbance of the device decreases (keeping

change constant) is due to the charge storage capability of CoTiOs
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integrated into P3HT and WOj3 electrodes as also predicted earlier by CV

analysis of electrodes.
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Figure 5.16: Cycle life of ESCD at (a) 515 nm, (b) 700 nm and (c) 850
nm.

5.9 Charge Storage Property of the ESCD.

As mentioned above, both the chosen electrode shows supercapacitive
properties, therefore the charge storage property of device has been
investigated using the electrochemistry. To study the charge storage
dynamics of the fabricated ESCD, CV was obtained (Figure 5.17) at
various scan rates (20 mV/s to 200 mV/s) in potential range of 1.6 V to
0 V. A proportionality between the current and the scan rate was
observed, which implies that the electrolyte ions can easily access the
active material. The CV curve of the device also shows redox peaks
indicating the pseudocapacitive nature. The high area under CV curve

indicates the charge storage capability of the ESCD.
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Figure 5.17: Cyclic voltammetry of the device at different scan rates
(20mV/s to 200mV/s).

The dominance of diffusion controlled, and surface capacitance was
further calculated at various potential (Figure 5.18a- 5.18¢) using Eq.
5.1. The value of b = 0.44 and b= 0.43 at 0.8 V and 1.4 V respectively,
indicates the dominance of diffusion-controlled process while charging.
The dominance of diffusion-controlled process while charging indicates
faster charging. Similarly, the value of b=0.94 at 0.8V while discharging
indicates the dominance of surface-controlled process. The dominance
of surface capacitance while discharging indicates supercapacitive
nature of device.

Further the overall contribution from diffusion-controlled and surface

capacitance is calculated using the Dunn method (Eq. 5.2) as below-
1
ip = klv + k2U2, (52)

1
where k,v and k,vz represent the current response for surface
capacitance and diffusion-controlled contributions respectively.The
value of ki = 0.816 and ko = 0.066 is calculated from the slope and

12

intercept value respectively from the graph of graph ip/v'’? v/s v plotted

at 0.8 V for discharging process (Figure 5.18d). On putting the values
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of k1 and k2 in Eq. 5, it is found that 64% of maximum current

contributes to the surface capacitance at low scan rate of 20 mV/s which

increases to 85 % at 200 mV/s (Figure 5.19).
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The charging/discharging mechanism of the ESCD has been studied
using GCD profile in the potential range of 0 V to 1.4 V (Figure 5.20a)
at various current density. The ESCD gradually changes its blue state to
magenta under discharging and regain its blue state quickly while
charging. The GCD plot shows that the ESCD is taking more time to
discharge compared to charging, indicating the high columbic efficiency
of the ESCD. The ESCD takes only ~8 s to completely charge whereas
it takes ~45 s to get completely discharged, which decreases at higher
current densities indicating the faster charging and discharging
mechanism at high current density as expected. The specific capacitance
of ESCD has been calculated using Eq. 1.3, resulting in a maximum
specific capacitance of 6.4 mF/cm? at 0.2 mA/cm? which decreases to
0.8 mF/cm? at 0.6 mA/cm? (Figure 5.20b). As increasing the current
density there is a gradual decrease in specific capacitance of the ESCD,
which also proves pseudocapacitive nature of the device. The specific
capacitance of the here presented ESCD is comparable to perivously
reported devices with similar active materials (Table 5.1), showing

appreciable results .
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Figure 5.20: (a) charging/discharging curve of ESCD and (b) varying
specific capacitance value with energy density vs power density graph.

Further energy density (E) and power density (P) (inset Figure 5.20b)
of the ESCD has been calculated at various current densities using the

Eq. 1.7 and 1.8. The maximum energy density of the ESCD is 6.3
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mWh/cm? at a power density of 500 mW/cm? was observed, whereas the
maximum power density of 1500 mW/cm? was observed which is also
comparable with fabricated devices of a similar type. The high charge
storage property along with high energy density is due to the capability
of device to strore charge in both positive and negative bias. When
+1.6V (Positive bias) is applied to the ESCD, such that CTO-P3HT
electrode gets +1.6V and WOs electrode gets -1.6V, so WOs electrode
acts as charge storage electrode as WO3 has property to store charge in
negative region (figure 2b). When negative bias (-1.6V) is applied to the
ESCD, WOs electrode getting +1.6V and CTO-P3HT electrode getting -
1.6V. Under negative bias, CTO-P3HT electrode acts as charge storage
electrode due to the charge storage property of CoTiOs3 in negative
region. Thus, making the devcie a good candidate for real life
application.

Table 5.1: Comparison of various already reported electrochromic

supercapacitor device.

S.No. Capacitor Electrolyte Specific Reference

Combination Capacitance
(mF/cm?)

1 P3HT|PVA- H>SO04 0.91 Kasana et
H>SO4P3HT al[147]

2 P3HT|EC- LiClO4 2.98 Kasana et
PCLiClO4/P3HT al[147]

3 P3HT:PCBM/NiAl KOH 1.22 Momodu
-LDH-GF et al[148]
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Considering the above discussion, it is obvious that the fabricated solid

state asymmetric ESCD "ITO / CTO-P3HT// WO3/ITO", shows

appreciable electrochromic performance along with super capacitive

nature. The doping of CoTiOs in P3HT electrode plays a crucial role in

charge storage capability of the device making its application as super

capacitor along with the easy transport of charge improving the

performance of solid state asymmetric ESCD. The solid state asymmetric

ESCD shows good value of color contrast in three wavelengths, visible

(515 nm & 700 nm) and NIR (850 nm), making it multiwavelength

switching solid state asymmetric ESCD, and since it shows good change
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in transmittance value in NIR region can have application as heat filter.
So, due to the doping of CoTiOs3 in the solid state asymmetric ECD, the
device shows multifunctional properties, as it has the ability to store
charge and also shows satisfactory electrochromic properties.

5.10 Summary and Conclusion

A multifunctional solid-state electrochromic supercapacitor (ESCD) was

developed by integrating nano-CoTiO3; with P3HT and WO:s to achieve

enhanced  electrochromic  and  supercapacitive  performance.

