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ABSTRACT

This thesis presents applications of the layer-by-layer (LbL) assembly technique in
fabrication of thin films with a primary focus on design and development of electrochromic
devices. The optical properties of electrochromic materials change as they alter between redox
states. The morphology and properties of LbL-assembled thin films can be modified by varying
several processing factors such as dipping duration, ion type, ion concentration, pH, molecular
weight, and ionic strength. In the present work, several factors of LbL assembly process were
manipulated to tailor electrochromic thin films of desired attributes.

An electrochromic device (ECD) with fast optical switching speed was designed and
constructed based on poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS).
This device exhibited optical switching speeds of 31 and 6 ms for coloration and decoloration
respectively, on a 60 mm? area.

Poly(aniline 2-sulfonic acid) (PASA) is a relatively new ionic polymer, and its
electrochromic properties have not been previously investigated in much detail. PASA thin film
showed several redox states corresponding to color changes from dark blue to gray as it passed
different redox states.

One particularly interesting and promising design for ECDs is dual electrochrome. Dual
electrochrome ECDs based on PANI and polyaniline (PASA) are investigated in this thesis. The
PANI/PASA thin film showed superior spectroelectrochemical properties compare to other
ECDs reported here or elsewhere.

An electrode with single wall carbon nanotubes (SWCNTS) coating was tested as the
substrate for an ECD based on poly[2-(3-thienyl) ethoxy-4-butylsulfonate] (PTEBS) to examine
performance of the electrochromic polymer on a substrate other than an indium tin oxide (ITO)
electrode. Compared to ITO, the SWCNT based device exhibited superior properties.
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Chapter 1: Introduction

1.1 Background

Engineering and development of functional devices based on discoveries in pure science
requires a good understanding of both science and engineering, very often in more than one
discipline. Multidisciplinary research in science and engineering contributes to advancements in
both areas. Scientific foundations and discoveries are applied to engineer applications through
multidisciplinary research. Also, in the development of engineering applications many scientific
facts have been discovered. Both science and engineering were applied to design, fabricate and
analyze the devices proposed in this thesis.

This thesis is focused on the development of electrochromic devices, which change color and
or opacity in response to an applied voltage. Improvements in the morphology of the thin films
and design of the electrochromic devices are achieved and reported. Improvement of the
contrast and switching speed of electrochromic devices is the main goal of this thesis and it is
achieved via choice of materials, optimization of the morphology and structure of the thin film as
well as the design of the electrochromic device. The results were studied and analyzed by a
variety of tools and techniques such as cyclic voltammetry and optical switching speed
measurements.

For fabrication of the thin films, the layer-by-layer (LbL) assembly technique was used,
which allows control over several critical factors for fabrication of the thin films such as control
over the thickness of the thin film and morphology of it. In most of the work, the thin films were
fabricated on indium tin oxide (ITO) coated glass electrodes because of the high transparency
and high conductivity of ITO coatings. In one of the studies, in order to improve the quality of
the electrodes, glass slides coated with carbon nanotubes were also fabricated and tested in
comparison to ITO coated electrodes.

Electrochromic devices based on electrochromic polymers were fabricated and tested and
exhibited high contrast and fast switching speed. Electrochromic devices with two
electrochromic polymers (dual electrochrome) was also fabricated and studied.

This thesis explores different aspects of the electrochromic properties of solid state
electrochromic devices and electrochromic polymers fabricated using the LbL technique to

achieve highly homogeneous films with nanoscale control of the thickness.



1.2 Layer-by-layer Assembly

Fabrication of functional thin films can be achieved via several deposition techniques
including physical or chemical vapor deposition, electroplating, spin assisted or spray coating,
layer-by-layer (LbL) deposition, and several other techniques. Among all the techniques
mentioned above, LbL has several significant advantages that make this technique very useful
for fabrication of functional thin films. One key feature of the LbL technique is that any species
with multiple ionic charges can be used as one of the components of the LbL assembled thin
films®. This phenomenon, along with the fact that charged species can be deposited from aqueous
solutions, make a wide range of materials available to be used with this technique such as ionic
polymers®*, nano-particles®”, dendrimers®™°, quantum dots™*™*, proteins***°, and DNA®’,

The LbL assembly technique was first developed and introduced in 1966 by ller'® at Dupont.
The technique did not receive much credit nor attention from the scientific community until it

was reintroduced in 1991 by Decher et al *°

as a solution for deposition of charged polymers.
Since its redevelopment in 1991, the LbL assembly technique has become one of the most
preferred techniques for fabrication of thin films and has been practiced by numerous research
groups worldwide. The LbL assembly technique is used for fabrication of all the electrochromic

thin films investigated in this thesis.

1.2.1 Assembly Concept
The LbL assembly technique is based on sequential deposition of oppositely charged species
on a charged substrate'® 222 Although different types of chemical bonds may be involved in

2324 the most common form of LbL deposition is based on

formation of the multilayer thin films
ionic bonds between ionic species® %. Figure 1-1 shows a schematic of formation of two bilayer
via ionic attraction between two ionic polymers.

Exposure of the charged substrate to a dilute aqueous ionic solution of opposite charge forms
an ultra thin layer of the charged molecules on the surface of the substrate. The substrate is then
rinsed with deionized (DI) water to wash the loosely bound molecules and immersed in the other
dilute aqueous ionic solution with a charge opposite to the charge of the first ionic solution to
form another ultra thin film on the top of the existing, first, ultrathin film. This step is also

followed by rinsing with DI water. The two-layer system forms one bilayer. Repetition of these



steps results in formation of thin films consisting of several bilayers. A schematic of the LbL

assembly process is shown in Figure 1-2.
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Figure 1-1. Formation of two bilayers of ionic polymers via LbL assembly technique.

Although a wide range of charged materials can be used in the LbL assembly technique, as
mentioned in section 1.2, only ionic polymers (polycations and polyanions) are used for

fabrication of all thin films investigated in this thesis.

1.2.2 Controlled Assembly

Control over the thickness and morphology of each bilayer, and the thin film as a whole, is
significantly important in characterization and performance of the functional thin films. The LbL
assembly technique can be adopted to fabricate thin films of a variety of properties. The
morphology and properties of the bilayers can be determined by conditions of the deposition
process and characteristics of the ionic species. Deposition conditions such as dipping duration

H,%>2% jon concentration,?

and number of bilayers, along with solution characteristics such as p
ion type?, ion strength,? and molecular weight?® can influence the composition of the thin films.
Adjusting and optimizing these factors can manipulate the thin films to have desired
properties. The dipping duration can vary from 1 to approximately 30 minutes. After a certain
amount of time, depending on the conditions and materials, the deposition rate approaches zero
due to charge balance between the existing and depositing layers and repulsion of the outer layer
towards the polymers in solution. The charge strength of the materials also effects the deposition

quality significantly®2,



Figure 1-2. Schematic of LbL process.

In the case of ionic polymers, varying the charge density of the polymer backbone chains
also influence the morphology and the thickness of the thin films. Normally, the polymer
molecules are in the form of long chains and the ionic charge is homogeneously distributed along
them. Addition of counterions, usually through addition of salt, neutralizes some fraction of the
charges and reduces the repulsion force along the polymer chain; following the lack of enough
repulsion force, the polymer chains curl and form cluster conformations®. As shown in Figure
1-3, layers deposited from such solutions are generally thicker due to globular arrangement of
the polymer molecules.

Another way to manipulate the charge on the polymer backbone is to adjust the pH of the
solution?”*%_ This method is especially useful for cases in which the electrolyte is weak, which
means that it can be neutralized near neutral pH. Increasing or decreasing the pH increases the
charge of carboxyl or amine groups respectively®**2. Polyanions are fully charged at high pH

and polycations are fully charged at low pH.



Figure 1-3. Schematic of globular conformation of a polymer chain with low charge density
(right) is shown in comparison with a polymer chain with high charge density (left). Polymer
chains with lower charge density form globular conformations and so thicker layers.

1.3 Electrochromism

The color of any material that does not itself emit light correlates to the wavelength of the
reflected or transmitted portion of the incident light (depending on whether the material is
viewed in reflection or transmission), which correlate to the absorbed portion of the incident
light. As a result, materials that absorb shorter wavelengths appear red-orange whereas materials
absorbing longer wavelengths appear blue-purple.

The molecules in a material absorb energy in discrete amounts corresponding to the absorbed
wavelength, and the energy is consumed by intermolecular or intramolecular processes. The
intensity of the reflected light is equal to the total intensity of the incident light minus the
intensity of the absorbed and transmitted light.

1.3.1 Coloration

The change in the chemical structure of materials results in changes in their properties, one of
which may be a change in the optical density spectrum. This change causes the materials to
appear a different color.****

If the change in the chemical structure occurs due to the application of an electric field, the



phenomenon is termed “electrochromism”. Polymers with this characteristic are termed
“electrochromic polymers”.

