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Electrochromic Windows(ECWs) have the potential to save energy through dynamic control
of light and solar energy entering a room (via solar heat gain coefficient control). ECWs
have been developed as an optical shutter in airplane, building and automobile applications.
An ECW is composed of three components, a working electrode based on electrochromic
materials, a counter electrode based on ion storage materials and the electrolyte as an
ionic conducting layer. Organic ECWs have been gaining popularity due to easy and cost
effective manufacturing, availability of wide range of colors, high optical contrast and flex-
ibility in design. However there are challenges in commercialization and application of
organic ECWs. The application of ECWs as a sunroof in automobiles demands operation
in harsh environment conditions like elevated temperature. Consequently the University
of Washington, Center for Intelligent Materials and Systems has been developing a heat
resistant organic ECW that can be operated at elevated temperatures maintaining high
optical contrast, fast switching speed, optical color memory and electrochemical stability.
The proposed design is an ECW based on poly (3,3-dimethyl-3,4-dihydro-2H-thienol[3,4-
b][1,4]dioxepine), PPRODOT-Mes as a working electrode, VoO5-TiO2 composite materials
as a counter electrode and poly(ethylene imine) based electrolyte. The ionic conductivity
of the electrolyte was calculated through complex impedance method and temperature de-

pendence of the electrolyte was determined using environment test chamber to control a



temperature range of 15° to 80° Celsius for 100 hours. A 76 x 76 mm? ECW was devel-
oped and the optical transmittance change was observed by Chronoamperomerty and Time
course measurement. The developed electrochromic window showed good optical contrast,
electrochemical stability and fast response time after testing at elevated temperatures for

100 hours.
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Chapter 1

INTRODUCTION

1.1 Electrochromic Windows (ECW5s)

An electrochromic window (ECW) is a device which changes its optical properties
in a reversible and persistent way under the action of a voltage pulse. ECWs have
significant potential to reduce energy use in buildings. Buildings account for ~ 40%
of the worlds energy use with the resulting carbon emissions substantially more
than those in the transportation sector[1]. In the US, the energy lost through todays
inefficient window stock accounts for &~ 30% of building heating and cooling energy|[2].
ECWs can be a significant factor in reducing building energy use and ultimately in
achieving net zero energy buildings. Dynamic windows are key to achieving this goal
while preserving the view and enhancing the comfort and productivity of knowledge
workers.

There are several possible configurations for ECWs but the most practical one
is shown in Figure 1.1. ECWSs contain seven layers, the outermost being the glass
substrate on which transparent conductive oxide film is coated. The conductive
layer is required to be transparent to enhance the optical performance of the ECW.
The electrochromic and ion storage layer is now coated on the conductive oxide.
Finally the electrolyte is sandwiched between the electrochromic and the ion storage
layer. The assembled device is sealed with an appropriate adhesive and tested for
optical performance. The electrochromic material has mixed conductivity for both
electrons and ions, if ions are introduced from electrolyte or from an adjacent ion
conductor there is a corresponding charge-balancing counter flow of electrons from
the transparent electron conductor. The electrons remain in the electrochromic film
as long as the ions reside there and, the electrons will then evoke persistent change

of the optical properties. Depending on the nature of electrochromic film used the



injected electron may increase or decrease transparency. The electrolyte can be a
thin film or bulk material like solid inorganic or organic polymeric material. Lastly,
the ion storage material provides cyclic stability to the ECW by maintaining ions for
the next cycle. The ion storage material should also have high ionic and electronic
conductivity as the electrochromic material [3]. The ion storage material may or
may not have electrochromic properties. When a voltage is applied between the
transparent conductors as described in Figure 1.1, a distributed electrical field is set
up and ions are moving in and out of electrochromic film causing change in their
optical property. The charge-balancing counterflow of electrons through the external
circuit then leads to a variation of electron density in the electrochromic material
thereby result in modulation of their optical properties. If the ion conductor has
negligible electronic conductivity, the device will exhibit open circuit memory, so
that the optical properties remain stable over periods of time. The applied voltage
to the ECW should be of the order of few volts only since higher voltages may lead

to rapid deterioration of the device[3].
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Figure 1.1: Basic design of electrochromic windows with cations moving towards the elec-

trochromic layer under applied voltage [3]



1.2 Inorganic ECWs

Oxides of some transition metals show electrochromism. Cathodic coloration is found
in oxides of Titanium, Niobium, Molybdenum, Tantalum and Tungsten of which
Tungsten oxide is most widely used. Whereas, anodic coloration was found in oxides
of Chromium, Manganese, Nickel, Iron, Cobalt and Iridium with Nickel and Irid-
ium oxide being the most popular electrochromic materials. Vanadium pentoxide
is exceptional since it exhibits both anodic and cathodic coloration within different
wavelength ranges whereas Vanadium dioxide exhibits anodic electrochromism. Ox-
ides of Titanium, Nickel, Molybdenum, Tantalum, Tungsten and Iridium had the
capacity to be fully transparent to visible light whereas other oxides have residual

absorption either across the entire visible range or in the blue part of the spectrum|[3].

Most of the electrochromic oxides reported are oxides of transient metals which
implies that electronic structure plays an important role in electrochromism. It is
important to note that for oxides based on Iron, Nickel and Cobalt the Hydrogen
plays a critical part by stabilizing a favorable structure. All electrochromic oxides
are constructed from one type of building blocks, viz. MeOg octahedra with a cen-
tral transition metal (Me) atom surrounded by six equidistant oxygen atoms. The
building blocks are connected either by corner-sharing or by a combination of corner-
sharing and edge sharing, and many different crystal structures are known. These
structures can be divided into three dimensional framework (F) structures and weakly

coupled, essentially two dimensional layer (L) structures [3].

The electrochromic oxides are permeable to ions and also have reasonable elec-
trical conductivity. The ions can move and reside in spaces between the MeOg oc-
tahedra. However, for the framework structures these spaces is not large enough to
yield reasonable intercalation/deintercalation rates and therefore the materials must
have fine grained character with low density grain boundaries. Extended columnar
configuration that allows easy transport of ions over the cross-section of the elec-
trochromic film is also desirable. These columns further open up the structure and

provides conduits and intercalation sites for the ions.



Oxide Full Structure

Coloration
Type transp. type
TiOq C Y F
V105 C/A N Lt
Cry053 A N F
MnOg A N F
FeOq A N F
CoOy A N L
NiO, A Y L
NbyOs5 C Y F
MoOs3 C Y F/L
RhO» A ? F
Tay05 C Y F
WO3 C Y F
IrOq A Y F

Table 1.1: Composition and properties of electrochromic oxides, [3]



Of all the single oxide electrochromic materials discussed Tungsten oxide is the
most popular due to its capacity to be fully transparent, easy preparation, fast color
switching speed, high coloration efficiency and ideal cyclic stability[13]. In recent
years researchers are putting in considerable effort in the development of 1 D tungsten
oxide nanomaterials(WONMS) since they exhibit enhanced electrochromic proper-
ties compared with their bulk counterpart form due to larger surface to volume ratio,
open structures and short diffusion length of ions[14]. Series of 1D tungstun oxide
nanostructures as electrochromic materials have been prepared till now, such as WOs5
nanowires[15], WO3 nanowires arrays[16], WO3 nanowires plates[17] etc. For elec-
trochromic application, the 1D WONMs need to be re-constructed as EC films on
conductive substrates. During the preparation of EC films, however, the 1D WONMs
prefer to aggregate or stack and form large structures, which would reduces their in-
terfacial contact area with the electrolyte and hinder the ion diffusion in the EC
films. Therefore, it is still challenge to take full advantages of the 1D WONMSs as
EC materials.

Conductive substrates to grow the nanoparticles is essential to the use of EC
nanoparticles. Recently, graphene and its derivatives such as graphene oxide (GO)
and chemically reduced graphene oxide (RGO) have emerged as new promising plat-
forms for the design of a diversity of electronic devices[18]. In particular, the GO
sheets, which possess many oxygenated functional groups, provide chemically reac-
tive sites for anchoring functional inorganic oxide semiconductors[19] . Under well
controlled synthetic conditions, the oxide semiconductors can be strongly coupled
with the GO sheets to form novel hybrid composite, while the GO sheets can be
simultaneously reduced to RGO sheets [20]. In addition, the interaction between
the inorganic precursors and the GO supports could realize in situ growth of low-
dimensional oxide semiconductor nanostructures on the GO sheets with controllable
morphology, size, structure, dispersion, and coverage density [21]. In spite of lower
electrical conductivity and slower carrier mobility than graphene, the RGO sheets
could also significantly enhance functionalities of the inorganic oxide semiconductors.

Up to now, the RGO sheets have been widely composited with diverse oxide semi-



conductors and they have found many potential applications in supercapacitors|22],
Li ion battery[23] etc. Since the EC performance depends strongly on the diffusion
of ions in the EC materials]. Due to the large specific surface area, open 2D perme-
able channels, a certain degree of electrical conductivity, and the ability to anchor
other inorganic materials, the RGO sheets would certainly facilitate the ion diffusion
and accelerate the charge transfer in the EC device[24]. Therefore, it can be pre-
dicted that, the distinctive EC performance of the 1D WONMSs could be strengthened
through the incorporation with the RGO sheets.