Electrochemical analysis confirmed the pseudocapacitive nature of

CoTi0;, facilitating efficient charge storage and electron transport. The

ESCD exhibited reversible color switching between magenta and dark

blue under an applied bias of +1.6 V, showing a fast coloration and

bleaching time with a color contrast of about 50% at 515 nm.

Additionally, strong absorption in the NIR region (700-850 nm)

indicated its heat-filtering capability. The ESCD also shows a maximum

specific capacitance of 6.4 mF cm at 0.2 mA cm™ with high coulombic

efficiency and stable charge—discharge behavior. Overall, the

incorporation of CoTiO; effectively enhanced both electrochromic and

supercapacitive functions, making the device promising for energy-

saving smart window applications
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Chapter 6

Carbon Materials Based Asymmetric

Electrochromic Supercapacitor Devices

This chapter highlights how charge storage mechanisms govern the
design of high-performance, application-specific devices. Although
belonging to same carbon-based family, graphene (Gr) and graphene
oxide (GO) exhibit distinct electrochemical behaviors. DFT-optimized
Gr and GO nanoflakes were doped into NiO to develop electrochromic
supercapacitors. GO-NiO shows diffusion-controlled charge storage
with effective color modulation, enabling a color-indicative
supercapacitor, while Gr-NiO exhibits a surface-controlled mechanism,
allowing ultrafast color switching. Tailored carbon doping in NiO thus
merges energy storage with real-world electrochromic functionality for
multifunctional smart devices. This result has been published in peer-

reviewed international journal®.
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6.1 The Family of Carbon: Graphene (Gr) and Graphene Oxide
(GO)

Carbonaceous materials, including graphene (Gr), graphene oxide (GO),
carbon nanotubes, MXene, and reduced graphene oxide, exhibit high
electrical conductivity, large surface area, and hierarchical pore
structures[155], making them widely wused in electrochemical
applications such as hydrogen and oxygen evolution reactions,
photocatalysis[156], electrochromic windows[157], batteries[158], and
supercapacitors[159]. Among these, 2-D carbon materials like Gr and
GO are particularly attractive for charge storage due to their excellent
conductivity, abundant active sites, tunable surface chemistry, and
ability to support both surface- and diffusion-controlled charge storage
mechanisms. However, the limited energy storage capacity and non-
redox activity of carbon-based materials restricts their potential as
electrode material in supercapacitors. These issues can potentially be
addressed by combining NiO with appropriate forms of carbon.
Furthermore, integrating these materials into heterostructures is expected
to enhance energy storage, charge-discharge kinetics, and cyclic stability
in EC and Supercapacitor devices (ECSCD).

6.2 Theoretical Optimization of Gr and GO.

Prior to doping of graphene (Gr) and graphene oxide (GO) in NiO
experimentally, the molecular geometry of Gr and GO (Figure 6.1a &
6.1b) has been optimized theoretically. The molecular electrostatic
potential (MEP) contours were plotted using the optimized geometry of
Gr and GO to predict the high intercalation zones for positive and negative
ions (Figure 6.1c and 6.1d). The high intercalation zones for positive and
negative ions are indicated by the red and blue color parts in the MEP plot,
respectively, with a decrease in potential value as moving from blue to red

color region.
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Figure 6.1: Optimized molecular geometry (a,b) and corresponding
molecular electrostatic potential (MEP) plot (c,d) of graphene (Gr) and
graphene oxide (GO). Cross sectional view of MEP is shown in
corresponding insets.

The blue color region of the MEP plot will preferably be attacked by
negative ions (OH"), whereas the red color region will be attacked by
positive ions (K*, and Ni?"). In the case of Gr, the high intercalation sites
for OH ions are in the bulk of the material (blue region, Figure 6.1c),
whereas for GO, the potentially high intercalation sites are at the bulk as
well as on the edges (blue region, Figure 6.1d). For additional clarity, the
cross-sectional views of the Gr and GO are also displayed (insets Figure
6.1c & 6.1d). It is worth mentioning here that the potential values for the
GO molecule in the MEP plot are higher, indicating a greater intercalation
of electrolyte ions, favoring diffusion diffusion-controlled charge storage
mechanisms compared to Gr. The low potential values for Gr in the MEP
plot indicate that less energy (or potential) will be required to
intercalate/de-intercalate the electrolyte ions, implying a faster redox

mechanism and surface-controlled charge storage mechanism. Hence,
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high charge storage capability in the case of GO-NiO is expected, whereas

faster redox switching is expected in the case of Gr-NiO.

6.3 Structural Characterization of Gr and GO Nanoflakes.

To confirm and utilize the above prediction, Gr and GO were synthesized
using the recipe mentioned in the experimental section (section 2.2.6). The
synthesized materials were first characterized using FESEM and Raman
spectroscopy (Figures 6.2a & 6.2b). The FESEM shows the nano-flake-
like morphology of both the materials (Figure 6.2a). The presence of G
and D bands at 1570 cm™! and 1325 cm™! for Gr and 1570 cm™ and 1326
GO[55] (Figure 6.2b).

GO

Intensity (a.u.)

1000 - 12I0|gan;an1:|l?i(f)t (c.m_11)6l00 - 1800
Figure 6.2: The FESEM micrographs of (a) Gr, (b) GO and Raman
spectra of Gr and GO.

Following the successful synthesis of Gr and GO, it was doped in the NiO
precursor solution, and the electrodes of NiO (undoped), Gr-NiO (Gr
doped NiO) and GO-NiO (GO doped NiO) were prepared as mentioned
in the experimental section (section 2.3.8). The FESEM image of NiO

(Figure 6.3a) shows a nano-grain-like morphology with enough pores
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uniformly distributed over the substrate. The grains are of NiO as
confirmed using the Raman spectrum (inset, Figure 6.3a) where the peaks
~460 cm™ and ~558 cm’! correspond to the one phonon transverse optical
(TO) and longitudinal optical (LO) modes respectively, and the other
peaks ~783 cm™! and ~1104 cm™! correspond to the two phonon TO and
LO modes respectively[160]. Similarly, the FESEM images of the Gr-
NiO (Figure 6.3b) and GO-NiO (Figure 6.3¢) electrodes also show the
nano-grain-like morphology with sufficient porosity for intercalation of
electrolytic ions, consistently distributed over the FTO-coated glass

substrate.

