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Abstract

Two-dimensional (2D) materials are increasingly vital in advancing com-
pact and efficient technologies. MXenes, a novel class of 2D materials, of-
fer promising electrical and electrochemical properties, yet their potential
in electrochromic applications remains underexplored. This study investi-
gates the effect of Ti3C2tx MXene doping on electrochromic device perfor-
mance, focusing on switching behaviour, stability, and charge dynamics.
MXene was synthesised via two methods: direct etching of MAX phase
using hydrofluoric acid, and an in situ approach involving lithium fluoride
and hydrochloric acid. The resulting materials were characterised and val-
idated against a reference MXene sample. For electrochromic evaluation,
V2O2(OH)3, a vanadium-based complex with promising charge storage ca-
pabilities, was selected, with polyaniline (PANI) assessed for compatibility.
Devices fabricated with these materials were evaluated using UV-Vis spec-
troscopy and electrochemical methods. While the undoped device exhibited
high optical contrast, its switching speed and stability were limited. MXene
doping resulted in faster switching and improved stability, though accom-
panied by a modest reduction in colour contrast due to the dopant’s dark
appearance. Enhanced colouration efficiency indicated better ion trans-
port and electrochemical response, demonstrating the potential of MXene
to improve multifunctional electrochromic systems.
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Chapter 1

Introduction

The discovery of Graphene opened up a new path for exploring a class
of materials known as "Two Dimensional (2-D) materials". Driven by the
success of graphene, alternative layered and non-layered 2-D materials have
gained significant research attention due to their unique physical and chem-
ical properties. The origin of these properties is attributed to the effects of
dimensionality and the modulation of their band structure [1].

Two-dimensional materials, generally consisting of just one or two atoms
in thickness, possess unique properties that distinguish them from bulk ma-
terials. Some of the properties are as follows:

Mechanical properties : 2-D materials possess higher strength as com-
pared to Three Dimensional (3-D) materials because they have a larger
surface area relative to their volume. 2-D materials are known for their
excellent mechanical properties, such as high strength and stiffness, even
though they are very thin [2].

Optical properties : 2-D materials present unique opportunities that tra-
ditional semiconductors cannot provide. As research progresses, the ability
to tune their optical properties through external modulation techniques
shows great potential for developing high-performance optoelectronic de-
vices [3].

Electronic properties : The electronic properties of 2-D materials, in-
cluding high carrier mobility, adjustable band gaps, and spin-orbit cou-
pling, are particularly remarkable. These features create potential for ad-
vancements in nano-electronics, flexible devices, and optoelectronic appli-
cations [4].

1



Synthesis and Application of MXene (Ti3C2tx) in Electrochromism

Since the discovery of graphene, many 2-D materials have been studied,
each offering unique properties and potential uses. These materials include
transition metal dichalcogenides (TMDs), black phosphorus (BP), hexag-
onal boron nitride (h-BN), silicene, germanene, stanene, and various 2-D
organic compound.

MXene is a relatively newly explored 2-D material. In this study, we
will examine the various synthesis methods and explore the potential ap-
plications of MXene.

1.1 MXene: A newly explored 2-D material

MXenes are a unique type of 2-D material that has gained a lot of attention
in recent years because of their special properties and many possible uses.
They were first discovered in 2011 [5]. MXenes are made from transition
metal carbides, nitrides, or carbonitrides and are known for their layered
structure and complex surface chemistry.

The general formula for MXenes is Mn+1Xntx where M represents a
transition metal, X is carbon or nitrogen, and tx represents the surface
terminals of MXene, such as -O, -OH, -F, -Cl, etc [6]. The discovery of
MXenes has broadened the range of 2-D materials, adding examples such
as Ti3C2tx, Ti2Ctx, V2C and Ta4C3tx, etc [7]. The diverse chemical com-
position and distinctive layered structure of MXenes give them outstand-
ing properties, including high metallic conductivity [8], exceptional optical
characteristics [9], and strong mechanical properties [10], etc.

Recent advancements in the emerging field of MXenes have led to their
exploration in various applications, including batteries [11], supercapaci-
tors [11], catalytic application [12], and solar cells [13], optoelectronic de-
vices, electro-magnetic interference shielding, and sensor applications [14],
among others.

In this study, we have investigated the potential application of MXene
in electrochromic devices. Although MXene is inherently black in color
and lacks electrochromic properties, its use as a dopant in electrochromic
materials can significantly enhance the performance and functionality of

2
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Figure 1.1: Chemical structure of MXene, i.e., Ti3C2tx.

the device, thereby contributing to the development of a multifunctional
electrochromic system.

MXenes are derived from the selective etching of MAX phase materi-
als. MXenes were unexpectedly discovered during research on MAX phase
materials for energy storage applications, revealing a new and exciting pos-
sibility. To better understand MXenes, it is important to first explore the
properties and characteristics of MAX phase materials.

1.2 MAX phase materials

MAX phase materials serve as the parent materials for MXenes. Similar
to MXenes, they also exhibit a range of unique properties. MAX phase
is a nanolayered ternary compound characterized by a hexagonal lattice
structure.

In 2000, Barsoum [15] provided a comprehensive description of this class
of ceramic materials and introduced the concept of the "MAX phase" for
the first time. In the Mn+1AXn phase (where n = 1, 2, 3), "M" denotes
a transition metal element, "A" represents an A-group element, and "X"
refers to either carbon or nitrogen. The positions of the elements M, A,
and X in the periodic table are key to understanding the structure of the
Mn+1AXn phase material. The MAX phase consists of alternating layers of
MX sheets and A atoms arranged in a stacking sequence along the c-axis,
Refer to Figure 1.2. Each layer of X atoms is positioned between two layers
of transition metals, with every two layers of Mn+1Xn separated by a single
layer of A atoms [16].

3
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Figure 1.2: Chemical structure of MAX phase material, i.e., Ti3AlC2.

The electronic structure of the MAX phase shows that the M-X bond is
strong, made up of both covalent and ionic bonds, while the M-A bond is
weaker, involving covalent and metallic bonds. The M-M bond is a metal-
lic bond, and the connection between the MX layer and the A atom layer
is weak, making it easier for the A atoms to break away from the MX layer.

The presence of metallic bonds in MAX phase materials provides metal-
lic properties such as high electrical conductivity, high thermal conductiv-
ity, and excellent damage tolerance. Additionally, the combination of cova-
lent and ionic bonds in these materials gives them ceramic characteristics,
including corrosion resistance, lightweight, and high elastic modulus. As a
result, MAX phase materials exhibit a unique blend of both metallic and
ceramic properties [17].

Due to its unique properties, MAX phase has a wide range of ap-
plications in areas such as high-temperature structural materials, high-
temperature coatings, nuclear technology, catalysis, and as precursors for
MXenes [17].

