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Abstract

Electrochromic devices (ECDs) have triggered great interest because of their potential
applicability in energy-efficient buildings and low power display systems, including reflective type
smart windows/mirrors and wearable-flexible devices. In the past decades, electrochromic
technologies with different device structures and materials have been proposed. The idea of
employing a simple device structure with a durable, cost effective electrolyte is crucial to designing
and manufacturing high-performance ECDs. With this idea in mind, this thesis describes the
various efforts to develop a simple ECD comprising of a composite single active layer gel
electrolyte, sandwiched between two transparent conducting electrodes, lasting over 10,000 cycles
with low power consumption. The research evolved through the development and testing of
various ECD structures.

At first, a polymer composite dye-thin-film coated on a conducting substrate enabled a
reversible color change from dark to transparent when the thin film was touched (touchchromic
device) by a specific metal, without any other external excitation. The results showed that the
coloration and decoloration depend upon the composition of the electrolyte, type of metals, film
thickness, and the nature of the composite film. As simple as this idea may be, it turned out difficult
to apply it to commercial devices.

In the second approach, a simple and potentially inexpensive electrochromic device was
made, consisting of a single active composite gel layer placed between two transparent conducting
fluorine-doped tin oxide glass plates. The single active layer gel electrolyte is a mixture of

conducting polymer (polyaniline), polyvinyl alcohol (PVA), acid, oxidant, and synthetic dye. The

X



results showed color change in the ECDs from dark blue to transparent at an applied potential in
the range of +1.5 V to — 1.5 V. The effects are explained in terms of the change in the chemical
structure of the conducting polymer and synthetic dye at different bias voltages.

In the third approach, to obtain different colors, the gel was modified by adding different
types of synthetic dyes to the single active PANI composite gel electrolyte. Polyvinyl alcohol,
polyaniline, and ammonium persulfate intercalated with distinct synthetic dyes resulted in
enhanced transmittance modulation and diverse colors at the oxidation and reduction peaks. The
results showed that the redox characteristics of the dye greatly influence the overall oxidation and
reduction potentials of the EC device's active gel layer.

Even though the single (all-in-one) active layer EC device is very attractive, for the case of
water-based electrolytes it has exhibited a short lifecycle due to bubble formation when the applied
voltage exceeds 1.23 volts (water electrolysis). This led to the concept of an asymmetric EC device.
In the asymmetric electrode structure one of the fluorine-doped tin oxide electrodes was coated by
a gold (Au) thin film. The results showed that asymmetric ECDs (two electrodes having different
work functions) can operate within the smaller voltage window of -1 volt to +1 volt, requiring
reduced operating power and overcoming the potential problem of bubble formation in the active

ECD layer.



Chapter 1: Introduction

1.1 Background

In recent times, there has been a rapid increase in the demand and consumption of
nonrenewable resources such as coal, gas, and oil as shown in figure 1-1. Moreover, this increase
in energy consumption has led to the emission of harmful gases in the atmosphere leading to
climate change. Global energy demand has tripled in the past 60 years, and is predicted to increase

further in the next 20 years [1].

H Petroleum

H Coal

B Dry natural gas
Hydro-electricity

W Nuclear-electricity

B Geothermal, wind, solar,
biomass

W Geothermal, solar, biomass
not used for electricity

Figure 1-1 World Energy Consumption by Source.

Industrial and scientific communities have been coming together to address the energy
crisis and develop novel techniques to overcome this issue. It is essential to promote and improve

the rate of use of renewable resources and, at the same time, decrease the need for energy. For



instance, it has been found that energy losses through windows have been estimated to be in the
range of 10-25% in residential buildings [2]. This suggests a need to improve the window

properties according to the requirements of changing seasons to control the energy loss through

windows.
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Figure 1-2 Schematic Diagram of an EC window in (a) Transparent (b) Colored state; (c)
Dimmable Electronic Window from Boeing 787 Dreamliner Airplane [3]. By Mardare et al. ©
(2019) Wiley-VCH.

Electrochromic materials are a part of intelligent systems that can change their color upon
the application of an external electric potential. Studies have shown [2,4] that electrochromic
windows exhibit better energy efficiency. Various energy simulation studies [5—7] for office
buildings have found that the energy consumption is reduced significantly when EC windows are
used (figure 1-2)

Refurbishment of buildings with electrochromic windows is important for energy savings.
Despite the advantages of using electrochromic materials in numerous practical applications, color
change speed, ease of processing, electrolyte leakage, and device fabrication are pressing issues
limiting their implementation in some practical applications. Therefore, there is a need to find new

solutions and advancements to eliminate these drawbacks.



1.2 Research Objective

The main objective of this thesis is to develop a single active layer “all-in-one “gel
electrolyte ECD that can be sandwiched between two fluorine doped tin oxide conductive
substrates. The achievement of this objective has been pursued through the development and
analysis of different ECD structures. The first ECD structure is composed of a polymer composite
dye-thin -film coated on a conducting substrate. When touched (touch chromic) by a specific metal,
the color changes from dark to transparent. Generally, such devices are easy to produce and have
a low cost, however, their application is difficult.

The second ECD structure is composed of two electrodes containing a single active layer
redox gel electrolyte. The electrolyte is made with a conducting polymer (polyaniline), polyvinyl
alcohol (PVA), acid, oxidant, and dye synthesized by a chemical process.

The third ECD structure contains a redox-active single layer composite gel electrolyte and
different synthetic dyes (i.e., methylene blue, methyl orange, methyl viologen, eosin, rhodamine
b, and Congo red) to achieve different color ECDs.

All the above ECDs suffer from short lifetime due to bubble formation when the oxidizing
voltage exceeds 1.23 volts (water electrolysis)

The fourth structure is a composite gel electrolyte placed between two electrodes having
different surface work functions. The purpose of this device is to achieve lower power
consumption and prevent bubble formation from water electrolysis in the gel layer. The two
electrodes chosen for this task were two fluorine doped tin oxide coated on glass with one of the
two coated with Gold (Au) (asymmetric electrodes).

The results presented in this dissertation are encouraging. Gel electrolytes are preferred

over liquid electrolytes because of their lower cost and improved safety in practical devices.



Composite gels can enhance the transmittance modulation and provide a unique capability of a
single layer. Asymmetric ECDs consume less power and operate for longer periods of time.
1.3 Scope of the Research Work

This research focuses on electrochromic devices composed of a single nanocomposite thin
film gel electrolyte that consume minimum power, are cost effective and have long lifetime. The
advancement of the research work is described in the following chapters.

Chapter 1 provides a brief overview of the energy consumption and commercial
electrochromic windows operating at different modes, followed by information about the Research
objective and organization of the dissertation.

Chapter 2 presents a literature review on chromism, followed by fundamental principles
and configuration of Electrochromism and touch chromism and an investigation of different types
of conjugated conducting polymers. The last part of chapter 2 is devoted to the polymerization
mechanism and applications of polyaniline.

Chapter 3 focuses on the methodology and techniques used to evaluate the electrochemical
materials and methods used to fabricate and test the ECDs.

Chapter 4 presents an innovative nanocomposite thin film electrochemically deposited on
Fluorine doped tin oxide glass plate which enables reversible coloration and decoloration when
touched by a specific metal (touch chromic).

Chapter 5 describes the use of a redox-active gel electrolyte as a single active layer for
electrochromic device applications.

Chapter 6 applies the results of the previous chapters for the fabrication of electrochromic
devices, with different synthetic dyes added to a conducting polymer (PANI), a water-soluble

polymer polyvinyl alcohol (PVA), an oxidant, and acid.



Chapter 7 discusses a new asymmetric device obtained by replacing one of the electrodes
with a gold (Au) plated glass electrode.

Chapter 8 concludes the study with the significant findings of the electrochromic devices
with different redox-active gel electrolytes. This chapter also proposes recommendations for future
work regarding the development of materials, fabrication process and electrochromic device

applications.



Chapter 2: Literature Review

2.1 Chromatic Devices

Chromism can be defined as a process that induces a change, reversible or irreversible, in
a material's color. Such color change can be brought about from various external stimuli such as
temperature, pressure, electric field, light, and humidity many materials such as conjugated
conducting polymers, dyes, oxides exhibit the chromic phenomenon. Recently, electrochromic
devices have attracted significant attention in various applications such as color tunable glass
windows, sensors, sunglasses, smart windows and molecular switches [8—12]. The color change
occurs due to the flow of electrons in the electrolyte resulting in the oxidation/reduction of the
specific materials. The different ways that light interacts with a material exhibiting the chromic

phenomenon are shown in figure 2-1.
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Figure 2-1 Chromic Phenomena



The color change depends on the applied external stimulus, and thus chromism can be
described in various ways depending on different stimuli as shown in Table 2-1:

Table 2-1 Types of Chromism

Chromic Phenomena Stimuli Reference
Photochromism Light [13]
Thermochromism Temperature [14]
Electrochromism Electrical current [15]
Halochromism pH Change [16]
Magnetochromism Magnetic field [17]
Ionochromism Ions [18]
Tribochromism ?r/llgﬁlcl:filllgerlilgion [19]
Biochromism Biological sources [20]

2.1.1 Touch Chromism

Touch chromic is a novel thin film-based nanocomposite layer device that changes color
when the active polymer electrolyte is touched by a different metal (electrode), without any
external excitation such as light, voltage, temperature, heat, etc. The building structure of the touch
chromic device consists of a nanocomposite conducting polymer layer coated onto a fluorine-
doped tin oxide (FTO) substrate as the chromic material, a liquid electrolyte and a metal pin used
for the color change) as shown in figure 2-2. The coloration and decoloration depend on different
types of composite film, film thickness, and the nature of the electrolyte. Figure 2-2 [21] shows
the color change in the smart film when the metal pin is in contact and colorless when the pin is
removed. The smart film changes color from green/blue to transparent and returns to its original

color state upon removing the metal contact pin.



Hlectrolyte (oridant +saf]
’7 Elecliolyls

. AT
-.* e |i1rEf ’ - Conducting
polymer film

-

A i i N hum tin ox
N Conductingayer o conducting h M oide
pofymer compasite

Figure 2-2 Schematic of a Thin Film Structure for Color Change [21]. By M. K. ram et al. ©
(2016) Elsevier.

Figure 2-3 shows pictures of the touch chromic device before and after metal contact. The
liquid electrolyte can contain salt, oxidizer, and acid. The removal of the metal pin brings back the

original color (figure 2-3).

Figure 2-3 Difference in Color Before and After Metal Touch

2.1.2  Color Change Mechanism of the Touchchromic Device and Energy Band Diagram

Figure 2-4a shows the doped structure of PANI in the electrolyte and contact with a metal
pin. The doped form of Pernigraniline (PNB) is achieved by the presence of the electrolyte in
PANI. The oxidant is the major contributor to the color change in the film when the conductive
film is in contact with the electrolyte containing the oxidant APS and the acid [22]. The color of
the film changes from purple to greenish to fade yellow with the metal contact. Figure 2-4 b helps
understanding the color change mechanism. The reaction of the iron (+2) (Fe+2) state to the iron
(+3) (Fe+3) oxidized state in the presence of the electrolyte [23]. The electron is released from the

iron changing the PNB to the emeraldine and subsequently to the Leucoemeraldine (LEU) state of



the PANI. Figure 2-4 (c) shows the change of states of polymer and release of the electron in the
presence of metal pin in contact. The metal contact is oxidized in the presence of acid and oxidant

[24]. It releases electrons that combine with protons (hydrogen ions), reducing the PNB to its LEU

form.
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Figure 2-4 (a) The States of PANI with Electrolyte and Metal Contact. (b) The Metal Iron is
Oxidized in the Presence of Oxidant and Acid, (c) the formation of Pernigraniline to
Leucoemeraldine with Metal Contact [25]. By M. K. Ram et al. © USPTO.