The most sought-after electrochromic materials are ones capable of undergoing reversible
electrochromism, exhibiting dramatic color change (high contrast) usually from almost fully

transparent to almost fully opaque in a short period of time (fast switching speed)

1.4 Electrochromic Devices
Integration of electrochromic materials into devices makes it possible to take advantage of
such materials in practical ways and makes it easier to define standards when investigating the

44 It

characteristics of the electrochromic materials. is through electrochromic devices (ECDSs)

that optimization of the electrochromic materials become possible.*>*’

The most practical design for testing and commercializing electrochromic devices is the
solid-state design.*®>! However, electrochromic thin films can operate in electrochemical
cuvettes as well® °2. The electrochemical cuvette setup is more suitable for testing the materials
in a laboratory setting where functionality of the materials is the highest priority vs. the
practicality. As shown in Figure 1-4, in this setting, the coated electrode is immersed in
electrolyte solution along with a counter electrode, usually copper. The electric field is applied
across the electrodes. Based on the magnitude and polarity of the electric field, the thin film
undergoes redox reactions in its interaction with the electrolyte. Due to the involvement of a
large volume of electrolytes and the design of this setting, liquid cell setting is not appropriate
for commercial usage.

A solid-state electrochromic device typically consists of two ITO glass electrodes at least one
of which is coated with a thin film. The counter electrode can be an uncoated ITO glass
electrode, one with identical thin film, or one with a different type of thin film. A very thin layer
of electrolyte gel is usually placed between the two electrodes. The thickness of the electrolyte
layer can be determined by use of spacers. A schematic of a solid-state electrochromic device is
shown in Figure 1-5. The device can be sealed by tape, epoxy, or other types of sealant to
prevent leakage of the electrolyte gel and promote ease of handling of the device.
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Figure 1-4. Schematic of a liquid cell testing setup
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Figure 1-5. Schematic of solid state, dual electrochrome ECD

1.4.1 Single Electrochrome ECDs

As mentioned in section 1.2.1, at least two ionic species are required to form a set of bilayers,
one polycation and one polyanion. In the case of electrochromic devices, at least one of the two
ionic species must have electrochromic properties, i.e. be electrochromically active.

Devices with only one electrochromic species are called single electrochrome electrochromic
devices. Such devices may have less redox states compared to devices consisting of more than

one electrochromically active species.



The cyclic voltammetry (CV) plots of single electrochrome ECDs are easier to analyze, and
transmittance of the device in the neutral state (no electric field applied) is higher. The reason for
higher transmittance in the neutral state is that the electrochemically inactive materials are
chosen among colorless materials whereas most electrochromically active materials are colored.

Poly(allylamine hydrochloride) (PAH) (polycation), poly (2-acrylamido 2-methyl propane
sulfonic acid) (PAMPS) (polyanion) and poly(acrylic acid) (PAA) (polyanion) are among
widely used, colorless, electrochromically inactive polymers.

The properties of electrochemically active polymers are discussed in detail in the following

chapters.

1.4.2 Dual Electrochrome ECDs

Dual electrochrome electrochromic devices consist of two electrochromically active
materials.>*>® Having two electrochromically active materials in one system adds to the
complexity of the system; however, there are several advantages associated with such systems
that are rare in single electrochrome ECDs. One advantage is the possibility of having several
color changes in a small electric potential window. The other advantage of dual electrochrome
ECD:s is that the entire thin film is contributing to the electrochromism of the device, versus in

single electrochrome ECDs only a portion of the thin film is electrochromically active.

1.5 Characterization Techniques and Methods

Electrochemical analyses are important in gaining a better understanding of the
compositional details of the thin films. There have been several methods and techniques for
performing controlled electrochemical reactions, some of which are more common than others.
Electrochemical processes are either voltammetric or amperometric; due to the very small
amount of materials, voltammetric processes are preferred for analyzing the thin films.
Voltammetric electrochemical analyses are performed for all the thin films investigated in this

thesis.

1.5.1 Cyclic Voltammetry
Cyclic voltammetry (CV) is a very common potantiodynamic electrochemical measurement

technique, widely used to investigate and describe electrochemical properties of an electrical



conductive system. Most of the new electrochromic materials and composites are subject to CV
for determination of their general electrochemical nature. The redox potentials of a system can
also be interpreted from the CV data.

In classical CV, the potential across the working electrode, i.e. the sample, and a counter
electrode is swept linearly between an upper and lower limit. The potential window should
include the potentials at which the redox states are expected. The current passing through the
working electrode is continuously measured and recorded with respect to a reference electrode.
Data are usually represented as current vs. voltage plots. Redox potentials are identified from the
position of the oxidation and reduction current peaks. Current peaks represent the potentials at
which the reaction rate between the working electrode and the electrolyte environment is the
greatest.

In classical CV, the reaction between working electrode and the environment is either
activation, also known as charge transfer, or diffusion, also known as mass transfer, controlled.
The reaction type can be determined by studying the position of the current peaks at different
scan rates. Change in the magnitude of the current peaks in activation controlled reactions shows
a linear response to the change of the scan rate whereas diffusion controlled reactions exhibit a
nonlinear response.

One other attribute of diffusion controlled reactions is the shift in the position of the current
peaks at different scan rates. The current peaks shift away from the zero potential point as the
scan rate increases. The reason for the shift is the lag in time between the potential reading and
the reaction occurrence.

In the case of thin films, activation controlled reaction will occurs when the thin film consists
of only one monolayer, for example. In this case, the whole reaction is taking place at the surface
where there is no separation between the electrode surface and the reaction zone. As the
thickness of the thin film goes beyond one monolayer, the reaction, to some extent, becomes
diffusion controlled. As the thickness increases the signs of diffusion controlled reaction

becomes more obvious.

1.5.2 UV-Vis Spectroscopy
In this method, the optical properties of the thin film at a fixed potential is studied as a

function of the wavelength of the incident light. The method involves the passage of a collimated



light beam of a varying wavelength (visible spectrum in this case) through the electrochromic
device. The intensity of the transmitted light is then measured and recorded as a function of the
wavelength.

There are several ways to represent and interpret the collected data; the most common ways
are percent transmittance (%T) and absorbance (A). Absorbance and percent transmittance are

related by

100
A= 10g10 (%_T) = — 10g10 T Eqn 1

The thickness of the thin film can be calculated from a model based on the Beer-Lambert

equation, which is a more detailed version of the above equation.

glc = logqo ;L;) Eqgn. 2

where ¢ is the molar absorptivity, C is the concentration of the electrochromic species, and | is the
path length or thickness of the thin film. Absorptivity and concentration values are based on
intrinsic properties of any material and are independent of the composition of the thin film. The
values of these constants can be looked up from a table where available or can be calculated
from the absorbance of samples with known thicknesses. The calculated value, k, (where k=&c)
can be used in calculating the thickness of the thin films from the absorbance intensity. Equation

3 can be rewritten as:

kl=logym=A4 - 1=% Eqn. 3

The intensity of the reflected light from the thin film can also be calculated with UV-Vis
spectroscopy technique using the basic phenomenon that the total intensity of the transmitted,
absorbed, and reflected lights are equal to the intensity of the incident light. However, since the
intensity of the scattered light is not distinguished from the intensity of the reflected light, the
calculated intensity of reflected light is actually the sum of these two intensities.

10



1.5.3 Square Wave Switching and Response Time

Square wave switching provides detailed information about the electric charge capacitance of
the thin film. The information can be used in characterizing the thin film, mainly the optical
switching speed that is especially important when evaluating the performance of electrochromic
devices. Electrochromic devices with fast switching speed are needed in systems such as video
displays and optical switching devices. The time required for the polymer to go from one redox
state to another is the limiting factor for switching speed.

In this method, the potential at the device is alternated between the complete oxidation
and complete reduction potentials for several cycles, forcing the materials through its redox
states at the pace of the frequency of the square wave.

Since all the polymers investigated in this thesis are electrochromic polymers used in ECDs,
the optical switching speed was directly measured from the color change of the ECDs. In this
method, a beam of laser is passed through the ECD during the square wave switching; the
change in the intensity of the laser is detected using a photodiode, and carefully studied in
reference to the square wave to determine the time required for the polymer to alternate between
redox states. Figure 1-6 shows the schematic of the setup used in measuring the optical switching

speed.

Figure 1-6. Schematic of optical switching speed measuring setup

11
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Chapter 2: Single Electrochrome ECD Based on PEDOT LbL Thin Film

Millisecond switching in solid state electrochromic polymer devices fabricated from ionic

self-assembled multilayers

Published in Applied Physics Letters, 2008, 92
Authors: Jain, V.; Yochum, H.; Montazami, R.; Heflin, J.R.