Recently, Chang et al have grown Tungsten oxide on GO sheets to develop high
performance electrochromic material [29]. In this study, the synthesis of hybrid elec-
trochromic composite through nucleation and growth of ultrathin tungsten oxide
nanowires on GO sheets using a facile solvothermal route is discussed. GO sheets
form an ideal template for the growth of oxide semiconductors on their surfaces or
edges since they contain abundant of oxygenated functional groups. The oxygen-
containing functional groups serve as favourable nucleation and anchor sites for the
in situ growth of tungsten oxide nanocrystals on the GO sheets owing to their coordi-
nation with W(VI) ions. In this case GO sheets were effective supports for the growth
of WONMs. The WONMs were formed on the GO sheets and were well dispersed.
There are no extra WONMSs protruding from the GO sheets or remained in the so-
lution proving that nucleation and growth of the WONMSs are aided by oxygenated
functional groups on the surface. The competition between the growth of tung-
sten oxide nanowires and the reduction of GO sheets to the formation of sandwich-
structured tungsten oxide-reduced graphene oxide composite[14]. The intercalation
of electrons and Li* into WigOy9 to form lithium tungsten bronzes leading to the
coloration process. Therefore, as discussed earlier intercalation and deintercalation of
lithium ions from the electrolyte and electrons from the electrode play an important
role in electrochromism. The strongly coupled effect between the tungsten oxide
nanowires and RGO nanosheets exhibits high quality electrochromic performance
with fast color switching speed, good cyclic stability and coloration efficiency. The

assembled view of the electrochromic window is shown in Figure 1.2(a). The RGO



sheets possess large surface area and small amount of residual oxygen-containing
groups, which can favorably adsorb the Li* ions via electrostatic interactions[25].
Also, the RGO sheets with low oxidation are electrical conducting and have a cer-
tain degree of carrier mobility[26]. Due to the covalent chemical bonding between the
WONWSs and the RGO sheets, a rapid, effective, and facile charge transport occurred
during the whole electrochromic process, as schematically shown in Figure 1.2(b).
Therefore, the coloration and bleaching processes could be completed in a short time.
As shown in Figure 1.2(c) , the structure of monoclinic WigOug is constructed by
pentagonal columns that are linked by an edge-sharing octahedron, leading to the
occurrence of hexagonal, quadrangular and triangular tunnels [14]. These tunnels
provide sufficient opportunity for the intercalation and de-intercalation of LiT ions.
Importantly, the WONWS grown with the GO sheets as templates have huge aspect
ratios (with diameter as thin as 1 nm and length up to few microns) and are well-
dispersed (no agglomeration happened), which could reduce the diffusion paths of
Li* ions significantly. As a result, the WONWS-RGO composite exhibited not only
faster LiT diffusion coefficient but also higher CE than the reported pure WigOug

nanostructures [26].

1.3 Organic ECWs

In applications where lightness, thickness and lower power consumption are desired
organic materials that can be precisely printed, sprayed, spin coated, stamped, drop
casted into predefined patterns offer competitive alternative to inorganic counter-
parts. However, solution-processability, solid-state ordering, efcient electrolumines-
cence, stable color-switching, and high charge-carrier mobility are difficult to match
up with inorganic materials.

Many organic materials exhibit redox states with distinct electronic (UV /visible)
absorption spectra. Where the switching of redox states generates new or different
visible region bands, the material is said to be electrochromic[27]. Colour changes are
commonly between a transparent (‘bleached’) state, where the chromophore only ab-

sorbs in the UV region, and a coloured state or between two coloured states. Where



WONWs-RGO

Figure 1.2: (a) Setup of WONWS-RGO composite-based EC system, (b) schematically
structure illustrating the electrochromism of WONWS-RGO composite, and (c) crystal
structure of monoclinic WigOy49 containing different tunnels that can accommodate LiT

ions[14].



more than two redox states are electrochemically accessible in a given electrolyte so-
lution, the electrochromic material may exhibit several colours and be termed poly-
electrochromic.The organic electrochromic windows are of three basic types, type 1
where electrochromic materials are soluble in both the reduced and oxidized state
in a given electrolyte solution[28], for example, 1,1-di-methyl-4,4-bipyridilium(methyl
viologen) disolves in both oxidized and reduced states, for such materials soluble elec-
trochemically generated product material diffuses away and the current flow needs to
be maintained until the whole solution becomes electrolysed to maintain its optical
properties in a given state. Type II electrochromic materials where only one of the re-
duced or oxidized states is soluble, for example 1,1-di-heptyl-4,4-bipyridilium(heptyl
viologen). In type III materials, such as conductive polymers, both redox states are
solids and such systems are studied as solid thin films on substrates[27]. Type II and
IIT materials have optical memory which means that once the redox state has been
switched, no further charge injection is needed to retain the new electrochromic state

[27).

1.3.1 Viologen systems

Type (III) ECDs comprise viologen-modified working electrodes and counter elec-
trodes made of inorganic redox film, such as Prussian blue or V5O35 film. The degree
of color change, the color changing voltage and the charge capacities of the inor-
ganic films do not match very well with organic viologen modified electrodes. This
kind of low match leads to lower stability of type III device than type I or IT [29].
In view of the above advantages and disadvantages, we focused on exploring im-
provement of stability for type III devices. Triphenylamine is one kind of organic
anodic electrochromic material. Being electron-rich, triphenylamine is easily oxi-
dized to form stable polarons and a noticeable change in color always accompanies
the oxidation process [30]. For triphenylamine itself, it shows colorless in the neutral
state and green in the oxidized state. While for its derivatives, the color depends on

their structures. In addition, small organic electrochromic molecules of viologen and
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triphenylamine, the existing way have similarities intrinsically.

Viologens have become popular organic electrochromic material due to its wide
availability and ease of varying the quaternizing agent. Viologen has three common
redox states, shown in Figure 1.3, of which dication is the most stable and is color-
less when pure unless optical charge transfer with counter anion occurs. Reductive
electron transfer to the viologen dication forms the radical cation, the stability of
which is attributable to the delocalisation of the radical electron throughout the -
framework of the bipyridyl nucleus, the 1 and 1 substituents commonly bearing some

of the charge[31].

£ N
R—N N N—R
N i)

Figure 1.3: Three common redox states of viologen[31].

The viologen radical cations are intensely colored, with high molar absorption
coefficients, owing to optical charge transfer between the +1 and zero valent nitro-
gens. Suitable choice of nitrogen substituents in viologens to attain the appropriate
molecular orbital energy levels can, in principle, allow color choice of the radical
cation. For example, alkyl groups promote a blue/violet color whereas the radical

cation of 1,1-bis(4-cyanophenyl)-4,4-bipyridilium (cyanophenyl paraquat, CPQ) [32]



in acetonitrile has an intense green color (83,300 dm3 moll cml at the max (674
nm)). The intensity of the color exhibited by di-reduced viologens, Figure 1.3, is
low since no optical charge transfer or internal transition corresponding to visible

wavelengths is accessible.

One of the interesting electrochromic devices developed using viologen is the auto-
matic dimming interior Night Vision Safety(NVS) mirror commercialized by Gentex.
This system functions wholly by solution electrochromism, an ITO glass surface and
reflective metallic surface, spaced a fraction of a millimeter apart from the two elec-
trodes of the cell with a solvent containing two electroactive chemical species that
function as electrochromic material and electrolyte. Electroactive species comprises
of viologen, which is the cathodic coloring electrochromic species and a negatively
charged phenylene diamine as the anodically coloring electrochromic material. Af-
ter switching the device on, the species migrate to the respective electrodes. Once
the dual electrochromic coloration process has begun, the products will diffuse away
from their respective electrodes and meet in the intervening solution, where a mu-
tual reaction regenerating the original uncolored species takes place. This type of
electrochromic device therefore requires application of a continuous small current for
replenishment of the colored electroactive species lost by their mutual redox reac-
tion in solution. Bleaching occurs at short or open circuit by homogeneous electron
transfer in the bulk of the solution. Although not an electrochromic phenomenon,
the ingenious control system for this device is noteworthy. A photosensitive detector
is placed facing rearward to monitor any dazzling incident light. However, this would
also be triggered in daylight, resulting in an unwanted darkening of the mirror. This
problem is avoided by a second forward-looking detector, which, on seeing daylight,
is programed to cancel any operation of the controlling sensor, which therefore only

responds at night[28].
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1.3.2  Conjugated electrochromic polymers

Pi-conjugated organic polymers combining mechanical exibility, and ease in band-
gap/color-tuning via structural control, along with the potential for low-cost scala-
bility and processing are attractive as electrochromic materials. Chemical or elec-
trochemical oxidation of numerous resonance-stabilized aromatic molecules, such as
pyrrole, thiophene, aniline, furan, carbazole, azulene, indole, and others, produces
electronically conducting polymers[33]. Polymerization reaction involves radical-
cation/radical-cation coupling or reaction of a radical cation and a neutral monomer.
The example of radical-cation/radical-cation coupling is illustrated in Figure 1.4
through the mechanism of electropolymerization of five-membered heterocycle, pyr-

role.

_e_ —_—
gy — \
N By
H '
N - H
2, Y, ——= i N\* PR—— { N + oH*
s N .
H H H
: & H
E M N T N N
NTOh N
) S
H H
H Hy /=
i _/N+H + L H—» o ; -
N % +N N - N
H H b —/ HH

H
etc. «—— F N N F N o+ zH
N R g
H i

Figure 1.4: Proposed mechanism of electropolymerization of pyrrole. Example for radical-

cation/radical-cation coupling[28].

During polymerization, after losing two protons and re-aromatization, the dimer
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Figure 1.5: Polypyrole exhibiting electrochromism [34].

forms from the di-hydro dimer dication, The dimer and the succeeding oligomers can
be more easily oxidized than the monomer and the resulting dimer radical cation
undergoes further coupling reactions, proton loss and re-aromatization. Electropoly-
merization proceeds through successive electrochemical and chemical steps according
to a general E(CE)n scheme, until the oligomers become insoluble in the electrolyte
solution and precipitate onto the electrode surface[34]. In this manner, high-quality
oxidized conducting films can be formed directly.

In the oxidized state, the conducting polymer film is charge balanced, doped with
counter anions, also called p-doping and have a delocalized pi-electron band structure.
Reduction of p-doped conducting polymer film by electrolyte cation incorporation
removes the electronic conjugation to give neutral, undoped electrically insulating
form. The band gap, F, between the highest occupied pi-electron band and lowest
unoccupied pi-electron band determines the intrinsic properties of these materials.
This can e illustrated through polypyrole, Figure 1.5 [34].

In some cases, the neutral state undergoes reductive cathodic doping with cation
injection, n-doping to balance the injected charge. However, the stability of the
negatively charged polymer state is limited and n-doping is harder to achieve. The
similarity between conducting polymers and doped semiconductors arises from the
manner in which the redox charges in the polymer change its optoelectronic proper-

ties.
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All conducting polymers are potentially electrochromic, redox switching giving

rise to new optical absorption bands in accompaniment with simultaneous transport
of electronic charge and counter ions in the polymer matrix. Oxidative p-doping
shifts the optical absorption band towards the lower energy part of the spectrum.
The color change or contrast between doped and undoped forms of the polymer
depends on the magnitude of the bandgap of the undoped polymer. Thin films of
conducting polymers with E, greater than 3eV (400 nm) are colorless and transpar-
ent in the undoped form, while in the doped form they are generally absorbing in
the visible region. Those with E, equal to or less than 1.5 eV (800 nm) are highly
absorbing in the undoped form but, after doping, the free carrier absorption is rel-
atively weak in the visible region as it is transferred to the near infrared. Polymers
with intermediate gaps have distinct optical changes throughout the visible region
and can be made to induce many color changes[28].
ProDOT-Me2 as electrochromic material: Polythiophenes are of interest as
electrochromic materials due to their ease of chemical and electrochemical synthesis,
environmental stability, and processability. A large number of substituted thiophenes
has been syn- thesized, and this has led to the study of numerous novel polythio-
phene(s), with particular emphasis on poly(3- substituted thiophenes) and poly(3,4-
disubstituted thiophenes) [33]. Thin polymeric films of the parent polythiophene
are blue (730nm) in the doped (oxidized) state and red (470 nm) in the undoped
form. However, due to its lower oxidation potential, the electropolymerization and
switching of 3-methylthiophene have been more intensively studied than the parent
thiophene. Furthermore, the introduction of a methyl group at the b position of the
thiophene ring leads to a significant increase of the polymer conjugation length and
hence electronic conductivity [33]. This effect has been attributed to the statistical
decrease in a number of a-b0 couplings and to the decrease of the oxidation potential
caused by the inductive effect of the methyl group [33]. Poly(3-methylthiophene) is
purple when neutral with an absorption maximum at 530 nm (2.34 eV) and turns
pale blue on oxidation|[35].

