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Abstract

The main objective of this thesis is to investigate electrochromic nanofilms and ionic liquid ion
conductors (electrolyte) to make electrochromic devices for electrochromic smart window
development. Electrochromic film and ion conductor are two main parts in the structure of an
electrochromic device. Tungsten oxide (WO3) nanofilms and ionic liquid ion conductors are prepared
and characterized to make electrochromic devices for further electrochromic smart windows
applications.

WOs is one of the most important and popular electrochromic materials for electrochromic smart
window applications. Recent academic work has shown that nanostructured electrochromic materials
have distinct advantages for high performance electrochromic device applications, including
improved cycling stability, high coloration efficiency, and fast switching ability. Firstly, in this thesis,
the main work relating to preparation, characterization, and application of WO3 electrochromic thin
films for electrochromic smart window glass was described in Papers 1-4. Electrochromic WO3 thin
films were prepared using a radio frequency (RF) sputtering method to form a transmittance switchable
coating for application in electrochromic smart windows. The thickness of the WO3 film can be
controlled and prepared at nanometer scale. The physical properties, including morphology and
microstructures, of WOs3 film samples were characterized using x-ray diffraction (XRD), scanning
electron microscope (SEM), and Fourier transform infrared (FTIR) spectroscopy. The electrochromic
properties of WOj3 thin films were investigated using cyclic voltammetry (CV) analysis and ultraviolet-
visible-near infrared (UV-VIS-NIR) spectroscopy. Experiments were performed with the aim of
improving the electrochromic performance of as- prepared WOj3 thin films. Effect of film thickness
on the electrochromic performance of WO; films was investigated. Subsequently, effect of the
presence of oxygen on the sputtering process of WOs films was investigated. The effect of heat
treatment on WO3 coatings was also investigated.

In addition, Paper 5, Paper 6 and Paper 7 represented fundamental research work on ionic liquids
(ILs). The aim of the research was to select and screen suitable ILs as ion conductors (electrolyte) for
electrochromic smart window development. ILs are types of salts, which are liquid at temperatures
below 100 °C. There are also ILs with liquid state at room temperature, which are called room
temperature ILs. They have many advantageous properties for utilization as electrolyte in electric
devices and electrochromic devices. ILs utilized in this work are an extremely safe type of electrolyte
since they are not water-sensitive or oxygen-sensitive, and when used in an electrical device they are
not flammable. Therefore, there is no risk of explosion or fire associated with the use of ionic liquid

(IL) based electrolytes. In this thesis, chemical and physical properties, such as density, viscosity,
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crystallization temperature, thermal stability, ionic conductivity, and electrochemical window of
ionic liquid-based electrolytes were investigated for electrochromic smart windows applications.

Paper 1 describes preparation and characterization of WOs3 thin films with a thickness of 36 nm.
Firstly, WOs thin films were prepared using radio frequency (RF) sputtering method. Subsequently,
electrochromic properties of as-prepared WO;3 films were investigated using CV analysis and UV-
VIS-NIR spectroscopy. At a scan rate of 20 mV/s, the color of the WO3 films changed at around -
0.15 V and bleached at around +0.05 V. The WOs3 films could be cycled for 200 times with the
potential between -0.30 V and +0.30 V vs. Ag/AgCl reference electrode (3M KClI aqueous solution).
The results of CV test and UV-VIS-NIR spectroscopy demonstrated that the transmittance of the WO3
film could be regulated by an adjustable external voltage (electric field).

Paper 2 reported preparation and characterization of WOs3 thin films with various thickness,
including 36 nm, 72 nm, 108 nm and 180 nm, using sputtering method. Effect of film thickness on
the structure and physical properties of WOs3 films was investigated. Bleached WO3 films were pale
gray, pale blue, lemon green or brown in color. Simultaneously, colored films had a blue color with
different transmittance levels. Among the WOs film samples with various thickness of 36 nm, 72 nm,
108 nm, and 180 nm, the largest transmittance modulation, A7’s50.m, Was obtained from samples with
a thickness of 108 nm, which was 66% when measured using 0.5 M H>SOg as ion conductor. This
showed that the transmittance value of colored samples decreased with the increasing of film
thickness. However, in the bleached samples the transmittance was not influenced significantly by
the thickness of the samples. To summarize, the prepared WO3 films with various thicknesses showed
various colors.

Paper 3 described preparation and characterization of WOj3 thin films with thickness of 72 nm
using RF sputtering method. In addition, the effect of oxygen during the sputtering process on WO3
film formation and effect of heat treatment on WO3 film were investigated. As shown in Paper 3,
Sample D was prepared as follows. Firstly, a WOs3 thin film was coated on the surface of a conductive
indium tin oxide (ITO) glass using RF sputtering under Oz and argon atmosphere (volume ratio of Oz
and argon is ca. 1:4). Subsequently, the obtained WOs3 thin film was treated with heat flow. In the
end, Sample D was obtained. The results showed that the coating of the film on the surface of Sample
D was a crystalline WOs3 film. Sample D had a transmittance value of 50.9%. It also had the best
aging ability compared with the other films that were prepared. Sample D had the largest
transmittance modulation value among the four samples. The results also showed that electrochromic
performance of the WO3; sample films were improved in the presence of Oz during the RF sputtering
process. Moreover, heat treatment might result in a transition of crystalline phase from amorphous to

monoclinic of the sputtered WO;3 thin films. Furthermore, aging durability showed a large
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improvement after the crystal transition. The crystal transition also resulted in an increased
transmittance modulation value of WOj3 thin film samples.

Paper 4 presented the research work on electrochromic materials (ECMs) and electrochromic
windows (ECWs). In order to show dynamic and flexible solar radiation ability, ECWs can be
characterized by several different solar radiation glazing factors as follows: ultraviolet solar
transmittance (7uv), visible solar transmittance (7vis), solar transmittance (7s1), solar material
protection factor (SMPF), solar skin protection factor (SSPF), external visible solar reflectance
(Rvisext), internal visible solar reflectance (Rvis,int), solar reflectance (Rso1), solar absorbance (Asol),
emissivity (e), solar factor (SF), and color rendering factor (CRF). Comparison of these important
solar quantities for various ECM and ECW combinations and configurations enable the selection of
the most appropriate ECM/ECW for specific electrochromic smart window and building applications.

Paper 5 presented the investigations of thermal properties of ILs, including thermal conductivity
and thermal diffusivity. The thermal properties were crucial and important to utilize ILs as ion
conductors in electrochromic smart windows. Thermal conductivity of water and some pure ILs,
including BmimBF4, BmimPFs, OmimCl, BmimFeCls, and OmimFeCls, was measured. It was found
that thermal conductivity measurements of ILs using the hot disk method had high accuracy compared
with the thermal conductivity measurement values of water, BmimBF4, and BmimPFs as reported in
the literature. Therefore, the hot disk method can be utilized for thermal conductivity measurement
of ILs. In addition, the thermal diffusivity of pure ILs, including BmimBF4, BmimPFs, BmimFeCls,
OmimCl, and OmimFeCls, was measured. The results showed that ILs resulted in less energy loss
than water in energy storage. This also demonstrated that ILs have better performance than water
based ion conductors in electrochromic smart windows due to less energy loss and consumption.

Paper 6 investigated density, viscosity, heat capacity, decomposition temperature, ionic
conductivity, and electrochemical window of IL based electrolytes (ion conductor). These physical
and chemical properties of ILs are important when ILs are applied as electrolytes (ion conductor) in
making electrochromic smart window and electric devices. Initially, density of ILs was measured
using a density meter. Thereafter, viscosity of various ILs was investigated using a rheological
method. In addition, crystalline temperature of various ILs samples was investigated using differential
scanning calorimetry (DSC). Moreover, decomposition temperature of ILs was investigated using
thermogravimetric analysis (TGA). Furthermore, ionic conductivity and electrochemical window of
ILs samples were measured using electrochemical instruments.

Paper 7 presented a pure ionic liquid of 1-butyl-3-methylimidazolium tetrachloroferrate
(BmimFeCly), which was synthesized and utilized as electrolyte (ion conductor) in this work.

Chemical structure, physical and thermal stability properties, including density, viscosity, melting
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point and decomposition temperature, of BmimFeC14 were investigated. In addition, electrochemical
properties of the prepared ILs, including electrochemical window and ionic conductivity, were
investigated. Moreover, BmimFeCls is used as an electrolyte in an electric device, iron-ion battery,
to investigate the performance of ILs ion conductor for reversible redox couple transformation in
electrochemical reaction. The results showed that ILs have good electrochemical properties and can
be further applied as ion conductors in electrochromic smart windows. The reason why BmimFeCly
was utilized in this paper is that: (1) Easy to synthesize; (2) Not water or oxygen sensitive; (3) Low
cost; (4) Non-flammable; (5) Good thermal, physical and chemical properties, including low melting
point, high decomposition temperature, and low viscosity. BmimFeCly is not a perfect ion conductor
for electrochromic devices because of the color of BmimFeC14. However, Due to the good properties
of ILs, other transparent ILs with color will be further employed to produce electrochromic glass for

electrochromic smart windows applications.
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Absorbance

Solar absorbance
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1-butyl-3-methylimidazolium tetrafluoroborate
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1-butyl-3-methylimidazolium tetrachloroferrate
1-butyl-3-methylimidazolium hexafluorophosphate
Counter electrode

Carbon coated iron

Color rendering factor
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Cyclic voltammetry

Chemical vapor deposition

Differential scanning calorimetry

Emissivity

Electrochromic material
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Fourier transform infrared
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Tungsten bronzes
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Poly(methyl methacrylate)

Physical vapor deposition
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Solar reflectance
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Internal visible solar reflectance

Scanning electron microscope

Solar factor

Solar material protection factor

Suspended-particle devices

Solar skin protection factor
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Chapter 1. Background

Greenhouse gas emissions may result in global warming, where the harmful effects have become
more and more noticeable in recent years. Energy consumption in buildings and greenhouse gases
emissions from buildings account for a large part of the total energy consumption and greenhouse gas
emissions in developed countries and developing countries 2. To solve the problem of energy
consumption and greenhouse gas emissions from buildings, new technologies and advanced materials
for increasing energy efficiency, energy generation, and energy saving have been widely investigated

by research teams worldwide.

In 2007, energy consumption in buildings was 37% of the total energy consumption in the EU 3.
In the USA, energy utilized in residential and commercial buildings accounted for ca. 40% of the
primary energy consumption in both 2011 and 2015 *. The energy consumption distribution in the
USA in 2011 is shown in Figure 1.1 3. Evidently, the potential for energy savings in the buildings

sector is huge ©.
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Figure 1.1. Total energy consumption in buildings in the USA in 2011 °.

Windows are regarded as a low energy efficiency building component, mainly due to their
(traditionally) poor thermal insulation properties. Around 60% of a building’s heating or air
conditioning energy may be lost through its windows ® 7. Due to high thermal conductivity of glass
(i.e. window panes), heat flow can enter easily into buildings when the outside temperature of the

building is high. However, thermal energy is easily transferred from a warm room to the cold outdoor



2

environment during wintertime. One solution to prevent energy loss would be installation of small
windows. However, in practice, current trends are larger windows will be installed in modern
buildings. The reason is that windows bring light into buildings and offer wider and greater views of
the outdoor locations, where people normally may find more comfortable and enjoyable. For this
reason, more and more modern buildings are installed with larger window walls. Therefore,
improving windows’ energy saving properties is crucial and important to reduce energy loss and
energy consumption of housing.

Traditional ways to avoid too much solar energy entering indoors through windows are the
utilization of curtains, blinds, awnings, shutters, or combination of these. These measures can
decrease heat transfer by thermal radiation. However, visible light is blocked at the same time. In
order to solve this problem, researchers have focused on high-performance energy efficient windows,
including insulated windows, low-emissivity (“low-e¢”) windows, and smart windows. A short
introduction to the principles of heat transfer and some types of high-performance energy efficient

windows is shown as follows in Section 1.1.

1.1. Principles of heat transfer

Windows are often characterized as having a low degree of energy efficiency, since large amounts of
heat are transferred through them. To reduce unexpected heat transfer, it is necessary to understand
the mechanism of heat transfer through windows. There are three fundamental modes in heat transfer:
conduction, convection, and radiation. Normally, in real heat transfer processes, it is a combination

of two or more modes of the three fundamental modes.

1.1.1. Conduction

If a temperature gradient exists in a continuous substance, heat can be transferred through the
substance without any significant motion of matter. This mechanism of heat flow is called conduction
and takes place at a micro scale (molecule or atom level). Conduction occurs by rapidly moving or
vibrating atoms and molecules that interact with neighboring atoms and molecules. By this way,
energy is transferred from one particle to the neighboring particles. Conduction is the most significant
means of heat transfer within a solid or between solid objects that are in thermal contact ®. According
to Fourier’s law, the heat flux is proportional to the temperature gradient. For one-dimensional heat
flow, Fourier’s law is

do__ar o

dA dx
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where ¢ is the rate of heat flow in the perpendicular direction to surface, A4 is the heat transfer area, T’
is the temperature, x is the distance perpendicular to surface, and k is the proportionality constant

or thermal conductivity.

In metals, thermal conduction mainly results from the motion of free electrons. In solids that are
poor conductors of electricity and in most liquids, thermal conduction results from momentum
transfer between adjacent vibrating molecules or atoms. In gases, conduction occurs by the random

motion of molecules, where heat is “diffused” from hotter regions to colder ones 51°.

According to equation 1.1, for a typical heat transfer, the heat transfer area A, the temperature
difference between inside and outside 47, and the distance perpendicular to surface x are fixed values.
To decrease the rate of heat flow in the direction perpendicular to the surface (g), the thermal

conductivity of the heat transfer material & should be decreased.

Insulated windows are typically energy efficient. To decrease heat transferred through windows
by conduction, materials with low thermal conductivity have been used between the glass pane layers

in the window. Insulated windows are described in more detail in section 1.2.1.

1.1.2. Convection

Convection refers to flow of heat associated with the movement of a fluid. The convective flux is
usually proportional to the difference between the surface temperature and the temperature of the

fluid, as stated in Newton’s law of cooling
q
i h(Ts — Tf) (1.2)
where T is the surface temperature, T is the bulk temperature of fluid, far from the surface, and

h is the heat transfer coefficient.

Convection is the transfer of heat from one place to another by the movement of fluids. Essentially,
the process involves the transfer of heat through mass transfer. Convection is usually the dominant

form of heat transfer in liquids and gases 5.

The heat transfer by convection occurs in a fluid medium. To decrease heat transfer through
windows with convective air flow, the tightness of the window frames must be ensured. The direction

of heat flow is from a high-temperature (warm) place to a low-temperature (cool) place.

1.1.3. Radiation

The term radiation refers to the transfer of energy through space by electromagnetic waves. If

radiation occurs in empty space, it is not transformed into heat or any other form of energy, nor is it
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diverted from its path. However, if matter appears in its path, the radiation will be transmitted,
reflected, or absorbed. Only absorbed energy will transform into heat, and the transformation is

quantitative.

The energy emitted by a black body is proportional to the fourth power of the absolute temperature

W, =oT* (1.3)

where W), is the rate of radiant energy emission per unit area, o is the Stefan-Boltzmann constant,

and 7 is absolute temperature.

Thermal radiation is energy emitted by matter as electromagnetic waves, due to the pool of thermal
energy in all matter with a temperature above absolute zero. Thermal radiation is a direct result of the
random movements of atoms and molecules in matter. Since atoms and molecules are composed of
charged particles (protons and electrons), their movement results in the emission of electromagnetic

radiation, which carries energy away from the source 8.

A lot of heat is transferred into rooms by solar radiation, while little heat is transferred from indoor
to outdoor of buildings by solar radiation. Heat loss from buildings to outside are mainly by
conduction and convection. Energy loss by radiation is very low compared with energy loss by

conduction and/or convection. Therefore, energy loss by radiation can be ignored.

The heat and visible light entering the room through the window is mainly solar radiation.
Therefore, there are two directions to adjust the amount of energy the window gains or releases. One
direction is to reduce heat loss from windows by reducing heat conduction and convection through
the window, and the other direction is to tint the transmittance of the window glass to adjust the solar

radiation gained through the window.

1.2. Thermal transmittance (U-value)

Thermal transmittance (U-value) is utilized to characterize window panes and glass structures in
buildings. It is the rate of heat transfer through a structure. U-value depends on the temperature
difference between the inside and outside of the structure. The better insulated a structure is, the lower

U-value it will have.
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Losses due to thermal radiation, thermal convection and thermal conduction are taken into account in
the U-value. It is described by the equation:

O

Where U is the thermal transmittance, @ is the heat transfer in watts, 71 is the temperature on one
side of the structure, 7> is the temperature on the other side of the structure, and 4 is the area in square
meters.

U value is influenced by window frame materials, quality of installation, window structure, and
coatings on window panes.

Typical thermal transmittance values for common building structures are as follows '*:

Single glazing: 5.7 W/(m?-K)

Single glazed windows, allowing for frames: 4.5 W/(m?-K)

Double glazed windows, allowing for frames: 3.3 W/(m?-K)

Double glazed windows with advanced coatings: 2.2 W/(m?*K)

Double glazed windows with advanced coatings and frames: 1.2 W/(m?-K)
Triple glazed windows, allowing for frames: 1.8 W/(m?-K)

Triple glazed windows, with advanced coatings and frames: 0.8 W/(m*K).

1.3. Energy efficient windows

To decrease heat transfer between buildings and outside, many types of energy efficient windows
have been designed to decrease heat transfer via conduction, convection, or radiation according to the
principles of heat transfer. A program called THERM is used to evaluate energy efficient windows.
In this section, an introduction is given to some types of energy efficient windows, including insulated

windows, low-emissivity (“low-e”) windows, and some types of smart windows.

1.3.1. Insulated windows

Insulated windows or insulating glass units (IGUs) are designed to decrease heat transfer by
conduction. They have either double or triple glazing, in which the panes of glass are separated by
air or other materials with low thermal conductivity than air. Insulated windows can reduce heat

transfer significantly. In addition, insulated windows have good transparency.

In many countries, insulated windows have replaced most single-pane windows in modern

buildings. Generally, insulated windows reduce heat loss by 50%. Figure 1.2 shows the structure of
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a typical insulated window. The gas in the space between the panes can be air, inert gas such as argon,

krypton or xenon, or another non-toxic and non-flammable gas, such as nitrogen.

Figure 1.2. Illustration of an insulated window '*.

Moreover, solid materials with low thermal conductivity can be applied between the panes of
insulated windows. Recently, research has been performed on insulated windows with aerogel
between the panes '*. Aerogels are dried gels with very high porosity, high specific surface area, and
low apparent density. Some aerogel showed optical properties as opaque, translucent, or transparent
(as shown in Figure 1.3) !> '® It is possible to utilize the optical properties of aerogels in insulated

windows. At ambient pressure, the thermal conductivity can be as low as 0.0135 W/(m-K) '°.

Figure 1.3. A transparent aerogel '°.
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The thermal conductivity values of some gases and aerogels that are suitable for utilization in
insulated windows are listed in Table 1.1. However, aerogel based insulated windows are still

impractical due to the relatively low transparency of this type of windows.

Table 1.1. Thermal conductivity of materials that can be utilized in insulated windows 7.
Material Thermal conductivity (300K)
Units: mW/(m'K) (milliwatt per meter kelvin)
glass 1000
Air 26.4
N, 259
Ar 17.7
Kr 9.5
Aerogel 13.0

1.3.2. Low-emissivity windows

Further improvement of the energy efficiency performance is achieved by the use of glass panes with
a low- emissivity (low-¢) coating —such a coating can reflect a certain amount of infrared light while
allowing visible light to pass through. The low-e¢ coating must be located on the side of the gap
because it corrodes quickly when exposed to weather conditions.

Therefore, heat energy transferred through windows can be reduced without significant reduction
in transparency. In low-e windows, a thin transparent low-e film is applied to the raw soda-lime glass.
Such coatings can reflect radiant infrared energy. Therefore, radiant infrared energy is kept on the
side of the glass where it originated, while letting visible light pass through the window. As shown
in Figure 1.4, low-e windows keep heat inside a building on cold days, and heat outside the building

on hot days 222,

Low-e materials can be used to reduce energy usage in both opaque and transparent parts of a
building. When low-e materials are utilized in low-e windows, they can reduce the heat transfer
through thermal radiation 2*. Compared with an ordinary single-pane window, the best low-e windows

can reduce heat loss by around 85% .
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Figure 1.4. Low-e windows transmit most of visible light and block most of infrared radiation (heat)
25

1.3.3. Smart windows

Smart windows, which are also called switchable windows, have altering optical properties (including
transmittance, reflectance, and absorptance) when power is applied. For example, the solar
transmittance of smart windows can be regulated by changing the applied power. As a result, the
optical state of the windows and the thermal energy absorbed by buildings can be adjusted via smart
windows installed in the buildings. The applied power on smart windows can be in the form of, for
example, voltage, light, heat, and gas.

There are two main types of smart windows: adaptive smart windows and controllable smart
windows. Typical adaptive windows are photochromic smart windows 2¢ and thermochromic smart
windows 27+, Optical properties of photochromic smart windows and thermochromic smart windows
are influenced by light intensity or surrounding temperature. Controllable smart windows include

29.30 gasochromic smart windows 3!, suspended particle smart windows 2,

electrochromic windows
and reversible metal electrodeposited windows **. Optical properties of controllable windows can be
adjusted by regulating the extra applied power.

It is important to obtain as high transmittance of visible light (7vis) as possible in the transparent
state, and at the same time as low 7y as possible in the colored state. In the former case, the goal is
to get as much natural light as possible, while in the latter case, it is necessary to block as much solar
radiation as possible.

In addition, for the same reasons, it is important for smart windows to have high transmittance values
of solar radiation (7so1) or solar factor (SF, which refer to transmittance of total solar energy) in their
transparent state and low values in colored state 3.

The leading commercially viable switchable technologies are: Solid state electrochromics LiWO3

based SAGE and View windows, and polymer electrolyte based laminated flexible film
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ChromoGenics AB. The alternative non-electrochromics are: thermochromic polymers (Pleotint),
PDLCs (NSG and others), SPDs (RFI and their licensee’s). The polymer laminated electrochromic
designs from other companies, for example Gesimat and E-control (Pilkington patents), are no longer

in business.

1.3.3.1. Thermochromic windows

Thermochromic material 3 is a type of smart material in which the color will vary as the result of the
phase transition caused by temperature change. Thermochromic windows are coated with
thermochromic materials. Their reflectance and transmission properties change at a specific critical
temperature. Thus, thermochromic windows can automatically control the amount of light and heat
in response to temperature variations.

Thermochromic materials can be divided into inorganic, organic and liquid crystal types. Inorganic
thermochromic materials mainly include metal iodide, double salt, transition metal compounds, metal
alloys, and metal chloride. Organic thermochromic materials include spiropyrans, fluoranthene,
triarylmethane, ethylene with substituents and organic complexes, having advantages of optional and
adjustable colors, low discoloration temperature, high sensitivity of discoloration and low cost.
Liquid crystal can be divided into smectic, nematic and cholesteric types according to molecular
arrangement, which has the advantages of good stability and high thermal sensitivity, but its
application is limited because of its chemical sensitivity and high cost *.