2.1 Abstract

The electrochromic switching times of solid state conducting polymer devices fabricated by
the ionic self-assembled multilayer method has been investigated. The devices were composed of
bilayers of poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) and poly(allylamine
hydrochloride) on indium tin oxide substrates. Devices fabricated from 40 bilayer thick films
have coloration and decolaration switching times of 31 and 6 ms, respectively, with low applied
voltage (1.4 V) for an active area of 0.6 cm? The switching times have been shown to decrease
with the active area of the electrochromic device suggesting that even faster electrochromic
switching times are possible for devices with smaller areas.

2.2 Introduction

Electrochromic (EC) devices show a reversible color change upon reduction or oxidation of
the electrochromic material by application of a voltage. Tungsten oxide electrochromic devices
have been used in smart windows, automotive rear-view mirrors, and thin passive displays for
more than a decade, but electrochromic materials have not yet been employed in fast displays
because of their slow color-switching response time, typically on the order of seconds. A large
number of conducting polymers exhibit electrochromic behavior, including polyaniline,
polyviologens, and polypyrrole, but poly(3,4-ethylenedioxythiophene:poly(styrenesulfonate)
(PEDOT:PSS) has been preferred in electrochromic studies because of its easy processability,
high conductivity (300 S/cm), high contrast at low voltage, and long term stability without
degradation as compared to other conducting polymers.™ Here, we demonstrate fast switching
response time (<10 ms) of electrochromic devices consisting of PEDOT:PSS and poly(allyamine
hydrochloride) (PAH) multilayered films fabricated by the ionic self-assembled multilayer
(ISAM) approach.
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The electrochromic properties of PEDOT:PSS have been studied by several groups.
Delongchamp et al. fabricated solid state dual electrochromic PEDOT and polyaniline ISAM
films which had switching speeds (t;sy,) of 0.37 s for decolorationand 1.22 s for coloration.
Kumar et al. found that PEDOT:PSS films made by electropolymerization have switching speeds
of several seconds for thicknesses of 300 nm.® Cho et al. have shown that PEDOT nanotubes
fabricated in an intricate process of laying out an array structure on indium tin oxide (ITO) with a
silica template have very fast reflectivity changes of 8.8 ms coloration and 3.5 ms decoloration
for nanotubes of 20 nm wall thickness with —1 V—+1 V applied for a reflectivity change of
25%.% We report PEDOT electrochromic devices that operate at comparable switching rates as
reported by Cho et al. and can be made with the fairly simple and inexpensive ISAM approach

with readily available conducting electrodes and materials.

2.3 Materials and Methods
ISAM films are formed by a layer-by-layer deposition technique’ that provides highly
precise, nanometer-scale films on the electrode surface. ISAM films have been used for a variety

9-10

of applications,® for example, in nonlinear optics,”*° optical sensors,** light-emitting diodes,*?

and photovoltaics.”*™

ISAMs have also been used in the fabrication of a variety of
electrochromic films, including PEDOT, but the PEDOT devices did not have the fast switching
times reported here.? The ISAM technique allows the possibility of choosing a wide range of
electrochromic materials that can be used in combination with PEDOT for dual and multihue
electrochromic devices.

The ISAM technique involves dipping a charged substrate alternately in aqueous polycation
and polyanion solutions. We have used glass slides coated with ITO as our substrate, PAH as the
cationic polymer, and PEDOT:PSS as the anionic polymer. Symmetric solid state devices were
fabricated by sandwiching together two I1TO slides coated with PEDOT/PAH bilayers using a
transparent conducting gel poly(2-acylamido 2-methyl propane sulfonic acid). The device
structure is shown in the inset of Figure 2-1. We used 10 mM PAH (Sigma-Aldrich) at pH 4 and
PEDOT:PSS (BaytronP) has been prepared by the method described by Delongchamp et al.* The
area of the electrochromic device was controlled by appropriately etching the 1TO substrates to
create stripes or pixels of the desired size. Cyclic voltammetry, not shown here, of a

(PAH/PEDOT:PSS)4 film shows a broad reduction peak of the PEDOT and is consistent with
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the measurements of Tang et al.> The diffusion coefficient (D.~2.82x10 ® cm?/s) value

calculated by the Randles-Sevick equation,

where [,=321 mA is the cathodic peak current, n=1 is the electron stoichiometry, A=1 is the

I, = (2.69 x 10%)n3?2 AD,"*cv'/?

electrode area (cm?), C=0.01 is the concentration of electrolyte (mol/cm?®), 2=0.5 is the scan rate

(VIs).
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Figure 2-1. Percentage transmission vs wavelength of an electrochromic device consisting of two
PAH/PEDOT 80 bilayer films with 2.0 and 0 V applied.

Symmetric PEDOT EC devices in which one of the PEDOT layers acts as a conductive

electrode material have been demonstrated by Mecerreyes et al.™ In the present work, a
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completely symmetric and reversible PEDOT EC device has been demonstrated on ITO
electrodes such that, dependent upon the polarity of the applied voltage, only the PEDOT film
connected to the negative terminal exhibits a color change.

2.4 Results and Discussions

The transmission spectrum of the (PAH/PEDOT:PSS)g, (consisting of two 80 bilayer films)
device is presented in Figure 2-1at 0 V and with 2 V applied, as measured with a Filmetrics F20
UV-vis spectrometer. The color change is between very pale blue and dark blue. The maximum
change in transmittance between 0 and 2 V is 35% at 580 nm. The temporal response of the
devices was monitored with a He—Ne laser and photodiode as a square wave voltage (0-1.4 V)
was applied to the electrochromic device. Figure 2-2 shows the electrochromic film response as
well as the applied square wave voltage signal for a 40 bilayer (two 40 bilayer films) 1 cm? area
PAH/PEDOT device. Figure 2-3 shows the fast electrochromic time response of coloration and
decoloration of the 0.6 cm? (PAH/PEDOT:PSS)4 device. The coloration and decoloration times

(to 90% of equilibrium value) are 31 ms and 6 ms, respectively.
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Figure 2-2. Photodiode signal vs time with square wave voltage applied for a device consisting of

two 40 bilayer films with 1 cm? area.
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We note that the decoloration time is shorter than the coloration time for these devices, as has
been previously observed.® In addition, the coloration and de-coloration times of a 20 bilayer of
1 cm? device are approximately 20 and 8 ms, respectively, indicating that thinner devices switch
faster, as would be expected due to the decreased transit time for the ionic motion. The contrast
associated with our switching experiments at 633 nm, which is not the wavelength of maximum

contrast, is approximately 8% and 5% for 40 bilayer and 20 bilayer, devices, respectively.
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Figure 2-3. Decoloration (a) and coloration (b) of a 0.6 cm? device consisting of two 40 bilayer
PAH/PEDOT films with applied voltage of 0-1.4 V.
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In Figure 2-4, we show the relationship between switching speed (tgos) and the area of
device, where tgos IS the time for the film to achieve 90% of its full electrochromic response. The
film response time decreases linearly with the active area of the device, similar to the response of
a RC circuit. Pixel areas associated with active displays are often <0.05 cm?. The relationship in
Figure 2-4 suggests that switching times for 0.05 cm? area devices should be on the order of 3 ms
for coloration and 0.6 ms for decoloration. It is anticipated that a combination of smaller area and
increased polymer thickness can, thus, provide for very fast switching and significantly higher
contrast than that measured here.
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Figure 2-4. Decoloration and coloration switching times vs electrochromic device area for

devices consisting of two 40 bilayer PEDOT films. Lines shown to guide the eye.

2.5 Conclusion

We have demonstrated the fast switching of an ionic self-assembled multilayer solid-state
polymer electrochromic device compatible with flat-panel display rates. Devices consisting of
two 80 bilayer PAH/PEDOT films display a maximum contrast of 35% at 580 nm. Devices with
an active area of 0.6 cm? made from two 40 bilayer (400 nm thick) films show coloration and
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decoloration times of 31 and 6 ms, respectively, with a linear scaling of the switching speed with
the active area of the device. The fast switching is obtained through the combination of a number
of factors: fabrication of thin, homogeneous films by self-assembly that have a large diffusion
coefficient and short distance required for ionic motion, use of the symmetric quasi solid state
geometry with a thin layer of electrolyte gel, and recognition of the dependence of the response
time on device area. These results suggest that ISAM electrochromic devices are potential

candidates for next-generation flat-panel displays.
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Chapter 3: Single Electrochrome ECD Based on PASA LbL Thin Film

Optical Properties of an Electrochromic Device Based on a Poly (aniline 2-sulfonic) acid
(PASA) Film Formed by lonic Self-Assembled Multilayers (ISAM) Technique

Published in Journal of Undergraduate Materials Research
Authors: Montazami, R.; Jain, V.; Heflin, J.R.

