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Abstract

A worldwide great investment, in terms of scientists’ time and money, in the field
of nanoscience and nanotechnology has delivered its promises upto a great extent
especially in the field of optoelectronics, materials science and energy. In current
scenario, new nanomaterials need to be designed by adopting a dual approach in
making electronic devices power efficient and can be used for multiple potential
application which can minimize electronic garbage, which is very hard to dispose.
An electrochromic device is one of the important members of electronics and lot
of efforts are going on in developing novel materials to be used for such kind of
power efficient device applications. Devices based on electrochemical activity
show interesting behavior by controlling nanoscale architecture of the active
material when used as the working electrode. Among these, electrochromism, of
new nanomaterials fabricated as electrodes, is one such promising technology
which has various potential application in the current era of advancement from
automobile to smart buildings to display system and many more. Hence, primary
focus has been to develop novel and multifunctional materials on one hand, and
sustainable technologies on the other several approaches have been explored to
develop conducting polymer nanostructures. Keeping this in mind the work
presented in this thesis having primary objectives of develop an understanding on
electrochemical approach towards device fabrication and understanding device
operational mechanism. Along with the operation, explore new techniques to
track molecular changes within the electrochromic device like: in-situ
spectroscopies to probe the device behavior under its operational condition.
Explore the possibility of nanostructures of organic and inorganic material which
can be incorporated in the device for better performance. As far as structure is
concern understanding the growth mechanism of various nanostructures
involving hydrothermal and electrodeposition methods along with high
temperature and pressure treatment so that the electrochromic device
parameters can be optimized. Apart from electrochromic device incorporation of
these nanostructures in other areas of electrochemical based application such as
energy storage and sensing. Other than this field emission is also one of the

application we have gone through it.

iii



In an attempt to understand the color switching mechanism of organic
electrochromic devices, live spectroscopy has been done to probe the internal
mechanism of the device. Role of redox reactions taking place at the
electrode/electrolyte interface has been identified using Raman and UV-Vis
spectroscopies which have been carried out during the device operation. The
origin of color change has been attributed to the bias induced redox switching
between its dication and free radical forms which have different optical properties
from each other. Raman spectra collected from negative and positive electrodes of
the device reveal that blue color species (free radical) are present at the negative
electrode which is created due to reduction of the dicationic form. In-situ UV-Vis
spectra reveals that the navy blue color of the device under biased condition.
Absorption modulation has been reported from the device with good ON/OFF
contrast of the device. After understanding the fundamental mechanism of color
switching within the electrochromic device we have prepared a new
electrochromic gel (EC-Gel) combine of ethyl viologen (EV) - graphene nanoflake
(GNFs) - tetrathiafulvalene (TTF) show faster and efficient electrochromism. A
prototype flexible electrochromic device has been fabricated using the above-
mentioned EC-Gel as active layer which shows overall improved coloring
efficiency.

After successfully understanding pure organic electrochromic devices, we have
deigned inorganic core-shell nanorods made of TiO2/Co0304 exhibits improved
electrochromic properties. The core shell hetrostructure shows better
performances as compared to the individual nanostructures of either of the metal
oxides. The structures grown on FTO coated glass substrate using hydrothermal
electrodeposition technique. The core-shell electrode exhibit high stable and
power efficient bias induced color change between transparent (sky blue) and
opaque (dark brown) state with coloration efficiency of ~90cm?2/C. Improvement
in electrochromic performance is likely due to increased surface area and
modified charge dynamics within the core-shell heterojunction with solid
foundation of single crystalline nanorods. Additionally, these core-shells also
exhibit porous morphology and strong adhesion to the surface of transparent
conducting glass electrode gives rise to superior cyclic stability in both, energy

storage and electrochromic application. After understanding pure organic and
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pure inorganic electrochromic devices, we have demonstrated hybrid core-shell
nanostructures based on transition metal oxide as core and conducting polymer
as shell to improve electrochromic properties. Nickel oxide nanopetals (NiO-NPs)
transition metal used as backbone templates for polyaniline (PANI) conducting
polymer as shell shows efficient and stable electrochromic performance.

Apart from electrochromic applications, we have also explored various other
applications such as energy storage to field emission to glucose sensing of the
same multifunctional nanostructures used in electrochromic application. The
core-shell nanostructures have been grown on an FTO coated glass substrate by
preparing TiO2 nanorods through hydrothermal reaction followed by growing
Co304 shell layer by electrodeposition shows high specific and areal capacitance.
A power efficient and stable field emission (FE) has been observed from ultrathin
nanothorns covered nickel oxide (NiO) nanopetals (NPs) where three orders of
magnitude improved electron FE, in terms of threshold and turn-on fields, has
been observed. Glucose sensing properties of mesoporous well-aligned, dense
nickel oxide (NiO) nanostructures (NSs) in nanopetals (NPs) shape grown

hydrothermally on the FTO coated glass substrate has been demonstrated.
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Chapter 1

Introduction

In electronics, device science and technology at ‘nano’ level is a
fastest growing multidisciplinary field as it attracts interest from
the areas of bio-sciences to physical sciences to chemical science to
engineering science as well as interdisciplinary sciences.
Tremendous interest and investment is made in research and
development around the world for the development of
nanotechnology based devices. At nanoscale, atoms and molecules
interact and assemble into structures and possess unique
properties, which depend on the size of the structures and not
observed in their bulk forms. Nanoscience is one of the thrust
areas that may contribute in making India a developed country by

year 2020.
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1.1 Nanoscience in various fields

Nanoscience have played significance roll nearly in all research
fields from physical science to biomedical, chemical to engineering
etc. In nanoscience, nanostructures of various materials are vital
parameters; some of the NSs of various inorganic as well as

organic materials are shown below.
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Figure: 1.1 Various morphologies of the some nano-materials
(scale bar 500nm).

1.1.1 Chemical science

Nanotechnology plays one of the vital roles in chemical science as
can be understood through its usage in meeting the needs of as
basic item as clean drinking water through rapid, low-cost
detection and treatment of impurities in water. Thin film
membrane with nanopores for energy-efficient desalination. A
molybdenum disulphide (MoS2)[1] membrane filters two to five
times more water than current conventional filters. In recent
report Geim and coworker developed graphene based membrane
which is useful to convert salty see water into drinking water[2].
Nanoparticles are being developed to clean industrial water
pollutants in ground water through chemical reactions that makes
the pollutants harmless. In new research, nanofabric “paper towel”

has been developed woven from tiny wires of potassium

2



Chapter 1

manganese oxide that can absorb 20 times its weight in oil for
cleanup applications[3]. Researchers have also placed magnetic
water-repellent nanoparticles in oil spills and used magnets to
mechanically remove the oil from water[4]. The filters contain
nanoscale pores that trap particles larger than the size of the pores
and an additional charcoal layers that remove odors.
Nanotechnology-enabled sensors and solutions are now able to
detect and identify chemical or biological agents in the air and soil
with much higher sensitivity than ever before. Above examples
only list a few whereas the application of ‘nano’ in chemical
science is plenty which is being used to develop technology to

makes one’s life easier worldwide.
1.1.2 Physical science

In the field of physical science, various physical phenomena, which
were not observable in bulk materials can be detected in their NSs.
In the past, one of the important physical phenomena in the
materials is to probe the non-radiative transitions and for the
same, low frequency Raman spectroscopy on the nanostructures of
the various materials has been proved to be a handy technique.
The non-radiative transition from silicon NSs can be observed by
an indirect technique with the help of Raman spectroscopy. In
nanomaterials, different physical properties are observed as
compared to their bulk counterpart mainly due to quantum
confinement effect and increased reactivity[5-7]. When the first is
a solely a physical phenomenon, then latter also leads to various
changes in associated chemical properties including increased
chemical activity, catalysis etc. The quantum confinement effect is
helpful in understanding various optical, electronic and electrical
properties of nanomaterials. The confinement effect induces the
energy levels to become quantized when reduced to sufficiently
small sizes. Electrons, holes, phonons and other bound state

entities, confined inside these low dimensional materials give rise
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to special properties to these nanostructures as compared to their
bulk form. Various microscopic interactions also show different
nature when take place at nanoscale that includes interaction
between the interaction of confined phonons and intra-band quasi-
continuum|[8]. This interaction, observed through Raman
spectroscopy, is named as “Fano scattering” and is useful in getting

information about non-radiative transitions.!

1.1.3 Bioscience

Nanotechnology has given a new direction to the bioscience from
diagnosis to treatment. Nanomaterials help in detecting signals
from the effective tissue while diagnosis and also are helpful in
targeted drug delivery, one of the biggest promises that
nanotechnology has committed. It covers the biological mapping of
interior body parts. Most of the work based on the photo acoustic
tomography (PAT) by the absorbent inside the body parts[9-11].
Intensity of these acoustic signals is very important for mapping
various defects inside the body cell. Optical light used to harvest
the acoustic signal and can be detected by the ultrasonic
transducer detectors. Movement of these detectors or array of the
detector around the body parts enables 3D mapping of these bio-
molecular cell. Most of the R&D is focused on propagation of
optical light toward biomolecules inside the body to improve
depth of penetration of optical light. Various optical arrangement
have been carried out recently to improve focal length like
waveguide arrangement, endoscopy (using biodegradable optical
fibers), laser pulsing, two photon arrangement etc. in further
advancement in the same special gel made up off biodegradable
nanoparticles, which serve the purpose of propagating light within
the body by proper matching the refractive index[9-11]. Gel is

composed of biodegradable NPs, which modulate the refractive

1 Mishraetal, J. Phys. Chem. Lett., (2016), 7, pp 5291-5296
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index of surroundings the cell and can control the amount of light

propagation.
1.1.4 Engineering (electronic devices)

Various electronic devices are now flexible, bendable, foldable,
rollable, and stretchable contributing in and around all the sectors
and are being integrated into a variety of products, including
wearable gadgets for medical and aerospace applications[12-16].
Flexible electronics have been developed using, for example,
semiconductor nanomembranes for applications in smartphone
and e-reader displays[12-16]. Other nanomaterials like graphene
and cellulosic nanomaterials are being used for various types of
flexible electronics to enable wearable sensors, photovoltaics that
can be incorporated onto clothing and electronic paper that can be
rolled up[17-19]. Making flat, flexible, lightweight, non-brittle,
highly efficient electronics opens the door to countless smart
products. Using magnetic random access memory (MRAM),
computers will be able to “boot” almost instantly[20,21]. MRAM is
enabled by nanometer-scale magnetic tunnel junctions and can
quickly and effectively save data during a system shutdown or
enable resume-play features. Ultra-high definition displays and
televisions are now available that use quantum dots to produce
more vibrant colors while being more energy efficient[22,23]. In
electronic devices, ECD is one of the potential components for
advancement of the electronics. Current work focuses on the ECDs,
which are capable of showing modulations in their optical
properties by appropriate external electrical stimuli[24].

This chapter deals with the introduction of the electrochromism
ingredient. Materials showing electrochromic properties come
from both organic as well as inorganic as have been discussed here
along with the various parameters, which affect this. Apart from
the previously developed concepts, recent advancement in the

field of smart electrochromic displays and their various other
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potential applications are also included here. Furthermore, it has
also been explored that how various kinds of NSs of both organic
as well as inorganic electrochromic active materials can play
crucial role in fabricating energy efficient and multitasking
device.23

1.2 Electrochromism

Electrochromism is a phenomenon of the reversible changes in the
optical properties of any material[25-27]. Different electrochromic
behavior is observed in reflection, transmission and absorption
modes with external electrical stimuli. The potential applications
of electrochromic material are in reflective type displays and anti-
glare glasses of automobile or transmissive type smart windows
used in energy efficient buildings[25]. Generally, electrochromism
in any material is perceived due to change in the electronic states
of a molecule which alters the optical properties on the application
of electrical bias. In other words, electrochromism arises due to
reversible change between two redox states of a chemical species
with distinguishable optical spectrum. This was first discovered by
Deb with his coworkers in 1969 when performing experiments on

WO3[28].

{ '\ Ij Oxidation
» '\&3 A lT | Reduction

Figure: 1.2 Electrochromic display made using viologen

derivatives[29].

Electrochromism can be exhibited by several organic (conjugated
polymers) and inorganic (transition metal oxides) compounds
which usually have reversible redox state. Both organic and
inorganic groups of EC materials have their own merits and

demerits, which are addressed accordingly during the device

2 Mishra et al, J. Mater. chem. C, (2017) 5,9504-9512
3 Mishra et al, ACS Appl. Energy Mater., (2018) 1, pp 790-798

6



Chapter 1

fabrication. As compared to the emissive materials (like LED),
color can appear in a transmissive style through the coating on a
transparent electrode or a reflective style when viewed in an
external light. Transmission or reflection makes it possible to
fabricate EC display that can be of a paper-like display with
appropriate engineering, unlike the usual electronic displays. As
far as science is concerned, material understanding and device
composition need to be established for making an ECDs with an
‘appropriate’ quality.

1.2.1 Device geometry paradigms

An EC material, along with other necessary constituents, needs to
be fabricated in the form of a device to achieve a predefined
performance thus is very critical when it comes to design one. An
ECD composed of a redox couple must be present between two
electrodes to ensure the operation of the device. During the
operation one of the species get oxidized and the other gets
reduced for the completion of the whole process. ECD must switch
its mode reversibly from the bleached state to the colored state
and vice versa. Device shown in Figure 1.2 is a fundamental
geometry of an ECD. In electrochromism, two conditions are
mandatory: first, both the redox couples must be transparent;
second, at-least one of them is electrochromic active. The material
which is more active in both the materials is called primary and
always nearer to the working electrode. On the other side there
will be a redox supporting agent which can be electrochromic
active or otherwise. In addition to this, an electrolyte separator
may be sandwiched between both redox agents, which is an ionic
conductor for the transportation of the ions from one electrode to
the other one. At the same time, the given electrolyte must have
negligible electronic conduction to avoid short circuit of the device.
All the above-mentioned layers are usually sandwiched between

two transparent conducting electrodes speed of the
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coloration/decoloration of the device depends upon the nature of
constitutes present within the device.
Electrochromic device can broadly be of two types:
e Single layer EC device: Only one electrochromic active
species present
e Double layer EC device: Both redox layers electrochromic
active
Single layer ECD have less number of redox states compared to the
double layer EC device. Transmittance of the single layer ECD is
higher in its neutral state. A double layer ECD offer color tuning
capability during operation with small electrical potential window.

Other components of the device include the following:
Transmitted light

Glass or plastic substrate

Transparent conducting coating

Electrochromic layer

: —— Power
Ionic electrolyte = source

Transparent conducting coating

Glass or plastic substrate

Incident light

Figure: 1.3 Layered geometry of a typical electrochromic display.

Transparent conducting electrode (TCE): These are generally
indium tin oxide (ITO) or fluorine doped tin oxides (FTO) based
material coated either on a glass or a quartz substrate where in
case of flexible device, polyethylene terephthalate (PET) is used as
substrate for the device fabrication.

Electrochromic active layer: This layer is made up of
electrochromic active materials, which respond during the

application of bias on the device.
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Ionic conductor electrolyte: Electrolytic layer generally placed in
between the layer of active material and redox supporting
material. It must be an ionic conductor but electronic insulator to
avoid short circuit.

Redox supporting layer: This layer is generally used to support
the redox reaction of the electrochromic layer. It may be
electrochromic active and participate in the electrochromism.
1.2.2 Color perceived

In case of metals mostly its nanoparticles prominent spectroscopic
feature overserved due to surface Plasmon resonance, which gives
rise to a sharp and intense absorption band in the visible range.
The physical origin of the absorption is a collective resonant
oscillation of the free electrons of the metals. The color perceived
to our eyes, are result of the light that reaches the eye after it gets
reflected and/or transmitted by the object along with the eyes

nonlinear sensitivity of different wavelengths.

Figure: 1.4 Color-wheel to check various color-combinations.

In this regards complementary color system easily allows one to
relate the maximum color absorbed. This can be understood using
the famous color wheel (Figure 1.4). One can understand this by an
example, in transmission mode film that is green in color do have
minimum absorption in the green wavelength spectrum (560- 600
nm), this absorption minimum will be prepared by two higher
absorption bands. Absorption in the red region (650-700) and in
the blue region (350-450) will be high to perceive green color.

Therefore for the appearance of green color, blue and red will be

9
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the complementary colors. Accordingly, the absorption of red and
green yields their complementary which is blue color[30]. In the
context of electrochromism, during the operation of an ECD, if blue
color is perceived the explanation of the same can be given as
follows. It is important to reiterate the fact that the color perceived
depends on the visible wavelength that reaches the eye by
whatever means. It is the combination of wavelengths reaching
eyes decide the resultant color. While correlating the color
combination in Figure 1.4 with the observed blue color, concept of
additive primary colors (RGB or Red-Green-Blue) and subtractive

primary colors (CMY or Cyan-Magenta-Yellow) will be used.

Q.
Greert \ Yellow

.‘ Green Red
Red

@

v

ON s
0

Figure: 1.5 (a) Color combination (b) Schematic presentation of
blue color perceivance of the fabricated electrochromic display

with the actual images given in inset of the figure.

If an ECD show absorption maxima in yellow (560-590nm), which
is the combination of red and green colors as depicted
schematically in Figure 1.5a. This can be visualized from the Figure
1.5b, initially in the OFF state of the device white light coming from
the ‘IITI' can be seen but in the ON state of the device it absorbs

10
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yellow (green + red) color and the ‘IITI’ perceived blue to the eyes.
If whole of this experiment perform on a non-reflecting surface

like black paper, no change in color is expected to appear.

1.2.3 Reflective ECDs

Electrochromism is not limited to visible color changes, but can be
extended to encompass materials that exhibit radiation
modulation in the visible regions. This has provided the impetus
for developing device that can operate at broader wavelengths

region, with long lifetimes and fast switching times.

Redox Supporting Gold Coating

Gold Coatin

|

Gel Electrolyte

Electrochromic Active

|
[
Power Supply

Figure: 1.6 Schematic illustration of reflection based

electrochromic display and their corresponding actual images[30].

Reflective devices are another type of devices having structure
commonly utilized eternal light for the modulation into various
other wavelength radiations. This device type, there are two
structures most often reported based on specular reflectance. The
reflective-type of devices operate with one of the electrodes as the
reflector. As shown in Figure 1.6, the working and counter are
electrodes arranged in such a manner that the working electrode is
forward facing and the counter electrode is hidden/transparent
behind. The working electrode should be porous, to allow for ion
diffusion during switching of the device. Relatively high reflective
contrasts have been obtained with this type of device as the
counter electrode is hidden/transparent and the optical properties
of the counter material do not affect the device contrast, only

providing charge balancing. As such, a larger variety of materials

11
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can be utilized at the counter electrode, such as the same material
at the working electrode, with the only two requirements being a
sufficient charge density during switching and electrochemical
stability within the switching voltage of the device. Another
advantage of this device type is that the most often used electrode
material is a gold-coated porous membrane. Given that gold has a
large IR reflectivity, these devices are advantageous platforms for
characterizing the IR electrochromic switching properties and
utilization for space,[31,32] thermal, and optical

telecommunications applications[33].

1.2.4 Various parameters of electrochromism

1.2.4.1 Contrast ratio (CR)

Optical contrast is used to quantify the color change in an ECDs by
defining CR. CR can refer either to a specific wavelength or to the
overall white light. For reflective device, CR is given by the

following definition:
Ry
CR =—
Ry
where, Rx and Ro are the intensity of light reflected from the
opaque and the bleached state respectively.

In the case of transmissive devices, contrast ratio is given as
T
CR=22
Tx
Where, Tx is the light intensity of transmitted light in the opaque
state and To is the intensity of light transmitted through the

bleached state when the device is in the same media.

1.2.4.2 Optical density (OD)
The Optical density (OD) is an expression of the optical
transmittance of an element at a given wavelength and is

expressed as

1
OD = log10 (?)

where, T is the transmittance.

12
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1.2.4.3 Coloration efficiency (1)

Coloration efficiency is defined as the change in optical properties
like transmittance and absorbance by a certain amount of injected
charge per unit area (unit cm?2/C). Coloration efficiency is also
known as electrochromic efficiency, which is also used for the

comparison of the efficient electrochromic layers.

2/cy = 200
n(em?/€) = —

where, AOD change in optical density and Q is the charge required
during the device operation respectively. More details about this
will be discussed in relevant chapters later on.

1.2.4.4 Switching time

Response time is another important parameter to check device
performance, which gives the information about the time taken by
the device to switch form its one state to the other. The switching
speed of ECDs depends upon the composition like ionic
conductivity of the electrolyte, ion diffusion in the active layers and
accessibility of the ions to the electroactive sites, applied field
intensity, film thickness and conductivity of the transparent
electrode.

1.2.4.5 Cycling life

As can be understood, an indeed ECD should be able to switch
between its ON and OFF states infinitely. Limited by the materials’
performance, cycle life needs to be defined to say how many times
an ECD can be turned ON and OFF. Cycling counts of the ECDs from
colored to bleach and vice-versa give the information about the life
of the fabricated device. During repeated cycling, device failure
eventually occurs, resulting from physical changes of the device or
some chemical side reactions or higher applied field. The device
life decreases if strong changes in electrode composition like
permanent deposition on the electrode of the material during
cycling, so it is preferable not to switch the ECDs at their maximum

capacity.

13
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1.2.4.6 Stability

In ECDs stability, electrochromic material plays the crucial role.
Multiple redox switching of one material Kkills the device
performance. Applied field and environmental condition also play
an important role for consistent performance. Therefore, ECDs
with good environmental and redox stability are required for
future applications.

1.2.5 Electrochromism as optical memory

ECD can also be applicable as optical memory can be defined as the
propensity of the material to retain its redox or colored state upon
removing the external bias (open circuit). Electrochromism
generally see their colored state bleach rapidly in the absence of
applied voltage as the ions can freely diffuse and exchange
electrons (self-erasing mechanism)[34]. In contrast, the primary
requirement of minimizing self-erasing effect is that material
should be well-adhered onto the electrodes, with proper selection

of the redox supporting agent on the counter electrode.
1.2.6 Electrochromic materials

The active material used in an ECDs must exhibit a combination of
properties that includes high coloration efficiency, high optical
contrast, long-term redox and photo stability and fast switching
kinetics. Based on the above-mentioned properties electrochromic

materials can be divided into following two categories.
1.2.6.1 Inorganic electrochromic compounds

Transition metal oxides have long been used in ECDs, where they
are almost always the active electrochromic electrode (Figure 1.7).
Reversible color changes in tungsten bronzes have been studied
for more than hundred years,[35,36] and Deb’s demonstration of
electrochromism in tungsten oxide launched nearly 50 years of
ongoing electrochromic research[28,37]. Conventional
electrochromic oxides tend to be deposited in the form of thin-film

by physical vapor processes like sputtering, and they typically
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operate via an electrochemical ion intercalation and redox process.
Although metal oxides based ECDs are the current state of the art
in smart windows, improvements in cost, durability, spectral
control like color contrast, tuning and switching time still need to
be done. Recent advances in nanostructured metal oxides, and
their combination with the organic counterpart are promising
signs of progress in this area. Materials, which changes its color
upon reduction are referred as cathodically electrochromic,
whereas those change color upon oxidation are called anodically
electrochromic.

(a) Cathodic electrochromic and their nanostructures
Tungsten oxide, in both crystalline and amorphous form, is easily
the most ubiquitous solid-state electrochromic material. Edge- and
corner-sharing WOe¢ octahedral in WO3 form periodic structures
with open tunnels of interstitial sites, which facilitate ion motion
and intercalation. When WO3 is cathodically electrochromic
material, on the application of the negative potential intercalation
of the cations (H* or Li*) starts and compensated by injected
electrons, which reduce tungsten cations from W¢é+ to W5+[36].
Concurrently, the material changes from a clear, transparent state

to dark blue.
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Figure: 1.7 Schematic presentation of ionic movement within the
electrochromic device[27].
The other cathodically coloring transition metal oxides, including

TiO2, Nb20s, and MoOs, also have edge- and corner-sharing MOs¢
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octahedral and intrinsically empty d-bands and color by related
mechanisms upon charge injection[38]. However, the cathodic
metal oxides aside from WOs have met with limited success
because of low coloration efficiency and poor durability.
Nanostructures of the same show highly improvement in the
performance. Recently, various nanostructures like nanocrystals,
nanorods and nanoflakes display enhanced coloration efficiencies,
charge capacities, and optical contrast compared with crystalline
thin films, with greater enhancement for decreasing particle
sizes[39,40]. Nanocrystalline WOs is an attractive electrochromic
material because crystalline W03 is much more durable than the
amorphous form when parotic electrolytes are used,[41] and the
small length scales for ion diffusion into the nanocrystals enable
short switching times that are not possible in dense crystalline
WOs3 thin films. Furthermore, electrochromic nanomaterials may
be compatible with solution processing methods, which can confer
significant benefits for cost and manufacturability. Other
cathodically coloring oxides, namely TiO2 and MoO3, exhibit similar
performance enhancements at the nanoscale[40,42].