The film goes back to its original color of PNB when the metal contact is removed. The
structure of PANI from the doped form to the doped LEU is shown in figure 2-5. The coloration
and de-coloration of the conductive film depend on the oxidation state of the conductive film,
metal alloys were used to touch the electrolyte to produce the color change [26].

The color change mechanism can be explained using the energy bands and fermi levels of
the individual components and the overall energy band diagram of the ECD structure [27]. The
energy band structures of ITO, PANI, and gel electrolyte with and without the metal pin contact

9
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Figure 2-5 The Mechanism of Color Change in the PANI System while in Contact with a
Metal in the Presence of an Electrolyte [21]. By M. K. ram et al. © (2016) Elsevier.

are shown in figure 2-6. based on the energy levels of PANI at different oxidation states. The
coated polymer on the FTO substrate was emeraldine salt with a green color (bandgap =~1.5 eV).
The standard electrochemical potential of the oxidizer is (EO = ~ 6.5 eV below vacuum), which is
much lower than the Fermi level in PANI. Since polyaniline (emeraldine salt) is a p-type
semiconductor and ITO is a high work function material (4.7 eV), the contact between ITO and
the polymer is expected to be Ohmic with an upward band bending. There is also a higher Fermi
level in PANI than the EO in the liquid electrolyte, which shows the electron transfer from polymer

to the liquid electrolyte. The transfer of an electron from polymer to the electrolyte brings the
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Fermi level closer to the valance band, as shown in figure 2-6 b at the polymer-electrolyte interface.

The electron transfer takes place from PANI to S>0s?", increases the concentration level of reduced

ions (SO4%), and the electrolyte Fermi level, E, adjusts to the equilibrium Fermi level.

A new equilibrium is achieved when the Fermi level of the contact metal is higher than that

of the metal-polymer-electrolyte fermi level [27] as shown in figure 2-6 b, transfer of electrons to

the electrolyte and subsequently to the conducting polymer takes place. The hydrogen ions

together with the electrons from the electrolyte reduce the PANI and increase its energy band. The

film structure changes from emeraldine to the leucoemeraldine form, a faded transparent yellow

color. The flow of electrons and the diffusion of ions in the electrolyte bring about this change, as

shown in figure 2-6 c. Conversely, removing the metal contact reverses the process and makes the

polymer darker, as shown earlier in figure 2-5.
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Figure 2-6 Band Diagrams of Individual Layers and Composite Smart Material Film [21]. By M.
K. ram et al. © (2016) Elsevier.
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2.1.3 Electrochromism

Electrochromism is the phenomenon where the color change occurs in the material due to
the application of an electric field. This color change occurs due to the oxidation or reduction of
the electrochromic material [28]. Materials that exhibit several redox states possess a unique ability
to switch between different color states. Electrochromic materials find their applications in smart
windows, optical display technology, antiglare mirrors, electrochromic sunglasses, etc [8,11,28].
Electrochromic materials are incorporated into electrochromic devices as thin films, to allow close
contact with the electrodes and ensure the flow of electric current. Commercial inorganic EC
devices (figure 2-7) contain a multi-layer structure that can be used to configure the properties by
changing the applied voltage [29]. An excellent electrical conductivity among the layers is required

for the stable and good performance of the EC device.

&8
-~ \
\}.. “c:go
Co e\ \0{$%e t““b \\‘n"a ‘ﬁe‘ l;\
O o S o o AS O &
X \ ) C AN A
Qe oW A2 o
h: : Q : @
+ (4 ’ - =
: ? 2 :
+) 4+ ® . 7 - -
|~ -0 __@ 3 i
LA e, e ! & &
P o H* i
ol o ° e VS
J '
+ 4+ 7 — i - -
H‘

Figure 2-7 Schematic of EC Device [30]. By K. J. Patel et al. © (2016) SpringerLink.

2.1.4 Multi-Layer Organic EC Devices

Figure 2-8 shows an all-polymeric five-layer device configuration. The PEDOT layer is
used as an electroactive layer, a poly (ethylene oxide-lithium triflate) electrolyte is deposited onto

a commercial foil. When a voltage of 3 V is applied across the electroactive layers, the device
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changes color from transparent blue to dark blue. The color change is due to reducing one of the
electroactive layers with the other layer being oxidized. When the potential is switched again to 0
V, the device recovers its original state, i.e., transparent blue state. The coloration, decoloration,

and color contrast depend on the applied voltages.

PET Mastic Substrute o

PEO + CF,S04Li

Figure 2-8 Multi-Layer Configuration of an Electrochromic Device [31]. By Ricardo Vergaz et
al. © (2006) Society of Photo-Optical Instrumentation Engineers (SPIE).

2.2 Conjugated Polymers

For several decades, polymers have been insulators. It was found that a redox reaction
known as doping could impart conductive properties to these polymers. The delocalization of &
electrons along their backbone assists in enhancing the conductive properties and hence the name
conjugated polymers [32]. The process of conversion from an insulating to a conducting material
is known as the doping process [33]. Doping can be P-type and N-type. Doping can be achieved
by the addition of an oxidizer/reducer or by an electrochemical synthesis route. Conjugated
polymers have gained broad interest due to their thermal stability, electrical conductivity, and ease
of preparation. Conjugated polymers have attracted attention in various applications such as
supercapacitors, batteries, biosensors, electrochromic devices, light-emitting-diodes, etc (figure 2-
10) [4,34]. Some commonly used conjugated polymers are polyaniline, polypyrrole,

polythiophene, as shown in figure 2-9.
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Figure 2-9 Chemical Structures of Various Conducting Polymers [35]. By M. Mozafari et al. ©
(2012) Licensee IntechOpen.
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Figure 2-10 Schematic Illustration of Applications of Conducting Polymers and their Composites
[36]. By Namsheer K. et al. © (2021) RSC Advances.
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2.3 Polypyrrole

Polypyrrole (PPy) is a conducting polymer that has attracted various commercial
applications due to its ease of synthesis, good environmental and thermal stability, and excellent
electrical conductivity [37]. These conducting polymers are usually polyconjugated. That has good
electrical properties while retaining the mechanical properties and ease of processing of
conventional polymers (figure 2-11). The electrical conductivity in these polymers is due to the
existence of conjugated electrons. PPy has found many potential commercial applications sensors,
electronic devices, batteries, biomedical sensors and equipment, micro actuators, etc[38]. PPy
possesses a positive charge in its oxidized form and loses its charge and conductivity by
overoxidation. In its neutral state, PPy is insulating and mechanically weak. It possesses a suitable
stimulus-response property that makes it an excellent smart biomaterial that allows active control

of properties in the electrical field.

Figure 2-11 Structure of Polypyrrole [39]. Source by Wikipedia.

Recently, PPy has been used in various applications such as fuel cells, optical displays,
corrosion protection, surgical tools, biosensors, and drug delivery systems. This is due to the ease
of synthesis in bulk quantities using a range of solvents. PPy can be synthesized with varying
porosities and surface areas such that it can be modified by integrating bioactive molecules that
make it a promising biomaterial. It has been used in neural probes and prosthetics as a substrate to

improve the connection between neurons and microelectrodes [37]. Efforts are being made to
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improve the processability, conductivity, and thermal stability of this conducting polymer. Many
researchers have reported various oxidants for synthesizing PPy. FeCl; has been a widely used
oxidant to synthesize PPy films to study ammonia gas detection, while it has also been used for
preparing PPy-graphene nanocomposites. There have been many reports of PPy composites and
their enhanced properties such as biosensing, enhanced conductivity, and so on.
2.4 Polythiophene

Polythiophene is a conducting polymer that has attracted research and commercial areas
due to its environmental and thermal stability and lower bandgap energy. The ability to form a
better contact with the electrodes and room temperature stability makes them an ideal material for
solar cells. Polythiophene composites have attracted special attention due to their interesting
properties such as electronic, optical conductivity, semiconducting properties paired with a good
mechanical properties and ease of processing[40]. It shows remarkable optical properties due to
its transparent nature. Polythiophene has a network of conjugated double bonds in the backbone
that imparts the conducting nature to the polymer (figure 2-12). Doping of polythiophene, which
has a good hole transport with n-type semiconducting particles, has significantly improved the

electrical properties. Like in other conducting polymers, oxidation or reduction can change the

Figure 2-12 Structure of Polythiophene [41]. From Micro and Nano Fibrillar Composites
(MFCs and NFCs) from Polymer Blends by M.T. Ramesan et al. © (2017) Elsevier.
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polythiophene matrix to be more conductive by generating more polarons and bipolarons in the
backbone. Utilizing these properties and characteristics of thiophene, it is used in electrochromic
devices, batteries, solar cells, etc.
2.5 Polyaniline
2.5.1 Introduction

Polyaniline has been chosen for conducting this research. Polyaniline (PANI) is a
conducting polymer, among many others, that has attracted attention for its reactivity, temperature
resistance, excellent electrical conductivity, easy preparation, cost-effectiveness, and good
environmental stability. Its phenylene ring has nitrogen and hydrogen bonds on either side [42]. It
exists in various forms depending on the oxidation state. It has three majorly known oxide states,
fully oxidized pernigraniline; semi-oxidized emeraldine which is the most stable and conductive,

and fully reduced leucoemaraldine base.

H- A0

n
Figure 2-13 Structure of Polyaniline [44]. By M.A.C. Mazzeu et al. © Journal of Aerospace
Technology and Management.
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The emeraldine base of PANI is not readily soluble and requires specific solvents to
process it. This is due to a rigid polymer backbone and the neighboring chain interaction by
hydrogen bonding [43]. PANI has a wide range of visual displays, sensors, batteries,

electrochromic devices, neural probes, biosensors, etc. [42]. One way of improving the properties
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of PANI is the preparation of PANI-based composites comprising inorganic fillers. The inorganic
nanoparticles and PANI act complementarily, providing a combination of properties such as
conductivity, optical, and electrochemical properties. Such composites are widely used in
electrochromic devices, light-emitting diodes, batteries, biosensors, etc.

Conducting PANI has an ordered chain structure with an alternating phenyl ring with a
nitrogen group spaced regularly, as shown in figure 2-13. This arrangement helps in the process
of polyconjugation, wherein the zig-zag polymer chain lies in one plane, and the electron clouds
overlap this plane. A lone pair of electrons in a nitrogen atom acts the same as n-electron and helps
in the process of polyconjugation, whose primary purpose is to provide mobility of charge carriers.
In the chain of conducting PANI, the aniline units are associated with head-to-toe positioning [44].
Any irregularities or defects in this chain structure occurring during the copolymerization process
or introduction of other configurations (ortho- or meta-) may lead to a reduction in conductivity.
2.5.2 Polymerization Mechanism

Figure 2-14 shows that the polymerization process starts with the transfer of electrons of
the aniline nitrogen atom, forming a radical cation in polyaniline polymer. This radical cation
further reacts with its resonant, which leads to the formation of an oxidized radical cation dimer.
The formed radical reacts again with the radical monomer or dimer to form a trimer, and the pattern
keeps on repeating until a long chain of PANI is formed.

2.5.3 Morphology of Polyaniline

The granular morphology of PANI powders is most common in PANI prepared by

precipitation polymerization when using strong oxidants and high aniline concentrations under

strongly acidic conditions, at pH < 2.5.
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Figure 2-14 Aniline Polymerization Mechanism [45]. By T. David et al. © (2014) Elsevier.

Figure 2-15 SEM Micrograph of PANI [46]. By A. Olad et al. © (2012) SpringerLink.