The evolution of the electronic band structure during electrochemical p-doping of
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Figure 1.6: Spectroelectrochemistry for PEDOT film on ITO[36].

electrochromic polymers can be followed by recording in situ visible and NIR spectra.
shown in Figure 1.6 shows thespectroelectrochemical series for an alkylenedioxy-
substituted thiophene polymer, poly(3,4-(ethylenedioxy)thiophene). The undoped
polymer’s strong absorption band, with a maximum at 621 nm (2.0 eV), is charac-
teristic of a interband transition. Upon doping, the interband transition decreases,
and two new optical transitions (at 1.25 and 0.80 eV) appear at lower energy, corre-
sponding to the presence of a polaronic charge carrier (a single charge of spin 1/2).
Further oxidation leads to formation of a bipolaron and the absorption is enhanced
at lower energies. The characteristic absorption pattern of the free carrier of the
metallic-like state then appears when the bipolaron bands finally merge with the

valence and conduction bands.

Tuning of color states is possible by suitable choice of thiophene monomer. This

represents a major advantage of using conducting polymers for electrochromic ap-

15



16

plications. Subtle modifications to the monomer can significantly alter spectral
properties. For example, the colors available with polymer films prepared from 3-
methylthiophene-based oligomers are strongly dependent on the relative positions of
methyl groups on the polymer backbone [36]. Colors available include pale blue, blue
and violet in the oxidized form, and purple, yellow, red and orange in the reduced
form. The color variations have been ascribed to changes in the effective conjugation
length of the polymer chain. Cast films of chemically polymerized thiophene-3-acetic
acid reversibly switch from red to black on oxidation, demonstrating that subtle
changes in structure can cause large effects in the colored states.

Study of the effects of steric factors is provided by the electronic properties of poly-
thiophenes with 3,4-dialkyl substituents. In principle, disubstitution at the , positions
should provide the synthetic basis to perfectly stereoregular polymers. However, this
approach is severely limited by the steric interactions between substituents, which
lead to a decrease in polymer conjugation length. In fact, poly(3,4-dialkylthiophenes)
have higher oxidation potentials, higher optical bandgaps, and lower conductivities
than poly(3-alkylthiophenes) [34]. Cyclization between the 3 and 4 positions relieves
steric hindrance in thiophenes, but many are harder to electropolymerize than, say,
3-methylthiophene.

In 1999, dipropoxythiophene with dimethyl substituted at , positions,Dimethyl
3,4-dipropoxythiophene(ProDOT-Me2) was first synthesized [34]. The methyl group
at , positions does not give rise to significant steric interactions. In the publication
the synthesis of ProDOT was performed through williamson ether synthesis with 1,3
dibromopropane and 3,4-dihydroxythiophene-2,5diethylcarboxylate and subsequent
ester hydrolysis and decarboxylation, shown in Figure 1.7.

In this case, higher dialkoxythiophene like 3,4-diethoxy and 3,4dipropoxythio-
phene which exhibits enhanced storage stability can also function as starting mate-
rials. The di-hydroxy functional compound is generally observed as the by product
especially when excessive neopentyl glycol is used to ensure that the reaction is com-
plete.

Reynolds et. al have reported several intriguing for electrochemically prepared
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Figure 1.7: Synthesis of ProdDOT-Me, [34]

ProdDOT-Me2 when depoisted as a film on a conducting surface. The switching
speed of ProdDOT-Me2 from almost fully transparent, oxidized state to dark blue,
reduced state is an order magnitude higher thanits polyalkylthiophene counterparts
and about three to seven times higher than PEDOT. Compared to poly(3,4-ethylene
dioxythiophene):poly(styrene sulfonate) (PEDOT:PSS), electropolymerized PEDOT
or other derviatives of ProDOT, transmittance change between the doped and un-

dopped state is significantly higher in ProDOT-Mes.

1.4 Organometallic ECW

Metallo-supramolecular materials, also called coordination polymers were recently
introduced as a new field for electrochromic applications. Researchers combine the
inorganic metal ions with organic ligands to form inorganic-organic hybrid systems.
Because the interactions between metal centers and ligands influence the character-
istics of coordination polymers directly, redox-active transition metal coordination
complex exhibit intense color changes due to metal-to-ligand charge transfer (MLCT)
[36]. At increasing applied potentials the metal centers are oxidized to higher valence
state and the MLCT decreases. Optically this results in a decrease in the visible ab-
sorbance caused by the coordinated polymer switching from the colored to the trans-
parent state [37]. Therefore, both the selection of metal ion centers and ligands play

an important role on electrochromic characteristics in coordination polymer system
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and influence the performance in electrochemical and optical properties[38].

Among the metallo-supramolecular materials, metallo-supramolecular coordina-
tion polyelectrolytes (MEPE) series belong to coordination polymers having homo-
topic bis-terpyridine ligand and transition metal ions [39], shown in figure 8. 2,2
- 6,2-terpyridines have high binding affinity with transition metal ions to form a
well-defined octahedral structure [40]. Due to dp back bonding of the metal to
the pyridine rings and the chelate effects, high binding affinity offers the thermody-
namic driving force for metallo-supramolecular formation [41]. Han et al. have
investigated a series of MEPEs as electrochromic materials and the research fo-
cuses on pyridine-ring functionalized bisterpyridines linked with rigid, linear phenyl
spacers with different transition metal ions (Fe(II), Ru(II) and Co(II))[42]. The
function of substituents on the terpyridines is to influence the strength of coordi-
nate bond and MLCT changes with difference between maximal absorbance wave-
length, electrochemical and electrochromic properties [43]. Their research resulted
in a heterometallic MEPE consisting of equivalent Fe(IT) and Co(II) . Through mix-
ing MEPE-Fe(II) and MEPE-Co(II), the polymer blend exhibits two steps of color
changes (Purple—blue—transparent).

Chen et al developed a new cathodically coloring electrochromic material based on

metallo-supramolecular polyelectrolyte containing Cu(I) metal ion (MEPE-Cu(I)).

The electrochromic mechanism for MEPE series involves the redox reaction of Cu(I)/Cu(II)

pair and MLCT. Both the redox states would drive MEPESs to change color upon the
passage of a small reaction charge. The observed transmittance change of MEPC-
Cu(I) thin film at 580 nm is approximately 20% with applied potential between 0 to
1.5 V. It has a fast response time of less than 1s and a coloration efficiency value of 260
cm?/C at 580nm. The electrochromic device was fabricated by choosing polyaniline-
carbon nanotube to act as the ion storage layer for MEPE-Cu(I). A liquid electrolyte
containing tetrabutylammonium perchlorate in acetonitrile with perchloric acid is

sandwiched between the working and the counter electrode [43].



Chapter 2

APPLICATIONS OF ELECTROCHROMIC WINDOWS

Electrochromic windows have evolved to be the most promising switchable win-
dow technology today. The electrochromic window contains thin film stack that is
deposited on a glass substrate. The stack consists of conductive oxide layer, elec-
trochromic material, ion storage material and electrolyte. When a voltage is applied
between the transparent conducting oxide, a distributed electrical field is set up.
This field moves Lithium ions between the ion storage film through the electrolyte
into the electrochromic film. The effect of this movement is that the window switches

between transparent and opaque state.

Low voltage power requirement is one of main advantages of using ECW. The
ECW can be modulated to intermediate states between clear and fully colored state.
In the tinted state solar radiation is absorbed and becomes dark. Whereas in the
transparent state most of the solar radiation passes through the window making it
transparent. Lower emittance coatings and an insulating glass unit configurations or
thermochromic layer coating can be used to reduce heat transfer from this absorptive
glazing layer to the interior. Typical ECWs have a visible transmittance between 0.50
to 0.70 and a lower range of 0.02 to 0.2544. a low transmission is desirable for privacy
during the day and for control of direct sunlight and glare, potentially eliminating
the need for interior shading. A high transmission is desirable for admitting daylight
during the time of the day that the sun is not shining directly into the space, during
overcast periods and it can also be used for passive solar heating in winter. Therefore,
greater the range of transmission, the more able the window is to satisfy a wide range

of environmental requirements.

Generally in polymeric ECWs when the device is switched to the desired state and

maintains the desired state without any additional power supply. Inorganic ECWs
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have color memory making them more energy efficient. Other type of ECWs require
minimal low-voltage power to both change and maintain the desired transmittance
level. Inorganic ECWs have proven to be very stable under hot and cold conditions
and under intense sun. The commercially available ECWs are expected to have a
lifetime between 20 to 30 years.

The switching speed of ECW is defined as the time taken by the ECW to switch
90% of its color. Switching speed is closely related to the size and operation tem-
perature of the window. Typically in ECW switching from colored to transparent
state takes longer than switching from transparent to colored state. Organic ECWs
have better switching speed compared to their inorganic counterparts. In buildings
a gradual transmission change is advantageous since it allows the occupants eyes to
get adjusted to the change in light intensity entering the room without causing dis-
comfort. Modulating the amount of energy entering the room is a technique widely
used by lighting designers to prevent occupant distraction.

In applications like sunroofs in automobiles organic ECWs would be more suitable
since they have faster switching speed compared to their inorganic counterparts. In
automobile applications when the driver wishes to change the transmittance of the
sunroof it should respond immediately for safety purposes. The driver can also choose
intermediate level of transmittance for enhanced comfort.

