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Abstract 
 

Various aspects associated with ‘nanotechnology’ have touched almost 

every sphere of our day-to-day life. Some of the modern-day gadgets 

like supercapacitors, batteries, solar panels, electrochromic devices 

(ECDs) etc. are doing their bit to combat the crisis. Electrochromism or 

electrochromic (EC) effect is the phenomenon of displaying a visible 

change in optical property under electrical stimuli and the materials 

displaying such effect are classified as EC materials (ECM). Spanning 

around a large range of materials from inorganic to organic and also 

composites, these materials possess an ability to change their intrinsic 

band gap structure which visibly results in a change of color thus 

offering them potential industrial applications. The basic structure of an 

ECD has a generic five layered design wherein electrochromic 

materials are chosen on basis of compatibility and the resultant devices 

are assessed in terms of few established parameters. 

In this thesis work, electrodeposition method has been chosen to obtain 

EC active electrodes which were then fabricated into devices. A 

conducting polymer, polyaniline has been established as an ambipolar 

EC material which functions as both p-type and n-type counter layer 

when sandwiched appropriately with a complimentary pair. Four 

different category of devices fabricated out of polyaniline confirms its 

versatile ability of switching in any direction without any change in its 

properties. An all-organic and a hybrid device has then been fabricated 

out of polyaniline, ethyl viologen and tungsten oxide, respectively, to 

further understand the relationship of the complimentary pair theory. 

Besides, exhibiting excellent EC activities, both the devices appeared 

to possess certain unique properties which were reported to be the best 

in their respective family of contemporaries. For example, the all- 

organic PANI/EV device shows multiwavelength switching starting 

from visible, up to NIR wavelengths along with uncompromised 

compatibility in flexible device. The hybrid PANI/WO3 device on the 
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other hand reports highest device efficiency in the infrared region 

promising itself as an excellent candidate for a heat shield device. 

Besides its straightforward application in display industry for producing 

smart windows, ECDs finds multifunctional applications such as 

supercapacitors, sensors even electrocatalysts. Therefore, in this work, 

a few electrochromic materials have been thoroughly studied in respect 

to two other functionalities i.e., energy storage and water splitting. A 

hybrid core-shell, i.e., PANI@WO3 was electrochemically fabricated, 

and the successful formation was first established analyzing its 

morphology. Then, electrochemistry experiments performed on the 

core-shell resulted in observation of charge storage, electrocatalytic and 

electrochromic properties which were confirmed using conventional 

tools. In a nutshell, the thesis work reports electrochromic electrodes 

and devices portraying excellent switching times, contrast ratios, and 

higher efficiency with a scope of further improvement. Besides, it 

reports a multifunctional hybrid core-shell and its ability to work as an 

energy storing, generating, and converting electrode, which with further 

calibrations promises to show better results. 
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Chapter 1 

Introduction 

 
 

1.1. General Background 

 
Ever since the beginning of the era of nano science and technology, the 

field of technological development have seen an upward steep rise. 

Thanks to Sir Richard Feynman for introducing the concept back in the 

year 1959, the applications of ‘Nanotechnology’ has crippled almost 

every sphere of our day-to-day lives[1]. The better understanding of low 

dimensional structures have not only landed us with supercomputers 

and gadgets but also helped eradicate some diseases and fight others 

like cancer, quite potentially[2–5]. 

While marching forward with available resources is essential, an eye 

must be kept to not exhaust them such as to invite an energy crisis soon. 

Some of the modern-day gadgets like supercapacitors, batteries, solar 

panels, and electrochromic devices are doing their bit to combat the 

crisis[6–10]. The latter, however, is of our particular interest as the 

technology behind smart windows is catching eyes of not just material 

scientists all over but also companies like ‘Chromogenics AB’, 

‘Compagnie De Saint-Gobain’ and ‘Hitachi Chemical Co. Ltd’ 

marketing etc., who are continuously upgrading and selling 

windowpanes, automobile glasses and even displays fabricated using 

this technology. 

Electrochromism is becoming a promising area in smart devices, 

including energy related ones, and is occupying a significant place in 

industry as well hence it becomes important to understand the “know- 

how” of the composition, fabrication, and optimization to keep 

updated with the field which has been summarized here in this thesis 

work. 
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1.2. What is Electrochromism: the phenomenon 

 
Electrochromism or electrochromic (EC) effect is the phenomenon of 

displaying a visible change in optical property under electrical stimuli 

and the materials displaying such effect are classified as EC materials 

(ECM)[11,12]. With its advent during early 1960s, the field has seen 

tremendous research in the last few decades where scientists have come 

up with new materials, new device paradigms and performance 

optimization through different approaches like complementary 

electrode combinations and multifunctional application aspects[13,14]. 

It is well understood that any electrochemical system is governed by 

two types of current, the faradic and the electric double layer 

capacitance (EDLC) type. The basic mechanism of ECM is however 

dictated by faradic process as the redox reactions at the electrode- 

electrolyte interface leads to the color change of these materials[15]. 

Since ECM are mainly governed by redox reactions therefore the basic 

working principle of an ECD includes bias manipulation to achieve 

optical modulation which may extend beyond the visible range 

spanning from UV to IR and NIR wavelengths[16,17]. The bias, used 

for color modulation in the device, drives the electrons to-and-fro 

through the electrochromic layers between the electrodes and with the 

help of ions present in the electrolyte the overall process accomplishes 

a visible change in color thus leading to optical switching[18,19]. 

By choosing materials effectively, the entire spectral range can be tuned 

to obtain output colors of interest. Among a very broad category of 

ECM, which has been listed later on, the color switching mechanism of 

inorganic and organic materials can be understood separately as (a) in 

case of inorganic materials, the basic principle governing color change 

is intervalence charge transfer, and (b) in case of conducting organic 

polymers however, dynamic doping is responsible for the color change. 

In the latter, the π-π* electronic transition between the HUMO-LUMO 

band gap induced by doping changes the neutral state of the polymer to 

polaronic and subsequently a bipolaronic state causing spectral changes 
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in them. The proper understanding of color switching mechanism is one 

of the most important aspects as it helps one in designing an appropriate 

ECD for targeted (multifunctional) application(s)[20]. 

To achieve application-oriented results, the ECMs are expected to show 

reversible behavior, i.e., to-and-fro switching among the 

colored/bleached states; highly responsive to bias along with showing 

long stability and durability[21,22]. These parameters have been 

thoroughly calibrated to arrive at better performance results. 

Conventionally a solid state ECD is made up of five layers comprising 

of an EC layer, an ion storage layer, and an electrolyte gel, all fit in 

between two transparent conducting substrates. Although the trivial 

design encompasses the basic requirements of a traditional ECD, a few 

applications however demand different device structure with additional 

components which will be discussed later on. 

1.3. Active chromophores’ categories 

 
The intrinsic behavior of a class of materials, in response to an external 

voltage, amidst an appropriate surrounding makes them EC active and 

are termed as chromophores and the phenomenon of such bias induced 

color switching is commonly known as the electrochromism. For the 

display of Electrochromism, the fundamental process requires these 

materials to start an electron flow, followed by an associated color 

switching, which must be reversible on bias polarity reversal. It is this 

basic phenomenon that needs to be facilitated in the device form to 

exploit it for any real-life application. Incorporation of nano materials 

into electrodes or the ion transport layer provides an added advantage 

of active reaction surface area thus improvising parameters. Plenty of 

materials are available that can be used to fabricate devices that show 

different performance as measured using parameters discussed later. 

Though not exclusively, ECMs are broadly categorized into organic and 

inorganic and mainly includes oxides of transition metals (TMO) like 

tungsten, vanadium, chromium, cobalt, iron, manganese, molybdenum, 

nickel, niobium, palladium, titanium etc. and conducting polymers 
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(CPs)like polyaniline (PANI), polythiophene(P3HT), PEDOT: PSS, 

polypyrrole (PPy), polyindole (PI) etc. [23–35]. Belonging to the big 

family of viologens (a bipyridine derivative), in their molecular and 

polymeric forms, many species have been studied and found to be EC 

active mainly due to the multiple redox states commonly present in all 

of them. 

Hexacyanometalletes, for example Prussian Blue (PB), is another class 

of ECM due to its high redox active nature and possibility to exist in 

three colored states namely green, blue, and white[36–42]. 

Metallopolymers form yet another class of ECMs where chromophore 

properties arise due to metal-to-ligand charge transfer. Various Ferrous 

and Copper based metallopolymers have been reported to have long 

term stability, good switching time, and better efficiencies. Well- 

defined layers of metal polypyridyl complexes and a palladium (II) salt 

can be alternatively spin coated to form EC films with high 

chromophore density. 

In the most recent development, various types of materials like 

microporous metal/covalent organic framework (MOFs/COFs), 

organic-halide hybrid perovskites and even MXenes have been proven 

to behave as functionally active ECMs[43–45]. Other than these, 

composites consisting of two or more ECMs in the form of pure or 

hybrid structures also serve as emerging new materials in the domain of 

ECM. Overall, the library of ECMs is huge that lists materials with 

multiple color, multiple origin-spanning from natural to artificial and 

different functionality to choose from. These materials, once identified, 

can be used to fabricate ECDs of desired performance as quantified 

using various parameters defined in the next section. 

1.4. Electrochromic Device (ECD): the concept 

 
The basic structure of an ECD consists of up to five layers, starting with 

two transparent conducting substrates, typically made of 

Indium/Fluorine Tin Oxide (ITO/FTO) coated glasses, serving as outer 

layer for applying bias. The chromophores are deposited onto one (or 
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both) of these substrates with the help of varied deposition techniques 

like spin coating, spray casting, hydrothermal or electrodeposition 

which results in thin films termed as EC electrodes. The other substrate 

is loaded with an ion-storage layer and finally the two electrodes are 

integrated together with a gel electrolyte in between them (shown in 

Figure 1.1 below). 

 

 
Figure 1.1: A schematic of a five layered ECD with its incident and 

transmitted light, defining all of its components. 

Employing the flip-chip method, a sturdy ECD is obtained with its two 

ends ready to be connected to a power supply. The gel electrolyte 

possessing highly mobile ions like assists the movement of electrons 

leading the device change its color around the active electrode. Using 

this methodology either of the two types of ECD can be fabricated, i.e., 

transmissive which or reflective depending on the type of ECMs. In 

case of a reflective type ECD the second substrate is usually a shiny 

material instead of transparent glass. Additionally, to make these 

devices flexible/stretchable, the glass substrates are usually replaced 

with appropriate electrodes like PET (polyethylene terephthalate). 
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However, in deviation to the general convention of a five layered 

structure, there has been several reports of other device designs too. 

Modifications in terms of either number of layers or types of substrates 

are required as per necessity and applications. Initially, measurements 

are carried out in an EC electrode to understand its various properties. 

Then joining a blank substrate to it, a Monolayer ECD is fabricated and 

similarly joining two layers we obtain bi-layer ECDs. Finally, there 

exists a category of all-in-one EC gel, which are devoid of any proper 

layered pattern (Figure1.2). 

 

 
Figure 1.2: Schematic showing various device designs of an ECD. 

 
1.5. Device performance parameters 

 
Prior to be used as an end product, the performance of a solid-state ECD 

fabricated as per device schematic (Figure 1), needs to be thoroughly 

assessed using a few parameters listed below in order to judge its 

performance. 

1.5.1 Switching time 

 
When a voltage is applied, the ECD switches from a given optical state 

to another one after a certain time reversibly often named as coloration 

and bleaching. The time required to do so is roughly defined as the 

switching time which is the time recorded as against a maximum of 90% 

change in absorbance while going from bleached to colored state, which 

is termed as coloration time (τc) and the time taken, estimated for 
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corresponding 90% change while getting bleached, is known as the 

bleaching time(τb). Though these two values are approximately of same 

order but not necessarily equal as the two processes (coloration and 

bleaching) are governed by two different processes at microscopic 

level. 

1.5.2 Cyclic stability 

 
The ECDs are intended for multiple switching cycles hence cyclic 

stability needs to be measured. The cycle life of a device is investigated 

by applying a continuous voltage pulse of particular time duration and 

thus recording its optical output response to check for any loss in 

contrast value. A good device should show little variation in the colored 

states even after large number of coloration/bleaching cycles. 

1.5.3 Color contrast 

 
An apparent change between the different states of the device should be 

clearly visible and differentiable. The maximum difference in values of 

absorbance recorded by an ECD in its colored state against the bleached 

state is calculated as color contrast using the following equation (Eq. 

1.1): 

𝐶𝐶 = 
𝐴𝑓−𝐴𝑖, (1.1) 
𝐴𝑓 

 

where, Af and Ai denote the maximum and minimum values of 

absorbance corresponding to any particular wavelength and the final 

value of CC is expressed in %. 

1.5.4 Coloration efficiency (CE) 

 
It can be said to be the most important parameter which gives the 

information about the power efficiency of the device. The CE value, ‘η’ 

is expressed in cm2/C units and is calculated using the following 

formula (Eq. 1.2): 

𝜂 = 
𝛥𝑂𝐷

, (1.2) 
𝑄 
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where, ΔOD is the change in optical density/optical contrast, i.e., the 

difference between the maximum and minimum absorbance value and 

Q is the amount of charge intercalated/deintercalated by the device to 

induce the above change in optical density. The physical value is 

calculated from the slope of a curve drawn to estimate the variation of 

optical density (OD) v/s charge (Q). 

1.5.5 Color co-ordinates through CIE color chart 

 
A typical chromatograph plotted using programmable software allows 

one to locate color co-ordinates in the form of a three-dimensional color 

space. This gives a somewhat mathematical estimation of the output 

color(s) of a device against a range of available colors, also theoretically 

verifying the color mixing theory. This is especially important when 

one explores the specific color output, like RGB etc. 

1.5.6 Color rendering index 

 
It is rather less often used parameter but useful if one wants to 

summarize the consolidated result through one quantity/parameter. 

1.6. Multifunctional applications 

 
Electrochromic devices widely finds application as smart switchable 

windows in buildings; automobiles, for example windowpanes of 

Boeing 767; rear view mirror to avoid glaze; as curtains in hospitals, in 

eye gears, and in displays such as sign boards etc. Figure 1.3 below 

shows a few daily examples of easily available ECDs. Most of these 

applications are already adapted by many companies to produce user 

friendly end products. 
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Figure 1.3: Some applications of ECDs in buildings, aircraft, eye wear 

and as sweat sensors[46,47]. 

Although a lot of work is still required to address a few problems like 

cost, efficiency durability etc. The need of the hour is thus to fabricate 

electrodes and devices which can serve us more than one general 

purpose. Besides these trivial applications, ECDs nowadays are 

reported to be multifunctional in nature. Enough literature exists that 

suggests that EC materials possesses a few properties other than optical 

ones, like charge storage, sensing, memory, and catalysis to name a few. 

Supercapacitors are one such category of electrical device which stores 

larger amount of charge as compared to the conventional ones governed 

by higher surface area and thinner dielectrics[47–54]. Among them, 

electrochemical supercapacitors enjoy the reputation of superiority 

owing to higher energy densities and lower input requirement, which 

are again of two types, EDLC and pseudo capacitor. The former display 

pure capacitive nature, whereas the latter works on the principle of 

redox mechanism. A few EC materials have been reported to possess 

excellent charge storage capacities and typically exhibit the pseudo 

nature of capacitance because of their intrinsic redox behavior. 

Electrolysis of water is another very popular study of recent times 

owing to its crucial step towards sustainability. In the process of water 
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splitting, oxygen is produced at the anode, and results in a simultaneous 

production of hydrogen at the cathode which can be stored and made 

use as substitute to fossil fuels[55–59]. A few properties like high 

conductivity, electrochemical stability and larger surface area are 

desired for both applications of a good electrocatalyst and a good 

electrochromic material. Thus, in this study, using the same EC 

material, all the three functionalities i.e., charge storage capacity, 

electrocatalysis along with electrochromism has been established. 

1.7. Main objectives 

• Introducing electrochromism and its various aspects starting 

from selecting materials to device fabrication strategies, 

assessing performance parameters, and discussing its various 

direct and indirect applications. 

• Discussing various deposition and characterization methods 

used to fabricate and analyze the samples/devices using 

morphological, optical, and electrochemical techniques. 

• Establishing chronoamperometry as one of the most suitable 

techniques to deposit thin films owing to reasons like control 

over thickness, high uniformity, and less time-consuming 

process resulting in sturdier films. 

