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Abstract

In the modern science and technology, a new field, nanoscience, has
played an important role in the overall development towards addressing
several challenging problems related to society. In recent times, a rise in
research areas with societal impact has been observed, with nanoscience
and nanotechnology being one such area especially where nanodevices
are in focus. It has been emerging rapidly and coming up with new
solutions to long researched problems in the areas of energy, electronics,
etc. When it comes to electronics, the expectations from nanoscience and
nanotechnology is increased because of its reputation in terms of
deliverables in applied research involving sensing, energy storage, solar
cells, memory, electrochromic devices, etc. Looking at a broader picture,
finding new materials and reengineering the existing ones are the need of
the moment. With the advent of nanotechnology in material science,
various new properties can be observed from same compound by simply
controlling the size when miniaturized to the nanoscale. At the same
time, other properties get improved due to subtle physics taking place at
the nanoscales. In this context it is important to underline importance of
various materials like semiconducting oxide, transition metal oxides,
complex/hybrid compound, layer double hydroxide etc. for their
functional use in variety of applications. Therefore, various inorganic
and organic materials and their possible combination in a designed

paradigm found to make an improved and power efficient device.

Looking at various perspectives of material and their applications, my
research work has been summarized in this thesis with primarily focuses
on fabricating the inorganic transition metal oxide nanostructures’ based
electrodes, e.g. NiO, Co304, TiO,, PB etc., followed by their application
in device engineering. Various inorganic materials for making improved
electrochromism in pre-designed display like structure have been
explored after the replacement of synthesis process. Therefore, a dense
nanofilm of Co304 is synthesized wusing constant current

electrodeposition on a conducting transparent electrode that works not



only as a counter electrode but also shows electrochromic (EC)
properties on its own. The isolated active nano-Co3;O4 electrode shows
reduction in the redox potential and good color contrast between its
yellowish transparent and dark states at different bias conditions. The
electrode shows improved color contrast, stability, and cycle life. In situ
spectroelectrochemical studies of the ‘nano’ electrode reveals that the
bias induced redox activity of the metal oxide leads to the color change
between yellowish and opaque states. The bias-induced color change
makes it an active EC counter-ion electrode for appropriate solid-state

EC devices.

A solid state electrochromic devices fabricated in two paradigms namely,
inorganic/organic (“hybrid” in combination of viologen and Co0304) and
inorganic/inorganic (“all-inorganic”, in a combination of Prussian blue
and Co3;04) in which the fabricated Co3;04 electrode is a common
electrode and improves the performance. The performance of the final
device with similar or dissimilar materials’ combination has been
checked through switching time, switching speed, color contrast and
coloration efficiency. In-situ spectroscopy techniques like UV-Visible
and Raman have an extraordinary advantage to understand and to
explain the mechanism for coloring and bleaching state of
electrochromic active materials. A good color contrast of hybrid device
appears between its yellow and blue states under different bias
conditions have been observed, which leads to overall performance
enhancement. The solid state device shows an improved efficiency of as
high as 360 ¢m’/C and a switching time of as low as 500 ms. All
inorganic solid-state device performance between multiple colors with
an applied bias occurs less than a couple of volts. A moderate color
contrast of ~40% with 1.5 s switching time has been observed with
showing stability for more than 900 s of continuous switching. A redox
driven electrochromic behavior of individual electrodes makes it
possible for the solid-state device to show beautiful colors with a small
applied bias with showing the coloration efficiency of 250cm?/C. On the

whole an “all-inorganic” and “hybrid” solid state electrochromic device

vi



have been successfully fabricated which shows performance for real

applications.

To exhibit the multifunctional role of metal oxides, this thesis work also
gives some glimpses over the bifunctional role of material toward
electrochromic and glucose sensing application. After the
characterization of metal oxides followed by electrochemistry, uniform
nanoneedles of binary oxide (Ni and Co) were synthesized on
appropriate conducting substrates [fluorine-doped tin oxide (FTO)
coated glass and carbon cloth (CC)] for the investigation of dual
application. A low-operating-voltage (+2 V) color modulation with 50%
contrast between the whitish translucent and dark-brown colors was
achieved from the nanoneedle grown on a transparent FTO substrate.
Furthermore, additionally NiCo,04 nanoneedles grown on a CC
substrate, with an enhanced exposed surface area, showed selective
glucose-sensing properties with a very high sensitivity of 3000
nA/mM/cm?, as revealed using detailed electrochemical and impedance

spectroscopic measurements.

Beyond the electrochemistry, electron emission property exploited in
field emission display, of metal oxide nanostructures which are known
electrochromic materials used in electrochromic displays. Field emission
properties of NiO nanopetals and TiO, nanorods have been studied and
analyzed within the frame work of Fowler-Nordheim formulation. An
alternative formulation for the interpretation of field emission properties
has been developed and validated using theoretical fitting of the
experimentally observed data. The proposed model addresses the little
incompleteness presence in the traditionally used Fowler-Nordheim
model. Therefore, this thesis work provides a new pathway on searching
those materials which can show its diversity in multifunctional

applications.
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Chapter 1

Introduction

(13

The commonly used term “ultrafine particles” can be defined in the
scientific domain by the term “nanoparticles”, one of the terms currently
being widely used in research and technology. Looking at a broader
picture, finding new materials and reengineering the existing ones are
the need of the moment. With the advent of nanotechnology in material
science, various new properties can be observed from same compound
by simply controlling the size when miniaturized to the nanoscale.
Nanoscience has the potential to reshape the world around us. It could
lead to revolutionary breakthroughs in fields ranging from
manufacturing to health care. The unique physical and chemical
properties of nanomaterials also often differ from those of bulk materials

and require special assessment. Nanoscience is one the thrust area that

may contribute in making India a developed country by year 2022.



1.1 A preliminary discussion

In the modern science and technology, a new field, nanoscience, has
played an important role in the overall development towards addressing
several challenging problems related to society[1,2]. Nanoscience and
nanotechnology refer to the science and technology of matter,
manipulated at atomic level. Nanoscience is a compound word having
two parts, nano and science[3]. Although nano is a prefix as in
nanometer, nanoampere, nanosecond etc. referring to 10'9, in
nanoscience. In this size regime, matter exhibit unusual properties which
makes this science unique. The variation of properties as a function of
size occur in different materials differently[4]. While properties of
materials at nanoscale are distinctly different from the bulk, the act of
measurement of length at the nanometer does not offer any new
phenomenon. Several aspects have to be clarified in order to proceed
further. The dimension refers to the characteristics dimensions and not to
the length scale of the piece of matter under investigation along all
axes[5,6].

The fabrication of nanomaterials mainly possesses the synthesis process
and is categorized in two approaches namely top-down and bottom-up
approach[7]. The fundamental difference between these two processes to
synthesis the nanomaterial is that the top-down process lead to
crystalline sample (single crystal or polycrystalline material) which
forms the ideal crystal structure of material whereas the bottom-up
approach results the formation of small particles from crystalline areas
that do not correspond to ideal lattice which contains the defect
structure. This thesis comprises to the synthesis work nanomaterials
through bottom-up approach in which the material gets transform into
nanoscale via recrystallization route and also form molecular structure
resulting in cluster[8,9]. Therefore, it is important to notice that the
bottom-up approach may lead to the formation of both defective
crystalline structures and molecular clusters in the ‘nano’ regime. Figure
1.1 is showing the different nanostructures prepared from the different

materials mentioned in the respective images through the bottom-up



approach. The formation of nanomaterial’ are also further categorised
based on their quantisation of dimension for their different practical
applications with keeping the two imperative properties namely high
surface to volume (S/V) ratio and quantum confinement effect (QCE)

which highly affects the electronic as well as optical properties.
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Figurel.1: Electron micrographs of a few nanomaterials.

Surface to Volume ratio::

One of the main features of materials at the nanoscale is the increase in
their surface area[10]. The nano forms of material have larger surface
area in comparison with the same volume of material in bulk form. As
the size of material decreases, S/V ratio increases and shows much
higher effect at the nano scale dimension and thus, leads to the
nanoparticles being more chemically reactive. Being the acquisition of
higher surface area, larger active sites are present in the volume of
material to initiate the chemical reaction more speedily and hence the
rate of reaction increases.

Quantum confinement effect::

Nanomaterials’ synthesis covers a new science of quantum physics at
nanoscale in terms of QCE[11]. It can be expected that the size of the

nanostructures in the limit of Bohr exciton diameter lead to the QCE.



The system experience QCE when the diameter of the particle lies in the
magnitude of the wavelength of electron wave function and at this
condition, optical and electronic property of material get substantially
deviated from the bulk materials. The decrease in the confinement
dimension up to the nanoscale dimension creates the discretisation of
energy level, result in increase of the band gap of material. Therefore,
the QCE may lead to affect the electronic and optical properties of
material by varying the size and shape of nanomaterials’. These
variations at the limit of Bohr exciton radius are sufficient to tune the
materials’ application broadly. Thus, the nanomaterials’ can be taken in
the different perspective of application in the domain of physical
science, chemical science, biomedical and engineering science for

device designing[12].

1.2 Nanotechnology in various fields

Nanotechnology, the technology that emerge as a result of
nanomaterials, is helping to considerably improve, even revolutionize,
many technology and industry sectors, information technology,
homeland security, medicine, transportation, energy, food safety, and
environmental science, among many others. Emerging application in
nanoscience, i.e. nanotechnology, has spread in almost all branches of
science with keeping the two basic properties. Thousands of innovative
application reflects directly form the various nanostructure in different
aspects. Both materials (say inorganic and organic) transform into its
nanostructure form and make the well-defined platform to combine the
science and engineering together. The various fields are covered from
the verity of nanostructures of different materials that some glimpses of
which are summarised here briefly in different scientific branch.

1.2.1 Chemical Science

Nanoscience plays an important role in various aspects of chemical
science as seen in various applications related to it. Varieties of
applications are emerging out in the field of chemical science because

of the advent of nanomaterials. The ground work of nanotechnology in



chemical science is to understand by purifying the drinking water using
the nanopores thin film of molybdenum disulphide which purifies the
water approx. five times better than the conventional filters. One of the
most important applications is in sensors that use various chemicals like
carbon nanotubes[13,14], zinc oxide[15-18], palladium[19-22], gold
nanoparticles[23] and many others[24]. They possess sensing properties
in one form or the other. These detecting molecules change their
electrical properties such as resistance or capacitance when they are used
for sensing applications. Hydrogen sensors are also using a layer of
closely spaced palladium nanoparticles that are formed by a beading
action like water on a windshield. When hydrogen is absorbed, the
palladium nanoparticles swell causing shorts between nanoparticles
which lowers the resistance of the palladium layer. Sensors using a layer
of gold nanoparticles on a polymer film are made for detecting volatile
organic compounds. The polymer swells in the presence of volatile
organic compounds, changing the spacing between the gold
nanoparticles and thus the resistance of the gold layer. To remove oil
form water, researchers have developed magnetic water repellent
nanoparticles and used magnets to mechanically remove oil from water
in oil spills[25-27]. These are only a few examples to underline the
importance of nano-science and -technology in the field of chemical
science.

1.2.2 Physical Science

Nanoscience plays an important role in the field of Physical Science to
observe and explain many physical phenomena that were not
observable in bulk materials. One of the important physical phenomena
is non radiative transition and for the same Raman spectroscopy has
proven to be a handy technique[28]. Raman spectroscopy has been
often used to detect the non-radiative transition from silicon
nanostructures. Different unique properties in nanomaterials are
observed due to their quantum confinement effect, a special effect that
does not occur in their bulk counterpart[29]. Various optical, electronic

and electrical properties of nanomaterials can be easily understood with



the concept of quantum confinement, an effect that shows size dependent
properties on reaching quantum or nano dimensions. Confinement effect
modifies energy levels to change to discrete energy bands when material
dimensions become in nanometer range[30-32]. Electrons, holes,
phonons and other bound states entities confined inside nano
dimensional materials starts giving rise to amazing properties leading to
various applications in laser, diode, photovoltaics etc. These applications
are possible only due to the fusion of nanoscience in physical science.
1.2.3 Biological Science

Nanoscience has given a new perspective in the field of Biological
Science ranging from diagnosis to treatment[33]. Nanoscience is proven
to be very effective tool in understanding fundamental life processes
with the development of probe that are capable to do so. As we look at
life forms in smaller and smaller dimensions, we end up with biological
objects which are involved in fundamental life processes. The key
molecule in biology such as DNA, enzymes, receptors, antigens,
antibodies and oxygen carriers can be included in the dimension of
nanometers. Thus it is clear that all fundamental processes of biology
are taking place at nano level. The science of nanobiology has
progressed significantly and can be branched into several disciplines of
life science such as cellular biology, genomics, proteomics,
immunology, diagnosis, targeted drug delivery etc[34]. The idea of
creating hybrid systems of inorganic nanoparticles with biological
moieties emerged out to be a new method to overcome many
difficulties in medicines and biosciences. Using nanomaterials, instead
of conventional materials, in biological science has increased
efficiency while decreasing cost. Thus the hybridization of nano-
biotechnologies has laid the foundation for many novel methodologies,
which are capable of solving several technical difficulties in
bioscience. The idea and innovations of nanobiology can be extended
to broadly four categories as follows: interaction between biomolecules

and nanoparticle surfaces, biological imaging using nanoparticles,



analytical applications of nanobiology, medical diagnosis and targeted
drug delivery and biosynthesis of nanomaterials[35-39].

1.2.4 Engineering Science

A rise in research areas with societal impact has been observed with
nanoscience and nanotechnology being one such area especially where
nano devices are in focus. After preparing the material for variety of
applications, is again much important to apply the engineering on it to
fabricate the electronic devices for commercializing application. The
electronic devices in all sectors of science are found in flexible,
bendable, rollable and stretchable types in integrated devices[40-43].
Such modifications in the device engineering make it more useful in
daily life applications like in gadgets, healthcare, aerospace, security and
defence with making the devices more flexible, lightweight, non-brittle,
more stable. Various other efficient materials (2D nanomaterial) like
graphene, MXenes also works as improving the performance of the
electronic devices for respective applications[44]. The various
engineering of electronic devices comes into picture for various
applications like in memory, energy storages, sensing, photovoltaic,
solar cells and electrochromic etc[43—46].

Nowadays, electrochromic devices (ECD), a device that changes its
optical properties under the influence of an electrical bias, have also
found their potential application in electronics and especially in display
systems. Current work focuses on such ECDs, which are capable of
showing optical modulation under external applied electrical. The
material’s nanostructure having higher surface area also plays crucial
role toward improving the performance and helps to understand the role
of nanostructures in device geometry. Apart from the EC device, various
others nanostructures have been fabricated for the Field Emission (FE)
display, Glucose Sensing, Supercapacitor like applications of
engineering application, which will be discussed in later chapters. The
future goal of the nanotechnology must be gone through the
multifunctional application with the device geometry shows flexible

nature, long term stability, low operating voltage etc.



1.3 Electrochromic

As the name suggest the word “electrochromic” means the effect of
chromism (i.e. color change) perceived in some material by the electric
means either due to the effect of voltage or current and the materials' are
called electrochromic active material[47,48]. Thus, the electrochromic
(EC) phenomenon is a chromic modulation of material characteristics in
the visible wavelength range, which can be easily seen by the necked eye
and observe either in reflection, transmission and absorption
mode[49,50]. The chromic modulation between two or multi color state
is a reversible process and is observed due to the reversible redox
activity of material under the external bias. Recent research related to
electrochromism is being carried out with a focus on fabricating various
materials for EC devices for less energy consumption and found in much
commercial applications like in smart windows, antiglare mirrors,
optoelectronics and paper like display system which has been shown in
Figure 1.2 and EC materials are also being applied for protecting the
confidential meeting as works like an opaque window at the meeting
time only[51,52]. The image in Figure 1.2¢ is a real picture of meeting
room in Microsoft office. Different color appearance of material should
always be a main part to understand the mechanism of every ECDs (or

electrode)[53-56].



Figure 1.2: Application of electrochromism in (a) aircraft window, (b)

specs, (c) car’s rear-view mirrors, (d) flexible digital displays and (e)

meeting room at Microsoft head office[57].

1.3.1 Appearance of Colour

The appearance of the colour can be simply understood by capturing the
respective colour wavelength at eye which is coming from the object via
reflection or transmission and the sensitivity of eye works nonlinearly
with the different wavelength. The absorption of certain wavelength by
the material is allowed to transmit or reflect the remaining wavelength in
visible spectrum, lead to perceive the overall colour. A colour-wheel is
shown here to bring the idea of complementary colour system which is
seen by absorbing the intense maximum colour wavelength. Different
wavelengths have also been written in respect of given colour and
appears one colour by absorbing the opposite (or complementary)
wavelength (or colour) intensely. For example, the intense blue color
(450 nm-480 nm) of device will appear on absorbing the maximum
orange wavelength (600 nm-640 nm) colour but the practical ECDs does

not show the intense absorbing wavelength[58]. Colours which perceive
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as brilliant and bright have strong narrow absorption band whereas dull
colour appearance tends to have the weaker and broader absorption
band. The absorption of the different wavelengths (more than two) also
leads to perceive the other colour. For example, the Green colour is a
result of absorbing the Red and Blue colour simultaneously. Therefore, it
can also be understand that Red, Green and Blue color are the
complementary color of each other and one appear on absorbing the
others[59]. The combination of wavelength coming out of the sample
decides the colour of material. The concept of additive primary colors
(RGB- Red, green, blue) and subtractive primary color (CMY- Cyan,
magenta, yellow) is also used to correlate the color combination in

different EC material.

Figure 1.3: Color wheel to check the appearance definite colour with
absorbance of others.

1.3.2 Type of electrochromic material

Every EC active material exhibit a new optical absorption band with
showing the new color state in which the electron transfer mechanism
occurs due to reduction (gain of e) or oxidation (loss of e’) from the
material are known to be n-type and p-type EC material respectively.
The complete information of both types of materials must be needed
separately to make the solid state device assembly, in which both

materials can play as an auxiliary material to allow the redox reaction
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very fast. Materials have been characterised into two family ‘cathodic’
and ‘anodic’ EC active species based upon their redox polarity of
material towards electrochromic property in both organic and inorganic
family of materials.

1.3.2.1 Inorganic Electrochromic compounds

The inorganic metal oxide generally shows the intense optical absorption
due to the effect of intervalence charge transfer (IVCT) in which
electron is excited to a similar or vacant orbital on an adjacent ion or
molecule[60,61]. In case of the well-known material tungsten oxide (i.e.
WOs;) shows its pale yellow in colour before electro-reduction process
because all the tungsten sites exhibit oxidation states of +VI. Under the
negative external biasing, all the W(VI) (reduction) sites from the WO;
forms W(V) centres and produces the blue color of electrochrome. The
partial reduction of WO3 introduces the fractional amount of negative
charge to compensate the charge by the cation insertion (say H") to form
the HXWVXWVI(l-x)Og. Therefore, the centre W(V) is responsible to
generate a photo-effected intervalence charge transfer between the two
oxidation site of WO3[62,63]. Such intervalence charge transfer is
probed by the optical absorption spectroscopy in the UV, visible or near
IR regions and can be taken for concluding the chromic modulation in
inorganic materials. The intense or broader band optical absorption
spectra during the color changing state is a consequence of color
appearance of the material with single or mixed wavelength color
respectively. The material should be in thin film over the transparent
conducting substrate to shows its better chromic modulation for which
many synthesis methods are been taken like hydrothermal method, spin
coating, electrodeposition, physical (or chemical) vapour deposition,
sputtering etc. All of these methods are suitable to prepare thin film of
all inorganic (say transition metal oxide) materials in which the
electrochromic property is greatly depend on varying the thickness,
surface morphology, binding of material to the substrate and appropriate
transmission for visible light. These parameters greatly influence the EC

behaviour of material and thus changes to the color appearance.

11



Out of many cathodic or anodic transition metal inorganic EC active
oxides, cobalt oxide, Prussian blue and spinel Ni-Co composite material
have been chosen for most of the thesis work with taking an initial step
for depositing the material using electrodeposition techniques and thus
works as a single or double layer hybrid EC device very efficiently,
which will be discussed later on.

1.3.2.2 Organic Electrochromic compounds

The other family of EC active material brings the organic molecules
which are widely used in the molecular electronics for various
applications[63]. The organic material also known for its easy
fabrication mechanism through spin coating, drop casting, spray
pyrolysis etc. and its breakthrough in flexible light weight electronic
devices opens many possibilities in today’s modern era. Simultaneous
achievements have also been captured from the invention of conducting
polymers of thiophene, pyrrole, aniline, and their derivatives into various
fields because their p-conjugated electronic structure can be change due
to the electrochemical doping which lead to change in band gap and
optical contrast of the material[64,65]. All these conducting polymers
are widely accepted in the electronic media due to their suitable band
gaps and low operating redox potential. The same cathodic and anodic
characterisation of EC active material has been applied in organic
material, in which polythiophene comes in the category of anodic group.
The EC active thiophhene changes its color from natural reddish to
perfect transparent to light blue color during the positive scan of voltage
under the mechanism of polron and bipoloron species in the thiophene
polymer. The same procedure of chromic modulation with different
mechanism is allowed for all kind of conductive polymers which shows
the optical modulation under the redox reaction.

The non-polymeric EC active materials are also plenty in number in
which viologen is one in a class of 4,4 bipyridine compounds exhibits
EC property under the reversible redox reaction between the redox state
of EV™*and EV". Viologen shows its chromism under the negative bias
and hence falls in the category of cathodic EC material. The natural state

of viologen in EV'? appears in transparent color and transform into the
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blue state under the negative bias due to the creation of radical EV™
ion[58]. Both the chromic states of viologen are found reversible and
appear clearly in two color states. This thesis work contains the viologen
organic compounds sandwiched with inorganic cobalt oxide to improve
the whole EC device performances, which will be discussed later on.
1.3.2.3 Herbal Electrochromic compounds

A new EC material branch has opened just only through the observation
from the daily natures and mankind routine, and found that a raw herbal
precursor changes its colour due to chemically induced or oxidised.
Recently, many researchers are working on taking the extract form the
various flowers (say hibiscus) and used to make the EC device[66]. The
recent breakthrough in the field of EC material activates the human
thinking towards nature’s gift.

1.3.3 Electrochemistry of EC material

The electrochemistry setup is designed to known the redox activity of
the material under the application of external potential[67]. Out of the
many measurement, Cyclic Voltammetry (CV) is one the elementary and
vital measurement techniques for knowing the idea of material
characteristics toward either faradic or capacitive redox reaction which is
allowed inside the electrochemical bath[68]. The Electrochemistry not
only used for EC application but also applicable as initial
characterisation for supercapacitor, sensing, [-V characteristics etc.
There a three electrode system is chosen to measure only the materials
characteristics, whose different components have been described here
briefly.

Working Electrode (WE): The material deposited over the conducting
transparent Fluorine doped tin oxide (FTO) (Resistivity < 9 ohm-cm)
and Indium doped tin Oxide (ITO) (Resistivity 35-40 ohm-cm) coated
glass substrate is usually taken as a WE at which the external biasing of
voltage or current is applied.

Reference Electrode (WE): The Ag/AgCl (or Hg/HgCl) RE generally
used in CV experiment and external potential is applied across the

reference and working electrode.
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Counter Electrode (CE): The importance of the CE is to sense the
amount of charge extract/inject to the working electrode in terms of
current. The current response is taken across the working and counter
electrode with respect to each and every applied external potential.

Thus, the observed current response with respect to voltage give the idea
of oxidation and reduction of material with releasing an extra hump in
the CV profile and the area under the curve also clarifies the amount of
charges stored by the materials which can be used to draw the capacitive
and faradic nature of material.

1.3.4 Electrochromic device fabrication

After fabricating different redox EC active materials including inorganic,
organic, herbal, it is equally much indispensable to fabricate these single
material electrode into the device geometry. The device should be in a
way that meets all the criteria of commercial purpose. The EC device
mainly contains the two electrode system which covers the material and
electrolyte both. The EC active material deposited over one transparent
FTO/ITO electrode and combined with other bare electrode with
inserting the electrolyte between them, is known as single EC active
device. The electrolyte is usually taken in the gel (e.g. non conducting
polyethylene oxide (PEO)) form in which gel provides a matrix to keep
the electrolyte ions mobile. In the double layer device, both the electrode
must be coated with EC active material and are combined in device
geometry with following the same steps. Therefore in order to fabricate
the double layer device it must be noted down that, both the material
should be complementary redox active to make the device in active state
in each polarity. The fabricated devices in this cross bar geometry,
shown Figure 1.4, can be taken for measuring the performance in terms
of different parameter which makes this EC device suitable for EC smart
window in aircraft, protecting shield, rear view mirror based on their

properties and performances.