2.5.4 Applications of Polyaniline
Polyaniline (PANI) is an intrinsically conductive polymer used in various applications

(figure 2-14), due to its following properties:

e High conductivity, lightweight and mechanical flexibility.

e Low cost, distinct oxidation states with different colors, and a response to acid/base doping.
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Chapter 3: Electrochemical Materials and Methods Used for Fabrication and

Characterization of Devices

3.1 Introduction

In the previous chapter, chromism, different types of chromogenic materials,
electrochromism and touchchromism were described. The nanocomposite gel used in the
electrochromic device fabrication has been evaluated using specific electrochemical methods,
materials, and characterization tools.

Therefore, this chapter exhibits basic electrochemical characterization methods used in the
research activities, including cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS), chronoamperometry is discussed in this chapter. Also, some advanced spectroscopy
characterization techniques used for studying the surface morphologies, structure, and physical
properties of the nanocomposite gel are addressed herein. It should be noted that the materials and
methods of device fabrication included as an experimental part of the published manuscripts in
each of the following chapters.

All the listed chemical materials that were used in the experiments in this dissertation were
purchased from Sigma-Aldrich and were used without any further purification. The materials are
classified as salt (i.e., sodium chloride, magnesium chloride, iron chloride, and potassium chloride.
Acid solution (i.e., hydrochloric acid, HCI with 95%), polymer materials (i.e., polyvinyl alcohol,
PVA (C2H40) x), conducting polymer materials (i.e., aniline (C¢HsNH>)), synthetic dyes materials
(i.e., methylene blue, MB (CisHi1sCiN3SxH20), methyl orange, MO (Ci4H14N3NaOsS), methyl

Orange, methyl viologen, eosin dye, congo red and rhodamine blue), and oxidizing agents (i.e.,
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ammonium persulfate, APS (NH4)2S,0g). The binder clip used for fabricating the device was from
Office Depot (8.5 in. x 11 in.). Fluorine doped tin oxide conductive substrate (FTO) was purchased
from Sigma-Aldrich with 1.66 mm and 12 Q cm 2 sheet resistance.

3.2 Fabrication of Electrochromic Devices

Steps involved in device fabrication are:

1. Firstly, the FTO coated glass substrates were washed with DI water later cleaned with
sonication in acetone and ethanol successively for 5 minutes before fabricating the devices.

2. Then a parafilm of 136-micron thickness in size is cut into a square shape and placed onto
the conductive side of the FTO glass substrate.

3. After that, 0.5 ml of nanocomposite gel taken with the help of a syringe and applied onto
the FTO glass substrate.

4. Then take a second substrate, sandwich them together such that there are aligned with the
parafilm and the conducting surface facing each other to make the device.

5. Later, glue them with the superglue in all the directions and dry under a fan for 8 hours.

+—
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@

Figure 3-1 Fabrication of Electrochromic Device
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3.3 Synthesis of PANI Film

The PANI film was deposited by the In-situ self-assembly technique, which provided a
uniform PANI layer. FTO coated glass substrate were dipped in Poly (styrene sulfonate) PSS for
24 hours before depositing the PANI film. Poly (styrene sulfonate) PSS enhances the
polymerization of PANI because of its negative charges [47]. To oxidize the polymer, A mixture
of 5 ml aniline with 0.1 M APS in 1M HCL [48] is dissolved in 100 ml of DI water at room
temperature. * Figure 3-2 shows the formation of emeraldine salt after the oxidation process in the
aniline medium containing HCI and APS. Later, all the components are dissolved, FTO coated
glass substrate with 3.8 cm in length, and breath is inserted into the mixture. The non-conductive
side of the FTO coated glass substrate was taped to the glass breaker allowing the formation of the
film on the conductive side. There is a slow stage of chemical reaction where the solution is
colorless. The reaction accelerates when oligoaniline radicals are created, and the solution turns

into a dark blue color [49]. These oligomers start adsorbing themselves on the surface of the
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Figure 3-2 Oxidation of Aniline in a Medium Containing Ammonium Persulfate and HCI
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conductive side of FTO coated glass substrates. Then, polymerization of aniline takes place,
initiating the formation of the PANI chain. The film is spread on the substrate to form an
emeraldine form of PANI; as shown in figure 3-3, the PANI thin film is deposited on the FTO
coated glass substrate. After the polymerization, the FTO glass substrates are removed from the

solution, rinsed with 1M HCI, and dried at room temperature.

PSS

Fluorine Tin Oxide

Glass

Figure 3-3 In-Situ Self-Assembly of Polyaniline Film

3.4 Synthesis of Polyaniline and Dye solution
In other to expand the color spectrum of the PANI thin film, Methylene Blue (MB) was
incorporated: Methylene Blue dye is also known as methylthionium chloride, is a bluish
fluorescent dye that is soluble in water. It is commonly used as a staining reagent and
pharmaceutical agent.
The synthesis of polyaniline and dye solution is carried out in a four-step process.
1. The monomers of aniline S5ml are mixed with 1M HCl under continuous stirring for 1 hour.
2. After 1 hour, 0.01 M MB dye was slowly added to the mixture solution for 30 minutes, as
shown in figure 3-4 [50].

3. Oxidizer 0.1 M APS was mixed with the same concentration of 1M HCIl in another breaker.
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4. Finally, the second and third mixtures were mixed in other to initiate the polymerization

process.

Figure 3-4 Chemical Preparation Process of PANI Films

3.5 Electrochemical Deposition of Conducting Polymer Composite
The Electrochemical deposition was used to make a polyaniline thin film with methylene
blue dye, and it is another way to oxidize monomer. The electrochemical deposition was carried

out at the electrode-electrolyte interface, consisting of an FTO coated glass slide with PANI film
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Figure 3-5 Electrochemical Synthesis of PANI Film (a) Under no Applied Voltage, and (b)
Under Applied Voltage.
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prepared In-situ self-assembly technique as a working electrode. The counter electrode was steel.
When a positive potential is applied, the monomers get oxidized, and then again, two oxidized
monomers come together to become dimer and then take them oxidized to become oligomer shown
in figure 3-5. The oligomer is a combination of monomers that are not oxidized yet because
polymerization needs at least 100, 200, or 300 monomers of aniline to form together, which is
called the degree of polymerization.

3.6 Preparation of Single Active Composite Gel Electrolyte

The nanocomposite gel electrolyte process is mainly divided into three steps in this
dissertation.

3.6.1 Preparation of PVA Gel

The first step for the PVA gel electrolyte preparation is shown in figure 3-6. 1M HCl is
dissolved in 500 ml of DI water in a breaker under continuous stirring speed of 500 rpm at 800C
for 12 hours till half of the solution evaporated out. The resultant product had a light sunset orange
color and became a glue-like gelat room temperature.

3.6.2 Preparation of Liquid Electrolyte

The liquid electrolyte was prepared with HCl with a molarity concentration of 0.1 M
dissolved at room temperature by simply mixing the acid solution with DI water under continuous
stirring along with the APS oxidizer (concentration of 0.1 M) for 30 minutes (figure 3-6 b).

3.6.3 Preparation of (PVA+HCI+APS+PANI) Gel

The composite gel electrolyte is made by taking 10 ml of liquid electrolyte i.e., (IM
HCI+0.1 M APS). Then, 40 ml of PVA gel (PVA-HCI solution) is added to the liquid electrolyte

at room temperature and stirred for one hour at 600 rpm. Finally, the composite gel was produced
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by adding 3ml of aniline to PVA+HCI+APS and stirred for 12 hours as shown in the figure 3-6 c.

The nanocomposite gel is indicated as (PVA-+HCI+APS+PANI) in this dissertation.
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Figure 3-6 Preparation of Single Active Layer Composite Gel Electrolyte

3.7 Characterization

3.7.1 Cyclic Voltammetry

Cyclic voltammetry (CV) is an electrochemical technique used to study redox reactions,
1.e., reduction and oxidation of a chemical. Using the CV, we can also analyze the electron transfer
in a chemical reaction. The current is measured by taking as many cycles as possible by applying
a potential to an electrode. CV analysis was used to investigate the oxidation and reduction peaks
of the Polyaniline. There are three primary oxidation states in Polyaniline, Leucoemeraldine

(Reduced state), Emeraldine (Half oxidized state), pernigraniline (fully oxidized state), and many

other oxidized states in between them.
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The structure of PANI is depicted in figure 3-7. The x value ranges between 0 and 1 and,
based on the x value, the oxidation state is determined. So, at x equal to 0, 0.5, or 1 the
Leucoemeraldine, Emeraldine, or Emeraldine Salt structures, respectively, are obtained. The
reduced state, Leucoemeraldine, contains the amine nitrogen functional group, and the oxidized
state, Emeraldine Salt, contains the imine nitrogen, functional group. Due to the double bond
between nitrogen and carbon (imine function) of the Emeraldine Salt, the protonation happens in
an acidic environment. Therefore, this can be used for studying the redox potentials of PANI in

different acids.
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Figure 3-7 Structure of Polyaniline in (a) General Form, (b) Reduced Form, (c) oxidized Form
[51]. By Edward Song et al. © (2013) MDPL

The behavior of PANI can be studied by varying the applied voltage. From the figure 3-8,
we can see two sets of peaks, Oxidation and Reduction Peaks. The first peak, oxidation, starting
from 0.1 to 0.4 V, is where Leucoemeraldine is changing into Emeraldine. In the second peak of
the Reduction, the Emeraldine salt starts changing to Emeraldine state at 1 to 0.4 V. The first peak
of the Reduction between -0.25 to -0.8 V, the Emeraldine is getting reduced to Leucoemeraldine,

i.e., it is changed to a fully reduced state.
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Figure 3-8 Typical Cyclic Voltammetry Curve of Polyaniline [51]. By Edward Song et al. ©
(2013) MDPL.

3.7.2  Chronoamperometry

Chronoampremetry is an electrochemical technique where a square wave voltage is applied
to a working electrode, and it is time dependent. It is used to measure the current as a function of
time. The current vs. time results are referenced as chronoamperometry [52].

3.7.3 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is an electrochemical tool used to measure
the corrosion current density by calculating the polarization resistance. The impedance spectra can
be determined by a potentiostat at a selected band of frequencies [53].

3.7.4 Scanning Electron Microscopy
Scanning Electron Microscope (SEM) is a high-resolution imaging tool useful for

evaluating various materials for surface morphologies, flaws, or composition heterogeneities. A
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focused beam of electrons emitted from a filament interacts with atoms in the sample that generates
signals with information about surface topography and compositional variations in the sample. The
imaging can be done to a resolution down to nanometer scale [54]. SEM images were taken using
Ultra-high-resolution SEM SU-70 Hitachi to study the surface morphologies and compositional

heterogeneities.
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Figure 3-10 Fourier Transform Infrared Spectroscopy
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3.7.5 Fourier-Transform Infrared Spectroscopy

This technique is used to obtain an infrared spectrum of absorption or emission of a solid,
liquid, or gas. An FTIR spectrometer simultaneously collects high-resolution spectral data over a
wide spectral range. It confers a significant advantage over a dispersive spectrometer, which
measures intensity over a narrow range of wavelengths at a time [55].
3.7.6 UV-Visible Spectroscopy

UV Visible uses absorption spectroscopy, and this is affected by the color of the chemicals
involved. It deals with electronic transitions from the ground state to the excited state by absorbing
the light and measuring absorption from the ground to the excited state [56]. The main principle
involves the increase in the energy of atoms and molecules when a chemical solution absorbs light.

It follows Beer lamberts law used in analytical chemistry to identify and quantify the
materials, and it is also used as a detector in HPLC. Every chemical has a different wavelength,
concentration, and molar absorptivity. Hence the response to every chemical solution is different,

and the chromatogram obtained has various response factors.
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Figure 3-11 UV-Visible Spectroscopy
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Chapter 4: Touchchromic Device Based on Nanocomposite Polymer-Dye Film

4.1 Background

This chapter describes the preparation of a nanocomposite-based thin-film layer that
reversibly changes color from dark to transparent in the presence of a salt-based electrolyte,
without any other external excitation, such as voltage light, and temperature [1, 2]. The building
structure of the touchchromic device consists of a coated nanocomposite layer on a conducting
surface, a liquid electrolyte on the translucent conductive substrate, and a metal touch for color
change. The coloration and decoloration depend upon various attributes like the composition of
the electrolyte, film thickness, and the nature of the composite film.