• Choosing various organic and inorganic EC materials such as 

polyaniline (PANI), ethyl viologen diperchlrorate (EVClO4) 

and tungsten oxide (WO3) and using them in combination of 

complimentary pairs to obtain various applications. 

• Establishing polyaniline as an ambipolar electrochromic 

material, meaning it changes color in both positive and negative 

applied bias and therefore can be used in combination with 

either p-type or n-type color changing EC materials. 

• Fabricating an all-organic device of PANI in combination with 

a n-type color changing EC i.e., EV to obtain properties like 

multiwavelength switching, very high performance and also 

incorporation of flexibility. 
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• Fabricating a hybrid combination of device with PANI and WO3 

films deposited on separate electrodes using electrodeposition, 

to obtain enhanced performance results. 

• Designing a PANAI@WO3 core shell electrode using 

chronoamperometry and studying the electrode for three 

different types of energy applications 

 
1.8. Organization of thesis 

Chapter 1: 

This chapter provides a brief introduction on the requirement of energy 

saving gadgets, from a viewpoint of electrochromic devices, and their 

current state of the art in terms of materials, applications, and 

performance parameters. 

Chapter 2: 

 
In this chapter various fabrication and characterization techniques that 

were used throughout the thesis have been discussed in detail, with 

much emphasis being laid on electrodeposition and electrochemical 

characterization methods. 

Chapter 3: 

 
The ambipolar electrochromic nature of polyaniline has been 

established in this chapter by fabricating four individual ECDs and 

assessing all of them to confirm that PANI can work with either 

categories of p-type or n-type EC materials 

Chapter 4: 

 
In this chapter, ethyl viologen being a n-type electrochromic material 

was used along with PANI to give rise to an all organic PANI/EV 

device which displayed multiwavelength switching in visible as well as 

NIR regions with good speed, contrast, and efficiency. Also, a flexible 

ECD was fabricated and tested to display all the EC parameters quite 

well. 
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Chapter 5: 

 
Tungsten oxide was chosen this time to fabricate a hybrid ECD and 

check its performance parameter by fabricating a full ECD with PANI 

in the structure of PANI/WO3. The device reportedly shows excellent 

performance parameters in terms of switching time, efficiency, contrast, 

and device stability. 

Chapter 6: 

 
In this chapter, using PANI and WO3 a PANI@WO3 core shell was 

fabricated using chronoamperometry to obtain high quality film which 

displayed multifunctional applications namely charge storage, 

electrocatalysis and electrochromism. 

Chapter 7: 

 
Finally, in this chapter a thorough conclusion and summary has been 

presented of all the work done so far along with a short sketch of future 

scope for extension. 
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Chapter 2 

 

Experimental techniques 

 

 

 
This chapter deals with all the fabrication and characterization methods 

that were made use of throughout the thesis. A broad discussion about 

the possible electrode fabrication methods with higher emphasis laid on 

the electrodeposition method has been presented. Next, morphological, 

optical, and electrochemical methods of characterizing the fabricated 

samples have been discussed at length followed by discussion about a 

software being used for further analysis. All the chemicals used 

throughout the study i.e., aniline monomer, ethyl viologen 

diperchlrorate, poly (3-hexyl thiophene-2,5 diyl), sodium tungstate 

dihydrate (Na2WO4.2H2O), lithium perchlorate (LiClO4), [6,6]-phenyl- 

C61-butyric acid methyl ester (PCBM), tetrathiafulvalene (TTF) 

polyethylene oxide (PEO), nitric Acid (HNO3, 38%), hydrogen 

peroxide (H2O2) and sulfuric acid (H2SO4, 98%) were purchased from 

Alfa Aesar and all analytical grade reagents such as acetone, 1, 2- 

dichlorobenzene (DCB, anhydrous), acetonitrile (ACN, anhydrous, 

99%), ethanol, methanol, and iso propyl alcohol (IPA) were all 

purchased from Sigma AldrichTM and were used as received. 
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2.1 Electrode fabrication techniques 

 
Substrates namely Indium Tin Oxide (ITO) and Fluorine Tin Oxide 

(FTO) coated glasses and Carbon cloth (CC), were purchased from 

Macwin India, and were used by slicing them into pieces of 2x1 cm2 

area. The motivation behind choosing ITOs and FTOs as the substrate 

of interest lies with the fact that they are highly conducting and 

transparent which is the basic requirement for EC devices. These 

substrates were then made into electrodes by depositing the EC material 

of interest on them following one of the below mentioned techniques 

which are all bottom-up approaches. 

2.1.1 Spin coating method 

 
Considered as one of the simplest methods of sample deposition over 

flat surfaces, spin coating technique ensures quite uniform thin films 

over the entire area of a substrate[60]. The basic principle follows the 

material with a certain density to be spread across the substrate with the 

help of centrifugal force and eventually coat it (Figure 2.1). 

 

 
Figure 2.1: Schematic showing the spin coating mechanism. 

Step by step method includes: 

1. Placing the substrate over the sample holder inside the spin 

coater machine and attaching it using a vacuum pump. 

2. Next, a preferred amount of solution (generally 10-50 μl) is 

poured over the substrate. 

3. The deposition then takes place at a fixed spin rate for a 

particular interval of time to obtain a thin film. 
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4. The deposited films are then dried at 80⁰ -100⁰ C to remove any 

excessive solvent. 

 
The advantages of this method of fabrication include easy fabrication 

process, uniform coating, and control over thickness. Organic materials 

and polymers are mostly coated using this method. 

2.1.2 Hydrothermal method 

 
As the name suggests, this very conventional method makes use of 

higher temperature and water as its basic ingredient for film deposition. 

The schematic (Figure 2.2) shows the step-by-step procedure[61]. 

 

 

Figure 2.2: Schematic showing various parts of hydrothermal method. 

Step by step method includes: 

1. A precursor solution is prepared by mixing required chemicals 

to appropriate amount of DI water and is stirred continuously. 

2. This solution is then poured into a teflon coated autoclave and 

the substrate is attached inside. 

3. The entire solution containing autoclave is then placed inside a 

stainless container and is sealed very properly to avoid exchange 

of any air. 

4. The film deposition then occurs by placing the whole set up 

inside a furnace and applying a very high temperature for a 

longer time interval. 

The basic principle involves boiling off the water part of the precursor 

solution and a subsequent deposition of the remaining material onto the 
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attached substrate. The advantage of this method includes feasibility of 

growing large crystals without compromising on obtaining a good 

composition of films. 

2.1.3 Electrodeposition method 

 
The method of using bias to deposit thin films over any conducting 

substrate is popularly known as electrodeposition or electroplating and 

widely finds application in corrosion industry[62]. The basic advantage 

of this method lies in the complete control over uniformity and 

thickness. Besides, the films grown through this method form a very 

strong bond with the substrate and are found to be very sturdy and 

stable. 

 

 
Figure 2.3: Schematic showing three electrode cell setup. 

 
The machine used throughout the study was a dual channel Metrohm 

Autolab potentiostat and the set up comprises of a three-electrode cell 

system (Figure 2.3), filled with an electrolytic solution. The three 

electrodes are: 

• Working electrode (WE): The substrate is usually treated as the 

working electrode onto which the material is to be deposited. 

• Reference electrode (RE): Silver chloride electrode i.e., 

Ag/AgCl (in 3M KCl) being one of the most common options 

has been made use of owing to its simplicity and stability. Its 
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requirement lies in the fact that it provides a stable reference 

potential for electrochemical measurements. 

• Counter electrode (CE): Also known as auxiliary electrode, the 

basic job of a counter electrode is to allow the current passage 

through the WE thus separating its path from the RE. Typically 

inert metals like Platinum coil (or sheet) is used as the CE such 

as to avoid any chemical reaction with the electrolytic solution. 

Step by step deposition method includes: 

 
1. Preparing a precursor solution by mixing required chemicals 

into suitable electrolytic solution. 

2. Then the three above mentioned electrodes are fixed inside the 

cell and the setup is connected to the Potentiostat. 

3. A thin film is then deposited over the substrate fixed as WE by 

applying a constant bias (/current) for a limited time interval. 

4. The electrode is then properly washed to remove any excess 

remaining solution and used for further analysis. 

The basic methodology involves redox reaction taking place in the 

electrolytic solution due to the externally applied bias (/current). The 

movement of electrons within the electrolyte and to fro through the 

outer layer of the substrate eventually leads to deposition of the film 

over it. One of the three following methods are used to carry out the 

film deposition. 

❖ Chronoamperometry: A constant voltage is applied to the 

system and the simultaneous current response v/s time is 

recorded. The material is deposited over the substrate in 

requisite time and its thickness depends largely on the applied 

potential or the time interval[63]. 

❖ Chronopotentiometry: Similarly, when current is held fixed, 

we obtain a response of potential v/s time leading to chrono 

potentiometric deposition. 

❖ Cyclic Voltammetry: In this method of deposition, a potential 

range is fixed which is allowed to run for numerous cycles and 
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this deposits the material depending on the scan rate 

provided[64]. 

Choosing any of the above-described methods depends on the sample 

type, and mostly involves the application of the sample thereafter. 

2.2 Electrode characterization techniques 

 
After successfully fabricating the electrodes through either of the 

methods discussed above, the next step is to characterize them for 

further analysis. This is a very crucial step prior to device fabrication 

because a few parameters give us a very fair idea about what sort of EC 

device combinations are to be adopted. 

2.2.1 Scanning Electron Microscopy (SEM) 

 
Morphological study provides us with a fair idea about the electrodes’ 

reactive surface area including information about uniformity, phases, 

homogeneity, crystallinity, grain sizes etc. Electron microscopy makes 

use of a very high-power electron beam to produce a micrometer- 

nanometer scale image of the samples’ outer surface[65]. A JEOL- 

7610F Plus Scanning Electron Microscope was used to record SEM 

micrographs throughout the thesis. 

 

 
Figure2.4: Schematic showing various parts of an electron microscope 
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As can be observed (Figure 2.4), a high-power electron beam is released 

from the electron gun and is directed towards the sample placed 

vertically downward. Anode helps in accelerating the beam and the 

magnetic lenses are kept in place to allow a proper vertical direction to 

the rushing electrons. The moment the electrons hit the sample, 

collision takes place with the surface electron and as a result the 

electrons are scattered and reach the detector which then converts this 

signal into an electric signal and releases the morphological image. 

2.2.2 Raman spectroscopy 

 
Raman spectroscopy is an analytical spectroscopic method to determine 

the vibrational modes of a molecule which ultimately gives information 

about the structural fingerprint[66,67]. A HORIBA-JY LABRAM-HR 

spectrometer with excitation wavelengths of 532nm, 633nm and 785nm 

were used to record the Raman spectra for this study. 

 

 
Figure 2.5: Schematic showing basic mechanism of Raman 

spectroscopy. 

Initially, the sample is excited with a light of suitable wavelength which 

scatters off from the molecule leaving it in a higher excited state. The 

molecular vibration when returned to its ground state emits three types 

of photons, one with the same energy as initial (rayleigh scattering) and 

other two with higher (anti-stokes) or lower (stokes) energy as 

compared to the initial photon (Figure 2.5). It is evident that the 

intensity of stokes line is more than that of anti-stokes. Raman 

spectroscopy is a non-corrosive spectroscopic technique and the 
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corresponding Raman shifts are typically expressed in terms of 

wavenumbers. 

2.2.3 Fourier transform infrared spectroscopy (FT-IR) 

 
In FT-IR spectroscopy the sample is treated with an IR radiation which 

passes through the sample giving out a spectrum which is basically a 

molecular fingerprint of the sample[68]. Information about 

composition, bond vibrations and is largely obtained from this 

technique. For our study we have used PerkinElmer’s spectrum II 

spectrometer to record the spectrum. 

 
 
 

Figure 2.6: Schematic showing basic working mechanism of an FT-IR 

spectrometer with its inset showing a benzene infrared spectrum. 

A source emits IR radiation typically in the range of 4000 and 400 cm−1 

wavenumbers (Figure 2.6). The beam, after passing through a 

spectrometer and a set of mirrors hits the sample which absorbs some 

of the radiation and emits the rest. The resultant beam is then recorded 

by a detector which gives out an interferogram consisting of the detector 

signal as function of time. The FT-IR spectra obtained following this 

method is then matched with existing data to analyze various kinds of 

bonds obtained. 

2.2.4 X-ray diffraction (XRD) 
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X-ray diffraction method used X-rays as the prime source of irradiation 

to obtain information about the chemical composition and 

crystallographic structure of the sample[69]. This non-destructive 

technique makes use of constructive interference of monochromatic X- 

rays. All the spectra, for this study, were recorded using a Bruker's AXA 

D8 Advance X-ray diffraction spectrometer. 

 

 
Figure 2.7: Schematic of an X-ray diffractometer. 

 
The X-ray source, usually a cathode ray tube, is attached to a filter 

which produces monochromatic radiation that hits the sample in a 

colinear fashion (Figure 2.7). The rays which are incident at an angle ϴ 

interacts with the sample and produces constructive interference 

following the Bragg’s equation. The diffracted rays are then collected 

by the detector which analyses and produces the result in the form of an 

XRD pattern. 

Optical characterization method helps us in understanding the optical 

properties of the sample like band structure, electronic properties etc. It 

is of particular interest to us since ECDs are mostly opto-electronic 

devices. We have mainly used UV-Vis and PL spectroscopy in our 

study and therefore only these two methods have been discussed. 

2.2.5 UV-Visible spectroscopy (UV-Vis) 
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This spectroscopic technique measures the amount of light absorbed (or 

transmitted) by a sample from the range of visible wavelengths, which 

is generally calculated in terms of a reference or blank sample called 

the baseline[70]. Tungsten and deuterium lamp are the common sources 

of light used in the visible and UV region respectively. We have made 

use of a Lambda 365 spectrophotometer (PerkinElmer) for the 

measurements throughout this study. 

 

 

Figure 2.8 Schematic of an UV-Vis spectrometer 

 
As shown in Figure 2.8, the entrance slit collimates with the incoming 

light from the source and a dispersive element breaks it into multiple 

components. The sample then absorbs suitable wavelength and passes 

on the signal to the detector. The ‘absorbance’ is basically a logarithm 

of the ratio of intensity of light before and after passing through the 

sample. However instead of absorbance sometimes, the spectrum is 

represented as transmittance (in %) v/s wavelength mostly for 

transparent liquid samples. 

2.2.6 Photoluminescence spectroscopy (PL) 

 
Also known as emission spectroscopy, this method provides us with 

information about the emission behavior and thus about band gap of the 

sample. It is a non-contact and non-destructive method of probing a 

sample[71]. The PL studies were accomplished using a PerkinElmer 

LS-55 spectrometer. 
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Figure 2.9 Schematic explaining emission phenomenon. 

 
The basic methodology involves the sample absorbing energy in the 

form of a photon and excited electrons moving from valence band to 

conduction band. The electrons when they return from the conduction 

band back to the valence band, they emit photons, and this process is 

known as emission. The emitted photon is typically of lower energy 

than the one which was used for excitation. During the process the 

electron is held at a metastable state for a very small amount of time 

from which the electron jumps back through a non-radiative transition. 

Figure 2.9 demonstrates the working mechanism of PL spectroscopy. 

2.2.7 Electrochemistry 

 
Electrochemistry is the study of the chemical properties obtained 

against an applied current/bias. To understand the properties like redox 

behavior, electron/mass transport phenomenon etc., we need to perform 

electrochemical studies to consolidate the discussion about the sample 

characteristics. This method uses a three-electrode cell setup (section 

2.1.3), an electrolytic solution and the experiments were performed 

partly in a Keithley-2450 source meter and partly in a Metrohm Autolab 

Potentiostat. 

2.2.7.1 Linear sweep voltammetry (LSV) 



24  

As the name suggests, in this electrochemical method the sample is 

swept linearly from a lower potential to a higher potential limit i.e., 

from V1 to V2 (V2>V1). The current response is then plotted as a 

function of voltage at a specific scan rate (expressed in volts per 

second). 

 

 
Figure 2.10: Typical LSV and CV curves of Ferrocene* 

 
Figure 2.10a shows a typical LSV graph of ferrocene recorded at a 

single scan rate. Using LSV we can calculate the peak current (ip), the 

potential at the peak current (Ep) and the half peak current (Ep/2) prior 

to reaching the peak. This method is of particular interest for 

irreversible systems, where a reverse sweep would not add any more 

information. 