14



Coated All wavelength

Film \(
— _'j FTO
\"/
I e Spacer
PEO electrolyte
gel Transmission

Figure 1.4: Schematic electrochromic device representation.

1.3.5 Electrochromic Device Performance

The device performance is checked using the simultaneous measurement
of in-situ optical spectroscopy and chronoamperometric measurement.
Both the combined measurement tells the idea about the optical
modulation with respect to the amount of charge transfer and can be

calculated in different term, which are being described here.

1.3.5.1 Color Contrast ratio (CCr)

The visible optical changes during the chromic modulation of device can
be measured mathematically in terms of Color Contrast ratio (CCr). It is
measured, when in-situ optical spectroscopy in transmission mode acts
on the device/electrode, during colour change operation, at particular
wavelength. The net change in the transmission spectra at a particular
wavelength during the switching between two chromic states is
measured by using the given formula in Eq. 1.1 which directly gives the
result of CCr. Higher the CCr means easy to distinguish different colour

of device.

ccr =LTix100, (1.1)

4

Where, Tr and T; are the transmission of final and initial state during
optical changes. The initial state of device means there is no external
bias applied to device and device remains its natural color whereas, final
state represents the coloured state device under the given potential. The

same terminology is also true for absorption spectra in Eq. 1.2 with a
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little change in the above Eq., is given below, to calculate the CCr at a

particular wavelength.

cer =22 X100 (1.2)

4

where, A; and Af are absorbance values in initial and final states
respectively of the device/electrode.

1.3.5.2 Optical Density

The change in the optical property at a given wavelength leads to change
the Optical Density (OD) of the material and therefore is described
directly in terms of absorbance and logarithmic of inverse of
transmission, is being described using Eq. 1.3.

OD= A= log (1/T) (1.3)

1.3.5.3 Switching time

Switching time is one the vital parameter to measure the real life
application of the device. Switching from the one coloured state to
another (or bleached state) under the application of external biasing must
take less time for calling it a good EC device and thus defined as the net
optical change (either in absorption or transmission) should be differ in
90 % between the two colour states at a fix wavelength. The switching is
calculated for ON state (say; bleached to coloured state) and OFF state
(say; coloured to bleached state) for every device to know the
performance of ECD under the given potential. The switch time is also
depended upon the thickness of material, electrolyte used, composition
of material, conductivity of sample and thus can be calibrated using
these parameters.

1.3.5.4 Coloration efficiency (Mec)

The coloration efficiency (ne) calculation is main key parameter to
know the whole behaviour of EC device using a single parameter. The
Nec 1S defined as the ratio of change in optical density between coloured
and bleached state to the charge injected or extracted per unit area of the

working electrode at given wavelength and is defined by using Eq. (1.4)

__ AOD

Mee = =4 (1.4)
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Where AOD= A; — Ag; is the change in the absorbance value of two
different coloured state at initial and final response of EC device and Q
is measure of charge density during the switching mechanism of device.
The slope of AOD and Q in respective graph gives the coloration
efficiency value and higher the mec value brings the device more
appropriate to be commercial utilization.

1.3.5.5 Stability of Device

To quantify the stability of EC device after calculating the relevant
parameter is also much indispensable to check the life of device with
keeping the same performance. Many hindrances from the preparation of
electrode to the device fabrication in atmospheric conditions can disturb
the stability of device for long time, therefore little change in current
response and in optical switching variation hints about the stability of
device. Thus, every ECD’s are investigated by using these steps and can

be capable to go for commercial use in various fields.

1.4 Multifunction application of Electrochromic

materials

The electrochromic material initially is tested using the electrochemistry
measurement which tells about the basic features and property of
material towards chromic modulation as discussed in previous section
1.3. Different materials can also possess different applications with
carrying the EC application and known for its multifunctional
applications, are being briefly discussed below. With the incorporation of
nanomaterial, much properties enhances greatly toward the various
electrochemistry application.

1.4.1 Electrochromic memory

The electrochromic material generally possesses at least two color state
during the switching response of the device, can be taken as the one
memory bit for each color state in an optical memory. This
is possible if a given colour (thus the redox state) can be retained after
removing the external bias or in open circuit condition[69,70]. Though
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technically possible to realize, fabricating a memory bit with desired
speed remains a challenge. Another limitation with such memory
devices is its small integration density on a single chip

1.4.2 Energy Storage and Sensing

The EC material shows their chromic modulation under the effect of
charge intercalation or de-intercalation at the surface of working
electrode which therefore, can bring the property to store the charge
makes the EC device appropriate for energy storage (or supercapacitor)
application too[46,71]. Many transition metal oxides show their multiple
oxidation states, which opens a possibility to store the charge in these
different oxidation state in the respective material and can also be used
as energy storage material. The nanomaterials surface architecture
improves such kind of applications greatly where the larger surface area
is needed. The chrono-amperometeric response of EC device, where the
amount of charge is required for perceiving the chromic modulation, also
suggests the charge storing property of the device. Similarly, a linear
response of CV graph of the material with respect to scan rate reveals the
capacitive nature of material and can also be applicable for the sensing
application[72].

1.4.3 Heat Shielding

Since the electrochromism of material is totally dependent upon the
optical modulation in which the change in absorbance (or transmission)
value for the respective wavelength decides the resultant color
appearance. If an EC device shows higher absorbance in IR region
compared to visible it can be used for heat shield application. Because, a
large part of solar radiation is known to be composed of near infrared
(IR) radiation, responsible for heating, precisely filtering which may
help in utilizing the rest of the cool light without worrying about the
heat[73,74]. Specially designed ECDs may prove to be a good option for
such a role in addressing the aforesaid problem as these devices are
known for modulating their optical properties (transmission, absorption,

etc.) on application of electrical bias. Many Inorganic (e.g.WOs3) and
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organic (e.g. P3HT) like material separately and combinedly shows EC

heat shielding application with a greater performance.

1.5 Electron Field Emission

Emission of electrons under an applied bias, or the FE is a quantum
tunnelling process which highly depends upon the conductivity of
material, materials’ surface architecture and the nature of electric
field[75-83]. This remained an area restricted to the scientific
exploration until efficient FE was observed from nanomaterials
especially carbon nanotubes. This was followed by various metallic,
semiconducting and even insulating nanomaterials for exploration of FE
properties for real application in display devices which is yet to become
a reality. Though nanostructures of carbon still remain the best field
emitter but delay in delivering an actual device opens a scope for
searching second line new materials for this purpose. Other
nanomaterials have been investigated to enhance the FE by addressing
the shortcomings by designing appropriate materials[84-86]. Reasons
behind being a poor field emitter include uneven alignment of the
nanorods, and too close packing of these nanorods[87]. The uneven
alignment does not allow all the rods to experience equal field thus
requiring higher fields for participation of all rods whereas the screening
effect kills the FE in the latter case. Thus, nanomaterials with high aspect
ratio, thinner diameter, sharp edges and well alignment perpendicular to
the substrate are expected to be good field emitters for its potential
application in microwave devices, X-ray source etc. To improve or to
explore the FE application in much electronic devices and for material
characterisation tool, invention of new nanomaterials in 1D and 2D
geometry are being enthusiastically going in the field of nanotechnology.
Beyond the application purpose, it is also much necessary to understand
the basic science behind the electron transport mechanism from material
to vacuum under the external applied which is completely based on the

quantum mechanics.
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1.5.1 Experimental and quantum mechanical approach

To obtain a measurable current density for device application,
appropriate voltage is needed which can be applied in parallel plate
geometry as shown schematically in Figure 1.5a along with photograph
of actual experimental set-up in Figure 1.5b. Emission of electron from
the material’s surface may get enhanced by producing the high vacuum
and selection of conductive two electrode system after manufacturing the
well-established setup for FE, shown in Figure 1.5b inset. Since,
Nanostructure based material deposited over conducting FTO (or Silicon
substrate), work as cathode plate interfacing with vacuum level builds
some individual potential distribution which depends upon the effect of
external potential and induced image charge effect. To explain Figure
1.5c in a better way, Necessary information should be conveyed through
physical Eg.s. Since, the potential distribution varies with distance
linearly throughout the two electrodes under the application of external
biasing, which is shown by blue dotted line, called applied potential. On
the other hand, image charge potential develops (shown by green dotted
line) at the junction of material’s surface and vacuum when the electron
gets the condition to just leave out from the material and feels a finite
force begins to pull this electron by instantly generated force by the
material. Since this force is much significant only for smaller distance
and gradually tends to saturate with greater distance and completely goes
off for higher distance. Thus, Resultant potential profile will be the
algebraic summation of these two instantaneously developed potentials,
is being representing in Eqg. 1.5, and makes the rounded edge triangular
barrier potential, through which the electron will tunnel, shown by red
bold line in Figure 1.5¢c[88-90].

This potential profile is named as schottky potential and the work

function corresponding to this potential is representing in Eg. 1.5.

e

Pschottky = Ex + Tomeox (1.5)

The first term (in RHS) represents to the applied potential and the other
one (in RHS) is for the image charge effect. After generating this
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potential at the interface of material and vacuum, effective work function
and corresponding energy gets depressed from its bulk value, presenting
by mathematical Eq. 1.6 &1.7.

(I)effective = (I)material - (I)schottky (1-6)

2

eQeffective = €Pmaterial — €EX — T6Tegx (1-7)

Potential distribution

N
Nano-structure material Copper plate

0 pum >
4 Distance 00 pm

Figure 1.5: (a) Schematic representation of arrangement for electron
emission measurement from nanostructure material, (b) actual
photograph of field emission measurement setup and the two electrode
arrangement made of copper (inset), (c) distribution profile of potential
as a function of distance from the nano-structure showing image charge
potential (green dotted line), applied potential (blue dotted line) and

effective rounded edge triangular barrier (red bold line).

Eq.1.6 is representing the effective work function profile and Eq.1.7 is
just conversion in energy format of Eq.1.6 by multiplying by charge of
electron. Hence, there comes the advantage in field emission

phenomenon after getting the new potential profile. Since, this potential
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is providing the less effective height as well as less effective tunneling
width; therefore, it has some chance of jumping the electron through
path | and tunneling the electron through path 11, as mentioned in Figure
1.5¢c. Hence, the experimentally obtained current profile might be due to
the effect of these two processes, which has been described in detail in

chapter 6.

1.5.2 Fowler-Nordheim Framework

Field emission display is an important application and works by
exploiting electron emission from (nano-) materials through tunneling, a
quantum mechanical phenomenon, which highly depend on geometry
and microstructures of nanomaterial used. As mentioned above, for
optimal use of a nanomaterial, its inherent properties should be known
for which an appropriate analytical framework must be laid and used
after due validation. For analysis of the FE properties an existing
methodology is being used which is based on a modified version of the
one proposed by Fowler & Nordheim in the form of an equation
commonly known as F-N equation. Fowler & Nordheim has predicted a
theory of FE from metallic and semi-metallic nanostructures and devised
following Eq. to quantify relationship with the current density (J) and
electric field (E):

] = Ap~1B2%E%e BE (1.8)
where, A (= 1.54 x 10° AeV/V?) & B (= 6.83 x 106 eV¥? V/mm) are
temperature independent structural parameters and [ is field
enhancement factor. This F-N equation enables one to find out the
quality of FE by defining a “field enhancement factor ()" calculated
from the experimentally observed current density/-electric field curve or
J-E curve. For doing so, the F-N equation is modified to be represented
as a straight line (with reciprocal of electric field as independent
variable) whose slope gives the measure of this factor . The F-N

equation (Eq. 1.9), can be rewritten as following Eq. 1.8 to be
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represented as a straight line to obtain the enhancement factor and
threshold field:

In (L) = -7+ 1n (25) (1.9)

E2 BE )

Eq. 1.9 clearly represents a straight line between In (J/E%) & 1/E. The
negative slope and the intercept give measure of enhancement factor (j3)
and threshold field respectively. This factor {3 is the factor by which the
applied electric field gets enhanced thus facilitating the tunneling of
electrons across the barrier defined by the barrier height and width
defined by the work function and the size of the crystallite. It is
commonly understood that higher the factor, higher are the chances of
tunneling thus that of the FE. Therefore, every nanomaterials are
investigated for their good scope of FE current, will be checked using
these different parameters, in which turn-on voltage and threshold field
value should be low while the field enhancement factor should be quite
high.

1.6 Objectives

Main objectives of the presented work are as follows

e Designing different nanostructures with appropriate techniques.

e To understand electrochemistry on solid state thin film of
nanomaterial to know the redox behavior of material for different
applications.

e To use redox activity of electrochromic material to explore
device designing by taking two complementary electrode of
opposite polarity to improve the overall performance.

e To use electrochemically deposited electrode in fabrication of
solid state electrochromic device and explore the possibility of an
“all-inorganic” electrochromic device.

e To fabricate inorganic-organic solid state electrochromic device

to improve device performance.
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e Multifunction application of nanomaterial showing two
applications in electrochromic and glucose sensing.
e To study field emission properties of nanomaterials’ thin film

with developing of a new framework for its analysis.

1.7 Organisation of thesis

Above-mentioned studies (detailed results and discussion with
experimental methodologies) have been compiled in the thesis by

adopting the following chapter-wise plan:

e Chapter 1 (Current chapter): Gives the introduction of the
relevant topics related to the thesis work and defines the
objectives of the thesis.

e Chapter 2: Deals with the details of experimental methodology
used for the experimental work carried out along with details of
various experimental parameters. It also summarizes details of
various equipment’s models used for characterization.

e Chapter 3: It presents the work related to the fabrication and
characterization of inorganic transition metal oxides and their
electrochemistry to show their electrochromic performances.
Utilization of material for other applications has been suggested
in this chapter with detailed study and mechanism.

e Chapter 4: It deals with the electrochromic layered display of
inorganic/organic and all-inorganic material and their improved
performances over the single layered isolated electrochromic
display.

e Chapter 5: It describes a fabrication of binary nano composite of
Ni and Co for improving the electrochromic performance and its
bifunctional role for Glucose sensing application

e Chapter 6: Field emission properties of nanomaterials oxide and

its analysis within the known framework have been described in

24



this chapter. It also explains a new model to understand the FE
properties and compared with the existing mothed.

Chapter 7: It lists all the conclusions drawn based on research
work reported above. This also includes future scope of works
that may be carried out to enhance the understanding in the field
and to fabricate electrochromic devices with other

multifunctional role for commercial applications.
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Chapter 2

Experimental Details

This chapter, divided into two different parts (sample preparation and
measurements), sums up the methodology used for fabrication of
samples (nanomaterials, electrodes, devices etc.) and various
experiments done for characterization and applications. Various
nanomaterials, in powder and thin film forms, have been prepared using
a bottom-up approach via different techniques to achieve the desired
architecture of nanostructures. The prepared samples have been
characterized using diffraction, microscopy and spectroscopy using X-
ray Diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
Scanning electron microscopy (SEM), Atomic Force Microscopy
(AFM),  Transmission Electron  Microscopy (TEM), Raman
spectroscopy,  Ultraviolet-Visible  spectroscopy (UV-Vis), etc.,
Additionally, in-situ optical and Raman studies have also been
performed for electrochemical study. Information of electrochemistry
using the different technique like CV, chronoamperometry and
impedance spectroscopy have been briefly introduced here including the

details of the used machines.
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2.1 Material synthesis process

Nanomaterials are synthesise using two different approaches, Top down
and bottom-up[91-100]. In the first one, the nanostructures are prepared
by decreasing the size of material starting from its bulk counterpart and
in the latter nanostructures are grown to a desired size starting from the
smallest constituent like atoms/molecules as discussed below.

2.1.1 Hydrothermal technique

The term ‘Hydrothermal’ is made up from two isolated terms ‘hydro’
and ‘thermal’ and entails about the preparation of nanocrystal structure
through chemical reactions by means of supplying thermal heat to the
aqueous solvent kept under sealed environment. Instead of an aqueous
solvent, many other solvents (like organic, salt, etc.) can also be used
through the same procedure and named as ‘solvothermal’ synthesis
process. The discovery of hydrothermal process started from the first
report given by Karl Emil von Schafhiutl in 1845 with the invention of
growing microscopic quartz crystals in a pressure cooker. It implies that
a high temperature and pressure simultaneously grow nano-/micro-
crystals[101]. Hydrothermal process is an easy and efficient approach
for getting crystals in powder as well as in thin film forms using the
same deposition paramters[102]. It contains a teflon beaker which is
inserted under a tightly sealed stainless steel case and kept inside the
oven at the maximum temperature limit (constraints of auto clave) of
~200°C . This external temperature creates high pressure inside the
beaker which also plays a major role for growing the nanostructure. Two
major thermodynamic  variables, temperature and pressure,
simultaneously act on the samples to grow (nano)crystals.

Crystals may be formed in various architectures for which various
external parameters are responsible. Precursor concentration, additives,
pH of solution, surfactant, nature of solvent, etc. are the factors that
control the architecture of the nanostructures. Initially, the precursor
solution is gradually stirred at ~200 rpm (typical value) for minimum 30
minute to obtain a complete homogenous mixture of precursors. The

solution is kept inside the teflon bath after preparing the homogenous
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mixture of precursor salt and desired solvent and then sealed in the
stainless steel chamber for further heat treatment in the oven. External
control parameters such as temperature, time and rate of heating/cooling
etc. can also change the morphology of the material to its nano form as
the internal pressure changes due to changes in the external parameters.
These all controlling factors are responsible to grow different
nanostructures having different shapes and sizes.

Different inorganic nanostructures, studied in the current thesis, have
been prepared using this hydrothermal method for different purposes and
applications. Nanostructures of NiO, TiO,, C03;04, NiC0,04 in powder
and thin film forms have been grown and studied[46,103,104]. The thin
films have been grown on a solid (like FTO/ITO) as well as flexible
(carbon cloth CC) substrates. For this purpose, different substrates were
kept in teflon holder with conductive side facing downward and then put
into the teflon beaker. Thus, a very thin/thick film (depends upon the
controlling parameter) is found to deposit over the substrate. The
obtained film further passes through the rinsing (several time with
distilled waterr) and drying process for removing the surface impurities.

A schematic diagram in Figure 2.1 shows a typical hydrothermal setup.
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Figure 2.1: Schematic diagram showing a typical hydrothermal setup.

Model used: Stainless steel chamber and 50 ml capacity of Teflon

beaker
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2.1.2 Electrodeposition technique

Unlike various other techniques, this technique has its unique advantages
for the deposition of thin film over a conducting substrate. As the name
suggests ‘electrodeposition’ means due to the flow of electric charge,
thin film grows at the electrode/electrolyte interface of the
substrate[105]. Three electrode system in electrochemistry workstation
is chosen to flow the charge using external power source. The three-
electrode system in electrochemistry is chosen to minimize unwanted
obstruction under the effect of the external biasing (compare to two
electrode system) during the working condition of electrode and
electrolyte. Three electrodes consist of WE, RE, and CE as mention in
Figure 2.2 and are connected with each other through conducting
electrolyte medium in an electrochemical cell which contains necessary
precursors for deposition[106-108]. An conducting electrode (e.g.
ITO/FTO), on which film is desired, is used as the WE. The other two
electrodes RE and CE consist of Ag/AgCl and Pt-wire electrodes
respectively. Different morphologies can be obtained by appropriately
choosing the control parameters like concentration of electrolyte, input
voltage/current and deposition time. However, this technique has a very
less variety of morphologies variation in comparison with hydrothermal
method. Though, electrodeposition method is much popular due to its
unique advantages like a homogeneity of film, strong adhesion to the
substrate, and more life, which affects some applications deeply. Strong
adhered film leads to better stability of the device which fabricated using
them. The improved stability is a consequence of better bonding of
material to the substrate’s atom formed when deposited using an external

bias.
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Figure 2.2: Schematic representation of an electrochemical cell used for

electrodeposition using three electrode systems.

Model used: Keithley™ 2450 SMU electrochemical work station.

2.1.3 Spin coating and Drop casting

Spin coating and drop casting techniques are methods to obtain a thin
solid film from the same material’s liquid state and thus depends upon its
initial state and nature of the substrate. In spin coating technique, small
amount of material put on the substrate followed by spinning of that
substrate, as shown in Figure 2.3. A rotating spinner carries a substrate,
which accelerates at high speed and experience a centrifugal force at
each atom of material which spreads to form a film. The spinning speed
and concentration of solution are variable parameters to help in

controlling the film thickness[109].
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Figure 2.3: Schematic illustration of Spin coating (a) and Drop casting

(b) techniques
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Drop casting method is a smaller version of spin coating technique, in
which preparation of material follows the same route as that of spin
coating with same parameter like concentration, nature of solvent, etc.
Materials with these parameters are put on the substrate and the solvent
is allowed to evaporate, preferably in vacuum (Figure 2.3b). Both these
methods generally used for preparing the thin film of organic/conducting
polymer materials and have been used for depositing films during ECDs
fabrication.

Model used: Apex Instruments, India

2.2 Characterization Techniques

Prepared samples are characterized using an appropriate technique to
understand its properties. This is required to check the purity of prepared
samples as well as as a part of optimization process. Different
microscopic, diffraction, electrochemical and spectroscopic techniques
have been used in the current thesis. Brief description of their basic

working principle have been discussed below.

2.2.1 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a technique to study surface
morphology of any material using high energy electron beam as a
source. The whole set up is shown as a schematic in Figure 2.4. When
the specimen is irradiated by these energetic electrons, different electron
as well as photon signals are released from the material. These two
emitted signals contains backscattered electron, (atomic number and
topographic information), secondary electron, (topographic information),
augur electrons (surface sensitive compositional information),
cathodoluminescence (electrical information) and X-rays (through
thickness and compositional information) and these signals are used to
get different information about the specimen. Secondary electron,
emitted after interaction between the specimen and incident electron, are
used to get the surface morphology. Secondary electrons are emitted

from the specimen surface due to inelastic scattering from the valance
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electron, and carries energy less than 50 eV. Electronic composition
information of sample (i.e. about to Z) is collected through the elastic
scattering which is produced backscattered electron having energy
generally greater than 50 eV. There are many components, in an SEM,
from the generation of electron beam to the detection of
scattered/emitted electron or photons as discussed below.

2.2.1.1 Electron gun

A SEM instrument which is having FE electron gun produces a high
resolution image than others. For this, a tungsten wire works as a
cathode in which a single crystal of tungsten is used. A curvature of 100
nm is given to the tip of this tungsten crystal, named as emitter. High
potential is applied to that crystal which is responsible to eject the
electron beam from the gun. The whole arrangement of electron gun is

kept at high pressure about 10°® Pa.
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Figure 2.4: Schematic illustration of a FE scanning electron microscope.

2.2.1.2 Condenser lens

Lenses are used below the electron gun for adjusting the diameter of
electron beam. Strength of the condenser lens decides the electron beam

will be narrower or broader under the application of high and weak field
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respectively. This electron beam passes through a small hole on the
aperture plate, which is kept in between the condenser lense and
objective lenses.

2.2.1.3 Objective lens

This is a crucial part of the instrument and used for focusing the electron
beam at the final stage and determines the final diameter of electron
beam which will be available to interact with the sample surface.

2.2.1.4 Scanning coils

Travelling electron beam has a charge of electron and can be deflect
with the effect of magnetic field. The field is produced and varied by
passing the variable current in the coil and hence the electron beam
passes through the scanning coil may sweep over the samples. Sweeping
the electron beam allows one to scan the sample in broader region.
Higher the scanning speed results to lesser resolution and with greater
noise.

