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Abstract

Active camouflage refers to the dynamic change in color and/or texture of an
organism/device to blend with the surroundings. Chameleons, octopuses, squid,
etc. are some natural species that have this amazing ability. They are capable of
adapting according to their habitat and survive. The present thesis aims to mimic
their active camouflaging ability in an artificial system. It is a challenge to develop
a general system considering the huge variations in color space. Therefore, we
have limited ourselves to the greenish surroundings which represent a large domain
of environments for surveillance applications. Active camouflaging has two major
requirements; the first is to collect and quantify the information of surroundings,
and the second is to make a device that can change its color using this information.
A thorough literature survey reveals that algorithms have been developed to form
digital patterns based on the collected information of surroundings. However, these
are not utilized to change the patterns in an artificial physical system. In addition,
novel materials are reported in the literature that are capable of dynamic changes in
color and texture. High input power, complex design, and limited applicability are
the main problems with these reported solutions. To address some of these issues,
a modular electrochromic device (ECD) capable of changing color under an applied
voltage is designed and developed in this work. ECD is a layered device comprising of
electrochromic polymer (ECP), gel electrolyte (GE), and electrodes. Electrochromic
polymer is responsible for color changing due to a jump in energy gap at different
excited states under an applied potential. GE provides the ion and maintains a gap
between the compliant electrodes. Repeated coloration-decoloration cycles, varying
temperature, humidity, and mechanical loading of ECDs may induce cracks, cuts,
and damage in GE. In such scenarios, ECD needs to be replaced. Therefore, it
is essential to develop repairing strategies for GE to enhance the operational life
of ECD. In addition, there are some other requirements of green vegetation that
are essential for the development of active camouflage devices such as the multiple
shades of green color in a single leaf, brown color of sand, mud, and dry leaves.

To address these issues, the present thesis is divided into four objectives. The first
objective is to induce self-healing behavior in the gel electrolyte (GE). GE comprises
salt, solvent and polymer. Salt provides the ions, solvent gives the passage for ions
and polymer solidifies the electrolyte. Polymethyl methacrylate (PMMA) is used
as a polymer due to its excellent self-healing characteristics. The concentration
of PMMA in GE is varied to optimize the composition of GE. The recovery in
tensile strength and ionic conductivity of GE is found to be maximum for 15 wt%
PMMA. Hence, GE with 15 wt% of PMMA is used to fabricate ECD. The effect

of healing on the color contrast of ECD is also investigated. It is shown that the
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color contrast of ECD prepared with healed GE approaches that of original ECD
with increasing healing time. Optimized weight percentage (15%) of PMMA in GE
is used subsequently for the development of ECDs.

After achieving the self-healing in GE, experiments are performed to achieve varying
shades of green color and quantify the coloration of ECDs. Polyaniline (PANI) is
used as an ECP which gives the light green, green, and blue colors at reduced,
neutral and oxidized states respectively. Following Lambert’s law, PANI of different
thicknesses (250 nm — 650 nm) is used in ECDs to modulate the shades of green
in ECD. PANI is coated on ITO electrode by electropolymerization method using
cyclic voltammetry (CV) technique. To vary the thickness, PANT is coated for 5, 10,
15, and 20 number of cycles. Comparative analysis is performed by digital images,
spectroelectrochemical measurements, and spectral colorimetry. Results show that
the minimum thickness (> 400 nm) of the ECP layer is required to get the noticeable
color change in ECD. The color contrast of ECD ranges from 14 % to 80 % at both
excited states and it increases with the increase in thickness of the ECP layer. ECDs
get different shades of green and blue colors due to the variation in thickness.

In the next part, an experimental investigation is carried out to achieve the shades
of brown and green color in ECD. Dual ECDs are fabricated and tested using
Poly (3-hexyl thiophene) (P3HT) as another electrochromic polymer with PANI.
P3HT gives magenta and cyan colors at neutral and oxidized states respectively.
Complementary dual ECD has P3HT and PANI ECP layers on the opposite
electrodes while hybrid dual ECD has both the ECP layers on the same electrode.
Comparative analysis revealed that the hybrid dual ECD has the ability to achieve
green, brown, and blue colors at reduced, neutral, and oxidized states.

To prepare the active camouflage device as a proof-of-concept, an Electrochromic
Modular Architecture is designed and fabricated using four types of ECDs (3-single
ECDs of different thickness of PANI and 1-hybrid dual ECD). To collect the
surrounding information, a Pattern Detection Algorithm is developed which
includes image acquisition, shadow removal, image segmentation, and image
processing. A modular image is developed using surrounding information followed
by the system integration of the Electrochromic Modular Architecture and Pattern
Detection Algorithm. Modular image has the same number of modules arrangement
as of electrochromic modular architecture. Then, a simulation is performed to
get the best possible patterns. Digital Modular Architecture is prepared using
the design principle of Electrochromic Modular Architecture and digital images
of all four types of ECDs. Simulated Digital Modular Architecture gives the
required input potentials of best-suited patterns. Using the simulation results, the
potential is applied to the ECDs of Electrochromic Modular Architecture which

gives different patterns for different surroundings. It is envisaged that the findings
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of the present study will be a significant step in designing the active camouflage
layers (arrangements of devices) for the applications of surveillance, defense, and

wildlife discoveries.

Keywords: Active camouflage, electrochromic device, Polyaniline, P3HT, self

healing, gel electrolyte, modular
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Chapter 1

Introduction

Camouflaging is a phenomenon in which a body/device hides likely by blending
with the surroundings. The survival probability of personnel or assets in hostile
environments critically depends on the ability to camouflage. Fundamentally,
camouflage is of two types; passive and active. Passive camouflage refers to
matching colors, contours, patterns, or textures of organisms or objects with the
surroundings, e.g. grasshopper, polar bear, patterning of security personal uniforms,
equipment and landscapes, etc. One of the major drawbacks of passive camouflage
is that it needs to be uniquely designed for each type of surrounding, making it
less cost and time-effective. On the other hand, active camouflage refers to the
dynamic phenomenon where an organism/device changes its color and/or texture
to blend with the variable surroundings. Some of the bio-species like chameleons,
octopuses, squid, etc have this ability. Active camouflaging finds applications in
technical textiles, surveillance, security personal assets, and wildlife discoveries.
Inspired by bio species, there are two main phenomena on which focus is required
to achieve active camouflaging in man-made systems. First is the sensing of the
surroundings and the other one is to bring the changes physically. Since many
defense operations and wildlife discoveries are carried out in green vegetation, the
focus of this work is to develop a device that can achieve active camouflaging
in forest environments. The second phenomenon which includes the physical
change of color is the most challenging task to achieve with the already available
resources. Electrochromic devices (ECD) find the suitability to achieve it. ECD is
a layered device that changes color on the application of voltage. It comprises
of electrochromic and gel electrolyte (GE) layer sandwiched by electrodes and
substrates. Repeated coloration-decoloration cycles, varying temperature, humidity,
and mechanical loading of ECDs may induce cracks, cuts, and damage in GE. It
resulted in the replacement of ECD which made it essential to develop the strategy

to repair cuts and cracks in GE to enhance the operational life of ECD.

1.1 Active camouflage materials

Curiosity-driven understanding of natural materials/species has led to advancements

in many technologically important areas and developing artificial camouflage is
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no exception. It was observed that an Asian butterfly ’angled sunbeam’ has
silvery white ventral (bottom) wings that blend with the environment due to
reflection resulting from diffuse illumination from surroundings [1]. Paradise
whiptail changes color from blue to red using reflective strips on its body which
contain iridophores cells and act as multilayer reflectors [2].  Leptocephallis
are the flat and transparent larvae found in deep oceans. Transparency is an
ideal phenomenon for the camouflage. Taking a clue from Leptocephallis larvae,
Yuk H et al. developed transparent hydrogel-based actuators that are optically
camouflaged in water [3]. A transparent soft robot is developed which is driven
by transparent dielectric actuators [4]. Poly dimethyl siloxane (PDMS) based
transparent structural film mimics the transparent wings of insects [5]. Cephalopods
achieve active camouflage by using dense networks of pigmented, muscle-driven
chromatophore cells which actuate under neuroelectrical stimulus [6, 7]. Artificial
chromatophores are developed that are actuated by electroactive materials [8, 9].
Adaptive optoelectronic systems and protochromic devices are also developed with
the cephalopod’s skin-inspired design [10, 11]. Photonic crystals are responsible
for causing the active color change in chameleons [12]. Chameleon inspired
structural-color actuator works on vapochromic and vapomechanical response
[13].  Another chameleon-inspired soft robot achieves artificial camouflage using

thermochromism [14].

Apart from these studies, researchers have developed strategies to achieve
camouflaging by dynamically changing the texture. Controlled bistable silicon
cells were prepared with locally reinforced regions for morphing application
[15]. Use of synthetic tissue groupings was reported which allows the
programmable transformation of two-dimensional stretchable surfaces into targeted
three-dimensional shapes [16]. A method was developed based on the combination
of bimetallic nanodot arrays and electrochemical bias to mimic the chameleon skin
[17]. Efforts are also being taken to evolve the color-changing strategies such as
by using liquid dye, a microfluidic network was developed to change color, pattern,
contrast, and luminescence of soft machines for camouflaging [18]. In addition,
By using the concept of plasmonic effect, a flexible device was fabricated based
on near-field coupling between plasmonic silver nanoparticles and an underlying
conductor for color change through applied pressure [19]. Zhu et al. developed
a flexible, high-contrast silicon metastructure embedded in a flexible membrane
that can change the color from green to orange on stretching [20]. To change the
fluorescence and illumination, elastomer-based material were also developed in some
studies. An electro-mechano-chemically responsive elastomer was designed which
exhibits a wide variety of fluorescent patterns under the application of electric

field [21]. Moreover, an electroluminescent material was presented that changed
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illuminance under deformation due to ZnS-phosphor doped dielectric elastomer layer
sandwich by hydrogel electrodes [22]. Chou et al. developed a stretchable electronic
skin that changes its color upon applying pressure using electrochromic materials

[23].

1.2 Electrochromic device

An electrochromic device (ECD) is a multilayered device capable of changing the
color on the application of voltage [24, 25, 26]. It finds applications in diverse
engineering fields including energy storage, display, smart window, smart textiles,
smart fabrics, etc., [27, 28, 29, 30, 31, 32]. It works on electrochromism which refers
to the reversible color change on the application of voltage due to redox phenomena
that occur in electrochromic materials. ECD consists of the electrochromic layer, a
gel electrolyte sandwiched between the electrodes and substrates. An electrochromic
layer is responsible for changing the color which changes its energy gap on the
application of voltage.

The color and other performance parameters of ECD depend on various factors
like types of electrodes [33], microstructure [34], band-gap [35] etc. In addition, the
thickness and chemistry of the electrochromic layer also influence the electrochromic
performance of ECD [36]. Initially, inorganic metal oxide layers are studied as an
electrochromic material. Performance of Tungsten oxide and nickel oxide layers are
studied as electrochromic materials [37, 38, 39, 40]. The electrochromic performance
of organic materials is also investigated. Derivatives of viologen give the colorless
and blue color at neutral and reduced states respectively [41]. Over inorganic and
organic materials, electrochromic polymers (ECP) are increasingly used in ECDs
[42, 43, 44] as they show a multitude of color variations with high color contrast and
at low power consumption [45]. ECP are generally conjugated polymers which shows
the electrochromism due to its conjugated backbone [46]. Polyaniline, polypyrolle,
polythiophene and their derivatives are mainly explored as electrochromic polymers
(ECP) [35]. The choice of electrochromic material depends on the specific ECD
application requirements. Thiophene and its derivatives are used to get red, blue,
and brown colors at different excited states [47, 48, 49]. Polynorbornene shows light
yellow, green, and blue colors [33]. Poly(3,4-ethylenedioxyselenophene) (PEDOS)
converts from a blue color to a transparent state on oxidation [34]. Derivatives
of tetra bipyridilium gives pink, purple, and beige colors [50]. Red-to-black
electrochromism is achieved by 4,9-dihydro-s-indaceno [1,2-b:5,6-b’]dithiophene [49].
Electrochromic polyimides and copolyimides change the color from pale yellowish to

green to blue [51]. Polyaniline (PANI) undergoes multi-coloration states from light
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green to green to blue if prepared in an acidic medium [52].

Further, the incorporation of secondary electrochromic material may enhance
the electro-optical performance, and, the assembly is termed as dual ECD.
Conventionally, both the electrochromic films are applied on the opposite electrodes
separated by the gel electrolyte (GE) and performed complementary to each other.
Prussian blue (PB) and viologen perform complementary to switch the color from
sky blue to dark blue and transparent [53]. In another combination of viologen
with P3HT, it shows transparent, magenta, and blue colors [42]. Combination
of inorganic - inorganic dual ECDs is also explored by using tungsten trioxide
(WO3) with nickel oxide (NiO) [54, 55] [32] and vanadium pentoxide (V,05) [56]
which performed complementary to give the transparent, light blue and dark blue
colors at different potentials. Polyaniline (PANT) and poly(ethylenedioxythiophene)
(PEDOT) combinedly modulate the color from light blue to deep blue and improve
the coloration efficiency [57] [14] while after doping with poly(styrene sulfonic acid)
(PSS), they show pale yellow, light green and dark blue colors [58, 59]. PANI
is also explored with the other derivatives of thiophene (P3MT [60] and P3HT
[61]) in complementary dual ECD to make the comparative study with the single
ECDs. Prussian blue (PB) with PANI is studied for variable-light transmission
ECD and changes the dark blue state to transparent [62] and with PEDOT, gives
light and dark blue shades for large area ECDs [63]. An investigation is also
carried out with p-type and n-type polydithieno[3,4-b,3’4’-e]-[1,4]-dithiine (PDTH)
in complementary dual ECD [64]. Complementary dual ECD works better when
anodic and cathodic electrochromic materials are used simultaneously. It allows
them to darken or bleach simultaneously in small driving force and response time.
Unlike complementary dual ECD, both electrochromic films are placed on the same
electrode in hybrid dual ECD. Efforts have been made to use the PANI [65] and
P3HT [66] layers on the WOj5 film to enhance the electrochemical and electrochromic
properties [15]. However the study in hybrid dual ECD is limited to the combination
of inorganic-organic electrochromic materials.

Polyaniline (PANI) is the most explored ECP due to its three stable excited states
(leucoemeraldine, emeraldine, pernigraniline) and shows the light green, green and
blue colors at reduced, neutral, and oxidized states respectively [67]. Moreover,
PANTI is preferred due to its facile synthesis, reversible redox chemistry, excellent
environmental stability, low cost, and high conductivity [68]. Different methods such
as chemical oxidation, interfacial polymerization, microemulsion polymerization,
and electrochemical polymerization are reported to polymerize PANI [69]. In the
chemical method, an oxidizing agent is used to oxidize aniline monomer in an acidic
medium which initiates the chain growth of polymer [70]. Drop coating [71], spin
coating [72, 73], and dip coating [70] techniques are used to coat PANI on different
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substrates. On the other hand, poly (3-hexyl thiophene) (P3HT) is one of the
widely investigated thiophene derivatives. It is a magenta color electrochromic
polymer (ECP) that changes to cyan at the oxidation state. In addition, P3HT is a
soluble polymer that provides the flexibility to use different deposition techniques.
Like other derivatives of thiophene, P3HT is a complementary polymer to PANI.
Moreover, both the ECPs show the different primary colors; (P3HT: red/blue
and PANI: green/blue) and their union triggers the possibility of different color

combinations.

Two conductive transparent electrodes with substrates are used to sandwich the
electrolyte and electrochromic layer [74, 29]. One of the widely investigated electrode
is silver nanowire (AgNW) with different polymers like polydimethyl siloxane
(PDMS) [41], polyimide [44], polyethylene terethalate (PET) [75] etc due to the
high thermal stability and low cost. carbon nano tubes and graphene electrodes are
also studied for optoelectronic devices [76]. On the other hand, indium tin oxide
(ITO) coated flexible polyethylene terephthalate (PET) is the mostly used electrode
material due to low sheet resistance, high transparency, and ease of deposition
[77, 78].

There are some parameters given below to measure the electrochromic performance

of ECD [35].

Response time: It is the total time required to change the color. It is taken as

the 65 % of total transmittance change between two excited states.

Color contrast: It is probably the most important factor in evaluating the ECD.
It is the total transmittance change at a specified wavelength where the ECD has
highest optical contrast.

1

Color contrast(%) = x 100 (1.1)

where T; and T5 are the transmittance of ECDs at different excited states.

Coloration efficiency: It is used to measure the performance of ECD. It tells the
amount of charge necessary to produce the optical change.
_AOD

Tee = =5 (1.2)

where variation of optical density AOD = A, — A., A, and A, are the absorbance

at neutral and excited states, respectively, and () is the charge density.

Cyclic stability: Cyclic stability is usually associated with electrochemical stability
since the degradation of the active redox couple results in the loss of electrochromic

contrast and hence the performance of the ECD.
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1.3 Self healing in gel electrolyte

Electrolyte is an important layer of ECD on which its performance is critically
dependent. It provides ions and ensures a sufficient gap between electrodes.
Electrolytes are broadly classified into three types on the basis of phases; liquid,
solid and gel electrolytes. Ionic conductivity of electrolyte should be in the
range of 107 - 1072 S/em for the applicability in ECDs [27, 79]. The ionic
conductivity of liquid electrolytes is sufficiently high to be used in the ECD
but leakage is its main limitation [27]. Solid electrolyte is used to address this
leakage issue by compromising the conductivity followed by improper contact
with electrodes [80]. Among these, gel electrolytes (GE) are preferred due to
their ease of handling, mechanical properties, sufficiently high ionic conductivity,
and better contact issues [29]. GE comprises of salt, solvent, and polymer.
Salt consists of ions while solvent provides a medium for the movement of
ions. The addition of polymer solidifies and induces the mechanical properties
in electrolytes.  Different lithium based gel electrolytes are developed using
polyvinylidene fluoride (PVDF), [81, 82, 83, 84, 85|, polyvinyl chloride (PVC) [86],
polyethylene oxide (PEO) [87], poly(vinylidene-fluoride-co-hexafluoropropylene)
(PVH) [88], poly(propyl sulfonate dimethylammonium propylmethacrylamide)
(PPDP) [89, 90], poly methyl methacrylate (PMMA) [91, 92, 93, 94], poly(ethylene
glycol dimethacrylate) (PEGDMA) [95], polyvinyl alcohol (PVA) [96] to achieve
the required conductivity. It is to be noted here that ECDs are subjected
to repeated coloration-decoloration cycles, varying temperature, humidity and
mechanical handling during their service life. These exposures induce damage,
cracks, and cuts in GE. It is really difficult if not impossible to repair these
cuts/cracks in GE and more often than not, the ECD needs to be replaced.
Therefore, it is essential to develop strategies to repair cuts and cracks in GE to
enhance the operational life of ECDs. Efforts have been made in this work to induce
self-healing capabilities in GE akin to living organisms.