Under this work, we have developed the polymer composite-dye thin film on a conducting
substrate using an electrochemical technique. The composite film was characterized using UV-vis,
FTIR, SEM, X-ray diffraction techniques. The coloration and decoloration of the composite film
were studied with two different metals (iron and nickel). The coloration and decoloration depend
on the properties of metal and type of electrolyte. The touch chromic device could find applications
in windows and displays.

4.2 Results and Discussion

Figure. 4-1 shows the UV-visible spectra (curves 1-5) of polyaniline-dye active layers on
FTO glass plates covered with different electrolyte films. Curve 1 shows the spectra for a
chromatic device having NaCIl+APS electrolyte, curve 2 shows the spectra for a chromatic device

having KCI+APS electrolyte, curve 3 shows the spectra for a chromatic device having
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MgCI2+APS electrolyte, curve 4 shows the spectra for a chromatic device having LiCI+APS

electrolyte, and curve 5 shows the spectra for a chromatic device having CoCI2+APS electrolyte.

1= NaCl+APS
2 = KCl +APS
3= MgCl,+APS
4= LiCl +APS
5= CoCl, +APS
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Figure. 4-1 UV-Visible Spectra of Chromatic Devices having a Polyaniline-Dye Active Layer
treated with Various Electrolyte Films

Curve 1 shows UV-visible absorption peaks at 750, 437, 375, and 311 nm for the
NaCl+APS-based device. Interestingly, a peak at 750 nm is the salt of the electrolyte dopant in the
polyaniline structure. In contrast, the peak at 475 nm is due to polaron and bipolaron in the
nanocomposite structure. The peaks at 311 to 375 nm are due to the p- p* of the polyaniline
structure. Curve 2 shows UV-visible absorption peaks at 813, 437, 386, and 301 nm for the
KCI+APS based device. The KCI+APS doping results in a shift of the UV-visible absorption peak
from 750 nm to 813 nm. Curve 3 shows UV-visible absorption peaks at 539 and 311 nm for the
MgCl+APS based device. Curve 4 shows UV-visible absorption peaks at 414 and 306 nm for the
LiCl+APS-based device. Curve 5 shows UV-visible absorption peaks at 443 and 302 nm for the
CoCl+APS based device. Notably, as peaks were not observed in the range of 700 to 900 nm for

the LiCI+APS and CoCl+APS based devices, those devices do not quickly change color.
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Figure. 4-2 UV-Visible Spectra of a Chromatic Device having a Polyaniline-Dye Active Layer
treated with Magnesium Chloride (MgClz) + Ammonium Persulphate (APS) Electrolyte, both
with and without Contact with a Metal

Figure. 4-2 is a graph that shows UV-visible spectra of a chromatic device having a
polyaniline-MB dye active layer and a MgCL+APS electrolyte layer, both with and without
contact with a metal. Curve 1 shows UV-visible absorption peaks at 579, 886, and 972 nm for the
device before contacting metal. Curve 2 shows UV-visible absorption peaks at 881 and 972 nm
after the polyaniline-dye active layer was placed in electrical contact with a metal element. Curve
3 shows UV-visible absorption peaks at 578, 876, and 974 nm immediately after removing the
metal element. As can be appreciated from comparing curves 1 and 2, there is a 65% change in
absorption between when the metal is and is not in contact with the active layer.

Figure. 4-3 is a graph that shows the UV-visible spectra for a chromatic device having a
polyaniline-dye active layer and KCI+APS electrolyte, both with and without contact with metal.
Curve 1 shows UV-visible absorption peaks at 560, 870, and 964 nm when there is no contact with
metal. Curve 2 shows UV-visible absorption peaks at 569, 883, and 963 nm after the polyaniline-
dye active layer was placed in electrical contact with a metal element. Curve 3 shows UV-visible

absorption peaks at 371, 885, and 971 nm immediately after removing the metal element. As can
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be appreciated from a comparison of curves 1 and 2, there is a 65-68% change in absorption at 550

nm between when metal is and is not in contact with the active layer.
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Figure. 4-3 UV-Visible Spectra for a Chromatic Device having a Polyaniline-Dye Active Layer
and treated with Potassium Chloride (KCI)+APS Electrolyte, both with and without Contact with
a Metal

Figure. 4-4 is a graph that shows the UV-visible spectra for a chromatic device having a
polyaniline-dye active layer and NaCI+APS electrolyte, both with and without contact with metal.
Curve 1 shows UV-visible absorption peaks at 556, 882, and 976 nm when there is no contact with

metal. Curve 2 shows UV-visible absorption peaks at 372, 422, 885, and 968 nm after the
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Figure. 4-4 UV-Visible Spectra for a Chromatic Device having a Polyaniline-Dye Active
Layer treated with Sodium Chloride (NaCl)+APS Electrolyte, both with and without Contact
with a Metal
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polyaniline-dye active layer was placed in electrical contact with a metal element. Curve 3 shows
UV-visible absorption peaks at 562, 879, and 969 nm immediately after removing the metal
element. As can be appreciated from comparing curves 1 and 2, there is a 65% change in absorption

at 550 nm between when metal is and is not in contact with the active layer.
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Figure. 4-5 Raman Spectra of a Chromatic Device having a Polyaniline-Dye Active Layer
Deposited on a Silicon Substrate treated with Various Electrolytes

Raman spectroscopy was also performed to evaluate the chromatic devices. Figure. 4-5 is
a graph that shows the Raman spectra of a polyaniline-dye active layer deposited on a silicon
substrate and treated with various electrolytes. Curve 1 shows Raman absorption peaks for the
active layer without any electrolyte at 2825, 1621, 1597, 1488, 1332, 1231, 1170, 1018, 826, 543,
and 433 cm™!. Curve 2 shows Raman absorption peaks at 3003, 1636, 1531, 1344, 824, 666, 460
cm-1 for the polyaniline-dye active layer when treated with CoClx+APS electrolyte. Curve 3 shows
Raman absorption peaks at 3084, 1594, 1524, 1334, 1188, 1001, 819, 629, 474 cm-1 for the
polyaniline-dye active layer when treated with KCI+APS electrolyte. Curve 4 shows Raman
absorption peaks at 2855, 1630, 1530, 1331, 1188, 822, and 671 cm-1 for the polyaniline-dye
active layer when treated with MgCl,+APS electrolyte. Finally, curve 5 shows Raman absorption
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peaks at 2845, 1614, 1525, 1341, 1247, 855, and 600 cm-1 for the polyaniline-dye active layer

when treated with NaCl+APS electrolyte.
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Figure. 4-6 Fourier Transform Infrared (FTIR) Spectra of a Chromatic Device having a
Polyaniline-Dye Active Layer Deposited on a Silicon Substrate treated with Various Electrolytes

The Raman shifts are well pronounced compared with the infrared peak (discussed below
in relation to Figure. 4-6). However, a Raman peak can be seen at 1636 to 1614 cm-1 due to doping
of the polyaniline-dye active layer. The treated polyaniline-dye active layer shows C=N stretching
due to the quinoid structure of the pernigraniline form of polyaniline. The Raman peak from 1630
to 1614 cm-1 is due to the quinoid ring, whereas the peak from 1539 to 1534 cm-1 is due to the
benzenoid ring. The peak at 1344 to 1332 cm-1 is due to protonated oxazine units and the stretching
vibration of C-C in the quinoid ring. However, the Raman spectra are pronounced and different in
doped polyaniline-dye active layers. The bands that appeared at 1188 cm-1 and 1001 cm-1 are due
to C—H bending vibrations of semi-quinonoid rings, and C—H in-plane bending vibrations in the

benzenoid ring are due to KCI+APS electrolyte.
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Fourier transform infrared spectroscopy (FTIR) was also performed to evaluate chromatic
devices. Figure. 4-6 is a graph that shows the FTIR spectra of a polyaniline-dye active layer
deposited on a silicon substrate and treated with various electrolytes. Curve 1 shows FTIR bands
at 3202, 3043, 2927, 2816, 2360, 1517, 1483, 1403, 1295, 970, 802, 693, 599, 500 and 469 cm-1
for the polyaniline-dye active layer when treated with NaCI+APS electrolyte. The band at 3200
cm-1 is due to N-H vibration, and the peak at 1517 cm-1 is due to the C-C stretching of the quinoid
and benzenoid rings. The band at 1295 cm-1 is due to the (quinoid) emeraldine structure of
polyaniline and the “out-of-plane” C-H at 1870 cm-1 for polyaniline. The band at 3043 cm-1 is
due to the C=H stretching of polyaniline. However, the doped form of polyaniline is shifted to
1295 cm-1, which is generally found at 1246 cm-1.

Curve 2 shows FTIR bands at 3854, 3746, 3673, 3391, 3195, 3123, 3036, 2905, 2818,
2355, 1761, 1565, 1478, 1398, 1283, 1101, 790, 725, 580, 500 cm-1 for the polyaniline-dye active
layer when treated with KCI+APS electrolyte. The peaks shown at 1565, 1478, 1398, 1283, and
1101 cm-1 are due to chlorate or chloride ions in the conducting polymer.

Curve 3 shows FTIR bands at 3869, 3753, 3318,3202, 3043, 2355, 2036, 1630, 1420, 1275,
1072, 804, 681, 580, 500 cm-1 for the polyaniline-dye active layer when treated with CoC12+APS
electrolyte. Curve 4 shows FTIR bands at 3847, 3600, 3500, 3376, 3246, 2920, 2847, 2355, 2022,
1630, 1406,1029, 609, 500 cm-1 for the polyaniline-dye active layer when treated with LiCI+APS
electrolyte.

Curve 5 shows FTIR bands at 3833, 3340, 2333, 2072, 1849, 1652, 1427, 1275, 1101, 674,
601, 500 cm-1 for the polyaniline-dye active layer when treated with MgCl>+APS electrolyte. The
band from 3340 to 3202 cm-1 is due to N-H bonding in polyaniline. The peak at 2818 cm-1 is due

to methylene and methyl interaction due to the group present in the dye. The band at 1565 to 1630
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cm-1 is due to C=N stretching due to the quinoid ring, and 1503 cm-1 is due to C-N stretching of
the benzenoid ring. The peak at 1101 cm-1 is due to chlorine bonding with the polyaniline-dye
active layer. The band at 804 cm-1 is due to C-H vibration out-of-plane bonding in the benzenoid
ring of polyaniline. The band at 580 cm-1 is due to C-N-C bonding in the polyaniline. The band
3500 to 3854 cm-1 is due to the vibration band of -OH in the structure of the polyaniline-dye active

layer.

PANI dye composite film Cl; *APS treatad PANI dye composfte MeCl, +APS treated PANI dye composite film

o .

EBCL+APS treated PANI dye composite film KC! +APS treated PANI dye composite film Na(l +APS treated PANI dye composite film

Figs. 4-7(A-F) are Scanning Electron Microscope (SEM) images of Chromatic Devices having
Polyaniline-Dye Active Layers with and without treatment with an Electrolyte

Figs. 4-7(A-F) are scanning electron microscope (SEM) images of a polyaniline-dye active
layer with and without treatment with an electrolyte. More particularly, Figure. 4-7A shows an
untreated polyaniline-dye active layer, Figure. 4-7B shows a polyaniline-dye active layer treated
with CoCl+APS electrolyte, Figure. 4-7C shows a polyaniline-dye active layer treated with
MgCI2+APS electrolyte, Figure. 4-7D shows a polyaniline-dye active layer treated with
FeCl3+APS electrolyte, Figure. 4-7E shows a polyaniline-dye active layer treated with KCI+APS

electrolyte. Figure. 4-7F shows a polyaniline-dye active layer treated with NaCI+APS electrolyte.
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The active layers were not washed after the treatment with the various electrolytes. The SEM
images show the effect of the electrolyte dopant on the surface of the active layer. The KCI- and
NaCl-treated active layers had small grain boundaries in the polymer structure, whereas the CoClz-

and MgClx-treated active layers had a crystalline salt structure across the layer.