2.2.1.5 Detector

There are many detectors available inside the chamber to detect various
emissions, discussed above. The detector captures the SE and BSE
coming at different angles from the sample with different velocity and
density. These all parameters collect electron at corona of detector
followed by striking to the fluorescent screen. Produced photon from
the screen is amplified by an attached transducer and given to the display
as a video signal. A monitor is synchronized with the scan speed and
detector which display the surface image of sample even at nanoscale.
Model used: FESEM, Supra55 Zeies.[110]

2.2.2 Transmission Electron Microscope

A transmission electron microscope (TEM) works on the principle
similar to that of an optical microscope and both can be explained in
conjugation. Optical microscope contains glass lenses for transmitting
light to produce the image. The resolution varies in the case of light by
varying the focal length of the lenses with changing the whole lens

manually. With bringing the greater improvement in magnification and
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to collect some more information of material’s structure at the atomic
scale, the first TEM instrument was discovered by Max Kroll and Ernst
Ruska in 1931.
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Figure 2.5: Schematic illustration of transmission electron microscope.

A TEM instrument consists of high energetic electron beam which is
transmitted through the thin film of sample kept over a copper grid and
image forms after the interaction of beam with specimen. The electron
beams along with other components are placed inside the high vacuum
to prevent the deflection of the electrons from the presence of gaseous
particles inside the chamber. Main components of a TEM includes
electron gun, magnetic lenses, sample holder and detector unit as shown
in Figure 2.5. A field electron gun, typically works at 200 kV
accelerating voltage, is used to emit the electrons with higher energy and
can easily penetrate appropriately prepared sample. Focus of electron
beam and the magnification of image can be tuned by varying the
current of electromagnetic lenses. The fluorescent screen is attached to

obtain the projection of image which delivers photons on irradiation by
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the electron beam. A charge coupled device (CCD) detector camera is
placed beneath the florescent screen to capture the radiated photons to
display into the computerized digital image of sample.

Model used: High-resolution transmission electron microscope
(HRTEM 200 KV FEI TECNAI G220 microscope)[111]

2.2.3 Atomic force microscopy

Apart from the other techniques to obtain morphologies with high
magnification, an atomic force microscopy (AFM) technique also falls in
this category and has been used in this thesis work. A sharp tip probes
the surface architecture by scanning of the sample and displays the
image of surface topography with the tremendously high magnification
about 1000k X. The AFM is also used to find the three dimensional
image which can provide the particle size or depth of holes (pits) with
the measured parameter along the vertical dimension of surface
structures. Other than imaging, AFM is also used to find thickness, 1-V
characteristics at atomic levels. Main components of an AFM with the
variation of force at atomic distance of tip-surrface interaction in
different operating modes is being briefly described as follows with the

help schematic illustration in Figure 2.6.
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Figure 2.6: Schematic illustration of atomic force microscopy with the
different operating contact mode.
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2.2.3.1 Cantilever

Cantilever is the probe of an AFM system which contains a fine tip for
creating the contact to the surface of sample and detects the force
between the tip and the surface. Once the cantilever tip approaches the
samples surface, it can feel attractive or repulsive force from the sample
in non-contact and contact mode respectively with following the Lenard
zone potential profile between the tip and atoms on the surface. If the
force is monitored, distance between the tip and surface can be known
and thus the morphology can be known by imaging this force profile.
2.2.3.2 Detection

The movement of cantilever in monitored using the deflection of laser
beam falling on the cantilever (Figure 2.6). The reflection of laser beam
takes place from the flat top portion of cantilever. To trace the reflected
laser beam in different position, a position-sensitive photo diode (PSPD)
is attached and thus finally provides the change in the cantilever’s
position. This change in position provides the accurate topography of
samples and can also be used in imaging process.

Model used: Park Systems NX10.[112]

2.2.4 X-ray diffraction (XRD)

X-Rays are electromagnetic radiation having shorter wavelengths,
typically of the order of 1A, and diffracts when interact with the crystals
where the lattice planes acts as diffraction element. In crystallography,
XRD is a main characterisation technique to get the phase/purity of
samples. A brief mechanism of XRD from a sample is shown in Figure
2.7 and the same is being described here.

2.2.4.1 Generation of X-ray

When a metal target is hit by high energy charged particles (say by
stream of electron), make a cause of generating X-rays. On striking the
target, electrons lose their kinetic energy to give electromagnetic
radiation, called continuous X-ray (white radiation). Alternatively, the
high energy electrons knock out the core electron from an atom of target

material. Higher shell electron fills the vacancies on lower shell and
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emits the electromagnetic radiation corresponds to the transition energy
levels’ difference, called characteristic (monochromatic) X-ray. These X-
ray consist of high energy K, and Kg radiations having wavelength near
about 1.54 A , a typical value for the copper target. The most widely
used target material for X-ray generation is copper, which fulfils the
engineering as well as crystallographic conditions.
2.2.4.2 Diffraction pattern
The X-rays coming from the source interact with the electron cloud of
atom of material placed at sample holder over the goniometer. All atoms
behave as diffraction centre and the crystal as a whole behave as a
grating to diffract X-rays. A diffraction pattern is formed by following
the Bragg’s diffraction condition (Eq. 2.1).

2d sinf = nA (2.1)

Moy

1e.
2d —

where, A, d and 0 are wavelength, interplaner spacing and diffraction

angle respectively (Figure 2.7).

.......................................... Detector

Source .- /

Figure 2.7: Schematic illustration of an X-ray diffractometer and

diffraction from atomic planes.
2.2.4.3 Detector
The source, sample stage and detector is kept in a spherical geometry

(called Ewald sphere), in which both source and detector can vary
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between 0° to 90°. All the constructive interference signals coming from
the sample is detected by the detector and plotted as a function of
diffraction angle (20). This diffraction pattern contains information
about different miller indices, corresponding to a lattice plane and thus
used to draw the information about the sample phase purity, interatomic
spacing, bond length/angle etc.

Model used: Rigaku SmartLab[113]

2.2.5 Raman Spectroscopy

When a monochromatic visible light exposes to any sample, light get
absorbed, reflected or transmitted. In addition, ~ 1% (or less) light also
gets scattered and contains frequencies equal to or less/more than the
incident light. Light which has same frequency as that of the incident
light is called Rayleigh component and those scattered light having
different frequency are called Raman component. Incident light interacts
the sample leading to different electronic and vibronic transitions. If the
electronic excitation and de-excitaion occurs at the sample level under
illumination the same frequency radiation as that of the incident one will
be present post scattering to yield high intense Rayleigh lines. On the
other hand, Raman lines, having different frequencies as that of incident
light, are further categorised into Anti-stokes and Stokes lines
corresponding to higher and lower frequency components respectively.
The amount by which the shift is observed depends on the vibrational
energy levels and thus the Raman scattering contains this information
about the molecule/material. Though a weak process, Raman
spectroscopy has now been used as a tool for characterization in almost
all areas of research. Various components of a typical Raman
spectrometer, schematically represented in Figure 2.8, is being discussed
below.

2.2.5.1 Excitation Source

A high intense monochromatic laser beam is used to illuminate the
samples for measuring the Raman bands. Appropriate laser source is

chosen based on the nature of samples. Most commonly used lasers
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include argon laser (514 nm and 488nm), He-Ne laser (633 nm), diode
lasers (532 nm, 785nm, 976 nm etc.) with an option of variation in

power.

Rayleigh Filter

{

I
Detector

Focusing Mirror

Microscope

Figure 2.8: Schematic illustration of a typical Raman spectrometer.

2.2.5.2 Optics of spectrometer

A Raman spectrometer is an assembly of many optical components from
the laser source to the signal detection. There are many channels through
which excitation and scattered light passes. Brief descriptions of these
optical components are as follows:

Microscope: Optical lenses having different magnification and
numerical aperture are used for focusing the laser on the samples at
different area and high magnification exposes high resolution for lenses.
The backscattered light comes from that selected area of samples and
collected through the same optical lens for further operation.

Grating: Grating is a collection of a number of line spacing or grooves
from which light get dispersed and the groove density decides the
resolution. Higher resolution obtained through high dispersion amount
by compromising the reduced intensity.

Filter: To cut and to pass the desired scattering wavelength, optical
filters, like Rayleigh, notch, are used in Raman spectrometer. Since the

spectrometer works at the backscattering mode, so Rayleigh filter is used
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to remove the Rayleigh part from the scattering light and thus all Raman
band are passed. Notch filters are used to obtain anti-stokes Raman line
in addition to the Stokes one.

2.2.5.3 Detector

Currently, Raman spectrometers are designed by using CCD detectors
due to its less signal to noise ratio and very fast response time i.e. high
quantum efficiency. Scattered light from the sample projects onto the
small light-sensitive pixels of CCD which finally provides the related
signal intensity at different position (called Raman shift). A CCD is a
silicon-based multi-channel array detector which works at about -70°C
temperature with Peltier system.

Model used: Horiba LabRam Jobin Mirco-Raman spectrometer[114]

2.2.6 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is one of the best techniques to
find the constitutes present in a sample. This is done by irradiating the
sample using soft X-ray with limited penetrating power which interacts
with the atoms presents on the sample’s surface. The photoelectrons
eject from the surface with different kinetic energy which is related to
the binding energy and work function of each atom. Since each element
has a different value of binding energy, elements can be easily detected
by XPS measurement with high accuracy using the XPS set up, shown in

Figure 2.9 described below.

Hemispherical Analyser
Monochromator

Electron Gun

Focusing lens

Photoelectron Positive potential
detector

Anode
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Figure 2.9: Schematic illustration of X-ray photo electron spectroscopy
2.2.6.1 Electron gun

The said XPS system is equipped with Al K«
(1486.6 eV) X-ray source. The whole system is kept under very low
working pressure of 5 x 10° Torr with maintaining the pass energy 20
eV to achieve energy resolution of 0.85 eV. The samples are cleaned
using the in-built argon ion sputtering and after that it interacts with the
X-ray beam.

2.2.6.2 Anode

Often, two alternative common anode materials of Mg and Al are taken
for the X-ray generation of sufficiently high energy. The characteristic
Mg K’ radiation at 1253.6 eV and the Al K’ radiation at 1486.6 eV
possess sufficiently high energies for core level excitation as well as a
sufficiently low line width (below 1 eV) to yield XPS spectra with fairly
good resolution. Usually source operates from 500 W to 1kW power at
5-15 keV anode voltage for generating the efficient irradiation.

2.2.6.3 Monochromator

An XPS system consists of a monochromator made up of a bent quartz
crystal which picks a fine line from the ordinary emission. The
advanatage of monochromator in XPS system is to remove the
Bremsstrahlung background with satellite peaks and to improve the
energy resolution in final spectra.

2.2.6.4 Hemispherical analyser

Two concentric hemispherical analyzers simultaneously work in any
XPS system which is used for areal transmission and superior energy
resolution. These two analyzers are kept at opposite biasing in which
inner one is at positive potential and the outer one is kept at negative
potential. An input lens is kept inside the hemispherical analyzers which
defines the area to be analyzed. The input lens provides retardation to
electron and thus reduces their energy before entering the analyzer. This
reduced energy, called pass energy, indicates a lower absolute energy
resolution. Therefore, angle resolved XPS occurs without tilting the

sample at all.
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2.2.6.5 Positive potential detector

The hemispherical analyser is energy dispersive systems, which can used
simultaneously to detect electrons arriving at different locations in the
dispersion plane. Therefore, parallel multichannel detection of a certain
energy range (usually about 10% of the pass energy) enabled in the
detector. In some XPS system in a variety of ways, for example, by
using a channel plate for amplifying the electron current, resistive plate
as a position-sensitive and phosphorescence screen used for the
mapping.

Model used: A synchrotron source with a double-crystal
monochromator [Si(111), with an excitation 155 energy of 4.4 keV] in

Beamline 14.

2.2.7 UV-Vis Spectroscopy

Basic optical properties (absorption, transmission) of samples are probed
using a UV-Vis spectroscopy which probes electronic structure of a
sample. A Xenon lamp (or a combination of Tungston and Duterium
lamps), source of visible light, is used in a typical UV-Vis spectrometer
(Figure 2.10) which disperse into different monochromatic wavelengths
after passing through the grating. Different wavelengths individually
interact with sample and corresponding electronic transitions and
attenuated signal received thereupon is used to get information about
various electronic properties of that sample. This electronic transition
can be captured through two techniques, known as Diffused reflectance
spectroscopy (DRS), Absorption/Transmission spectroscopy.

2.2.7.1 Diffused reflectance spectroscopy

Once the white light with different wavelength interact with sample,
some of light gets absorbed by the material and rest light may get
reflected. The reflected light, if comes from the diffused surface (like
powder samples or thicker samples), is collected from the integrated
sphere. By looking at the variation of (diffused) reflected light
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component as a function of the energy the band gap can be obtained

using the Kubelka-munk relation (Eq. 2.2).

[F(R) * hv]*™ = C[hv — E] (2.1)
where, F(R) is Kubelka-munk function and hv is energy corresponding
to different wavelength and C is proportional constant . The intercept of
the curve represented by EqQ. 2.2 on the hv axis gives the band gap value
for both indirect band material (n=1/2) or direct band material (n=2).
2.2.7.2 Absorption/Transmission spectroscopy
Absorbance/transmission mode of this spectroscopy can be used only for
the thin film and liquid samples. The procedure of this mode is same as
that of the reflectance mode but the detector captures the light in terms
of absorbance or transmission, which can be further modified into the
absorption coefficient (o) to calculate the band gap using the same Tauc-
plot relation with Eq. 2.3 .

(a * hn)/" = C(hn — E,) (2.3)

D2 lamp Tungsten lamp '.

Q? Filter Data ||
Processing
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Monochromator Beam splitter Sample
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~
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Figure 2.10: Schematic illustration of UV-Visible spectrospcopy in

absorption/transmission mode.
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Model used: Perkin Elmer (Lambda-365, Lambda-750), Agilent (Cary-
60)[115,116]

2.3 Electrochemical measurement

Electrochemistry is one of the best techniques to know about the
electron transport property of material through ionic electrolyte medium
during electrochemical measurement. Electrochemical measurement
typically consists of three electrode based system which is used for
minimizing the resistive effect other than material alone, as discussed in
section 2.1.2. Three electrodes mainly consists of WE, RE(calomel or
Ag/AgCI) and CE(Pt-wire) which diverts the path of current and voltage
so that net resistive effect decreases. For creating the ionic electrolyte,
ionic solution like KOH, NaOH, KCI etc. are made up at its minimum
concentration so that the pH of electrolyte does not affect the material’s
property. There are many ways to provide input and getting the
corresponding output with the help of galvanostatic and potentiostatic
methods as discussed below.

2.3.1 Linear Sweep Voltammetry
A range of fixed potential is applied in Linear Sweep Voltammetry
(LSV) function across the RE and WE. Current, corresponding to each
applied voltage is measured to get an I-V curve. Characteristics of the
LSV depend upon following factors:

> Electron transfer reaction rate in electrolyte.

» Chemical reactivity of material to the electroactive species.

> Voltage scan rate
2.3.2 Cyclic Voltammetry
Cyclic Voltammetry (CV) similar to LSV, follows the same procedure
with delivering small constant steps of potential in wide potential
window. Additionally, there is minimum three potential terminal in
which applied potential vary with a given scan rate. Initially, a potential
induces flow of current through cathodic path (say Vi to V;) and after

V5, it comes back through anodic path (say V, to Vi). As a result, the
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given potential window completes a cycle. The advantage of cyclic scan
from V1 - V2 - V1 is to find the oxidation as well as reduction
behaviour of material in a single cycle, i.e. to know the redox reaction of
material in a single potential window. Material having only the oxidation
property does not show any peak under anodic scan and is also valid for
the reduction process. A low resistive electrolyte is generally used to
enable easy flow of current.

Model used: Keithley 2450 SMU[117]

2.3.3 Chronopotentiometry

Choronopotentiometry means the potential varies with time once the
input current remains constant for that whole duration of experiment and
comes in the category of galvanostatic method. The constant current is
provided to WE with respect to CE and corresponding potential is
measured between RE and WE. To balance the applied constant current,
redox species diffuse at the WE until the diffusion of all redox species
reaches its limiting values. A major application of chronopotentiometry
is to examine charging/discharging properties of electrodes for
battery/capacitor like applications.

2.3.4 Chronoamperometry

Chronoamperometry technique is used for getting the current response
as a function of time for a given applied potential. A faradic reaction
takes place at the surface of electrode and allows the current to flow.
This technique has been used for sensing application in the current
thesis.

2.3.5 Nyquist plot

During electrochemical measurements, some resistance is involved
originating from many routes during any potentiostatic or galvanostatic
measurements. To find the exact resistance offered by the electrode to
the electrolyte, individually or in contact, is measured by Nyquist plot. A
long range of frequency from 20 Hz to 30 MHz is used to find the
impedance (Z) and obtain different semi circles between Im(Z) and
Re(Z). The diameter of these semicircles hints to the effective impedance
of different parts of WE/ electrolyte interface. The semicircle behaviour
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obtained at low and high frequency ranges give an idea about the
impedance offered by the electrode/material interface and
material/electrolyte interface from the diameter of the these separate
semicircles. Nyquist plot also helps to find any new material towards its
capacitive behaviour from the vertical line at the high frequency which is
a signature of high impedance for the frequency signal likely happens in

capacitor.

2.4 Sample preparation recipes

Following recipes have been used to prepare different samples and

devices.

2.4.1 Synthesis of NiO nanopetals

Nickel oxide (NiO) NPs NPs have been prepared using abovementioned
hydrothermal method (section 2.1.1) on conducting ITO coated glass
substrate. Ingredients to form NPs are Ni(NO3),.6H,0, and K;S,0s,
NH4OH taken in appropriate quantities. Different concentrations of
Ni(NO3),.6H,O of 60 mM, 80 mM and 100 mM has been taken in
aqueous solution. The amount of K,S,0g, NH,OH was kept constant
with the value 0.06 g and 1.2 ml respectively in 30 ml distilled water
(DI). With a proper arrangement, the ITO substrate were kept facing
downward towards the bottom of the autoclave. Chemical reaction was
carried out in an electrical oven at 150°C for three different
concentrations for 5 h continuously. After chemical reaction took place
inside the autoclave, all samples were rinsed by DI water and annealed at
250°C for 2h. Samples, which have concentration of Nickel nitrate 60
mM, 80 mM, 100 mM has been labelled by S1, S2, and S3 (these sample
labelling is based upon their application and characterisation for FE
application in chapter 6) and well aligned NPs observed with different
thickness and density[103].

2.4.2 Synthesis of TiO2 Nanorod

Like NiO NPs, hydrothermal synthesis process was carried out to

prepare well aligned TiO, Nanorod (TNR) on conducting FTO coated
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glass substrate. For the homogeneous alignment of TNR, 300 ml
titanium butoxide, 10 ml hydrochloric acid (HCI) stirred in 10 ml
deionized water, was used. A transparent solution was obtained after
continuous stirring for one hour signify its homogeneous nature. The
FTO substrate was cleaned for 10 min in ultrasonic bath in the presence
of isopropanol, methanol, and acetone in equal amounts. For deposition
of film, the solution was transferred into a teflon bath in which FTO was
placed facing downwards with proper arrangement for 5 h. After cooling
and taking out the sample, it is rinsed with DI water several times to
remove the impurity. Finally, to improve the crystallinity, thermal
annealing was carried out for 3h at 250°C following the abovementioned
deposition step and result the vertically aligned TNR obtained[104].
2.4.3 Synthesis of NiCo0,04 nanoneedle

A simple and convenient hydrothermal method has been used for
deposition of nickel cobalt oxide on two different substrates for further
characterization and application. For this purpose, an aqueous solution
of Ni(NOgz); and Co(NOg3), in 1:2 molar concentration was used as
precursor to obtain spinal crystal structure of Ni and Co atoms in oxide
form. The homogenous light pink colour solution obtained after vigorous
stirring of Ni and Co precursors in 30 ml DI water and further treated by
gradually adding 0.25 g urea. After the complete mixing of all
ingredients, solution has been kept in Teflon bath for further heating
treatment via hydrothermal method. To deposit the film of same
constituents, conducting CC and FTO coated glass substrates were
placed inside the Teflon bath with special arrangement. The autoclave,
consisting of the above Teflon bath, was then kept in oven at 120°C (for
12 hr) for deposition to take pace followed by cooling under ambient
condition. The as-deposited film was rinsed and dried at 100°C for 10 hr.
These nanostructures align vertically over the planner FTO coated glass
substrate and three dimensional vertical growths occurs over curved
CC[118].
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2.4.4 Synthesis of nano-Co;0,

An electrodeposition method in constant current mode, with customized
recipe, has been used for preparing nano cobalt oxide film which is
tightly bound to the conducting FTO coated glass (used as substrate) due
to the crystal matching between the two. For this deposition, Co(NO3).
was taken in a desired amount with small amount of NaNO3 in 20 ml
distilled water. A good nucleation, for achieving the desired film quality,
followed by growth occurred on applying a constant current of 0.3 mA
for three hours in a three electrode system in an electrochemical cell. An
electrochemical workstation with Ag/AgClI (reference), Pt wire (counter)
and FTO substrate (working) electrodes is designed for the
electrodeposition technique. The as-deposited film was given heat
treatment at 60°C for one hour to remove any contamination from the
surface and finally nano bubble like morphologies obtained for Co304
structure[106,107].

2.4.5 Synthesis of nano-Prussian Blue film

There are two main steps to deposit the Prussian Blue coordination
compound over the conducting FTO substrate using electrodeposition
technique in constant current mode. A solution of 0.01 M Ks[Fe(CN)s],
0.01 M FeCl3 and 0.05 M KClI is taken in three electrode system, where
Ag/AQCI as reference electrode, Platinum wire as CEand FTO coated
glass as WE were used. Deposition of PB film on FTO substrate was
carried out under a current density of -50 pA/cm? for 300 seconds. Then,
as deposited Prussian blue films were washed with DI water and
annealed at 50°C for 60 minutes[108].

2.4.6 Preparation of Ethylene Viologen (EV) gel

Following steps were used to prepare EV gel in polyethylene
oxide matrix.
» Ethyl Viologen dibromide of 0.3 wt % dissolved in methanol and
stirred for 10 minute to make a homogeneous mixture.

» Polyethylene oxide (PEO) of 4 wt % has been mixed in

acetonitrile and stirred in vortex for 1 hr.
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» After preparing above two solutions, EV solution is mixed with
the PEO gel in 2:3 ratio and drop-casted over the desired

substrates (EC electrodes in the present case).
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Chapter 3

Inorganic Nanomaterials for EC
Electrodes

This chapter presents electrochromism exhibited by inorganic
nanostructures of transition metal oxide (TMO) electrodes. Optical
modulation under an applied bias have been studied from nanostructured
thin films of Prussian blue, NiO, TiO, and Co30, deposited using
hydrothermal and electrodeposition methods'?. These nanostrcutures in
different nanoarchitectures (NPs, nanorods etc) have been prepared and
adequately characterized. Material characteristics and EC properties
have been studied in detail along with establishing the color changing
mechanism. Possible application in a solid state ECDs have been

discussed* as demonstrated in other chapters.

! Devesh K Pathak et al, Superlattices and Microstructures 125 (2019), 138-143
? Devesh K Pathak et al, Superlattices and Microstructures 126 (2019), 1-7
*Devesh K Pathak et al, Appl. Phys. Lett. 116,(2020) 141901

* Devesh K Pathak et al, ACS Appl. Electron. Mater. 2, 6, (2020) 1768-1773
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3.1 Transition metal oxide: Inorganic EC material

3.1.1 Background study

EC inorganics materials’ belong to the transition metal oxides family
and exhibit color modulation phenomenon due to the IVCT process
when biased[51,119-122]. The electron transportation in IVCT is driven
by the existence of material in different oxidation states. The IVCT
process thus affects the absorption properties of material which in turn
affects the appearance of the material under different bias conditions.
Therefore, an intense band (or dip) of absorption (or transmission)
appears during the electron transfer process under the illumination of
UV-Visible light when the material is under an appropriate external
applied voltage. This applied voltage creates the charge-balancing
counter flow of electron in the whole circuit to result in a variation of
electron density in the EC material and hence a modulation on their
optical properties can be seen using absorption spectroscopy. The
applied voltage is in order of few volts (mainly less than 2 V) to initiate
the electron interaction reaction for changing the optical spectrum in
nanomaterials. In many cases, more charge transfer is required to obtain
an appreciable change in spectrum thus a higher operating voltages are
needed which is not desirable from application point of view. Therefore,
there should be an optimization of the material for getting an improved
ECDsl/electrode[123-125].