Figure 6.3: The FESEM micrographs along with Raman spectra in insets
(a) NiO electrode, (b) Gr-NiO electrode, (c) GO-NiO electrode, elemental
mapping images of NiO electrode (d, e), Gr-NiO electrode (f-h), GO-NiO
electrode(i-k). The HRTEM microscopic images of (1) NiO, (m) Gr-NiO,
and (n) GO-NiO electrodes.

Further the successful doping of Gr and GO in NiO was confirmed using
the Raman spectroscopy (insets, Figures 6.3b & 6.3¢). The peak at around
489 and 755 cm™! in the Gr-NiO electrode (inset, Figure 6.3b), and 492
cm’! in the GO-NiO (inset, Figure 6.3c¢), reflects the presence of the NiO

matrix. The peaks at 1321 and 1570 cm™! in Gr-NiO (inset, Figure 6.3b),
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and 1332 and 1576 cm™ in GO-NiO (inset, Figure 6.3c) are the signature
peaks of D and G bands, confirming the successful doping of GO and Gr
in NiO as desired. The absence of other peaks indicates the high purity of
the fabricated clectrodes. Furthermore, to demonstrate the uniform
distribution of Ni, O and the dopants, the elemental mapping of the
electrodes NiO (Figures 6.3d & 6.3¢), Gr-NiO (Figure 6.3f, 6.3g & 6.3h)
and GO-NiO (Figure 6.3i, 6.3j & 6.3k) were done. The EDS spectra
confirm the presence of Ni, O, and the presence of C in Gr-NiO and GO-
NiO electrodes confirms the effective doping of Gr and GO in NiO. The
morphologies of NiO, Gr-NiO, and GO-NiO were further validated by the
high magnification HRTEM images (electrodes were sonicated in 0.5 ml
DI water and drop-casted over the grid). The HRTEM images of NiO
(Figure 6.31) confirm the nano-grain microstructure, while the HRTEM
images of Gr-NiO (Figure 6.3m) and GO-NiO (Figure 6.3n) reveal the
flake-like microstructure.

Afterward, the presence of characteristic elements and the oxidation states
in the as-prepared electrodes were investigated using XPS (Figure 6.4).
The full survey spectrum reveals the presence of C 1s, O s, Ni 2p3/2 and
Ni 2pin2 NiO, Gr-NiO, GO-NiO electrodes (Figure 6.4a). The high-
resolution Ni 2p spectrum (Figure 6.4b) displays two main peaks at 855
and 871 eV corresponding to the Ni 2p3,2 and 2p12 respectively due to the
spin-orbit coupling[161]. The major peak at binding energy (BE) 855 eV
was deconvoluted into two peaks at 853.8 and 856 eV, indicating that NiO
exist in both Ni** and Ni** states. Another major peak at 873 eV was
further deconvoluted into two peaks at 871.1 and 874 eV, suggesting the
presence of identical Ni** and Ni** states in NiO[162]. The satellite peaks
appear at 860.6 and 856 eV corresponds to Ni 2ps.2, and at 8§78.5 and 881.8
eV corresponds to Ni 2pi state. The high-resolution spectrum of O 1s

shows major peaks at BE values of 529, 531 and 532.6 eV attributed to
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the Ni-O bond, Ni(OH), and H>O bonds in NiO electrode

respectively[163].
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Figure 6.4: (a) XPS survey scan spectrum of NiO, Gr-NiO, GO-NiO
electrodes confirming the characteristic elements, High resolution XPS

spectra from (b, ¢) NiO, (d-f) Gr-NiO and (g-1) GO-NiO electrodes.

The high resolution XPS spectra were also recorded for the Gr-NiO
(Figures 6.4d-6.4f) and GO-NiO (Figures 6.4g-6.4i) electrodes. The
major peaks present at 854 eV (deconvoluted into peaks at 853.8 and 856
eV attributed to Ni** and Ni*" state), and BE 855 eV (deconvoluted into
Ni®" and Ni*" state-attributed peaks at 854.2 and 856.1 eV) in the Gr-NiO,
and GO-NiO electrodes correspond to the Ni 2p3, (Figures 6.4d & 6.4g).
Similarly, the peaks at 873 eV (again deconvoluted into peaks at 871.5
and 873.7 eV attributed to Ni** and Ni*" state), and 873.6 eV
(deconvoluted into Ni** and Ni*" state-attributed peaks at 872 and 873.9
eV), in the Gr-NiO, and GO-NiO electrodes correspond to Ni 2pi2. The
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satellite peak for Ni 2p3> is positioned at 860.8 and 864.8 eV for Gr-NiO,
and 860.6 and 863.6 eV for GO-NiO, while for Ni 2p1,2 they are positioned
at BE 878.5 and 881.5 eV for Gr-NiO and GO-NiO electrodes. In the high-
resolution spectra of O 1s (Figures 6.4e & 6.4h), the peaks positioned at
529.2 and 531 eV for Gr-NiO and peak at 529 and 531.4 eV for GO-NiO
corresponds to Ni-O, NiOH. One additional peak in GO-NiO at 532.6 eV
corresponds to H>O bonds. The high-resolution spectra of C 1s (Figures
6.4f & 6.4i), three characteristic peaks appeared at 284.8, 286.3, 288.4 eV
for Gr-NiO, and 284.7, 286.2 and 288.4 eV which corresponds to the sp?
C, epoxide and C=0 bonds respectively[55].

6.4 Electrochemical Measurement of the Electrodes

The prepared electrodes of NiO, Gr-NiO, and GO-NiO were tested to
check their electrochemical performances in the three-electrode
electrochemical setup using 2M KOH as electrolyte (Figure 6.5a). The
electroactive electrodes namely NiO, Gr-NiO and GO-NiO as working
electrode (W.E.), Ag/AgCl as reference electrode (R.E.) and Platinum
wire as counter electrode (C.E.). The cyclic voltammetry was performed
in the potential range of -0.1 to 0.7 V at various scan rates of 5 to 50
mV/s. The comparative cyclic voltammetry (CV) curves of the NiO, Gr-
NiO and GO-NiO electrodes (Figure 6.5b) were recorded at 10 mV/s
scan rate. The presence of a redox couple and a large area in the CV
curve of all three electrodes indicates pseudo-capacitive type charge
storage property of the materials. The NiO and Gr-NiO electrodes show
a notable redox couple at 0.4V and 0.28V, while the GO-NiO electrode
shows more prominent peaks at 0.44V and 0.21V. The higher area under
the CV curve for GO-NiO suggests its high charge storage capacity likely
due to the presence of more electroactive surface area in GO, assisting
more intercalation and deintercalation of electrolyte ions on the electrode

surface, as also predicted from the theoretical MEP plots of Gr and GO.