2.2.7.2 Cyclic voltammetry (CV) 

 
Similar to LSV, in CV too the voltage is swept between two values, 

besides this time as soon as the scan reaches V2, the direction is 

reversed, and the voltage is scanned back to V1 thus completing one full 

scan cycle. CV is the most common tool for electrochemistry and gives 

us information about the oxidation and reduction peak positions, 

stability of the sample, reversibility, current response etc. The area 

under the CV curve also denotes how well the sample can store charge. 

 

 

 

* https://www.ceb.cam.ac.uk/research/groups/rg-eme/Edu/linear-sweep-and-cyclic- 

voltametry-the-principles 

https://www.ceb.cam.ac.uk/research/groups/rg-eme/Edu/linear-sweep-and-cyclic-voltametry-the-principles
https://www.ceb.cam.ac.uk/research/groups/rg-eme/Edu/linear-sweep-and-cyclic-voltametry-the-principles
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Figure 2.10b shows a typical single scan CV from the ferrocene sample. 

The first part of the scan is similar to LSV with obtaining the same 

cathodic peak (ip
c). However, the anodic peak (ip

a) is obtained in the 

reverse scan, giving us corresponding values of peak voltages. 

Increasing the scan rate increases the current value and thus the peak 

currents are proportional to the square root of scan rates establishing the 

system as redox active. The electron transfer rates can be estimated by 

observing the peak position corresponding to shifts in scan rate. 

2.2.7.3 Galvanostatic charge discharge (GCD) 

 
In this method, a constant current is applied, and the sample is allowed 

to charge (or discharge) over a period of time. It is widely used to 

characterize the material which shows capacitive or pseudo-captivate 

behavior. 

 

 
Figure 2.11: Different shapes of the GCD curves belonging to different 

material types* 

The longer the discharge time, the better the charge storing capacity of 

the material and consequently better is its capacitive properties. Figure 

2.11 shows the general pattern for obtaining the GCD curve depending 

on the type of the material. 

2.2.7.4 Electrochemical impedance spectroscopy (EIS) 

 
This is a tool to measure the impedance of a sample which is recorded 

by applying AC potentials. Information such as electron transfer 

 
 

* http://cleanenergywiki.org/index.php?title=File:Charge-discharge.png 

http://cleanenergywiki.org/index.php?title=File%3ACharge-discharge.png
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resistance, double layer capacitance, etc. are obtained using EIS. 

Generally, it is expressed in terms of Bode and Nyquist plots. 

 

 
Figure 2.12 Typical pattern of Bode and Nyquist plots* 

 
Bode plot: It is obtained by plotting Log of impedance in Y-axis v/s 

Log of Frequency in the X-axis and provides information about the 

phase of the sample. 

Nyquist plot: To obtain the Nyquist plot, the imaginary part of the 

impedance (Z'') is plotted against the real part (Z') and a lot of circuit 

parameters can be directly obtained from this plot or by fitting it using 

an electrical circuit. 

2.2.7.5 In-situ absorbance spectroscopy: 

 
This is a special technique wherein electrochemistry is carried out 

inside the cuvette of the UV-Vis spectrometer (Figure 2.13) and hence 

the name in-situ. This method helps us record the absorbance v/s 

wavelength and current v/s time spectra simultaneously for an applied 

bias. It is particularly useful when we ought to study the kinematics of 

an electrode. Herein the RE and CE are generally fused, and WE is the 

electrode of interest. 

 

 

 

 

 
 

* https://www.palmsens.com/knowledgebase-article/bode-and-nyquist-plot/ 

https://www.palmsens.com/knowledgebase-article/bode-and-nyquist-plot/
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Figure 2.13: Schematic showing the set up for in-situ absorbance 

spectroscopy. 

2.3 Device fabrication methodologies 

 
After systematically characterizing the electrode, the next step is to 

fabricate it into a full-fledged device. Usually, two individual EC 

electrodes are chosen based on their compatibility and are stitched 

together as explained below. The important step is identifying what 

electrolyte goes inside the device as it has to be compatible with both 

the EC materials. 

2.3.1 Electrolytic gel composition 

 
The electrolyte is generally added to a semi solid gel structure which 

helps in holding the two electrodes together by providing a cushion 

between them. Usually polyethylene oxide (PEO), polyvinyl alcohol 

(PVA), poly-vinyl difluoride (PVDF), nafion etc. are used as gel 

binders in devices depending on the reactivity. We have used PEO gel 

as the binder and its step-by-step fabrication recipe is as follows: 

• Amount of 5wt% PEO is dissolved in acetonitrile (ACN) and is 

stirred continuously for 5-6 hours along with heating. 

• To it, 1M solution of LiClO4 in ACN is added in a ratio of 2:1 

(2 parts of PEO against 1 part of electrolyte). 

• The mixture is then thoroughly stirred using a vortex to obtain 

the final gel electrolyte which has a thick consistency. 

2.3.2 Flip-chip method 
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The electrodes are then stuck together with the help of flip-chip 

technique as explained below (Figure 2.14). 

• To one of the electrode’s, double sided tape is pasted onto the 

conducting facing side such that there is a window created at the 

center. 

• Around 10-50μl of electrolytic gel solution is then dropped cast 

onto the vacant window. 

• The second electrode is then placed on top of this arrangement, 

with its conducting side facing downwards to obtain the final 

device. 

 

 

Figure 2.14: Schematic showing step by step method of flip-chip 

technique 

Before using the final ECD, copper tapes are attached to the outward 

facing conducting areas of the device such that they can be connected 

to two terminals of a battery/power supply. 

2.4 Device characterization 

 
The as prepared solid-state devices (ECDs) are then further 

characterized for device parameters (section 1.5) after applying to it a 

suitable bias. It is generally noticed that as compared to a single 

electrode, a complete device requires higher bias and has an increased 

level of complexity. 

2.4.1 Device kinematics 

 
Device kinematics include measuring the absorbance spectra of the 

solid-state device, recording its switching time, stability etc. whilst 

applying a voltage pulse to it. The device is attached inside the 
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spectrometer and connections are made similar to in-situ absorption 

measurement of the electrode. The obtained data is further analyzed to 

obtain the various device parameters. 

2.4.2 In-situ raman spectroscopy 

 
Similarly, measuring in-situ Raman requires the device to be placed 

inside the spectrometer while simultaneously being connected to an 

external bias source. The detector then picks up signal from the device 

in both ON and OFF state giving us required Raman spectra. 

2.5 Software used 

 
Other than the various characterizing instruments and tools, a software 

was used to analyze the color co-ordinates of the ECDs, as explained 

below. 

Osram Sylvania 

 
The color space was first mathematically defined by the International 

Commission on Illumination (CIE) which refers to the quantitative 

relation between the visible wavelengths of the electromagnetic 

spectrum and the colors perceived by human eye[72–74]. Figure 2.15 

shows a conventional CIE chromatograph and the triangle representing 

RGB co-ordinate denotes the “tristimulus values” also known as the 

Long(420-440nm) Middle(530-540nm) Short(560-580nm) or the LMS 

color space. These spaces don’t necessarily represent real colors but are 

fabricated mathematical constructs required to explain the color mixing 

theory. As every color has been assigned to certain co-ordinates, the 

addition of two colors results in a third co-ordinate and the same can be 

verified from the chart. 
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Figure 2.15: A typical CIE chart wherein various colors has been 

assigned certain specific co-ordinates. 

 

2.6 Conclusion 

Several experimental methods discussed in this chapter has been made use  

to fabricate and  characterize the samples and devices. 
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Chapter 3 

 

Polyaniline – based electrochromic device for 

ambipolar operation 

 

 
In this chapter the ambipolar nature of polyaniline, a highly conducting 

polymer, has been exploited in its electrochromic domain to establish it 

as a versatile electrochromic material*. Studies carried out on 

electrodeposited PANI electrode show its ability to behave as an n-type 

as well as p-type material. Furthermore, two electrochromic devices 

with PANI as the electrochromic layer and two opposite kinds of 

counter ions TTF (Tetrathiafulvalene) and PCBM ([6,6]-phenyl-C61- 

butyric acid methyl ester), were fabricated and subsequently 

characterized. High contrast value (~50%), smaller switching time 

(~1s) and moderate coloration efficiency values (~100cm2/C) were 

obtained from the device which establishes the ambipolar 

electrochromic aspect of PANI based solid state electrochromic 

devices. To demonstrate versatile nature of PANI further, two more 

devices were fabricated using n- and p-type electrochromic active layer 

as well which furnished similarly good results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

*Ghosh. T. et. al., ACS Appl. Opt. Mater. 2023, 1, 473–480 

https://doi.org/10.1021/acsaom.2c00115
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3.1 Why polyaniline? 

 
Conjugated Polymers (CPs), a unique class of organic materials, finds 

application widely in the world of electronic materials and devices 

mostly because of their highly conducting nature[75–77]. Most 

common CPs such as polythiophene (P3HT), polyaniline (PANI), 

polypyrrole (PPy) finds considerable application in displays, 

photovoltaics, energy storage as well as electrochromism among others, 

owing to its ease of processibility, tunable electronic and optical 

properties and high stability[78–82]. 

However, among all, PANI carries additional advantages like high 

conductivity, tunable working potential window and good thermal 

stability. Additionally, the multi-functional polymer possesses three 

distinct oxidation states: partially oxidized emeraldine (EM), fully 

oxidized pernegriniline (PG) and fully reduced leucoemeraldine (LM), 

each of them bearing different colors and conductivities (Figure 

3.1)[83,84]. Among these, EM state being the most conducting and 

highly stable is extensively used over LM or PG; however, all the three 

states are inter-convertible among each other. 

The color of PANI film depends strictly on the bias value if the aniline 

monomer has been polymerized electrically or on the oxidants in case 

of chemical polymerization[85]. Since, a given oxidation state of the 

polymer is responsible for its optical appearance, a bias induced color 

modulation can be achieved by dynamically doping it thus may find a 

place in designing solid state electrochromic devices and the same can 

be explored. The effect of chromism in a PANI film is governed mainly 

by reversible redox processes taking place as a response to external 

bias[86]. 
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Figure 3.1 Molecular structures of the three different redox state of 

PANI represented in their corresponding colors. 

A well-established property exhibited by PANI which also makes it an 

interesting polymer is its behavior to function as an ambipolar material. 

This unique ability of the polymer to respond to both the polarities of 

an applied bias has been extensively exploited in electronic devices 

such as Organic Field effect transistors (OFETs) and Field effect 

transistors (FETs) etc.[87–90]. Besides, PANI is also a well-studied 

electrochromic material due to its multicolor appearance at different 

biases along with its ease of processibility and highly stable nature. In 

this chapter the ambipolar nature of PANI has been utilized to fabricate 

ECD where electrochemically deposited PANI film has been combined 

with different counter layers to validate the versatile nature of these 

devices. 

3.2 Deposition of PANI thin film by electrodeposition 

 
The aniline monomer has been electrochemically polymerized, directly 

on the conducting transparent electrode, which yields a uniform green 
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film of PANI over ITO substrate and is basically the partially oxidized 

EM state as it has been obtained at a bias of 0.9V[91–93]. 

Accomplishing any of the other oxidized (PM) or reduced (LM) state 

strictly depends on the bias applied during the deposition process. All 

the three states are easily reversible among each other with application 

of a small potential; however, the EM state is chosen for potential 

applications mainly because of its highly stable and conducting nature 

as opposed to the other redox states. Switching between these states take 

place through bias induced dynamic doping process, which involves 

loss of an e- and a Hydrogen atom from a monomer unit during the 

oxidation process and vice versa for the reduction (as shown in the 

schematic below)[94,95]. 

 

 
Figure 3.2 Schematic showing redox process of PANI 

Steps for Electrodeposition of PANI electrode: 

• To prepare the percussor for electrodeposition 0.1M aniline 

monomeric solution was added to DI water under constant 

stirring and to it 1M H2SO4 was added dropwise. 

• Slides of ITO (size 2cm x1cm) were then thoroughly cleaned 

with a 1:1:1 solution of acetone, IPA, and ethanol for 30 minutes 

under ultrasonication process before using them. 

• By applying a constant voltage of +0.9V to ITO coated glass 

substrates for a time interval of 30-50s, a green film was 

deposited using electrochemical deposition, in a three-electrode 

cell system, as explained in section 2.1.3. 

3.3 Characterization of PANI film 



35  

Prior to be used further for device fabrication, the PANI film was 

thoroughly characterized. The films were found to be uniform and very 

sturdy and the same were characterized using SEM and Raman to 

understand its morphology and molecular vibrational properties. 

3.3.1 Scanning electron microscopy (SEM) 

 
The morphology of the electrodeposited PANI electrode was studied 

using SEM which shows a uniform film deposition onto the electrode 

surface (as observed from Figure 3.3). The inset image shows fiber like 

structures, at 100nm, covering the whole substrate. This scaly pattern 

allows maximum area of contact thus making the PANI film highly 

conducting besides making it store a large amount of charge. The 

uniformity of the film also dictates that electrodeposition is a very 

suitable method that was chosen. 

 

 

Figure 3.3 SEM images recorded at indicated scale from the PANI film. 

 
3.3.2 Raman spectroscopy 

 
Figure 3.4 shows the Raman spectrum with characteristics peaks 

appearing at 1161 cm-1 (C-H bending vibration), 1330 cm-1 (C-N+ 

vibration of de localized polaronic structures), 1472 cm-1 (C=N 
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stretching vibration) and 1586 cm-1 (C-C stretching vibration)[27,96– 

98]. This confirms the successful formation of PANI film through 

electrodeposition. The as-deposited film appears green (inset, Figure 

3.4) throughout the substrate further confirming the complete coverage 

on the substrate, a must for making good quality device. 

 

 
Figure 3.4: Raman spectrum recorded from the PANI film with inset 

showing actual image of the as-deposited film 

After confirmation of proper film formation in the EM state, 

electrochemical studies were performed on the PANI film to investigate 

redox behavior and corresponding optical behavior therein. 

3.3.3 Cyclic voltammetry 

 
Using the setup explained in section 2.1.3, CV curves were recorded for 

the PANI electrode by dipping it in a 0.5M H2SO4 electrolytic solution. 

Figure 3.5 shows the CV curve recorded in the range of 1V to -0.5V at 

a scan rate of 50mV/s. The peak at A1 represents the oxidation peak of 

PANI occurring when the phase changes from partially oxidized EM to 

fully oxidized PG state. The second peak C1 however appears due to 

reduction into LM state of PANI[99]. The color of the PANI film also 
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changes during this CV scan and inset (Figure 3.5) shows the respective 

colors of the three conduction states of PANI electrode at indicated 

biases. 

 

Figure 3.5 CV curve of PANI film obtained in a 0.5M H2SO4 

electrolytic solution and inset showing actual images of the film at three 

different bias conditions. 

The CV data can be understood as follows. The as-deposited green 

PANI film (Figure 3.5, inset) reversibly change between yellowish 

transparent (LM state) at negative bias to dark greenish blue color (PG 

state) in more positive bias. In other words, possession of a given color 

signifies one of the three states of PANI, as described earlier, and 

strictly depends on the applied voltage. 

The EM salt state which is obtained at a potential of 0.9V is the most 

conducting among them i.e., the LM and PG and thus used in this study. 

Interestingly, it was observed that the PANI film responds and exhibits 

color change in both positive and negative biases. This hints towards 

the ambipolar electrochromic nature of PANI. To confirm the same, CV 
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curves were recorded in the same electrolytic solution and same 

potential range but in two opposite scan directions (Figure 3.6 below). 

 

 
Figure 3.6 CV curves of the PANI electrode recorded in 0.5M H2SO4 

electrolytic solution at 50mV/s scan rate in two scan directions (a) 

negative to positive and (b) positive to negative. 

The PANI film (inset, Figure 3.6a) originally green in color, has been 

scanned first from 0V to -0.6V in the negative direction changing its 

color to yellowish then coming back to greenish at around 0.3V and 

then proceeded to bluish color corresponding to +0.9V. On the opposite 

scan direction, i.e., clockwise (Figure3.6b), however, the original 

greenish film first changes to blue at around the same potential as 

former and then turns yellowish transparent at the negative scan, after 

passing through the intermediate green state. 

The scan direction independent CV curves hint at the ambipolar nature 

of PANI meaning it is capable of responding to positive as well as 

negative bias. In other words, it meant PANI has the ability to be used 

as n-type and p-type material as per requirement. To further confirm the 

observation, bias dependent in-situ absorption spectroscopy was 

performed. 

