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ABSTRACT
Solution-Processed Smart Window Platform Based on Plasmonic
Electrochromics
Sara Ali Abbas

Electrochromic smart windows offer a viable route to reducing the consumption of
buildings energy, which represents about 30% of the worldwide energy consumption.
Smart windows are far more compelling than current static windows in that they can
dynamically modulate the solar spectrum depending on climate and lighting conditions or
simply to meet personal preferences. The latest generation of smart windows relies on
nominally transparent metal oxide nanocrystal materials whose chromism can be
electrochemically controlled using the plasmonic effect. Plasmonic electrochromic
materials selectively control the near infrared (NIR) region of the solar spectrum,
responsible for solar heat, without affecting the visible transparency. This is in contrast to
conventional electrochromic materials which block both the visible and NIR and thus
enables electrochromic devices to reduce the energy consumption of a building or a
greenhouse in warm climate regions due to enhancements of both visible lighting and
heat blocking. Despite this edge, this technology can benefit from important
developments, including low-cost solution-based manufacturing on flexible substrates
while maintaining durability and coloration efficiency, demonstration of independent
control in the NIR and visible spectra, and demonstration of self-powering capabilities.
This thesis is focused on developing low-temperature and all-solution processed
plasmonic electrochromic devices and dual-band electrochromic devices. We
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demonstrate new device fabrication approaches in terms of materials and processes which
enhance electrochromic performance all the while maintaining low processing
temperatures. Scalable fabrication methods are used to highlight compatibility with high
throughput, continuous roll-to-roll fabrication on flexible substrates. In addition, a dualband plasmonic electrochromic device was developed by combining the plasmonic layer
with a conventional electrochromic ion storage layer. This enables independent control of
the transmittance of NIR and visible spectra and is done without time- and energyintensive synthesis and processing methods. We have fabricated self-powered smart
windows by integrating the plasmonic and dual-band devices with organic photovoltaic
mini-modules and introduced static color bias with the help of photonic crystals to
explore a few possibilities of multi-platform building integration.
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Chapter	
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INTRODUCTION	
  	
  

In 2015, the global temperature was the highest on record, with a 1°C increase over the
pre-industrial age.5 Since then, this temperature increased further to 1.2 °C and 1.1 °C
over the pre-industrial era in 2016 and 2017, respectively.5 The era of unsustainable
interaction of human activity with the environment has been called “Anthropocene” by
the Nobel prize winner, Paul Crutzen, and the ecologist, Eugene Stoermer.2
Anthropogenic activities abuse the ecosystem and the best example of this is the
worrisome and unusual increase in average global temperatures. At the end of 2015, a
United Nations climate change conference was held in Paris to discuss the greenhouse
effects and 196 worldwide representatives, including Saudi Arabia, reached an
international agreement to reduce the climate changes.6 This agreement recognized a long
held view that pressures placed by greenhouse gas emissions on Earth’s atmosphere, due
in large part to the continuing consumption of non-renewable energy resources, requires
more

sustainable

and

environmentally

friendly

technologies

to

mitigate

the

environmental impacts of Humans.1 One of the most important solutions suggested by
this agreement was the increased use of renewable energies.
Today, buildings account for one-third of the global energy consumption ~31%,7 with
~40% of energy-related CO2 emissions caused by buildings and construction.7 In this
regards, urgent and effective action can and must be taken in developing new materials
and solutions that achieve a reduction in non-renewable energy consumption by energy
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savings, as well as an increase in renewable energy applications. A large portion of the
primary energy is consumed by cooling, heating and lighting needs in commercial and
residential buildings.8 As Figure 1.1a shows, in the specific example of Saudi Arabia,
about 65% of energy is consumed in the residential and commercial buildings, which has
required it to use up to a whopping 50% of its daily oil production.9,10 However, more
than 70% of the building electricity is consumed by cooling (Figure 1.1b).10
Consequently, the use of novel materials and systems to mitigate cooling needs have the
potential to reduce the consumption of the electricity and fossil fuel in the Saudi Arabia
especially in the long hot and sunny summers.

	
  
Figure 1.1. a) Electricity consumption in Saudi Arabia. b) Energy end-use consumption
within residential buildings.
	
  
The key to control the cooling and the lighting within the building is through the
windows as they are responsible for a large percentage of the gain or loss of heat and
light. There are many existing passive coating techniques applied to modify the energy
efficiency of windows, such as for managing heat loss and gain via near infrared rejection
films and low emissivity film, respectively.14 However, dynamic and adaptive coatings,
such as smart windows, are in general more effective and practical, especially in places
with varying weather. The smart window is a technology, broadly defined by its ability to
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alter its optical properties in response to the surrounding environment, whether
automatically or by a user. Different types of modalities have been proposed for smart
windows, including thermochromic and photochromic materials, but electrochromic
materials have attracted the most attention, as they are strictly operator-controlled rather
than limited by environmental conditions.14 Electrochromic smart windows have
demonstrated significant energy savings by controlling the natural light transmittance and
the heat loss/gain, making it a promising candidate for architectural applications and
beyond.14 In high temperature climates, such as Saudi Arabia, smart windows can also
find additional application areas beyond building integration, including greenhouse
integration for desert agriculture, as well as integration into traditional tent cities used for
pilgrimage, such as Mina.3,4
Electrochromic devices are able to change optical transmission as a response to the
variation in the applied electrical potential. Organic conjugated polymers such as
polythiophene and polyaniline have been intensively studied because of their optical and
electrical properties and are used in many applications due to the fast switching time and
high electrical conductivity.108 The color change in these polymers are achieved by
altering the band gap between the HOMO and LUMO. However, these organic materials
suffer from several negative aspects related to the low stability, UV-degradability and
low transparency.114,115 Nowadays electrochromic research has moved towards inorganic
materials such as metal oxides, as these tend to be more stable than organic compounds.
Tungsten oxide is the most popular metal oxide due to its high conductivity and high
coloration efficiency. It has been successfully commercialized in the context of
conventional inorganic electrochromics.172 The coloration mechanism in conventional
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electrochromics includes ion insertion and removal during oxidation and reduction,
which has the additional outcome of increasing the degradation rate and decreasing the
lifetime of these materials.14,171 In addition to suffering from low durability, conventional
electrochromics have limited transmittance modulation and spectral selectivity, as both
visible (VIS) and near-infrared (NIR) regions are blocked simultaneously in the colored
state, significantly limiting the applicability of this technology. For instance, independent
control of VIS and NIR spectral modulation is critical for agricultural applications which
require simultaneous blocking of solar heat and maximal harvesting of the
photosynthetically active radiation (PAR) in the visible.3 Consequently, the development
of next generation smart window technologies capable of selectively blocking solar heat
whilst independently modulating the visible illumination through the color appearance
are essential and these attributes are not currently available using conventional
electrochromics.
This “ideal” smart window is expected to be an important feature for the next generation
of the building's architecture across different climate zones. The independent control of
the VIS and NIR spectral regions is the key target that is required for improving the
advantages of the traditional electrochromic smart windows by reducing lighting and
cooling demands,14 taking into account that NIR is primarily responsible for heating and
occupant comfort independent of lighting. A new generation of metal oxide
electrochromic materials working on the principle of plasmonic, known as plasmonic
electrochromics have already been shown to achieve fast switching, effective coloration
and durability in the NIR spectrum, while remaining transparent in the visible
spectrum.169 It was found that the manipulation of the NIR region’s optical transmission
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can be achieved by altering the plasmonic localized resonance of colloidal nanocrystals
(NCs) such as tin-doped indium oxide (ITO) and aluminum-doped zinc oxide (AZO),
through the application of different external applied potentials.177-179 As Figure 1.2
illustrates, these NIR selective materials are capable of manipulating the amount of solar
heat that can enter the building without sacrificing the light transmission during the day.
In hot summers, using the same window, customers are able to block the sun’s heat and
allow the light to come into the buildings. On the other hand, they can allow the sun’s
heat and light to enter the buildings on cold winter days. Another possibility is to dim the
light coming into the building while also reducing the sun’s heat at peak illumination
hours.

a"

	
  

Solar&Light&
In&
(Winter)&
Solar&Heat&
Blocked&
(Summer)&

Figure 1.2. The palsmonic electrochromic window operation
The latest generation of plasmonic multielectrochromic materials was introduced in 2013.
These materials are capable of independently and selectively controlling the optical
transmission of both VIS and NIR by varying the applied potential.180,181 This low-
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temperature and solution-processed dual-band electrochromic material was based on a
nanocomposite metal oxide of ITO plasmonic nanocrystals in a conventional
electrochromic amorphous NbOx matrix. Importantly, the devices also exhibited good
stability and coloration efficiency.180,181
The plasmonic electrochromic materials with selective control of the NIR solar spectrum
offer various advantages; including potentially easy and low-cost processability, good
coloration efficiency, high durability and very fast switching time compared to traditional
electrochromic materials.14,171 However, the full device fabrication, processing methods,
device performance, scalability, and functionality remain important parameters, which
need to be improved for successful commercialization.169,180,181 Important challenges
have to be overcome in the material chemistry, processing approach, devices structures,
and devices integration engineering to further improve the plasmonic electrochromic
devices, make them upscalable and reduce their cost for successful commercialization of
this technology.
For instance, despite that the solid state plasmonic electrochromic device’s good overall
performance including the coloration efficiency, durability and the switching time which
are better than conventional electrochromic devices,202 there is considerable room for
improvement. In addition to the electrochromic materials, the electrolyte and the ion
storage layer performances have to be accounted for. For example, the solid state
plasmonic electrochromic devices that have been reported thus far use cerium dioxide
(CeO2) for the counter electrode181,202 and a plasticized solid electrolyte.202 Cerium oxide
suffers from slow reaction kinetics, which leads to a reduction in the current density, the
switching time and the color efficiency.218 Moreover, a thick film of CeO2 is required and
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this leads to optical scattering effects, which harm the aesthetics of the device.202 On the
other hand, the solid electrolytes suffer from low ion conductivity.101 As a results, more
opportunities for performance improvement are available if the counter electrode and the
electrolyte in the device are taken in the account in addition to the electrochromic
material itself.
From a manufacturing perspective, the costs of the processing and device fabrication, the
scalability and roll-to-roll fabrication on flexible substrates are seen as extremely
important parameters, which have to be taken into account. In the case of available
plasmonic electrochromic devices, specific thicknesses of the NCs film (300 nm to 400
nm) are required in order to achieve a significant plasmonic effect and it is achieved by
deposition in multiple steps, including chemical post-processing and high temperature
annealing after each step.169 Therefore, the device manufacturing is currently limited to
glass substrates and uses expensive transparent conducting electrodes (TCE), such as
sputtered ITO films which can withstand multiple annealing steps during the device
fabrication. Alternative solution processable materials and alternative film fabrication
methods which can be done using upscalable methods based on solution processing and
low temperature annealing are essential to minimizing the manufacturing costs and
creating new opportunities in areas of flexible electrochromic devices. Solid-state
plasmonic electrochromic devices demonstrate a higher performance when hierarchically
ordered porous materials are introduced, for instance by using a heteromaterial
framework.202 However, such methods require a long synthesis process and use
expensive block-copolymers. Moreover, the film preparation requires repeated post
treatments at high annealing temperature (typically ≥ 500C) for several hours to achieve
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the plasmonic effect and remove the organic components, which makes it far less
desirable as it leads to high-energy consumption for manufacturing.202 Therefore, the
multiple high temperature annealing steps during the film fabrication are not suitable for
moving towards cost-effective fabrication and prevent the use of flexible plastic
substrates which open up new opportunities for low-cost roll-to-roll fabrication.
Consequently, alternative film fabrication methods that yield high performance devices
are essential to minimize the manufacturing costs and energy consumption.
The market opportunities in different areas, such as climate adaptive buildings, displays
and smart windows can be developed by significantly improving the multielectrochromic
feature and its low-cost manufacturability. In spite of the fact that a lot of efforts have
been put on the multielectrochromism field and some accomplishments have been
achieved, most of these multielechtrochromics did not maintain an adequate color
diversity.256-258 In addition they require complicated fabrication and integration processes
such multi-electrode structures, long and energy consuming processing and multilayer
deposition.254 For example, the first and the only example to date of room temperature
and solution-processed dual-band plasmonic electrochromic devices were reported in
2016, while this thesis was already underway.181 These devices benefit from the
combination of the plasmonic electrochromic ITO NCs and the conventional
electrochromic NbOx in providing selective and tunable optical modulation of the NIR
and VIS light, respectively, where this glassy metal oxide platform bonded to the NCs by
the use of anionic niobate polyoxometalate (POM) clusters.180,181 These devices were
fabricated on rigid and flexible substrates and show good durability and coloration
efficiency. Nevertheless, this approach requires prohibitive energy consumption, long and
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complicated series of syntheses of ITO NCs, ligand removal of the ITO NCs, POM
cluster and POM-ITO composites, and film preparation.180,181 Consequently, scalable and
easy integration techniques are still needed to achieve the competitive dual-band
plasmonic electrochromic using a practical and scalable method.
Plasmonic electrochromic devices also suffer from limited color tunability, an important
but qualitative and aesthetic feature for electrochromic materials. For instance, ITO NCs
have a minimum LSPR wavelength of about 1600-1700 nm, whereas most of NIR solar
energy is located between 750 nm and 1250 nm.171 In this case, significant material
synthetic modifications and new functionalities are required to achieve bluer shifting to
manipulate the whole solar spectrum, depending on the climate conditions. Even the
independent control of VIS and NIR of nanocomposite plasmonic electrochromic devices
described in last paragraph do not achieve full blocking of VIS light transmission and
cannot modulate transmittance at any desired wavelength or region, such as in the UV,
blue and short NIR regions.180,181
In this thesis we focus on low-temperature and solution-processed plasmonic and
multielectrochromic devices, with the aim of overcoming the current drawbacks of stateof-the-art materials in relation to device performance, manufacturing method and cost
and the limited modulation of the solar spectrum. We do so through the development of
more efficient and scalable film processing approaches, lower temperature approaches for
materials and device fabrication. We also work on integration with solar cells and
photonic crystals in order to demonstrate new functionalities, such as self-powering and
color tenability. The work in this thesis is primarily based on ITO NCs as the plasmonic
electrochromic material, due to its high optical modulation in the NIR region, high
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transparency in the VIS spectrum, significant stability, fast switching time and high
coloration efficiency.169,171 However, the approaches used herein can also be adopted to
other plasmonic materials, such as indium-free ones, such as AZO.
We present a literature review of smart windows in Chapter 2 and outline how an
electrochromic material is one of the best candidates for these windows. We provide a
detailed investigation of the electrochromic material including the historical background,
device structure, coloration mechanism and the key differences between the
electrochromic classes. Afterwards, we demonstrate the current state-of-the-art of the
plasmonic electrochromics with a detailed description of the plasmonic effect. Finally,
we discuss the ITO material system and the colloidal synthesis to give a deeper
understanding of how this material and synthesis works.
In Chapter 3, we explain the general methodology of this work. We discuss the chemical
synthesis of all metal oxides NCs and the characterization of these NCs. Then we show in
the detail the film processing, the device fabrication and the different characterization
methods used for both the film and the device. We highlight the electrochemical and
spectroelectrochemical measurements as the most important characterization techniques
in this thesis and how we were able to construct a custom made spectroelectrochemical
setup at KAUST.
In Chapter 4, we developed approaches to provide high performance low temperature and
all-solution processed plasmonic electrochromic taking into account the development of
every layer within the device; including the electrochromic, ion-storage and electrolyte
layers with aims to establish the link between the total device performance and the layers

	
  

	
  

34	
  

enrolments. Afterwards, we carried out a systemic study for moving toward flexible NIRselective plasmonic electrochromic, this is in order to understand and enhance the low
temperature processing of every layer, without the need for long and high energy
consuming steps.202 We were able to demonstrate novel and new device structures based
on a CeO2:TiO2 storage film and Cellulose acetate (CA) based gel electrolyte and it was
confirmed that replacing the most used CeO2 ion storage film and polymer based
electrolytes202 with ours materials significantly enhanced the device performance. Then
we demonstrate a flexible plasmonic electrochromic using low-temperature solution
processing for each layer.
In Chapter 5, as part of the device optical performance enrichment, we developed novel
and practical device structure for the high performance all-solution processed dual-band
plasmonic electrochromic device that independently and selectively control the
transmission spectrum of the VIS and NIR regions. As an alternative to the available
multistep and energy consuming process to develop nanocomposites electrochromic
material for dual-band plasmonic electrochromic,180,181 we develop new devices structure
adopting NiO:TiO2 (instead the passive CeO2:TiO2) as the active electrochromic ion
storage layer, without going through a complicated and long process. Our device’s optical
modulation, coloration efficiency and switching time is comparable to the available
nanocomposites electrochromic based dual-band plasmonic electrochromics,180,181 where
it provides a 41% and 60% optical modulation in VIS and NIR region within 2s and 1s,
respectively, with a high stability and color efficiency.
In Chapter 6, we focus on developing new features, such as self-powering and color
tunability, in conjunction with NIR-selective and dual-band plasmonic electrochromic
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devices. We do so through the integration with photovoltaic solar cells and photonic
crystals. This integration adds a new value to plasmonic electrochromic devices and
overcomes the current drawbacks related to functionality limitations. We introduce the
first photonic crystals and electrochromic (in particular plasmonic electrochromic) device
integration. This integration offers a new attribute for the current electrochromic device
state of the art by providing a permanent full block of any part of the solar spectrum
regarding the customer’s preference with a tunable selective control of the transmission
in the NIR region. Moreover, we demonstrate a self-powered device as an intrinsic
feature of the smart window design. We will show how this was achieved by combining
the spectral selectivity of the electrochromic device with photovoltaic (PV) to generate
electricity. These photoelectrochromic devices (PECDs) are able independently (without
needs to an external power supply) block the heat, control the lighting and generate
electricity.
In Chapter 7, we conclude our entire work and demonstrate the significant contribution of
this work in the field. Finally, we discuss the perspective future work.
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Chapter 2
INDIUM TIN OXIDE BASED PLASMONIC ELECTROCHROMIC
SMART WINDOWS: LITERATURE REVIEW
2.1 Smart Window
In recent years, significant attention has been directed toward improving windows and
window glazing, as windows are a major source of energy loss and gain in buildings.
Approximately 37% (40%) of the solar heat gain (building heat loss) occurs through a
building’s windows.11-13 In an effort to solve this problem and reduce the energy
consumption within the building, the building’s fenestration has to be taken into account
and developed in such way as to be energy efficient and adaptable to the climate. The
double or triple pane windows with blinds or static coatings, such as ultrathin transparent
silver films, are examples of the most popular energy-efficient window solutions.14
However, these are passive, permanent, and expensive and they cannot adapt to changes
in climate although they do contribute to reducing heat gain and loss. Herein, the
importance of the smart window technology is discussed where the sunlight transmittance
can be altered reversibly in response to an external triggering signal from the
operator/occupant, in direct response to changes in the outside weather conditions (e.g.,
temperature, sunlight intensity), or by an automated building-wide smart energy
management system. It has been shown that smart windows can reduce approximately
40% of a building’s energy needs relative to the static window technologies.15
Approximately 400 million square feet of these smart windows are instilled annually only
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in the United States and these statistics highlight the significant market potential of smart
windows.16
For smart widow applications today, one of the most important criteria is the transparent
mode, which needs to be completely clear with no visible haze in the window. Similarly,
the window’s colored state has to be fully colored without any visible light scattering.
The overall performance of the smart window depends critically on three important
parameters;14 firstly the ability of the window to reversibly modulate the visible and
indeed the entire solar spectrum; secondly, the lifetime and the number of cycles it can
withstand before degradation appears; thirdly, the switching time between the color and
bleach states should be not more than the time to achieve 90 % of the maximum
modulation range. Furthermore, the smart devices size, the operating applied potential,
working temperatures ranges and the total energy consumption are other factors which
need to be considered.17 Mainly; there are three categories of smart windows that are
available in the market now: liquid crystals, suspended particles and chromic materials.
2.1.1 Liquid crystal smart window
In the case of liquid crystal based smart windows, the optical properties of the device are
modified by a change in the orientation of the liquid crystal molecules interspersed
between two conductive electrodes when an external voltage is applied (Figure 2.1),
resulting in modulation over the entire solar spectrum up to the edge of glass absorption
of the window material.18,19 The transparent conductive electrode consists of conductors
coated on glass or polyester substrate.20 The required applied voltage range is typically
24-120V and the power consumption is less than 20W/m2.20,21 However, the device is
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only transparent as long as power is applied and the liquid crystals are correctly oriented.
On the other hand, in the ‘off state’, the device is opaque or white.20 There are six classes
of liquid crystals: smectic, ferroelectric, guest-host, twisted nematic, nematic and
dispersed liquid crystals.81 Polymer dispersed liquid crystals and encapsulated liquid
crystals are the most common forms that are currently available on the market.22,23
Control over the VIS solar spectrum is achieved by the addition of Pleochroic dyes which
increase the darkness of the device in the off state.22 The dispersed liquid crystal smart
window sign display use was demonstrated on a large area by Kent Displays.20
Furthermore, it has been used in building and automotive glazing by UMU-NSG and it
was given the commercial name Umu™, which works as window projection screen.20
However, these devices are expensive to install (~$750-950/m2)20 and consume a large
amount of energy due to the continuous power supply. In addition, there are some further
issues related to long-term UV stability.17

Figure 2.1. Liquid crystal based glass a) device schematic with color and bleach states
and b) Example was produced by Pulp Studios (Los Angeles, USA)	
  taken from ref. 20
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2.1.2 Suspended particles smart window
The suspended particles devices consist of three to five layers between two conductive
electrodes with needle-shaped particles (dihydrocinchonidine bisulfite polyiodide)
suspended in an organic gel or polymer.22,20 When an external voltage is applied, the
suspended particles align with the field and the material becomes transparent, as shown in
Figure 2.2. However, when the circuit is off these particles are aligned anisotropically,
distributed randomly and the material becomes colored. The required applied voltage is
100 V and the switching time range is 100 to 200 ms.24 A suspended particle electronic
paper display was demonstrated by NOK (Japan) and E-Ink (USA).20 The suspended
particles, in this case, were encapsulated in polymer bubble in a flexible polymer matrix.
As a result, a contrast effect could be produced when the potential is applied and white
and black suspended particles move to the top or the bottom of the polymer bubbles.
Zikon produced another kind of display, which reversibly modulates between the
transparent and reflective states depending on a nanosized electrophoretic effect.20
However, this technology suffers from some drawbacks such as particles agglomeration,
long-term durability, and cyclic stability.25
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Figure 2.2. Suspended particles based glass a) device schematic	
   with color and bleach
states and b) Window in four levels of coloration. These windows were shown at the
National Glass Association 2002 (Houston, USA)	
  taken from ref. 20
2.1.3 Chromic smart window
Chromism refers to the color change of a material, which occurs as a result of external
inducements such as light (photochromism), heat (thermochromism), and electricity
(electrochromism). Specifically the word electrochromism indicates the altering of light
transmittance when a voltage or current is applied. Electrochromic materials have
attracted more attention than the other types because it meets the user’s preference of
being controllable, and achieves highest dynamic modulation of the solar spectrum,14 but
it requires an electronic device design architecture, which increases the total cost.
Thermochromic materials show less dynamic control and a limited modulation in VIS
region in comparison to the electrochromic materials.14 For the photochromic materials,
there is reduced user control as it relies on the environment light intensity, which makes it
a good candidate for transitional eyeglasses.14 Figure 2.3 shows the insulated glass unit
(IGU) within the final window structure. IGUs are made of chromic layers interspersed
between two glass panes that are sealed and can be filled with argon to protect and
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increase the lifetime of the inner chromic layer. Furthermore, much better heat
management can be achieved by eliminating the environmental heat absorption in the
dark state, which could lead to black body emission.14 In the next section, the
aforementioned chromic materials will be described in details.