3.1 Abstract

An electrochromic device (ECD) was designed and fabricated via layer by layer (LbL)
assembly of poly(aniline 2-sulfonic) acid, (PASA), as the electrochromic polyanion, and poly
(allylamine hydochloride), (PAH), as the inactive polycation. Cyclic Voltammetry (CV) was
employed to study the redox properties of the polymer film and to help to determine the optimal
operating voltage of the device. It was determined that the PAH/PASA ECD has three redox
states between -1V and +1V. The thin film of (PAH/PASA)4 demonstrated a color change from
dark green to light brown to dark gray, in £1 V window. The two major redox current peaks
occurred at ~ +0.3 V and ~ 0 V; another oxidation peak was observed at ~-0.6 VV which had a
smaller intensity. The highest transmittance contrast in the visible spectrum was approximately
30% and was observed at 690 nm.

3.2 Introduction

Electrochromic materials change color in response to an applied voltage.** Under application
of an electric field, the molecules undergo a change in their chemical structure due to the
transition of electrons which result in changes in the optical density and therefore the color of the
material. Under application of the electric field, the flow of electrons changes the electron
wavefunctions and desnities in and between molecules and surrounding electrolyte solution by
reduction or oxidation processes. The conditions at which these changes occur are termed redox
states.

Electrochromic devices (ECDs) consist of thin films of electrochromic materials deposited
on transparent, conductive electrodes, usually glass coated with indium tin oxide (ITO).>* To
date, some of the applications of ECDs are seven-segment displays,” anti-glare mirrors,™ ® and

24



solar-attenuated windows.”® Other possible future applications of ECDs include flat panel
displays,” security windows, and optical switches.™

In this work we report the electrochromic properties of a single-electrochrome ECD based on
poly(aniline 2-sulfonic) acid, (PASA) which is an active electrochromic polyanion, and
poly(allylamine hydochloride), (PAH), a non-electrochromic polycation. PAH is transparent with
no electrochromic attributes and it is only used for the sake of forming thin films. The layer-by
layer (LbL) assembly technique was employed to fabricate the polymer thin films, also known as
ionic self-assembled multilayers (ISAMs), on the substrates. In this method oppositely charged
polymers are used to buildup multiple layers of polymers on a glass substrate coated with indium
tin oxide (ITO). Due to the opposite charge of neighboring layers, they are bound together to

14 pH,lS_l? ion type,14

form the polymer thin film.****Through control over the molecular weight,
ion concentration® and ionic strength®® of the ionic species, the LbL assembly technique makes
it possible to have nanometer control on the thickness of the monolayers and the thin film as a
whole, as well as control over morphology of the thin film. Usually the films formed via the LbL
assembly technique are very homogenous, which is especially important for optical devices. LbL
assembled films are very stable and robust due to the strong ionic interactions between cationic
and anionic layers. Figure 3-1 shows a schematic of the formation of bilayers in the LbL

assembly technique.

Figure 3-1. LbL assembly technique. Layers of oppositely charged polymers are used to

construct the thin polymer film.
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Devices consisting of two electrochromic polymers are termed dual-electrochrome ECDs;
such devices are expected to have more redox states compares to single-electrochrome ECDs.
Details of such devices can be found in several publications,”®% but this work focuses on single-
electrochrome ECDs.

3.3 Materials and Methods
3.3.1 Substrate

A 25 mm x 75 mm x 0.7 mm unpolished float glass, SiO, passivated with ITO coating on one
surface (Rs =8 — 12 Q/sq) (Delta Technologies, USA) was used as the transparent conducting
substrate. The uncoated side of the substrate and about 20 mm of the ITO coated side of the
substrate were covered by electrical tape to prevent deposition of the polymer thin film on these
surfaces. The substrate was then cleaned in piranha bath, washed with deionized (DI) water, and
dried with nitrogen. The substrate was then exposed to NaOH solution to increase the

hydrophilicity of its surface.

3.3.2 Solutions

All chemicals were reagent grade and were used as received. DI water was used throughout
the entire solution preparation process. All chemicals were commercially available (Sigma-
Aldrich, USA). 2 mM PASA solution (pH 3) was used as polyanion and 10 mM PAH (pH 9) was
used as polycation. Both solutions are water based and freshly prepared prior to use.

3.3.3 Film Deposition

The LbL technique was used to deposit a thin film of PAH/PASA on the substrate.
Deposition was done at room temperature, using an automatic dipping machine. To form the
first bilayer the sample was: 1) exposed to PAH by spinning it in PAH bath for 4 minutes; 2)
then washed in three steps, 45 seconds each, with DI water to remove any loosely bound PAH
molecules. After forming the first monolayer, the sample was; 3) exposed to PASA by spinning
it in PASA solution for 5 minutes and then; 4) washed with DI water in three steps, 45 seconds
each, to remove any loosely bound PASA molecules. These four steps were to form one bilayer,
consisting of one polycation and one polyanion layer. This process was repeated 40 times to

form a thin PAH/PASA film of 40 bilayers. This process can be repeated any desired number of
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times and can be use to control the thickness of the LbL assembled thin film. Other factors such
as dipping duration and the pH of the solutions can also affect the thickness and quality of the
thin films. The electrical tape were then removed.

Scanning electron microscopy (SEM) was used to investigate the thickness of the LbL
assembled thin film. The thickness of each bilayer is estimated to be 30 — 35 nm. The SEM of

the cross section of the film, shown in Figure 3-2, suggests homogeneity in deposition.

Figure 3-2. SEM image of 40 bilayers of PAH / PASA on ITO

3.4 Results and Discussions
3.4.1 Cyclic Voltammetry

Cyclic voltammetry (CV) was used to characterize the electrochemical properties of the
(PAH/PASA)4 film in 0.1 M NaClO, aqueous electrolyte solution. A standard calomel electrode
(SCE) was used as the reference electrode and a platinum flag as the counter electrode. The thin
film was scanned between +1 V at different scan rates to determine the redox potentials and
reaction type. As shown in Figure 3-3, at 25 mV/s scan rate the major reduction peak occurred at
approximately 0.3 V and the corresponding oxidation peak appeared at approximately 0 V. A
second, smaller oxidation peak was observed at approximately -0.6 V. As the scan rate was
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increased to 50 mV/s and 100 mV/s the current peaks shifted outward which indicates the
separation between reaction zone and the surface of the electrode which is due to the thickness of
the thin film.

[S+]

Current density (uA/cm?)

'
o

Potential (V)

Figure 3-3. Cyclic Voltammetry of (PAH/PASA)4 at 25, 50 and 100 mV/s scan rates. A reduction
peak was observed at ~ +0.3 V and oxidation peaks at ~0 V and ~-0.6 V. The arrow indicates

increasing scan rate.

3.4.2 Color Change

The (PAH/PASA)4 ECD was tested in a electrochemical cuvette to confirm its color change.
The device was immersed in 0.1 M NaClO, electrolyte while a voltage was applied across the
device and a copper counter electrode. The device exhibited color change at ~+0.3 VV and ~-0.6

V. Figure 3-4 shows photos of the device at different redox states.
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Figure 3-4. Color of (PAH/PASA)4 at different redox states. From left to right,

oxidized, neutral and reduced.

3.4.3 Spectroelectrochemistry:

The electrochromic characteristics of PASA were investigated by spectroelectrochemistry. In
this method, a collimated beam of light with varying wavelength from 400 nm to 1100 nm was
shone on the device and the transmitted light was collected at the other end of the apparatus for
measurement of the transmitted and absorbed wavelengths.

The ITO electrode coated with the (PAH/PASA) 4 film was tested in a cuvette
electrochemical cell filled with 0.1M NaCLO,. The intensity of transmitted visible spectrum
through the thin film was measured at neutral, oxidation and reduction potentials, 0, -0.8 and
+0.8 Volts respectively. As shown in Figure 3-5, the highest contrast in the visible spectrum was

about 30% at approximately 690 nm.
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Figure 3-5. Transmittance of (PAH/PASA)4 at neutral and redox states. The highest contrast is

about 30% and was observed at ~ 690 nm.