138



Chapter 6
The CV curves at various scan rates (5 to 50 mV/s) for the NiO, Gr-NiO,

and GO-NiO (Figures 6.5¢-6.5¢) electrodes show an increase in area with
increasing scan rate, as an indication of fast ion intercalation on the
electrode surface at high scan rates. Additionally, the electrodes' shows
a reversible color change to a dark state when completely oxidized (high
potential) and return to its transparent form when completely reduced
(low potential) which makes it eligible for application in color-indicating

supercapacitor devices as has been discussed later.
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Figure 6.5: (a) Schematic of the electrochemical arrangement, (b)
comparative CVs of all the electrodes, scan rate dependent CV curves of
(¢) NiO, (d) Gr-NiO and (e) GO-NiO electrodes.

To understand the charge storage mechanism in all the electrodes, the
log (current density, J) vs log (scan rate, v) was plotted using Dunn’s

power law (Eq. 6.1) method.
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i = av®, (6.1)
here, the i,, and v represents the peak value of current density and scan
rate respectively, a and b are constants. The value of b indicates the
dominance of charge storage mechanism (diffusion or surface
controlled). The value of b has been obtained from the slope of log(J) v/s
log (v) curve (Figure 6.6a). The computed values of b for the NiO and
Gr-NiO electrodes were obtained to be 0.84 and 0.88, respectively,
demonstrating surface-controlled behavior. A higher b value for Gr-NiO
electrode is due to the doping of Gr which has an EDLC type nature. On
the other hand, the calculated b-value for the GO-NiO electrode is 0.62,
suggesting the dominance of an exceptional diffusion-controlled
mechanism. To further analyze the relative contribution of diffusion and
surface-controlled mechanisms toward total capacitance, Dunn’s method

was utilized, and Eq. 5.2 was applied.

i, = kv + kv'/?, (5.2)
where k,;v and k,v'/? are the contribution to total capacitance indicating
capacitive and diffusive controlled capacitance. It was observed that for the
GO-NiO electrode the diffusion- and surface-controlled capacitance
contributions were 81% and 19% at 10 mV/s, respectively (Figure 6.6b).
The contribution of diffusion-/surface-controlled capacitance for NiO
(Figure 6.6¢) and Gr-NiO (Figure 6.6d) electrodes was estimated to be
59%/41% and 67%/33% respectively, at a 10 mV/s scan rate.

140



Chapter 6

15 [ Ditfusion C: [ surface
(@) ]o.s40.s8 (b)=
0.62
1.0 -
3
@ 0.5~
|
0.0 -
5 10 20 30 40 50
Scan rate (mV/s)
() 100 - (d) 100 I st

-2} -]
o o
1 1

&
&

N
o
1

Capacitance Contribution (%)
nN
o

Capacitance Contribution (%

‘ ‘ | | ‘My | 76%

5 10 20 30 40 50 5 10 20 30 40 50
Scan rate (mV/s) Scan rate (mV/s)

o
1
o

Figure 6.6:(a) logarithmic plot of the current density v/s scan rate for all
the electrodes (b) capacitive contribution plot of GO-NiO electrode, (c)
NiO and Gr-NiO (d)

The electrochemical impedance spectroscopy (EIS) was done to analyze
the diffusion of electrolyte ions on the electrode/electrolyte interface
(Figure 6.7a). The electrochemical impedance spectroscopy was carried
out in the frequency range of 10kHz to 10mHz at 0.35V. Here, the Nyquist
plot of GO-NiO electrode shows an impedance line that is more toward
the real impedance axis than the NiO and Gr-NiO electrodes, indicating
that dominance of diffusion-controlled type charge storage. While the
Nyquist plot of NiO and Gr-NiO is more towards the imaginary
impedance axis, reflecting more of a surface-controlled type charge
storage mechanism, which is consistent with the above-discussed charge
storage mechanism using Dunn’s method. The value of solution resistance
and charge transfer resistance in the higher frequency region have been

evaluated (Table 6.1).
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Table 6.1: Collective values of solution resistance (Rs) and charge transfer

resistance (R¢) for all three electrodes.

Electrodes R (2) Rt ()
NiO 25 0.3
Gr-NiO 229 0.3
GO-NiO 45.8 2.1

It is worth mentioning here that the charge transfer resistance (Rc) is 0.3
Q for NiO and Gr-NiO but its value is 2.1 Q for GO-NiO. This difference
might be due to the agglomeration of NiO over GO, resulting in less
porosity.

The Galvanostatic charge-discharge (GCD) profiles of the NiO, Gr-NiO,
and GO-NiO electrodes were also conducted at a current density of 0.2
mA/cm? (Figure 6.7b). On comparing, the GCD profile of the GO-NiO
electrode shows the longest discharging time of 455 s with fast charging
(~196s). On the other hand, the NiO and Gr-NiO electrodes take
85.4s/49.2s and 87.1s/48.1s for discharging/charging, respectively. The
GCD profile at various current densities follows the typical trend of
decreasing charging/discharging time with increasing current density for
all three electrodes (Figure 6.7¢-6.7e). In addition, the presence of a
plateau in the GCD profile for all three electrodes confirms its
pseudocapacitive nature. The value of specific capacitance with varying
current densities, calculated using Eq. 1.3, shows a higher specific
capacitance for GO-NiO electrode as compared to NiO and Gr-NiO
(Figure 6.7f). The maximum specific capacitance value of 38, 38.5, and
210.8 mF/cm? was evaluated for the NiO, Gr-NiO, and GO-NiO

electrodes at 0.2 mA/cm?, respectively. The high specific capacitance
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value of the GO-NiO electrode is obtained due to the presence of more

active region for the intercalation/deintercalation of ions.
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Figure 6.7: (a) EIS plot of all the electrodes, (b) comparative GCD plot
of all the electrodes, GCD plot of (c) NiO, (d) Gr-NiO, (e) GO-NiO and
(f) comparative specific capacitance vs current density plot of all the

electrodes.