Controlling and modulating the light and amount of heat entering the room leads
to lower energy bills and increased comfort. ECWs are initially expensive but the cost
can be partially offset by lower electricity bill. In the long run, the cost of installing
ECW is cheaper than installing static glass and additional HVAC equipments. Elec-
trochromic window give building owners the ability to modulate heat gain through

the window, reducing cycling stress on HVAC motors and other equipment.
2.1 Electrochromic windows as sunroof in automobiles

As discussed earlier, organic ECWs would best suit for application as sunroof in
automobiles. In order to use organic ECW in automobiles the window should be

capable of operating under harsh environment. In Figure 2.1 it can be observed
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Figure 2.1: Heating curves for the air inside a parked car under different conditions [45]

that when the automobile is parked directly under the sun or shade it experiences a
significant increase in temperature. When the automobile is parked under the sun
the temperature on sunroof can reach upto 90°C and when the automobile is parked

directly under the sun the temperature may rise upto 130°C.

The rise in internal car temperature is due to greenhouse effect. The greenhouse
effect refers to circumstances where the short wavelengths of visible light from the sun
pass through a transparent medium and are absorbed, but the longer wavelengths
of the infrared re-radiation from the heated objects are unable to pass through that
medium. The trapping of the long wavelength radiation leads to more heating and

a higher resultant temperature. Besides the heating of an automobile by sunlight
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Figure 2.2: Short wavelengths of visible light are readily transmitted through thetranspar-
entwindshield. [46]

through the windshield and the example of heating the greenhouse by sunlight passing
through sealed, transparent windows, the greenhouse effect has been widely used to
describe the trapping of excess heat by the rising concentration of carbon dioxide in
the atmosphere. The carbon dioxide strongly absorbs infrared and does not allow as
much of it to escape into space.

Bright sunlight will effectively warm the car on a cold, clear day by the greenhouse
effect. The longer infrared wavelengths radiated by sun-warmed objects do not pass
readily through the glass. The entrapment of this energy warms the interior of the
vehicle. The trapping of the hot air so that it cannot rise and lose the energy by
convection also plays a major role. Shorter wavelengths of ultraviolet light are largely
blocked by glass since they have greater quantum energies which have absorption

mechanisms in the glass [46].

2.1.1 Problem Statement

The aim of this study is to develop ECWs that can be used as sunroofs in automo-

biles. As discussed earlier, the sunroofs in automobiles experience high temperature



environment throughout the day. Therefore, it is important to design an ECW that
can function efficiently in a wide range of temperature. In this study, an ECW is
developed to operate with good optical contrast and switching speed in the tempera-
ture range of 20°C to 120°C. The individual components of ECW are tested for heat
resistance. The gel electrolyte was found to be the most vulnerable component of

ECW and a new gel electrolyte with higher heat resistance has been developed.

2.1.2 Components of ECW

ECW primarily contains three main components,

1. Working electrode(WE) which is generally chosen as the electrochromic material,

23

2. electrically conductive counter electrode (CE) that acts as ion storage material which

stores Lithium cations and releases Lithium ions into the electrolyte. This gives sta-

bility to the ECW,

3. a transparent electrolyte.

The electrochromic material and the counter electrode materials are deposited on a
conductive oxide like Indium Tin Oxide(ITO) coated glass substrate. The conduc-
tive oxide coated glass substrate gives the device more stability and improves their
electrical conductivity. Depending on the electrochromic material the material can
become transparent when oxidized and colored when neutral. In this study, poly (3,3-
dimethyl-3,4-dihydro-2H-thieno[3,4-b][1,4]dioxepine), PPRODOT-Me; as a working
electrode, V205-TiOy composite materials as a counter electrode and poly(ethylene
imine) based electrolyte was used to develop heat resistant electrochromic window.

Once assembled the transmittance of the ECW can be tuned by varying the
applied voltage. When positive voltage is applied to the working electrode elec-
trons are drawn from the electrochromic film thus oxidizing the film. The oxidized
PPRODOT-Mes; is highly transparent and has a transparency of 71% at 580nm in

room temperature, shown in Figure 2.3.
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ITO CE Electrolyte WE ITO

Figure 2.3: Working of ECW, positive voltage applied PProDOT-Me2 film. The film is

oxidized and turns light blue with high transmittance of 71%.

On the other hand, when negative voltage is applied to the working electrode
the electrons are inserted into the PPRODOT-Mey thus making the film neutral,
shown in Figure 2.4.The neutral PPRODOT-Me, turns dark blue and opaque with
a transmittance less than 5%. When negative voltage is applied to the working
electrode the Lithium cations are attracted to it. The insertion of Lithium ions into
the PPRODOT-Mes film gives the film optical color memory. Thus the developed

ECW is more energy efficient since it does not require continuous supply of voltage.

When negative voltage is applied to the counter electrode, shown in Figure 2.3, the
film is reduced. The V205-TiO2 film turns grey upon reduction, the reduced state
maintains high transmittance of over 75% . Upon application of positive voltage,
shown in Figure 11, the V205-TiO film is oxidized and turns light yellow. The
oxidized state of the VoO5-TiOs is highly transparent with a transmittance of around
80%. Since the counter electrode material is highly transparent in the reduced state

it does not reduce the performance of the ECW when operating in the transparent



25

ITO CE Electrolyte WE ITO

Figure 2.4: Working of ECW, negative voltage applied PProDOT-Me2 film. The film is

reduced and turns dark blue with transmittance less than 5%.

mode. Whereas, when the ECW is operating in the opaque mode, the electrochromic
layer is dark blue while the ion storage material is light yellow which reduces the
performance of the ECW. Ideally, the ion storage layer should have low transmittance
in oxidized state to improve the performance of the ECW.

In this study, polyethylene imine based electrolyte was developed. The electrolyte

used in the ECWs have three important requirements,

1. Should be highly transparent to not interfere with the working of the ECW,

2. Should have high ionic conductivity to ensure high switching speed between the opaque

and transparent states in ECW,

3. the developed electrolyte should be compatible with the working and counter electrode

material to ensure smooth functioning of ECW.

PProDOT-Me; film as the working electrode
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The PProDOT-Me;, film turns transparent upon oxidation and turns opaque upon
reduction. This modification in the optical property of the conjugated polymer can
be attributed to the modification to the structure of PProDOT-Mes upon reduction

and oxidation, shown in Figure 2.5.

When the conjugated polymer is infused with ions it becomes a conducting poly-
mer. Increase in electron delocalization along the backbone of the polymer the con-
jugation length of the polymer increases which reduces the band gap between the
highest occupied molecular level (HOMO) and lowest unoccupied molecular level
(LUMO) level of the polymer. Creation of new band gap modulates the optical
property of the conjugated polymer. This can be illustrated through Figure 2.6, as
the conjugation length increases from ethylene to polyacetylene the band gap re-
duces. Therefore the energy required for an electron to jump from HOMO level to

LUMO level reduces as the conjugation length increases.

The band gap affects the light absorbed by the conducting polymer by equation
2.1,

E="C (2.1)
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Figure 2.6: As the conjugation length increases from ethylene to polyacetylene the band

gap decreases.

where h is plancks constant, ¢ is the velocity of the light, F refers to the band gap
and A is the absorption wavelength. The m — 7* transition is depleted at the expense
of transition outside the visible region therefore the dominant wavelength of the color

is the same throughout the doping process[49].

In PProDOT-Me, the band gap is 1.7eV which corresponds to a wavelength of

715 nm. By altering the wavelength we can alter the color of the conducting polymer.
Electropolymerization of ProDOT-Mey

An ITO coated glass (6 €2/square, 76 mm x 76 mm dimensions, Thin Film De-
vices) was washed with an ethanolamine aqueous solutions and rinsed with DI water.
It was cleaned under UV ozone and dried at 110 °C overnight before use. A cleaned
ITO/glass substrate, a platinum plate counter electrode and a silver wire reference
electrode were submerged in a ProDOT-Mey/LiClO4/acetonitrile (ACN) solution.

The PProDOT-Mes coating was deposited by a chronoamperometry program in an
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electrochemical analyzer (CHI 605A, CH Instruments). A three electrode cell with
Ag/Ag" as a reference, ITO glass as a working electrode and a Pt plate (25 mm X
25 mm x 1.0 mm) as a counter electrode was used for electropolymerization. The
overall experimental process was carried out at 25 °C in argon atmosphere. The
applied potential was 1.6 V and polymerization time varied from 2 to 15 s. Monomer
and electrolyte concentrations varied keeping one of them constant to evaluate their
respective reaction orders. The electrolyte concentrations varied from 1.5 x 10! to
5x 102 M and the constant monomer concentration was 1 x 10> M. Monomer concen-
trations ranged from 2 x 102 to 5 x 102 M with the constant electrolyte concentration,
1 x 10! M. LiClOy in propylene carbonate (PC) was used as the electrolyte for redox
systems of the films. The total charge of the film was monitored as a function of
time in a chronocoulometry program. Optical transmittance spectra of the films were
examined in the wavelength range of 300800 nm using a UV /VIS/NIR spectropho-
tometer (V-570, JASCO, and MDT)|[52].

ProDOT-Mes monomer should be polymerized on to the conducting oxide layer
coated glass substrate to develop the working electrode for ECW. Two methods are

generally employed to form conducting polymer films, they are

1. Chemical polymerization[50],

2. Electrochemical polymerization[51].

Chemical polymerization uses chemical oxidants resulting in the formation of more
bulk like material precipitated from the reaction mixture. It involves immersion
of solid substrate into the solution containing corresponding monomer and oxidant.
Due to the monomer oxidation, the substrate is coated with thin polymer film. In
this method, it is hard to control the thickness of the polymer film on the sub-
strate. Whereas, electrochemical polymerization involves electrochemical oxidation
of a corresponding monomer on a substrate that acts as an electrode, followed by
precipitation of the polymer on the surface. In this method we can precisely con-

trol the thickness of the film. Therefore, electrochemical fabrication technique was



used to develop PProDOT-Mesy film. Chronoamperometric and gravimetric tech-
niques help us determine the general kinetic electropolymerization, the order of the
reaction with respect to the monomer, solvent and the electrolyte. Generally, the
electropolymerization reaction involves monomer dissolved in a suitable solvent. In
the electrochemical cell, the monomer solution acts as the electrolyte and the poly-
merization reaction occurs at the surface of one of the electrodes. Therefore, the

reaction can be summarized as,
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electrolyte(E) + monomer (M) — doped(polymer)(P) (2.2)

Therefore rate of polymerization, R, can be given by,

R=W = k[M]™[E]" (2.3)

Where [M] and [E] refer to the concentrations of the monomer and the electrolyte
respectively. The order of the reaction with respect to the monomer is m and with
respect to the electrolyte is m. With reaction rate of R, W weight of polymer is
deposited per square centimeter of electrode surface[52].