Vanadium dioxide (VO2) is mainly used as a thermochromic material for windows, due to its large
reversible changes in optical properties. However, its transition temperature is around 70°C *°. Doped
VO: has been studied a lot and some very interesting results have been reported on doping with
various metals such as tungsten, molybdenum, or niobium, which make the metallic structure more
stable and thus decrease the transition temperature to near the ambient temperature *>37. The value
of transmittance in bleached and colored states can also be altered by doping with W as well as with
some other metals.

However, in manufacturing, V,0s5 and VOx compounds are considered highly toxic, possibly
carcinogenic. This is a serious drawback in commercial manufacturing.

The working mechanism of a thermochromic window is shown in Figure 1.5. When the air
temperature is below the critical temperature, the material has low infrared reflectance. Consequently,
solar radiation and associated heat will enter the interior of the building, as it will not be reflected.
Conversely, when the temperature is above the critical temperature, part of the energy from the sun
will be reflected, as the material’s reflectance will be higher. Therefore, the energy needed for cooling

in summer and heating in winter will decrease significantly .
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Figure 1.5. Schematic illustration of the thermochromic mechanism 3.

A good thermochromic window should have high values of Tvis, Tsot and SF in the transparent state,
and low values of Tyis, Tso! and SF in the colored state. Nevertheless, most thermochromic window
products that are currently available in the market have low values of Tyis and Tso1 in their bleached

state >°.

1.3.3.2. Photochromic windows

The transmittance of photochromic materials is sensitive to electromagnetic radiation. When the glass
is exposed to sunlight, the molecular structure of the photochromic material will change and exhibit
a certain color. Photochromic technology is not popular in smart windows. Until now, photochromic
windows have not been commercially made. It is because organic photochromic materials are not
stable enough, and inorganic photochromic materials are still too expensive for commercial window

applications. Photochromic technology is widely utilized in the manufacture of sunglasses *°.

1.3.3.3. Electrochromic windows

Electrochromic windows have optical properties such as transmittance or reflectance that can be
regulated by modulation of external electrical power. In the presence of an external voltage, the
electrochromic materials can change from a dark state (e.g., dark blue) to a bleached (e.g., transparent,
with no color tint) state. Therefore, the amount of light and heat in buildings/rooms by solar radiation
can be controlled. Figure 1.6 shows an example of electrochromic windows installed in a building
and Table 1.2 lists data for various types of electrochromic windows currently available on the market
34, Further information on electrochromic windows is provided in Chapter 2.

Research on electrochromic windows has been conducted through eco-friendly building

certification systems such as LEED (Leadership in energy and environmental design) in the US, ZEB
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(Zero emission buildings) in Norway, BREEAM (The Building research establishment environmental
assessment methodology) in the UK, CASBEE (The comprehensive assessment system for built
environment efficiency) in Japan, and GSEED (The green standard for energy and environmental
design) in South Korea *. SageGlass, the pioneer of the world’s electrochromic glass, offers benefits
such as the ability to optimize daylight, reduce glare and manage heat — all while maintaining

unobstructed views of the outdoors. It contributes to many of the requirements of LEED.

Figure 1.6. Electrochromic windows manufacture by SageGlass *!.

Table 1.2. Data for commercially available electrochromic windows .

Manufacturer Product Size Ug Tis Tsar SF Cycles
(cm x cm) (W/(m’K))
SAGE Classic™ 180 x 304 1.59 0.62— | 0.38— | 0.47— | 100,000
Electrochromics 0.02 0.007 | 0.09 30 years
VIEW Inc. Standard 152.4 x 1.65 0.58— | 0.37- | 0.46— | 50,000
Dual Pane 304.8 0.03 0.01 0.09 50 years
IGU

1.3.3.4. Gasochromic windows

Gasochromism is the color rendering effect of material that absorbs light waves of a specific
wavelength due to a reversible chemical reaction after material comes into contact with certain gases.
Gasochromic technology is mainly utilized in the preparation of gas sensors (oxygen, hydrogen, nitric
oxide, hydrogen sulfide and carbon monoxide, etc.) ! ** %, Yoshimura’s group at the NIRIN in
Nagoya, Japan have investigated gasochromic switchable mirror windows for a long time *. There

are not commercially viable photochromic windows yet.
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1.3.3.5. Liquid crystal display (LCD) windows

Mechanism of utilized in LCD windows is similar to that of polymer dispersed liquid crystals (PDLCs)
used in smart windows. PDLCs devices require power for their smart windows to be transparent. In
these windows, the liquid crystals respond to an electrical field by aligning parallel and letting light
through. When the electrical field is absent, the liquid crystals in the window are randomly oriented.
With liquid crystals, the glass is either clear or translucent. There is no intermediate status. Figure 1.7
showed the principle of a PDLC smart windows *°. PDLC windows have been utilized in offices,
restaurants and homes. It can achieve a translucent status to protect privacy without sacrificing all

light.
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Figure 1.8. A PDLC smart window *°.
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1.3.3.6. Electrophoretic or suspended particle windows

In suspended-particle devices (SPDs), a thin film laminate of rod-like nano-scale particles is
suspended in a liquid and placed between two pieces of glass or plastic, or attached to one layer. The
principle of SPDs is similar to PDLC windows. When no voltage is applied, the suspended particles
are randomly organized, thus blocking and absorbing light. When voltage is applied, the suspended
particles align and let light pass. Varying the voltage of the film varies the orientation of the suspended
particles, thereby regulating the tint of the glazing and the amount of light transmitted. SPDs can be
manually or automatically “tuned” to precisely control the amount of light, glare and heat passing

through 3% 46,

1.3.3.7. Reversible metal electrodeposited windows

Reversible metal electrodeposited windows operate through the reversible electrochemical movement
of metal atoms on and off a transparent conducting oxide (TCO) electrode. The electrolyte of these
windows contains solubilized, nearly colorless metal cations that can be reduced upon application of
a cathodic potential to the TCO film to induce optical tinting. Pt nanoparticles adhered to the ITO
surface serve as an enhanced metal nucleation seed layer to allow uniform metal electrodeposition at
a large scale without significantly influence on transmissivity or conductivity of electrode ***’. Figure
1.9 showed a sample of reversible metal electrodeposited windows prepared by Tyler et al. However,
these windows were still in the stage of research, which were not commercially available yet due to

instability.

Transparent

Figure 1.9. A sample of reversible metal electrodeposited window 3.



1.4. Ionic liquids (ILs)

Ionic liquids (ILs) are salt. Many ILs are liquid at room temperature. In theory, there are 10'® ILs.
Some ILs have only one anion and one cation. However, some ILs may have several anions or cations.
Anions of traditional ILs are shown as follows: Cl°, Br, I, NOs", SO4*, ClO4, BF4, PFs, CF;COO,
CF3S0;57, THN-, NOs,, MeSO4". Cations of traditional ILs are shown in Scheme 1 as follows *®:
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Scheme 1. Six types of cations in traditional ILs: (a) imidazolium; (b) ammonium; (c) phosphonium;

(d) pyridinium; (e) pyrrolidinium; (f) triazolium “3,

ILs can be utilized in medical sciences, CO2 capture, catalysis science, and separation processes.
In addition, ILs can be utilized in energy saving, energy conversion, and energy storage applications,
for example, in electrochromic smart windows, batteries and solar cells. Some ILs are suitable
candidates of electrochromic materials. Aida ef al. reported a liquid electrochromic cell in a glass U
tube containing two immiscible ILs as electrochromic electrode *°. Additionally, pure ILs can also be
utilized as electrolytes. McEwen and Koch proposed ILs as nonflammable electrolytes for
electrochemical devices, including electrochromic. Ionic liquid mixed with other materials, but still

in liquid final form, can also be used as electrolytes *°.

ILs can improve the current performance of electrochromic and other electrochemical devices.
There are some advantages of using ILs as ion conductor (electrolyte) in electrochromic devices. The

advantages are as follows.

1. ILs have low vapor pressure, and high thermal and chemical stability properties, which can
improve safety properties of electrochromic devices. This means that ILs are better than water

based solvent or organic solvent as ion conductors.
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2. Low melting point. Many ILs are liquid at temperatures as low as -60°C and therefore can be
utilized in cold climate areas. This means that ILs ion conductor is better than water based ion
conductor because water based ion conductor becomes solid in cold weather and cannot be
utilized as ion conductor.

3. Favorable solubility in inorganic and organic chemicals. ILs have good permeability
characteristics to the separator in electrochromic devices.

4. Task-specific ILs can be synthesized from designed chemical and functional groups. In theory,
108 various ILs can be synthesized in the laboratory, which means it is possible to design and
synthesize ILs as ion conductors according to specific requirements in producing
electrochromic smart windows.

5. Many ILs are environmentally friendly. Therefore, they can replace the current use of toxic

electrolytes in electrochromic devices.

Due to the good properties of ILs mentioned above, ILs are investigated and utilized to produce

electrochromic glass for electrochromic smart windows development.






Chapter 2. Introduction to Electrochromic Technology and Materials

Electrochromism is the ability for the reversible change to occur in optical properties when a material
is electrochemically oxidized or reduced. The concept was proposed by J.R. Platt in 1961 °'. However,
Grangqvist claims that the phenomenon has been recognized much earlier: he stated that in 1930
Kobosew and Nekrassow had found that WO3 showed color change when it was reduced in an acid
solvent 32, In 1951, Brimm found reversible color change caused by electrochemical reaction 3 34,
In 1953, Kraus described the electrochromic phenomenon of tungsten oxide films in an unpublished
report, which did not attract attention >°. Deb had two papers on tungsten oxide published in 1969 and
1971, respectively °*37. Subsequently, electrochromic science and technology became a hot research
topic among researchers worldwide %.

Commercial interest in electrochromism relates to many applications such as low power displays,
smart windows to develop energy-saving buildings as well as light-adapting mirrors in high-end cars
and aircrafts 3. Electrochromic windows can regulate light transmission continuously. Buildings with
electrochromic windows have the potential for energy savings in some locations and some seasons.
Additionally, comfort factors relating to privacy, glare, and fading have driven interest in the

development of electrochromic windows for buildings and vehicles .

2.1. Construction and principle of electrochromic devices

The working principle of electrochromic devices is similar to that of batteries. Figure 2.1 shows a
schematic construction of a typical electrochromic device. There are basically five layers in the
functional part of electrochromic device: transparent conductor layer, electrochromic film layer (as
the working electrode (WE)), ion conductor layer (as electrolyte and separator), ion storage film layer
(as the counter electrode), and a transparent conductor layer . These layers are between two
substrates. Normally, glass is utilized as a transparent substrate in an electrochromic device. For some
special applications, a transparent polymer such as polyethylene terephthalate (PET) or polycarbonate
(PC) can also be utilized as a substrate.

The key part of the electrochromic device is the cathode/electrolyte/anode, where two electrode
layers are separated by an electrolyte layer. At least one of the two electrodes is made from
electrochromic materials, which are electrically sensitive, and their color can be altered during an
electrochemical reaction process. A cross-sectional diagram of the layers of a typical laminated

electrochromic device is shown in Figure 2.2 ¢!,
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Figure 2.2. Cross-sectional view of the layers of a typical laminated electrochromic device ©',

indicating transport of positive ions under the action of an electric field.

A good electrochromic window should have the following features:
1. Good transmittance modulation ability
2. Fast reaction speed
3. Stable performance over a large number of cycles
4. Long lifespan when operated by electric power and solar radiation
5. A good corrosion inhibition property at low or high temperatures, as well as against chemical
corrosion
6. Low cost of preparation and maintenance

7. Can be produced on a large-scale.

Electrochromic devices that had been studied from 1993 to 1998 and 1998-2001were organized by

Grangqvist. Table 2.1 showed electrochromic devices based on inorganic electrochromic materials
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from 1993 to 1998. Table 2.2 showed electrochromic devices based on organic and polymer
electrochromic materials from 1993 to 1998. Table 2.3 showed electrochromic devices based on both
inorganic and polymer electrochromic materials from 1998 to 2001. These tables showed researched
electrochromic devices construction, their size, transmittance under bleached state and color state,

number of color/bleach cycles, and switching time (tsw).

Table 2.1. Electrochromic devices based on inorganic electrochromic materials *>. Data for
inorganic electrochromic devices investigated 1993-1998, showing materials, sample size,
modulation range for the transmittance (7), number of color/bleach (c/b) cycles, and switching time
(tsw). G denotes glass, and the subscript for T signifies the wavelength (in nm) or the averaging over

wavelength to obtain luminous (lum) and solar (sol) values.

Entry | Device construction Size T (%) c/b (cycles) | zow
(em?) (s)

1 G/ITO/WO3/SiO»/Au - - 10° -

2 G/ITO/WQO3/SbHP,0,* qH,0/Au - - > 104 -

3 G/ITO/WO;/SB20s* qH20/1IrO»/ITO/G - - > 107 -

4 G/ITO/WO3/Ti0»/Ti0,-CeO,/ITO/G - 18 <Ts50<58 360 -

5 G/ITO/WOs/ZrP + qH,0/ZrO»/NiO/ITO/G | 20 17 <Ts50<75 - 60

6 G/ITO/NiO/Ta>Os/WO5/ITO 180 12 <Tum<78 > 2x10* 10

7 G/ITO/V,05/LiBO2/WO3/Au 3 3 <Ts15<38 ~100 -

8 G/Sn02/WO03/Li,0-Ce0,-Si0,/V,0s/Au | - 9 <Ts<25 - 10

9 G/ITO/WO3/MgF,/V,0s/Au 1 AT =50 - -

10 G/ITO/V,0s/LiBO2/WO/ITO 3 13 <Tum< 65 - 720
9 <Tsa <58

11 G/ITO/V,0s/LiBO»-LiF/WOs/ITO/MgF, | 3 21 <Tum< 60 2000 450
13 <Te<52

12 G/ITO/VO/LiAIF4/WOs/ITO 3 10 < Tso1 < 50 > 1000 -

13 G/ITO/WOs/LiNbO3/LiC00/In,03 2 12 <Tss50< 65 1.8x10* -

14 G/ITO/CrO,/LiBO2/WO3/ITO/Z1O, 16 9 <Tum< 74 > 5000 30




20

Table 2.2. Electrochromic devices based on polymer- laminated electrochromic materials *°. Data
for laminated electrochromic devices investigated 1993—1998, showing materials, sample size and
modulation range for the transmittance (T), number of color/bleach (c/b) cycles and the switching
time (tsw). G denotes glass, P denotes polymer and the subscript for T signifies the wavelength (in

nm) to obtain luminous (lum), and solar (sol) values.

Entry | Device construction Size (cm?) | T (%) c/b (cycles) | Tsw(s)
15 G/ITO/WO3:Mo/PPSA-H/ITO/G 6 8< Trum < 58 300 20
7< Tso1 < 46
16 G/ITO/WO3/PAMPS/PB/ITO/G 400 5< Tss50< 69 2x10* 60
17 G/ITO/PVA/PANI/ITO/G - 9 <Tr0<42 - 1
18 P/ITO/WO3/BPEI-H"/FI/ITO/P 16 25 <Twum< 60 - 20
19 P/ITO/WO;3-PMMA/BPEI- 2 25 <Ts50<50 - -
HY/PANI/Au/P
20 G/ITO/WO3/PMMA-Li*/V,0s/ITO/G 25 22 <Tum<73 - 60
14 < Tsa1 < 60
21 G/ITO/WO3/PMMA-Li'/V,0s/ITO/G 64 20 <Ts50< 50 - 5
22 G/ITO/WO3/HEMA-NPG- 2025 20< Tum< 77 10° 120
Li+/PB/ITO/G
23 G/ITO/WO3/PMMA-PC-Li*/NiO/ITO/G | - 31 <Te0<78 104 -
24 G/ITO/Ko3WO3/PEO-PC-Li*/ WO3. 9 25 <Ts50< 80 - 5
NiO/ITO/G
25 G/ITO/WO3/PVB-Li*/Ti0,-CeO/ITO/G | 100 7 <Tum<81 5%10* 60
4 <Tq<73
26 G/ITO/WOs/Silane-Li*/TiO,- 1225 20 < T380-800< 80 | - > 100
CeO,/ITO/G
27 G/ITO/WO3/GLYMO-TEG- 5 25<Tss0<75 500 30
Li+/Sn0,(Mo,Sb) /ITO/G
28 G/ITO/WO3/PMMA-PPG-Li"/TiO»- 5 20< Ts50< 80 - 200
ZrO./ITO/G
29 G/ITO/WO3/PEO-Li/PODS/ITO/G 15 9 <Tum<55 - <60
4 <Tewi<34
30 G/ITO/WO3/PEO-ECH-Li*/PPY- 2 30 < T700< 60 1.5x10* 2
DDS/ITO/G
31 P/ITO/WO3/PMMA-PC-Li*/V,0s/ITO/P | - 8 <Tep0< 65 3x10* -
32 G/ITO/dye-TiOy/electrolyte/ WO3/ITO/G | - 54 < T3<70 - -

Table 2.3. Data for electrochromic devices investigated 1998-2001 *°, showing materials, sample
size and modulation range for the transmittance (7), reflectance (R) and emittance (£). Also shown
are the number of color/bleach (c/b) cycles and the switching time (z;w). G denotes glass, P denotes
polymer and the subscript for T, R or E signifies the wavelength (in nm) or the averaging over
wavelength to obtain luminous (lum), solar (sol) or thermal (therm) values. Optical density is denoted

by OD, an antireflection layer is denoted by AR and c-WOs signifies a crystalline state of the oxide.
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For some devices, no specification was given for the transparent electrical conductor (TC), ion

conductor (IC) and counter electrode (CE) .

Entry | Device construction Size T (%) c/b (cycles) | zow
(em?) (s)
1 G/ITO/NiO/Ta;0s/WOs/ITO 2400 18 < Twum<73 10° -
11 < T <55
2 G or P/ITO/WO53/Ta,0s/IrO»/ITO 30 18< T550< 70 3.5x10* -
3 G/ITO/WO3/LiAlF4/V,0s/ITO 900 23< Tum< 55 - -
4 G/TC/WOs/IC-Li*/CE/TC - &< Tum< 55 - 150
5 G/ITO/WO3/ZrP-qH20/ZrO/NiO/ITO/G | 25 38 <Tum<T74 - 60
25 < T <53
6 G/Sn0»/WOs/PEO-H+/Ir0,/Sn0,/G 130 10< T550<48 - -
7 G/Sn0,/WO3/PVSA-PVP-H'/PB/Sn0,/G | 155 6 < Ts550<72 2x10* 30
8 G/Sn0O,/WO3;/PAMPS/PANI/SnO»/G 8 27< Ts50<64 - 26
9 G/ITO/WO3/PAMPS/PANI-PB/ITO/G 2 23< T501 <73 3700 30
10 P/ITO/WO3/PMMA-PC-Li*/V,05/ITO/P | - 8< T00 <65 3x10* -
11 G/ITO/WO3/PPY-Li"/V20s/1TO/G - AT73=30 - -
12 G/ITO/WO3/PEO-Li"/TiO»/ITO/G - AOD=1 10° 2
13 G/ITO/WO3/PMMA-PPG-Li"/TiO>— 5 20< Ts550<80 - 200
ZrOQ,/ITO/G
14 G/ITO/WOs/Silane-Li*/TiOr— 1225 20< T380-800<80 - >100
CeO,/ITO/G
15 G/ITO/GLYMO-TEG- 5 25< Ts50<75 500 30
Li+/SnO2(Mo,Sb)/ITO/G
16 G/Sn0»/WOs3/Ormolyte— 9 20< Ts550<60 500 ~100
Li*/Sn0,(Mo,Sb)/Sn0,/G
17 G/Sn0O,/WO3/Ormolyte—Li*/CoO— 9 20< T550<65 - -
Li*/Sn0,/G
18 G/Sn02/NbyOs:Li/Ormolyte— 9 20< T550<70 - -
Li*/Sn0,(Mo,Sb)/Sn0»/G
19 G/SnO2/WO3;/PEGMA-PEO—- 144 27< Trum<70 - ~120
Li+/NiO:Li/SnO»/G
20 G/Sn02/WO;/PVDF-Li+/NiO:Li/SnO,/G | 7 2< Tum <75 - -
21 G/ITO/WO3/PMMA-PC-Li+/NiO/ITO/G | - 31< T500<78 10* -
22 P/ITO/WO3/PMMA-PPG— 220 35< T550<70 5000 200
Li+/NiO/ITO/P
23 P/ITO/WOs3-H,O/PVDF-HFP— - 2< Tgpo <12 - -
Li"/PANI/ITO/P
24 G/TC/WOs/IC/C-dots/TC/G 25 2< Tum <55 3x10° 20
25 G/TC/WOs/IC/CE/TC/G 4800 13 < Tum< 58 - -
7< Tsa< 37
26 P/ITO/PEDT-PSS/PEPI-PEO-Li*/PPY- | - 23< Te40<75 - 4
DS-IC/ITO/P
27 P/ITO/PNNDMBP-PEPI-PEO/PEPI- - 27< Te20<64 1000 7
PEO-Li"/PET,—PEPI-PEO/ITO/P
28 G/ITO/PBEDOT-NCH;C,/PMMA-PC- | - 8< T50<68 10* 1
Li"/PEDOT—-C,¢Hs3/1TO/G
29 G/ITO/dye-TiO»/IC/WO,/ITO/G - 54< T35 <70 - -
30 G/TC/WOs/dye-TiO»/IC/TC 25 3<Tum<8 - 120
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2< Ts01 <26
31 P/ITO/dye-TiO/PEGMA— 8 30< T550<40 - -
Lil/'WO5/ITO/P
32 G/TC/SiC:H/TC/V,0s:Li/LiAlIF4/WO3/TC | 16 8< Thum <25 - 120
33 CaF; or Si/grid/c-WO3/IC/CE/TC - 40< Ri000 <66 - -
34 G/Al/WO3/Ta,0s/c-WOs5/grid - 40< Einerm <58 - -
35 G/grid/WO3/Ta,0s/c-WOs/grid - 64< Eiperm <80 - -
36 G/ITO/NiO/PAMPS-DMA-Li*/c- - 60< Eherm <68 - -
WOs/Si/AR
37 G/ITO/WO3/PAMPS-Li*/PANI- - 22< Ri2000 <65 900 9
CSA/grid/AR/ZnSe/AR
38 G/ITO/NiO/PMMA-TFSI- 11 56< Eiherm <65 - -
Li"/WOs/grid/Si

2.1.1. Transparent conducting layer

The transparent conducting layer in electrochromic devices is made of a kind of material that is
optically transparent and electrically conductive. The transparent conducting layer is deposited to a
transparent substrate, which can be either glass or plastic. The layer transmits an electrical current
between the electrochromic film and the ion storage layer (film).

The material utilized to transparent conducting layers can be compounds with two or three kinds
of metal or metal oxide. Their resistivity can be as low as 10# Q cm. Thin films of ZnO, SnO,, and
In20s, and their alloys can be utilized as transparent conducting layers °. Haacke found materials’
electrical conductivity can be improved by doping these oxides, without any decrease in their optical
transmittance ®. Aluminum-doped ZnO (AZO), tin-doped In,O3 (ITO), antimony-doped SnO> (ATO),
and fluorine-doped SnO: (FTO) are among the most used transparent conducting layers in modern
technology **. Conducting polymers have also been studied 3.

Currently, the most utilized TCO conductor is FTO glass, due to its high transmittance, low surface
resistivity, and low cost. ITO glass is the most popular transparent conducting layer utilized by
researchers because it has higher transmittance and lower surface resistivity. However, the cost of

ITO glass is high, which hindered the wide utilization of ITO glass in the real industrial productions.