3.1.2 Redox polarity dependent Electrochromic

Prior to exploring the application in actual device, material’s EC
behavior is tested by a voltage sweep preferably in an electrochemical
cell. For this, the material is deposited in solid thin film phase over
conducting transparent (ITO/FTO in the present work) substrate. Under
the voltage sweep, the molecule gets dynamically oxidized or reduced
from its neutral form and associated optical modulation is seen as color
change. Table 3.1 is containing the lists of different inorganic EC

materials which show their chromic modulation under anodic or
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cathodic scan and thus characterized based upon their polarity[61,126],

shown in table 3.1.

Table 3.1: List of commonly used inorganic EC materials.

Polarity group EC material Color
Neutral Colored
State State
TiO, White Dark Blue
Nb>Os Yellow Dark Grey
MoOs3 Transparent Blue
Cathodic
Ta,0s5 Transparent : Deep Blue
WO; Light Yellow i Blue
V505 Yellow Green
MnO, Brown Pale Yellow
C0304 Yellow Brown
NiO White Brown
Anodic RhO, Yellow Green
V,0s Yellow Green/Grey

It is interesting to note that V,0s shows electrochromism under positive
as well as negative bias which enables it to be an EC active material as
well[127]. The list in table 3.1 is not exclusive and there exist many
binary- and ternary mixed oxides as well as oxyfluorides. All of the
above transition metal oxide shows thier chromic modulation from one
color state to the other at a given external potential and revert back to
original color state following the reversible redox reaction route. As
discussed earlier (section 1.3), modern inorganic EC materials’ family is
occupied mainly by (transition) metal oxides in thin film or nanomaterial
form. Thus the fabrication technique to get an optimal thin film or
nanostructured form becomes equally important especially when actual

applications are targeted.
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As mentioned earlier, (chapter 2) in an attempt to design an ECDs, an
active electrode is first prepared using an appropriate material (organic
or inorganic). This electrode is later used in a device along with other
components of the device. The prototype device designing is technically
same for all EC materials but the working mechanism might be different.
The metal oxide in the EC electrode, might have mixed conduction for
ions and electrons, and the introduction of ions from an adjacent
electrode/electrolyte need to support from the CE for charge-balancing
counter flow of electrons. The electron in the film will remain to be there
as long as the ion resides there, thus the material changes its optical
properties with the persistence change in visible color. The noticeable
change in color also depends upon the EC material with the injection of
electron. Therefore, to make the device or to test the single EC electrode,
there must be a counter supporting electrode that will support the
injecting/extracting of the electron from the active material easily and
significantly. The pt-wire, conducting transparent material (FTO/ITO)
etc. like electrode can be used as an auxiliary electrode for optical
modulation. Some TMO nanomaterials have been prepared and their EC

properties have been studied as discussed below.

3.2 Nickel oxide

As mentioned above (table 3.1), NiO shows its chromic modulation
under a positive bias and reversibly change its appearance from
transparent to black/brown colour. Coming from an inorganic family, it
is a robust material but needs higher operation voltages thus
compromising the efficiency. An attempt has been taken to prepare NiO
nanostructures to address this issue so that a power efficient ECDs can

be designed.
3.2.1 Characterisation of prepared NiO film
The NiO thin film has been prepared using hydrothermal method using

the recipe presented in chapter 2 (section 2.4.1). The prepared sample
has been taken initially for the XRD analysis to check the crystal
structure of prepared NiO phase with high purity. The XRD data (Figure
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3.1a) proves the deposition of pure NiO crystal structure film deposited
over the substrate as the data completely matches with JCPDS no 73-
1519[128]. Further to confirm, Raman spectroscopy has been performed
using 633 nm excitation wavelength source (Figure 3.1b shows various
Raman modes of NiO at 515 cm™ (LO) and 1120 cm™ (2LO) which
completely matches with earlier reports. In consonance, Raman and
XRD, confirm the deposition of NiO phase on ITO substrate
(NiIO@ITO) for further studies[129].

The deposited NiIO@ITO film is transparent (~70-90%) in the visible
window as can be appreciated from the transmission (absorption)
spectrum in Figure 3.1c (inset). The band gap of NiIO@ITO has been
estimated using DRS which comes out to be ~ 3.9 eV (Figure 3.1d. This
high band gap value compared to bulk NiO (3.5eV) hints at the
formation of nanostructure in the sample[130]. To confirm the same and
to further understand the morphology, SEM measurement was
performed which reveals nanopetal like geometry with sharp edges and
possesses greater porosity (Figure 3.1e). These sharp edges of NPs can
be capable of acquiring high charge density at the edge and may prove to
be good field emitters for FE display applications. The same has been
studied and reported in chapter 6. The enlarged top view of nanopetal’s
in Figure 3.1f is giving a consequence of the formation of nanostructures
at 200 nm scale. The homogenous deposition of nanopetal like structure
in X-Y plane and along the Z-height makes it favorable for any
application. Single nanopetal has been examined using TEM (Figure
3.1g) which gives a solid evidence of the presence of nanostructure film.
Selective area electron diffraction (SAED) pattern of NiO NPs geometry
in Figure 3.1h shows the discrete diffraction fringes which always lead
to the formation of polycrystalline material. The polycrystalline NiO
NPs material is all set to be tested for electrochemical properties so that

its application as EC electrode can be explored.
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Figure 3.1: (a) X-ray diffraction pattern of NiO NPs along with (b)
Raman Spectrum, (c) Transmission and absorption (inset), (d) diffused
reflectance spectroscopy(e) top view-SEM, (f) Zoomed view at 200 nm

scale, (g) TEM and (h) corresponding SAED pattern.
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3.2.2 Electrochemistry of Nickel oxide

Electrochemical properties of NiIO@ITO have been measured using CV
(CV) in a 1M KOH (aqueous) medium using three electrode systems in
which the NiO@ITO electrode was used as WE. The CV measurement
in the potential window from -0.2V to +0.4 V at the constant scan rate of
50 mV/sec displays the effect of chromic modulation under the positive
scan (Figure 3.2a)[72]. The electrochromism of NiO transforms its
natural transparent state to dark color at an applied voltage of 0.3V as
clear from the corresponding photograph shown in Figure 3.2a. In other
words, NiO NPs can form a suitable anodic EC material for EC

switching between transparent and dark brown color.

The electrochromism of NiO follows the following reaction (3.1) taking
place as a result of ion intercalation/de-intercalation at the electrode
through the electrolyte ion (say OH™ in KOH electrolyte). The
conversion of NiO to Ni(OH), under the oxidation process at 0.3 V is
responsible to change the oxidation state of Ni from +2 to +3 and revert
back to the original state under the cathodic scan of quasi-stable
Ni(OH),. The change in oxidation state accompanies the corresponding
optical absorption change and the same is perceived as a chromic
modulation (Figure 3.2a).

NiO + OH™ © NiOOH + e~ (3.1)

The two colored states (coloration and bleaching state) of NiIO@ITO
electrode can be appreciated using their bias dependent change in
absorption spectra (Figure 3.2b). The red curve (the bleached state) of
NiO@ITO electrode shows less absorption (more transparent) in the
visible range and transforms suddenly to the higher absorption (less
transparent) value for colored state of electrode (the black curve,
Figure3.2b). The overall increment in the absorption for colored state in
the visible range of wavelength is a sign of good contrast between these
two chromic states. Wrapping the current discussion, the hydrothermally
grown NiO-NPs appears to be a potential candidate to be sued as an

anodic EC active electrode with good CC in the inorganic materials’
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family. The morphology also suggests its potential application in FE

displays to be discussed later on.
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Figure 3.2: (a) CV of NiO@ITO in 1M KOH (aq) electrolyte with two
chromic state and (b) Optical absorption of colored (brown) and
bleached (transparent) state of NiO@ITO electrode under two different
bias states.

3.3 Titanium oxide nanostructures

Nanostructured TiO, thin film is another known material for EC active
species and shows its electrochromism (poor) in the negative potential
making it a cathodic EC material. It shows its chromic modulation due
to the charge insertion/extraction mechanism. Basic characteristic of a
hydrothermally grown TiO, electrode on FTO has been studied here for
different applications as EC and FE electrodes[131].

3.3.1 Characterisation of Titanium oxide

Hydrothermal method has been used to deposit the TiO, nanostructure
over a conducting FTO coated glass substrate using the recipe described
earlier (section 2.4.2). The phase purity of prepared film is started from
the XRD data (Figure 3.3a) recorded at a glancing angle 2°. Figure 3.3a
is showing diffraction peaks corresponding to different lattice planes
which completely match with the rutile phase of TiO,. There are no
other peaks arising which confirm the phase purity of sample. Further
Raman spectrum recorded using 633 nm excitation also confirms that
four Raman active modes observed at 144cm™, 234cm™, 448cm™ and
612 cm™ belong to the TiO; rutile crystal structure (Figure 3.3b). Raman
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and XRD data, in consonance, confirm that the obtained film is of TiO,

without any impurity[132,133].

The prepared film appears translucent white to understand it more
quantitatively percentage transmission of the prepared electrode has
been measured using UV-Vis spectroscopy (Figure 3.3c). Upto
maximum 30 % transmission of visible light through it is observed
which means that it absorbs largely the visible light (inset, Figure 3.3c).
The whitish TiO, film has been taken for the band gap estimation (using
Kubelka-Munk relation through Tauc-plot) by taking the DRS setup data
(Figure 3.3d). The intercept of the (F(R).hv)2 v/s hv curve, on hv
axis[134], gives the value of band gap which is coming around 3.19 eV,
higher than the bulk TiO; (3.0eV). This higher value of band gap is
likely due to the formation of quantum effect, the band gap enhancement
on moving toward the nano scale from bulk. Presence of smaller
nanostructures has been confirmed using electron microscopy as
discussed below[135,136].

The morphology of the prepared sample shows that Titanium oxide
nanorods (TNR) have been deposited on FTO coated glass substrate
(TiIO,@FTO) as revealed by SEM. The SEM image (Figure 3.3e) shows
a homogeneously packed dense TNR and seems to have grown vertically
on the substrate. To ensure homogeneous vertically aligned deposition of
nanorods, the substrate was placed parallel to the bottom surface of
autoclave inside the teflon bath. Other parameters affecting the uniform
deposition on the FTO substrate include stirring time, deposition
temperature, annealing temperature/process etc. Information about the
height of TNR has been obtained by taking the cross-sectional SEM
image. Figure 3.3f clearly shows that the nanorods of TNR having
height of about 2um are by-and-large aligned. Crystallinity of these
individual TNR has been checked using HRTEM (Figure 3.3g) which
shows rods of ~ 10nm with two facets of the rod visible in the current
frame. Inset of Figure 3.3g shows the surface plot, obtained using

ImageJ™, showing approximately seven lattice fringes in about 2nm.
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The TNRs have even sides and rough top surface with single crystalline

rutile phase grown in the (001) direction with the fringe width of ~3 A.
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Figure 3.3: Basic characterization of the hydrothermally deposited TiO2

using (@) XRD, (b) Raman spectroscopy, (c) Transmission and

absorption (inset) spectroscopy, (d) DRS, (e) top view SEM and 9f)

cross-sectional SEM, (g) HRTEM image showing lattice planes and its

line profile (inset) and (h) Fast Fourier Transform pattern obtained using

ImageJ.
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Uniform lattice parameters illustrate the growth of these nanorods in a
single plane, which can clearly be confirmed from the fast fourier
transform (FFT) image shown in Figure 3.3h (obtained using Imagel™)
consisting of spots well-aligned in a single line perpendicular to the
wires’ alignment in real space. Overall, basic characterization confirms
that the TiO,@FTO in nanorod geometry having high aspect ratio have
been deposited and can be further taken for checking the applications
like EC, sensing, supercapacitors etc. Electrochemical studies of the
TiO,@FTO sample have been carried out and discussed below for
possible application as an EC electrode. Such nanoneddles can also be

useful for other application like FEas has been discussed in chapter 6.

3.3.2 Electrochemical activity of TiO,@FTO

The electrochemical measurement[137] has been performed in three-
electrode systems through and the CV is recorded in an electrolyte of
0.1M LiCIOy4 in acetonitrile. The TiO,@FTO electrode, when used as
WE, shows its color modulation from whitish color to dark blue color
when scanning from -1.8V to 0.5V which also accompanies redox peaks
(Figure 3.4a). Changing oxidation state leads to change in the optical
modulation in visible range and hence perceives the chromic effect. The
transformation of the natural white color to dark blue color is due to the
Li* ion insertion into the electrode followed by the given reaction (Eq.
3.2).

TiO, + xLi* + xe~ & Lig TiO, (3.2)

Since, this above reaction shows its redox (or reversible) behavior under
the positive and negative biasing and hence both EC states display the
reversible nature too.[61] The CV measurement in Figure 3.4a is
showing the reversible behavior of TNR electrode in the given potential
window at a scan rate of 100mV/sec. Corresponding photograph of the
electrode showing the two chromic states have been shown in the
background of the CV graph in Figure 3.4a. The TNR electrode changes
its chromic modulation to the dark blue color at the negative voltage and

returns to its natural white color at the positive voltage and hence comes
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in the category of cathodic EC active material. To quantitatively
appreciate the color modulation, in-situ bias dependent absorption
spectra have been recorded and corresponding CCr has been measured
(Figure 3.4b). The inset of Figure 3.4b is showing the absorbance in the
visible spectrum. The optical absorption of these two chromic states in
the visible range (red and black curve of Figure 3.4b) displays only 29 %
optical color which is poor. Improving such a limited optical contrast in
an inorganic material remains a challenge in material like materials
TiO,, ZnO etc. where the smooth, uniform, stable thin film with much
higher transparency is required to obtain better EC performances. It is
important to mention that TiO,, even in nanostructured form, shows poor
EC modulation. To explore the possibility of other inorganic
nanomaterials for better EC modulation Co3O, obtained using
electrodeposition technique has been tested for this purpose. This is
attempted so that the robust nature of inorganic materials can be
exploited if other bottlenecks like high power requirements etc. are
addressed. A successful attempt in this direction has been reported

below in detail.
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Figure 3.4: (a) CV of EC active TNR showing cathodic nature along
with its whitish and bluish chromic states (actual image in background)
and (b) optical absorption for colored (black curve) and bleached state

(red curve) of TNR (zoomed portion in inset).

3.4 Cobalt oxide

Bulk cobalt oxide is known for anodic type inorganic EC behavior.
Though a robust material it does not find a place in practical EC
application due to its poor performance and need of high biases. In an
attempt to improve the EC performances, electrodeposition techniques
have been used to obtain nanostructures of Co0zO0s on an FTO
(Co304@FTO) electrode in thin film form. Detailed EC performance of
Co30,@FTO in electrode and in a solid state device has been
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investigated and very encouraging results have been obtained as

discussed below.

3.4.1 Characterisation of Cobalt oxide

Since, all the inorganic materials are tedious to handle for EC
application and cobalt oxide too is not an exception[138]. To address
these difficulties some modifications in the deposition steps, such as
concentration/thickness variation, deposition techniques etc. are carried
out so that different nano structure architecture can be obtained. An
electrodeposition technique with controlled current has been chosen here
to deposit nano-cobalt oxide over the conducting FTO coated glass

substrate as per the recipe described in section 2.4.4 (chapter 2).

Constant current controlled deposition of cobalt atoms is expected to
show better morphological coverage and packing. The image in Figure
3.5a of deposited thin film shows the homogenous deposition of film
with very high dense microstructures. High dense film helps to make the
better EC switching under the less applied voltage. Three dimension
surface plot of SEM image calculated through Image J™ software kept
in the inset of Figure 3.5a also reflects the high density structure formed
over the substrate using chronopotentiometric deposition technique. The
SEM image shows some cracks between the different grain like
geometry which could cause trouble to create a smooth contact surface at
the electrode—solid electrolyte interface when used in device. For better
clarity on this and to know how significant these cracks are, AFM
measurement on the same sample has been done (Figure 3.5b). The two
images (SEM and AFM) do not show much difference in the
morphology and roughness of the prepared film. The films deposited
using electrodeposition technique are much adhesive to the electrode

with large homogeneous surface.
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Figure 3.5: Surface morphology of electrodeposited film as observed

using (@) SEM with inset showing surface profile obtained using Image
Jand (b) on fluorine doped tin oxide (FTO) electrode as seen using (a)
SEM showing cracks (inset, scale bar: 200 nm) and (b) AFM.

Besides the morphology of electro-deposited material, it is also
important to establish whether the intended film, i.e, of Co30,, has been
deposited. Some basic structural characterizations (Figure 3.6) for this
purpose have been carried out which confirms the successful deposition
of cobalt oxide. The XRD measurement in Bragg Brentano (6-20) mode
has been carried out (Figure 3.6a) to confirm the deposition of cobalt
oxide phase which is evident from the prominent peak of (111) plane at
around 18.5° corresponding to Co304 phase, labelled by ‘*’ (Figure 3.6a)
as per the JCPDS no 89-1970[139]. The unmarked peaks correspond to
the FTO substrate. The presence of one plane in the deposited area
results from the homogeneous delineation of the Co30, film as a result
of the constant current. Additionally, a Raman spectrum in Figure 3.6b is
performed to identify the vibrational modes present and is found to be in
agreement with the XRD results. Various Raman peaks have been
identified as those from different modes of Co and O atoms present at
octahedral and tetrahedral position[140] of unit cell as found at 195 cm™
(Fag), 482 cm™ (Ey), 527 cm™ (Fag), 622 cm™ (Fyg) and 691 cm™ (Ayy).
To further explore and understand the chemical constituents, XPS was
recorded in full scan (Figure 3.6¢), which affirms of Co (2p) atom, O
(1s) and C (1s) and further goes for processing of individual data using
standard XPS peak fitting (Figure 3.6d). Spin orbit doublet of 2p state of
Cobalt, having two-fold degeneracy, goes for further splitting in 2ps
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and 2ps, assigned by binding energy 782 eV and 797 eV (Figure 3.6d).
The two different assigned peaks of Co (2p) contributed by the
tetrahedral Co*? and octahedral Co*® of Co30, profile. The satellite peak
towards high energy sides from both sharper peaks and binding energy
difference (~ 15.5 eV) of Co (2p) promises the co-existence of Co(ll)
and Co(lll) in the material surface[141,142]. Thus, XPS result was also
consistent with the XRD and Raman results which along with
morphological study confirm that uniform and dense film of Co304 has

been synthesized using constant current electrochemical deposition.
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Figure 3.6: (a) X-ray diffraction pattern showing Co3O4 peak (*) and
FTO peaks (unmarked), (b) Raman spectrum and (c, d) XPS from
Co304 film.

3.4.2 Spectroelectrochemistry of Cobalt oxide and

Efficient Elctrochromism
The fabricated Co304 film on FTO coated glass has been intended for
EC application as an electrode and in a solid state device which has been

tested using CV measurement (Figure 3.7a). This electrochemical
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measurement has been performed in three-electrode arrangement using
0.1 M KOH (aqueous) electrolyte which contains Ag/AgCl (RE), Pt-
wire (CE) and Co30,@FTO as the WE.
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Figure 3.7: (a) Cyclic voltammogram from Co30,4 film in 0.1M KOH
electrolyte and the actual image of the electrode in the background
corresponding to the applied bias, (b) bias dependent in-situ absorption
spectra in an electrochemical cell, (c) absorption kinetics of Co304
electrode in the same electrochemical cell having switching between
+2V (with one response in inset) along with its chronoamperometric

response with respect to single applied voltage pulse (d).

A cyclic potential sweep applied from -0.4 V to 0.5V across the WE and
RE at constant scan rate of 50 mV/s and corresponding current from the
dipped area of WE was measured due to intercalation and de-
intercalation of OH" ion. The CV curve (Figure 3.7a) clearly shows two
pairs of redox peaks marked as (C1,C2) and (A1, A2). During the anodic
scan from -0.4 V to 0.5V, the CV curve shows two oxidation peaks of
Co0304 named Al and A2 at -0.08V and +0.12 V most likely due to the

following redox activity.
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First Anodic Peak (Al): Co304 + OH™ + H,0 — 3 CoOOH + e~ (3.3)
Second Anodic Peak (A2): CoOOH + OH™ —» CoO, + H,0 + e~ (3.4)

On the other hand, in cathodic scan, two cathodic peaks named C1 and
C2 corresponding to reduction of material at two different potential
0.39V and 0.05 V is observed as a result of following redox activity:

First Cathodic Peak (C1): CoO, + H,0 + e~ — CoOOH + OH™ (3.5)

Second Cathodic Peak (C2): 3CoOOH + e~ - Co30, + OH™+ H,0
(3.6)

Two interesting observations from the abovementioned reactions are the
color change and reversibility. The gradual color change from
transparent yellowish to dark brown color is perceived during the
oxidation of Co304 and shown in Figure 3.7a, along with the CV cycle,
and is reversible in nature, making it appropriate for device applications.
During this redox reaction inside the electrochemical cell, the charge
intercalation—deintercalation leads to the bleached and colored state of
Co30,4 between a yellowish transparent and dark brown color due to the
oxidation and reduction process, as shown in the actual images of the
electrode in the background of Figure 3.7a. The bias-dependent color
change, during the CV cycle, has been verified by carrying out in-situ
spectroelectrochemistry (Figure 3.7b) in two-electrode system in an
electrochemical cell. During the oxidation and reduction process, cobalt
changes its oxidation state and hence shows its EC property on
transmitting the different wavelengths. Figure 3.7b shows the in-situ bias
dependent transmission spectra at three different potentials 0, 2 and -2 V
to quantify the reversibility of color switching. The two spectra at 0 and
at -2 V perfectly match with each other, which reveal the reversible
nature of the electrode. The observed appearance of the electrode can be
correlated with the corresponding optical spectra (Figure 3.7b) as
follows. When biased, the transmission corresponding to wavelengths
beyond 500 nm decreases, making it a less-transparent (in the visible

spectral range) film. Transmission spectra under the oxidation of Co304
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at +2 V are suppressed for all wavelengths in the visible region (red
curve of Figure 3.7b) and thus are perceived as dark brown in color
which is reverted back to the natural transparence yellowish color under
bias reversal (at 2 V). Furthermore, kinetics of in situ absorption for the
425 nm wavelength along with the applied square voltage pulse of 2V is
shown in Figure 3.7c. A closer analysis of one of the cycles, shown in
inset of Figure 3.7c reveals that it takes less than 2 s for the color change
of the electrode at a 2 V bias which is very good in the family of metal
oxides. The stability was checked for 80 such cycles and shows good
cyclibility. The current response of the electrode to the applied voltage
pulse for five cycles is shown in Figure 3.7d to check the current
stability of the EC electrode. A negligible change in current on switching
between two EC states suggests a good cyclic response within the
abovementioned potential range. Moreover, its redox activity suggests
that it take only 2 V bias and is electronically active too. This makes it a
good candidate for integrating it with an appropriate electrode for
designing a power-efficient EC solid-state device with improved
coloration efficiency. In other words, a smaller voltage is required to
switch and maintain a given chromic state of the electrode in the device.
A good quality dense film prepared by the current controlled
electrochemical synthesis helps in achieving an overall improved EC
performance of the electrode. The electrode indeed can be integrated to

make a solid state ECDs as has been reported in chapter 4.

3.5 Prussian blue

Prussian blue (PB) is a co-ordination network compound (CNC), used
for various applications like sensors etc. is also known for its EC
properties[124]. It is an electrochemically active material but not a very
good material for EC applications due to its poor optical modulation.
There are certain qualities of PB that still make it a potential material of
interests which include its capability to exhibit three EC states namely in
blue (Prussian blue), light green upon oxidation (Berlin green) and
transparent on reduction (Prussian White)[143,144]. This property can
be of potential application only if other bottlenecks can be removed
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which are related to limited stability and poor CC. One such attempt has
been taken successfully by combining it with other suitable CE has been
discussed in chapter 4. Prior to that basic electrochemical and EC

properties have been studied along with routine characterization here.