Kim et al calculated the thickness of the electropolymerized PProDOT-Me, film
through chronoamperometry technique[52]. In the experiment, the polymerization
charge density (Q,) with different electrolyte and monomer concentration. If the
polymerized monomer is the only species produced then charge density would be

proportional to the weight (W) of the polymer produced[52],

W =kQ, (2.4)

Rate of polymerization can now be rewritten as,

aQ 1 dWw

R = — = — X —

dt K dt

Now substituting the value of W from the equation we get the rate in terms of
the concentration of the monomer and the electrolyte. The rate of the reaction can

be obtained through chronoapmerometry technique by plotting a graph of charge

density versus polymerization time[52]. The orders of the reaction with respect

(2.5)
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to the monomer and electrolyte can be obtained from the logarithmic plot of rate
of polymerization reaction versus log of concentration of monomer and electrolyte
respectively.

To estimate the thickness of the PProDOT-Mes film,

W = density * volume (2.6)

W = density * (area * thickness) (2.7)

W =(amount deposited of PProDOT-Me; film deposited/unit area/unit time) 2.5
2.8

xPolymerization time * area

Therefore,

Thickness of the film =(amount deposited of PProDOT-Me, film deposited /unit area/unit time)

/density * polymerization time.
(2.9)

Therefore, polymerization time plays a key role in determining the thickness of the
film if other parameters are kept constant [52].

The optimized polymerization time to develop heat resistant ECW is 15 seconds.
The charge capacity of the developed PProDOT-Me, film should match the charge
capacity of the counter electrode film [52].

Heat resistance of the PProDOT-Me; film

To develop a high temperature resistant ECW the individual components should
be heat resistant. The heat resistance of PProDOT-Mes film was tested by subjecting
the neutral and oxidized films at high temperature. The transmittance was measured
at 20 °C, 40 °C, 60 °C, 80 °C, 100 °C, 120 °C to measure the progressive variation
in transmittance of the film over temperature, shown in Figure 2.7.

From Figure 2.7, we can observe that the contrast between the opaque and trans-
parent states decreases at higher temperatures. The reduction in contrast is due to
the decrease in transmittance in the oxidized state and increase in transmittance in

the reduced state. The transmittance decreases by about 5% from 20 °C to 120 °C
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Figure 2.7: Variation of transmittance of PProDOT-Me; film from 20 °C to 120 °C in the

oxidized and neutral state.

in the oxidized state and the transmittance increases by about 8% from 20 °C to 120

°C in the neutral state.

The difference in change of transmittance between the oxidized and neutral state
arises from the differences in structural stability of the aromatic( neutral state )
and quinoid( oxidized form) structure. At the first glance ProDOT-Mes appears to
be a simply substituted polythiophene. The ProDOT-Mes has reduced band gap

compared to polythiophene, which can be attributed to electron donating alkoxy

3rd 4th

group attached at the and positions of the polythiophene ring. The ground
state of ProDOT-Mes is expected to be neutral. However, from the spectroscopy
data, based on Raman peaks corresponding to the stretching of Ca — C'S bonds
shifts to higher wavenumbers upon doping suggesting an increase in electron density.

Hence the character of the bond evolves from single to double[53]. These observations
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suggest that quinoid structure is more stable than the aromatic structure. Therefore,
the oxidized state of ProDOT-Me;y film is more stable than the neutral state which
is reflected in the difference in change of transmittance over temperature.

The decrease in transmittance in of the oxidized ProDOT-Me, film with increase
in temperature can be due to the temperature induced phase transition of the alkoxy

4% position of the conjugated backbone resulting in de-

group attached at the 3¢ and
creasing conjugated length. The decrease in conjugation length leads to hypsochromic
effect whereby the absorption peak moves to a smaller wavelength compared to the
previous state.The increase in the transmittance of the neutral ProDOT-Me, film
may be attributed to bathochromic effect. The absorption peak slightly shifts to
longer wavelength causing a slight increase in transmittance.
V305-TiOs film as counter electrode

The choice of counter electrode material is critical in window application since it
should have high ionic capacitance and transparency. ProDOT-Me, film exhibits a
fast switching speed of a few seconds, therefore, the counter electrode must be capable
of absorbing ions equivalent to the discharge of the working electrode material and
the rate of absorption should be sufficient to allow maximum discharge rate of the
electrochromic material.

Vanadium oxides have been thoroughly investigated for their ionic storage prop-
erties as a counter-electrode in batteries and, more recently, their suitability as a
counter-electrode for inorganic ECDs[3]. The layered morphology of Vanadium pen-

toxide (V20s5) promotes the intercalation of Lit ions, shown below,

VoOs + ze” +xLit™ & LiyVa05 (2.10)

However vanadium oxides tend to display adverse coloration upon lithium insertion
and extraction, depending on film thickness, ranging from light yellow to orange in
the oxidized state to dark green and black in the reduced state. The lack of a visibly
transparent state is detrimental to vanadium oxides use in optical devices and limits
the thickness of the film that can be employed. Many of the optical and electrical

properties of vanadium oxide thin films deposited under RF and DC sputtering and



evaporation are well characterized. Sol-gel processes have been explored at a less
comprehensive level, but show great potential and are of great interest due to the
relative low cost of equipment involved and process flexibility. In this study, sol-gel
processing was used to develop VoOs5-TiO2 film with 300 nm thickness.

Solution preparation involved, synthesis of V505 - nHoO using method developed
by Takahashi et al [54]. Crystalline VoO5 powder was dissolved in a Hydrogen
peroxide solution at a molar ratio of 8:1 (HO2 to V205). The ensuing reaction
results in the breakdown of HoOg and V205 which reform as VO2* clusters and V(V)
peroxo complexes. This VO?* solution appears as a transparent orange solution
and changes to a transparent dark red solution after 1 hour of vigorous stirring.
Sonicating the solution for 2 hours creates a dark red/brown gel that, studies have
shown, leads to V205 - nH2O layers upon drying. The gel was then dispersed into
water creating a dark red transparent solution having a vanadium ion concentration of
0.005 mol/1 and pH a2 2.7. Thin films were deposited onto an ITO (6 €2 resistance/in?,
76mm X 76 mm) substrate submerged in the V305 solution in a three electrode
cell and subjected to chronoamperometry technique (CH 1605A, CH Instruments,
Electrochemical Analyzer) using a Platinum wire counter electrode and silver wire
reference electrode [52]. A voltage of 3V and a deposition time of 130 seconds is
applied. Excess liquid was removed from the films which were dried in air for 15
minutes and then baked at 110°C for 8 hours to remove remaining moisture.

Heat resistance of V205-TiO2 film

The heat resistance of VoO35-TiO, film was tested over a range of temperature of
20 °C, 40 °C, 60 °C, 80 °C, 100 °C, 120 °C to measure the progressive variation in
transmittance of the film over temperature, shown in Figure 2.8.

The V205-TiO, film is relatively stable over a range of temperature, maintaining
a transmittance of over 70% in reduced and oxidized state. The stability of the

counter electrode is as expected since it is a metal oxide composite film.
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Figure 2.8: Variation of transmittance of PProDOT-Me, film from 20 °C to 120 °C in the

oxidized and reduced state.



Chapter 3
ELECTROLYTE DEVELOPMENT

3.1 Development of electrolyte for ECWs

The gel electrolyte has generally consists of an alkali metal salt in a polymer host.
In addition to having high ionic conductivity and good stability, the electrolytes de-
veloped should also have transmittance. Several research papers have investigated
polymer solid electrolytes but they tend to have low ionic conductivity. Alterna-
tively, gel electrolytes offer higher conductivity without sacrificing the stability of
the electrolyte. In gel electrolytes, the polymer matrix like polyethylene imine(PEI)
gives dimensional stability while the high permittivity of the solvents make the move-
ment of Lithium cations easier and faster. The lower viscosity of solvent based gel
electrolyte have improved their ionic conductivity.

Electrolytes for ECWs should be highly ionically ionically conductive but the
electrolyte should be electrically insulating. High ionic conductivity ensures the
movement of cations and anions in the electrolyte. While if the electrolyte is elec-
trically conductive it short circuits the ECW. Transmittance is another important
criteria to be taken into consideration while developing electrolytes for ECW.

To develop heat resistant ECW, along with the electrodes the electrolyte should
also be thermally stable. The electrolyte should maintain high transparency and
ionic conductivity over a range of temperatures. As per the problem statement,
the electrolyte should have high ionic conductivity and transmittance from room

temperature to 120 °C.

3.2 Ionic conductivity of electrolyte

Tonic conductivity is generally given by the equation,
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Figure 3.1: Schematic representation of cells used for ionic conductivity measurement by

impedance method as an example. (a) Solid-state samples; (b) liquid-state samples[55].

where n is carrier ion number, e is electric charge, and m is mobility of carrier ions.

The ionic conductivity measurement may vary depending on the moisture ab-
sorption, experimental environment and electrode species. Therefore, measurements
have to be performed with consistent to get comparable values. Therefore, electro-
chemical cells were prepared inside the glove box under argon gas. Ionic conductivity
is dened as the reciprocal of proper resistance (Rp). It is obtained by calculating,

l

= %5 (3.2)

0

where [ is the distance between the two electrodes and S is the mean area of the
electrodes. Since it is almost impossible to measure actual surface area of the applied
electrode, I = S, which is known as cell constant, is determined by measuring the
conductivity of standard solutions like aqueous KCI1[55]. For ionic conductivity, S/cm
or mS/cm are used as the unit of measure.

The Rp based on the sample cannot be calculated correctly, since the electric
charge resistance and electric double layer at the electrode resistance will also be
detected. The ionic conductivity of an electrolyte is measured through dc four probe

measurement and complex impedance method and is used to separate sample bulk



and electrode. The complex impedance method has a advantage that it could be
performed using both non blocking electrodes( same carrier ion M and metal M)
and blocking electrodes( generally platinum and silver electrodes are used, the charge
cannot be transferred from electrodes to carrier ions. The two probe cell where the
sample is sandwiched between two polished and washed electrodes is used in complex
impedance measurement, shown in Figure 3.1.

Proper contact between the sample and electrode, the polymer electrolyte if solid
should be in the molten form and spacers are used to separate the two electrodes to
prevent short circuit.

When using metals we must be aware of the strong reduction ability of metals
as non blocking electrodes. Lithium metal should be handled in completely dry
atmosphere. It cannot be handled in water or solutions containing active protons.
In addition, since lithium nitride is produced by the reaction between lithium metal
and nitrogen gas the experiment should be performed under argon gas atmosphere.
Generally the ionic conductivity of the activated metal is measured using blocked
electrodes method.