6.5 Theoretical Study of Gr-NiO and GO-NiO Interaction

To further confirm the enhanced performance of the GO-NiO electrode,
a theoretical study was conducted using Gaussian software, as described
in the experiment section, to understand the effect of attachment of NiO
with the Gr and GO (Figure 6.8a & 6.8b). As mentioned above, in the
MEP plots of Gr and GO (Figures 6.1c & 6.1d), the region for maximum
attachment of NiO is at the bulk of the materials. The MEP plots of Gr-
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NiO (Figure 6.8a) and GO-NiO (Figure 6.8b), show an increase in
electroactive sites as compared to bare NiO (Figure 6.8c). The MEP plot
of Gr-NiO and GO-NiO shows an increase in electroactive sites for GO-
NiO, indicating more intercalation/deintercalation of OH- ions, resulting
in high charge storage property of the GO-NiO. It is evident from the
aforementioned discussion that the GO-NiO electrode is more capable of
storing charge and shows slow discharging with fast charging and has a

high specific capacitance.
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Figure 6.8: Computed ESP plots of (a) Gr- NiO, (b) GO- NiO and NiO
(c).

6.6 The Fabrication of Asymmetric Supercapacitor Device.

To show the practicability in solid-state device form for real-life
application, the electrodes GO-NiO and GrNiO electrodes were chosen
to develop an asymmetric supercapacitor (prepared using the recipe

described in section 2.5.2) in the configuration FTO/GO-NiO//AC/FTO
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(GO-NiO-SCD) and FTO/Gr-NiO//AC/FTO (Gr-NiO-SCD) (Figure
6.9), using a solid-state separator soaked in 2M KOH.s

~ Active Film -
(GO-NiO/ Gr-NiO)

Separator with electrolyt;e

Figure 6.9: Schematic representation of asymmetric supercapacitor

6.7 Charge Storage Property of the GO-NiO-SCD and Gr-NiO-SCD
The wide and various potential windows of supercapacitor devices are a
crucial factor of practical supercapacitor devices. To examine the active
potential window for the fabricated asymmetric supercapacitor device of
GO-NiO (say GO-NiO-SCD), the CV measurements at various potential
windows (0.8 to 1.8 V) were carried out at 50 mV/s scan rate (Figure
6.10a). The retention of the CV curves at all potential windows shows
the robust nature of the fabricated supercapacitor device. Specific
capacitance values with varying potential range have been calculated
(using Eq. 1.3), revealing the linear increase in specific capacitance with
potential window, having a maximum specific capacitance value of 78.2
mF/cm? for the potential range of -0.5 to 1.8V (Figure 6.10b). The
electrochemical performance of GO-NiO-SCD device has been
evaluated with scan rate dependent CV (10 to 50 mV/s) in the active
potential window of -0.5V to 1.8V (Figure 6.10c), The CV of the device
shows the pseudocapacitive nature with a broad redox couple attributed
to the change in valency of NiO because of intercalation/deintercalation

of electrolyte ions into the electrode surface (Figure 6.10c).
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Figure 6.10: (a) CV curve of GO-NiO-SCD, (b) specific capacitance
value of GO-NiO-SCD, (c) scan rate dependent CV curve of GO-NiO-
SCD, (d) Comparative CV curve of Gr-NiO-SCD and GO-NiO-SCD, (e)
The scan rate dependent CV curve of the Gr-NiO-SCD and (f)
Comparative Nyquist plot of Gr-NiO-SCD and GO-Ni1O-SCD recorded
at 0.2V.

As the scan rate ascends, the current density also increases,
demonstrating more ion diffusion and good stability and reversibility of
the GO-NiO-SCD (Figure 6.10c). The charge storing capacity of the
GO-NiO-SCD was compared with the Gr-NiO-SCD (fabricated using

the recipe mentioned in the experimental section), depicting a high area
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under the CV curve, indicating significantly enhanced charge storage
capacity of the GO-NiO-SCD (Figure 6.10d). The scan rate-dependent
CV of the Gr-NiO-SCD device follows the typical trend of
pseudocapacitive nature, increasing current density with increasing scan
rate (Figure 6.10e). To further investigate the ion transport path, EIS was
recorded (in frequency range of 10kHz to 10mHz at 0.2V) (Figure
6.10f). In the higher frequency region of the Nyquist plot, the R¢/Ret
values were obtained to be 42/17 Q for GO-NiO-SCD, which is quite
less than the Gr-NiO-SCD’s values which were 46.5/26 Q. In the lower
frequency range, a higher slope of GO-NiO-SCD than Gr-NiO-SCD
suggests fast electrolytic ions diffusion, resulting in significantly higher

charge storage capacity.

To further quantify the charge storage capability, the GCD profile of the
GO-NiO-SCD was studied at various current densities (3.5 mA/cm? to 8
mA/cm?) in the potential range of -0.5 to 1.6 V (Figure 6.11a). The
charging/discharging process was accompanied by a clear color change
on the electrode. While charging, the color of the device changes from
translucent to dark state, and on discharging, the dark state changes back
to original state (inset, Figure 6.11a), indicating its potential application
as a color indicating supercapacitor device. The comparative GCD profile
of GO-NiO-SCD and Gr-NiO-SCD shows that Gr-NiO-SCD takes more
time for charging and gets discharged easily (Figure 6.11b), implying low
coulombic efficiency and specific capacitance. Whereas the GO-NiO-
SCD displays high columbic efficiency with color modulating property
suggests that it is highly suitable for real-world color indicating
supercapacitor devices. The specific capacitance and coulombic
efficiency for GO-NiO-SCD (Figure 6.11c¢) has been calculated using the
Eq. 1.3 and 1.5, and a high value of 103.7 mF/cm? at 3.5 mA/cm? with

almost 90 % efficiency was obtained which is much better than the other
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already reported color modulating supercapacitor devices belonging to the

same family (Table 6.2).
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Figure 6.11: (a) GCD plot along with actual photograph of the device in
corresponding charged state (inset), (b) Comparative GCD profile of Gr-
NiO-SCD and GO-NiO-SCD recorded at 3.5 mA/cm?, (c) Specific
capacitance value with varying current density from GO-NiO-SCD and
(d) Retention of the GO-NiO-SCD with stability up to 500 cycles (inset).
Table 6.2: Comparison table of NiO based supercapacitor devices.