2.1.2. Electrochromic film layer

In an electrochromic device, an electrochromic film is coated on top of the transparent conducting
layer. The electrochromic film layer is the core part of such devices. It is made of electrochromic
materials, which are electrically sensitive. Their optical properties, such as color, transmittance, and
reflectance, can be altered during an electrochemical reaction process. An electrochromic film can be

switched between oxidized forms and reduced forms, which causes variations in its optical properties.



23

There are several promising electrochromic materials, including inorganic EC materials such as
Zn0, W03, NiO, TiO2, V20s, and organic and polymer EC materials such as viologens, polyaniline
(PANI), poly(3,4 ethylenedioxythiophene) (PEDOTSs). Among all inorganic materials WO3 have high
coloration efficiency, quick response time and long life .

WOs is the most popular electrochromic material. Electrochromism of tungsten oxide is a complex
phenomenon and its principle can be expressed as follows. Tungsten oxide has a cubic structure which
is also described by “empty-perovskite” type structure formed by nanostructured WOs. In octahedral
structure atoms are shared at corners. The empty space which is available inside the cube is filled by
an interstitial atom. In interstitial sites the guest ions can be inserted. Both amorphous and crystalline
WO; thin films exhibit electrochromic coloration property due to ionic insertion .

The general electrochromic phenomenon of WOs is due to the formation of tungsten bronze

(MxWO:3) according to the following equation:

WO0; + xM* + xe~™ © MxW 0, 2.1
(Bleached) (Colored)

where 0 <x < 1, e denotes electrons, M" can be H", Li", Na*, or K". M" is from the counter electrode
(ion storage film), which is utilized as the balance ion. Ions with small ionic size can across the
electrolyte layer easier and faster than ions with big ionic size. The fastest transport ions are protons.
The others are much slower in comparison. K* is extremely large and slow. Lithium ion is favored in
current commercial products.

The valence of the W element is +6 in the bleached state of WO3. By contrast, the valence of the
W element is reduced in the state of M,\WOs, which shows a blue color.

WOs electrochromic film is a working electrode. Transmittance of WO3 electrochromic film
changes with regulation of applied electric power. WOj3 electrochromic film is transformed to MxWO3
film with different optical properties when it incorporates electrons and charge-balancing ions. The
process is reversible. Granvquist pointed out that the reaction was a gross oversimplification. The
thin films of practical interest were normally hydrous (i.e. contain hydroxyl groups and incorporated
water molecules), and may deviate to some extent from the stated WO3 stoichiometry. A detailed
theoretical understanding of electrochromism depends on reliable theoretical modeling of the
electronic structure of WO; and M:WOs. This modeling has advanced significantly during the past
few years, but it is still not clear. Intercalation of H, Li, or Na in WOs leads to intricate structural

changes that are not yet fully investigated and understood 7.
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A potential is applied to the transparent conductors, which causes migration of ions, such as H" or
Li", from the ion storage layer, through the ion conducting layer, to the electrochromic layer. As a
result, a redox reaction occurs, and the transmittance of the electrochromic window is switched. When
the process is reversed, voltage is reversed, causing the ions to migrate back, and resulting in the
transmittance of the electrochromic window to switch back to its previous state.

One of the main advantages of electrochromic windows as a kind of smart window is that it
requires low-voltage power for switching to take place. In addition, there is no requirement for power
to maintain the electrochromic property in any switched state.

The performance of the electrochromic film is determined by its material and the coating method.
There are many kinds of electrochromic materials, and they can be divided into two groups based on
the transfer direction of electrons. One group comprises cathodic electrochromic materials (colors
under charge insertion). The other group comprises materials that exhibit anodic electrochromic
(colors under charge extraction). Anodic electrochromic materials can complement cathodic

electrochromic materials 2. Electrochromic materials are discussed further in Section 2.2.

2.1.3. Electrolyte layer

In an electrochromic device, the electrolyte layer works as an ion conductor. It separates the
electrochromic film and counter electrode layer. The electrolyte layer can be in the form of a liquid,
solid, or gel. The layer should have high ionic conductivity and low electrical conductivity. Its ionic
conductivity should be more than 10 S/cm, and its electrical conductivity should be less than 107
S/cm. In addition, for electrochromic windows, the electrolyte layer should have high transmittance
and good durability under solar radiation 3> ©7-68 |

Liquid electrolytes have many advantages, including, for example, high ionic conductivity, high
transmittance, easily prepared, easily filled into the electrochromic device, and low cost. Liquid
electrolytes are widely utilized in research work on electrochromic technology.

There are three types of liquid electrolytes: aqueous solution, organic solution, and IL electrolyte.
However, aqueous solution and organic solution electrolytes have the potential risk of dangerous
leakages in electrochromic devices. Therefore, in recent years, IL electrolyte is investigated to utilize
as an ion conductor in electrochromic devices, for example, electrochromic smart windows.

Aqueous solution electrolytes can be acidic electrolytes (e.g. H2SO4 aqueous solution) , alkaline
electrolytes (e.g. KOH aqueous solution) 7, or neutral electrolytes (e.g. KCI aqueous solution) %% 7",
Aqueous solution electrolytes are investigated and utilized wildly in electrochromic materials and
devices. However, due to their potential risk of leakages and their high melting point (around 0 °C),

their utilization in electrochromic windows is not preferred.
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Organic solution electrolytes are organic solvents with salts. The organic solvents include dimethyl
carbonate (DMC), ethylene carbonate (EC), ethyl methyl carbonate (EMC), which have the
disadvantage properties as follows: (1) Flammable; (2) High vapor pressure; (3) Low thermal and
chemical stability; (4) Toxic problem; (5) Leakage problem. Due to the disadvantageous properties
of organic solvents, a lot of research was performed to replace organic electrolytes in commercial
devices.

Tonic liquids (ILs) can be utilized as electrolytes (ion conductor) in electrochromic devices 2. ILs
are salts that are liquid at temperatures below 100 °C. ILs with liquid status at room temperature are
called room temperature ILs. ILs are composed of cations and anions, of which there are many types.
In theory, there are 10'® ILs that can be designed and synthesized. Many ILs are transparent. This
means that there are many ILs that can be selected as ion conductors for electrochromic smart
windows, which will enlarge the selective range of ion conductors for electrochromic devices. ILs
ion conductors can also result in the development of electrochromic smart windows. Compared with
conventional solvents, ILs have many advantageous properties: (1) low vapor pressure, high thermal
and chemical stability; (2) favorable solubility in a wide range of inorganic and organic chemicals;
(3) polarity is able to be modulated in a broad range; (4) phase behavior of ILs may be controlled
and/or optimized by polarity modulation; and (5) wide chemical and functional groups. Due to the
advantageous properties of ILs, they have been investigated and utilized in many fields: CO; capture
and storage, catalysis, nanoscience, biotechnology, and cellulose science. Furthermore, some ILs are
suitable to be utilized as electrolytes in electrochromic devices due to their favorable properties,
including good ionic conductivity, wide electrochemical stability windows 72, high thermal stability,
low melting point, non-flammable, low vapor pressure. Due to these advantages, the utilization of ILs
can improve the performance of ion conductors in electrochromic devices. Actually, several groups
in the world have utilized ILs as ion conductors to produce electrochromic devices. For example,
Neto et al. reported electrochromic behavior of WOs3 thin films in H2SO4 aqueous solution and a
protic ionic liquid N-methyl-pyrrolidinium tetrafluoroborate . The results showed that PIL as
electrolyte, instead of H2SOs4, can improve all electrochromic parameters, including the cyclic
durability that was higher in this medium. The work of Neto et al. suggests that protic IL can be
utilized as an electrolyte in electrochromic devices 7>. Therefore, in this Ph.D. project, ILs are
investigated to utilize as ion conductors for electrochromic smart windows.

Solid electrolytes include polymer solid electrolytes and inorganic solid electrolytes. Polymer solid
electrolytes can be used to coat flexible films. Furthermore, they have good adhesion to

electrochromic layers and counter electrode layers. By contrast, polymer solid electrolytes are
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normally constructed with lithium salt dispersed into a polymer, such as poly(methyl methacrylate)
(PMMA) and poly(ethylene oxide) (PEO).

The electrolyte layer should enable fast ion transfer, be transparent, and have good durability under
solar radiation. It is still hard to find electrolytes that meet all the requirements for electrochromic

devices, which means the performance of such devices is limited.

2.1.4. Counter electrode layer

The counter electrode layer in an electrochromic device is also known as an ion storage layer. The
function of an ion storage layer is either to store ions or provide ions to the electrochromic film layer,
in order to achieve charge balance. The counter electrode layer needs to have high transmittance when
the electrochromic layer is in a bleached state. A fast chemical response speed and sufficiently high
ionic storage space are necessary properties of a counter electrode layer.

There are two types of counter electrode layers. One type has no color change during the process
of insertion and extraction of ions. CeO»-TiOz is utilized in the ion storage layer because it has high
transmittance and good cycle stability. However, its chemical response speed is slow, and the ionic
storage space is limited. The other type of counter electrode layer is also an electrochromic layer. The
counter electrode material has the opposite color changing property to the electrochromic working
electrode layer. For example, the counter electrode can utilize an anodic color changing material (e.g.
NiO), when the electrochromic layer in an electrochromic device is a cathode color changing material
(e.g. WO3). The counter electrodes variously employ V20s, TiO> with or without additions of ZrO or
Ce0z, Sn0: doped with Mo and Sb, CoO deposited with Li, and NiO deposited with or without Li 2.

2.2. Electrochromic materials

Electrochromic film is the most important functional part of an electrochromic device. The utilized
electrochromic materials and the film preparation method will influence the properties of
electrochromic film. There are many types of electrochromic materials, including organic and
inorganic materials. According to their colored principle, they can also be divided into anodic
coloration and cathodic coloration electrochromic materials. Some types of electrochromic materials

are introduced in the following sections (2.2.1.-2.2.3.).

2.2.1. Transition metal oxides

Transition metal oxide electrochromic materials include oxidation states of transition metal element
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Nb, Mo, Rh, Ta, W, and Ir (Table 2.4). They can be divided into anodic
coloration electrochromic materials and cathodic coloration electrochromic materials, according to

whether the applied voltage is positive or negative.
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Table 2.4. Summary of the key features of the main electrochromic oxides, including oxide type,

coloration type, and whether transparency can be achieved >°.

Oxide type Coloration type Transparency
TiO, cathodic Yes
V105 cathodic/anodic No
Cr,03 anodic No
MnO, anodic No
FeO» anodic No
Co0O> anodic No
NiO, anodic Yes
Nb,Os cathodic Yes
MoO; cathodic Yes
RhO; anodic ?
Ta,Os cathodic Yes
WO; cathodic Yes
IrO; anodic Yes

2.2.2. Prussian blue

Prussian blue (PB) is a dark blue pigment; its molecular formula is Ci1gFe7N1s Electrochromic film
made with Prussian blue has good electrochemical stability, especially in a solution with a pH of 2 to
3. A lower pH value is conducive both to enhancing the stability of PB and to improving its color
change speed. PB was used in a laboratory at Gesimat (GmbH), Berlin, to prepare an electrochromic
device with tungsten oxide ’*. The device is shown in Figure 2.3. However, the Gesimat GmbH Glass
manufacturer has been permanently closed. Germany PB was also utilized to prepare all-solid-state

electrochromic devices 7°.

Figure 2.3. Six different coloration states of a complementary electrochromic device with

electrochromic layers made with tungsten oxide and Prussian blue 7.
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2.2.3. Organic electrochromic materials

Organic electrochromic materials include polyaniline 7, polypyrrole 77, polymerized polythiophene
8.7 violet, and carbazoles 3. Organic electrochromic materials can be designed according to

requirements. They exist in many colors. Figure 2.4 shows some isophthalate-based electrochromic
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Figure 2.4. Some organic electrochromic materials based on isophthalate 8!.

2.2.3.1. Polyaniline

Electrochromic devices composed of polyaniline can stably change between yellow and green. In
addition, when some other materials (generally with electrochromic properties) are added during
polyaniline preparation, the prepared composite materials will often have better electrochromic

properties than pure polyaniline 7.

2.2.3.2. Polypyrrole

Polypyrrole 77 is a conductive polymer that has long been studied. It can transform between blue-
violet, yellow-green, and pale colors. Pure polypyrrole film has a single color, low transparency, and

poor chemical stability. Furthermore, the bonding force with the substrate is not strong.



29

2.2.3.3. Polythiophene

The original color of polythiophene film is red. The oxidized state is blue, and it can be reversibly
changed between red and blue. Due to the diversity and optical properties of polythiophene’s
functionalized substituents and its controllable structure, polythiophene has become a promising
electrochromic material with different substituents ’®7°. Such as 3,4-Ethylenedioxythiophene (EDOT)
is the organosulfur compound with the formula C;H40,C4H>S. The molecule consists of thiophene,
substituted at the 3 and 4 positions with an ethylene glycol unit. It is a colorless viscous liquid *.
EDOT is the precursor to the polymer PEDOT, which is sky blue when oxidized, and nearly opaque
at reduced states. It is found in electrochromic displays, photovoltaics, electroluminescent displays,

printed wiring, and sensors 5.

2.3. Methods to prepare electrochromic WQOs film

Electrochromic films can be prepared by many methods. The different methods influence the
microphysical structure of prepared electrochromic films, and therefore the films will have different
electrochromic properties, such as transmittance modulation ability, response time, and durability 6.

The main methods used in electrochromic WOs film preparation are hydrothermal synthesis 34,

electro-deposition *°, electron beam evaporation ¢, thermal evaporation ¥, sol-gel *®

and magnetron
sputtering ¥ ?°. All of these methods have their advantages and disadvantages. Their selection

strongly depends on the required application and fabrication facility.

2.3.1. Vacuum evaporation method

The vacuum evaporation method is one type of physical vapor deposition (PVD). In this technology,
the substrate and a source of the material to be deposited are located inside a vacuum chamber. The
vacuum is required in order to allow the molecules of source material to evaporate freely in the
chamber, and therefore to be deposited on all surfaces. The source material is then heated until it boils
and evaporates. There are electro-beam (e-beam) evaporation and resistive evaporation, two
technologies are based on this principle. Different materials use different methods to heat the source
material. According to a material’s phase transition properties, an evaporation method can be used
for heating the source material °'.

The vacuum evaporation method is utilized for all-solid-state electrochromic devices. High
temperature is utilized to vaporize the material and deposit it onto the cool substrate surface in a high
vacuum environment to form film. For example, WO3 film was prepared using vacuum evaporation

method by Li et al. ®>. They report that all-solid-state ECDs glass/ITO/NiO/ZrO,/Li/WO3/ITO with
different Li thickness were prepared by evaporation method. The layer NiO, ZrO>, WOs3, ITO were
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coated by e-beam power, while the Li layer was coated by resistive evaporation. Rao et al. *> and
Joraid et al. ** also prepared WO; film by e-beam coating technology .

In addition, heat treatment can be carried to prototype of films. Agrawal and Habibi *° report effect
of heat treatment on structure, composition and electrochromic properties of evaporated tungsten
oxide films. They reported that at 290 °C most of the hydroxyl groups condensed and then the water
formed during this reaction was expelled. As this dynamic heating experiment was continued the film
started to crystallize. This crystallization was complete by 350°C. While Beydaghyan et al. %
prepared WOs films with the technique of glancing angle deposition (GLAD) in a thermal evaporation
chamber. After deposition, samples were heated in a ceramic oven at 400 °C for 1 h under atmospheric
pressure.

In this thesis, heat treatment was carried to sputtered films. The heat treatment was carried in a

furnace oven at temperature 400 °C for 5 hours.

2.3.2. Magnetron sputtering method

Magnetron sputtering method is widely utilized for electrochromic thin film preparation. Magnetron
sputtering is a high-rate vacuum coating technique that allows the deposition of many types of
materials, including metals, alloys, compounds, and ceramics, onto as many types of substrate
materials by the use of a specially formed magnetic field applied to a diode sputtering target.

In the magnetron sputtering coating process, a negative voltage of typically -300 V or more is
applied to the target. This negative voltage attracts energetic positive ions of inert gases (e.g., argon
(Ar), helium bombarded to the target surface. These high-energy ions collide strongly with the target
metal, causing the target atom or molecular particles to fly into the sputtering chamber. These
particles are deposited on the substrate material to form required films. The gas inside the chamber is
either Ar or Ar + O». High pressure is applied to the chamber during the magnetron sputtering coating
process °7-%%.

There are direct current (DC) sputtering and radio frequency (RF) sputtering - two ways of the
magnetron sputtering process. The power source of DC sputtering is the direct current. Its chamber
pressure is usually from 1 to 100 mTorr. The targets of DC sputtering are electrically conductive
materials. Such as pure metal sputtering targets, Iron (Fe), Copper (Cu), Nickel (Ni), Tungsten (W).
Metal oxide films can also be prepared by DC sputtering with pure metal target and supplied oxygen
in the chamber. WOs3 films were prepared by reactive DC sputtering from a tungsten target by
Chananonnawathorn et a/ *°. In their experiment, the total pressure during deposition was 10 mTorr,
sputtering power was 200 w. The WOj3 films with thickness of 50 to 500 nm were prepared under two

conditions of the oxygen flow rates from 5 to 20 sccm with fixing argon flow rate at 5 sccm. The
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result showed that the WO3 films were of poor crystallinity or amorphous structure, which have better
electrochromic properties than crystal structure. The WOs films deposited at low oxygen gas flow
rate and high film thickness are found to exhibit better electrochromic properties.

Compared with DC sputtering, RF sputtering has a wider range of applications and is suitable for
both conductive and non-conductive materials. However, it is most commonly used for depositing
dielectric sputtering target materials. The power source of RF sputtering is alternating current. The
power supplied is a high voltage RF source, which is often fixed at 13.56 MHz. RF peak to peak
voltage is 1000 V, electron densities are 109 to 1011 cm™, and the chamber pressure is from 0.5 to
10 mTorr. The deposition rate of RF sputtering is lower compared with DC sputtering. It is normally
used for smaller substrate sizes due to the high cost '%. Kalagi et al. prepared WO3 thin films by RF
sputtering method using a WOs3 target. Both oxygen and argon are supplied during the sputtering
process, and the ratio of oxygen to argon is 40%: 60% 3°. Meenakshi et al. prepared V>Os mixed
WO; thin films by RF sputtering method utilizing their self-made V20s mixed WOs targets with
various compositions '°!. During sputtering they only used high-purity argon and did not use oxygen.
RF magnetron sputtering is the approach that has proved to enhance the durability of the
electrochromic films *°.

Generally, many of the groups moved to reactive RF sputtering and reactive D C sputtering of
metal targets. The reason being the rate of deposition is much faster than with ceramic targets. In this
thesis, the WOj3 thin films were prepared by radio frequency (RF) method with WOs as target. In the
future, I plan to prepare electrochromic WO3 films using reactive RF or DC sputtering with W target

instead of WOj3 target, and oxygen will be provided during the sputter process.

2.3.3. Electrochemical deposition method

The electrochemical deposition method involves the use of three electrodes (working electrode,
counter electrode, and reference electrode) in the precursor solution. An external electric field is
applied to the solution to make the corresponding anions and cations move to the positive and negative
electrodes respectively. The electrode undergoes an oxidation-reduction reaction in this
electrochemical deposition method. For example, WO;3 films were prepared by deposition from a

l 102

solution of tungsten chloride by Habib et a , and Deepa et al. prepared WO3 electrochromic thin

films by surfactant mediated electrodeposition '3,

2.3.4. Sol-gel method

The sol-gel method disperses highly active raw materials, such as metal alkoxides and chlorides, in a
solvent. Hydrolysis and condensation reactions obtain a precursor sol that is stably dispersed in the

solution, and then drop the precursor sol onto the substrate. Finally, scraper, spin coating, spraying,
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lifting, and other film forming techniques are utilized for film formation in this method. WO, TiO.,
Si0», Ta,0s, AL,Os and ZrO: thin film can be prepared using sol-gel method '®. Dip-coating, spin-

coating, doctor blade and spraying are methods used for thin film preparation using sol-gel method.

2.3.5. Hydrothermal and solvothermal method

In the hydrothermal and solvothermal method, seed crystals are obtained by using precursor solution
via a chemical reaction under certain temperature and pressure. With further chemical and/or physical
interaction, seed crystals become various nanostructures. Vankova et al. prepared WOj3 thin films by

hydrothermal method '%°.

2.4. Performance requirements for electrochromic smart windows

To accomplish specific energetic and environmental tasks in buildings, large area electrochromic
windows must exhibit acceptable levels in specific performance indicators. These parameters concern
anumber of electrical, thermal and optical properties which depend on the structural composition and

configuration of the electrochromic device '%.

2.4.1. Switching voltage

The application of a switching voltage is required to initiate the coloration process, i.e. charge transfer
in the constituent layers of the EC device. The potential level depends on the electronic conductivity
and ionic diffusivity of the component substrate. Low voltage drop along the electrode surface is
usually obtained by using transparent electronic conductors with low sheet resistivity, while high
ionic diffusivity (>10“ S ¢cm™) is usually achieved by using conductive materials with dissolved
conductive materials such as gold nano- particles 7. These properties are essential to achieve low
switching voltages and to increase the commutation speed of the device between its extreme

switching states, the so-called “switching speed” !¢ .

2.4.2. Switching time

The switching time (t) for coloration and bleaching is defined as the time the EC glazing takes to

reach 90% respectively of its maximum and minimum transmittance level.

2.4.3. Optical density

Optical density (OD), also referred to as absorbance (A), is a property that describes a material’s
ability to absorb the power of a given light (called “radiant power”) that is passed through that
material. It is defined as a ratio between the incident radiant power (the power of the light as it hits

the material) and the transmitted radiant power (the power of the light as it exits the material). In
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other words, optical density is the ability of a material to block a particular light. The optical
density or absorbance of a material is a logarithmic intensity ratio of the light falling upon the

material, to the light transmitted through the material:

Tb

|
L) = log = no 2.2)

AA(A) = A0DQ) = log (II—‘:)) ~log <Tc

where /o is the intensities of the incident lights, # is coloration efficiency, 7. and 75 are
transmittance values of electrochromic films at color state and bleached stated, respectively, Q is

the integration of the current versus the coloration time, and A denotes the certain wavelength.

2.4.4. Coloration efficiency

Coloration efficiency (7) is defined as the change in optical density (OD) per unit of charge (Q)
intercalated into or extracted from the EC film. A high coloration efficiency means that the device
provides a large optical modulation range with a small charge intercalation or extraction. It can be

calculated according to the following formulas:

AOD(Y) _ oz (E

N == —)/0 23)

where 75 and 7. represent the transmittance in bleached and colored states, respectively. O is the

integration of the current versus the coloration time, and A denotes the certain wavelength .

2.4.5. Cycle numbers

When an electrochromic material or device is continuously cycled between a colored state and a
bleached state, the material or device eventually fails due to degradation in performance. The cycle
number of an electrochromic material or device is the maximum number of cycles that can be used

before failure.

2.5. Objectives and scope of the thesis

The main objective of this thesis is to investigate electrochromic nanofilms and ionic liquid ion
conductors to make electrochromic devices for electrochromic smart window development.
Electrochromic film and ion conductor are two main parts in the structure of an electrochromic device.

Therefore, in this thesis, electrochromic tungsten oxide (WO3) nanofilm and ionic liquid ion
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conductor were prepared and characterized to make electrochromic devices for further electrochromic
smart windows applications.