3.3.4 In-situ absorbance spectroscopy 

 
Figure 3.7 shows the absorbance curve recorded at three different biases 

using the cell set up ( section 2.2.7.5). The black curve shows the initial 

EM state which is evident from the dip at around 500nm in the 
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absorbance spectra and the peaks at ~400nm and the broad hump at 

around~750nm is considered to occur due to π-polaron and π*-polaron 

transition respectively[80,100]. The electrode is then switched between 

1.5V (PG) and -1.5V (LM) to achieve a color contrast of ~40% at a 

wavelength of 600nm. 

 

 
Figure 3.7: In-situ absorbance spectra of PANI film recorded in a 0.5M 

H2SO4 electrolytic solution. 

The switching between LM and PG state is reversible without any loss 

of contrast which confirms the ambipolar electrochromic nature of the 

PANI film. Such an ambipolar capability, if retained in in appropriately 

designed solid state electrochemical cell, it can be utilized to make an 

ambipolar solid state electrochromic device as has been demonstrated 

later on. 

3.4 Solid state electrochromic device and ambipolar operation 

 
The well characterized PANI films were used to fabricate solid state 

ECD using the flip-chip technique. Devices in three different 

combinations were tested to study the ambipolar nature first using a 

monolayer ECD of PANI and a suitable electrolyte. Next, 

electrochromic passive counter ions were added to the electrolyte and 
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finally, a bi-layered ECD with two other EC layers was fabricated and 

tested. 

3.4.1 A PANI alone linear device 

 
Initially a monolayered PANI ECD was fabricated and checked for its 

individual performance. For that a 0.1M LiClO4 gel electrolyte was 

made use of which was sandwiched between a PANI coated ITO and 

another blank ITO to formulate the final device structure. Following 

this step, the as prepared device was characterized by feeding it with a 

bias of ±1.5V and subsequently its in-situ absorbance spectra was 

recorded (shown below in Figure 3.8). The original device appeared to 

be green in color due to its initial EM state. 

 

 
Figure 3.8: In-situ absorbance device kinematics showing (a) 

absorption spectra at three different biases and (b) switching time 

calculated at 600nm whilst applying a bias of ±1.5V. 

The black curve (Figure 3.8a) shows the absorbance of the device in the 

initial state, prior to application of any bias and the peak at around 

400nm corresponds to the typical EM state. The device was fed with - 

1.5V, and the color changed from green to yellow leading to a reduced 

absorbance value as confirmed from the absorbance spectra (blue 

curve). Next, feeding a bias of +1.5V led it to change its color to dark 

greenish leading to a higher absorbance value, red curve. 

However, feeding the device with a bias of -1.5V again did not display 

any change in the absorbance value. A voltage pulse of 5s of ±1.5V 

was provided to the device and its subsequent absorbance change was 
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recorded (as shown in Figure 3.8b) which confirms the poor contrast 

value leading to a rather poor switching time of 3.5s. This implies that 

the devices’ reversibility is very poor, and the probable reason could be 

due to the linear nature of the device in absence of a counter ion or 

second electrochromic layer. This problem can however be solved by 

adding a counter ion layer as will be explained in the next section. 

3.4.2 A PANI/counter ion based solid state ECD 

 
Electrochromic passive counter ions can be used to make a solid state 

ECD that can easily switch color reversibility. To establish the 

ambipolar nature of PANI in ECDs two separate devices were 

fabricated by combining a PANI film with an n-type phenyl-C61- 

butyric acid methyl ester (PCBM) and a p-type Tetrathiafulvalene 

(TTF) material[101,102]. Figure 3.9 represents the molecular structure 

of these two materials which would serve as counter electrodes. 

 

 
Figure 3.9: Schematic showing molecular structures of PCBM and 

TTF 

A step-by-step fabrication recipe of these two devices of the structures 

ITO/PANI/PCBM/ITO and ITO/PANI/TTF/ITO is explained below 

and were named pPCBMed and pTTFed respectively. 

• The ITO coated glass substrates, used as electrodes, were first 

properly cleaned under ultrasonication process. 
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• Onto one of the ITOs, a layer of PANI was coated by following 

the recipe mentioned in section 3.2. 

• A 4 wt% solution of TTF in Acetonitrile and PCBM in 1, 2- 

Dichlorobenzene were added to PEO gel matrix (5 wt%) and the 

solutions were separately drop casted on to blank ITO glass 

slides which was pre patterned with a double-sided tape 

• The two ITO glass slides were then joined together using flip- 

chip method to obtain the final device, pPCBMed (as explained 

in the schematic of Figure 3.10a) and the same for pTTFed (as 

explained later on). 

❖ ITO/PANI/PCBM/ITO device 
 

In this device combination, PCBM, an electron acceptor material has 

been used along with PANI. Thus, in this case, PANI behaves as the p- 

type material, owing to the fact that PCBM is an n-type material. It is 

important to mention that it is the counter ion layer that enforces the 

PANI to automatically act as a n- or a p-type electrochromic active layer 

which it chooses depending on whether the other layer is p-type or n- 

type respectively. 

 

 

Figure 3.10: (a) Schematic of pPCBMed device fabrication and (b) In- 

situ transmittance of the device recorded between 2V (ON) and - 

2V(OFF). 

To understand whether the PANI film is automatically able to switch 

its role in a solid-state device or not, the abovementioned device has 
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been characterized by applying a ± 2V bias and measuring any change 

in its optical properties (as shown in Figure 3.10b). An in-situ 

transmittance spectra of the devices have been recorded while keeping 

in an ON (+2V) and OFF (-2V) state. Since PANI is the only 

electrochromic active layer the device switch color between blue (ON 

state) and yellowish (OFF state). 

The yellow and blue colors are attributed to the reduced (LM) and 

oxidized (PG) state of the as-obtained polymer layer. It is evident from 

the in-situ optical spectra that a maximum color contrast ratio (CR) of 

approximately ~52% for pPCBMed has been obtained corresponding to 

a wavelength of 800nm. Such an encouraging CR value mostly depends 

on the thickness of PANI layer and is quite independent of any effect of 

the counter ions. 

 

 

Figure 3.11: In-situ device kinematics of pPCBMed showing (a) 

potential and current v/s time (b) stability of device (c) switching time 

and (d) coloration efficiency, all measured at 800nm wavelength. 

Additionally, in-situ device kinematics has been performed to 

investigate the devices’ performance at length. The device was fed with 

a voltage pulse of ±2V for 5s (as shown in Figure 3.11a) and the 
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corresponding absorbance response of the same was recorded for 

50cycles (Figure 3.11b). Coloration (τc) and bleaching (τb) time has 

been estimated for 77% and 67% change in total absorbance (800nm 

wavelength) and a value of 1s coloration time and 0.8 s bleaching time 

was recorded (Figure 3.11c). CE (η) value of 107 cm2/C was obtained 

using equation 1.2 (chapter 1), from the slope of the ΔOD v/s Q curves 

(Figure 3.11d) which represents moderate power efficiency from a 

solid-state electrochromic device from the family of PANI. However, 

the devices’ stability was found to be compromised. 

A CIE chart showing co-ordinates of respective colors displayed by the 

device during the ON/OFF switching has been shown in Figure 3.12. 

The devices’ colors in initial (0V), ON (2V) and OFF(-2V) states can 

be indicated by co-ordinates ‘u’ (0.15,0.77), ‘v’ (0.18,0.12) and ‘w’ 

(0.45, 0.39) respectively. The inset images show the actual photographs 

of the device showing color change between yellowish during OFF and 

bluish during ON state as also observed from the transmittance spectra 

(Figure 3.10b). From the CIE map it is evident that the device possesses 

visibly good contrast between its ON and OFF states. 

 

 
Figure 3.12: The CIE diagram of the device with color co-ordinates (u, 

v, w) along with actual photographs of the device (insets). 

❖ ITO/PANI/TTF/ITO 
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Similarly, using TTF, a p-type, electron donor material, the entire 

above-mentioned drill has been repeated only to establish that PANI in 

this case can act as an n-type EC material. The ECD was fabricated in 

a very similar fashion with the TTF material being incorporated with 

the gel electrolyte (as shown below in Figure 3.13a). 

 

 

Figure 3.13: (a) Schematic of pTTFed device fabrication and (b) In- 

situ transmittance of the device recorded between 2V (ON) and - 

2V(OFF). 

The in-situ absorbance spectra in Figure 3.13b shows a very impressive 

contrast ratio of 48% between the ON and the OFF state thereby now 

removing the disadvantage of a poor contrast displayed by the linear 

device (as discussed in section 3.4.1). The basic reason being the 

counter ion(s), although not adding anything to the color of the device, 

helps retaining the color of PANI by maintaining the electron exchange. 

The in-situ absorbance results obtained from pTTFed is quite similar to 

pPCBMed and is also what is quite expected since there is no 

interference of any properties of the counter ions. 
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Figure 3.14: In-situ device kinematics of pTTFed showing (a) potential 

and current v/s time (b) stability of device (c) switching time and (d) 

coloration efficiency, all measured at 800nm wavelength. 

Kinematic activity of the ECD recorded in a similar way reveals that 

the device possess all the characteristics i.e., a good switching time of 

almost 1s and a decent CE value of 103cm2/C. The CE values obtained 

from the two PANI only devices is one of the best reported values. 

However, the decreasing value of absorbance (Figure 3.14b) suggests 

that although the counter ions are helping in improving the device 

performance, it still performs poorly when it comes to retention of 

stability. This loophole can be curtailed using a second EC layer, 

instead of the counter ions which, in addition to providing a support to 

the PANI layer, would themselves change color too. The next section 

deals with the same idea wherein we choose a p-type and an n-type EC 

material in combination with PANI. 

3.4.3 Bi-layered solid state ECD based on PANI 

 
To exhibit the complete generic nature of the ambipolar behavior of 

PANI, two very well-known electrochromic materials polythiophene 

(P3HT) which is a p-type and ethyl viologen diperchlrorate (EVClO4) 
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an n-type material has been used to further fabricate two more ECDs 

and have been thoroughly characterized. 

❖ ITO/PANI/P3HT/ITO 
 

A conducting polymer, P3HT is another class of electrochromic 

material which is found to change color when fed with a positive bias 

making it behave like a p-type material[103–105]. 

Step-by-step recipe for fabricating the ECD: 
 

• A solution of 0.5 wt% P3HT in 1, 2- dichlorobenzene was first 

prepared by stirring in a vortex. 

• The solution was then spin coated onto the conducting side of a 

blank ITO at 600rpm for 120s and then the electrode was dried 

off at 80 C for an hour. 

• The P3HT deposited electrode was then sandwiched with the 

PANI electrode along with LiClO4 electrolyte embedded in 

5wt% PEO gel matrix between them to obtain the final ECD. 

Performance of the device namely pP3HTed (ITO/PANI/P3HT/ITO) 

has been further characterized (Figure 3.15). The in-situ bias induced 

transmittance spectra of the said device exhibit a very good contrast 

ratio, a maximum of 60% at 500nm along with a faster color switching 

response of less than half a second indicating excellent electrochromic 

activity. 
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Figure 3.15 In situ device kinematics of pP3HTed device at ±1.5V 

showing (a) in-situ absorbance spectra (b)switching time (c) potential 

and current v/s time graph and (d) coloration efficiency of the device. 

An excellent CE value of 823cm2/C obtained using Eq. 1.2 (chapter 1) 

and the corresponding current v/s time graph further validates the 

complimentary electrode theory indicating excellent performance 

portrayed by PANI/P3HT ECD combination. Additionally, longer 

cyclic stability (>500s) and devices’ CV curve (Figure 3.16) also 

suggests that the aforementioned disadvantage of a monolayer ECD has 

been taken care of thereby establishing that in case of the pP3HTed 

device PANI acts well as an n-type material. 
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Figure 3.16: (a) Stability and (b) CV curve of pP3HTed device 

indicating good stability of the device. 

❖ ITO/PANI/EV/ITO 
 

In order to validate PANI’s p-type nature, an ECD was fabricated by 

choosing an n-type EV as the complimentary EC material. In a similar 

fashion, using the device combination of ITO/PANI/EV/ITO, a pEVed 

ECD has been fabricated and characterized for all the above discussed 

parameters in a very similar fashion Interestingly this device was found 

to possess a few excellent characteristics like multiwavelength 

switching, IR switching and also compatibility in flexible substrates. 

The next chapter deals exclusively with this device combination at 

length with a wholesome discussion on all the characteristics. 

3.5 Conclusion 

 
Overall, the above discussion very clearly establishes that PANI, due to 

its ambipolar nature, can be used as a generic electrochromic active 

layer to fabricate a solid-state electrochromic device where application- 

oriented constraints of choosing a counter ion is present. Furthermore, 

it not only allows one to choose any electrochromic active or passive 

counter ion but also allows one to fabricate a solid-state electrochromic 

device without compromising the overall electrochromic performance 

which can further be improved through various engineering 

methodologies. In other words, electrochromic performance 

substantiates the fact that PANI holds the ability to work as both n-type 

and p-type active electrochromic active material. Furthermore, various 

other combinations of both electrochromic active and passive n-type 

and p-type materials can be used alongside PANI to obtain excellent 

electrochromic properties and also other applications, which has been 

achieved in the next chapters. The device performance can further be 

improved by appropriate engineering the device design or choosing 

more appropriate layers in the device. 
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Chapter 4 

 

Polyaniline/ethyl viologen based all-organic 

multi-wavelength switching ECD 

 

 
A polyaniline-ethyl viologen (PANI-EV) based solid state 

electrochromic device has been fabricated and discussed in this 

chapter*. Individual behavior of the EV has first been understood well 

before the device fabrication, to check its compatibility with PANI 

electrode, which has been thoroughly studied in the previous chapter. 

In-situ kinematics were performed on the complete solid-state device 

and electrochromic performance was measured. An excellent 

electrochromic performance could be observed as evident from the 

color switching time of less than a second while switching with a color 

contrast of ~75% and good cycle life. The device displays switching in 

visible, as well as IR & NIR regions with an applied bias of as low as 

1.5V. In addition to the multiple wavelengths switching, a device has 

also been fabricated on a plastic electrode to demonstrate all-organic 

flexible liquid electrolyte solid state versatile electrochromic device. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

* Ghosh. T. et. al., Adv. Electron.Mater.2023, 9, 2201042 

https://doi.org/10.1002/aelm.202201042


52  

4.1 An all-organic flexible ECD 

 
It is established that the bi-layered ECD combination works best in 

terms of performance parameter. In that, getting both the EC materials 

to be organic adds more advantages of its own like ease of 

processability, flexibility of design, lower voltage requirement to drive 

an ECD etc. Plenty of examples are available in literature which suggest 

that all-organic ECDs displays highly efficient parameters pertaining to 

applications mostly in optical industry[106–110]. 

Additionally, identifying a complimentary pair of organic materials for 

example a p-type PANI and an n-type EV, is expected to provide further 

superior results. Prior to fabricating a complete ECD, the constituents, 

PANI and EV should be separately checked for compatibility. The 

previous chapter dealt extensively with characterization of PANI film 

and thus we report the EC properties of EV as reported below. 

4.2 Ethyl viologen di perchlorate as electrochromic active layer 

 
One of the most widely reported organic compounds from the family of 

bipyridinium salts (Viologens), EV holds the status of being an 

excellent EC active counter electrode besides demonstrating other 

applications like sensing, liquid electrolyte for batteries etc.[111–114]. 

The typical structure of a viologen molecule is shown in Figure 4.1 

wherein suitable substituents to the R1, R2 and X- legends give rise to 

various combinations of viologen molecule. 

 

 

 
Figure 4.1: Schematic showing molecular structure of Viologen. 
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Here R1=R2= CH3 and X = ClO4 makes it an EVClO4 molecule which 

is the compound used in our study. Among EVs, we chose the salt with 

perchlorate owing to the fact that ClO4
- ion is highly mobile thus 

providing us with an added advantage of working as an electrolyte[115– 

118]. This means, EV works both as the EC material as well as the 

electrolyte when used in combination with a complimentary pair. 

 

 
Figure 4.2: CV curve recorded from EVClO4 solution in ACN, 

recorded at 50mV/s scan rate, showing actual color change of material 

over an ITO glass slide as inset images. 

Figure 4.2 shows the CV curves of EV solution (in acetonitrile) at a 

scan rate of 50mV/s with a blank ITO being the working electrode. 