Even though, many studies have reported the use of gel electrolytes in ECDs
[81, 82, 83, 87|, inducing self-healing capabilities in GE is rather less explored
[97]. Few studies have reported the self-healing behavior in hydrogel electrolyte
(98, 99, 100]. A blend of glycerol monomethacrylate (GMA) and acrylamide
in an aqueous solution of borax and lithium perchlorate shows self-healing by
dynamic cross-linking of borate-didiol complexation. Borax is used here as a
healing agent to crosslink with the GMA [99]. Self-healable polyvinyl alcohol
(PVA) based hydrogel electrolyte works on intermolecular hydrogen bonding used
in supercapacitor [98]. It requires refrigeration and treatment at room temperature

for healing. 1-ethyl-3-methylimidazolium chloride (EMIMCI) requires continuous
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water addition to achieve the self-recovery of gel electrolyte [101]. In another
study, a poly acrylic acid-based hydrogel with self-healing capabilities is prepared
for flexible ECDs [100]. Further, poly(acrylamide) based hydrogel is developed
for supercapacitors [102]. Researchers also developed PMMA and poly(acrylic
acid) based hydrogels [103, 104]. Although, self-healable hydrogel electrolytes are
safe and flexible, solvent volatilization and narrow electrochemical window are the
primary issues with them [97]. In addition, water solidification adversely affects
their electrochemical performance at low temperatures. Efforts have also been
made to prepare self-healable ionogels [105] but they have limitations of high
cost and poor mechanical properties [97]. Organic gel electrolytes (organogel)
with self-healing characteristics are developed to overcome these drawbacks.
Single ion polymer gel electrolyte self-heals by forming the supramolecular
networks [106]. Self-healable deep eutectic solvent-based GE is developed for
lithium batteries.  2-(3-(6-methyl-4-oxo-1,4- dihydropyrimidin-2-yl)ureido)ethyl
methacrylate (UPyMA) is responsible for the healing due to the intramolecular
hydrogen bonding [107]. However, the fabrication is tedious and requires blends of
multiple polymers for healing. Poly methyl methacrylate (PMMA) shows excellent
self-healing behaviour [108, 109, 110] and finds application in preparing capsules for
extrinsic healing [111, 112, 113, 114, 115]. Further, it also explored the application
in bio-materials [116], coatings [117, 118], dental [119] etc.

1.4 Surrounding detection

Other than developing color-changing hardware, information on surroundings is
also required to make it adaptive. Surrounding detection includes the collection
of information in terms of color, contrast, texture, etc. ~Many efforts have
been taken in order to collect the information and to make it suitable for the
camouflage. Some algorithms are developed to extract the information details
of surroundings to prepare the digital camouflage patterns. Mainly, spatial
color mixing [120], mathematical morphology [121], two scale decomposition [122],
adversarial autoencoder network [123], spot combination [124], color similarity [125],
fuzzy C-means clustering [126] and recursive overlapping of pattern templates [127]
are used to form the digital camouflage pattern. Majorly, algorithms are worked
in two parts in which one part extracts the surrounding information and another
one performs the masking. In addition, features of digital images are also used to
extract the surrounding information such as contours and surface elements [128] and
reflectance of objects [129]. Moreover, facial camouflage patterns are also developed

to make the faces hard to detect [130]. Distributed camouflage algorithm enables
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the swarm robots to understand the environment [131].

1.5 Key issues

There are some issues which are not addressed in the previous studies. Transparent
materials are mainly applicable for underwater applications for camouflaging. It
is a very tedious task to achieve transparency for all the associated parts of
the land. In addition, dynamic texture change alone is not sufficient for active
camouflaging. Materials that are designed to change the texture dynamically have
limited application for particular surroundings. There is also a requirement to
exhibit color change properties with texture. Other color-changing devices have
high input power requirements due to the use of hydraulic and pneumatic actuation.
Liquid dyes have a high response time and leakage issue. Other solid color-changing
devices do not focus on achieving pattern formation which is one of the important
requirements to mimic natural vegetation. Thermochromic materials require a heat
source for actuation. Electrochromic devices are suitable to address these issues and
to use for this work. They do not focused on to acquire shades of green color. They
are also lacking in developing the combination of green and brown color shades which
is another requirement of natural vegetation due to the presence of dry leaves, sand,
mud, etc. The performance of ECD is degraded due to the cracks and cuts that
occur in gel electrolytes. Very limited efforts are made to improve the operational
life of ECD by self-repairing gel electrolytes. Hydrogel electrolytes have the issue
of water solidification and narrow electrochemical windows. On the other hand,
organogels have very tedious fabrication and require different polymers to introduce
self-healing. In order to sense the surrounding information details, algorithms do not
consider the limitations of hardware therefore they are not useful to integrate with
the color-changing materials. These algorithms are mainly for passive camouflage
applications like printing and painting.

Even though there are few studies on the design of materials with active camouflage
abilities, their applications are rather limited, due to the associated complexity and
lack of modularity. Therefore, there is a need to develop a unified solution that
is capable of detecting the surroundings and then adapt accordingly to provide
effective camouflaging. Developing such a modular strategy using a multitude of
analytical and experimental tools is the main objective of the present study. To
this end, a detailed study is performed to design, fabricate and characterize a
device capable of performing active camouflage in forest surroundings by sensing
and adapting accordingly. This concept is realized through the development and

integration of an electrochromic modular architecture and the pattern detection
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algorithm. An electrochromic device (ECD) is capable of changing the color at
different excited states. Its use as a module in a modular system provides the
capability for the formation of different patterns. In addition, the concept of an
electrochromic modular system provides ease of fabrication, easy replacement, etc.
The pattern detection algorithm is used to collect the information surrounding and

to make this information suitable for the modular system.

1.6 Objectives

To address these issues, the objectives of the present thesis are defined as,

1. To develop a strategy for self-repairing of gel electrolytes that increases the
operational life of electrochromic devices.

2. To develop a technique for acquiring various green shades in electrochromic
devices.

3. To develop a method for achieving the combination of green and brown shades
in electrochromic devices.

4. To develop an algorithm for the collection of surrounding information and
to perform the system integration of algorithm and color changing modular

electrochromic devices.

1.7 Organization of thesis

The research work performed in the present thesis is organized into seven chapters.
A chapter-wise breakup of the thesis work is as follows,

Chapter 1: Introduction

Chapter 1 provides an introduction to the active camouflage phenomenon and details
the motivation of the present study. Extensive literature on recent progress in
to design and development the camouflage systems is discussed which includes
the development of camouflaging materials, methodologies, and digital patterns.
Further, the operating principle and configuration of the electrochromic device are
described in detail. Features of green vegetation are also discussed, which are
required in the development of pattern detection algorithms and electrochromic
modular architecture. This sets the purpose and objectives of the present study to
design and fabricate the active camouflage device.

Chapter 2: Materials and methods

Chapter 2 includes various materials, processing methods, and characterization

techniques followed in the present study.
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Chapter 3: Exploiting self-healing characteristics of polymethyl
methacrylate (PMMA) in gel electrolyte

Chapter 3 studies the self-repairing characteristics of electrochromic devices. It
discusses the self-healing feature of gel electrolyte layer of ECD. Recovery in tensile
strength and ionic conductivity of GE is measured after healing. Further, recovery
in color contrast is also tested in ECDs. The optimized weight percentage of PMMA
is used subsequently in the fabrication of ECD.

Chapter 4: Modulation of optical properties of electrochromic device
Chapter 4 presents a strategy to develop the shades of green color which is one of the
requirements of the present study. It includes the material and device fabrication
with detailing of characterization techniques employed.

Chapter 5: Design and fabrication of dual electrochromic device with
broader color space

A method is proposed in Chapter 5 to achieve the combination of green and brown
color which is another requirement of green vegetation. Two electrochromic polymers
are used in this work. It also includes the material and device fabrication with
detailing of characterization techniques employed.

Chapter 6: Design and fabrication of modular active camouflage device
Chapter 6 includes the designing, fabrication and testing of proposed active
camouflage device which is presented as a proof-of-concept. First, the preparation of
electrochromic modular architecture is described in detail. Then, pattern detection
algorithm is developed to collect the surrounding information. Further, the system
integration is discussed along with the simulation of digital modular architecture,
followed by testing of proposed device.

Chapter 7: Conclusions and future scope

Finally, the findings of the study are concluded in Chapter 7. Future prospects of

this work are also presented in this chapter.
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Materials and methods

2.1 Materials

Polymethyl methacrylate (PMMA), propylene carbonate (PC) and Poly (3-hexyl
thiophene) (P3HT) are purchased from the TCI chemicals and are used as received.
Lithium perchlorate (LiClOy) is purchased from sigma aldrich and heated at 100°C
for 30 minutes to remove any moisture content. Aniline and dichlorobenzene are
purchased from Loba Chemie. Aniline is first de-oxidized at 150°C and 10~2 bar for
2.5 hours before using it for further use. I'TO coated flexible PET sheet of specific
resistivity 152/ sq and transmittance > 75 % is purchased from Techinstro ltd.

2.1.1 Gel electrolyte (GE)

Gel electrolyte is prepared following the fabrication steps shown in Figure 2.1. In
the first step, liquid electrolyte (LE) is prepared by adding 1.5 M of LiClO4 in PC
solution. Mixing is performed at 80°C and 400 rpm for 30 minutes. Next, PMMA
is added in the LE and the solution is stirred at 450 rpm for 8 hours. After stirring,
solution is degassed in vacuum for 4 hours. The solution is then poured in 10 cm x
4 cm x 2 mm size silicon mold cavity. Cavity is prepared on the glass slide to avoid
the stickiness with surface. 15 % PMMA is used for the fabrication of ECD while
15 %, 25 %, 35 % and 50 % PMMA is used for the self healing tests. The mold
is placed in vacuum for 4 hours to remove trapped air and then allowed to cure in
atmospheric conditions for 20 days (refer Figure 2.1)) before testing. Four types of
GE are prepared by varying the weight percent of PMMA in the range of 15%, 25%,
35% and 50% to prepare GE15, GE25, GE35 and GE50 respectively which are used
for self healing tests. While GE15 is used for the fabrication of ECD.

2.1.2 Preparation of PANI and P3HT electrochromic
polymers
Polyaniline (PANT) is prepared by the electropolymerization process using the cyclic

voltammetry (CV) technique. Electropolymerization is performed in three-electrode

electrochemical cells with ITO as the working electrode, platinum as the counter
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Figure 2.2: (a) Photographic image of electrochemical set up used for electrochemical

polymerization of polyaniline (PANI) and (b) green color polyaniline (PANI) film
on ITO/PET sheet after electro polymerization process

clectrode, and Ag/AgCl as the reference electrode (Fig. 2.2a). For the
electropolymerization of PANI, a monomer solution is prepared by mixing the 0.2
M of distilled aniline in 0.2 M HsSO4 in DI water followed by the sonication for
45 minutes to uniformly mix the solution. ITO/PET sheet is cleaned by rinsing
in a 1:1 mixture of ethanol and acetone followed by DI water [132] before dipping
into the monomer solution. ITO side is faced towards the platinum plate at a
distance of 5 cm. The potential is applied for 5, 10, 15, and 20 CV cycles to get
different thicknesses of PANI for the study of shades in Chapter 4. In each cycle,
potential sweeps from -0.2 V to 1.0 V to -0.2 V linearly at a scan rate of 50 mV/s.
After the deposition, PANI film is rinsed with DI water to remove the unreacted
monomer and oligomer followed by drying in open air [133]. The green color on the

ITO substrate after the electropolymerization process confirms the presence of an



Chapter 2. Materials and methods 13

-
[
0 %
(a)
S —
2 A o,
P i
() (d)
Figure 2.3: Schematic of different electrochromic devices (ECD)

showing architecture of (a) ECDI(PET/ITO/PANI/GE/ITO/PET), (b)
ECD2(PET/ITO/P3HT/GE/ITO/PET), (c) ECD3(PET/ITO/PANI/GE/P3HT/ITO/PET)
showing side 1 and side 2 to take the separate measurements from both sides and

(d) ECD4(PET/ITO/PANI/P3HT/GE/ITO/PET).

emeraldine form of PANI as shown in Fig. 2.2b. Poly (3-hexyl thiophene) (P3HT)
is used as received for the spin coating on the electrode. 0.9 wt % of P3HT is added
to the dichlorobenzene and stirred manually to use the solution for spin coating. It
is spin-coated at 450 rpm for 90 s. P3HT is coated on the ITO side of the ITO/PET
sheet for the fabrication of single ECD and complementary dual ECD and on PANI
film for the hybrid dual ECD.

2.1.3 Fabrication of single and dual electrochromic devices

For this work, four types of electrochromic devices are prepared of which two are
PANI and P3HT-based single ECDs and two are dual ECDs using PANI and
P3HT simultaneously. For the complementary dual ECD, both the electrochromic
polymers are deposited on the opposite electrodes and the same electrode for the
complementary and hybrid dual ECD. After the preparation of electrochromic
polymers, a 450-micron-deep cavity is created using acrylic double-sided tape to fill
the GE. A cavity is created on a PANI-coated ITO/PET sheet for the fabrication of
PANI-based single ECD (ECD1) and complementary dual ECD (ECD3). For the
P3HT single ECD (ECD2) and hybrid dual ECD (ECD4), the cavity is prepared
on P3HT coated ITO/PET sheet and PANI/ITO/PET sheet, respectively. After
filling, the GE, ECD1, ECD2, and ECD4 ECDs are covered by another ITO/PET
while ECD3 dual ECD is covered with P3HT coated ITO/PET sheet. Then,
it is allowed to be cured for 1 week before characterization. The architecture
of ECD1, ECD2, ECD3, and ECD4 ECDs are PET/ITO/PANI/GE/ITO/PET,
PET/ITO/P3HT/GE/ITO/PET, PET/ITO/PANI/GE/P3HT/ITO/PET and
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PET/ITO/PANI/P3HT/GE/ITO/PET. Further connections on the ITO electrode

are made with copper tape and conductive silver paste for testing.

(b)

Figure 2.4: (a) Setup of active camouflage device showing electrochromic modular
architecture with integrated circuit and (b) casing of electrochromic modular
architecture contains 25 cavities prepared on the solid-works.

2.1.4 Active camouflage device

Active camouflage device consists of two units; pattern detection algorithm (PDA)
and Pattern formation hardware (PFH). PDA is developed on MATLAB to
collect the surrounding information and to process it to form a Modular image
(MoI). On the other hand, PFH generates the patterns accordingly with the
help of electrochromic modular architecture (MoEs). MoE, is prepared using
the combinations of different ECDs (Figure 2.4a). The frame is modeled on
the Solidworks as shown in Figure 2.4b and fabricated on the 3-D printer using
PLA material. The frame consists of 25 (5 x 5) cavities for ECD of size 1.5
cm x 1.5 c¢cm each. ECDs are fixed in the cavities using hot glue. On the
other hand, a pattern detection algorithm (PDA) is developed in MATLAB. Mol
and MoFE, are integrated using Arduino MEGA 2560 for controlling, relays for
switching the potential, 1.5 V Duracell batteries (2 batteries in series), resistors,
and bread-boards. Arduino is controlled by MATLAB using a hardware supporting
package for Arduino. Initially, the bare I'TO side of ECDs is kept at ground state
and potential is applied on the ECP side.
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2.2 Characterizations

Cyclic Voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS), and
chronoamperometry are performed on an electrochemical workstation (Metrohm
Multi autolab M204, Netherlands). CV is used to evaluate the redox behavior of
ECD in the potential range of -2.5 V to 2.5 V at the scanning rate of 20 mV /s and
step potential of 2.44 mV. EIS is an electrochemical technique used to study the ion
conduction mechanism in ECD. Data is recorded in the form of real and complex
impedance for the applied frequency range of 0.1 - 10° Hz. AC conductivity (o) is
measured using o = [/(R x A), where ‘R’ is the intercept of the curve on the x-axis
(real impedance), ‘I’ is the distance between electrodes and ‘A’ is the cross-sectional
area of the electrode. Measurements, post analysis and curve fittings are performed
on software NOVA 2.1. All the experiments are carried out in potentiostatic mode.
Chronoamperometry is performed to evaluate the cyclic stability. By varying the
redox potentials, a change in current density is recorded with time. Characterization
of ECD is performed using a two-electrode configuration in which PANI/ITO and
P3HT/PANI/ITO are used as working electrodes and ITO on another side is used
as a counter electrode.

Atomic force microscopy (AFM) (Bruker, USA) analysis is performed in tapping
mode on a scan area of 5 ym x 5 pm to measure the thickness and surface roughness
of electrochromic films. Peak force and deformation measurements at cross-section of
PANI and PANI-P3HT films are performed in contact mode. Surface morphology
is studied with a scanning electron microscope (SEM) (Jeol 6610LV Japan) and
FESEM (Jeol JSM-7610FPlus). Absorptance, transmittance and reflectance spectra
of PANI are recorded (PerkinElmer LAMBDA 950 UV /Vis/NIR spectrophotometer,
USA) in the range of 380 nm — 780 nm. Spectroelectrochemical measurements of
ECDs are performed with an in-situ UV-Vis spectrophotometer (Cary 60 of Agilent)
electrochemical workstation (Keithley 2450).

Fourier transform infrared spectroscopy (FTIR) measurements are performed in
the range of 400 cm™! to 4000 cm™! with Bruker Optik spectroscope. Dynamic
mechanical analysis (DMA) is carried out to determine the glass transition
temperature (7)) using the DMA-1 star system (METTLER TOLEDO) under
shear mode. Tensile tests are performed on the mini-universal testing machine
(SHIMADZU EZ-LX). A 5 N load cell is used and a minimum of 3 samples of size
10 mm x 4 mm x 2 mm are tested for each case at the strain rate of 5 mm/min at
room temperature [84]. Digital images are captured by the camera (Sony - RX10)
using [SO 640 at a shutter speed of ﬁ s and aperture F3.2 while microscopic images
are taken with a Dinolite USB camera. All the curves are plotted in MATLAB.

Next, the efficiency ofself-healingg process is characterized by performing the tensile
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Figure 2.5: Schematic showing original and healed GE specimens for (a) tensile test,
(b) ionic conductivity test and (c) electrochromic device.

testing and ionic conductivity measurements on original and healed GE samples.
To this end, identical specimens are taken from the GE sheet. While the original
samples are kept as such, a few samples are cut in two halves and placed side by side
keeping their cut ends touching each other as shown in Figure 2.5. These samples
are allowed to self-heal for 10 min, 30 min, 1 hour, 2 hours and 6 hours. The tensile
test (Figure 2.5a) and ionic conductivity (Figure 2.5b) of original and self-healed
samples are measured following the details described earlier.

To investigate the healing efficiency at the device scale, the optical and color contrast
analysis of ECDs prepared using original and self-healed GE15 is also compared.
Since it is relatively difficult to cut the GE exactly from mid-plane and perform
self-healing experiments, the two 300 microns thick GE layers (one on the PANI
side of the PANI/ITO sheet and another on the ITO side of the ITO/PET sheet)
are prepared. They are then allowed to self-heal for 10 min and 6 hours and the
self-healed GE layer of 600 microns thickness is used to fabricate ECD shown in
Figure 2.5c.



Chapter 3

Exploiting self healing
characteristics of polymethyl
methacrylate (PMMA) in gel
electrolyte for application in

electrochromic devices

In line with the first objective of this proposed work, self-healing is induced in gel
electrolytes to increase the operational life of ECD. In this chapter, the healing
properties of poly methyl methacrylate (PMMA) are investigated and exploited,
including the fabrication and characterization of GE with self-healing capabilities.
Comparative mechanical and electrochemical analysis of original and healed GE
samples is performed to determine the optimum PMMA concentration and healing
time. Experimental results show that the GE with 15 wt % of PMMA (GE15)
recovers 98% of its mechanical strength within 10 minutes of healing time. The
ionic conductivity of healed samples is found to be the same as that of the original
sample at all PMMA concentrations and healing times. It is observed that the
healing time, viscosity, number of uncoiling polymer chains, and mobility of Li™
ions critically influence the healing efficiency of GE. The color contrast analysis
of ECD fabricated with original and healed GE is performed to demonstrate the
applicability of self-healable GE. It is recorded that for longer healing time, the
color performance of self-healed ECD approaches to that of original ECD.