Electrochromic WO; thin films were prepared and characterized in this thesis. Firstly, the
sputtering method was used to prepare thin WO3 films. The films’ thickness was controlled during
the preparation process. Films with thickness of 36 nm, 72 nm, 108 nm, 144 nm, 180 nm were
prepared by RF sputtering method. Their microphysical structure and electrochromic properties were
investigated. Films’ thickness might influence the performance of WO3 films prepared in this work.
Furthermore, effect of oxygen during AJA sputtering and effect of heat treatment on sputtered
samples was investigated. Increased oxygen content during RF sputtering process and heat treatment
might influence the performance of the prepared WOs3 films. Sputtering method has the advantages
as follows for WOs3 film preparation, magnetron sputtering provides significant diversification in
deposition and permits to deposit preferred morphology, design and structures by merely altering the
main deposition parameters. (1) Film thickness can be easily controlled at nano scale; (2) The ratio
of gas, such as oxygen can be alter based on request; (3) Repeatability of this method is good.
Therefore, in this thesis, RF sputtering method is utilized for WO; film preparation.

In addition, ILs were prepared, characterized and utilized to make electrochromic devices for
further electrochromic smart windows applications. Thermal properties of ILs, including thermal
conductivity and thermal diffusivity, are measured. Physical and chemical properties of ILs are
important when ILs are utilized as electrolytes. Density, viscosity, heat capacity, thermal stability,
ionic conductivity, and electrochemical window of IL-based electrolytes were investigated. Due to
advantageous properties of ILs, they can be utilized as electrolytes in electrochromic devices. IL
based electrolytes have the potential to replace the aqueous electrolyte in electrochromic devices due
to their thermal and electrochemical properties. IL based electrolytes can improve the cycle number
of electrochromic devices. Hence, ILs are promising to be utilized as ion conductors to make

electrochromic devices for further electrochromic smart windows applications.
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Chapter 3. Research Methodology

3.1. Materials

The main chemicals and materials utilized during the experiments were as follows. The WO3
sputtering target (diameter 5.08 cm, thickness 0.32 cm) was purchased from AJA International Inc.,
USA. Substrates for the growth of WOs thin films were ITO (tin-doped indium oxide, In203(Sn))
glass slides were purchased from Sigma-Aldrich; they had a transmittance of ca. 86% at 550 nm, a
surface resistivity of ca. 70-100 Q/square, and their dimensions were ca. 25 mm X 25 mm x 1.1 mm.
When performing CV analysis ITO glass slides were cut into small pieces, with size of ca. 9.2 mm x
25 mm x 1.1 mm. Reagent grade sulfuric acid (H2SO4, 96 wt%) and potassium chloride (KCl, 99%)
were purchased from Sigma-Aldrich. Distilled water was utilized throughout the experiments.

Ag/AgCl reference electrode (3M KCl aqueous solution) were purchased from Metrohm.
3.2. Preparation of electrochromic WOj thin films

3.2.1. Sample preparation instruments

The instrument utilized during sample preparation was the E-Beam evaporator & Sputter AJA.
Instrument model is: ATC-2200V (AJA International Inc., USA). The instrument utilized for sample
heat treatment was a chamber furnace, model ELF 11/14B with E301Carroite controller (Carbolite

Geron Ltd., UK).

3.2.2. Sputtering process

WOs films with thickness of 36 nm were prepared by the RF magnetron sputtering technique using
an AJA sputter and evaporator. First of all, install WO3 sputtering target into the AJA sputter and
evaporator. Then check the sputter rate under the following sputter condition. The sputter rate was
checked as 0.05 nm/s. Prior to the sample sputtering process, ITO glass was used as a substrate and
loaded into the sample holder. The sputtering parameters were as follows: Open argen (Ar) flow as
67 sccm (standard cubic centimeter per minute). Plasma strike pressure was set at 30 mTorr (= 4.0
Pa) Ar pressure. Strike the target by going to 50 W. The pressure was changed and maintained at 3
mTorr (= 0.4 Pa) after the plasma was struck. The RF power was increased and kept at 120 W during
sputtering. The ramp up rate was 1/3 W/s (Ramp up time was set at 210 s for RF power increasing
from 50 W to 120 W). After the power reached the set value, 1 minute was spent waiting for the

plasma to stabilize. Thereafter, the shutter that covered the target was opened and kept open for 720 s.
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Finally, the shutter was closed to stop more material being deposited on the substrate. The films had
an expected thickness of 36 nm. In the end, the power was ramped down to 50 W and then was turned

off.

3.2.3. Heat treatment temperature optimization

WO:s films with thickness of 36 nm were prepared by the RF sputtering technique under heat treatment.
The following experiments were performed to determine the suitable temperature for heat treatment.

Firstly, WOs films with thickness of 36 nm were prepared by the RF sputtering technique, as shown
in Figure 3.1. Subsequently, they were put into a chamber furnace and heated for 5 hours at
temperatures of 100°C, 200°C, 300°C, 400°C, 500°C, and 600°C, respectively. The rate of
temperature rise (i.e. temperature ramp rate) was 10°C/minute. The transmittance value of the
samples was investigated using UV-VIS-NIR spectroscopy. The 36 nm WO3 was coated on clear

substrate without an ITO film on top.

300°C

Figure 3.1. Samples of 36 nm WOs3 on top of clear substrate before and after heat treatment for 5

hours at temperatures of 100°C, 200°C, 300°C, 400°C, 500°C, and 600°C, respectively.

As shown in Figure 3.2, the transmittance value increased with increases in heat treatment
temperature from 100°C to 400°C. However, it decreased with heat treatment temperature increases
from 400°C to 600°C. A possible reason is that large crystals were formed when the temperature was
higher than 400°C. Large crystals are not good for electrochromic modulation, and therefore we chose

400°C as the heat treatment temperature for subsequent experiments, which are described as follows.
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Figure 3.2 Transmittance spectra of 36 nm WOs3 on top of clear substrate before and after heat

treatment for 5 hours at temperatures of 100°C, 200°C, 300°C, 400°C, 500°C, and 600°C,

respectively.

Transmittance values obtained at wavelengths of 555 nm and 507 nm were compared, as shown in
Figure 3.3. The transmittance value obtained at a wavelength of 555 nm was higher than the
transmittance value obtained at a wavelength of 507 nm. The transmittance value order of samples
obtained from a wavelength of 555 nm was the same as the transmittance value order of samples

obtained from a wavelength of 507 nm.
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Figure 3.3 Transmittance values of Samples 1-8. 1 represents sample of plain glass, 2 represents
samples of 36 nm WO3 on top of glass before heat treatment, and 3—8 represent samples of 36 nm
WO; on top of glass after heat treatment for 5 hours at temperatures of 100°C, 200°C, 300°C, 400°C,
500°C, and 600°C, respectively. Transmittance values were measured at wavelengths of 555 nm and

507 nm.

3.2.4. Heat treatment method

Samples of 36 nm WOs films deposited on top of ITO glass by RF sputtering were heated in a
chamber furnace at 400°C for 5 hours. The starting temperature was 20°C. The temperature ramp rate
was 10°C/minute. The prepared WOj3 thin films are shown in Figure 3.4.
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Figure 3.4 Prepared WOj3 thin film samples after heat treatment with thickness of 36 nm, 72 nm, 108

nm, 144 nm, and 180 nm.



39

3.3. Characterization

3.3.1. X-ray diffraction (XRD) analysis of samples

As-prepared samples were collected on a D8 A25 Davinci X-ray Diffractometer (Bruker, Germany)
with Cu—Ka radiation. XRD data were collected in the range of 15—75° with a step size of 0.013°.
The structures of the samples were analyzed using DIFFRAC.EVA V4.2 software (Bruker AXS,
Germany).

It is shown that peaks shown on the “a” plot in Figure 3.5 (ITO glass original) is almost identical
to peaks shown on the “b” plot in Figure 3.5 (ITO glass after heat treatment at 400°C for 5 hours ),
which means that heat treatment at 400 °C for 5 h will not change the structure of ITO glass. Therefore,
the new peaks shown on the “d” plot in Figure 3.5 (36 nm WO film after heat treatment at 400°C for
5 hours) are not due to the transformation of the ITO substrate. Furthermore, the peaks shown on the
“c” plot in Figure 3.5 (newly formed 36 nm film before heat treatment) is almost identical to the peaks
shown on the “a” plot in Figure 3.5 (ITO glass original), which means that there are no peaks relating
to new coated WOs3 film. Therefore, WO3 films deposited on the ITO glass were probably amorphous.
Moreover, this means that the new peaks in curve d are from the WOs3 film after heat treatment. The

new peaks are from the crystallization of WOj3 film during heat treatment.

a: ITO glass original
Ay T b: ITO glass 400°C 5h
c: 36 nm WO, on ITO glass

——d: 36 nm WO, on ITO glass 400°C 5h
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Figure 3.5. XRD analysis results of samples: (a) ITO glass original, (b) ITO glass after heat treatment
at 400°C for 5 hours, (c) newly formed 36 nm film before heat treatment, and (d) 36 nm WO3 film
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after heat treatment at 400°C for 5 hours. Open circles (o)denote the reflections of ITO (PDF 04-019-
3926). Open triangles (A) denote the reflections of monoclinic WO3(PDF 00-043-1035).

The XRD signal for 36 nm WO; films was very weak because the film was too thin. Therefore, WO3
film with thicknesses of 72 nm, 108 nm, and 180 nm were prepared to enhance the signal so that the
structure of the prepared WOs3 film could be determined. The XRD curves (a—d) in Figure 3.6 are
similar, which means that the WO3 crystal structure was not changed when the film thickness

increased from 36 nm to 180 nm. The peaks are clear with increases in thickness.

i —— 180 nm
108 nm
002 g20 200 —— 72 nm
[/ —— 36 nm

Intensity (counts)

2 theta (°)

Figure 3.6 XRD results of prepared WOs3 thin films. (a) 36 nm (b) 72 nm (c)108 nm (d) 180 nm.

WOs thin film with thickness of 180 nm had the clearest signal peaks, as shown in Figure 3.6d. The
peaks at 23.1°, 23.6°, and 24.4° could be assigned to (002), (020), (200) reflections of the monoclinic
WO; (PDF 00-043-1035), respectively.

3.3.2. Field emission scanning electron microscopy (SEM)

The surface topography of the samples was captured by SEM (Thermo Fisher Scientific, USA). The
results are shown in Figure 3.7. As shown in Figure 3.7(a), the newly sputtered film before heat
treatment had a flat, smooth surface. As shown in Figure 3.7(b), after heat treatment, ice-like WO3
crystals were formed. Therefore, the results show that heat treatment can cause a transition of the

crystalline phase from amorphous to monoclinic for the RF sputtered WO3 thin films.
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Figure 3.7. SEM images of samples: (a) newly formed film deposited on an ITO glass substrate before
heat treatment, (b) WOs3 film deposited on an ITO glass substrate after heat treatment.

3.3.3. Attenuated total reflectance (ATR) Fourier transform infrared (FTIR)

spectroscopy

ATR FTIR spectra were recorded on a Nicolet 8700 FTIR spectrometer (Thermo Scientific, USA).
A horizontal single-bounce ATR diamond accessory was utilized for FTIR characterization. The
spectra were recorded in wavenumbers ranging from 400 cm™ to 4000 cm™! at a spectral resolution
of 2 cm™.

The FTIR spectroscopy results are shown in Figure 3.8. For the FTIR spectrum for ITO glass
(curve a in Figure 3.8), all observed absorptions were in good agreement with previous reports 9109,
Curve b in Figure 3.8 shows no new absorption peaks compared with the spectrum for the ITO glass.
The new formed WOs films after heat treatment showed two new absorptions at ca. 980 cm™ ' and ca.
710 cm™! (curve ¢ in Figure 3.8), which correspond to W = O and O-W-O stretching vibrations of
WO; ' Between 4000 cm™ and 1600 cm’!, the samples’ spectra were almost identical. Therefore,

the wavenumbers ranging from 4000 cm™ to 1600 cm™ were omitted from the curves in Figure 3.8.

The spectra values are shown only from 400 cm™ to 1600 cm™ in Figure 3.8.



7))

60 4

S

8

€ 40-

I

-E a

]

&

= 20 1 /
980 710
(W=0) __(0-W-0)

0 ‘ ‘ T
1600 1400 1200 1000 800 600 400

Wavenumber (cm”)

Figure 3.8. FTIR spectra of (a) ITO glass, (b) newly formed film coated on ITO glass before heat

treatment, and (c) WOs3 film coated on ITO glass after heat treatment.

3.3.4. AutoLab PGSTAT302N electrochemical workstation

Cyclic voltammetry (CV) measurements were taken by using a potentiostatic procedure at a scan rate
of 20 mV/s in the potential range of -0.5 V to 1.0 V (vs. Ag/AgCl, 3 M KCl) on an AutoLab
PGSTAT302N electrochemical workstation (Metrohm Autolab B.V., Netherlands). A standard three-
electrode electrochemical cell was assembled, with the WO3 film utilized as working electrode, a Pt
film utilized as a counter electrode (CE), and a reference electrode (Ag/AgCl, 3 M KCIl) utilized as
reference electrode (RE). The electrolyte was 0.5 M H2SO4 aqueous solution. The experiments were
conducted in the ambient. All the potential values measured in this work are based on the Ag/AgCl

reference electrode (3M KCI aqueous solution).

3.3.4.1. Influence of scan rate

The kinetic and thermodynamic behavior of as-prepared WO; films after heat treatment was
investigated by cyclic voltammetry (CV), which was performed between -0.3 V and 0.3 V (vs.
Ag/AgCl, 3 M KCl) at scan rates ranging from 5 mV/s to 100 mV/s. The composition electrochemical
system is as follows: WE: WOs film; CE: Pt wire; RE: Ag/AgCl (3 M KCl); electrolyte: 0.5 M H2SO4.
The CV curves are shown in Figure 3.9. A cathodic current peak appeared at around -0.15 V (vs.
Ag/AgCl, 3 M KCl) and an anodic current peak appeared at around 0.05 V (vs. Ag/AgCl, 3 M KCI)
(vs. Ag/AgCl, 3 M KCIl) when the scan rate was 20 mV/s. These two potentials were accompanied
by the coloration (from colorless to blue) and bleaching (from blue to colorless) of the WOs films,

respectively.
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Figure 3.9. CV scans of WOs thin films deposited on ITO glass substrates after heat treatment.

With an increasing scan rate, the anodic potential shifted to higher voltages and the cathodic potential
shifted to lower voltages, indicating increased polarization at higher sweep rates due to kinetic
limitations associated with the H" diffusion through the active material. This indication was also
supported by the observation that with the relatively high scan rates the WOs3 films were not able to
change color completely during each scan. When the scan rate was higher than 60 mV/s, it was
difficult to identify the cathodic current peak. At that relatively high scan rate, the WO3 film was not

able to change color completely during each cycle.

3.3.4.2. Durability of as-prepared WOs films

The cycling stability of the as-prepared WO3 films was evaluated. The results were shown in Figure
3.10. No obvious change was observed during the first 200 scans. However, the CV curve changed
at ca. 250 scans. This was because the film had started to exfoliate from the substrate, due to the
acidic environment with oxygen in the electrolyte. It was found that increasing the cycling voltage to

0.5 V reduced the stability of WOs3 films. The film began to decompose after ca. 120 scans.
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Figure 3.10. CV scans of a WOs3 thin film after heat treatment. Scan rate 20 mV/s.

3.3.5. UV-VIS-NIR spectrophotometer

The samples’ transmittance was measured in the wavelength range 280-3300 nm on a UV-VIS-NIR
spectrophotometer (PerkinElmer 1050 WB, USA). The samples were measured in situ when they
acted as working electrodes in an electrochemical system. The electrolyte of the electrochromic
system was sulfuric acid. It was poured into a glass container. The electrolyte absorbed all the
radiation from wavelengths above 1350 nm. Thus, the transmittance spectra of most samples were
recorded from 280 nm to 1300 nm.

UV-VIS-NIR spectroscopy was utilized to characterize the WO3 films. The transmittance
spectrum in the wavelength range 280—1300 nm of the WOs3 thin film in the colored state was
compared with that in the bleached state and the results are shown in Figure 3.11. A potential of -
0.3V (vs. Ag/AgCl, 3 M KCl) was applied to the colored samples for 3600 s. Similarly, a potential
of +0.3 V (vs. Ag/AgCl, 3 M KCIl) was applied to the bleached samples for 3600 s. Figure 3.11 shows
the spectrum of the bleached state (a) and the colored state (b) in the 4™ cycle. The largest
transmittance difference (AT) was 59.1% at wavelength A = 1300 nm, whereas AT was around 20%
at A = 555 nm. The goal was to increase this transmittance difference further both by making the

bleached state more transparent and the colored state darker colored.
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Figure 3.11. Transmittance spectra of a WO3 thin film electrode in (a) a bleached state at +0.3 V (vs.
Ag/AgCl, 3 M KCl), and (b) a colored state at -0.3 V (vs. Ag/AgCl, 3 M KCI) . The inset shows an

optical photo of the corresponding sample states.
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Figure 3.12. Transmittance of 36 nm WOs3 thin film electrode response to the Autolab procedure

chronoamperometry: potentials -0.3 V (vs. Ag/AgCl, 3 M KCI) for 1 hour and 0.3 V for 1 hour.

Transmittance value was recorded at 555 nm.

Figure 3.12 shows the colored and bleached process, which was recorded at A = 555 nm from 0 to
12 hours. Firstly, the potential of -0.3 V (vs. Ag/AgCl, 3 M KCl) was applied in the 1% hour.
Thereafter, the potential of +0.3 V (vs. Ag/AgCl, 3 M KCI) was applied in the 2" hour. Subsequently,
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the potentials of -0.3 V and +0.3 V (vs. Ag/AgCl, 3 M KCl) were applied from the 3 hour to the 12
hour. Additionally, in situ coloration and bleaching of the samples were done, and a constant potential
of-0.3 Vand 0.3 V (vs. Ag/AgCIl 3 M KCl) was utilized to color and bleach the samples, respectively.
First, the potential of -0.3 V (vs. Ag/AgCl, 3 M KCIl) was applied in the 1* hour. Subsequently, the
potential of +0.3 V (vs. Ag/AgCl, 3 M KCl) was applied in the 2" hour. Furthermore, the cycled
potentials of -0.3 V and +0.3 V (vs. Ag/AgCl, 3 M KCI) were applied alternately for 1 hour. The

coloration and bleaching state processes were recorded at a wavelength of 555 nm.

The color of the WO; film was changed from colorless to blue by the negative potential and the
WO; film was bleached by the positive potential. The bleached transmittance reached a steady value
(84%) for each cycle, whereas the colored transmittance value became lower and lower from 1% cycle
to the 4™ cycle. This means that the colored process had not been completed during the course of
1 hour. The 5" transmittance value was higher than the 4" one due to the influence of some
degradation that happened after around 8 hours. The film lost its color changing properties almost
completely after 10 hours (i.e. the film had become degraded). It seemed that the system with the 36
nm WO; film as a working electrode could not stand the acidic environment with oxygen in the
electrolyte for a prolonged time. However, it might be possible to solve this problem by fabricating

an oxygen-free solid state electrochromic device.

3.4. Ionic liquid based electrolytes preparation

Due to good physical and chemical properties, ILs were prepared and investigated as ion
conductors (electrolyte) for electrochromic devices. ILs of BmimBF4, BmimPFs, BmimCl, OmimCl,
BmimFeCls, and OmimFeCls were utilized in this work. ILs of BmimBF4, BmimPF¢, BmimCl, and
OmimCl were purchased from a chemical company. BmimFeCls and OmimFeCls were synthesized
in our laboratory. The synthesis process of OmimFeCls was carried out as follows: OmimCl is added
into a three necked flask. Subsequently, the same mole of iron (III) chloride hexa-hydrate
(FeCl3-6H20) is added into the three necked flask. The reaction lasts for 8 hours under stirring at
room temperature. Subsequently, the obtained IL was dried in the dry room using the method shown
as follows. IL was dried using the vacuum pump in a dry room. Water content in the dry room is <
25 ppm. The IL drying procedure is shown as follows. First of all, IL is dried in the dry room using
the membrane pump for at least 2 days. The vacuum pressure of the final dried ILs pressure is ca. 10
- mbar. Subsequently, the pre-dried IL is dried further using an extremely high vacuum (10 ’~10 -8
mbar) pressure pump to dry for at least 3 days at a certain temperature to remove the water and solvent
in the IL. Water content of the final obtained OmimFeCls is less than 25 ppm. The synthesis process

of BmimFeCly is similar to that of OmimFeCls as shown above.
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Thermal properties, including thermal conductivity and thermal diffusivity, are important for
utilization of ILs as ion conductors in electrochromic devices. Therefore, thermal conductivity of
water and some pure ILs, including BmimBF4, BmimPFs, OmimCIl, BmimFeCls, and OmimFeCly,
was measured. In addition, thermal diffusivity of pure ILs, including BmimBFs, BmimPFg,
BmimFeCls, OmimCl, and OmimFeCls, was measured. The results showed that ILs resulted in less
energy loss than water in energy storage. This also demonstrated that ILs have better performance
than water based the ion conductor in electrochromic smart windows due to less energy loss and
consumption. Moreover, density, viscosity, heat capacity, decomposition temperature, ionic
conductivity, and electrochemical window of IL based electrolytes (ion conductor) were measured.
These physical and chemical properties of ILs are also crucial when ILs are utilized as electrolytes
(ion conductor) in making electrochromic smart window and electric devices. In the end, BmimFeCl4
was utilized as an example to prove the performance of ILs as ion conductor for reversible redox
couple transformation in electrochemical reaction. Chemical structure, physical and thermal stability
properties, including density, viscosity, melting point, decomposition temperature, ionic conductivity,
electrochemical window of BmimFeC14 were investigated. Furthermore, BmimFeCly is utilized as
electrolyte in an electric device, iron-ion battery, to investigate the performance of BmimFeCls as ion
conductor for reversible redox couple transformation in electrochemical reaction. The results showed
that BmimFeCl4 has good electrochemical properties. However, BmimFeCls is not a perfect ion
conductor for electrochromic devices because of the color of BmimFeCl4. Due to good properties of
ILs, other transparent ILs with color will be further utilized to produce electrochromic glass for

electrochromic smart windows applications.
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Chapter 4. Summary of Papers

This chapter gives an overview of the main research outcomes from seven papers that were included

in this thesis. They were published or submitted as journal papers or conference papers.

Paper 1. Synthesis and characterization of tungsten oxide electrochromic thin
films

A RF sputtering method was utilized for tungsten oxide film preparation. The thickness of the
tungsten oxide film can be controlled at nanometer scale. Tungsten oxide thin films with thickness of
~36 nm were prepared and investigated. The microstructures of the as-prepared tungsten oxide thin
films were characterized using X-ray diffraction, scanning electron microscopy, and Fourier
transform infrared spectroscopy. The electrochromic properties of as-prepared WOs films were
investigated using cyclic voltammetry (CV) analysis and UV-VIS-NIR spectroscopy. At a scan rate
of 20 mV/s, the color of the WOs films changed at around -0.15 V and bleached at around 0.05 V.
The WOs films could be cycled for 200 times between the potentials -0.3 V and +0.3 V (vs. Ag/AgCl,
3 M KCI).