Different redox states can be observed during a scan from -2V to 1V 

and is shown along with the inset images showing the corresponding 

color change of the actual electrode at respective biases. The cathodic 

peaks C1 and C2 indicates the reduction process i.e., EV2+ to EV●+ and 

subsequently EV●+ to EV respectively[119,120]. 

The anodic peaks A1 and A2, on the other hand indicates the reversed 

oxidation process of EV changing to EV⚫+ and EV●+ back to EV2+ 

respectively. Originally transparent in color, the EV solution (which is 
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in contact with the ITO electrode) changes to blue when reduced and 

comes back to its original transparent state during the oxidation process, 

indicating a reversible n-type behavior. Subsequently, utilizing this 

property two solid state ECDs has been fabricated with EV, first a 

mono-layered and then a bi-layered ECD as discussed below. 

4.2.1 Linear EV solid state device 

 
A monolayer EC device has been fabricated in a one-step method, 

wherein 5wt% of EVClO4 in ACN was mixed in equal proportion with 

PEO gel and 10l of this solution was drop casted in between two ITOs 

(as explained in section 2.3.2). In-situ absorbance spectra of the device 

was then recorded by feeding it a bias of 2V. The black curve (Figure 

4.3a) shows the initial spectra of the device, recorded in a 0V bias 

condition. Since EV has no color of its own, originally the device is 

transparent in nature, as also evident from the completely flat 

absorbance curve. When applied with +2V, the device turns blue, and 

the red curve denotes the absorbance spectra with a prominent peak at 

~400nm which typically belongs to reduced state of EV. On reversing 

the bias to -2V, we observed that the overall color of the device 

remained blue with almost no change in absorbance, meaning zero 

reversibility. 

The reason for this observation lies in the fact that since the EV 

molecule is evenly sandwiched between two ITO electrodes, it behaves 

like a linear device[121]. Therefore, even upon reversing the bias, either 

layer of the EV molecule is constantly supplied with a negative bias 

which results in the device being bluish in color and thus affects the 

reversibility of the material, an observation which is consistent with the 

behavior of a linear PANI device as was established in the last chapter. 
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Figure 4.3: In-situ absorbance spectra (a) and device kinematics (b) of 

a mono layer EV device. 

The same is confirmed (Figure 4.3b) wherein the absorbance of the 

device was recorded by applying a pulse of 5s at ±2V. From the figure 

it is quite visible that the device doesn’t return back to its original 

transparent state even on reversing the bias. However, as already 

established this drawback can be easily addressed by adding a pair of 

complimentary EC electrode. Here, PANI was used as the 

complimentary electrode with EV and a complete all-organic device 

was fabricated as discussed below. 

4.3 An ITO/PANI/EV/ITO solid-state device 

 
As discussed above, detailed performance of PANI/EV all-organic 

ECD has been studied. On account of oxidation taking place at the 

PANI electrode and the consequent reduction of the EV molecule 

results in them being excellent complementary pairs for fabrication of 

an ECD. 

4.3.1 Solid state device fabrication 

 
The PANI film has been used to fabricate an electrochromic device with 

EV added in gel matrix through a flip chip technique as explained 

below. the fabricated device can be represented schematically as shown 

in Figure 4.4. 
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• An ITO coated glass substrates used as electrodes were first 

properly cleaned and sonicated with a 1:1:1 solution of acetone, 

IPA, and Ethanol for 30 minutes under ultrasonication process. 

• Onto one ITO, a layer of PANI was coated electrochemically 

following the recipe explained in section 3.2. 

• Next, a 4 wt% solution of Ethyl Viologen Diperchlrorate 

(EVClO4) in Acetonitrile was added to PEO gel matrix (5 wt%) 

and was drop casted on the next ITO glass slide which was pre 

patterned with a double-sided tape. 

• The two ITO glass slides were then sandwiched following the 

flip-chip method to obtain the final pEVed device. 

The fabricated solid state ECD appears green in color owing to the EM 

state of PANI electrode and the neutral state of EV electrode (EV2+) 

which is transparent in color thus giving an overall appearance of green 

color to the device (Figure 4.4a). When the device is applied with +1.5V 

bias (with respect to PANI) i.e., in the ON state, the color of the device 

changes to dark blue as can be seen from the actual photograph of the 

device in Figure 4.4b (inset). 

Upon reversing the bias, i.e., at -1.5V (OFF state) the color of the device 

switches to yellow (Figure 4.4c), because the EV electrode reverses 

back to its transparent state due to redox reversal and the PANI 

electrode turns yellow due to the formation of LM state under this bias. 

 

 
Figure 4.4: Schematic showing the as-fabricated pEVed device (a), and 

subsequent color modulation in the original device in ON (b), and OFF 

(c) states. 
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4.3.2 Solid state device performance 

 
The electrochromic performance of the fabricated device has been 

studied in detail to check its appropriateness for application. The ECD 

has been characterized by applying a bias of 1.5V and noting its 

response. 

4.3.2.1 In-situ absorbance spectra 

 
The in-situ bias dependent UV-Vis spectra (shown in Figure 4.5) 

indicates that in the initial condition (green) the entire absorbance is 

taking place solely due to the PANI layer, as the electrolytic EV layer 

is completely transparent in color. A small broad hump ~400nm (black 

curve) take place due to the π-polaron transition and a hump at around 

750 nm corresponds to the π*-polaron transition, much similar to what 

can be seen in case of spectroelectrochemistry of the individual PANI 

electrode (Figure 3.7, chapter 3)[122,123]. 

The red curve (Figure 4.5) shows the absorbance spectrum recorded at 

a bias of 1.5V with absorption maxima around ~400nm and ~600nm 

belonging to that of the reduced state of EV●+ and the one ~700nm 

appears due to the π - π* transition happening in case of PANI. The 

broad absorption spectra with the maximum absorbance occurring near 

red wavelength lets the blue light transmit the most hence the device 

looked dark blueish in color as can be seen in the optical inset image 

(Figure 4.5). 

Furthermore, on reversing the bias polarity, i.e., at -1.5V (OFF State), 

oxidation takes place at the EV electrode; reinstalling the EV2+ state 

which is transparent. At the PANI electrode however, the PG state is 

reduced to LM which is yellowish in color thus giving out an overall 

appearance of yellowish tint to the device. A maximum excellent 

contrast of 75% has been observed corresponding to 600nm 

wavelength. 
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Figure 4.5: Bias dependent in-situ absorbance spectra of pEVed device 

with inset showing images of actual device. 

The same can be verified by looking at the absorbance spectra (blue 

curve) which appears to absorb almost no light i.e., a nearly transparent 

nature is seen as expected from the color of the device. A clear 

distinguishable bias induced absorbance response indicates that the 

device switches between the two-colored states with good contrast 

values throughout the visible spectrum as has been discussed later on. 

4.3.2.2 In-situ raman spectra 

 
As mentioned above, bias induced redox change is the most likely 

mechanism for the color change as evident in the UV-Vis spectra. This 

has been validated using bias dependent in-situ Raman spectroscopy 

recorded on a working device by feeding with ±1.5V bias. The Raman 

peaks between 1150 cm-1 to 1600 cm-1 corresponds to the stretching 

mode, with the prominent one at 1350 cm-1 belonging to the polaronic 

vibration (Figure 4.6). The polaronic Raman peak appears to be present 

in all the three bias states of the device much similar to the bipolaronic 

peak which appears at 1510 cm-1. Interestingly the peaks appearing at 

1580cm-1 and1630cm-1 are present when the device is in Initial/OFF 
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state whereas and disappears from the ON device. In the latter state, an 

additional peak at 1603cm-1 appears[124]. 

 

 
Figure 4.6: Bias dependent in-situ Raman spectra of pEVed with inset 

showing zoomed part the spectrum. 

This new peak at 1630cm-1 is a shoulder peak of the one at 1580cm-1 

which belongs to C=C vibration. In the ON state, as it appears, the 

shoulder peak merges with the one at 1580 cm-1 which appears due to 

quinoid stretching vibration, the probable reason of which is that the 

bias distorts the C=C bond. Overall, the missing peak in case of ON 

state of the device is most likely the oxidation responsive polymeric 

peak of PANI suggesting bias dependent changes occurring in the 

fabricated ECD as validated from the in-situ Raman spectrum. The 

consistent spectral behavior of bias dependent Raman and UV-Vis 

spectra confirms that the bias induced color change from the solid-state 

device is due to redox induced dynamic doping process. 

4.3.2.3 CIE color chart 

 
The pEVed solid state ECD shows color switching between green, blue, 

and yellow which can be mapped on a CIE chromaticity chart (Figure 
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4.7) using the Osram Sylvania calculator software to identify the color 

co-ordinates of the ECD at three different states. The u’, v’ co-ordinates 

of the fabricated ECD has been found to shift from (0.05,0.51) for Initial 

to (0.25,0.11) for ON and then to (0.25,0.51) for the OFF state. 

 

 
Figure 4.7: A CIE chart indicating color co-ordinates of the device. 

 
4.3.2.4 Device performance kinematics 

 
It is evident from above discussion that the device has sufficiently good 

contrast ratio (Figure 4.5) over the entire region of the visible light with 

a maximum value of ~75% obtained at around 600nm (red region). 

However, in addition to this wavelength, the device also appears to 

possess a decent contrast value corresponding to higher wavelengths in 

near infrared (NIR) i.e., at ~800nm and infrared (IR) at~1000 nm 

regions as well. Thus, these wavelengths have been chosen for 

measuring in-situ kinematics to understand the devices’ electrochromic 

properties in a holistic manner. 



61  

❖ Performance at 600nm wavelength 

 
To begin with, a square pulse train of ±1.5V each with 5s duration was 

fed to the ECD for an estimated time interval of 1500s to check its 

stability. In situ color modulation was monitored during the course of 

this applied consequent pulse train when tested for 600nm. The 

absorbance v/s time graph (Figure 4.8a) shows that the device possesses 

a very good repeatability for at least 300 pulses with little loss in 

contrast value. By taking a closer look at one of the cycles, switching 

time has been calculated. The time required by the device to change 

color from green to blue during +1.5V is the coloration time represented 

by τc. 

Similarly, time taken to switch from blue to yellow during -1.5V is 

called bleaching time (τb). As indicated in Figure 4.8b, the τc and τb 

values to reach 77% and 67% of the maximum absorbance value was 

obtained to be 0.4s and 0.7s (however τc and τb values for 90% 

absorbance change is 0.7s and 1.2s respectively). It means that the 

device takes less than a second to switch between two colored states 

making it the fastest device in the family of PANI/EV devices as can be 

concluded from the comparison table 4.1. 
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Figure 4.8: In-situ device kinematics recorded at 600nm wavelength 

 
When device is under the influence of pulse train, certain charge is 

supplied for necessary redox process to take place that can be known 

from the corresponding current v/s time graph (Figure 4.8c) where it 

can be seen that along with other parameters; the ECD also possesses a 

good stability in the current value. The high current range as observed 

from the figure (±10mA) is mostly because of the highly conducing 

nature of the EM state of PANI. To evaluate the power consumption 

involved during color switching, coloration efficiency (η), is calculated 

using Eq.1.2 (chapter 1). The η value thus obtained for 600nm is found 

to be 110 cm2/C, a moderate value in the family of PANI based devices, 

as can be seen below. 

Table 4.1: Table showing comparison between various combinations of 

PANI and EV ECDs. 

 

Sl 

no. 

Device structure Switching 

Time 

CE 

(cm2/C) 

References 

1. ITO/PANI/EV/ITO 0.7s/0.4s 110 This work 

2. ITO/PANI/ITO 1.4s/1.4s 49 [125] 

3. ITO/PANI/Graphene/ITO 0.6s/0.6s 50 [125] 

4. ITO/PANI/WO3/PANI 2.2s/3.4s 86 [126] 

s5. ITO/PANI/NiO/ITO 0.75s/0.75s 145 [127] 

6. ITO/Heptyl 

Viologen/TMPD/ITO 

1s/1s 120 [128] 

7. ITO/EV 

based/electrolyte/ITO 

~1s ~100 [129] 

 

 
❖ Performance at 800nm and 1000nm wavelength 
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Similar in-situ kinematics measurements have been performed for two 

other wavelengths in the NIR and IR wavelengths i.e., 800nm and 

1000nm respectively (Figure 4.9). Like in the visible region color 

modulation, the device shows good repeatability for these wavelengths 

when toggled between ±1.5V for a 5s square pulse for around 50 cycles 

(Figures 4.9a & 4.9b). The coloration and bleaching times have also 

been calculated here yielding a τc values of 0.3s (for both the 

wavelengths) and τb values of 0.4s and 0.3s respectively for 800nm and 

1000nm wavelength. 

The switching time values of less than half a second in the longer 

wavelength region are better than those at 600nm, however the contrast 

value is a tad bit lower which is ~50% for 800nm and ~45%for 1000nm 

respectively. The stability of current value of the ECD (Figures 4.9e & 

4.9f) remains the same indicating a very good ECD performance in 

terms of stability. A lower color contrast is also reflected in the 

coloration efficiencies as well which are estimated to be 75cm2/C and 

95 cm2/C for 800nm and 1000nm switching respectively. 
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Figure 4.9: In-situ device kinematics recorded at 800nm and 1000nm 

wavelengths. 

The fact that devices from the PANI family has lower efficiency values 

as compared to other polymers can be explained from the extremely 

high current values that the device allows to flow during color 

switching. After successfully establishing the pEVed combination to be 

superior in the family of contemporaries, we have next tried to fabricate 



65  

and characterize a flexible device using the same methodologies as the 

components are compatible. 

4.4 Flexible all-organic ITO/PANI/EV/ITO device 

 
As mentioned earlier, one of the aims to choose PANI in combination 

with EV was their “organic” nature making them processible on a 

flexible substrate unlike inorganic materials[130,131]. Since the ECD 

on rigid substrates possess decent switching speeds and contrast in the 

visible as well as NIR/IR region therefore it will be interesting to see 

whether the device can maintain this performance even on flexible 

substrate for versatile application as all-organic flexible ECD. 

Electrodeposition of PANI layer on an ITO coated flexible PET 

substrate was used with the EV film on another ITO/PET substate to 

fabricate a flexible device. The schematic in Figure 4.10 shows the 

layered arrangement of the device and fabrication process. By following 

the steps given in section 4.3.1 the flexile device was fabricated with 

the only difference being the substrate which in this case was ITO 

coated plastic, instead of glass. The inset image shows the actual 

photograph of the finished flexible device in a bent condition under ON 

state, i.e., when applied with +1.5V and the same appears to be blue 

which is well expected. 
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Figure 4.10: Schematic showing device fabrication steps using flexible 

PET substrates and inset image showing photo of actual device 

Flexible device’s performance parameters have been estimated using 

similar measurements as for the device fabricated on a rigid substrate 

as described above. Bias dependent in-situ kinematics carried out on the 

prepared flexible device are shown in Figure 4.11. The transmittance 

spectra (Figure 4.11a), recorded at three different biases shows that a 

good contrast value of ~41% between +1.5V(ON) and -1.5V(OFF) was 

obtained at a wavelength of 800nm. The inset image (Figure 4.11) 

shows the photographs of the actual flexible device in the ON and OFF 

states achieved under appropriate biases. Sequential voltage pulses of 

±1.5V of 5 s each were applied to study the color switching dynamics 

(Figure 4.11b) showing the stability of the device at the end of 100 bias 

transitions. The contrast of the device appears to have reduced by a very 

little amount of ~10% at the end of the 500 s signifying a good 

repeatability. The coloration and bleaching times calculated at the same 

wavelength of 800nm tells a fast response with τc = 0.5s and τb = 0.8s 

at 77% and 67% of maximum absorbance values respectively (Figure 

4.11c). 
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Figure 4.11: Kinematics recorded from the flexible pEVed device 

showing (a) in-situ absorbance spectra (b) stability (c) switching times 

and (d) current and potential v/s time graphs. 

It is worth mentioning here that a switching time of less than one second 

is really a sign of fast device especially from a flexible device. The 

current flowing through the device during color switching in response 

to applied bias has been shown in the Current and Voltage v/s time 

graph in Figure 4.11d showing a great current stability meaning that the 

device remains undamaged even when it is bent. 