Figure 2.3. a) Schematic of double-pane glass, b) Electrochromic smart window color
change after applying voltage and c) Photochromic and thermochromic smart window
color change after a change in light intensity or temperature.
2.1.3.1 Photochromic materials
As mentioned before a photochromic material’s light transmittance alters in response to
exposure to a specific wavelength of light. To function, this material is required to be
incorporated into a host matrix, such as a polymer or a ceramic.26 To maintain ideal
photochromic behavior, the material has to demonstrate high photochemical stability,
reversibility and fast switching between ‘light on’ and ‘light off’ states and good contrast
between these states. The photochromic material can be a polymer, a small organic
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molecule or a metal oxide.26 In the case of photochromic molecules, the photo-induction
mechanism proceeds by an altering in chemical bond orientation and the resulting change
in electronic properties can be detected by a variation in the absorption wavelength range
and onset.27 For example, spiropyran isomers are formed as a result of UV light induction
and the color reversibly changes from bleached to dark blue.28 Diarylethene is another
example of the photochromic molecule that changes its color from colorless to red as a
result of an isomerization of structure changing from an open to a closed ring after
exposure to UV light.29 Diarylethene exhibits more thermal stability than the spiropyran
and can remain in the color state as long as it is not exposed to VIS light, which returns it
to the bleached state. For this reason, this material was considered a good candidate for
optical memory and data storage devices.27 Some polymers’ photochromism can be
controlled by tuning the HOMO-LUMO gap which is sensitive to a change in the πbonding conjugation length such as in naphthopyran−poly(n-butyl acrylate).30 Metal
oxides such as TiO2 and ZnO show photochromism behavior upon UV exposure, which
leads to proton-electron transfer.31,32 For smart window applications, the electrochromic
material is preferred to photochromic one as the latter depends strictly on the light
intensity that is out of the user’s control.33 Nevertheless, there are several materials that
display electrochromic and photochromic behaviors which could solve this problem by
taking advantage of both phenomena. For example, by employing diarylethenes, a hybrid
photochromic/electrochromic film was developed where it can display a change in its
color after light exposure and becomes transparent after voltage application.34
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2.1.3.2 Thermochromic materials
A thermochromic material alters its light transmittance from the bleach state at low
temperature to a color state at high temperature. The key to its performance is to
determine its critical temperature during the doping or nanostructuring process and then
cool the material beyond the transition temperature, back to room temperature. Although
this material does not maintain the same user control as in electrochromic materials, it
benefits from not requiring any special device design.35 Thermochromic materials can be
polymeric, molecular or metal oxides.35,36 In case of a polymer and organic molecules,
there are two methods to achieve the thermochromic behavior.14 The first method is a
thermally driven reversible reaction which causes stereoisomerism, bond rearrangement
or charge transfer. The second method is a temperature dependent inter-molecular
structural rearrangement, which includes the altering of the mesoscale structure of the
liquid or photonic crystals and this results in a change in the device light scattering
behavior causing the device to become cloudy or reflective.14 Notably, many
photochromic small molecules are also thermochromic too, such as spiropyrans that were
previously mentioned. For instance, bisspiropyrans molecules exhibit a color from red to
blue after a structure rearrangement at 70 °C.37 Another example is bianthrylidenes which
exhibits a change in the color to yellow as a result of a thermally accessible fold and to
green as a result of a stereoisomersisation.38 Many conjugated polymers display structural
rearrangement behavior upon an increase in temperature, which leads to a color change
such as polysilanes, polythiophenes and polyacetylenes.39 At low temperature, the
polymer maintains a high degree of conjugation with a linear and well-ordered structure.
Nevertheless, the degree of the conjugation decreases and the polymer chains twist after
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the temperature increases.39,37 For example, polythiophene changes its color during
heating from purple to yellow.37 The critical temperature is dependent on the introduction
of different substitutional function groups to the polymer backbone, which change the
polymer interchain forces and modify the polymer modulation.39 In case of metal oxides,
the thermochromic behavior is achieved by a lattice expansion, temperature dependent
electron-phonon coupling, and a Fermi level shifting.36,14 For instance, vanadium oxide
exhibits an insulator to metal transition (MIT), where the material is an insulator at room
temperature and changes to metallic upon increasing the temperature to 68 °C.40 In
addition to the application of VO2 in phase change memory and optoelectronic devices, it
is also a good candidate for a smart window as it is in a bleached state when it is an
insulating and an IR reflector when it is in the metallic phase.41 However, there are some
negative aspects related to the VO2 which need to be taken into account and overcome;
for instance, it is required to improve the VIS spectrum transmittance, reduce the
transition temperature and develop the modulation.41 This problem could be solved by ndoping of electrons into the vanadium d-band by introducing other metals such as W6+ or
Nb5+. The doping helps to reduce the MIT transition temperature to about 25 °C in some
cases.42 This thermochromic material has to be incorporated in a host polymer matrix and
this is then pressed between two glass substrates to be used for window application.
Suntuitive® is a switchable laminate which was developed by the smart window company
Pleotint (USA).14 This product involves using of thermochromic metal and it is able to
modulate about 60% of VIS light in the bleached state and 5% in the color state.43
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2.1.3.3 Electrochromic materials
Electrochromic materials are the most common class of chromic and color switching
materials in general for smart window applications.44-49 The electrochromic materials are
able to provide VIS or/and NIR light behavior independently and demonstrate selective
control depending on the applied potential. Consequently, it is possible to control the gain
of the solar heat while maintaining the room daylight by using an electrochromic
window. As Figure 2.4 illustrates, clear glass, which offers a low consumption of
lighting-related energy but increases the cooling energy demands as it is not able to
control the solar heat transmission. On the other hand, the reflective glass reduces cooling
energy consumption by blocking the solar heat but more energy is consumed for lighting.
Similarly, thermochromic and photochromic windows behave either only by reducing the
cooling energy or lighting energy, respectively. In contrast, an electrochromic window is
able to consume the minimum energy for both cooling and the lighting, as shown in
Figure 2.4. It was reported that using electrochromic windows could reduce about 4.5 %
of the yearly energy consummation in residential and commercial buildings in the US.50
A minimum voltage range from 1 to 3 V is required only for switching as the
electrochromic material has a long open-circuit memory. Furthermore, in addition to the
scalability, electrochromic materials exhibit reasonably high durability and a relatively
fast switching time, although both can be improved significantly. The electrochromic
window’s basic description, including its history, types, device structure, coloration
mechanism, and the application will be described in detail in the next section.
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Figure 2.4. Schematic illustration of cooling energy versus electric lighting energy for
different types of windows	
  taken from ref. 128

2.2 Electrochromic Window Basics
2.2.1 Brief history of electrochromic materials
The concept of using a redox reaction to provide a color change originates in the
nineteenth century when Berzelius discovered that tungsten oxide (WO3) color changed
after reduction in the presence of dry hydrogen flow in 1815.51 Furthermore, Wohler
found that sodium metal performed a similar reductive coloring in 1824.52 Cyanotype is
one of the first versions of photography technique relied on photochromic material and it
was developed in 1842 by Herschel.53 Ferric ammonium and potassium ferricyanide preimpregnated paper were able to form Prussian blue through the photoreduction of Fe+3
and Fe+2. Building on this idea, a Prussian blue compound was produced by passing a
positively biased iron tip over a paper that included pure Fe and it was pre-immersed in
potassium ferrocyanide K4Fe(CN)6. In this case, the electrochemical oxidation of the iron
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tip results in ferric ions that interact with the ferrocyanides and form a dark Prussian blue.
Blueprint became the commercial name for this process and it was a very popular method
for printing architectural and mechanical plans by the 1880s.53 As early as the twentieth
century the redox coloration effect attracted more attention. One of the first studies of an
electrochromic device included iodide formation after dye precursor oxidation as reported
in London’s patent in 1929.54 In 1930, Kobosew and Nekrassow reported the first color
change as result of reducing the tungsten trioxide.55 Then, electrolytic writing paper was
patented by Talmay in 1942.56,57 An electrode was used to blue-gray print through an
electron transfer reaction by passing over wet paper that was pre-impregnated in MoO3
and/or WO3. This color resulted from the ionization of the water in the paper. In the
1950s, researchers provided quantitative and qualitative studies of the relationship
between the polarization effects and the changes in the absorption and emission of some
dyes;58,59 notably out of these studies, Platt introduced the electrochromism term.60
Brimm developed Kobosew and Nekrassow’s work and achieved a reversible color
change of the NaWO3 immersed in the sulfuric acid aqueous solution in 1951.61 After a
further two years, Kraus was able to demonstrate the reversible color-bleach behavior of
the WO3 that was immersed in an acidic aqueous solution.62 Several studies on WO3
films were undertaken by Dep in the 1960s;63 of which, his 1969 publication attracted a
lot of attention and became the most accepted description for electrochromic devices.64 In
this work, an electric field of 104 V/cm was applied to a thin film of dry WO3 coated
quartz electrode and electrochromic behavior was achieved and was termed
electrophotography. Other studies were published by Deb in 1973 and are considered the
starting point for electrochromic technology.65 Actually, it is widely agreed that the
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structure of the nowadays electrochromic devices was provided by Deb in 1995 and is
shown in Figure 2.5.66 The electrochromism affect was achieved in different regions of
the light spectrum such as visible67, infrared68 and microwave.69

Figure 2.5. Early design of electrochromic device based on WO3 taken from ref. 66
In fact, the application of electrochromic technology for energy efficiency at buildings
was proposed in 198470,67 and Svensson and Granqvist introduced for the first time
concept of the smart window by using the electrochromic material in 1985.71 Figure 2.6
illustrates the first design of the smart window.

Figure 2.6. The early design of the smart window	
  taken from ref. 71
There are many commercial applications of electrochromic materials such as displays,
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mirrors, and smart windows.72-75 In the mid 1970s, the most attractive one was the
information display and many big companies demonstrated interest such as Canon76,
IBM77 and Philips.78 However, this interest reduced as a result of the advent of liquid
crystals in the display field. In the early 1980s, the electrochromic material was
introduced into building architecture and employed in scientific research, then this
application improved until the term (smart window) was coined in 1984 by Svensson and
Granqvist.79,80 Since then there have been many attempts to develop and commercialize
the electrochromic coatings on glass windows by different companies and research
centers around the world such as, SAGE Electrochromics Inc. (Faribault, MN, USA)81,
Chromogenic AB (Uppsala, Sweden) 82, Gentex (Zeeland, MI, USA) and View Dynamic
Glass (San Francisco, Ca, USA).83 SAGA provides electrochromic windows for
architecture application and many buildings around the world carry the signature of
SAGA electrochromic windows, for example, Saint-Gobain’s Habitat Lab (Milan, Italy)
and The Utrecht Government Building (Utrecht, Netherlands).82 In addition, Gentex
succeeded in the commercialization of electrochromic technology for aircraft windows
and for use in an electrochromic mirror.83
2.2.2 Device structure
Figure 2.7 shows the basic design of an electrochromic device. The electrochromic
device consists of five layers which are sandwiched between two transparent substrates
such as glass or a polyester film. Similar to sample three electrochemical cells, the
electrochromic design is based on three layers: the counter electrode, the electrolyte, and
the working electrode. In the center of the device, there is the transparent ion conductor
layer or the electrolyte. The cathodic layer or the working electrode lies on the right side
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of the electrolyte and is made of an electrochromic material that is responsible for the
color change after the ion insertion. The anodic layer or the counter electrode is located at
the left side of the electrolyte. Both the counter electrode and the working electrodes are
deposited on top of a transparent conductive film. More details for each of the layers in
the device will be covered in the next few pages.

	
  

Figure 2.7. The electrochromic device structure.
2.2.2.1 Substrate
The substrate is made of glass or transparent plastics such as polyethyleneterephthalate
(PET) and polyvinylbuteral (PVB).84,85 The plastic substrates are good choices if
flexibility and the stretch/extension ability of the devices are required. Moreover, the
processing on top of a plastic substrate is more practical and cheaper than glass. In
contrast, the plastic substrate doesn’t provide enough protection to the devices as it gets
easily damaged, making glass more favorable.50
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2.2.2.2 Transparent conducting electrode
The transparent conducting electrode (TCE) exhibiting low NIR absorption and reflection
is practical for solar cells, solar control windows and electrochromic windows.85,86 The
TCE should maintain high optical transmittance and low electrical resistivity because it is
used to transfer electrons in and out of the device. Indium doped tin oxide (ITO) and
fluorine doped tin oxide (FTO) are the most popular TCEs due to their good optical and
electrical properties.87 Physical vapor deposition techniques are used to prepare ITO and
FTO films on glass and plastic substrates. ITO-coated glass is among the most used due
to its high conductivity ≈104 S/cm and high light transmittance.88 On the other hand, FTO
is preferred over ITO for fabrication processes which require high processing temperature
(>300 °C) and high electrochemical stability.89
2.2.2.3 Ion storage layer
The ion storage layer, also referred to as the counter electrode, should be made of
appropriate materials that are complementary to the main electrochromic layer. It should
have a fast response during the electrochemical reaction and have a large electrical
capacitance for charges. The counter electrode could be passive by staying transparent for
both redox reactions, such as the case of CeO2,90 or it can be electrochromic in response
to ion extraction, such as in the case of NiO.91

2.2.2.4 Electrolyte
The electrolyte is the ion conducting layer or membrane and is responsible for providing
the medium to transport ions between the counter electrode and the working electrode. In
the case of electrochromic devices, small charges such as hydrogen proton (H+) and
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lithium ions (Li+) are the most favorable.92 The electrolyte should be made of an inert
material that remains stable during the oxidation and reduction and does not interact with
the counter electrode or the working electrode. Furthermore, it has to be a good ionic
conductor while being a good electronic insulator.93,94 However, additional properties
might be required depending on the specific application. For example, in the case of the
smart window the electrolytes have to be transparent and not be affected by a working
temperature range or by sunlight.95
The electrolyte can be solid, liquid or gel.72 The liquid electrolyte is mainly made of ionic
salts such as LiClO4 and LiBF4 that are dissolved in solvents such as propylene carbonate
(PC) and dimethylformamide (DMF).96 It provides a high ionic conductivity because of
fast ionic diffusion. On the other hand, the electrochromic device stability may be
reduced because they are more likely to degrade due to solvent leakage.97
There are two broad classes of the solid electrolytes: organic and inorganic. The organic
electrolyte could be a polymer electrolyte or a polyelectrolyte. Dissolution of ionic salts
such as Li+ in a polymer like polyethylene oxide (POE) or polyvinyl alcohol (PVA)
forms a polymer electrolyte system.98 In contrast, the polyelectrolyte consists of a
polymer accepting ionic charges along the polymer chain which make it water-soluble
such as in polymethyl methacrylate (PMMA) and polyperfluorosulphonic acid
(NafionTM).98 The inorganic electrolytes are mainly composed of ions in inorganic oxides
such as Ta2O5 and TiO2.99,100 A solid electrolyte avoids the leakage problems of the liquid
electrolyte but it typically exhibits lower ionic conductivity.
The last class of electrolytes is the gel polymer electrolyte or plasticized polymer
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electrolyte. It overcomes both of the liquid and solid electrolytes’ drawbacks by
providing a stable device without any leakage while achieving a high ionic conductivity.
Usually, a gel electrolyte forms by the mixing of a liquid electrolyte into a polymer
matrix with a trapping framework available for salt ions such as Li+.101 The polymer
matrices maintain high stability by the use of a strong electron withdrawing functional
group. Polyvinylidene fluoride (PVdF) is one of the most popular polymers for gel
electrolytes.102 The diffusion of the Li+ within the polymer matrix requires a high
dielectric solvent such as PC to enhance the ion mobility and the electrolyte
conductivity.103
2.2.2.5 Electrochromic materials
Electrochromic materials are classified into three types: i) soluble in both the oxidized
and reduced states (solution electrochromes)104, ii) solid in one state of the redox states
and soluble in the other (solution-solid electrochromes)104 and iii) solid in both redox
states (solid electrochromes).104 The first type is the solution electrochromes, a common
example of which is methyl viologen with a bright blue color after reduction.105 However,
there is a high probability of solution leakage in solution electrochrmomes, which leads
to device instability. Consequently, strong water seals are required to insure leakage
prevention.104
The second type is the solution-solid electrochrome. Here too viologens are popular, but
with a hydrophobic chain that can be immersed in hydrophilic solvents after deposition
on the electrode.105 A wide range of colors can be gained by using different chain
structures. For example, electrochromes such as methoxyfluorenone and cyanphenyl
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paraquat are considered as solution-solid type.106,107
The last type is the solid electrochrome. This comes in one of two forms: as a polymer or
an inorganic oxide.104 The next section describes in detail the different types of solid
electrochromic materials.
2.2.2.5a Electrochromic polymers
Electrochromic polymers are mainly conjugated aromatic polymers. Conjugated
materials have been intensively studied because of their optical and electrical
properties.108 These materials have been used in numerous applications as photoreactive
materials, chemosensory materials and electroluminescent devices.109 Since the discovery
of polyacetylene, other conjugated polymers such as polythiophene,110 polypyrrole and
polyaniline have been developed.110 They are used widely in different kinds of
applications due to their beneficial properties, such as fast switching time and high
conductivity.

For

example,

electrochromic

film

of

bilayers

of

poly

(3,4-

ethylenedioxythiophene): poly(styrenesulfonate) and poly(allylamine hydrochloride) was
able to achieve the color and the bleach states within 31 and 6 ms, respectively.331
Furthermore, many colors can be achieved by tuning the band gaps of the polymers
through chemical modification. When p-type doping of the polymer is carried out, the
polymer oxidized and concomitant doping of counter anion occurs.111 Nevertheless, the
electrons are removed and the polymer can become undoped after a reduction
treatment.111 The difference between the lowest unoccupied state and the highest
occupied state represents the band gap, which is an important optical property that
electrochromic doping can influence, thus influencing the material’s color.112 The
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electrochromic behavior of polymers can be alter by varying the conjugation length,
steric effects, using substitutional functional groups and stereoregularity.113 Nevertheless,
there are some drawbacks regarding electrochromic polymers such as their reduced
durability due to the redox irreversibility and the see-saw effect which occurs by the
coloring in VIS and bleaching in NIR.114, 115 Furthermore, they exhibit low transparency,
which is required for ideal smart windows and high sensitivity to UV light.
Nanostructuring, for instance via metal-organic frameworks (MOF) promotes fast ion
exchange by providing pores.113 This porosity improves the material’s overall
electrochemical performance and makes it a good candidate for electrochromic
applications.113 For example, yellow to blue color altering was achieved by a MOF film
of Zr nodes and pyrene linkers where the organic part is responsible for the
electrochromism and the redox inactive metal supports the porous structure. In another
example, the redox active Zn-pyrazolate nodes116 and the electrochromic naphthalene
diimide linker MOF demonstrated two different behaviors under two accessible reduction
states.117 The most studied electrochromic polymers in the literatures will be described in
the next paragraphs.
A) Polythiophene
Polythiophenes are an example of well-studied conjugated polymers. They are very stable
in both states (doped and undoped) and highly conducting. They also present excellent
adhesive stability on the substrates and exhibit excellent reversible electrochromic
properties.118 Moreover, the chemical and electrochemical synthetic route of their
corresponding oligomers is well established.118 Within the literature different color
changes could be achieved by the use of thiophene derivatives, shown in Figure 2.8. For
	
  

	
  

56	
  

instance, polythiophene changes from red to blue after oxidation.111 However,
polyisothianaphthene changes from blue to green after oxidation.119 A black to bleach
reversible switching was achieved by Reynolds et al. by introducing a donor-acceptor
copolymer

where

3,4-bis(2-ethylhexyloxy)thiophene

is

the

donor

and

2,1,3-

benzothiadiazole is the acceptor.120 This polythiophene derivative is a good candidate for
smart windows as the color switching meets the color neutrality requirement.113

Figure 2.8. Colors of polymer derived from monomers based on polythiophene	
  taken from
ref. 113
B) Polypyrrole
Like polythiophenes, polypyrroles are among the most common electrochromic polymers
due to their easier chemical and electrochemical synthesis, with different optoelectronic
properties via synthesis modification such as substitutions.112 As Figure 2.9 shows, the
polypyrrole exhibits a yellow color in the undoped state while it is blue in the doped
state.121 Polypyrrole has a lower oxidation voltage potential than the polythiophene and it
is more compatible for aqueous electrolytes.122,123 Poly[3,4-(propylenedioxy)pyrrole]
(PProDOP) exhibits different colors at different doping states and as it exhibits cathodic
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and anodic coloration behavior, it can be used as a working or counter electrode within
electrochromic devices.113

Figure 2.9. Electrochromism in polypyrrol film taken from ref. 112.
C) Polyaniline
Polyaniline films exhibit different colors in different redox states, as shown in Figure
2.10.124 Polyanaline passes through two oxidation steps with radical cations formed as
intermediate. The absorbance spectrum at 430 and 810 nm increase at a lower applied
voltage. However, it decreases at 430 nm and wavelength maximum absorbance is blue
shifted from 810 nm at higher applied voltages.125 Several polyanaline derivatives have
been studied especially those with alkyl group substitutions. For example, it was found
that poly(o-toluidine) and poly(m-toluidine) show more electrochromic durability than
polyanaline.126 Electrochromic devices based on PEDOT:PSS and polyanaline were
provided by Kang et al. and the device performance was almost four times better than the
tungsten oxide device with 72% modulation at VIS region, a switching time of 160 ms
and a coloration efficiency of 338 C/cm2.127
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Figure 2.10. Electrochromisim in Polyaniline film where different colors could be
achieved at different redox states taken from ref. 112
2.2.2.5b Inorganic oxides
Metal oxides are by far the most common class of electrochromic materials and they
constitute the vast majority of inorganic electrochromic materials. Some of these metal
oxides exhibit a color change during oxidation (anodic coloration) or during reduction
(cathodic coloration). Transition metal oxides are most studied in the literature, with
specific elements are highlighted in Figure 2.11, color-coded with respective to the
coloration mode being anodic (purple) or cathodic (blue). The next few pages describe
these metal oxide systems.
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Figure 2.11. Inorganic Oxide materials were investigated as candidate for electrochromic
and their coloration type.
A) Chromium Oxide
The electrochromic behavior of chromium oxide was discovered in the early 1980s,
demonstrating an anodic coloration, where the color changes with oxidation state.70
During redox reaction it provides only a 10% modulation of transparency, which makes it
more suitable as counter electrode material.129 It has exhibited high stability and good
optical properties in acidic solvents.130
B) Manganese Oxide
Similar to chromium oxide, manganese oxide also exhibits an anodic coloration first
identified in the 1980s. MnO2 is not stable in acidic electrolytes, unlike chromium
oxide,131 and only functions in a basic electrolyte. The reaction is described by Eq.1:

MnO2 + H2O + e-

MnOOH + OH-

Eq. 1

During oxidation of Mn4+ the color changes to dark blue from colorless, accompanied by
a 30% decrease in the absorption in the visible region of the spectrum. However, this
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material is not very useful as counter electrode due to its color change redox activity.132
C) Vanadium Oxide
During the reduction of V2O5 the color change is observed in two different areas of the
solar light spectrum which makes vanadium oxide a special material. It becomes colored
in the visible region while its absorption is bleached in the near infrared. This behavior
was discovered by the end of 1970s and only fully understood two decades later.70 The
reduction of this material is expressed by Eq. 2:

VO2.5 + xLi+ + xe-

LixVO2.5

Eq. 2

This material is a good candidate as anodic electrode because the light absorption change
mostly occurs in the near infrared region.133
D) Titanium Oxide
Titanium oxide displays a cathodic coloration, where the color is present in the reduced
state. In 1974, it was found that titanium oxide has the ability to change color from blue
to black as the reduction occurs in a sandwiched stack of titanium oxide powder.134 Eq. 3
shows the reduction reaction of this material with Li ions:

TiO2 + xLi+ + xe-

LixTiO2

Eq. 3

TiO2 nanocrystalline thin films have been shown to exhibit a more prominent
electrochromic response than chemical vapor deposited ones. This is because the
nanocrystals introduce more surface area and porosity, both of which provide greater ion
accessibility to the working electrode and the coloration efficiency consequently
increases.135
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E) Iron oxide
Iron oxide is an anodic coloration material and it displays excellent coloration efficiency.
This behavior was discovered in the early 1980s and the observed optical change occurs
mostly in the near infrared region.74,136 The oxidation reaction of iron oxide is given by
Eeq. 4:

Fe2O3 + xLi+ + xe-

LixFe2O3

Eq. 4

Research has shown that including a sulfate residue on the surface of the film can
enhance the charge capacity of the Li+ electrolyte.137 Iron oxide is a good candidate as
counter electrode material because of its high stability.
F) Cobalt Oxide
Cobalt oxide is an anodic coloration material, which displays a dark brown color change
as a result of oxidation. However, many other colors can be observed by varying the film
preparation methods. Its use was explored in the beginning of the 1970s.138 The oxidation
reaction of the cobalt oxide is given by Eq.5

Co3O4 + xLi+ + xe-

LixCo3O4

Eq. 5

Overall it is a good choice as counter electrode material.139
G) Rhodium Oxide
Rhodium oxide is a yellow transparent martial that changes to dark green color after
oxidation. Its use was explored in early of 1980s140 Overall a 70% reduction of
absorption in the visible region is observed due to the anodic coloration, the
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corresponding anodic reaction is shown by Eq. 6:141
*

½ (Rh2O3 5 H2O)

*

+

-

RhO2 2H2O + H + e

Eq. 6

In contrast to the other metal oxide systems, rhodium oxide works only in a basic or
alkaline electrolyte, which means it is not as widely used as a counter electrode.141
H) Iridium Oxide
The electrochromic material IrO2 is notable for displaying a 60% reduction in the visible
transmittance as a result of oxidation.142 With respect to the reaction medium it is
opposite to that of rhodium oxide, in that it only works with an acidic electrolyte.143 The
oxidation of this material is described by Eq. 7:	
  

Ir(OH)n

IrOx(OH)n-x+ x H+ + xe-

Eq. 7

It is in principal a good candidate as counter electrode material, but its low abundance
and high cost has prevented its use in commercial applications because it is a rare
Earth.143
I) Niobium Oxide
Nb2O5 is a cathodic coloration material and its use in electrochromic devices was
discovered early in the 1980s.144 It provides a color change during reduction in a waterbased electrolyte (Eq. 8):