4
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1.3 Electrochromism

Electrochromism is the phenomenon of optical modulation driven by an
external electrical bias, and materials exhibiting this property are referred
to as Electrochromic Materials (ECMs). The term "Electrochromism" was
introduced by Platt in 1961 [18], following his discovery that a material can
display different colors when subjected to varying bias conditions.

1.3.1 Elechtrochromic Materials (ECMs)

ECMs can generally be classified into three categories on the basis of applied
potential. Categories are as follows:

Anodic or p-type ECMs: The material which changes its color when
a positive bias is applied. For example, Poly(3-hexylthiophene)[P3HT].

Figure 1.3: Optical modulation of P3HT electrode under positive bias.

Cathodic or n-type ECMs: The material which changes its color
when a negative bias is applied. For example, Ethyl viologen diperchlorate
[EV].

Figure 1.4: Optical modulation of EV electrode under negative bias.

Bipolar ECMs: The material which changes its color under both nega-
tive and positive biases. For example, Polyaniline [PANI]. [19]

Figure 1.5: Optical modulation of PANI electrode under positive and neg-
ative biases.

5
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Electrochromism is observed because of the way material absorbs light
in the visible range changes, when the material switches between different
oxidation states. [20].

There are several applications related to the phenomenon of electrochromism.
One of the most explored and widely used applications is electrochromic
smart windows [19]. Smart windows are commonly used in planes and
homes to control light intensity. Electrochromic goggles are another newly
explored area related to this phenomenon. These goggles let you adjust
the tint to control light and temperature, reducing glare and providing eye
comfort in different environments [21].

Devices made from these materials that utilize this phenomenon are
known as electrochromic devices (ECD) [19].

1.3.2 Electrochromic Devices (ECDs)

Devices that demonstrate electrochromism are known as electrochromic
devices. On the basis of layers of electrochromic or non-electrochromic
materials used to fabricate a device, we can categorise ECDs in three main
categories:

Monolayer ECDs : A single electrochromic layer, combined with
a blank electrode and an appropriate solid-state electrolyte, can be used
to create a fully functional ECD. While its functionality may be limited,
it is capable of displaying a color change in response to an external bias [22].

Bi-Layer ECDs : The bi-layer structure is considered the most
reliable ECD design for practical applications. In this configuration,
layers of are deposited separately onto two distinct substrates and then
connected with an electrolytic gel placed in between. One of the layers
is typically made of , while the other, which may or may not be , serves
as the counter ion to facilitate the redox process of the electrochromic
layer [22].

Composite ECDs : These types of ECDs are commonly constructed
using composite films. When one material is deposited on top of another, it
creates a core-shell structure, resulting films are more durable and exhibit
enhanced stability [22].

6
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Figure 1.6: Schematic representation five layers of a electrochromic device.

1.3.3 Fabrication of Electrochromic Devices

Since electrochromism is a phenomenon that involves visible light, it is
necessary to use transparent materials for the device electrodes to observe
this effect. While glass is transparent, it is not conductive. Therefore,
glass electrodes are typically coated with a thin layer of Indium-doped Tin
Oxide (ITO) or Fluorine-doped Tin Oxide (FTO) to provide conductivity.
For flexible electrochromic devices (ECDs), Polyethylene Terephthalate
(PET) polymer can be used as an flexible transparent substrate.

An electrochromic device comprises a five-layer structure, as illustrated
in Figure 1.6, which includes two electrodes coated with electrochromic ma-
terial, with an electrolyte layer positioned between the coated electrodes.
The electrolyte facilitates the movement of ions for the redox reaction oc-
curring between the electrodes. The electrolyte between the electrodes is
maintained in a gel form. To deposit a thin film of electrochromic (EC) ma-
terial on transparent substrates, various deposition methods can be used,
including spin coating, drop casting, electrodeposition, spray pyrolysis, hy-
drothermal synthesis, and others.

The coated electrodes are assembled using the flip-chip method with
double-sided tape. In this process, the tape is cut into a window shape and
applied to one of the coated electrodes as illustrated in Figure 1.7. The
gel electrolyte is then spread over this electrode, and the second electrode

7
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Figure 1.7: Schematic of fabrication of electrochromic device.

is placed on top, ensuring that the conductive sides of both electrodes are
facing each other. The assembly is held together with the help of clips, as
can be seen in figure 1.8 .

Figure 1.8: Flip Chip Method

We will now examine the various parameters that are used to evaluate
the performance of the device.

1.4 Device Performance parameters

To assess the performance of the device, several key parameters need
to be considered. These parameters provide insight into the efficiency,
functionality, and durability of the electrochromic device.

The following parameters are used to characterize an electrochromic
device [19]:

1.4.1 Color contrast (CC)

Color contrast is a measure of the visible optical change, such as ab-
sorbance or transmission, expressed in percentage at a specific wavelength

8
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where the maximum color modulation occurs.

CC =
Tf − Ti

Ti

× 100 (1.1)

Where Tf and Ti represent the percentage transmittance values in
the device’s final and initial optical states, respectively.

Alternatively,

CC =
Ai − Af

Ai

× 100 (1.2)

Where Af and Ai represent the percentage absorbance values in the
device’s final and initial optical states, respectively.

1.4.2 Switching time

The switching time of an electrochromic device refers to the duration re-
quired for the device to achieve a 90% transition in absorbance, from one
colored state (oxidation state) to another colored state under considera-
tion.

1.4.3 Optical Density (OD)

The optical density (OD) of a material is associated with its optical
properties at a specific wavelength and can be expressed in terms of the
absorbance (A) and transmittance (T) values of the material at that
particular wavelength [19].

OD = A = log10(
1

T
) (1.3)

1.4.4 Coloration efficiency (ηCE)

Coloration efficiency is defined as the ratio of the change in optical density
(OD) of the device during the switching process to the amount of charge
injected or extracted per unit area during the switching.

9
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ηCE =
∆OD

Q
(1.4)

Here, ∆OD represents the change in optical density between the
different optical states, which is calculated as ∆OD= Ai - Af . In this
equation, Ai and Af correspond to the absorbance values in the initial and
final optical states, respectively, while ’Q’ refers to the charge density that
is inserted or extracted during the switching process.

1.4.5 Cyclic stability

Cyclic stability, or cycle life, measures how long a device can maintain
its performance when subjected to continuous coloration and bleaching
cycles by applying potential over a specified period of time. It is a crucial
parameter for assessing the device’s performance qualitatively.