S.No. Device Specific Current  References.

Capacitance density

(mF/cm?)

(mA/cm?)

1. Co-doped NiO 10.8 0.4 Xue et
Device al.[164]
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2. NiO/Ag 35.5 2.5 Mysoon et
NWs/Viologen al.[165]

3. Cu-doped NiO 14.9 0.1 Kim et
Device al.[166]

4. Fe:O3/  rGO- | 24.1 0.5 Xue et
NiO al.[167]

5. GO-NiO-SCD  103.7 3.5 This work.

Furthermore, to check the capacitance retention of the GO-NiO-SCD, a
continuous current density of 10 mA/cm? was applied and driven from the
device. The GO-NiO-SCD exhibits an exceptionally high specific
capacitance stability with almost 100% retention (Figure 6.11d) for 500
cycles (inset, Figure 6.11d). It is worth mentioning here that the
capacitance of the device increased after a few hundred of cycles, which
might be due to an increase in porosity in the GO-NiO electrode. The
after-stability CV measurement of GO-NiO-SCD, retraces its curve as
before stability measurements, validating its 100 % retention and robust
nature of the device (Figure 6.12a).

To demonstrate the on-field application of GO-NiO-SCD, two large area
devices (5x5 cm?) were fabricated and connected in series to operate light
emitting diode (LED). The connected devices were first charged by
applying a potential of 3.8 V for a minute (Figure 6.12b). The device was
able to illuminate red LED for a minute (Figure 6.12¢). It is worth
mentioning here that the supercapacitor modulates its color while
charging and discharging (Figure 6.12d). It is evident from the above
results that GO-NiO-SCD has huge potential for developing solid-state
supercapacitor devices with color-modulating charged and discharged

states.
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Figure 6.12: (a) The CV curve of the GO-NiO-SCD before and after
stability measurements, (b) large area GO-SCD while charging, (c) while
discharging through LED, (d) when 50% discharged through LED.

6.8 Optical Study of the Gr-NiO and GO-NiO Electrodes.

As seen from the MEP plots of Gr, GO, Gr-NiO, and GO-NiO, the Gr
and Gr-NiO (Figures 6.1 & 6.8) show uniformly distributed
electroactive sites all over the surface with less potential value, implying
a faster intercalation and device-intercalation of electrolyte ions, which
have application in electrochromism. As seen during the CV record of
all the electrodes (NiO, Gr-NiO, and GO-NiO), they showed a color
change between the transparent and dark state because of a change in the
valence state of the NiO. To investigate it further, the optical study was
conducted in three electrode setups as mentioned above, using the in-situ
bias-dependent UV-Vis spectroscopy (Figure 6.13a).

Initially, the prepared electrode was in a transparent state due to neutral
state NiO (Figure 6.13a), as the (positive) bias is applied to the

electrodes (NiO, Gr-NiO and GO-NiO), the color of electrode turns dark
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as NiO changes to NiOOH state, which is completely reversible when an

opposite bias is applied (Figure 6.13b, inset).

(b) NiO
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Figure 6.13: (a) Photograph of the optical measurement setup used to
perform the in-situ bias dependent optical measurements of the
electrodes, (b) transmittance spectra of the NiO electrode with varying
applied bias, (c) transmittance spectra of Gr-NiO in unbiased, On and
Off states and (d) transmittance spectra of GO-NiO in unbiased, On and
Off state.

To confirm the bias-dependent color change, the applied bias was varied
from -0.5V to 1V, and the corresponding transmittance was recorded.
For the three electrodes, as the applied positive voltage increases
gradually from 0.5 V to 1 V, the value of transmittance decreases,
implying a darker state of the electrode (Figures 6.13b-6.13d). The
maximum change in transmittance value was seen at 600 nm between the
bias -0.5V (“Off” state) and 1V (“On” state), hence the crucial
electrochromic parameters like color contrast (CC) was calculated at 600
nm using Eq. 1.1. The CC was found to be 77.4 %, 68.2 % and 37.4 %
for NiO, Gr-NiO, and GO-NiO electrodes, respectively at 600 nm
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wavelength. A lower CC value for Gr-NiO and GO-NiO, in comparison
with NiO, is seen due to the doping of dark material (Gr and GO).
Afterwards, another important factor, switching time, was investigated
to calculate the color switching speed of the electrode between
transparent and dark states (90% of total change in state), by applying a
square pulse of 1V and -0.5V of 5s each. The very fast switching with a
switching time of 0.8 s was observed in the Gr-NiO electrode for
coloration (T¢: time required to switch from transparent to dark state,
colored state) and 0.9s for bleaching (Ty: time required to switch from
dark to transparent state, bleaching state) (Figure 6.14a). On the other
hand, the NiO (Figure 6.14b) and GO-NiO (Figure 6.14¢) electrodes
took 1/ 2.9s and 1.6/5.1s for coloration/bleaching (T¢/ Ty), respectively,
which is quite slow as compared to the Gr-NiO electrode.

The reason for fast switching of the Gr-NiO electrode is, the maximum
electrons are only interacting at the surface of the electrode (high surface-
controlled mechanism, b= 0.88, as discussed above in electrochemistry of
electrode), as well as due to the low MEP potentials of Gr, and Gr-NiO as
compared to GO and GO-NiO. But in the case of GO-NiO electrode, the
switching time is quite low as the electrons need more time to go to the
bulk of the electrode (diffusion-controlled mechanism »=0.62), while for
NiO, the switching time is intermediate to that for Gr-NiO and GO-NiO
electrode as the value of b is in between the two (b= 0.84 for NiO). The
electrochromic switching stability of the electrode was also examined by
continuously toggling the voltages between 1V and -0.5V (of 5 s each) for
100 cycles. All of the GO-NiO (Figure 6.14d), NiO (Figure 6.14e), and
Gr-NiO (Figure 6.14f) electrodes exhibited good electrochromic stability,
whereas the GO-NiO electrodes demonstrated comparatively higher
stability by constantly retaining the transmittance value in both the On and

Off states due to slow movement or proper diffusion of electrons.