3.5.1 Characterisation of Prussian blue solid thin film

Electrodeposition technique has been used to deposit PB film on an FTO
electrode by a recipe described in section2.4.5 (chapter 2). The blue-
colored film was then analyzed using SEM and Raman spectroscopy
techniques to ensure the structure. The SEM image (Figure 3.8a) shows
a homogeneous deposition of film over FTO electrode which is good for
EC application as it can make better contact with the electrolyte. Further
to characterize the material for knowing its material composition and
property, Raman spectroscopy has been carried out using 633 nm
excitation (Figure 3.8b). The Raman spectrum of PB is showing peaks at
253 cm™, 500 cm™ and 2125 cm™ which is in agreement with reported
modes of PB (marked as *)[145].0n successful preparation of PB@FTO

electrode, its EC properties have been studied as discussed below.
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Figure 3.8: (a) SEM image and (b) Raman spectrum of as-prepared PB
thin film on FTO substrate.

3.5.2 Electrochemistry of PB thin film

The electrochemistry of PB@FTO has been performed in KCI
electrolyte which produces K*/CI” ion to activate the charge intercalation
de-intercalation when used as the WE (Figure 3.9a). The usual three-

electrode arrangement has been used for CV measurement as described
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in section 2.3.2 (chapter 2) and the corresponding CV curve has been
recorded in its typical potential window of -0.2V to +1V (Figure 3.9b).
The whole CV curve has been obtained at a scan rate of 50 mV/sec and
displays two oxidation and corresponding two reduction current peaks
labeled by (A3, A4) and (C3, C4) respectively for the anodic and
cathodic scan. It is interesting to notice that its redox behavior is
observed in both potential directions (positive and negative) making it a
potential CE for cathodic as well as anodic type of EC material. The
oxidation of PB converts it into Prussian green (PG) whereas it reduces
to Prussian white (PW) (transparent) to display the reversible change
into all three chromic states under the possible redox reaction. The same
can be understood easily with the help of Eg. 3.7 as shown below.

PG « 22 PB =2 pW (3.7)
The above-mentioned EC modulation has been studied using in-situ bias
dependent absorption spectroscopy by biasing the as-prepared PB@FTO
electrode as per the polarity shown in Figure 3.9c. Figure 3.9c is
showing the absorption spectra recorded at three different voltages 0V, -
2V and +2V and shows absorption properties of as-prepared PB, PW
(reduced PB) and regained PB (oxidation of PW). A reversible color
modulation can be appreciated from the fact that absorption curves for
as-prepared (0V) and under -2V bias are similar. Further,
chronoamperometric measurement has been carried out to check the
PB@FTO electrode performance for its device application under the
given potential square pulse between +2V and -2V (Figure 3.9d). The
given potential pulse has been applied for 10 sec duration and
corresponding current has been measured to calculate the charge injected
during the chromic modulation, shown in Figure 3.9d. To perform
optical measurement with respect to the applied potential pulse, the
electrode has been taken for the in-situ absorption spectroscopy at fix
650 nm wavelengths which shows the EC switching performance and
stability (Figure 3.9e). The continuous absorption cycle measurement for

300 sec in Figure 3.9e is showing the gradual decrement in the
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absorption value indicating a poor stability of electrode toward EC
behavior. One of these cycles has been closely seen to estimate the
switching time which comes out to be ~ 8s (Figure 3.9f). Overall, high
switching time with poor stability cannot be used alone neither as an EC
electrode nor in a device however it can be improved when used in
combination with other suitably designed electrodes upto an extent to be
used in a solid state EC. The device design, recipe of fabrication and

detailed EC properties have been studied and discussed in chapter 4.
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Figure 3.9: Schematic representation of spectroelectrochemisty of
PB@ITO electrode in three electrode system (a), CV measurement of
PB electrode in KCI electrolyte (b), In-situ Optical spectroscopy of PB
electrode under the effect of external biasing (c), Chronoameropetric
measurement of current with respect to the applied potential pules
toggling between -2V to +2V (d), Switching absorption cycle of PB
electrode for coloration and bleaching state (e), Zoomed portion of one

complete absorption cycle ().

3.6 Summary

Nanostructures of some Transition metal oxide (TMO) and PB were
prepared on FTO using an appropriate recipe. EC properties of these
electrodes after proper characterization were studied and their merits and
demerits were underlined for further studies and possible applications.
The various TMO including NiO, TiO,, Co304 etc. has been divided into
cathodic and anodic EC active material. The films prepared by
hydrothermal process showed more roughness at the surface of the film
and the film are not stable. On the other hand, electrodeposition
techniques is making smooth, more adhesive, more homogenous, dense
thin film of cobalt oxide. Therefore, the electrodeposition technique will
be adopted for further studies related to EC investigations as it showed
quick switching response for optical modulation. The redox activity of
Co304 makes this material more important to act as a CE for improving
the ECDs performance. This good result of inorganic Co3O,, prepared
by using the electrodeposition technique, can be taken for inorganic as
well as organic EC material for making the hybrid device. Moreover,
these inorganic electrodes can be used with another organic EC electrode
for improved hybrid ECDs.
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Chapter 4

All-Inorganic & Hybrid EC Solid
State Device

This chapter describes the study of solid state ECDs fabricated in two
paradigms namely, inorganic/organic (“hybrid”) and inorganic/inorganic
(“all-inorganic”). Inorganic electrodes, reported in previous chapter have
been used to fabricate these devices. Combination of appropriate
electrodes in double layer geometry, apart from the individual species,
makes it favorable in many ways to improve the device performance.
The performance of the finished device with similar or dissimilar
materials” combination has been checked through switching time,
switching speed, CCr and coloration efficiency. In-situ spectroscopy
techniques like UV-Visible and Raman have an extraordinary advantage
to understand and to explain the mechanism for coloring and bleaching

> and

state of EC active materials. On the whole an “all-inorganic
“hybrid® solid state ECDs have been successfully fabricated which

shows performance for real applications.

> Devesh K Pathak et al, ACS Appl. Electron. Mater. 2, 6, (2020) 1768-1773
® Devesh K Pathak et al, Appl. Phys. Lett. 116,(2020) 141901
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4.1 EC Double layer device and Engineering
An EC double layer (EDL) device is prepared by choosing two suitable

layers out of which at least one layer is made up of EC active material
and both should have complementary redox activity. The device
engineering for practical purpose is implemented in generic cross bar
geometry using the flip chip method[50,64]. The material is coated over
the conducting transparent FTO/ITO substrate using appropriate
techniques for achieving the homogeneous thin film to make better
contact with the electrolyte ions. Before preparing the ECDs, every WE
is passed through testing step for knowing its chromic modulation under
the effect of redox reaction. The redox activity is checked in an
electrochemical cell in three-electrode system. The varying potential is
applied to the material for knowing its redox activity to check
intercalation/de-intercalation of ion and consequent color change, if any.
This step is followed by identification of appropriate CE for the device
fabrication. Here the redox activity and consequent color modulation (or
otherwise) are the important facts that are used to design the solid state

device.

Inorganic materials, compared to organic ones[60,138], have their own
limitations when it comes to their application in solid state device and is
one of the challenges in this area and being addressed worldwide. Using
a single layer inorganic material is virtually impossible to realize a solid
state ECDs with even nominal performance. To improve the EC
performances of the finished device, different design paradigms like all-
inorganic, double layer hybrid device, better coloration efficiency with
greater conductivity/ electrolyte ion insertion etc. are attempted. In this
attempt, a small step has been implemented here by using a packed and
adhesive EC electrode (of Co30, nanostructure), obtained by
electrodeposition (section 2.1.2 & 2.4.4) to make the EDL device. EC
performance of the so designed device using combination of nano-Coz04
(inorganic) material to EV (organic) and PB (inorganic) have been

investigated and discussed below.
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4.2 Nano-Cobalt Oxide/Viologen Hybrid Solid

State Elecorochromic Device

As mentioned earlier, viologens are electron acceptor EC materials[143]
has been combined with the Coz0,@FTO electrode to make a solid state
ECDs. Prior to be finished as a device the compatibility of the two
materials (viologen and Co030,) has been tested using control
experiment. Figure 4.1 shows CV response of both the materials along
with corresponding color change when used as independent electrodes to
suggest that the redox behavior of the two electrodes are complementary
to each other as the two electrodes show redox activity at opposite
polarity. The bias dependent redox behavior also accompanies a color
change (in anodic scan) which makes it an EC active CE (Figure 4.1a).
Since both the electrodes are EC active materials, an improvement in CC
is expected. The EV shows EC behavior under cathodic scan (Figure
4.1b) and changes color from transparent to blue. During the color
change scan, the transparent state of EV*? transforms to its reduced form
EV'* showing blue colour and reversibly comes into its natural
transparent state on further oxidation. Similar color switching is also
observed when EV film is obtained on a FTO coated glass (to get
EV@FTO electrode) and can be used for device fabrication purpose. In
other words, if the other electrode, by some means, has the ability to
show the chromic behavior under oxidation, must be installed with the
viologen to improve the EC property of both materials. The inorganic
nano-Coz0, material, which itself is changing color in oxidation, can be
taken as supporting electrode to enhance the coloration efficiency and

CCr of individual/single electrode based device.
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Figure 4.1: (a) CV curve of Co304@FTO electrode with changing EC
state from pale yellow to brown/black under anodic scan and (b) CV
curve of EV solution at bare FTO substrate with changing colour from

transparent to blue color under cathodic scan.

4.2.1 Device fabrication and characterisation

A solid state ECDs has been fabricated using the EV@FTO and
Co30,4,@FTO electrodes in cross-bar geometry by flip-chip method and
schematically shown in Figure 4.2. Following steps were used to prepare
this device which is also shown in the schematic in Figure 4.2.

» FTO coated glass substrate is used for preparing the electrode of
materials ‘nano-Co030,4’ and ‘EV dibromide’.

» For preparing the first electrode, electrodeposition method with
constant current has been chosen to deposit the Co304 material in
nano regime. The deposited nano Co3zO, materials appear pale
yellow and convert to its black/brown colour during oxidation
process.

> A transparent double-sided cello tape pasted over all four edges
of deposited area (in a square manner) and left empty in the
middle portion for filling the other EC active material.

> In the meantime, other EC active material, named EV dibromide
in PEO matrix, has been formed and then 50 pl of EV gel drop
casted over the middle vacant portion of doubled sided tape. This
is the above-mentioned EV@FTO electrode.
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> At last, the same geometrical FTO substrate, from conducting
side, put up over the last prepared electrode and pressed for a
while to insure the better connection between the two substrates
through EC active gel.

» The device finally is ready for testing.
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Electrochemical
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Figure 4.2: Schematic representation of fabrication process involved in

making solid-state hybrid inorganic-organicECDs.

The fabricated device is in a cross-bar stacked geometry as shown in
Figure 4.3a. During the measurement, the bias has been applied with the
Co30,@FTO electrode hooked to positive and other one hooked to the
negative terminal. The finished device appears ‘pale yellow’ under no
applied bias which changes to ‘blue’ with the application of a bias of
1.8V (Figure 4.3a). Corresponding UV-Vis spectra of the device under
different bias conditions are shown in Figure 4.3b. With an application
of 1.8V bias (positive to Coz0,@FTO electrode), the overall absorption
increases throughout the entire wavelength range with an extra
absorption around yellow region (black curve, Figure 4.3 b). An extra
increase in yellow (mixture of red and green) means that only blue
component remains less absorbed hence gives the dark blue (non-
transparent) appearance of the device. Under this bias condition,
Co30,@FTO electrode, being connected to positive, gets oxidized as the

reduction of EV*2 to EV'*ton the other electrode (eventually connected to
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negative voltage) take place which gives the well-known blue

appearance.

The colored state of the device can be reversed (similar to the situation
in electrochemical cell, Figure 4.1) on the application of -1V bias (red
curve, Figure 4.3b). A significant change appears in absorption spectrum
nearby 600 nm (400 nm) when positive (negative or no) bias is applied
with a contrast of more than 60% for 600nm wavelength. This along
with other device parameters has been discussed below in detail. This
prominent change in absorption spectra at these two wavelengths is
dominated by the blue colour of reduced EV'*. Whereas, the spectrum
changes throughout the wavelength range, reveals that the Co30, is
showing self-coloration effect and working as a well supporting material
for helping to reduce EV*2 speedily. As mentioned above, the bias
induced color change in EV and Co30, electrodes is governed by
corresponding redox activity. The same can be confirmed using in-situ
Raman spectroscopy (Figure 4.3c). The bias dependent Raman spectrum
shows the EV*2 Raman vibration mode of EV di-bromide near 1381cm™
when the device is unbiased (black curve, Figure 4.3c). Whereas, Raman
spectrum of the device under +1.8V bias show peaks at 1529 cm™ and
1656 cm™, a signature of reduced state of viologen molecule, which is
also responsible to display the blue colour of device[58]. On the whole,
bias dependent in-situ Raman and UV-Vis spectroscopy confirms the

redox driven color switching of the solid state ECDs.
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Figure 4.3: (a) Schematic representation and actual images of device in
cross bar geometry with and without bias, (b) in-situ absorbance spectra
of fabricated device under three biasing states, (c) in-situ Raman

spectroscopy of device ‘with’ and ‘without’ bias (1.8V) condition

4.2.2 Electrochromic performance of Device

For application of a solid state device, optimal performance is desired
which is understood in terms of performance parameters like cycle life,
CCr and coloration efficiency. To check the performance of the device
successfully fabricated above, various parameters have been measured
by switching the device using square voltage trains toggling between
+1.8 V (for 2 s) and -1V (for 3 s). The applied biasing and corresponding
kinetics of absorption spectrum (for 375nm) has been tested for 600
seconds or 120 cycles, shown in Figure 4.4a. This spectrum is showing
little variation in absorbance for more than 100 cycles meaning a good
stability of the device. It is also important to mention here that there is
only a little variation in the minimum absorption (from 1.5 to 1.6) after
400 s which is not much as the value in the other state and remains at
2.3. This small variation is not an uncommon observation from ECDs
when switched consecutively too fast and does not affect the
performance as none of the practical situations desire such a fast
sequence of color switching of an ECDs. This absorbance switching of
the complete hybrid device is excellent as compare to a device fabricated

using only individual constituents. A zoomed portion, showing one of
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the absorption switching cycles, as shown in Figure 4.4b, has been used
to estimate the switching times of the device yielding a transparent to
blue switching time of 500 ms and switching time from blue colored
state to bleached state takes 2.3 s. The sub-second coloring response
from EV family of EC materials is one of the fastest which is coming
due to the role of good quality auxiliary nano-CosO, electrode which
required lesser oxidation potential to reduce EV*? and to bring itself in
the colored state.
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Figure 4.4: (a) Absorption switching kinetics of device with switching
voltage from -1V to 1.8V of fabricated device, (b) color (ON) and

bleached (OFF) representation through one absorption cycle.

Like the absorption switching shown in Figure 4.4a, cyclic
choronoamperometric response in Figure 4.5a further validates the
reversibility and stability of device for five cycles for 25s. An
infinitesimally small change in the oxidation and reduction current is
observed with an applied voltage pulse showing good stability of the
device. A finite current can be seen flowing through the device in the
forward bias condition (+1.8 V), which is a consequence of slow
discharging of the material. It is important here to mention that the
device behave as a diode shown (appendix Al), and therefore, the
corresponding unequal currents are observed in the two color states of
the device. Coloration efficiency (ne) IS another vital parameter to
access the device performance and is defined by Eq. 1.4, mentioned in
section 1.3.5.4 (chapter 1).
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Figure 4.5: (c) current response of the devices under 1.8V/-1V potential

pulse, (d) Optical density variation as a function of charge density.

Thus, in order to calculate the coloration efficiency of device, OD has
been plotted with respect to charge density in Figure 4.4d and calculated
to be 368cm?C™. This high coloration efficiency is likely due to the fact
that both the counter ions used in the device are EC in nature showing
color switching at complementary voltages as mentioned above. This is
also possible due to the reduction in redox potential of Co3O,4 electrode
used for supporting EV electrode. Thus a smaller voltage is required to
switch and maintain a given chromic state of the electrode in the device.
In other words, the two materials support each other’s redox activity to
yield improved CCr at smaller bias values. A good quality dense film
prepared by current controlled electrochemical synthesis helps in
achieving an overall improved viologen (organic) based ECDs. The
overall performance of the device is better than the ones from the cobalt
oxide based family as can be seen from the list of comparison in table
Table 4.1. The mutual complementary nature of the EC pairs, where one
shows EC performance in the positive bias while the other in the
negative bias, helps improving the overall performance of the device in
the solid state. The device designed in such a manner not only makes the
device complete but also helps in achieving a liquid electrolyte free
ECDs. In other words, the two materials support each other’s redox
activity to yield CCr of 63% at less than 2 V. A film prepared by current
controlled electrochemical synthesis helps in fabricating a hybrid solid

state ECDs without compromising the switching parameters as
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compared to the case of the electrochemical cell without the use of a

liquid based electrolyte for actual usage in smart windows.

Table 4.1: Comparison table showing the performance of various ECDs

containing Co30,.

S. | Materia | Synthesis | Colour | Switchin | Coloura | Reference
No || method contrast | g speed | tion
(%) (s) efficien
Cy
(cm?/C)

1. | Co304 | Electrodep | 66 0.5 368 This work
osition

2. | Co304 | Electrodep | NR 3 NR L. Wang
osition etal [3]

3. | Co0304 | Nebulizer |20 2.5 6.8 C. R. Dhas
spray et al[4]
technique

4, | Co30s | Chemical | NR 2.5 30 X.H. Xia
vapor et al[5]
deposition

5 |Cr Nebulizer | 38 47 C. R. Dhas

doped | spray et al[6]
Co304 | technique

4.3An “all-inorganic” Nano-Cobalt Oxide/Prussian

Bule ECDs

It is clear from the above discussion that with emerging materials,
revisiting electrochromism from inorganic materials is likely to deliver
an improved device if designed properly, as they have some advantages
that remained unexplored because of some disadvantages[52,65,146].
Since, the organic ECDs got much attention even though they are less
robust than the inorganic materials, because the latter showed poor
switching times, higher operation voltages, and low coloration

efficiency. The robust behavior, which is superior to their organic
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counterparts, can be exploited to yield a very good solid-state ECDs if
other drawbacks of inorganic materials are addressed. Designing the
materials and considering device geometry, appropriately combining two
mutually supporting materials can help in achieving an “all-inorganic”
ECDs analogous to all-organic device. If designed properly, an

improved solid-state application-oriented ECDs can be fabricated.

An “all-inorganic” fast, robust and power efficient solid state ECDs has
been realized by using the nano-Co3O4 electrode, mentioned in section
3.4, with PB which is also an EC active material. The Co304-PB
combination has been chosen due to their complementing redox
behavior. The inorganic PB has been known as a material exhibiting EC
phenomenon since 1978 and widely understood for its CNC that changes
its appearance from blue (PB), to light green upon oxidation (PG) and to
transparent on reduction (PW), as discussed in detail (chapter 3).
Similarly, cobalt oxide shows EC properties on positive bias (chapter 3).
Therefore, both of them are gaining special attention because of the
ability to modify their structure and adopt different architectures for
device fabrication. Moreover, they are complementary to each other
from a conductivity type point of view thus hinting at a possible
combination for better performance. Moreover, these above-mentioned
materials from different domain can be shown excellent EC property in
an electrochemical cell. This is where the real challenge is faced and the
same is addressed through various device design paradigms including
all-organic and hybrid devices. Similarly, a new “all-inorganic” solid-
state device design paradigm can be explored utilizing the advantages of
inorganic materials, which can also be used for applications beyond

electrochromism.

4.3.1 Electrochemistry of PB- and Co;0,- electrodes

From the electrochemical measurements, it is clear that PB- and Co304
electrodes are complementary to each other and thus a solid state device
can be designed using them. Prior to device fabrication, the two
electrodes (Coz;04,@FTO and PB@FTO) has been tested in a liquid
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electrolytic medium as discussed below. As-prepared CozO, and PB
electrodes on FTO substrate have been put in an electrochemical cell,
containing 1M KCI as an electrolyte, with Co3O4 (PB) is connected to
negative (positive) terminal of a battery as shown in the schematic
Figure 4.6a and the actual photographs under different bias conditions
are shown in Figures 4.6b to 4.6d. The electrodes have been outlined
with dotted lines, electrolyte has also been marked with blue dotted line
and common area (overlapping area) of both electrodes has been
highlighted for clarity. Schematic illustration of the setup used is
depicted in Figure 4.6a indicating bias connections of electrodes with the
battery i.e. Co30,4 electrode is connected to negative and PB electrode is
hooked to positive terminal of a battery. Under no bias condition (i.e. at
0V), with the yellowish transparent (Co3O,4) and blue (PB) separate
electrodes, the combination appears blue initially (Figure 4.6b). With a
bias of 2V, (Figure 4.6c), common area of both electrodes turns greenish
as a positive bias oxidizes PB to its green colour while appearance of
Co30,4 remains unchanged. This can be further explained based on CV of
these electrodes later on. Further, by applying -1.5 V bias the
combination appears light brown likely due to corresponding redox
changes. To investigate the redox activity of two electrodes, and confirm
its compatibility for a possible ECDs, CV (CV) has been carried out
(Figure 4.6e &f) in an electrochemical cell. The CV of Co30, electrode
(Figure 4.6e) in 0.1 M aqueous KOH shows two anodic (cathodic) peaks
as al and a2 (c1 and c2) appearing only in positive voltage range
indicating its “p type” nature. On the other hand, the CV of PB electrode
(Figure 4.6f) in 0.1 M aqueous KCI shows anodic peaks as a3 & a4 and
cathodic peaks as ¢3 & c4 while scanning reversibly in the direction of
arrow. Its redox behavior is observed in both potentials directions
(positive and negative). The electrochemistry electrochemical work
station is designed for these two individual electrodes in the well-defined
pattern as described in section 2.3. As mentioned above, the Co30,4 and
PB electrodes can be combined together in a solid-state device that may

lead to a device to show multi-colour.
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Figure 4.6: (a) Schematic illustration of experimental arrangement
showing CozO4and PB electrodes dipped in an electrochemical cell, (b-
d) with actual images of the set up under different operational conditions
and cyclic voltammetry curves of () CozOsand (f) PB electrodes.

4.3.2 Device fabrication and Characterisation

A solid-state device comprising of Co3zO, and PB has been fabricated
with a gel electrolyte of LiClO, in PEO matrix filled in between the two
electrodes so that the solid state device mimics the situation similar to
one in Figure 4.6. Following step-wise description of recipe was
followed to prepare the device.
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> Both as prepared electrodes of PB and Co30O, have been
sandwiched together with a double sided tape.

» A bwt% PEO is dissolved in Acetonitrile (ACN) and a mixer of
1M LiCIO4 in ACN has been prepared. To make a gel electrolyte
PEO gel was mixed with solution of LiCIO4 in 2:1.

> As-prepared gel electrolyte is used as electrolytic layer as shown

in schematic (Figure 4.7) and the device is ready to use.

A schematic of the fabricated device along with its real images in
various bias states are shown in Figure 4.7 with PB (Co30,) electrode
connected to positive (negative) terminal of the battery in all the three
conditions. Initially, the unbiased device appears blue (Figure 4.7a) with
original colors of as-deposited Co3O,4 and PB films on FTO substrate. A
biasing of 2V turns device into green appearance (Figure 4.7b). This is
likely due to oxidation of only PB electrode with Co3O, electrode
remaining unchanged similar to the situation shown in Figure 4.7c.
Further on reversing the bias with 1.5 V yields a brown color to the
device most likely due to reduction of PB and oxidation of Co304
electrode as discussed above (Figure 4.6d). Colour changes occur due to
redox processes of both electrodes, PB and Co30,, during EC reactions

can be understood from the reactions (Eg. 3.31t0 3.6 & 3.7).

It is also clear that the EC properties of individual electrodes are
responsible for multi-colour exhibition by the solid state device,
Dynamic doping, a well-known concept in molecular/organic electronics
which changes redox state of materials’ due to the applied potential is
responsible for such color change. This change in redox state of the
material changes its optical property in EC materials. A correlation of
the above-mentioned bias dependent color modulation with
corresponding optical spectral response needs to be studied to establish

the exhibited device color change.
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Figure 4.7: Schematic illustration of fabricated device in (a) unbiased
state (0 V) and biased with (b) 2 VV and (c) -1.5 V.