Nb2O5 + xH+ + xe-

HxNb2O5

Eq. 8

In addition, it provides a color change during reduction in a non-aqueous electrolyte (Eq.
9).
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Nb2O5 + xLi+ + xe-

LixNb2O5

Eq. 9

The optical performance is highly dependent on the niobium oxide’s crystal structure; for
example hexagonal crystals of (TT phase) provide the best optical properties.145 During
reduction, the amorphous film and the crystalline niobium oxides provides a brown color
and blue color, respectively. However, the low conductivity of this material presents the
greatest disadvantage, which makes it unfavorable due to the resulting low coloration
efficacy.146
J) Molybdenum Oxide
The use of MoO2 as a cathodic coloration material was discovered in the early 1970s.70
The greatest change of this material occurs during reduction relays in the blue area of the
visible light spectrum.147 The material’s structural character, either amorphous or
crystalline, directly affects its optical response.70 For example, during reduction, the
nanocrystalline structure of the molybdenum oxide changes from clear to a purplish blue
color. Furthermore, the reduction and oxidation of this material produces oxygen, which
evolves as bubbles in the device, which can cause non-uniform electrochromic
performance across the device, as well as other stability issues.148
K) Tantalum Oxide
It has been proven that tantalum oxide is a good candidate as a solid-state electrolyte or
as a cathodic electrode.70 The film structure directly affects this material’s performance.
For example, a high quality capacitor dielectric can be obtained by engineering the film
structure, thickness and morphology.149 Tantalum oxide displays a high proton
conduction in water-based electrolytes.150 Layers of tantalum oxide have been used with
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tungsten oxide to fabricate electrochromic devices that control the infrared area.151
L) Nickel Oxides
NiO is one of the best candidates for a counter electrode material due to its good optical
properties. For instance, it displays a 77% and 35% of the modulation in the bleach and
color states, respectively.152 During the color changing process, it forms a combination of
a metal oxide and metal hydroxide,153 The optical modulation was found to be improved
by a hybrid growing procedure.154 Nickel oxide is useful for commercial applications due
to its abundance, low cost and good electrochromic performance.70
M) Tungsten Oxides
WO3 is widely used in commercial electrochromic devices. Its application in
electrochromic devices was discovered in the early 1970s and since then it has become
the most used and studied material because of its high coloration efficiency, long lifetime
and good ionic conductivity.155 Eq. 10 describes the reduction reaction of tungsten oxide:

WO3 + xM+ + xe-

MxWO3

Eq. 10

Where M is a metal particle. The reduction of the amorphous phase of WO3 has been
investigated more than the crystalline phases.93 In general; tungsten oxide is used as the
electrochromic working electrode in devices.93
2.2.3 Coloration mechanism
The coloration mechanism in electrochromic materials is not completely understood to
date and is still the subject of debate.104 Many explanations have been advanced and the
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most accepted one is that of light absorption and an intervalence charge transfer.156-158
Gaining an electron during reduction or removal of an electron during the oxidation led to
change the color of the electrochromic material.153 This phenomenon can be described by
a variation in the band gap as the energy levels of the active material is changed.
As Figure 2.12 indicates, when a negative voltage is applied, the ion storage layer or the
counter electrode will be oxidized by the extraction of electrons.159 The electrons are
transported externally, going through the transparent conducting electrode toward the
electrochromic layer which is the working electrode. As a result, the oxidized counter
electrode donates positively charge ions, which move within the device passing through
the electrolyte toward the working electrode in order to compensate for the electrons that
have migrated towards the working electrode. The reduction of the working electrode
after the ion insertion leads directly to the color change or coloration of the material. In
addition, the coloration could appear in the oxidized counter electrode if it is made of
electrochromic materials. It is generally preferable that this color change state remains,
even after removal of the applied potential.160 To enhance this memory effect, the
electrolyte has to resist the current leakage, which will lead to the transparent state. To
return to the transparent state a positive voltage is applied, consequently, the electrons are
extracted from the working electrode and travel back to the counter electrode through the
external circuit. During this process, the positive charges move back internally through
the device toward the counter electrode, the device subsequently becomes totally
transparent after this process is completed. Different color tones can be achieved by
varying the applied potential.
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Figure 2.12. The electrochromic device’s operation mechanism a) ON state: negative bias
is applied and b) OFF state: positive bias is applied.
2.3 Plasmonic Electrochromic Materials
The plasmonic electrochromic material concept was created by the Milliron group in
2011.169 It adopts the same five layers device structure as for normal electrochromic
materials and different coloration mechanism. Furthermore, the material systems for the
working and the counter electrodes in the plasmonic electrochromics and the traditional
electrochromics materials are not the same. The fundamental of the plasmon will be
described in detail in the next section.
2.3.1 Plasmon fundamentals
Materials such as doped semiconductors and metals have a high free carrier
concentration. When a photon of light (of correct frequency) interacts with the free
carrier electrons, plasmon resonance can occur. In this case the materials optical response
changes due to the plasmon resonance, which results from the collective electron
oscillation induced by the light as shown in Figure 2.13a.161,162 The Drude model of the
metal’s dielectric permittivity ε is the best description for the metal and the doped
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semiconductor’s optical responses and is given by Eq. 12 : 161
2

2

ε = ε∞- ωp / (ω + iγω)

Eq. 12

This equation assumes that the collective electron oscillation controls the optical response
via the damping parameter γ, the plasma frequency ωp and the background dielectric
constant ε . The plasma frequency of the bulk materials is given by Eq. 13:163
∞

2

2

ωP = ne / εo me

Eq. 13

where n is the free carrier density, me is the electron effective mass, e is the electron
charge and εo is the free space permittivity. The free carrier interaction at the surface of
the materials and the dielectric interface provides the surface plasmon, as shown in
Figure 2.13b. Eq. 14 gives the oscillation frequency of the surface plasmon, ωSP:164
ωSP = ωp /

1/2

(1 + εo)

Eq. 14

In this case, ε is the dielectric constant and ωp is the surface plasmon frequency. The
transmittance of this material decreases as result of the surface plasmon light absorption
and this surface plasmon depends on the particle geometry. Localized surface plasmon
resonance, shown in Figure 2.13c, is witnessed when the spherical particle has a diameter
much lower than the wavelength of the incident light. Eq. 15 shows the localized
plasmonic resonance ωLSP relation.165
ωLSP = ωp /

1/2

(1 + 2 ε)

Eq. 15

The localized surface plasmon resonance results in an absorption peak. This absorption
peak’s location and intensity relies on the dielectric environment and the concentration of
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the free electrons or carriers as shown by Eq. 15. For bulk metals with a high free carrier
density, the absorption peak is located in the UV-blue regions. However, for doped
semiconductor materials, including transparent conducting oxides, the absorption peaks
are found in the near to mid inferred region.

Figure 2.13. a) Bulk, b) Surface and c) Localized surface plasmon resonance.
Nowadays, there are many examples of using surface plasmons in a wide variety of
applications such as gas sensing,166 photovoltaic devices167 and surfaces modification of
the spectroscopy.168 The dependence of the surface plasmon on the dielectric surrounding
environment makes metal and semiconductor materials with high carrier density good
candidates for sensor materials.167,168 As a consequence, the majority of the applications
rely on the surface plasmon’s dependency on surrounding dielectric environment. In
contrast, plasmonic electrochromic materials control the optical properties of the free
carrier density without being dependent on the surrounding dielectric environment.169,170
The plasmonic electrochromic device adopts the same five layers device structure as the
conventional electrochromic device, but with a coloration mechanism reliant on change
of the plasmon resonance frequency. As Figure 2.14 shows, when a negative potential is
applied, the working electrode (with surface plasmon absorption at the NIR region) is
reduced, as in a traditional electrochromic. However, in this case the electrons that
traveled externally are injected into the conduction band of the working electrode,
	
  

	
  

69	
  

leading to an increase in electron density. As a result, ions of opposing charges will travel
through the electrolyte and capacitively build up charge on the surface of the electrode to
balance the electron charge that is being injected from the counter electrode.
Consequently, the localized surface plasmon resonance LSPR frequency and the
absorption will experience a blue shift due to the increase in the free carrier
concentration.171 However, the positive bias causes a decrease in the free electron density
because of the working electrode’s oxidation. Consequently, a red shift in the values of
the LSPR frequency and in the absorption onset will occur.171

Figure 2.14. Plasmonic electrochromic device coloration mechanism in a) ON state:
negative bias is applied and b) OFF state: positive bias is applied.
2.3.2 Plasmonic electrochromic state of the art
As mentioned earlier, organic molecules and polymers, such as viologens and conjugated
polymers, respectively, have been used in smart windows in addition to metal oxides.14
Their electrochromism is synthetically tunable with changes to the monomer type,
conjugation length, substitution groups/side chains, stereoregularity, and steric effects.14
However, they offer low transparency, which is required for an ideal smart window and
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high sensitivity to UV light, which makes them susceptible to degradation. Furthermore,
they show low durability during the cycling due to the redox irreversibility and see-saw
effect where they are colored in VIS and bleached in the NIR.114,115 For those reasons,
organic polymers face limited success as good candidates for an efficient smart window
material.
State of the art smart windows are based on metal oxide electrochromic devices.
Tungsten oxide is widely used in electrochromic devices and it is most commercialized
because of its high color efficiency and good conductivity.172 However, tungsten and
many other conventional metal oxide electrochromic materials suffer from different
drawbacks, such as the lifetime limitation due to the degradation. This is due to the
repeated ion insertion and irregular coloration related to disproportionate distribution of
current within the material.14,171 Additionally, one of the main drawbacks is the high
manufacturing cost, where high temperature and energy consuming processing
techniques, such as thermal evaporation and sputtering, are required.171 Furthermore, the
transmittance modulation limitation, where both NIR and visible light are blocked or
unblocked simultaneously in the tinted or bleached states, respectively, is one of the main
disadvantages, as shown in Figure 2.15. This causes an increase in the lighting energy
consumption during the day. For these reasons, conventional electrochromic devices have
not achieved the level of success in an ideal smart window.14,171
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Figure 2.15. Bleached and colored state UV/VIS spectrum of a full WO3-based
electrochromic device, the solar irradiance at the earth’s surface and the response of the
human eye taken from ref. 171
An ideal smart window requires separate and independent control of the NIR and VIS
light, low-cost and low temperature processing, fast switching time and high stability. In
order to achieve these characteristics researchers have moved towards using nanomaterial
forms of conventional electrochromic materials starting with tungsten oxide
nanocrystals.171 Many nanomaterials were studied in this regard such as Ag and Au
doped SnO2 and CdSe nanocrystals.173-176 The nanomaterials exhibit enhanced properties
such as fast switching, high coloration efficiency, and low-cost solution processing.
However, they missed the ability to selectively manipulate the light absorption as their
optical behavior is similar to their bulk.171,176 Nevertheless, one of the most important
achievements in this approach was the exploration of the new operating mechanism of
“capacitive charging”.
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Figure 2.16. Bleached and colored state UV/VIS spectrum of an ITO-based
electrochromic device and the solar irradiance at the earth’s surface taken from ref. 14
In 2011, a new milestone in electrochromic materials was established by Milliron et al.
when they created the concept of the plasmonic electrochromic colloidal nanocrystals
(NCs).169 It was found that applying potential to ITO films shows an electrochromic
effect as a result of a localized surface plasmon resonance.177 ITO NC films provide
tunability and selectivity control over the NIR spectral range, long cycle life, low cost
solution processing, and high coloration efficiency.178 In addition to ITO, aluminumdoped zinc oxide (AZO) NCs display localized surface plasmon resonance and show
plasmonic electrochromic behavior.178,179 ITO and AZO provide selective modulation of
the NIR.
The plasmonic colloidal NCs overcome some of the main drawbacks of the conventional
electrochromic devices such as the modulation limitation in VIS and NIR and the high
cost of processing. As mentioned earlier the plasmonic electrochromic selectively block
the NIR light without changing in the VIS spectrum transmittance as shown in Figure
2.16. Moreover, one of the main benefits of the colloidal NCs is their ability to modulate
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the light transmittance based on the size of the NCs, the concentration of the dopant and
the material type. Furthermore, the deposition of the metal oxide does not require
sputtering or evaporation and it can be done on a glass substrate without the need for high
temperature, vacuum deposition, lamination or any surface modification. This makes the
colloidal metal oxides a good candidate for manufacturing applications at low cost and
low embodied energy.14
In 2013, a new approach to plasmonic electrochromic dual-band control over NIR and
VIS was established.180,181 Nanocomposite (ITO-in-NbOx) was made of ITO NCs
dispersed in a matrix of visible colored amorphous electrochromic material (NbOx).
Taking advantage from LSPR absorption in NIR of the plasmonic NCs and high
coloration efficiency and high selectivity for VIS of the glassy matrices, independent
manipulation of the VIS and NIR was achieved. The two optical responses were achieved
independently by improving the applied voltage as shown in Figure 2.17. In addition to
the dual-band control, the materials exhibit high stability and coloration efficiency.
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Figure 2.17. Bleached and colored state UV/VIS spectrum of ITO-in-NbOx composite
film under different applied voltage taken from ref. 180
2.4 Indium Tin Oxide Material System
As mentioned earlier there are some parameters that have to be taken in account in order
to find the best material for the working electrode for plasmonic electrochromic devices.
Firstly, this material has to exhibits high transparency in the visible. Secondly, the
material must display a sufficiently high electrical conductivity and a surface plasmon
resonance in the NIR spectrum. The best materials to maintain both parameters are
transparent conducting oxides. Transparent conducting oxides are available commercially
in many applications, such as solar cells and liquid crystal display. ITO is one of the most
common in the commercial application.182 The material properties of ITO will be
described in detail in the next section.
2.4.1 Indium tin oxide fundamental
Indium tin oxide is a degenerately doped semiconductor with a high optical transparency
(>90%), wide optical band gap (>3 eV) and high carrier concentration (≈1020 cm-3).183
The ITO crystal’s unit cell is composed of 80 atoms in the bixbyite structure with a body
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centered cubic where the lattice constant is 10.12 Å.184,185 The free electrons in ITO are
released from the interstitial oxygen that is incorporated in the In2O3 lattice structure. The
bixbyite crystal structure with the indium atom in the center and oxygen atoms at the
corners is shown in Figure 2.18.

Figure 2.18. Crystal structure of tin doped indium oxide.
When the aliovalent substitution of In3+ by Sn4+ occurs, an interstitial oxygen vacancy for
every doped Sn atom is introduced.186 These interstitial oxygen vacancies are essential
for the crystal’s total charge neutrally, an assumption of the defect model introduced by
Frank and Kostlin at 1980.187 This model assumed that the substitution of 2 Sn4+ atoms
leads to one interstitial oxygen incorporation at the oxygen vacancies within the In2O3
crystal.188 When a negative voltage is applied, two free electrons are produced per
removed interstitial oxygen, as shown by Eq. 16. However, when a positive voltage is
applied, the tin:oxygen ratio is two, which supports the defect model.188 Furthermore, this
model was used to study the change in the free electron concentrations for the thin films
prepared by different deposition methods.189
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Eq. 16

N-type degenerate doping is achieved as a result of Sn4+ replacing to In3+ and free
electron formation. As more free electrons are produced during the doping, the Fermi
level moves towards the conduction band and the donor energy level will form next to the
conduction band.188 However, the spatial effect of the impurity has to be taken into
account because the electrons that are introduced from the tin substitution are considered
as impurity states within the electronic band structure.189 This spatial effect can be
defined by the Bohr radius as Eq. 17 shows:
a *H = a o ε r m o / m *

Eq. 17

where m* is the appropriate effective mass, εr is the relative permittivity, ao is the normal
hydrogen bohr radius and mo is the free electron mass of hydrogen. The ITO nanocrystal
Bohr radius equals about 1.3 nm as m*≈ 3.5mo and εr ≈4.180 These impurity states start to
interact with each other and form individual bands during the doping. As more dopant
Sn4+ is introduced, the activation energy reduces because of the overlap of the impurity
individual bands.188 The activation energy continually decreases during the doping until
reaching zero at a critical point. Theoretically, this critical point is reached at zero Kelvin,
where transition from a semiconductor to metal will occur and it is given by the Mott
critical electron donor concentration, Eq. 18.188 This transition only happens when the
separation distance in the semiconductor is equal to twice the Bohr radius.

a*H Nc1/3 ≈0.24

Eq. 18

Here a*H is the Bohr radius and Nc is the critical free electron concentration. The critical
free electron concentration for ITO with a Bohr radius of 1.3 nm is 5.62×1018 cm-3.188
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Consequently, to enhance the conductivity of ITO through the semiconductor to metal
transition, an increase in Sn doping is required. Nevertheless, it was found that the
conductivity decreases when the doping exceeds a specific percentage of Sn. About 10%
to 15% of Sn is required before this behavior takes place and the conductivity
decreases.191 The behavior is due to the ionized impurity scattering and phonon
scattering.184
The band gap of the undoped ITO is 3.75 eV with an absorption onset at ≈ 350 nm, which
makes it absorb the UV region of the solar spectrum.190 The band gap changes and the
absorption is blue shifted as a result of the Burstein Moss effect due to the Sn doping.192
When the conduction band is occupied with free electrons, the Burstein Moss shift takes
place, as shown in Figure 2.19.192 As a result the optical absorption band increase.

Figure 2.19. Burstein Moss shift of degenerately doped indium oxide with tin and the
optical band gap of undoped indium oxide and Sn-doped indium oxide.

As mentioned before ITO NCs films exhibit a very high transmission (>90%) in the VIS
region of the solar spectrum (400 to 780 nm) and low transmission in the NIR region due
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to localized surface plasmon resonance. The free carrier concentration is important to
determine the energetic location of the surface plasmon. ITO corresponds to a milestone
in the development of NIR selective control electrochromic materials. The synthesis
mechanism of ITO NCs will be described in detail in the next section.
2.4.2 Colloidal synthesis development
There are several different synthesis methods that can be applied to prepare colloidal
metal oxide NCs, including sol-gel chemistry, hydrothermal synthesis, and solvothermal
treatment. However, only a colloidal synthesis was used in this project because it is
economic and simple. Furthermore, using this method it is accessible to control the size,
the shape and the doping levels of the NCs.193 All of these parameters maintain the core
research objectives such as the low cost and the ability to selectively control the optical
spectrum and absorption. It is of note that the colloidal synthesis could be achieved by
hot injection or heat-up one pot reaction.169 As Figure 2.20 illustrates, the typical
synthesis route is made of three basics components: the precursor, the surfactants and the
solvent (in some cases the surfactant is the solvent).193 As the precursors initiate the
nucleation and the monomer formation at sufficiently high temperature, this reaction is
temperature-sensitive. The monomers start to grow with the help of the surfactant, which
plays an important role in the shape and the size control, the growth, the NCs
stabilization and the NCs aggregation prevention. Depending on the reaction route, the
components can be mixed together before starting the heating (heat-up one pot
reaction)194 or it could be heated and mixed separately and injected at a specific time or
temperature (hot injection reaction).179 Different sizes and doping percentages can be
achieved by this synthesis method depending on the temperature and the precursor ratios.
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Many colloidal metal oxide NCs with different sizes and doping levels were synthesized
in this project such as ITO169, AZO179,194,195, gallium zinc oxide (GZO)194,195 and cerium
oxide (CeO2).196

Figure 2.20. Colloidal growth of doped NCs from beginning to end.