152



Chapter 6

(a)40 (b) -
Gr-Nio 40 Nio
s T.=0.8s g 4
<, =
a'g o
= £
E Ezo .
20 - @
= £
= =
10 -
L] T T L 1 T T
30 35 40 45 50 35 40 45 50
Wavelength (nm) Time (s)
(c) NI (d)
30 J 3 GO-NiO 30
g ° g
Y . 3
825 - o To=16s 525
s E
£ s g
2 ° 8 =20
EZD - o o
- 9 i =
w 15
15 To=51s GO-NiO
T T 1 L] I T T T T T
35 40 45 50 55 0 200 400 600 800 1000
Time (s) Time (s)
() 40 (M Gr-NiO
30
2 g
[] ]
o o
5 §20
£ =
520 =
£ Z
= 210
- F

T L] T 0 ] 1 ]
300 600 900 0 300 600 900
Time (s) Time (s)

I
0

Figure 6.14: (a) Single switching cycle of the Gr-NiO electrode showing
fast switching, the single switching cycle of the (b) NiO and GO-NiO
electrodes (c), (d) electrochromic stability of the GO-NiO electrode, The
switching stability of the (e) NiO and Gr-NiO electrodes ().

It is evident from the above discussion that the Gr-NiO electrode
demonstrates great potential for electrochromic application due to fast
switching of color state (transparent to dark and vice-versa) and good
stability which are accompanied by the surface-controlled mechanism. On
the other hand, for supercapacitor application the GO-NiO electrode is
more suitable as it has diffusion-controlled mechanism, and it is reflected
in an excellent charge storage capacity of ~211 mF/cm?. Overall, the
above discussion suggests how the effect of different carbonaceous
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materials can be augmented to design a device for application in
electrochromic smart windows and/or a supercapacitor with latter having
a color indicative feature if designed appropriately. A multifunctional
electrochromic supercapacitor can be designed by appropriately choosing
a carbonaceous dopant vis-e-vis graphene or graphene oxide.

6.9 Summary and Conclusion

The Incorporation of carbon-based materials such as graphene (Gr) and
graphene oxide (GO) into NiO nanograins provides an efficient strategy
for developing multifunctional electrochromic supercapacitors with
color-indicative behavior. DFT studies reveal that GO possesses more
electroactive sites, enabling efficient ion intercalation and de-
intercalation, making it ideal for energy storage applications. In contrast,
Gr shows surface-controlled diffusion suitable for electrochromic
performance. Experimentally, the GO-NiO electrode exhibits a
diffusion-controlled mechanism with a high areal capacitance of 211 mF
cm? at 0.2 mA cm and excellent color modulation. The asymmetric
solid-state supercapacitor fabricated using GO-NiO retains its
capacitance with stable color switching and successfully illuminates a
red LED when two large area devices are connected in series.
Meanwhile, the Gr-NiO electrode shows superior electrochromic
behavior with a high color contrast of 68%, sub-second switching time,
and good cyclic stability. Overall, this study highlights that through
appropriate material incorporation, NiO-based systems can be tailored
for specific applications, either high-capacitance energy storage devices

or fast-switching electrochromic windows.

154



Chapter 7

Conclusions and Future Scope

This chapter outlines the main conclusion drawn from the research work
reported in the thesis. Additionally, the scope for future extension of the
work has also been highlighted.

7.1 Conclusion & Summary

7.1.1 Highly Flexible Asymmetric All-Organic ECDs

» A solid state flexible electrochromic device (flex-ECD) device which
not only is flexible but also can exhibit color switching with great
efficiency after it is folded and twisted has been demonstrated here.

» The flex-ECD shows high stability with a few seconds of switching
time and high coloration efficiency of 420 cm?/C. The flex-ECD devices
show color switching in multiple wavelength regions

» The device shows excellent stability even after bending and twisting
moments making it a good design for future wearable electronics. The
proposed design can be used to develop wearable smart sensors for future
technology integration.

» The WS2/WO; nanoflakes complex structure has been fabricated
using a simple hydrothermal technique.

» The doping of WS2/WO; in EV-P3HT based device has accelerated
the redox reaction, which speeds up the switching dynamics of the device
in NIR and visible region to achieve a switching time of 500 ms.

» The device shows an optical modulation of up to 60% and a high
coloration efficiency of 192 cm?/C.

» The device shows high cyclic stability at both the NIR and visible

spectrum with no change in the AA value throughout the cycle
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» The fully flexible- NIR cutting-electrochromic device (flex-NIR
cutting-ECD) shows high NIR shielding by maintaining a temperature
difference of upto 6° C and cuts more than 15% of the heat when in ON
state.

» A prototype device has been fabricated goggle-like structure which
demonstrates heat soothing effect to the eyes. When a 3V bias is applied,
the goggle glass starts cutting heat.

» The flexible smart window with reduced energy usage and heat
filtering properties can be designed which will reduce the need for air
conditioning in smart buildings.

7.1.2 MXene-Based Asymmetric All-Organic Multifunctional
Electrochromic Supercapacitor

e The 2-Dimensional MXene, synthesized using selective etching
method, was doped in an electrochromic device fabricated using a junction
of Ethyl Viologen (EV), an n-type layer, and poly-3-hexylthiophene
(P3HT), a p-type layer.

e MXene nano sheets prepared using selective etching method was
incorporated into EV/ P3HT n-p junction based electrochromic device
enables it for multifunctional operation with not only enhancing
electrochromic color modulation but also a color indicative supercapacitor.
e The electrochromic supercapacitor was designed by using MXene
doped EV and P3HT (M-doped ESD) as the two complementary
components shows reversibly in visible as well as NIR region making it
suitable for smart window application.

e The prepared device gives high optical contrast (~85%) and coloration
efficiency (~340cm?/C) with ~1 s of switching time in the visible spectrum

at 515 nm.
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e The M-doped-ESD displays supercapacitor application as it shows
fast charging and slow discharging with moderate specific capacitance
value of 1.3mF/cm? and high Columbic efficiency.

e Overall, mixing 2-D MXene nano sheets in electrochromic devices
shows excellent enhancement in electrochromic supercapacitive
performance with heat filtering properties which can be utilized further in
real life applications.

e Overall the above-mentioned study provides a path to design
electrochromic supercapacitors for energy saving and energy storage smart
windows.