(b) Anodic electrochromic and their nanostructures

Materials, which show electrochromic behaviors on the anode is
called anodically electrochromic. Metal oxides like NiO, IrO2, and
V205 show electrochromic nature in their oxidation state and are
transparent in their initial reduced state. Where NiO is just a
reciprocal of WO3 change in its color in just opposite potential
window and the perceive color is also similar. Nanostructured
versions of the anodically coloring oxides display interesting
electrochromic behavior by pseudocapacitive mechanisms, which
can be exploited for fast switching and prolonged cycle life by
avoiding ion intercalation. Deb and coworkers first discovered
pseudocapacitance in electrochromic NiO nanoparticles in
2005[43]. Their NiO nanoparticles, dispersed in a Ta20s proton-

conducting matrix, achieved coloration efficiencies comparable to
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thin films, but with greater charge capacity and optical modulation
that increased with smaller particle sizes. Likewise, gyroidal
structures of NiO and V20s, prepared by block copolymer
templated electrodeposition, display pseudocapacitive
electrochromism with exceptionally fast switching, deep optical
modulation, and high charge capacity[44,45].

1.2.6.2 Organic electrochromic compounds

(a) Electrochromic polymers

Conjugated polymers of thiophenes, pyrroles, anilines, furans and
carbazoles are electrochromic active (some are shown in Figure
1.8), because electrochemical doping can alter their m-conjugated
electronic structures to induce a change in bandgap and optical
contrast[46,47]. Their electrochromism is synthetically tunable
with changes to the monomer type, conjugation length,
substitution groups/side chains, stereoregularity, and steric
effects. Thiophenes, aniline, pyrroles and their derivative are of
particular interest because of their facile chemical and
electrochemical synthesis, suitable bandgaps and low redox
potentials.

In the past decades, a great amount of effort has been put on their
structural and bandgap engineering. Synthesizing various
derivatives of these with different functional groups, with various
fused aromatic rings, or with segments that can be polymerized
into random, alternating, or block copolymers. Numerous different
color changes can be found in the literature; for example,
poly(thiophene) can change color from red in the neutral state to
blue in the oxidized state. Reynolds et al. [48] synthesized a donor
acceptor copolymer electrochrome, consisting of 3,4-bis(2-
ethylhexyloxy)thiophene donor and 2,1,3-benzothiadiazole
acceptor moieties, which showed a black-to-transmissive color
switching, meeting the need for color neutrality that is a highly
desirable feature for window applications. PProDOP and PProDOT

color both cathodically and anodically and can be used as either

17



Chapter 1

working or counter electrodes in ECDs to produce new color

states.
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Figure: 1.8 Organic compounds and polymers which show
electrochromic behaviors.

PEDOT:PSS and polyaniline electrodes in a device exhibits an
optical modulation of 72% at 580 nm, a switching time of 160 ms,
and a color efficiency of 338 cm?/C, which is approximately four
times greater than crystalline WOs. However, devices based on
electrochromic polymers generally lack a clear and highly
transparent state, but are important for smart window
applications. Their electrochemical and photochemical durability
upon cycling is generally inferior to those for the inorganic
materials, which is often attributed to redox irreversibility.

(b) Non-polymeric electrochromic materials

Electrochromism can also be found in a wide range of other
materials, including small organic and inorganic molecules and
conjugated polymers. Compared with metal oxides, most of these

materials offer color tuning, high coloration efficiency, good color

18



Chapter 1

contrast and simple solution processibility Their photochemical
and electrochemical stability can be problematic, as faded optical
contrast and yellowing arising from side reactions and sometime
irreversible redox process.

Viologens are a class of 4,4-bipyridine compounds that exhibit
reversible redox chemistry between a colorless dicationic form
(V2*) and a blue radical cationic (V*) form. It is worth mentioning
here that the radical cation (V*) can be further reduced into a
yellow neutral form (V°). However, this reaction does not show
good reversibility. The well-established substitution chemistry on
the two nitrogen atoms in viologens has allowed researchers to
tune the color of viologen radical cations; for example, alkyl groups
give a deep blue color, whereas 4-cyanophenyl groups induce an
intense green color[36]. Recent work on viologens and their
devices emphasizes the development of novel substitution groups,
counter anions, and redox agents to lower the reduction potential
and improve switching rate, coloration efficiency, and color
neutrality. Studies related to electrochromic performance of
viologens and their derivatives have been used reported in the
current thesis. Various attempts have been taken to improve the
performance of the material. These materials have been studied
not only in their material form but also by making a proto-type
device. Other than electrochromism, specially designed
nanomaterials have been tested for applicability in energy storage,
field emission display and sensing. The driving force for such a
diverse study can be emphasized by looking at the multifunctional
importance as has been summarized below.

1.3 Other applications of functional nanomaterials

1.3.1 Nanomaterials in energy storage

Increasing power and energy needs in applications ranging from
next-generation plug-in hybrid electric vehicles and modern
consumer electronics to micro- and nano-electro-mechanical

systems, recent research and development has focused on new
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electrode materials for advanced energy storage devices[49-55].
Various power storage devices such as supercapacitors, also
known as electrochemical capacitors, have attracted great interest
due to a number of desirable properties, including fast charging
and discharging, long cycle life, and the ability to deliver up to ten
times more power than conventional batteries[56-60].
Additionally, these capacitors play an important role in
complementing fuel cells in future all-electric vehicles based on
clean and renewable energy media[61]. Three major types of
materials are well established for the application in
supercapacitors: carbonaceous materials, metal
oxides/hydroxides, and conducting polymers[62]. Carbon-based
materials store charge electrostatically from the reversible
adsorption of ions onto their surfaces, leading to high power
delivery at the cost of low energy density. By contrast, metal
oxides/hydroxides and conducting polymers store charge in a
faradic or redox-type process similar to batteries. To improve the
performance of these materials, attempts at novel electrode design
by confining there size are being made. Materials presenting high
pseudocapacitence (metal oxides) are incorporated directly into
highly conductive nanostructured carbons (carbon
nanotubes,[63,64] mesoporous carbons,[65] carbon aerogels,[66]
graphene,[67] etc.) or conducting polymers,[68] with the
component contacts either at the nanoscale or microscale. By
combining unique properties of individual constituents, improved
performance has been demonstrated in such an electrode. Some
effort has also been directed at the search for hybrid
pseudocapacitive materials such as mixed metal oxides and binary
metal oxide/ hydroxides. Due to the lack of well-defined micro-
/nanostructures, electrochemical performance for this kind of
electrode material has been largely unsatisfactory and the possible
synergistic effect between individual constituents has so far not

been well understood. A key challenge in this direction is to build
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an integrated smart architecture, in which structural features and
electrical activities of each component are fully manifested, the
interface/chemical distributions are homogeneous at the

nanoscale and a fast ion and electron transfer is guaranteed.
1.3.2 Nanomaterials for field emission

Field emission (FE), a quantum mechanical tunneling phenomenon
is of great interest, due to its application in devices such as
microwave device, x-ray source etc.[69,70] One dimensional (1D)
materials such as nanotubes, rods, wires and needles are having
high aspect ratio that provide local electric field enhancement[71]
which is a favorable condition for FE. Similarly two dimensional
(2D) materials such as nanosheets, wells, plates have novel and
unique physical and chemical properties[72]. High surface area to
volume ratio with nanoscale thickness makes them suitable for a
given applications by exploiting the appropriate property of the
NSs[73]. Nanosheets, another 2D materials, can get arranged like
flower petals (nanopetals) [74]. If these NSs (wires or petals) are
well aligned, very good FE is theoretically possible irrespective of
the material however, the FE efficiency and ease with which FE can
take place may vary and makes a topic of research as has been
investigated covering a variety of materials in their different nano
forms[75]. Carbon, in the form of nanotubes and nanoflakes, has
been established as a landmark material for field emission[76-81].
In-spite of being one of the well-studied systems, carbon NSs based
FE devices are not available commercially[77]. This has forced
scientists to start quest for another material that are good field
emitters, parallely, if not as an alternative to the carbon based field
emitters. Nickel based materials[82] and different oxides[83,84]
are amongst materials which have been studied in search for good
field emitting materials other than elemental nanomaterials like

carbon[81] and silicon[71].
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1.3.3 Nanomaterials based sensors

Electrochemical methods have often been used for sensor analysis
of liquid samples, relying on the direct transformation of an
electrical signal into the target analyte concentration, based on
known theoretical principles of electrode processes. Unlike other
transduction  mechanisms, which usually consider the
homogeneous solution, the electrochemical processes occur at the
electrode-solution surface. Two main groups of electrochemical
processes can be used for sensor development: potentiometric and
volt-amperometric methods. In the first case, no current flows in
the electrochemical cell and the electrode potential is measured. In
the second case, the interesting phenomenon is the current flowing
in the cell due to the oxidation and reduction processes at the
electrodes. Both methods require dedicated electronic setups,
making use of high input impedance amplifiers.

1.4 Objectives

Main objectives of the presented work are as follows

e Develop the understanding on electrochemical approach
towards device fabrication and understanding device
operation mechanism.

¢ Understanding parameters involved in fabrication of
electrochromic device based on organic as well as inorganic
materials.

e Explore the possibility of nanostructures of organic and
inorganic material, which can be incorporated in the device
for better performance of an electrochromic device.

e Understanding the growth mechanism of various
nanostructures involving hydrothermal and
electrodeposition methods along with high temperature
and pressure treatment so that the electrochromic device

parameters can be optimized.
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Incorporation of these nanostructures in the
electrochromic device and observe its effect on overall
efficiency and various other device parameters.

Explore the possibilities, beyond electrochromism, for
application of the prepared nanostructures in other areas

like field emission display, energy storage and sensing.

1.5 Organization of the thesis

All the research work carried out during the Ph.D. has been

reported chapter-wise as follows:

Chapter 1 (Current chapter) Gives the introduction of the
relevant topics related to the thesis work and defines the
objective of the thesis

Chapter 2 Deals with the details of experimental
methodology used for the experimental work carried out in
the thesis along with details of various experimental
parameters and procedures followed for the fabrication of
the nanostructures and devices. It also summarizes various
equipments used for various measurements carried out
during the research work.

Chapter 3 Presents the work related to electrochromic
device prepared using organic compounds including their
nanostructures. Different parameters of the device such as
color contrast ratio, cyclability, coloration efficiency, device
fabrication steps and optical density modulation are
discussed in detail.

Chapter 4: Deals with pure inorganic material based
special kind of nanostructures used in electrochromism.
Chapter 5: Discusses the study of combined from of organic
and inorganic materials’ nanostructures and their

performance in electrochromism.
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Chapter 6: Discusses various other applications beyond
electrochromism of the prepared nanostructures. It
includes energy storage, field emission and glucose sensing.
Chapter 7: Summarizes all the conclusions drawn based on
research work reported above. This also includes future
works available to be explored along with the current

challenges with of electrochromic commercial applications.
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Experimental Details

This chapter provides information about synthesis of samples,
studied for the thesis work, and techniques used for their
characterization. Details of the instruments used for the
characterization from microscopy to spectroscopy like FESEM,
HRTEM, AFM, optical Microscope and UV-Vis, Raman, PL, XRD, XPS
spectroscopy etc. have been provided. Information about the
electrochemical workstation (galvanostat) involved for the
characterization and their various techniques such as liner sweep
voltammetry (LSV), cyclic voltammetry (CV),
chronopotentiommetry (CP), and chronoamperometric (CA) has
also been provided. Broadly the details have been covered under
two categories, microscopy and spectroscopy as will be discussed

as follows.
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2.1. Microscopic techniques
2.1.1 Field emission scanning electron microscope (FESEM)

Morphological study of samples can be done very precisely by
FESEM. In FESEM the electrons interact with the specimen atoms
and produce signals containing information about sample's
surface, topography, morphology, composition and other

properties.
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Figure: 2.1 Schematic illustration of scanning electron

microscope.

During the interaction electrons, it leads to emission of secondary
electrons (SEs), backscattered electrons (BSEs), auger electrons, X-
rays, etc. In FESEM, (i) SEs and (ii) BSEs used for the generation of
images. When incident electron beam enters the specimen,
secondary electrons are produced from the emission of the valence
electrons of the constituent atoms of specimen. Due to lower
energy of secondary electrons (energy<50 eV), are extremely
abundant and yield (the number emitted per primary electron) is
dependent on the accelerating voltage. Where backscattered

electrons (energy>50 eV) are generated by elastic scattering and
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yield depends on atomic number Z, so information from a
relatively deep region is contained in the back scattered electrons.
The back scattered electrons are sensitive to the composition of
the specimen. This feature can be used to observe the topography
of the surface. Along with SEs & BSEs there are X-rays also emitted
having energies correspond to the energy difference between the
outer and inner shell electrons.

2.1.1.1 Electron gun: Mostly tungsten or combination of tungsten
with iridium is used for the source of electron by heating the
filament. In Field emission electron microscopy, a cold cathode of
tungsten with fine tips of nm size is used for the emission of
electron at high vacuum (10-8 Torr).

2.1.1.2 Condenser lens: Condenser lens used to control the
diameter of the electron beam by varying the current. Lesser the
current of condenser lens smaller the diameter of the electron
beam and vice versa. Where narrow beam has the advantage of
high resolution at the same time this have high signal to noise
ratio. In case of large beam diameter situation reversed.

2.1.1.3 Deflection coils: The use of the deflection coil is to deflect
electron beam to scan the sample. The digital image of the sample
on the computer screen is formed through the multiple scan of the
beam on the sample. Higher the scanning speed higher will be the
noise and lesser the resolution of the image. In case of small region
scanning of the sample, it show high-resolution image on constant
window size. Deflection coils is made up of upper and lower coils,
which prevent the formation of a circular shadow at low
magnification

2.1.1.4 Objective lens: This is the lowest portion of the column
attached with electron gun. This lens is used to focus on the object
from short distance.

2.1.1.5 Detector: Detector use to detect the secondary emission
form the object where it records the velocity and angle of the

emission (SEs & BSEs) from the surface. This detector combines of
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the Corona to attract electrons and strike on the florescent screen,
which generate photons. A transducer is used to transform this
signal to video signal which is amplified, and then send for the
display.

2.1.1.6 Display: Display synchronized with the scan movement of
the electron beam show the digital picture which reflects the real
time structure of the sample. Obtain digital image can be further
processed for more some other surface analysis.

Model used: Field emission scanning electron microscope

(FESEM, Supra 55 Zeiss) [85].

2.1.2 Transmission electron microscope (TEM)

Figure: 2.2 Schematic illustration of transmission electron

microscope.

The transmission electron microscope (TEM) operates on the same
basic principles as the optical microscope but uses electrons
instead of light. In optical microscope wavelength of light is one of
the limitation to see the objects. In TEM, electrons beam use as
light source and their much lower wavelength makes it possible to
get a high resolution thousand times better than optical
microscope. Electrons that travel through vacuum in the column of
the microscope focus the electrons into a very thin beam using
electromagnetic lenses. The electron beam travels through the

specimen and depending on its density, some of the electrons are
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scattered and disappear from the beam. At the bottom of the
microscope the unscattered electrons hit a fluorescent screen and

form a shadow image of the specimen.
Most of the parts of the TEM are similar to SEM except some.

e TEM uses broad static beam of electrons in comparison
with SEM, which uses focused and very fine point beam.

e In SEM, line-by-line scanning is used over the sample
surface in a rectangular raster pattern, where in TEM
transition of electron beam is required through the sample.

e In SEM, accelerating voltage of election beam is lesser
(<50kV) comparatively, whereas in TEM, around 200kV is
used to penetrate the sample by the beam.

e There is no restriction of the sample size in SEM but in case

of TEM, specimen need be thin, small in size, non-magnetic.

TEM geometry can be divided in to three parts: 1) Electron Gun; 2)
Sample Holder; 3) Detector screen. The final image viewed by
projection onto a phosphorescent screen, which gives off photons
when irradiated by the electron beam. A film camera is located
beneath the phosphorescent screen. The screen raised in order to
expose a special photographic film with a thicker emulsion layer
than light film. An alternative to photographic film is digital
capture with a computer digitizing and archiving charge coupled
device (CCD) camera. The operator can adjust variable bias,
recognition of aberrations, image drift, photography, specimen
contrast, resolution, even illumination, and filling the anti-
contaminators with liquid nitrogen before using the TEM.

Model used: High-resolution transmission electron microscope

(HRTEM 200 KV FEI TECNAI G220 microscope) [86].
2.1.3 Atomic Force Microscope (AFM)

Atomic force microscopy is one of the versatile and powerful

microscopies for the analysis of nanostructures. Atomic force
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microscope is useful not only in the imaging by plotting three-
dimensional topography of the nanostructures, but it also provides
various types of surface measurements like density of state
calculation bandgap calculation and [-V measurement at the
atomic level. It is capable of generating images at angstrom scale
resolution with height information, with minimum sample

preparation efforts.

Photodetector

Laser Source

Cantilever

Figure: 2.3 Schematic illustration of atomic force microscopy

2.1.3.1 Principle: Morphological analysis of any material can be
done using AFM by scanning the tip attached cantilever over the
surface of the sample. As the tip approaches the surface, the close-
range, attractive force between the surface and the tip cause the
cantilever to deflect towards the surface. However, as the
cantilever is brought even closer to the surface, such that the tip
makes contact with it, increasingly repulsive force takes over and
causes the cantilever to deflect away from the surface.

2.1.3.2 Detection: A laser beam used to detect cantilever
movement towards or away from the surface. By reflecting an
incident beam from the flat top of the cantilever, can detect slight
changes in cantilever make larger change in the direction of the
reflected beam. A position-sensitive photo diode (PSPD) used to

track these changes. Thus, tip passes over a raised surface feature
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by the deflection of cantilever causes subsequent change in
direction of reflected beam, recorded by the PSPD.

2.1.3.3 Imaging: Imaging is one of the important part in AFM
microscopy. AFM images the topography of a sample surface by
scanning the cantilever over a region of interest. The raised and
lowered features on the sample surface influence the deflection of
the cantilever, which is monitored by the PSPD. By using a
feedback loop to control the height of the tip above the surface
thus maintaining constant laser position the AFM can generate an
accurate topographic map of the surface features.

Model used: Atomic Force Microscope (AFM Bruker Multi-Mode
8-HR) [87].

2.1.4 Optical microscope

In optical microscope, visible light employed to closely view a
sample through the magnifying lens arrangement. An optical
microscope, also sometimes known as a light microscope, it uses
series of lenses to magnify and focus visible light to enlarge the
specimen. The lenses are placed between the sample and the
viewer’s eye to magnify the image so that it can be examined in

detail.
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Figure: 2.4 Schematic illustration of optical microscope.
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2.1.4.1 Eyepiece: Eyepiece or ocular lens is a cylinder containing
two or more lenses; its function is to bring the image into focus for
the eye. The eyepiece is inserted into the top end of the body tube.
2.1.4.2 Objective: Objective (optics) lens used at the lower end of
a typical compound optical microscope, there are one or more
objective lenses that collect light from the sample. The objective is
usually in a cylinder housing containing a glass single or multi-
element compound lens.

2.1.4.3 Condenser: The condenser is a lens designed to focus light
from the illumination source onto the sample. The condenser may
also include other features, such as a diaphragm and/or filters, to
manage the quality and intensity of the illumination.

2.1.4.4 Light Source: Most microscopes, however, have their own
adjustable and controllable light source - often a halogen lamp,
although illumination using LEDs and lasers are becoming a more
common provision.

Model used: Optical Microscope (Radical Model RXL-4T) [88].
2.2. Spectroscopies
2.2.1 Raman spectroscopy

To understand the inelastic scattering using monochromatic light
source often near IR, visible or UV range is known as Raman effect.
It describes the excitation of photons to virtual energy states and
the resultant loss (stokes) and gain (anti-stokes) of energy that
occurs because of the interaction of light with vibrational modes
associated with chemical bonds within the sample.

2.2.1.1 Source: The selection of excitation source depends upon
the suitability of the specimen, sensitivity and resolution required.
Wavelength and spot size are the main parameters to choose the
type of laser. When choosing a laser source, it is also important to
consider whether the experiment requires the use of pulsed rather
than continuous-wave lasers. For example, a pulsed laser would be

required in a stimulated Raman spectroscopy system, as the more
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intense electric field strength of the laser pulse energy can
contribute to the increased frequency of Raman scattering events.
The line width of the laser is also an important consideration, as it
has a direct influence on the spectral resolution, regardless of
spectrometer configuration. Laser wavelength is critical during the
experiment design, fluorescence contribution in Raman spectrum
can be avoided by exciting the sample with a wavelength that falls

outside its profile.
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Figure: 2.5 Schematic illustration of Raman spectroscopy

2.2.1.2 Rayleigh filter: To optically filter Rayleigh scattering
which is more intense than the Raman scattering a
monochromator is used. Rayleigh filters must be selected for the
specific wavelength of the laser.

2.2.1.3 Microscope: Microscope is one of the important as well as
crucial parts in the micro- Raman spectroscopy. The objective lens
throughput depends on its magnification and numerical aperture
(NA). Objective lens having high-magnification and high NA value
provides higher resolution, with shorter working distance
compatible to thin samples where low-magnification/ moderate-
NA provide lower resolution, with longer working distance suited

for bulky sample.
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2.2.1.4 Detector: Detector of Raman spectroscopy must be very
sensitive which is capable to sense the molecular structure of the
molecule with weak scattering. Charge-coupled devices (CCDs)
integrated detector is generally used in the Raman spectroscopy
due to its high quantum efficiency and less signal to noise ratio.
Where CCDs are composed of thousands of pixels, which are
connected to multichannel array can collect charge from scattered
photons. The collected charge is directly proportional to the
intensity of Raman scattering.

2.2.1.5 Gratings: Diffraction grating are used for the dispersion of
the Raman scattered light. Gratings are generally used with
Rayleigh filters, which differ by the number of grooves (per mm)
or lines (per mm) on the surface. Higher the groove frequency
higher the spectral resolution at the cost of reduced spectral
intensity and range.

Model used: Raman spectrophotometer (Horiba Jobin Yvon

LabRAM HR) [89].

2.2.2 UV-Vis spectroscopy

Figure: 2.6 Schematic block diagram of UV-Vis spectroscopy.

Xenon lamp is used as the source of white light in the system. Here
in this set up dispersion device is used to disperse white light into
multiple wavelength which pass through the exit slit works as
grating to select monochromatic wavelength. Beam coming out of

the grating slit splits in two parts, one is taken as reference and
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other one goes on to the sample. At last output is compared with
the reference beam and data gets collected. Since output photons
comes through scattering from the samples so there is an
integrating sphere detector.

Model used: Spectrophotometer (Agilent Cary 60) [90].
2.2.3 X-ray diffraction (XRD)

X-rays diffraction (XRD) is one of the most suitable and reliable
tool to probe the structure of a material as the wavelength of X-
rays (it is of the order of A) is comparable to the interatomic
distances. The non-destructiveness is an additional advantage of
XRD method. In XRD, an X-ray falls on the material at some
incidence angle, gets diffracted through different set of atomic
planes present in the crystal structure.

2.2.3.1 X-ray source: X-rays are generated in a cathode ray tube
by heating a filament to produce electrons, accelerating the
electrons toward a target by applying a voltage, and bombarding
the target material with electrons produce X-ray spectra. These
spectra consist of several components, the most common being K«
and Kp, where Kq again subclassified into Ka1 and Ke«z2. Copper is the
most common target material for single-crystal diffraction, with

Cu-Kq« radiation = 1.5418A.
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Figure: 2.7 Schematic illustration of X-ray diffractometer.
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2.2.3.2 X-ray detector: The position of the detector and sample is
placed in such a manner it satisfies the Bragg’s Equation. The
geometry of an X-ray diffractometer is such that the sample rotates
in the path of the collimated X-ray beam at an angle 6 while the X-
ray detector is mounted on an arm to collect the diffracted X-rays
and rotates at an angle of 20. A detector records and processes this
X-ray signal and converts the signal to a count rate which is then
output to a computer device. The instrument used to maintain the
angle and rotate the sample is termed a goniometer. For typical
powder patterns, data is collected at 26 from ~5° to 70°, angles
that are preset in the X-ray scan.

Model wused: X-ray diffraction (Rigaku SmartLab X-ray
diffractometer using monochromatic Cu-Ke radiation A= 1.54 A)

[91].
2.2.4 X-ray photoelectron spectroscopy (XPS)

XPS is a spectroscopic technique used to measure surface
elemental composition, chemical state and electronic state of the

elements present in the specimen.

Hemispherical Analyzer

Monochromator

Electron Gun

Positive potential
detector

Electron Beam

Anode

Figure: 2.8 Schematic illustration of X-ray photospectroscopy.

2.2.4.1 Electron gun: The said XPS system is equipped with Al Ka
(1486.6 eV) X-ray source. Prior to XPS measurements the surface
of the sample was properly cleaned using in built argon ion

sputtering gun. Working pressure of 5 x 10-2 Torr, the pass energy
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~20 eV and the dwell period 0.1 sec maintained. The energy
resolution of the XPS system is 0.85 eV. Any ionizing radiation
causes Auger-electron emission, because an Auger transition is
possible after an atom is ionized in an inner shell. Heavy particle
bombardment has been used to excite Auger electrons. Electron
guns have the advantages of easy construction and maintenance,
high beam intensity, and capability of focusing and x-y deflection.
High spatial-resolution <10 nm is obtained by instruments with a
field emission cathode and an elaborate electron beam column.
Because a focused electron beam of high energy impinging on
anode metal surface creates characteristic X-rays, it is often use as
point source for spatially resolved XPS.