2.5 Flexible Electrochromic Devices
From a manufacturing perspective, the solution processability of the electrochromic
materials is a very important aspect. Although the simple laboratory solution processing
techniques such as spin coating and spray coating are able to provide high quality films,
high throughput manufacturing coating methods such as slot-die and screen-printing are
preferred.219,220 In addition, besides the rigid electrochromic devices based on glass
substrates, flexible electrochromic devices become important as these can replace the
current structures and decrease the production costs in comparison to rigid
electrochromic devices.50,221,222 Nevertheless, flexible electrochromic device applications
widely depend on the electrochromic material’s performance at low temperature and
upscaling of the fabrication methods to achieve low cost. Flexible electrochromics face
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some drawbacks such as the conventional fabrication technology that are used for the
film preparation like plasma-enhanced chemical vapor deposition (PECVD), electrodeposition, magnetron sputtering and lithography which require expensive vacuum
equipment, strict experimental conditions and several processing steps.222-225 Moreover,
the poor adhesion between the material and the flexible substrates represents another
performance issue, which can cause the electrochromic material to crack and delaminate
from the surface after many bends.226 Furthermore, the aggregation of the nanoparticles
presents another challenge where large secondary particles can be formed and thus
reduces the ion accessibility within the film due to the decreasing of contact area between
the electrolyte and the film.227 Consequently, electrochromic materials prepared via new
fabrication routes which overcome all of these drawbacks are crucial to developing high
performance electrochromic devices. Different flexible electrochromic technologies have
been developed in several forms of applications. For example, conjugated polymers were
used for flexible electronic papers.228 In this case a nanostructured plasmonic metasurface
was used to enhance the performance by reducing the switching time (millisecond
regime), increase in the contrast (30-50%) and a decrease the power consumption (≈0.5
mWcm2).228
In order to move from rigid electrochromic devices towards flexible devices, the
traditional ITO/FTO coated glass conducting transparent electrodes have to be changed to
flexible ones.229 ITO coated PET was one of the first candidates because the PET
maintains a high transparency and flexibility.229 For example, flexible devices based on
ITO/PET as the conducting electrode and WO3·2H2O nanosheets as the electrochromic
layer demonstrates high stability over 400 cyclic voltammetry cycles.230 WO3
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nanostructured offers good optical modulation behavior of 48% and a high adhesion to
the ITO/PET substrate.230 Besides ITO/PET substrates, Ag/PET substrate is another
promising alternative for flexible electrochromic devices.231 However, it demonstrates
electrochemical instability and degradation during multiple cycling.231 For this reason a
passivation layer such as PEDOT:PSS is required to encapsulated the Ag grid and
improve the electrochromic stability.232 For example, when WO3 was coated on top of
Ag/PET substrate, which was protected by thin layer of PEDOT:PSS, the device behaved
with a high stability over 1200 cyclic voltammetry cycles with only 7.5 % optical
modulation degradation.232
2.6 CeO2:TiO2 Ion Storage Layer
CeO2 is one of the most commonly used passive and colorless counter electrodes as it
exhibits stable valences states (III) and (IV). However, it demonstrates slow kinetic
reaction and this can lead to a low response time. It was found that replacing some Ce
atoms by lower ionic radius elements such as Ti can overcome this drawback. A
CeO2:TiO2 film was prepared with Ce/Ti molar ratio of 1:1 by Baudry et al. using sol-gel
of ammonium cerium (IV) nitrate and titanium (IV) isopropoxide in ethanol. In
comparison to the CeO2 film, this film exhibited three and ten times higher current
densities and diffusion coefficient of Li, respectively.218 The current density increase
resulted from the increase of Li ion mobility within the film as the electronic resistivity of
TiO2 and CeO2 are smaller.233,234 Other research was carried out using different solvents
such as isopropanol or methoxy-ethanol and different Ce/Ti molar ratios.235 Furthermore,
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the films were characterized using different methods under different experimental
conditions such as XPS, SEM, CV and XRD.
CeO2:TiO2 demonstrated a high stability during the cycling up to 4500 cycles at a scan
rate of 50 mV/s and the required cathodic and anodic charges were 16 mC/cm2 when
molar ratio of Ce/Ti = 0.5 were prepared by using the same precursor in isopropanol.236
The surface composition and morphology were characterized using the XPS and SEM,
respectively. The film is slightly yellow and the UV/VIS showed a very low and
negligible absorption at 450 nm.237 The structure of the CeO2:TiO2 was studied for the
first time by Tonazzi et al.238 They investigated the film that was developed by Baudry et
al.218 using XRD and suggested that small crystals of CeO2 are distributed randomly
within an amorphous matrix of TiO2.238 A similar study was carried out by Keomany et
al.239,240 They found similar results regarding the CeO2 nanocrystals distribution within
the amorphous TiO2 when different precursors were used (Ce(OBus)4 and
Ti(OBun)4).239,240 When the molar ratio of CeO2/TiO2 was varied, it was found that the
CeO2 NCs size varied too.239,240 The nanocrystal size altered from 1 nm to 5 nm when the
concentration of the CeO2 was 50% and 100%, respectively.239,240 Furthermore, XRD was
used to study the CeO2:TiO2 film prepared by dip coating of sol-gel solution of
CeCl3.7H2O and Ti(OPr)4 varying the Ce/Ti composition.241 This study confirmed that
the addition of TiO2 as an amorphous matrix to the pure CeO2 improves the film
performance.241 However, some other research showed that this improvement depended
on different parameters such as the electrolyte nature, the precursors compositions and
preparation modes.242 For example, the CeO2 films offer better electrochemical
reversibility than the CeO2:TiO2 film when they were cycled in LiOH electrolyte.242 This
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is thought to be due to the difference in the film structure, where (NH4)2Ce(NO3)6
precursor was used for CeO2 preparation while Ti(OiPr)4 and CeCl3.7H2O precursors
were used for CeO2:TiO2 preparation.242 Nevertheless, CeO2:TiO2 exhibits a better
electrochemical performance than the CeO2 when (NH4)2Ce(NO3)6 precursor was used
for both the CeO2:TiO2 and CeO2 preparation.218
2.7 Cellulose Acetate-Based Gel Electrolyte
There are several criteria for choosing the electrolyte in the electrochromic device;
namely it should be made of transparent and inert materials that remain stable during the
oxidation and reduction and do not interact with the counter or the working
electrodes.93,94 Furthermore, it has to be a highly ionic conductor and an electronic
insulator.93,94 The gel electrolyte overcomes both of the drawbacks of liquid and solid
electrolytes by providing a stable device without any electrolyte leakage with high ion
conductivity.101 Cellulose and its derivatives doped with lithium electrolytes have been
used as polymer electrolytes in different electrochromic devices.243-245 Many cellulose
derivatives such as carboxymethyl cellulose,243,244 hydroxypropyl cellulose245 and ethyl
cellulose246 were used as substitutes for synthetic polymers like PEO and PMMA.247-249
Cellulose based polymers are good candidates because they are biodegradable,
environmentally friendly and non-toxic. Cellulose acetate (CA) forms when the cellulose
is substituted with an ester group, which is available for the Li ions, making it a good
choice as a polymer matrix for the lithium salt based gel electrolyte.250 High dielectric
solvents such as propylene carbonate (PC) are required for Li ion diffusion within the
polymer matrix, which increases the ion mobility and the electrolyte conductivity.251 CA
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based gel electrolytes were studied and characterized by varying the concentration of the
lithium salts and the CA.201 The best performance was achieved when 0.8 M and 3.0 wt%
of lithium salts and CA were used, respectively. The electrolyte offered a highly stable
behavior for more than 1000 cycles.201
2.8 NiO and NiO:TiO2 active ion storage layer
2.8.1 NiO active ion storage layer
NiO is one of the best candidates for a counter electrode material, due to its good optical
properties. For instance, it displays a 77% to 35% modulation in the bleach and color
states, respectively.152 It is an anodic electrochromic material and it is largely transparent
with very light green color, which changes to brown after the oxidation of Ni2+ to Ni3+.269
During the color changing process, it forms a combination of a metal oxide and metal
hydroxide.153 The optical modulation was found to be improved by a hybrid growing
procedure.154 Nickel oxide is useful for commercial applications due to the relatively low
price and the good electrochromic performance.70 Consequently, In recent years a lot of
attention has been directed toward nickel oxide to be used as active materials in many
applications such as electrochromic devices and nickel-based rechargeable batteries.269
As mentioned above in the case of the electrochromic devices it is mainly used as
electrochromic active anodic ion storage layer with another active electrochromic
cathodic layer such as WO3 or a passive cathodic film such as CeO2.269 The combination
of both an active electrochromic anodic and cathodic layers results in a great change in
transmittance and a modulation due to the coloration of the both layers.270 The NiO based
film are usually prepared using physical vapor deposition techniques, such as pulsed laser
deposition,271 electron beam evaporation,272 and dc and rf magnetron sputtering.273
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Chemical vapor deposition274 and sol-gel275 processes have also been reported.
2.8.2 NiO based electrode coloration mechanism
Sol-gel NiO films have been prepared from aqueous sols of Ni(OH)2 or alcoholic sols. In
case of aqueous sols of Ni(OH)2, these were synthesized by the immersion NiSO4 and
KOH276 or after precipitation of NiSO4 in acetic acid.275 On the other hand the alcoholic
sol was prepared by dissolving nickel diacetate tetrahydrate or nickel chloride in
ethanol.277 In one example, 2.5 nm NiO nanoparticles were obtained by annealing Ni(Si)
oxide film at 300 °C where nickel sulphate heptahydrate was dissolved in LiOH.278 XRD
was used to characterize the NiO films annealed at different temperatures (250 to 350oC)
and it confirmed the NCs formation of the bunsenite phase of NiO. Regarding the
processing and annealing temperature, it was found that different sizes of NCs were
obtained (10 nm to 150 nm).275,279 The electrochromic behavior was characterized in a
KOH based electrolyte and in all cases a brown coloring was achieved with a coloration
efficiency that varied from 30 to 60 cm2/C (at 550 nm), depending on preparation method
and the annealing temperature.269 However, the NiO films face some drawbacks related
to their stability.269
The electrochromic behavior of NiO films results from the reversible oxidation of Ni(II)
to Ni(III), which involves a transfer of one electron.269 However, the mechanism of this
process is not well understood and the most accepted mechanism is the one introduced by
Bode et al. for the case where the nickel oxide redox reaction was performed in KOH
based electrolyte.280 Bode proposed that the dehydration causes the transition from Ni(II)
to Ni(III) within one of two routes. The first one involves one electron transfer to give βNi(OH)2 to β-NiOOH and in this case the electrode is able to maintain stability within the
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electrical cycling without any charge built (overcharges). The second one involves a αNi(OH)2 to γ-NiOOH transition where more than one electron is transferred as result of
the Ni’s γ–phase high valence band. However, from a kinetic consideration the first route
(βII to βIII) is slower than the second one (α to γ) and the oxidation potential is 50 mV
higher.281 Another mechanism was proposed by Sac-Epee which assumed that direct
transformation of γ–NiOOH to β-Ni(OH)2 is happening, as shown in Figure 5.2.282
Nevertheless, this mechanism has some drawbacks related to the stereochemistry of the
compound, which is more complicated than how it occurs in this scheme.283 For example,
the structures of α-Ni(OH)2 and γ –NiOOH contains anions and cations which can
interact with each other.284 Furthermore, the oxidation can also result in Ni(IV)
formation.283 These complexities make the study of electrochromic phenomena in nickel
oxides using this mechanism not well known.

Figure 2.21. Sac-Epee scheme for NiO2 redox reaction was taken from ref. 283
Three types of NiO film reactions are witnessed in the case of aqueous based electrolytes.
These reactions depend on the intercalated ions (H- or H+) and on the film structure and
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composition (NiO or Ni(OH)2 ). The color in the case of the nickel oxide based film after
oxidation results from NiOOH formation, while the NiO and Ni(OH)2 are transparent.
There are some reports which support the first equation (Eq.19)285 and others which agree
with the second alternative equation (Eq.20).286 Also, some evidence suggests the
formation of NiOOH directly via NiO (Eq.21).286
Eq. 19

Eq. 20

Eq. 21

The electrochromic behavior of NiOx films in Li ion-based aprotic electrolytes were
studied recently in detail by Passerini for the first time.270 The electrochromic behavior
appears as a result of a Li ion intercalation and deintercalation reaction. It was proposed
that this reaction happens in two steps.287,288 The first step is represented by the
incorporation of Li+ in the NiOx, which led to the film activation and this is shown by Eq.
22. The second step involves the coloring and bleaching behavior as a result of the Li ion
intercalation and deintercalation reaction and it is shown by Eq. 23.
Eq. 22

Eq. 23

The activation step was investigated by studying the expansion of the oxide matrix to find
out the mechanical stress during ion intercalation.288 The results show that at a negative
voltage the stress increase led to a decreasing in the ion mobility within the film.
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However, at a positive voltage the induced stress did not change. This reaction consumed
around 20 mC/cm2 and the stress starts to become reversible when more charge is
applied.
A polaron model was suggested to explain the nickel oxide layer behavior after Li ions
intercalation.289 In a pristine state; the nickel oxide behaves degenerated metal like p-type
semiconductor. However, at the low intercalation state (QLi<140 mC/cm2) the nickel
oxide behaves as a p-type semiconductor and then an n-type semiconductor at the high
intercalation state (QLi>140 mC/cm2). Finally, it returns back to a degenerated metal like
material after the full intercalated state was achieved.
2.8.3 NiO:TiO2 active ion storage layer
As described in last section, the anodic electrochromic behavior of CeO2 was developed
significantly after the addition of TiO2, where the CeO2 NCs are distributed within the
TiO2 amorphous matrix.218 As the pure NiO performance in the electrolytes is not stable
and to improve this, it was suggested that the preparation of NiO: TiO2 instead of NiO
can improve the charge density and ion mobility within the film as in CeO2:TiO2.269
Despite the higher conductivity, it was reported that NiO:TiO2 shows more stability and
adhesion to the electrode surface. However, it demonstrated lower electrochromic activity
than the pure NiO film.269 For these reasons there has been much effort to synthesize and
prepare NiO: TiO2 using the sol-gel method. For instance, a sol of NiCl2 and Ti(iv)
butoxide

was dissolved in 1-butanol290 and NiCl2 or nickel (II) acetate and Ti(iv)

alkoxide were dissolved in ethanol.277 Al Kahlout et al. were able to grow thin (50 nm)
films of NiO:TiO2 that are stable for 7,000 cycles.269 The sol of nickel (II) acetate
tetrahydrate and titanium n-propoxide were dissolved separately in ethanol and then
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mixed together then the film was prepared by dip coating. Detail characterization of
optical performance, phase structure and morphology before and after coloration was
performed in aqueous based KOH electrolyte.269 This film was used in electrochromic
devices with structure K-glass/NiO2–TiO2/electrolyte/CeO2–TiO2/K-glass.154 A starch
based KOH gel electrolyte was used instead of liquid KOH.154 The device showed a
brown reversible color upon oxidation and in general it demonstrated a much greater
stability (17,000 cycles) and better optical performance than the NiO:TiO2 in liquid KOH
(7,000 cycles). Anti-corrosion protection thin layers such as Al2O3, ZrO2, TiO2 and
CeO2–TiO2 were coated on the NiO2:TiO2. These layers enhanced the cyclic stability but
deceases the optical contrast.154
2.9 Organic Solar Cell
In general, a solar cell, or photovoltaic cell, is a semiconductor-based device that absorbs
solar radiation and converts it directly into electricity. Synthesized hydrocarbon based
(heteroatoms S, N, O) conjugated semiconductors are used in organic solar cells.291 These
organic semiconductors are π-conjugated polymer, oligomer or small molecules. OPV
exhibits low cost and fabrication scalability as solar cells can be prepared from solution
or by low temperature vacuum sublimation and a very small amount of this material is
required to build the solar cell. Furthermore, in general high flexibility is demonstrated
and can be transparent or colored making them suitable for architecture integration.292,293
To date significant efforts and much research has been performed to increase the OPV
efficiency more than 13%,294-297 This was achieved after developing the devices
structure,295 materials,294 and understanding the device physics.298
The π-conjugated electronic system is responsible for the optoelectronic properties in the
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organic semiconductors where the delocalized behavior of the π-electrons plays an
important role. For this reason the internal geometry of the organic polymer or molecules
directly affects the photoexcitation process.299 Within the device, no current can be
generated if the electron and the hole are still bound as an exciton. In general, another
organic semiconductor is required to be in contact, to avoid the high exciton binding
energy and lead to exciton dissociation into free electrons and free holes. This
semiconductor (Acceptor or A) is required to achieve an energy level offset to the energy
level of the material in which excitions are generated (Donor or D) and this leads to the
subsequent electron charge transfer from D to A.291, 300 On the other hand, hole charge
transfer can be achieved concurrently from A to D when excitons are generated in the
acceptor.
The photovoltaic response of the organic solar cell is dominated by heterojunction
between the A and D because it is responsible for arranging the charges separation and
recombination. As the excitons suffer from a short life time and consequently an inability
to diffuse long distance, the D and A interface has to be located within the exciton’s
diffusion distance to overcome the loss in the excitons generated after solar radiation
absorption.301 To circumvent this problem, the bulk heterojunction (BHJ) largely replaced
previous bilayer architectures in order to overcome this problem and to design an
absorber layer with a thickness ca. 100 nm exceeding the excitons diffusion length. In a
BHJ, an interpenetrating network is produced after A and D components are blended
forming approximately 10 nm separated phase domains and the interface energy states
control the separation and recombination of charges.302 Actually new energy states are
introduced at the D-A interface such as the charge transfer (CT) state which is
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characterized by the electronic transition when electronic charges are moved from D to
A.303 The energy required to transfer the charges is called the charge transfer state energy
(ECT), which has been found to be correlated to measure the generated open circuit
voltage (Voc) of the solar cell.304 Consequently, as well as directly effecting on the
charge generation, the CT state also greatly influence the power output of the solar cell
via the Voc.
2.10 Self-Powered Electrochromic Devices
There have been many efforts to integrated electrochromic and photovoltaic devices to
provide the self-power electrochromic device. Electrochromic smart windows with no
need for an energy power supply are a desirable option especially given that
photovoltaics are playing an important role these days in building energy saving, where
the ability to convert solar light to energy is required. Different kinds of photovoltaic
techniques and many integration designs (vertically or externally) have been reported.215217

Figure 6.2 shows an example using a vertical integration of the semi-transparent PV

and polymer based electrochromic device.215 In this case, polymers utilized in an
electrochromic device was switched between color and bleach states after the selfpowering by two inverted transparent OPV solar cells. In this case, the photoactive layer
consists

of

a

combination

of

low

band

gap

polymers

poly

(diketopyrrolopyrroleterthiophene (PDPP3T), and phenyl-C61-butyric acid methyl ester
(PC61BM) and the electrochromic polymers are PProDOT-(CH2OEtHx)2 , referred to as
ECP-Magenta, and PProDOPN-C18 H37, referred to as MCCP.215 The integrated device
demonstrates a high performance even with a low intensity illumination of 0.25 Sun and
switching time was 3 s to 6 s was possible. Furthermore, tandem PV cells can be
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achieved by connecting the two OPV in parallel or series, which enables the generation
of electricity for other applications too.215
In another example a near-UV solar cell with a low-cost was used to power an
electrochromic device based on conducting polymers (Polyaniline).315 In this this case an
organic semiconductor material with wide band gap, high transparency and near-UV light
harvesting is used in the solar cell (hexabenzocoronene (cHBC)).315

Figure 2.22. Integrated solar-powered electrochromic taken from ref. 215
2.11 1D photonic crystals
Photonic crystals are materials that can strongly modulate light and may exhibit a
photonic bandgap. This can be achieved with a sufficient dielectric contrast and
appropriate geometry. Many applications have been demonstrated for photonic crystals
and photonic bandgap materials, such as low-threshold lasers, low-loss waveguides on-
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chip circuitry, and fiber optics.305 A wide range of contemporary technologies has
attempted to address the need of structures that allow for improved heat management
through NIR control in urban architecture and in the automotive industry.
Photonic crystals are created by the periodic arrangements of materials with different
refractive index. The term photonic was used to describe the interaction between the light
photon and the periodic medium. In the photonic crystals, the periodic dielectric function
is produced by spatial distribution where the atomic lattice creates a periodic potential,
influencing the electron diffusion within the crystal, which is strongly influenced by the
atomic structure of the lattice unit cell.306 This periodic dielectric function is responsible
for the electronic energy band structure and the formation of band gaps. The band gap
formation decreases or prevents specific wavelength propagation of light in a specific
direction.306 As a result the electromagnetic wave propagation within the photonic
crystals will alter and this change can be described by the scheme of electron motion in
solid crystals.307 By taking advantage of this behavior, the photonic crystal becomes a
suitable choice for designing material with optical control and modulation.
Photonic crystals are classified in three-types:306 one-dimensional, two-dimensional and
three-dimensional precocity. Figure 6.1 illustrates the structural deference between each
type. The spatial period in x, y, z directions are called the lattice constants.
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b"

c"

Figure 2.23. Photonic crystals are classified in three types a) 1D, b) 2D and c) 3D
photonic crystals taken from ref. 308
Inorganic materials are the most common and suitable choice for photonic crystals
fabrication as these typically demonstrate a high refractive index (n). Nevertheless, it is
not easy to control the change the value of the refractive indices, as it is constant for
many inorganic materials. In order to overcome this issue, inorganic/organic hybrid
materials have been introduced.309 These hybrid materials integrate the advantages of
both organic and inorganic materials such as the tunability of the optical properties and
the high refractive indices, respectively. Many efforts have been devoted to achieve high
refractive index hybrids. For example, hybrid of PbS nanoparticles and or poly (thiourethane) or poly (ethyleneoxide) shows a high refractive index.310,311 Nevertheless, this
system suffers from a reduction in the optical transparency after the addition of small
amount of the inorganic material (PbS).312 On the other hand TiO2 and polyimide
derivatives based hybrid shows high optical transparency with tunable refractive
indices.313,314 However, this system requires a long, multistep synthesis of the organic and
inorganic materials. Moreover, it is not producing simple plane pattering of the refractive
index.
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It was found that replacing the crystalline inorganic with amorphous an inorganic such
Titanium oxide hydrate and mixing with solution processed plastic overcomes the
crystalline inorganic drawbacks.309 Polyvinyl alcohol (PVAI) is good candidate as it
strongly bound for the metal oxides hydrates through hydrogen bonding formation. This
kind of hybrid avoids the large phase separation between the two organic and inorganic
materials and the organic material aggregation which cause light scattering.309
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Chapter 3
EXPERIMENTAL METHODOLOGY

In this chapter, we present the methodology employed to conduct our research. As we
seek to provide and design high performance, scalable and economical plasmonic
electrochromic devices that are able to selectively control the NIR or/and VIS region of
the solar spectrum, this section describes the material synthesis and film preparation, as
well as the methods used in device fabrication and characterization. Finally, we will show
how the devices integration with photonic crystals and solar cells was achieved.
3.1 Synthesis of Metal Oxides and Films Preparation
3.1.1 Materials
Indium acetylacetonate (In(acac)3, 99.99%), tin bis(acetylacetonate) dichloride
(Sn(acac)2Cl2, 98 %), 1-octadecene (ODE, 90%), oleic acid (OLAC, 90%), absolute
ethanol (Et, ), titanium(IV) isopropoxide (Ti(i-OPr)4, 97%), cerium(III) nitrate
hexahydrate (Ce(NO3)36H2O, 99.99%), tin acetate (Sn(Ac)4, 99.99%), myristic acid (MA,
≥ 98%), titanium(IV) propoxide (Ti(C3H7O)4, 98%), nickel(II) acetate tetrahydrate
(Ni(CH3COO)2.4H2O, 98%), 2-methoxyethanol (anhydrous, 99.8%) and hydrochloric
acid (HCL, 37%) were purchased from Sigma-Aldrich. Oleylamine (OLAM, 90%) was
obtained from Acros.
3.1.2 Synthesis of ITO NCs and film preparation
In this study the synthesis and the film preparation of different size of ITO NCs with a
systematic variation in the doping percentage of Sn was initially carried out. This
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investigation was performed to determine the material system which showed the best
performance. All synthesizes were carried out using the identical setup that is shown by
Figure 3.1. The synthesis methods for all NCs synthesized in this study will be described
in detail in the next section.

Figure 3.1. Typical three nick round bottom flask set up used for colloidal synthesis of
nanocrystal materials.
3.1.2.1 Synthesis of 4 nm ITO NCs with 16.8 % of Sn
The colloidal synthesis was prepared according to a recipe developed previously with
some modifications using the experimental setup that is presented in Figure 3.1.169,197,198
First 412.14 mg of In(acac)3 , 70.98 mg of Sn(acac)4 and 685.11 mg of MA were
dissolved in 20 ml of ODE and degassed under vacuum at 110 C for 3h. After this the
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temperature was increased to 300 °C and 1 ml of a pre-degassed 3M solution of OLAM
in ODE was added by injection; the solution color changed from light yellow to orange to
dark green during the first 10 to 15 minutes. The injection was performed with a 1 ml
glass syringe preheated at 80 °C overnight directly before use. After injection the
temperature decreased by itself to 280 °C and remained at this temperature for 1h, and
was kept at 240 °C for a further 1h. Finally, the solution was cooled to room temperature
naturally and the final NCs were flocculated by ethanol. After centrifuging (8500 RPM, 9
min), the NCs were dissolved in 1 ml hexane and stabilized by 20µL OLAM and 40µL
OLAC. After three cycles of washing using ethanol and hexane for participating and
dissolving, respectively, the NCs were dispersed in 1:1 (67mg/ml).
3.1.2.2 Synthesis of 7 nm ITO NCs with 4.4 % of Sn
The colloidal synthesis was prepared according to a recipe developed previously with
some modifications.169,197,198 206.07 mg of In(acac)3 and 10.5 mg of Sn(acac)2Cl2 were
dissolved by 7g of the pre-degassed OLAM resulting in approximately 4.4 % doping of
Sn with respect to In(acac)3. The solution mixture was stirred at 295 °C for 5h under a
nitrogen atmosphere. During the temperature increase to 295 °C, the clear solution
progressed from a light yellow to light orange and ending dark green within 10 to 15
minutes. After 5h, the solution was allowed to cool to room temperature naturally and the
final NCs were flocculated by ethanol. After centrifuging (7500 RPM, 7 min), the NCs
were dissolved in 1 ml hexane and stabilized by 20µL OLAM and 40µL OLAC. Four
cycles of washing using ethanol and hexane for participating and dissolving, respectively,
were performed. Finally, the NCs were dispersed in 1:1 octane/hexane (67mg/ml).
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3.1.2.3 Synthesis of 12 nm ITO NCs with 9.4 % of Sn
The colloidal synthesis was prepared according to a recipe developed previously with
some modifications.169,197,198 206.07 mg of In(acac)3 and 20.9 mg of Sn(acac)2Cl2 were
dissolved in 7g of the pre-degassed OLAM resulting in approximately 9.5 % doping of
Sn with respect to In(acac)3. The solution mixture was stirred at 295 °C for 5h under
nitrogen atmosphere. During the temperature increase from 23 °C to 295 °C, the clear
solution progressed from light yellow to light green and ending up as dark turquoise
within 10 to 15 minutes. After 5h, the solution was allowed to cool to room temperature
naturally and the final NCs were flocculated by ethanol. After centrifuging (7500 RPM, 7
min), the NCs were dissolved by 1 ml hexane and stabilized by 20µL OLAM and 40µL
OLAC. Four cycles of washing using ethanol and hexane for participating and dissolving,
respectively, were performed. Finally, the NCs were dispersed in 1:1 octane/hexane
(67mg/ml).
3.1.2.4 ITO NCs film preparation
The ITO NCs were spin coated on top of an ITO coated glass or PET (2 × 2 cm2)
transparent conductive electrode in two steps, where the first step is 1000 RPM for 30s
and the second step is 4000 RPM for 20s to obtain a film with the oleic acid (OLAC)
ligand. After the film deposition, ligand exchange was required in order to replace the
long hydrocarbon chains from the ligands (surfactants) with smaller chains as shown in
Figure 3.2; therefore, the films were immersed for 40 min in 1M formic acid/acetonitrile
solution. Subsequently the films were immersed in fresh acetonitrile baths 4 to 5 times
and then rinsed with acetonitrile to confirm the OLAC ligand removal and provide a film
with formic acid (FA). Finally, the films were annealed inside the glove box under N2
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environment for 45 min at 260 °C. The last step was eliminated or the temperature was
reduced to 170 °C for the low temperature film processing. Four layers of this film were
deposited following repetition of first two steps to increase the film thickness to ≈350 nm
and then the last step was performed.