%thispagestyleempty
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Chapter 2

Experimental techniques

2.1 Chemicals Used

All chemicals used in this study, including Vanadium oxide (V2O5), hy-
drogen peroxide (H2O2), lithium perchlorate (LiClO4), polyethylene oxide
(PEO), acetonitrile (ACN, anhydrous, 99%), aniline (C6H5NH2), sulfuric
acid (H2SO4, 98%), MAX Phase (Ti3AlC2), hydrofluoric acid (HF), lithium
fluoride (LiF), hydrochloric acid (HCl), and analytical-grade reagents such
as acetone, 1,2-dichlorobenzene (DCB, anhydrous), ethanol, methanol, and
isopropyl alcohol (IPA), were purchased from Alfa Aesar, Sigma Aldrich
and were used as received. Indium Tin Oxide (ITO) coated glass elec-
trodes, sourced from Macwin India, were cut into 2×1 cm2 pieces. The
choice of ITO as the substrate was driven by its high conductivity and
transparency, which are crucial for electrochromic devices (ECDs).

2.2 Electrode fabrication methods

There are numerous advanced techniques employed to fabricate electrodes,
including Chemical Vapor Deposition (CVD), brush coating, inkjet
printing (IJP), dip coating, spin coating, hydrothermal synthesis, and
electrodeposition, among others.

In this study, electrodes are carefully fabricated using the drop casting
and electrodeposition methods, which are discussed in detail in Sections
2.2.1 and 2.2.2. These methods were chosen for their ability to produce
high-quality electrodes suited to the study’s needs.

11
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2.2.1 Electrodeposition

Electrodeposition is a technique used to deposit a thin material layer
onto a conducting substrate’s surface by applying an electric field. In
principle, the electrolyte solution contains positively charged ions (cations)
and negatively charged ions (anions). When an external electric field is
applied, the cations move towards the cathode, where they are reduced and
deposited as a thin film.This process enables the deposition of a wide range
of materials, including metals, metal alloys, semiconductors, metal oxides,
nanomaterials, and even conductive polymers onto the substrate [23].

Electrodeposition can be carried out using two methods: Chronopo-
tentiometry and Chronoamperometry. In chronopotentiometry,
a constant current is applied to the electrode, and the change in the
electrode potential is studied while the material is being deposited onto
the substrate. In chronoamperometry, a constant potential is applied, and
the current response of the electrode is measured over time.

The structure and morphology are heavily influenced by the embedded
substrate and the electrolyte used for deposition. Electrodeposition offers
the opportunity to fine-tune the properties and structure by adjusting
various parameters, such as current density, applied potential, and depo-
sition time. As a result, this technique allows for the customisation of a
material’s surface properties, enabling the exploration of new materials for
various applications.

Figure 2.1: Electrodeposition setup in three neck bottle flask.
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2.2.2 Drop casting

In drop casting, a droplet of liquid suspension (ink) containing the active
chromophore, binder, and solvent is placed onto a substrate, typically a
flat surface. The electrode is then fully dried before proceeding with device
fabrication (See Figure2.2) [24].

Figure 2.2: Schematic of drop casting method.

It is known for its simplicity, efficiency, and speed, this technique is
widely used to prepare electrode surfaces with chemical modifications.
This method is suitable for small-scale fabrication but becomes inefficient
when applied to large surfaces or in industrial production. [25].

2.3 Prepration of MXene

As previously mentioned, MXene is synthesised through the selective etch-
ing of the ’A’ layer from the MAX phase material. The MAX phase initially
exists as a three-dimensional (3D) structure, which transforms into a two-
dimensional (2D) layered material after the removal of the A layer.

In MAX phase materials, the M-X bond is significantly stronger
than the M-A bond due to the hybridized (metallic, covalent, and ionic)
character of the M-X bond [27]. The etching process begins with the
breaking of the M-A bond, followed by the removal of the A layer. Several
techniques are available for selectively etching the ’A’ layer from the MAX
phase material. These techniques include [26]:

1. HF etching
2. Fluoride salt/strong acid etching.
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Figure 2.3: Schematic of etching of MAX phase material [26].

3. NH4HF2 etching

Since fluorine is hazardous to the environment, there are also fluorine-
free etching processes available, which include [26]:

1. Molten salt etching

2. Electrochemical etching

3. Chemical Vapour deposition(CVD) etching

For this study, we synthesised MXene using both the HF and molten
salt etching methods, which is discussed in detail, below.

2.3.1 HF etching

HF (Hydrofluoric acid) is widely used to etch the A layer, particularly in
aluminum-based MAX phase materials. It was the first etching method
employed for the preparation of MXene [28].

0.5 g of MAX phase powder was added to a Teflon beaker containing
10 mL of HF aqueous solution and 10 mL of deionized water. The mixture
was stirred for 2 hours at room temperature.

Figure 2.4: Hf etching mthod for MXene synthesis.
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The MAX phase undergoes partial decomposition through the following
reactions:

Mn+1AlXn + 3HF = AlF3 +Mn+1Xn +
3

2
H2 (2.1)

Afterward, the solids were separated from the supernatant by centrifu-
gation at 5000 rpm for 10 minutes. The filtered material was then washed
2-3 times with deionized water and finally dried at 80◦C for 5 hours to
obtain MXene powder [28].

2.3.2 LiF + HCl etching

The highly corrosive nature of HF can damage the etched MXene and
degrade its surface if the etching conditions are not properly controlled.
Furthermore, HF is a hazardous substance, which restricts the broader use
of the HF etching method.

Scientists have developed an alternative, safer method for producing
HF indirectly, using hydrochloric acid (HCl) and fluoride salts. In this
study, we employed Lithium Fluoride salt for the etching process. This
method is similar to the previous one, with the primary difference being
the presence of metal cations such as Li+. Because the cations are
positively charged and the MXene surface is negatively charged, the
cations are inserted between the MXene layers, leading to an increase in
the interlayer spacing. The indirect reaction to prepare HF is as follows [28]:

LiF +HCl = HF + LiCl (2.2)

First, 2.5 mL of deionized water was added to a Teflon container, fol-
lowed by the addition of 7.5 mL of 12 M HCl and 0.8 g of LiF. Next, 0.5
g of Ti3AlC2 was slowly introduced into the solution over 5 minutes while
stirring continuously at 300 rpm for 22 hours. Afterward, the suspension
was centrifuged at 5000 rpm for 10 minutes. The resulting Ti3C2tx was
then filtered and dried at 60°C for 8 hours in an oven under an argon gas
flow.

2.4 Characterisation techniques

Characterisation techniques are essential tools used to examine the
structure, composition, and properties of materials in great detail. These
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methods are crucial in materials science, helping researchers better under-
stand material behaviour and improve the development of new materials.
By using these techniques, scientists can identify the best nanomaterials,
avoid structural flaws, and enhance material designs for better performance.