Paper 2. Electrochromic properties of WQOs thin films: The role of film thickness

Tungsten oxide (WO3) thin films with various thicknesses of 36 nm, 72 nm, 108 nm and 180 nm were
prepared using RF sputtering method. The morphologies and microstructures of the as-prepared WO3
thin films were characterized using XRD, SEM, and FTIR. In addition, UV-VIS-NIR spectroscopy
was utilized for transmittance investigations of the films.

The transmittance of the films changed during the electrochemical cycles. It was found that WO3
films with various thicknesses gave various transmittance modulation between colored and bleached
states. The bleached films appeared pale gray, pale blue, lemon green, and brown, while the colored
films appeared blue with different transmittance levels. Among film samples with thickness of 36 nm,
72 nm, 108 nm and 180 nm, the largest transmittance modulation ATss0.m Was obtained from a sample
with thickness of 108 nm, which was 66% when measured in 0.5 M H2SOj4. The results showed that
the transmittance value of the colored samples decreased with increasing thickness, while the

transmittance value of the bleached samples was not influenced by their thicknesses.
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Paper 3. Influence of O: on electrochromic WQOs3 thin films preparation using
radio frequency sputtering

Tungsten oxide (WO3) thin films with thickness of 72 nm were prepared using the RF sputtering
method. ITO glass was used as a substrate when doing RF sputtering with AJA sputter. Both the
influence of present oxygen during the sputtering process, and the influence of heat treatment after
sputtering were investigated.

Films prepared under different conditions showed either an amorphous structure or crystal
structure. They also showed differences in transmittance modulation and aging ability. Sample A was
prepared without oxygen during the RF sputtering process, and the sputtered film underwent heat
treatment. The results showed that the coated film on top of Sample A was an amorphous W film,
which did not have any electrochromic ability. Sample B was prepared without oxygen during the RF
sputtering process, and the sputtered film underwent heat treatment. The results showed that the
coated film on top of Sample B was a crystal WO3 film, which had good transmittance modulation
ability. The transmittance modulation value reached 44.8% when measured at wavelength A = 550
nm using ultraviolet-visible-near infrared (UV-VIS-NIR) spectroscopy, and showed good aging
ability. Sample C was prepared with oxygen during the RF sputtering process, and the sputtered film
was not heat treated. The results showed that the coated film on top of Sample C was an amorphous
WO; film, which had transmittance modulation ability, but the transmittance value was only 25.3%.
Furthermore, the film had bad aging ability. Sample D was prepared with oxygen during the RF
sputtering, and the sputtered film underwent heat treatment. The results showed that the coated film
on top of Sample D was a crystal WO3 film. The film had the best transmittance modulation ability.
The transmittance value was 50.9%. In addition, the film had the best aging ability compared with
the other films that were prepared.

The results showed that the electrochromic performance of the WO; samples was improved by
applying O during the RF sputtering process. Furthermore, heat treatment after RF sputtering might
have caused a transition of crystalline from amorphous to monoclinic for WOs3 thin films. The aging
ability demonstrated large improvement after the crystal transition. In addition, the crystal transition

also led to an increased transmittance modulation value.

Paper 4. Electrochromic materials and their characterization by solar radiation
glazing factors for smart window applications

Electrochromic materials (ECMs) and electrochromic windows (ECWs) are able to regulate the
amount of solar radiation throughput, due to the application of an external electrical voltage. Hence,

as smart window applications, ECWs may decrease heating, cooling, and electricity loads in buildings
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by admitting the optimum level of solar energy and daylight into the buildings at any given time (e.g.,
in a cold winter climate versus a warm summer climate. The following solar radiation glazing factors
characterize ECWs’ dynamic and flexible control over the effects of solar radiation: ultraviolet solar
transmittance (7yy), visible solar transmittance (7yis), solar transmittance (7s1), solar material
protection factor (SMPF), solar skin protection factor (SSPF), external visible solar reflectance
(Rvisext), internal visible solar reflectance (Ryis,int), solar reflectance (Rso1), solar absorbance (Asor),
emissivity (e), solar factor (SF), and color rendering factor (CRF). In summary, comparison of these
important solar quantities for various ECM and ECW combinations and configurations benefits the

selection of the most appropriate ones for specific smart window and building applications.

Paper 5. Measurements of ionic liquids thermal conductivity and thermal
diffusivity
Ionic liquids (ILs) are a hot research topic and have been utilized in many scientific research fields.
They have also been utilized in devices of energy saving, energy conversion, and energy storage,
including electrochromic smart windows, solar cells, batteries, and supercapacitors. Thermal
conductivity and thermal diffusivity of ILs are crucial to utilize ILs in electrochromic smart windows.
However, the thermal conductivity and thermal diffusivity of most ILs are often unknown.

Accordingly, the thermal conductivity and thermal diffusivity of ILs were investigated in the work
reported in Paper 5. A hot disk method for ILs thermal conductivity and thermal diffusivity
measurement was developed. Firstly, thermal conductivity of water was measured to check the
reliability of the new method developed in this work. Secondly, thermal conductivity of five pure ILs,
including BmimBF4, BmimPFs, OmimCl, BmimFeCls, and OmimFeCls, was measured. It was found
that the thermal conductivity measurement of ILs using the hot disk method had high reliability
compared with the thermal conductivity measurement values of water, BmimBF4, and BmimPFs
reported in the literature. In addition, the experimental results showed that all average thermal
conductivity values of the five pure ILs were no more than 0.1898 Wm™'K-!, which is much lower
than the average measured thermal conductivity of water, namely 0.6033 Wm™'K"!. Moreover,
thermal diffusivity of the five pure ILs was measured. All average thermal diffusivity values of ILs
of BmimBFs, BmimPFg, BmimFeCls, OmimCl and OmimFeCls were no more than 0.1185 mm?s'.
The thermal diffusivity of water is reported as 0.143 mm?s™ in the literature ''.

The results showed that ILs resulted in less energy loss than water in energy storage. This also
demonstrated that ILs has better performance than water based ion conductors for less energy loss

and consumption in electrochromic smart windows. It is concluded that the thermal conductivity and
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thermal diffusivity measurements of ionic liquids can make ILs beneficial when they are utilized as

electrolytes in the preparation of smart glass films.

Paper 6. Ionic liquid based electrolytes preparation and characterization of
density, viscosity, crystallization temperature, decomposition temperature, ionic
conductivity, and electrochemical window

In this work, density, viscosity, heat capacity, decomposition temperature, ionic conductivity, and
electrochemical window of IL based electrolytes (ion conductor) were measured. These physical and
chemical properties of ILs are important when ILs are utilized as electrolytes (ion conductor) in the
fabrication of electrochromic smart window and electric devices. Initially, density of ILs was
measured using a density meter. Thereafter, viscosity of various ILs was investigated using a
rheological method. In addition, crystalline temperature of various ILs samples was investigated
using DSC. Moreover, decomposition temperature of ILs was investigated using TGA. Furthermore,
ionic conductivity and electrochemical window of ILs samples were measured using electrochemical
instruments. The measurement results showed that ILs had good physical and chemical properties
and can be utilized to produce high performance electrical devices and electrochromic devices (for

example, electrochromic smart windows).

Paper 7. Rechargeable iron-ion battery using pure ionic liquid electrolyte

In this work, a pure ionic liquid of 1-butyl-3-methylimidazolium tetrachloroferrate (BmimFeCly),
which was synthesized and utilized as electrolyte (ion conductor) in this work. Chemical structure,
physical and thermal stability properties, including density, viscosity, melting point and
decomposition temperature, of BmimFeC14 were investigated. In addition, electrochemical properties
of the prepared ionic liquids, including electrochemical window and ionic conductivity, were
investigated. Moreover, BmimFeCly is utilized as an electrolyte in an electric device, iron-ion battery,
for further application of IL based ion conductors in electrochromic smart windows. The experimental
results showed that IL BmimFeCls has good physical and electrochemical properties as electrolyte.
The reason why BmimFeCls was utilized in this paper is that: (1) Easy to synthesize; (2) Not water
or oxygen sensitive; (3) Low cost; (4) Non-flammable; (5) Good thermal, physical and chemical
properties, including low melting point, high decomposition temperature, and low viscosity. Due to
good properties of ILs mentioned above, BmimFeCls and other transparent ILs will be further utilized

to produce electrochromic glass for electrochromic smart windows development.
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Chapter 5. Conclusions

Electrochromic WOs films were prepared by RF sputtering method. Microstructures of the as-
prepared WOs thin films were characterized using XRD, SEM, and FTIR. In addition, electrochromic
properties of the as-prepared WO; films were investigated using CV analysis and UV-VIS-NIR
spectroscopy. The results showed that the prepared WOs3 thin films had good electrochromic
properties.

WOs thin films with various thicknesses were prepared to investigate the effect of film thickness
on the performance of prepared WOj3 thin films. WOs3 films with various thicknesses of 36 nm, 72
nm, 108 nm, and 180 nm were prepared. They showed various transmittance values in their colored
and bleached states. The results showed that the transmittance values of the colored samples
decreased with increasing thickness, whereas the transmittance values of the bleached samples were
unrelated to their thicknesses. The films showed different colors in their bleached states. The film
with the largest transmittance modulation had a thickness of 108 nm.

In addition, the effect of oxygen presence during the RF sputtering process, and the effect of heat
treatment of sputtered films on the electrochromic performance of the WO; thin films were
investigated. WO3 thin films with thickness of 72 nm prepared under different conditions showed
amorphous or crystalline structure. They showed different transmittance modulation and aging
durability. The results also showed that the electrochromic performance of the WO3 samples was
improved by applying Oz during the RF sputtering process. Furthermore, it was found that the heat
treatment might cause a crystalline transition from amorphous to monoclinic structure for the RF
sputtered WOs thin films. The aging durability demonstrated a large improvement after the crystalline
transition. In addition, the crystalline transition led to an increased transmittance modulation value.
The results showed that both oxygen and heat treatment could improve the electrochromic properties
of the WOs films prepared using the RF sputtering method.

The research work on electrochromic windows (ECWs) showed that they can dynamically control
daylight and solar radiation energy in buildings. Such control may be readily characterized by the
following solar radiation glazing factors: ultraviolet solar transmittance (7uy), visible solar
transmittance (7vis), solar transmittance (7s1), solar material protection factor (SMPF), solar skin
protection factor (SSPF), external visible solar reflectance (Ryisext), internal visible solar reflectance
(Ryis,int), solar reflectance (Rsol), solar absorbance (A4so1), emissivity (¢), solar factor (SF), and color

rendering factor (CRF). In this thesis, three different ECWs were investigated, all of them
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demonstrating a large solar radiation modulation. The solar radiation glazing and modulation factors
were calculated for selected two-layer and three-layer ECW windowpane configurations.

Moreover, the thermal conductivity and thermal diffusivity of ionic liquids (ILs) were investigated.
A hot disk method for measuring ILs’ thermal conductivity and thermal diffusivity was utilized. The
thermal conductivity of pure ILs, including BmimBF4, BmimPFs, OmimCl, BmimFeCls, and
OmimFeCly, was measured. It was found that thermal conductivity measurement values of water,
BmimBF4, and BmimPFs using the hot disk method had high reliability when compared with
literature values. The results showed that ILs resulted in less energy loss than water in energy storage.
This also demonstrated that ILs have better performance than water based ion conductors for less
energy loss and consumption in electrochromic smart windows. Thermal conductivity and thermal
diffusivity measurements of ILs may benefit the utilization of ILs as electrolytes in electrochromic
devices.

Furthermore, density, viscosity, crystallization temperature, thermal stability, and ionic
conductivity of IL-based electrolytes were investigated. The measurement results showed that ILs
had good physical and chemical properties and can be utilized to produce high performance electrical
devices and electrochromic devices (for example, electrochromic smart windows).

In the end, a pure ionic liquid of 1-butyl-3-methylimidazolium tetrachloroferrate (BmimFeCly),
which was synthesized and utilized as electrolyte (ion conductor) in this work. Chemical structure,
physical and thermal stability properties, including density, viscosity, melting point and
decomposition temperature, of BmimFeC14 were investigated. In addition, electrochemical properties
of the prepared ionic liquids, including electrochemical window and ionic conductivity, were
investigated. Moreover, BmimFeCly is utilized as an electrolyte in an electric device, iron-ion battery,
for further application of IL based ion conductors in electrochromic smart windows. The experimental
results showed that IL. BmimFeCl4 has good physical and electrochemical properties as electrolyte.
Due to good physical and chemical properties, BmimFeCls and other transparent ILs will be further

utilized to produce electrochromic glass for electrochromic smart windows development.
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Chapter 6. Suggestions for Further Work

Current smart window technologies have a large potential to reduce the energy consumption in
buildings. However, the efficiency of the smart windows available today is still relatively low in this
respect. Therefore, it is crucial and important to further improve the smart window technologies.
More research work should be carried out to improve properties of the electrochromic thin films and
devices. Color change response time should be decreased, value of modulation of transmittance
should be larger, cyclic stability should be improved for both electrochromic films and devices.

In this thesis, WOs thin film was prepared by RF sputtering technology with an AJA E-Beam
evaporator & Sputter. The target utilized was a WOs target. Research work about utilizing oxygen
during the sputtering process was done. In the future, the W target should be utilized instead of WO3
target. Oxygen influence during sputteration should be researched. The WO3 film can be prepared by
RF sputter, with W target and has oxygen during sputteration. And WO3 film can also be prepared
by RF sputter, with W target and without Oxygen during sputteration, but carried heat treatment to
sputtered films.

The research within this thesis demonstrated that the WO; thin film with a thickness of 108 nm
had the best electrochromic properties compared with other WOj3 thin films with other thicknesses.
Therefore, it is recommended that in further work WO3 films are prepared with a thickness close to
108 nm.

Electrochromic properties of newly prepared WOs3 films will be compared to find the one which
has the largest value of modulation of transmittance.

To increase the color changing speed of the WO;3 thin film, it should be tried to add some
transparent conductive agent when preparing the electrochromic film.

Furthermore, research work on electrochromic devices using ionic liquid based electrolytes may
also be carried out with models of electrochromic devices in the future. This future research can focus
on how to replace the utilization of aqueous electrolytes in WOs3 electrochromic devices with ionic
liquid based electrolytes in order to decrease response time, increase the cyclic stability and improve
the thermal stability of the devices.

Further research should be carried out on complete electrochromic devices based on new prepared
WOs films which have the best electrochromic properties. The electrolyte layer will be prepared by

selected ionic liquids in above future work.
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Abstract—A radio frequency sputtering method was utilized
and developed for tungsten oxide film preparation. The
thickness of tungsten oxide film can be controlled at nano
scale. Tungsten oxide thin films with thickness of ~36 nm
was prepared and investigated. The morphologies and
microstructures of the as-prepared tungsten oxide thin films
were characterized using X-ray diffraction, scanning electron
microscopy, and Flourier transform infrared spectroscopy.
Tungsten oxide films utilized in the laboratory changed color
from colorless to blue during electrochemical cycles, showing
a potential for assembling electrochromic smart windows to
modulate the transmitted solar radiations.

L

Electrochromic (EC) smart windows are windows whose
optical properties can be adjusted with the change of an
external electrical field strength. In the presence of an external
voltage, the EC materials can change from a dark colored state
(e.g., dark blue) to a transparent state with no color tints. EC
smart windows have been developed and utilized in energy-
efficient buildings. Using EC smart windows, the amount of
solar radiation transmitted through windows can be controlled.
Consequently, the energy usage by heating and cooling in
buildings can be reduced.

INTRODUCTION

Typically, an EC device (e.g., EC smart windows) consists
of five functional layers: two transparent electrical conductor
layers to inject and extract charge, an active EC layer, an
electrolyte, and an ion storage layer, which may in some cases
be another complementary EC layer. This sandwich
configuration allows a reversible electrochemical reaction to
cycle between the EC layer and the ion storage media, with
simultaneous injection of electrons/holes and cations/anions.
The overall transparency of the EC layer is changed due to the
formation of color centers (or defect complexes) or due to an
electrochemical reaction that produces a colored compound; a
voltage pulse with opposite polarity makes the device regain
its original properties [1].

Tungsten oxide (WO;) is probably the most studied EC
material for smart window applications. We have been
working on EC smart windows by using WO; [2-5] among
others. In this work, we developed a radio frequency
sputtering method for WQs film preparation. This method can
accurately control the thickness of WQOj; films at nano scale.
WO, thin films with a thickness of about 36 nm were prepared

978-1-5386-5336-4/18/$31.00 @201 8 IEEE

by using radio frequency sputtering. Subsequently, WO; films
were utilized to form a working electrode in our laboratory.
We found that the WO, films exhibit good electrochemical
performance.

II. SAMPLE PREPARATION
2.1 Materials

WO; sputtering target (diameter 5.08 cm, thickness
0.32 cm) was purchased from AJA International Inc., USA.
Substrates for the growth of WO; thin films were ITO (tin
doped indium oxide, In,O3(Sn)) glass slides purchased from
Sigma-Aldrich. ITO glass slides have a typical transmittance
of about 86% at 550 nm and a surface resistivity of about 70-
100 Q/square. The ITO glass slides were cut to small pieces
with typical sizes of about 9.2 mm % 25 mm % 1.1 mm in the
laboratory for this work. Reagent grade sulfuric acid (H,SO,,
96 wt%) and potassium chloride (KCl, 99%) were also
purchased from Sigma-Aldrich. Distilled water was utilized
throughout the experiments.

2.2 Sputter Process

WO; films with thickness of 36 nm were prepared by radio
frequency (RF) magnetron sputtering technique using an AJA
sputter and evaporator (model: Custom ATC-2200V, AJA
International Inc. USA). Argon (Ar) flow was set as 67 sccm
(standard cubic centimeter per minute). Plasma strike pressure
was 30 mTorr (= 4.0 Pa), and strike power was 50 W. After
the plasma was strike on, the pressure was changed and
maintained at 3mTorr (= 0.4Pa) during the deposition
process. The sputter rate was about 0.05 nm/s.

2.3 Heat Treatment

Heat treatment 1s necessary for the WO, films. Heat
treatment was performed and the as-deposited WOs; film
samples were annealed in air at 400 °C for 5 h in an oven.

III. CHARACTERIZATION
3.1 XRD

X-ray diffraction (XRD) analysis was performed using a
Bruker D8 A25 Davinci X-ray Diffractometer (Bruker,
Germany) with Cu—Ka radiation and LynxEye™ SuperSpeed
Detector for 30 minute. XRD data were collected in the range
of 15° - 75° with a step size of 0.013°. The structures of the
samples were analyzed using the DIFFRACEVA V4.2
software (Bruker AXS, Germany).
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3.2 SEM

A scanning electron microscope (SEM) was utilized to
check the surface topography of the samples. The SEM
Apreo purchased from Thermo Fisher Scientific (FEI), USA,
was utilized in this work.

3.3FTIR

Attenuated total reflectance (ATR) Fourier transform
infrared (FTIR) spectra were recorded on a Nicolet 8700
FTIR Spectrometer (Thermo Scientific, USA). The
transmittance of the samples were recorded m the
wavenumber range 4000 em™ to 400 em™.

3.4. Cycelic Voltammetry Test

The electrochemical properties of the WO; films were
characterized by cyclic voltammetry (CV) on an AutoLab
electrochemical  workstation PGSTAT302N  (Metrohm
Autolab B. V., Netherlands). The WO; films were applied as
working electrodes (WE). The counter electrode (CE) was a
Pt wire. The reference electrode (RE) was Ag/AgCl (3 M
KCl). The electrolyte was 0.5 M H,S0,.

3.5. UV-VIS-NIR Spectroscopy

Transmittance of samples was measured in the ultraviolet
(UV), visible (VIS) and near infrared (NIR) solar radiation
wavelength range (280-1300nm) on a UV-VIS-NIR
spectrophotometer (PerkinElmer 1050 WB, USA).

In situ coloration and bleaching of the samples were also
performed, and a constant potential of -0.3 V and 0.3 V (vs.
Ag/AgCl (3M KCI)) was used to color and bleach the
samples, respectively. Firstly, the potential of -0.3V was
applied in the 1% hour. Subsequently, the potential of +0.3 V
was applied in the 2™ hour. Furthermore, the recycled
potentials of -03 V and +0.3 V were applied for lh
alternately. The coloration and bleaching state processes were
recorded at the wavelength of 555 nm.

TV. RESULTS AND DISCUSSION
4.1 XRD

Fig. 1 shows XRD results of the as-prepared samples.
Fig. 1a is almost identical to Fig. 1b, which suggests that the
WO, films deposited on the ITO glass were probably
amorphous, e.g., no new peaks appearing compared to the
ones for the ITO substrate. However, after the heat treatment
the XRD pattern in Fig. lc showed several new peaks,
indicating the recrystallization of WO; at elevated
temperatures. The newly formed crystalline phase may be
assigned to monoclinic WO; (PDF 00-043-1035) based on the
observed strong reflections.

Intensity (counts)

40 50 60 70

2 theta (°)

30

20

Fig. 1. XRD results of (a) ITO glass substrate, (b) WO, films before
heat treatment, and (¢) WO films after heat treatment. Open circles
(00) denote the reflections of ITO (PDF 04-019-3926). Open
triangles (A) denote the reflections of monoclinic WO, (PDF 00-
043-1035).

4.2 SEM

The SEM results are shown in Fig. 2. Fig. 2a shows that
the as-prepared WO; film before heat treatment had a flat,
smooth surface. After the heat treatment, window ice-like
crystals were formed (Fig. 2b). That means heat treatment can
help the crystal formation on the surface of the ITO glass.

Fig. 2. SEM images of samples. (a) WO, thin films deposited on ITO
glass substrates before heat treatment, (b) WO, thin films deposited
on [TO glass substrates after heat treatment.

4.3 FTIR

FTIR results of the samples are shown in Fig. 3. Fig. 3a is
the FTIR spectrum of the ITO glass, which 1s in agreement
with previous reports [6]. Fig. 3b shows no new absorbance
from the FTIR spectrum of the WO; films before the heat
treatment. The WO; films after heat treatment showed two
new absorptions at about 980 and 710 cm™ (Fig. 3¢), which
are corresponding to W=0 and O-W-O stretching vibrations
from the newly formed crystalline WO; [7] These
absorptions only happened in the crystalline WO; film, which
18 not seen in amorphous WO; films.
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Fig. 3. FTIR spectra of (a) ITO glass, (b) WO; film coated on ITO
glass before heat treatment, and (¢) WO; film coated on ITO glass
after heat treatment.

4.4 Cyclic Voltammetry
1) Influence of Scan Rate

The kinetic and thermodynamic behaviors of as-prepared
WO, films after heat treatment were investigated by cyclic
voltammetry (CV), which was carried out between -0.3 V and
0.3 V vs. Ag/AgCl at scan rates ranging from 5 to 100 mV/s.

Fig. 4 shows the CV curves. A cathodic current peak
emerged at around -0.2 V and an anodic current peak
appeared at around 0.05 V when the scan rate was 20 mV/s.
These two potentials were accompanied by the coloration
(from colorless to blue) and bleaching (from blue to
colorless) of the WOs films, respectively.

With an increasing scan rate, the anodic potential shifted
to higher voltages and the cathodic potential shifted to lower
voltages, indicating an increased polarization at higher sweep
rates due to kinetic limitations associated with the H™
diffusion through the active material [8]. The cathodic current
peak turned to be hard to find when the scan rate was higher
than 60 mV/s.