Figure 3.2. Formic acid ligand exchange process for ITO NCs films fabrication a) the
film as cast with oleic acid ligand, b) the film with Formic acid ligand and c) the
conductive film.
3.1.3 CeO2:TiO2 sols and film preparation
This synthesis was performed following the previously reported procedures with slight
modification.199 Inside the N2 atmosphere glove box, 4.885 g of Ce(NO3)3.6H2O and 4.07
ml of Ti(i-OPR)4 were each dissolved separately in 25 ml of absolute ethanol. After that
the Ti(i-OPR)4 solution was added to the Ce(NO3)3.6H2O solution and the mixture was
stirred (350 RPM) at 30 °C for 96 hours. Different concentration of the CeO2:TiO2 was
prepared by varying the quantity of CeO2 (2.443 g and 3.664 g). The film was deposited
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on top of ITO-coated glass or PET (2 × 2 cm2) by dip-coating with a withdrawal rate of
10mm/s at room temperature. Then the films were annealed from room temperature to
550 °C within 3.40 h and maintained at 550 °C for 1h and then cooled to room
temperature naturally. However, the films were annealed at 150 °C under N2 environment
in case of the low temperature film processing and when ITO coated PET transparent
conductive electrode was used.
3.1.4 NiO:TiO2 sols and film preparation
This synthesis was performed following the previously reported procedures with slight
modification.154 5.845 g of Ni(CH3COO)2.4H2O was dissolved in 50 ml of ethanol with
stirring continuously at 350 RPM for 7 hours. After that a solution of 1.95 g of
Ti(C3H7O)4 in 12.5 ml of ethanol was added to the first solution and stirred in nitrogen
atmosphere at room temperature for 30 min. Then the solution was filtered by 0.2 µm
filter and deposited on an ITO-coated glass (2 × 2 cm2) using a dip coater with
withdrawal speed 3 mm/s. Afterward, the films were annealed from room temperature to
300 °C within 2.5 h and maintained at 300 °C for 30 min and then allowed to cool to
room temperature naturally. Two layers of this film were deposited following the
identical procedure until a thickness of ≈ 180 nm was obtained. In addition, single layers
with different thicknesses were obtained by using different withdrawal speeds (from 6 to
18 mm/s).
3.1.5 NiO sols and film preparation
This synthesis was performed following the previously reported procedures with slight
modification.200 75 mg of Ni(CH3COO)2.4H2O was dissolved in 1ml of methoxyethanol.
Then 35µl of HCL was added as a reaction catalyst and the mixture was allowed to stir at
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350 RPM and 60 C overnight in air. Then the solution was deposited on ITO-coated glass
(2 × 2 cm2) using a spin coater with a speed of 3000 RPM for 40 s. The films were
annealed in three steps: firstly, from room temperature to 150 °C slowly over 5 min and
secondly from 150 °C to 250 °C over 5 min and maintained at each temperature for 10
min. Finally the temperature was increased to 350 °C over 5 min and maintained at 350
°C for 1h. Afterward, it cooled to room temperature naturally. Four layers of this film
were deposited following an identical procedure for each layer to increase the thickness
to ≈ 240nm. Furthermore, films with different total number of layers (1-4) were prepared
to obtain to film thickness from 60 nm to 240 nm.
3.2 Synthesis of the Electrolytes
3.2.1 Materials
Lithium perchlorate (LiClO4, >95), Cellulose Acetate (CA, avg Mw & 50,000) and
Propylene carbonate (anhydrous, 99.7%) were purchased from Aldrich and used without
further purification.
3.2.2 Lithium ions based liquid electrolyte
1.0639 g of lithium perchlorate was dissolved in 100 ml of propylene carbonate and the
solution was stirred for few minutes to obtain a liquid Li/PC electrolyte with a 0.1 M
concentration.169 To convert the voltages between Li/Li+ and Ag/Ag+ reference scales in
order to compare our CV with previously reported data, - 2.7 V was added to the applied
voltage in case of Li/Li+ reference scale to convert it to Ag/Ag+.332 For example when the
applied voltage is 4 V in case of Li/Li+ reference scale, it is equal 1.3 V in case of
Ag/Ag+ reference scales.
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3.2.3 Cellulose Acetate based gel electrolytes
The gel electrolyte was prepared by firstly dissolving 2.13 g of lithium perchlorate in 25
ml of propylene carbonate.201 The solution was stirred for ~12 h or until the salts were
completely dissolved at room temperature to give a 0.8 M concentration. After that, 0.75
g of Cellulose Acetate (CA) was added to the lithium perchlorate solution and the
solution was stirred at 80 C for 12 h to form 3 wt% of CA gel electrolyte.
3.3 Device Fabrication
The solid-state devices were prepared by using the ITO NCs (on top of plastic or glass)
conductive electrode as the working electrode and the CeO2: TiO2 or NiO:TiO2 film as
electrochromic passive or active counter electrode, respectively.201,202 As Figure 3.3
shows, the two electrodes were separated by a Cellulose Acetate (CA) based gel
electrolyte and then pressed together with a separation of 0.5 cm between both electrodes
to obtain electrical contact.201,202 A thin layer of Kapton tape was used during the device
assembly to control the thickness of the gel electrolyte (50 µm).201,202 About 0.1 ml of the
CE gel electrolyte was injected directly between the two electrodes inside the glove box.
The total active area (viewed from the top) of the device is 2 cm2.
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Figure 3.3. full electrochromic device fabrication process: a) two separate films as
counter and working electrodes, b) the two electrodes construction in sandwich
configuration, c) the full device configuration after gel electrolyte injection and d) cross
section of the devices layers with the electrical contacts on both sides.
3.4 Electrochromic Measurements
3.4.1 Cyclic voltammetry
Cyclic voltammetry (CV) is an important and common electroanalytical technique for the
characterization of electroactive species. CV is used to gain quantitative and qualitative
data of the liquid-solid electrochemical interface. It is widely used to: i) obtain
oxidation/reduction potentials and electron transfer and diffusion kinetic constants, ii)
detect radical and radical ion intermediates in electrosynthesis reactions, and iii)
investigate follow-up reaction of the products formed on the electrode surface.203
Moreover, CV can help to elucidate the complex nature of the mechanism in electron
transfer chemical reactions such as but not limited to EC, ECE, stepwise, concerted,
etc.204,205 The CV setup consists of a three-electrode electrochemical cell as shown in
Figure 3.4. The three electrodes are immersed in a Pyrex glass cell, which contains the
unstirred solutions. The supporting electrolytes are ionic salts such as lithium perchlorate
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or tetra-butyl ammonium dissolved in organic solvents such as dichloromethane (CH2Cl2)
and acetonitrile (ACN). The first electrode is the working electrode or indicator electrode.
The working electrode is the electrode at which the electrochemical reaction (oxidation or
reduction) of interest takes place and it is made of conductive materials. Commonly used
materials are gold, platinum and glassy carbon. The reaction in the solution near the
electrode surface under the applied potential will determine whether the working
electrode is an anode or a cathode.206, 207 The second electrode is the reference electrode.
In order to be taken as a standard reference compared to the working electrode, the
potential of the reference electrode is required to be stable and well-known. Many
electrodes are employed as the reference, such as a saturated calomel electrode (SCE) or
a silver/silver chloride electrode. In some cases, quasi reference electrodes such as
platinum and silver wires are used, which provide a relatively constant potential; however
their potential depends on the composition of the sample of interest. 206, 207 The third
electrode is the counter or auxiliary electrode, which is usually a platinum wire that is
immersed directly in the solution to complete the electrical circuit. It provides a surface at
which a redox reaction can take place to balance the charge transfer that occurs at the
surface of the working electrode.206.207 In the CV experiment, the potentiostat controls the
desired external potential between the working electrode and the reference electrode, and
the resulting current between working electrode and counter electrode is measured. The
solution resistance and potential drop has to be taken into account because it affects the
potential measurements. The electroactive species in the solution are oxidized during
application of a positive potential to working electrode (positive scan) and reduced during
the application of a negative potential (negative scan). In this project, a potentiostat
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(Gamry) was used to determine the suitable applied potential window for each device, for
cycling during UV/VIS study and for the devices and films stability studies.

Figure 3.4. Three electrode electrochemical cell representing CV.
3.4.2 Chronoamperometry
In this technique, the same three-electrode electrochemical setup is used, as shown in
Figure 3.4. However, in this case the set of voltage is applied between the reference and
the working electrode and the current decay between the counter and the working
electrode is measured for a given time.104 This method is essential to extract the kinetic
parameters for the switching between the counter and the working electrodes. Also, the
magnitude of the leakage current through the electrolyte can also be measured using this
technique. Furthermore, the charge capacity at the working for a specific potential range
can be measured using chronoamperometry. 104 In this project, a potentiostat (AutoLab)
was used to determine and measure the coloration efficiency and half-life.
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3.4.3 Spectroelectrochemistry
Spectroelectrochemistry is a technique that combines electrochemical manipulation with
optical detection. This technique detects and measures the alteration in the optical path of
the working electrode under an applied potential as shown in Figure 3.5. The optical
measurement depends on the path length of the electrolyte. For example an aqueous
electrolyte solution is not suitable for NIR region optical measurement because of its high
absorption affinity in the same region. Many electrochemical techniques can be
conducted on the film while the optical properties are measured

using the

spectroelectrochemistry setup.169

Figure 3.5. Cross section schematic of spectroelectrochemistry set up.
For this project a custom in-house built liquid cell, holder and cover were designed as
shown in Figure 3.6c, where the optical spectrum could be detected during the oxidation
and the reduction steps. This in-situ technique has allowed us to investigate how the
optical NCs film provides tunability over the NIR spectral range during the oxidation and
the reduction without any change in the VIS spectrum.
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Figure 3.6. a) Picture of custom-made quartz cuvette was used as CV cell and the halfcell spectroelectrochemistry, b) gold contacts (110 nm thick) at one edge of the sample
and c) in-house built spectroelectrochemical design that was used for this project.
3.4.3.1 Spectroelectrochemistry of the ITO NCs-based electrochromic film
Before studying the electrochromic properties of the film (half-cell), gold contacts (110
nm thick) and chromium adhesion (5nm) layer, were thermally evaporated at one edge of
the sample as shown in Figure 3.6b.169 Then, the electrochemical and optical performance
of the NC films were characterized using the setup shown in Figure 3.6a. All
electrochromic film (half-cell) measurements were carried out using anhydrous 0.1 M
lithium perchlorate in a propylene carbonate (Li/PC) electrolyte inside Ar environment
glove box. Separate thin Li foils were used as counter and reference electrodes.169 The
spectroelectrochemical measurements for the half-cells were performed between 4 V and
1.5 V versus the reference electrode with scan rate 1 mv/s. The data was obtained after
the stabilization of the optical response which was achieved after several minutes.169 The
light path length was about 2 mm. Film cycling was used using Gamry cyclic
voltammetry. The optical background is the electrolyte solution and the ITO/glass TCE
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substrate within the custom-made quartz cuvette electrochemical cell.
3.4.3.2 Spectroelectrochemistry of the full solid-state device
Figure 3.7 shows the spectroelectrochemistry measurement of electrochromic devices,
where both the counter electrode and the reference electrode electrical contact were
connected to the CeO2:TiO2 or NiO: TiO2 films and the working electrode connected to
the ITO NCs electrochromic film. In case of using CeO2: TiO2 and ITO NCs on top of
ITO-coated glass substrates; the potential range was 2.5V and -1.5V. However, when the
rigid substrates were replaced by ITO-coated PET flexible substrates, the applied
potential range was 4 V and -1.5 V. The dual band electrochromic device where the
counter electrode is NiO: TiO2 was operated between 3.5 V and - 4.5 V. For all cases the
data were obtained after allowing the stabilization of the optical response several minutes
and at a scan rate is 0.1V/s. The optical background is air.202

Figure 3.7. Spectroelectrochemistry of the full device with a) both the counter electrode
and the reference electrode electrical contact were connected to ion storage film and b)
the working electrode connected to the ITO NCs electrochromic film.
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3.4.4 Device performance measurements
Quantitative analysis of the device performance includes the specific capacity, coloration
efficiency and half-life time. These were carried out using a combination of
electrochemical and spectroelectrochemical techniques. The description of each method
will be given in detail in the next sections.
3.4.4.1 Specific capacity
The device material specific capacity (C/g) was measured using cyclic voltammetry and
the data analysis was performed in Microsoft Excel. In order to determine the total charge
C, the forward and reverse curves were integrated using the Riemann summation method,
as shown in Figure 3.8 and then divided by the scan rate (mV/s).208

Figure 3.8. Determination of the charge in a CV.
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The total charge was finally divided by the mass of ITO NCs on the electrode in order to
calculate the total specific capacity. This method is as follow: Firstly, the CV was offset
to a main value of 0. Then, the collected CV data was processed using EXCEL. The
rectangular areas under both positive and negative scans were calculated using the simple
mathematical equation, Eq. 24
Rectangle Area= width (A) x Length (B)

Eq. 24

The diagram below shows the relationship between each component. A is the distance
between E2 and E1 and B is the value of I. The total charge was determined by dividing
the total area under the negative and positive curve by the scan rate (100 mV/s). The total
mass of ITO NCs on the electrode was determined by difference between the mass of the
substrate before and after the ITO NCs deposition. Finally the total specific capacity was
determined by dividing the total charge value by the ITO NC film mass.
3.4.4.2 Coloration efficiency
The coloration efficiency (CE) is defined as the change in the optical density (ΔOD) per
unit of ionic charge (ΔQ) in the electrochromic layer. CE and ΔOD are given by Eq.25
and Eq.26, respectively:209,178
CE= ΔOD/ ΔQ

Eq.25

ΔOD= log (Tb/Tc)

Eq.26

where Tb and Tc are the transmittance of the electrochromic layer at bleached and colored
states, respectively. The transmittance of the electrochromic film within the device was
calculated using the data obtained from the spectroelectrochemistry at the specific
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wavelength. ΔQ is the injected charges per unit area and is given by Eq.27:209,178
ΔQ= C/A

Eq.27

where C is the amount of charge injected during capacitive charging. The
chronoamperometry data was integrated to calculate the amount of charge injected from
bleach to color states. A is the area of the device being modulated which is equal to 2
cm2.
3.4.4.3 Half-life or switching time
The half-life or switching time was determined by analysis of chronoamperometry data
under a positive voltage. The change from color state to bleach state was obtained from
the curve of the current decay during the given time. As Figure 3.9 shows, the half-life
was determined directly from the time versus current curves,210 and average value was
determined from 10 cycles.

Figure 3.9. Determination of half-life in chronoamperometry data under a positive
voltage.
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3.5 Material Characterization
3.5.1 Transmission Electron Microscopy (TEM)
We probed the real space morphology and structure at the nanometer level using highresolution transmission electron microscopy (TEM).211 In TEM, the sample is probed by
an electron beam, which can be focused down to several angstroms thus, providing
extremely high resolution of local morphological, structural and compositional
information. This was used to confirm the size and the shape of NCs after synthesis in the
case of ITO NCs.169 Furthermore, TEM was also used to investigate the size and the
shape of the CeO2 NCs within the TiO2 amorphous after the film treatment at different
annealing temperatures. In addition to morphological structure, elemental mapping on
selected areas at similar length scale (several angstroms) was obtained. The electron
energy loss spectroscopy (EELS) measurement was used for the identification of the
chemical compositions or the elemental map. The TEM analysis of the electrochromic
films was done using a transmission electron microscope operating at an electron beam
energy of 300 kV (Titan Cryo Twin, FEI Company, Hillsboro). The samples were
prepared by drop casting 10 microliters of the solution, which contains NCs dissolved in
hexane, on the surface of thin carbon coated copper grid.
3.5.2 Inductively coupled plasma atomic emission spectrometer (ICP-AES)
To characterize and optimize the dopants incorporated within the NCs, elemental analysis
was applied by using inductively coupled plasma atomic emission spectrometer (ICPAES).212 ICP-AES is an emission spectroscopy.212 In this method high temperature
Argon plasma is used for element excitation. Every element emits energy at specific
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wavelength that particular to its atomic character, because the energy difference between
the excited electron atomic state and the atomic ground state, which is emitted as a
photon, is unique for every metal.212 This provides the elemental sensitivity and
determination of sample composition possible. In addition, the intensity of the emitted
energy at specific wavelengths is directly proportional to the amount of the corresponding
element that is present in the analyzed sample. In this study, the analysis was carried out
using ICP-OES (Varian 720–ES) for investigating the total percentage of the tin and the
indium within the ITO NCs after every synthesis.169 The samples were prepared by
digesting the NCs in concentrated HCL and the error percentage is 3%.
3.5.3 X-ray Diffraction (XRD)
XRD was used principally to recognize thin films’ crystalline structure, preferred growth
direction, lattice parameters, grain sizes, and crystal quality.213 The structural implications
of dopant incorporation on the NCs were characterized by XRD (Bruker D8 Discover
high resolution XRD with CuKα and λ =1.5406 Å). The samples were prepared by drop
casting of the solution, which contains NCs dissolved in Hexane, to form thick films on
the glass substrate.
3.5.4 Ultraviolet-visible spectroscopy (UV-Vis)
Absorption and transmission spectra were obtained with a Cary 5000 (Varian)
spectrophotometer for all electrochromic film characterization during and after
fabrication

steps.

As

mentioned

earlier

UV-Vis

technique

is

essential

for

spectroelectrochemistry setup in order to provide in situ measurement of the optical
properties during the voltage cycling using CV.169,202 In this case, the spectrophotometer
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was equipped with customized fiber optic capable of measuring the spectral
characteristics from approximately 300 to 2500 nm. As Figure 3.10 shows, the fiber optic
was permanently located inside the glove box for carrying out the half-cell measurement,
which required inert Ar atmosphere. A double beam was used to minimize noise. Spectra
were collected in transmission modes and a background correction was performed.

Figure 3.10. UV/VIS instrument with the custom-made fiber optics located inside the
glove box.
3.5.5 Scanning Electron Microscope (SEM)
SEM was used to investigate the thin film morphology.214 In this study, SEM (FEI Nova
Nano 630) was employed operating at 5 kV to investigate the surface morphology of
samples during each step of the ligand exchange process in the case of ITO NCs
electrochromic film. For CeO2: TiO2 ion storage film, SEM was also used to investigate
the surface morphology after the film treatment at different annealing temperature. A
cross-section of the films was also imaged using SEM to measure the film thickness.
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3.5.6 Ex-situ photoelectron spectroscopy (XPS)
XPS is a commonly used technique for the characterization of surfaces, due to the
intrinsic very high surface sensitivity ~5-10 nm.213 XPS experiment was carried out in an
ultrahigh vacuum principally to overcome the photoelectron scattering to the short
electron mean free path and the surface contamination occurring from adsorbed gases. In
this study, the analysis was carried out using XPS (Omicron Nanotechnology). In the
case of ITO NC films, the surface atomic concentration (%) of each element was
investigated and quantified before and after ligand exchange by XPS in order to confirm
the ligand removal.169 In addition, it was used to study the (%) of each element on the
surface of CeO2: TiO2 film during different processing annealing temperatures and vary
concentrations.
3.6 Device Integration
3.6.1 Photonic crystals and electrochromic device integration
The device integration was carried out to provide the static and dynamic manipulated of
the spectrum. As Figure 3.11 shows, the integration was done simply by the addition of
the photonic crystal substrate on the top of the electrochromic device without
pretreatment or monolithic integration. The photonic crystal films were prepared by
collaboration with Imperial College London.
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Figure 3.11. Photonic crystals and electrochromic device integration
3.6.2 Solar cell and electrochromic device integration
The solar cell and electrochromic device integration was carried out to provide the selfpower of the electrochromic devices.215-217 The integration was achieved by using the
custom in-house built polarity reversing toggle switch setup, shown in Figure 3.12a. In
the beginning the device was powered by external battery (3V) using the electrical setup
shown in Figure 3.12b. After the device was demonstrated to work perfectly, the polarity
reversing toggle switch was connected to OPV solar cells that were integrated with each
other to provide the electrochromic device with voltage of 3V as shown in Figure 3.12c.
A light emitting diode (LED) flash-light (Anker, Bolder LC40 Flashlight) used to
illuminate the OPV and initiate the electrochromic device.
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Figure 3.12. a) The custom-made electrical connection that power the electrochromic
device by connection to b) external battery and c) OPV solar cells.
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Chapter 4

HIGH PERFORMANCE SOLUTION PROCESSED, FLEXIBLE
PLASMONIC ELECTROCHROMIC DEVICES
4.1 Introduction
As mentioned earlier in this thesis, plasmonic electrochromic devices were developed by
Milliron et al. in 2011 using metal oxide colloidal NCs.169 It was found that when
applying a potential to colloidal NCs films such as the metal oxide ITO NCs film, a shift
of the localized surface plasmon was induced, which provides tunable and the selective
control over NIR region while the VIS spectrum does not change. These plasmonic
colloidal NCs overcome some of the main drawbacks of the conventional electrochromic
devices such as the modulation limitation in VIS and NIR and the high costs of
processing. Moreover, one of the main key benefits of the colloidal NCs is the ability to
tune the light transmittance spectrum by changing the size of the NCs, the concentration
of the dopants and the material selection. Furthermore, the deposition of the metal oxide
NCs does not require sputtering or evaporation and it can be applied by solution
processing without the need for lamination or any prior surface modification.
Despite the fact that the solid state plasmonic electrochromic device’s overall
performance including the coloration efficiency, durability and the switching time are
good in comparison to the conventional electrochromic devices, there is still considerable
scope for improvement.202 In addition to the electrochromic materials, the electrolyte and
the ion storage layer performances have to be accounted for. For example, the plasmonic
electrochromic devices that were developed so far are using cerium oxide (CeO2) for the
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counter electrode and a plasticized solid electrolyte.181,202 The cerium oxides suffer from
slow reaction kinetics, which leads to a reduction in the current density, the switching
time and the color efficiently.218 Moreover, a thick film of CeO2 is required and this leads
to loss of absorption through optical scattering.202 On the other hand, the solid
electrolytes suffer from low ion conductivity.101 As a results, a large scope for
performance improvement is available if the counter electrode and the electrolyte are
improved further. Furthermore, these solid-state plasmonic electrochromic devices
demonstrated a higher performance when a hierarchically ordered porous material was
introduced by using a heteromaterial framework. However, this method requires a long
synthesis process and films needed post treatments at high annealing temperature
(typically ≥ 500 °C) for several hours, which makes it less preferable due to the highenergy consumption and effort required. Specific thicknesses of the NCs films (300 nm to
400 nm) are required in order to show the plasmonic effect and it is achieved by
deposition of a multilayer, including a post-process annealing step (550 °C) for every
layer.169 Therefore, the multiple high temperature annealing steps during the film
fabrication are not suitable for moving towards flexible plastic substrates. Consequently,
alternative ligand exchange and film fabrication methods are essential to minimize the
manufacturing costs and energy consumption.
Here we demonstrate a plasmonic electrochromic device based on ITO NCs that
leverages development in ion storage and the electrolyte layers to achieve high
performance, dramatically improving the electrochromic performance parameters, such
as the coloration efficiency, the NIR modulation percentage, specific capacity and
switching time. Notably, the device structure provides a 55 % reversible blocking and
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bleaching in the NIR region (around 1600 nm) while the VIS solar spectrum was stable
(≥80%) during the charging/discharging process. The ITO NCs film ligand exchange
process was investigated in detail to understand the relationship between the surface
morphology structure and the electrochromic performance in film and the full device.
Our analysis shows that mesoporous structure was introduced simply by modifying the
ligand exchange process without the need to go through the long and high temperature
fabrication process that was previously adopted by other groups. This allowed us to
eliminate the high annealing temperature and move towards high performance, lowtemperature and entirely solution-processed plasmonic electrochromic devices with
selective manipulation of NIR absorption and fabricated both on rigid glass and flexible
plastic substrates.
In the next section, the results including both electrochromic and ion-storage layers
development to be processed at low temperature and the comparison between the full
device performance parameters at different conditions will be described.
4.2 Results and Discussion
4.2.1 Electrochromic film
4.2.1.1 ITO NCs characterization
In this section, we present the NCs thin film characterization. ITO NCs synthesis was
carried out following the procedures described in chapter 3. Different NC sizes and Sn
doping percentages achieved in order to optimize the material system for plasmonic
electrochromic devices. Three types of ITO NCs were chosen to be used as the working
electrode: i) 4 nm diameter ITO NCs with 16.8% of Sn, ii) 7 nm diameter ITO NCs with
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4.4% of Sn and iii) 12 nm diameter ITO NCs with 9.4% of Sn. As Figure 4.1 illustrates,
TEM confirmed the size, the shape and the crystallinity of the ITO NCs.

10#nm#

10#nm#

10#nm#

Figure 4.1. Low resolution TEM for ITO NCs average particle size a) 4 ± 2nm b) 7 ±
2nmand C) 12 ± 2nm (The measuring scale is 10 nm).
Elemental characterization was done by inductively coupled plasma with atomic emission
spectroscopy (ICP-AES). As Table 4.1 summarize, ICP-AES confirmed the Sn doping
percentage in each material system.
Element	
  (Different	
  sizes)	
  

In%	
  

Sn%	
  

4	
  nm	
  ITO	
  

84	
  

16	
  

7	
  nm	
  ITO	
  

95	
  

5	
  

12	
  nm	
  ITO	
  

90	
  

10	
  

Table 4.1. ICP-AES results of all ITO batches used in this project.
4.2.1.2 Film preparation and characterization
The spin coating is followed by an annealing step meant to remove the ligand. Annealing
of the substrate after the formic acid ligand exchange took place at 250 °C inside the
nitrogen glove box. Many layers were deposited in order to achieve the required film
thickness of 300-400 nm. The amount (%) of each element within the electron escape
depth ~ 5-10 nm at the surface was investigated before and after ligand exchange by
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using the XPS. As Table 4.2 illustrates, the absence of a N 1s orbital peak (at 400 eV
binding energy), indicates that ligand exchange with formic acid was complete and there
were no traces of oleic acid detected on the NC surface. Also, Table 4.2 confirmed the
relative atomic concentrations of the various elements in the sample as found from XPS.
Material	
  

In%	
  

Sn%	
  

O%	
  

C%	
  

N%	
  

Sn:In	
  

(Sn/In)	
  
%	
  

ITO-‐OLAC	
  Film	
  

13.8	
  

1.7	
  

19.9	
  

64.2	
  

0.4	
  

0.11	
  

11	
  

ITO-‐FA	
  Film	
  

25.8	
  

3.6	
  

43.3	
  

27.4	
  

0.0	
  

0.12	
  

12	
  

ITO	
  NCs	
  Film	
  

31.0	
  

2.8	
  

39.5	
  

26.6	
  

0.0	
  

0.09	
  

9	
  

Table 4.2. Relative atomic concentrations for the various elements in the sample as found from
XPS for the 12nm ITO with 9.4% of Sn NCs based film.