3.5 Conclusion

The electrochromic properties of a thin film system based on PASA was investigated in this
paper. PASA was found to have interesting and promising electrochemical properties.
(PAH/PASA)4 exhibited three redox states in the —1.0 V to +1.0 V range. The color change
remains after removing the voltage, which suggests that the ECD has long-term memory.
According to the CV data, the polymer film reduces at +0.3 V and oxidizes at ~0 V and -0.6 V.
The device changes color at both oxidation and reduction states, which agrees with the results

from the CV. The device showed about 30% contrast between redox states at 690 nm.
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Chapter 4: Dual Electrochrome ECD Based on PANI and PASA Thin Films

High Contrast Asymmetric Solid State Electrochromic Devices Based on Layer-by-Layer

Deposition of Polyaniline and Poly(aniline 2-sulfonic) acid
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4.1 Abstract

Layer-by-layer (LbL) self-assembly was employed for alternating deposition of two
electrochromic polymers to fabricate a single film composite. We report a wide spectral range,
high contrast asymmetric solid state electrochromic device, fabricated by LbL assembly of the
polycation polyaniline (emeraldine base) (PANI) and the polyanion poly(aniline 2-sulfonic) acid,
(PASA). Detailed spectral investigation of the dual electrochrome thin film confirms that both
electrochromic polymers contribute to the electrochromic and electrochemical characteristics of
the composite. Under the application of +/- 2.3 V potential the system exhibited an average
contrast of 50% across the full visible spectrum. The dual electrochrome system was compared
to single electrochrome systems, and it was observed that PANI predominantly affects the
electrochromic optical spectra of the composite, whereas PASA increases the switching speed.
Electrochemical studies of a device containing 40 bilayers of PANI/PASA showed reversible
electrochemical properties.

4.2 Introduction

Due to variations in redox states, electrochromic (EC) devices exhibit changes in their optical
transmittance. The variations in the redox states are caused by controlling the potential difference
between the electrodes of the device. EC devices based on a variety of inorganic compounds,*

#10 and phthalocyanines™ ™ have been previously studied. In this work we present EC

polymers
devices based on a pair of electrochromic polymers.

Thin-films can be created through several methods including chemical vapor deposition,
electron beam deposition, Langmuir-Blodgett technique, and layer-by-layer (LbL) self-assembly

technique. In the case of electronically functional thin-films, thinner films are generally preferred
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because of the shorter electron and ion transport path length.

The LbL assembly technique provides nanoscale thickness control for fabrication of thin
films and is one of the most popular techniques for fabricating thin polymer films.

The LbL technique consists of repeated cycles of alternating adsorption of cationic and anionic
materials from aqueous solutions onto the substrate.****> Varying the number of cycles results in
a different number of bilayers and is one way to control the thickness of the thin film from the
nanometer to micron scale. Other factors, such as pH and ionic strength of the electrolyte
solutions, can also be used to tune the thickness of the material adsorbed into individual layers.
Because of its low cost, high precision, and ease of production, the LbL technique is one of the
easiest and simplest methods to implement.***® Another significant advantage of using the LbL
technique is that any charged species can be incorporated into a thin film.

Polyaniline (PANI) is an electronically conductive and electrochromically active polymer.
The optical and structural properties,*® switching speed,”® and optical properties of PANI in solid
state EC devices® have been previously studied. Several forms of PANI exist. One is the
emeraldine salt (ES) which is conductive and green in color, and another is the emeraldine base
(EB) which is blue in color and an insulator.? PANI (ES) is not stable in the presence of
moisture and converts into PANI (EB), which is the more oxidized form. PANI-based
electrochromic devices have been previously studied by several groups. Hu et al.?? studied the
electrochromic properties of PANI along with poly(2-acrylamido 2-methylpropane sulfonic acid)
(PAMPS) and reported maximum transmittance contrast of approximately 40% at a wavelength
of approximately 580 nm and a switching time of 10 seconds under application of +/-2.0V. Ina

|.23

similar study, Hechavarria et al.“* achieved maximum transmittance contrast of approximately

45% at approximately the same wavelength. Delongchamp et al.?*

performed a more in-depth
study of PANI based EC devices fabricated through the layer-by-layer technique. They reported
maximum transmittance contrast of 51.7% at a wavelength of 748 nm for an EC device
consisting of 20 bilayers of PANI and PAMPS and a contrast of 24% for a device consisting of
20 bilayers of PANI and PEDOT. The device exhibited fast switching speeds of 0.37 s and 1.22 s
for bleaching and coloration, respectively.

In this study, we used PANI (EB) as the polycation and poly(aniline 2-sulfonic) acid
(PASA) as the polyanion. PASA is also an electronically conductive and electrochromically

active polymer? that has been characterized by conductivity, elemental, and spectroscopic

34



analysis.?®?® Sarkar et al.” studied the electrochromic properties of sulfonated polyaniline versus
the physical properties of PASA LbL films and reported that the absorbance of the device
increases linearly with the number of bilayers. By combining cationic and anionic polyaniline
forms together into a single LbL film, we anticipated changes in electrochromic and
electrochemical properties of the film compared to the films constructed of either PANI or PASA
paired with a non-electrochromic polymer. In this work, we study the electrochromic and
electrochemical properties of PANI/PASA solid state dual electrochrome EC devices with
varying thickness and voltage. The thickness of the thin film can be easily controlled through the

number of layer pairs, referred to as bilayers.

4.3 Materials and Methods

All solutions were freshly prepared prior to the LbL self-assembly process and were used
within one week of the preparation date. All the chemicals used are commercially available
(Sigma-Aldrich). Deionized (DI) water was used for the immersion and rinsing solutions.
Solutions were prepared at ambient conditions.

Since polyaniline is not soluble in water, a different technique, inspired by Cheung et al.?,
was used to prepare the solution. 1) Polyaniline was added to dimethylacetamide (DMAC) at
ratio of 20 mg/ml; 2) the solution was then stirred overnight and 3) sonicated at 40°C for two
hours. 4) The solution was slowly added to DI water nine times its volume with pH 3.25. 5) The
pH of the solution was immediately reduced to 3.0. 6) The solution was then stirred for three
more hours and then 7) filtered using filter paper with retention of 11 um. The solution was kept
at ambient temperature and used within seven days.

In order to make 300 ml of 10 mM PASA solution, 500 mg of poly(aniline 2-sulfonic) acid
was mixed into 300 ml of DI water and was left to stir for about 5 hours. The pH of the solution
was 2.9 and was increased to 4.2. The solution was kept at ambient temperature and used within
seven days.

All devices were made using 25x75x0.7 mm?® unpolished float glass, with passivated SiO,
and indium-tin oxide coating on one side with sheet resistance Rs of 8 to 12 €/square purchased
from Delta Technologies Ltd. Each slide was soaked in 1 M sodium hydroxide solution for 30
minutes to make a more hydrophilic surface. The non-1TO side of each substrate was covered
with electrical tape to prevent adsorption of the LbL film on that side.

An automated dipping robot (Nanostrata 6) was used to deposit the LbL films on the ITO
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slide. PANI and poly(allylamine hydrochloride) (PAH) were used as polycations and PASA and
poly (2-acrylamido 2-methylpropane sulfonic acid) (PAMPS) as polyanions. The immersion
time for each layer of polymer was set to six minutes, followed by three consecutive washings of
45 seconds each. Thin films with different numbers of bilayers were fabricated. The thickness of
films of different number of bilayers was measured by SEM of the cross-section of the thin
films.

Asymmetric devices were fabricated using the ITO-coated slide with LbL film as the primary
electrode and an ITO-coated slide without LbL film as the counter electrode. A few drops of

PAMPS conductive gel was used to bind the two electrodes together.

4.4 Results and Discussions
4.4.1 Thickness

Films with different numbers of bilayers were made in order to examine the contrast of the
film with respect to the number of bilayers. As shown in Figure 4-1, the thickness of
PANI/PASA films followed an exponential behavior. While LbL films generally exhibit linear
growth with the number of bilayers, exponential growth has also been observed in several
cases.®** The mechanism for exponential growth is not yet fully understood. The change in
transmittance between the oxidized and reduced states of each sample, under application of +/-
2.3V, is shown in Figure 4-2. The contrast of the devices is increased with the number of
bilayers up to 40 bilayers. The contrast of the 50 bilayers device essentially overlaps that of 40
bilayers, and the contrast of the 60 bilayers device is slightly higher over most of the visible

spectrum.
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Figure 4-1. Film thickness of PANI/PASA LbL films versus number of bilayers. The curve is an

exponential fit to the data.
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Figure 4-2. The change in transmittance between +2.3 V and -2.3 V of PANI/PASA devices with
different numbers of bilayers for 10 to 60 bilayers with 10 bilayers intervals. The arrow indicates

increasing number of bilayers.
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4.4.2 Cyclic Voltammetry

Cyclic voltammetry (CV) was used to identify redox potential ranges and clarify general
electrochemical behavior. The scanning range was set between -1.0 V and +1.0 V to cover the
lowest redox potentials of both PANI and PASA. All the CV data were taken on samples of LbL
films deposited onto ITO-coated float glass in a supporting 0.1 M LiCIO,4 aqueous electrolyte
solution. In order to better understand ion accessibility of the polymers, CV was taken at varying
scan rates. In addition, to identify the contributions of PANI and PASA to the composite device,
CV scans of single electrochrome films were taken. Thus, films were made of PANI/PAMPS and
PAH/PASA, where PAH and PAMPS are electrochemically inactive over the scanned potential
range. CV scans for (PAH/PASA)4 and (PANI/PAMPS)4 are shown in Figures 4-3 and 4-4,

respectively, where the subscripts denote the number of bilayers of the LbL films.