3.1 Introduction

Electrochromic devices (ECD) change color on the application of voltage. They
find application in flexible displays [134], smart textiles [135, 134], smart windows
[136], energy storage [137, 138] etc. In an ECD, the electrolyte layer is sandwiched
between two conductive electrodes [74, 29]. While indium tin oxide (ITO) coated
polyethylene terephthalate (PET) and glass sheets act as conductive electrodes,
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liquid, as well as semi-solid electrolytes with varying chemical compositions, have
been used in ECDs. Among these, gel electrolytes (GE) are preferred due to their
ease of handling, mechanical properties, and sufficiently high ionic conductivity. GE
consists of salt, solvent, and polymer. Salt provides the ions while solvent acts as
a medium for ion movement. The addition of polymer solidifies the electrolyte
and improves its mechanical strength. The use of GE also avoids the leakage
and contact issues associated with the liquid electrolytes [29] and solid electrolytes
[139, 140] respectively. It is to be noted here that ECDs are subjected to repeated
coloration-decoloration cycles, varying temperature, humidity, and mechanical
handling during their service life. These exposures induce damage, cracks, and
cuts in GE. It is really difficult if not impossible to repair these cuts/cracks in GE
and more often than not, the ECD needs to be replaced. Therefore, it is essential
to develop strategies to repair cuts and cracks in GE to enhance the operational life
of ECDs. Efforts have been made in this work to induce self-healing capabilities in
GE akin to living organisms.

Even though, many studies have reported the use of gel electrolytes in ECDs
[81, 82, 83, 87, 141, 142, 143, 144], inducing self healing capabilities in GE is
rather less explored [97]. Few studies have reported the self-healing behavior in
hydrogel electrolyte [98, 99, 100]. A blend of glycerol monomethacrylate (GMA)
and acrylamide in an aqueous solution of borax and lithium perchlorate shows
self-healing by dynamic cross-linking of borate-didiol complexation. Borax is used
here as a healing agent to crosslink with the GMA [99]. Self-healable polyvinyl
alcohol (PVA) based hydrogel electrolyte works on intermolecular hydrogen bonding
used in supercapacitor [98]. It requires refrigeration and treatment at room
temperature for healing. In another study, a poly acrylic acid-based hydrogel
with self-healing capabilities are prepared for flexible ECDs [100]. Although,
self-healable hydrogel electrolytes are safe and flexible, solvent volatilization and
narrow electrochemical window are the primary issues with them [97]. In addition,
water solidification adversely affects their electrochemical performance at low
temperatures. Organic gel electrolytes (organogel) with self-healing characteristics
are developed to overcome these drawbacks. Single ion polymer gel electrolyte
self-heals by forming the supramolecular networks [106]. Self-healable deep eutectic
solvent-based GE is developed for lithium batteries.  2-(3-(6-methyl-4-oxo-1,4-
dihydropyrimidin-2-yl)ureido)ethyl methacrylate (UPyMA) is responsible for the
healing due to the intramolecular hydrogen bonding [107]. However, the fabrication
is tedious and requires blends of multiple polymers for healing.

Poly methyl methacrylate (PMMA) shows excellent self-healing behaviour [108, 109,
110] and has been used in bio-materials [116], coatings [117, 118] etc. However, to the
best of our knowledge, the self-healing capabilities of PMMA are not yet exploited
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in GE developed for ECDs. Therefore, the focus of this study is to evaluate the
self-healing behavior of PMMA-based gel electrolytes. Due to the high mobility and
small size of lithium-ion, lithium perchlorate salt is used to fabricate GE. Propylene
carbonate (PC) is used as a solvent due to its low molecular weight, high dielectric
constant, and non-volatile behavior. PMMA polymer is used to provide mechanical
strength to PC and self-healing characteristics to GE. The concentration of PMMA
in PC is optimized through well-designed healing experiments to strike a balance
between mechanical strength, ionic conductivity, healing rate, and healing efficiency.
It is shown that the GE layer having an optimum concentration of PMMA recovers
more than 90 % of its strength and conductivity in about 10 mins. To characterize
the effect of self-healing, a comparative color contrast analysis is performed on ECDs
fabricated using the original and self-healed GE layer. It is recorded that the color
contrast of ECDs having self-healed layers decreases in comparison to ECDs prepared
using the original GE layer. Moreover, self-healing is achieved at room temperature
without any external stimulus or healing agent. It is envisaged that the finding of the
present study will be helpful to fabricate ECDs that are capable to self self-healing

and thus have better service life.

3.2 Experimental

3.2.1 Materials and preparation

GE is prepared following the fabrication steps shown in Figure 2.1. Poly methyl
methacrylate (PMMA) (Average My, = 35000) and propylene carbonate (PC)
are purchased from TCI chemicals and are used as received. Lithium perchlorate
(LiClOy) is purchased from Sigma Aldrich and heated at 100°C for 30 minutes to
remove any moisture content. GE is fabricated in two steps. In the first step, liquid
electrolyte (LE) is prepared by mixing 1.5 M LiClOy salt in PC solvent at 80°C and
400 rpm for 30 mins. After cooling down, PMMA is added to the LE solution and
stirred at 450 rpm for 8 hours in the second step. The solution is then poured into
10 ecm x 4 cm x 2 mm size silicon mold cavity to prepare the gel electrolyte layer.
The mold is placed in a vacuum for 4 hours to remove trapped air and then allowed
to cure in atmospheric conditions for 20 days (see Figure 2.1) before testing. To
determine the optimum concentration, PMMA weight percent in GE is varied in
the range of 15%, 25%, 35%, and 50% to prepare GE15, GE25, GE35, and GE50
respectively.

ECD is fabricated following the procedure reported in an earlier study [145]. 0.2 M
of distilled aniline is added to 0.2 M of H,SO, and the mixture is sonicated for 45

minutes to perform the electro-polymerization using cyclic voltammetry. ITO/PET
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sheet is dipped in the monomer solution and potential is applied for 20 CV cycles in
the range of -0.2 V to 1.0 V at a scan rate of 50 mV /s. After electro-polymerization,
the green color on the ITO substrate confirms the formation of the PANI layer.
A 600-micron-deep cavity is created on the PANI-coated ITO/PET sheet using
acrylic double-sided tape. A cavity is filled with uncured GE15 and covered by the
ITO/PET sheet on the other side. Then ECD is allowed to cure for 1 week before

characterization.

3.2.2 Characterization

Fourier transform infrared spectroscopy (FTIR) measurements are performed in
the range of 400 cm~! to 4000 cm~! with Bruker Optik spectroscope. Dynamic
mechanical analysis (DMA) is carried out to determine the glass transition
temperature (7,) using the DMA-1 star system (METTLER TOLEDO) under
shear mode. Tensile tests are performed on the mini-universal testing machine
(SHIMADZU EZ-LX). A 5 N load cell is used and a minimum of 3 samples of size
10 mm x 4 mm x 2 mm are tested for each case at the strain rate of 5 mm/min at
the room temperature [84]. Ionic conductivity is measured using,

Nomie = —— (3.1)

RyA

where [ is the distance between electrodes, A is the area of cross-section and Ry, is
the bulk resistance of the GE sample. R, is measured in the frequency range of 60
Hz to 10° Hz at 1 V using LCR meter. Cyclic Voltammetry (CV) is performed on
an electrochemical workstation (Metrohm Multi autolab M204, Netherlands). CV is
used to evaluate the redox behavior of ECD in the potential range of -2.5 V to 2.5 V
at the scanning rate of 20 mV /s and step potential of 2.44 mV. Data is recorded on
Nova 2.1 while all the curves are plotted on MATLAB. Digital images are captured
by a camera (Sony - RX10) using ISO 640 at a shutter speed of ﬁ s and aperture
F3.2 while microscopic images are taken with a Dinolite USB camera. Next, the
efficiency of self-healing process is characterized by performing the tensile testing
and ionic conductivity measurements on original and healed GE samples. To this
end, identical specimens are taken from the GE sheet. While the original samples
are kept as such, a few samples are cut in two halves and placed side by side keeping
their cut ends touching each other as shown in Figure 2.5a. These samples are
allowed to self-heal for 10 min, 30 min, 1 hour, 2 hours, and 6 hours. The tensile
test (Figure 2.5a) and ionic conductivity (Figure 2.5b) of original and self-healed
samples are measured following the details described earlier. To investigate the
healing efficiency at the device scale, the optical and color contrast analysis of ECDs

prepared using original and self-healed GE15 is also compared. Since it is relatively
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difficult to cut the GE exactly from mid-plane and perform self-healing experiments,
the two 300 microns thick GE layers (one on the PANI side of the PANI/ITO sheet
and another on the ITO side of the ITO/PET sheet) are prepared. They are then
allowed to self-heal for 10 min and 6 hours and the self-healed GE layer of 600

microns thickness is used to fabricate ECD shown in Figure 2.5c.
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Figure 3.1: (a)FTIR curve and (b) its zoomed view comparing pure PC, pure LiClOy,
PMMA powder, liquid electrolyte (LE), GE15, GE25, GE35, and GE50 in the range
of 400 - 2800 cm™! and 1700 - 1850 cm™! respectively. Molecular structure of (c)
PC and (d) PMMA. Schematic showing the (e) Li* - PMMA interaction and (f)
spring-mass system represents m as Li*, S1 and S2 as (C=0) group of PC and
PMMA respectively.
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3.3 Results and discussion

3.3.1 Fourier transform infrared spectroscopy (FTIR)

FTIR measurements of all GEs with PMMA powder, pure LiClOy4, pure PC, and
liquid electrolyte (LE) are compared in Figure 3.1a and its zoomed view in the
range of 1700 - 1850 cm™! is shown in Figure 3.1b. Stretching of the carbonyl
(C=0) group in PC is associated with the vibrational frequency of 1782 cm™!
[146] (Figure 3.1¢). This band shifts to 1775 cm™ in LE (LiC1O4+PC) due to the
interaction of lithium-ion and carbonyl group of PC (Lit—PC) [146, 147]. After
adding varying weight fractions of PMMA, this peak is shifted from 1775 cm™! to
1778, 1782, 1784, and 1788 ecm~! for GE15, GE25, GE35, and GE50 respectively.
It indicates that the Lit—PC interaction weakens due to the presence of another
interaction between LiT and the C=0 group of PMMA (Figure 3.1d). Stronger
interaction of LiT and C=0 group of PMMA (Figure 3.1e, (Li*—PMMA)) may
be due to the higher electro-negativity of ‘O’ of C=0 group in PMMA than ‘O’ of
C=0 group in PC. Therefore, peak upshifts with the increase in PMMA amount.
These observations may also be understood by replacing the chemical interactions
with the spring (S) and mass (m) system. Carbonyl group of PC and PMMA
may be assumed as springs S1 and S2. The natural frequency (f) (wavenumber)
of the interaction depends on the stiffness k (directly proportional) and mass m
(inversely proportional). The natural frequency f of S1 (C=0 of PC) decreases
after the addition of m (LiT) that is manifested in the downshift of C=0 peak
in LE (Figure 3.1). However, in the presence of S2 (C=0 of PMMA), the average
stiffness of the system (Figure 3.1f) increases, and hence we observe an upshift in the
natural frequency of C=0 bond stretching in FTIR analysis in Figure 3.1b. Apart
from these, some other types of interactions such as salt-polymer (Li*—PMMA)
interaction, and dipole-dipole (PMMA—PMMA) interaction among the polymer
chains may also contribute towards shifting of C=0 peak [94, 87]. However, it is
difficult to explicitly identify them in the FTIR analysis due to the overlapping of
spectral contribution from the carbonyl groups of PMMA and PC.

3.3.2 Effect of PMMA on the glass transition temperature
of GE

It is reported that thermoplastics like PMMA shows excellent self healing behaviour
above their glass transition temperature (7)) [97]. Therefore, T, of different GE
compositions is measured by performing the temperature sweep in DMA. The

temperature is varied in the range of -100°C to 25°C at 3°C/min and 1 Hz frequency.
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Figure 3.2: (a) Loaded sample for shear test in DMA to perform the temperature
sweep, (b) T'an 0 vs temperature curves and (c) Glass transition temperature (7,)

of GE15, GE25, GE35 and GE50.

GES5O0 is tested from -55°C to 25°C to avoid the exceeding of DMA load cell limit.
Two specimens of 10 mm diameter and 2 mm thickness are cut from the gel
electrolyte layer and placed on both sides of the plate attached to the load cell
(Fig 3.2a) to obtained the T'an § curves. The glass transition temperature of GEs is
measured from the peak of their respective Tan § (Figure 3.2b) curves and compared
in Figure 3.2c. It shows that T} increases from -60.5°C for GE15 to -2°C for GE50
on increasing the the PMMA concentration in GE samples. It may be attributed
to the higher viscosity of GE samples containing larger amount of PMMA (or lower
concentration of PC solvent). Moreover, the T, of PMMA is reported to be in
the range of 105°C — 120°C. Thus, increasing the concentration of PMMA in GE

enhances their 7 following the ‘rule-of-mixture’ principle.
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Figure 3.3: (a) 0 - € curve of GE as a function of PMMA wt% and its zoomed view.
(b) Schematic showing the uncoiling of PMMA chains on the application of tensile

load.

3.3.3 Effect of PMMA on the mechanical properties and self
healing behavior of GE

Since theself-healing phenomenon is related to the diffusion of ions and re-bonding,

it is expected that the stiffness (or viscosity) may influence the self-healing

characteristics of the prepared GE. Therefore, tensile testing is carried out to

characterize the effect of PMMA addition on the average mechanical properties

of GE before self-healing experiments. Figure 3.3 compares the o — ¢ curves for GE
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Figure 3.4: Variation in toughness modulus of GE as a function of PMMA
concentration.

samples as a function of PMMA concentration. The zoomed view for GE15 and
GE25 samples is also included for better clarity. It shows that the modulus (slope
of the initial part of o — e curves) and tensile strength of GE increases with the
addition of PMMA. The tensile strength improves monotonically from 0.4 kPa for
GE15 to 178.8 kPa for GE50. Being the stiffer component, the increase in PMMA
concentration enhances the tensile strength of GE.

Unlike the variation of tensile strength, the elongation at break first increases from
180 % for GE15 to 890 % for GE35 but then it reduces significantly to 230 % for
GE50. Thus, there is an optimum concentration of PMMA to exploit its self-healing
properties in GE. The maximum elongation in GE samples is primarily related to the
mobility of Lit—PMMA crosslinks and uncoiling of PMMA chains as schematically
shown in Figure 3.3b. The number of uncoiling chains and movable crosslinks
increases on increasing the PMMA up to 35 wt% and results in larger elongation at
break. However, on further increasing the PMMA to 50 %, the density of movable
Lit—PMMA crosslinks decreases and the viscosity of GE increases. The elongation
of GE is dominated by stiffer and heavier PMMA-—PMMA interaction. In addition,
the bulky and dense side chains of PMMA restrict the conformational relaxation
(backbone rotation and bending) [148]. A combination of all these factors may
reduce the elongation at the break of GE50 samples. Modulus of toughness (Ur)
is another important parameter to characterize the mechanical behavior of GE and
it reveals the energy absorbing capacity of the GE per unit volume before fracture.
Ur is obtained from the area under the o — € curves presented in Figure 3.3 and
compared in Figure 3.4. Tt is found to be 0.5 kJ/m?3 20 kJ/m?, 212.2 kJ/m? and
286.7 kJ/m3 for GE15, GE25, GE35 and GE50 respectively. It follows the variation
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of tensile strength with PMMA concentration and shows that stiffer GE samples are

able to absorb higher energy before failure.
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Figure 3.5: Comparative o - € curve of original and healed specimen of GE15 for
(a) 10 min and (b) 6 hours healing time. Optical images of GE15 as (c) original,
(d) after break, (e) after rejoin, (f) after 10 mins and (g) 6 hours of healing.

After evaluating the mechanical properties of GE, self-healing experiments are
performed following the procedure outlined in the characterization section.
Specimens are cut into two pieces and are allowed to rejoin (or heal) by putting
their cut ends in contact as shown in Figure 2.5a. The healing time is varied for
10 min, 30 min, 1 hour, 2 hours, and 6 hours to understand the self-healing process
and time required for efficient self-healing of different GE samples. To minimize the
effect of environmental factors, two specimens, one without cut and one after cut,
are kept together for the same time under the same conditions before their testing.
The sample without cut is labeled original and the other samples are labeled as
healed in comparative plots. Minimum 3 tests are conducted for each case and their
average is used in comparative analysis. Figure 3.5a and 3.5b show the comparison
of o - ¢ curves for original and healed GE15 after 10 min and 6 hours of healing

time respectively. FEven though, all the experiments are performed at the same
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Figure 3.6: Comparing o - € curve of original and healed specimens of GE25, GE35
and GE50 at healing time of (a, ¢, ) 10 min and (b, d, f) 6 hours respectively.
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atmospheric conditions, a large standard deviation among one type of samples is
recorded in Figure 3.5 and 3.6. This may be due to the fact that the healing process
may initiate at different sites in different samples. While the tensile strength of the
healed sample is slightly lower for 10 mins healing time, the GE15 sample shows
complete recovery of tensile strength for 6 hrs healing time. Self-healing experiments
are performed at room temperature which is above the T} of all GEs (Figure 3.2c).
The healing occurs primarily due to the diffusion and reptation of PMMA chains
at the joined interface [149, 150, 110]. In addition, the diffusion of Lit at the
interface also contributes to the healing. While Lit—PMMA interaction can be
viewed as dynamic and reversible cross-links which are beneficial for the self-healing
[97], new physical cross-links (Lit*—PMMA) are formed at the healed interface and
contribute to the strength of the healed sample. Thus, 10 minutes of healing time is
not sufficient for GE15 samples to regain their strength and the healing is found to
be more effective for 6 hours of healing time. The optical micrographs of GE 15 in
Figure 3.5¢ - 3.5g show a similar trend with partial healing for 10 min and complete
healing for 6 hrs healing time. Contrary to GE15, the mechanical behavior of healed
GE25, GE35, and GE50 samples is slightly different. Even though, all these samples
show better strength recovery for a larger healing time of 6 hrs, their tensile strength
and failure strain reduce at higher PMMA wt% in Figure 3.6a — 3.6f.

The healing time dependent recovery of tensile strength (Figure 3.7a) and elongation
(Figure 3.7b) for different GE samples is compared in Figure 3.7. The percentage of

strength o,ccovery and elongation at break €,ccovery recovery is calculated as follows,

Omazx(heale

O-recovery(%) - % x 100 (32)
maz(orig
Emazx(heale

5recovery(%) = c (lz l;l_) x 100 (33)
maz(orig

Figure 3.7a reveals that all healed samples are able to recover higher strength for a
longer healing time. Moreover, at a given healing time, the relative gain in strength
decreases with PMMA concentration. GE50 sample shows only 19% recovery at
10 min healing time which is lowest among all the samples tested here. GE15 and
GE25 recovers completely followed by GE35 (95%) and GE50 (45%) after 6 hrs of
healing time. Thus, increasing the weight % of PMMA decreases the healing rate
in GE samples. As the healing process depends on the diffusion of LiT and PMMA
chains, the viscosity of GE and hence the weight % of PMMA (or PC) becomes a
critical parameter. On increasing the PMMA weight %, the amount of PC in GE
decreases, and its viscosity increases. At higher viscosity, the diffusion of ions and
chains becomes difficult and consequently, the healing rate of GE reduces at higher
weight % of PMMA. Another factor that may affect the diffusion and may contribute
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Figure 3.7: Recovery of (a) tensile strength, (b) elongation at break and (e)
toughness modulus of GE15, GE25, GE35 and GE50 as a function of healing time.
(c) GE25 during the tensile test marked the healed point (i) before stretching and
(ii) after failure. (d) Optical images of (i) GE25, (ii) GE35 and (iii) GE50 after 6
hours of healing time.

toward the healing rate is the difference between healing temperature and T, (AT)
[151]. AT is highest for GE15 (85.5°C) and lowest for GE50 (28°C). Therefore GE15
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(b)

Figure 3.8: Schematic of (a) GE15 and (b) GE25 (original, after break, healed)
network showing the re-crosslinking of Lit—PMMA at the interface of two parts (I
and II).

shows the maximum healing rate while GE50 has the slowest healing rate among all
the samples. A similar observation of higher recovery with increasing time has been
reported in the literature [152, 150].