2.2.4.2 Anode: The most common anode metals used for X-ray
generation are Mg and Al often as a twin anode for alternative use.
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. For efficient
irradiation, usual sources are operated from 500 W to 1 kW power,
at 5-15 keV anode voltage.

2.2.4.3 Monochromator: Monochromator is used for better
energy resolution and removal of the Bremsstrahlung background
with satellite peaks. Monochromator, which selects a narrow line
from the natural emission are made of usually a bent quartz crystal
or several pieces of them.

2.2.4.4 Hemispherical analyzer: The concentric hemispherical
analyzer used due to its superior energy resolution and areal
transmission properties consists of two concentric hemispheres.
The outer sphere is put on a negative potential against the inner
hemisphere, and the mean radius describes an equipotential plane
that connects entrance and exit slits. For an electron with some
energy traveling from entrance to exit, the condition has to be

fulfilled. Concentric hemispherical analyzers have an input lens
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that defines the analyzed area. Useful compromise between large
transmission and high resolution is possible by a higher aperture
angle. The main purpose of the input lens is retardation of the
electrons to reduce their energy before they enter the analyzer.
This reduced (and constant) energy is called the pass energy.
Lower pass energy means a lower absolute energy resolution.
Thus, angle-resolved XPS is possible without tilting the sample.
2.2.4.5 Positive potential detector: The hemispherical analyzer
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: X-ray Photoelectron Spectrometer (ESCA System,
SPECS GmbH, Germany with Al-Ka« radiation 1486.6 eV) [92].

2.3 Electrochemistry

|, Source/ Meter
Il

Figure: 2.9 Schematic illustration of electrochemical cell.

An electrochemical cell is an instrument that produces an electric
current from energy released by a spontaneous redox reaction.

Electrochemical cells have two conductive electrodes (the anode
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and the cathode). The anode is defined as the electrode where
oxidation occurs and the cathode is the electrode where the
reduction takes place. In between these electrodes is the
electrolyte, which contains ions that can freely move. Along with
the mentioned two electrodes there is one more reference

electrode use to check accurate potential on the working electrode.
2.3.1 Liner sweep voltammetry

In linear sweep voltammetry (LSV) a fixed potential range is
employed much like potential step measurements. However in LSV
the voltage is scanned from a lower limit to an upper limit as ramp

signal with some given scan rate (V/second).
2.3.2 Cyclic voltammetry

The potential of the working electrode is measured against a
reference electrode which maintains a constant potential, and the
resulting applied potential produces an excitation signal. Cyclic
voltammetry (CV) is very similar to LSV. In this case the voltage is
swept between two values (V1 and V2) at a fixed rate, however now
when the voltage reaches V2 the scan is reversed and the voltage is
swept back to Vi. In the forward scan potential first scans
negatively, starting from a greater potential V1 and ending at a
lower potential V2, The potential extreme V2 is call the switching
potential, and point where the voltage is sufficient enough to have
caused an oxidation or reduction of an analyte. The reverse scan
occurs from V2 to V1, and is where the potential scans positively. It
is important to note that some analytes undergo oxidation first, in
which case the potential would first scan positively. This cycle can
be repeated, and the scan rate can be varied. The slope of the

excitation signal gives the scan rate used.
2.3.3 Chronopotentiommetry

Galvanostat uses a three electrode configuration, in which a

current is applied between the auxiliary and working electrodes,
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and the potential of the working electrode (measured with respect
to the reference electrode) is monitored. The basis of controlled
current experiments is that a redox (electron transfer) reaction
occurs at the surface of the working electrode in order to support
the applied current. Common applications of the galvanostat
include constant current stripping potentiometry and applications.
One advantage of all constant current techniques is that the ohmic
drop due to solution resistance is also constant, as it is equal to the

product of the current and the solution resistance.
2.3.4 Chronoamperometry

Chronoamperometry is used to study the kinetics of chemical
reactions, diffusion processes, and adsorption. In this technique, a
potential step is applied to the electrode and the resulting current
vs. time is observed.

Model wused: Electrochemical workstation (Keithley 2450-EC)
[93].

2.4 Experimental set-ups used for material/device
characterization

To track molecular changes within the device two spectroscopic
technique used with some special arrangements in the sample

holder.

2.4.1 In-situ UV-Vis spectroscopy
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Figure: 2.10 Set-up for carrying out in-situ UV-Vis spectroscopy of

the electrochromic device.
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2.4.2 In-situ spectroelectrochemistry

Light Source Detector

Electrochromic Cell

Figure: 2.11 Electrochemical cell set-up for carrying out in-situ

UV-Vis spectroscopy.
2.5 Synthesis techniques and recipe

2.5.1 Ethyl viologen (EV) + Poly ethylene oxide (PEO) Gel
Preparation

Commercially available chemicals from Alfa Aesar and Sigma
Aldrich were used. Polyethylene oxide (PEO, Alfa Aesar, MW = 100
000), Ethyl viologen diperchlorate (98%, Sigma Aldrich), Sodium
borohydride (NaBH4, Alfa Aesar), and Acetonitrile (ACN,
anhydrous, 99.8%, Sigma Aldrich) were used as received. Gel used
in fabrication of electrochromic devices was prepared in the
solution form by mixing 4 wt. % ethyl viologen diperchlorate
[EV(CIO4)2] in acetonitrile and 5 wt. % PEO in acetonitrile. The PEO
solution was filtered through a 0.45 pm PTFE filter before adding

the viologen solution.
2.5.2 Device geometries used

Open face geometry (OFG) device prepared by spin coating
method initially 3pl gel (PEO+EV) dropped in-between E1 & E2 gold
electrodes and then spin the device upto 2000 rpm for 1 second.
By spinning the device it uniform and dry the film present on the
electrodes. Cross bar geometry (CBG) device has been fabricated

by placing a film of gel (EV+PEO) between two transparent
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conducting ITO electrodes. The gel film was deposited on an ITO
substrate using spin coating. After spin coating, second ITO
electrode was laminated face to face on the spin coated substrate.
The extreme part of both the electrodes was painted by silver glue

for making connection with external power supply.
2.5.3 Graphene nanoflakes preparation

Graphene oxide has been synthesized from natural graphite
powder by the modified Hummers method[94]. Before going for
GO preparation, an extra step of preoxidation of graphite powder
was performed. The 2g graphite powder was put into 75 °C
solution of 8 mL concentrated H2504, 3g of K2S20s, and 3g of P20:s.
The resultant precipitate in the solution was allowed to cool to
room temperature over a period of 10 hours. The solution was
then carefully diluted with distilled water, filtered, and washed
until the rinse water became neutral. The product was dried at
ambient temperature over 24 hours. This preoxidized graphite
was then put into cold (0°C) concentrated H2S04 (45mL). NaNO3
(1g) was added. KMnOs4 (6g) was added successively with
continues stirring while maintaining mixture temperature below
12 °C for next 1 hour. The mixture stirred at room temperature for
6 h and left for overnight. DI water around 90 mL was added to the
mixture which improves temperature to 75°C, wait for 15 min,
then end the reaction by adding large amount of DI water (300
mL) and 30% H202 solution (5 mL), within few second color of the
mixture changed into light yellowish. Finally the mixture was

filtered and swilled with DI water.
2.5.4 EV+ GNFs+ Tetrathiafulvalene (TTF) gel preparation

Polyethylene oxide (PEO, MW = 100,000) and ethyl viologen
diperchlorate (EV) were purchased from Sigma-Aldrich and used
as received. GNFs were prepared by the above mention revised
hummer method. Step-wise recipe to prepare the EC-Gel is as

follows from step 1 to 6 in the device fabrication section.
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2.5.5 Electrode/electrochromic-gel/electrode fabrication

Step 1: Prepare solution of 4wt% EV diperchlorate in acetonitrile:
solution A (say)
Step 2: Prepare solution of 3wt% TTF in acetonitrile: solution B

(say)
Step 3: Prepare solution of 5wt% PEO in acetonitrile: solution C

(say)

Step 4: Prepare GNFs powder as per details given sample
preparation section.

Step 5: 5 ml of solution A + 3 ml of solution B + 5 ml of solution C +
0.06 mg of GNFs powder (designated “electrolyte”): Solution D
(say)

Step 6: Solution D mixed properly using vortex for 10 minutes.
Step 7: Filter solution after step 6 through a 0.75 pm PTFE filter:
Solution E (say).

Step 8: Affix a transparent double-sided tape, pattern with desired
text, on an FTO coated glass.

Step 9: Spin coat solution E with 1000 rpm for 120 sec on
substrate prepared in step 8.

Step 10: Stack second FTO coated glass on to the film coated
substrate prepared in step 9. The double-sided tape, used in step 8,
will keep the two FTO coated substrates attached with each other
with EC-Gel (solution E) layer sandwiched as patterned on the
tape. The two FTO coated glass allows the biasing of the device.

2.5.6 Synthesis of single crystalline - TiO2 nanorod array

Single-crystalline TiO2 nanorods were grown on the FTO coated
glass substrate using hydrothermal method with some
modifications in previous reports[95]. 15 ml concentrated HCI,
diluted in equal volume of deionized water, was stirred at room
temperature for 10 min followed by addition of 400 pl of titanium
n-butoxide (used as received from Sigma Aldrich). After stirring

the resultant solution for another 10-12 min, it was transferred to
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a teflon-lined stainless steel autoclave of volume 50 ml. FTO coated
glass substrate of size 1 x 2 cm?, cleaned with the solution of
acetone, methanol, IPA and DI water, were placed inside using an
appropriate arrangement with conducting side facing towards the
bottom of autoclave. The hydrothermal process was carried out at
150°C for 9h in an electric oven and then was allowed to cool down
to room temperature under normal conditions. After washing
properly with DI water and drying in ambient air, a TiO2 nanorods

array film was uniformly grown on the FTO glass substrate.
2.5.7 Synthesis of Ti0Oz/Co304-Core/Shell nanorod array

Co304 shell over TiO2 core nanorod array were synthesized by the
electrodeposition methods[96]. Self-sustainable TiO2 nanorod
array fabricated on FTO substrate, grown in the above step, was
used as the working electrodes provide the scaffolding for the
Co304 nanostructures facile electrodeposition. Electrolyte for
electrodeposition was prepared by dissolving 0.81 g Co(NO3)2 into
10 ml DI water. The electrodeposition of Co304 was carried out
using three electrodes chemical cell with Ag/AgCl as reference and
Pt foil was used as the counter electrode. Chronopotentiommetry
technique was used at the constant current of -0.3mA, for the
deposition. During the deposition, constant current was
maintained for 5 minutes. Finally, the samples were washed with
distilled water and annealed for two hours at 200°C inside an

electric oven.
2.5.8 Synthesis of NiO nanopetals

In the synthesis of nickel oxide nanopetals, nickel nitrate used with
potassium persulfate as oxidizing agent and small amount of
ammonium solution to prepare precursor solution. For this, 0.3g of
Ni(NO3)2 along with 0.05g of K2520s in 35ml of DI water mixed my
magnetic stirrer for 15 minutes in between add 1.2ml of NH40OH
prepared solution placed inside the Teflon line autoclave. After

placing hydrothermal reactor into the electric oven for five hours
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at the temperature of 150°C it is cooled down to environmental
condition. Deposited film on FTO electrode was later rinsed with
deionized water and dried in air with nitrogen gun. After cleaning,
the NiO-NPs film was annealed at 250°C for three hours, results in

uniform and well aligned NPs array on FTO coated glass.

2.5.9 Synthesis of NiO nanopetals/PANI nanohemispheres

core-shell

NiO-NPs deposited in previous section on FTO substrate used as
electrode for the electropolymerization of aniline. Galvanostat
used with three-electrode electrochemical system for
electropolymerization of aniline. The NiO-NPs deposited FTO
electrode used as the working electrode with Pt-wire & Hg/HgCl as
counter & reference electrodes respectively. Electrolytic solution
was prepared with 0.182ml of aniline in 20ml of DI water with 1ml
of perchloric acid. Before applying 0.01 mA of constant current for
1 hour for the polymerization of aniline, five 10 seconds pulses of
0.1 mA was applied to prepare the hemispherical shaped
nanostructures. After the polymerization, working electrode taken
out from the electrolyte solution, washed with ultrapure water,
dried under the atmospheric condition to obtain the finished
electrode for various characterization and later to be used in
electrochromic device. The whole process has been summarized as
a schematic representation in Figure 1 which also shows how NHs
of PANI shell cover a NP of NiO to result in a typical morphology of

core-shell hybrid nanostructures.
2.5.10 NiO/PANI- core/shell NSs based device fabrication

Step 1: Cleaned, by ultrasonication, FTO electrode of size (2x1
cm?) patterned by double-sided tape.
Step 2: In this step, hydrothermal method is used to grow NiO-NSs
of previous step fabricated electrode.
Step 3: Electrode of step 2 is used for the electro-polymerization of

aniline.
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Step 4: Second layer of double-sided tape is peeled-off from the
electrode fabricated in step 3.

Step 5: Finally second transparent electrode stack on the working
electrode made in step 4.

Step 6: This is final step, which is about the operational state of the

device.
2.6 Various software, involved during the characterizations

e Atomic Force Microscope high resolution nanostructures
analysis by using “WSxM” software [97].

¢ SEM images analysis by “Image J” software [98].

e XPS spectra were fitted with “XPSPEAK41” software [99].

e Schematics drawing prepared by MS-office “Visio” software

[100].
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Electrochromic Devices Based on

Organic Materials

In this, chapter two types of organic electrochromic device has
been discussed where first one is very simple with ethyl viologen
(EV) alone used as electrochromic active material. In an attempt to
understand the color switching mechanism of organic
electrochromic devices, live spectroscopy of a viologen based
device has been carried out. Role of redox reactions taking place at
the electrode/electrolyte interface have been identified using
Raman and UV-Vis spectroscopies and both are carried out during
the device operation. In-situ Raman and transmission/absorption
studies establish the origin of bias induced color change, between a
transparent and navy blue color, in this simplest electrochromic
device.*5 The second, an improved version of the previous one,
device has been fabricated by composing graphene nanoflakes
(GNFs) and Tetrathiafulvalene (TTF) as redox supporting agent
along with EV in the form of a gel. Device composed of this (EV-
GNFs-TTF) gel demonstrates faster and efficient electrochromism.
Redox activity of EV-TTF pair result in such a fast bias induced
color switching. Besides acting as an electrolyte, GNFs also
facilitates achieving faster bleaching time by allowing reversing
the redox process quickly.® Both of these devices will be discussed

separately in detail in the following sections.

4 Mishra et al, Optical Materials,(2017), 66, 65-71
5 Mishra et al, Solid State Comm.,(2017), 266, 17-20
6 Mishra et al, J. Mater. chem. C,(2017), 5,9504-9512
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3.1 The basic electrochromic device (ITO/EV/ITO)

Electrochromic effects are observed as a result of redox processes
either in the form of a solid-state device or in an electrochemical
cell[25-27,30]. Origin of this property lies in the fact that many
materials show multiple redox states with different optical
properties (e.g. absorption/transmittance). One particularly
intriguing class of materials in this context is bipyridinium
species,[27] which are formed upon N,N-diquaternization of 4,4'-
bipyridine, also known as viologens. Scheme 1 shows the

molecular structures of ethyl viologen.

CZHJS—N/ \ \ /N*—CZH5
Scheme 1: Ethyl Viologen molecule

Viologen, a known herbicide, is an organic compound having
potential application in flexible electrochromic devices due to its
activity in reversible redox reaction and excellent electron
accepting nature. In other words, viologens, are reducible
materials used in solid-state electrochromic devices, which may
undergo one- or two-electron reductions[101-104]. Ease of
processing and have stimulated intensive research into the
electrochromic properties of viologens. The current research has
been undertaken to better understand viologen’s electrochromism
and to simplify the device design for realization of a solid-state
electrochromic device as well as understanding it's operation

mechanism.

Controlling the often complex stoichiometry of metal oxides,
another class of electrochromic materials, is a complication when
fabricating  electrochromic  devices based on  these
materials[105,106]. In addition, many metal oxides lack sufficient

transparency for use in a wide range of applications. In contrast,
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viologen based materials are solution processable and flexible
electrochromic devices can be made. In order to achieve an
electrochromic response in the solid state, a matrix to allow
ionically conduction is required along with redox counter-reaction.
Lithium perchlorate in polyethylene oxide (PEO) has been used
successfully as a solid electrolyte for organic electronics in general
and thin film transistors in particular[107-112]. Ethyl viologen in
PEO matrix can be a good choice for making viologen based
electrochromic devices for testing purposes. Thus, ethyl viologen
diperchlorate (EV(ClO4)2) can be a good candidate because it
contains EV2* which is a good electron acceptor and also contains
perchlorate ion which itself can act as supporting ion. Its solution
in an appropriate solvent is transparent and does not absorb
visible light until gets reduced to form radical cationic form EV*+
after accepting an electron. In the reduced state it shows
absorption peaks at 396 and 606 nm which predicts blue color of
the device[113]. Radical cations play an important role in the
optical property of any material. Some molecules do not show any
absorption in the visible region but it’s free radical exhibits higher
absorption in this wavelength range[114]. Viologen is one of them
which shows absorption in its radical cationic state which makes
viologen eligible to be categorized as an electrochromic
material[115]. Radical cation of viologen can be obtained by
chemical, electrical and optical methods and are sensitive to
environment[116]. The advantage with viologen is that it shows
reversible switching between both the redox states mentioned
above. In other words, EV** can go back to EV2* by oxidation,
which again show no absorption in the visible region and make
device transparent (or bleached). A solid state electrochromic
device can be made using viologen by appropriately controlling the

redox process using an electric bias.
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The present section is based on simple electrochromic device
fabrication and understanding the device operation mechanism.
Two simple geometries of the device have been fabricated (Figure
3.1) to study the fundamental reason of color change using in-situ
UV-Vis and Raman spectroscopies without focusing on fabricating
an actual working device. In the simplest geometry, the EV (in an
appropriate matrix) has been sandwiched between two ITO
electrodes on glass substrate to get the device in cross-bar
geometry (CBG) (Figure 3.1a 3D representation). Another device
have been fabricated by drop casting EV in between two gold
electrodes separated by few microns where both the electrodes
are on the same plane and can be called open face geometry (OFG)
(Figure 3.1b cross-section representation). With the given

geometries in place, the bias is applied as per following protocol.
The biasing polarity protocol:

e Positive potential V means, E1 become positive with respect to
E2 electrode.

e Negative V means E1 terminal to be negative with respect to

E2.
(a) (b)
EV(ClO4)2+PEO

Glass| ITO0 _
o [E, Glass

EV+PEO 7

E,
Cross-Bar Geometry Open-Face Geometry

Figure 3.1: (a) Cross-bar geometry (CBG) device and (b) open face
geometry (OFG).

OFG device was used for in-situ Raman spectroscopy on specific
electrode to check the molecular changes occurring on the
application of bias. By Raman spectroscopic experiments on OFG
device and result clearly reveals connection between

electrochemical doping and Raman peak position as will be
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discussed below in detail. Both UV-Vis and Raman spectroscopic
data reconcile the correlation between charge carriers and color
changes in viologen base devices. The free radical cation has been
depicted as the fundamental charged species responsible for the
color changing properties in ethyl viologen. Appropriate control
experiments have been carried out to validate the conclusions. All
the synthesis of the gels, material involved and steps followed
during the device fabrication has been discussed in detailed

manner in chapter 2.

3.1.1 Device mechanism

(a)
Glass Glass

ITO —I g ITO
- ITO
Glass Glass

Figure 3.2: (a) Schematic representation of CBG device connecting
through the external biasing arrangement (b) Actual photographs
of device at different bias, (c) Schematic model of change in redox

state of viologen inside the device as a result of applied bias.

Figure 3.2 is the combined schematic presentation of internal and
external mechanism of CBG device. Figure 3.2a shows cross
sectional schematic view of CBG device with its biasing
arrangement. Figure 3.2b shows the corresponding bias dependent
actual photographs of CBG device for various applied voltages.

Figure 3.2b shows that when external potential is 0 V, device is in
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its OFF state which corresponds to the transparent state and thus
the text ‘IITI" written below can be seen through the device clearly
in Figure 3.2b. The transparency of the complete device reduces
and becomes opaque after the application of -3.5 V bias as shown
in Figure 3.2b. Color change in viologen is a well reported
phenomenon[117] and 1is often assigned to the different
absorption/transmission properties exhibited by viologen species
in its different oxidation states. Typical optical properties of
chemically reduced viologen show that blue color originates due to
the presence of EV®*+ species which can be obtained by chemically
reducing EV2+ (present in ethyl viologen diperchlorate) which is
transparent. Alternatively, similar redox change can be induced in
the material in the form of a solid state device as a result of
electrical bias which provides the basis for an electronic
electrochromic device. Mechanism responsible for bias induced
color change as shown in Figure 3.2b can be understood as follows
which is also schematically presented in Figure 3.2c, Initially EV2+
and ClO4 species (in PEO matrix) are randomly distributed in
between the two ITO electrodes in the absence of bias (V=0).
When we apply negative potential (V = -1V) on the device, current
starts flowing through the device and exchange of electron take
place. Electrons are injected from the electrode which is connected
with the positive terminal of the battery, first layer of EV2* in the
immediate vicinity of electrode start receiving these electrons and
get reduced to EV** which initiates color change. By the formation
of EV*+, which shows higher absorption of green color, will make
the device opaque (ON) for this color window near the interface.
As higher voltages are applied more reduction takes place and
large number of EV*®+ gets generated which results in opaque
device as soon as a complete interfacial layer of blue species (EV*+)
line-up along the electrode/electrolyte interface. It is worth

mentioning here that without such lineup process it is very
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difficult to get complete opaque state of the device because finite
amount of light will be able to pass through the device if the redox
species are randomly distributed inside the device. Movement of
perchlorate & EV?2* ions, under the influence of bias, help the
above-mentioned process to takes place. As a result, complete
opaque nature of device is obtained with arrangement of ions in
the device as shown in the case of V = -3.5V bias case in Figure
3.2c. Evidence of presence of color centers near the electrodes-
electrolyte interface (not necessarily throughout the device) can
be seen using Raman spectroscopy as will be discussed later on.
The “blue” color visible as a result of bias in Figure 3.2b has only
qualitative meaning and needs more scientific approach to identify
the presence of different wavelength components in the
transmitted light when the device is seen in the visible light.
Perceived color by human eye must be cross checked with
scientific results (with optical tools) before making any conclusion.
To understand the color changing phenomena in CBG device the
best suitable technique is UV-Vis spectroscopy. From UV-Vis
spectra one can understand the actual wavelength of light which is

more affected by the reduction of viologen molecule.

Increasing potential

Transmittance(%)

T L L] L}
300 400 500 600 700
Wavelength(nm)

Figure 3.3: In-situ UV-Vis transmittance spectrum of the CBG
device with changing bias from 0 to -3.5V. Inset showing color

appearance of the device at various potential.
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Figure 3.3 shows transmission spectra with respect to change in
bias voltage using UV-Vis spectroscopy. The transmission
spectrum under zero bias condition has been recorded as
reference data, to see any variation in it after bias application.
Under no bias condition, only ITO and EV2+ (in PEO matrix) species
are present and a peak appears around 560 nm. The peak around
560 nm gets suppressed as the biasing potential is increased and
finally it changed into a valley shaped curve for a voltage of -3.5 V.
It can be noticed from Figure 3.3 that there is not much change in
%T at the wavelengths of blue (~425 nm) and red (~725 nm)
colors as compared to the wavelengths in between these two. The
device exhibited a minimum transmittance in the visible region at
around 590 (orange-yellow) nm with a transmittance at -3.5V is
~22 %. As a result, the counter color of orange-yellow, i.e. blue, is
observable to the visible eye. This also means that blue color of the
device in ON state is not due to the enhancement of blue
wavelength but due to suppression of other colors in the visible
range in terms of transmittance. We have also tested the effect of

electric field on material more of this discussed in Appendix A.1.

It is clearly observed from the transmittance spectrum
corresponding to -3.5V that transmission is suppressed in the
range of 500 to 700 nm. Also, from the color wheel (Figure 1.4,
chapter 1) we can say the counter color of most suppressed color
in transmission spectra will be the color of the film[118]. The
simple analysis of UV-Vis spectra allows one to understand the
origin of the color appearance of the electrochromic device. This
also may enable one to understand that transmission (T %)
corresponding to a given wavelength may be tuned by
appropriately enhancing/suppressing the %T spectra at other
wavelengths. Relative %T corresponding to different wavelengths
decide the exact color of appearance and can be obtained from

1976 format of CIE (Commission Internationale de I’Eclairge
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International Commission on [llumination) color calculator (Osram

Sylvania) [119].
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Figure 3.4: CIE chart fitting of device color at different intensity.