The structural implications of dopant incorporation on the NCs was characterized and
confirmed by X-ray diffraction (XRD) as shown in Figure 4.2, which compares the XRD
spectra of our sample to the literature.

Figure 4.2. XRD of the 12nm ITO NCs a) our synthesized NCs and b) from ref.
169.
Furthermore, the effect of the difference in NCs particle diameter on the optical density
was studied. As the colloidal synthesis is very sensitive to the precursor's ratio, it was
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found that decreasing the Sn doping percentage in the synthesis procedure for 4 nm
diameter NCs from 16.8% to 4.4% led to changing the NCs sizes. For this reason, it was
decided to use 7 nm, 10 nm and 12 nm diameter NCs (instead of 4nm) with the same Sn
percentages (4.4%) and the same film thickness for comparison. Figure 4.3 shows that an
increase in the NCs sizes led to a reduction in the optical density values. This could be
explained due to the increasing surface area,171 where smaller NCs provide a greater
specific surface area and therefore a stronger plasmonic effect. As a result, more charge
compensation will be built on the NCs surfaces, owing to the capacitive behavior of the
electrical doping. The quantity of electrons that can pass through the surface is permitted
by the charge compensation. Consequently, as the specific surface area increases the
charge compensation and quantity of the electrons able to enter the film increase.171

absorbance)(arb.)u))
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Figure 4.3. Change in optical density for NCs films of the same thickness and doping
level but different diameter. The Red trace is 12 nm diameter NCs, blue is 10 nm
diameter NCs and orange is 7 nm diameter NCs.
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4.2.1.3 Electrochromic characterization of ITO film
Using the spectroelectrochemical setup described in chapter 3, the electrochromic and
plasmonic properties of ITO NC films were characterized in detail. Figure 4.4 shows the
spectroelectrochemical characterization of the ITO NCs film at different applied
potentials in a half cell configuration. It was found that the intensity of the transmission
decreases with a decrease in the applied voltage. In addition, there was an observed shift
in the plasmon frequency location. When high voltage applied, a red shift occurred.
Nevertheless, the plasmon frequency peak shifted to lower wavelength as the applied
voltage value (versus the reference electrode) was reduced. In this case the ITO NCs
behave as NIR blockers. The film exhibited about 80% in reversible blocking and
bleaching in the NIR region (around 1600 nm). However the visible spectrum
transmission was stable (≥ 95%) over a wide range of applied potentials. This behavior
can be explained by an increase of free carrier concentration during the capacitive
charging, which leads to an increase in the LSPR frequency and a consequent decrease in
the materials transmission in the NIR region (blocking).169 However, the free carrier
density decreases significantly when capacitive discharging occurs, which leads to a
decrease in the LSPR frequency and subsequent increasing in the transmission of the
material in the NIR area (bleaching).169
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Figure 4.4. Transmission in the 500-2000 nm region of ITO NCs films at different
applied potentials: 1.8 V (black), 2.5 V (orange), 3.5 V (blue), 3 V (green) and 4 V (red).
The maximum optical modulation (80%) in the NIR region at 1600 nm (blue dashed
line).
The optical transmission spectra presented in Figure 4.5 of the as-cast film with oleic acid
ligand (ITO-OLAC), NCs film with formic acid ligand (ITO-FA) and NCs compact
conductive film (ITO NCs) demonstrates a 35 %, 67% and 80%, respectively, reversible
blocking and bleaching in the NIR region (around 1600 nm). However, in all, it was
observed that transmission in the visible spectrum was stable (≥ 95%) over a wide range
of potentials. This behavior can be explained by an increase of free carrier concentration
during the capacitive charging (negative potential), which leads to an increase in the
LSPR frequency and decreasing in the transmission of the material in the NIR area
(blocking). This variation observed in the modulation percentages in the NIR region is
directly correlated to the ligand’s presence and the modulation increases after the OA
ligand is replaced by FA and again after the FA ligand is removed by high temperature
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annealing. The films demonstrate an almost identical behavior during the capacitive
charging (black curves), when more free carriers are introduced to the film by the
application of a negative potential. Nevertheless, this behavior difference accorded at the
capacitive discharging step (red curves) when a positive potential was applied and the
free carriers are removed from the film. This can be explained by the trapping of the free
carriers (cations) within the film due to the ligands that are located on the surface, which
decreases the ability to become transparent in the NIR region.169 Figure 4.5b illustrates
that the ITO-FA film exhibits a 67% reversible blocking and bleaching at 1600 nm.
Nevertheless, the VIS solar spectrum transmission was also stable (≈95%) during
charged/discharge process. It is observed that the surface conductivity seems not to be
significantly affected for the ITO-FA film and this is simply attributed to small size of the
formic acid ligand.169
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Figure 4.5. Spectroelectrochemistry of NIR-selective electrochromic layer in half-cell
where (a) as cast film with Oleic acid ligand (ITO-OLAC), (b) NCs film with formic acid
ligand (ITO-FA) and (c) NCs compact conductive film (ITO-NCs). The
spectroelectrochemical measurements for the half cells were performed between 4 V
(red) and 1.5 V (black) where the counter and the reference electrodes are Li foil and the
supporting electrolyte is 0.1M lithium perchlorate in propylene carbonate. The optical
modulation of a, b and c demonstrates 35 %, 60% and 80%, respectively, reversible
blocking and bleaching in the NIR region (≈1600 nm) and the VIS solar spectrum
transmission was stable (≈95%).
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The ITO NCs films were demonstrated to have a high stability as Figure 4.6 illustrates,
where 15 cycles were performed with a low scan rate (1mV/S) and did not indicate any
degradation, which confirmed the film stability. Furthermore, the apparent deviation in
the usual square shape due to the high sheet resistance is a common feature of capacitive

Current'(A)'

charging which consequently proves the capacitive behavior of the NCs film.169

Poten-al'applied'vs'Ag/Ag+''(V)'

Figure 4.6. 15 cycles of CV of the ITO NCs film in 1M TBAPF6 based electrolyte. The
scan rate (1mV/S).
4.2.1.4 Electrochromic characterization of the full device
Figure 4.7 presents 50 cycles of CV of the ITO NCs full device without any remarkable
change or degradation. This demonstrates that the device exhibits a stable performance
and there was no change in capacitive double layer (which is responsible for the
plasmonic effect). As Figure 4.8 illustrates, the full device exhibits reversible NIRswitching by applying potential range that did not further degrade the CE gel electrolyte.
A break-in cycle for charge inducing, which is usually carried out by applying a negative
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voltage for several minutes for the device,202 was not required in our case. This is because
the NC films were polarized before their involvement in the full device. It was found that
the suitable applied potential range was -1.5 to 2.5 V. The optical modulation of ITOOLAC, ITO-FA and ITO NCs films in the full device demonstrates a 23 %, 55% and
54%, respectively, reversible blocking and bleaching in the NIR region (≈1600 nm) and
the VIS solar spectrum transmission was stable (≈80%). The OLAC based electrochromic
film showed low modulation ability in the NIR region and this is attributed to the large
ligand present on the surface, which prevents charge access. The OLAC film exhibits a
high NIR blocking when the film is capacitively charged. However, the film
demonstrated a low transmission when it was positively discharged and this indicates that
the free carriers were trapped within the ligand on the surface which decreases the ability
to become transparent again in the NIR region.169 However, the electrochromic working
electrode with the FA ligand, that has the same capping end in OLAC but with much
smaller hydrocarbon chain, shows a reversible NIR modulation comparable to the NCs
film.169
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Figure 4.7. 50 CV scans of NIR-selective electrochromic device. The full device was
operated between 2.5 V and -1.5 V where the counter electrode is sol-gel cerium titanium
oxides annealed at 500 C and the electrolyte is cellulose acetate based gel electrolyte and
the counter and the reference electrodes are Li foil. The scan rate (1mV/S).
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Figure 4.8. Spectroelectrochemistry measurements of NIR-selective electrochromic layer
in full device during every step in the ligand exchange process (a) as cast film with Oleic
acid ligand (ITO-OLAC), (b) NCs film with formic acid ligand (ITO-FA) and (c) NCs
compact conductive film (ITO-NCs). The full device was operated between 2.5V (red)
and -1.5V (black) where the counter electrode is sol-gel cerium titanium oxides annealed
at 500 °C and the electrolyte is cellulose acetate based gel electrolyte. The optical
modulation of a, b and c in the full device demonstrates a 23 %, 55%, 54%, respectively,
reversible blocking and bleaching in the NIR region (≈1600 nm) and the VIS solar
spectrum transmission was stable (≈80%).
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4.2.1.5 Low temperature processing of electrochromic film
After the ITO NCs film deposition (Figure 4.9a), the long hydrocarbon chain OLAC
ligands forbid electron accessibility within the NCs during the redox reaction, which
leads to a decrease in the film’s conductivity as shown earlier in Figure 4.5a and 4.7a.
Consequently, ligand exchange step was required, shown in Figure 4.9b. In order to
enable ITO NCs layers deposition on plastic substrates, the 250 °C annealing post
process step (Figure 4.9c) for the ligand removing should be eliminated or at least be
carried out with a reduced annealing temperature. This step was carried out to remove the
small formic acid ligands (HCOOH), which replaced the oleic acid.169 However, the
electrochromic ITO-FA film, which has the same capping end in OLAC but with a much
smaller chain, shows a NIR modulation comparable to the NCs film. The film was
prepared using the same procedure and the only difference was the annealing step
elimination (Figure 4.9c). As Figure 4.5b illustrates that the ITO-FA film shows about
60% reversible blocking and bleaching behavior at 1600 nm and the VIS solar spectrum
transmission was stable (≈95%) during the charging/discharging process. As the formic
acid ligand is small,169 the surface conductivity appears not to be significantly affected. In
the case of the full device, a 55% reversible blocking and bleaching at 1600 nm behavior
is present and the VIS solar spectrum was also stable (≈80%), as shown in Figure 4.7b.
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Figure 4.9. Formic acid ligand exchange process for ITO NCs films fabrication a) the
film as cast with oleic acid ligand, b) the film with Formic acid ligand, c) the conductive
film. The highlighted last step was eliminated in case of the low temperature processing.
Our results indicate that the NC films with formic acid, provide porosity on the surface
with a pore size (15±5 nm) as is shown by the SEM images in Figure 4.10. These pores
provide faster and more access to cation penetration in and out of the NCs film through
the electrolyte, which makes it attractive for solid-state devices. We were able to achieve
the porous structure without going through a long and energy consuming process202 and it
was concluded that the electrochromic device could be fabricated without the need of
high annealing temperature treatment for every layer within the film. As the SEM images
show, the films exhibit progressively less porosity and more accumulation after the
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ligand exchange process (OLAC > FA > no ligand), shown in Figure 4.10. This can be
explained by the long hydrocarbon ligand (OLAC) replacement by the short hydrocarbon
ligand (FA) leading to a more compact film arrangement in the first step and the further
tighter arrangement after FA ligand elimination after the high temperature annealing
during the second step,169 as indicated in the schematics in Figure 4.10.
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Figure 4.10. SEM of NIR-selective electrochromic layer during every step in the ligand
exchange process (a) as cast film with Oleic acid ligand, (b) NCs film with formic acid
ligand and (c) NCs compact conductive film. (The measuring scale is 100 nm).
As Figure 4.11 illustrates, the topographic tapping mode AFM images indicate the film
porosity. These pores are identified with the depression in height (dark regions). The
pores are observed to decrease through the ligand exchange process and this is also
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confirmed the SEM results (Figure 4.10). Nevertheless, as the statistical height
distribution plot Figure 4.11d shows, the final NCs conductive film has a broader height
distribution than the FA based film, although the NCs is shown to be more compact with
less pores in SEM (Figure 4.10c). This could result from the increasing of the surface
roughness in case of the NCs film.
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Figure 4.11. AFM of NIR-selective electrochromic layer during every step in the ligand
exchange process (a) as cast film with Oleic acid ligand, (b) NCs film with formic acid
ligand and (c) NCs compact conductive film and (d) AFM height distribution of as cast
film with Oleic acid ligand (blue), NCs film with formic acid ligand (red) and NCs
compact conductive film (black). (The measuring scale is 500 nm).
4.2.2 Low temperature processed ion storage film
As high performance electrochromic films at low temperature processing were obtained,
low temperature processed ion storage layer was required to move toward flexible
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devices. The ion storage layer composed of CeO2:TiO2 was prepared by following the
previously described sol-gel method that included annealing at 550 °C, shown in Figure
4.12.199 In this case very small CeO2 crystallite nanoparticles (1nm) grown in an
amorphous TiO2 matrix can improve considerably the amount of charge that can be
inserted reversibly into the electrode. 238

10%µm%

CeO2 :TiO

%

ITO%
Glass%

2%

Figure 4.12. Scheme of the CeO2:TiO2 ion storage film with SEM cross section image
(The measuring scale is 10 µm).
When this temperature was reduced to the plastic compatible temperature (150 °C), our
spectroelectrochemistry results show a reduction in the full device performance, as shown
in Figure 4.13a, 4.13b and 4.13c. However, the quantitative analysis indicates that the
total performance, including the coloration efficiency, the specific capacity and the halflife of the low temperature processed electrochromic devices are comparable to what was
published so far, as illustrated in Table 4.3.202 In order to understand the low temperature
effect on the CeO2:TiO2 behavior, TEM and XRD measurements were performed. As the
TEMs show in Figures 4.13d, 4.13e and 4.13f, the CeO2 NCs size increases from
approximately 1 nm or less to 2 nm and then to 5 nm as the annealing temperature
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decreases from 550 °C to 250 °C and 150 °C, respectively. The device performance
decreases as a result of the CeO2 crystal size increase, which leads to a total specific
surface area reduction. This device functionality is linked to the decreasing amount of
charge that was injected in and out of the ion storage layer because of the decreasing
surface area.239-241 The electron energy loss spectroscopy-based elemental mapping and
the selected point (resolution ~ 5nm) crystal diffraction using the TEM suggested that
small crystals of CeO2 are distributed homogenously within the amorphous matrix of
TiO2, shown in Figure 4.13g, 4.13h and 4.13i. The presence of small CeO2 crystals was
confirmed by XRD in Figure 4.14. By using the Scherrer equation in conjunction with the
XRD data, including the peak width and the peak position (CeO2 NCs corresponding
peak appears at 2θ≈30o), of films prepared at different annealing temperatures, we were
able to measure the average size of CeO2 NCs. The CeO2 crystal size varied from 1.4 to
1.76 nm and then increased to 4.03 nm as the annealing temperature decreases from 500
°C to 250 °C and 150 °C, respectively, confirming the TEM observations.
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Figure 4.13. Spectroelectrochemistry of NIR-selective electrochromic device where the
electrochromic layer is (≈350±50 nm) thickness ITO NCs film that was prepared at 170
°C and the ion storage layer is (≈250±50 nm) thickness CeO2:TiO2 film that was prepared
by sol-gel method at a) 550 °C, b) 250 °C and c) 150 °C annealing temperatures. The full
device was operated between 2 V (red) and -1.5 V (black) and the electrolyte is cellulose
acetate based gel electrolyte. Low resolution TEM of the CeO2:TiO2 film was prepared by
sol-gel method at d) 550 °C, e) 250 °C and f) 150 C (The measuring scale is 5 nm). The
electron loss elemental mapping and the selected point (resolution ~ 5nm) crystal
diffraction using the TEM of the CeO2:TiO2 was prepared by sol-gel method at g) 550 °C,
h) 250 °C and i) 150 °C.
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Figure 4.14. XRD of the CeO2:TiO2 film was prepared by sol-gel method at 550 °C
(black), 250 °C (green) and 150 °C (red) (the sharp peak at 30 degree correspond to CeO2
NC).
The reported reduction in the CeO2 crystallite size with increasing TiO2 concentration can
be explained by the limited CeO2 crystal growth during the thermal treatment with
increasing TiO2 content. 239-241 In our work, we also find that increasing of the annealing
temperature leads to a decrease of the CeO2 crystallite size. In both cases, the decrease of
the CeO2 size enhances the electrochromic performance due to the increased specific
surface area.
As a low annealing temperature is required in this work, where consequently the size of
the CeO2 crystallites are large (5 nm), we found that increasing the TiO2 proportion in the
mixture can overcome the CeO2 NCs size increase and improve the electrochromic
performance. This is due to a reduction of the CeO2 crystal growth rate during the
annealing because of the increase in the TiO2 content. 239-241 In addition, more surface
area was introduced because TiO2 has a lower ionic radius. 239-241 Increasing the surface
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area plays an important role in the ion storage layer as it enhances the Li mobility within
the film and this leads to an improvement in the current density. 241
As Figure 4.15 illustrates, when the molar ratio of the CeO2:TiO2 is varied from 1:1,
0.75:1 and 0.5:1 and the films were annealed at 150 °C, the full devices demonstrated a
37%, 40% and 44 % reversible blocking and bleaching in the NIR region (around 1600
nm), respectively. This confirmed that increasing of the TiO2 concentration for the films,
improves the device performance even after the low annealing temperature,.
As the TEM shown in Figure 4.15d, 4.15e and 4.15f, the NCs sizes (CeO2), decrease
from approximately 5 nm to 3 nm and then to 2 nm as the molar ratio of the CeO2:TiO2 is
varied from 1:1, 0.75:1 and 0.5:1, respectively. This was confirmed by XRD in Figure
4.16. By using Scherrer equation and the XRD data, including the peak width and the
peak position of CeO2:TiO2 prepared using different molar ratio, we were able to measure
the average size of CeO2 NCs. The CeO2 crystal size varied from 4.4 to 2.89 nm and then
to 1.65 nm as the molar ratio of the CeO2:TiO2 is varied from 1:1, 0.75:1 and 0.5:1,
respectively, and this was comparable with TEM analysis.
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Figure 4.15. Spectroelectrochemistry of NIR-selective electrochromic device where the
electrochromic layer is (≈350±50 nm) thickness ITO NCs film that was prepared at 170
C and the ion storage layer is (≈250±50 nm) thickness CeO2:TiO2 film that was
prepared by sol-gel method at 150 °C annealing temperatures and different molar ratio
of a) 1:1, b) 0.75:1 and c) 0.5:1. Low resolution TEM of the CeO2:TiO2 film was
prepared at different molar ratio of d) 1:1, e) 0.75:1 and f) 0.5:1. The full device was
operated between 2 V (red) and -1.5 V (black) and the electrolyte is cellulose acetate
based gel electrolyte. (The measuring scale is 5 nm).
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Figure 4.16. XRD of the CeO2:TiO2 film was prepared by sol-gel method at 150 °C
annealing temperatures and different molar ratio of 1:1 (red), 0.75:1(green) and 0.5:1
(black).
4.2.3 Flexible electrochromic plasmonic devices
Here we take advantage of our ability to process and prepare both the electrochromic film
and the ion storage film at low temperatures and are able to move towards flexible
electrochromic plasmonic devices; replacing the rigid glass substrates by PET substrates.
As in our preceding study, we started by studying ITO NCs electrochromic films on this
substrate. Using the spectroelectrochemical setup described earlier (chapter 3); ITO NCs
film’s electrochromic and plasmonic properties were characterized in detail. Figure 4.17
shows the spectroelectrochemical characterization of the ITO-FA film after OLAC
ligands replacing (no annealing) and ITO NCs film (annealing at 150 °C). In both cases,
it was found that the intensity of the transmission decreased with a decrease (less
positive) of the applied voltage to the ITO film. Also, there was a concomitant shift in the
plasmon frequency location. When high voltages were applied, a red shift occurred.
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Nevertheless, the plasmon frequency peak shifted to lower wavelengths as the applied
voltage value (versus the reference electrode) was reduced. In this case the ITO NCs
behave as a NIR blocking layer. The film demonstrated about 80% and 70% reversible
blocking and bleaching in the NIR region (around 1600 nm), for ITO-FA and ITO NCs,
respectively. However the visible spectrum transmission was stable (≥ 95%) over a wide
range of potentials. This behavior is best explained by an increase of free carrier
concentration within the ITO film during the capacitive charging, which led to an
increase in the LSPR frequency and decrease in the transmission of the material in the
NIR area (blocking).169 However, the free carrier density decrease significantly when the
capacitive discharging occurs which led to a decrease in the LSPR frequency and
increase in the transmission of the material in the NIR area (bleaching)169
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Figure 4.17. Optical modulation of NIR-selective electrochromic film fabricated on ITO
coated PET flexible substrates where the film a) was annealed at 150 C (ITO-NCs) and b)
was not annealed (ITO-FA). The spectroelectrochemical measurements for the half cells
were performed between -1.5 V (black) and 5 V (red) where the counter and the reference
electrodes are Li foil and the supporting electrolyte is 0.1 M lithium perchlorate in
propylene carbonate.
As Figure 4.18 illustrates, the flexible device behaves reversibly with respect to NIRswitching by applying potential range that did not further degrade the CE gel electrolyte.
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A break-in cycle for charge inducing, which is usually carried out by applying a negative
voltage for several minutes for the device,202 was not required as the NCs films were
polarized before their involvement in the full device. It was found that the suitable
applied potential range to sweep was -1.5 V to 4.5 V. The optical modulation of ITOOLAC, ITO-FA and ITO NCs films in the full device demonstrates a 17 %, 23%, 36%,
respectively, reversible blocking and bleaching in the NIR region (≈1600 nm) and the
VIS solar spectrum transmission was stable (≈80%). Analogous to the full device, OA
based electrochromic films show very low modulation ability in the NIR and this was due
to the steric and resistive properties of the OLAC ligand present on the film surface,
which prevents charge access. The film exhibits a high NIR blocking when the film was
capacitively charged. However, the film demonstrated a low NIR transmission when it
was positively discharged and this indicates that the free carriers were trapped within the
ligands on the surface. The electrochromic working electrode with FA ligand, that has the
same capping end in OLAC but with much smaller chain, shows a NIR modulation
comparable to the NCs film. The quantitative analysis of the total device performance
showed that the coloration efficiency, the specific capacity and the half-life of the flexible
electrochromic devices are comparable to what has been published so far,202 as illustrated
in Table 4.3.
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Figure 4.18. Optical modulation of NIR-selective electrochromic layer in flexible
full device during every step in the ligand exchange process (a) as cast film with
Oleic acid ligand (ITO-OLAC), (b) NCs film with formic acid ligand (ITO-FA)
and (c) NCs compact conductive film (ITO-NCs). The full device was operated
between 4.5 V (red) and -1.5 V (black) where the counter electrode is sol-gel
cerium titanium oxide annealed at 150 C and the electrolyte is cellulose acetate
based gel electrolyte.
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4.2.4 Quantitative analysis of the plasmonic electrochromic devices performance
It is useful to compare quantitatively the total device performance, including the
coloration efficiency, the specific capacity and the half-life of the different plasmonic
electrochromic devices in order to understand the effect of the low temperature
processing and the replacement of the rigid glass substrate with the flexible plastic one.
In addition, the devices will be compared to the other existing devices reported in the
literature so far.202

Table 4.3. Quantitative characterization of standard (high temperature processed), low
temperature and flexible NIR-selective electrochromic devices that were prepared at our
lab and it was compared to (1) quantitative data of unarchitectured and architectured
similar NIR-selective electrochromic devices that were shown somewhere else.202 (a) Was
calculated using Chronoamperometry data with voltage swings of -1.5 V and + 2.5 V for
the standard and the low temperature ITO devices and -1.5 V and + 4.5 V for the flexible
device.
In general, the spectroelectrochemistry results and the quantitative characterization
confirmed that our devices, processed either at high temperature (standard) or low
temperature still demonstrate a higher performance when compared to the existing solid-
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state plasmonic electrochromic devices which utilized CeO2 as the counter electrode and
a plasticized solid electrolyte.202 In this device, two kinds of ITO NCs based
electrochromic films were prepared: an unarchitectured film where the NCs is deposited
directly without pretreatment (like in our devices) and an architectured film where block
co-polymer directed the assembly of ITO NCs and used to generate mesoporous ITO
frameworks. The results indicate that the mesoporous framework of the architectured film
demonstrated better quantitative metrics of the devices performance, as measured by the
coloration efficiency, specific capacity and the optical modulation, shown in Figure
4.19.202 This improved performance was attributed to the mesoporous structure which
provides ions accessibility within the film, due to the decrease of contact area between
the electrolyte and the film. Nevertheless, as Figure 4.20 illustrates the preparation of this
film required a long and energy consuming processes, including NCs and block copolymer synthesis, NCs ligand removing and a 500 °C annealing treatment for hours to
remove the block copolymer for every single layer.202

a"

b"

Figure 4.19. Optical modulation in solid-state NIR-selective electrochromic devices202 a)
~258 nm unarchitectured ITO active layers and b) ~309 nm architectured porous ITO
active layers. An initial break-in step was carried out by applying a -4 V bias across the
device; ITO charging at that potential after 6 min signifies the maximum extent of NIRblocking available to the device (dotted blue). Taken from ref. 202
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Figure 4.20. The process of assembly of cationic naked nanocrystals of tin-doped indium
oxide framework using 35 nm polystyrene- block -poly( N,N -dimethylacrylamide)
micelles with SEM image shows the mesoporous framework (The measuring scale is 100
nm).