2) Durability of As-Prepared WO ; Films

Cycling stability of the as-prepared WO; films was
evaluated and the results were shown in Fig. 5. No obvious
changes were observed during the first 200 scans, whereas
the film began to decompose after about 250 scans. The
decomposition is due to the acidic environment with oxygen
in the electrolyte. Increasing the cycling voltage to 0.5V
reduce stability of the WOj; films. For example, the film
began to decompose after about 120 scans.
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Fig. 4. CV scans of a WO; thin film deposited on ITO glass
substrate after heat treatment. WE: WOj; films, CE: Pt wire, RE:
Ag/AgCl (3 M KCl), electrolyte: 0.5 M H,SO,. Scan rates were 5,
10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mV/s.
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Fig. 5. CV scans of a WO; thin film after heat treatment. Scan rate is
20 mV/s.

4.5 UV-VIS-NIR Spectroscopy

UV-VIS-NIR spectroscopy was utilized to characterize
the WO; films. As shown in Fig. 6, the transmittance
spectrum in the wavelength range 280 to 1300 nm of the WO;
thin film at the colored state was compared with that of the
bleached state. The colored and bleached samples were
obtained from as-prepared samples after Autolab procedure
chrono amperometry experiments. A potential of -0.3 V was
applied to the colored samples for 3600 s. Similarly, a
potential of +0.3 V was applied to the bleached samples for
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3600 s. Fig. 6 shows the spectrum of the bleached state (a)
and the colored state (b) in the 4™ cycle. The largest
transmittance difference AT was 59.1% at wavelength
2=1300 nm, whereas AT was around 20% at 2=555 nm.

100

a: bleached

Transmittance (%)

‘.’J'W b: colored

I’

600 800 1000 1200
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400

Fig. 6. Transmittance spectra of a WQj; thin film electrode at (a)
bleached state at +0.3 V and (b) colored state at -0.3 V. Inset shows
an optical photo of the corresponding sample states.
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Fig. 7. Transmittance of 36 nm WO; thin film electrode response to
Autolab procedure chronoamperometry: potentials -0.3 V for 1h
and 0.3 V for 1 h. Transmittance spectra was recorded at 555 nm.

Fig. 7 shows the colored and bleached process which was
recorded at A=555 nm from 0 to 12 h. Firstly, the potential of
-0.3V was applied in the 1¥ hour. Subsequently, the potential
of +0.3 V was applied in the 2™ hour. Furthermore, the
recycled potentials of -0.3 V and +0.3 V were applied from
the third hour to the 12 hour. The WO, film changed color
from colorless to blue by the negative potential and was
bleached by the positive potential. The bleached
transmittance reached a steady value (84%) for each cycle,
whereas the colored transmittance value turned to be lower
and lower from first to the 4™ cycle. That is, the colored
process had not completed during 1h. The 5™ transmittance
value was higher than its former one due to influence of some

degradation, which happened after around 8 h. The film lost
its color changing properties almost completely after
10 hours, i.e. the film has been degraded. It seems the system
can not stand the acidic environment with oxygen in the
electrolyte for a prolonged time. However, this may be solved
by fabricating an oxygen-free EC device (e.g. using a
glovebox in the laboratory).

V. CONCLUSIONS

In this work, a radio frequency sputtering method was
developed for WO; film preparation in order to control the
thickness of films accurately at nano scale. WO; thin films
with a typical thickness of about 36 nm were prepared and
their structural and physical properties were investigated. The
films before heat treatment were amorphous. However,
crystals were formed during heat treatment. The amorphous
films could not change color under applicd potential, whereas
the crystalline films demonstrated good EC abilities.

The EC propertics were investigated using cyclic
voltammetry analysis and UV-VIS-NIR spectroscopy. At a
scan rate of 20 mV/s, the color of the WO; films changed at
around -0.2 'V and bleached at around 0.05 V. The WO; films
could be cycled for 200 times between the potentials -0.3 V to
03V,
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Abstract

Tungsten oxide (WQ3,) thin films with various thicknesses of approximately 36, 72,
108, and 180 nm were prepared using radio frequency sputtering method. Film thick-
ness can be controlled at nanoscale. In addition, X-ray diffraction, scanning electron
microscopy, and Fourier transform infrared spectroscopy were utilized for investigat-
ing morphologies and microstructures of as-prepared WO, thin films. Moreover, opti-
cal properties of the WO, nanofilms were characterized using ultraviolet-visible-near
infrared spectroscopy. Transmittance of WO; films changed during the electrochemi-

pengzhen@ntnu.no cal cycles. WO; films with various thicknesses give various transmittance modulation
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108 nm had the largest transmittance modulation among various film thicknesses,
about 66% measured at 550 nm. Results showed that the value of transmittance of
colored samples decreased with increasing film thickness. However, transmittance of

bleached samples was not influenced significantly by their thickness.

KEYWORDS
electrochromic windows, nanofilm thickness, smart windows, thin nanofilm, tungsten oxide

1 | INTRODUCTION

Energy consumption and greenhouse gas emission of buildings account for a large part of total energy consumption and CO, emissions in both
developed and developing countries in the world. A building may lose about 30% of its heat or air conditioning energy through its windows, because
windows have usually poor thermal insulation properties and high radiation transmittance. Windows with low U-value (U-value of window can be
utilized to measure heat transfer rate through window; normally, window with a lower U-value will have a lower amount of heat loss, and will also
have a better thermal insulation property) have been widely used in buildings to prevent heat loss by heat transfer (thermal conduction, thermal
convection, and radiation). Chromogenic smart windows have been used for regulating solar radiation transmitted through the windows into build-
ings. Therefore, energy consumption of buildings can be reduced. However, nowadays, chromogenic smart windows are not widely utilized in normal
buildings.

Chromogenic smart windows can adjust solar radiation transmitted through windows by regulating transmittance value. Glass with functional
film of chromogenic smart windows can change windows transmittance value if functional film materials of glass are sensitive to voltage, solar radia-
tion, heat, and so on. Different chromogenic smart windows are made of different chromogenic materials. Based on various chromogenic materials,
there are photochromic smart windows, thermochromic smart windows, gasochromic smart windows, and electrochromic smart windows.

This is an open access article under the terms of the Creative Commons AlLtribution License, which permits use, distribution and reproduction in any medium, provided
the original work is properly cited.
© 2020 The Authors. Analytical Science Advances published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Electrochromic material is a type of chromogenic material. Electrochromic material is sensitive to an external applied voltage. The most popular
electrochromic material is transition metal oxide, which may be divided into two types: (a) anodic coloration materials and (b) cathodic coloration
materials. Anodic coloration materials include NiO,* Co,03.,2 If(OH)3,% V205" and so forth. The cathodic coloration materials include tungsten
oxide (WOB),5 M003,5~‘s TiO, .7 and so forth. Many different electrochromic polymers have also been investigated.? 10

WOg is one of the most studied electrochromic materials for electrochromic smart window applications. There are many kinds of methods uti-
lized for WOy film preparation, such as evaporation,* sputtering,'? electrodeposition,'* chemical vapor deposition,* and sol-gel deposition.!”

Electrochromic materials and devices'¢~2? were investigated in our previous work. WOj5 thin films were prepared using a radio frequency (RF)
sputtering technology, which enables to control the film thickness accurately at nanometer scale. WOj; thin films with various thicknesses were
prepared. The role of the film thickness on structural and optical properties of WO films was investigated. Microstructure of as-prepared WO3
thinfilms was characterized using X-ray diffraction (XRD), scanning electron microscope (SEM), and Fourier transform infrared (FTIR) spectroscopy.
Electrochemical properties of as-prepared WO3 films were characterized using cyclic voltammetry (CV). Ultraviolet-visible-near infrared (UV-Vis-
NIR) spectroscopy was utilized to analyze optical properties of WO5 films.

2 | EXPERIMENTAL SECTION
2.1 | Materials

WO; sputtering target (diameter = 5.08 cm; thickness = 0.32 cm) was purchased from AJA International Inc., USA. Substrates for growth of WO4
thin films were ITO (tin doped indium oxide, In,O3(Sn)) glass slides, which have been purchased from Sigma-Aldrich (Transmittance: approximately
86% at 550 nm; Surface resistivity: about 70-100 Q/square; Size: about 25 mm x 25 mm x 1.1 mm). The ITO glass slides were cut to small pieces
with sizes of about 9.2 mm x 25 mm x 1.1 mm in this work. Reagent grade sulfuric acid (H,S0,4, 96 wt%) and potassium chloride (KCl, 99%) were

also purchased from Sigma-Aldrich. Distilled water from our laboratory was utilized in this work.

2.2 | Preparation of WO; films

First, ITO glass slides were washed with ethanol under ultrasonic irradiation. And then ITO glass slides were washed with distilled water. In the
end, ITO glass slides were dried using nitrogen gas. Preparation process of WO4 films was similar to our previous work.? In brief, WO films were
prepared by RF magnetron sputtering via an AJA sputter and evaporator (model: Custom ATC-2200V, AJA International Inc. USA). RF power was
set to 120 W and the ramp up time was 210 s. Sputtering rate has been checked as 0.05 nm/s before the sample sputtering process. ITO glass
substrates were loaded into sample holder. Argon (Ar) flow was 67 scem (standard cubic centimeter per minute). Plasma strike pressure was 30
mTorr (approximately 4.0 Pa) Ar pressure. Strike power is 50 W. After plasma was strike on, Ar pressure was changed and maintained at 3 mTorr
(approximately 0.4 Pa) during plasma processes. After RF power reached set value, 1 min was spent to wait for the stability of plasma. Subsequently,
the shutter that covered the target is opened during sputtering process. And then the shutter was closed as long as the desired film thickness was
reached, for example, 720 s for film with thickness as 36 nm. In the end, after the power was decreased to 50 W, the plasma was turned off.

Heat treatment was also performed to the sputtered films in air at 400°C for 5 h. By this way, as-prepared samples were obtained in this work

for further investigation.

2.3 | Characterization

XRD patterns of as-prepared samples were collected on a D8 A25 DaVinci X-ray diffractometer (Bruker, Germany) with Cu-Ka radiation. XRD
data were collected in the range of 15°-75° with a step size of 0.013°. The surface topography of samples was investigated using an Apreo SEM
from Thermo Fisher Scientific (FEI, USA). Attenuated total reflectance (ATR) FTIR spectra were recorded on a Nicolet 8700 FTIR Spectrometer
(Thermo Scientific, USA). A horizontal single-bounce ATR diamond accessory was utilized for FTIR characterization. The spectra were recorded in
wavenumbers ranging from 400 to 4000 cm~1 at a spectral resolution of 2 cm~ 1.

CV measurements were conducted using a potentiostatic procedure at a scan rate of 20 mV/s in the potential range from -0.5 to 1.0 V versus
Ag/AgClon an AutoLab PGSTAT302N electrochemical workstation (Metrohm Autolab BV., Netherlands). A standard three-electrode electrochem-
ical cell was assembled, where a WO3 film, a Pt film, and a reference electrode (Ag/AgCl, 3 M KCI) were used as working electrode, counter elec-
trode, and reference electrode, respectively. The electrolyte was 0.5 M H,S0Oy4 agueous solution. Experiments were performed under atmospheric
environment.
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FIGURE 1 XRDresults of as-prepared WO5; nanofilm samples: (A) ITO glass, (B) 36-nm WO 3 nanofilm, (C) 72-nm WO3; nanofilm, (D) 108-nm
WOj3 nanofilm, and (E) 180-nm WO4 nanofilm. Open circles (O) denote the reflections of ITO (Powder Diffraction File [PDF] 04-019-3926). Open
triangles (A) denote the reflections of monoclinic WOz (PDF 00-043-1035)

Transmittance of samples was measured in the wavelength ranging from 280 to 1300 nm using a UV-Vis-NIR spectrophotometer (PerkinElmer
1050 WB, USA). Samples were measured in situ when they were utilized as working electrodes in an electrochemical system. Because H,50,
solution electrolyte had a strong absorption to light with wavelength above 1350 nm. Transmittance spectra were recorded from 280 to 1300 nm.
A constant potential of -0.5 and +1.0 V (vs Ag/AgCl, 3 M KClI) was used to color and bleach samples, respectively.

3 | RESULTS AND DISCUSSIONS
3.1 | X-ray diffraction

Figure 1 depicts XRD patterns of WOj5 films with four various thicknesses, namely, 36,72, 108, and 180 nm. XRD peaks of ITO substrates (Figure 1A)
matched well with the work of Kim et al.2* All WO; films showed similar diffraction peaks (Figure 1B-E). The peaks at 23.1°, 23.6°, and 24.4° can
be assigned to (002), (020), and (200) reflections of the monoclinic WO3 (Powder Diffraction File 00-043-1035), respectively. XRD results showed
that as-prepared WO3 films with various thickness of 36, 72, 108, and 180 nm had the same monoclinic crystal structure.

3.2 | Fourier transform infrared spectroscopy

Chemical structure of the obtained films was also characterized using FTIR (as shown in Figure 2). FTIR results showed that there were absorption
peaks at approximately 900 and 760 cm 1 for ITO glass, which was in agreement with the work of Meng and Santos.2® The absorption peak at
about 980 cm 1 is related to W = O stretching vibrations, whereas the absorption peak at about 585 cm™1 is corresponding to O-W-O stretching
vibrations from the crystalline WO3.182¢ FTIR results showed that as-prepared WOj films with various thickness of 36, 72, 108, and 180 nm had
similar crystalline structure. The FTIR result was in agreement with XRD result.

3.3 | Scanning electron microscope

Morphology of WOg3 films was investigated using SEM. As shown in Figure 3, crystals were formed in all the as-prepared WO3; films.
These films showed different colors, including light gray, light blue, lemon green, and brown. The crystals did not cover the whole sub-
strate completely when the WO; film thickness was 36 and 72 nm (as shown in Figures 3A and 3B). However, as was shown in samples of
WOj; film with thickness of 108 and 180 nm, with the increase of film thickness, crystals covered almost the whole substrate (Figures 3C
and 3D).



76

ZHEN e aL. ANALYTICAL SCIEN @ | 127
: 3 WILEY-VCH

Transmittance (%)
> \m \O \O

T

T T T T
1400 1200 1000 800 600 400

Wavenumber (cm™)

FIGURE 2 FTIRspectra of as-prepared WOz nanofilm samples: (A) ITO glass, (B) 36-nm WO3 nanofilm, (C) 72-nm WO3 nanofilm, (D) 108-nm
WO3 nanofilm, and (E) 180-nm WO3 nanofilm

FIGURE 3 Photos of glass with as-prepared WO5 films and SEM images of as-prepared WO 5 films with various thicknesses: (A) 36 nm, (B)
72 nm, (C) 108 nm, and (D) 180 nm WO film

34 | Cyclic voltammetry

Electrochemical properties of as-prepared WO3 films were investigated by CV method, which was carried out between -0.5 and 1.0 V versus
Ag/AgCl (3 M KCI) at a scan rate of 20 mV/s. Figure 4 showed the CV curves experimental results. WO3 thin films with various thicknesses exhibited
similar CV curves. A cathodic current peak emerged at around -0.1V and an anodic current peak appeared at around 0.1 V. The two peaks were
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FIGURE 4 CV curves of WOj; thin films with various film thicknesses of 36, 72, 108, and 180 nm at a scanning rate of 20 mV/s

TABLE 1 Transmittance of WO; films at colored and bleached states at a wavelength of 2 = 550 nm (measured in 0.5 M H,SO,4 aqueous
electrolyte solution)

Ts50nm ATs50,m between
WO; film Tss50m bleached colored state bleached and colored
thickness (nm) state (%) (%) state (%)
36 82 66 16
72 85 44 41
108 94 28 66
180 29 8 21

accompanied by the coloration (from colorless to blue, ie, W8+ — W5*) and bleaching (from blue to colorless, ie, W3+ — W#+) of the WOj films,

respectively. The redox peaks were not influenced by the film thickness of WO4,

3.5 | UV-Vis-NIR spectroscopy

UV-Vis-NIR spectroscopy was utilized to characterize WOg3 films. The colored samples were obtained by applying an external potential voltage of
-0.5 V to as-prepared samples for 5 h, whereas the transmittance of bleached samples were obtained from as-prepared samples before any external
potential voltage was applied. Bleached experiments were performed by applying an external potential voltage of +1.0 V to as-prepared samples for
5 h. However, it was found that the transmittance of bleached samples after an external potential voltage of +1.0 V was applied for 5 h was almost
the same as they were before an external potential voltage of +1.0 V was applied. Transmittance spectra of WOs films were shown in Figure 5. The
samples were measured in a self-made cuvette filled with 0.5 M H;SO4. As shown in Figure 5A, at a wavelength of 2 = 550 nm, the transmittance
value (T) of the 36 nm sample was about 66% at the colored state and 82% at the bleached state. This resulted in a transmittance modulation (AT)
of about 16% at 550 nm (ATs50 nm)-

The transmittance spectra of the colored and bleached samples with thicknesses of 72, 108, and 180 nm were shown in Figures 5B, 5C, and 5D,
respectively. T of the samples in the bleached state and colored state at a wavelength of 2 = 550 nm were obtained and given in Table 1. ATss0m
of the samples with thickness of 36, 72, 108, and 180 nm were 16%, 41%, 66%, and 21%, respectively. From these results, it can be seen that the
as-prepared WOj; film with thickness of 108 nm had the largest AT of about 66% at 550 nm.

The largest T of bleached samples was obtained from WO3 film with thickness of 108 nm. It is shown that the WO; coating thickness increase
did not always make T decrease with the increasing of nanofilm thickness from 36 nm to 180 nm. Ts5g,m Of bleached films decreased with nanofilm
thickness of 108 nm (highest transmittance), 72 nm, 36 nm and 180 nm (lowest transmittance).

To further prove results above, transmittance of bleached samples (as prepared WOj5 films without further treatment) were measured in air. The
transmittance curves of the bleached samples were shown in figure 6.
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FIGURE 5 Transmittance spectra of WO3 thin-film samples with various film thicknesses: (A) 36 nm, (B} 72 nm, (C) 108 nm, and (D) 180 nmin

the bleached state (1) and colored state (I1). Inset shows the corresponding photos of as-prepared WO4 films at bleached (up) and colored (down)
state (measured in 0.5 M H,50,)

Figure 6 depicts the transmittance spectra of bleached WO films in the wavelength ranging from 280 to 3300 nm, which were measured in
a standard optical glass cuvette with no liquid filled. It was shown that the transmittance order was different at different range of wavelength.
Transmittance of bleached films decreased by the increase of thickness in the wavelength ranging from 935 to 3300 nm. However, in the wavelength
ranging from 390 to 495 nm, the film with thickness of 72 nm had the highest transmittance among all the films utilized in this work. At wavelength
ranging from 495 to 740 nm, the film with thickness of 108 nm had the highest transmittance compared to the other films. From Figure 6, the order
of transmittance values of various bleached films at wavelength of 550 nm was 108-nm film (highest transmittance), 72-nm film, 36-nm film, and

180-nm film (lowest transmittance). These results were in agreement with results showed in Table 1.

4 | CONCLUSIONS

In this work, WOj; thin films with various thicknesses of approximately 36, 72, 108, and 180 nm were prepared. Morphologies and microstructures
of as-prepared WQj; thin films were characterized using XRD, SEM, and FTIR. In addition, UV-Vis-NIR spectroscopy was utilized for transmittance
investigations of WO3 films. The bleached WOj; films showed color as light gray, light blue, lemon green, and brown, whereas the colored films

129
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FIGURE 6 Transmittance spectra of WOj3 thin film with various film thicknesses: (A) 36 nm, (B) 72 nm, (C) 108 nm, and (D) 180 nm at the
bleached state (measured in air)

showed color as blue with different transmittance levels. WO; films with various thicknesses lead to various transmittance values at the colored and
bleached state. Among WO; film samples with thickness of 36, 72, 108, and 180 nm, the largest transmittance modulation A Tssg 4y Was obtained
from sample with thickness of 108 nm, which was approximately 66% when measured in 0.5 M H,SO,. It showed that the value of transmittance of
colored samples decreased with increasing of their thickness, whereas the transmittance of bleached samples was not affected by their thicknesses.
This work will benefit electrochromic smart window development.
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Abstract

Electrochromic materials (ECM) and windows (ECW) are able to regulate the solar radiation throughput
by application of an external electrical voltage. Hence, as smart window applications, the ECWs may
decrease heating, cooling and electricity loads in buildings by admitting the optimum level of solar
energy and daylight into the buildings at any given time, e.g. cold winter climate versus warm summer
climate demands. In order to achieve as dynamic and flexible solar radiation control as possible, the
ECWSs may be characterized by solar radiation glazing factors, i.e. ultraviclet solar transmittance (Tw),
visible solar transmittance (T.;), solar transmittance (Tsy), solar material protection factor (SMPF), solar
skin protection factor (SSPF), external visible solar reflectance (Ruisext), internal visible solar reflectance
(Ruisrt), solar reflectance (Rs,), solar absorbance (As.), emissivity (g), solar factor (SF) and colour
rendering factor (CRF). Comparison of these important solar quantities for various ECM and ECW
combinations and configurations enables one to select the most appropriate ones for specific smart
window and building applications.

Keywords: Electrochromic, Smart, Material, Window, Solar radiation, Solar factor, Solar heat gain
coefficient.

Introduction

The application of electrochromic materials (ECM) in electrochromic windows (ECW) aims at controlling
the solar radiation throughput at the earth’s surface, which is roughly located between 300 nm and
3000 nm. Such windows are often denoted smart windows. The ECW solar control is achieved by
application of an external voltage. The visible (VIS) light lies between 380 and 780 nm. Ultraviolet (UV)
and near infrared (NIR) radiation are located below and above the VIS region, respectively. Above
3000 nm, and not part of the direct solar radiation, lies the thermal radiation called infrared (IR)
radiation, which all materials radiate above 0K, peaking around 10000 nm (10 um) at room
temperature. However, the ECWs are not aimed at controlling the IR radiation. Normally, as low as
possible heat loss through windows is desired, i.e. low U-value, which is accomplished by the
application of various static low emissivity coatings on the window glass panes. Miscellaneocus ECMs
and ECWs and their various properties are investigated in the literature [1-10]. Some commercial ECVWs
are also already on the market [8,9]. ECMs and ECWs may also be used together with other materials
and technologies, e.g. self-cleaning glazing materials and building integrated photovoltaics (BIPV) like
solar cell glazing [11-13]. In general, it is of major importance to investigate the durability of building
materials and components, also newly developed ones like e.g. ECMs and ECWSs, which may be
performed by carrying out accelerated climate ageing in the laboratory [16]. Thus, conducting a
robustness assessment of these materials and components may also be found to be beneficial [17]
Hence, a durability and robustness evaluation of the new ECMs and ECWSs should be carried out. This
work presents two ECWs and their readily characterization by solar radiation glazing factors, i.e.
ultraviolet solar transmittance (T,,), visible solar transmittance (T.s), solar transmittance (T.y), solar
material protection factor (SMPF), solar skin protection factor (SSPF), external visible solar reflectance
(Ruisext), internal visible solar reflectance (Rysi), solar reflectance (Rs,), solar absorbance (As,),
emissivity (g), solar factor (SF) and colour rendering factor (CRF). The solar factor (SF), which is the
total solar energy transmittance, is also often dencted as the solar heat gain coefficient (SHGC) and the
g-value. Further details about the solar radiation glazing factors are given in the literature [10,18,19].