Inset table contain colors coordinates with applied bias.

Figure 3.4 shows the CIE color calculator chart with the
photograph of the actual device on various states. The CIE color
calculator has been used here to calculate CIE coordinates
corresponding to the device appearance color for a given applied
bias. Initially at zero bias (OFF) device is transparent hence it
allows the white light to pass through. As the applied bias voltage
increase, only blue color spectrum passes through it as compared
to green and red. According to color appearance, related point is
observed on different coordinate of the chart as shown in Figure
3.4. Finally it gets saturated at dark blue color and their
corresponding coordinate on CIE chart are (0.16, 0.12). Hence
except blue color, device absorbs all colors in its ON state. The CIE
chart is very useful as it says that if somehow the material, to be
used in device, is tuned in such a way that the color corresponding
to coordinates (0.5,0.5) is allowed to transmit from the device a
red color appearance will be observed. If one identifies the species

responsible for appearance of one particular color corresponding
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to a given coordinate, the same can be used to make a devise giving
that particular color. Before implementing this idea, it is very
important to understand the species responsible for a particular
color’s appearance. This investigation can be done using Raman

scattering experiments.
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Figure 3.5: In-situ Raman spectra in ON and OFF state of device in
cross-bar geometry. Insets show actual photographs of the device

in its ON and OFF states.

Figure 3.5 shows Raman spectra of the device in the OFF and ON
states. Raman spectrum of the device in its OFF state is similar to
the EV(Cl04)2+PEO mixture in powder. This means that the device
contains the EV2* form of viologen in the OFF state. Raman
spectrum of the device in the ON state is different from its OFF
state as evident from Figure 3.5. Raman peak at 934 cm-! (marked
with #) corresponding to EVZ* in OFF state disappears under
biased condition along with appearance of a peak ~ 1028 cm-!
(marked with *) corresponding to EV®+ as reported by Liu et
al.[101]. This certainly means that the species present in the ON
and OFF states, giving rise to the Raman peaks, are different. It is

also likely that the peaks appearing in the ON state are obtained as
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a result of reduction of the species present in the OFF state. To
confirm this, Raman spectra in Figure 3.5 have been compared
with the Raman spectra from EV2* and EV** as obtained by
chemically reducing the EV(Cl04)2 using NaBH4 which is shown in
Appendix-A.2. Raman spectra from this device for intermediate
voltages have also been recorded (Appendix-A.3) to see gradual
change in species as seen through appearance and disappearance
of Raman peaks. With the above study of Raman peaks’ position
one can conclude that the OFF device contains EV2+ whereas the
ON device contains EV®* in majority which means that EV2+
reduces to EV** as a result of applied bias most likely at the -ve
(negative) electrode (please see Appendix-A.4). To probe
electrolyte-electrode interface reaction at the negative electrode
CBG geometry cannot be employed for spatial Raman

spectroscopy.

To confirm this, in-situ Raman spectroscopy has been carried out
in suitably designed device in OFG given in Figure 3.6. Device in
OFG was prepared by drop casting the active material (EV+PEO)
on a pre-fabricated electrode system where two gold electrodes
are a few microns (~10 um) apart. A drop of prepared sample in
the gap completes electrical circuit and device will start working
like electrochemical cell. Top view of the finished device using
optical microscope is shown in Figure 3.6a without and with bias
applied. The polarity scheme of the power supply to apply bias is
shown in Figure 3.6b, which shows the cross-sectional schematic
of the device. A color change on electrode E1 as a result of negative
bias on this electrode can be seen which is similar to the bias
induced color change in Figure 3.3. This can be appreciated by
comparing the Raman spectra obtained from points X and Y in
Figure 3.6a and Appendix-A.4. Alphabets X, Y, Z on the microscopic
images indicate the positions from where the Raman signals were

collected. Raman spectra with laser post size 721nm (532nm)
57



Chapter 3

recorded from points X, Y and Z (Figure 3.6¢) to compare the effect
of bias on the present chemical species in the device. These points
have been chosen for Raman measurements so that a comparison
can be done between Raman signal from a virgin device (point X),
negative terminal (point Y, where reduction is possible) and

positive terminal (point Z) under biased condition.
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Figure: 3.6 (a) Optical image (using optical microscope) of OFG
with and without bias (b) Schematic cross section view of OFG
device with biasing arrangement. (c) In-situ Raman spectra

recorded on the various position of the OFG device.

Figure 3.6c shows Raman spectra at different position of OFG
device under different biasing condition. Microscopic image in
Figure 3.6b of OFG device shows color change only on the negative
electrode of the device. During the electrochemically reduction,
intensity of color between Ei-E2 and on Ei1 electrode changed
which attributes reduction of EV2* molecule. The corresponding
Raman scattering studies have been done on Ei and E2. Raman
spectrum in Figure 3.6c (X) was recorded from the Ei terminal of
an unbiased device, which shows major peak at 932 cm-I, the
peaks corresponding to EV2*. Raman spectra in Figure 3.6¢ (Y) &
3.6¢ (Z) have been recorded under bias of -3.5V on Ei1 and E2

respectively. Some additional peaks appear on the E1 electrode in
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biased condition, spectrum in 3.6¢ (Y) shows two prominent peaks
corresponding to reduced viologen, which are at 1028 and 1528
cm-1. With biasing potential, peak intensity increases as the applied
potential, shows the formation of more free radical cations (EV*+)
can be visualize in Appendix A.3. There is no change in the
spectrum recorded on E2 where +ve terminal of the power supply

is connected.

From the above in-situ Raman study of neutral and chemically
reduced form of EV(Cl04)2 as well as in the both the device form
shows this change of color is due to variation in absorption
spectrum of EV2+, EV*+ and EV9. Raman spectrum from chemically
reduced form of EV(ClO4)2 shows peaks at 1028 and 1528 cm'!
which are signatures of EV°®* species.(These peaks are marked by
stars in Appendix-A.2). It is now safe to conclude that the blue
color observed in Figure 3.3 as a result of applied bias is due to the
EV*+species being generated at the negative terminal as a result of
reduction of EV2+. It is also important to mention here that Raman
peak at 934 cm! corresponds to the Cl-O stretching mode of ClO4
ions in the device in OFF state[120,121]. The Appearance of the
ring breathing mode to 1028 cm-1 in ON state, as compared to OFF
state, indicates that the addition of one electron to the LUMO
results in a weakening of the ring C-C[122]. By combining the data
in Figures 3.3, 3.5 & 3.6, one can see that the Raman spectrum from
the dark region on the device (marked as point Y on E1 electrode in
Figure 3.6a) shows the presence of EV** species whereas the virgin

device shows the signature of stable EV?2+.

To confirm results obtained from the Raman spectroscopy, we
have done FTIR of EV solution in acetonitrile without and with bias
condition (Appendix-A.5). The appearance of solution was seen to
change from transparent to blue as a result of bias. Some of the

new peaks appeared in FTIR (star signed) due to bias induced
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change in the species present in the solution. The bias induced
changes observed in FTIR spectra are in consonance with the
Raman spectrum. This validates our model, described in Figure
3.2¢c, that presence of blue color centers near the electrode-
electrolyte interface is sufficient enough to show completely
opaque (Blue) device. Therefore, the Raman spectra permit the
conclusion that the mechanism of bias induced color change in the
electrochromic device is due to formation of free radical cation

from viologen dication.

3.1.2 Device performance

Coloration cycle
at wavelength 580 nm
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Figure: 3.7 Coloration and de-coloration cycle between ON and
OFF states of device. Inset shows corresponding images of the

device

Above discussion confirms the origin of color change in the
electrochromic device. It will be interesting to see how fast and
how many times the electrochromic device be turned ON and
OFF[123]. Figure 3.7 shows ON and OFF cycles in terms of
normalized absorbance corresponding to 580 nm which has been
studied within a specific time period with manual switching power
supply. Initially at 580 nm, with no bias absorbance is in its lowest
value, Al which reaches the highest value An by applying potential
(-3.5V) making it opaque for this wavelength. Figure 3.7 show that
device can be turned ON and OFF five times in ~100 seconds. It is
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worth mentioning here that it takes more time in returning to OFF
state after removal of the applied bias because the returning to
OFF state depend on the natural oxidation of viologen. A 50%
transparency in the second cycle onwards has been considered as

OFF state whereas ON state corresponds to 100 % transparency.
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Figure: 3.8 Transmission response of the device during the

operation

Additionally, contrast between the ON and OFF states can be
calculated by defining color contrast ratio (CCR) using the
following equation. [120-122]

T-Tg
T;

CCR(%) = x100 (3.1
Here Ti and Tr are the initial and final values of transmittance of
the device at wavelengths 580 nm (Figure 3.8). Transmittance
changing from 80% to 12% which gives AT= 68% with the help of
Eqg. 3.1 we have find out CCR=85%. It is worth mentioning here
that viologen alone in the device having 85% contrast ratio which
is quite high among all other known organic and inorganic
materials especially in the present situation where counter ion (to
support redox reaction of viologen) is absent. This contrast is

expected to improve in the complete device as will be discussed
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below. Inset of the Figure 3.8 also shows that it takes
approximately 1.5 seconds to switch between the ON and OFF
states of the device. An electrochromic device with 85% CCR is a
very good device with an ability to switch in 1.5 seconds which can
be improved if an external method is used for turning OFF the
device of course by modifying the device composition and

geometry appropriately.

Now we have established by in-situ UV-Vis and Raman studies of
viologen based electrochromic devices that the electrochromism
originates from the redox changes taking place at the electrode-
electrolyte interface. In-situ spectroscopic investigations suggest
that switching in redox states of a few layers of viologen present at
electrode-electrolyte interface is sufficient to turn the device
opaque. Raman spectra from the ON device reveal the presence of
viologen free-radical which is solely responsible for the change in
optical properties of the device. Above device shows poor
electrochromism as there was no counter ion to support the redox
induced color change and it had to rely on the bias and most likely
the atmospheric moisture. Now for further improvement in the
device we have incorporated various other materials in the form of
electrochromic gel, which improves the overall performance of the
device. The new gel is combination of viologen as electrochromic
active material and tetrathiafulvalene (TTF) as redox supporting
agent along with nanoflakes of graphene. Graphene nanoflakes
(GNFs) used as supporting channel to shuttles the ions flow in

between of both anchored molecule within the device.
3.2 Fast electrochromic device (ITO/EC Gel/ITO)”

As mentioned earlier, ethyl viologen, in the EV2+ state is stable and
colorless, whereas radical cationic form (EV**) of the same show a

different absorption and appears blue. Due to this redox induced

"Mishra et al, J. Mater. chem. C,(2017), 5, 9504-9512
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color switching, viologen and its derivatives based electrochromic
displays (ECDs) are fabricated in combination with counter ion,
like polythiophene, ferrocene etc., as one of the constituents.
These counter ions are required and chosen appropriately to
facilitate the reduction of viologen when biased to initiate the
redox process (reduction of viologen and oxidation of counter ion).
Recently, graphene (and graphene based materials) have been
found playing a role in electrochromism[124-126] either by acting
as an alternative to electrolyte or as a supporting material to be
used with the electrode and have received good response in
achieving better speed[127,128]. This is possible mainly due to its
charge transport properties, which enables it to be used in
graphene-based ECD and solar cells where graphene is used as
transparent electrodes. However, graphene supports the EC
switching of viologen with improvement in speed but
compromises on the overall transparency of the device and hence
the switching contrast. Like polythiophene, TTF is transparent and
an electron donor material[129] making it an eligible material to
be used as counter ion in combination with viologen. The Viologen-
TTF combination has not yet been explored for EC purposes. The
excellent functionality of graphene oxide (GO) as an alternative for
electrolyte can be explored, along with viologen-TTF, by
synthesizing it as GNFs to make it transparent to be suitable for
application in EC display. Based on the study of viologen-graphene
as EC material and TTF as electron-donor it can be hypothesized
that the “viologen-graphene-TTF” combination may prove to be a
better device composition with faster (due to GNFs) and
transparent (due to TTF) ECD. The reduction potential of
TTF+/TTF is more positive than that of EV2*/EV** which facilitates
lesser power consumption[130]. Overall the role of these
substances has to be elucidated, it seems reasonable to expect that

their great tendency to form charge-transfer complexes with EC-
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gel can assist electron-transfer processes as can be appreciated
using redox reactions (next section) involved during the device

operation.

Current section of this chapter is based on this electrochromic gel
(EC-Gel) consisting of EV, TTF and graphene nanoflakes which
have been used in an attempt to fabricate an efficient and faster
electrochromism with better color contrast. During the color
switching, it is expected that TTF will support the viologen
reduction, at the negative electrode, by getting oxidized and leave
electrons to the positive electrode for the circuit to be completed.
The color of the device will be sustained if this redox process is
continued and the “reduced viologen-oxidized TTF” is withheld
inside the device. Power required to withhold this state decides
the power consumption of the device and must be minimum for an
ideal ECD. The above discussed redox process needs to be
completely reversible while achieving the initial state of the device
which was transparent. As can be understood, the coloring process
is expected to be faster because applied bias helps in achieving the
colored state. On the other hand the bleaching process is expected
to be a bit slower as the reduced-viologen & oxidized-TTF have to
go back to their respective initial states where the GNFs’ role is
expected to be handy. It is likely that the electrons released by
reduced viologen will stay on the GNFs and can be ballistically
transferred to oxidized TTF for consumption. This way a faster
bleaching is expected from GNF containing EC-Gel as compared to
the one without it. Redox activity of each component has been
established here by means of cyclic voltammetry measurements
along with appropriate control experiments. The interaction of EV
and TTF with GNFs has been studied by fluorescence quenching
method[131]. Electrochemical studies demonstrate how GNFs play
key-role in the control of electron capture, transport and discharge

through one molecule to other. Absorption/Transmission
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characteristic in UV-Vis region has been studied to understand the
color change properties of the EC-Gel based ECD. Stability and
repeatability has also been studied for 2500 color-bleach cycles
along with power efficiency of the ECD. A comparison of
performance from the current device with the already reported
devices has been done in support of the claims regarding the speed

and efficiency.
3.2.1 EC-gel constitutes

Following redox reactions involve during the device operation:

EV2* + e > EV** (R-3.1)
EV+* + GNF — EV2+ + GNF(e) (R-3.2)
TTF - e— TTF+ (R-3.3)
TTF* + GNF(e) > TTF +GNF (R-3.4)

As the experiments have been designed according to literature
based hypothesis it is better to discussed prior to analysis of actual
experiments. It will be realized later that the entire hypothesis
mentioned above are true and the performance of device is in line
with the hypotheses. Figure 3.9 schematically illustrates the ECD
consisting of EC-Gel sandwiched in between transparent
electrodes. The width of EC-Gel (EV/graphene/TTF) layer has been
shown exaggerated to show the transport process easily. In the EC-
Gel, viologen and TTF have been used as cathodic EC active and as
anodic species respectively whereas GNFs are used instead of an
electrolyte as will be discussed later. The unbiased device is
transparent due to Viologen and TTF being in their natural states.
With a negative voltage applied (with the polarity sign as depicted
in Figure 3.9b) viologen will starts getting reduced by accepting
one electron from the electrode (R-3.1), depicted as left dotted line
in Figure 3.9a and at the same time TTF will get oxidized by losing
one electron to the electrode (R-3.3). Under this condition, device

goes into opaque state (transmittance suppression) due to change
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in optical absorption of the chemical species in this bias state. It is
important to understand here that this opaque phase can be
retained only if a voltage remains applied so that the viologen and

TTF continue to stay in their corresponding redox states

responsible for opacity.
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Figure 3.9: Schematic illustration of EC display showing (a)
electron movement for coloring process under a bias, (b) circuital

arrangement and (c) electron movement for decoloring process

after removal of the bias.
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When the bias is removed, the redox process breaks and both the
species revert-back to their previous states and after the complete
reversal a transparent state will be achieved. The time taken to go
back to the transparent state is decided by the ease with which the
reduced viologen loses electrons (hence gets oxidized) only to get
accepted by the oxidized TTF to get reduced (R-3.2) & (R-3.4)). If
left unaddressed this process can be delayed and result in a slow
switching process. Introduction of GNFs can address this dilatory
process, also known as bleaching. Due to unique conducting nature
of graphene, electrons move ballistically through it to improve
bleaching time (time taken to switch from transparent to opaque
states) of the display. It appears that the sandwiched sheets of
GNFs play a key role in the EC display by facilitating the charge
transport necessary for reversed redox process. It draws electrons
and allow their shuttling toward counter molecule which allows
electrons from EV** to get transferred to GNF and stored within its
network (R-3.2). During the bleaching process, the movement of
electrons (generated due to oxidation of EV**) from EV to TTF
through the graphene (R-3.4) is depicted in Figure 3.9c. The
apparent role of graphene and other constituents needs to be
investigated further to establish not only a better EC device
composition but also to get best performance out of it using gel-
containing electrochromic device. This will be discussed in detail
later on.

The microstructures of the GNFs, fabricated for being used in the
ECD in the current study, have been studied using electron-
microscopy & diffraction. The SEM images (Figure 3.10a & 3.10b)
of GNFs, electrodeposited on a gold film electrode, allow one to
clearly distinguish small flakes of GNFs, which have been broken
from the large sheets lying on the electrode. It is evident from the
SEM images that shape and size of flakes are uniform with each

flake having an averages size of ~500nm. The transmission
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electron micrographs (TEM) (Figure 3.10c & 3.10d) of the GNFs
reveal presence of thin sheets (along with folded sheets at many
places) which is having uniform thickness. Single graphene sheet
as well as nanoflakes, consisting of multiple graphene sheets
agglomerated together, can be seen as identified using selected
area electron diffraction (SAED) (Figure 3.10e & 3.10f) in the form

of ring like and spotty patterns.

[t s

Figure: 3.10 Morphological characterization of GNFs (a, b) SEM
images of GNFs on gold film with its magnified view (c, d) TEM
images of nanoflakes of the graphene (e, f) electron diffraction

pattern from two different areas on the GNFs sample.

The ring like diffraction patter (Figure 3.10e) indicates near-
polycrystalline nature, which comes from the multiple GNF

together, where spotty pattern (Figure 3.10f) reveals the presence
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of single sheet of GNF. The spot patterns correspond to the
hexagonal pattern of a flake indicates the single crystalline nature.

To confirm the presence of graphitic phase and the quality of the
prepared flakes, Raman spectroscopy, which is extremely sensitive
technique for carbon phase identification[132-134] has been
carried out (Figure 3.11a). The Raman spectrum shows two peaks
at 1348, and 1581 cm! corresponding to D- & G- bands
respectively as typically observed for graphitic systems[134,135].
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Figure: 3.11 (a) Raman spectrum of as prepared GNFs powder (b)
Photoluminescence spectrum of GNFs in DMF with excitation
wavelength 325 nm with inset showing the actual photograph
during PL measurement (c, d) fluorescence quenching of GNFs by

interacting with viologen and TTF.

The D-peak corresponds to sp3 -hybridized carbon atoms
originating from defects and G-peak arises from sp? -hybridized
carbon atoms with intensity ratio of D- & G-peaks (D/G ratio)

manifesting the crystalline nature (quality) and defects present in
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graphene-based nanoflakes. The strong G-peak with relatively low
intense D-peak indicates low disorder in the GNFs[136]. D/G ratio
for GNFs is obtained to be 0.56, which is quiet small as compared
to the typically observed values for large sheets of graphene oxide
predicting the presence of a good quality graphene structures. A
blue luminescence (Figure 3.11b) on excitation at the 325 nm
absorption band is another typical signature of GNFs which is
observed from our sample as well showing a peak at 465 nm (i.e,
with a Stokes shift of 140 nm or 1.15 eV compare to excitation
source) [137]. Origin of the strong PL from GNFs is due to free
zigzag sites on the boundaries[138]. In general, most of the carbon
nanoparticles exhibits excitation-dependent luminescent, with
increasing excitation wavelength, luminescent peak shift toward
higher energy side accompanied by reduction in intensity[138].
Additionally, when the excitation wavelength is changed from 320
to 420 nm, the PL peak shifts to longer wavelengths and its
intensity decreases rapidly[137]. As discussed above, the current
work relies on the interaction of GNFs with viologen and TTF, thus
it is important to establish the existence of such an interaction.
Fluorescence spectroscopy can be used to identify such
interactions between two compounds[131] which are GNFs and
EV2* in the present case. Figure 3.11c & 3.11d shows that the
fluorescence intensity of GNFs decreases with increasing
concentration of EV2* and TTF respectively. Quenching in the
fluorescence intensity (Figure 3.11c) of GNFs is due to electron
density reduction as the electron deficient EV2* withdraw electron
in all likelihood from GNFs. Analogous effect of fluorescence
quenching is observed in GNFs-TTF (Figure 3.11d). Collectively, it
is revealed that GNFs interacts nicely with both the molecules
which proves that, as hypothesized, GNFs may provide an excellent

foundation for the highly stable and durable EC-Gel (EVZ*-GNF-
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TTF) for over-all improvement of the device performance as will

be shown later on.
3.2.2 Device mechanism

To monitor electron transportation between redox active species
anchored with GNFs, and to establish role of each constituent in
the EC-Gel, electrochemical measurement have been performed
(Figure 3.12). For better understanding, cyclic voltammetry (CV)
measurements of EC-gel has been carried out for multiple cycles at
a given scan rate of 50mV/s (Figure 3.12a) to check stability along
with scan rate dependent CV at different scan rates varying
between 10mV/s & 80mV/s (Figure 3.12b). The overall range of
potential on working electrode (WE) with reference to Ag/AgCl
electrode have been divided into forward(anodic) and
reverse(cathodic) scans. The first two peaks in the forward scan
(Figure 3.12a & 3.12b) are observed due to oxidation of TTF at ~
0.5V and ~0.8V[129]. In the reverse scan a small peak appears
around -0.56V (Figure 3.12a) which corresponds to single-electron
reduction of EV, resulting in creation of its free radical cation
(EV**). By going further in this scan, around -1.0 V there is an
observation of current kink riding on a near-linear region that also
coincides with the GNFs reduction which means that GNFs start
getting reduced to GNF(e"). The representation GNF(e-) means that
the electron involved in GNF reductions get stored within its 2D
network as reported by Bridewell et al.[139] Finally the second
reduction of EV takes place near -1.2 V to result in EV0 (EV* —
EV0). The electron storing property of GNF is also evident from two
observations in the CV curve (Figure 3.12a & 3.12b). Firstly
absence of oxidation peaks of EV** in the voltage sweep from -1.5
to 0 V which otherwise is expected around -0.3 V (inset Figure
3.12a) after the second viologen reduction peak. Second

observation in support of abovementioned conclusion is the zero
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current in the sweep region of -0.8V to 0V. The zero current means
that the electron generated after oxidation of EV** has not been
returned to the electrode thus getting stored in the GNF network.
This appears to be the most likely case because GNFs remains the
only destination for the electrons to go if not returned to the
electrode. On the other hand finite current flows (no zero current)
if the sweep voltage is restricted to-0.6V that means GNFs were not
allowed to store the electrons as it take place at -1.0 V as discussed
above. In this case the electrons are returned to the electrode to
result in the oxidation peak in Figure 3.12. This establishes the
electron storing property of GNFs.
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Figure: 3.12 Cyclic-voltammetric response of EC-gel with (a)
multiple cycles at scan rate of 50mV/s with inset showing the CV

for viologen alone, (b) different scan rate.
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Figure: 3.13 CV curves for (a) only EV, (b) only TTF, (c¢) EV+TTF and
(d) EC-Gel (containing EV+TTF+GNF)
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In the next forward scan (Figure 3.12a) the intensity of first
oxidation peak of TTF (0.56 V) increases noticeably as compared
to that in the first cycle (prior to the reverse scan). In all likelihood,
this increase in the oxidation (peak) current is due to more
number of TTF molecules getting oxidized in later cycles as
compared to the first cycle by taking electrons from the GNF

network stored in the previous sweep.
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GNFs enhance the TTF oxidation peak from which one can infer
that GNFs can provide excess electron to the TTF. Abovementioned
CV measurements based study of cooperative behavior between
EV2+/EV** and TTF/TTF* with GNFs reveals that GNFs work as
facilitator for shuttling of electrons from one molecule to the other.
Scan rate dependent CV curves show reversible behavior of the
system where EV/TTF/GNF are present in the form of EC-Gel
showing consistent behavior with increasing peaks intensities
(Figure 3.12b). For more clarity, we have plotted individual CV
curves systematically for comparison in a single graph (Figure
3.13), one can clearly visualize the effect of presence of GNFs in the
gel (c, d). The voltammograms follow the same pattern at all scan
rates and exhibit reversibility during the voltage scan over the
wide potential range. Before the fabrication of final device, stability
of EC-Gel has been checked by recording multiple cycles from
which charge calculation, required for the EV reduction and TTF
oxidation, have been done corresponding to different scan rate CV
curves (Figure 3.14a). The obtained results show a linear
relationship (Figure 3.14b) between the charge involved in EV
reduction (EV2+*/EV*) to the charge involved in TTF oxidation
(TTF/TTF*). A linear behavior in Figure 3.14b reveals the presence
of balance in charge transfer between both redox reactions. It
means that the EC behavior of a device involving the EC-Gel as the
building block will lead to an overall improvement in device
repeatability and stability as the device in the form of
electrode/EC-Gel/electrode appears to be complete. To explain the
molecular arrangement within the device under operational
condition, schematic figure has been presented to show alinement
and random nature during coloring and bleaching state of the

device (Figure 3.15).
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Figure: 3.15 Schematic representation of redox induced
coloration-decoloration process (left panel) along with electron
movement during coloring and bleaching of the device (right

panel).