Figs. 4-8(A-F) are Photographs Showing the Color Change of a Chromatic Device with a
Polyaniline-Dye Active Layer treated with KCI+APS Electrolyte

The touchchromism of the disclosed chromatic devices was also tested. The color change
was observed for polyaniline-dye active layers treated with KCI+APS, LiCI+APS, MgCL+APS,
and NaCI+APS electrolytes. Figs. 4-8(A-F) are photographs showing the color change for the
polyaniline-dye active layer treated with KCI+APS electrolyte. Figure. 4.8AA shows the
polyaniline-dye active layer before contact with a metal element. Figs. 4-8(B-D) are time-
sequential images of the polyaniline-dye active layer after contact with a metal element. Figs. 4-

8E and 4-8F are time-sequential images of the polyaniline-dye active layer after the contact with
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the metal element is removed. As can be appreciated from these photographs, the letters “USF”
written on the substrate of the chromatic device are only visible when the polyaniline-dye active
layer has been in contact with the metal element.

The rate at which a color change occurs within the chromatic device depends on the
electrolyte used. Table 4-1 identifies the time for a color change for polyaniline-dye active layers
treated with various electrolytes. This table highlights the active layer treated with the KCI+APS
electrolyte, showing a quick color change of 5 seconds.

Table 4-1 Types of Electrolytes and Time of Color Change.

S. No Type of salts Conc. 2If)gxidant Time of decoloration (sec)
1 NaCl 0.1IM 10
2 MgCly 0.1M 12
3 KCI 0.1IM 5
4 LiCl 0.1M 19
5 CoCl 0.1M Only at point of contact
6 FeCls 0.1M No change

It is noted that the electrolyte concentration can have a significant effect on the reversibility
of the color change. As the salt concentration increases, the reversibility of the color change
decreases. It is also noted that the electrolyte concentration affects the speed with which the color
change occurs as shown in Table 4-2. A gel electrolyte is prepared by dissolving 0.5 g of gelatin
in 40 ml of deionized water and heated to 60°C. The gel is cooled, and various salt concentrations
are mixed and stirred with a 0.1M APS oxidant. The gel was applied to a polyaniline-dye active

layer, and a touchchromic study was performed.

41



Table 4-2 Rate of Color Change for Different Concentrations of KCI+APS Electrolyte.

S. No Conc. Of KC1 Conc. gf)gxidant Time of decoloration (sec)
1 0.1M 0.1M At point of contact
2 0.25M 0.1M 14 Sec
3 0.5M 0.IM 12 Sec
4 0.75M 0.1M 3 Sec
5 IM 0.1M 5Sec
6 2M 0.1IM Only at contact

4.3 Conclusions

We have shown a new phenomenon of the color change of a conducting nanocomposite
thin film with a liquid electrolyte. When a metal touches the liquid electrolyte, it changes the color
of the composite thin film. The smart film changes color without any other external excitation. The
color change occurs by transferring electrons from the metal contact to the electrolyte and finally
to the nanocomposite thin film. The color contrast of the touchchromic device depends on the ratio
of the conducting polymer composite with dyes, APS, and metal. As appealing as this touch

chromic device may be, it is difficult to use it in commercial applications.

42



Chapter 5: Single Active Layer Electrochromic Devices

5.1 Background

Electrochromic (EC) windows have played a pivotal role in privacy protection and, to a
smaller extent, energy savings in buildings. Commercial EC windows are expensive, with the
active part containing several layers with complicated structures and slow switching ability. In this
work, we present a new relatively simple and potentially inexpensive electrochromic (EC) device
consisting of a single composite gel active layer placed between two transparent conducting
fluorine doped tin oxide glass plates. The active EC layer is a mixture of the conducting polymer
polyaniline, poly vinyl alcohol (PVA), hydrochloric acid, oxidant, and methylene blue (MB) dye.
The EC device color changes from dark blue to transparent when an electric potential is applied in
the range of +1.5 to -0.5 V. The color change in the EC active layer at various gel mole fractions
of polyaniline and methylene blue dye have been studied using cyclic voltammetry, Fourier
transform infrared spectroscopy (FTIR), UV-vis and electrochemical impedance measurements at
various biasing voltages. The coloration and decoloration of the active layer at different voltages
is driven by the oxidation and reduction of methylene blue and polyaniline. These effects are
explained in terms of changes in the chemical structures of polyaniline and methylene blue at
different bias voltages.

In this work, we have demonstrated EC devices with a single active gel layer composed of
variations of (PVA+ ammonium persulfate (APS)+ methylene blue (MB), (PVA+APS+PANI) or
(PVA+APS+MB+PANI) sandwiched between two conducting fluorine doped tin oxide (FTO)

coated glass plates. These gel single active layer devices are produced by the polymerization of
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PANI in PVA gel consisting of APS with a monomer ‘aniline’. A dark green-blue gel has been

obtained depending on the ratio of APS to aniline as well as the presence of MB in the active layer.

5.2 Methods

5.2.1

Preparation

The single layer EC gel was prepared by the following four steps:

Preparation of PV A electrolyte: Initially, 50 g of PVA was dissolved in 500 ml of 1 M HC1
in a flask. The solution was stirred continuously and heated at 80°C for 12 hours. The PVA
gel in HCI was formed due to condensation reaction [57]. The solution was allowed to cool
to room temperature. Later, the gelling has been performed for several days. Such solution
was used for preparation of active layer. However, the presence of oxidant “APS” created
loss of electrons or oxidized the PVA molecule.

Preparation of PANI based electrolyte: Initially, 100 ml solution of 0.1 M APS in 1M HCl
was prepared. The 10 ml solution of 1M HCI and 0.1 APS was added in 40 ml of PVA-
HCI gel (named PVA gel). The addition of APS and HCI solution in PVA gel was
performed slowly and lastly, 5 ml of aniline was added. The aniline was polymerized to
PANI and formed blend with PVA-gel. In a conventional aniline polymerization to
polyaniline, the oligomers which are formed are separated using the filtration process. So,
the formation of any oligomer which has formed is also wrapped in the PVA gel.
Preparation of MB based electrolyte: 0.16 g of MB was dissolved in 10 ml of solution
prepared in 1 M HCl and 0.1 M APS. The MB solution was added slowly using 40 ml of
PVA gel and stirred for 12 hours to obtain the PVA+APS+MB gel. The solution was kept

for a week to gel before use in the EC device.
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4. Preparation of the MB+PANI electrolyte: Initially, 2.5 ml of aniline were added to the MB
based electrolyte (the preparation is explained in the previous section). The aniline was
polymerized over the PVA+APS+MB gel under constant stirring for 12 hours. The 1 mg
to 2.5 to 3.0 ml ratio of methylene blue to aniline (1:2.5 and 1:3), before the polymerization
of aniline to PANI, is presented in the text. Attempts were made to separately add 3ml,
3.5ml, 3.75ml, 5ml, 7.5ml and 10ml of aniline to the MB gel. Better results were obtained
using 3 ml of aniline containing 0.16 g in MB gel in the fabrication of the
(PVA+APS+MB+PANI) gel. The (PVA+APS+MB+PANI) gel was also aged before
fabrication of the EC device.
5.2.2 Device Preparation and Measurements

The composite gel was characterized using UV-vis, Fourier transform infrared
spectroscopy (FTIR) and scanning electron microscopy (SEM). The single layer (PVA+APS
+MB), (PVA +APS+PANI) or (PVA +APS+MB+PANI) electrochromic devices were made by
coating the entire surface of one of the electrodes with a composite gel, using a 130 pm thick
boundary layer of parafilm as separator, and covering it with the second electrode. Then, the two
electrodes and gel thin film were pressed together with binder clips and glued together. The
effective area of the electrochromic device was 2.0 cmx2.0 cm and was used for all the
measurements.
5.3 Results and Discussion
5.3.1 Physical Characterization

Figure 5-1a shows schematics and real pictures of the single layer electrochromic device
in two states, opaque and transparent, when 1.5 V and -0.5 V were applied, respectively. Curve 1

in figure 5-1b reveals UV-vis optical absorption at 381, 673 and 764 nm of the PVA+APS gel
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coated on a glass plate and dried at room temperature. Curve 2 in figure 5-1b shows the UV-vis
absorption at 405, 623, 679, 739 and 753 nm of the (PVA+HCI+APS+MB) gel deposited on a
glass substrate. Curve 3 shows UV-vis absorption peaks at 386, 427 and 820 nm for

(PVA+APS+PANI+MB).
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Figure 5-1 (a) Schematic and Real Pictures of a Device with an All in One Active Layer
(PVA+APS+MB+PANI) biased at 1.5 -2.0 V for the Colored State and at 0 - -0.5 V for the
Transparent State; (b) UV-Vis Spectra of (1) PVA+APS, (2) PVA+APS+MB, (3)
PVA+APS+PANI and (4) PVA+APS+PANI+MB (the inset in figure (b) shows the UV-Vis
Spectra of the PVA+APS Film on Glass Plate)

However, absorption peaks at 405, 626, 680, 739 and 757 nm are observed for the
(PVA+APS+PANI+MB) electrolyte on a glass plate. The presence of a peak at 820 nm in curve 3
and 757 nm in curve 4 of Figure 5-1b are indicative of the doped state of PANI regardless of the
presence of APS oxidant.

Figure 5-2 shows SEM pictures of just the gels i.e., (PVA+APS+MB), (PVA+APS+PANI)
or (PVA+APS+MB+PANI) on an FTO coated glass plate dried at room temperature. Figures 5-2
(left and right) show typical compact symmetric structures with a packed pebble structure
regardless of the type of sample. A 0.1M MB in the (PVA+APS+MB+PANI) sample produced a

fibrillar structure (Figure 5-2 right).
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Figure 5-2 SEM pictures of the PVA +APS+MB, PVA+APS+PANI or PVA +APS+PANI+MB
on FTO Coated Glass Plates Dried at Room Temperature

Figure 5-3 shows FTIR transmission peaks at 3416 (stretching vibration O-H with strong
hydrogen bonding intermolecular and intramolecular types), 2953 (to C-H alkyl group) [58][59],

2345, 2099,1737 (C=0),1650 (C=0 stretching) ,1409 (C-H2), 1206 (C-N stretching of amine)
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Figure 5-3 FTIR Spectra of (1) PVA+APS, (2) PVA+APS+MB, (3) PVA+APS+PANI and
(4) PVA+APS+PANI+MB
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[58][60], 1105 (is due to S=0O) and 820 cm-1 (C-S bond) for PVA+APS gel based electrolyte. The
characteristic peaks of PVA+APS gel at 3420, 2927, 2156, 1645, 1418, 1221, 1090, 839, 593 cm-
1 with little shift are observed due to the presence of MB in curve 2 figure 5-3. The peak 1409 has
been shifted to 1418 cm-1 due to the presence of MB.