The impedance analyzer is frequently used under an alternating current. The
reliability of the observed impedance depends on the frequency applied. It decreases
with increasing frequency. Measurement frequency range is generally from 10 Hz to
1 MHz, of course depending on the performance of the equipment used. Although
about 10 mV amplitude voltage is desirable, it depends on sample, and the appro-
priate value is chosen according to each sample. When absolute value of impedance
is large , sufcient current cannot be obtained under ordinary conditions. However,
when the absolute value of the obtained impedance is small , the experimental error
becomes large due to large current. These values can be adjusted by changing the

samples thickness [58].
3.3 Polyethylene Imine(PEI) based electrolyte

In several previous studies alkali metals in oxygen containing polymers such as

poly(ethylene oxide), poly(propylene oxide) and poly(ethylene succinate)[56],[57]. It
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is considered that there are strong interactions between the unshared pair of elec-
trons on oxygen and cation. Therefore, in this study poly(ethylene imine) based
electrolytes were developed and studied. The lone pair of electrons on the nitrogen
atom will form coordinate bond with the lithium cation thus promoting the cation
and anion dissociation in the solution.

Generally, alkali metal is dissolved in polymer matrix which acts as a host mate-
rial. These electrolytes tend to have low ionic conductivity. But gel type electrolytes
with solvent have higher ionic conductivity without compromising the stability of
the electrolyte. Among the numerous ”gel” formulations studied, the gel types can
be distinguished as (1) plasticized semicrystalline polymers, where crystal lamellae
serve as physical crosslinks (2) two-phase electrolytes where the solvent fills a net-
work of pores in a solid, insoluble polymer scaffold; and (3) solvent-swollen, chem-
ically crosslinked polymer networks[58]. Covalently crosslinked gel electrolytes are
attractive because the solvent or plasticizer increases the mobility of the Li™ cations,
while crosslink junctions maintain rubber-like mechanical behavior. In crosslinked
gels, the conductivity is not hampered by the presence of crystalline microdomains
as in plasticized semicrystalline solid polymers, and no continuous pathways exist
for possible lithium dendrite growth as in porous ”gel” electrolytes[59]. However,
excessive dilution of crosslinked gel electrolytes also generally degrades mechanical
properties, so there exists a trade-off between maximizing conductivity (increasing
solvent content) and maintaining desirable mechanical behavior [60].

Among polymer electrolytes developed using different polymer matrices the elec-
trolytes developed with PEI are most promising due to low glass transition temper-
atures, high ionic conductivity and ease of random crosslinking via primary and sec-
ondary amine groups. The amines in the backbone and end groups of PEI coordinate
with the Li™ cation, reducing the binding energy between Li™ and the counter-anion
like C10%~, and increasing the concentration of loosely bound Lit cations available

for conduction. Several studies of PEI-based electrolytes have appeared recently.

Glatzhofer et al. studied electrolytes of poly(N-(2-(2-methoxyethoxy)ethyl)ethylenimine),

a PEOPEI copolymer, which exhibited i as high as 7 x 107° S em™! at 60 °C [61].
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Armand et al. have examined solid PEIPEOPEI triblock copolymer electrolytes,

which serve as a dual matrix for Lit and Cu?* ions [62],[63].

3.3.1 Preparation of heat resistant PEI based electrolytes

While developing PEI based electrolyte two major requirements were kept in mind,
1) high ionic conductivity before and after heat treatment, 2) high transparancy
before and after heat treatment.

Gel type electrolyte was developed with PEI as the polymer matrix, dimethyl sul-
foxide(DMSO) as the solvent and lithium perchlorate(LiClO4)/ Lithium triflate(LiCF3SO3).
The solvent of the electrolyte has to be chosen such that it has high dielectric con-
stant and dissolves the polymer and lithium solvent. In this study, DMSO and
dimethylformamide(DMF) were first considered due to its capability to completely
dissolve PEIL. The dielectric constant of the solvent determines the ionic mobility of
the cation and the anion, therefore, it has a huge influence on the ionic conductivity.
DMSO has a dielectric constant value of 46.68 and DMF has a dielectric constant of
36.7164. Owing to the effect of the solvent in electrolyte ionic conductivity DMSO

was considered for further studies.

Development of PEI base electrolyte without crosslinking agent

Branched Poly(ethylene imine) (PEI), with number average molecular weight of
10,000, was purchased from Sigma Aldrich. PEI was dried under vacuum at 70 °C for
24 hours to remove traces of water. Anhydrous DMSO,LiClO4 (metal basis, 99.99%),
LiCF3S03 were also purchased from Sigma Aldrich. LiClO4 was dried under vacuum
for 4 days before use to remove any traces of water. A solution of PEI and DMSO
were first prepared according to the weight ratio mentioned in Table 3.1. The solution
was allowed to stir for 5 hours. To this solution lithium salt(LiClO4/LiCF350s3) was
added and allowed to stir for 3 hours. The weight ratio of chemicals added to the
solution are listed in Table 3.1,

In ECW application it is critical for the electrolyte to be gel type and have

optimum viscosity in order to not flow within or leak out of the ECW. Therefore,
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Weight Ratio
Electrolyte No.
PEI/DMSO/(LiCl0,) or (LiCF3SO03)
100/114.5/6.04
1
(LiCF3S03)
100/114.5/12.1
2
(LiCF3S03)
100/110/1.50
3
(LiClOy4)
100/110/3.50
4
(LiClOy4)
100/110/5.32
)
(LiClOy4)
100/66/1.50
6
(LiClOy4)
50/55/3.00
7
(LiClOy4)
50/55/1.50
8
(LiClOy4)

Table 3.1: Weight ratio of PEI, DMSO and LiClO4 or LiCF3SO3 in developed electrolytes.



different concentrations of polymer matrix to solvent from electrolyte number 1 to
8 have been tried. The lithium cations form coordinate bonds with lone pair of
electrons on nitrogen atom. Therefore, different concentrations of lithium salt and
polymer matrix were also tested for thermal stability.

The developed electrolytes were tested for thermal stability. The electrolyte had
to maintain high ionic conductivity and transmittance before and after heat treat-
ment. The electrolytes were sandwiched between two bare ITO glass substrates( 38
mm x 38 mm) with a parafilm spacer. The sample was sealed with high temperature
resistant epoxy adhesive. The samples were tested at 20 °C, 40 °C, 60 °C, 80 °C,
100 °C, 120 °C. Until 100 °C the samples were tested in environmental chamber and
120 °C was tested on a hot plate since the maximum attainable temperature in the
environment chamber is 100 °C. The transmittance of the electrolytes from 1 to 8 at
different temperatures were measured and plotted, shown in Figure 3.2.

From Figure 3.2 it is clear that the developed electrolytes 1 to 8 had a reason-
ably high transmittance of over 65% at all temperatures. For ECW application a
transmittance of over 70% at all temperatures is preferred. In order to maintain
the performance of the ECW even at high temperatures of 120 °C the transmit-
tance of the electrolyte layer should be consistent and not drop below 70%. In this
case, electrolyte 8 is the best fit for the requirement. The maximum drop observed
in electrolyte is was about 3 to 4% even at high temperature and the transmit-
tance is always maintained above 70%. The electrolyte 8 contains optimized ratio of
PEI/DMSO/LiClOy4 : 50/55/1.5. The ratio of PEI to DMSO was important to main-
tain the gel like nature and viscosity of the electrolyte. Electrolyte 1 and 2 has lower
weight ratio of PEI/DMSO(0.873) and therefore has lower viscosity due to higher
solvent concentration. Electrolyte 6 has higher weight ratio of PEI/DMSO(1.515).
Electrolytes 3, 4, 5 and 7 have the same PEI/DMSO weight ratio but have different
salt concentrations. When lithium salt is added to PEI, the primary and secondary
amines in the polymer chain form coordinate bond with lithium cation thereby aiding
in dissociating the salt. The coordinate bond formed between the cation and the pri-

mary and secondary amine is believed to provide thermal stability to the electrolyte.

41



42

Transmittance (%)

I 20C [ 40C [ 60C [ 8C W100C M 120C

00
90 |
80
70
60
50
40
30
20

10

1 2 3 4 5 6 7 8
Electrolyte No.

Figure 3.2: Variation of transmittance of electrolytes 1 to 8 at 20 °C, 40 °C, 60 °C, 80 °C, 100 °C and 120 °C.



A covalent bond in which one of the two atoms bonded supplies all of the shared
electrons.

Coordinate covalent bonds are formed when one atom does not have a complete
outer shell, while another atom does have a complete outer shell and has at least one
unshared electron pair. Once formed, coordinate covalent bonds are indistinguishable
from normal covalent bonds [65]. Therefore, coordinate bonds have equal strength
as covalent bonds.

The ionic conductivity of these electrolytes were tested at 20 °C, 40 °C, 60 °C, 80
°C, 100 °C and 120 °C. Ideally, the ionic conductivity of the electrolyte should not
vary considerably with temperature in order to maintain consistency of performance
of ECW. Figure 3.3 shows the ionic conductivity of the developed electrolytes over a
range of temperature. It can be observed that the ionic conductivity of the electrolyte
remains stable from 20 °C to 100 °C. This can be attributed to the presence of
coordinate bond between the lithium cations and nitrogen atoms in primary and
secondary amine.

The chemical stability of the developed electrolytes were checked through Dif-
ferential Scanning Calorimetry(DSC) measurements. The DSC measurements were
performed in the expected ECW operation temperature range from 20 °C to 130 °C,
shown in Figure 3.4. The program was written to hold the sample at 20 °C for 2
minutes and increase the temperature by 5 °C per minute until the sample reached
130 °C and the sample was maintained at 130 °C for 30 minutes. In DSC mea-
surements, the phase transformation of the sample is indicated by a narrow peak at
the temperature at which the phase change occurs. From Figure 3.4 we can observe
that there are no obvious peaks in the operating temperature range. This implies
that the sample does not undergo phase transformation which may lead to degrada-
tion of critical properties like mechanical stability, transmittance, viscosity and ionic
conductivity. Therefore, we can conclude that the DSC measurements confirm the
stability of the electrolyte in the operating temperature range. We can observe that
compared to all the other electrolytes the DSC measurements of electrolyte no. 5

and 6 are almost parallel to the horizontal axis. This indicates electrolyte 5 and 6
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Figure 3.3: Stability of ionic conductivity of electrolytes 1 to 8 at 20 °C, 40 °C, 60 °C, 80
°C, 100 °C and 120 °C.

are the most thermally stable compared to the other electrolytes. This can be at-
tributed to high concentration of lithium salt in the electrolyte. Higher the lithium
salt concentration higher is the number of coordinate bond present in the electrolyte

which provides better thermal stability to the electrolyte.