7.1.3 Perovskite-Based Asymmetric Organic-Inorganic
Electrochromic Supercapacitor Device

» A multifunctional device has been made using nano CoTiO3 mixed
conducting polymer and WOj3 to obtain good super capacitive nature along
with excellent electrochromic properties.

» The device shows discharging time of 44.5 s and charging time of 8s at
0.2 mA/cm? giving high coulombic efficiency, with the maximum specific
capacitance 6.4 mF/cm? at 0.2 mA/cm?.

» The as-fabricated solid state asymmetric ESCD shows switching in
three different wavelengths (515 nm, 700 nm & 850 nm) switching
between magenta to dark blue under an external bias.

» Overall, mixing charge storage material in electrochromic devices
shows excellent enhancement in electrochromic supercapacitive
performance with heat filtering properties which can be utilized further in
real life applications.

» Overall, the above-mentioned study provides a path to design
electrochromic supercapacitors for energy saving and energy storage smart

windows.
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7.1.4 Carbon Materials Based Asymmetric Electrochromic
Supercapacitor Devices

» The pre-optimized nano-flakes of Graphene (Gr) and Graphene Oxide
(GO) using Gaussian Software 09, were used as dopant in the nanogranular
NiO film to fabricate electrodes for color indicative EC supercapacitor and
later a prototype device also has been fabricated.

» A very straightforward spin-coating technique with slight
modifications in the preparation of precursor solutions was adopted for

developing electrodes.

» Fully validated experimentally, the GO-NiO electrode shows a
diffusion- controlled mechanism, with a high charge storage capacity of
211 mF/cm? at 0.2 mA/cm?, and color-modulating properties due to more
availability of surface sites confirmed using the DFT calculation.

» The energy storage capability remains intact even when an
asymmetric solid-state supercapacitor is fabricated using GO-NiO
electrode, exhibiting a high specific capacitance value of ~105 mF/cm?
with 100 % capacitance retention and coherent color-modulating
properties.

» The large area prototype device of GO-NiO-SCD, when connected in
series, was able to glow a red LED, thus demonstrating its on-field
application.

» On the other hand, the Gr-NiO electrode demonstrated a surface-
controlled mechanism, as also depicted from MEP plots of Gr and Gr-NiO,
showing faster switching of less than a second to switch between colored
and bleached states.

» This study provides a path for designing high-capacitance
supercapacitor device and fast fast-switching EC window which can be
achieved by a simple method, doping the appropriate material specific to
a given application.

158



7.2 New Findings Reported in the Thesis

» A super flexible electrochromic device with bending and twisting
capabilities has been demonstrated from a prototype device fabricated
using metal oxide doped organic layers on a PET substrate.

» The doping of tungsten chalcogenide-oxide mixture (WS2/WO3) in EV
and P3HT for heat filtering applications and to enhance the
electrochromic performance of the device.

» Thermal imaging investigations show that the designed flex-NIR
cutting-ECD can maintain a difference of 6°C on the two sides of the
device giving a heat soothing effect if used as googles which also can be
extended for such heat isolation applications.

» The addition of MXene nano sheets adds supercapacitive property to
the p-n junction-based device that can get integrated with electrochromic
device to yield an enhanced capacitive performance. A prototype device
has been prepared to establish a more suitable real-life application.

» The addition of nano cobalt titanate adds pseudocapacitive nature to
the device that can get integrated with electrochromic device to yield an
enhanced capacitive performance. A prototype device has been prepared
to establish a more suitable real-life application.

» The tailored carbon doping in NiO unveils distinct charge storage
mechanisms, empowering multifunctional devices that seamlessly merge
energy storage with real-world electrochromic applications thus giving a
color indicative electrochromic supercapacitor for smart building
applications.

7.3 Future Scope of the Work

The research work carried out in this thesis can be further extended in
the following directions in the future.

¢ To design the appropriate metal-organic and covalent-organic

frameworks for efficient EC displays.
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¢ Exploring new materials and making composites or core shell for
improved EC performance.

¢ Adding other 2-D materials / perovskite to understand the effect of

morphology, electrical and electrochemical property to further improve

performance of ECD.

¢ To perform the in-situ spectro-electrochemical performances to study
the charge transfer kinetic and color switching mechanism in
multifunctional EC displays.

¢ To gain deeper knowledge out the nano and micro structured

materials for charge storage application with improved specific

capacitance value.

¢ To study the other functionalities of EC in biosensors, batteries,

Solar cells, and camouflage.

¢ To design super-flexible devices by exploring and incorporating
different types of polymers with enhanced mechanical strength.

¢ To fabricate super-flexible devices possessing efficient charge

storage capabilities by integrating different or exploring new materials

that offer high mechanical stability, with superior electrochemical

performance.

¢ Making multifunctional ECDs with multiwavelength switching by

fabricating core shell or by making composite materials.

¢ To test the temperature and mechanical stability of large area EC

displays for commercialization.
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Appendix
Herbal amalgam as yellow LED glow.

“Herbal electronics” is an emerging field that explores the optical and
electrical properties of herbal materials for electronic applications. In this
study, turmeric and henna extracts were investigated using absorption
and luminescence spectroscopy. The solutions exhibit red and green
emissions under UV excitation, which combine to produce yellow light.
Color coordinates were analyzed using the CIE diagram, and
photoluminescence quantum yields were calculated. A simple setup
using a 400 nm blue LED demonstrated yellow emission with a quantum

yield of ~5%.

(Sahu. B. et al., ChemistrySelect 2023, 8, €202204265)

Figure A3: CIE coordinates showing the coordinates of henna extract
(C), Turmeric extract (A) and the mixture of extracts in 1:1 (B) with Blue

LED as a source glowing yellow in the mixture of extracts.
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