The characteristic peaks of methylene blue at 1595, 1487, 1390 as well as 816 cm-1 are
not observed rather the characteristic peaks have shifted due to the presence of MB in the
(PVA+APS+MB) gel, as shown in curve 2 figure 5-3 [61]. The presence of PANI in
(PVA+APS+PANI+MB) shows transmission peaks at 3445 (v(N—H) (stretching vibrations), 3222
(H-bonded v(N-H), 2948, 2601, 1645 (1486 benzenoid ring stretching), 1418 (phenyl ring
stretching), 1312 (v(C-N.+), 1211 (v(C-N), 1109 (B-NH-B/8(C-H), 728(c(C—H) (monosubstituted
or 1,2-disubstituted ring), 685(Out-of-plane ring bending (monosubstituted ring)), 598(CI —) and
482 cm-1, curve 3 figure 5-3. The 1109 cm-1 is associated with the charged polymer units quinoid
(Q=NH+— benzene B or (B)-NH+*—B [62]. The PVA+APS+PANI+MB shows FTIR
transmission peaks at 3416, 3213, 2943, 2601, 2108, 1640, 1491, 1408, 1283, 1201, 1098, 820,
733, 675, 612, 521 and 477 cm-1, curve 4 figure 5-3. The peaks are due to the presence of PVA,
MB, and PANI in doped states [62].

The UV-vis, FTIR and SEM properties of fabricated films are indicative of the emeraldine
salt (ES) form of the PANI active layer.

5.3.2  Cyclic Voltametric and Spectroscopic Studies

To study the electrochromic response of the gels, devices were made by applying a thin gel
layer between two FTO coated glass plates. The fabricated devices were then tested by applying a
potential across the conductive glass plates. Figure 5-4a shows the cyclic voltammetry (CV) results

of a (PVA+APS+MB) device at different scan rates. The CVs show the oxidation peak varying
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from 1.39 to 1.32V, and reduction peaks at -0.73 V, and -0.13 V. A dark blue color was observed

at a potential of about 1.35 V, depending on the scan rate. On the other hand, the transparent color

was observed at a potential around -0.2 V. Figure 5-4b shows the CVs of the (PVA+APS+PANI)

gel electrolyte EC device. It shows a broad oxidation peak from +1.30 to +1.69 V as well as a

small oxidation peak between 1.37 V and 1.67 V, and a reduction peak in the range of 0.47 V to

0.8 V as a function of scan rate. Figure 5-4c, for the (PVA+APS+PANI+MB) single active EC

layer, indicates that the redox potential changes as a function of scan rate. In figure 5-4d (2) a

faster color change was obtained for a gel containing 1 mg of methylene blue and 3.0 ml aniline.

The redox potential for the gel containing (PVA+APS+PANI+MB) shows a sharp oxidation peak
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Figure 5-4 CVs of EC Devices Containing EC gels as a Function of Scan Rate. Figure (a) for
PVA+APS+MB; Figure (b) for PVA+APS+PANI and Figure (c) for PVA+APS+MB +PANI
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at ~1.42 V and a reduction peak at around -0.5 V. There is no appreciable change in the
characteristics of the CV curves when varying the ratio of aniline to MB for the preparation of the
active (PVA+APS+PANI+MB) layer. However, better transparency has been observed for the 1:3

ratio of aniline to MB.
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Figure 5-5 Chronoamperometric Plots of (a) PVA+APS+MB, (b) PVA+APS+ PANI, and (c)

PVA+APS+PANI+MB in the Single Active Layer Device; and (d) Absorption Change by the

PVA+APS+PANI+MB Active Layer at an Excitation Wavelength of 550 nm is Changed for -
0.2V and 1.5 V for between two FTO Coated Glass Plates

Figure 5-5a shows the chronoamperometric results of (PVA+APS+MB),
(PVA+PANI+APS) and (PVA+APS+PANI+MB) for a single active layer between two FTO
coated glass plates. Figure 5-5a shows the chronoamperometric results for the (PVA+APS+MB)
single layer, indicating that the reduction current is larger than the oxidation of the electrolyte.
This chronoamperometric study was carried out by applying a voltage from 1.5 to -0.5 V. The
colored state of the active layer was maintained at 1.5 V whereas -0.5 V showed a transparent

state. When the applied potential of 1.5V was switched on, the dark blue color remained and,
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similarly, the potential -0.5V switched off showed the transparent color. Figure 5-5b shows the
redox states of (PVA+APS+PANI) for a single layer electrochromic device. Also, the redox states
for (PVA+APS+PANI+MB) are asymmetric, like (PVA+APS+PANI), as shown in figure 5-5c.
The presence of PANI and MB in (PVA+APS+PANI+MB) contributes to faster coloration and
decoloration as compared to use of just MB or PANI.

In figure 5-5d, the EC device shows a higher color contrast at the voltage window from 1.5
to -0.5 V in the wavelength range of 580 to 875 nm. The experimental results show that color
contrast can also be obtained in the wavelength range of 500 to 900 nm. Figure 5-6 shows Spectro-
electrochemical studies on the (PVA+APS+MB+PANI) EC device at 1.7 V (curve 1) and -0.7 V
(curve 2). The absorption magnitude at 1.7V saturates the absorption from 600 to 870 nm whereas,

the characteristic color (light color) is observed at -0.7 V [62].
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Figure 5-6 The Spectro-Electrochemical Study of PVA+APS+MB+PANI Gel base EC device at
potential (1) 1.7 Vand (2) -0.7 V

5.3.3 Electrochemical Impedance Spectroscopy
To study the electrical properties of the (PVA+APS+PANI+MB) gel, the impedance of the

device was measured at 0.0 V (transparent mode) and 2.0 V (dark mode). Figure 5-7a shows the
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impedance magnitude and phase versus frequency. The results reveal an astonishing difference in
the electrical behavior of the (PVA+APS+MB-+PANI) gel at the two different states. At a high
biasing voltage, when the film is dark, the device is showing almost a pure resistive behavior (£Z
< 6 degrees) with a low resistance of ~65 Q for a wide range of frequency from 0.1 Hz to 10 kHz.
The (PVA+APS+MB+PANI) EC device has shown a complex impedance behavior at the
transparent state (0.0 V).

To analyze the complex impedance at the transparent state, the imaginary part of the
impedance is plotted versus the real part, as shown in figure 5-7b. The presence of two semicircles
in the Nyquist plot suggests having at least two-time constants in the gel-based EC device. This
supports the transition current in the pulse data (figure 5-5¢). To analyze the impedance data, an
equivalent circuit model is proposed (inset Figure 5-7b). An EIS Spectrum Analyzer 1.0 software
was used to find the value of each component in the model for the best fit to the data.

The results of the simulated circuit are presented in figure 5-7b. The component values
extracted from the simulation are also shown in the same figure (different inset). The series
resistance (Rs=58.68 Q) in the device is slightly lower than the measured 65 € resistance in the
opaque state. The combination of Cdl, Rct, CPE, and RP is very similar to an electrochemical
interface between a conductive electrode and an electrolyte with a double layer capacitor (Cdl), a
charge transfer resistor (Rct), a constant phase element (CPE) and a parallel resistor (RP).
Considering the planar structure of the electrodes, the magnitude of the double layer capacitance
is in good agreement with the dimensions of the electrodes. It should be noted that due to the
symmetrical structure of the device, Cdl is equivalent to two series double layer capacitances
formed at each electrode-gel interface. Similarly, Rct, CPE, and RP cover the corresponding

effects on both electrodes. In addition to the interface, the equivalent circuit model suggests the
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presence of charge storage in the bulk of the gel material [63]. The bulk capacitance, Cbk=79.68
mkF, is much larger than the double layer capacitance.

A typical electrochemical cell does not have any charge storage capability in the electrolyte
of the cell. However, the (PVA+APS+MB+PANI) gel electrolyte contains PANI which can store
charge through changing the oxidation state of the polymer. Due to a relatively large amount of
polymer used in the electrolyte, in fact, it is reasonable to assume the presence of a bulk
capacitance larger than Cdl. Although the proposed equivalent circuit model explains the
impedance of the device at 0.0 V biasing, the significant change in both the magnitude and
complexity of the impedance at 2.0 V is arguable. The combination of the color change, current-

voltage characteristics and impedance results can be used to explain the device behavior.
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Figure 5-7 (a) Magnitude and Phase of the PVA+APS+PANI+MB Device Impedance vs
Frequency at a Biasing Voltage of 0.0 V (Transparent Color) and 2.0 V (Dark Color). (b)
Experimental and Simulation Results for the Complex Impedance of the Device at 0.0 V

5.4 Mechanism of Single Layer based Electrochromism
Both the color change and the current peak around 1.5 V indicate that the redox state of the
polymer changes from leucoemeraldine (LEU) to emeraldine to pernigraniline (PG) at higher

voltages. The emeraldine state (ES) has a smaller bandgap (Eg=2.2 eV) with a dark blue color.
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Since the gel electrolyte is a composite material that includes the PANI polymer, the variation in
the conductivity is expected to be less than that of just the polymer film. The change in the
magnitude of the impedance at 0.1 Hz supports the existence of the emeraldine structure of
polyaniline in the gel at 2.0 V biasing.

The conversion of LEU to emeraldine as well as PG is due to an oxidation process through
which the polymer loses electrons. In contrast to the emeraldine and pernigraniline (PG) states, the
leucoemeraldine state is transparent with a bandgap of Eg=3.9 eV. The lower conductivity of the
LEU and its capacity to store positive charges (by losing electrons in the oxidation process) are
the likely reasons for having such complex impedance values at 0.0 V. One possible explanation
is that the application of a step voltage of 2.0 V pumps a significant amount of positive charge into
the gel, thus leading to larger impedance at the LEU state. The injected charge into the gel would
be used to complete the polymer charge balance at the oxidation state (i.e., charging the bulk
capacitor). This forms a space charge limiting situation in the gel. Once the polymer is converted
to the ES state, the gel would be more conductive with a lower resistance. The presence of APS in
the gel would convert the PG to EM and then to LEU at 0.0 V (short circuit condition) or -0.5 V,
resulting in a transparent state.

5.5 Mechanism of Gelling the Single Layer EC device

The PVA gelling depends on the condensation reaction and temperature applied to the PVA
in the HCI solution. The water molecules are released and chlorine ions (from the dissociation of
HCL) are attached to the PVA in the gelling process. Figure 5-8a shows the gelling process of
PVA in the HCI solution. Further, the oxidant “APS’ addition to the PVA gel causes a loss of

electrons from the polymer structure. Such process produces the lone pair effect in the carbon
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structure as shown in figure 5-8b. The aniline addition in PVA+APS causes oxidative
polymerization and forms the emeraldine salt (ES) form of PANI.