To quantify observed colour switching of the device, in-situ bias
dependent visible spectra of the device have been taken in various states
as shown in Figure 4.8a with its real images. The spectrum from the
unbiased device in Figure 4.8a shows a dip in absorbance spectrum near
500 nm and appears blue. On biasing the device with 2V in Figure
4.8a(ii)) and subsequently with -1.5 V (Figure 4.8a(iii)) turns the device
appear green followed by brownish yellow. The greenish color can be
understood from the observed absorbance minima at ~550 nm whereas
little absorbance of most of the visible spectrum (Figure 4.8a(iii)),
except blue, explains why the device should look yellowish under -1.5V
bias. All these colors can be understood quantitatively through CIE
(Commission Internationale de I’ Eclairge International Commission on
[llumination, 1976) color chart (Figure 4.8b) of fabricated device with
photographs of device in all states on the image and their representation

by (u’, v’) coordinates.

A direct correlation between bias dependent in-situ optical spectroscopy,
visible color switching and the mutually complementary redox activity
of Co304/PB bilayer device confirms the redox mediated color
modulation and thus a successful fabrication of ECDs in solid state form
capable of showing multi-color behavior. Further investigations are
needed to understand the EC performance of the device to judge its

applications suitability.
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Figure 4.8: (a) In-situ bias-dependent optical absorption spectra from
device under different bias conditions (i)-(iii) along with the actual
image of device (insets) and (b) representation of each state on CIE

diagram.

4.3.3 Performance of the all-inorganic Device

Spectroelectrochemistry of the device at 650 nm with bias switching
between 2V and -1.5 V (with an interval of 3s) has been carried out to
evaluate the device’s EC performance parameters like CCr, coloration
efficiency and switching time and cycle life. One switching cycle with
applied bias in figure 4.9a shows a switching time of 1.5 s by the device
to switch between green and brown states with 80% absorbance change
in both cases (Figure 4.9a), this absorbance change is sufficient to see
appreciable colour change between two coloured states of the device.
However, as per reported literatures on ECDs, for 90% absorbance
change the device took 2s to switch between green and brown coloured
states. This switching time is one of the best for an inorganic solid state
device. Moreover, it takes very small biases of less than couple of volts
for switching which is an additional advantage. The device shows very
stable absorbance switching for more than 900 s or 300 consequent
switching cycles (Figure 4.9b) between green and blue states with little
change in the absorbance of the device in either of the states. This
stability in absorbance cycles of the device is better as compared to the
performance of the individual components. The EC performance of

Co30,4 and PB individual electrodes show poor performance (section
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3.1.4) whereas the combined device of Co30, and PB is far better.
Current injected/ extracted with applied switching pulse has been plotted
in Figure 4.9c. Colouration efficiency (nee) one of the key parameters for
measuring performance of any ECDs, is obtained using Eqg. 1.4 and
estimated to be 246 cm?/C (Figure 4.9d).
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Figure 4.9: (a) One absorbance switching cycle of the device under bias
pulse with extreme bias of 2V & -1.5 V, (b) extended absorbance
switching for 300 pulses along with variation of current with applied

bias in (c), and (d) variation in optical density with charge density.

The estimated coloration efficiency of approximately 250 cm?/C is very
high especially for an all-inorganic device as it is comparable to an all-
organic or hybrid EC solid state ECDs. A comparison has been shown to
appreciate this fact in table 3.2. The other results have been shown for
PB and Co30,4 containing inorganic material toward its performances in
table 3.2. It is due to the fact that the combined device contains
complementary EC materials in the pre-designed manner which supports

each other’s redox reaction during device operation.
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Table 4.2: Comparison of reported device with known inorganic devices
containing PB or C030s;.

S.N | Device Switchi | Colouratio | Optical | Stabili | Refer
0. composit | ng time | n Contras |ty ences
ion (s) efficiency |t (%)
cycles)
1. Cr doped | 3.47 11.8 5 Not C. R.
Co304 reporte | Dhas
d etal®
2. Co304 4 20 31 10 A.
Bach
iri et
al*
3. PB+TiO; | 3,2 135 30 400 B.
Seela
ndt et
al®
4, PB+PAN | Not 86.7 27 Not R.
I reported reporte | Duek
d etal®
5. PB+poly |10 157 58 1000 | M.
butylviol Fan
ogen etal’
6. PB 3.4 150 Not Not R.
reported | reporte | Morti
d mer
etal®
7. PB+Coz |2 246 40 300 This
O4 work

Thus, less amount of charge is required for a definite optical change in
the combined device as compared to a single layer ECDs. This smaller
value of charge density obtained during EC operation helps in achieving
higher value of coloration efficiency. Such a highly efficient all-

inorganic device with less than 2 s switching time makes this device one
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of its kind. Furthermore with stability of more than 300 cycles with little
compromise on the performance makes the inorganic EC materials
relevant for an actual solid state device thus its robust behaviors, an
advantage of inorganic family, can still be exploited to achieve
application oriented solid state ECDs. In other words, the presented
Co30,4/PB bi-layered structure can help overcoming the drawbacks of
inorganic EC materials thus facilitating an efficiency fast all-inorganic
ECDs.

4.4 Summary

A step-wise spectroscopic and electrochemical studies on two different
combination of all-inorganic and inorganic /organic (say hybrid) device
suggests that the improved EC performances and multicolor EC
behavior is possible if used in bi-layered geometry. A controlled
electrochemical experiments performed on individual electrodes
suggests bias induced redox activity of EV, Co304 and PB as the
switching mechanism of the device. The electrochemically deposited
dense films of Co30, and PB showed decreased redox potential and
were accompanied by redox induced chromic modulation. The device
engineering of the amalgamation of Co3O,4 to EV and PB improves and
generates the EC property with creating the effect of new color. A
device fabricated using the organic (Viologen)-inorganic (Cos0,) hybrid
components, showed a CCr of 66% with a switching time of 500ms with
a low operation voltage of 1.8V. As a result, the device showed a
coloration efficiency of 368 cm?/C and remained stable for more than

120 switching cycles.

Furthermore, an all-inorganic device was realized using Co304-PB
showed a fast response (1.5s) and power efficient (246 cm?/C)
performance with a good CCr (40%) and stability (more than 300
switching cycles) maintaining the robust nature of the inorganic EC
family which switches between blue, green and brownish colors with a
small bias of less than couple of volts. Therefore, the overall EC

performances of inorganic material can be increased at some extant by
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choosing these suitable parameters and combination of materials and can
also be enhance on preparing the nanomaterials in different chemical
composition which comes in the category of binary, ternary mixed metal
oxides and in oxyfluorides. These materials with different
nanoarchitecture may exhibit additional application in addition to
electrochromism. Such multifunctuional application from these

nanostructures has been explored in following chapters.
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Chapter 5

Bifunctional Application of Nano-
Nickel Cobalt Oxide

This chapter deals with the bifunctional application of Ni-Co binary
oxide nanoneedles in electrochromism and glucose sensing. Detailed
electrochemical and in-situ bias dependent optical spectroscopic studies
of hydrothermally grown nanoneedles have been carried out to
understand various aspects related to electrochromism and glucose
sensing. A good operating voltage (~ 2V) and color modulation (50%
contrast) for switching between whitish translucent and dark brown
colors have been achieved’. Furthermore, the nanoneedles grown on
carbon cloth electrode shows selective glucose sensing properties with a
sensitivity of 3000 pA/mM/cm® as revealed using detailed
electrochemical and impedance spectroscopic measurements®. Role of
nanoneedle architecture on each of these applications have been studied

on the samples deposited over appropriate substrates.

’ Devesh K Pathak et al, IET Nanodielectric,2021,4,75-80
® Devesh K Pathak et al, ACS Appl. Nano Mater.,2021, 4, 2, 2143-2152
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5.1 Binary Transition Metal Oxide nanostructures

and their application

An outstanding class of functional material having the ability to show
potential applications in important science and technological fields
comes under the ‘Binary (or Ternary)’ metal oxides family[147-151].
Simple synthesis process of these oxides, among the all other tedious
synthesis process, through non-aquous non-hydrolytic process, makes
these materials much favourable for controlling their crystallite size,
shape and assembly behaviour which is highly required to deliver its
surface controlled electrochemical property. Binary metal oxides
(AB,O,; A&B transition metal, X,y,z =chemical composition) possess
structural stability along with higher electrical conductivity which leads
to the occurrence of many applications. The metals present with the
oxides provide different oxidation state of both metals which are helpful
to generate different electrochemical active/inactive ions and thus affect
surface controlled properties leading to applications such as
supercapacitor[71,152], glucose  sensing[153], hydrogen/oxygen
evolution[154,155] reaction and of course the electrochromism. Out of
them, EC property can be greatly improved in terms of switching
performance in which ions/electrons are required to activate the redox
reaction speedily at the material (or electrode) for showing the fast
coloration and bleaching even for the inorganic materials where it is
challenging process[156,157].

There are many possible ways to improve the ECDs performance as
described in chapters 3 and 4. Various improvising factors can be taken
care of from the steps as early as the preparation of electrode to device
fabrication. Doped TMO or metal composite materials also exhibit
improved chromic modulation[158]. Different crystal structures or
nanostructure architecture altogether gives different property of the
material which can be seen through electrochemistry measurement of
single electrode. Nanocomposites are also currently being studied
beyond the bulk that has emerged for their exceptional optical and

electronic properties.
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Amongst all TMOs and their composites, spinal compounds are less
often studied. Oxide of Ni and Co (NiC0,0,) is one such material which
remains one of the least discussed among all[159]. Other magnetic
spinal compounds like NiFe;O4 [160], CoFe,04[161], C0304[162] and
Fe304[163] have been studied very well in bulk and thin film phase of
material to investigate the physical, chemical and mechanical properties.
The main reasons behind this disparity are the unavailability of single
crystal or films and its less stable nature at low temperature. However,
Ni and Co oxide in NiCo,0O4 phase attracted much attention from
industry for exploring in fuel cell electrode, supercapacitor, sensing
devices, oxygen catalysis and  water electrolysis like
applications[164,165]. Being the magnetic material, it has also other
applications but still has a wide scope to search new properties in the

NiCo,04 insight using the different techniques and phenomenon.

5.2 Preparation of NiCo,0,4 Nanoneedles

Hydrothermal method[102] has been used to deposit the film from Ni
and Co precursors in different molar concentration over the two different
types of geometrical substrates. The nanostructures have been grown on
both the substrates (FTO coated glass and CC) under same environment
and same deposition conditions using recipe mentioned earlier (section
2.4.3, chapter 2). Figure 5.1 schematically represents the hydrothermal
process carried out to yield a thick white translucent film on an FTO
substrate. Due to the substrate’s constraints, the FTO provides only one
possible direction for growing the nanostructure. On the other hand, the
CC allows all possible three directions to grow the same nanostructure
as shown in Figure 5.1 which is likely to have higher surface area. The
prepared thin film has been characterized to known the phase purity and
surface architecture of the film prior to any application.
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Figure 5.1: Schematic showing growth process of Ni-Co nanoneedle
over FTO and carbon cloth substrates using hydrothermal process.

5.2.1 Characterisation of NiCo,0,

The deposited film has been scratched off from one of the substrates and
taken for the XRD measurement (Figure 5.2a). Peaks corresponding to
diffraction angles at 36.6°, 64.7 °, 59.2° 44.4° 31.2° 55.2° 19.0 ° are
observed in the order of decreasing intensity. The observed XRD pattern
well supports the JCPDS no 20-0781[166,167] reveals the existence of
its inverse spinal crystal structure. A given XRD peak shows a broader
width which is a sign of nanomaterial formation. Absence of any extra
peak or hump in the XRD measurement represents the occurrence of
single phase nanomaterial film. This has been further confirmed using
Raman spectroscopy (Figure 5.2b) measured using 532 nm excitation
source wavelengths in which laser spot was focused on the sample at
size of ~2um. The sample was scanned from the 100 cm™ to 1000 cm™
with the fixed 30 sec acquisition time and shows five Raman active
modes from the inverse spinal NiCo,Oy crystal structure. Raman modes
observed at 187.8 cm™, 521.1 cm™, 610 cm™ are assigned to F,, mode
whereas the 474 cm™ mode is assigned to Ezy and 680.5 cm™ mode is
assigned to A;g mode (Figure 5.2b). The Raman spectra shown in Figure
5.2b is showing the broader peak which is a consequence of doublet-like
feature by virtue of the presence of un-identical Ni and Co atoms at the
octahedral sites[160,168]. Therefore, a distortion arises in a crystal
structure due to the different ionic radii of Ni and Co ions and thus the
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considerable effect appears clearly in the Raman spectrum. Since Raman
spectroscopy is a local structure sensitive tool so it probes the defects
very effectively.

Above two initial characterizations help to identify the nature of sample
which tells that, Ni and Co atoms are combined in NiCo,0, inverse
spinel structure. The band gap calculation has been done for NiCo,04
scratched film using DRS in (Figure 5.2c). The inset of Figure 5.2c
shows the whole reflectance spectra from 200 nm to 800 nm and the
band gap calculation has been carried out using Tauc plot[134,169],
which comes around two values 1.6 eV and 2.3 eV. The two band gap
values are coming by extrapolating the slope on the energy axis. Since
the band gap is a measure of electronic transition from O 2p orbital of
valence band to 3d (ty, €y) orbital of conduction band of transition
metals and the signature of two band gap in NiCo,O,4 occurs due to the
high and low spin state of Co™ co-existing in given spinal
compounds[170].
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Figure 5.2: (@) XRD pattern, (b) Raman spectrum, (c) diffused
reflectance spectroscopy for finding the band gap using Tauc-plot and
(d) BET curve performed under N, absorption de-absorption process

from the sample in powder form obtained by scratching off the film.

Since one of the samples has been intended for application as a glucose
sensor, its surface area has been estimated as it is one of the important
factors. Therefore, Brunauer-Emmett-Teller (BET) measurement (Figure
5.2d) has been carried out to check the surface area of local architecture

through N2 absorption-desorption measurement under the relative

pressure ranging from 0 < Pi < 1.00 at 77 K temperature[171]. The

average surface area of 21 m%gm and average pore size of 1.9 nm have
been estimated from the BET measurements suggests its possible
application for sensing and EC applications. This microporous nature of
the nanostructures may further get improved if it is grown in an

architecture that allows more exposed surface for any reaction to take
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place that enables its utility. Keeping this in mind, the NiCo0,0,4
nanostructures have been grown on CC so that overall exposed area of
the nanostructure can be increased. On the other hand, these
nanostructures have also been grown on conducting electrode (FTO on
glass) for EC application where CC is not a suitable substrate due to
design constraints. The nanostructure architecture and its homogeneity
over these different geometrical substrates must be analyzed and
therefore SEM has been chosen for this measurement. The next section
is showing the morphological analysis of hydrothermally deposited
NiCo,0,4 on two substrates for which both applications have to be done.
Both the applications, an EC electrode and glucose sensor, have been
discussed one by one as follows.

5.2.2 Morphology of NiCo,0,

The surface morphology has been checked on both sample (@FTO and
@CC) to know the surface plot alignment of nanostructure. The
morphology of white translucent film of NiCo0,0,, characterized by
XRD and Raman measurements, have been studied using SEM (Figure
5.3a-5.3d) revealing a film consisting of nanoneedle like structures.
Figure 5.3a is showing the top view image of the film NC@FTO
revealing vertically aligned nanoneedle architecture with sharp tips. The
zoomed SEM image (Figure 5.3b) also reveals that the nanoneedles are
deposited homogenously over the whole substrate. Moreover, all the
nanoneedles are well separated from each other which mean the
availability of larger surface areas to be exploited for specific application
as has been discussed later on. In other words, better morphology
coverage with porous nanostructures signifies the presence of larger
contact area of nanoneedle to activate the charge transfer reaction (in the
case of electrolytic medium) for further application with a higher rate of

reaction. The ImageJ™

software has been used to qualitatively estimate
the average tip size of nanoneedle nanostructures (inset, Figure 5.3b)
which comes out to be ~10 nm. The nanoneedles are well separated
leaving most of the nanostructure exposed which can be clearly seen

from the top view.
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The morphology of NiCo0,0,4 grown on the CC substrate (NC@CC) has
also been checked through SEM (Figure 5.3c). The inset SEM image in
Figure 5.3c is showing the bare CC substrate over which the NSs have
been grown. Top view of SEM image in Figure 5.3c is displaying the
material deposited all over the CC fabric with maintaining the
homogeneity of material. The same nanoneedle like structure of
deposited material can be clearly seen in the magnified view (Figure
5.3d). The top view images clearly show that the deposited film is
homogenous in nature. The elemental composition for the deposited
material has also been checked through EDX experimental on the
NC@FTO and the elemental composition peak from elements present in
NC@FTO is shown in Figure 5.3e. The elemental composition present
in the selected scan area in SEM during EDX experiment has been
shown in Figure 5.3f. The combined results from figure 5.3e& 5.3f
confirm the composition of material prepared by of Ni and Co oxides.

To complete the morphological analysis, TEM measurement has been
performed on nanoneedle and confirms the deposited architecture occurs
at nano scale (Figure 5.3g) with ~ 45 nm thick nanoneedles getting
deposited (inset). Crystallinity of these nanoneddles can be confirmed
using the selective area electron diffraction (SAED) pattern (Figure 5.3f)
showing spot patterns.
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Figure 5.3: (a) Top view of nanoneddle NiCo,O,@FTO film with
enlarged view at 200 nm (b), (c) Top view of nanoneddle NiCo,0,@CC
film (CC in inset) with enlarged view at 1 um (d). (e) EDX analysis of
filme over FTO substrate and their (f) different elemental composition
ratio, (g) TEM analysis of one nanoneddle with the average diameter
(inset) of 45 nm, (h) SAED pattern of nanoneddle.
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5.2.3 Elemental composition validation of NiCo0,0,

To further investigate constitutes present in the sample, XPS
measurement in high energy synchrotron source with each element at its
valence state of NiCo,0,4 nanoneedle has been carried out (Figure 5.4).
The full scan spectrum (Figure 5.4a) shows the existence of each desired
element in sample like Ni, Co, O and C as well. The other XPS spectra
(Figure 5.4 b,c & d) have been recorded at valence state edge of Ni(2p),
Co(2p) and O(ls) which have been plotted with considering the
reference of carbon peak (~284.3 eV). The Ni(2p) edge spectrum (Figure
5.4b) gives two intense peaks corresponding to 2ps, (856 eV) and 2p;.
(874 eV) along with two intense satellite peaks. Further on de-
convoluting the spectrum, the peak corresponding to 2ps, and 2p;,, are
observed due to the occurrence of two pairs of spin orbit doublet
characteristic for Ni"> and Ni* [72,172]. A similar trend can also be seen
for Co (2p) edge (Figure 5.4c), which contains intense peaks of 2p3/2
(782 eV) and 2p1/2 (798 eV). De-convoluted spectrum reveals that Co™
and Co ™ existence as a consequence of two strong spin-orbit doublets of
Co(2p)[141,173]. Further on analysing and deconvoluting the O(l1s)
spectrum (Figure 5.4 d) two peaks at 531 eV and 533 eV corresponding
to O(I) and O(II) respectively,[166] are observed likely due to existence
of defect with low oxygen coordination or may be attributed to the
metal-oxygen bond. The above-mentioned structural and compositional
investigations not only established the formation of NiCo,O4 but also
suggest that the architecture with obtained porosity and surface area are
suitable from application in sensing. Additionally, EC properties, a very
less explored application of NiCo,Os nanostructures, can also be
explored from these samples designed on appropriate substrate. For this,
the samples have been prepared on FTO (say, NiCo,04@FTO) and CC
(say, NiCo,04@CC) substrates for further study using electrochemical

methods.
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Figure 5.4: Synchrotron source XPS curves from NiCo,04 nanoneedle in
(@) full scan, (b) Ni 2p edge, (c) Co 2p edge and (d) O 1s edge scans.

5.3 Electrochromism of nano-NiCo0,0,

Since, the NiCo,0, films have been prepared for intended application as
EC electrodes, the electrochemical measurement has been performed
using three electrodes setup. Three electrodes setup consists of RE, CE
and WE as Ag/AgCl, a Pt-wire and NiCo,0,@FTO film respectively,
based on the procedure discussed in section 2.3. The electrochemistry
was performed in a cell consisting of 1 M aqueous NaOH electrolyte.
The CV measurements were done using a reversible voltage scan from -
0.2V to +0.6 V applied across the WE (NiCo0,0,4) and RE (Ag/AgCl) and
corresponding current is measured across the CE (pt- wire) and WE.
Figure 5.5a shows the CV scan curves obtained with a scan rate of
50mV/sec corresponding to 1%, 25" and 50" cycle of CV scans along
with the actual images of the electrode at different bias values. Under the
anodic scan on sweeping the voltage from -0.2 V to +0.6 V, an anodic

current peak appears near +0.45 V due to the OH" ion intercalated to the
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NiC0,0,. The intercalation of OH" ion to the WE switches the electrode
from its parent translucent white colour state to opaque dark brown
coloured state. After that, the WE get back to its natural colour, showing
reversibility of the color change, state under the cathodic scan from +0.6
V to -0.2 V ( on reversing) with generating the cathodic current peak
around +0.1 V is due to the OH" ion de-intercalation from the electrode.
Since, NiCo0,0, nanoneddle type morphology possesses the larger
atomic site in every isolated single nanoneddle which gives more
possibility to intercalation of the OH" ion and hence does not allow much
time delay during on reduction/oxidation processes. The higher surface
area of morphology makes the larger contact to the NaOH electrolyte
making more sites for redox reaction and thus helps color modulation at
low operating voltage. Due to this correlation, a low bias color switching

appears to be a direct consequence of deposited nanoneddle architecture.

Therefore, a complete cycle of CV measurement shows the reversible
colour switching from whitish colour to dark brown colour under the
charge intercalation and de-intercalation to the NiCo,0, electrode. Thus,
the electrode exhibiting two states colour switching, shown in the
background of CV diagram (real photographs), is said to be EC electrode
and the redox behavior of electrode making it potential CE candidate for
the other EC active species. The stability of redox behavior of electrode
under colour modulation has also been checked upto 50 cycles and the
data corresponding to 1%, 25" and 50™ cycle is being presented in Figure
5.5a showing little variation in current. It signifies that the electrode is
exhibiting a stable EC performance when used as electrode in an
electrochemical cell with liquid electrolyte. Therefore, the coloration
(white - brown) and bleaching (brown — white) state of the EC
active NiCo,0, electrode can be named as ON and OFF states of

switching respectively for discussion purpose.
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Figure 5.5: (a) CV curves from NiCo,0,@FTO with colour switching
for different cycles and, (b) in-situ UV-Visible spectroscopy of
NiCo0,0,@FTO electrode under the external bias of +2V and -1V.

To better understand the chromic modulation of EC electrode during
color switching, in-situ UV-Vis spectroscopy has been performed by
applying bias in two electrode system due to experimental constraints to
use three electrode arrangements. The UV-Vis experiments have been
done by applying voltages upto 2V between the EC NiCo,0, electrode
and Pt-wire as the two electrode system needs relatively higher raw
voltages to switch the electrode from beached state to the coloured state
as compared to three electrode system. The bias dependent absorption
spectra have been recorded in the whole range of visible wavelength for
OFF and ON states of the electrode (Figure 5.5b). The absorption
spectrum (black curve, Figure 5.5b) is taken from the electrode in natural
state shows a smooth absorption spectrum explaining translucent nature
of the electrode. The absorbance throughout the whole wavelength range
increases on applying a +2 V bias to the electrode which indicates the
appearance of the dark brown colour of electrode shown by the blue
curve (Figure 5.5b). The reversibility, an important aspect in
electrochromism, was checked during CV measurements and the same
state has been seen using absorption spectrum by reversing the applied
bias (-1 V) to the NiCo,0, electrode (red curve, Figure 5.5b). It is
apparent that a -1 V bias is sufficient to completely reverse the visible

spectrum to reinstall the original color of the electrode (the bleaching
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process) confirming the reversible nature of the EC effect. Therefore, the
electrode found in active state for the chromic modulation in the
potential domain of +2 V and -1V which is itself less operating voltage
in the family of all inorganic transition metal oxide (TMO). Overall
absorption spectrum in the whole visible range has been shown in the
inset (Figure 5.5b) to appreciate the bias dependent color modulation of
the solid state nanoneedle electrode. A close analysis of the bias
dependent spectra (Figure 5.5b) showing ~ 50 % change in the
absorbance hence the electrode acquires an CCr of 50% corresponding
to 500 nm wavelength which is one of the best for an inorganic EC
material especially for such a low operating bias. A large optical contrast
with small operating voltage of as low as 1V can be achieved for
NiCo,0,4 electrode likely due to the deposited nanoneedle structure
which makes larger active sites exposed to allow the charge
intercalation, de-intercalation reaction speedily making the redox
process easy for color modulation. It is clear from the above discussion
that the new nanoneedle architecture made of binary transition metal
oxides enables one to get EC modulation easily in terms of switching
voltage and CC which is one of the best in the family of inorganic EC
materials. It opens a possibility of new paradigm for revisiting power

efficient ECDs using robust inorganic materials.