3.2.3 Device performance

Figure 3.16 shows the schematic representation of device
fabrication with all steps involved along with the actual optical
images of the fabricated device without and with bias. In the
present study, a simple frame has been used in step 2 (Figure 3.16)
for ease in carrying out in-situ spectroscopic measurements
however a patterned layer of choice can also be used to fabricate a
device. In-situ UV-Vis absorption spectra from the fabricated
device (Figure 3.17a) show variation in absorbance as a function of
applied bias. No change in absorbance can been observed upto an
applied bias of -0.6 V meaning no color change is expected upto
this voltage. No absorbance below this voltage (-0.6V) means all
light gets transmitted through the device when seen in white light
and appears transparent. On increasing the bias above -0.6 V, the

76



Chapter 3

device starts showing a weak absorption hump around 590 nm,
which later appears as proper absorbance maximum at bias values

of -1.5 V.

IPatterned Double
Side Tape

I Patterned Negative

Electrode

(Step 1) (Step 2)

ITO Coated Substrate \

Folded Device Operational Device (Step 6)

(Step 5) T (

Electrochromic Gel Coating

(Step 3)

(ON) (OFF)

~ 1T
(Step 4)

Sandwich Device

Figure: 3.16 Schematic portraiture of step by step fabrication
process of ECD. The operation of the device carried out by applying

-1.6V, inset shows actual device.

As evident from Figure 3.17a, the device color change is associated
with the increase in 590 nm absorbance and is in consonance with
each-other as the device appears bluish on application of negative
bias. It is now an established fact that a negative bias generates
EV+** as discussed above and has been verified by several others
using spectroscopic tools[29,101,140]. Hence it can be concluded
that the bias generated EV** are responsible for the color change
and hence the associated absorbance change. The intermediate
spectra of absorbance correspond to different contrast of the
perceived color. Time taken to change the color (absorbance)
under applied bias decides the speed of the device. Time

dependent variation in 590 nm absorbance under -1.5V bias and
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corresponding current through the device have been shown in
Figure 3.17b. It is evident from Figure 3.17b that it takes
approximately 450ms for the device to change the color to appear
opaque. The accompanying increase in current also indicates that
more charge is flowing during this duration, which is generated

due to the reduction of viologen under this bias.
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Figure: 3.17(a) Bias-induced modulation of UV-Vis absorption
spectra of ECD along with actual images (b) variation in 590 nm
absorbance (red) as a function time with corresponding current
(blue) flowing in the device. Inset shows photographs of the device

in the bleached (left) and colored (right) states.

All the above observations are in good agreement with each other
and it seems that the ECD fabricated using the EC-Gel is faster than
the reported ones where different paradigm (material

combination) with EC-Gel as active component has been used. The
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variation in absorbance (corresponding to 590 nm) with time
(Figure 3.17b) needs to be reversed fast as well after bias removal
and this cycle ought to be repeatable for the device to be used in
real. It has been observed from the UV-Vis spectrum, transmission
(corresponding to 590 nm) of the device changes from 84% to
35% (Figure 3.18a) which gives the transmission change
(AT~49%) with the coloration speed of 400 ms (same as depicted
in Figure 3.17b). The bleaching time® of the device is ~ 900ms,
which is quit less in comparison with other devices reported so-
far[29,141,142]. Due to smaller bleaching time overall speed of the
device is high, it shows nearly five cycles of
coloration/decoloration within 10 second. Additionally, device
stability during operation has also been checked. For this purpose,
an asymmetric square wave (with duty cycle of 11 %) of voltage
with OFF and ON pulse of magnitude 0 & 1.6 V (with appropriate
polarity) was used to operate the device. The device’s repeatability
of transmission switching under ambient conditions can be seen in
Figure 3.18a. The ECD shows switching between color and
bleached states for upto 2500 cycles (Figure 3.18b). A change in
current density corresponding to the voltage-controlled
absorbance is also repeatable (Y-axis of Figure 3.18b). The
maximum (5mA/cm?2) and minimum (-5mA/cm?2) current densities
of the device are stable throughout 2500 color-bleach cycle.
Stability in cyclic performance of the present device is high
compare to the other reports [123,125-127,143] and has been
summarized in Table 3.1. Longer stability of the device indicates
that electrical conductivity of the EC-gel was maintained likely due
to the presence of GNFs which not only provides forum for quick
storage of the electron (during coloration) generated after

reduction of viologen and later to be dissipated (during bleaching)

& Time taken by the device to change the state from color sate to transparent
state.
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quickly after removal of bias. This way graphene in the EC-Gel
appears to be playing the key role in making the EC-Gel based ECD
faster. For quick quantification, the electrochromic efficiency of the
present device has been calculated using following Eq. 3.2 and
found to be 208 (C/cm?2)-1 which is two times better than the

reported values for traditional ECD.

AOD(A
Nce(d) = %

Where AOD (A) is optical density defined as log (Tbieach/Tcolor) and

(3.2)

‘Q’ is charge expressed in terms of coulombs per unit electrode

area.
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Figure: 3.18 Device characteristics (a) transmission cycles (red
curve) of the device operating in response to the voltage cycle
(blue) (b) Stability analysis of the device shows transmission
spectra (black) and current density (red) as function of time . All

transmittance are corresponding to 590 nm.
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Table: 3.1 Comparison table include various parameters of

electrochromism based previous reports

S.No Device Coloratio | Coloration | Reference
Composition n Cycling
Efficiency | (per 100
(cmz/C) second)
1. EV-GNFs-TTF 208 ~50 This work
Moon et
2. MV-EMI-TFSI-Fc 105 ~5 al.[144]
Moon et
3. HV-BMI-TFSI-Fc 78 ~1 al.[145]
Reddy et
4, PEDOP-IL-RGO 477 ~6 al.[126]
e _ Ling et
5, PEDOT:PSS-WO03 82 2 al.[146]
Zhang et
6. PANI-core/shell 206 17 al.[147]
Hwang et
7. MV-GQDs 65 6 al.[127]
Mishra et
9. EV-alone 75 ~5 al.[29]
_ Fan et
11. | Poly(butyl viologen) 157 ~5 al.[148]
. Nakajima et
12. Viologen-ITO 140 ~30 al.[149]

3.3 Summary

After understanding the fundamental mechanism of color change
by fabricating simple device using viologen alone gel and
stabilizing by in-situ spectroelectrochemistry and in-situ Raman
studies various improvement have been done in the
electrochromic gel by incorporating TTF counter supporting agent
and GNFs flakes as facilitating material to improve the device
efficiency. On the whole, a faster and efficient electrochromism has
been displayed here using EV-GNFs-TTF, EC-gel as compared to
others reported in literature. Performance of the device fabricated
later has been compared with the earlier-one has better efficiency
of 208 (cm?/C). Along with the efficiency speed of the device also
improved significantly, due to the presence of the GNFs which

support the ballistic transportation of carrier.
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Inorganic Core-Shell Hetero
Nanostructured Junction: Efficient

Electrochromism

In this chapter, pure inorganic material based hetero-
nanostructure of transition metal oxides have been explored for
efficient electrochromism. Suitably designed heterostructured
TiO2/Co304 -core/shell nanorods array has been observed to
exhibit improved electrochromic properties as compared to the
nanostructures of either of the oxides when used individually. The
core-shell nanostructures have been grown on an FTO coated glass
substrate by preparing TiO2 nanorods through hydrothermal
reaction followed by electrodeposition growth of Co304 shell layer.
These core-shells also exhibit stable and power efficient bias
induced color changes between transparent (sky blue) and opaque

(dark brown) state.®

9Mishra et al,, ACS Appl. Energy Mater., (2018) 1, pp 790-798
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4.1 Hetero-nanostructures

In the era of increasing demand for alternate energy/power
sources, materials with capability of energy storage must be
explored to meet this challenge in the field of supercapacitor and
batteries. In the global context, materials not only with better
efficiency but also with multifunctional operations need to be
identified to address the future requirements. Nanomaterials,
especially one-dimensional (1D) core/shell nano-arrays, have
flashed great interest recently due to their enhanced physical and
chemical properties as compared to its bulk
counterparts[8,24,150-155]. The core-shell structures often
possess different electronic properties from either of the
constituents which make them eligible for application in areas of
global interests including energy harvesting[154,156]. While
synthesis of such kind of materials remains one of the issues to be
addressed, choice of materials to be used in combination (in the
form of core/shell) is also a matter of discussion and is mainly
application oriented. Developing controlled protocols for the
synthesis of hetrostructured core/shell porous nanorods is
essential for developing new economic materials for high-
performance electronic applications. One of the most important
aspects, while choosing materials for energy application, is to look
for large active surface area and short diffusion path lengths for
charge carriers (electrons and ions) which are essential criteria
mainly for efficient electrochemical energy storage purposes[154].
An extremely high active surface area can be achieved through
miniaturization of materials where increased surface to volume
ratio are obtained inherently by reducing the material dimension.
A nano core-shell structure can help address the latter
requirement also by appropriately choosing the core-shell
combination so that it results in a heterojunction. The effective
width will then be decided by the shell thickness or the effective

junction width whichever dominates[157]. A smaller width may
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have an additional advantage in achieving high capacitance and
thus such materials can serve as supercapacitors. This approach
for obtaining higher capacitance is otherwise not possible by using

single nanomaterial even in the nanostructured form.

Generally, two-step synthesis protocols are used for the fabrication
of self-supported core/shell nanorods[152,154]. The core/shell
nanorods are prepared by constructing a nanorod core backbone
followed by coating with the shell material. This method needs to
combine different methods such as sputtering, hydrothermal
technique, electrodeposition etc. to prepare core/shell nanorods
arrays. Various types of core/shell nanowire arrays whose core or
shell materials consist of metals, oxides, carbon, hydroxides,
semiconductors, and polymers like core/shell of semiconductor @
semiconductor, semiconductor @ metal, metal @ polymer have
been studied rigorously in past[154,158]. Transition metal oxides
such as Co304, NiO, and TiO2 are scientifically & technologically
important materials for the applications in electrochemical energy
storage[158,159], chemical sensing[160,161], catalysis[162,163],
and electrochromism[96,164]. Well-defined core/shell
nanostructure fabrication and obtaining tunable functions remain
as the major challenges when it comes to the realization in the
form of device. In recent years some progress has been made for
developing cost-effective and controllable hetero-nanostructure by
simple methods[165]. Still, there exists no simple and high-
efficient method to synthesize transition metal oxide core/ shell
nanostructure arrays. Electrochromism is one of the inherent
properties of the transition metal oxides such as W03, Co304, M0Os3,

V20s, NiO, and TiO-.

As discussed earlier, electrochromism is the reversible change of
color of material induced by application of an electrical current or
a potential difference. The color appears of the any material

depends upon the optical properties during the electrochromism
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these properties gets altered on the bias application. In contrast to
the electrochromism of organic molecules, as discussed in chapter
3, various inorganic TMO can be incorporated in electrochromic as
well as supercapacitive energy storage device makes them
intelligent dual applicable material[166-171]. Supercapacitor
(discussed in latter chapter) that changes its color during charging
and discharging would be a smart energy efficient device to fulfill
both the requirements. Concept of combining electrochromic &
supercapacitor become possible due to conducting transparent
glass electrodes as the replacement of conventional substrate like

nickel foam or carbon.

Figure: 4.1 Schematic illustration showing synthesis of core

(TiO2)/shell (Co304) nanowire on FTO coated glass substrate.

In this chapter, oxides of two metals belonging to the fourth period
of periodic table (Ti & Co) have been combined by growing shell of
the latter on the Ti core to explore its suitability in bifunctional
application. A two-step methodology, hydrothermal followed by
electrodeposition have been employed to synthesized such a core
shell nanostructures which makes a hetero-junction between the
two oxides. It has been shown that the synthesized nanostructures

prove to be an efficient electrode for the abovementioned dual
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application. This has been done by addressing issues associated
with Co304, which is one of the least studied materials as far as its
electrochromic properties are concerned. In the core shell
nanostructures, hydrothermally grown TiOz core provide the
vertically aligned nanorods with high surface area, allows the
electrolyte to penetrate and shorten the ions diffusion length,
which can not be compromised in energy storage. Moreover, the
TiO2 nanorods are able to reduce the refractive index and improve
optical transparency, which is very important in electrochromic
application. Synthesis of TiO2 nanorods and core shell
nanostructures along with its characterizations has been discussed

in chapter 2 in detail.
4.2 Structural study

The two-steps involved in the synthesis of core/shell
nanostructures include hydrothermal growth of TiO2 nanorods
and electrodeposited Co304 shell. TiO2 nanorods grown single
crystalline on conducting FTO electrode used as backbone for the
growth of Co304. The electrodeposition process deposits Co(OH)2
precursor film as a result of following electrochemical
reaction[158]:

NOs~ + H20 + 2e” > NOz2~ + 20H- (R-4.1)

Co2* + 20H™ = Co(OH)2 (R-4.2)

After the above reactions (R-4.1 & R-4.2) it is expected that cobalt
based shell will get deposited on the single crystalline TiO2 as
schematically presented in Figure 4.1. The Co(OH)2 produced as a
result of reaction R-4.2 converts to Co304 after annealing step as
described in chapter 2. The appearance of the resultant sample
was clean and homogeneous in texture which is an indication that
the typical shell nanostructures have covered the entire surface of
TiO2 nanorods backbone. Morphological analysis of the

nanostructures have been carried out using SEM as shown in
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Figure 4.2 showing SEM images of bare TiO2 and Co304+@ TiO2 core

shell nanorods grown on the FTO substrate.

Figure: 4.2 SEM images of TiO2 nanowire array in top view (a, b)
and cross-sectional view (c), TiOz/ Co304 core/shell nanowire
array grown on FTO substrate in top view (d, e) and with tilt angle

of 45 0 (f).

The average diameter of TiO2 nanorods is around 60 nm (Figure
4.2a&b) and length less than 2 um (Figure 4.2c) as apparent from
top-view and cross-sectional SEM images. Various parameters like
uniformity and density of the structures can be visualized from the
top view of the both bare TiOz and its core-shell SEM images. After
electrochemical deposition, TiO2 nanorods get coated with Co304
to make core shell nanostructures of size (diameter) around
200nm (Figure 4.2e) and length less than 2 pum (Figure 4.2f).

Uniform and homogeneous coating of the shell layer on the TiO2
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core would be supporting for electrochromic performance.
Further, to develop more clarity on the heterogeneous

nanostructures phases, elemental color mapping proves to be an

important tool for core/shell nanostructures analysis.

Element Weight Atomic (b)
% %

TiK 44.54 72.40

OK 33.76 18.62

CoK 10.05 4.13

Sn K 11.65 4.85

Totals 100.00

1 2

3 4 5
Energy (keV)

Figure: 4.3 (a, b) Energy dispersive x-ray along with elemental
mapping where Ti and Co are represented as red and green colors

respectively.

Figure 4.3a shows the color mapped images of both elements
separately and in combination recreated for clarity. To confirm
constituents present in the core-shell structures, energy-dispersive
X-ray spectroscopy (EDX) was carried out which reveals
heterostructures of titanium- cobalt oxides (Figure 4.3b). Further,
to understand the growth mechanism of Co304, we have checked
the electrodepotion of Co304 on various current densities there

corresponding SEM images shown in Figure 4.4.
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Figure: 4.4 SEM of TiO2/Co0304 -core/shell nanostructures,
electrodeposition of shell on the application of current of (a) -0.1

mA (b) -0.2 mA (c) -0.4mA (d) -0.5 mA for 5 minutes.

For better understanding of microstructure of these structures,
TEM has been carried out as shown in Figure 4.5 (a, b). The
crystallinity of the prepared TiOz and Co304 @ TiO2 nanorods are
also visible from TEM images shown. Figure 4.5c shows HRTEM
image of TiO2 nanorods showing rods of a few tens of nanometers
single crystalline nature. The TiO2 NRs have even sides and rough
top surface with single crystalline rutile phase grown in [001]
direction with the fringe width of 3.02 A. Uniform lattice
parameters illustrate growth of the nanorods in a single plane,
which is clearly depicted from the FFT image (obtained using
Image]) consisting of light spots well aligned in a single line. Figure
4.5d shows the HRTEM image of the core/shell nanostructures in
which TiO2 nanorods have been covered with the Co304 shell. The
HRTEM image of the core shell structure clearly shows the two
planes on the rods, depicting two different materials with different
fringe size and orientation. In case of the core-shell, the fringe size
of the grown shell is around 2.41 A. Corresponding FFT images
confirms that the material has fringes in two mutually

perpendicular directions.
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Figure: 4.5 (a, b) TEM images of TiO2 nanorods and TiO2/C0304
core/shell nanostructures (c, d) shows HRTEM image of the same

and there corresponding FFT images.
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Further spectroscopic studies have been carried out from the
prepared core shell structures and shown in Figure 4.6. Material
structural analysis has been carried out using Raman scattering
and X-ray diffraction (XRD). Three Raman peaks around 225 cm!
(weak), 446 cm (strong) and 610 cm! (strong) in Figure 4.6a
from TiO2 nanorod array represents the O-Ti-O bending and the Ti-
O stretching modes and corresponds to the TiO2[172] which is
consistent with the microscopy data discussed above. The Raman
spectrum from cobalt oxide (Figure 4.6a) shows four optical-
phonon vibrational modes at 465 cm-! (moderate), 503 cm™!

(moderate), 604 cm-! (low) and 663 cm™1 (strong).
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Figure: 4.6 Spectroscopic analysis of prepared core-shell NSs

where (a) Raman spectra, (b) X-ray Diffraction patterns.
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Raman spectrum from core/shell nanostructure shows
combination of TiOz and Co304 modes as expected with some low
intensity Raman peaks of cobalt oxide invisible as it get merged
inside the strong peaks of TiO2 nanorod array. The XRD pattern
(Figure 4.6b) reveal the presence of crystalline TiO2 (JCPDS 88-
1175) corresponding to indexed planes () which is in consonance
with the HRTEM image (Figure 4.5c). XRD patters from Co304 on
the FTO electrode show some week peaks (a) compared to the
intense FTO peaks (%) because the structures prepared by
electrodeposition techniques shows less crystalline nature in
general. Where the top spectra of Figure 4.6b corresponds to core-
shell nanorod array, confirms the presence of their related phases

where Co304 is present in its spinel phase (JCPDS 42-1467).

(F(R) *h V)Z (a.u)

1.5 2.0 2.5 3.0 3,5 4.0 45 50 55 6.0
h\eV)
Figure: 4.7 Tauc plot obtained from diffuse reflectance

spectroscopy with their corresponding band structures.

In order to investigate the band structure of the prepared
structures, UV-Vis spectroscopy has been performed and for the
relative band gap calculation their Tauc plots has been obtained as
shown in Figure 4.7. Bandgap energies of the TiO2 nanorods, the
TiO2/C0304 core/shell nanorods and pure Co304 films were

calculated to be 3.16 eV, 1.86 eV and 2.21 eV respectively (Figure
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4.7). It is evident here that the bandgap of core-shell
nanostructures lie below that of both the materials, which shows
the core-shell affects the properties of either of the material. This
observation does not seem very correct intuitionally but is
consistent with the available literature[152] and can be
understood using the band diagram in the inset of Figure 4.7.
Lower bandgap of the core-shell deposited on an FTO conducting
electrode indicates an improvement in the charge transfer and
overall improvement in performance when employed for

electrochemical applications as will be discussed below.
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Figure: 4.8 X-ray photoemission consisting of (a) survey scan (b)
TiO2 deep scan (c) Co304 deep scan (d) TiO2 scan by sputtered

Co304 from core/shell.

The oxidation states and constituents present in the grown
core/shell ~were analyzed via  high-resolution X-ray
photospectroscopy XPS as shown in Figure 4.8(a, b, ¢, d). The XPS

survey scan confirms the presence of TiO2 and Co304 phases along
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with the tin (Sn) peaks as contributed by the FTO substrate. The
XPS survey and deep scans of titanium (Ti) and cobalt (Co) are
shown in Figure 4.8 (a-d) respectively. Figure 4.8b, shows high
resolution scan of Ti-2p shell taken from the bare TiO2 nanorods,
combined with three peaks where two major peaks at 459.0 eV
and 464.5 eV correspond to Ti-Zp3/2 and Ti-2p1/2, along with
satellite peaks. In case of cobalt, Co-2p region (Figure 4.8c)
contains total four peaks in which two are sharp (high intensity)
peaks and remaining are satellite peaks. Major peaks are
corresponding to Co-2ps3/2 (780 eV) and Co-2pi1/2 (796 eV). The
cobalt oxidation states are highly related to the energy gaps
between the Co-2p main peak and satellite peaks. Oxides, such as
Co0, Co0203 and Co304, exhibit Co-2p3/2 peaks at nearly similar
positions of 780.3, 779.9 and 779.3 eV respectively, due to the very
similar Co-2p binding energies for both Co?* and Co3* makes it
difficult to identify the oxidation state of Co ions from the binding
energy alone. The strong satellite peaks and the splitting (energy
difference) of the 2pi2 & 2ps,2 orbital will be the deciding
parameters for the oxidation state of the Co ion. The presence of
weak shakeup satellites at 785.3 and 802.2 eV, which indicate that
the Co atom is in oxidation state of 3+. In addition, the measured A
value is 15.4 eV. Spectra given in Figure 4.8d, shows the Ti-2p XPS

spectra record for core-shell nanorods by sputtering out the Co30a4.
4.3. Electrochromic behaviors

Oxides of titanium (TiO2) and cobalt (Co304) are known for their
electrochromic properties by virtue of their redox state dependent
absorption[173,174]. Though studied extensively, both of these
have serious demerits like poor cycle life when either of the two is
used as the sole electrochromic agent. Being an inorganic material,
TiO2 shows required modulation in its optical properties at very
high voltage[173] whereas it is hard to control the redox reaction

in Co304 during the electrochromic applications along with the
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controllability it’s very hard to grow stable structures on the FTO
or ITO electrode due to lower adhesiveness. The core-shell
structures deposited substrates have been studied here for

potential use in electrochromism.

Figure: 4.9 Schematic illustration of electrochromic

characterization using UV-Vis spectroscopy.

The electrochromic nature of the prepared device has been
investigated by carrying out electrochemical measurements in
quartz cell by using deposited FTO as working electrode, platinum
wire as the counter and Hg/HgCl as reference electrode in three-
electrode system with 1M KOH electrolyte solution. Figure 4.9
illustrates the setup used to carry out the electrochromic
measurements. Detector#1 and detector#2 were used for
transmittance and reflectance measurements respectively. Figure
410 shows various electrochromic characterization of the
fabricated electrode including setup used during the measurement,
diffused reflectance spectra, cycling, stability and efficiency
calculation. Figure 4.10a shows the change in the reflectance
spectra of working electrode (core-shell) as a result of applied bias
of 1V (black curve) as compared to the as-prepared electrode (red
curve). In OFF state, the sample reflects almost all colors out of
which 410nm (blue) and 550 nm (green) wavelengths showing
more prominent reflections. As a consequence of this blue-green
primary color mixture, transparent sky-blue (magenta) color is

apparent from the electrochromic device in OFF state (inset image
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of Figure 4.10d). When potential on the working electrode
increases, it starts getting brownish in color with almost no
reflection and eventually becomes opaque as shown in the
corresponding actual images. Inset images correspond to the
actual photographs of the electrode in its bleached (OFF, without

bias) and colored (ON, with bias) states.
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Figure: 4.10 (a) Reflectivity spectra of electrode in its ON (with
bias) and OFF states (without bias) (b) ON & OFF cycling of
reflectivity with corresponding bias of the electrode recorded at
422 nm, (c) stability test with response time analysis, (d) optical
density (OD) of the electrode at 422 nm as a function of charge

density and their corresponding images of the electrode.

It is worth mentioning here that the electrochromic experiment
has been done from the core-shell structures prior to the annealing
step. The image, corresponding to the ON state has been captured
by pulling out the electrode after turning the device ON. To
understand the cyclic nature of the fabricated electrode we have
done in-situ measurement of the reflectivity changes by calibrating

it with the absorption spectra with applied bias. Figure 4.10b
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shows bias induced switching between color and bleached states
of the electrode. Furthermore, repeatability of the
electrochromism has been checked upto 1500 cycles, which show
core shell nanostructure array is more stable compare to their
individual forms (red curve in Figure 4.10c). Cyclic change in the
reflectance spectra has been recorded corresponding to 422.6 nm
wavelength, which shows prominent change in the reflection
(Figure 4.10b) with applied potential of 0.8 Volt. For quantitative
analysis, coloration efficiency has been obtained by drawing a plot
between changes in optical density as the function of charge

required (Figure 4.10d).