However, we were able to achieve the porous structure without going through a long and
energy consuming process and the electrochromic device was fabricated without the need
of a high annealing temperature for every layer within the film (500 °C/layer). In
addition, our devices demonstrated better spectroelectrochemistry and quantitative
performance results. This is due to many reasons, including the replacement of the CeO2
ion storage film with CeO2:TiO2 and the solid plasticized polymer electrolyte with a gel
electrolyte which led to the improvement of the Li ion mobility and improvement in the
current density within the device.218,93،٬94 In addition different sized ITO NCs and altered
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Sn doping percentage were used in our case, which enhanced the device performance in
the NIR region and consequently the spectroelectrochemistry results.171
In this work we were interested in calculating the specific capacity (C/g) of our
electrochromic devices. The specific capacity was calculated by integrating the I-V
curves to find the total charge as described earlier in chapter 3, and then normalize this to
the mass of ITO NCs on the electrode.202 As our measurements had a voltage sweep
greater than 1 V, this value cannot be referred to as a capacitance. Specific capacity used
in this work was essential in quantifying differences in the optical performance of the
different electrochromic devices and to compare to similar existing devices that were
introduced by other groups. Our standard device, where the electrochromic layer and the
ion storage layer were processed at 260 °C and 550 °C, respectively, demonstrated
specific capacity approximately 5 times higher than the unarchitectured and 2 times more
than the architectured ITO devices. Nevertheless, our low temperature processed device
had a lower specific capacity than the standard one and this seems to be due to the low
annealing temperature effect on the CeO2:TiO2 component. However, the specific
capacity of this device is comparable to the architectured ITO device and higher than
unarchitectured ITO device, as illustrated in Table 4.3. As figure 4.21 shows, 15 cycles at
potential range 2.5 V and -1.5 V was obtained using CV at slow linear scan rate (1mV/s)
and the specific capacity was measured for every cycle. The specific capacity of the all
devices during this slow scan rate and the 15 cycles did not change which confirms the
device stability, shown in Figure 4.21d.
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Figure 4.21. 15 CV scans of NIR-selective a) standard, b) flexible and c) lowtemperature processed electrochromic devices. d) Specific capacity of NIR-selective
standard (red), low-temperature (pink) and flexible (blue) electrochromic device and it
extracted from cyclic voltammetry and ITO electrode mass.
Coloration efficiency is the ratio of the change in optical density between the positive and
negative bias with its associated charge per unit area.202 The chronoamperometry (time
dependent current response with a voltage modulation) data presented in Figure 4.22 was
integrated to calculate the amount of charges injected from bleach to color states and then
the charge per unit current. As Table 4.4 shows, the coloration efficiencies were
compared and in showed general that higher values were achieved in this work in
comparison to the architectured and unarchitectured ITO devices.202
Furthermore, the current decay half-life t1/2, which indicates how fast the material is able
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to become transparent, was calculated from chronoamperometry data under a positive
voltage and is shown in Figure 4.22. The change from color state to bleach state was
obtained from the curve of the current decay during the given time as described in the
methodology chapter. As Table 4.4 shows, the switching time for the standard and low
temperature processing ITO devices were almost the same (≈1s) and they were
approximately six times faster than the flexible ITO device (≈6s). Like the specific
capacity and the coloration efficiency, the half-life of our devices was faster than the
architectured and unarchitectured ITO devices.202
The flexible plasmonic electrochromic device based on ITO NCs presented a significant
decrease in the specific capacity and increase in the half-life time in comparison to other
two devices. This can be explained by the replacement of the ITO-coated glass with low
sheet resistance (15 Ω/□) with ITO-coated PET with much higher sheet resistance (220
Ω/□). Due to this decrease in conductivity, the Li ion mobility within the films and
consequently the current density decreased. Furthermore, it was reported that the ITO
coating on flexible substrates faces some stability issues due to its brittle nature.327 For
these reasons the development of this kind of device is still in progress and replacing the
ITO NCs with other metal oxides NCs with LSPR such AZO or GZO was suggested.
Nevertheless, the total performance of the flexible plasmonic electrochromic device
based on ITO NCs including the coloration efficiency, the specific capacity and the halflife of the flexible electrochromic devices are still better than other existing similar
devices,202 as illustrated in Table 4.3.
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Figure 4.22. Chronoamperometry data for ITO NCs films in NIR-selective a) standard,
b) low-temperature and c) flexible electrochromic device.
4.3 Conclusion
The present work reveals the impact of replacing the CeO2 ion-storage layer and the solid
electrolyte with a carefully designed CeO2:TiO2 layer and a gel electrolyte, respectively,
on the optical modulation and the performance of the plasmonic electrochromic devices.
In addition, we have focused our attention on systematically reducing the processing
temperature of the ion storage and the electrochromic layers in order to move to enable
not only low energy manufacturing, but also coating on flexible plastic substrates. In
doing so, we have demonstrated a smart widow platform based on a state-of-the-art NIRselective plasmonic EC material prepared at low-temperature and entirely by scalable
solution-processing.

The
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experimentation we found that using CeO2:TiO2 as the ion storage film and a CA-based
gel electrolyte can lead to significant differences in the behavior of the plasmonic
electrochromic device. In comparison to previous similar type devices,202 ours
demonstrate a high and stable optical transmission in the VIS region (80%) with better
optical modulation in the NIR region (55%), occurring within 1 s and with a higher
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coloration efficiency and specific capacity. The CeO2:TiO2 layer benefits the device
performance by increasing the Li+ ion mobility and the current density by the
introduction of more surface area because TiO2 have a relatively small ionic radius and
this plays an important role in the enhancement of the Li+ ion mobility and improvement
in the current density.239-241 In addition, the gel electrolyte provides a higher ion
conductivity than the previously used solid electrolytes.101
We have demonstrated a flexible plasmonic electrochromic device with the
aforementioned layering through a simple low-temperature processing method that
overcomes the long and energy consuming processing method that was reported
previously. Some of the outcomes of this study, such as the link between the mesoporous
structure formation and the low annealing temperature during the ligand exchange
process, are directly relevant to the improvement of device performance. Our systematic
studies including SEM and AFM confirmed this mesoporous structure, with an easy and
simple formation, is essential for enhanced the electrolyte accessibility within the
electrochromic film and the ion mobility within the device layers.202 We investigated the
impact of the annealing temperature on the ion storage film (CeO2:TiO2) and explained
our results in light of the available theoretical studies.239-241 We demonstrated for the first
time the relationship between the processing of the ion storage film (CeO2:TiO2) at
different annealing temperatures, the CeO2 NCs size and the electrochromic device
performance; the annealing temperature controls the CeO2 NCs growth within the TiO2
amorphous matrix, where increasing the temperature leads to the NCs size decreasing.
This study highlighted the importance of the CeO2 NCs size and how it directly effects
the device performance, where the NCs size decrease causes the surface area to increase
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leading to improved device performance. Then, we demonstrated our ability to achieve a
higher electrochromic performance and overcame the issue of the decreasing ion storage
film efficiency due to the low temperature processing, by manipulating and controlling
the amorphous matrix content (TiO2) to minimize the CeO2 NCs size. Certainly, a key
conclusion of this work is that significant performance and high optical modulation can
be achieved despite low temperature and all-solution processed metal oxides and using
simple and easy methods without the need to go through a long and energy consuming
synthesis, film preparation and device fabrication.
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Chapter 5
PLASMONIC ELECTROCHROMIC DEVICES WITH
INDEPENDENTLY TUNABLE LIGHT AND HEAT MANAGEMENT
5.1 Introduction
Electrochromic materials have been the subject of intensive investigation because of their
potential applications such as electronic paper,252 smart windows for energy efficient
buildings,180 displays112 and the well-known antiglare rearview mirror in automobiles,
invented by Gentex.253 Beside the considerable achievement within the last 30 years in
the electrochromic field, many more challenges remain to be overcome to improve their
performance, their functionality, cost and market penetration.254 The multielectrochromic
feature can expand the electrochromic material market in different applications such as in
climate adaptive buildings,255 smart windows and displays due to its ability to exist in
different coloration states under a wide range of applied potentials. Although there is
increasingly more research focused on multielectrochromism and some achievements
have been demonstrated,256-258 the majority of the developed multielectrochromic devices
do not meet the adequate color diversity at their different color states, which can limit
their usage in previously mentioned applications. Nevertheless, despite the difficulty in
the device fabrication and integration such as multielectrode configurations, the long and
energy consuming processes, the large numbers of layers and the complex patterned
electrodes; the desired color diversity and spectral control is still not achieved completely
in a single electrochromic material.254
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Many multielectrochromic devices have been developed using the so-called dual-type;
this includes a combination of cathodic coloration (provided by the electrochromic layer)
and anodic coloration (provided by the ion storage layer).259,260 Some of these devices are
all organic electrochromic and others are fully inorganic. For example, highly transparent
to truly black electrochromic devices based on polyamides as the anodic layer and
viologen as the cathodic layer have been demonstrated. This device illustrates a novel
approach for tuning the transmission regions from highly transparent (ΔT≥65%) to ‘truly
black’ (T≤5%). It achieved up to 90% of the coloring within 20 s and exhibited a high
and reversible electrochemical behavior over 5 h in the switched-on state.261 Another
example is that of all-inorganic and all-solid-state electrochromic smart windows to
control the solar energy with the following structure: glass/ITO/NiO/Ta2O5 (solid
electrolyte)/WO3/ITO/glass.262 The device demonstrated visible transmittance control
between 72.6 % and 17.6 % of bleaching and coloring, respectively. It also exhibited
cyclic lifetime of over 100,000 cycles at 60 °C. Regarding the weathering tests the device
demonstrated a high stability, which was estimated to be over five years for outdoor
applications.262
In the case of plasmonic electrochromic devices, the dual-band control over visible and
NIR light will play an important role in providing an ideal electrochromic device and
high performance smart windows. This overcomes the conventional and plasmonic
electrochromic limitations as it allows the window to operate in all climate zones.14,171
ITO NCs on NbOx glass are the first and the only nanocomposites studied for plasmonic
electrochromic modulation.180,181 The idea of using this material is based on taking
advantages of NIR-selective plasmonic NCs and a VIS-coloring electrochromic
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amorphous metal oxides. Anionic niobate polyoxometalate (POM) clusters are used to
form a glassy metal oxide platform bonded to the NCs.180,181 The key to achieving
sufficient dual-band operation is finding material combinations where electrochromic
response appears at different electrochemical potentials in order to provide three distinct
operating modes: fully transparent, NIR-blocked, and VIS and NIR-blocking as shown in
Figure 5.1. As an alternative to the nanocrystal-in-glass composites for electrochromic
active materials (working electrode) with a tunability of VIS and NIR; a combination of
NCs and POM such as Nb-doped TiO2,264 Fe or Sn doped CdO265 and Vanadium POMbased have been proposed.266,267 However, these kinds of materials face a lot of difficulty
including the series of long and energy consuming chemical synthesis (NCs, POM and
POM–ITO composite), film preparation and device fabrication.

Figure 5.1. The performance of the nanocomposite architecture for rapid and spectrallyselective electrochromic modulation of solar transmittance taken from ref. 263
We have sought to pursue an alternative method for the nanocomposites electrochromic
material in order to achieve the dual-band control. Yet, the full device structure of the
plasmonic electrochromic devices involves adapting the transparent passive counter
electrode as an ion storage layer.180,181,90 Here we are planning to replace it with the color
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tunable electrochromic counter electrode. As in nanocomposite electrochromics180,181,90
the key to achieving effective tunable control of VIS and NIR is discovering a material
combination where the electrochromic responses appear at different electrochemical
potentials in order to provide the three different operational modes. Nickel oxide and
titanium nickel oxides are good candidates as they maintain a high transparency in the
NIR.268 Also, they show a good coloration with the color dependent on the oxidation
state.268
In this work we have developed an electrochromic device, which maintains a reversible
NIR and VIS bleaching and blocking, taking advantage of the plasmonic properties of the
ITO NCs and the conventional electrochromic properties of NiO2 and NiO:TiO2. The
electrochromic and plasmonic performance of these devices depend mainly on finding
out the applied potential range to achieve the three different operation modes (fully
transparent, NIR-blocking, and VIS and NIR-blocking). In the next few pages, our
results, including the performance of the first dual-band plasmonic electrochromic device
based on cathodic and anodic coloration combination will be described including the
NiO2 and NiO:TiO2 films characterization.
5.2 Results and Discussion
5.2.1 Characterization of NiO:TiO2 and NiO active electrochromic film
Before studying and characterizing the dual band plasmonic electrochromic device, it is
essential to characterize the NiO based films in order to see if there is any difference
between the NiO:TiO2 and NiO. The characterization includes the TEM imaging, XRD
and electrochemical performances.
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5.2.1.1 Characterization of NiO:TiO2 film
As Figure 5.2a illustrates, TEM confirmed the size and the shape of the NiO:TiO2
components,269 which are small round crystalline particles with a size of about 4±1 nm
(darker contrast), distributed within an amorphous structure (lighter background).
Furthermore, the elemental mapping shows clearly the incorporation of the NiO NCs
within the amorphous TiO2, as shown in the electron energy spectrum from a spot located
on the background (Ni peaks), shown in Figure 5.2b.

Figure 5.2. a) Low resolution TEM for NiO:TiO2 average particle size is ≈4 ±1 nm
(The measuring scale is 10 nm). b) The electron loss elemental mapping using the TEM
of the NiO:TiO2 was prepared by sol-gel method at 300 °C.
The structural implications of incorporation of amorphous TiO2 in the NiO NCs, was
characterized by X-ray diffraction XRD as shown in Figure 5.3. It has been previously
reported that increasing of nickel content led to higher degree of crystallization and the
increase of TiO2 caused a decrease in the NiO NCs growth (as in CeO2:TiO2).269 Similar
to the work reported within this thesis (chapter 4), where we found that increasing the
TiO2 content in a CeO2:TiO2 mixture increased the surface area of the ion storage film,
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which improved the charge mobility and the device performance.269 As a consequence,
we decided to use more TiO2 content in NiO:TiO2 to make a molar ratio of 0.5:1.
However, this resulted in an amorphous structure as shown by XRD, with a broad peak
around 2θ = 40° corresponding to NiO and there was no presence of crystalline Ni(OH)2,
NiOOH and TiO2, in agreement with a previous report.269
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Figure 5.3. XRD of a NiO:TiO2 film prepared by sol-gel method at 300 C.
The NiO:TiO2 films were demonstrated to have a relatively high stability during
electrochemical cycling, as Figure 5.4 illustrates, where 20 cycles were performed with a
low scan rate (1 mV/S) and did not indicate a significant degradation which confirmed
the film stability. The film was cycled between - 0.2 V and 0.6 V vs. SCE, this range was
chosen to overcome further side reactions such as O2 formation.
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Figure 5.4. CV performed for 20 cycles of the NiO:TiO2 film on an ITO coated glass
TCE in 1M KOH based electrolyte. The counter electrode is Pt wire and the reference
electrode is SCE. The scan rate (1mV/S).
5.2.1.2 Characterization of NiO film
As Figure 5.5 illustrates, TEM performed on a NiO NCs confirmed the size, the
crystallinity and the shape of the NiO particles,269 which are small round and crystalline
with size of about 8 ± 1nm.

Figure 5.5. a) Low resolution TEM of NiO NCs average particle size is ≈ 8 ± 1 nm (The
measuring scale is 10 nm). The NiO was prepared by sol-gel method at 300 °C.
The structural implications of incorporation of the NiO in the NCs, were characterized
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and by XRD as shown in Figure 5.6. The XRD shows two small peaks corresponding to
NiO planes and there was no evidence of Ni(OH)2 and NiOOH crystalline phases.269
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Figure 5.6. XRD for NiO film was prepared by sol-gel method at 300 C.
The NiO film electrochemical stability was studied as Figure 5.7 illustrates, where 20
cycles were performed with a low scan rate (1 mV/S). Some degradation during the
cycling was observed as demonstrated by the reduction in the CV oxidation and reduction
response, which confirmed the film shows less stability than the NiO:TiO2. The film was
cycled between - 0.6 V and 0.6 V vs. SCE and this range was chosen to overcome further
side reactions such as O2 formation.
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Figure 5.7. 20 cycles of CV of the NiO:TiO2 film in 1M KOH based electrolyte and the
counter electrode is Pt wire and the reference electrode is SCE. The scan rate (1mV/S).
5.2.2 Characterization of dual band plasmonic electrochromic device
The solid-state devices were prepared by using the ITO NCs (on top of ITO coated glass)
as the working electrode and the NiO:TiO2 film as conventional electrochromic active
counter electrode. As Figure 5.8 shows, the two electrodes were separated by CE based
gel electrolyte and then pressed together with a separation of 0.5 cm between both
electrodes to obtain electrical contact. In this section we present for the first time a
plasmonic electrochromic device that exhibits tunable VIS and NIR transmission
independent control depending on conventional NiO or NiO:TiO2 active ion storage layer
and plasmonic ITO NCs electrochromic layer.
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Figure 5.8. NiO:TiO2 based dual-band full electrochromic device fabrication process: a)
two separate films as counter and working electrodes, b) the two electrodes construction
in sandwich configuration, c) the full device configuration after gel electrolyte injection
and d) cross section of the devices layers with the electrical contacts on both sides.
The results of the full electrochromic device’s performance when either NiO or NiO:TiO2
were used will be described in the next section, this includes the optical modulation and a
quantitative analysis of the parameters such as half-life and the coloration efficiency.

5.2.2.1 Characterization of dual band electrochromic device based on NiO:TiO2
active ion storage layer
As Figure 5.9 illustrates, the full device also shows strong dual-band modulation with
selective control of the transmittance in the visible and NIR region by the application of a
potential range that did not further degrade the CE gel electrolyte. A break-in cycle for
charge inducing, which is usually carried out by applying a negative voltage for several
minutes for the device,202 was not required in our case, because the NCs films were
polarized before their inclusion in the full device. It was found that the suitable applied
potential range was - 4.5 V to 3.5 V. As mentioned in the introduction, the key to achieve
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effective tunable controlling of VIS and NIR is discovering the suitable applied potential
to provide the desired electrochromic response in order to provide the three different
operation modes: Bright (VIS and NIR are bleached), Dark (VIS and NIR are blocked)
and Cool (VIS is bleached and NIR is blocked).263
As in Chapter 4 the NIR-selective control plasmonic electrochromic device based on an
ITO NCs film was able to control the transmission of NIR region independently and
selectively by the variation of the applied potential. It was found that the intensity of the
transmission in the NIR region decreases with a decrease in the applied voltage. In
addition, there was an observed shift in the plasmon frequency location. When positive
high voltage was applied, a red shift occurred to the plasmon frequency location.169
Nevertheless, the plasmon frequency peak shifted to lower wavelengths as the applied
voltage value (versus the reference electrode) was negatively reduced. In this case the
ITO NCs behave as a NIR blocking layer.169 This film exhibited a 60% reversible
blocking and bleaching in the NIR region (around 1600 nm). This behavior can be
explained by an increase of free carrier concentration during the capacitive charging,
which leads to an increase in the LSPR frequency and a consequent decrease in the
materials transmission in the NIR region (blocking). However, the free carrier density
decreases significantly when capacitive discharging occurs, which leads to a decrease in
the LSPR frequency and subsequent increasing in the transmission of the material in the
NIR area (bleaching).169
The visible spectrum transmission was dominated by the active electrochromic NiO:TiO2.
The NiO:TiO2 is an anodic electrochromic material and it is transparent with very light
green color in normal state, which changes to brown after oxidation and is transparent
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upon reduction.269 As the cathodic ITO NCs film exhibits oppositely, when the ITO NCs
films are capacitively charged, the NiO:TiO2 film is oxidized. However, when the ITO
NCs film is capacitively discharged, the NiO:TiO2 is reduced. As the ITO NCs
electrochromic film is the working electrode within the device, applying higher potential
(versus the reference electrode) led to an increase in the transmission in the NIR region
(due to the plasmonic electrochromic effect of the ITO NCs after the capacitive
discharging) and increasing in the transmission in the VIS region (due to the conventional
electrochromic effect of the NiO:TiO2 after the reduction). Nevertheless, applying a lower
potential (vs. the reference electrode) led to decreasing in the transmission in the NIR
region (due to the plasmonic electrochromic effect of the ITO NCs after the capacitivly
charging) and decreasing in the transmission in the VIS region (due to the conventional
electrochromic effect of the NiO:TiO2 after the oxidation).
In general, the spectroelectrochemistry results confirmed that our devices is comparable
and even demonstrates greater blocking in the NIR and VIS region compared to the only
existing dual-band plasmonic electrochromic devices which utilize ITO NCs NbOx glass
as the working electrode, CeO2 as the counter electrode and a polymer gel electrolyte.181
As Figure 5.10 illustrates the device demonstrates a bright state at 3.5 V, a dark state at 4.5 V and cool state at -1.5 V.
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Figure 5.9. Optical modulation of dual-band VIS and NIR independent selective control
plasmonic electrochromic at different applied potentials: 3.5 V (red), 2.5 V (orange), 1.5
V (green), - 1.5 V (black), - 2.5 V (blue), - 3.5 V (dark blue) and - 4.5 (purple). where the
counter electrode is NiO:TiO2 sol-gel annealed at 300 C, the working electrode is ITO
NCs annealed at 260 C and the electrolyte is cellulose acetate based gel electrolyte.
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a

b

c

Figure 5.10. Scheme, image and optical modulation of the performance of the dual-band
NiO:TiO2 and ITO NCs selective control plasmonic electrochromic device at a) bright
state at 3.5 V, b) cool state at - 1.5 V and c) dark state at - 4.5 V where the counter
electrode is NiO:TiO2 sol-gel annealed at 300 C, the working electrode is ITO NCs
annealed at 260 C and the electrolyte is cellulose acetate based gel electrolyte.

	
  

	
  

170	
  

5.2.2.2 Characterization of dual band electrochromic device based on NiO active ion
storage layer

Figure 5.11 illustrates the optical modulation of the dual band device with a selective
control of the transmittance in the visible and NIR regions using NiO as active ion
storage layer and ITO NCs as electrochromic layer. It was found that the suitable applied
potential range was - 5.5 V to 3.5 V with no needs for a break-in cycle for charge
inducing. Like in the NiO:TiO2 based dual-band plasmonic electrochromic device, the
NiO based one demonstrates high NIR-selective control with 54% optical modulation
between reversible blocking state and bleaching state (around 1600 nm) due to ITO NCs
plasmonic properties. However the visible transmission, which was dominated by the
active electrochromic NiO, shows less modulation (26% at 500 nm). This could be
explained by the decreasing of the ion conductivity within the NiO film.269As mentioned
earlier one of the main reasons for TiO2 addition as amorphous matrix for the pure CeO2
and NiO NCs is improving the charge density and ion mobility within the film.269,218 This
is because increasing the TiO2 content induces the NCs to grow to a smaller size within
the amorphous matrix, which increase the surface area.
In general, the spectroelectrochemistry results confirmed that our devices are comparable
to the only existing dual-band plasmonic electrochromic devices based on ITO NCs in
NbOx.181 The device demonstrated a bright state at 3.5 V, a dark state at - 4.5 V and a
cool state at -1.5 V.
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Optical modulation of dual-band VIS and NIR independent selective

control plasmonic electrochromic at different applied potentials: 3.5 V (red), 2.5 V
(orange), 1.5 V (green), - 1.5 V (black), - 2.5 V (blue), - 3.5 V (dark blue) and - 4.5
(purple) where the counter electrode is NiO sol-gel annealed at 350 C, the working
electrode is ITO NCs annealed at 260 C and the electrolyte is cellulose acetate based gel
electrolyte.
5.2.3 Quantitative analysis of the plasmonic electrochromic devices performance
It is useful to compare quantitatively the total device performance, including the
coloration efficiency and the half-life of the different dual-band plasmonic
electrochromic devices. Furthermore, to compare it to the NIR-selective control
plasmonic electrochromic devices in order to understand the effect of the replacement of
the passive ion storage layer (CeO2:TiO2) with active electrochromic one (NiO and
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NiO:TiO2). In addition, the devices will be compared to the other existing devices
reported in the literature so far.180,181
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Table 5.1. Quantitative characterization of dual-band device based on NiO:TiO2 and NiO
active storage layer tunable VIS and NIR independent selective control plasmonic
electrochromic devices and ITO NCs based only NIR-selective control plasmonic
electrochromic devices that were prepared at our lab and it was compared to quantitative
data of ITO NCs in NbOx glass dual-band plasmonic electrochromic devices that were
shown somewhere else.181 (a) Was calculated using Chronoamperometry data with voltage
swings of - 4.5 V to 3.5 V for the NiO:TiO2 based and - 5.5 to 3.5 V fort NiO based dual
band plasmonic electrochromic devices and - 1.5 V and + 2.5 V for the ITO NCs based
NIR-selective plasmonic electrochromic device. For ITO NCs in NbOx glass dual-band
plasmonic electrochromic the applied potential range is -2.5 V to 2.5 V.
In general, the spectroelectrochemistry results and the quantitative characterization
confirmed that our devices, processed either using NiO:TiO2 and NiO active
electrochromic ion storage film still demonstrate a higher and comparable performance,
respectively, when compared to the existing dual-band plasmonic electrochromic devices,
which utilize ITO NCs in NbOx glass as working electrode, cerium oxide (CeO2) as the
counter electrode and a polymer gel based electrolyte, shown in Figure 5.12 and Table
5.1.181 In the ITO NCs in NbOx device, anionic niobate polyoxometalate (POM) clusters
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are used to form the glassy metal oxide (NbOx) platform bonded to the NCs (ITO
NCs).181 However, as described before in this chapter, the use of these kinds of materials
face a lot of difficulty, including the series of long and energy consuming chemical
synthesis (NCs, POM and POM–ITO composite), high temperature film preparation and
device fabrication.