Current density (uA/cm?)

-1 -0.8 0.6 0.4 0.2 0 0.2 04 0.6 08 1
Potential (V)

Figure 4-3. Cyclic voltammograms of (PAH/PASA),, taken at 25, 50, and 100 mV/s scan rates.

The increasing total area under the curve corresponds to increasing scan rate.
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Figure 4-4. Cyclic voltammograms of (PANI/PAMPS), taken at 25, 50, and 100 mV/s scan

rates. The increasing total area under the curve corresponds to increasing scan rate.

In the CV of the (PAH/PASA)4 sample, PASA shows two sharp redox waves and one
weaker peak. The first sharp redox wave is an oxidative peak in the vicinity of 0.3-0.5 V. The
position of the peak moves toward the right (positive potential) for higher scan rates, and the
peak height also increases as the scan rate increases. The second sharp wave, indicating
reduction of the oxidized species, appears as the potential decreases from 0.3 V. A weak
reductive peak can be seen at -0.5 V, and there is the suggestion of another peak, which starts at -
0.9 V and is out of the scan range.

The CV of (PANI/PAMPS)40, as shown in Figure 4-4, consists of broad redox waves. The
first wave, indicating oxidation, starts at approximately -0.2 V and elevates as the potential goes
up to +1.0 V, but the peak is outside of the scan window. The slope of the wave and the peak
height both increase with the scan rate. The peak of the reduction wave is centered at 0.0 V and
follows the same behavior as the oxidation peak.

The CV of (PANI/PASA)40, as shown in Figure 4-5, confirms that both polymers contribute
to the electrochromic switching of the dual electrochrome system. At lower scan rates, the redox

behavior of the dual electrochrome film is very similar to that of PANI. However, at higher scan
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rate the redox behavior is more indicative of PASA. The first oxidation peak at higher scan rate
clearly shows the effect of PASA.
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Figure 4-5. Cyclic voltammogram of (PANI/PASA)4o taken at 25, 50, and 100 mV/s scan rates.
The increasing total area under the curve corresponds to increasing scan rate. At higher scan

rate the contribution of PASA is more obvious.

4.4.3 Contrast

Asymmetric solid state EC devices were used to investigate the optical properties in the
visible spectrum at different potentials. The transmittance curves of a (PANI/PASA)4 EC device
shown in Figure 4-6 have significant changes in transmittance beyond +/- 1.5 V.

In Figure 4-7 we show the spectra of the (PANI/PASA)4 EC device at +/- 2.3V and 0 V
potential along with the contrast plot. At positive potential the film is colored (dark blue), this
coloration is in response to the oxidation of the composite. Upon application of negative
potential, the composite undergoes reduction resulting in a decoloration of the film (pale yellow).
One of the most significant properties of the PANI/PASA composite is the large and relatively
flat change in transmittance over the entire visible spectrum. The average contrast between the
colored and bleached states of the composite at +/- 2.3 V over the visible spectrum is 49.7%. The

average contrast between 500-700 nm is 54.4%.
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Figure 4-6. Spectra of (PANI/PASA)4, asymmetric EC device taken from -2.5V to +2.5V at 0.5

V intervals. Dashed line indicates 0 V data, and the arrow indicates increasing potential.
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Figure 4-7. Spectra of (PANI/PASA)4 asymmetric EC device taken at -2.3, 0, and +2.3 V. The
dashed line indicates the change in transmittance between -2.3 V spectra and +2.3 V spectra.

Arrow indicates increasing potential.
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In order to determine the relative contributions of PANI and PASA to the composite device,
we also fabricated EC devices in which PANI and PASA were each paired with the
electrochromically inactive polyelectrolytes PAMPS and PAH, respectively. Comparison of the
spectra of (PANI/PASA)4o with that of (PAH/PASA)4 and (PANI/PAMPS)4o (shown in Figures
4-8 and 4-9, respectively) suggests that the transmittance of the PANI/PASA composite is
largely influenced by PANI. While PASA has little effect on the shape of the (PANI/PASA) 40
spectra, the (PANI/PASA)4o spectra are shifted to 10-20% higher transmittance values than the
(PANI/PAMPS), spectra. More importantly, the incorporation of PASA results in faster

electrochromic switching, as shown below.

100

90

80 -

60 1

%T

‘Wavelength (nm)

Figure 4-8. Spectra of (PAH/PASA)4o asymmetric EC device taken at -2.3, 0, and +2.3 V. The
bold solid line indicates the 0 V spectrum, and the dashed line indicates the change in
transmittance between -2.3 V spectra and +2.3 V spectra. The arrow indicates increasing

potential.
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Figure 4-9. Spectra of (PANI/PAMPS)4o asymmetric EC device taken at -2.3, 0, and +2.3 V. The
dashed line indicates the change in transmittance between -2.3 V spectra and +2.3 V spectra.

Arrow indicates increasing potential.

4.4.4 Switching Speed

The switching speeds of (PANI/PAMPS). and (PANI/PASA)4o devices were monitored over
time with a He-Ne laser (A = 633 nm). A +/- 2.3 V square wave was applied at 0.25 Hz. As
shown in Figures 4-10 and 4-11, (PANI/PASA)4, showed faster electrochromic switching than
(PANI/PAMPS),0, as indicated by the transmittance nearly reaching its asymptotic value over
the switching period for both coloration and decoloration. As a result, the PANI/PASA device
also achieved a higher change in transmittance in the given period. The PANI/PASA sample
reached a change in transmittance of 39.6% at 633 nm while the PANI/PAMPS sample reached a
change in transmittance of 23.6%. Although the PANI/ PASA device exhibits a faster coloration,
neither of the devices achieves 75% of the full coloration state within the switching period of 2

seconds. For decoloration, PANI/PAMPS exhibited a similar curve to its coloration process with
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reversed slope while the PANI/PASA device reached 75% of full decoloration in approximately

700 ms.
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Figure 4-10. Switching speed response of (PANI/PASA)4, asymmetric EC device during

application of +/- 2.3 V square wave at 0.25 Hz.
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Figure 4-11. Switching speed response of (PANI/PAMPS)4 asymmetric EC device during

application of +/- 2.3 V square wave at 0.25 Hz.
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4.4.5 Lifespan

PANI/PAMPS LbL films have been reported to degrade under application of +/- 2.0 V
potential.”® In our study on PANI/PASA composites, the films showed reasonably long lifespan
with little drop in performance. As shown in Figure 4-12, the contrast dropped by approximately
10% after undergoing more than one thousand cycles at an arbitrary sequence of f=1 Hz and
0.25 Hz frequencies. The addition of PASA appears to have improved the lifespan of the system,
yet more in depth study is needed to confirm this hypothesis.

%T

400 450 500 550 600 650 700
‘Wavelength (nm)

Figure 4-12. Spectra of (PANI/PASA)4 taken at -2.3 V and + 2.3V, before (solid line) and after
(dotted line) going through more than 1000 switching cycles.

4.5 Conclusion

Dual electrochrome solid state electrochromic devices based on PANI and PASA were
constructed based on LbL self-assembly. The devices exhibited high optical contrast over a wide
range of wavelengths covering the entire visible spectrum. The average contrast of the 40-bilayer
device in the visible spectrum was 49.7%. CV studies of the composite confirmed that both
electrochromic polymers contribute to the electrochromic and electrochemical properties of the
system, however PANI is primarily responsible for the observed transmittance changes.
Comparison of PANI/PAMPS devices with PANI/PASA devices showed that the incorporation
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of PASA to the composite increases the switching speed and lifespan of the device. The
response time performance of the device was significantly improved by addition of PASA.
Under application of +/- 2.0 V square wave at 0.25 Hz, the PANI/PASA device reached more
than double the contrast compared to the PANI/PAMPS device. Thus, the addition of the
conducting and electrochromically active PASA significantly improved the electrochromic and

electrochemical properties of the composite.
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Chapter 5: Highly Conductive, Transparent CNT Based Electrode for ECDs

Modification of Single-Walled Carbon Nanotube Electrodes by Layer-by-Layer Assembly
for Electrochromic Devices
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5.1 Abstract

We have studied the morphological properties and electrochromic (EC) performance of
polythiophene multilayer films on single wall carbon nanotube (SWCNT) conductive electrodes.
The morphology for different numbers of layer-by-layer (LbL) bilayer on the SWCNT electrode
has been characterized with atomic force microscopy and scanning electron microscope, and it
was found that the LbL multilayers significantly decrease the surface roughness of the
nanoporous nanotube films. The controlled surface roughness of transparent nanotube electrodes
could be beneficial for their device applications. We have also fabricated EC devices with LbL
films of poly[2-(3-thienyl) ethoxy-4-butylsulfonate/poly(allylamine hydrochloride) on SWCNT
electrodes, which not only have high EC contrast but also sustain higher applied voltage without
showing any degradation for more than 20 000 cycles, which is not possible in the case of
indium tin oxide electrodes. Cyclic voltammetry of the LbL films formed on SWCNT shows
higher current at low potential, revealing the feasibility of SWCNT electrode as a good host for

electrolyte ion insertion.