The recovery rate of elongation at break &,,,, is slower than the tensile strength
except for GE15 in Figure 3.7b. GE15 recovers 98% after 10 min and shows complete
recovery after 6 hrs of healing time. However, €,,,, reduces significantly for other GE
samples prepared with higher PMMA concentration. While GE25 shows maximum
recovery of 34%, GE35 and GE50 recover around 20% elongation after 6 hrs. The
recovery rate of GE15 samples is found to be similar to that of existing self-healable
gel electrolytes [100, 107]. Table 3.1 compares the time-dependent recovery in
mechanical properties of GE15 samples with other gel-based ionic systems reported
in the literature [100, 107, 106, 153, 99]. The recovery of &,,,, in healed samples
depends on the uncoiling and mobility of Lit—PMMA cross-links. Lit—PMMA
crosslinks contribute more towards elongation in GE15 as there are fewer chains
due to a lower concentration of PMMA (see Figure 3.8a). On increasing the
PMMA weight%, the relative contribution of PMMA-—PMMA interaction towards

strain recovery increases. Moreover, the higher viscosity of GE and the presence
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Table 3.1: Comparison of current work with the reported gel electrolytes.

S Materials Healing Out,recovery Ebreak,recovery UT,recovery Ref.
No. time (%) (%) (%)
10 min 94.5 98 91.2 This
1 GE15 2 hrs 96.8 100 -
6 hrs 100 100 100 work
2 SIPE-5 24 hrs 82 99 Not [106]
reported
3 AAHA-IL | 1 min 93.1 96.6 90.3 [153]
4 P(GMA2- | 1 min Not 97 92 [99]
AAmS)- reported
borate
5 P(AA-VIm-| 20 min 90.5 Not Not [100]
VSN) reported reported
6 DSP 2 hrs Not Not Not [107]
reported reported reported

of more PMMA chains decrease the movement of Lit (see Figure 3.8b) at the
healed interface. Consequently, the GE samples show slower recovery of &,,,, with
increasing weight% of PMMA in GE samples. Moreover, it is observed in Figure
3.7c that the healed samples predominantly fail at the joined interface under tensile
testing. Due to inefficient healing, the presence of cracks and voids are also observed
in 6 hrs healed GE25, GE35, and GE50 samples in Figure 3.7d(i, ii and iii). These
cracks may also contribute towards a reduction in tensile strength and €,,,, in healed

samples.

The variation in toughness Uy of healed samples compared in Figure 3.7e follows a
similar trend as observed in Figures 3.7a and 3.7b. It shows that the recovery of Ur
decreases with increasing PMMA concentration for a given healing time. Moreover,
at a constant PMMA concentration, Ur improves for longer healing times. While the
reduced recovery at higher PMMA concentration is due to the increase in viscosity,
the better recovery for longer healing times may be attributed to the enhanced Li-
- -PMMA and PMMA- - -PMMA interactions at the interface. Moreover, healing
is essentially crack closure due to the re-building of interaction between cracked
surfaces. To calculate the energy required for the growth of the crack, a tensile
test is performed on the notched specimen of GE50 (Figure 3.9a). Area under
F — ¢ curve provides the energy required for the crack to grow. It is found to be
~2mJ/mm? (Figure3.9b) which is close to the reported value for pure PMMA [154].
The electrostatic interaction between Lit and carbonyl group at the crack interface

is an exothermic process,
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Figure 3.9: (a) Schematic of notched specimen and (b) corresponding F' — ¢ curve
of GE50 sample.

iHS H3
H2C=C—C=0 + LiClO4 — H2C=C—C=0 - - -Li" ClO; + heat.
ECH3 CH3

Approximately, 0.4 - 1.1 kJ/mm? energy [155] is released during the interaction
among LiT and C=0 group. Thus, sufficient energy is available for crack closure
during the healing process. The longer healing time promotes more interactions
and hence higher recovery in strength, elongation at break, and toughness of healed
samples.

Based on the tensile testing of healed samples, GE15 seems to be a better choice
as it recovers faster and shows complete recovery after around 2 hours of healing
time. However, the mechanical healing of GE is not the only parameter, and ionic
conductivity of GE plays an equally important role in the performance evaluation
of ECD. Therefore, the effect of PMMA concentration on the ionic conductivity of

original and healed GE samples is compared next.

3.3.4 Effect of PMMA concentration on the ionic
conductivity of GE

Tonic conductivity (Ajonic) is a key property that determines the choice of GE in an
ECD. It should be in the range of 107% - 1073 mS/cm for practical applications
[156, 79]. Figure 3.10 shows the variation in ionic conductivity as a function of

PMMA concentration in GE. Ionic conductivity decreases at higher weight% of
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Figure 3.10: Tonic conductivity of original and healed GE specimens.

PMMA and is found to be 3.38 mS/cm, 1.75 mS/cm, 0.91 mS/cm, and 0.29 mS/cm
for GE15, GE25, GE35, and GE50 respectively. In gel electrolytes, PMMA forms
the matrix and encages the liquid electrolyte (LiClO4 + Propylene carbonate (PC)).
Lithium and perchlorate ions migrate through the solvent (propylene carbonate)
domain surrounded by the PMMA matrix. On increasing the PMMA, polymer
chains hinder the movement of ions (charge carriers) which reduces the ionic
conductivity. As also observed in tensile testing the viscosity of GE increases
at higher PMMA concentration. Higher viscosity causes the interruption in the
mobility of ions which may reduce \jopni. of GE as recorded in Figure 3.10. Moreover,
the ionic conductivity measurements of healed samples suggest that GE is able to
regain its original Ajonie after 10 mins of healing time. Thus, the mobility of Li*
ions is comparable in original and healed samples. This implies that the healing
process is quite efficient with respect to the ionic conductivity in comparison to the
mechanical healing recorded in the previous section. Since GE15 has higher Ajouic
and it shows a better and faster recovery of tensile strength and elongation at break
in a healed sample, a comparative analysis of ECD fabricated using original and

healed GE15 sample is performed next as a proof-of-concept.

3.3.5 Comparative analysis of electrochromic device (ECD)

Even though the previous analysis suggests that the addition of PMMA provides
self-healing characteristics to GE, the performance of ECD fabricated with original
and self-healed GE needs to be compared to show the efficacy of the present approach

in practical applications. To this end, ECDs are fabricated with original, 10 mins
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Figure 3.11: Cyclic voltammetry curve of original and healed ECDs.

Table 3.2: Mean square error (MSE) of digital images of GE15, GE25 and GE35
based ECD between neutral and excited states.

ECD GE15 GE25 GE35
Original(equced) 670 373 164
Originalogidized) 742 440 279

Healed-6hrs(,cquceay 408 128 52
Healed-6hrs(opigizeq) 592 158 70

and 6 hrs healed GE15 layer. Polyaniline (PANI) is used as an electrochromic layer
in all the ECDs manufactured following the procedure described elsewhere [145].
Figure 3.11 compares the cyclic voltammetry response of ECDs. The peak current
is lower for healed ECDs than the original ECD. Moreover, the relative decrease is
smaller for ECDs that are allowed to heal for 6 hrs in comparison to 10 min healed
ECDs. A better-healed interface poses a lower hindrance to the ion movement and
thus 6 hrs healed ECD shows higher peak current as compared to 10 min healed
ECD. The ionic conductivity of original and healed ECDs follows similar variations.
It is 60 pS/cm for the original and decreases to 21 uS/cm and 52 pS/cm for 10 min
and 6 hours healed ECD respectively. It again supports the idea of better healing
of ECD (or GE) at larger healing times.

To get further insights, the digital images and color contrast analysis of original and
healed ECDs are carried out next. Figure 3.12 compares the images of original, 10
min and 6 hrs healed ECDs at their respective reduction, neutral, and oxidation
potentials. The original ECD in Figure 3.12a changes color from greenish to yellow
at reduced and greenish to blue at oxidized state. The 10 min and 6 hrs healed
ECDs (Figure 3.12b and 3.12¢) show similar color change albeit of a different shade.
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Figure 3.12: Digital images of (a) original ECD and (b) 10 min and (c) 6 hours
healed ECDs at different excited states.

Therefore, the color contrast analysis of these ECDs is presented in Figure S3 to have
a quantitative comparison. To calculate the color contrast, L*a*b* (L*: lightness,

a*:

green-red axis, b*: blue-yellow axis) color coordinates of digital images are
taken into consideration. Mean square error (MSE) is calculated between neutral

and excited states using the following relation.

Lxaxb

1
MSE = ——— neutral — Pexcite 2 A4
SE = Traxh 2 (Prowa = Pescie) (3.4)

where p is the pixel intensity of digital images. For the original ECD, MSE is 670 and
742 at reduced and oxidized state respectively (Figure S3a). The MSE decreases to
51 and 264 at reduced and excited states for 10 min healed ECD (Figure S3b). After
6 hrs of healing time, the MSE of healed ECD increases to 408 and 592 at reduced
and oxidized states (Figure S3c). The lower MSE indicates that it will be relatively
difficult to notice the color difference in 10 min healed ECD in comparison to the
original and 6 hrs healed ECD. Thus, increasing healing time not only improves
the recovery of GE, it also enhances the color performance of healed ECD with
respect to the original ECD. Further, GE25 and GE35 are also used in ECD to
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Figure 3.13: Mean of the color coordinates of digital images of (a) original ECD,
healed ECDs after (b) 10 min and (c) 6 hours of healing at different excited states
in HSV color space.

understand the effect of PMMA concentration on color contrast recovery. MSE of
ECD is calculated after 6 hours of healing and compared with the original one (see
Table 3.2). It is interesting to note that on increasing the PMMA in GE, a color
difference (MSE) of ECD reduces at excited states. This may be due to the decrease
in ionic conductivity of GE with increasing PMMA (Figure 3.10). Like GE15, the

color contrast of GE25 and GE35 increases at a larger healing time.

3.4 Conclusion

During the handling and operational life of ECDs, minor cracks, cuts, and
mechanical damage may appear in GE. In such situations, ECDs need to be

replaced due to the lack of suitable repair protocols. Self-healable GE is one of
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the possible strategies to improve the service life of ECDs. The fabrication of GE
with self-healing capabilities is demonstrated in this study. An optimum loading of
PMMA allows GE to heal itself when subjected to cuts and fractures. Moreover, it
is observed that the healing mechanisms are different with respect to the recovery
of mechanical properties and ionic conductivity. While GE shows faster recovery in
ionic conductivity, the regain in mechanical properties is relatively slower. Finally,
it is shown that the color contrast of ECD prepared with healed GE approaches to
that of original ECD with increasing healing time. The findings of the present study
will be useful in increasing the service life of ECDs used in flexible displays, smart
textiles, etc. Even though self-healable GEs are characterized for ECD application,

they may also be explored for energy storage and energy conversion devices.
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Chapter 4

Modulation of optical properties of

electrochromic device

The focus of this chapter is to develop the technique for acquiring green shades in the
required camouflaging devices, which is one of the major requirements of this thesis.
An experimental investigation is carried out to modulate the optical properties of
electrochromic devices (ECD) by varying the thickness of electrochromic polymer
(ECP) layer using composition of self-healable GE optimized in the previous chapter.
Polyaniline (PANT) is preferred as ECP due to its ability to change colors from
light green to green to blue at different voltages. ECDs are fabricated having
varying thickness (250-650 nm) of the PANI layer. Topography, morphology,
and optical measurements show that the roughness, porosity, and shade of green
color depend on the thickness of PANI layer. The effect of ECP layer thickness
on the optical performance of ECDs is evaluated through detailed electrochemical,
optical, spectroelectrochemical measurements, and spectral colorimetry. ECD shows
different shades of green and blue color with higher color contrast for the thicker
PANTI layer. The reflectance spectra are later used to define the color space for
all the ECDs. While the color difference of the ECD fabricated with 250-nm-thick
ECP is small, the ECDs prepared using thicker ECP layers show noticeable color

difference of greater than 2.

4.1 Introduction: Electrochromic devices

Electrochromic device (ECD) is a multilayered assembly that switches color on
the application of voltage [24, 25, 26]. It finds applications in diverse engineering
fields including energy storage, display, smart window, smart textiles, smart fabrics,
etc., [27, 28, 29, 30, 31, 32]. An ECD typically consists of gel electrolyte and an
electrochromic layer sandwiched between two electrodes. The change in color is
induced by the variation in energy states of the electrochromic layer under applied
voltage. The color and other performance parameters of the ECD depend on
various factors like types of electrodes [33], microstructure [34], band-gap [35] etc.

In addition, thickness and chemistry of the electrochromic layer also influence the
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electrochromic performance of ECD [36] Over inorganic materials, electrochromic
polymers (ECP) are increasingly used in ECDs [42, 43, 44] as they show multitude
of color variations with high color contrast and at low power consumption [45].
The choice of electrochromic material depends on the specific ECD application
requirements. Thiophene and its derivatives are used to get red, blue, and brown
colors at different excited states [47, 48, 49]. Polynorbornene shows light yellow,
green, and blue colors [33]. Poly(3,4-ethylenedioxyselenophene) (PEDOS) converts
from a blue color to a transparent state on oxidation [34]. Polyaniline (PANI)
undergoes multi-coloration states from light green to green to blue if prepared in an
acidic medium [52].

The aim of the present study is to develop ECD that can be integrated with the smart
textiles used in greenish surroundings and therefore polyaniline (PANI) is chosen as
the ECP layer. Moreover, PANI is preferred due to its facile synthesis, reversible
redox chemistry, excellent environmental stability, low cost and high conductivity
[68]. It has multiple excited states named as leucoemeraldine, emeraldine and
pernigraniline and thus it provides different colors in ECD [67].  Different
methods such as chemical oxidation, interfacial polymerization, microemulsion
polymerization, and electrochemical polymerization are reported to polymerize
PANI [69]. In the chemical method, an oxidizing agent is used to oxidize aniline
monomer in an acidic medium which initiates the chain growth of polymer [70]. Drop
coating [71], spin coating [72, 73], and dip coating [70] techniques are used to coat
PANT on different substrates. Here, a thin layer of PANI is coated on the ITO side
of the ITO/ PET sheet by electrochemical polymerization as there is no need for an
oxidizing agent in this process. Moreover, it provides easy control over deposition
parameters and hence on the thickness and morphology of the PANI layer. The
optical behavior of ECD depends on the charge transport and migration of counter
ions. Consequently, the optical behavior of ECDs is found to be a function of the
morphology of the ECP layer [45]. Fabrication of porous and fibrous PANI films by
electrochemical polymerization has provided further motivation to use this process
in the present study [157].

Even though many studies have explored different types of materials as an
electrochromic layer, the effect of the thickness of the ECP layer on its morphology
and optical behavior of ECD is rather less explored. According to Lambert’s law, the
optical properties of materials depend on their thickness and therefore the thickness
of the ECP layer provides a handle to modulate the color of ECD. Consequently, it
is important to quantify the effect of the thickness of the ECP layer on the optical
performance of ECD and this will be the primary objective of the present study. To
this end, PANI-based ECP layers of different thicknesses are prepared by varying

the number of deposition cycles in the electrochemical polymerization process. The
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Figure 4.1: (a) Processing steps followed to fabricate ECD, and (b) Schematic of
ECD showing all the layers and connections (PET/ITO/GE/PANI/ITO/PET)

morphology and optical characteristics of the ECP layer as a function of thickness are
thoroughly investigated. Moreover, the effect of ECP layer thickness on the optical
behavior of ECDs is compared with spectroelectrochemical measurements. Later
on, spectral colorimetry is performed to quantify the color of ECDs in the visible
range (380 nm -780 nm) for varying ECP layer thickness [158, 159]. It is shown
that the color contrast and the shade of green color can be suitably modulated by
changing the thickness of the ECP layer. The findings of the present study will be
useful in developing smart textiles, e-textiles and skin/cover for surveillance robots

and equipment employed in forest/green vegetation.

4.2 Experimental details

4.2.1 Materials and preparation

Figure 4.1a - 4.1b shows the processing steps and schematic of the fabricated ECD
respectively. The ECD fabrication includes the preparation of PANI film and gel
electrolyte (GE) followed by their assembly (Figure 4.1a). Sulphuric acid (H2SOy),
lithium perchlorate (LiClO4), poly methyl methacrylate (PMMA), and propylene
carbonate (PC) are used as received. Aniline is de-oxidized at 150°C and 1072
bar for 2.5 hours before using it for ECD fabrication. 0.2 M of distilled aniline is
added to 0.2 M of Hy,SO,4 and the mixture is sonicated for 45 minutes before using
it for electro polymerization. ITO-coated flexible PET sheet of specific resistivity
150/ sq and transmittance > 75 % is purchased from Techinstro Ltd. It is cleaned
by rinsing in a 1:1 mixture of ethanol and acetone followed by DI water [132].
Electropolymerization is performed in a three-electrode electrochemical cell with

ITO as the working electrode, platinum wire as the counter electrode, and Ag/AgCl
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as the reference electrode (Figure 2.2a). ITO/PET sheet is dipped in the monomer
solution and potential is applied for 5, 10, 15, and 20 cycles. In each cycle, potential
sweeps from -0.2 V to 1.0 V to -0.2 V at a scan rate of 50 mV /s. After the deposition,
PANTI film is rinsed with DI water to remove the unreacted monomer and oligomer
followed by drying in open air [133]. The green color on the ITO substrate after
electro polymerization process confirms the presence of an emeraldine form of PANI
as shown in Figure 2.2b. A 450-micron-deep cavity is created on the PANI-coated
ITO/PET sheet using acrylic double-sided tape.

Gel electrolyte (GE) is prepared by first mixing 1.5 M LiClO4 in PC at C 80 and
stirring the solution at 250 rpm for 45 minutes. Later, 15 wt % PMMA is added and
the solution is stirred for 6 hours at 400 rpm for uniform mixing. After stirring, the
solution is degassed in a vacuum for 1 hour to remove any trapped air and poured
in the cavity created on PANI PANI-coated ITO/PET sheet. It is sandwiched by
another ITO/PET sheet and allowed to cure for 1 week at atmospheric conditions.
The architecture of PET/ITO/GE/PANI/ITO/PET assembly is shown in Figure
4.1b. After curing, the samples are characterized to understand the effect of a

number of CV cycles on the ECP thickness, microstructure, and optical properties
of ECD.

4.2.2 Characterizations

Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS)
are performed on an electrochemical workstation (Metrohm Multi autolab M204,
Netherlands). CV is used to evaluate the redox behavior of ECD in the potential
range of -2.5 V to 2.5 V at the scanning rate of 20 mV /s and step potential of
2.44 mV. EIS is an electrochemical technique used to study the ion conduction
mechanism in ECD. Data is recorded in the form of real and complex impedance
for the applied frequency range of 0.1 - 10° Hz. AC conductivity (\.) is measured
using A\,e = /(R x A), where ‘R’ is the intercept of the curve on the x-axis (real
impedance), ‘I’ is the distance between electrodes and ‘A’ is the cross-sectional area
of the electrode. Measurements, post-analysis, and curve fittings are performed on
the software NOVA 2.1. All the experiments are carried out in potentiostatic mode.
Characterization of ECD is performed using a two-electrode configuration in which
PANI/ITO is used as the working electrode and ITO on another side is used as a
counter electrode.

Atomic force microscopy (AFM) (Bruker, USA) analysis is performed in tapping
mode on a scan area of 5 yum x 5 pm to measure the thickness and surface
roughness of PANI layers as a function of number of CV cycles. The effect of a

number of CV cycles on the surface morphology of PANI is studied with a scanning
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electron microscope (SEM) (Jeol 6610LV Japan). Absorptance, transmittance, and
reflectance spectra of PANT are recorded (PerkinElmer LAMBDA 950 UV/Vis/NIR
spectrophotometer, USA) in the range of 380 nm — 780 nm. Spectroelectrochemical
measurements of ECDs are performed with an in-situ UV-Vis spectrophotometer
(Cary 60 of Agilent) electrochemical workstation (Keithley 2450).