Characterisation techniques for nanomaterials can be broadly cate-
gorised into two types:

1. Spectroscopic techniques.

2. Microscopic techniques.

2.4.1 Spectroscopic techniques

Spectroscopy refers to a group of techniques that apply various principles
to determine the chemical composition, structural variations, and crystal
arrangement of materials and their properties. Spectroscopy is founded on
the fundamental principle of how light or other forms of electromagnetic
radiation interact with matter.

The different types of spectroscopy used to characterise materials in-
clude UV-Vis Spectroscopy, Infrared (IR) Spectroscopy, Raman Spec-
troscopy, X-ray Photoelectron Spectroscopy (XPS), Nuclear Magnetic Res-
onance (NMR) Spectroscopy, Electron Spin Resonance (ESR) Spectroscopy
and X-ray Diffraction (XRD). Out of these, the most common spectroscopic
techniques are Raman Spectroscopy and X-ray Diffraction (XRD), which
we have discussed briefly in the further sections.

Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique named after physicist,
Sir C. V. Raman. It is a powerful technique that looks at how materials
vibrate, rotate, and move by scattering light from a laser. It helps us
understand the molecular vibrations, which are connected to the chemical
makeup and structure of a sample. This method doesn’t damage the
sample, making it useful for studying both organic and inorganic materi-
als, polymers, and nanomaterials, providing a unique "fingerprint" of the
material. It is important for understanding the structure and interactions
of molecules without altering the sample.
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Figure 2.5: Raman spectroscopy setup.

Raman spectroscopy operates by directing a laser beam onto a material.
When the laser light interacts with the material’s molecules, most of the
light is scattered at the same frequency, but a small fraction is scattered
at different frequencies. This frequency shift happens because the light
interacts with the vibrational modes of the molecules. The change in
frequency, known as the "Raman shift", reveals details about the molecular
vibrations, enabling the identification of chemical bonds and structures
within the material [29].

X-Ray Diffraction

X-ray diffraction (XRD) is a method used to investigate the crystal struc-
ture of materials. When X-rays are directed at a sample, they interact
with the atoms in the crystal lattice, causing the X-rays to scatter. This
scattering produces a diffraction pattern, which, when analysed, reveals
details about the atomic arrangement, unit cell size, and overall crystal
structure of the material. XRD is commonly used to study both organic
and inorganic materials, allowing researchers to identify different phases,
determine purity, and measure lattice dimensions.

X-rays are directed at a sample, typically powder or single crystal, which
is rotated to interact with different crystallographic planes. The X-rays are
diffracted at specific angles based on the crystal structure and detected by
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Figure 2.6: X-Ray diffraction setup.

a detector. The resulting diffraction pattern, made up of peaks, reveals in-
formation about the material’s crystal structure, lattice spacing, and phase
composition. By analysing these peaks using Bragg’s Law, the atomic ar-
rangement and other properties of the material is determined. A schematic
of the XRD setup is shown above in the Figure 2.6.

UV-Visible Absorption Spectroscopy

Absorption spectroscopy is frequently used to determine the absorbance
spectrum of specific molecules in solution, as solids, or in thin film form.
UV-visible spectroscopy includes both reflectance and absorption spec-
troscopy. In this study, we focus primarily on absorption spectroscopy [30].

Visible light, which can be detected by the human eye, is electromag-
netic radiation with wavelengths ranging from 380 to 780 nanometers. The
observed color of a material is complementary to the color of the light it
absorbs. When white light strikes a sample, it is partially reflected, giving
the sample a white appearance. If the light is fully absorbed, the sample
appears black. Selective absorption of a color, like yellow, results in the
reflected light lacking yellow, causing the sample to appear blue [30].

The color of a substance is linked to its electronic structure. When
it absorbs ultraviolet or visible light, the molecules’ electronic state
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Table 2.1: The perceived color and the complementary absorbed color.

changes, but only if the transition is possible. In absorption spec-
troscopy, the "Beer–Lambert law" links the absorption of light to the
properties of the material it passes through. Beer’s law states that the
absorbance of a beam of light in a uniform medium is directly related
to the path length (l) and the concentration (c) of the absorbing substance.

Mathematically it can be expressed as :

A = log10
I0
I

= ϵlc (2.3)

Where,

A = Absorbance

I0 = Incident intensity of light

I = Transmitted intensity of light

ϵ = Molar absorption coefficient

l = Path length

c = Concentration of the sample

A UV-Visible spectrophotometer includes a light source (deuterium for
UV and tungsten for visible light), a monochromator to choose specific
wavelengths, and a sample holder for the sample. The light passes through
the sample, and a detector measures how much light is transmitted. The
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data is collected and analysed.

Figure 2.7: UV-Visible spectrophotometer schematic.

2.4.2 Microscopic techniques

Microscopic techniques refer to the methods used to perform microscopy.
The basic principle of microscopy is to increase the size and clarity of small
objects, making it possible to see details that are invisible to the naked eye.

There are several types of microscopy used to analyse and capture
detailed images of specimens. Generally, optical microscopy and electron
microscopy are widely available. In this study, we specifically selected
scanning electron microscopy (SEM) because optical microscopy is not
effective for examining nanomaterials, which are in the nanometer size
range. Optical microscopes are limited by the wavelength of visible light,
making it difficult to observe structures at such a small scale. On the
other hand, scanning electron microscopy uses electron beams with much
shorter wavelengths, allowing for much higher resolution and the ability to
observe the fine details of nanomaterials. As a result, SEM is better suited
for studying materials at the nanoscale.

In our study, we will provide a brief overview of scanning electron mi-
croscopy.

Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy is a tool that allows to see the tiny details
of the micro and nanoscale world. It can show features and complexities
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that light microscopy cannot detect [31].

The SEM setup includes several key components: an electron beam
source (electron gun), electromagnetic lenses that function similarly to
optical lenses but for focusing the electron beam, scan coils to direct the
beam across the sample, and an electron detector to capture backscattered
and secondary electrons.

Figure 2.8: Scanning electron microscopy schematic.

The SEM analysis process starts with preparing the sample, which may
involve applying a thin conductive coating to reduce charging. A focused
electron beam is then directed at the sample and scanned across its surface.
The interaction of the beam with the sample produces various signals, such
as secondary and backscattered electrons, which are detected to obtain
information about the sample’s surface and composition. These signals are
processed to generate high-resolution images, revealing detailed features at
the micro and nanoscale.
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2.5 Electrochemistry

Electrochemistry is the study of chemical reactions that involve the
movement of electrons. It looks at how chemical changes can produce
electrical energy or how electrical energy can cause chemical reactions.
This field includes processes like oxidation and reduction, which involve
the transfer of electrons, and is important for understanding things like
batteries, corrosion, and electroplating [32].