5.2 Introduction
Thin single wall carbon nanotube (SWCNT) networks with thickness in the range of 10—

100 nm have high sheet conductance while maintaining high optical transparency.'*® These
transparent electrodes have been used in organic solar cells, photovoltaic devices, and light
emitting diodes, which show comparable device performance with indium tin oxide (ITO), along
with better mechanical properties.*>® SWCNT films are porous and have high surface area,
which can be either bane or boon for the device application. The larger surface area ensures the

availability of a higher amount of reactive sites at the SWCNT surface, but due to the rough
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nature of the film, charge injection and light intensity can both be nonuniform and can
occasionally shorten the device lifetime.” To overcome this problem, we adopted the approach of
coating the SWCNT film with the layer-by-layer (LbL) assembly; this helps in reducing the
surface roughness and integrating the SWCNT into thin-film optoelectronic devices without
short-circuiting the electrodes.

To achieve this, conformable coating of another layer is critical. Other techniques such as
spin coating, solution casting, or electropolymerization, where rapid deposition of the material
occurs, do not result in smooth films on rough surfaces. The Langmuir—Blodgett technique is one
possible choice for developing such morphology, but it is preferred for flatter surfaces; the
thickness of its individual layers cannot be varied as it is determined by the length of the
molecule, it cannot smooth the surface, and also the electroactivity decreases for thicker films.®
In contrast to this, LbL deposited films not only decrease the surface roughness for uniform
charge injection but also forms a nanoporous morphology which offers low resistance to charge
and mass transfer.

Electrochromic (EC) devices undergo reversible color change in a material by the application
of external voltage.® LbL is also an excellent processing tool in the development of EC devices,
as it provides flexibility and precise control over designing EC films on a diverse array of
substrates with high uniformity and thickness control, higher contrast by the combination of
multiple EC materials, and an increase in ionic conductivity for faster switching speeds.*® LbL
films coated on SWCNT electrodes could potentially lead to better overall EC performance as
compared to LbL films on ITO electrodes because of enhanced ion insertion, voltage
sustainability, and increased life cycles. Several different groups have deposited modified carbon
nanotubes on various substrates for different applications by the ionic LbL approach.***2*3n
the present work, we have used LbL assembly on separately deposited conducting, transparent
SWCNT electrodes rather than incorporate SWCNTSs into LbL films. Carrillo et al.*® have used
the LbL technique to coat the SWCNT surface with gold nanoparticles and polyelectrolytes, but
their approach is more tedious and requires several steps of cross-linking. In addition, they
deposited SWCNT through the chemical vapor deposition process, requiring catalysts for
nanotube growth, which results in a nonuniform, low conductivity surface; hence, LbL
deposition is random and unsuitable for electronic applications. In contrast, we have used a very

well established technique of depositing uniform, highly conductive SWCNT films on large areas
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through spray coating™ and combined the benefits of that method with a bottom-up LbL
approach for highly stable EC devices.

5.3 Materials and Methods

SWCNT films on the glass have been deposited by spray coating with a similar procedure as
explained in one of our previous work.*® Briefly arc-discharged single wall nanotube (Carbon
Solutions Inc.) are dispersed in water with 0.5% sodium dodecy! sulfate with surfactants of
1 mg/ml. The solutions were sprayed onto glass or plasticsubstrates which were then heated to
80 °C. The water-soluble sodium polythiophene poly[2-(3-thienyl) ethoxy-4-butylsulfonate]
(PTEBS) (Ref. 17) (American Dye Source) was used as the active EC material and bilayers were
fabricated by the LbL deposition technique. EC PTEBS LbL devices have been characterized
recently and good green to orange-red color changing properties have been obtained.'® Glass
slides with a thin film of single-walled nanotubes were used as the substrate in the present work.
The LbL deposition was performed by alternately dipping the SWCNT electrode in a positively
charged aqueous polymeric solution, poly(allylamine hydrochloride) (PAH) (Sigma-Aldrich,
M,~75 000, 10 mM concentration, pH 4), and negatively charged polymeric solution, PTEBS

(1 mM, pH 4), for 6 minand rinsing in de-ionized water for 2 min.

5.4 Results and Discussions

Morphological studies of different numbers of PAH/PTEBS bilayers on SWCNT electrode
by field emission scanning electron microscope (FESEM-LEO 1550) (Figure 5-1) at 5 kV and
atomic force microscope (AFM) (Nanoscope IVa) (Figure 5-2) reveals that the LbL films are
conformably coated onto the surface of the nanotube substrate. The AFM imaging was done in
tapping mode with a cantilever of 50 N/m force constant and image size of 2x2 um?and 0
60 nm z scale. Due to the three-dimensional nanomesh network topology, the bare SWCNT
electrodes with varied thickness of nanocomposite multilayers with pores show intriguing
morphological properties. AFM scans of several LBL films confirmed that the films start
wrapping around the nanotubes for the first few bilayers (two) and become a thick cylindrical
film sheet around the nanotubes for aslightly higher number of bilayers (five); repeated scans
were done at different locations to ensure that the morphological properties are similar
throughout the sample. As can be clearly seen, the structure of the surface changes after

deposition of a few bilayers and the film surface morphology smoothens as compared to the bare
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SWCNT electrode. As material is deposited in each bilayer, moving from five to a higher number
of bilayers (eight), the thin cylindrical sheets joined together to yield a nanoporous morphology.
Sometimes, but not always, a few holes in the LbL film with more than eight bilayers were
found. Continuation of the deposition to ten bilayers keeps the porosity in the film architecture
but also increases the smoothness in the film. The plot of the surface roughness versus number of
bilayers shows that the overall average surface roughness [Ra (nm)] of the deposited film
decreases as the film thickness increases for higher numbers of bilayers; the bare SWCNT
electrode has the highest surface roughness, which becomes nearly constant for films with ten or
more bilayers. The decrease in surface roughness is caused by the subsequent multilayer

deposition, which fills the voids in the SWCNT electrode and makes the surface smoother.

Figure 5-1. Scanning electron microscopy images of CNT electrode with (a) no film, (b) two
bilayers, (c) five bilayers, and (d) ten bilayers of PAH/PTEBS film.

To study the redox activity of PAH/PTEBS multilayers on the SWCNT film, cyclic
voltammetry (CV) experiments were performed with a computer-controlled

potenstiostat/galvanostat (PINE AFCBP1 bipotentiostat); all measurements were carried out in
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LiClO4 (0.1M)/acetonitrile with platinum (Pt) and AgCI/Ag as counterelectrode and reference
electrode, respectively. The bare CNT electrode shows no electroactivity (Figure 5-3(a)) while
the PAH/PTEBS LbL films clearly have aredox peak at around +0.10 V. The oxidation peak for
the spin coated PTEBS film at the same conditions is at +0.6 V, but here the peak has shifted to a
lower potential which reduces the impedance of the EC film and increases the electron transport
efficiency.* This is attributed to the highly porous nature of the SWCNT film. The peak did not
skew to the lower peak voltage on increasing the scan rate, which suggests the negligible internal
resistance of the LBL films and faster diffusion processes. The diffusion-controlled redox
process was confirmed by a linear increase of current density peak with the square root of scan
rate (Figure 5-3(b)) fora 40-bilayer film of PAH/PTEBS. It is important to note that the
diffusion-controlled process provides maximum access to the film,*® which is attributed to
complete ion intercalation and facile movement of ions in and out of the system and also brings
long term stability (>20 000 cycles) to the device. The problems of ion porosity and diffusion
have been observed with ITO electrodes as the low surface area brings more resistance for ionic
movement and in some cases, the electrochemical reaction moves toward a surface controlled

process rather than diffusion controlled.?
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#of bilayers

Figure 5-2. AFM height images of bare CNT electrode and film with two, five, eight, and ten

bilayers. Area is 2x2 pm? and the z scale is from 0 to 60 nm. Also represented is the average

surface roughness plot for different numbers of bilayers.
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Figure 5-3. (a) CV of the bare CNT electrode at 10 mV/s and 40-bilayer film of PAH/PTEBS at
5, 10, 15, and 20 mV/s. (b) The linear relationship of peak current with the square root of scan

rate.