5.4 Glucose-sensing of nano-NiCo,0,

The development in the area of nanoscience has touched biosciences and
biomedical engineering as well because it successfully addressed several
problems related to detection and treatment of diseases in addition to
developing sensor[174-177]. Various chronic deceases that are fatal for
human life include ‘diabetes’ where therapy is the only management
protocol[178-181]. Prior to decide a therapeutic management protocol,
detection and monitoring of glucose level in the blood is most important.
Under this context, availability of glucose sensors are lifesaving and
needs research to optimize the material used for this purpose[72,182].

Glucose sensors are generally based on the very basic principle of

108



detecting the glucose by the root of converting glucose into gluconic
acid and H,O; as a result of oxidation process leading to rise in current
value which is proportional to the amount of glucose
present[72,153,182]. Sensitivity of such sensors is decided by the
efficiency with which such oxidation take place[183,184]. Thus, the
sensitivity of glucose sensor device/electrode can be increased by
appropriately designing the sensor electrode with large surface area and
good redox activity behavior. Easy and accurate CV measurements help
to understand the oxidation process for detecting glucose with high
sensitivity at low detection limit and help also in optimizing the

operation voltage for power efficient function.

Prior to sensing experiments, the same three electrode system in
electrochemistry has also been used for glucose sensing application for
NiC0,0,@CC (works as WE) has been discussed later on. When
scanned in the direction shown (Figure 5.6a) clear oxidation and
reduction peaks at +0.34 V and +0.24 V respectively can be seen when
measured with a scan rate of 10 mV/s. The peak redox current values
show a linear variation as a function of scan rate (Figure 5.6b). Such a
linear relation of current with respect to scan rate is a manifestation of
surface controlled reaction that further indicates that the NiCo,0,@CC

could be a good system for glucose sensing applications.

The glucose-sensing capabilities of stable NiCo,0,@CC electrode were
examined by observing the dependence of the EC response on the
addition of glucose in the electrochemical cell when measured in three
electrode geometry (Figure 5.6¢). When an aqueous solution of glucose
(with varying concentrations) is added, the oxidation current increases
compared to the current values observed in the absence of glucose
(Figure 5.6¢). The current enhancement, in response of the amount of
glucose added, varies as a function of glucose concentration (Figure
5.6d). Different glucose concentration has been chosen from 1mM to
8mM for glucose sensing with high accuracy and added into the
electrochemical bath of 50 ul of each stock solution. A direct trend

between the current flowing in the electrochemical cell and glucose
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concentration means that the Redox current change is a response of
added glucose and signifies the glucose sensing properties of
NiC0,0,@CC electrode. Sensing of glucose has apparently taken place
form the dipped area of electrode (0.25 cm?) as a result of following

redox reaction (Egs.5.1- 5.3).
NiCo,0, + H,0 — NiCo(OH), (5.1)
NiCo(OH), + glucose — NiCo,0, + H,0, + Gluconic acid (5.2)
Gluconic acid + H,0 - Gluconate™ + H* (5.3)

The CV measurement shows the redox activity of NiCo,O4 by means of
change in the oxidation state of Ni**/Ni*?> and Co™/Co™ during the
oxidation process (Eq. 5.1). Oxidized Ni/Co acts as a catalyst to oxidize
glucose on reducing itself (Eq. 5.2). Immediate conversion of
gluconolactone to gluconic acid followed by formation of gluconate ion
(Eg. 5.3) that increases the conduction as reflected in the increased
current in the CV curves. Specific sensitivity has been measured to
quantify the sensing properties of the electrode from the glucose
concentration dependent variation of current (Figure 5.6d) which comes
out to be 3000 pA/mM/cm?.

In order to further ensure that the current response is due to the added
glucose, the oxidation current’s (corresponding to +0.4 V) response has
been studied as a result of gradual glucose addition as a function of time
(Figure 5.6e). A spike in oxidation current is observed every time when
glucose is added (shown as * mark, Figure 5.6e) in the cell which further
confirms that the electrode is sensitive to glucose. Furthermore, to
discount the hindrance effect of other compound like uric acid (UA),
folic acid (FA) ascorbic acid (AA) on oxidation current, these
compounds have been added which does not alter the current flowing in
the cell as shown in Figure 5.6e where markings @, $ and # shows the
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Figure 5.6: (a) CV performance of NiCo,0,@CC WE under different

scan rate, (b) Variation of oxidation and reduction current with respect to

scan rate, (c) Glucose sensing current

response with varying
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plot) data of NiCo20@CC with and without presence of glucose .
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points when AA, FA and UA have been added. Gradual addition of
glucose (50 ul) has been sensed by the NiCo,0,@CC with showing the
gradual enhancement in the current (50-100s, Figure 5.6e) whereas on
adding same volume of AA, UA and FA solution does not change the
current. This ensures the selectivity of glucose sensing of NiCo0,0,4
nanoneddle compared to other compounds. The effect of glucose has
also been seen using Electrochemical Impedance Spectroscopy
(EIS)[185] done on NiCo,0,@CC electrode in a solution with and
without glucose (Figure 5.6f). The Nyquist plot shown in black curve
represents the case when no glucose was present in the cell and
represents a larger semicircle, as compared to the case when glucose was
present in the cell (red curve, Figure 5.6f) at high frequency region. The
surface of NiCo,0,4 nanoneddle structure and the glucose molecule in the
electrolytic solution gives rise to a high frequency semicircle due to the
electrochemical reaction impedance and, on the other hand, the
negligibly small semicircle at lower frequency side is due to minimal
interface impedance between material and the substrate. On the whole,
clearly visible effect of glucose on Nyquist plot, like electrochemical
analysis, ascertains the glucose sensing properties of NiCo,0,@CC
electrode. A glucose concentration dependence of oxidation current and
impedance, along with passive response of AA, FA and UA, makes this
a suitable candidate (spinal NiCo,0, nanoneedle) for glucose sensing
application. On the whole, electrochemical and in-situ optical
measurements from hydrothermally grown NiCo,0, nanoneedles
establishes them to be good candidate for dual application as EC
electrode as well as glucose sensor.

5.5 Summary

Hydrothermally grown microporous NiCo0,0, nanoneddle structures,
showing optical and electrochemical modulations under applied biased
and under glucose addition respectively, are found to be good candidate
for dual application in electrochromism and sensing. The NiCo0,04
nanoneddles, grown on conducting transparent FTO electrode, show bias

dependent reversible color switching. The electrode shows color
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switching between whitish translucent and dark brown as examined
using in-situ absorption spectroscopy. An encouraging optical contrast
of 50%, with an application of only 2V bias was observed, which is one
of the best operating voltages in the inorganic EC materials’ family.
These NiCo,04 nanoneddles, grown on carbon cloth electrode, show
selective sensitivity towards glucose as reflected in terms of increased
electrochemical activity in the presence of glucose whereas it shows a
passive behavior towards Ascorbic acid, Uric Acid and Folic acid.
Detailed electrochemical and impedance spectroscopic measurements
further establishes the glucose sensing properties of these nanoneedles.
Oxidation of glucose to gluconate, to increase the CV current, appears to
be the sensing mechanism. A sensitivity of 3000 uA/mM/cm? could be
achieved from the given architecture due to availability of more exposed
area for more redox reaction to take place. Though the present chapter
dealt with only couple of applications, the nanoneedles architecture, that
also shows well aligned needles, can be used for exploration of other
application where well aligned sharp tips are required. Electron field
display, working on field emission, is one such application that requires
higher S/V ratios. Applications of well aligned nanowires as field

emitters have been studied in the next chapter.
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Chapter 6

Metal Oxides Nanostructures:
Field Emitters

This chapter summarizes study of electron emission property, exploited
in FE display devices, of metal oxide nanostructures which are known
EC materials used in EC displays. FE properties of NiO NPs and TNRs
have been studied and analyzed within the frame work of Fowler-
Nordheim formulation®*. An alternative formulation for the
interpretation of FE properties has been developed and validated using
theoretical fitting of the experimentally observed data**. The proposed
model addresses the little incompleteness presence in the traditionally
used Fowler-Nordheim model.

° Devesh K Pathak et al, Superlattices and Microstructures 125 (2019), 138-143
1% Devesh K Pathak et al, Superlattices and Microstructures 126 (2019), 1-7
! Devesh et al. Materials chemistry and Physics 245 (2020), 122686
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6.1 Electron Field Emission

Emission of electrons under an applied bias, known as FE, is a quantum
tunneling process which depends upon work function of the material,
their electronic structure and upon the material surface geometry and of
course on the magnitude of the applied electric
field[75,85,87,90,186,187]. Diode like two-electrode geometrical setup
is usually designed to understand the measure FE properties of a
material through measuring the bias dependent current. Cathode plate is
designed with the material used for investigation for FE application and
attached with a high voltage for which corresponding current is observed
using the other (anode) electrode. The whole apparatus is kept under a
high vacuum to prevent the scattering of emitting electron (tunneling
electron) from any gaseous particle[188-192]. The emission current
highly depends upon the applied field and voltage required to start the
emission depends on the geometry especially for nanomaterials. The
applied field gets enhanced at the surface of material depending upon the
morphologies in ‘nano’ regime that generate the overall emission of
electrons after surpassing the quantum mechanical barrier[193]. This
quantum mechanical approach has been solved by considering the WKB
principle and summarized in Fowler-Nordheim (F-N) relation, Eq. 1.9
(section 1.5.2, chapter 1). The F-N Equation behavior describes the FE
property of any material. Nanostructures of NiO and TiO, have already
been discussed in chapter 3 as a potential candidate for EC display
devices. Cold electron emission from these nanostructures have been

discussed here that can be of use in a FE display device[194-198].

6.2 Nickel Oxide Nanopetals

Optimization of various fabrication parameters, affecting the
nanomaterials' properties, can be considered as one of the most
important steps as it decides the material onto which the performance of
the end device will depend[7,75,199-201]. This is mainly because the
synthesis method and associated atomistic dynamics decide how they

will come together to result in the nano-form under a given
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thermodynamic conditions which in turn gets directly manifested in a
unique morphology[86]. In other words, morphological variation can be
one of the best parameters to study the property of nanostructure thus
helping one in identifying best suitable material for applications. The
morphology can be controlled by appropriately choosing the parameters

and may result in surface architecture, tuned for a particular cause.

A precursor's concentration dependent surface morphologies of NiO NPs
(NPs) have been studied for designing application-specific
nanomaterials by hydrothermal technique. A detailed analysis on surface
morphology shows how the synthesis parameters can be optimized to get
a desired application specific nanostructure by taking an example of FE
properties. The NiO NPs were prepared with three different precursor's
concentrations out of which the sample prepared with lowest
concentration was identified to show very good FE property with high
enhancement factor.

6.2.1 Reaction route and surface analysis

Nanomaterials’ properties and thus its application inherently depend on
their morphology which may depend on various parameters including
concentration of precursors used. Figure 6.1 (a)-(c) show surface
morphologies, obtained using SEM techniques, of samples S1, S2 and
S3, (described in chapter 2, section 2.4.1) fabricated using hydrothermal
process with precursor concentrations of 60 mM, 80 mM and 100 mM
respectively, along with the schematic of sample preparation method and
corresponding reaction leading to the nanostructures (Figure 6.1d). NPs
of NiO can be seen in all the three samples with some variation in
surface morphology as can be noticed qualitatively meaning that
different concentration of Ni(NOs), lead to different surface

morphologies.
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Figure 6.1: NiO NPs’ micrographs of samples prepared with Ni(NO3)2
concentration of (a) 60mM, (b) 80mM and (c) 100mM along with (d)

Schematic of experimental set up.

In the hydrothermal process, the NPs are formed as a result of following

reaction at 150 °C temperature.
Ni(NO3), + 2NH,OH — Ni(OH), + 2NH,NO; (6.1)

2Ni(OH), + K,S,05 + 20H™ + H,0 — 2NiOOH.H,0 + 2S0,” +

After the above reaction under high temperature and pressure conditions,
NPs of Ni(OH), get deposited on conducting ITO substrate. Presence of
NH4OH and K;S,0g has their individual roles in this process. The first
one makes available the -OH sites to form the Nickel hydroxide and the
second one is a crucial parameter for heterogeneous nucleation. The
Ni(OH), formed after the abovementioned reactions converts to NiO
after annealing process (at 250 °C) as a result of following
reaction[202]:
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2NiOOH.H,0 + e~ — Ni(OH), + OH~ (6.3)
Ni(OH), — NiO + H,0 (6.4)

All four reaction (Eq. 6.1- 6.4), as depicted in Figure 6.1d, explains the
formation of NiO NPs by bottom-up approach. It is intuitive that a
higher concentration of Ni(NOgs), will contain more Ni and O atoms and
it is very likely to yield more amount of NiO as is apparent from Figures
6.1b & 6.1c as compared to Figure 6.1a. It will be interesting to see how
this increased yield manifests itself in terms of morphology of the film.
The phase purity and material characteristics of NiO NPs film for S1
sample has already been discussed in chapter 3 (section(3.1.1)) and now
can be taken for geometrical analysis for knowing electron transport
mechanism in FE study.

6.2.2 Geometrical analysis

Though it is evident from Figure 6.1 that uniform deposition of NPs has
taken place across the whole substrate for all the samples, some
quantitative study of the same will be interesting and has been discussed
below. Quantitative analysis of the SEM images (Figure 6.1a-c) has been
carried out using Image J™ software. Surface plots obtained from
selected portion on the SEM images show 3D representation of beautiful
rose petal like structures as extracted using ImageJ™. The ImageJ™
deduced surface plots representing sample S1, S2 and S3 clearly shows
that the petal density increases with increasing concentration of
precursor. Sample S1, prepared from minimum precursor concentration,
contains petals like structures which appear more closer in samples
(samples S2 and S3) prepared using higher precursor concentration.
High concentration means presence of more reactants resulting in more
end materials to give denser NPs. It is also clear from Figure 6.2a that,
on increasing the precursor concentration, the petals not only become
thicker but also gets packed more closely. This can be verified
quantitatively by taking a closer look at these images along with SEM
images of Figure 6.1a-c through line profiling. Line profiles, obtained
from ImageJ™, were analyzed to obtain petal thickness and petal
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density. To define the average petal density and thickness, multiple line
profiles were drawn on the SEM image frame for all the three samples.
The concentration dependent petal density and petal thickness show a
direct proportionate variation (Figure 6.2b).

Petal Thickness (nm)

60 80 100
Concentration (mM)

Figure 6.2: Surface plots extracted from SEM images using ImageJ and
(b) Variation of average petal thickness and petal density as a function of

precursor concentration

It is also interesting to see in Figure 6.2b that on increasing precursor
concentration the petal density tends towards getting saturated (left Y-
axis) whereas the thickness starts dominating at higher concentrations
(right Y-axis). Figure 6.2b has been used to estimate the linear porosity
(in percentage) by taking the ratio of overall cumulative coverage of the
petals over the total length under analysis. It is interesting to see that
linear porosity decreases as a function of concentration (Table-6.1). This
is consistent with abovementioned results (Figure 6.2(b)) as porosity

reduction is a direct consequence of continuously increase in the
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thickness of the NPs as well as increased packing density i.e, decrease in

inter-petal distance.

Table 6.1: Details of linear porosity as a function of precursor

concentration.

Sample Name

precursor
Concentration

Linear Porosity

S1 60 mM 85.6 %
S2 80 mM 69.3 %
S3 100 mM 22.1%

6.2.3 Electron Field Emission

As mentioned above, FE is one such application where surface
morphology plays very important roles and it directly affects the local
electric field when kept under external bias. Thickness and separation
between two emitting source (NPs in the present case) are other factors
governing the electron emission as inappropriate substrate may kill the
electron emission. Thin nanostructures, not very closely packed, are best
suited for FE applications. Less porous medium are highly dense and has
smaller aspect ratio. It sees very high screening effect and thus is poor
electron emitter. To take both of these factors into account linear
porosity and product of petal density & petal thickness may be helpful in
identifying the optimal condition for FE. It is appropriate to define a
term quality factor, &, defined by product of the petal thickness and petal
density to identify suitable samples for FE. The same has been
calculated for all the three samples and summarized in Table-6.2.
Smaller the value &, more suitable will be the sample for FE which is

sample S1 in the present case (Table-6.2).
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Table6.2: Details of parameters calculated by Image J software.

Sample name, Petal Petal density | Petal density x
Concentration Thickness ( ) Petal
PEr pm Thickness
(mM) (nm) ©)
(x 107)
S1, 60 22 1.34 29.6
S2, 80 48 2.19 106.2
S3, 100 85 2.68 230.2
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Figure 6.3: FE from a specially characterized NiO NPs with turn on field

1.2 V/Imm (a), F-N plot for finding the estimate value of enhancement

factor B (b).
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The FE properties of sample S1 has been studied where the electron
emission was measured by putting an electrode 0.5 mm from the sample
S1 in planner geometry. Figure 6.3a shows the emission electron current
density (J) as a function of applied electric field (E). The J-E curve
follows the F-N relation (Eq. 1.9) below (section 1.5), The observed FE
from NiO NPs is very efficient with a turn-on field of 1.2 V/mm and
threshold field of 2.94 V/mm. The field enhancement factor of 5713
thousand has been calculated from the sample using the F-N Eq.,
described using Eqg. 1.9, shown in the Figure 6.3 (b). This affirms the
hypothesis that morphology may be predesigned prior to its use in a
given application and in the present case the same can be done by
appropriately controlling the precursors’ concentration for field
emission. Thin nanothorns are present on these NPs which enable one to

achieve such a good FE from the sample.

6.3 Field Emission from Packed TiO, nanorod

Titania (TiO2), a member of the metal oxide group of materials and said
to be a nature’s gift to the mankind, has been intensively studied in last
couple of decades in various applications like, resistive
memory[203,204], solar cell[205], photocatalysis[206] etc. Application
specific nanomaterials need to be not only designed but also be
synthesized by an appropriate method as different methods have its own
advantages and disadvantages. Each of these applications exploits a
particular aspect of the nanomaterials like the surface morphological
variation tuning which the best possible property can be obtained, as
described in the previous section. FE is one such application which
highly depends upon the surface morphology and is the main problem to
be discussed here[207].

An improved electron FE property from vertically aligned TNRs (TNR)
grown over the FTO glass substrate, prepared by hydrothermal technique
(section 2.4.2). The TNRs having high aspect ratio with appropriate
separation were prepared by optimizing the nucleation temperature. The

TNR density has been optimized to cease the screening effect in closely
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packed nanorods. The well aligned rods have been designed so that the
applied field is equally distributes on each rod to improve the electron
emission. Therefore, before going into the electron emission property of
TNR, it must be checked the alignment of nanorod geomtery and their
surface analysis.

6.3.1 Structural analysis and characterisation of TNR
Morphology of the TNRs deposited on FTO coated glass substrate have
been examined using SEM. The SEM shown in Figure (3.3e & 3.3f)
shows the homogeneously packed dense TNR with average packing
density of ~10 NRs per micron as estimated using method reported in

previous section using image J™

software. The TNRs appears to have
grown vertically on the substrate, shown in Figure (3.3e & 3.3f)
Information about the height of TNR has been obtained by taking the
cross-sectional SEM image. Figure 3.3f clearly shows that the nanorods
of TNR having height of about 2um are by-and-large aligned. Therefore,
the combined morphological study of top view and cross-sectional view
gives the high aspect ratio of TNR which can be suitable parameter to
become an efficient field emitter. Crystallinity of these individual TNR
have already been studied using HRTEM and analyzed (section 3.1.2) in

detail.

Additionally, the structural as well as optical properties of prepared
TNRs, studied using XRD and UV-Vis spectroscopy, reveals that the
crystalline rutile phase of TiO, with band gap of 3.19 eV is formed
(section(3.1.2.1). An enhanced band gap from TNR, as compared to its
bulk counterpart (3.0 eV), is a consequence of QCE as the confined
carriers often lead to band gap enhancement. The combined study hints
to the phase purity of crystalline TiO, martial and their nanorod

geometry shows high aspect ratio, thus can be takes for the FE study.

6.3.2 Field Emission from TNR

Besides the wide band gap of TiO,, it has some unique features to make
it different from other transition metal oxide like its application in

electronics. These features can be obtained in terms of high aspect ratio
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(length to diameter) and less porosity for one-dimensional TNR. Since
the high aspect ratio of TNR indicate the appreciable electron emission
property due to high electron density at the tip of nanorods with vertical
alignment being an additional advantage. Emission of electron from the
nanostructure in high vacuum displays the promising FE applications.
The FE properties have been measured from abovementioned
TNR@FTO in high vacuum chamber. An anode of area 0.72 cm? in the
form of a circular plate made up of copper was used in parallel plate
geometry for FE measurement. Background image of Figure 6.4a,
depicts the geometry of FE apparatus in two electrode system with TNR
deposited sample used as cathode (to emit electrons) and the copper
sheet being the anode (to accept electrons) completing the cycle of
electron current. The distance between these two electrodes was fixed at
0.5 mm. Figure 6.4(a) represents the FE current observed from TNR on
the application of external voltage and obtained graph between J v/s E
follows the typical FE data trend of Eqg. 1.8. Experiments were carried
out in high vacuum chamber which was at 10> mbar pressure. The
conversion of FE current into the F-N Eq. using Eq. 1.9 and plotted in
Figure 6.4b to known the FE parameter for which every material is
checked for its better FE property.

Since the FE phenomenon is based on quantum mechanical tunneling
effect from the tip of nanostructure inside a high vacuum, it is expected
that a potential distribution at the surface of nanostructure will play an
essential role in facilitating the tunneling of the electrons. Under high
vacuum condition, this potential distribution is known to take the shape
of a triangular barrier with a round edge (Eq. 1.7 chapter 1) From Eq. 1.5
& Eqg. 1.6. It is confirmed that, to draw the significant FE current, the
electron potential distribution must be either tailored by applying

external field (trivial) or through internally induced perturbations.
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Figure 6.4: (a) FE(J-E plot) from TiO,@FTO nanorods measured in a
parallel plate geometry (inset). (b) F-N plot in linear relationship for
estimation of enhancement factor, (c) Schematic representation of

favorable (the green panel) and non-favorable (red panels) situations for

efficient field emission.
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Inset of Figure 6.4b shows the estimation of intercept (on the 1/E axis)
and slope of linear region which provides the information of B and
threshold field respectively. The estimated values of  and threshold
field (Ey) are ~37 thousand and 0.3 V/um respectively. A significant
enhancement factor of ~37 thousand is helping in achieving a low
threshold field of less than half a volt per micron. The observed values
of B in the present TNR are better than those reported from various
morphologies of TiO,[84,85]. The values of 3 and Ey, depend upon the
structure of nanostructures’ tip, which in turn govern the emission, and
needs to be analyzed to understand the improvement in the enhancement
factor. The properly vertically aligned sharp nanoneedles of TNR give
the advantage in improving the FE by restricting the shielding of electric
field to get randomized from uneven emission surface if available
otherwise. The appropriateness of distance between two TNRs is another
factor playing a role in improving the FE as too closely packed nanorods
kills FE due to screening effect. This has been summarized using a
schematic shown in Figure 6.4c where the favorable condition has been
shown in the bottom most panels (green) whereas two non-favorable
conditions have been shown in top and middle panels (red). Another
important parameter used in quantification of FE is the turn-on field,
defined here as the electric field required to get a current density of 0.01
pA/cm?. The turn on field for the TNR is obtained to be equal to 0.2
V/um which is better as compared to various TiO, NSs reported in
literature. Thus, vertically aligned TNR@FTO prepared by hydrothermal
method seems to improve the FE properties as evident from the low
values of threshold & turn-on fields and high value of enhancement
factor. High enhancement factor observed for this case may be defined
by the presence of less screening effect and conducting nature of
substrate. It can be well certified that the obtained well aligned TNR are

capable of being used in FE application.
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6.4 Alternate Analytical FEFramework

An improved framework is being described here to validate the FE
results discussed above and will be compared with the existing analysis.
A new set of parameters for quantification of electron emission quality
has been proposed for analyzing the different FE properties of NiO and
TiO, nanostructures, The proposed analytical method enables one to
understand the FE properties in better sense as compared to the
traditionally used framework, namely the F-N approach. The proposed
model improves the analysis by introducing a boost-factor to take care of
the FE data in totality unlike the traditional method where only currents
for higher electric fields are considered. The proposed model is found to
be more appropriate as it addresses the ambiguity present in the
previously used method. A quantum mechanical approach has been
adopted for explaining the improved FE properties from these
nanostructures using the concept of tunneling probability.