4.3 Results and discussion
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Figure 4.2: (a) Processing steps followed to fabricate ECD. (b) Schematic of
ECD showing all the layers and connections (PET/ITO/GE/PANI/ITO/PET)
(c) Photographic image of electrochemical set up used for electrochemical
polymerization of polyaniline (PANI) and (d) green color polyaniline (PANI) film
on ITO/PET sheet after electro polymerization process
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4.3.1 Preparation of PANI layer

Deposition of PANI on ITO/PET sheet using electropolymerization is carried out
for 5, 10 15, and 20 CV cycles as shown in Figure 4.2, and the samples are
named as PANI5, PANI10, PANI15 and PANI20 respectively. During the first
cycle of electropolymerization (inset curve in Figure 4.2), Figure 4.2a shows the
irreversible oxidation of aniline at 0.75 V as no reduction peak is recorded in CV
plot of PANI5 [160]. In the second cycle, the first peak indicates the oxidation
of the fully reduced form at 0.2 V and the second peak at 0.8 V shows the
oxidation of the emeraldine form to pernigraniline form of PANI [161]. A peak
at 0.45 V relates to the oxidation of intermediate products (p-benzoquinone) [162].
Electropolymerization of polyaniline is an autocatalytic process and the polymer
formation on an already deposited layer is faster than on bare electrode [162]. The
autocatalytic synthesis is confirmed by the increase in current density after the first
cycle of electropolymerization. While the oxidation peaks shift towards the higher
potential and reduction peaks shift towards the lower potential on increasing the
number of CV cycles. It may be due to the increased iR losses [163]. A similar
trend albeit with a different variation in current density with the applied voltage
is recorded for PANI10 as shown in Figure 4.2b. Figure 4.2c - 4.2d reveals that
the peak current decreases after 12 CV cycles in PANI15 and PANI20 samples. It
indicates that the growth of PANI film is relatively slower from 12** cycle onwards
as compared to the deposition that occurred during initial CV cycles. Moreover, an
area under the CV curve increases with the increase in the number of CV cycles.
It shows that the capacitance of the ECP layer increases with a higher number of

deposition cycles.

4.3.2 Effect of CV cycles on the roughness and morphology
of electrochromic PANI layer

The effect of CV cycles on the surface roughness of the PANI layer is studied
using AFM analysis. Optical images with corresponding AFM micrographs and
topographs are shown in Figure 4.3a - 4.3]. Film thickness and roughness are
measured using these AFM micrographs and topographs respectively. At least 10
readings are taken to measure the average thickness and standard deviation of all
the samples as shown in Figure 4.3m. The thickness of PANI film increases from 250
nm to ~650 nm as the number of CV cycles increases from 5 to 20. Moreover, the
ECP layer thickness varies non-linearly with the number of CV cycles as revealed
by fitting the experimental data with a 27¢ order polynomial having goodness of fit

(r?) & 0.99. Surface roughness (R,) also increases with the increase in CV cycles
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Figure 4.3: Optical images are showing the notch in (a) PANI5, (d) PANII0, (g)
PANI15 and (j) PANI20 layer which is created to measure the thickness through
AFM analysis. AFM microgrpahs of (b) PANI5, (e) PANI10, (h) PANI15 and (k)
PANI20 layer showing all 10 readings in each film. AFM topographs of (¢) PANI5,
(f) PANI10, (i) PANI15 and (1) PANI20 films. Variation of (m) thickness and (n)
surface roughness of PANI layers with increasing number of CV cycles. 2nd order
polynomial used to fit the experimental data points is also included in (m) and (n).
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(e)

Figure 4.4: SEM micrographs of (a) bare ITO, (b) PANI5, (c) PANI10, (d) PANI15
and (e) PANI20 films. The zoomed micrographs of these samples are also included
in (b1 —d1).

as shown in Figure 4.3n. It also shows a similar type of non-linear variation (2"
order polynomial with goodness of fit (r?) ~ 0.98.) with the number of CV cycles
as recorded for thickness. The PANI film is deposited layer-wise. The underlying
smooth surface of ITO ensures lower roughness for the first PANI layer. However,

the roughness of the subsequently deposited layer increases due to the relatively
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rougher surface of the pre-existing PANT layer.

The effect of a number of CV cycles on the morphology of PANTI films is examined
in SEM micrographs as shown in Figure 4.4. Figure 4.4a shows the relatively even
surface of the ITO substrate used to deposit the PANI layer. The micrograph of
PANTIS5 film deposited on I'TO using 5 CV cycles is observed in Figure 4.4b (zoomed
view in Figure 4.4bl). It reveals the porous and fibrous morphology of PANI5
film. The cavities are found between the branched fibrous networks which may be
beneficial for the electrochromic applications. The diameter of nanofibers is in the
range of 50-200 nm as shown in Figure 4.4b1, 4.4cl and 4.4d1. On increasing the
number of CV cycles, diameter of nanofiber remains in the similar range, the cavities
between interconnected fibers are reduced due to the deposition of successive layers
in PANT10 and PANTI15 films as shown in Figure 4.4c - 4.4d (zoomed view in Figure
4.4cl - 4.4d1). These observations suggest that the deposition of successive layers
occurs due to the formation of a 3-D network by nanofibers with an increasing
number of CV cycles. Further, an increase in CV cycles leads to the agglomeration
of nanofibers in PANI20 film in Figure 4.4e. This may be the reason for the higher
roughness of PANTI film deposited with an increasing number of CV cycles recorded
in AFM analysis (Figure 4.3).
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4.3.3 Optical properties of electrochromic PANI layer

It is recorded in the previous section that the thickness and roughness of the PANI
layer increase with the increase in a number of CV cycles. The effect of thickness and
microstructure on the optical properties of the PANI layer is compared in Figure
4.5. Visual inspection of photographic images in Figure 4.5a suggests that the
thickness does affect the shade of the green color of the PANI layer with a general
observation of darker shade for thicker PANI film as shown in Figure 4.5a - 4.5d.
To get a quantitative comparison, the absorptance and reflectance spectra of PANI
film are compared in Figure 4.5e - 4.5f. In line with Beer-Lambert’s law, Figure 4.5e
shows that thicker PANI layer absorbs more light in the visible region. Multiple
scattering and trapping of incident light in the rough and porous surface (Figure 4.3)
is probably the reason behind this observation. Another contribution may come from
the polaron and = — 7* transitions that occur in the PANT layer [164]. For thicker
PANTI films, larger fraction of light participates in the polaron (higher wavelength)
and m — 7* (lower wavelength) transitions and thus increases the absorbance of
irradiation. It is interesting to note that the absorptance of all the samples is
relatively higher in the blue (380-490 nm) and red (625-780 nm) region in comparison
to the green (490-625 nm) region.

The reflectance spectra in Figure 4.5f further reveal the optical properties of all the
PANI films. The reflectance decreases for thicker samples in the entire visible range.
Moreover, the reflectance of all the samples is higher in the green region than blue
and red regions. However, the PANI5 film shows a strong peak in the red region.
This may be due to the lower thickness of PANI5. The incident beam transmits
through the layer and gets reflected from the underlying I'TO substrate resulting in
a peak in the red wavelength region for this sample. The reflectance spectrum of
ITO/PET is included in the inset of Figure 4.5f.

4.3.4 AC conductivity of ECD

The preceding analysis shows that the shades of green color depend on the thickness
and roughness of the PANI layer. It will be interesting to see how this dependence
influences the optical properties of ECD fabricated using different PANI films. To
this end, ECDs are fabricated by sandwiching the GE between ITO/PANI and
ITO electrodes as shown in Figure4.1b. Four ECDs, ECD-5, ECD-10, ECD-15 and
ECD-20 are prepared by using PANI5, PANI10, PANI15 and PANI20 respectively
as ECP layer. EIS is performed to understand the effect of PANI layer thickness
on the ion conduction and AC conductivity (A,.) of ECDs. The ideal Nyquist plot

with its equivalent circuit is shown in Figure 4.6a. The ideal curve consists of a
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Figure 4.6: (a) Ideal Nyquist plot and its equivalent circuit. (b) Nyquist plot of all
the ECDs and their (c) zoomed view. Equivalent circuit of (d) ITO only, (e) ECD-5,
(f) ECD-10, (g) ECD-15 and (h) ECD-20. (i) Schematic of charge polarization at
electrode/ electrolyte interface and (j) schematic representation of ion diffusion in
(j1) ECD-5 and (j2) ECD-20. (k) AC conductivity and equivalent series resistance

(R) of ITO and all the ECDs.

semi-circle at high frequency and a vertical spike at low frequency. Nyquist plots of
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ECDs and their zoomed view are shown in Figure 4.6b - 4.6¢ and the corresponding
equivalent circuits are given in Figure 4.6d - 4.6h. All the equivalent circuits are
fitted using NOVA 2.1 software and they consist of resistor (R) (Z = R), capacitor
(C) (Z = 1/jwC), and constant phase element (CPE) (Z = 1/(Y,(jw)" )). Here, Z
is the impedance and w is the frequency in ‘Hz’. Y, and N are constants representing
the capacitance and slope, respectively.

The current-carrying ionic species in ECD are blocked at the electrode/electrolyte
interface due to the interfacial resistance. The excess ionic charge on the interfacial
side of an electrode is balanced by the excess electronic charge on the other side.
There is a charge polarization at the interface of electrode/electrolyte which offers
capacitance (Figure 4.61). At low frequency, a spike in the impedance plot (vertical
line in Figure 4.6a) is due to the interfacial capacitance [165]. The ideal spike
occurs for the homogeneous double-layer capacitance and electrode surface. Due to
the lack of homogeneity in the electrode surface, interfacial capacitance is replaced
by constant phase element (CPE) [166]. The steepest curve is recorded for ECD-5 in
Figure 4.6b and the slope of the curve decreases with the increasing thickness of the
PANI layer. This may be attributed to the inhomogeneous electrode surface caused
by the higher surface roughness of thicker PANI layers (Figure 4.3). Moreover, the
steeper curve at lower frequency also suggests better ion transport and diffusion at
electrode material [89]. According to SEM analysis in Figure 4.4, the cavity or free
space available in the PANI layer decreases with increasing thickness of the PANI
layer. The lower cavity size obstructs the diffusion of ions (schematic in Figure
4.6j) and thus decreases the slope for ECDs fabricated with thicker PANI layers as
recorded in Figure 4.6b. The decreasing slope for ECDs having a thicker ECP layer
may also be understood from the equivalent circuits in Figure 4.6d - 4.6h. It shows
that N in CPE is highest for bare ITO and decreases with an increase in the PANI
film thickness. Similarly, the increase in Yo with the thickness of the PANI layer
suggests that the capacitive behavior of ECDs increases with the thickness of the
ECP layer.

In addition to the CPE, charge transfer resistance (Rcor) and geometrical
capacitance (Cyeom) elements are also present in parallel to CPE (Figure 4.6d -
4.6h). While Ror appears due to the blocking of ions at the electrode/electrolyte
interface, the geometrical capacitance (Cyeon) arises from the multilayered structure
of ECDs. The semi-circle at high frequency in Figure 4.6a indicates the bulk response
of film and its absence in the impedance plots (Figure 4.6b - 4.6¢c) suggests that
ionic conduction is the conductivity governing mechanism in all ECDs [167]. The
intersection of the curve on the real axis at a higher frequency (100 kHz) gives the
equivalent series resistance (R) which is the resistance offered by the electrolyte and

electrode [89]. It is observed that R of ECDs increases with the increase in thickness
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Figure 4.7: CV curves of all the ECDs

of the PANT layer. The AC conductivity of ECDs is related to the R according to
Eq. (4.1),
)\ac = l/(RA) (41)

Here, | = 450 microns and A = 0.5 cm? for all the samples. Figure 4.6k shows that the
maximum conductivity is for bare I'TO electrodes and decreases with the increasing
thickness of the PANI layer. This decrease in AC conductivity may be attributed
to the increase in R for ECDs prepared with thicker PANI layer as observed in
equivalent circuits of ECDs in Figure 4.6d - 4.6h, 4.6k. It should be noted from
Figure 4.6k that there is a sudden drop in \,. of ECD-10 in comparison to ECD-5.
It may be connected to the larger size cavities present in PANI5 as compared to
the relatively denser microstructure of the PANI10 layer in SEM micrographs as
shown in Figure 4.4. It is easier for the ions (80 pm — 250 pm) to intercalate in
PANT and interact with I'TO for the thinner PANI5 layer. On the other hand, the
interaction of electrolyte with ITO may be restricted due to the smaller size cavities
present in the PANI10 layer causing an increase in R and a sudden drop in the ionic
conductivity of ECD-10 with respect to ECD-5.

Table 4.1: Oxidation and reduction voltage of ECD-5, ECD-10, ECD-15 and
ECD-20.

Samples | Reduction voltage | Oxidation voltage

ECD-5 -1.2 2.5
ECD-10 -2.0 1.9
ECD-15 -2.4 2.1

ECD-20 -2.5 2.3
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4.3.5 Electrochemical properties of ECD

CV is performed in the range of -2.5 V to 2.5 V to find the redox potentials of
ECD in Figure 4.7. Voltages corresponding to oxidation and reduction peaks of
all the ECDs are given in Table 4.1. During oxidation, the emeraldine form of
PANT is converted to pernigraniline form, and during reduction, it is converted to
leucoemeraldine form [168]. Shifting of oxidation and reduction voltages towards
higher potential is observed in CV curves. The ion diffusion becomes difficult in
thicker PANI films and therefore, higher potential is needed for ion intercalation.
This may lead to the shifting of the redox potentials. The higher iR loss in thicker
PANTI films may also contribute to the recorded variation in oxidation and reduction
potential. More power is required to complete the ion diffusion process, as a result,
peak current and redox potential increases. Moreover, the conjugated length of
polymer increases with the increase in thickness of the film, and this may also be

responsible for the shift in redox potentials [169].

Table 4.2: Color contrast and response time of all the ECDs at redox potentials.

Samples Applied Color Wavelength R.esponse Wavelength
voltage (V) | contrast % | (A\ne)(nm) | time (s) (nm)
ECDS | 55 | s |l : :
ECD-10 I e o L2 o0
B01s | 51 | mw | sw u | o
EO0 | 55 | mm | s 0 | o

4.3.6 Spectroelectrochemical properties of ECD

Spectroelectrochemical measurements are performed to evaluate the change in
optical spectra of ECDs at different voltages. To this end, the variation in optical
properties of ECDs is studied at their respective oxidation and reduction potentials
given in Table 4.1. Photographic images, absorbance, and transmittance spectra
of ECD-5, ECD-10, ECD-15, and ECD-20 at their corresponding redox potentials
are compared in Figure 4.8. The photographic images of ECD-5 show no visually
noticeable change at different voltages in Figure 4.8al - 4.8a3. The same has been
recorded in the absorbance and transmittance spectra of ECD-5 in Figure 4.8a4 -
4.8a5. They are almost similar at all the states. On the other hand, the photographic
images of ECD-10 show a shade of blue at an oxidation potential of 1.9 V and
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different shades of green at neutral (0 V) and reduced (-2 V) state (Figure 4.8b1 -
4.8b3). The absorbance and transmittance spectra of ECD-10 in Figure 4.8b4 - 4.8b5
are qualitatively similar at 0 V and -2 V with different absorbance and transmittance

values. It shows lower absorption and higher transmittance in mid-range wavelength
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Figure 4.8: Photographic images at reduced, neutral and oxidized states (1-3),
absorbance (4) and transmittance (5) spectra of (a) ECD-5, (b) ECD-10, (¢) ECD-15
and (d) ECD-20 at their respective redox potentials.
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of the green region. At the oxidation state (1.9 V), absorbance is increased in
the green region and red region indicating lower absorbance in blue region. The
transmittance of KCD-10 is relatively higher in the blue region. This results in a
change of color from green to light green and blue for ECD-10 at reduction and
oxidation states respectively. Similar observations are recorded for ECD-15 and
ECD-20 in Figure 4.8c1 - 4.8¢5, 4.8d1 - 4.8d5.

To gain insights into the variation in optical properties with thickness, transmittance
spectra of all the ECDs at neutral, reduced, and oxidized states are compared in
Figure 4.9. ECD-5 shows the different transmittance as a function of wavelength
in comparison to other ECDs. At neutral state (Figure 4.9a), ECD-10, ECD-15,
and ECD-20 have different transmittance with similar patterns. This observation
reveals that ECD-10, 15, and 20 give different shades of the same color at a neutral
state as also seen in photographic images presented in Figure 4.8. Similar trends are
observed at excited states also (Figure 4.9b, 4.9¢). However, according to the relation
(Absorbance = logl00/(Transmittance%)) and Beer-Lambert’s law, transmittance
should decrease with the increase in thickness. Unlike the spectra of PANI film
(Figure 4.5), the ECDs do not follow this trend in Figure 4.9. This may be due
to the scattering of light from the polymer molecules present in the gel electrolyte.
Nevertheless, the photographic images and spectra compared in Figure 4.8 and
Figure 4.9 suggest that varying thickness of the PANI ECP layer is a feasible strategy
to achieve varying shades of green and blue colors in ECDs.

The electrochromic performance of ECDs is further studied through color contrast

and response time. Color contrast is evaluated from the transmittance spectra of
different ECDs (Figure 4.8) using the Eq. (4.2) [53].

(Th — Ty)

100 4.2
T (42)

Color contrast =
where T1 and T2 are the transmittance of ECD at different excited states. Table 4.2
presents the color contrast of all the ECDs at redox potentials. The color contrast
of ECD-5, ECD-10, ECD-15, and ECD-20 between neutral and oxidation states is
16.80%), 56.04%, 69.21%, and 79.31% respectively. The relatively lower contrast for
ECD-5 may be attributed to the thin ECP layer used in this case. The color contrast
of ECD-10 is higher than ECD-5 and sufficient enough to distinguish between the
colored states (see Figure 4.8). Color contrast increases for thicker PANI layers
in ECD-15 and ECD-20 samples. As the thickness of the PANI layer increases,
the path length of ion diffusion also increases and this may lead to better color
contrast in these ECDs. The color contrast of all ECDs shows similar trends at
reduction potential with the minimum color contrast of 14.11% for ECD-5. The
color contrast increases to 41.76%, 79.41%, and 74.62% for ECD-10, ECD-15, and
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ECD-20 respectively.

Response time of ECDs is defined as the time they take to achieve 60% of
transmittance change at each potential. It is measured at the redox potentials
for each ECD at 600 nm wavelength and given in Table 4.2. During reduction,
response time increases with the increase in thickness of the PANI layer. With the
increase in surface roughness (Figure 4.3), the contact area at the PANI/electrolyte
interface increases and the diffusion coefficient decreases [170]. Consequently, the
rate of diffusion of ions decreases with the increase in thickness. As discussed earlier
(Figure 4.6b), better ion transport and diffusion take place for the lower thickness
of PANT film. ECD-10 takes minimum time to achieve the maximum change in
transmittance and response time increases for ECD-15 and 20. It is also observed
that the response time at oxidation potential is more than the time required for
switching at reduction state in all the ECDs. Lithium (Li") ion intercalates at
a reducing state to balance the charge of the electrode while at oxidizing state,
perchlorate (ClO,™) ion diffuses in the electrode. Due to the bigger size (240 pm)
of ClO,~, it moves slower than lithium-ion (90 pm) and it may be the reason for

the longer response time at the oxidation state.