Experimental

For various experimental details concerning the synthesis and manufacturing of the ECMs and ECWs,
and their electrochemical and spectroscopical characterization, it is referred to the studies by Jelle [10],
Jelle and Hagen [20-22] and Jelle et al. [23]. In short, the ECMs polyaniline (PANI), prussian blue (PB)
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and tungsten oxide (WQO,) were deposited electrochemically onto transparent conducting glass plates
coated with indium-tin-oxide (ITO), i.e. indium oxide doped with tin (In,O5(8n)), whereas solid state
ECWs were then constructed by applying the solid state polymer electrolyte poly(2-acrylamido-2-methyl-
propane-sulphonic acid) (PAMPS) as an ionic conductor, see Fig.1 for a schematic drawing of the two
ECWVs presented here (denoted as ECW1 and ECW3).

Applied voltage

= e

Light

Indium-tin oxide In dium-tin oxide

Polyaniline

Tungsten oxide

Prussian blue

Figure 1. Schematic drawing of the ECW configuration used for ECW1 and ECW3 based on the ECMs polyaniline
(PANI), prussian blue (PB) and tungsten oxide (WO3).

Furthermore, for the spectroscopical measurements, a Cary 5 UV-VIS-NIR spectrophotometer, with an
absolute reflectance accesscry (Strong-type, VW principle), was used to measure the transmittance and
reflectance of the ECWs, whereas emissivity measurements were performed with a SOC-100 HDR
Hemispherical Directional Reflectometer from Surface Optics Corporation connected to a Thermo
Nicolet 8700 Fourier transform infrared (FTIR) Spectrometer.

Results and Discussion

Measured transmittance spectra for two different ECWs at various applied electrical potentials
(voltages) are given in Fig.2, with corresponding calculated solar radiation glazing factors and factor
modulations in Table 1 and Table 2, respectively.

As to show an example how to calculate the solar radiation glazing factors, the solar transmittance (T.q)
is given by the following expression [9]:

2500nm
ZT(A)S v

__ 2=300nm
Teal = 2500nm )

> 8;An
A=300nm

where 8, is the relative spectral distribution of solar radiation, T(A) is the spectral transmittance of the
glass, A is the wavelength, Al is the wavelength interval, and the S;Ax values at different wavelengths
are given as tabulated values [10,18]. The Ty, value will thus be a number between 0 and 1 (or 0 and
100 %), calculated in the main part of the solar spectrum, i.e. 300-2500 nm. A low number indicates a
low transmission of solar radiation, whereas a high number represents a high solar radiation
transmission. Note that the whole solar spectrum is not covered in the (standard) calculation of T, and
in future versions the wavelength range may favourably be extended to cover an even larger part of the
solar radiation, e.g. from 290 nm to 3000 nm. In similar ways the other solar radiation glazing factors
may be calculated, except the ¢, SF and CRF values which follow other calculation procedures [10,18].
The ECW modulation level given in Table 2 is calculated by subtracting the solar radiation glazing
factors for the same ECW at the high and low potentials given in Table 1, e.g. as for AT,

ATso = Tse{bleached) - T, (coloured) (%))

where the T, values in Table 1 are calculated from Eg.1 and likewise for the other solar radiation
glazing factors.

From Table 1 it is observed that various solar radiation glazing factors may obtain both high and low
values depending upon the applied electrical potential in the ECWs, e.g. changing the T.;; value from
0.78 to 0.17 for the ECW1 device and from 0.69 to 0.09 for the darker ECW3 device. It is also noted that
these ECWs contain solar radiation absorbing electrochromic materials, i.e. not reflecting materials, as
the changes with applied potential occur in the transmittance (e.g. Ts,) and absorbance (e.g. Aso)
values, and not in the reflectance (e.g. Rs,) values. As expected, the highest colouration level gives the
largest SMPF values, ie. the best protection of materials is achieved with the darkest ECW, e.g.
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compare a SMPF value of 0.71 for ECW1 and 0.83 for ECW3 in the coloured state, with 0.43 (ECW1)
and 0.59 (ECW3) in the transparent (bleached) state, respectively. The CRF values are very high, i.e. a
very good colour rendering, for both ECW configurations in the transparent (bleached) state, with CRF
values ranging from 0.96 to 0.99. However, in the coloured state, the CRF values are substantially
reduced for both ECWs. ECYW1 has CRF = 0.68 and ECWS3 has CRF = 0.99 in the coloured state.

1.0 1.0
0.9 £ [ECWi1] [Glass/ITOIPANIPBPAMP SO, ITO/Glass| |- 1800 mv] | 0.9 F-{ECWs] {Glass/IT OPANUPBIPAMPSAND; ITOIGIass] |- 1800 mv] |
[ omv 0 my
0.8 + 200 my[]| 0.8 + 500 mv| |
3 o7 ~—] + 500 my| ] S o7 ™ + 800 mv||
5 06 \ \\\ + 800my| | 5 06 AT +1200 mv| |
s | +1200 my s F—
T 05 ATAN +1400 m E 054 P .,M\
2 04 i 2 0.4 - /]
T o3 \ M1 T T g3 N
= 0'2 \ T~ e = 0'2 h N\
x % I A
0.1 | 0.1 NN i,
- . Y o
oo B A - ol 27|
200 600 1000 1400 1800 2200 2600 3000 3400 200 600 1000 1400 1800 2200 2600 3000 3400
Wavelength (nm) Wavelength (nm)

Figure 2. Transmittance versus wavelength in the whole solar spectrum measured for two different ECWs at various
applied potentials [10,21,23]. Highest colouration level is at +1400 mV.

Table 1. Calculated solar radiation glazing factors for two different ECWs at various colouration levels (with
transparent and dark coloured as the extremes), i.e. at various applied potentials (e.g. Eqg.1). Corresponding
transmittance spectra are given in Figure 2.

Glass Configuration Top | Ty | Tog | BMPE | 88PF | Bl | Biae | Bul | Al £ SF | CRF

ECW1 (-1800 mV) 023]1078]0.74] 0.43 093 | 0.09 [ 0.09 [0.08(0.18]0.836|0.79] 0.98

ECW1 (0 mV) 0.23|077]072| 0.43 0.93 0.09 | 0.09 |0.08[0.21]0.836|0.77 | 0.98

ECW1 (+200 mV) 0.24]1075]0.68| 0.44 0.93 0.09 | 0.09 |0.08 [0.24]0.836 | 0.74 [ 0.99

ECW1 (+500 mV) 0.25]1066]0.52| 0.48 0.93 0.09 | 0.09 |0.08 [0.40]0.836|0.62 [ 0.95

ECW1 (+1200 mV) 02410191019 | 0.68 093 | 0.09 [ 0.09 [0.08(0.73]0.836|0.38| 0.68

ECW1 (+1400 mV) 02310171017 ] 0.71 093 | 0.09 [ 0.09 [0.08[0.75]0.836 | 0.37 | 0.68

ECW3 (-1800 mV) 0.08]069]0.67]| 059 097 | 0.09 [ 0.09 [008[025[10836|0.74| 0.96

n
1
1
1
1
ECW1 (+800 mV) 11026047 ]0.36| 0.54 092 | 0.09 [ 0.09 [0.08[0.56|0.836|051 | 0.82
1
1
1
1

ECWS3 (+1400 mv) 0.12]10.09]0.08 | 0.83 0.97 | 0.09 [ 0.09 [0.08[0.84]0.836|0.30| 0.59

Table 2. Calculated solar radiation glazing factor modulations for two different ECWs. The modulation level is
calculated by subtracting the solar radiation glazing factors for the same ECWV at the high and low potentials given
inTable 1 (e.g. Eq.2).

Glass Configuration | n] ATw | ATyis | ATsoi | ASMPF | ASSPF | ARvisext | ARvisint | ARsol | AAsoi | £ | ASF | ACRF

ECW1 (-1800 mV)

0.00 |061]|057| -028 | ooo | 0oo | 000 |0.00|-057]-]|042] 030
ECWA (+1400 mv)

ECW3 (-1800 mV)

1]1-0.04] 0860 | 059 | -0.24 0.00 0.00 0.00 | 0.00 [-0.59|-]0.44] 037

ECWS3 (+1400 mv)

The ECW1 and ECW3 devices have rather large solar radiation modulation abilities, e.g. AT = 0.61
and ATg, =057 for ECW1, and ATy;=0.60 and AT., =059 for ECW3, where the transmittance
modulation is assumed to be due to absorbance regulation, i.e. AAg, = -0.57 for ECW1 and AA,, = -0.59
for ECW3. Note that reflectance values of the ECWs have not been measured, but as the (absorbing)
electrochromic coatings are located between two glass plates, the (low) reflectance values will be close
to the values for float glass, and these are hence employed in the current calculations. Although the
solar factor modulations are lower than their solar transmission counterparts for the ECWs, the solar
factor modulations are still quite high, i.e. ASF = 0.42 for ECW1 and ASF = 0.44 for ECW3. Thus, these
ECWSs are able to regulate large parts of the solar radiation, and their regulation may be readily
characterized by the solar radiation glazing factors. Applying the ECWs into two-layer and three-layer
window pane configurations reduces the total solar energy throughput medulation in the windows, which
may also be seen in the AT, and ASF values, as several layers of glass and coatings will increase the
total reflectance and absorbance (not depicted here, for examples it is referred to the work by Jelle
[10]), i.e. less solar radiation left for the ECWs to modulate (regulate). That is, the solar radiation
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modulation by an ECW will decrease with the number of glass panes and low emittance coatings added
to the total window configuration.

Conclusions

Electrochromic windows (ECW) may dynamically control daylight and solar energy in buildings. This
control may be readily characterized by solar radiation glazing factors, i.e. ultraviolet solar transmittance
(Tw), Visible solar transmittance (T.s), solar transmittance (T.,), solar material protection factor (SMPF),
solar skin protection factor (SSPF), external visible solar reflectance (Rysex), internal visible solar
reflectance (Rusim), solar reflectance (Rsq), solar absorbance (Asy), emissivity (g), solar factor (SF) and
colour rendering factor (CRF). Two ECWSs have been presented, demonstrating a large sclar radiation
modulation.

Acknowledgements
This work has been supported by the Research Council of Norway and several partners through "The
Research Cenire on Zero Emission Buildings™ (ZEB).

References

1. B.P. Jelle, G. Hagen and S. Ngdland, "Transmission spectra of an electrochromic window consisting of polyaniline,
prussian blue and tungsten oxide”, Electrochimica Acta, 38, 1497-1500, 1993.

2. B.P. Jelle, G. Hagen, S.M. Hesjevik and R. @degard, "Reduction factor for polyaniline films on ITO from cyclic
voltammetry and visible absorption spectra”, Efectrochirmica Acta, 38, 1643-1647, 1993,

3. C.G. Grangvist, "Handbook of inorganic electrochromic materials”, Elsevier, Amsterdam, 1995.

4. P.M.S. Monk, R.J. Mortimer and D.R. Rosseinsky, "Electrochromism: Fundamentals and applications”, VCH,
1895,

5. B.P. Jelle and G. Hagen, "Electrochemical multilayer deposition of polyaniline and prussian blue and their
application in solid state electrochromic windows”, Journal of Applied Electrochemistry, 28, 1061-1065, 1998.

6. B.P. Jelle and G. Hagen, "Correlation between light absorption and electric charge in solid state electrochromic
windows", Journal of Appiied Electrochemistry, 29, 1103-1110, 1999,

7. R.J. Mortimer, "Organic electrochromic materials”, Efecfrochimica Acta, 44, 2971-2981, 1999.

8. R. Baetens, B.P. Jelle and A. Gustavsen, "Properties, requirements and possibilities of smart windows for dynamic
daylight and solar energy control in buildings: A state-of-the-art review’, Sofar Energy Materials and Solar Cells,
94, 87-105, 2010.

9. B.P. Jelle, A. Hynd, A. Gustavsen, D. Arasteh, H. Goudey and R. Hart, "Fenestration of today and tomorrow: A
state-of-the-art review and future research opportunities”, Sofar Energy Materfals and Solar Celfis, 96, 1-28, 2012.

10.B.P. Jelle, "Solar radiation glazing factors for window panes, glass structures and electrochromic windows in
buildings - Measurement and calculation”, Sofar Energy Materials and Solar Cells, 116, 291-323, 2013.

11.8.K. Deb, 5.-H. Lee, C.E. Tracy, J.R. Pitts, B.A. Gregg and H.M. Branz, "Stand-alone photovoltaic-powered
electrochromic smart window”, Electrochimica Acta, 48, 2125-2130, 2001.

12. C.M. Lampert, "Large-area smart glass and integrated photovoltaics”, Sofar Energy Materfals and Sofar Cells,
78, 489-499, 2003.

13.B.P. Jelle, C. Breivik and H.D. Raekenes, "Building integrated photovoltaic products: A state-of-the-art review and
future research opportunities’, Solar Energy Mafterials and Solar Celfs, 100, 69-96, 2012.

14. K. Midtdal and B.P. Jelle, "Self-cleaning glazing products: A state-of-the-art review and future research
pathways”, Solar Energy Materials and Solar Celfs, 109, 126-141, 2013.

15.B.P. Jelle, "The challenge of removing snow downfall on photovoltaic solar cell roofs in order to maximize solar
energy efficiency - Research opportunities for the future”, Energy and Buildings, 87, 334-351, 2013.

16.B.P. Jelle, "Accelerated climate ageing of building materials, components and structures in the laboratory”,
Journal of Materials Science, 47, 6475-6496, 2012.

17.B.P. Jelle, E. Sveipe, E. Wegger, A. Gustavsen, S. Grynning, J.V. Thue, B. Time and KR. Lisg, "Robustness
classification of materials, assemblies and buildings”, Journal of Building Physics, 37, 213-245, 2014.

18.180 9050:2003(E), "Glass in building - Determination of light transmittance, solar direct transmittance, total solar
energy transmittance, ultraviolet transmittance and related glazing factors”, 2003.

19.B.P. Jelle, A. Gustavsen, T.-N. Nilsen and T. Jacobsen, "Solar material protection factor (SMPF) and solar skin
protection factor (SSPF) for window panes and other glass structures in buildings”, Sofar Energy Materials and
Solar Cells, 91, 342-354, 2007.

20.B.P. Jelle and G. Hagen, "Transmission spectra of an electrochromic window based on polyaniline, prussian blue
and tungsten oxide”, Journal of Electrochemical Socigty, 140, 3560-3564, 1993.

21.B.P. Jelle and G. Hagen, "Solar modulation in an electrochromic window using polyaniline, prussian blue and
tungsten oxide”, in Electrochromic Materials i, (PV 94-2), K. C. Ho and D. A. MacArthur (eds.), pp. 324-338,
Proceedings of the Symposium on Electrochromic Materials, The 184th Meeting of The Eilectrochemical
Socrety, New Orleans, Louisiana, U.S.A., 10-15 October, 1993, The Electrochemical Society, Pennington, NJ,
1994,

22.B.P. Jelle and G. Hagen, "Performance of an electrochromic window based on polyaniline, prussian blue and
tungsten oxide”, Solar Energy Materials and Solar Cells, 58, 277-286, 1999.

23.B.P. Jelle, G. Hagen and @. Birketveit, "Transmission properties for individual electrochromic layers in solid state
devices based on polyaniline, prussian blue and tungsten oxide”, Journal of Applied Electrochemistry, 28, 483-489,
1998.

Smart Materials and Surfaces for Energy and Environment Proceedings



110




111

Paper S

Measurements of Ionic Liquids Thermal Conductivity and Thermal
Diffusivity

Journal of Thermal Analysis and Calorimetry 2017, 128, 279-288.



112




J Therm Anal Calorim (2017) 128:275-288
DOI 10.1007/510973-016-5881-0

@ CrossMark

Measurements of ionic liquids thermal conductivity

and thermal diffusivity

Yansong Zhao'

: Yingpeng Zhen® - Bjgrn Petter Jelle>” - Tobias Bostrom®

Received: 28 January 2016/ Accepted: 1 October 2016/ Published online: 2 November 2016

© Akadémiai Kiado, Budapest, Hungary 2016

Abstract Thermal conductivity and thermal diffusivity of
ionic liquids (ILs) are investigated in this work. A hot disk
method for ILs thermal conductivity and thermal diffusivity
measurement is utilized. Firstly, the thermal conductivity of
water is measured to check the reliability of the hot disk
method. In addition, the thermal conductivity of pure ILs,
including BmimBF,;, BmimPFs, OmimCl, BmimFeCly, and
OmimFeCly, is measured. By comparison with thermal
conductivity values of water, BmimBEF,, and BmimPF, in
the literatures, itis found that the thermal conductivity values
of ILs using hot disk method have high reliability. Therefore,
the hot disk method is utilized for thermal conductivity
measurement of ILs in this work. The experimental results
also show that all the average thermal conductivity values of
the five pure ILs are no more than 0.1898 Wm ™' K™, which
is much lower than the average measured thermal conduc-
tivity of water, namely 0.6033 W m~' K~'. Effect of
nanoparticles (NPs) on thermal conductivity of ILs is also
investigated. It is shown that the thermal conductivity of
BmimBEF, does not change significantly in the presence of
Fe; 05 NPs. However, the thermal conductivity of BmimPFg
decreases somewhat in the presence of R711 NPs. In addi-
tion, the thermal diffusivity of pure ILs, including BmimBF,,
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BmimPFg, BmimFeCl;, OmimCl, and OmimFeCly, is mea-
sured. All the average thermal diffusivity values of the ILs of
BmimBEF,, BmimPFs, BmimPFeCl,, OmimCl, and
OmimFeCl, are no more than 0.1185 mm? s~'. The thermal
diffusivity of water is 0.143 mm?® s™! in the literature. It
illustrates that the ILs also have a better thermal property
than water for energy storage. IL.s may be utilized as novel
materials for energy storage. Effect of NPs on thermal dif-
fusivity of ILs is also investigated. The results are similar to
how NPs influence thermal conductivity of BmimBF, and
BmimPF. In the presence of Fe; O3 NPs, thermal diffusivity
of BmimBF, does not change significantly. However, in the
presence of R711 NPs, thermal diffusivity of BmimPFg
decreases somewhat.

Keywords Ionic liquid - Nanoparticle - Thermal
conductivity - Thermal diffusivity - Thermal property -
Hot disk

Introduction

Tonic liquids (ILs) are environmentally friendly materials.
115 have many excellent properties, which currently are hot
research topics. Due to the excellent properties, ILs have
been utilized as novel and promising materials in many
research fields. For example, ILs can be utilized in energy
conversion and energy storage, including solar cells [1-7],
batteries [8-16], and supercapacitors [17-28].

Thermal properties of ILs are important [29-31]. Ther-
mal conductivity is the ability of a material to conduct heat,
which is an important parameter for utilization of ILs
[32—34]. Thermal conductivity and thermal diffusivity are
crucial for application of ILs in real energy conversion and
energy storage processes. However, there is scant literature
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that can be found for thermal conductivity measurement of
ILs. Frez et al. [35] utilized the transient grating method for
the thermal conductivity measurement of 7 ILs. In the work
of Ge et al., the transient hot-wire method was utilized to
measure the thermal conductivity of 11 pure ILs [36].
Friba et al. [37] measured the thermal conductivity of ILs
using parallel plate method. The thermal conductivity data
of ILs are limited in the current literatures. Therefore, the
thermal conductivity of ILs is measured using a hot disk
method in this work. In addition, the effect of nanoparticles
(NPs) on the thermal conductivity of ILs is investigated.
Thermal diffusivity is the ability of a material to conduct
thermal energy relative to its ability to store thermal energy
[38]. The definition of thermal diffusivity « is as follows:

(1)

o= —

Pep
where , k, p, and ¢, are thermal diffusivity, thermal
conductivity, mass density, and specific heat capacity,
respectively. Thermal diffusivity is alse an important
parameter for utilization of ILs. However, the thermal
diffusivity measurement of ILs is extremely scant.
Frez et al. [35] are the only researchers who experimentally
measured the thermal diffusivity of pure ILs according to
our own knowledge. In the work of Frez et al. [35], tran-
sient grating technique was utilized for measurement of
pure ILs thermal diffusivity. We found the thermal diffu-
sivity data of ILs are rarely known in the current literatures.
Therefore, in this work the thermal diffusivity of ILs is
measured using hot disk method. In addition, the effect of
NPs on thermal diffusivity of ILs is investigated.

Theory

The theory of hot disk method is introduced in this part
based on the Introduction Manual of Hot Disk Thermal
Constants Analyser [39]. The hot disk is electrically heated

Scheme 1 Structure of
BmimBF, (a), BmimPFg (b),
OmimCl (¢}, BmimFeCl, (d}),
and OmimFeCly (e)
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for the thermal conductivity and thermal diffusivity mea-
surement. The resistance increase can be described as a
function of time as follows:

R(t) = Ro{1l + BIAT; + AT,(r)]} (2)

where R(f) is disk resistance at time ¢, Ry is disk resistance at
time ¢ = 0, fi is temperature coefficient of resistivity, AT} is
the constant temperature difference, and AT,(7) is time
dependent temperature increase [39]. The time dependent
temperature increase can be obtained by the theory as follows:

i 3)

T2l gk
where Py is the total power output of the sensor, a is the
overall radius of the disk, x is the testing thermal con-
ductivity of the sample, and D(7) is a dimensionless time
dependent function, [39] where 7 is given by the following:

=% @

where ¢ is the time measured from the start of the transient
recording, and & is the characteristic time which can be
defined as follows [39]:

AT, (%) D7)

8=
K

(5)
During the experiment process, the experimental curve
of temperature increase versus elapsed time can be
obtained. Subsequently, the curve of temperature increase
versus D(t) can be obtained by calculation. Then, the curve
of temperature increase versus D(t) can be fitted using a
linear line. The slope of the linear fitting line can be
obtained. As is shown in Eq. 3, the slope of the linear
fitting line is 153/}2,31%‘ As known, in the experiments of this
work, the total power Py is 0.02 W, and the overall radius
of the disk « is 3.189 mm. Therefore, the thermal con-
ductivity x can be calculated [39]. In addition, the value of
thermal diffusivity can be calculated based on Egs. 3-5.
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Experimental
Materials

I1Ls of 1-butyl-3-methylimidazolium tetrafluoroborate (CAS
R.N. 1745301-65-6, BmimBF4), 1-butyl-3-methylimida-
zolium hexafluorophosphate (CAS R.N. 174501-64-5,
BmimPFg), and 1-methyl-3-octylimidazolium chloride
(CAS R.N. 64697-40-1, OmimCl) are obtained from Sigma-
Aldrich. The mass fractions purity of the three ILs are
>97 %. Fe,0O3 nanoparticles (NPs) (Average size: <50 nm)
are also purchased from Sigma-Aldrich and utilized in this
work, R711 NPs are received from Evonik Industries AG,
Germany. ILs of BmimFeCl, and OmimFeCl, are synthe-
sized in our laboratory and utilized in this work. The syn-
thesis procedure of BmimFeCl, can be found from our
previous work [40]. The chemical structures of the ILs
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Fig. 1 Thermal conductivity and thermal diffusivity measurement of
BmimPFg. a Temperature increase versus time, b temperature
increase versus D(z) (the slopes of the fitting curves of experiments
1, 2, and 3 are 6.3337, 6.4415, and 6.2822, respectively. The R of 4l

utilized in this work are shown in Scheme 1. Samples of
BmimPFg + R711 NPs and BmimBF, + Fe;03 NPs are
also prepared in this work. The two samiples are treated using
ultrasound instrument at 30 °C for at least 30 min before the
measurement. The ultrasound can enhance the NPs dispersed
in the TLs. It is found the dispersed ability of R711 NPs in
BmimPFg is excellent. However, the dispersed ability of
Fe, 05 NPs is not as good as the former one. The Fe,O; NPs
can be precipitated from the bulk BmimBF, after a long time
quiescent process.