6.4.1 Background study

As mentioned above, a new analytical framework has been developed
for analyzing FE properties of nanomaterials by appropriately addressing
the discrepancies of the existing model. Need of a new methodology can
be appreciated by the fact that the existing F-N Eq. (the straight line)
uses the work function of bulk material (for calculation of B) whereas the
electron emission takes place from the nano form of the material. It is a
well-known fact that electronic structure of a nanomaterial is different
from its bulk counterpart due to discretization of the energy levels
enforced by QCE[32,208-216]. Noncompliance to the use of actual
effective work function of the nanomaterial in analysis and deviation of
the actual data from straight line insists that alternate analysis should be
done by considering the J-E curve for all E values and by taking into
account the modified work function. The proposed framework uses the
F-N equation, rather than the processed one, to fit the complete
experimental J-E data (instead of the selected one as in current practice)
and yield redefined parameters (defined as boost-factor) as fitting

parameters. This factor explains how modified electronic structure from
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the nanomaterials helps improving the FE by decreasing the barrier
height as well as barrier width thus increasing the probability of
tunnelling. The proposed model has been validated by analyzing FE
properties from nanostructures of NiO and TiO, grown in naopetals and
nanorods shapes respectively. The proposed model successfully explains
the enhanced electron emission, a quantum mechanical phenomenon,
from these two nanostructures by adopting a quantum mechanical
approach.

6.4.2 Origin of New Framework: Validations

Currently, the theoretical framework based on F-N formulation is used
as the most acceptable methodology to quantify FE quality of a sample.
FE mechanism is understood using the predicted J-E relationship (Eqg.
1.8) (Eq. 1.8 followed by the F-N Eq. 1.9). Eq. 1.9 represents, at least
apparently, a straight line between In (J/E?) and 1/E, whose slope is used
to determine the value of B. However, a well-accepted model for
understanding FE properties of material, it is important to mention some
of the inconsistencies in the F-N equation. These inconsistencies induce
ambiguity in the analysis which make the understanding of FE
incomplete because the field enhancement factor () used as quality
factor, is estimated from Eq. 1.9. The origin of ambiguity lies in the fact
that B is estimated from the slope of the so called straight line (Eq. 1.9)
which is not true for all values of E. In other words, this Eq. expresses a
straight line only for the high electric field values. Thus the quality
factor estimated from only a portion of data should not be treated as the
representative of the FE behavior in the global context. Since FE is a
display device based application where emission current at any electric
field is equally important thus defining these parameters by considering
a limited data is likely to cease some information about the true FE
properties of a material. Actually there is no reason why the whole I-V
data should not be seen in completeness to give the true picture of a
material. Keeping this point in view, a completely new methodology has
been adopted here to analyze the FE characteristic by taking examples of

both the metal oxide nanostructures.
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It is proposed to use Eq. 1.8 as the master Eg. which can be rewritten as

Eq. 6.5 after simplification:
] = nE%e~¢/E (6.5)

AB? By, >/? . .
where, n = . & (= eT are the redefined master parameters with

e

A & B being the same parameters defined above. The values of ¢ and n
can be estimated by fitting the observed J-E curve with Eq. 6.5 by taking
these two as the fitting parameters. When the known values of A & B
are used, B & ¢. remains the only parameters to be calculated from these
two obtained values corresponding to the best fit. This gives the values

of effective work function from the following Eq. obtained using simple

algebra: ¢, = (%) % ; where ¢, = x ¢ with x as the “boost factor”

that explains the factor by which the work function gets an effective
boost as compared to the bulk counterpart and can be calculated by
simply taking the ratio of calculated ¢, and the bulk work function value
¢. As the word itself mean, it is the factor by which the FE changes in
nano materials as compared to the bulk counterpart. The main
nanostructures’ property from where the difference starts is the change
in energy level discretization, which will further affect the work function
of material and the potential profile of tunnelling electrons. In the
quantum mechanical regime for bound electrons inside the nano
dimension offers effectively less potential width for tunnelling of
electron, which result in higher FE current compared to the bulk phase
where quantum effects play little role. To make the whole description
easy for nano-dimension, the terminology ‘boost factor’, introduced for
quantification of combined role of work function and tunneling width, is
used for elaborating the FE phenomenon in the new framework which

will be elaborated later on.
6.4.2.1 Validation using NiO NPs and TNR

As mentioned above (sections 6.2 & 6.3) the NiO & TiO; nanostructures
result in different morphologies with ~20 nm thick petals of NiO and ~

40nm thick TiO, NRs and display a well-defined FE current behavior as
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mentioned in figures 6.5a & 6.5b. The FE current, generated as a result
of tunnelling of electron from a sample, varies differently as a function
of applied field for NiO and TiO due to different morphologies which in
turn results in different field profile on the tip of the nanostructure, as
shown in figures 6.5a & 6.5b. The obtained behaviour of current for both
the samples is clearly pointing out that the emission nature of material is
depending on the morphology. The main difference between the FE
characteristics of NiO NPs (Figure 6.5a) and TiO, NRs (Figure 6.5 b) is
visible in terms of observed current density at a given electric field.
Figure 6.5 clearly shows that NiO NPs are far better field emitters as
compared to TiO, NRs. Amongst various parameters affecting the
tunneling; tunneling probability is a factor that can be used to understand
the present observation. The tunneling probability is known to be
inversely proportion to the width of potential barrier, which may be
tuned by changing the surface morphology, physical properties of
material, nature of substrate, and the vacuum level. Less electric field is
required to initiate the emission of electron means more tunneling
probability of electron from NiO NPs in comparison to TiO, NRs. The
study of morphology dependent FE is a well- known phenomenon and
has been reported. Another factor that affects the tunneling probability,
and thus the FE, is height of potential barrier, which is in the present
case is dictated indirectly by the (effective) work function of the
nanostructures. More details about the effect of these two factors (the
tunneling width and work function) on tunneling probability will be

discussed later on.
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Figure 6.5: FE current density as a function of applied electric field for
(@) NiO NPs (schematic of electrode geometry in top inset) and (b)
TNRs. Bottom insets in (@) and (b) shows portion of corresponding

microstructures.

Table 6.3: Summary of FEparameters and obtained master fitting
parameters along with boost factor and effective work function for NiO
NPs and TNRs

Sampl | Maximu | Master Master Work | Effectiv

e m paramete | paramete | functio | e work

name |current |r r n ¢ |functio |X
density | | ‘o (bulk) | n _ Bt

g | (%) ¢

(A/m?) (eV) V)

NiO |32 8.54x107" | 1.3x10* |4.2 14 x[33 x

10° 107
TiO, 0.01 75 x 10| 1.9x10° |43 59 x |13 x

Therefore, the FE data from NiO NPs and TNR has been fitted using the
proposed new Eq. 6.5. The master parameters ({ and n), obtained
corresponding to the best fit, have been summarized in Table 6 for both

the samples. Table-6.3 also lists the calculated values of redefined
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“boost factor” as well as the effective work function for both the

samples.

The importance of the master parameters, and thus estimated ¢, & boost
factor (), is that it comes from the experimentally observed measurable
quantity J(E) thus leaves no ambiguity. An overview of the parameters
in Table 6.3 makes it clear that NiO NPs displays much larger current
density as compare to TNRs for a given value of E, this is likely because
of the much discussed screening effect, which is playing a greater role in
TiO,. Random distribution of TNRs creates the cloud of space charge
around the tips of nanorods, because of which all charges generate the
heating effect instead of ballistic tunnelling and thus result in low
current. Very small values of x for both, NiO and TiO, nanostructures
signify that the effective work functions are very small as compared to
their bulk counterparts. The effective work function is somewhat
analogous to the height of potential step when talked in the context of
quantum tunneling. A shallow potential step means more quantum
tunnelling probability. As a result the nanostructures, due to their smaller
effective work function, are better field emitters as compared to their
bulk counterparts. It is worth mentioning here that however the effective
work function is smaller (as compared to NiO) for TiO,, it is a poor field
emitter as compared to NiO because of the smaller boost factor (last
column). Thus the boost factor, estimated from the fitting of the
observed consolidated J-E data is true representation of the FE properties
of a given nanostructure thus should be used as factor to quantify the

quality of FE instead of traditionally used factor 3.

Role of this quantum effect and quantum induced discretization of
energy levels in improving FEfrom nanomaterials can be understood by
comparing the band structures of a nanomaterial and that of its bulk
counterpart as shown in Figure 6.6. For FE, the electrons need to be
pushed through a tunneling barrier under an influence of applied electric
field. Quantum mechanics enforces that higher electric field is required
if the work function (the potential step) is more thus is difficult for
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electrons to tunnel in bulk materials. Moreover, since the sizes of
materials (thus the tunnelling width) are very large, it is virtually
impossible for the electrons to tunnel in bulk form. This is depicted in
Figure 6.6a where the left schematic shows continuum of electronic
energies and representative electron wave function in three different
regions. The slanted plane shown by dotted boundary is the potential
profile, under an applied bias, which will remain horizontal otherwise to
represent the potential step when not placed in an electric field. The right
panel in Figure 6.6a shows representation of the same potential step
under the FE measurement set up. When the bias is applied, the electrons
at the surface of the material (shown as black dots) needs to tunnel
through a distance 1, so as to reach the “anode” (with the material
connected to cathode) to give (field emission) current. It is worth
mentioning here that the most energetic electrons (the ones at the top of
the energy band) have energy equal to the work function (¢p). If
somehow the electrons can achieve some higher energy levels (if
available in the material) then these electrons will need to tunnel smaller
width.
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Figure 6.6: Schematic energy band representation for depiction of
electron tunneling from (a) bulk material and (b) a nanostructured
material. The energy levels and behavior of electron wave-function in
different regions with dotted plane as the potential profile under applied
electric field is shown in the left panel. The right panel shows the effect
of quantization of energy bands on effective work function (¢ef) which
is less that the bulk counterpart (¢) and the tunneling widths (t, & 1)

under two different applied biases (Eapp and Enano).

This is possible due to the slanted nature of the effective potential
barrier. The reason for this slanted nature of the potential step has been
discussed earlier (section 1.5.1, chapter 1). The latter situation is
possible in nanomaterials due to energy quantization leading to opening
of energy bands (Figure 6.6b). When miniaturized to form
nanomaterials, the energy distribution is completely changed and gets
discretized with separation (between the energy levels) varying as a
function of size. The energy discretization helps the electrons to get
filled up to a level, closer to the vacuum level. This helps tunneling in
two ways, firstly, the electrons are now filled more close to the vacuum

level (represented by an effective work function ¢efr Which is less than its
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bulk counterpart ¢n) which reduces the potential step height. This in turn
increases the tunneling probability. Secondly, now the surface electrons
need to tunnel a relatively smaller width (t,) as compared to the bulk
width 1,, (Figure 6.6b right panel). As a consequence of reduction in
effective potential step height and effective tunneling width, an
exponential improvement in the tunneling probability becomes obvious

as explained in the section.

The above-mentioned double boost, the reduction in potential step height
and experiencing lesser tunneling barrier allows easy FE from
nanomaterials. As mentioned above, this boost is quantified using the
boost factor . This transition of energy levels getting non-degenerated
once the material moves from its bulk to nanoscale due to symmetry
breakdown vyields better electron emission. In other words, bulk
materials show the symmetric behavior in all dimensions, which has
degeneracy of certain order which makes the continuum region of filled
electronic state shown in Figure 6.6a. In contrary, the nanomaterials has
only one confined dimension which results in all levels to get split into
different nondegenerate energy states shown in Figure 6.6b. It is also
clear from figure 6.6 (right panels) that if one want to achieve a smaller
tunnel width, equivalent to the one in nano case (t,) than higher electric
field (Eapp) needs to be applied as compared to the one in nanomaterials
(Enano). This is consistent with the values observed from the
experimental data from both the nanomaterials as summarized in Table
6.3. This scenario can be better understood quantitatively using the
present analysis where “boost factor” is considered as compared to the
traditionally used ‘“field enhancement factor” as prescribed by the
proposed analytical framework. It is also important here to mention that
the new framework does not alter the basic underlying concept of FE
and only rearranges the master F-N Eq. thus can be used for analysis of
FE properties of any nanomaterials capable of showing electron
emission. The above-mentioned framework has been validated using FE

properties of Si nanowires and has been summarized in Appendix A2,
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The fitting of the obtained FE data with the new framework also shows

consistence behavior and validates the new rearranged formula.

6.5 Summary

Surface morphologies of hydrothermally grown NiO NPs and TNR are
found to be dependent on the precursor’s concentration at a given
deposition and annealing temperature. In case of NiO, on increasing the
precursor’s concentration, the linear petal density increases and tends to
saturate whereas the petal thickness keeps increasing within the
concentration upto 100mM. Sample prepared with 40mM precursor
concentration exhibited very good FE properties with turn-on field of 1.2
V/mm and threshold field of 2.94 V/mm resulting in a field enhancement
factor of more than 5 million. Nanorods of TiO,, besides high aspect
ratio, moderate nanorods’ density and good alignment of nanorods, leads
to the enhancement in FE. The moderate nanorods density keeps these
rods at appropriate distance to cease the screening effect, which take
place when the rods are too closely packed.

An inclusive new methodology, developed using quantum mechanical
principles, for analysis and explanation of FE from nanostructures is
found to be more comprehensive as compared to the traditional
framework which uses “field enhancement” as the most significant
parameter. In the new framework a new parameter “boost factor” is
defined which takes into account two most important factors, energy
discretization & its effect on effective work function as well as the
reduction in effective tunnelling width which helps in easy electron FE
from nanostructures. Analysis of FE from two different oxides (NiO and
TiO,) and two different morphologies (NPs and nanorodss) validates the
proposed analysis. The boost factor and effective work function from
both the nanostructured samples, calculated using the current platform,
represent the observed J-E curve for all values of electric field unlike the
case of traditionally used analysis where only high electric field J-E
curves are taken into account. In other words, the conclusions pertaining

to FEdrawn using present model represents the complete data thus takes
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care of the incompleteness/ambiguity that’s latent in the previously used
analysis. The inclusion of QCEs, inherently taking place in
nanomaterials, in the analytical framework is in the root of the
completeness of the proposed analysis.
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Chapter 7

Conclusion, Summary and Future
Scope

Major conclusions of the research work reported in this thesis are being

summarized below along with the scope of future extension of the work.

7.1 Conclusions and Summary

7.1.1 Electrochromic Display

1.

Material characteristic for electrochemical properties have been
studied for different inorganic and organic material in detail
along with establishing the color changing mechanism.

Different methods have been chosen for preparing the solid thin
film electrode for better electrochromism and various parameter
optimized for appropriate composition.

Electrochromic properties of TMO electrodes after proper
characterization have been studied and their merits/demerits
underlined for further studies and possible applications.
Spectroelectrochemistry measurement at individual EC electrode
for in-situ optical spectroscopy has been performed for
spectroscopic study and studied the factor influences the
performances.

Electrodeposition techniques has been selected for making
smooth, more adhesive, more homogenous, dense thin film of
cobalt oxide which lead to investigate the better switching
response for optical modulation.

Designing electrochemical set up containing EC electrodes in an
appropriate electrolytic medium has been used to determine how

each electrode possess its EC behaviors with applied bias.
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10.

11.

12.

Therefore, EC double layer display has been designed through a
flip chip techniques.

. Two different combination of all-inorganic and inorganic

/organic (say hybrid) device suggests that the improved EC
performances and multicolor EC behavior is possible for bi-
layered geometry.

A device fabricated using the organic (Viologen) -inorganic
(Co304) hybrid components, showed a CCr of 66% with a
switching time of 500ms with a low operation voltage of 1.8V.
As a result, the device showed a coloration efficiency of 368
cm?/C and remained stable for more than 120 switching cycles.
All-inorganic device of Co304-PB shows a fast response (1.5s)
and power efficient (246 cm?/C) performance with a good CC
(40%) and stability (more than 300 switching cycles) maintaining
the robust nature of the inorganic EC family which switches
between blue, green and brownish colors with a small bias of less
than couple of volt.

In-situ bias dependent spectroscopic experiments including
Raman spectroscopy have been carried out during device
operation to establish and understand the working mechanism of
bias induced color switching of fabricated ECDs.

In-situ Raman spectroscopy prove to be a handy and non-
destructive tool to track bias induced redox changes of active
materials involved in electrochromism of the device. It revealed
bias induced changes in the redox state of interfacial layers and
also spectroscopically see the live information and deformation
of redox species.

The overall EC performances of inorganic material can be
increased at some extant by choosing these suitable parameters
and combination of materials and can also be enhance on
preparing the nanomaterials in different chemical composition
which comes in the category of binary, ternary mixed metal

oxides and in oxyfluorides.
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13. The binary NiCo,0, nanoneddles based electrode shows color

switching between whitish translucent and dark brown as
examined using in-situ absorption spectroscopy. An encouraging
optical contrast of 50%, with an application of only 2V bias has
been observed, which is one of the best operating voltages in the

inorganic EC materials’ family.

14. These materials with different nano-architecture may exhibit

additional application in addition to electrochromism. Such
multifunctional application from different nanostructures has

been explored in various transition metal oxides.

7.1.2 Bifunctional role

1.

Hydrothermally grown microporous NiCo0,0, nanoneddle
structures, showing optical and electrochemical modulations
under applied biased and under glucose addition respectively, are
found to be good -candidate for dual application in

electrochromism and Glucose sensing.

2. These NiCo0,04 nanoneddle, grown on carbon cloth electrode,

show selective sensitivity towards glucose as reflected in terms
of increased electrochemical activity in the presence of glucose
whereas it shows a passive behavior towards Ascorbic acid, Uric
Acid and Folic acid.

3. Oxidation of glucose to gluconate, is responsible to increase the

4.

current response, lead to sensitivity of 3000 pA/mM/cm? for the
given architecture due to availability of more exposed area for
more redox reaction to take place.

Metals like Ni and Co in its oxide (NiCo0,0,4) form opens a new
possibility towards electrochemical application for showing

multifunctional application.

7.1.3 Field Emission Display

1. Surface morphologies of hydrothermally grown NiO NPs and

TNR are found to be dependent on the precursor’s concentration

at a given deposition and annealing temperature.
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2. Sample prepared with 40mM precursor concentration exhibited
very good FE properties with turn-on field of 1.2 V/mm and
threshold field of 2.94 V/mm resulting in a field enhancement
factor of more than 5 million.

3. Nanorods of TiO,, besides high aspect ratio, moderate nanorods’
density and good alignment of nanorods, leads to the
enhancement in FE and two orders of magnitude enhancement in
the electric field has been observed for this kind of
geometry giving improved turn-on field and field enhancement
factor of 0.2 V/um and 37 thousands respectively.

4. An inclusive new methodology, developed using quantum
mechanical principles, for analysis and explanation of FE from
nanostructures is found to be more comprehensive as compared
to the traditional framework which uses “field enhancement™ as
the most significant parameter.

5. In the new framework a new parameter “boost factor” is defined
which takes into account two most important factors, energy
discretization & its effect on effective work function as well as
the reduction in effective tunneling width which helps in easy
electron FE from nanostructures and validated on two results.

7.2 New Findings Reported in the Thesis

1. Electrodeposition technique for deposition of solid thin film
found much favorable for showing the electrochromism with
better performances and can be act as a suitable auxiliary electro
to improve the other EC of inorganic and organic materials.

2. The tri-EC device of Co304 and PB electrode displaying three
different colors within the 1.5 sec response time.

3. In-situ bias dependent Raman spectroscopy has been
demonstrated for investigating of working mechanism of an
ECDs.

4. Suitable metal doping can enhance the oxidation state of material

lead to bifunctional role of those materials.
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5.

Morphology of nanostructure having high aspect ratio also
displays many applications beyond the electrochemistry like FE

and has been seen in nano-NiO and nano-TiO, architectures.

7.3 Future scope of the work

1.

10.

Designing the Fast, Flexible, Wearable, Stretchable, Compact
and Robust ECDs.

EC displays with other application such as memory devices,
Supercapacitor, UV sensing, Heat shielding etc.

Investigating other materials’ to their different morphologies,
electrical properties and stability for energy storage, sensing,
water splitting like applications.

Optimizing the parameter like film thickness, precursor
concentration, deposition parameter, role of electrolyte and etc.
will be considered for future work.

Fabrication of device at large scale for commercialization
purpose.

Making use of dual wavelength filter device for waveguide
purpose.

To search the EC active species in natural herbal product and
their implication for other application in electronic and
biomedical fields.

Raman Spectroscopy of different oxides, biomolecules for
searching a new area of research toward application point.\
Exploring other characterisation techniques like XPS, TEM,
Mass spectroscopy, in detail and finding the correlation to others.
There will always be an effort to focus on designing a device
with multiple embedded applications.

The thesis can be concluded with the following lines:

“ldeas do not always come in a flash but by diligent trial-and-error

experiments that take time and thought .

--- Charles K Kao (fibre optics)
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Appendix

Al. Diode behavior of hybrid ECDs

Figure Al shows I-V characteristic of the fabricated hybrid solid state
ECDs in which electrode containing EV (Cos04) is connected to
negative (positive) terminal of battery. The device IV characteristic has
been taken as the same biased condition from -1 V to +1.8 V. As seen
from this diagram, a much and significant current is flowing after +1.5
V, when -1.5 V will be at EV. However, the current starts going up from
the +1 V and enhances after +1.5 V. Therefore, +1.5 V can be taken as

threshold voltage of the device.
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Figure Al: Current voltage (I-V) response of the fabricated solid state

device
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A2. Quantifying Electron Emission from Silicon Nanowires using new
framework

A consolidated new methodology, developed on the basis of quantum
mechanical principles, for analysis and explanation of size dependent FE
from silicon nanowires has been found to be more comprehensive as
compared to the traditional framework. The new methodology,
developed by introducing “boost factor”, and “FE power density”,
successfully quantifies the observed FE from SiNWs prepared by using
metal induced etching technique, shown in Figure A2.
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Figure A2: : (a) FEJ-E curves for different SINWs samples measured in
diode geometry (inset) and (b) Variation of FE power as a function of
SiNWs diameter along with variation of turn on field as a function of
SiNWs diameter (inset).
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The “boost factor” takes care of two most important factors, energy
discretization & its effect on effective work function that reflects as
reduction in tunneling width which helps in easy electron FEfrom
nanostructures. Analysis of size dependent boost factor, effective work
function and FE power density reveals that the redefined master
parameters represent the actual FE from nanostrcutures’. The proposed
model in a way completes the Fowler-Nordheim framework, mainly of
generic nature and proposed for classic field emitters, to be used for
nanostructures unlike the traditionally way where the experimental data
are explained only partially. The inclusion of quantum size effects,
inherently taking place in nanomaterials, in the analytical framework is
the basic building block leading to the completeness of the proposed

analysis as evident from the size dependent analysis.
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