Figure 5.12. Optical modulation of dual band plasmonic electrochromic devices based on
a) based on NiO:TiO2 active electrochromic ion storage layer and ITO NCs
electrochromic layer b) ITO NCs in NbOx glass as working electrode, CeO2 as the
counter electrode from the lectures as taken from ref. 181
Coloration efficiency is the ratio of the change in optical density between the positive and
negative bias with its associated charge per unit area. Chronoamperometry data are
presented in Figure 5.13, the response was integrated to calculate the amount of charge
injected from bleach to color states and then the charge per current. As Table 5.1 shows,
the coloration efficiency of our NiO:TiO2 and NiO based plasmonic electrochromic
devices at 500 nm is higher than ITO NCs only NIR-selective one; which was expected
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as the transmission in the VIS region in the case of ITO NCs only NIR-selective
electrochromic device was stable (≈80%). In addition higher values were achieved in
compare to the other dual-band plasmonic electrochromic device based on ITO NCs in
NbOx glass.181

Figure 5.13. Chronoamperometry of the dual band plasmonic electrochromic device
based on a) NiO:TiO2 and b) NiO active electrochromic ion storage layer where the
counter electrode is NiO sol-gel annealed at 350 C, the working electrode is ITO NCs
annealed at 260 C and the electrolyte is cellulose acetate based gel electrolyte.
The current decay half-life t1/2, which indicates how fast the material is able to become
transparent, was calculated from the chronoamperometry data under a positive voltage
and is shown in Figure 5.13. The change from color state to bleach state was obtained
from the curve of the current decay during the given time as described in the
methodology chapter. Like the coloration efficiency, the half-lives of our devices were
faster than the dual-band plasmonic electrochromic device based on ITO NCs in NbOx
glass.181 The half-life, the optical modulation at NIR region and the coloration efficiency
for our dual band and NIR-selective plasmonic electrochromic devices are comparable
which indicates that replacing the CeO2:TiO2 ion storage film with a NiO based one does
not have an effect on the quantitative performance of the plasmonic ITO NCs based
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electrochromic film and it introduces a new property to the device by adding the ability to
control the transmission of VIS region independently.
In addition to the optical response, the NiO:TiO2 based device demonstrated a better
performance regarding the switching time which was approximately twice faster than the
NiO one (2s). This indicates that NiO:TiO2 based dual band device is preferable than the
NiO one because it demonstrates better optical modulation and switching time.
Moreover, the 20 CV scans (Figure 5.14) and the Chronoamperometry (Figure 5.13)
illustrate that NiO based dual band plasmonic electrochromic device does not
demonstrate high stability as there is some degradation during the cycling and the time,
respectively.

Figure 5.14. 20 CV scans of dual band plasmonic electrochromic device based on a)
NiO:TiO2 and b) NiO active electrochromic ion storage layer where the counter
electrode is NiO sol-gel annealed at 350 C, the working electrode is ITO NCs annealed at
260 C and the electrolyte is cellulose acetate based gel electrolyte.
5.3 Conclusion
In summary, we have achieved a multielectrochromic device which has dual-band control
over visible and NIR spectra by replacing the passive ion storage film (CeO2:TiO2) with
another anodic coloring active electrochromic film (NiO:TiO2). We have demonstrated
how this strategy enables us to create a candidate to compete with the state of the art
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dual-band plasmonic electrochromic devices based on ITO NCs in NbOx glass
nanocomposites and how this was achieved very simply, replacing the difficult and
complicated series of chemical syntheses, film preparation and device fabrication
previously used.180,181 We presented devices with higher optical modulation in the NIR
(60%) and VIS (41%) region, occurring within 1 s and 2 s, respectively. Furthermore, we
studied how the dual-band electrochromic device’s performance alters as a result of the
addition of TiO2 during the sol-gel preparation of NiO. This latter finding was achieved
by investigating the device performance and optical modulation when NiO or NiO:TiO2
were used as active electrochromic ion storage films. The outcomes of this study show
that the addition of TiO2 to the film improves the optical modulation in the VIS region
and the total device performance as result of an increase of the surface area and
consequently an increase in the ion storage layer conductivity, as in CeO2:TiO2.218
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Chapter 6

SELF-POWERED AND COLOR-BIASED PLASMONIC SMART
WINDOWS
6.1. Introduction
In Chapter 4 we introduced our ability to achieve high performance plasmonic
electrochromic devices based on plasmonic ITO NCs by taking advantage from replacing
the commonly used CeO2 ion storage film by a mixed metal oxide CeO2:TiO2 and using
the CA based gel electrolyte. Then, we showed our ability to process each layer within
the device at low annealing temperatures without the need for long and energy
consuming methods. This achievement allowed us to move towards a flexible
electrochromic device. Afterward, in Chapter 5 we focused on providing tunable VIS and
NIR independent selective control plasmonic electrochromic devices based on the mixed
metal oxide NiO:TiO2. This enables us to manipulate solar spectrum depending on the
climate conditions and personal preferences. After developing and improving of the
plasmonic electrochromic devices from many aspects, we decided to move ahead and
improve these devices’ applications through integration with other smart materials and
devices.
In this work we will show how the dynamic control in the NIR along with a permanent
blocking and coloration in the visible was achieved by our group through the integration
of an all solution-processed solid-state NIR selective plasmonic electrochromic device
and multi-layered photonic structure. Then we will illustrate the self-power plasmonic
electrochromic device through the integration of an all solution-processed dual band and
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only NIR selective plasmonic electrochromic devices (that were mentioned earlier within
the thesis) and the solar cells.
In the next few pages, the results, including the integration of plasmonic electrochromic
devices with photonic crystals and organic photovoltaic (OPV) will be described.
6.2 Results and Discussion
6.2.1 Plasmonic electrochromic devices combined with photonic crystal
Molecular hybrids based on metal oxide hydrates (MOHs), such as titanium oxide
hydrates and mixed MOHs (using polar polymers) such as poly (vinyl alcohol) (PVA) as
a matrix, provide structures with a tunable refractive index (n = 1.5 to 2.1) and a low
optical loss in the visible wavelength regime. These molecular hybrids can be produced
via a straightforward one-pot synthesis.309,316 This photonic structure such as dielectric
filters based on multilayers stacks of alternating high and low refractive index materials
is shown in Fig 6.1a. This structure was fabricated with a dip-coating method by using
solutions of the hybrids as the high refractive component and the commercially available
Poly (methyl methacrylate) (PMMA) as the low refractive index component.309,316 The
relationship between the layer thickness and refractive index is described by the equation:
nd = λo/4

Eq. 28

Where n is the refractive index, d is the film thickness and λo is the stop band
wavelength. Consequently, the layer thickness and the refractive index contrast can be
selected to achieve a mirror reflecting part at the desire area in the solar spectrum
including visible, UV and NIR regions.
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Figure 6.1. a) The design of dielectric filters based on the hybrid and the PMMA. b)
Image of the in house dip coater instrument
The integration of photonic structures with plasmonic devices enhances the properties by
providing both static and dynamic manipulation of the light spectrum. This integration
overcomes the conventional smart window drawbacks related to the functionality and
modulation limitation in VIS and NIR and it can add new value and application for the
plasmonic electrochromic smart window. In addition to the high degree of light control,
the photonic crystal maintains the low-cost, all-solution processing, scalability, and the
high stability,309 which makes it a perfect candidate to be integrated with the plasmonic
electrochromic devices. Furthermore, the simple integration method shown in Figure 6.2,
does not require any specific set up, synthesis or skills.
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Figure 6.2. The design of the solid-state device and the photonic crystal integration with
photo of the solid-state device with and without the mirror integration
Figure 6.3a and 6.3b illustrates the static block of the optical transmission at
approximately 450 nm and 750 nm, respectively, and the dynamic control of the NIR at
(≈1600 nm) during the charge and the discharge process of the solid-state device
integrated with the photonic crystal. There is an opportunity to permanently reflect the
desired part of the VIS, UV or NIR light simply by changing the layer thickness and
therefore the refractive indexes of the photonic crystals. However applying anti-reflective
coatings or depositing directly on the substrate of the working/counter electrode and thus
increasing the transmission can reduce parasitic losses associated to the simple
integration shown here.
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Figure 6.3. Optical modulation of NIR-selective electrochromic layer in full devices that
integrated with hybrid/PMMA photonic crystal, which exhibits the static block of the
optical transmission at approximately a) 450 nm and b) 750 nm. The full device was
operated between 2.5V (red) and - 1.5V (black) where the counter electrode is sol-gel
cerium titanium oxide annealed at 500 °C and the electrolyte is cellulose acetate based
gel electrolyte.
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6.2.2 Self-powered plasmonic electrochromic device via solar cell integration
Taking advantage of our group’s previous work in Organic Photovoltaics we have added
a new value and functionality to the plasmonic electrochromic devices.317-320 As was
mentioned before in the introduction the smart window requires improvement in the cost,
functionality and operating modes. The successful device integration with other novel
techniques is an important milestone for its commercialization. It is found that 2 V is the
minimum amount of potential that is required for appropriate operation of the
electrochromic device. Here we introduce self-powered, high performance and lowtemperature and all solution-processed plasmonic electrochromic devices compatible
with a roll-to-roll fabrication on flexible substrates. The devices exhibit rapid switching
(1-2 s) of the NIR spectral response, allowing full blocking of solar heat on demand,
while maintaining full transparency in the visible. The metal oxide plasmonic
electrochromic device is driven by an organic PV mini-module combining three seriallyconnected solar cells. The self-powering contributes to the low-cost and off-grid
deployability of smart windows in building, automotive and desert agriculture
applications.
To operate the electrochromic device, an OPV was used, as shown in Figure 6.4. The
photovoltaic cells use an inverted structure with the photoactive layer comprised of a
conjugated

polymer

(PBDB-T:

poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-

benzo[1,2-b:4,5-b’]dithiophene))-alt-(5,5-(1’,3’-di-2-thienyl-5’,7’-bis(2ethylhexyl)benzo[1’,2’-c:4’,5’-c’]dithiophene-4,8-dione))])

and

small

molecular

compound (ITIC: 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone))-5,5,11,11tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’,3’-d’]-s-indaceno[1,2-b:5,6-b’]dithiophene),
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where the molecular structures are shown in Figure 6.4a.321 Figure 6.4b illustrates the
OPV device layer structure of ITO/ZnO/PBDB-T:ITIC/MoOx/Ag, where the ZnO and
MoOx were used as the electron transporting layer (ETL) and hole transporting layer
(HTL), respectively. After the devices were completed with the evaporation of a Ag
anode, two stripe ITO electrodes and Ag electrodes were required to make individual four
single-junction cells as shown in Figure 6.4c and 6.4d. As Table 6.1 illustrates the
measured VOC of PBDB-T:ITIC single-junction cell was 0.89 V. Therefore, four singlejunction cells with series-connected, shown in Figure 6.4e and 6.4f, was required to get
more than 3.5 V and this potential is more than enough to operate the electrochromic
device.
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Figure 6.4. a) Molecular structures of donor, PBDB-T and acceptor, ITIC which consists
of OPV photoactive layer. b) OPV individual device structure and carrier flow from
photoactive layer through anode and cathode under the light illumination. c) Device
schematic after Ag top electrode deposition. d) Dot lines shows where two stripe ITO
electrodes and Ag electrodes are scribed and divided by the half to make individual 4
single-junction cells. e) Schematic of series connected individual 4 cells on a substrate,
which cells are connected using silver paste. f) Picture of series-connected 4 cells on one
substrate. (g) Schematics of LED flash light illumination on OPV

Device&
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Table 6.1. The performance of every OPV solar cell was used in this work.
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In our experimental environment, an additional light source was used as well as a solar
simulator. This was a light emitting diode (LED) flash-light (Anker, Bolder LC40
Flashlight) used to illuminate the OPV, as illustrated in Figure 6.4g. To achieve nearly
identical device performance of the OPV by LED flash light-illumination and solar
simulator (Figure 6.5), the distance between the flash light and OPV was adjusted
carefully after OPV performance was measured using a solar simulator. The device

Current Density (mA/cm2)

performance is summarized in Table 6.1.
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Individual 4 cells
: solar simulator
Cell
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-20
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1

1
2
3
4

2

3

4

Voltage (V)
Figure 6.5. J-V characteristics of individual 4 cells, and series-connected 4 cells with
LED flash light and solar simulator illumination.
Electrochromic device operation switching between capacitively charging and
discharging are achieved by the polarity reversing toggle switch which is connected to
the PV electrodes and to the electrochromic electrodes as shown in Figure 6.6. The
colored state (NIR blocking) was induced by switching to a negative voltage, which
caused captive charging of the electrochromic layer and in order to maintain a charge
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balance, discharging or oxidation of the ion storage layer. In order to switch the device to
the bleach state a positive voltage was applied by the polarity reversing toggle switch
which capacitively discharged the electrochromic layer. As Figures 6.7 and 6.8 show, the
NIR-selective and dual-band, respectively, plasmonic electrochromic device’s optical
modulation was achieved by using this setup, which was similar to the one we achieved
when a potentiostat (power supply) was used.
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Polarity)reversing)toggle)
switch)

	
  

Figure 6.6. a) Schematic system structure of self-powered electrochromic device by OPV
and UV-Vis-NIR spectrometer. OPV is illuminated with LED flashlight and the polarity
reversing switches is used to toggle the capacitive charging and discharging state of
electrochromic device. b) Photograph of OPV and electrochromic device connected
system. c) The electrical diagram shows how the OPV can be used to power the
electrochromic device between the color and bleach states.
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Figure 6.7. Optical modulation of NIR-selective electrochromic layer in full devices that
a) was powered by potentiostat and b) self-powered after integration with OPV.
	
  
	
  

Figure 6.8. Optical modulation of dual-band plasmonic electrochromic devices that a)
was powered by potentiostat and b) self-powered after integration with OPV.

	
  

	
  

188	
  

6.3 Conclusion
In this work, we have introduced new functionality to the plasmonic electrochromic
devices and enhanced the application of our devices by the integration with other novel
technologies such as the photonic crystals and solar cells. We show the first plasmonic
electrochromic devices with a selective and reversible control over the NIR spectrum and
permanent blocking of any region of the solar spectrum. This was achieved through a
simple and direct integration of the plasmonic electrochromic devices and photonic
mirror and depending on the photonic structural properties, any region of the solar
spectrum can be blocked permanently. In this respect, we were able to develop a platform
with statically fully blocked transmission of the solar light at 750 nm and 450 nm, by
manipulating the photonic crystals films thickness and refractive indexes, and reversible
NIR bleaching and blocking, through exploiting the plasmonic electrochromic ITO NCs
layer. Such integration offers the ability to fully block any desired region of the solar
spectrum by manipulating the photonic crystals films to tailor to the desired application
and this feature is not available in the multielectrochromic devices where only specific
regions of the solar spectrum can be blocked partially. In the second part of this work, we
have shown the first self-power dual-band plasmonic electrochromic devices. This was
established through integration of our dual-band plasmonic electrochromic devices and
an OPV tandem with three cells connected. Furthermore, we have demonstrated a selfpowered NIR-selective plasmonic electrochromic device through the integration of
plasmonic electrochromic devices and an OPV mini-module combining three seriallyconnected solar cells. Our results confirmed that the optical modulation and the
performance of the OPV-powered dual band or NIR-selective plasmonic electrochromic
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devices are similar to the other, which were powered by a potentiostat.
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Chapter 7
CONCLUSIONS AND FUTURE PERSPECTIVES
7.1 Summary
Current smart window commercialization is based on conventional electrochromics.
However, these conventional electrochromics suffer from many disadvantages, such as
low stability, limited modulation of the solar spectrum and a high manufacturing cost.
Plasmonic electrochromics are a potential candidate to replace the conventional ones,
which are promising materials show high stability, electrical conductivity and significant
optical modulation of the solar spectrum. In addition, plasmonic electrochromics based
on colloidal metal oxide NCs are playing an important role in the effort towards the
successful scalability of the plasmonic electrochromics. Chapter 2 reviewed the state of
the art of plasmonic electrochromics, including a full detail description of the role of
colloidal metal NCs and how the plasmonic electrochromics overcome the drawbacks
contained in the use of the conventional electrochromics.
The work we presented in this thesis contributes to the effort of developing the plasmonic
electrochromics general performance, optical modulation and applications via improving
the devices structure and enhancing the material system. As well as via optimization of
the chemical synthesis and the processing methods of every layer within the device. A
key strategy adopted in this work was to eliminate the high energy consuming,
complicated and multistep synthesis and films processing used previously to prepare
either the mesoporous structure or the nanocomposites electrochromic in the NIR-
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selective control and dual-band plasmonic electrochromic, respectively. An ITO NCs
based NIR-selective control plasmonic electrochromic material was used as the main
platform for the demonstration of the electrochromic layer in the all devices due to its
highly beneficial attributes.
In Chapters 4 and 5 we mainly focused on enhancing the current state of the art of the
available devices, from the aspects of optical modulation and total performance;
including the coloration efficiency, switching time and the specific capacity, by
manipulating the ion storage film component. We have investigated systematically the
impact of every layer within the device structure on the optical modulation, quantitative
performance and the processing strategies of the plasmonic electrochromic device.
In Chapter 4, we have shown a smart widow platform based on a NIR selective low
temperature all solution processed plasmonic electrochromic with a vertically layered
structure of Glass/ITO/CeO2:TiO2/CA based gel electrolyte/ITO NCs/ITO/Glass. By
replacing the CeO2 ion-storage layer and the solid electrolyte in the other existing devices
reported in the literature202 with CeO2:TiO2 and a gel electrolyte, respectively, we have
achieved better optical modulation in the NIR region (55%) with high and stable
modulation in the VIS region (80%) within 1 s and a higher coloration efficiency and
specific capacity. Afterwards, it was discussed how we carried out a systematic study to
improve the low temperature processing of the ion storage and the electrochromic layers
in order to move towards flexible devices. We addressed our ability of achieving
electrochromic film (ITO NCs) with mesoporous structure, which is essential for enhance
the ion mobility within the device, without need to go through the long and energy
consuming processing method that was reported previously.202 Then, we investigated the
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impact of the annealing temperature on the ion storage film (CeO2:TiO2) and we
interpreted our results in light of the available theoretical studies.239-241 We concluded
that the size of the (CeO2) NCs within the (TiO2) amorphous structure plays an important
role in the device performance (reducing the NCs size improve the surface area and the
device performance), as well as the annealing temperate controls the NCs growth within
the amorphous matrix. Then, we have shown how we overcame the issue of the
decreasing ion storage film efficiency due to the low temperature processing, by
increasing the amorphous matrix content (TiO2) to minimize the CeO2 NCs size. Finally,
we have demonstrated a low temperature all solution NIR-selective flexible plasmonic
electrochromic device with a comparable performance to existing devices and good
optical modulation (36% at 1600 nm).
In Chapter 5, we demonstrated all solution processed plasmonic electrochromic device
with structure Glass/ITO/NiO:TiO2/CA based gel electrolyte/ITO NCs/ITO/Glass, which
has dual-band control over visible and NIR light. We illustrated the achievement of the
multielectrochromic device simply through replacing the passive ion storage film
(CeO2:TiO2) with another active electrochromic film (NiO:TiO2). We discussed how this
strategy enables us to create a candidate to compete with the available ITO NCs in NbOx
glass nanocomposites plasmonic electrochromic, without requiring the difficult and
complicated series of long and energy consuming chemical syntheses, film preparation
and device fabrication.180,181 Our devices showed better optical modulation in the NIR
(60%) and VIS (41%) within 1 s and 2 s, respectively, with higher coloration efficiency.
We investigated the impact of the addition of TiO2 during the sol-gel preparation of NiO
on the electrochromic device’s performance through a comparison between the devices
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performance when NiO or NiO:TiO2 were used as the anodic coloring ion storage films.
It was concluded that TiO2 addition to the film as an amorphous matrix enhanced
significantly the optical modulation, in the VIS region and improved the total device
performance, due to the increase of the surface area which improved the ion storage layer
conductivity.
In Chapter 6, we have shown how we overcame the limited functionality of the
plasmonic electrochromics and improved the application of our devices through the
integration with other novel techniques such as the photonic structure and OPV. We
demonstrated the first plasmonic electrochromic and photonic structure device integration
that was accomplished with a quick and easy method, without the need of a specific set
up, synthesis or skills. It was demonstrated that by varying the layer thickness and
therefore the refractive indexes of the photonic crystals, we were able to statically fully
block transmission of the solar light at 750 nm and 450 nm. Then we discussed how this
integration provides the complete blocking of any area of the solar spectrum by varying
the photonic structure to tailor to the desired applications, which is opposite to the
multielectrochromic devices, where a given area of the solar spectrum can be blocked
only partially. Afterwards, we have demonstrated the first self-power dual band
plasmonic electrochromic device, through the integration of our dual band plasmonic
electrochromics and OPV solar cells. Our results indicated that there were no remarkable
differences in the optical modulations and the performances of the dual band or the NIRselective plasmonic electrochromic devices that were powered either by the OPV solar
cell or by the potentiostat.
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7.2 Future Perspectives
The commercial ITO/glass film TCE is usually prepared using a sputtering process.
Unfortunately, this process is highly energy consuming and expensive, accordingly, due
to these factors and the difficulty in moving towards a scaled-up manufacturing
application, an effort is required find cheaper more abundant materials.322 Notably, it
would result in more efficient system if we can replace the commercial ITO sputtered on
glass TCE with another transparent conductive oxides such as AZO. In addition,
graphene or silver nanowires (AgNWs) are potential candidates to replace ITO/glass. For
example a blend of PEDOT:PSS and a thin film of the silver grid have been used instead
of the commercial ITO in polymer based electrochromic films.322,323 In fact, some groups
have investigated the use of AgNWs to replace commercial ITO for the fabrication of
Tungsten oxide based electrochromic devices.324,325
Furthermore, the supplies of the indium on the earth are limited which makes it an
expensive choice in scale-up manufacturing.323 In addition, the ITO coating on flexible
substrates faces some stability issues due to its brittle nature and it requires vacuumcoating and a high-temperature annealing.327 Therefore, future research needs to focus on
a ITO-free all solution processing plasmonic electrochromic devices. This can be
achieved in two steps. Firstly, the replacement of the commercial ITO on glass TCE with
transparent conductive materials such as AZO, graphene and silver nanowires is
essential. Secondly, after achieving a high performance electrochromic device with an
ITO free TCE, the plasmonic ITO NCs have to be replaced by other metal oxide NCs
which display LSPR such AZO or GZO. The most suitable and preferable synthesis
method of the other colloidal plasmonic metal oxides NCs with high degree of control is
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hot injection method.179 The hot injection method provides accessible control of the size,
shape and the doping levels of the NCs.193 However, it is very sensitive to changes in the
temperature and the precursor injection and the obtained NCs are still protected by
ligands which require time and energy intensive post-processing steps to remove.
Therefore, it is not practical for a large-scale synthesis. For these reasons, the future
research needs to move toward alternative scalable synthesis methods such as non-aqua
sol-gel method.328,329
From a manufacturing perspective, the solution processability of the electrochromic
materials is a very important aspect in order to move towards flexible devices. As
mentioned in chapter 4, the flexible device can easily replace the already installed
window materials as it can laminate easily between two flat or curved glass substrates,
which reduces the installation costs in building and automobiles. The first available
commercial flexible electrochromic devices, which based on sputtered WO3 and NiO
films, were demonstrated by ChromoGenics AB with a total cost 50-80 $/ft2.14,104 This
significant high price is due to the capital and operation increasing costs and it is
specifically due to the sputtering technique.14,104 Consequently, development of
electrochromic devices in a simple way using low cost and low power consuming
printing or processing methods is essential for better commercialization. For this reason,
a lot of attention has been directed towards the introduction and development of
electrochromic devices using roll-to-roll printing and lamination, which is able to
enhance the production yield and reduce the manufacturing costs.14,330 Currently, all of
the devices that were fabricated using roll-to-roll method are based on conventional
electrochromic materials with the limited optical modulation. Therefore, future research
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needs to overcome this drawback by improving plasmonic electrochromic devices using
roll-to-roll fabrication on flexible substrates.
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