Development of PEI baes electrolyte with crosslinking agent

Branched Poly(ethylene imine) (PEI), with number average molecular weight of
10,000 was purchased from Sigma Aldrich. PEI was dried under vacuum at 70 °C for
24 hours to remove traces of water. Anhydrous DMSO,LiClO4 (metal basis, 99.99%),
LiCF3S03 were also purchased from Sigma Aldrich. LiClO4 was dried under vacuum
for 4 days before use to remove any traces of water. A solution of PEI and DMSO

were first prepared according to the weight ratio mentioned in Table 3.2. The solution
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Figure 3.4: DSC measurements of electrolytes 1 to 8 from 20 °C to 130 °C

was allowed to stir for 5 hours. To this solution lithium salt(LiClO4/LiCF350s3) was
added and allowed to stir for 3 hours. The crosslinking agent Bisphenol A diglycidyl
ether(DGEBA) was added to the electrolyte in varying amounts, shown in Table 3.2.
The electrolyte was allowed to cross link for 24 hours before use. The concentration
of DGEBA was gradually increased to measure its effect on the transmittance and
ionic conductivity of the electrolyte.

Random crosslinking of PEI in solution is an attractive and economical processing
strategy to produce rubber-like electrolytes, an idea first pursued by Glatzhofer et
al., who crosslinked PEI by a Michael addition reaction between acrylates and the
amines of PEI [65]. The addition of crosslinking agent to the electrolyte makes the

electrolyte more viscous. The viscosity of the electrolyte should be optimized for use
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Weight Ratio
Electrolyte No.
PEI/DMSO/DGEBA/(LiClO4) or (LiCF3S0s3)
100/114.5/4.16/12.1
9
(LiCF3S03)
50/44/0.8/1.50
10
(LiClOy4)
50/44/1.02/1.50
11
(LiClOy4)
50/55/2.00/1.50
12
(LiClOy4)
50/55/4.00/1.50
13
(LiClOy4)
A 50/55/5.00/1.50
1
(LiClOy4)
50/55/6.00/1.50
15
(LiClOy4)
50/55/7.00/1.50
16
(LiClOy4)

Table 3.2: Weight ratio of PEI, DMSO, LiClO4 and DGEBA in developed electrolytes.



in ECW. For industrial purposes, solid state electrolytes with roll on mass production
capability would be preferable. Adding a crosslinking agent to the electrolyte opens
up a wide range of possibilities to alter the viscosity and the thermal stability of the

electrolyte. The structure of DGEBA is shown in Figure 3.5,

H3C CHg

&0 0"

Figure 3.5: Structure of DGEBA [66]

When DGEBA is added to PEI, structure shown in Figure 3.6, standard epoxide-
amine reaction takes place [60], shown Figure 3.7. This crosslinking reaction improves

the thermal stability of the electrolyte.

B /\/NHE
(e W T
H2N/\\/ \/\H/\/ \/;]/\/ \//\NHQ
HN" >N,

— —In

Figure 3.6: Structure of PEI [67]

The electrolytes were sandwiched between two bare ITO glass substrates( 38 mm
x 38 mm) with a parafilm spacer. The sample was sealed with high temperature
resistant epoxy adhesive. The samples were tested at 20 °C, 40 °C, 60 °C, 80 °C,
100 °C, 120 °C. Until 100 °C the samples were tested in environmental chamber and

47



48

5]
I
L
2P Us :
o L] o
T T T

Figure 3.7: Epoxide-amine structure [60]

120 °C was tested on a hot plate since the maximum attainable temperature in the
environment chamber is 100 °C. The transmittance of the electrolytes from 9 to 16

at different temperatures were measured and plotted, shown in Figure 3.8.

From Figure 3.8, it is evident that as the concentration of DGEBA is increased in
the electrolyte the transmittance at room temperature decreases. When the amount
of DGEBA added to solution was doubled compared to electrolyte no. 11 the trans-
mittance dropped to 40% from 70%. When the temperature of the sample increases
the transmittance of electrolytes 10 and 11 remain almost constant whereas for elec-
trolytes 12, 13, 15 and 16 the transmittance increases. The increase in transmittance
for electrolytes 12, 13, 14, 15 and 16 can be attributed to the reduction in viscosity
of the electrolyte and possibly breaking of a few epoxide-amine bonds that make the
electrolyte quite similar to electrolytes 9 to 16. From these set of electrolytes, elec-
trolyte no. 11 suits the ECW window application the best since the transmittance

of the electrolyte is consistently above 70%.

The ionic conductivity of these electrolytes were tested at 20 °C, 40 °C, 60 °C,
80 °C, 100 °C, 120 °C. Ideally, the ionic conductivity of the electrolyte should not
vary considerably with temperature in order to maintain consistency of performance
of ECW. Figure 3.9 shows the ionic conductivity of the developed electrolytes over a
range of temperature. It can be observed that the ionic conductivity of the electrolyte
remains stable from 20 °C to 120 °C. This can be attributed to the presence of coordi-
nate bond between the lithium cations and nitrogen atoms in primary and secondary

amine and also the presence of epoxide-amine crosslinking bond that increases the
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Figure 3.9: Stability of ionic conductivity of electrolytes 9 to 16 at 20 °C, 40 °C, 60 °C, 80
°C, 100 °C, 120 °C.

thermal stability of the electrolyte.

From Figure 3.9 it can be observed that for all concentrations of DGEBA the
ionic conductivity remains the same. This indicates that the lithium ion movement
is not affected by the formation of epoxide-amine bond. This is also improves that
the ionic conductivity depends on the solvent and not the nature of the crosslinking
agent present in the electrolyte.

To establish the chemical stability of the developed electrolytes DSC measure-
ments taken. The DSC measurements were performed in the expected ECW opera-
tion temperature range from 20 °C to 130 °C, shown in Figure 3.10. The program
was written to hold the sample at 20 °C for 2 minutes and increase the temperature
by 5 °C per minute until the sample reached 130 °C and the sample was maintained

at 130 °C for 30 minutes. In DSC measurements, the phase transformation of the
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Figure 3.10: DSC measurements of electrolytes 9 to 16 from 20 °C to 130 °C.

sample is indicated by a narrow peak at the temperature at which the phase change
occurs. From Figure 3.10 we can observe that there are no obvious peaks in the
operating temperature range.

From DSC measurements of electrolytes 9 to 16 we observe that as concentration
of the crosslinking agent, DGEBA increases the electrolyte becomes more thermally
stable since the graph becomes almost parallel to the x axis indicating the ther-
mal stability of the electrolyte. However keeping in mind that transmittance of the
electrolyte is critical in electrolytes for window application we can conclude that in
this case electrolyte no 11 would best fit the requirements of electrolytes for high
temperature resistance ECW. Electrolyte no. 11 shows a consistent transmittance

of over 70% even at higher temperatures, it maintains a high ionic conductivity of
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over 2.543 x 107° S/cm over all ranges of temperatures and maintains reasonable

chemical stability in the operating temperature.

Development of PEI baes electrolyte with UV curable agents

Branched Poly(ethylene imine) (PEI), with number average molecular weight of
10,000 was purchased from Sigma Aldrich. PEI was dried under vacuum at 70 °C for
24 hours to remove traces of water. Anhydrous DMSO,LiClO4 (metal basis, 99.99%),
LiCF3S03 were also purchased from Sigma Aldrich. LiClO4 was dried under vacuum
for 4 days before use to remove any traces of water. A solution of PEI and DMSO
were first prepared according to the weight ratio mentioned in Table 3.2. The solu-
tion was allowed to stir for 5 hours. To this solution lithium salt(LiClO4/LiCF3503)
was added and allowed to stir for 3 hours. To this electrolyte, UV curable agents
polyethylene glycol methyl ether methacrylate(PEGMA), polyethylene glycol molec-
ular weight 200(PEG 200) were added and allowed to stir for 3 hours. Now the
reaction initiator 2,2-bis(hydroxymethyl)propionic acid(DMPA) is added to the elec-
trolyte and allowed to stir for 2 hours. The composition of different chemicals are

listed in Table 3.3.

Weight Ratio Weight Ratio
Electrolyte No. | (Electrolyte) (UV curable chemicals)
PEGMA /PEG200/DMPA
17 50/55/1.5 11.2/39.2/0.112
18 50/55/1.5 3.2/11.1/0/03
19 50/55/3.00 11.2/39.2/0.112
20 50/55/3.00 3.2/11.1/0/03

Table 3.3: Weight ratio of PEI, DMSO, LiClO4 , PEGMA, PEG 200 and DMPA in developed

electrolytes



PEGMA, PEG 200 and DMPA, structures shown in Figures 3.11, 3.12 and 3.13
respectively, initiate crosslinking reaction upon irradiation of UV light. The forma-
tion of crosslinks upon UV reaction is expected to give better thermal stability to

the electrolytes.

O
HaCTON"To" 2Lz
) Bl CH3

Figure 3.11: Structure of PEGMA [68§]

_O
H1 \/\.:OH

Figure 3.12: Structure of PEG 200 [69]

The electrolytes were sandwiched between two bare ITO glass substrates( 38 mm
x 38 mm) with a parafilm spacer. The sample was sealed with high temperature
resistant epoxy adhesive. The samples were then cured under UV light for 20 minutes
on each side of the sample. The samples were tested at 20 °C, 40 °C, 60 °C, 80 °C,
100 °C, 120 °C. Until 100 °C the samples were tested in environmental chamber and
120 °C was tested on a hot plate since the maximum attainable temperature in the
environment chamber is 100 °C. The transmittance of the electrolytes from 17 to 20

at different temperatures were measured and plotted, shown in Figure 3.14.
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HO OH
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Figure 3.13: Structure of DMPA [70]

From Figure 3.14, we can observe that the transmittance of the four electrolytes
remain almost constant over the range of temperature measured. It can be observed
that when the concentration of the UV crosslinking agent is higher the transmittance
is slightly lower, electrolytes 17 and 19. This may be due to higher crosslinking in
the presence of UV that reduces the transmittance of the electrolyte layer sand-
wiched between two ITO glasses. In this case, electrolyte 18 is the best fit since it
has a transmittance of over 70% at all temperatures. This would ensure consistent

performance of the ECW even at elevated temperatures.