4.3.7 Spectral colorimetric analysis

Spectral colorimetry analysis is performed next to quantify the shades of green
and blue colors in ECDs. This will provide a deeper understanding of the ECP
layer thickness effect on the optical performance of fabricated ECDs. Three
attributes; hue, saturation (or chroma), and value, are the important parameters
for quantification of a color. Hue contains the information regarding dominant
wavelength associated with the color. Saturation or chroma defines the purity of
the color and the third attribute, value, is associated with the brightness of the color
[158]. All the possible colors can be arranged according to the three attributes and
organized in a systematic way to represent graphically in two- or three-dimensional
color spaces. These attributes are defined by the CIE color system and the most
commonly used CIE color space is L*a*b* system [171]. Here, ‘L*’ represents the
lightness with 0 as black and 100 as white. Negative ‘a*’ represents the green while
positive ‘a*’ indicates the red color. Negative ‘0*’ indicates blue and positive ‘b*’
represents yellow color, as shown in Figure 4.10a. The transformation equations are

given below,

Y
L = 116(7)1/3 — 16 (4.3)

n

. X Y
at = 500(y>1/3 — (?)1/3 (4.4)
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Figure 4.10: Photographic images at reduced, neutral and oxidized states (1-3),
absorbance (4) and transmittance (5) spectra of (a) ECD-5, (b) ECD-10, (¢) ECD-15
and (d) ECD-20 at their respective redox potentials.
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Here X, Y and Z represent the tristimulus values (three values that are used
together to describe color) of the material under consideration, and X,, Y, and
Z, represent the tristimulus values of a perfect reflecting diffuser under the same
illumination conditions. These are obtained through color matching functions of

standard observers using the following relations,

X =K 3:0 RO)P(N)Z(N)dA (4.6)
Y =K 3:0 ROA)P(N)F(N)dA (4.7)
Z=K 3:0 RA)P(A)Z(N)dA (4.8)
Where, K = 100/ [;o) RO)VP(NFN)dA; #(A),5(N),2(\) are the color matching

functions, R(\) is the spectral reflectance of the material and P()) is the spectral
distribution of the tungsten-halogen lamp. The parameters L*, a*, and b* for various
PANTI layers are evaluated from their reflectance spectra (Figure 4.5f) in egs. (3-5)
and compared in Figure 4.10b. L* is higher for the PANI5 and decreases with the
increasing thickness of the PANI layer. Lightness (L*) is the property of a surface
that determines the percentage of light it reflects. Thus, the variation of L* for
different PANI samples agrees with the reflectance spectra shown in (Figure 4.5f).
While the PANI5 sample with the highest reflectance shows maximum L*, the other
PANT samples have lower reflectance with L* ranging from 34 to 24 for PANI10,
PANI15, and PANI20 samples in Figure 4.10b. Both, a* and b* are positive for
PANI5 (Figure 4.10b) while, a* is negative and b* is positive for PANI10, PANI15
and PANI20. Color coordinates of PANI5 show a relatively lower fraction of green
color and a higher percentage of red color. This is similar to the peaks that appeared
in the reflectance spectra of PANI5 (Figure 4.5f). Negative a* for PANI10, PANI15,
and PANI 20 shows the major fraction of green color as previously seen in the
optical spectra and optical images (Figure 4.5). The value of b* of PANI20 is near
zero (center axis — gray line) and the only noticeable value is of a* which means the

presence of pure green color with the lowest lightness for the thickest film.

Color difference (AFE) is another important parameter used to quantify the color
of the PANI layer as a function of film thicknesses. AE between the colors of
oxidized and neutral state and between reduced and neutral state is obtained from

the following relation,

AE = /(AL*)2 + (Aa*)? + (Ab*)2 (4.9)
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Where ‘AL* is the difference of ‘L*’ coordinates, ‘Aa*’ denotes the difference of
‘a® coordinates and ‘Ab*’ represents the difference of ‘b*’ coordinates of two colors
[159]. For a standard observer to notice the difference between the two colors, AE
should be greater than 2 [172]. The AE for different PANI layers is evaluated using
Eq. (9) and is shown in Figure 4.10c - 4.10f. The AE in Figure 10c are smaller
than 2 and hence it is difficult for an observer to differentiate between the reduced,
neutral, and oxidized state of the PANI5 layer. Thus, it is not suitable for the ECD
applications. On the other hand, PANI10, PANI15, and PANI20 are better suited
due to their sufficiently large AE between different excited states in Figure 4.10d
- 4.10f respectively as also recorded in spectroelectrochemical measurements and
photographic images in Figure 4.8. The comparison of L*, a*, b* color coordinates
and AF in Figure 4.10 suggest that it is possible to achieve varying shades of green
and blue color in ECDs by varying the thickness of PANI ECP layer.

4.4 Conclusion

The present study demonstrates that it is possible to modulate the shades of green
and blue color in ECD by varying the thickness of the PANI ECP layer from 250 nm
— 650 nm. While the roughness increases, the porosity decreases with the increasing
thickness of ECP layer. The reduced porosity of thick ECP layers causes hindrance
to the ion diffusion and hence conductivity of ECD decreases from 2.5 mS/cm
for ECD-5 to 0.1 mS/cm for ECD-20. Moreover, the ECP layer thickness also
influences the redox potential due to the associated iR losses. Spectroelectrochemical
measurements show that ECDs fabricated with varying thicknesses of PANI ECP
layer are able to achieve different shades of green and blue at their corresponding
redox potentials. It is recorded that a minimum thickness of the ECP layer (>
400 nm) is required to obtain any noticeable color change in ECD. Color contrast
of ECDs ranges from 14 % to 80 % at both the excited states and it increases
with an increase in the thickness of the ECP layer due to the longer ion diffusion
path in thicker PANI films. For quantitative comparison, spectral colorimetry is
performed and the color coordinates are calculated in CIE L*a*b* color space. L*a*b*
color coordinates of PANI5, PANT10, PANI15, and PANI20 are (82.54, 6.91, 14.78),
(34.69, -6.76, 9.07), (29.73, -4.61, 9.07) and (24.67, -7.18, 0.09) respectively. Color
difference (AF) confirms the dependence of ECD color on the thickness of the PANI
ECP layer except for the PANI5 layer. It is concluded that the thickness variation of
the PANI ECP layer is a suitable strategy to develop shades of green and blue colors
in ECDs. It is envisaged that the findings of the present work will be a significant

step ahead towards the development of smart fabrics suitable for forest or greenish
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surroundings.



Chapter 5

Design and fabrication of dual
electrochromic device with broader

color space

In the previous chapter, an ECD having a single PANI layer is limited to the
narrow color spectrum displaying green and blue colors. It raises the requirement for
developing the ECD capable of displaying the broader color spectrum. An ECD’s
color depends on the energy band gap of the ECP layer. Thus, it is possible to
broaden the accessible color space by combining two (or more) ECPs in a single
ECD. Here, we report the design and fabrication of dual ECD capable of displaying a
broader color spectrum at different voltages. As a proof of concept, we have designed
and fabricated dual ECD using two ECPs, polyaniline (PANT) and poly(3-hexyl
thiophene) (P3HT). The dual ECD shows a wider color spectrum in comparison
to the ECD prepared with only PANI or P3HT alone. Moreover, the color range
of dual ECD depends on the arrangement of ECP layers with respect to the gel
electrolyte (GE). While the number of colors in hybrid dual ECD (both ECP layers
on one side of GE) are same as its redox states, the complementary ECD (GE is
sandwiched between two ECPs) shows a much broader color range. In addition,
the complementary ECD shows different colors on flipping the viewing side. A
combination of these ECDs may be used to design displays with varying color
ranges and color intensities. Comparative analysis reveals that the color contrast,
response time, and coloration efficiency of complementary dual ECD is better than
the hybrid dual ECD. On the other hand, the hybrid dual ECD shows better cyclic
stability than the complementary dual ECD. Finally, the present study demonstrates

a feasible strategy to widen the color space of conventional ECDs.

5.1 Introduction

An electrochromic device (ECD) is a layered structure that changes color under
electrical stimuli [173, 137]. In an ECD, electrochromic (EC) and gel electrolyte

layers are sandwiched between two transparent electrodes [174]. The redox reactions
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under applied voltage alter the energy band gap of the electrochromic layer and
induces color change in an ECD. Thus, the redox states of EC layer determine the
color space of ECD. Different types of inorganic and organic electrochromic layers
have been explored to achieve different colors in ECDs [139, 175, 24, 62, 176, 99,
53, 177, 178, 179, 180, 181, 182]. Among these, electrochromic polymers (ECPs)
are currently preferred due to their flexibility, multicoloration, fast response time
and high color contrast [46, 35]. Usually, multiple ECDs with different types of ECP
layers are required to display varying colors in an application [135]. Therefore, ECDs
capable of displaying color ranges beyond the redox states of an electrochromic layer

are highly desirable.

Accordingly, the design and fabrication of an ECD with a broader color space are
explored in this study. The idea explores the possibility of inducing multiple colors
by combining two or more ECP layers in a single ECD. It is expected that the
parent colors of individual ECP layers may combine/overlap to widen the color
space of multilayered ECD. As a proof of concept, we have fabricated dual ECD
using two ECP layers, polyaniline (PANI) and poly (3-hexyl thiophene) (P3HT).
The distribution of two ECP layers with respect to the GE layer is an added design
variable in dual ECDs. Therefore, two ECD configurations, complementary dual
ECD (one ECP layer on either side of GE) and hybrid dual ECD (both the ECP
layers on the same side of GE), are fabricated for the comparative analysis in this
study. The architecture of four ECDs (two conventional ECDs with either PANI
or P3BHT ECP layer and two dual ECD configurations) considered in this work is

schematically shown in Figure 2.3.

PANT and P3HT are preferred as these two are the most widely used ECPs. While
PANI shows excellent environmental stability, low cost, and high conductivity [68],
P3HT is a soluble and complementary polymer to PANI [61]. Moreover, PANI
induces light green, green, and blue colors at reduced, neutral and oxidized states
[52], P3HT displays magenta and cyan color at redox states [53, 42]. The colors of
these two ECP layers are different and thus combining them may provide different
colors in dual ECDs. To this end, the color space of reference ECDs having
PANT or P3HT layers is compared with that of dual ECDs. Cyclic voltammetry
and spectroelectrochemical measurements are performed to determine the color
space of hybrid and complementary dual ECDs. The cyclic stability of ECDs
is evaluated using chronoamperometry analysis. Experimental results reveal that
while complementary dual ECD displays a broader color range, the hybrid dual
ECD shows better cyclic stability. Finally, it is shown that combining multiple EC

layers is a feasible strategy to broaden the color space of conventional ECDs.
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5.2 Experimental Section

5.2.1 Materials and preparation

Four types of ECDs are fabricated in this work and their architecture is shown in
Figure 2.3. Preparation of PANI film and gel electrolyte (GE) is done as per the
details given in our earlier study [145, 183]. PANTI film is electropolymerized using
CV technique in the voltage range of -0.2 V to 1.2 V. P3HT and dichlorobenzene
are purchased from the TCI chemicals and Loba chemicals respectively. 0.9 wt%
of P3HT is mixed in the dichlorobenzene and stirred manually and the solution is
spin-coated on ITO at 450 rpm for 90 s. ECD1 (Figure 2.3a) and ECD2 (Figure
2.3b) are prepared by sandwiching the GE between the ITO/ PET electrode and
electrochromic films; ITO/PANI and ITO/P3HT; respectively. For ECD3 (Figure
2.3¢), GE is sandwiched between the PANI and P3HT films. In ECD4 (Figure 2.3d),
P3HT film is spin-coated on the electropolymerized PANI film and GE is sandwiched
between the ITO/PET electrode and I'TO/PANI-P3HT film.

5.2.2 Characterization

Cyclic voltammetry (CV) is performed on an electrochemical workstation (Metrohm
Multi Autolab M204, The Netherlands). CV is used to evaluate the redox behavior
of ECD in the voltage range of - 2.5 V to 2.5 V at the scanning rate of 20 mV /s and
step potential of 2.44 mV. Cyclic stability is tested by using the chronoamperometry
technique. Measurements are performed on software NOVA 2.1. All the experiments
are carried out in potentiostatic mode. Atomic force microscopy (AFM) (Bruker,
USA) analysis is performed in tapping mode on a scan area of 5 pm x 5 um
to measure the thickness of P3HT and surface roughness of all electrochromic
films. Peak force and deformation measurements at a cross-section of PANI and
PANI-P3HT films are performed in peak force quantitative nanoscale mechanical
characterization (PQNM) mode using force volume imaging (FVI). PQNM mode
is used to measure the thickness of PANI and PANI-P3HT films. The morphology
of all the electrochromic films is studied before and after the cyclic stability test
using a Field Emission scanning electron microscope (FESEM) (Jeol JSM7610
FPlus). In situ energy dispersive spectroscopy (EDS) is performed using a Bruker
detector. Spectroelectrochemical measurements of ECDs are performed with an in
situ UV-Vis spectrophotometer (Cary 60 of Agilent) electrochemical workstation
(Keithley 2450).
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5.3 Results and Discussion
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Figure 5.1: (a) Optical image showing the notch and (b) AFM micrograph of PSHT
film with 10 readings using height to measure the thickness. Optical images and
peak force measurement of a cross-sectional view of (¢) PANI and PANI/P3HT films.
AFM topographs showing roughness of (e) PANI, (f) P3HT and (g) PANI-P3HT
and deformation measurement of (h) PANI and (i) PANI/P3HT.
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5.3.1 Thickness, roughness and morphology of PANI and
P3HT electrochromic films

The thickness, surface roughness, and morphology of ECP layers determine the
performance of an ECD. Therefore, a detailed atomic force (AFM) and scanning
electron microscopy (SEM) analysis of PANI, P3HT, and PANI-P3HT dual ECP
layer are presented in Figure 5.1 and Figure 5.2. A step (Fig. 5.1a) is created
during the deposition of ECP layers on the I'TO substrate to measure their thickness.
The average thickness of the PSHT layer measured from AFM tapping mode is
found to be 310 + 20 nm (Figure 5.1b). Due to the limitations of piezo scanner
movement, the thickness of PANI and PANI-P3HT films are measured in PQNM
mode. To perform the measurements, the cross-sectional side of PANI/ITO/PET
and P3HT/PANI/ITO/PET sheets is cold mounted with epoxy (Figure 5.1c(i) and
5.1d(i)) and polished with a P1500 sandpaper. The average thickness is obtained
from phase contrast micrographs shown in Figure 5.1d(i) and found to be 531 + 31
nm and 593 + 62 nm for PANI and PANI-P3HT layers. AFM topographs in
Figure 5.1e, 5.1f and 5.1g shows that the surface roughness of PANI, PSHT and
PANI-P3HT is 260 nm, 22 nm and 189 nm respectively. The relatively higher
roughness of the PANI layer may be related to it‘s deposition process. During
electropolymerization, PANI grows at different sites on the ITO substrate which
increases its surface roughness. PANI-P3HT dual ECP layer is prepared by spin
coating PSHT on top of the PANI layer. The P3HT solution may diffuse inside
the cavities of the PANI layer and hence reduce the roughness of dual ECP layer.
To confirm this, the deformation of PANI/ITO/PET and P3HT/PANI/ITO/PET
sheets obtained from AFM (PQNM mode) is compared in Figure 5.1h and 5.1i. A
continuous line representing the PANI/ITO interface is observed in Figure 5.1h. On
the other hand, Figure 5.1i shows a discontinuous line for dual ECP P3HT/PANI
layer. It is expected that two continuous lines corresponding to the P3HT /PANI
interface and the PANI/ITO interface will be present in this case. However, due
to the diffusion of P3HT inside PANI, there will be no clear interface, and a single
broken line may appear. The thickness of dual ECP layer- (593 + 62 nm) is lower
than the sum of PANI (531 + 31 nm) and P3HT (310 + 20 nm) ECP layers. This
also implies the diffusion of P3HT in the PANI layer during the deposition of ECP
layers.

Figure 5.2 shows the SEM micrographs of ECP layers. The PANI layer appears
with porous microstructure in Figure 5.2a. The porous morphology of PANI layer
may be responsible for it‘s higher surface roughness observed in Figure 5.1e. Figure
5.2b shows the micrographs of of P3HT fibers. These fibers get dissolved in spin

coating solution and the surface of PSHT layer appears flat with no pores or cavities
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Figure 5.2: Morphology of (a) PANI, (b) P3HT fiber, (¢) P3HT after spin coating
and (c¢) PANI-P3HT films.

in Figure 5.2c. Morphology of PANI-P3HT dual ECP layer is shown in Figure 5.2d.
The microstructure of dual ECP layer is similar to the PANI layer shown in Figure
5.2a albeit with a lower porosity. It may be attributed to the diffusion of P3HT in
PANT layer in dual ECP layer.

wt % at different regions
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ITO/PANI 1 2 3 4 5 6
‘ C 76.8 19.6 10.7 139.7 |71.2 | 100
PANI/P3HT o 232133 1.5 |41 |234 |0
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PET
o Carbon tape S 0 18.9 |37.7 |56.2 |45 |0
PANI o S, N 0 |27 |33 |0 |09 |0
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(a)

Figure 5.3: (a) Schematic of PANI-P3HT film (PET/ITO/PANI/P3HT) and (b)
weight % of different elements is showing in different regions at cross-section of
PANI-P3HT film.

Next, the energy-dispersive spectroscopic (EDS) analysis is performed on dual
ECP to examine the diffusion of P3HT in PANI film. Schematic of PANI-P3HT
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film coated on ITO/PET substrate is shown in Figure 5.3a. Figure 5.3b shows
the weight % of elements present at different regions of the cross-section of
PET/ITO/PANI/P3HT film. Region 1 has ‘C’ (Carbon) and ‘O’ (Oxygen) only
due to the PET substrate. ‘In” and ‘Sn’ along with other elements are found in
region 2 and 3. PANI film is deposited on the ITO electrode therefore both are
present in regions 2 and 3. The element ‘N’ is associated with PANI only and not
with P3HT. While ‘N’ is present in region 2, 3 and 5, it could not be detected in
region 4. This indicate that P3HT might be diffused and present in region 4. Hence,
the signature of PANI (presence of ‘N’) is absent in region 4. Region 6 shows 'C’
only due to the carbon tape used to stick the sample with the sample holder.
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Figure 5.4: (a) Absorbance-wavelength and (b) reflectance-wavelength spectra of
ITO/PET sheet, PANI, P3HT and PANI-P3HT films.
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Figure 5.5: Cyclic voltammetry curve of ECDs.

5.3.2 Optical properties of PANI and P3HT electrochromic
films

The optical response of ECP layers is studied by recording the
absorptance-reflectance spectra with UV-Vis-NIR spectroscopy in Figure
5.4.  The spectra of the ITO/PET sheet are also included as a reference.
Absorptance-wavelength spectra in Figure 5.4a reveal low absorption (15%) of
incident light in the ITO/PET sheet. The blue color of the ITO/PET sheet is due
to a peak in the low wavelength region (Figure 5.4b). The deposition of the P3HT
layer increases the absorption to around 90% in 460 - 620 nm wavelength. At higher
wavelengths, the absorption capacity of P3HT coated ITO/PET sheet decreases
to 15%. It may be due to the high reflectance of the P3HT layer in the red color
(color of P3HT layer) region as observed in reflectance spectra of ECP layers shown
in Figure 5.4b. In comparison to the P3HT layer, the relative improvement in
absorptance is higher for the PANI layer. The coating of the PANI layer increases
the absorptance of the ITO/PET sheet to 95% in the whole visible range. It may
be attributed to the multiple scattering and trapping of incident light in the porous
structure (Figure 5.2a) of the PANI layer. The absorption decreases to 90% or
lower for the PANI-P3HT dual ECP layer. The diffusion of P3HT reduces the
porosity and thus decreases the light-trapping capacity of the PANI layer. The
reflectance spectra in Figure 5.4b corresponds to green color (maximum reflectance
in mid-region) of the PANI layer and the red color (maximum reflectance at higher

wavelength region) of the PSHT layer.
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5.3.3 Electrochemical properties of ECDs

The UV-Vis-NIR spectroscopy analysis shows that the optical characteristics of the
dual PANI-P3HT layer differ from the individual PANT and P3HT layers. Hence, the
electrochemical properties of all four types of ECDs are characterized next. Figure
5.5 compares the cyclic voltammetry (CV) curves of dual ECDs with conventional
ECDs having a single ECP layer. Maximum current density in ECD1 is recorded
at 2.5 V and -2.5 V corresponding to the oxidizing and reducing states of the PANI
layer. Since P3HT has only an oxidation state, ECD2 shows a relatively higher
current density at +2.5 V. The porous structure of the PANI layer is better accessible
to ions and hence ECD1 shows higher current density than ECD2. The ECD
configuration seems to affect the current density of dual ECDs. The peak current
density of complementary ECD (ECD3) is lower than that of hybrid ECD (ECD4).
In ECD3, the PANI film oxidizes and the P3HT film reduces simultaneously as they
are connected to different electrodes (Figure 2.3c). On the other hand, both the
ECP layers in ECD4 are connected to the same electrode (Figure 2.3d) and thus
they oxidize simultaneously. Consequently, the peak current density of ECD4 is
higher than the ECD3 as well as base ECDs (ECD1 and ECD2).