Electrochemical reactions : Electrochemical reactions involves
transfer of electrons , leading to changes in the oxidation states of the
atoms, ions, or molecules taking part. These reactions are commonly redox
reactions, in which one substance undergoes oxidation by losing electrons,
while another gains electrons through reduction [20].

Electrochemistry includes a range of techniques such as cyclic
voltammetry, electrochemical impedance spectroscopy, chronoamperome-
try, chronopotentiometry, voltammetry, etc. These methods are applied
to explore the dynamics of electrochemical systems, understand reaction
mechanisms, evaluate electrode behavior, and study the kinetics of elec-
tron transfer. Below, a brief explanation of cyclic voltammetry (CV) is
provided.

2.5.1 Cyclic Voltammetry (CV)

Cyclic voltammetry is an electrochemical technique used to examine a
molecular species’s reduction and oxidation states.

In cyclic voltammetry, the potential of the "Working electrode" is
recorded relative to a "Reference electrode", which is kept at a constant
potential. The applied potential then generates an excitation signal. The
voltage is varied between two fixed potentials (V1 and V2) at a constant
rate, known as the "Scan Rate". When the potential reaches the maximum
boundary value V2, it is reversed and moves toward the minimum boundary
value V1, completing one cycle of the cyclic voltammetry (CV). The term
"Potential Window" refers to the range of applied voltage (V1 to V2) over
which the potential is varied. The potential window should be selected to
ensure that all oxidation and reduction states of the sample are induced.
The current response of the analyte is measured at a specific applied po-
tential, and the resulting plot is referred to as a "Voltammogram" [33].
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2.6 Poly-Aniline electrode synthesis

Polyaniline (PANI) is a conductive polymer formed by polymerizing aniline,
an organic compound. It consists of repeated aniline units and is known
for its ability to conduct electricity. Of its three states, emeraldine (EM) is
the most stable and the only conductive state, unlike the other two states,
leucoemeraldine (LM) and pernigraniline (PG) [34]. The chemical formula
for polyaniline is (C6H7N)x.

Figure 2.9: Molecular structure of PANI.

The PANI electrode was fabricated through the electrodeposition
method, refer to section 2.2.1. A 20 mL mixture of 0.5 M aniline and
1 M sulfuric acid (H2SO4) was prepared and diluted with deionized (DI)
water. After 10 minutes of continuous stirring, the solution was transferred
to a three-necked flask. A 1 cm × 2 cm ITO electrode were sonicated in
an acetone-isopropyl alcohol (IPA) mixture, then dried for use as working
electrode in the electrodeposition process. A potential of 0.75 V was ap-
plied for 120 seconds to the working electrode to deposit a thin layer of
polyaniline (PANI) onto the ITO substrate. All applied potentials were
referenced to the Ag/AgCl electrode. The ITO electrode was then rinsed
with DI water and dried at 70◦C for 30 minutes [35].

2.7 V2O2(OH)3 electrode synthesis

V2O2(OH)3 is a complex of oxide and hydroxide based on V2O5 (Vanadium
pentoxide). The complex was formed through the chemical (wet) etching
of V2O5. The chemical etching procedure is explained below.

Chemical etching

Chemical etching is a wet etching process by which material can be
chemically corroded in an isotropic manner, in a certain pattern and at
a preferred rate. The goal of the etching process is to dissolve a selective
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component of the precursor to obtain the material of our desire.

1.07 g of V2O5 was mixed with 40 mL of H2O2 and stirred continuously
for 10 minutes. The resulting solution was then dried at 100◦C in an
oven until it transformed into a powder. The obtained powder was then
deposited (100 µL) onto the ITO substrate using the drop-casting method,
with a dispersion of 2 mg/mL prepared in deionized water. The electrode
was then dried at 70◦C for 30 minutes [36].

2.8 Device prepration

The electrochromic device consisting of PANI and the V2O5 complex was
fabricated using the process outlined in Chapter 1 (see Section 1.3.3). The
gel form of 1 M LiClO4 electrolyte was prepared using the PEO gel.
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Chapter 3

Results and Discussion

3.1 Basic physical characterisation of synthe-

sised materials

After synthesising the materials, i.e., Ti3C2tx, V2O2(OH)3 and Polyaniline,
it is essential to verify that the synthesised material corresponds to the
intended composition. To achieve this, we will characterise the materials
using the techniques outlined in previous sections, which includes Raman
spectroscopy (see Section 2.4.1), X-ray diffraction (see Section 2.4.1), and
scanning electron microscopy (see Section 2.4.2). A detailed discussion of
the characterisation results for Ti3C2tx, V2O2(OH)3 and Polyaniline will
be presented in subsequent sections.

3.1.1 Characterisation of MXene (Ti3C2tx)

Since MXenes are synthesised through the wet chemical etching of MAX
phase materials, a comparative study was conducted to characterise the
MXene etched via different chemical etching methods and compartive study
with MAX phase and pure MXene. Specifically, the study includes:

• The pristine MAX phase

• A reference sample of pure MXene for comparison

• MXene produced through an alternative fluoride salt etching method
(LiF + HCl)

• MXene synthesised through direct etching using hydrofluoric acid
(HF)
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Raman shift study

To study the vibrational modes and chemical composition of synthesised
MXenes (Ti3C2tx), MAX phase (Ti3AlC2) and pure MXene (Ti3C2),
Raman spectroscopy has been done using an excitation laser of 532 nm
wavelength in backscattering geometry.

Ti3AlC2 (MAX phase) shows distinct Raman bands, among which
intense bands occurring at 260 cm−1 are associated with the vibrations of
Ti and Al bonds, and shallow bands occurring at 400 and 600 cm−1 are
associated with Ti–C bonds. A small peak at 153 cm−1 is the Eg vibra-
tional mode of anatase phase TiO2 particles formed due to spontaneous
oxidation of surface titanium atoms [see figure 3.1.(a)] [37].

Figure 3.1: Raman spectrum of (a) MAX Phase, (b) Pure MXene, (c)
MXene (LiF +HCl etched), (d) MXene (HF etched).

Raman spectra of HF and flouride salt (LiF+HCl) etched MXenes
(Ti3C2tx) shows the peaks at 145 cm−1, 199 cm−1, 440 cm−1 and 639
cm−1. Ti3C2tx [Figure 3.1.(c),(d)] shows a broadened peak around 200
cm−1, which is assigned to the Ti-Al vibrational mode. The peak at 145
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cm−1 is very intense relative to the band intensity of MAX, which means
there is a sufficient amount of TiO2 [37]. The peaks around 152 cm−1 and
632 cm−1 correspond to A1g vibration modes for both the carbon layer and
titanium outer layer of MXene respectively, in both etched MXenes [38].