The ionic conductivity of these electrolytes were tested at 20 °C, 40 °C, 60 °C, 80
°C, 100 °C, 120 °C. Ideally, the ionic conductivity of the electrolyte should not vary
considerably with temperature in order to maintain consistency of performance of
ECW. Figure 3.15 shows the ionic conductivity of the developed electrolytes over a
range of temperature. It can be observed that the ionic conductivity of the electrolyte
remains stable from 20 °C to 120 °C. This can be attributed to the presence of
coordinate bond between the lithium cations and nitrogen atoms in primary and
secondary amine and also the presence of crosslinking bonds formed by the UV
curable agents. The UV curable provides comparable stability to the electrolyte

compared to the crosslinking agent in terms of transmittance.

The ionic conductivity of electrolytes 17 to 20 is high and stable over a range
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Figure 3.15: Stability of ionic conductivity of electrolytes 17 to 20 at 20 °C, 40 °C, 60 °C,
80 °C, 100 °C, 120 °C.

of temperature. This indicates that the presence of crosslinks formed by PEGMA,
PEG 200 and DMPA does not affect the mobility of lithium cations even at high
temperatures, therefore, the ionic conductivity remains the same irrespective of the
addition of UV curable agents.

To establish the chemical stability of the developed electrolytes DSC measure-
ments taken. The DSC measurements were performed in the expected ECW opera-
tion temperature range from 20 °C to 130 °C, shown in Figure 3.16. The program
was written to hold the sample at 20 °C for 2 minutes and increase the temperature
by 5 °C per minute until the sample reached 130 °C and the sample was maintained
at 130 °C for 30 minutes. In DSC measurements, the phase transformation of the
sample is indicated by a narrow peak at the temperature at which the phase change

occurs. From Figure 3.16 we can observe that there are no obvious peaks in the
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Figure 3.16: DSC measurements of electrolytes 17 to 20 from 20 °C to 130 °C.

operating temperature range.

From the DSC measurements we can understand that the UV curable agents
provide high stability to the electrolytes since the graphs of all the electrolytes are
almost parallel to the z-axis. As the concentration of the UV curable agents increases
the thermal stability of the electrolyte also increases, as can be observed from the
graphs of electrolytes 17 and 19, they are almost perfectly parallel to the horizontal
axis.

These results provide us the evidence that the presence of crosslinking agent does
not affect the ionic conductivity of the electrolyte and increases the thermal stability

of the electrolyte through crosslinking.
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Chapter 4

DEVELOPMENT OF HEAT RESISTANT ECW

ECWs are developed by electropolymerization PRODOT-Me; monomer as a
working electrode, VoO35-TiO9 composite materials as a counter electrode and the
developed electrolytes were sandwiched between the working and the counter elec-
trode. The ECW was now sealed using high temperature resistant epoxy adhesive

and allowed to cure for 24 hours before use.

The ECW should have reasonable optical contrast before and after the heat treat-
ment. The transmittance change of the ECW was measured using the time course
measurement technique in JASCO spectrophotometer at a wavelength of 580 nm.
From the spectroscopy measurements we can conclude that the ECW has the high-
est contrast ratio at 580 nm. Therefore, the time course measurements are performed

at 580 nm.

The ECWs were made and tested at room temperature first. Heat treatment
testing of ECW was carried out by exposing the ECW under 80°C for 4 days using
environment chamber. The ECW was also tested at 120°C for 30 minutes since
the ECWs are to be laminated before selling. The ECWSs should be capable of

withstanding high temperature of 120°C for 30 minutes.

For the first two electrolytes containing lithium triflate as the lithium salt, the
ECW did not show any measurable color change. This may be attributed to the
bulky size of the anion, CF350, of the lithium salt and which may not intercalate
completely with PPRODOT-Mes film . From Figure 2.3 we can see that when the
anions intercalate with the EC polymer the EC polymer gets oxidized. The oxidation
of PPRODOT-Mes film leads to the formation of light blue transparent film. But
while developing the ECW it could be observed that once the film is in the opaque

state, that is intercalated with lithium ions the film does not turn transparent. This



99

can be due to the lack of intercalation of CF3SO; anions into the PPRODOT-Mey
film.

To resolve this problem, LiClO4 with smaller perchlorate anion, was introduced.
In ECWs with electrolytes containing LiClOy4 as the lithium salt, there was a visible
change in optical contrast. Though epoxide-PEI matrix is unfavorable for ion move-
ment the small size of the cation and anion allows relatively free movement. The
intercalation of Lit on PProDOT-Me, makes the electrochromic material dark blue
and de-intercalation of LiT gives it light blue color. Therefore, movement of ions in

the electrolyte has an important contribution towards electrochromism.

Figure 4.1: Time course measurement of ECWs with electrolytes 3, 4 and 5 . These elec-

trolytes have lower PEI/DMSO weight ratio.

The lower the PEI/DMSO weight ratio the lower is the viscosity of the electrolyte.
In the electrolyte system PEI acts as the gelation agent and swells in DMSO. There-
fore, when DMSO is added to the electrolyte the viscosity of the electrolyte lowers
down. When the low viscosity electrolytes are sandwiched between the working and
counter electrodes in an ECW they have a tendency to flow out or move away from
the center of the ECW. This can be observed from Figure 4.1 where the contrast be-

tween the opaque and the transparent states is high in the first cycle but drastically
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decreases in the second and third cycles. This can be attributed to the movement
of electrolyte away from the center. Since there is minimal electrolyte present in the
center the color switching of the PPRODOT-Me; film is negligible.

The problem can be resolved if the viscosity of the electrolyte is increased, and

this can be achieved in the following three ways,

1. Decrease the concentration of the DMSO responsible for lowering the viscosity of the

electrolyte.

2. Introduce crosslinking agents that react with amine group to form gel like electrolyte.

3. Use UV curable agents to fix the electrolyte in place.

In electrolyte no 6,7 and 8 the concentration of the DMSO was decreased and
LiClOy4 to increase the viscosity of the electrolyte and to modulate the number of
free lithium ions present as free ions since higher the concentration of lithium salt

lower is the concentration of free lithium ions due to the formation of contact ion

pairs or triple ions.

Figure 4.2: Time course measurement of ECWs with electrolytes 8, (a) before the heat

treatment, (b) after the heat treatment.
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Electrolytes no 10 to 16 have different concentrations of the crosslinking agent
DGEBA as mentioned in Chapter 3. The different concentrations of DGEBA were
tried to test the change in transmittance of the electrolytes with temperature and the
compatibility of the electrolytes with the working and counter electrode materials,

shown in Figure 4.3.

) ) 3 0 50
Time [sec] Time fsec)

(a) (b) (c)

Figure 4.3: Time course measurement of ECWs with electrolyte 10 (a) Before the heat
treatment, (b) after the heat treatment at 80°C for 100 hours, (c) after the heat treatment

at 120°C for 30 minutes.

Figure 4.4, shows the optical transmittance of ECW with electrolyte no 11. The
electrolyte no 11 also shows reasonable contrast ratio and stability. But electrolyte
no 10 shows better stability over time. Therefore, optimized electrolyte composition
must lie between electrolyte no 10 and 11.

The third solution of introducing UV curable agents into the electrolyte was im-
plemented in electrolyte no 17 to electrolyte no 20. The performance of the electrolyte
with ECW was tested. Figure 36, shows the performance of the ECW before and
after the heat treatment. The ECW shows reasonable stability before and after heat
treatment. This shows that the electrolyte does not move away from the center even

at higher temperature.
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Figure 4.4: Time course measurement of ECWs with electrolyte 11 (a) Before the heat

treatment, (b) after the heat treatment.

(a) (b) ()

Figure 4.5: Time course measurement of ECWs with electrolyte 18 (a) Before the heat
treatment, (b) after the heat treatment at 80°C for 100 hours, (c) after the heat treatment
at 120°C for 30 minutes.



Chapter 5

CONCLUSION

High temperature resistant ECW for the application of sunroof in automobiles
has been developed. The developed poly(ethylene imine) based electrolyte has high
transmittance and ionic conductivity before and heat treatment upto 120°C. In the
case of PEI based electrolytes, electrolyte no 8 with PEI/DMSO/LiClO,4 weight ratio
of 50/55/1.50 gives the best data. The electrolyte maintains a high transmittance
of 70% at all range of temperatures and also maintains high ionic conductivity and
chemical stability. The ECW with electrolyte no 8 exhibits a transmittance of 52%
in transparent state and 24% in opaque state. This changes to 52% and 33%, respec-
tively after the heat treatment at 80°C for 100 hours.In the next case of PEI-DGEBA
based electrolytes, electrolyte no 10 with PEI/DMSO/DGEBA /LiClO04 weight ratio
of 50/44/0.8/1.50 gives the best data. The electrolyte maintains a high transmit-
tance of 67% at all range of temperatures and also maintains high ionic conductivity
and chemical stability. The ECW with electrolyte no 10 exhibits a transmittance of
57% in transparent state and 27% in opaque state. This changes to 45% and 22%,
respectively, after the heat treatment at 80°C for 100 hours. The transmittance
changes to 45% and 23% after heat treatment at 120°C for 30 minutes. In the last
case of UV curable electrolytes, electrolyte no 18 is the most promising electrolyte
composition. The ECW shows a maximum transmittance of 63% and minimum of
27%. After the heat treatment at 80°C for 100 hours, the maximum transmittance
drops to 50% and 24% respectively. The maximum transmittance reduces to 55%

and minimum to 30% after heat treatment at 120°C for 30 minutes.

The maximum transmittance of the ECW should be improved compared to the
current achievable value to effectively apply the ECW for sunroof applications. This

can be achieved by further optimizing the concentration of crosslinking agents be-

63
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tween electrolyte 10 and 11. To further increase the thermal stability of the elec-
trolyte, ionic gel electrolytes may be considered. Ionic gels are molten salts dispersed
in suitable polymer matrix. These electrolytes are proven to be thermally stable over
a wide range of temperatures. The compatibility of these electrolytes with the work-
ing and counter electrode material should be tested and the composition should be

optimized.
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Appendix A

EXPERIMENTAL RESULTS: VARIATION OF TRANSMITTANCE
OF ELECTROLYTES FROM 20°C TO 120°C
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Appendix B

EXPERIMENTAL RESULTS: VARIATION OF IONIC
CONDUCTIVITY OF ELECTROLYTES FROM 20°C TO 120°C
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Appendix C

EXPERIMENTAL RESULTS: COUNTER ELECTRODE
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Appendix D
EXPERIMENTAL RESULTS: WORKING ELECTRODE
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