5.3.4 Spectroelectrochemical properties of dual ECDs

Spectroelectrochemical measurements on ECDs are performed to evaluate the
change in optical spectra at redox voltages. The color space of conventional ECDs
is compared with the dual ECDs in Figure 5.6. The digital images of the ECDs
at the applied voltages are also included. The Absorbance - wavelength spectra
are recorded at -2.5 V, 0 V, and +2.5 V corresponding to the reduction, neutral,
and oxidation states of the ECP layer. ECD1 shows low absorbance in the green
color wavelength region at a neutral state (Figure 5.6a. At a reduction voltage of
-2.5 V, the yellowish-green color of ECD1 is due to the low absorbance at a higher
wavelength region. The absorbance of ECD1 increases in green and red regions and
it appears blue at the oxidized state (+2.5 V). The peaks at 470 nm (2.6 V) and
670 nm (1.8 eV) in ECD1 at +2.5 V are due to the polaron transitions [164]. ECD2
shows cyan color at 2.5 V and magenta at 0 and -2.5 V. Color at 0 V and -2.5 V
is the same because it has only one oxidation state at 2.5 V (Figure 5.6b). The
absorbance range of ECD2 is lower than ECD1 due to the higher absorbance of
PANTI film as discussed in the previous section (5.4a). The transmission spectra of
ECD1 and ECD2 in Figure 5.6c and 5.6d are in accordance with their colors in the
given potential range.

Absorbance spectra of complementary dual ECD (ECD3) (Figure 5.6e and 5.6f) are
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Figure 5.6: Absorbance-wavelength spectra of (a) ECD1, (¢) ECD2, ECD3 from
(e) side 1 and (f) side 2; and (h) ECD4. Transmittance-wavelength spectra of (b)
ECD1 and (d) ECD2. (g) Schematic of ECD3 showing (i) negative and (ii) positive
electrodes connected to the PANT layer.

recorded from side 1 and side 2 in Figure 2.3c. PANI film works as the working
electrode in both measurements. From side 1 (PANI layer side, see Figure 2.3c),
absorbance spectra at 0 V, -0.8 V, -2.5 V, 1.2 V. and 2.5 V are different from
each other (Figure 5.6e). Digital images in the absorbance spectra (Figure 5.6e)
show varying colors and shades of ECD3 at the given potentials. The absorbance
spectra of ECD3 (PANI-P3HT complementary dual ECD) may understood from
the spectra of ECD1 (PANI layer) and ECD2 (P3HT layer). ECD1 and ECD2
show their original color at a neutral state. Their absorbance spectra differ in the
wavelength range of 460 nm to 780 nm and they are affecting the spectra of ECD3
in the high and mid wavelength region respectively 5.6e. Even though, the colors of
both the ECP layers contribute to the appearance of ECD3, the PANI layer seems
to dominate in the digital images 5.6e. This is due to the fact that the PANI layer is
towards the viewing side. When the negative electrode is connected with the PANI
layer side (Figure 5.6gi), complementary P3HT film undergoes the oxidizing state.
At -0.8 V and -2.5 V, the ECD3 spectra are similar to that of ECD1 at -2.5 V till
500 nm (Figure 5.6a) wavelength. Beyond this, the absorbance of ECD1 decreases
and it transmits a larger fraction of light. The transmitted light is trapped by the
P3HT film and the absorbance spectra of ECD3 are similar to ECD2 at -2.5 V in the
larger wavelength region. However, due to the higher transmittance (Figure 5.6¢)
of ECD2 at 2.5 V| it does not contribute significantly to the visual appearance of
ECD3 at negative voltages. At positive potentials (PANI layer is connected with
positive electrode (Figure 5.6gii)), the spectra of ECD3 is similar to ECD1 (2.5 V)
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up to the wavelength of 650 nm. At higher wavelengths, the absorbance spectra of
ECD3 differ from ECD1 (2.5 V) and ECD2 (-2.5 V). The drop in the absorbance
of ECD3 is relatively lower than in ECD1 and ECD2 after 650 nm. This implies
that both the ECP layers contribute to the absorbance spectra of ECD3 beyond
this wavelength. Unlike the oxidized state (2.5 V), the contribution of P3HT is
significant at a reduced state (-2.5 V) due to its comparatively lower transmittance
(Figure S1). The photographic images of ECD3 show the appearance of blue (ECD1)
and magenta (ECD2) (magenta) at 2.5 V.

The color space of ECD3 is further characterized by recording the optical spectra
from side 2 (P3HT film side, Figure 2.3c) in Figure 5.6f at varying voltages. As the
P3HT layer is towards the viewing side, magenta color dominates in the side 2 image
of ECD3 at 0 V. At the negative voltages, the ECD3 from side 2 appears similar to
side 1. The green shade of PANI dominates in the digital images of ECD3. This may
be due to the high transmittance (Figure 5.6d) of P3HT at positive voltage. The
P3HT remains in a neutral state at negative voltages and thus it does not contribute
in the color of ECD3 at negative voltages. However, the P3HT layer participates
in the coloration of ECD3 and the absorbance spectra of ECD3 from side 2 differs
from side 1 at positive voltages. The combination of images taken from sidel and
side2 reveals that ECD3 shows a broader color space in comparison to ECD1 and
ECD2. It is primarily due to the arrangement and variation in transmittance and
absorbance of PANI and P3HT ECP layers in complementary dual ECD3. This
observation supports the idea that the use of multiple ECPs in a single ECD is a
feasible strategy to achieve colors that are more than the excited states of individual
ECPs.

The effect of ECP arrangement in dual ECD is next studied by performing the
spectroelectrochemical measurements on hybrid dual ECD4 in Figure 5.6h. The
images of ECD4 show that it induces 3 colors which corresponds to the three excited
states (2 for PANI and 1 for P3HT) of ECP layers. However, it is interesting to
note that ECD4 shows a brown color at a reduced state (-2.5 V) which is not the
parent color of either PANI or P3HT at any excited state (5.6h). Since both the ECP
layers are placed on the same electrode, they reduce simultaneously at -2.5 V. At this
voltage, P3HT shows magenta (Figure 5.6b and PANT induces light green (Figure
5.6a) color. Magenta color has the components of red and blue primary colors. The
brown color is formed by adding the light green color of PANI to the red and blue
components of magenta P3HT. The mixing of these colors may be happening due to
the diffusion of P3HT in the PANI layer during fabrication as pointed out in section
5.3.1. At neutral (0 V) and oxidizing state (2.5 V), ECD4 attains green and dark blue
color. While PANI dominates at 0 V, both the ECP layers oxidize simultaneously
to achieve a dark blue color (Figure 5.6h) at an oxidation state (2.5 V). Absorbance
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Table 5.1: Comparing electrochromic properties of ECD1, ECD2, ECD3 and ECD4.

ECDs Potentials  Color Wavelength Response Wavelength

(V) contrast (Anaz)(nm)  time (s) (nm)

(%)

0--2.5 72.1 550 24 700
ECD1 0-25 86.1 750 7.5 700

25--25 92.3 667

0-25 43.8 450 13 515
ECD2 2.5--25 41 450 5.5 515

0--0.8 A47.4 550 9.5 600

0-1.2 22 780 8 600
](Esicdlzgl) 0--25 53.6 603 6.5 600

0-25 43.2 664 7.5 600

25--25 67.6 607

0--0.8 39.2 543 15 600
ECD3 0--2.5 58 550 30 600
(side2) 0-25 60.1 780 15 600

25--25

0--2.5 80.7 444 38 600
ECD4 0-25 64.2 775 27 600

25--25 85.5 775

in ECD4 is highest among all the ECDs in the whole visible range (Figure 5.6). It
is attributed to the higher thickness (Figure 5.1d), multiple scattering, and light
trapping in two ECP layers that are deposited on the same side of the electrode.

Electrochromic properties of conventional and dual ECDs are further investigated
by comparing their Color contrast and response time in Table 3.2. Color contrast
quantifies the variation in colors at different excited states and it is obtained from
the transmittance spectra using the relation,

Color contrast(%) = % x 100. (5.1)
where T and T, are the transmittance of ECDs at different excited states. Minimum
20% color contrast is required to accurately differentiate the colors at redox states
(62, 176, 104, 74, 184]. ECD1 shows the maximum color contrast of 72.1 % and 86.1
% at the wavelength A4, of 550 and 750 nm for reduced (-2.5 V) and oxidized (2.5
V) states respectively. Color contrast of ECD2 is found at 43.8 % at 450 nm between
neutral and oxidized states. Similar color contrasts of conventional ECDs fabricated
with PANI and P3HT layers are reported in the literature [173, 53, 42, 74, 65, 185].
The color contrast signifies that color recognition is better in PANI than in PSHT
at different excited states. This may explain the domination of the PANI layer in
dual ECDs observed in absorbance spectra and digital images (Figure 5.6). The
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color contrast of ECD3 is evaluated for both side 1 and side2. It varies in the range
of 22% to 60% at different voltages with a general observation of increasing contrast
at higher voltage. ECD4 shows a color contrast of more than 60% at reduced and
oxidized states. Thus, both the dual ECDs show shades of colors that are easily
differentiable due to sufficiently high color contrast at all the applied voltages.

Response time ‘7’ quantifies the speed of color modulation in ECDs. It is defined as
the time ECD takes for 65 % of the total transmittance change at \,,.,. Response
time of ECD1 and ECD2 agrees well with the reported literature [173, 175, 186].
The response time of ECD3 from side 1 (PANI side) is lower than from side 2
(P3HT). The color change in ECD3 is faster from the PANI side due to the higher
color contrast of PANI (ECD1) than P3HT (ECD2). ECD4 takes the highest time
among all the ECDs to respond to any color change. The thicker dual ECP layer in
ECD4 increases the path length and thus delays the ion intercalation. This leads to
a relatively higher response time in ECD4 in comparison to other ECDs. Coloration
efficiency 7., is another important criterion to assess the performance of ECP layers
and ECDs. It estimates the change in optical density 6(OD) per unit of charge (Q)
intercalated from the EC layer using the following equation,

AOD
ce = . 5.2
n 0 (5.2)

where 6(OD) is related to the absorbance at neutral A, and excited A. states
AOD = A, — A, and Q is the charge density. 1. of ECD1 (45 cm?/C) and ECD2
(104 cm?/C) is similar to the reported values in literature for conventional ECDs
[175, 104, 65, 187]. Coloration efficiency of ECD3 (60 cm?/C) lies with in the 7.,
of ECD1 and ECD2 due to the complementary arrangement of PANI and P3HT
layers. 7., decreases to 17 cm?/C when both the ECP layers are put together on the
same side of electrode in ECD4. The thicker dual ECP layer in ECD4 hinders the

ion intercalation and hence higher energy is required for color modulation in ECD4.

The repeated cycles of ion inter- and de-intercalation may degrade the performance
of ECDs in-service conditions. The cyclic stability of conventional and dual ECDs
is studied using chronoamperometry. While ECD1, ECD2, and ECD4 are tested at
2.5 Vand-2.5 'V, voltages of 2.5 V, 1.2 V,-0.8 V, and -2.5 V are applied in ECD3 to
record the variation in current density with time. Figure 5.7 shows that the current
density decreases with increasing cycles for all the ECDs. While the stability of
ECDL1 is 3-4 cycles (Figure 5.7a), ECD2 suffers 80 % current drops after 15 cycles
(Figure 5.7b). The cyclic stability of ECD3 is similar to that of ECD2 and it shows
80 % current density drops after 11 cycles (Figure 5.7¢). It may be due to the better
cyclic stability of the P3HT layer present in ECD3. The hybrid arrangement of ECPs
in ECD4 records better stability with current drop after 30 cycles (Figure 5.7d). To
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Figure 5.7: Current density -time curve of (a) P8, (b) P3, (¢) PSGEP3 and (d) P8P3
to find the cyclic stability.

understand this, the microstructure of PANI and P3HT films is investigated after
the cyclic stability tests in Figure 5.8. Figure 5.8a reveals that the porosity of the
PANTI layer has reduced after the tests in comparison to its microstructure before
the test in Figure 5.2a. A similar change in the microstructure is observed in the
P3HT layer after the test (Figure 5.8b). The hybrid dual ECP layer of PANI-P3HT
shows a reduction in the porous structure and the presence of void-like damage in
its microstructure after the test in Figure 5.8c. The degradation in microstructure
may be attributed to the intercalation and deintercalation of ions in the ECP layer.
During intercalation and deintercalation of ions into the electrochromic material,
there is a change in the volume of structure which induces mechanical stresses and
results in a change in microstructure. Porosity and large cavities in microstructure
are reduced after cyclic stability. The same observation is found on comparing the
morphology of pristine PANI-P3HT hybrid film (Figure 5.2d) and after the cyclic
stability test (see Figure 5.8¢).



Chapter 5. Design and fabrication of dual electrochromic device with broader color
76 space

1 microns
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Figure 5.8: Morphology of (a) PANI (P8), (b) P3HT (P3) and (c¢) PANI/P3HT
(P8P3) films after the cyclic stability test.

5.4 Conclusion

The color space of conventional ECDs is limited due to the single ECP layer
used to fabricate them. This study demonstrates a feasible strategy to broaden
their color space by integrating multiple ECP layers in a single ECD. To this
end, two ECP layers, PANI and P3HT, are used to design and fabricate dual
ECDs that are able to access a wider color domain than conventional ECDs.
Electrochemical characterization reveals that the color space of dual ECD depends
on the arrangement of two ECP layers. The complementary dual ECD configuration
(GE is sandwiched between the two ECPs) provides a larger color spectrum than
the hybrid dual ECD configuration (both the ECP layers are deposited on the same
side of an electrode). The diffusion of P3HT into PANT layers induces a brown
color which is different from the parent colors of PANI and P3HT. Moreover, the
response time of complementary dual ECD is found to be lower than the hybrid
dual ECD. However, the hybrid configuration shows better cyclic stability than the
complementary configuration of dual ECDs. It is envisaged that even though only

two ECP layers are used here as a proof of concept, the idea may be extended to
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include more ECP layers to improve the color space of conventional ECDs. The
poor cyclic stability of the dual ECDs needs to be investigated in future work. The

findings of the present study will be useful in designing better display panels, smart

textiles, etc.
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Chapter 6

Bio-inspired active camouflage

device: A modular design approach

Self-healable ECDs are developed for a broader spectrum in the previous chapters.
It is required to utilize them to achieve the last objective. This chapter includes
the design and development of the device capable of achieving active camouflaging
in forest vegetation. The concept of modularity is used here to design the active
camouflaging device (ACD) and present the prototype for the proof of concept. ACD
is the integrated system of pattern detection algorithm (PDA) and pattern formation
hardware (PFH). PDA collects the information of surrounding using digital images
and converts it into the modular image (Mol) and PFH is capable of generating
patterns accordingly using electrochromic modular architecture (MoEy). Different
types of electrochromic devices (ECD) are used as the modules in MoE4 to give
the green and brown color shades at different excited states. Further simulation
is performed to get the desired applied voltage for the particular surroundings
to achieve the best-suited color shade of ECDs. The similarity in the patterns
formation of Mol and MoFE, is also evaluated under two types of light sources:
skylight and sunlight. It is found that the proposed concept achieves better
active camouflaging under skylights than sunlight using visual inspection and SSIM
performance measures. Then, PDA and PFH are integrated to form the ACD and
the simulated results are used as input signals to dynamically change the patterns
with varying the surroundings. The proposed concept in this thesis is found to
be a feasible strategy for achieving active camouflaging for applications such as

surveillance, wildlife discoveries, etc in forest vegetation.

6.1 Introduction

The survival probability of personnel and other assets in a hostile environment
critically depends upon their ability to camouflage themselves in the natural
surroundings. Fundamentally, camouflaging is of two types; passive and active.
Passive camouflage refers to matching colors, contours, patterns, or texture of

the object with the surroundings, e.g. patterning of security personnel uniforms,
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equipment and landscapes, etc. One of the major drawbacks of passive camouflage
is that it needs to be uniquely designed for each type of surrounding, making
it less cost and time-effective. On the other hand, active camouflage refers to
the dynamic phenomenon where an object changes its color or texture to blend
with the surroundings. The major application of active camouflaging is found
in surveillance, security of personal assets, and wild-life discoveries. Most of the
applications are associated with the forest surroundings. It is observed that many
natural species blend with the environment by changing their color and/or texture.
Some of the examples are paradise whiptail [2], cephalopods [6, 7], chameleons
[12], leptocephallis etc. Curiosity-driven understanding of natural materials/species
has led to advancements in many technologically important areas and developing
artificial camouflage is no exception. These natural species offer a clue to
design an artificial camouflage strategy to cater to our security needs. Artificial
chromatophores and protochromic devices are developed with the cephalopods’
skin-inspired design [8, 9, 10, 11]. Chameleon-inspired structural-color actuator,
bimetallic nanodot arrays and the soft robot work on the vapochromism and
thermochromism [13, 14, 17]. Utilization of vapors and thermal energy is not feasible
for the remote application. Taking a clue from Leptocephallis larvae, transparent
actuators are developed to camouflage in water [3, 4]. Poly dimethyl siloxane
(PDMS) based transparent structural film mimics the transparent wings of insects
[5]. Application of transparent materials in the field of camouflaging is limited to
the under-water.

Other than bio-inspired materials, researchers have also tried some other strategies
to achieve camouflage by dynamically changing the texture. Controlled bistable
silicon cells were prepared with locally reinforced regions for morphing application
[15].  The use of synthetic tissue groupings was reported which allows the
programmable transformation of two-dimensional stretchable surfaces into targeted
three-dimensional shapes [16]. Due to the presence of a multitude of variations
in the colors of natural vegetation, a change in texture is not sufficient without
the association of colors. Efforts are also being taken to evolve the color-changing
strategies such as by using liquid dye, a microfluidic network was developed for
camouflaging [18] which may have the leakage issue. Moreover, a color-changing
device is also developed based on the plasmonic effect that works on applying
pressure [19]. Silicon metastructure is utilized to change the color from green to
orange on stretching [20]. Chou et al. developed a stretchable electronic skin using
electrochromic materials that work on tactile testing[23]. Existing color-changing
devices are associated with a lack of pattern formation and some of them require
high input power.

Even though there are few studies on the design of materials with active camouflage



Chapter 6. Bio-inspired active camouflage device: A modular design approach 81

abilities, their applications are rather limited, due to the associated complexity and
lack of modularity. Moreover, reported camouflaging materials are not likely to
be associated with the information of surroundings. Therefore, there is a need
to develop a unified solution that is capable of detecting the surroundings and
then adapting accordingly to provide effective camouflaging. Developing such a
modular strategy using a multitude of analytical and experimental tools is the main
objective of the present study. To this end, a detailed study is performed to design,
fabricate, and characterize a device capable of performing active camouflage in forest
surroundings or green vegetation by sensing and adapting accordingly. The concept
of developing an active camouflage device (ACD) is realized through the development
and integration of the pattern detection algorithm (PDA) and pattern formation
hardware (PFH). PDA is developed to gather the information of surroundings and
PFH enables the dynamic pattern changes based on the environment. PDA and
PFH both use the concept of modularity to provide the capability of different
pattern formations in ACD. In addition, the concept of modularity provides ease of

fabrication, easy replacement, etc.