MXene etched through hydrofluoric acid (HF) shows the redshift of the
peaks when compared with flouride salt (LiF+HCl) etched MXene. Raman
spectrum of HF etched MXene is not smooth because of its fluorescent
nature. The peak positions in the raman spectra of HF and LiF+HCl
etched MXenes confirms the successful synthesis of the compound which
matches with the Raman spectrum of pure MXene [Figure 3.1.(b)]

X-Ray diffraction pattern study

Powder X-Ray Diffraction (p-XRD) has been used to validate the crys-
tallinity as well as formation of MXene from MAX phase. XRD pattern of
the parent MAX phase and MXenes in the detection range of 15◦ to 70◦ is
shown in figure 3.2.

Figure 3.2: Powder X-Ray diffraction pattern of (a) MAX phase, (b) Pure
MXene (Ti3C2)c (c) MXene (LiF +HCl etched), (d) MXene (HF etched).
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In both the etched MXenes, Three characteristic peaks observed around
36◦, 40◦ and 61◦ correspond to (102), (006), (014) planes, respectively.
The increase in the intensity of peaks for Ti3C2tx MXenes showed that
crystallinity increases after the removal of aluminum from the MAX phase
[39]. XRD peaks around 2θ = 25◦ indicates the characteristic peak of
TiO2 [38].

The most intense peak around 2θ = 41.8◦ in Ti3C2tx MXenes (Figure
4c, d) corresponds to the (014) plane of the hexagonal structure. Hence,
The experimental XRD patterns confirm the hexagonal structure of etched
MXenes [39].

FESEM micrographs

The MXene (Ti3C2tx) etched using HF [Figure 3.3.(b)] and MAX phase
[Figure 3.3.(a)] has been characterised using FESEM, the formation of
nanosheet having a few nanometers thick sheets, providing more active
sites for the transport of electrolyte ions which is helpful for energy storage
application.

The FESEM image of the MXene sample shows limited visibility of
individual sheets, suggesting incomplete exfoliation. This may require ad-
ditional exfoliation or sonication to better separate the MXene layers and
improve sheet dispersion.

Figure 3.3: FESEM micrographs of (a) MAX phase, (b) HF etched MXene.

The above findings confirms the successful etching of the MAX phase,
resulting in pure Ti3C2tx MXene using both the synthesis mechanisms.

3.1.2 Characterisation of V2O2(OH)3

The powder V2O2(OH)3 was utilized for purity confirmation through Ra-
man spectroscopy. The Raman spectrum of the V2O5 complex [Figure
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3.4.(a)] displays nine characteristic peaks at 153, 215, 262, 324, 343, 415,
513, 707, and 885 cm−1. The peaks observed in the 650 to 400 cm−1

range are attributed to symmetric and antisymmetric stretching vibrations
of V–O–V bridging bonds. The peak near 1000 cm−1 is associated with
the characteristic feature of orthorhombic V2O5. The XRD pattern of
V2O2(OH)3 reveals an amorphous phase as evidenced by the broad peaks
in the XRD [Figure 3.4.(b)] [36].

Figure 3.4: Characterization of V2O2(OH)3 : (a) Raman spectroscopy (b)
X-Ray Diffraction, and (c) Scanning Electron Microscopy.

The surface morphology of the complex was examined using SEM micro-
graphs [see Figure 3.4.(c)]. The micrographs show a uniform distribution
of micro-sized nanoflake-like structures, which enhance the electrochemical
properties of the V2O2(OH)3 complex.

3.1.3 Characterisation of Polyaniline

The Raman spectrum was used to examine the electrodeposited polyaniline
electrode [Figure 3.5.(a)].The characteristic peak of PANI appears at 1187
cm−1, corresponding to the C-H bending mode. The peak at 1355 cm−1

represents C-N+ vibrations, while the peaks at 1512 and 1591 cm−1 are
attributed to C=N and C-C stretching vibrations, respectively [40].

The SEM micrographs of the electrode [Figure 3.5.(b)] shows the ag-
glomeration of PANI molecules, and due to the shorter electrodeposition
time, the film is unevenly deposited on the ITO electrode.
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Figure 3.5: Characterization of PANI : (a) Raman spectroscopy (b) Scan-
ning Electron Microscopy.

3.2 Cyclic Voltammetry

The electrochemical analysis of the electrode will help explore the potential
applications of these materials. This section will focus on discussing the
CV voltammograms of MXene along with the two electrodes [V2O2(OH)3
and PANI].

3.2.1 Ti3C2tx

CV was conducted to investigate the electrochemical behaviour of the
synthesised Ti3C2tx MXene, using 1 M KOH as the electrolyte. The
measurements were performed within a potential window ranging from
-1.5 V to +1.5 V (v/s. Ag/AgCl).

Figure 3.6: CV Curve of Ti3C2tx (a) at scan rate 20mV/s, and (b) Varying
scan rates (10 to 100 mV/s).
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The CV curve [figure 3.6.(a)] exhibited a distinct anodic peak at ap-
proximately +0.8 V and a cathodic peak near –0.5 V. These redox features
are indicative of pseudocapacitive behaviour, confirming the presence of
faradaic charge storage mechanisms in the MXene material.

3.2.2 V2O2(OH)3

Figure 3.7 shows the CV voltammograms of V2O2(OH)3 at various scan
rates (10, 20, 30, 40, and 50 mV/s) in 1M LiClO4 electrolyte within the
potential range of -1.5 V to 2.0 V (versus Ag/AgCl electrode). A dark
blue color is observed when V2O2(OH)3 is fully reduced, while a reddish
dark color appears when it is fully oxidized.

Increase in the current density proportionally increases the charge flow
in the electrochemical process, resulting into a larger area under the CV
curve. Furthermore, the increased current density reduces the time avail-
able for ions to intercalate within the electrode, causing the complete in-
tercalation of ions to occur at a shifted potential.

Figure 3.7: CV Curve of V2O2(OH)3 at varying scan rates (10 to 50 mV/s).

3.2.3 Polyaniline

The redox behavior of PANI electrode is studied through the scan rate-
dependent CV voltammograms (10 to 100 mV/s) in 1M LiClO4 electrolyte,
within the potential window of -0.5 V to 1.5 V, are shown in the figure 3.8.

31



Synthesis and Application of MXene (Ti3C2tx) in Electrochromism

Polyaniline displays three stable colored forms, with the redox peak at
+0.7 V representing the oxidation from the emeraldine (green) state to the
pernigraniline (blue) state of PANI which reduces again to green state at 0.6
V. The peak around -0.1 V results the Yellow color of PANI electrode [34].