These results establish that the fabricated ECD shows excellent 

electrochromic behavior in terms of switching speed, contrast and also 

efficiency; that too at multiple wavelengths and on rigid as well as a 

flexible substrate. These performances are associated with the 

complementary redox nature of PANI and EV with respect to each 

other. In other words, PANI and EV makes a good complementary 

redox pair which on combining together yields a better performing 

liquid-electrolyte less solid-state device as compared to not only their 

individual devices but also as compared to its contemporaries. 

4.5 Conclusions 

 
In a nutshell, the electrodeposited PANI film-Viologen pair based 

electrochromic device proves to be the most versatile solid state liquid 

electrolyte less ECD which is evident from the following facts. First, it 

shows color switching in visible, NIR and IR regions of the 

electromagnetic spectrum. Secondly, it shows holistic improved 

electrochromic switching performance with high color contrast of as 

high as 75%, a very fast switching with switching time of as low as 0.3 

s and great stability of more than 600 color modulation cycles 

consistently in all the three wavelengths mentioned above. 

In addition, the PANI-EV based exhibits a moderate power efficiency 

of more than 110 cm2/C in the visible region and nearly 100 cm2/C in 

the IR/NIR region. Thirdly, the PANI-EV can be appropriately 
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designed to fabricate an all-organic flexible device without 

compromising the electrochromic performance in terms of switching 

speed, power efficiency, stability, and color contrast. Furthermore, the 

multi wavelength switching ECD, making it a more versatile device, 

paves a way into serving the purpose of a flexible all-organic 

electrochromic window in a better and more efficient manner. After 

analyzing the working of an all-organic ECD we can next move on to 

hybrid ECDs to understand if they serve better. 
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Chapter 5 

 

Organic-inorganic hybrid electrochromic 

device using polyaniline/WO3 

 

 
After successfully establishing the advantages of an all-organic ECD, 

in this chapter we attempt an organic-inorganic hybrid. For this, 

electrochemically deposited tungsten oxide (WO3) film through 

chronoamperometry has been studied here for application as 

electrochromic auxiliary electrode*.Thoroughly characterized film 

using electron microscopy, X-ray diffraction and Raman spectroscopy 

has been used for electrochromic measurement. Bias dependent in-situ 

spectroelectrochemistry measurements have been performed which 

show excellent results in terms of reversibility, cyclability, color 

contrast, appreciable switching time and good current stability at low 

working potential. This electrode has then been used alongside an 

already discussed PANI electrode to look into their EC properties as a 

hybrid ECD. Excellent device parameters established that the hybrid 

combination of ECD works well in terms of switching speed, color 

contrast and efficiency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

* Ghosh. T. et. al., J. Phys. D: Appl. Phys. 2022, 55, 5103 

https://iopscience.iop.org/article/10.1088/1361-6463/ac76f5/meta
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5.1 Advantages of a hybrid ECD 

 
Replacing one of the organic EC layers in case of the aforementioned 

ECD combination with an inorganic layer makes the device a hybrid 

one. As discussed earlier, inorganic ECMs has their unique advantages 

like robustness, longer stability etc[132–134]. Coupling an organic and 

an in-organic EC layer, while fabricating a solid-state device leads to a 

unique structurization incorporating advantages of both the classes. 

Based on literature survey, these kinds of devices are found to more 

efficient, highly stable and runs longer than the all-organic 

kind[48,135–137]. Tungsten oxide was thus chosen owing to its n-type 

EC nature, as it would be interesting to fabricate a hybrid ECD. 

5.2 Tungsten oxide 

 
Among various inorganic EC active materials, tungsten oxide (WO3) 

holds the reputation of being one of the oldest materials to be studied in 

this aspect of because of its structural properties and optical 

transparency[138]. Its ability to switch between blue and transparent 

states reversibly while applied with a small negative bias makes it an 

excellent n-type EC material. The schematic below shows the 

molecular structure of WO3 wherein W has an oxidation state of +6 

often written as W(VI)[139,140]. 

 

 
Figure 5.1: Schematic showing molecular structure of tungsten 

oxide[141]. 
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Upon reduction, W(VI) gains an electron to transition into W(V) which 

results in an alteration of its electronic band structure ultimately 

resulting in a change of color. Electrochromic properties of WO3 

depends very much on the method of deposition of the film. Among the 

various techniques available for an electrochromic film deposition, 

hydrothermal and solvothermal method has been substantially used and 

reported but the major drawback of these techniques lies in the fact that 

the control over the film deposition is very less thus leading to a poor 

film quality which lacks uniformity[63,142–144]. In this work we have 

used chronoamperometry to deposit uniform thin films of WO3 onto an 

ITO substrate[145]. 

5.2.1 Deposition of WO3 film 

 
Chronoamperometry method of electrodeposition using a constant 

voltage, and a three-electrode cell setup, is an established better method 

because it uses current to control the atom deposition thus yielding 

better films. 

Steps for electrodeposition of WO3 electrode: 
 

• To prepare the percussor for electrodeposition 0.015M H2O2 

was added to a solution of 0.0125M Na2WO4.2H2O under 

constant stirring. 

• The pH level of this colorless solution was adjusted by adding 

0.48M HNO3 dropwise. 

• Slides of ITO glass of size 2cmx1cm were then thoroughly 

cleaned with a 1:1:1 solution of acetone, IPA, and ethanol for 

30 minutes under ultrasonication process before using them. 

• A constant voltage of -0.47V was then applied to an ITO coated 

glass substrate for a time period of 200s to deposit the film. 

• The electrochemically deposited WO3 electrode was then rinsed 

with distilled water and kept at 80oC for an hour to be used for 

further characterization. 
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5.2.2 Characterization of the WO3 electrode 

 
Prior to be used in a device configuration, the as deposited thin films of 

WO3 has been thoroughly characterized using optical and 

electrochemical methods to understand its individual properties. 

5.2.2.1 Scanning electron microscopy 

 
The film deposited electrochemically via chronoamperometric 

technique appears to be uniform when seen using SEM (Figure 5.2). 

The film shows a better coverage on electrode as compared to the ones 

deposited through other methods like hydrothermal method. The SEM 

micrograph shows that the film (~4 μm thick) is evenly deposited over 

the ITO glass substrate where the speherical structures represents a few 

hundred nanometer sized flowers made of WO3 as can be established 

using XRD and Raman measurements as discussed later on. 

 

 
Figure 5.2: Electron micrographs from WO3 film showing nano flower 

like structure 

The deposited film appears to have a high surface area as can be seen 

in the zoomed portion (inset, Figure 5.2) of the nano flower. Such a 
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combined property of uniform thickness and high surface area is an 

essential requirement for active electrochromic electrodes.. 

 

Figure 5.3: Cross sectional view of the WO3 deposited ITO as seen 

using SEM micrograph in the zoomed portion and the overall picture 

(inset). 

Next, cross-sectional SEM has been performed which shows(Figure 

5.3) the three regions/layers i.e., the glass substrate, the ITO layer and 

the WO3 film on top. The inset image shows the cross-sectional view of 

the ~1mm thick glass substrate and the white layer on the left side of 

which is the as-deposited film. The high magnification image shows an 

almost uniform thin film of WO3 which is of the order of few 

micrometres, thus confirming successful deposition. 

5.2.2.2 X-ray of electrodeposited WO3 film 

 
The XRD pattern (Figure 5.4) from electrodeposited film shows many 

distinct peaks. The peaks marked with ‘&’ represent the presence of 

WO3 in accordance with the JCPDS data (file no. 01-072-1465) and has 

been identified to be present at 22° (001), 23.4° (110), 25° (101), 42° 

(220), 55° (202)[23]. The broad peak at 23.4° corresponds to 
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monoclinic phase of WO3. Additionally, the sharp peaks in the XRD 

pattern are appearing due to the underlying ITO film on the glass 

substrate onto which the WO3 film has been deposited[146–148]. The 

presence of clear diffraction peaks (‘&’ marked) implies the presence 

of intended WO3 phase in the film which has been further confirmed 

using Raman spectroscopy. 

 

 
Figure 5.4: The XRD pattern of the WO3 film. 

 
5.2.2.3 Raman spectroscopy 

 
The broad Raman peaks (Figure 5.5) marked ‘$’ around ~758cm-1 

corresponds to O-W-O stretching mode and the one at 1010 cm-1 is a 

shoulder peak for the same[25,149,150]. Whereas the peak at 217cm-1 

corresponds to bending vibration of the same bond, thus confirming the 

monoclinic phase of WO3. The basic characterization techniques, SEM, 

XRD and Raman, thus reveal that a continuous film of crystalline WO3 

has been deposited, as intended. 
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Figure 5.5: Raman spectrum of WO3 film. 

 
5.2.2.4 Cyclic voltammetry 

 
A three-electrode cell set up with the above prepared WO3 film 

electrode used as working electrode (WE), a Pt-wire as counter 

electrode (CE) and Ag/AgCl as the reference electrode (RE) has been 

used to carry out electrochemical studies in an electrolytic solution 

containing 0.5M H2SO4. The CV curve (Figure 5.6a) has been obtained 

by sweeping the voltage in the potential range -0.3V to 0.5V between 

the WE and RE at a scan rate of 100mV/s and the corresponding current 

was obtained between the WE and CE. 
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Figure 5.6: Cyclic voltammograms recorded from WO3 films at (a) 

100mV/s with inset images showing actual photo of electrode and (b) 

showing scan rate dependent CV curves. 

Two characteristic redox peaks at 0.1V and -0.1V can be seen due to 

the reversible intercalation and deintercalation of H+ ions in and out the 

WO3 electrode. The reaction governing the H+ insertion due to charging 

and H+ extraction during the discharge process is given by following 

redox reaction (Eq. 5.1)[151]: 

WO3 + ne− + nH+ ↔ HnWO3, (5.1) 

 
During the cathodic scan (scanning from 0.5V to -0.3V), reduction 

takes place and the color of the WO3 electrode changes from transparent 

to blue (left inset, Figure 5.6a). Since this reduction is reversible, the 

blue electrode regains its transparent state during the anodic scan which 

oxidizes the (blue) electrode (right inset, Figure 5.6a). This process is 

known as the bleaching process typically used in the context of redox 

induced electrochromic color modulation. 

The Figure 5.6b shows the scan rate dependent CV wherein an 

interesting observation is the shifting of the anodic/cathodic peaks to 

higher/lower potential with increasing scan rate. Overall, the scan rate 

dependent redox peak position and maximum current value implies an 

excellent electrochemical behavior of the electrode. 

5.2.2.5 In-situ absorbance spectroscopy 

 
In-situ spectro electrochemical measurement of the WO3 electrode has 

then been performed in a two-electrode setup with the WO3 and a Pt 

wire as the two electrodes kept inside the quartz cuvette placed in the 

sample holder of the spectrophotometer. The figure below (Figure 5.7) 

shows the transmission spectra (%T) under different bias conditions 

where the voltage written on the graph shows the potential applied on 

the WO3 electrode with respect to the Pt wire. 
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Figure 5.7: In-situ bias dependent absorbance spectra of WO3 film 

 
The transmission curves under different bias values of 0V (initial 

transparent state), 1V (bleached/oxidized state) and -1V 

(colored/reduced state) reveal that the electrode becomes less 

transparent, as compared to the initial state, when a bias of -1V is 

applied as the curve corresponding to the initial state is different from 

the colored (reduced) state. Corresponding optical image of the 

electrode (inset, Figure 5.7) shows that the color of the electrode 

changes back from blue to transparent when the bias of 1V is applied 

because under this bias condition the electrode gets oxidized back to its 

transparent state leading to the bleaching of the electrode color. 

The transmission spectra corresponding to the initial (0V) and bleached 

(1V) states are almost similar showing a reversible nature of the 

coloration/bleaching process, a necessary requirement for application 

in electrochromic electrodes/devices. An appreciable color contrast of 

~36% corresponding to 600nm wavelength was observed between the 

blue and transparent states and excellent kinematics were recorded, as 

shown below. 
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5.2.2.6 Electrode’s color switching kinematics 

 
To further study its potential application as an electrochromic active 

electrode, in-situ color switching kinetics has been recorded (Figure 

5.8) to measure how long it takes to switch the color (switching time) 

of the electrode. A square pulse of ±1V was applied for sufficiently long 

duration of 10s and corresponding change in %T value was monitored 

to estimate its colored-bleached switching time. Coloration time, the 

time taken to change from transparent to blue (90%) measured at 

600nm, was found to be 2s. Similarly, the bleaching time, the time taken 

to switch from blue to transparent state, of ~2.5s was also obtained (as 

shown in Figure 5.8a). Coloration cyclability, a measure of the 

electrode’s stability, has been checked by applying multiple pulses of ± 

1V (as discussed above) for 20cycles (i.e., 400s) and corresponding 

sequential %T modulation was measured (Figure 5.8b). 

 

 
Figure 5.8: Electrode kinematics showing (a) switching times and (b) 

cyclic stability of the electrode. 

It is quite clear from the stability curve (Figure 5.8b) that along with a 

good cyclability, the electrode shows good reversibility too as evident 

from the fact that %T values in the either state does not change even 

after multiple cycles which makes it a potential candidate for its 

application as an electrochromic active electrode. It is important here to 

highlight that abovementioned color modulations have been observed 

for an absolute bias of ±1V which is in contrast with the existing reports 

where higher voltages are required for metal oxides belonging to the 
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same family when prepared using techniques other than the 

electrochemical methods (the present case). 

 

 
Figure 5.9: Graph showing current response for applied voltage pulse 

train as a function of time. 

To further support the stability and robustness of the electrode (health 

of the electrode) the current flowing through the electrode while 

switching the color has been monitored when under ±1V rectangular 

pulse train (Figure 5.9). The current value seems to remain stable even 

at 100th second, confirming the good stability of the electrode. The 

electrochemical and in-situ spectrochemical results discussed above 

show that even with a limited voltage the WO3 electrode show good 

color modulation and cyclability/stability. 

The above discussion about color change and cyclic stability suggests 

that electrodeposited WO3 film can work as an excellent auxiliary 

electrochromic electrode and its performance can be further increased 

by adjusting a few parameters, like deposition time, precursor 

concentrations and applied bias. However, to obtain the best 

performance, it has to be coupled with another complimentary EC 
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electrode made into an ECD which has been done and discussed in the 

next section. 

5.3 A hybrid solid state PANI/WO3 electrochromic device 

 
As gathered from the ongoing discussion, WO3 being an n-type EC 

material and thus changing color in the negative bias would work as an 

excellent complimentary electrode with PANI thus a PANI/WO3 hybrid 

device can be fabricated. 

5.3.1 Fabrication of the solid-state device 

 
The individual electrodes being electrodeposited onto ITO substrates as 

mentioned in detail in section 3.2 for PANI and section 5.2 for WO3 

have then been integrated together. For the gel electrolyte a 5 wt% 

LiClO4 in ACN mixed with equal proportions of PEO gel was found to 

be suitable. Using the flip-chip technique (section 2.3.2), the final ECD 

was obtained. The same has been explained by the schematic shown 

(Figure 5.10) below. 

 
 
Figure 5.10: Schematic showing the PANI/WO3 device structure along 

with the actual photograph of as-fabricated device (inset). 
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5.3.2 Performance characteristics of the finished device 

 
The original device in an unbiased condition appears to be greenish in 

color owing to the transparent nature of WO3 thin film and green 

colored PANI film (inset, Figure 5.10). To characterize the ECD, a 

nominal bias of ±1.5V was used and its optical response was recorded 

as explained in detail below. 

5.3.2.1 In-situ absorption spectroscopy 

 
A positive bias of 1.5V (namely ON state) was fed to the device from 

the end of the PANI electrode such as to oxidize it to turn blue in color 

and simultaneously the WO3 electrode receives -1.5V supply for it to 

get reduced and turn bluish. Therefore, a subsequent oxidation of PANI 

and reduction of WO3 made the overall ECD appear blue in color. This 

is evident from the inset image (Figure 5.11), which shows the actual 

photo of the device in an ON state. 

 

 
Figure 5.11: In-situ absorbance spectra of device with inset showing 

actual photos of device at indicated biases 

On reversing the bias now, i.e., in OFF state, PANI is now reduced and 

turns light yellowish and WO3 is oxidized back to its transparent state. 
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This leads the device to appear almost transparent which is evident from 

the actual photo of the device, shown in inset and also from the blue 

curve which seems not to absorb any visible wavelengths. Another 

interesting observation from the absorbance spectra indicates that the 

device in ON state absorbs NIR wavelength largely, a property which 

can be further explored for heat shield applications. 