The possible interaction of ES with the (PVA+APS) gel yields the (PVA+APS+PANI)
structure. One can assume that the ES state interacts with chlorine ions in the (PVA+APS) gel
because of the lone pair effect of the ES state of PANI (figure 5-8c). However, the presence of
APS causes the oxidation of the ES polymer and forms pernigraniline (purple or dark blue in color)

of polyaniline (based on UV-vis measurements and optical observation). Figure 5-8d shows
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Figure 5-8 (a) The Gelling Process of PVA in HCI; (b) The PVA-gel in HCI with Ammonium
Persulfate (APS) Oxidant Process; (c) Emeraldine Salt Forms in the Presence of HCl and
APS after Polymerization of Aniline to Emeraldine salt; (d) Emeraldine Salt Changes to
Pernigraniline due to the Presence of APS and Oxidized PVA in APS; (e) Coloration and

Decoloration due to the Application of a Voltage across the Single PVA+HCI
+APS+MB+PANI Layer
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possible interaction of MB with the (PVA+APS +PANI) structure. There is a weak bond which is
established between the nitrogen of MB to hydrogen—bonded with nitrogen present in the PANI
structure. The application of a voltage to the single (PVA+APS+MB+PANI) device produces a
color change from blue to transparent or light yellow in color. The oxidation of MB and PANI
produces a dark blue color in (PVA+APS+MB+PANI) EC device as shown in figure 4-8e. The
color changes from dark blue to transparent when the applied voltage changes from -0.7 to 2.0 V.
To produce the electrochromic effect both electron donors and electron acceptors must be present
in the gel. The color contrast, potential window, stability of gel and reversibility of the EC device
depends on the type of gel.
5.6 Conclusions

This work presents a promising new EC device that can be used for the development of
low- cost EC windows. The device is simple to make, and the use of a single active layer greatly
simplifies the manufacturing process. The single (all-in-one) gel active layer consists of (PVA +
oxidant + conducting polymer; or PVA + oxidant +dye + conducting polymer) placed between

two transparent conducting fluorine doped tin oxide glass plates. The single active layer
EC device can be easily used in large size applications such as windows, without involving
complicated vacuum deposition processes. However, because the active layer contains a water-
based electrolyte and organic components, the device has some drawbacks, such as, bubble
formation resulting from the electrolysis of the water-based electrolyte (for applied voltages above
1.23 volts) and photodegradation when the window is exposed to sunlight (from UV and other
wavelengths in the solar spectrum). The elimination of these drawbacks is presently under

investigation.
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Chapter 6: Single Active Layer Electrochromic Devices with Different Colors
6.1 Background

This chapter presents the research results on stable nanocomposite single active gel layers
of different colors that can be used in auto-dimming rear-view mirrors, windows, camouflage
applications, partitions in buildings, etc. The single gel active layer contains a water-soluble
polymer, poly (vinyl alcohol) (PVA), an oxidant, ammonium perdisulphate (APS), and a water-
soluble dye, such as methylene blue, methyl orange, methyl viologen, eosin, rhodamine b, and
congo red, at various compositions. The active gel layer (polyaniline+dye+PVA+APS) was
characterized using SEM, UV-visible, cyclic voltammetry and chronoamperometric techniques.
The coloration and decoloration of the EC device, with the gel active layer sandwiched between
two conducting fluorine doped tin oxide transparent glass plates, was achieved in the applied
voltage range of +2.0 V to —2.0 V. The oxidation-reduction potentials of the gel layer were
identified by using cyclic voltammetry, chronoamperometry and in-situ opto-electrochemical
techniques. The coloration and decoloration of the EC all-in-one layers were deduced from the
expected chemical structures of the active layers containing different ratios of polyaniline and dye.
The results show that the redox characteristics of the dye greatly influence the overall oxidation
and reduction potentials of the EC device active gel layer.

In this work, the physical properties of the (PVA + APS + dye (methyl orange ‘MO’,
methyl viologen ‘MV’, eosin ‘EO’, congo red ‘CR’, rhodamine b ‘RB’, methylene Blue ‘MB’) +
PANI) active layers have been characterized using SEM, UV-visible, cyclic voltammetry and

chronoamperometry techniques. We investigated the coloration and de-coloration of the active
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layer by measuring the UV-vis absorption from 350 nm to 900 nm at 2 V and -0.7 V and used

cyclic voltammetry at various scan rates to understand the reversibility and oxidation-reduction

process in various dyes in the single (all-in-one) active layer EC device.

6.2 Materials and Methods

Preparation of PVA gel: Initially, a PVA gel was prepared by dissolving 50 g of PVA in a
solution of 500 ml of 1 M HCl in a round bottom flask. The solution was heated for 12 hrs.
at 80°C and then cooled at ambient temperature and was kept gelling for several days (more
than a week before use).

(PVA+APS+PANI) gel: The PVA gel was used to prepare the (PVA+APS) gel electrolyte.
Separately, 0.1 M of APS solution was mixed in 1M HCl and 10 ml of the resultant solution
was added to 40 ml of PVA gel and stirred for one hour. The reaction with APS in PVA
created an oxidized (PVA+APS) gel. The 50 ml gel containing PVA+APS was added to a
5 ml aniline solution over an interval of 3 minutes. The aniline was polymerized in PVA
gel in the presence of the APS “oxidizer”. The final gel is referred to as
(PVA+APS+PANI).

(PVA+APS+dye+PANI) gel: The final active layer was prepared by using 0.01M of each
dye (MO, MV, EO, CR, RB, and MB) in a solution of 0.1 APS oxidant in 1M HCI. The
resulting solution of 10 ml was added 3 ml at a time, under continuous stirring, to obtain a
40 ml PVA+APS gel. Later, 5 ml of aniline were added to the solution of (PVA+APS+dye
(MO, MV, EO, CR, RB and MB)), and stirred for 12 hours at room temperature. Table 6-
1 presents information about the amount of each dye used in the preparation of the

(PVA+APS+Dye (MO, MV, EO, CR, RB or MB) + PANI) active electrochromic gels.
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Table 6-1 Experimental Conditions and Dye, Aniline, PVA Gel Required to Obtain Active One-
Layer Electrochromic Material

Dylfﬂa :)i;.i (eodllll\l/[w 40 ml of Reaction of
S.No Active layer gel APS +1M’ HCl PVA gel | Aniline aniline with
(0.01M)) with HCI PVA+APS+dye
1 PVA+APS+ MO+PANI 0.1636¢g 40 ml 5ml 12 hrs
2 PVA+APS+ MV+PANI 0.1285¢g 40 ml Sml 12 hrs
3 PVA+APS+ EO+PANI 0.3239¢ 40 ml 5 ml 12 hrs
4 PVA+APS+ CR+PANI 0.3483¢g 40 ml 5ml 12 hrs
5 PVA+APS+ RB+PANI 0.2395¢g 40 ml 5ml 12 hrs
6 PVA+APS+ MB+PANI 0.1599¢g 40 ml 5ml 12 hrs

Table 6-2 Chemical Structure of the Dyes and Pictures of their Reduced and Oxidized States,
taken from Videos of EC devices Operating in the Voltage Range of -0.7 to 2 Volts

. Oxidized Reduced
Type of dye Chemical Structure state state
Methyl Orange
Methyl viologen
Eosin
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Table 6-2 (Continued)

Oxidized Reduced

Type of dye Chemical Structure state state
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6.3 Results and Discussion
6.3.1 SEM Studies

Figure 6-1 shows SEM pictures of the composites (PVA+APS+ PANI) and (PVA+APS+
dye (MO, MV, EO, CR, RB, or MB) +PANI) used as active layers between two FTO coated glass
plates. A solution of each dye containing the active layer material was applied on the FTO coated
glass plate and allowed to dry for 24 hrs. The samples were then heated at ~40-50 °C to remove
any remaining water. The presence of the dye in each of the composite (PVA+APS+DYE+PANI)
mixtures greatly affects the dried gel morphology. Figure 6-1(a) shows the PVA gel containing

PANI. The film shows both flat and rough surfaces after the drying process. Figure 6-1(b) shows
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axe like structures on the dried composite (PVA+APS+MO+PANI) layer. More flake-like
structures are visible on the entire surface of the composite (PVA+APS+ MV+PAN]) film, figure
6-1(c). Figure 6-1(d) displays a rougher and charged surface in the SEM image due to its insulating
nature and consequent charge by the SEM electron beam. Nearly equally distributed flakes are
present on the composite (PVA+APS+CR+PANI) single layer surface (figure 6-1(e)). The surface
of the composite (PVA+APS+ RB+PANI) layer shows mountain and valley type structures in
addition to sharp needle like structures (figure 6-1(f)). Figure 6-1(g) shows a layered and smooth

surface of the composite (PVA+APS+MB+PANI) layer due to the presence of the MB dye.

Figure 6-1 SEM Pictures of Single Layer Gels for Different Dyes: (a) No Dye; (b) Methyl
Orange (MO); (c) Methyl Viologen (MV); (d) Eosin (EO); (e) Congo Red (CR); (f) Rhodamine
Blue (RB); and (g) Methylene Blue (MB)

6.3.2 UV-Vis Studies
Figure 6-2, curve 1, shows the UV-vis absorption spectrum of the (PVA+APS+PANI)

active layer film coated on a glass plate. It shows absorption peaks at 807, 498, 390 nm. The peaks
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at 390 and 498 nm are due to polaron and bipolaron sites; however, the layer also shows a wide
peak at 807 nm [64]. Figure 6-2, curve 2, shows absorption peaks for the composite
(PVA+APS+MO+PANI) layer at 538 and 516 nm. It has the characteristics of MO peaks, which
is an anionic dye. Figure 6-2, curve 3, shows absorption peaks for the composite
(PVA+APS+MV+PANI) layer at 858, 663 and 428 nm. The MV dye has characteristic peaks at
428 nm due to the cationic radical which could possibly be due to the oxidizer [65]. It also shows

the characteristic absorption peaks of MV at 663 and 858 nm.
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Figure 6-2 UV-Visible Absorption Spectra of Active Gel Layers Containing Different Dyes

The UV-vis absorption peaks for the composite (PVA+APS+EO+PANI) layer are present
in Figure 6-2, curve 4, shows local minima peaks at 506, 482, 447 and 364 nm. Curve 5 shows
UV-vis local minima peaks at 506, 482 and 381 nm due to the presence of CR in the composite
(PVA+APS+CR+PANI)[66]. The peak observed at 482 nm is due to the CR red dye and is blue
shifted due to the concentration of acid in the gel. The characteristic peaks of RB are shown in

figure 6-2, curve 6, at 561, 530, 468, 387 nm, and the characteristic peaks of MB+ PANI peaks are
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shown in figure 6-2, curve 7, at 758, 738, 676, 619, 362 nm. The absorption peaks at around 758
and 738 nm are due to the presence of dopant in PANI. The presence of peaks at 676 and 619 nm
are due to the n to m* transition indicating the presence of emeraldine base.
6.3.3 UV-Visible Absorption of Composite Gel

Figure 6-3 (a) shows the UV-visible absorption of the composite (PVA+APS+MO+PANI)
at 1.7 V (curve 1) and -0.7 V (curve 2). Interestingly, the absorption magnitude at 1.7 V extends
from 600 to 870 nm, on the other hand, the characteristic color (light red —pinkish color) is
observed at -0.7 V [62]. The purple pinkish color is also observed for the single layer composite
(PVA+APS+CR+PANI) gel electrolyte (figure 6-3 (b), curvel) at a potential of -0.7 V. The
presence of CR gives a dark color and a color contrast different than that of the MO dye (figure 6-
3 (b), curve 3). Figure 6-3 (c) shows changes in color from dark to red in the applied voltage range
of -0.7 V to 1.7 V. The sharp characteristic peak at 561 nm is present at the oxidized potential

(curve 1) and the reduced potential of -0.7 V in curve 2 in figure 6-3 (c).
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Figure 6-3 UV-Vis Absorption Spectra for Single Gel Electrolyte Layers with Different Dyes at
Applied Voltages of 1.7 and -0.7 Volts
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6.3.4 Cyclic Voltammetry Studies

The CV graphs of the composite (PVA+APS+ dye (MO, MV, EO, CR, RB or MB) +PANI)
active layers, each sandwiched between two conducting FTO coated glass plates, are shown in
Figure. 5-4. Figure 6-4 (a) shows the CV graphs of the composite (PVA+APS+MO+PANI) layer
at various scan rates. The complete CV curves are repeatable, however, there is a change in the
CV pattern at different scan rates due to the change in the diffusion properties of the active layer,
an oxidation peak is seen around 1.55 V and reduction peaks at 0.81 V and -0.58 V. The oxidation
peak is related to the oxidized pernigraniline state and the oxidized state of the MO, whereas the
two reduction peaks are due to the emeraldine and leucoemeraldine forms of PANI. The pinkish
color is reduced for the MO dye case, as shown at the potential of -0.7 V. The CV of the composite
(PVA+APS+MV+PANI) active layer shows an oxidation peak at 1.55 V and two reduction peaks
at 095 V and -0.59 V (PANI reduced to leucoemeraldine). The CV of the composite
(PVA+APS+EO+PANI) active layer shows oxidation peaks at 1.2 V and 1.75 V and reduction
peaks at 0-0.6, 046 and 0.76 V (figure 6-4 (c)) like those of the composite
(PVA+APS+MV+PANI) active layer (figure 6-4 (b)). The viologen dye exhibits two reduction
states in the -0.4 to -1.1 V voltage range [65], while, previously, we were able to observe only one
reduction state as we scanned to -0.7 V.