Figure 3.8: CV Curve of Polyaniline at varying scan rates (10 to 100 mV/s).

3.3 Device fabrication

After studying the CV voltammograms of the materials, we found
that both electrodes show the ability to change color when exposed to
both positive and negative potentials, meaning they are ambipolar in
nature. This property makes them suitable for use in electrochromic
devices (ECDs). If we use one electrode as a p-type electrochromic
material and the other as an n-type material, the device can display
a noticeable color contrast. The combination of both types of materi-
als in the ECD can enhance the visual effect and performance of the device.

To test the compatibility of these two electrodes, an electrochromic
device (ECD) was prepared with a V2O2(OH)3 electrode under positive
bias and a PANI electrode under negative bias. The electrolyte used was
a 1M LiClO4 solution mixed with PEO gel, which helps maintain the
electrolyte in a gel consistency. This prevents the electrolyte from leak-
ing out of the device, a limitation that would occur with a liquid electrolyte.

In the "OFF" state, i.e., V2O2(OH)3 electrode at +1.5V and PANI
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electrode at -1.5 V, the V2O2(OH)3 electrode turns red, whereas the PANI
electrode becomes light yellow. In this state, the combination of red and
light yellow results in a lighter orange color [Figure 3.9(a)]. In the "ON"
state, i.e., V2O2(OH)3 electrode at -1.5V and PANI electrode at +1.5 V
of the device, the PANI electrode turns dark blue, while the V2O2(OH)3
electrode becomes blue. When both electrodes are activated, the device
appears dark blue. This combination of colors in this state can be seen in
the Figure 3.9(b).

The device also retains its reversibility, meaning it can be switched
back to the "OFF" state by reversing the applied potentials. This allows
the device to cycle between the "ON" and "OFF" states.

Figure 3.9: The Bi-Layer ECD in : (a) "OFF" state and (b) "ON" state

3.4 Device Performance

Since the device shows a good color contrast qualitatively, we now need
to quantify its performance using the parameters outlined in Chapter 1
(section 1.4). This will provide a more detailed and objective assessment
of the device’s effectiveness and efficiency.

3.4.1 UV-Visible Spectroscopy

The UV-Visible spectrum was measured using a UV-Vis spectrophotome-
ter in the "ON", "OFF", and unbiased states of the electrochromic device.
Transmittance was recorded at different wavelengths to study the device’s
behavior in these states.

The device shows a 75% color contrast (CC) @ wavelength 636nm be-
tween the ON and OFF states, which is a positive indication of its good
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Figure 3.10: UV-Visible spectrum of the electrochromic device (ECD)
showing (a) Absorbance and (b) Transmittance as functions of wavelength.

performance for an electrochromic device (ECD), along with a transmit-
tance difference (∆T ) value of 26.33%.

3.4.2 Switching Time

At a wavelength of 636 nm, an electrochromic switching cycle of 20 seconds
was recorded, consisting of 10 seconds for coloration and 10 seconds for
bleaching [figure 3.11.(a)].

Figure 3.11: Device performance parameters: (a) Switching time, (b) Sta-
bility, (c) Coloration efficiency.

The device exhibited a switching time of 7.7 seconds and a bleaching
time of 4.3 seconds. It was observed that even after the full 10 seconds
of coloration, the absorbance did not reach saturation. This indicates the
charge storage behaviour of the V2O2(OH)3 material, suggesting that the
device requires a longer duration to attain a fully charged state—i.e., to
reach its maximum or saturation absorbance.
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3.4.3 Stability

The device was subjected to 60 switching cycles over a duration of 1200
seconds, during which the absorbance profile was recorded [figure 3.11.(b)].
After a few initial cycles, a gradual increase was observed in the minimum
absorbance level, i.e., the absorbance in the device’s OFF state.

This behaviour may be attributed to progressive charge accumulation
within the device. It is likely that the 10-second bleaching interval is in-
sufficient for complete discharge, resulting in residual charge being carried
over into subsequent cycles. Consequently, the device begins each new cy-
cle in a partially charged state, leading to a higher baseline absorbance
compared to the initial cycles. This phenomenon suggests an increase in
stored charge during the OFF state over time.

3.4.4 Coloration efficiency (ηCE)

The slope of the graph plotting the change in optical density against the
corresponding charge supplied represents the colouration efficiency of the
device, which was calculated to be 18 cm2 C-1 in this study [figure 3.11.(c)].

However, due to the observed charge storage behaviour of the device,
the total charge required over time to achieve a given optical modulation
increases. As colouration efficiency is inversely proportional to the charge
consumed to attain a specific coloured state, this increase in charge input
results in a decrease in the effective colouration efficiency of the device.

3.4.5 Summary and shortcomings

Based on the data recorded at a wavelength of 636 nm and within the
potential window of +1.5 V to –1.5 V, the overall performance of the device
was assessed as moderate. The key observations are as follows:

• a high optical contrast of approximately 75%,

• a colouration time of 7.7 seconds and a bleaching time of 4.3 seconds,

• a moderately stable switching pattern over repeated cycles, and

• a colouration efficiency of 18 cm2 C-1.
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Despite these favourable attributes, the switching speed remains rel-
atively slow, which is a critical parameter for high-performance elec-
trochromic devices. Moreover, the stability pattern displays noticeable
deviation from the initial cycles, indicating suboptimal cycling durability.
These limitations highlight the need for further investigation and optimisa-
tion. Accordingly, subsequent efforts in this study will focus on addressing
these shortcomings to improve the device’s electrochromic performance.

3.5 Doping of MXene for Enhanced Device

Performance

To address the limitations in switching time and stability observed in
the electrochromic device, Ti3C2tx MXene was explored as a dopant.
MXene offers several characteristics that may contribute to enhanced
electrochemical performance.

The rationale for its incorporation is based on the following considera-
tions:

• Two-dimensional layered structure – MXene’s 2D nature allows
for increased ion accessibility and potential intercalation between lay-
ers, which may support improved electrochemical response.

• Porous morphology – The inherent porosity of MXene can facili-
tate ion transport and promote more efficient intercalation and dein-
tercalation processes during switching cycles.

These properties suggest that doping with MXene could provide incre-
mental improvements in the switching behaviour and cycling stability of
the device.

Optimising Doping wt%

Since MXene appears black in colour, it does not exhibit intrinsic colour-
changing properties. As a result, doping with MXene poses a potential risk
of reducing the device’s colour contrast. To mitigate this, it is necessary
to optimise the amount of MXene incorporated so as to improve key
electrochromic parameters, such as switching time and cycling stability
without causing significant compromise to the overall colour contrast of
the device.
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Table 3.1: Optimising doping wt% of MXene (Ti3C2tx).