5.3.2.2 Device performance kinematics & coloration 

efficiency 

As observed (Figure 5.11), the ECD appears to absorb almost all visible 

wavelengths starting from 500nm up to 1000nm in its ON state. Thus a 

few wavelengths were chosen (500nm, 700nm, 900nm) among them to 

study device kinematics. A voltage pulse of 5s width at ±1.5V was then 

fed into the device for 10 cycles to establish the working of the ECD. 

Figure 5.12a shows the potential and current v/s time graph with a good 

stability for at least 100 s. The in-situ absorbance response of the device 

at 900nm, corresponding to the applied bias train (Figure 5.12b) 

confirms the stability and good cyclic repeatability of the device for 10 

cycles. Choosing one cycle, switching time of the ECD was calculated 

at 77% (coloration) and 67% (bleaching) of the maximum wavelength. 

As indicated in Figure 5.12c, a coloration and bleaching time of 0.4s 

and 0.9s was obtained which is considered to be a quick response. In 

addition, a very good contrast ratio of ~65% was obtained at 900nm. 
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Figure 5.12: Device kinematics showing (a) voltage pulse and 

simultaneous current response (b) absorbance response to applied pulse 

(c) switching times (d) coloration efficiency. 

 
Further, using equation 1.2, (chapter 1) the power consumption of the 

device was calculated in the form of coloration efficiency (Figure 

5.12c). Thus, at 900nm, using the slope of change in absorbance to 

charge intercalated, a very good CE value of ~1207 cm2/C was 

obtained. This value is one of the highest CE values in the individual 

family of WO3 and PANI. Moreover, the entire observation establishes 

that the ECD works excellently well in the NIR region of the spectrum 

with a very good contrast value and thus can be utilized as a heat filter 

device. 
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Figure 5.13: Switching times reported at (a) 700 nm and (b) 500nm 

wavelength. 

Furthermore, the same process was repeated for two more (visible) 

wavelengths i.e., 700nm and 500nm and the results were summarized 

in Figure 5.13a and b respectively. At 700nm, the ECD showed a 

somewhat reduced contrast ration of 48% and a very good switching 

time of 0.7s (coloration) and 0.4s (bleaching), implying the ECD works 

well at a visible wavelength of 700nm. However, the ECD tends to 

show very sluggish behavior at 500nm wavelength with a switching 

time of over 2s for both coloration and bleaching. The contrast ratio too 

dropped up to only ~20% at this wavelength. 

 

 
Figure 5.14: (a) Devices’ stability and (b) CV curve 

 
The device was next tested for cyclic stability by applying a voltage 

pulse of ±1.5V for 1000s, and the response has been recorded at 900nm 

wavelength. Figure 5.14 a shows a very good stability of the device for 

at least 100 cycles with almost no change in the absorbance. 

Simultaneously after running the device for 1000s, a CV curve was 

recorded at a scan rate of 50mV/s, to finally validate the stability of the 

device (Figure 5.14b). Overall, the excellent results obtained by 

analyzing the electrochromic parameters suggests that the combination 

of PANI and WO3 as a hybrid complimentary redox pair is an utterly 

successful one. 
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5.4 Conclusion 

 
To summarize the entire discussion, chronoamperometric method used 

to deposit WO3 results in device grade thin films with well-maintained 

uniformity which were nano-flowered in shape. This WO3 film, which 

was analyzed to be monoclinic in nature has been thoroughly studied 

using electrochemical methodologies to establish it as an n-type 

auxiliary electrode which would change color between transparent and 

blue state. Taking this hint, it was then paired with a PANI film to 

fabricate a hybrid ECD. 

The hybrid PANI/WO3 solid state electrochromic device, which 

changes color between transparent and blue states, absorbs a range of 

wavelengths from visible up to NIR. Thorough characterization of the 

device implied its excellent electrochromic abilities such as faster 

switching time, good contrast, very high efficiency, and stability. 

Additionally, the ability of the device to switch well in the NIR region 

can be further utilized to fabricate a heat shielding hybrid ECD. 
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Chapter 6 

 

Hybrid electrochromic PANI@WO3 core- 

shell for multifunctional energy application 

 

 
In this chapter, polyaniline and tungsten oxide have been 

amalgamated using chronoamperometry to obtain a core-shell 

structure and its energy generation and storage application has been 

reported*. Electrodepositing WO3 and PANI onto highly conducting 

substrates one on top of other, results in formation of PANI@WO3 

electrode which displays multifunctional applications. Morphological 

studies suggest that the deposited electrode possesses a highly uniform 

fibrous surface structure thus promising an enhanced charge trapping 

property. Electrochemistry performed using the conventional three 

electrode step up suggests a very good charge storage capacity, 

stability and mostly indicating a pseudo capacitive behavior. Besides 

very good values of areal capacitance, power density and energy 

density establishes its supercapacitive performance. Next, its behavior 

as an electrocatalyst was also observed through polarization curves 

and their corresponding Tafel plots. Finally, its electrochromic 

behavior was confirmed by characterizing the electrode for in-situ 

absorption properties and analyzing all the conventional parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* Ghosh. T. et. al., Under Review 
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6.1 Hybrid core-shell 

 
In broad terms, core-shells refer to combination of two (or more) 

materials layered upon one another i.e., compounds which have inner 

(core) and outer (shell) layers made of different components[152,153]. 

They can be synthesized using both chemical and physical methods, 

even both the layers can be fabricated using different techniques. For 

example, the inner core can be deposited using hydrothermal method 

and on top of that the outer core can be electrically deposited. Core- 

shell structure enjoys the benefit of both the materials and enables 

multifunctional applications with proper manipulation of the no. of 

layers, thickness of layers and composition[154–157]. The choice of 

materials depends on targeted application(s), however here we have 

chosen PANI and WO3 owing to their individualistic properties and 

therefore to obtain multifunctional electrode. Besides being hybrid in 

nature, it proves to be sturdier and more resistant than most of its all- 

organic or all-inorganic contemporaries[53,157]. 

6.2 Fabricating the PANI@WO3 core-shell 

 
For this study we have made use of electrodeposition method to 

generate the PANI@WO3 core-shell structure. The schematic below 

explains the step-by-step method of fabrication. 

 

 
Figure 6.1: Schematic showing core-shell electrodeposition process. 
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We have used two types of substrates, carbon cloth and FTO for this 

particular study used for energy and electrochromic applications 

respectively. The deposition was carried out by adopting the following 

recipe: 

• First the substrates were properly cleaned and sonicated. 

• Next using the preparation recipe explained in section 5.2.1, 

WO3 has been deposited onto the substrate and left to dry. 

• On top of the WO3 layer, PANI has been deposited following 

the same recipe explained in section 3.2 with WO3 coated 

substrate being used as the WE in this case. 

• The as-deposited PANI@WO3 electrodes has then been dried 

by heating them at 80oC for an hour prior to use. 

Besides the core-shell, individual WO3 and PANI films were deposited 

onto CC substrates (as control experiment) to study and compare all the 

properties. 

6.3 Characterizing the core-shell 

 
The prepared electrode(s) have then been characterized using different 

morphological methods to confirm and understand the core-shell 

behavior. The data obtained from the individual electrodes too have 

been shown to draw a comparison. 

6.3.1 Surface morphology study using SEM 

 
The SEM images from individual WO3 and PANI films and 

PANI@WO3 electrodes deposited on CC substrate (Figure 6.2) shows 

a crystalline flower like morphology for individual WO3 film showing 

evenly distributed film over the surface of the carbon strands (Figure 

6.2a). On the other hand, the individual PANI film possess a fiber like 

structure also uniformly coating the entire area (Figure 6.2b). It is 

important here to mention that WO3 film on ITO substrate has been 

studied at length in chapter 5 (section 5.2). 
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Figure 6.2: Images showing SEM micrographs recorded from 

individual (a) PANI, (b) WO3 electrode and PANI@WO3 core-shell at 

different magnification (c,d). 

The PANI@WO3 core-shell however tends to portray a highly uniform 

fibrous network like structure (Figure 6.2c). The zoomed image (Figure 

6.2d) clearly shows the growth of both the flower shaped WO3 film and 

the fiber like PANI film. This confirms the core-shell structure 

indicating a successful fabrication. Besides, uniform morphology 

promises a large surface area of interaction and higher charge storage 

capabilities that will be established in the subsequent sections. 

6.3.2 Raman spectroscopy 

 
Raman spectra from the PANI@WO3 core-shell (Figure 6.3a) 

structured electrode along with the individual films (Figures 6.3b, 6.3c) 

are shown in Figure 6.3 where the latter has already been discussed in 

section 5.2.2 and 3.3.1 respectively. 
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Figure 6.3: Raman spectrum from (a) PANI@WO3 core-shell, (b) WO3 

and (c) PANI electrode. 

The peaks identified as ‘$’ belong to WO3 and those identified as ‘@’ 

belong to PANI film. Analyzing the Raman peaks of the PANI@WO3 

electrode it is evident that the Raman spectra contains all the individual 

peaks from both the material showing no signs of new chemical binds 

or any phase change etc. Thus, the Raman spectra too confirms the 

successful formation of the core-shell structure. 

6.3.3 X-ray diffraction 

 
To fully confirm that the core-shell structure consists of no new 

chemical bond or phase information, XRD studies of the as-deposited 

electrode has been performed and compared with the already available 

data of WO3 electrode, as discussed in section 5.2.2. The figure shows 

the XRD pattern of the PANI@WO3 electrode with the inset showing 

the same for the individual WO3 electrode. 
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Figure 6.4: X-ray pattern of PANI@WO3 core-shell electrode along 

with the XRD pattern for individual WO3 film (inset). 

The peaks marked ‘@’ are that of PANI film, as identified from the 

JCPDS database, and the sharp peaks marked ‘#’ belongs to the 

background. All the other peaks have been matched thoroughly with the 

WO3 film and found that no new peaks, other than individual PANI or 

WO3 has been observed. This confirms the assumption that no new 

phase formation took place besides validating the fact that PANI@WO3 

core-shell structure has been successfully obtained. 

6.3.4 Fourier transform infrared spectroscopy 

 
Finally, an FTIR spectrum has been recorded from the PANI@WO3 

electrode, whose peaks have been analyzed using the available 

literature. Various chemical bond information, as marked below, has 

been obtained belonging to both PANI and WO3 and peaks at around 

500-1600cm-1 belonging to strong PANI bonds. All the 

characterizations performed thus hinted towards the successful 

fabrication of the as deposited PANI@WO3 core-shell for it to be 

studied later for various application. 
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Figure 6.5: Fourier transform spectrum of PANI@WO3 electrode. 

 
6.4 Multifunctional application of the core-shell electrode 

 
Following the thorough characterizations of the electrode, it is believed 

to display multifunctional behavior. To establish the same, the 

PANI@WO3 electrode has been tested for energy related smart window 

applications as explained below. 

6.4.1 Supercapacitive energy storage properties 

 
Both PANI and WO3 are known to possess charge storage properties, 

which is believed to be enhanced for the core-shell structure[139,158]. 

Using a 0.5M H2SO4 electrolytic solution and PANI@WO3 as the WE, 

CV curves were recorded in the range of 1.2V to -0.5V and at three scan 

rates (Figure 6.6a). The dipped electrode area accounted for 1.1 cm2 

giving out a maximum current density of 180mA/cm2 at a scan rate of 

50mV/s. A very high value of current density along with a good area 

under the CV curve demonstrates excellent charge storage capacity. 

Besides the non-rectangular shape of the curve with distinct redox peak 

indicates pseudo-capacitive nature. Further, CV curves were recorded 
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at multiple scan rates (from 10mV/s up to 100mV/s) and the square root 

of scan rates (√ν) were plotted against respective anodic and cathodic 

peak currents (Ip). A very well expected linear relationship between the 

two validates the electrodes’ reversibility (Figure 6.6b). 

 

 
Figure 6.6: (a) Cyclic voltammograms recorded at three different scan 

rates and (b) peak current v/s square root of scan rate graph. 

To further establish stability, CV curves were recorded for 50 cycles at 

20mV/s scan rate (Figure 6.7a). It was observed that the current value 

dropped by a very small amount coupled with no significant change in 

the shape of the curve indicated a very good reversibility too. To further 

understand the nature of the electrode, Nyquist plots were recorded in 

the range of 0.1 Hz to 1 MHz by applying an alternating current of 5mV 

amplitude (Figure 6.7b). 

A semi-circular pattern at high frequency (Figure 6.7b) arises from 

electrolytic resistance and solution charge transfer. However, the inset 

image shows an incomplete semi-circle at lower frequencies which 

arises due to redox mechanism and therefore justifies the pseudo 

capacitive nature of the electrode. This means that charge transfer 

mechanism is not governed by double layer formation at the electrode- 

electrolyte interface as observed in case of supercapacitors, rather 

intercalation and deintercalation of ions taking place at the interface, 

thus confirming the pseudo-capacitive behavior of the PANI@WO3 

electrode. 
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Figure 6.7: (a) Cyclic voltammograms showing electrodes’ stability at 

1st and 50th cycle and (b) Nyquist plot recorded in the frequency range 

0.1 Hz to 1MHz along with a zoomed portion (inset). 

 
After establishing the capacitive nature, it is essential to record the 

charging and discharging pattern. Figure 6.8a reports the charging and 

discharging graphs of the electrode recorded in a wide potential range 

of -0.5V to +1V at increasing current densities. The decrease of 

charging/discharging times with an increase in current density indicates 

faster ion transport and with it, a simultaneous decrease in capacitance 

value. 

 

 
Figure 6.8: (a) Charge-discharge curves under varying current densities 

and (b) corresponding current densities v/s areal capacitance with 

Ragone plot (inset). 

Besides the symmetrical charging and discharging pattern refer to the 

good reversibility of the electrode. The sudden IR drop occurring at the 

beginning of the discharge cycle arises from the resistance added by the 

supercapacitor. A good discharging time of 380s was recorded at a 
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current density of 4.5mA/cm2. Areal capacitance, a measure of charge 

stored into the electrode per unit applied potential per unit area is 

represented by the following Eq. 6.1[159]: 

 

𝐶𝑎 = 
𝐼 × 𝛥𝑡 

𝐴 × 𝛥𝑉 
, (6.1) 

 

where Ca refers to areal capacitance which is expressed in mF/cm2, Δt 

is the discharging time recorded against a particular applied current, A 

refers to active area of the electrode and ΔV refers to the applied 

potential window. For this study, the value of ΔV was kept constant at 

1.6V and the active area of electrode, A was 1.1cm2. 

Varying the value of I, different values of Δt were obtained and 

consequently different values of Ca was obtained. A very good value of 

Ca i.e., 855mF/cm2 was obtained at a current density of 4.5mA/cm2. 

Figure 6.8b shows a plot of areal capacitance values obtained against 

different values of current densities. It is evident from the figure that 

the values of areal capacitance decrease with increasing current density 

and the lowest value of 653 mF/cm2 was recorded at a maximum current 

density of 9mA/cm2. 

The Ragone plot (inset, Figure 6.8b) shows a variation of power density 

plotted against a variation of its energy density (measured in units of 

per unit area)[160]. The formulas to calculate both energy density (Ed) 

and power density (Pd) is given by Eq. 6.2 and 6.3 respectively: 
 

1 

𝐸𝑑 = 
2

 × 𝐶𝑎 × (Δ𝑉)2 (6.2) 

 

𝑃𝑑   = 3600 × 
𝐸𝑑⁄Δt , (6.3) 

 

where Ed and Pd are expressed in Wh/cm2 and W/cm2 respectively. Both 

Ed and Pd were calculated for varying values of current densities and 

were plotted against each other. The exponential curve obtained is 

known as the Ragone plot which shows a maximum Ed of 1.09 

kWh/cm2 and Pd of 6.5kW/cm2 was obtained against the optimized 

current density of 4.5mA/cm2. These values are considered to be very 
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high in the family of PANI@WO3 core-shell structure as can be 

confirmed from table 6.2. 

Table 6.2: Comparison of charge storing abilities, energy, and power 

densities among various material compositions. 

 

Sl 

no. 