However, the presence of the CR dye in the composite (PVA+APS+CR+PANI) active
layer shows a pinkish color at the reduced state. It has an oxidation peak at 1.657 V and reduction
peaks at 0.45 V and -0.63 V (figure 6-4 (d)). This interesting color feature was previously observed
with the RB dye in the composite (PVA+APS+RB+PANI) active layer (figure 6-4 (e)). However,
the complete leucoemeraldine peak is missing because the RB has a very high reduction potential.

The presence of the MB dye has given similar results, with oxidation peaks at 1.32 and 1.8 V and
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reduction peaks at 0.89, 0.29 and -0.58 V. The complete leucoemeraldine state is achieved with

the MB in the (PVA+APS+MB+PANI) active layer (figure 6-4 (f)).
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Figure 6-5 Chrono-Amperometry Results of Active Layers in EC Devices
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Figure 6-5 shows the chrono-amperometry results for the composite (PVA+APS+PANI) and
the composite (PVA+APS+ dye (MO, MV, EO, CR, RB, MB) +PANI) active layers deposited on
FTO coated glass plates. The oxidation and reduction processes are not symmetric in each single
active layer EC device. There is a marked difference between the oxidation and reduction
potentials of the active layers containing CR and RB compared to the rest of the studied dyes. The
decrease in the reduction as well as oxidation potentials (peaks) have been identified for different
dye active layers.

6.4 Observations

An attempt is made to understand the coloration and decoloration resulting from the
incorporation of various dyes contained in the single active layer of each ECD. The oxidation of
each dye yields a dark color regardless of the nature of the dye. The PANI together with the dye
produce a dark color (oxidized, pernigraniline) in the electric potential range of 1.5 to 1.8 V. The
oxidation of the single (PANI+MB) layer has been presented in a patent by Ram et al [67] (the
combined colors being even darker in the oxidized states). However, the contrast between the two-
color states (oxidized and reduced) can be seen even more clearly when the reduction of the dye
exceeds -0.7 V.

Figure 6-6 shows the chemical structure of the oxidized and reduced states of the composite
(PVA+APS+ MO +PANI) active layer in the EC device. It is interesting to note that the oxidation
state is related to the oxidized state of nitrogen in the MO dye as well as in the PANI structure.
The reduction returns the MO to its original state when the reduction potential is about -0.7 V.

Similarly, the presence of the CR dye facilitates the removal of electrons from the nitrogen
side of the polymer structure, as shown in figure 6-7, the oxidation and reduction are similar to the

MO dye. The reduction shows a purple color which is an intermediate state.
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Device
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+@-

Oxidation [m Reduction

Figure 6-7 Coloration and Decoloration of the Composite (PVA+APS+ CR +PANI) Active
Layer EC Device

The most striking color change was observed in the (RB + PANI) active layer, the nitrogen
group being partially oxidized thus producing a red color (figure 6-8). Even though the oxidation

of PANI takes place in the voltage range of 2.0 to -0.7 volts, the dominance of the RB dye produces

ared color.
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Figure 6-8 Chemical Structures explaining the Coloration and Decoloration of a Composite
PVA+APS+ RB +PANI All in One Layer EC Device

6.5 Conclusions
This work was pursued to achieve various color transitions (red to black, red to blue, purple
to black, etc.) and identify the required oxidation and reduction potentials for single (all in one)

gel active layer EC devices. A PVA gel, containing PANI and APS, was used with various dyes
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(methyl orange, methyl viologen, eosin, congo red, rhodamine b, mono-azo dyes, etc.) to produce
these gel active layers. The results indicate that the redox characteristics of each dye greatly affect
the overall oxidation and reduction potentials at which color change takes place. The results also
show that, often, relatively high (in the order of -0.7 V) reduction potentials may be needed to
achieve the transparent states. The different color states have been explained by means of the
chemical structures of the [PVA + APS + DYE +PANI] single gel layer composites. All these
different color ECDs exhibit short lifetimes due to the high oxidation potential, to achieve the dark

color, and corresponding water electrolysis (bubble formation).
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Chapter 7: Lower Power and Longer Lifetime Asymmetric Electrode Single

Active Layer Electrochromic Devices
7.1 Background

In this chapter we present a recently developed single active layer technology that prevents
bubble formation and reduces the power consumption of ECDs. The electrochromic device
structure consists of a composite gel made by mixing polyvinyl alcohol (PVA), hydrochloric acid
(HCI), an oxidant (ammonium persulphate-APS), a conducting polymer (polyaniline, PANI),
sandwiched between two different conducting electrodes, having different surface work functions.
The two conducting electrodes chosen for this study are FTO on glass and FTO on glass coated
with a thin gold film. Experimental and theoretical results are presented to explain the color change
mechanism in terms of changes in the chemical structure of the composite gel.

7.2 Materials and Methods

7.2.1 Materials

The single active layer composite layer gel electrolyte was made by following the
procedure outlined in previous chapters. The FTO on the glass substrates had a thickness of
1.66mm and a surface resistance of 12 QQ-cm was used as one of the electrodes. For the second
electrode gold (Au) on an FTO glass substrate. Figure 7-1 shows a schematic representation of the

symmetric (FTO-Gel-FTO) and asymmetric (FTO-gel-Au) ECDs at different bias voltages.
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Figure 7-1 Systematic Representation of Symmetric and Asymmetric Electrochromic Device
Configuration at Different Bias Voltages

7.2.2 Characterization

The elemental, structural, chemical bonding, and absorption of the composite gel (PVA-
HCI-APS-PANI) has already been studied in chapters 5 and 6 for UV-Visible Spectroscopy,
Fourier Transform Infrared Spectroscopy, and Scanning Electron Microscopy.

7.3 Results and Discussion
7.3.1 Cyclic Voltammetry Studies

The electrochemical properties of the composite gel (PVA-HCI-APS-PANI) single active
layer for the asymmetric (FTO-Gel-Au) and the symmetric (FTO-Gel-FTO) ECDs were
investigated by cyclic voltammetry (CV) [68]. The potential window was set between -1.5 V to
+1.5 V for the symmetric device and -1.0 V to +1.0 V for the asymmetric device, to prevent over-
oxidation of the gel. The resultant CV curves are shown in Figure 7-2.

One can see the oxidation potential of the symmetric ECD showing a broad oxidative peak

at 1.39 V and a smaller peak at 1.03 V and a reduction peak at 0.8 V and -0.75 V, corresponding
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to the color change of the PANI gel from deep- green to yellow or colorless (transitions from
pernigraniline to leucoemeraldine).

In contrast, the asymmetric device in Figure 7-2 b shows a reduction in the oxidation peak
from about 1.4 V (symmetric) to about 0.6 V (asymmetric). The reduction peak for the asymmetric
device is at about -0.3 V. In addition, the device current was reduced from 25 mA (symmetric) to
12 mA (asymmetric). The reduction of both the current and voltage at the corresponding oxidation
peaks of the symmetric and asymmetric devices, implies a significant reduction in the power

consumption of the asymmetric device.
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Figure 7-2 Cyclic Voltametric Analysis of Composite Gel PVA-HCI-APS-PANI with Symmetric
and Asymmetric Electrode Device Configuration with a Scan Rate of 50 mV/s

7.3.2  Mechanism of Color Change

Figure 7-3 a show the gelling process of PVA in the HCI solution. The condensation of the
hydroxyl group of PVA and dissociation of chlorine ions from HCl acid depends upon the chemical
interaction and temperature applied to the PVA in the HCI solution. Under high temperatures, the
water molecules are released, and chlorine is attached to the PVA in the gelling process. It essential
to form a light-yellow transparent gel by keeping the temperature below 90°C; otherwise, the gel

becomes dark and brownish. Figure 7-3a shows the formation of free radical carbon atoms in the
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PVA gel structure using the initiator APS as an oxidant. An electron is removed from the PVA-
HCI gel structure, producing an electron acceptor material due to the oxidant (APS) [22,24]. Figure
7-3b shows that the PVA-HCI structure is having an electron acceptor material. Figure 7-3¢ reveals
the formation of emeraldine salt as the doped form of the PANI structure, which is green in color
with the addition of aniline to PVA-HCI-APS. The possible chemical interaction of ES with the
(PVA-HCI-APS) gel yield to the structure (PVA-HCI-APS-PANI) structure has the ES state
interacts with the chlorine ions in the PVA-HCI-APS because of the lone pair effect of the ES state
of PANI. Figure 7-3d shows the transition of PVA-HCI-APS-PANI composite gel between ES and
LS states by adding or removing electron-proton (H") pairs. However, the oxidation state of PANI
can also be changed to an emeraldine base by removing protons (H") and de-doping the polymer.

Upon applying a voltage to the composite gel, the electrochromic device changes color from dark
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Figure 7-3 Gelling process of the Composite Gel: a) The Gelling Chemical process of PVA in
HCI; b) The PVA-HCI gel with Ammonium Persulfate (APS); ¢) The Interaction of PVA-
HCI gel with APS and PANI after Polymerization; and d) Chemical Reactions in three
Different Oxidation States of PANI
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purple to green- faded yellow [26,69,70]. The coloration and de-coloration from dark blue to

transparent depend upon the applied voltage between -1.5 and 1.5V.

7.4 Conclusions

The electrochemical behavior of the asymmetric EC devices was studied using cyclic
voltammetry at the potential -1V to +1V for the asymmetric EC devices (FTO-Gel-Au) and -1.5
V to +1.5 V for the symmetric EC device (FTO-Gel-FTO). An explanation of the coloration and
decoloration of the asymmetric device has been presented based on the chemical structure of
polyaniline and PVA present in the composite gel. The asymmetric ECD has great potential to

produce commercial ECDs.
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Chapter 8: Conclusions and Recommendations for Future Research

8.1 Conclusions

A great deal of research has been carried out in gel and liquid electrolytes for
Electrochromic and Touchchromic devices. Although, initially, the research was focused on
touchchromic devices, the difficulties of applying this technology to commercial devices, changed
the research direction. The single active layer-based electrochromic devices are easy to fabricate,
suitable for flexible-wearable devices and can quickly switch color. Asymmetric electrode ECDs
have greater durability and require less power to operate. All of these features represent
competitive advantages over other multilayer electrochromic devices. Specific contributions that
have been made in the areas of touch chromic and electrochromic devices are:

e A novel touch chromic device with reversible color change from dark to transparent, when
the active layer is touched by a specific metal, without any other external excitation such
as voltage.

e A new relatively simple and potentially inexpensive electrochromic (EC) device consisting
of a single composite gel active layer placed between two transparent conducting glass
plates.

e A new asymmetric electrochromic (EC) device that eliminates the problem of bubble
formation in the electrolyte, extends the device lifetime and reduces the power
consumption.

This knowledge can help in the development of a low cost, abundant and non-toxic ECD

that uses an extensively studied polymeric material.
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8.2 Recommendations for Future Research

To continue this work, further study is needed to understand the transfer of charges, i.e.,
ions and electrons in the redox-active composite gel electrolyte, to enhance the total efficiency of
the electrochromic device and increase its lifecycle. For this purpose, the following additional

research on the composite gel PVA+HCI+APS+PANI could be pursued:

Doping the composite gel with a metal oxide such as Nickel Oxide, Tungsten oxide, etc.,

to improve the operation at low voltages and decrease energy consumption.

e Trying different types of acidic solutions in the redox-active gel material to change the
oxidation state of PANI.

e Mixing different types of conjugated polymers to optimize the device, particularly in
processing techniques.

o Improving the thermal and UV stability of the Electrochromic device through proper anti-
reflective coatings.

e Incorporating nanostructures (i.e., mxene) in the thin film to improve switching speed and

device stability.
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