The dopant weight percentage was optimised and shows a decent colour
contrast with 0.1 wt% doping (Table 3.1).

3.5.1 Effect on Color Contrast (CC%)

Figure 3.12: Colour contrast of device after doping 0.1wt% MXene.

The colour contrast of the device decreased to 52% (figure 3.12), which
can be attributed to the non-electrochromic nature and inherently black
appearance of the dopant material.

3.5.2 Effect on Switching time

As observed from the data obtained for the MXene-doped device under the
same experimental conditions as the undoped device, and recorded using
a UV-Vis spectrophotometer [figure 3.13.(a)], the switching times were
improved, with a coloration time reduced to 5.5 seconds and a bleaching
time reduced to 2.6 seconds.
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Figure 3.13: Device performance parameters after doping Ti3C2tx: (a)
Switching time, (b) Stability, (c) Coloration efficiency.

Hence, the hypothesis that MXene incorporation would result in faster
switching times, attributed to its porous structure has been validated by
the experimental data.

3.5.3 Effect on Stability

As shown in figure 3.13.(b), the device exhibits an improved stability
pattern following doping. This enhancement can be attributed to the
dopant providing a more efficient pathway for the intercalation and
deintercalation of electrolyte ions.

The issue of progressive charge accumulation, previously observed as a
result of insufficient bleaching time and reflected as an increasing baseline
absorbance in successive cycles appears to be resolved following MXene
doping. The improved performance can be attributed to the MXene pro-
viding more efficient pathways for the intercalation and deintercalation of
charges, thereby enabling more complete discharge within the given switch-
ing interval.

3.5.4 Effect on Coloration efficiency (ηCE)

As determined from the slope of the graph shown in figure 3.13.(c), the
coloration efficiency of the doped device was calculated to be 40 cm2 C-1.

This increase in coloration efficiency can be attributed to a greater
change in optical density. Following doping, the ions are intercalated more
rapidly, allowing the device to reach its saturation state more effectively.
As a result, the maximum optical density is achieved within the switching
interval, which was not observed in the undoped device.
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3.5.5 Summary

Following the doping of 0.1 wt% MXene into the device, an overall en-
hancement in electrochromic performance was observed, with the excep-
tion of a slight reduction in color contrast. The improved parameters are
summarised as follows:

• The switching time was reduced to 5.5 seconds for colouration and
2.6 seconds for bleaching.

• Saturation in absorbance was observed within the switching cycle,
indicating more complete charge transfer.

• The device exhibited improved stability over repeated cycles.
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Chapter 4

Conclusion and Future
Objectives

4.1 Conclusion

Over the course of this year-long study, we investigated the properties of
two-dimensional (2D) materials, with a particular focus on the recently
discovered material known as MXene, as well as its precursor, the MAX
phase material. The study involved the synthesis of MXene from its MAX
phase parent compound and included a survey of its potential applications
across various fields.

We successfully synthesised MXene (Ti3C2tx) using two distinct
approaches. The first involved direct chemical etching of the MAX phase
with hydrofluoric acid, while the second employed an alternative route
wherein hydrofluoric acid was generated in situ by reacting lithium fluoride
(LiF) with hydrochloric acid (HCl). The synthesised Ti3C2tx MXenes were
characterised and compared against a reference sample of conventionally
synthesised MXene to assess structural and compositional consistency.
Additionally, cyclic voltammetry (CV) was performed at various scan rates
to investigate and verify the electrochemical behaviour of the synthsised
materials. In the latter part of the study, we explored the potential
application of MXene in the field of electrochromism an area in which its
use has not yet been extensively investigated.

To investigate the effect of MXene on electrochromic behaviour, it
was essential to select an electrochromic material that has not been
extensively studied, in order to preserve the novelty of the work. During
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the literature survey, a recently identified vanadium-based complex,
V2O2(OH)3, was found to exhibit promising charge storage properties
and decent electrochromic properties. Consequently, this material was
chosen as the focus for our electrochromic study. Given that V2O2(OH)3
is an ambipolar electrochromic material, polyaniline (PANI), which is a
well-known conducting polymer, was also examined to assess its feasibility
within the electrochromic device setup.

The V2O2(OH)3 material was synthesised via a simple drop-casting
method, while polyaniline (PANI) was deposited using an electrodepo-
sition technique, both using indium tin oxide (ITO) as the substrate.
The synthesised materials were then physically characterised using X-ray
diffraction (XRD), scanning electron microscopy (SEM), and Raman
spectroscopy. Following compositional and structural verification, the
materials were utilised as electrodes in the fabrication of the electrochromic
device.

The electrochromic device was then evaluated based on various
electrochromic parameters using a UV-Vis spectrophotometer. The study
demonstrated a high color contrast of 75% at a wavelength of 636 nm
within the potential window of +1.5 V to –1.5 V. However, the switching
time of 7.7 seconds and bleaching time of 4.3 seconds were relatively slow
and are attributed to the charge storage characteristics of the V2O2(OH)3
material. In addition, the device exhibited a moderate stability pattern
over repeated cycles and a colouration efficiency of 18 cm2 C-1.

The relatively large switching time posed a significant challenge for the
electrochromic device, as it is a key parameter for performance. To address
this, MXene was employed as a dopant in the electrochromic material,
utilising on its porous nature, which facilitates faster intercalation and
deintercalation of ions, thereby improving the switching dynamics and
hence the stability of the device.

After doping 0.1 wt% MXene (Ti3C2tx) with V2O2(OH)3, the subse-
quently fabricated device exhibited a reduced colour contrast of 52%, which
can be ascribed to the non-electrochromic nature and inherently black ap-
pearance of MXene. However, as anticipated, the switching performance
improved, with the coloration time reduced to 5.5 seconds and the bleach-
ing time to 2.6 seconds. The stability of the device was also enhanced,
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likely due to more complete discharge of stored charge during each cycle.
Additionally, the coloration efficiency increased to 40 cm2 C-1, indicating
improved optical modulation per unit charge.

4.2 Future Scope

MXene, as a recently discovered class of two-dimensional (2D) materials,
holds significant potential, with hundreds of new variants yet to be
synthesised and characterised. Future research may focus on exploring
various types of MXenes and their interaction with different electrochromic
materials to better understand their compatibility and influence on device
performance.

Additionally, the effect of MXenes on infrared (IR) shielding elec-
trochromic devices could be investigated, with the aim of enhancing their
functional parameters. Given MXene’s pseudocapacitive behaviour, it also
presents a promising opportunity for study within the fields of batteries
and supercapacitors.

Furthermore, by combining the principles of electrochromism and
charge storage, MXenes could facilitate the development of multifunctional
electrochromic supercapacitors, paving the way for integrated energy stor-
age and smart display applications.
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