__ Change inreflectance(AR)

(4.1)

" Current density(J)*time(t)

where AR is the change in reflectivity by application of potential
and current flow through the circuit is denoted by ] (current
density). Time requred during the swtching of reflectance is
signified by ‘t’. The coloration effciency (Eq. 4.1) is obtained to be
~91cm?/C and color contrast ratio is ~80% (Figure 4.11).
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Figure: 4.11 Color Contrast ratio calculation of the fabricated

electrode.

Above results reveal that the fabricated core-shell electrode shows
very stable and power efficient (working at less than one volt bias)

electrochromic properties as compared to oxides of titanium or
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cobalt alone. The advantage of using core-shell nanorods is good
adhesion of Co304 on uniform and dense aligned TiO2 nanorods.
Single crystalline core nanorod array works as scaffolding for the
cobalt oxide shell for controlling the charge transportation
between the conducting electrode and electrolyte. Additionally,
high surface area of nanorods reduces the biasing potential
required to change the color of the cobalt substance. On the
application of bias, during the voltage sweep between 0 to 0.8 V,
the outer layer of the nanostructures made-up of cobalt, start
getting reduced by taking negative ions present in the electrolyte.
Comparison of electrochromic performance of other NSs has been

summarized in Table 4.1

Table: 4.1 Comparison table include various parameters of

electrochromism based previous reports

S. No. Material Electrochromic | Reference No.
Coloration
Efficiency
(cmz/C)
1. NiO 63.2 Chen et
al.[151]
2. NiO@TiO; 60.6 Cai etal.[152]
3. PANI@TiO; 37.1 Cai etal.[175]
4. WO;@TiO: 67.5 Caietal.[176]
5. C030.4 29 Xiaetal.[177]
7. WO;@TiO: 8210 Gil et al.[178]
8. C030:@TiO; 91 Present
work[179]

10 Represents “Reflection difference (AR)” in percentage.
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4.4 Summary

Suitably designed nanorod array of TiO2/Co304 core/shell shows
superior electrochromic properties as a result of typical nature of
the core-shell junction and miniaturization. The core-shell
nanorods grown on FTO coated glass substrate by combining
hydrothermal and electrodeposition techniques. Availability of
high surface area, due to nano dimensional material with aligned
rods, allows the electrolyte to penetrate and shorten the ions
diffusion length to help improving electrochemical activity. Factors
that increase the charge dynamics at the heterojunction formed
between Ti02/Co304 at the nanoscale. The core-shell structures
also show power-efficient and stable electrochromism with a
reflectivity variation of ~40% corresponding to 422.6 nm
wavelength giving a coloration efficiency of ~91 cm?/C. The color
change between sky blue transparent state and dark brown
opaque state take place with application of bias of as low as 0.8V
and shows good cycle life of more than 1500 cycles. The fabricated
active electrode composed with unique nanostructures is a
promising for electrochromic device, which may have a profound
impact on everyday life in the future which makes a way for the

realization of energy saving self-sustained electronic devices.
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Hybrid Core/Shell Nanostructures:

Improved Electrochromism

In this chapter, a combination of organic/inorganic based hybrid-
nanostructures has been discussed to show as building block for
an electrochromic display. Hybrid nanostructures’ based array
deigned using transition metal and conducting polymer show
improved electrochromic properties like efficiency and stability
with color tuneability. Here transition metal, nickel oxide’s
nanopetals (NPs) has been used as backbone for conducting
polymer, polyaniline (PANI) nano-hemisphericals (NHs) to be
deposited as shell. A specially designed two-step synthesis
methodology has been used for the material fabrication, NPs
deposited on FTO electrode using hydrothermal technique where
electro-polymerization was used for the PANI deposition. The
coaxial NPs/NHs core/shell arrays exhibit remarkable
electrochromic performance compared to their individual ones.
Device based on these hybrid nanostructures show power efficient

optical switching from transparent to opaque with fast response.!!

11 Mishra et al,, ACS Appl. Nano Mater., (2018) X, pp XX-XX



Chapter 5

5.1 Hybrid core-shell nanostructures

In current electronic devices nanoscience and nanotechnology has
delivered its promises upto a great extent especially in the field of
optoelectronics, materials science[180-184]. One of the most
convincing reasons for this ongoing success story is related to the
application specific (nano-) material design and there
implementation in various devices. In current scenario, new
nanomaterials need to be designed by adopting a dual approach
where these can be used for potential application directly in
energy storage and making other electronic devices power
efficient. This will address the increasing demands by making good
energy storage/generating devices and reducing the power
consumption in other electronic devices. An electrochromic
display is a very important device and efforts are going on in
developing novel materials to be used for power efficient
applications[124,144,185]. Device based on electrochemical
activity show interesting behavior by controlling nanoscale
architecture of the active material on the working
electrode[186,187]. Among these, electrochromism of the
fabricated electrode is one promising technologies, having various
potential application in the current era of advancement from
automobile to smart buildings to display system and many
more[27,188]. Various organic, inorganic and their combinations
as gel forms[124,144,185] & conducting polymers can be used as

the active materials shows efficient electrochromic properties.

Currently conducting polymers are in increasing demand due to its
biocompatibility, solution processable and inexpensive nature.
Conducting polymer nanostructures exhibits high electrical
conductivity, large surface area, short path lengths for the ions
transport and superior electrochemical activity compare to their
bulk counter parts which make them suitable for various

applications[189-191]. Hence, primary focus to develop novel and
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multifunctional materials in one hand, and sustainable
technologies on the other, for the sake of the same, several
successful approaches have been explored to develop conducting
polymer nanostructures. Along with CP its hybrid combination
with inorganic nanostructures shows their combined properties
during various applications[189,190]. At the same time tuning in
the nano scale morphology prove to be very efficient in
electrochemical based application such as
supercapacitors[192,193],  electrochromic  displays[24,194],
water-splitting[195-197], sensors[198-200] etc. Along with the
general properties of these hybrid nanostructures, their tunable
structures prove them as the out-standing functional segments or
building blocks for various nanomaterials based devices[150,201].
The nanowire or nanofiber type shell of electrochromic active CP
on TMO shows variation in color as a result of electric bias. It
would be interesting to see the effect of morphology of polymer-
shell on a TMO. Though expected to show different behavior, it
would be interesting to look for an inorganic/organic combination
with  appropriate  morphology = which can result in
transparent/opaque switching as a result of bias. This can be
achieved even in the form of a device by using these hybrid
nanostructures grown on electrode stack with the other
appropriate electrode. The significance of growing these special
kinds of hybrid nanostructures to improve the performance of
various parameters of the electrochromic device like stability,
color contrast ratio and optical modulation. In some previous
existing reports, we found the combination of nickel and PANI for
the electrochromic application with limited performance. Xia et
al[202] has grown the NiO nanostructures on ITO electrode by
chemical bath deposition method. Generally, structures grown by
this methods show less adhesive nature with ITO electrode. When
one is employing them in device perturbations, it shows limited

cycling performance and most of the structures get peeled off from
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the electrode during the operation. Along with this some reports
show poor electrochromic behavior of cheese like NiO
nanostructures in combined with PANI due to less surface area for
the electrochemical activity that diminished the color contrast

appearance[203].

Hydrothermal Electrodeposition

— M

Figure: 5.1 Schematic presentation of two-step synthesis process
of EC-electrode preparation combined of hydrothermal and

electrodepotion.

The current chapter is based on attempts of significant
enhancement in the electrochromic properties observed by
designing a hybrid core-shell nanostructures with novel
morphology where rose petal like NiO-NPs are covered with PANI
nano-hemispheres (NHs) as shown in Figure 5.1 schematically.
The NiO-NPs have been fabricated, by hydrothermal method as
described in chapter 2, on a conducting FTO film coated glass
substrate where conducting polymer based nano-hemispheres
have been synthesis by electrodeposition method. A new
preparation recipe (as described in chapter 2) has been adopted

for the synthesis. A typical morphology of the hybrid nano core-

103



Chapter 5

shell is obtained which shows improved optical modulation in the
electrochromism compared to their parental materials.
Combination of both the materials and their morphologies
(nanopetals covered by nano-hemispheres) on conducting and
transparent FTO substrate provide excellent platform to enhance
electrochromism in the device form. Switching between a
transparent and opaque state can take place rather than switching
between two colored states where contrast is always a concern
addressing which a power efficient electrochromic device has been

demonstrated.
5.2 Nickel Oxide (NiO)/Polyaniline (PANI) nano core-shell

The typical hydrothermal method for the synthesis of NiO NPs
using Ni(NOs)2 as the nickel source, ammonium solution as the
precipitant, potassium persulfate as the growth promoter which

can be illustrated using following reactions[155].

Ni(NO3)2 + 2NH40OH — Ni(OH)2 + 2NH4NO3 (R5.1)
2Ni(OH)2+K2S208+20H-+H20 — 2NiOOH.H20+2504-+2H20 (R 5.2)

During annealing:

NiOOH.H20 + e- = Ni(OH)z + OH- (R5.3)

Ni(OH)2 — NiO +H20 (R5.4)

Here potassium persulfate (K2S20s8) plays a key role during the
formation of NiO NPs. In reaction (R 5.2), K2S20s acts as an oxidant
to drive the whole reaction and facilitate the heterogeneous
nucleation. Without potassium persulfate, no NiO NPs will be
formed on the substrates. Structural and morphological studies of
nickel oxides nanostructures and polyaniline (PANI) coated NiO-
NSs array have been carried out using scanning & transmission
electron microscopies (SEM & TEM) and AFM. Figure 5.2(a) & (b)
shows SEM and AFM image, respectively, of NiO nanostructures
grown in the petals like shape, which can be seen in inset showing
the magnified view of the same. The nanostructures, grown on flat

transparent conducting surface are dense and uniform, which is
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essential for the electrochromic application, as has been intended

for.
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Figure: 5.2 Surface morphologies of NiO nanopetals as seen using
(a) SEM & (b) AFM along with their magnified views in insets (c)
combined PANI and NiO in the form NHs @NPs (d) EDX spectra of
the same along with (e) TEM and (f) HRTEM images, inset show

diffraction pattern of present NHs.

Figure 5.2c shows the electro-polymerized PANI on the NiO NPs
array. The hemispherical shaped look, resembling with the
schematic (Figure 5.1), is obtained due to hetero-nuclear growth of
PANI on NiO-NPs. This unique kind of morphology has been
obtained by using growing methodology which is “initial current-

pulse electrodeposition” followed by constant current mode
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deposition. The prepared nanostructures consist of elements Ni, C,
O and Sn as apparent from corresponding peaks in energy
dispersive x-ray (EDX) spectrum (Figure 5.2d), which reveals that
NiO NPs and PANI NHs are present on the FTO electrode (source of
Sn). Additionally, the information about size and shape of the
grown nanostructures has been obtained using TEM. The TEM
(Figure 5.2e) microstructures of the PANI@NiO on single
nanopetal show grown hemispherical shaped PANI on the petal.
The images in inset have been recorded from the cross section of a
petal giving information about the width (white scale) and
thickness of the grown PANI shell. The average width of the petals
is around ~20nm on to which ~ 7-10 nm thick layer of PANI-NHs
is deposited. Figure 5.2f shows a high resolution image of the same
giving information about NHs present on the both sides of the
petal. The size of the present NHs is around 14-20 nm (diameter).
Effect of deposition time has been checked for hydrothermally
deposited NiO petals. Figure 5.3 shows SEM images of NiO-NPs
obtained when deposition of 2 hours to 5 hours was used which
shows that as the deposition time increases density and thickness
of the petals increases. Uniformity of the grown nanopetals on FTO
electrode and its adhesiveness have been checked by peeling-off
the film from electrode shown in SEM images in Figure 5.4a which
looks well uniform from the bottom side and dense. Cross-
sectional SEM image of the same is provided in Figure 5.4b to give
the idea about the height of the petals. We have also checked the
variations in the morphologies of the conducting polymer by
electrodepositing it on to various substrates. Figure 5.5 show
morphology obtained after electropolymerization of aniline on
three different substrates FTO, NiO petals in flower shape and fiber
of carbon which show different morphologies on each of these. On
the FTO electrode it gets deposited very dense but not uniform
whereas on petal it show hemispherical shape and wire like

structure on the carbon fibers.

106



Chapter 5

Figure: 5.3 Surface morphologies of NiO nanopetals grown by
hydrothermal process with deposition time of (a) 2 hrs. (b) 3 hrs.
(c) 4 hrs. and (d) 5 hrs.

Figure: 5.4 SEM image (a) NiO-NPs film scratch-off from the FTO

substrate (b) cross-sectional view of NPs.

Figure: 5.5 SEM images of PANI grown on (a, b) FTO electrode (c)

NiO nanopetals flower (d) carbon fiber
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After microscopic study of the grown nanostructures
spectroscopic study have been carried out to check Molecular
composition and available bonding of PANI nano-hemisphere
covered NiO. Raman spectroscopy from the prepared hybrid
structures along with the constituents’ nanostructure has been

used to characterize (Figure 5.6a).
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Figure: 5.6 (a) Raman spectra and (b) X-ray diffraction of EC

materials.

Characteristic peaks (red curve) corresponding to PANI can be
seen at 1623 cm! (C-C stretching) and 1529 cm! (C-N vibration).
Peaks at 827cm! and 415cm-! gives the information about the C-H
bending, whereas other peaks at 1396, 1340, 1262, 1195 and 514
wavenumbers appear due to benzene ring distortion[204]. This

spectrum can be compared with Raman spectrum of NiO NPs (blue

108



Chapter 5

curve in Figure 5.6a), two Raman peaks observed at 470 and 550
cm~! corresponding to Ni-O bending and stretching modes,
respectively, which are the characteristic peaks of NiO[205].
Figure 5.6b shows XRD pattern from NiO NPs and PANI@NiO
showing diffraction peaks, in the order of decreasing XRD peak
intensities, at 43°, 37°, 63°, 76° and 79° respectively. The peak
positions and their relative intensities are in good agreement with
the face centered cubic (FCC) structure of NiO-NPs revealing a
crystalline nature of the NPs. In the presence of shell of PANI, XRD
spectra show an additional broad hump around 23° due to the

presence of carbon in amorphous state (from PANI).
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Figure: 5.7 (a) X-ray photospectroscopy survey scan and (b) deep
scan of the Ni 2p and C 1s.
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X-ray photoelectron spectroscopy (XPS) has been performed for
the analysis of constituents and surface chemical compositions of
NiO nanopetals. The XPS survey scan (Figure 5.7a) depicts
composition of nickel and oxygen with the substrate peak
contribution from tin (Sn) which is consistent with the EDX results.
Both the characteristic Ni 2p peaks are observed at about 855.7eV
(2p3/2) and 873.4eV (2p1/2) in high-resolution scan (Figure 5.7b).
The deconvoluted spectrum contains overall seven peaks, two
stronger peaks along with their satellite (weak) peaks. The carbon

peak in the inset appears from PANI coated NiO NPs.
5.3 Electrochromism in NiO/PANI core-shell

Electrochemical properties of the abovementioned electrodes have
been studied by carrying out cyclic voltammetry in typical three-
electrode system at a scan rate of 50mV/s where fabricated
electrode was used as the working electrode & SCE and Pt wire as
the reference & counter electrodes respectively. Figure 5.8(a), the
CV plot obtained during polymerization on aniline, gives the
information about the oxidation state/potential. During the
forward scan of the given cycle two major anodic peaks A1 and A2
were observed, which corresponds to the three states of the
aniline as follows Leucoemeraldine salt (LS), Emeraldine salt (ES)
and Pernigraniline (PG) [191]. In the reverse scan, the
corresponding counter redox peaks appear as Ci1 and C2 due to
reduction (Figure 5.8a). Along with two peaks A1 and A: there is
one small peak in between is correspond to the deformation of
radical cation into the quinoid form. The CV scan of NiO-NPs alone
shows only one redox couples A3 and C3 (Figure 5.8b)
corresponding to the Ni*2 and Ni*3. On the other hand, the CV scan
with the PANI-NHs@NiO-NPs as the working electrode show an
improved performance in terms of increased current density by a
factor of ~100 (Figure 5.8c) as compared to their individual forms

(Figure 5.8a & 5.8b).
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A color variation of the working electrode (the fabricated
substrate) is also evident during CV scan (Figure 5.8c) of the
fabricated electrode corresponding to a given redox peak signifies
that each state of the aniline shows different color and is
reversible. Stability of the fabricated electrode has been tested to
check electrochemical performance through multiple CV scans
showing good cyclic stability upto 1000 cycles (Figure 5.8d). The
improvement in the current density for NHs@NPs electrode is due
to increased surface area of the active material available for
interacting with the electrolyte. Overall, the combination of both
materials shows improved coloration with viability of color

tuneability within a bias range of only one volt.

The bias induced color switching of the fabricated electrodes
characterized using electrochemical cell and has been validated
using in-situ optical absorption studies in two electrode systems.
Figure 5.9a shows the experimental set-up used for carrying out
in-situ optical measurements using UV-Vis spectroscopy where
quartz cuvette was used as the electrochemical cell with necessary
electrode arrangements. The electrolyte consists of 1 M KOH with
saturated calomel electrode (SCE) and Pt-wire electrode used as
the reference and counter electrodes respectively. Figure 5.9b,
shows the potential dependent absorption spectra of bare NiO-NPs
electrode placed inside the electrochemical cell. An overall
increase in absorption of all the wavelength in the whole spectral
range (300-1000 nm) can be seen which signify variation in
contrast of the electrode from being transparent to opaque rather
than giving an appearance of a particular color. Inset image show
actual electrode color appeared while in the biased and unbiased
state given in Figure 5.8c. Figure 5.9c, shows the electrochromic
behavior of PANI, which changes it color from transparent yellow
to blue (Figure 5.8a), however remains transparent, during the

operation due to lower contrast.
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In PANI there are some intermediate redox states, initially in its
reduced state LE show light yellow color, intermediate oxidize
state show green color and finally gets converted into opaque state
(as shown in inset of Figure 5.8c). During the
electropolymerization aniline passes through various redox stats

are as follows: LB-ES—EB—PS

PANI+ClO-2 —PANI*(ClOs) +¢- (R5.5)
ES* <> (EB*)+(Cl0-4)+ H* (R 5.6)
EB+Cl0-+ — (EB*)(Cl0"4)+e- (R5.7)

Where reactions R 5.5 and R 5.7 correspond to the A1 and Az peaks
and R 5.6 show the protonation of Emeraldine salt into base. The
absorption spectra of PANI alone deposited on FTO electrode with
different bias given in Figure 5.9c show two peaks at 350 nm (low
absorbance) and 800 nm (high absorbance) in zero-bias condition.
With increasing applied bias (between zero to 0.5 V), higher
absorbance peak show blue shift and enhancing the absorbance
further. On the other hand the low absorbance peak did not show
any significant shift in the peak position however a bias induced
decrease in the absorbance was very clear as evident from Figure
5.9c. The bias induced diminishing of low intensity peak signify
change of color from light yellow to sky blue as can be seen
visually as well in the inset image Figure 5.8a. Though an
appreciable color switching is observed, the color contrast in PANI
is poor with no color tuning. Figure 5.9d shows the electrochromic
behavior of hybrid fabricated electrode consisting of
PANI(NHs)@NiO(NPs) with applied bias by keeping the electrode
in the electrochemical cell. It can be observed from the UV-Vis
spectra (Figure 5.9d) that the bias induced changes in absorption
spectra much higher as compared to their individual forms (Figure
59b & 5.9c) in the same potential window. The change in

absorption is consistent with the actual images (shown in Figure
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5.8c), which shows a switching form transparent (yellowish) to

opaque (dark brownish) with some intermediate colors.
5.4 Electrochromic device with NiO/PANI core-shell

To investigate the possibility of the above mentioned fabricated
electrode in being used as an actual device, the electrode has been
tested under device type condition by preparing a prototype
electrochromic device in a sandwiched geometry. Steps involved in
device fabrication have been discussed in chapter 2 in detail and

can be summarized in the form of schematic in Figure 5.10.

Patterned Positive x
1 Electrode

Patterned Double
Side Tape
Hydrothermal Depotion
of NiO-NPs

FTO Coated Substrate 3
i Operational Device
Electrodepotion of
Sandwich Device PANI

Peeling a layer of 4
double side tape

Figure: 5.10 Schematic presentation of different sequence

followed during electrochromic device fabrication.

To evaluate the electrochromic properties of the fabricated solid-
state device, NHs @ NPs grown on FTO electrode stick with other
bare FTO electrode used as counter to enable the bias application

to the electrochromic device.
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In-situ bias induced optical property variation, optical constants’
(optical density & coloration efficiency) measurement and cyclic
repeatability of the electrochromic device has been investigated
and shown in Figure 5.11. Measurements have also been carried
out to calculate color contrast ratio and chronoamperometric
response from the fabricated device. A bias induced change in
absorption spectra from the electrochromic device, in the bias
window of 0 to 1V, is shown in Figure 5.11a when measured in
arrangement shown in the inset. It is evident from Figure 5.11a
that the absorbance of the device increases by more than 20 times
for the whole visible wavelength window. It indicates a switching
of the device between transparent to opaque states reversibly.
Cyclability and reversibility of the device has been studied by
applying square wave pulses of 1 Volt. Corresponding change in
the absorbance (for 550 nm) is shown in Figure 5.11b for 1000
cycles (2500 s). The device appears to switch between 22% to
67% absorbance in its OFF and ON states respectively. The
amperometric response of the device, which gives the information
about the current flowing through the device during the operation,
has been provided in Figure 5.11c for fewer cycles for clarity. This
has been used to estimate the corresponding charge flow (Q) while
the bias induced color switching take place. Optical density (OD)
and coloration efficiency (1) of the device is the measure of power
consumption by the device, have been calculated from its
electrochromic performance, shown in Figure 5.11d, through

following equations.

0D(A) = log (A—ll) (5.1)
__ AOD(%)
CE(m) == (52)

where, Ay is the absorbance for a given value of wavelength (550

nm in the present case). By calculating change in the optical
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density (AD) from Eq. 5.1 in ON and OFF state of the device 1 can
be obtain from Eq. 5.2 the slope of the AOD (v/s) Q plot, given in
Figure 5.11d. The color switching of the electrochromic device can
be visualized from the actual images given in the inset of Figure
5.11d. CE (m), which should be high for a power efficient
electrochromic device, is estimated to be ~147 cm?/C for the
present device. The value is comparatively higher than the other
devices fabricated when either organic or inorganic
electrochromic materials were used alone. It seems that a hybrid
electrochromic device made using inorganic/organic hybrid

material is more efficient as compared to the individual ones.
5.5 Summary

Hydrothermally grown NiO nanopetals covered with
electrodeposited PANI on an FTO electrode shows power efficient
electrochromic properties as compared to the individual ones in an
electrochemical cell as well as in the device form. Overall increase
in surface area due to coverage of thin PANI over fine NiO NPs is
the likely reason for improvement in the overall electrochromic
performance of the electrode. An electrochromic electrode having
only PANI or NiO-NPs show very poor color contrast in the colored
and bleach state, which can be improved when PANI covered NiO
NPs are used. The PANI@NiO electrodes shows great adhesion
stability due to the inorganic NPs of NiO provides solid template
foundation for polymer (PANI) growth. Eased electrons transport
through the inorganic/organic nano interface along with higher
surface area of PANI nanostructures increase the ion diffusion. The
beauty of NiO/PANI core-shell electrochromic behavior is in its
switching between transparent to opaque states rather than
colored state as evident from bias induced increased absorption of
whole visible spectrum with minimum bias of one volts resulting
in absorption modulation of more than 45% (for 550 nm) and

coloration efficiency of more than 145 cm?/C.
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Special Nanostructures: Applications

beyond Electrochromism

In this chapter, non-electrochromic related device-oriented
applications of different nanostructures have been reported. These
applications include supercapacitive properties of Ti, Co based
metal oxides core-shell and field emission & glucose sensing
properties of NiO nanopetals. Metal oxide based core-shell
nanostructure array have been reported here to exhibit energy
storage properties and ultra-thin thorns like structures of NiO
show enhanced field emission. The NiO nanopetals like
nanostructures show glucose sensing properties. In chapter 4,
Ti02/Co304 core/shell nanostructures were discussed to show
efficient electrochromic display. The same structure also shows
supercapacitive applications as will be discussed here.12 In chapter
5, it was discussed how NiO nanopetals template is used to grow
the nanostructures of PANI conducting polymer and prove to be
very efficient in electrochromic application. It will also be reported
here that the prepared NiO nanopetals are mesoporous in nature

and show excellent electrochemical glucose sensing.13.14

12Mishra et al, ACS Appl. Energy Mater., (2018) 1, pp 790-798
13Mishra et al, J. Mater. chem. C, (2017), 5, pp 9611-9618
14Mishra et al, Nanoscale Research Letters, (2018), pp 13-16
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6.1 Nanostructures for energy storage: Supercapacitors

Nanostructures based applications such as energy storage where
supercapacitor becomes increasingly popular, work on the
principle of electrochemical redox reactions. Benefit of using
supercapacitor in energy conservation is its higher power density
while shorter charging time remains as an additional advantage.
Pseudocapacitors, another member in the family of capacitors,
works on the principle of reversible redox reaction near the
surface of active electrode within the electrochemical cell[206].
Transition metal oxide (TMO)[152,153] have many associated
properties which allows them to be used in energy storage
applications, along with various other organic
counterparts[185,207,208], when used alone or in the form of
core-shell nanostructures.