6.2 Materials and method

6.2.1 Fabrication of electrochromic device (ECD)

A PANI-based electrochromic device is fabricated by the method reported earlier
[145]. 0.2 M of distilled aniline is added to the 0.2 M of HySO4 to prepare the
monomer solution. ITO-coated flexible PET sheet is dipped in the monomer
solution and electropolymerization is performed using cyclic voltammetry (CV)
technique for 10, 8, and 6 cycles to prepare three PANI-based modules (M?', M?
and M?3). For M*, P3HT is purchased from TCI chemicals and spin-coated at 450
rpm for 75 s on the electropolymerized PANI film. Then, Gel electrolyte (GE) is
prepared by the method reported by us earlier [183]. In the end, GE is sandwiched
between the ITO/PET and PANI/ITO/PET electrodes to prepare the M', M?, and
M3. While M* is fabricated by sandwiching the GE layer between ITO/PET and
P3HT /PANI/ITO/PET sheets.

6.2.2 Characterization

Cyclic voltammetry (CV) is performed using an electrochemical workstation
(Metrohm Autolab). Spectroelectrochemical measurements are performed using
electrochemical workstation in situ UV-Vis spectroscopy (Keithley). Digital images
are captured using a camera (Sony). The code is prepared on the MATLAB R2022b.
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6.2.3 Development of active camouflage device

Active camouflage device (ACD) is prepared by integrating the electrochromic
modular architecture (MoE,) and the modular image (Mol) (Figure 2.4a). The
casing of MoF, is prepared by the 3-D printing. The drawing of the casing is
prepared on the Solidworks as shown in Figure 2.4b. Casing contains the 25 (5
x 5) holes of size 1.5 cm x 1.5 cm and the back cover is provided to protect the
modules with the arrangement of wire connections. Modules are placed in all the
cavities such that the PANI/ITO/PET and P3HT/PANI/ITO/PET electrodes are
toward the viewer. A 3 V power supply is connected to each module using Duracell
batteries. 10-ohm and 47-ohm resistors in series are used to lower the potential to
2.5 V. Each module is connected to the two relay modules for switching the required
potentials. The pattern detection algorithm is controlled by the input parameters
using Arduino MEGA2560. Each relay is connected to one digital pin of Arduino

and two pins are assigned to one module; one for 2.5 V and another for -2.5 V.

Image acquisition
(mxn)

¥

Conversion of color model
RGB to HSV

¥

Shadow removal
K-means clustering

v

Image segmentation
5 x5 equal parts
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Color recognition
Segment image to color palette

v
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Figure 6.1: Flow chart of pattern detection algorithm.
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Figure 6.2: (a) Showing difference ‘d’ between centroid of two clusters ‘a’ and ‘b’ in
k-means clustering algorithm and (b) comparing (i) original image, (ii) image after
shadow removal and (iii) modular image of green surroundings.

6.3 Results

6.3.1 Pattern detection algorithm: an environment

representation

Understanding of natural active camouflaging phenomena is necessary to develop
synthetic materials. There are two important requirements highlighted from the
fascinating phenomena of natural camouflaging. The first important requirement is
the ability to sense the surroundings and another one is to achieve pattern formations
accordingly. Pattern detection algorithm (PDA) is developed to fulfill the first
requirement, which collects the information of surroundings and processes it to make
it appropriate for the PFH so that the patterns can be changed accordingly. The flow
diagram of the algorithm is shown in Figure 6.1. In the first step of image acquisition,
digital images of surroundings are captured by the camera. Since image size (m X n)
depends on the configuration of the camera, images are resized to 2520 x 2520 pixels
using the bicubic interpolation method to make the PDA camera independent. The
bicubic interpolation method uses the weighted average of the 16 closest neighboring
pixels to calculate the pixel values of resized images. Image acquisition is performed
in RGB (Red, Green, Blue) color space in MATLAB. Color information in RGB

color space is described by the intensities of Red, Green, and Blue components.
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120, 160, 90

Figure 6.3: (a) Image of forest vegetation showing multiple shades of green color.
Two points showing different RGB color coordinates, (b) and (c) are the examples of
(i) segmented part of surrounding image and (ii) color recognition from segmented
part.

Red, Green, and Blue components contain the combined information of pure color
and brightness which makes it difficult to analyze both the features separately. To
overcome this issue, images are converted into the HSV (Hue, Saturation, Value)
color space which separates the information of hue (color) and value (brightness).
In line with the focus of this study on greenish surroundings, digital images of grass
leaves are captured. Shadows of grass leaves are hard to detect by the naked eye but
distort the color information of images. As a result, the shadow removal algorithm
is performed in the next step. Since the shadow is dependent on the brightness of
the pixels, the shadow removal algorithm is applied to the V (value) channel of HSV
color space. k-means clustering algorithm with 2 clusters is applied to remove the
shadow of grass leaves. The purpose of the two clusters is to differentiate the bright
and dark pixels. Say, a > b, ‘a’ and ‘0’ are the centroids of bright and dark pixels
respectively and their difference ‘d’ is calculated by d = a — b (Figure 6.2a). The
difference ‘d’ is added to the intensity of dark pixels; v, = Ty + d, where Tv,,e,
and vy, are the new and old pixel intensities of dark pixels in V channel respectively.
The original image compared with the image after removing the shadow is shown in

Figure 6.2.

Forest vegetation contains many green color shades in leaves (Figure 6.3a) which
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Figure 6.4: Schematic of (a) M', M? and M3 (3 types of PANI thickness); and (b)
M* (PANI-P3HT) modules.

arises the requirement to collect the surrounding information in bits and pieces. This
observation encourages to perform image segmentation and gather the surrounding
information in small parts. During image segmentation, one of the limitations is
that pixels can not be split into fractions. Keeping this in mind, the image is
resized to 2520 x 2520 pixels in such a way that image segmentation is possible
for all arrangements of x and y belongs to 1:10, where x and y are number of
segmented parts in row and column respectively. By choosing this size, color
information is possible to extract by segmenting the surrounding information into
100 arrangements. More numbers of arrangements are possible by increasing the
image size (m x n). The size of the segmented part is p x ¢, where p = m/x and
g = n/y. Here, one of the arrangements is chosen to validate the concept. The
image splits into 25 equal parts in the arrangement of 5 X 5 (x = 5 and y = 5).
Every segmented part has p x ¢ pixels and transmits the signal to modules of PFH
for modulation of pattern formations. So, there is a requirement to assign a single
color value to each segmented part. In the next step, a single color value is assigned
to each segmented part by averaging the intensities of hue, saturation, and value

separately given below and termed as color recognition (see Figure 6.3).

pxq

mean =

where [ is the pixel intensity. After color recognition, all the segmented parts
are re-joined in the same order of splitting to form a modular image (Mol)
(Figure 6.2(iii)). Mol is a digital representation of the environment and the color
information of every segmented part is transmitted to the modules of another unit

of active camouflage device to achieve the pattern formations accordingly.
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Figure 6.5: Four types of modules are arranged in electrochromic modular
architecture.

6.3.2 Pattern formation hardware: an array

Pattern formation hardware (PFH) is developed to generate the patterns according
to the information shared by the PDA, it fulfills the other requirement of an active
camouflage device. The purpose of pattern formation is fulfilled by using modules.
It consists of 25 modules in the arrangement of 5 x 5, similar to Mol. Each module
is an electrochromic color-changing layered device that changes the color on the
application of voltage. Electrochromic polymer (ECP) is responsible for modulating
the color of modules due to changes in excited states at different voltages. Polyaniline
(PANTI) and poly (3-hexyl thiophene) (P3HT) are used as ECPs to fabricate the four
types of modules (Figure 6.4). The arrangement of four types of 25 electrochromic
modules of size 1.5 cm x 1.5 c¢m is termed electrochromic modular architecture
(MoE,) (Figure 6.5).

Three types of electrochromic modules (M?', M? M?3) are prepared using PANI
layers of different thicknesses (Figure 6.4a). PANI shows the light green, green,
and blue colors at reduced (-2.5 V), neutral (0 V), and oxidized states (2.5 V)
respectively. Using the principle of Lambert’s law, variation in thickness of PANI
layer gives the different shades of green and bluish green color [145]. Here, PANI
of three different thicknesses is used to give the shades of green and bluish-green
colors (Figure 6.6a - 6.6¢). Since the focus of this study is on the forest vegetation,
brown color also plays an important role along with green. Therefore, combined
polyaniline (PANT) and poly (3-hexyl thiophene) (P3HT) layers are used in the M*

electrochromic module (Figure 6.4b) to give brown and green colors at -2.5 V and
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Figure 6.6: Digital images of (a) M*', (b) M? (c) M? and (d) M* at different
voltages.

0 V respectively (Figure 6.6d). Captured digital images of M, M? M3 and M* at
different voltages are shown in Figure 6.6a - 6.6d. Digital images show the brown
and green color shades.

MoE, is designed and developed using four types of electrochromic modules (M?,
M? M3, M*). The detection ability of edges and corners is always more than
the other parts of the system. Therefore, in its design, some points are taken into

consideration.
1. No two consecutive modules are the same,

2. At corners, M?3 is used due to its lightest shade to reduce the detect-ability at

corners,

3. Next darker shade, M? is used at edges in the alternative arrangement with
M?,

4. At the centre, darkest shade M? is used, and,

5. M* is used in the inner layer with the alternative arrangement of M?3.
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The arrangement of modules in MoFE, is shown in Figure 6.5. Each module is able
to show 3 colors and due to the alternative arrangements of ECDs, the possible
patterns are 3%°. All the modules are connected parallel to supply the power input

independently to each module.

Module

Segmented part

Figure 6.7: Comparing modular image and digital modular architecture.

Figure 6.8: Comparing (i) original image, (ii) modular image and (iii) digital
modular architecture (MoD,). MoD, representing the best suited pattern to
particular surrounding by optimizing the digital images of modules (‘n’ = neutral
state (0 V), ‘0" = oxidized state (2.5 V) and ‘t’ = reduced state (-2.5 V)).

6.3.3 Active camouflage device

An active camouflage device (ACD) is developed to validate the proposed concept.
It develops by integrating the pattern detection algorithm with pattern formation
hardware. Electrochromic modules of MoFE, give a particular shade at a given
voltage. To fulfill the requirement of altering the voltage to change the color shade
of modules, it needs to perform the simulations to acquire the best-applied voltage
for particular surroundings before the physical testing of ACD. Simulated results

are used to transmit the signals to MoFE 4 to modulate the patterns accordingly.
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Figure 6.9: Images of green vegetation in the presence of (a) skylight showing bluish
green color and (b) sunlight showing yellowish green color of grass. Turtle bot (i)
with and (ii) without digital modular architecture (MoD4) under (c) skylight and
(d) sunlight.

Simulations

Digital images (Figure 6.6) of all the modules at different excited states are used
in the simulation. Digital modular architecture (MoD,) is prepared following the
same design criteria of MoFE, for the arrangement of modules (Figure 6.5). Unlike
MoFE s, MoD 4 has three digital images in place of modules and the digital images
are compared with the segmented parts of Mol (see Figure 6.7) to get the desired
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Table 6.1: Compare structural similarity index measures of mobile robot, modular
image and digital modular architecture with reference to surrounding images.

Surroundings Mobile robot Modular image Digital modular architecture

Skylight 1 0.06 0.17 0.13
Skylight 2 0.06 0.38 0.3
Skylight 3 0.07 0.6 0.44
Sunlight 1 0.02 0.86 0.43
Sunlight 2 0.04 0.76 0.39
Sunlight 3 0.04 0.63 0.3

potential for particular surroundings. A quantitative comparison is done using mean

square error (MSE) given below,

pxq

(6.2)

where I and I’ are the pixel intensities of the segmented part and digital image
respectively. Since the focus of this work is to get a similar color of surrounding,
MSE is applied on the ‘hue’ (H) channel only. All three digital images are compared
with the respective segmented part and the image with the least MSE is selected
in the MoD 4 (Figure6.8). Electric potential is supplied on the basis of the selected
image. ‘r’, ‘n’, and ‘o’ represents the reduced (-2.5 V), neutral (0 V), and oxidized
state (2.5 V) respectively. A sample of captured green surroundings and its modular
image is compared with the best possible patterns of the MoD, (Figure 6.8).

Color is the property that critically depends on the material, viewer, and the light
source. Along with the material, the viewer is also considered the same by using the
same camera to capture all the images. Therefore, a comparative study is performed
in the presence of two different light sources; skylight and sunlight as shown in
Figure 6.9a and 6.9b. There is a difference in the color of grass under different light
sources. The appearance of grass is bluish-green and yellowish-green in the presence
of skylight and sunlight (Figure 6.9). Further, a mobile turtle bot is fabricated and
placed on the surroundings in the presence of skylight and sunlight (Figure 6.9c¢(i),
6.9d(i)). It is found easily detectable with the visual appearance (Figure 6.9¢(i),
6.9d(i)). On placing the optimized MoD4 on the turtle bot, its detect-ability
reduces under both the light sources (Figure6.9c(ii), 6.9d(ii)). It validates the
feasibility of the proposed concept to achieve optical active camouflaging. Further,
a quantitative comparative analysis is performed to understand the camouflaging
effect of both light sources. Structural similarity index measure (SSIM) is used to
compare the detectability in different light sources shown in Table. 6.1. It is a
performance measurement parameter used to evaluate the similarity in two digital

images using the three features (luminance, contrast, and structure). The equation
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used to calculate the SSIM is given below.

(2papty + €1)(202y + ¢2)
(13 + 1y + )0 +op + )

SSIM(x,y) = (6.3)

where, 1., 1, are pixel sample mean of x and y respectively; 0326,02 are variance
of x and y respectively; o, is covariance of x and y; ¢; = kiL,co = koL; Ky =
0.01,ky = 0.03; L = 2bits per pizel _ 1 For better clarity, images are captured at
three different locations under both light sources to compare the camouflaging
performance. Initially, the bare mobile robot is compared with the surrounding
images captured in the presence of skylight and sunlight both followed by the Mol
(Figure 6.9). Since Mol is the representation of the environment, it is taken as a
reference for further comparison. At last MoD 4 is compared with the surrounding.
It is found that SSIM is ~ 0 on comparing the bare mobile robot with surroundings
which implies no similarity and highest detectability. On comparing with the SSIM
of Mol, MoD, is found in the range of 74 - 80 % and 47 - 52 % for skylight and
sunlight surroundings respectively. It shows a higher similarity under the skylight.
The quantitative evaluation also validates the visual inspection that the proposed

concept is best suited for surroundings under skylight rather than sunlight.

Physical testing

Further, a physical testing of ACD is performed as a proof of concept using simulated
results. ACD is prepared by the system integration of PDA and PF H. Integration
is performed in such a way that each segmented part of Mol is connected with the
modules of MoF 4 separately and electric potential is applied according to the output
of simulated results. Any one of the voltages (-2.5 V, 0 V, and 2.5 V) is applied
on each module independently. So two relays are connected with each module for
switching the voltage applied. The circuit diagram is shown in Figure 6.10b. It
makes the modules to work and replace independently to each other and fulfills the
requirement of modularity. Moreover, the mapping of segmented parts of Mol and
modules of MoFE, is done in such a way that their position remains the same as
shown in Figure 6.10a. Simulating voltages of the optimized MoD, for different
surroundings are applied on the modules of MoFE . Signals represent the 2.5 V for
the oxidized state, -2.5 V for the reduced state, and 0 V for the neutral state. It is
found that ACD is capable of sensing the surroundings and modulating the patterns

accordingly for different surroundings as shown in Figure 6.10c.
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Figure 6.10: (a) Schematic showing mapping of segmented part of the modular
image and module of electrochromic modular architecture, (b) circuit diagram and
(c) active camouflage device changing patterns for different surroundings.
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6.4 Conclusion

This work provides a design concept and demonstration to achieve active
camouflaging in forest vegetation. An Active camouflage device is developed by
using two units; pattern detection algorithm (PDA) and pattern formation hardware
(PFH). PDA collects the information from surrounding and PFH changes the
patterns accordingly. The algorithm collects the surrounding information and
processes it to form a modular image (Mol) using a shadow removal algorithm,
image segmentation, and color recognition. PFH achieves the pattern formation
using electrochromic modular architecture; in which modules are electrochromic
devices. PANI and PANI-P3HT-based electrochromic devices are used to achieve
the green, bluish-green, and brown colors at different potentials. Three PANI-based
and one P3HT-based modules are used in the electrochromic modular architecture.
Then, simulation work is performed to optimize the applied potential required
to actuate the modules of modular architecture for different surroundings. A
comparative study is done in two types of surroundings; one is in the presence
of skylight and another is with sunlight. The proposed concept is best suited
for the surroundings under the skylight as confirmed by the visual inspection and
quantitative analysis. SSIM is found ~ 75% and ~ 50% for skylight and sunlight
surroundings respectively. Finally, modular image and electrochromic modular
architecture are integrated physically, and testing is performed using simulated
voltages. It is found that active camouflage device changes the pattern according
to different forest surroundings. However, there are some modifications required
in fabrication and control design to make it more suitable to work in the real
environment. 3-D printed modular architecture has dead space between cavities
to avoid short-circuiting of ECD. There is a requirement to remove this dead space
by modifying the fabrication technique in such a way that all ECDs are connected
parallel to the electric supply without touching each other. A controller with high
computing power and large memory space is also required to make it automated
and workable in a real environment. To this end, the proposed concept is capable of

achieving active camouflaging and can be used for surveillance purposes in future.
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Chapter 7

Conclusion

7.1 Summary of the work

A detailed study has been conducted to develop a modular electrochromic device
for active camouflaging in forest vegetation. Inspired by bio species, two units are
developed to sense the surroundings and to bring the physical change accordingly
followed by their integration. Pattern detection algorithm (PDA) senses the
surrounding information and makes it useful for modular electrochromic architecture
(MEA) to bring the changes accordingly. Electrochromic devices (ECD) are used
as modules to change the color on the application of voltage. Their service life is
also improved by inducing the self-healing ability in the gel electrolyte layer. The

salient features of this thesis are described below.

o It is observed that the addition of PMMA in gel electrolytes is a feasible
strategy to induce self-healing and increase the service life of ECD. Different

weight percent of PMMA influences the recovery in mechanical properties of
GE.

o It is found that green shades in ECD are possible to modulate by varying
the thickness of the PANI layer. Ion diffusion and redox voltages are also a
function of PANI thickness.

o Combination of multiple ECP layers in ECD shows the colors in broader color
space. Combined PANT and P3HT layers give the green and brown shades at

different voltages when both are applied on the same electrode.

e Electrochromic modular architecture is designed and developed for

green/brown surroundings using single and dual ECDs as modules.

« Optimized patterns are developed using a similarity index for best representing

the surroundings.

o An Integrated active camouflage device is developed using ECD modules to
test the desired patterns. It finds potential applications in technical textiles,

surveillance, wildlife discoveries, etc.
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7.2 Future scope

1.

To analyze the self-healing ability of gel electrolyte by using additives in

PMMA to increase its mechanical strength.

. To study the effect of the molar concentration of lithium perchlorate on the

self-healing performance of gel electrolyte.

To design and develop the complete self-healable electrochromic device.

To study and develop electrochromic devices for a large number of color shades.
To improve the cyclic stability of ECDs.

To apply the machine learning algorithms for getting the best arrangement of

modules in modular electrochromic architecture.
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