Materials Areal 

capacitance 

(mF/cm2) 

Energy 

density 

(Wh/cm2) 

Power 

density 

(W/cm2) 

References 

1. WO3 − x /MoO3 − x 216 0.0019 0.73 [53] 

2. PANI/WO3 

composite 

215 - - [161] 

3. WO3·H2O 

nanosheets 

43.3 - - [8] 

4. PANI@MnO2 - 8.49 163 [158] 

5. WO3/WS2 55 0.0105 1.4 [162] 

6. WO3/graphene/PANI 11.26 - - [146] 

7. WO3/PANI 

composite 

120 - - [163] 

8. PANI@WO3 855 1040 1600 This work 

 

 
To further check for the electrochemical stability, the electrode’s 

charge-discharge ability has been tested for 500 cycles at a current 

density of 45.5 mA/cm2. Inset (Figure 6.9a) shows excellent stability 

with almost no loss in the discharging time. Capacitive retention is 
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another parameter which justifies the retention of charge storage 

abilities after the electrode was run for a few hundred cycles. 

 

 
Figure 6.9: (a) Capacitive retention and areal capacitance v/s no. of 

cycles with stability shown in inset and (b)coulombic efficiency 

calculation. 

Figure 6.9a shows the areal capacitance and capacitive retention plotted 

against number of cycles. It is clear from the figure that the values 

plotted for 10 cycles represent an almost linear behavior indicating a 

very good charge retention capability of the electrode. Finally, to 

consolidate the discussion another important parameter namely 

coulombic efficiency has been measured using the following Eq. 6.4: 

 

𝐶𝑒 = Δt⁄Δt′ × 100%, (6.4) 

 

where, Ce represents coulombic efficiency (expressed in %), Δt and Δt' 

represents the discharging and charging times respectively. Figure 6.9b 

shows a linearly varying pattern of Ce, from a maximum efficiency of 

86% recorded at the 1st cycle, slowly decreasing up to 65% for the 500th 

cycle. All of these results establishes the excellent charge storage 

capacity and stability of the core-shell electrode. 

6.4.2 Electrocatalytic activity 

 
The above discussion very well established the pseudo capacitive 

capabilities of the PANI@WO3 electrode. However, in addition to this, 

the core-shell structure is also investigated to explore its catalytic 

activities. Interestingly while recording CV (Figure 6.6a), bubble 
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formation was observed (inset, Figure 6.10) at the WE, with an 

overshoot of current both in positive and negative scan directions 

indicating possible hydrogen and oxygen evolution taking place at the 

surface of PANI@WO3 electrode[164,165]. 

 

 
Figure 6.10: Linear sweep curves recorded from the PANI@WO3 

electrode at a scan rate of 5mV/s showing (a) HER and (b) OER 

reactions with inset showing actual bubble formation. 

To establish this property, LSV curves were recorded at a very low scan 

rate of 5mV/s in two potential ranges (v/s reversible hydrogen electrode 

or RHE), i.e., from 1V to 3V for observing OER and from 0V to -1V to 

observe HER reactions. The LSV curves have been measured in a 0.5M 

H2SO4 electrolytic solution, having a pH of 1.3 and at room 

temperature, considering the thermodynamic potential of Ag/AgCl 

electrode to be 0.221V. Figure 6.10a and b shows the anodic and 

cathodic polarization curves recorded at a scan rate of 5mV/s, and their 

inset images shows the observed bubble formation around the electrode. 

The value of overpotential calculated for OER reaction as against an 

Ag/AgCl electrode was found to be ~930mV which is a considerably 

high value in comparison to ideal data available, although the electrode 

clearly exhibited OER catalytic activity[166]. However, the 

overpotential value for HER was obtained to be around ~310mV which 

is a decent value as compared to its contemporaries. Tafel plots 

representing observed overpotential values plotted against log of 

current density (Figure 6.11) shows the expected linear behavior. 
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Figure 6.11: Tafel plot for (a) OER and (b) HER reactions measured 

from the PANI/WO3 core-shell electrode on CC substrate. 

The Tafel slope of ~530mV dec-1 indicates sluggish OER activity of the 

electrode. A Tafel slope value of 350mV dec-1 indicates good kinetics 

of electrocatalytic HER activity[167]. Severe bubble formation at the 

surface of the electrode visually confirms the catalytic activity and 

interestingly this is the first report of electrocatalysis from a 

PANI@WO3 core-shell. It can be thus concluded that the PANI@WO3 

electrode works as a good electrocatalyst for both HER and OER 

reactions, however the values of overpotential can be further improved 

by testing the electrode in different electrolytes. 

6.4.3 Electrochromic property of PANI@WO3 (FTO) electrode 

 
Additionally, since both WO3 and PANI are very well-established 

chromophores, the PANI@WO3 has finally been tested from 

electrochromic properties. For this purpose, the substrate has been 

changed to an FTO coated glass substrate and following the same recipe 

(section 6.2), the core-shell has been fabricated. Figure 6.12a shows the 

CV curve recorded at a scan rate of 50mV/s with distinguished cathodic 

and anodic peaks appearing at +0.55V and -0.2V respectively. The inset 

images show the actual color change of the electrode recorded at the 

indicated biases. It is observed that the electrode changes color from 

blue at the negative bias to greenish at around 0.5V and to dark greenish 

at higher positive bias. 
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Figure 6.12: (a) Electrochromic properties of PANI@WO3 electrode 

on an FTO substrate showing CV curve (50mV/s) along with actual 

photographs of the electrode (inset) and (b) in-situ bias dependent 

absorbance spectra recorded at ±0.5V. 

In an unbiassed state, WO3 being transparent, the electrode appears 

green owing to the color of PANI. At 0.5V, the PANI electrode is in the 

EM state thus giving out a green appearance. With the increase in bias 

up to 1V, the EM state of PANI changes to PG state, which is dark 

greenish in color and since WO3 is still transparent the overall electrode 

appears dark greenish. However, when a negative bias of -0.5V is 

applied, the PANI film turn to its LM state which is light yellowish in 

color. At this bias however, WO3 changes to bluish color, thus giving 

the electrode an overall hue of blue color. This color changes happen in 

a gradual manner passing through a transparent state at around -0.2V. 

To record in-situ absorbance spectra, the electrode was placed in a 

cuvette inside the UV-Vis spectrometer and was fed with an external 

bias. The black curve (Figure 6.12b) represents the initial unbiased state 

of the electrode with peak at ~400nm and a hump at ~750nm 

representing the π-polaron and π*-polaron transition of the EM state of 

PANI. The electrode is then switched between +0.5V (red curve) and - 

0.5V (blue curve) with maximum contrast observed over the visible and 

NIR region. Here the maximum value of CR recorded at 600nm and 

1000nm turns out to be ~40% and 55% respectively. 

A small pulsating voltage of ±0.5V for 10s was applied (Figure 6.13 a) 

and the corresponding response was recorded. Further, choosing 600nm 
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wavelength, switching times has been calculated (Figure 6.13b). 

Generally defined as the time taken to switch to 90% of the maximum 

absorbance value, the coloration and bleaching times obtained in this 

study are approximately 2.1s and 0.4s respectively. Besides, the same 

drill has been repeated with 1000nm wavelength (Figure 6.13c) which 

reports good values of coloration (1.4s) and bleaching times (2.1s). 

 

 

Figure 6.13: Electrode kinematics showing (a) current response against 

bias of ±0.5V, switching times calculated at (b) 600nm and (c) 1000nm 

and (d) stability recorded for 1000s. 

Finally, to check for electrochromic stability, the voltage pulse was 

applied for a longer time interval of 1000s and the corresponding 

response was recorded at 600nm wavelength (Figure 6.13 d). A 

negligible loss in contrast value even at the end of 100 cycles establishes 

the excellent electrochromic stability of the electrode. High stability, 

good reversibility, and smaller switching times (fast switching) 

corresponding to a very small amount of bias establishes that the core- 

shell PANI@WO3 electrode is a very good choice for electrochromic 

applications that also shows energy related applications. To encapsulate 

the overall discussion, PANI@WO3 electrode has been established as 

an excellent charge storage electrode. Besides, the electrode is found to 
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display excellent electrochromic properties. However, although 

physically visible, the electrocatalytic activity were observed to be a 

little sluggish which can be improvised upon by calibrating the 

thickness of each layer or reciprocating the entire experiment in alkaline 

medium, however that falls beyond the scope of this study. 

6.5     Conclusion 

 
A two-step chronoamperometric method of electrodeposition enables 

the successful fabrication of PANI@WO3 core-shell electrode which 

exhibits multifunctional application. Well characterized film deposited 

on carbon cloth substrate shows excellent charge storing capacity, along 

with high current density and good retention value hinted towards the 

pseudo capacitive nature of the electrode which was also verified by 

plotting Nyquist plot. A high value of areal capacitance 855 mF/cm2), 

energy density (1.09kWh/cm2) and power density (6.5kW/cm2) 

confirms the electrodes’ energy storing nature. 

Further, a physical observation of bubble formation seen during 

voltametric scan indicated that hydrogen/oxygen evolution reaction 

must be taking place. The same was confirmed by recording 

polarization curves and calculating overpotential values which indicate 

moderately high performance of the core-shell electrode as an 

electrocatalyst. Additionally, the PANI@WO3 electrode also shows 

power efficient electrochromic behavior that displays color switching 

between green, blue, yellow, and transparent states with application of 

a voltage of as low as 0.5V. Additionally it shows fast switching 

(~0.4s), high stability (> 200 pulses) and good contrast values (> 50%). 

The core-shell electrode shows electrochromic performance in the 

visible as well as IR region. Overall, the PANI@WO3 core-shell 

deposited using a simple electrochemical deposition technique proves 

to be a highly efficient electrode which has the ability to store charge, 

act as an electrocatalyst and exhibit color switching properties. 
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Chapter 7 

 

Conclusions and future scope 

 

 
 

7.1 Important conclusions 

 
In a nutshell, the important results from work done though out the thesis 

can be summarized from the following points: 

1. Chronoamperometry method proves to be the most efficient 

technique to successfully deposit thin films of both organic 

(PANI) inorganic (WO3) and hybrid (PANI@WO3) types. 

2. PANI, due to its ambipolar nature, can be used as a generic 

electrochromic active layer to fabricate a solid-state 

electrochromic device where application-oriented constraints of 

choosing a counter ion is present. 

3. An all-organic ECD consisting of a p-type PANI and an n-type 

viologen layer exhibits superior electrochromic performance as 

compared to their family of devices with versatile properties like 

multi wavelength switching, highly fast and efficient device also 

suitability for incorporation into flexible ECDs. 

4. A hybrid ECD fabricated using PANI and WO3 combination 

exhibits its own versatile advantages like higher stability, fast 

switching in NIR region also good contrast values, also 

suggesting its further utilization in heat filtering devices. 

5. A hybrid PANI@WO3 core-shell arrangement fabricated using 

the chronoamperometry method results in good uniform film 

which was further found to exhibit multifunctional applications 

like charge storage, electrochromism and electrocatalysis. 

6. Besides, the hybrid core-shell electrode tends to portray 

excellent pseudo-capacitive properties with high capacitance, 

energy density and power density values, alongside proving to 
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be a very good electrochromic electrode with high contrast and 

fast switching speeds. 

7.2 New findings reported in the thesis 

 
1. Chronoamperometry deposition method is relatively better to 

coat electrochromic materials as compared to other 

conventional ones like hydrothermal, solvothermal or spin 

coating etc. 

2. A thin film of PANI changes in color both in positive and 

negative bias making it an ambipolar electrochromic material. 

3. Ambipolar device can be designed using PANI that can be 

switched at any bias polarity. 

4. Multiwavelength switching throughout the visible region of 

wavelengths can be obtained from a PANI/EV all-organic ECD. 

5. Using a hybrid ECD combination of PANI/WO3, we can 

fabricate a heat filtering device. 

6. A single core-shell electrode obtained from a combination of 

PANI and WO3 exhibits excellent multifunctional applications, 

with this work being the first report of the composite exhibiting 

electrocatalysis. 

7.3 Possible future scope 

 
After successfully studying and characterizing both all-organic and 

hybrid ECDs for various functionalities, a lot of new ideas can be 

pursued such as: 

1. Figuring out more such ambipolar electrochromic materials, 

similar to PANI, because they are advantageous owing to the 

fact they provides extra flexibility to choose not only the counter 

ion layer of any charge carrier type but also to choose a layer 

which is either electrochromic active or passive. 

2. Studying all-organic and all-inorganic core sell structures to 

explore their possibilities of incorporation into flexible devices 

for user friendly applications. 
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3. Exploring more such electrochromic materials which would 

display multifunctional properties like catalysis, sensing, 

memory storage etc., all in one electrode/device combination. 

4. Studying the effect of various 2D materials like MXenes, COFs 

etc. in the core-shell structure and in the electrochromic domain. 

7.4 Societal impact of the work 

 
Following are a few important aspects of the thesis work which can be 

expected to provide societal aid if developed in a proper direction. 

1. In a developing nation like India, conservation and preserving 

natural resources is highly essential, and ECDs can play a major 

role in this sector by reducing the energy demand in the form of 

heat regulators in building, aircrafts etc. Upgrading the present- 

of-the art of ECDs in the material domain can lead to better and 

more efficient devices than the existing ones. 

2. Multiple functionalities of a particular device has a huge role to 

play by increasing convenience, cutting costs, and also reduced 

energy demands, to name a few. 

3. Lastly, fabricating and developing industry ready ECDs can 

help boost the technology as well as economic sector of the 

society which ultimately can lead to further overall 

development. 
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Appendices 

 

 
 

Appendix A1. Herbal electronic resistive memory 

 
A raw Aloe Vera flower extract has been studied to reveal memristive 

behavior. The extract solution extracted in methanol using a simple one 

step method shows two distinct conductivities in its as-prepared and 

chemically reduced states. The amount of current flowing through the 

extract solution can be increased by means of a phenomenon similar to 

dynamic doping and can also be switched between the two memory like 

states for multiple cycles. An impressive on/off ratio value and 

cyclability can be achieved, which may pave the way for designing a 

solid-state herbal memristor using the active molecule(s) present in the 

Aloe Vera flower to take more advantage of this natural gift. 

[Ghosh. T. et. al., ACS Appl. Electron. Mater. 2021, 3, 4, 1556– 

1559] 

 

 

Figure A1: (a) Comparison of CV curves obtained from as-prepared 

and chemically reduced (doped) Aloe Vera flower extracts and (b) 
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solution-state I–V curves under different memory states. (c) Schematic 

showing switching between two different resistance states using a 

resistive circuit. (d) I–V curves for 16 consecutive cycles showing 

on/off switching between two distinct resistive states (inset). 

Appendix A2. Atypical emission from Giloy and Cassia 

herbs 

Optical and electrochemical properties from Cassia and Giloy leaves’ 

raw extract have been studied, and they show similar properties as UV 

absorber but different emission properties, under UV excitation, even 

though they appear the same in natural light. Giloy and Cassia extracts 

show red and green luminescence, respectively, under UV excitation. 

Like the appearance, their redox properties are also similar, which 

shows that both can act as antioxidants. Raman spectroscopy and 

excitation wavelength dependent photoluminescence data have been 

compared. The difference in relative emission intensities have been 

explained based on the presence of corresponding color centers in 

different ratios in the two leaves. 

[Ghosh. T. et. al., ACS Appl. Bio Mater. 2021, 4, 8, 5981–5986] 

 

 
Figure A2: Schematic showing the presence of abundant compounds 

in Cassia and Giloy leaves (a, b) and possible green and red emission 

process in Cassia and Giloy leaves (c, d), respectively. 
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Appendix A3. Carbon dots from cigarette buds 

 
Used cigarette filters were used as raw material to study the nature of 

condensed tobacco smoke (tar) using microscopy, optical, IR, 

photoluminescence, and Raman spectroscopy, as well as X-ray 

diffraction and electron and fluorescence microscopy. The tar present 

in the cigarette filter bud was used to synthesize luminescent low 

dimensional carbon using a simple methanol extraction technique. The 

collected material shows light blue emission under UV excitation with 

emission peak energy depending strongly on the excitation wavelength. 

The presence of amorphous phase carbon was established using Raman 

spectroscopy, and a quantum yield of more than 9% was estimated, 

which was moderately high in comparison with the one shown by 

carbon dots prepared by using other sources and can be used for 

bioimaging applications. 

[Ghosh. T. et. al., Can. J. Chem. (2022) 100 (7): 545-551] 

 

 
Figure A3: (a) Excitation wavelength dependent PL recorded at 400, 

500, and 550 nm excitation sources. (b) Schematic showing relative red 

shift in PL emission due to a shift in excitation wavelength, a signature 

of the giant red-edge effect. 
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