The core/shell nanorods are prepared by constructing a nanorod
core backbone followed by coating with an appropriate shell
material. This method needs to combine different methods such as
sputtering, hydrothermal technique, electrodeposition etc. to
prepare core/shell nanorods arrays. Various types of core/shell
nanowire arrays whose core or shell materials consist of metals,
oxides, carbon, hydroxides, semiconductors, and polymers like
core/shell of semiconductor @ semiconductor, semiconductor @
metal, metal @ polymer have been studied rigorously in
past[154,158]. Transition metal oxides such as Co304, NiO, and
TiO: are scientifically & technologically important materials for the
applications in electrochemical energy storage[158,159], chemical
sensing[160,161], catalysis[162,163], and
electrochromism[96,164]. Well-defined core/shell nanostructure
fabrication and obtaining tunable functions remain as the major
challenges when it comes to the realization in the form of device.
In recent years some progress has been made for developing cost-
effective and controllable hetero-nanostructure by simple

methods[165]. Still, there exists no simple and high-efficient
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method to synthesize transition metal oxide core/ shell
nanostructure arrays.

In this section, two metals oxide, Ti and Co, have been combined by
growing shell of the latter on the Ti core to explore its suitability as
a supercapacitor. The electrochromic property of the same
structure has already been discussed in chapter 4, making it
appropriate for multifunctional application. A two-step process
involving hydrothermal followed by electrodeposition technique
have been employed to synthesized such a core shell
nanostructures which makes a hetero-junction between the two
oxides. It has been shown that the synthesized nanostructures
prove to be an efficient electrode for the abovementioned
application. In the core shell nanostructures, hydrothermally
grown TiOz core provide the vertically aligned nanorods with high
surface area, allows the electrolyte to penetrate and shorten the
ions diffusion length, which cannot be compromised in energy
storage. Where more details have been discussed in the

experimental and synthesis techniques in chapter 2
6.1.1 Supercapacitive property of TiOz2/C0304 core/shell

Microscopic and spectroscopic study of the prepared core-shell
nanostructures discussed in the chapter 4. For potential
application in supercapacitors, the electrochemical performance of
the synthesized core/shell nanorod array has been studied using
cyclic  voltammetry (CV) and chronopotentiommetry
(charge/discharge) measurements. Standard three-electrode
electrochemical system was used for this purpose, where core-
shell deposited FTO-glass substrate was used as the working
electrode with Ag/Ag(Cl and Pt-wire were used as reference- and
counter- electrodes respectively in 1 M KOH solutions in the
potential range of -0.4 V to 0.4V. Figure 6.1a shows the recorded
CV curves of the Co304@TiOz core shell nanostructures grown on

FTO coated conducting glass at a scan rate of 50 mV/sec shows
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corresponding redox peaks. CV curve of the core shell
nanostructures recorded with varying scan rates show the
capacitive nature of the material with liner behavior with scanrate
during operation in Figure 6.1b. The capacitive behavior of the
designed nanomaterials comes from the redox reactions between
Co3* and Co**. Interestingly the Co0304 electrodeposited film,
exposed to the electrolyte, exhibits two redox peaks couples A1/C1

& A2/C2 shown in Figure 6.1a.
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Figure: 6.1 (a) Anodic and cathodic peak analysis Co304 with and
without the presence of TiO2 nanorod array (b) CV curves of the
Ti02/ Co304-core/shell nanostructures at different scan rates (c, d)
zoomed section of corresponding redox peaks spectra recorded in
1M KOH solution with scan rate of 50mV/sec (1 M KCL Ag/AgCl as
reference electrode).

The first redox couple A1/Ci corresponds to the conversion
between Co(Il)/ Co(III) whereas Az could occur at higher potential
range with Cz present in the cathodic process represent the
conversion of Co(III)/Co(IV). Cobalt oxide, when deposited on TiO2

nanorod, does not show first redox peak in CV scan Figure 6.1(c,
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d). This interesting phenomenon is indicating that the cobalt oxide
nanostructures, grown on the single-crystalline TiO2, does not
possess much active sites and ions entangled within the
hetrostructure which is favorable condition improve overall
supercapacitive behavior of the electrode. It is also noticeable that
the Co304@TiO2 core/shell nanostructures fabricated electrode
exhibits higher current densities compared to their individual
forms, indicating that the heterostructures composite film has

higher electrochemical activity (Figure 6.1a).
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Figure: 6.2 (a) Galvanostatic charge-discharge curves of the core
shell and their parental materials on glassy carbon electrode (b, c)
charge-discharge study of the core shell array with various current
densities on GCE and FTO electrodes, (d) areal capacitance of

fabricated electrode as a function of scan rate.

Galvanostatic charge-discharge (CD) study of the fabricated core-
shell nanostructures on glassy carbon electrode (GCE) as well as
FTO electrode has been carried out. Figure 6.2a shows the superior
behavior of core shell nanostructures as compared to their

parental materials. Figure 6.2b & 6.2c presenting the charging and
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discharging curves of the core shell nanostructures on GCE and
FTO substrate at various current densities, which shows nearly
similar charging and discharging time except the IR drop which is
present when the material is on an FTO substrate (Figure 6c). The
IR drop in case of FTO electrode is higher because of the FTO-
core-shell Schottky junction effect. On the other hand, the same
core shell nanostructure when peeled-off from FTO surface show
nearly negligible drop (Figure 6.2b) when tested using a GCE. Areal
capacitance (Ca) of core/shell nanostructures, obtained from the
CV curve at various scan rates, is shown in figure 6.1d, as obtained
using following formula (Eq. 6.1), was found to be ~173.4 mF/cm?

at the scan rate of 50mV/sec.

. Charge(Q)
o Area(A)+potential window(AV)

C, (6.1)

where, Ca is areal capacitance, A is active surface area, AV is
potential range. The effective working area dipped into the
electrolyte and the mass loading of the electrode are 0.35cm? and
0.242 mg/cm? respectively. The CD curve is important as time
constant (7), mass loaded (m) and active area (A), can be obtained
from this which provides information about the specific
capacitance of the electrode material. Another parameter in the
characterization of supercapacitor, specific capaciance (Cs), is

calculated by following Eq. 6.2 and found to be 341.88 F/g.

. IxAt
5T mxAV

(6.2)

where, current density (I), At is dicharging time, ‘m’ is loaded mass
per unit area and AV is potential range. Variation in areal
capacitance as a function of scan rate (Figure 6.2d) shows a
reciprocal relationship between the two. Stability of the capacitive

behavior is another important parameter in supercapacitive
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studies. The areal capacitance has been calculated and shows little
variation (Figure 6.3) in its value at the end of 5000t cycle
indicating a stable capacitive behavior. Changes in the CV curve
from 1st to 100t scans and 5000t scan can be seen in the inset of
Figure 6.3. There can be seen some change in the peaks intensity
but the overall negligible modulation <3% in the area under the
curve further confirms the stability and robustness of the material

for supercapacitive application.
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Figure: 6.3 Stability test of areal capacitance with multiple cycles

CV curve at 50mV/sec.

Possible origin of the above-mentioned observed improved
supercapacitive behvior of core-shell structures, as evident from
high aerial and specific capacitance values, can be understood as
follows. Apart from the increased surfece area resulted due to low-
dimension, very small effective device width is also likely to play a
role in giving the very high capacitance values as evident from the
supercapacitive bahaviour (Figure 6.1) of core-shell. It is known
that a hetero-junction at the TiO2/Co0304 core-shell structure is
formed[160,161] which restricts the movement of electrons by
confining them near the core-shell junction. The electrons
quasitrapped near the junction needs energy for conduction and
thus ususlly remains stagnent and maintains the charged state of

the capacitor until discharged intentionally by connecting a load
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which prompts the trapped electrons to flow and to constitute the
current through the circuit. Under this geometry, the capacitence
will be dominated either by the thickness of the shell or the width
of the junction (if the core-shell thickness is very high). In the
present situation, the reduction in effective capacitor width due to
very thin shell thickness (chapter 4) in addition to increased
effective surface area appears to be likely reasons for the manyfold
imrpovement in the supercapacitivie behaviour of TiO2/Co0304
core-shell electrode. The current study establishes that metal
oxides core-shell structure has capacity to be used for

supercapacitive applications.
6.2 Nanostructures as better field emitters

Beginning of the current century has witnessed foundation of great
breakthroughs in the field of optics, electronics and
optoelectronics achieved by designing novel materials in their
nanostructured form[209-211]. Nanostructures (NSs) of
semiconductors as well as oxides (usually insulating in the bulk
form) exhibit extremely important properties in numerous
applications like electrochromism[152], memory[140] devices and
sensing[212,213] and many others. Various NSs of carbon, silicon
and oxides have been studied very extensively for last couple of
decades for application in field emission (FE) in an endeavor to get
a FE based display device[76,77,214,215]. Other than the display
devices, the FE, a quantum mechanical tunneling phenomena is of
great interest, due to its application in devices such as microwave
device, x-ray source etc.[69,70] One dimensional (1D) materials
such as nanotubes, rods, wires and needles are having high aspect
ratio that provide local electric field enhancement[71] which is a
favorable condition for FE. Similarly two dimensional (2D)
materials such as nanosheets, wells, plates have novel and unique
physical and chemical properties[72]. High surface area to volume

ratio with nanoscale thickness makes them suitable for a given
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applications by exploiting the appropriate property of the NSs[73].
Nanosheets, another 2D materials, can get arranged like flower
petals (nanopetals)[74]. If these NSs (wires or petals) are well
aligned, very good FE is theoretically possible irrespective of the
material however, the FE efficiency and ease with which FE can
take place may vary and makes a topic of research as has been
investigated covering a variety of materials in their different nano

forms[75].

Carbon, in the form of nanotubes and nanoflakes, has been
established as a landmark material for field emission[76-81]. In-
spite of being one of the well-studied systems, carbon NSs based
FE devices are not available commercially[77]. This has forced
scientists to start quest for another material that are good field
emitters, parallely, if not as an alternative to the carbon based field
emitters. Nickel based materials[82] and different oxides[83,84]
are amongst materials which have been studied in search for good
field emitting materials other than elemental nanomaterials like
carbon[81] and silicon[71]. Nickel oxide (NiO), a combination of
above two, has drawn attentions in recent years due to its
dielectric properties attributed to its wide band gap[216].
Additionally, recent studies from NiO, widely studied for various
applications in electrochromism[24], gas sensing[217], p-type
transparent conducting electrodes[73,218], also include
investigation of its optical and emission properties[219]. Similarly,
hexagonal shaped nanopetals composed of multilayer mesoporous
nickel oxide films grown by precipitating hydroxides followed by
calcination process, shows excellent electrochemical
capacitance[220]. Such an application spread of NiO has been
welcomed and being explored for electron field emission
properties and seems to have promise as it is relatively easier to
fabricate by various routes including traditional hydrothermal
process and recently reported[220] novel two-step strategy to

fabricate NiO nanoplatelets. Vertically aligned cone-shaped NiO
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nanowires, fabricated using a simple technique, exhibits a field
emission properties[219] with threshold field of ~6500 V/mm and
turn on field of ~11500 V/mm giving rise to a field enhancement
factor of ~ 2000. The abovementioned FE parameters from a few
hundred nanometers thick NiO nanowires are comparable to those
reported for well aligned carbon nanotubes. For wider
acceptability of field emission application a better turn-on and
threshold field is required and methods to achieve the same should
be investigated. The characteristic of the FE, a quantum
mechanical tunneling effect, of any material is dependents on its
structural, chemical, mechanical, electrical and thermal
properties[221,222]. In addition, work function (@) and
surrounding conditions such as vacuum, temperature and distance
between the electrodes play an important role. The stability of a FE
current is ascertain by the consistency in the @ along the surface of
the emitter. This may vary under the influence of the adsorption of
external gas molecules and migration of the material from the
emitter[222]. Methods to improve FE include increasing pulse
voltage induced electric field, improving the vacuum system and
moderate heating of the cathode to protect it from adsorption of
residual gases[223]. Recent study reveals the role of surface
morphology in the field emission properties from CdS NSs[224].
Other players in controlling the field emission properties include
the nanostructures’ size and its aspect ratio etc[71,77].
Appropriate modifications in surface morphologies that can take
care of these aspects may lead to improved FE properties upto an
extent to make it possible to bring FE device to a reality and this
makes the basis of current study.

The current section of the chapter reports an observation of
significant enhancement in the FE properties from rose petal like
NiO NSs covered with ultrathin nanothorn like structures. The NiO
NSs fabricated, by hydrothermal method,[24] on a conducting FTO

film coated glass substrate shows three orders of magnitude better
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turn on field and threshold fields as compared to the previous
reports on NiO[219]. Details about the synthesis of these
nanostructures have been discussed in chapter 2 (section 2.5.8).
The modifications induced by morphology (nanothorn covered
well aligned NiO NSs) and the design (presence of conducting FTO
film) introduces certain perturbations in the system that addresses
the bottleneck issues associated with limited FE properties from
metal oxide NSs. Observed improvement in the FE properties
have been explained based on the adequate understanding of
physics by considering various aspects of material and how it gets
affected by the induced perturbations in and around the NiO NSs.
Where more of details have been discussed in the experimental

and synthesis techniques of chapter 2

6.2.1 NiO nanothorns: Structural Properties

it cross-sectional image (left inset), nanopetals schematic in mid-

inset and uniform wider area of about hundred microns (right
inset) (b) 3D surface plot obtained from a portion on SEM
micrograph using Image-] software. (c, d) 2D and 3D AFM images

of the same.
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Microstructural details and morphology of NiO nanostructures
have been studied using scanning electron microscope (SEM).
Figure 6.4a shows very dense rose-petal like structures of NiO
which have been grown on the FTO film on a flat glass substrate.
Very fine thorn like structures on the top of the petal, favorable for
field emission, can be visualized by the Figure 6.4b processed SEM
image using “Image-]’ software. AFM images of the same have been
given in Figure 6.4(c, d) confirming the presence of petal like
structures. Thickness of each petal is around 25-30 nm. We have
discussed more on the microscopic study of the synthesized
morphology in the chapter 5 (section 5.2). The density and
uniformity of the film can be appreciated from the right inset in
Figure 6.4a which shows that hundreds of microns wide area can
be uniformly deposited with such kind of nanoflakes covered with
nano thorn on the top edge. Cross-sectional view of the NiO NSs
can be seen in left inset (Figure 6.4a) shows vertical alignment and
the height of the petals. Alignment and uniformity of the film
grown on the FTO substrate can be seen from scratched-off parts
of the film by SEM images given in Figure 5.4a in chapter 5
showing very well grown film well connected to the substrate. X-
ray photoelectron spectroscopy (XPS) has already been performed
to check constitutes (Figure 5.7a&b in chapter 5) in the sample
which confirms the presence of Ni & O in the prepared samples
under study. It is necessary to identify the phase of the film to
ensure any physical property associated with the material thus,
UV-Vis spectroscopy and X-ray diffraction (XRD) have been carried
out for this purpose. XRD pattern (Figure 6.5a) clearly shows
diffraction peaks, in the order of decreasing XRD peak intensities,
at 43°, 37°, 63°, 76° and 79° respectively. The peak positions and
their relative intensities are in good agreement with the face
centered cubic (FCC) structure of NiO-NSs revealing a crystalline

nature of the NSs[225].

130



Chapter 6

(a) =
S
(=]
N
N
~
~ :
=
« ha
e/ —
2 S
.g S
[<}] —~—
- - N
= - N
b oM N
N/

20 30 40 50 60 70 80

Absorabance(a.u)

300 400 500 600 700 800
Wavelength(nm)
Figure: 6.5 (a) XRD pattern of NiO-NPs. Indexing predicts an FCC
structure as represented in inset. (b) UV-Vis absorption spectrum
of NiO NSs with Tauc-plot in the inset showing the band gap

estimation.

UV-Vis absorption spectrum (Figure 6.5b) of NiO NSs and
corresponding Tauc-plot of the same (Figure 6.5b inset) has been
employed to estimate the optical band gap (Eg). The optical band
gap of NiO-NPs film calculated from the TP is observed to be
approximately 3.61 eV, which is consistent with the wvalues
reported earlier[152]. From the above discussion it has been
established that the sample contains FCC-structured, crystalline,
dense, well aligned nano-petals of NiO which is covered with very
fine (nano-) thorns of size of a few nanometers making it an ideal

candidate for electron field emission applications. With the band
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gap value handy, it will be easier to understand the inherent

physical process and mechanism for controlling the emission and

fabrication of a cold cathode FE device.

6.2.2 NiO Nanothorns: Improved Field Emission

Sy

t.4.4 M T

NiO-NPs
Substrate

032 1t cycle 032| 50" cycle

0.0

) 4
*.
0123456; 0 1 2 3 4 5 6
»

0.32 1

J(mATEh2)

J(mA/cm?)

e

N

N
L

E(V/mm) E(V/mm)

J(mA/cm?)

e

)

@
L

= 1%cycle

10"cycle]
20"cycle

0.00 - 30"cycle

*

40"cycle]
1 2 3 4 5 6 7 8 9 10 11

(b) E(V/mm)

Figure: 6.6 (a) Schematic illustration of parallel plate field
emission measurement set-up (b) field emission (J-E plot)
obtained from NiO-NPs@FTO at various cycles. Insets show ]-E

curves on 15t and 50t cycle.

The electron FE measurement has been done in vacuum with NiO
NSs sample mounted on cathode and placing the anode with

suitably applied bias to initiate the FE. Figure 6.6 shows the
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schematic of the geometry used for FE measurement and the
corresponding field emission (J-E) results. Schematic illustration of
the geometry (Figure 6.6a) depicts the ejection of electrons (field
emission) from the NiO NSs, deposited on conducting FTO film, as
a result of appropriate bias applied to the top electrode. The FTO
film not only acts as the electrode to bias the NiO NSs but also may
provide electrons due to its conducting nature. The 3D structures
of SEM images NiO NPs on the FTO layer, works as cathode for the
emission, shown in Figure 6.6a. The FE from NiO NSs (Figure 6.6b)
has been characterized by measuring the macroscopic current
density (J) versus macroscopic electric field. As the bias at NiO-
NPs@FTO cold cathode and Cu plate anode increases, it is expected
that NPs starts emitting electrons after a threshold value (to be
defined later) as a result of tunneling of electrons from the NiO NSs
to the cathode through the vacuum gap (0.5 mm in the present
case). Figure 6.6b clearly shows a fairly high noticeable current
(mA) flows with an applied bias of a few volts which will be
calculated quantitatively later on. It is apparent from figure 6.6b
that at the electric field of around 3 V/mm sufficiently large
numbers of electrons start tunneling out from the surface of cold
cathode. This electric field appears to be very small as compared to
various  other nanostructured material reported so
far[84,226,227]. Another term important in characterizing the FE
properties is the “turn on field” which is traditionally defined as
the field required to get a FE current of 10 pA/cm?2. The observed
turn on field is found to be 1.2 mV/um (or 1.2V/mm) which is very
less as compared to other NiO NSs[71,219]. The observed turn-on
field is at least thousand times (three orders of magnitude) better
than the cone shaped NiO nanorods fabricated by Zhang et al[219]
using hydrothermal method. Explanation for the observed low

turn-on field will be discussed in the later sections.
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From application point of view, stability is one of the key
parameters to be discussed. We have done FE study for multiple
cycles as demonstrated in Figure 6.6b which shows FE in 1st, 10th,
20th, 30t and 40t cycle exhibiting consistency in emission current.
In each cycle, emission current retains its value, which is an
evidence of cathodic stability. Furthermore, FE plots in first cycle
and 50t cycle have been shown in the insets of Figure 6.6b
separately for comparison. During the cyclic measurement an
interesting phenomenon was observed. During the first cyclic scan
when voltage goes from initial to final and again returning back to
the initial value a hysteresis appears in the ‘J-E curve’ (left inset
Figure 6.6b). It is evident from the insets of the Figure 6.6b that
hysteresis is present in the first cycles but as the cycle proceeds, it
disappears without changing the value of turn-on field and
corresponding current values. This gives an indication that the
field emission stabilizes after a few cycles. Hysteresis in the field
emission has been seen very frequently in carbon based NSs like
graphene or CNTs [228-231]. Players involved in the observed
hysteresis in J-E curve include electrostatic alignment, captivity of
carrier in deep layers, absorption & de-absorption of gas molecules
etc. [232] has been well discussed. Hysteresis in J-E curve (Figure
6.6b) from NiO might be also due to the above-discussed
phenomena as probability of absorption/deabsorption of gas
molecules is higher here as it depends upon the morphology,
structures and high surface area to volume ratio. In addition to this
NiO is well known for its gas sensing properties which support the
above claim[72] that it has capability of absorbing various gases
and other suitable materials in order to be sensed. The absorbing
property of NiO NSs is also supported by the fact that the
hysteresis disappears (Figure 6.6b, right inset) after a few cycles
when kept in vacuum for some time as that helps in removing the

adsorbed gases etc.
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ws“-

Figure: 6.7 (a) SEM image of the NIO NSs (b) schematic

illustration of a single nanopetal contacting thorn like structures

on the top of it.

Though it is very enthusiastic to achieve such a low turn-on field,
reason for the same must be understood. As the FE properties are
dependent on the nanowire diameter and morphology, the likely
reason for the low turn-on field may be related to the same in our
case also which is supported by the SEM images (Figure 6.4a).
Figure 6.7a shows SEM image, where thickness of each petal is
around 25-30 nm with sharp needle like edges (schematic shown
in Figure 6.7b) on the top of it provide higher local electric field
enhancement. The extremely fine NSs on the top of NiO nanopetals
have multiple advantages that improve the FE properties as
explained below. As mentioned earlier, the FE works on the
principle of quantum tunneling from the surface through a vacuum
gap under the influence of electric field thus depends on the
potential barrier and its width. Which means that, tunneling
barrier width is one of the important parameters to be addressed if
one needs to get FE as per one’s choice. In FE, electrons, having
higher energy than the work function, can escape by overcrossing
the barrier and those with lower energy needs stronger electric
field to overcome the attractive force of the nuclei and tunnel

through the barrier by surpassing the same[233].

135



Chapter 6
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Figure: 6.8 Band-diagram of NiO-NPs along with favorable bias
conditions for tunneling. Where, Ec- bottom of conduction band;

Er- Fermi level; Ev- top of valance band.

The process of FE and various players involved in the process can
be understood using a schematic given in Figure 6.8, which shows
various energy levels and their relative positions/alignment. With
no bias applied (thermionic and photo emission case) an
additional amount of energy () is required so that electron is free
to move. For FE, depending on the applied bias, the effective
vacuum level gets modified as shown by dotted lines (for two
different field values) for the ideal situations. As a result, the
applied bias perturbs the situation in such a way that now a
relatively thinner width needs to be tunneled for electron
emission. It is also evident from Figure 6.8 that the width of the

potential barrier decreases as a result of increasing field.

In Figure 6.8, actual energy pattern for two different electric fields
are represented by solid green lines. Voltage applied for both the
conditions is same but resulting in two different effective electric
fields due to sample morphological variations as shown in right
side of the Figure 6.8 (block diagram). The actual potential profile,
as a result of applied field in such systems, is different from the
ideal ones and must be taken into account while understanding the

FE properties. The energy state path followed by an electron,
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emitted by the barrier tunneling as a function of separation (x)

from cathode[222] is given by.

2

ed =eDyork — —eEx (6.3)

16mepx
where, e is electric potential energy of an electron @,,,,, and ¢,
represent the work function and permittivity of the material
respectively. ‘E’ is the applied electric field during the emission.
Schematic diagrams in Figure 6.8 shows the energy levels in the
absence (Eo) and presence of two different electric fields E1 and E2
with E1 < E2 at the interface of vacuum and NiO NSs. Solid green
lines (curved) show the typical plot of Eq. 6.3 for two different
values of E. The slanted dotted lines accompanying these green
lines represent their corresponding ideal counterpart as discussed
above. It is interesting to see that the real situation (green solid
lines), obtained using Eq. 6.3, is more favorable for FE as the
barrier height and width both are smaller. It is worth mentioning
here that the two situations (corresponding to the two electric
fields) can be obtained by using the same bias (voltage) under two
different sample morphologies as shown in the diagram next to the
green lines. This can be elaborated as follows. The ultrathin
nanothorns present in our samples effectively enhance electric
field around the finer structures. As a consequence, a given applied
bias voltage results in a higher effective electric field for samples
containing nanothorns as compared to samples without them. This
way the nanothorns present on the NiO NSs give rise to an effect
similar to “lightening-conductor” making a relatively stronger
electric field available for easy field emission in the nanothorn

covered NiO NSs[76,234].