The higher surface charge concentration of EC material on the SWCNT electrode is also
confirmed by the large amount of charge intercalated in the system. The overall charge density
(Q) calculated from CV experiment for PAH/PTEBS LbL film is 55 pC/cm? for each bilayer
deposited. The high PTEBS (PAH is electrochemically inactive) surface coverage for each
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bilayer calculated by T'=Q/nF (F=96.5x10® C/mol and n=1is the number of electrons
transferred) is 5.73x10~° mol/cm?, which is much higher (~10 *°-10** mol/cm?) than the
average surface coverage of polyelectrolytes for other LBL systems®! on ITO electrodes.

The spectroelectrochemistry performance of EC devices on SWCNT electrodes has been
evaluated by Perkin—Elmer Lambda 25 UV-visible spectrophotometer. Absorption spectra at
different applied potentials (0.75-2.0 V) were measured with the EC LbL film on SWCNT
electrode placed in a clear glass cuvette in 0.1M NaClO4(aq) electrolyte solution. The base line
was taken using a bare SWCNT electrode with no LbL film on it, which in itself has more than
80% transmission as compared to glass over a broad spectral range from visible to infrared. The
in situ transmission spectrum (Figure 5-4) of a 40-bilayer PAH/PTEBS film on SWCNT film
shows high EC contrast of 50% between the orange-red (bleached) state at 0 V and the dark
green (colored) state at 2 V at Amax 0f 735 nm. The EC device has no optical memory, and
hence the film loses color as soon as the voltage supply is turned off. On stepwise increase in
potential from 0.75 to 2.0 V, the absorption decreased at 410 nm due to the #-# transition of
PTEBS and increased at the wavelength of 735 nm due to polaronic transitions. The contrast did
not increase further for the application of >2.0 V, but the device was completely reversible for as
high as 8-10 V of applied potential. This is in contrast to EC films on ITO, which suffer from
the problem of not sustaining high voltages, leading to burning or degradation of the EC film.
The EC coloration efficiency7 [ A OD/ A Q, where the optical density £ OD is log(Toieach/Tcolored)
at a specific wavelength] calculated for the EC device (40 bilayers) was found to be

141 cm? Cat 735 nm and is comparable to that obtained in related polythiophene materials.*?
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Figure 5-4. Change in transmission spectra of 40-bilayer PAH/PTEBS film on application of 0 V

and step increase in voltage from 0.75t0 2.0 V

5.5 Conclusion

The LbL assembly on SWCNT film has been shown to effectively reduce the surface
roughness as well as decrease the impedance and, based on CV measurements, increase the
efficiency of ion transport. The improvement of the surface roughness by LbL modification may
potentially improve the device performance of organic photovoltaic and organic light emitting
diode devices with transparent SWCNT electrodes as anodes by improving the uniformity of
charge injection. The high contrast (~50%) in our EC devices for long switching cycles and the
ability to operate work at higher potential combined with a flexible substrate™® make it a good
candidate for next generation e-paper displays as compared to flexible ITO substrates. The results
show that the high surface coverage and charge of polyelectrolyte multilayers make the LbL-
modified SWCNT film more tailored to specific application along with lower costs and
environmentally friendly processing conditions. Future work will include a detailed study of EC
and supercapacitor devices using such LBL-modified transparent SWCNT electrode.
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Chapter 6: Conclusions and Recommendations

The ultimate goal of this research was to bridge between science foundations and engineering
applications of electrochromic polymers and devices. Electrochromic devices have several
applications including seven-segment displays, anti-glare mirrors and solar-attenuated windows
and other possible future applications such as flat panel displays and optical switches.
Construction of ECDs with higher transmittance contrast and faster switching speed is only
possible through design or discovery of new materials or combinations of known materials
combined with an optimum fabrication process. Control over the morphology of the thin films is
just as important as the composition of the thin films, and it can be achieved via good
understanding and control of the fabrication process and conditions.

In this thesis is presented design, fabrication, improvement, and study of ECDs based on
electrochromic polymers. This thesis includes details about the quality and properties of the thin
films based on several electrochromic polymers and two different designs, single and dual
electrochrome ECDs. Also discussed in this thesis are the details of the fabrication technique and
process, and effects of modulating the materials characteristics and assembly conditions.

Using different electrochromic polymers in different combinations led to several interesting
results as well as general or detailed conclusions, which contribute to better understanding of the
electrochromic materials and systems. ECDs with fast switching speed and high optical contrast
were successfully designed and fabricated via the LbL assembly technique.

Modulating the assembly process conditions such as pH and ion concentration resulted in
precise control over thickness and morphology of the electrochromic thin films. Control over
these variables led to optimization of ECDs. Other ways to control the performance of the ECDs
are through physical and electrical properties of the electrodes. Decreasing the active area of the
electrode resulted in increase of the optical switching speed, and using electrodes with higher
electric conductivity enhanced the performance of the device. A summary of the characteristics
and properties of the ECDs discussed in this thesis is presented in Table 6-1; where t.and ty are
coloration and decoloration times respectively.

A single electrochrome ECD was fabricated based on PEDOT:PSS as the electrochromic
polymer. The device exhibited exceptionally fast switching speed on an active area of 60 mm?. A
(PAH/PEDOT:PSS)4o device exhibited optical switching speeds of 31 and 6 ms for coloration
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and decoloration respectively. From the optical switching speed point of view, the coloration
speed, ~32Hz, is the limiting factor yet still much faster (>24Hz) than the required frequency of
video displays. Improvements on the contrast of PEDOT:PSS ECDs can possibly make this
electrochromic system very desirable for construction of flat panel, low voltage video displays.

Generally, polyanilines have very good characteristics as electrochromic materials. However,
the electrochromic properties of PASA, an electrochromic polymer from the polyaniline family,
were not previously explored in much detail. Electrochromic properties of PASA thin films were
studied in detail in this research. (PAH/PASA)4o electrochromic thin films were examined in
electrochemical cuvette and exhibited good electrochromic properties under application of low
voltage. PASA showed several redox states corresponding to color changes from dark blue to
gray upon variation from oxidized to reduced states.

Integration of more than one electrochromic polymer in an electrochromic system brings
interesting characteristics to the device. A dual electrochrome ECD was designed and fabricated
based on PANI and PASA, both electrochromic polymers. (PANI/PASA)4 devices exhibited a
large and flat change in transmittance over the visible spectrum, which is very rare and unique in
ECDs. An ECD capable of transmitting/blocking the entire visible spectrum has several possible
applications and is very attractive for green engineering and homeland security applications. This
device also showed longer life span and faster optical switching speed compare to single
electrochrome ECDs.

In addition to electrochromic materials and fabrication techniques, the characteristics of the
electrode also contribute to the performance of the ECDs significantly. Electrodes with higher
conductivity, transparency, and mechanical flexibility are highly desirable. An electrode based
on carbon nanotubes was fabricated and tested with PTEBS as the electrochromic polymer. The
new electrode sustained a higher voltage and also showed higher current flow through the ECD.
The PTEBS ECD did not degrade for up to 20000 cycles, which is not achievable with widely

used ITO electrodes.
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Material(s) A%T-A o (se0) ‘ ty (sec) ‘ Electrode Significance

35%-
PEDOT:PSS 0.031 | 0.006 ITO fast optical switching
580nm
30%- color memory, color change at
PASA N/A N/A ITO o _
690nm both oxidation and reduction
) dual electrochrome, high contrast
~49.7%-Vis. o
PANI/PASA ~2 ~2 ITO over entire vis. spectrum,
spec.
P lifespan
~50%-wide . :
N/A N/A SWCNT | electrode, high contrast, lifespan
range

Table 6-1. Summary of the characteristics and properties of the ECDs discussed in this thesis

Materials and devices of higher quality are always in demand as the standards of electronic
devices are rising at an exponential rate. It is strongly recommended to further improve the
quality and performance of ECDs, especially the lifespan of the devices. A good approach for
improving the ECDs, is to define the final application before improving the device. Some
applications such as security windows do not require a very fast switching speed and the quality
of the device depends more on the transmittance contrast whereas the quality of optical switches
are more dependent on the switching speed but not the transmittance contrast as signal amplifiers
can fill that gap. Improvements can be achieved by designing or finding new materials and by
optimizing the fabrication process and improving the quality of the electrodes.

Overall, the work presented in this thesis confirms the high potential of ECDs to be
commercialized, especially in the areas of green engineering and sustainable designs. Also it has
been confirmed that LbL assembly technique has a diverse range of variables, of which the
modulation and manipulation results in optimization of ECDs. The LbL assembly technique is an
advantageous method for fabrication of functional thin films.
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