It is clearly evident from the schematic (Figure 6.8) that for
stronger electric field, there is a reduction in barrier height and
barrier width which means that the electrons not only need to be

pushed upto a shorter distance to make it free (for emission) but

137



Chapter 6

also will require relatively lesser energy to cross the barrier. Both
of these effects play an important role in achieving the low turn on
values. Moreover, electrons enclosed in a strongly confined system
(as in nanothorns of a few nanometers only) will possess more
energy as compared to a weekly confined system (as in nanorods
of a few tens of nanometers or nanoflakes without nanothorns).
Thus the electrons, that already have higher energies, would need
further lesser energy to cross the potential barrier before it is
attracted by an applied electric field to initiate the FE. This way a
morphological variation induced three fold constructive
perturbations is present in a system containing nanothorns which
improves the FE from the nanothorn covered NiO nanopetals
deposited on conducting FTO film which provides plenty of

electrons.

To be more conclusive about the stability of emission electric field
for conjugate cycles and corresponding emission current have
been plotted as a function of time as shown in Figure 6.9a & 6.9b
respectively for eight cycles. Figure 6.9a shows electric field
variation by ramping between 0 to 6 V and the corresponding
current density variation is shown in Figure 6.9b for the same
number of cycles. Insets in Figure 6.9 show the E-T and ]-T cycle
plots for 100 minutes (~50 cycles). It is interesting to see that
initially there was lesser emission current which gets saturated to
a value of around 0.32mA/cm? as the cycle proceeds. The current
stabilization with time in vacuum also seems in accordance with
the disappearing hysteresis in J-E curve (Figure 6.6b insets) as a
consequence of removal of adsorbed gases. Another important
aspect is the repeatability of field emission that can be turned ON

and OFF for more than 50 cycles.
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Figure: 6.9 (a) Electric field cycles in the range 0 to 6 V/mm with
time (b) Corresponding emission current. Insets show the cycling

for longer time duration.

The FE properties of NiO NSs have also been analyzed using the
Fowler-Nordheim (FN) framework by fitting the FE data with the
following FN Eq. 6.4:

] = Ap~1B?E?e BE (6.4)
where ‘A’ and ‘B’ are the temperature independent constants with
(A=1.54x10¢ A.eV/VZ2 and B=6.83x103 eV-3/2 V/um). ‘B’ is the
field-enhancement factor and ], E are the emission current density

and applied electric field respectively. Figure 6.10 shows the FN
plot, which is obtained by plotting In(J/E2) vs 1/E for various
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cycles from the same sample recorded consequently. The little
variation in the plots with respect to the cycling number has
already been discussed above. It is evident from Eq. 6.4 that the FN

plot is a linear function, when In(J(E)/E?) is plotted as a function of

3
1/E, with slope equal to (—B%Z) whose fitting with the

experimental FE emission data (discrete points in Figure 6.10
inset) has been used for the calculation of field enhancement factor

(B) and threshold field (Etw).
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Figure: 6.10 Fowler-Nordheim fitting of the experimental FE data
obtained from the NiO NFs. Inset shows the fitting, which has been

used for 3 calculation.

Linear fitting (solid line in Figure 6.10 inset) of the FN curve gives
a straight line with the slope of 10.66 giving a ‘B’ value of 5713
thousand. It is also clear that intercept of FN equation is a measure
of the threshold electric field (Et) which comes out to be 2.94
V/mm. The observed enhancement factor and threshold electric
field are thousand times better than the reported values[219] for
NiO nano rods where reported values are 3 ~ 2000 and Ew ~ 4000
V/mm. The improved FE properties in the present case are due to

the effective improvement in the system due to typical nature of
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surface morphology containing ultrathin nanothorns present on
NiO NSs. The surface microstructure mediated improvement in FE

properties is consistent with the ones reported in literature.
6.3 Nanomaterial based glucoses sensing

Diabetes is a chronic disease in which glucose level increases in
blood and if undiagnosed and untreated, can be very lethal and
eventually may lead to death[235,236]. Different therapy regimes
in the management of diabetes include drugs’ dose adjustment
according to the level of glucose in the blood as a result of
compromised insulin level, the main cause of the disease. Hence,
accurate and reliable glucose sensor to monitor the level in the
blood is the most important parameter in managing diabetes.
Generally, glucose sensor works on the use of an enzyme, glucose
oxidase (GOx), which converts glucose into gluconic acid and
H202[237-241]. The concentration of glucose is determined by
monitoring the number of electrons flowing through electrode for
the formation of hydrogen in the form of peroxide[242]. In
enzymatic biosensors quantitative sensing is done by controlling
the potential and measuring the current as a result of substance
(to be sensed) reacting with the active area of the material (acting
as sensor) on the working electrode. Enzymatic glucose sensors,
working on the same principle, display high sensitivity to glucose.
Limitations with these sensors include their shorter life span, the
environmental conditions such as temperature, pH value and
toxicity of the chemical used. To address these issues many metal
oxide based non-enzymatic glucose sensors have been developed
in recent time[243-248]. The sensing mechanism of these non-
enzymatic glucose sensors is based on oxidation of glucose, by
metal-oxide ion near the surface of the electrode, to
gluconolactone. In electrochemical sensing cyclic voltammetry
roves to be an efficient technique due to its high sensitivity at low

detection limits, accurate quantitative analysis and fast and clear

141



Chapter 6

characterization[249,250]. These oxide based glucose sensors
certainly have potential to be used in real diagnosis and needs
further study.

There are increasing interests on fabrication of electrodes with
low-cost metal-oxide materials, such as NiO, CuO, TiOz, ZnO and
composites which can show high sensitivity toward glucose by
improving electro-catalytic activity[251-258]. When it comes to
reaction based sensing, nanomaterials could be of interest as they
can provide more surface area for reaction and hence better
sensing. In recent times, a variety of materials in nanostructured
form have shown great potential in sensing, electronics, and
optoelectronics[8,208,259]. Established fact about nanostructures
is the capability of tailoring a physical property by changing its size
and/or morphology which gives the versatility to the
nanomaterials to be used in diverse applications. Hence, for
sensors also design of electrodes surface is one of the key
parameters. Amongst plenty, Ni-based nanomaterials exhibit
remarkable properties, such as catalysis[73,260,261] and high
sensitivity due to large surface-to-volume ratio. An economic yet
sensitive glucose sensor can be a reality with NiO nanostructure
based sensors by appropriately designing the device and
synthesizing the material. In this paper, a working electrode
consisting of petal like NiO nanostructures for glucose sensing via
electrochemical study have been fabricated to be used as the active
compound. Fluorine doped tin oxide (FTO) coated conducting
glass substrate has been used to grow the NiO nanostructures
(NSs) by hydrothermal technique. Where more of details have
been discussed in the experimental and synthesis techniques of
chapter 2

Microstructural details and morphology of NiO NSs have been
studied using electron microscopy and atomic force microscopy
(AFM). In previous section of field emission we have shown very

dense rose-petal like structures grown on the FTO coated
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conducting glass substrate. In microscopic analysis thickness of
these petals is approximately 25-30 nm with cross sectional height

is around ~1um. The film is dense and uniform over more than

hundred microns.

6.3.1 NiO nanopetals structural study

Counts (a.u.)

Energy (keV)
Figure: 6.11 (a) TEM image of the multiple NiO nanopetals (b)

HRTEM image of a petal and their corresponding diffraction

pattern (c) EDX spectra for elemental conformation.
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The uniformity over larger areas makes it eligible for better
sensing applications. TEM micrograph and constituents present of
these NiO-NSs have been recorded by HRTEM and EDAX. Figure
6.11 clearly demonstrate that NiO nanopetal with uniformly
distributed lattice of gap 2.4 A in given HRTEM image (Figure
6.11b). In EDX spectra present element can be obtain the presence
of Sn and Si peaks correspond to the FTO coated glass substrate
(Figure 6.11c). The oxidation states of the present element can be
checked by X-ray photoelectron spectroscopy (XPS). XPS is
performed for the surface analysis and chemical compositions of
NiO nanopetals. The XPS survey scan (Figure 6.12a) depicts
composition of nickel and oxygen with the substrate peak of tin
(Sn) which is consistent with the EDX results. Two characteristic
Ni 2p peaks are observed at about 855.7eV (2p3/2) and 873.4eV
(2p1/2) in high resolution scan (Figure 6.12b). The deconvoluted
spectrum contains seven peaks with two stronger peaks at 855.7
and 873.4 eV correspond to Ni2* in Ni-O bonds, with two satellite
(weak) peaks[151]. Above mentioned morphological and
structural characterization of prepared substrate predicts the
presence of low dimensional petal like structures of NiO and the
same will be investigated for possible glucose sensing properties.
As mentioned earlier, basis of the sensing mechanism is the
reactivity of glucose with NiO thus needing higher surface areas,
which should be analyzed before investigating the sensing
properties. The specific surface area and other parameters, like
type of isotherm, average pore size, total pore volume have been
obtain by the N2 adsorption/desorption using BET method. Figure
6.12c reveals type-IV isotherm and type-H3 hysteresis when
measured[252] at 77 K with the relative pressure range of 0.025 <
P/Po< 1.00. The measured surface area, estimated by BET and
Langmuir methods in the P/Po range of 0.05-0.30, is found to be
114.936m?/g and pore size distribution around 3.7 nm. This

indicates NiO NPs are mesoporous with relatively uniform pore
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size distribution. The total pore volume in the sample is found to

be 0.267 cm3/g estimated at a relative pressure (P/Po) of 0.99.
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Figure: 6.12 Chemical states analysis of the fabricated NiO

nanopetals using XPS (a) survey scan (b) deep scan of 2p Ni (c)

BET isotherm measurement by N2 adsorption/desorption.
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6.3.2 NiO Nanopetals for electrochemical sensing

An adequate surface appears available for glucose sensing of the
NiO-NPs has been studied below using electrochemical CV
measurements as shown in Figure 6.13. For CV measurements, a
three-electrode system has been employed with NiO-NPs@FTO
sample as working electrode, Ag/AgCl (1 M KCl) and platinum wire
used as reference and counter electrodes respectively. Figure
6.13a shows I-V curves with different voltage sweep rates varying
between 10 mV/s and 100mV/s. It is evident from Figure 6.13a
that a current of ~0.25 mA/cm? was flowing at scan rate of
10mV/s (black curve) and increases to 2.5 mA/cm? when scan rate
was increased to 100mV/s (light green curve). A ten times current
increase by increasing the scan rate by ten times means a linear
variation between the two. Such a linear variation in current as a
function of scan rate, as evident in Figure 6.13a inset, is most often
assigned to be originating due to a surface controlled reaction and
will be better for sensing applications. For sensing study, CV
measurements have been carried out with NiO NSs film as working
electrode (NiO-NPs@FTO) at a scan rate of 50mV/s with (red) and
without (black) glucose, in the presence of 0.1M NaOH electrolyte
as shown in Figure 6.13b. The CV plots recorded at different scan
rates in the presence of glucose have also been shown is Figure
6.13c which also shows increased current values as compared to
non-glucose case and further increases with increasing scan rates.
This scan rate dependent CV curves in Figure 6.13c are consistent
with the discussions above pertaining to the glucose sensing and
surface controlled reaction. As can be seen from black and red
curves in Figure 6.13b, a reaction peak current observed,
indicating that NiO-NPs@FTO electrode undergoes the redox

reaction in the potential range of 0.0 to 0.6V.
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Figure: 6.13 (a) Cyclic voltammetry (CV) of NiO-NPs@FTO on

various scan-rates (b) Electrochemical glucose (10uM) sensing

using CV technique (c) CV scan of NiO-NPs@FTO electrode in

presence of glucose at various scan rates. Insets in (a) and (c) show

a linear variation of current as a function of scan rate.

The peak current value gets doubled in the presence of glucose, i.e,

the current of NiO-NPs@FTO electrode with glucose is larger than

the one without glucose which can be attributed to oxidation of
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glucose molecule immobilized within larger surface area of the NiO
NSs. This appears to be the most likely mechanism of glucose
sensing as can be supported by the following redox reactions

taking place at appropriate sites.
NiO+H20 — NiOOH (R6.1)
NiOOH + glucose — NiO + H202 + gluconolactone (R6.2)
gluconolactone — gluconic acid (R6.3)
gluconic acid + H20 — gluconate- +H* (R6.4)

During CV measurement, Ni2* oxidizes into Ni3* by aqueous
electrolytic solution present in the cell at NiO-NPs@FTO electrode
(reaction R 6.1). Oxidized Ni3* work as catalyst for glucose, and
oxidizes glucose by reducing itself (reaction R 6.2). On oxidation,
glucose converts to gluconolactone which consequently gets
converted immediately to gluconic acid (reaction R 6.3) and this
compound reacts with water molecules to form gluconate and
hydronium ions (reaction R 6.4). These ions near the surface of
working electrode result in increased current as detectable signal

with a very good specific sensitivity of 3.9uA/uM/cm?.
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Figure: 6.14 Electrochemical impedance spectroscopy (EIS) to

show glucose sensing.
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Further to support the “glucose-doping” induced enhancement in
electric conductivity, electrochemical impedance spectroscopy
(EIS) of NiO NPs fabricated working electrode has been measured
with and without glucose (Figure 6.14). A single depressed
semicircle in the high frequency region and an inclined line in the
low frequency region can be seen in the Nyquist (cole-cole) plot in
Figure 6.14.

Generally, the high frequency semicircle shows the electrochemical
reaction impedance between the glucose present in the electrolytic
solution and NiO nanostructure interface. Whereas inclined line in
the lower frequency region shows the active material (NiO) and
conducting electrode interface impedance[262]. Effect of glucose
on the cole-cole plot in Figure 6.14 is clearly distinguishable and
thus the same measurement can be utilized to sense the presence
of glucose. This clearly exhibits the glucose sensing property of the

material which is nanopetal shaped NiO NSs.
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Figure: 6.15 Repeatability test of the fabricated electrode sensor
upto 3000 cycles at the scan rate of 50mV/sec.

The electrode is very stable as tested by repeating the CV scans for
3000 cycles (Figure 6.15). The repeatability of a device is one of
the important parameters for effective performance as real sensor.
Figure 6.16a is the electrochemical cell for the glucose sensing

through CV and amperometric techniques. Figure 6.16b
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corresponds to CV scan of NiO-NPs@FTO in the presents of various
glucose concentrations from 100uM-1.2mM. Figure 6.16c shows
linear relation of glucose concentration with current density

having a linear fitting factor (R2) of 0.9948.
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Figure: 6.16 (a) Schematic illustration of electrochemical glucose
sensing setup using NiO-NPs@FTO as working electrode with
supporting electrolyte NaOH (0.1M) (b) sequential glucose
addition of 50uM during CV scan with its magnifying view in the
inset (c) linear relation of glucose concentration with current (d)

amperometric response (at +0.5V) on 10uM glucose addition.

Figure 6.16d shows amperometric behavior of NiO-NPs@FTO
electrode on addition of aqueous glucose solution of different
amounts in 0.1 M NaOH electrolyte as sensed at +0.5V. At this bias,
the NiO-NPs@FTO electrode exhibits systematic changes in the
current when 50ul glucose solution of concentration 1uM is added
in the electrolyte. Further, to illustrate the exclusive glucose
sensing behavior, effect of other compounds present with glucose
like uric acid (UA), ascorbic acid (AA), folic acid (FA) were checked

by carrying out control experiments. Responses of the mentioned
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species at various concentrations were studied by adding these
enzymes at 57t and 65t second (arrow marked in figure 6.16d)
which do not show any significant changes in the current during
amperometric measurement whereas glucose was sensed when
added in between at 60t second. Another important observation is
the reduction in current after glucose induced spike, which makes
the sensor reusable. The NiO NSs electrode shows very good
sensitivity as compared to various other sensor electrodes as can
be seen in Table 6.1, which summarizes some of the recent glucose
sensing electrodes. A superior sensitivity of the NiO NSs based
electrode (bottom row in Table 6.1) makes NiO nanopetal based
electrode a good candidate for glucose sensing applications on
which further studies can be done on real samples like blood or
foods as applicable.

Table: 6.1 Comparison of sensing parameters used in the present

study as compared to other reports

Sensitivity Detection
Type of Electrode Potential Reference
P (uA/pM/em?) | 77 )
Ti/TiO2 nanotube 0.20 055 Wang et
array/Ni ' ' al.[244]
Ni nano- 015 0.46 Yang et
sphere/RGO : : al[263]
Ni nanoparticles 1.44 0.40 Nie et al.[264]
loaded MWCNT
Ni nanoparticles
loaded carbon 0.42 0.60 Liu et al.[265]
nanofibers
3D porous Ni 2.90 0.50 | Niuetal.[266]
nanonetwork
NiO-NPs@FTO 3.90 0.50 Present work
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6.4 Summary

Suitably designed nanorod array of TiO2/Co304 core/shell shows
superior supercapacitive properties. The single crystalline core of
TiO2 provide excellent platform for the Co304 shell. Nanorod array
grown on FTO glass substrate by combining, hydrothermal and
electrodeposition methods, show improved supercapacitive
behavior with a high areal capacitance of 240 mF/cm? at a scan
rate of 10 mV/s. In addition to this, a high specific capacitance of
344.88 F/g is also observed, clearly demonstrating improved
energy storage with superior cyclic stability for more than 5000
cycles.

Uniform and vertically aligned NiO-NPs structures, grown on very
flat, conducting surface (FTO coated glass), show sharp needles
like structures on the top edges of the flakes. Modification in
device geometry and surface micro- (nano-) structure has been
found to play the key role in addressing the bottlenecks in
achieving an efficient field emission. A power efficient and stable
field emission, in terms of threshold and turn-on fields, has been
observed from these NiO-NPs with field enhancement factor of
approximately five million and threshold field of 3V/mm as
estimated by analyzing the FE data (J-E plot) within the frame
work of Fowler-Nordheim (FN).

The abovementioned well-aligned, dense nickel oxide nanopetals
are mesoporous in nature and has been tested for glucose sensing
applications. The hydrothermally grown nanopetals covered with
immobilized glucose, shows detection of wide range of glucose
concentrations with good linearity and high sensitivity of
3.9uA/puM/cm? at 0.5 V operating potential. Detection limit of as
low as 1uM and a fast response time of less than 1s was observed.
The glucose sensor electrode possesses good anti-interference
ability, stability, repeatability & reproducibility and shows inert
behavior towards ascorbic acid, uric acid and dopamine acid

making it a perfect non-enzymatic glucose sensor.
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Conclusions and Future Scope

Major conclusions of the research work reported in this thesis are
being summarized below along with the scope for future extension

of the work:
7.1 Conclusions and summary
7.1.1 Electrochromic materials and Devices

e Working mechanism of an electrochromic device can be
understood by designing device in simple geometry and
planning neat experiments.

e In-situ investigations, such and UV-Vis and Raman
spectroscopies, have been carried out on the device during
its operational conditions to establish the exact working
principle of bias induced color switching and factors
controlling it.

e In-situ UV-Vis spectroscopy shows how the optical
properties of the device change by increasing doping
induced by electrical bias on the material.

e In-situ Raman spectroscopy prove to be the handy tool to
track the molecular changes or redox states of the active
material participate in the electrochromism. It revealed that
interfacial redox layers play the key role in showing the
color switching in electrochromic devices.

e Special nanostructures of both organic and inorganic

materials have been incorporated to make an
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electrochromic device with better perform in terms of
speed and power utilization.

Graphene nanoflakes (GNFs) have been synthesized and
incorporated within the electrochromic device, which
provide the channel to shuttle the carrier from working to
the counter electrode very fast and improve the overall
switching speed of the device.

Prepared nanostructures having geometry of core-shell
where n-type TiOz is used as core and p-type Co304 as shell
form heterojunction. Prepared electrode show stable
electrochromism with a reflectivity variation of ~40% and
coloration efficiency is ~91 cm?/C, higher compare to their
parental material.

Along with heterojunction hybrid nanostructures have also
been prepared in coplanar core-shell form. Nickel oxides
core, incorporated with the conducting polymers PANI
shows improved electrochromic absorption modulation

~55% (for 550 nm) and coloration efficiency of 145 cm?/C.

7.1.2 Other functional applications of nanomaterials

Apart from the electrochromic application, the prepared
nanostructures show multifunctional application such as
energy storage, field emission and electrochemical sensing
of glucose.

Prepared nanostructures having geometry of core-shell
where n-type TiO2 used as core and p-type Co304 as shell
form heterojunction. Improved supercapacitive behavior
with areal capacitance of 240 mF/cm? (@10mV/s) and
specific capacitance of 344.88 F/g is observed with cyclic
stability for more than 5000 cycles.

Vertically aligned NiO-NPs structures grown on flat
conducting surface show power efficient and stable field

emission with threshold field of ~3V/mm.
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e Above mentioned nickel oxide nanopetals, mesoporous in
nature, show electrochemical sensitivity of 3.9uA/uM/cm?

toward glucose with lowest detection limit of 1uM.
7.2 New findings of reported in the thesis

e Core origin of the bias induced color switching in
electrochromic devices, especially where organic materials
are used as active component, has been established based
on interfacial redox mechanism.

e The perceived colors’ origin in an electrochromic device has
been explained through gradual Raman spectroscopic
variations in electrochromism of viologen.

e An electrochromic gel, prepared by combining three
different materials, chosen appropriately to perform an
identified role individually, has been developed while
searching for faster electrochromism.

e Nanostructures of conducting polymer on inorganic
nanostructure were prepared which shows efficient
electrochromic behavior with higher color contrast as
compared to individual ones.

e Mesoporous nickel oxide nanopetals have been designed
for ultrasensitive glucose sensing and improved field
electron emission.

e TiO2/Co304 core-shell nanorods have been designed and its
bi-functional role has been established in better energy

storage & electrochromism.

155



Chapter 7

7.3 Future scope of work

The research work carried out in this thesis can be extended

further keeping the following points in mind:

e Fabrication of ultrafast display with switching of coloration
and decoloration state within 100ms.

e Apart from the speed, power consumption is also one of the
biggest challenges currently which needs to be reduced in
future devices and needs to be worked out. This can be
done by choosing appropriate materials.

e Color tuneability within a single device as the function of
varying potential can make device more advance and lot of
other application can be associated like memory. A multi-
level memory and electrochromic device can be a
possibility.

e Fabrication of device in large scale needs to be carried out
for commercialization.

¢ Incorporating electrochromic device can be used with some
other device such as solar cell, energy storage device for
their multifunctional application.

e If keeping in mind merits and demerits of both the organic
and inorganic materials incorporated into single device
which exhibit simultaneous cathodic or anodic coloration in
the same voltage window, optical contrast and efficiency
can be maximized

e Thermal and electrochemical stability of the polymer
electrolyte stability will reflect product safety, recyclability
and shelf-life.

e Recent developments in nanotechnology open new avenues
for integrating multiple functional materials into
composites and novel form for efficient applications.

e A deeper understanding of nano and microstructure-

property relationships for chromogenic materials is
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required to improve color neutrality, switching rate,
bleached/colored state contrast, and durability.

e In electrochromic windows, knowledge of charge transport
kinetics and chemical reactions at electrode-electrolyte
interfaces is still lacking. Current challenges demands, more
theoretical and experimental investigations on materials

and device engineering and this can be explored.

The thesis can be concluded with the following lines:
“Science never solves a problem without creating ten more.....”

--George Bernard Shaw
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Appendix

A.1 Effect of electric field

To discount the effect of the electric field induced structural change
in the material during the operation of the electrochromic device,
control experiment have been carried out by sandwiching EV+PEO
gel between two glass substrates coated with ITO facing opposite to
each other. Figure A.1 shows the schematic of the experiment set-
up used. The biasing condition does not provide electrons to the
molecule (for possible reduction) but do provide field for any field-
related structural change. No color change observed upto a bias
voltage of 50 V, which suggests that the observed color switching is
not related to field induced structural changes and more likely

reason being the transmission change due to redox process.

<— Glass

50V =

EV—>

ITO

Figure: A.1 Schematic illustration of electric field effect testing.
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A.2 Chemical reduction of EV

EV(CIO,),+ NaBH,
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Figure: A.2 Raman scattering spectra of pure ethyl viologen

(powder) and its chemically reduced form.

A.3 Raman spectra of intermediate states
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Figure: A.3 Raman spectra records the gradual changes in species

with perceive color.
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A.4 Open face geometry device

(a) Schematic (b) Microscopic Images
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Figure: A.4 Operation of electrochromic device in open face

geometry.
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Figure: A.5 FTIR spectra of EV(Cl04)2 in acetonitrile in (a) OFF and
(b) ON state.

160



Appendix

A.6 Electrochromic as wavelength filter

This work is based on the application of electrochromic device as
wavelength filter. Wavelength filtering is one of the potential
applications having use in numerous fields such as automobile
sector. Figure A.6 shows block diagram presentation of the filtering
process along with the spectra filtered wavelength. Currently work

is under consideration and in the process of patent application.
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Figure: A.6 Schematic combine with spectroscopy to show the

arrangement we have develop to filter the input light.
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