Thermal conductivity measurements

Thermal conductivity of ILs is measured using hot disk
method. The experimental procedure is given as follows.
The hot disk instrument should be tumed on at least 1 h
before the thermal conductivity measurement experiments
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the fitting curves of experiments 1, 2, and 3 are 1), ¢ difference
temperature versus square root of time, d temperature drift versus
time
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are performed. A sample is added into a beaker. Subse-
quently, the sensor is put into the sample. There should be
sample material at least 25 mm around the senor. The total
power and measurement time for the given experiments are
0.02 W and 5 s, respectively. The experimental data of the
temperature increase versus elapsed time are recorded
during the process. Finally, the thermal conductivity of the
samiple can be calculated based on Egs. 3-5.

Thermal diffusivity measurements

Thermal diffusivity of ILs is also measured using hot disk
method. The thermal diffusivity measurement procedure is
the same as the experimental procedure for thermal con-
ductivity measurement. The thermal diffusivity can be
calculated based on the experimental data and Egs. 3-5.

Hot disk method is a new method for ILs thermal diffu-
sivity measurement.

Results and discussions

Thermal conductivity and thermal diffusivity
measurements of ILs using hot disk method

The thermal conductivity and thermal diffusivity mea-
surement process using the hot disk method is shown as
follows. In order to demonstrate the procedure, the
method on determination of the thermal conductivity and
thermal diffusivity of BmimBFg is shown as an example.
The experiments for thermal conductivity and thermal
diffusivity measurement of BmimBFs are repeated for
three times. As shown in Fig. la, the experimental curve
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Fig. 2 Temperature increase versus time during the measurement process in BmimBF,4, OmimCl, BmimFeCly, and OmimFeCl,
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of temperature increase versus elapsed time can be
obtained directly during the process. Subsequently, the
curve of temperature increase versus D(r) can be calcu-
lated and obtained, which is shown in Fig. 1b. In addition,
the curve of temperature increase versus D{t) can be fitted
using a linear line. The linear line fitting results are also
shown in Fig. 1b. The slope of the linear fitting line can
be obtained. Based on Eqgs. 3-5, the thermal conductivity
and thermal diffusivity of BmimPFs can be calculated.
Moreover, the experimental data of difference tempera-
ture versus square root of time are obtained and shown in
Fig. lc. Furthermore, the experimental data of tempera-
ture drift versus time can be obtained during the process
and are shown for BmimPFs in Fig. 1d. This curve can be
utilized to check the temperature drift during the process,
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Fig. 3 Temperature increase versus D(t) curves and the linear fitting
lines of temperature increase versus D(z) in BmimBF, (a the slopes of
the fitting curves of experiments 1, 2, 3, and 4 are 5.8127, 5.8035,
58376, and 5.7915, respectively. The R® of all the fitting curves of
experiments 1, 2, 3, and 4 are 1). OmimCl (b the slopes of the fitting
curves of experiments 1, 2, 3, and 4 are 5.8625, 5.9399, 57662, and
6.0480, respectively. The R? of all the fitting curves of experiments 1,

which is important as to whether the experimental data are
reliable or not.

Thermal conductivity measurements
Reliability of hot disk method

The thermal conductivity of water is measured using the hot
disk method at 21 °C. The experimental results are shown in
Table 1. The average measured thermal conductivity value
of water is 0.6033 W m™" K™! at 21 °C in this work. The
reference thermal conductivity value of water at 20 °C is
0.6 W m ! K™ [34]. In addition, the measured thermal
conductivity values of pure ILs BmimBF, and BmimPFg are
0.1898 and 0.1733 Wm™ ' K™'at21 °C, respectively. The
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2, 3, and 4 are 1), BmimFeCl, (¢ the slopes of the fitting curves of
experiments 1, 2, 3, and 4 are 6.5846, 6.5063, 6.4654, and 6.6489,
respectively. The R? of all the fitting curves of experiments 1, 2, 3,
and 4 are 1) and OmimFeCly (d the slopes of the fifting curves of
experiments 1, 2, 3, and 4 are 64980, 6.4942, 6.6007, and 6.8853,
respectively. The R? of all the fitting curves of experiments 1, 2, 3,
and 4 are 1)
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reference values of thermal conductivity of BmimBF, and
BmimPF, are 0.186 and 0.145 W m' K™ at 25 °C,
respectively [41]. The measurement results are in good
agreements with the reference values. Therefore, the hot disk
method is utilized to measure the thermal conductivity of TLs
based materials in this work.

Pure ILs thermal conductivity measurements

Thermal conductivity of pure ILs, including BmimBF,,
BmimPF,, OmimCl, BmimFeCl;, and OmimFeCl,, is

Table 1 Thermal conductivity of water at 21 °C

Water Experiment Test value/ Average value/
number Wm 'K ! Wm 'K!
1 0.6080
2 0.6022
3 06147
4 0.6010
& 0.5906
0.6033

Table 2 Thermal conductivity of BmimBF,, BmimPF;, OmimCl,
BmimFeCl,, and OmimFeCl, at 21 °C

Sample Test value/

WmlK!

Experiment
number

Average value/
WmK!

BmimBF, 0.1500
0.1891
0.1890

0.1509

Bowo e

01898
BmimPFg 0.1738
0.1709
3 0.1753
0.1733
OmimCl 0.1881
0.1862
0.1918

0.1829

AW =

0.1873
BmimFeCly 0.1671
0.1692
0.1703

0.1655

BowoR =

0.1680
OmimFeCl, 0.1692
0.1692
0.1642

0.1596

E P

0.1656

@ Springer

measured at 21 °C. The curve of temperature increase
versus elapsed time of BmimPF; is shown in Fig. la. The
curves of temperature increase versus time of the other 4
ILs are shown in Fig. 2. Based on the temperature increase
versus time curves, the temperature increase versus D(7)
curves of the ILs can be obtained, which are shown in
Figs. 1b and 3. Subsequently, based on Egs. 3-5, the
thermal conductivity of ILs can be calculated. The results
are shown in Table 2. It is found that the measurement
thermal conductivity values of the five pure ILs are no
more than 0.1898 W m~! K. However, the measurement
thermal conductivity value of water is 0.6033 W m 'K
The thermal conductivity of the five pure ILs is thus much
lower than that of water.

Effect of NPs on thermal conductivity of ILs

The effect of NPs on thermal conductivity of ILs is
investigated. The two samples of BmimBF, + Fe,05 NPs
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Fig. 4 Temperature increase versus time during the measurement
process in BmimBF,; + Fe,03 NPs and BmimPFg + R711 NPs
samples
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and BmimPFg + R711 NPs are utilized. The curves of
temperature increase versus elapsed time are obtained and
shown in Fig. 4. The curves of temperature increase versus
D(7) are obtained and shown in Fig. 5. Subsequently, the
thermal conductivity values of the samples can be calcu-
lated. The results are shown in Table 3. As shown in
Table 2, the thermal conductivity of BmimBF, is
0.1898 W m~ ! K™! at 21 °C. As shown in Table 3, the
thermal conductivity of the BmimBF, + Fe;O3 NPs sam-
ple becomes 0.1895 W m~! K™! at 21 °C. Hence, it is
shown that the thermal conductivity of BmimBE, does not
change significantly in the presence of Fe,O3 NPs.
However, as shown in Table 2, the thermal conductivity
of BmimPFy is 0.1733 W m™" K~ at 21 °C. As shown in
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Fig. 5 Temperature increase versus D(t) curves and the linear fitting
lines of temperature increase versus D(z) in the sample of
BmimBF, + Fe,03 NPs (a the slopes of the fitting curves of
experiments 1, 2, 3, and 4 are 5.8176, 5.8230, 5.9036, and 5.6990,
respectively. The R? of all the fitting curves of experiments 1, 2, 3,
and 4 are 1) and BmimPF; + R711 NPs (b the slopes of the fitting
curves of experiments 1, 2, 3, and 4 are 6.5338, 6.5939, 6.6943, and
6.5609, respectively. The R? of all the fitting curves of experiments 1,
2,3, and 4 are 1)

Table 3, the thermal conductivity of the BmimPF, + R711
NPs sample becomes 0.1670 W m ' K™ at 21 °C. Hence,
it illustrates that the thermal conductivity of BmimPFg
decreases about 3.6 % in the presence of R711 NPs.

Thermal diffusivity measurements
Pure ILs thermal diffusivity measurements

Thermal diffusivity of pure ILs, including BmimBF,,
BmimPFg, BmimFeCl,, OmimCl, and OmimFeCl,, is
measured. The results are shown in Table 4. The thermal
diffusivity values of the ILs are no more than
0.1185 mm® ™. This value is less than the thermal dif-
fusivity of water 0.143 mm? s~! [42]. It illustrates that the
s also have a better property than water for energy
storage. Therefore, ILs may be comnsidered as a type of
novel materials for energy storage.

Effect of NPs on thermal diffusivity of ILs

The effect of NPs on thermal diffusivity of ILs is investi-
gated. The results are shown in Table 5. Similar to the
effect of NPs on thermal conductivity, the samples of
BmimBF,; + Fe,03 NPs and BmimPFg + R711 NPs are
utilized. As shown in Table 4, the thermal diffusivity of
BmimBF, is 0.1140 mm®s™" at 21 °C. As shown in
Table 5, the thermal diffusivity of the BmimBF, + Fe,04
NPs sample becomes 0.1116 mm? s™ at 21 °C. Hence, it
is shown that the thermal diffusivity of BmimBF, does not
change significantly in the presence of Fe,O5 NPs.

For BmimPF, as shown in Table 4, the thermal diffu-
sivity is 0.1082 mm” s~ at 21 °C. As shown in Table 5,

Table 3 Thermal conductivity of samples of BmimBF4 + Fe 04
NPs and BmimPFg + R711 NPs at 21 °C

Sample Experiment Test value/ Average value/
number Wm 'K ! WmiK!
BmimBF, + 1 0.1892
Fe,0; NPs
2 0.1890
0.1364
0.1934
0.1895
BmimPF; + 1 0.1685
R711 NPs
2 0.1670
0.1645
4 0.1678
0.1670
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the thermal conductivity of the BmimPFg + R711 NPs
sample becomes 0.09673 mm” s™' at 21 °C. Hence, the

Table 4 Thermal diffusivity of BmimBF;, BmimPFs, OmimCl,
BmimFeCl,, and OmimFeCl, at 21 °C

Sample Experiment Test value/ Average value/
number mm?s ! mm? s
BmimBF, 1 0.1142
2 0.1141
3 0.1126
4 0.1151
0.1140
BmimPF 1 0.1096
2 0.1041
0.1109
0.1082
OmimCl 1 0.1105
2 0.1055
3 0.1149
4 0.1000
0.1077
BmimFeCl, 1 0.1174
2 0.1208
3 01229
4 0.1129
0.1185
OmimFeCl, 1 0.1140
2 0.1177
3 0.1085
4 0.1017
0.1105

Table 5 Thermal diffusivity of samples of BmimBF,; + Fe;,O5 NPs
and BmimPFg + R711 NPs at 21 °C

Sample Experiment  Test value/ Average
number mm?s value/
mm® s
BmimBF, 4 Fe,05 1 0.1111
NPs
2 0.1106
3 0.1062
4 0.1183
0.1116
BmimPFy + R711 1 0.09929
NPs
2 0.09635
3 0.05258
4 0.09829
0.09673

@ Springer

thermal diffusivity of BmimPFy decreases about 10.6 % in
the presence of R711 NPs.

Conclusions

ILs represent a hot research topic and have thus been uti-
lized in many scientific research fields. For example, ILs
may be utilized in energy devices, including solar cells,
batteries, and supercapacitors. Thermal conductivity and
thermal diffusivity of ILs are crucial for real energy con-
version and energy storage processes. However, the ther-
mal conductivity and thermal diffusivity of ILs are often
unknown. Therefore, in this work, the thermal conductivity
and thermal diffusivity of ILs are investigated. A thermal
conductivity and thermal diffusivity measurement method
for ILs are developed.

Thermal conductivity of pure ILs BmimBEF,, BmimPF,,
OmimCl, BmimFeCl, and OmimFeCl, is measured. It is
found that the thermal conductivity of the five pure ILs is
much lower than the thermal conductivity of water. The
effect of NPs on thermal conductivity of ILs is also
mvestigated. It is shown that the thermal conductivity of
BmimBF, does not change significantly in the presence of
Fe,0O; NPs. However, the thermal conductivity of
BmimPF; decreases somewhat in the presence of R711
NPs.

Furthermore, thermal diffusivity of ILs is measured in
this work. Thermal diffusivity of five pure ILs, including
BmimBF,, BmimPF;, BmimFeCl;, OmimCl, and
OmimFeCl,, is measured. The thermal diffusivity of the
ILs is no more than 0.1185 mm? s~* at 21 °C. The thermal
diffusivity of water is 0.143 mm” s™' at 25 °C, which
means [Ls have a better property than water for energy
storage. Therefore, ILs may be considered as a type of
novel materials for energy storage. The effect of NPs on
the thermal diffusivity of ILs is also investigated. It is
shown that the thermal diffusivity of BmimBE, does not
change significantly in the presence of Fe,O5 NPs. How-
ever, the thermal diffusivity of BmimPF, decreases about
10.6 % in the presence of R711 NPs.
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Abstract

A rechargeable iron-ion battery (Fe-ion battery) has been produced in our laboratory using pure
ionic liquid electrolyte. Magnetic ionic liquids of 1-butyl-3-methylimidazolium tetrachloroferrate
(BmimFeCly) and 1-methyl-3-octylimidazolium tetrachloroferrate (OmimFeCls) are synthesized and
utilized as electrolytes in this work. Chemical structure of the two ionic liquids (ILs) is investigated
using Raman analysis. In addition, physical and thermal stability properties of ionic liquid (IL)
BmimFeCls, including density, viscosity, melting point and decomposition temperature, are
investigated using density meter, viscosity meter, differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). Moreover, electrochemical properties, including electrochemical
window, and ionic conductivity of IL BmimFeCly are investigated using electrochemical instrument
and conductivity meter. It is found that magnetic IL BmimFeCls has good physical and
electrochemical properties to be utilized as electrolyte for iron-ion battery fabrication. Cathode of Fe-
ion battery is iron containing materials, including pure iron foil, carbon coated iron nanoparticles, and
iron powder. Anode of Fe-ion battery is graphite. Electrochemical properties of full cells are
investigated, including cyclic voltammetry curves, and specific charge-discharge capacity. Fe-ion
battery is a unique rechargeable ion battery with magnetic ions. In addition, pure IL BmimFeCly is

utilized as electrolyte in this Fe-ion battery. IL BmimFeCls is stable and almost non-volatile.
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Therefore, Fe-ion battery with pure IL electrolyte is safer than organic electrolyte. Fe-ion battery

using pure IL electrolyte is a promising battery with many potential applications.
Keywords: Ionic liquid, iron-ion battery, magnetic battery, rechargeable battery.
Introduction

Lithium (Li) based batteries are becoming more and more important as energy storage devices in
many applications. However, Li based batteries have some disadvantages, for example, high cost,
safety issues, and low abundance in the earth . Therefore, many researchers try to develop new
types of batteries to solve the problems of Li based batteries, including sodium battery 3, and
magnesium battery 4. However, cost of sodium (Na) battery and magnesium (Mg) battery is still high.
Actually, Fe is the cheapest metal among all the metallic materials. In addition, there are plenty of
mineable Fe on the earth, ca. 230 billion tons, which is about 15 000 times as high as the amount of
mineable Li in the earth. The element abundance of Fe rank No.1 in the universe and No.2 on earth
among the metallic elements.>® It means that there are plenty of Fe in the nature for the iron-ion (Fe-
ion) battery fabrication. Therefore, Fe is a cheapest metal for new generation battery fabrication. The
cost of the Fe-ion battery is potentially much lower than the other batteries mentioned above. In
addition, Fe-ion battery is an extremely safe battery. The electrodes inside of Fe-ion battery are not
oxygen or water sensitive. Fe-ion battery is highly stable and there is no explosion risk in Fe-ion
battery. In this work, we have developed a rechargeable Fe-ion battery. Moreover, for Fe-ion battery
obtained in our laboratory, a pure ionic liquid (IL) is utilized as the electrolyte to replace the organic

solvent electrolyte in the traditional batteries.
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Figure 1. Abundance of iron in the earth (a) and the universe (b). 56

Reprinted (Adapted or Reprinted in part) with permission from www.wikipedia.org. Copyright 2022,
Wikipedia.

ILs are types of salts. Presently, ILs are a hot research topic. Plenty of ILs are liquid at room
temperature. Many ILs are liquid at temperatures as low as -60 °C and can be utilized in cold climate
areas. ILs are regarded as environmentally friendly materials 7-%. ILs have been utilized as novel and

promising materials in many research fields °!!

, including material science, separation science,
catalysis science, medicine science, as well as energy and climate technology. Utilization of ILs in
energy conversion and energy storage, including solar cells '2, batteries '°, and supercapacitors ', is
a crucial topic. ILs are utilized as electrolytes in batteries by many researchers to improve the

performance of current battery.

In this work, electrolyte and electrode materials are selected for new generation battery fabrication.
Pure IL BmimFeCls is utilized as electrolyte in rechargeable Fe-ion battery to replace traditional
organic solvents. IL BmimFeCls can be easily obtained using one step synthesis method '> '°. In
addition, IL BmimFeCly is very stable and is not water or oxygen sensitive. Moreover, IL BmimFeCly
electrolyte is not flammable, which can increase the safety property of battery significantly. Chemical
structure, physical and thermal properties of IL BmimFeCly are investigated using Raman analysis,
density meter, viscosity meter, differential scanning calorimetry (DSC), and thermogravimetric
analysis (TGA). Electrochemical properties are important to utilize ILs as electrolyte. Therefore, in
this work, ionic conductivity of BmimFeCly is investigated using conductivity meter. Electrochemical

window of BmimFeCly is investigated using electrochemical instrument.

Fe-ion battery has a lot of potential applications, including in stationary energy storage device, in
buildings, railways, wireless charging smart road, electrical cars, electric ships, mobile devices, space

technology, as well as large scale renewable energy storage systems.
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Experimental Section

Materials. ILs of 1-Butyl-3-methylimidazolium chloride (CAS R.N. 79917-90-1, BmimCl), and 1-
methyl-3-octylimidazolium chloride (CAS R.N. 64697-40-1, OmimCl) are obtained from Sigma-
Aldrich. Mass fraction purities of the 2 ILs are = 97 %, 97 %, respectively. FeCls;*6H20 and Fe>Os3
nanoparticles (Average size: < 50 nm) are also purchased from Sigma-Aldrich. In addition, carbon
coated iron (C-Fe) nanoparticles (NPs) are purchased from Sigma-Aldrich and utilized for cathode

preparation.

Sodium carboxymethyl cellulose (CMC, Dow Wolff Cellulosics), the conductive carbon black
(Super C45, Super C60, IMER Graphite & Carbon), and graphite are also utilized for electrode

preparation. Glass fiber is utilized as a separator in cells.

IL electrolyte preparation and treatment. ILs of BmimFeCls and OmimFeCly are synthesized in
the laboratory according to our previous work '®. Subsequently, the obtained ILs are dried in the dry
room using the method shown as follows. All the ILs are dried using the vacuum pump in a dry room.
Water content in the dry room is <25 ppm. The ILs drying procedure is shown as follows. Firstly, an
IL is dried in the dry room using the membrane pump for at least 2 days. The vacuum pressure of the
final dried ILs pressure is ca. 10 > mbar. Subsequently, the pre-dried IL is dried further using
extremely high vacuum (10 7~10 “® mbar) pressure pump to dry for at least 3 days at a certain
temperature to remove the water and solvent in the IL. Water content of final obtained BmimFeCls

and OmimFeCly is less than 25 ppm.

Density measurement. Densities of BmimFeCls are measured using a density meter (Anton Paar
DMA 4100, Anton Paar Co., Austria). The temperature of this study was between (293.15 and 358.15)
K, at 5 K intervals. The temperature error is = 0.01 °C. The measurement is performed in the dry
room (water content of the dry room is < 25 ppm). The absolute room pressure was approximately

101 kPa during the measurement.

Viscosity measurement. Viscosity of BmimFeCly is measured using a rheometer (MCR 102, Anton
Paar Modular Compact Rheometer). Viscosity of BmimFeCly is measured at shear rates ranging from

1 s to 100 s! at various temperatures ranging from 10 °C to 50 °C.

DSC (differential scanning calorimetry) curve measurement. Melting point of BmimFeCls is
measured using DSC (Netzsch, Germany). Measurement procedure is as follow. A sample is loaded
in the pan. The sample is cooled to -150 °C. Subsequently, the sample is kept at -150 °C for 5 minutes.

Afterwards, the sample is heated to -120 °C at a cooling rate of 5 °C/min and maintained at -120 °C
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for 5 min. Subsequently, the sample is heated to 20 °C at 1 °C/min and heat flow is measured during

the process.

TGA (Thermogravimetric analysis) curve measurement. Thermal stability of ILs based
electrolytes is measured using TGA (TA instruments, USA). A sample is loaded in the pan.
Subsequently, the sample is maintained at 35 °C for 10 min. The sample is heated to 600 °C at a
heating rate of 5 °C/min from 35 °C. Heat flow is measured during the heating process. The weight

of pan and sample are needed for the experiments.

Raman analysis. The chemical structure of magnetic ILs of BmimFeCls and OmimFeCls is
characterized using Raman spectroscopy (Vertex 70V, Bruker, Germany). A capillary is utilized for
the measurement. One side of the capillary is closed, and the other side of the capillary is open. Firstly,
the capillary is kept in an oven at 120 °C in the dry room for at least 24 hours to remove the possible
water inside of the capillary. Subsequently, IL sample is filled into the capillary in the argon-filled
glovebox. The water content and oxygen content in the glovebox is below 0.1 ppm. After IL sample
is filled into the capillary, the open side of the capillary is closed to form an isolated system. In the
end, the capillary with IL sample is moved into Raman spectroscopy from glovebox. By this way, the
IL sample filled into the capillary cannot influence by the atmosphere, such as water, O, and COx.
The measurement is performed at room temperature. The sample is filled into a capillary for the

measurement.

Ionic conductivity measurement. Ionic conductivity of BmimFeCly electrolyte is measured using
conductivity meter at temperatures ranging from -30 °C to 100 °C. The temperature profile at ionic
conductivity measurement is as follows. The temperature is increasing from -30 °C to 100 °C.

Subsequently, the temperature is decreasing from 100 °C to 20 °C.

Electrochemical window measurement. Electrochemical window of magnetic IL BmimFeCly is
measured using a multichannel potentiostat (Bio-Logic Science Instruments SAS, France).
Experiments are performed at potential vs Ag/Ag" ranging from -5.0 V to 5.0 V with scanning rate
of 0.5 mV/s. The working electrode is Pt wire with cross sectional area of 0.0078 cm?. Counter

electrode is Ni (cross sectional area: 1.13 cm?). Reference electrode is silver wire.

Cathode materials preparations. 3 various cathodes, including Pure Fe cathode, carbon coated iron
nanoparticles cathode (C-Fe cathode), and carbon reduced Fe>Os cathode (Fe powder cathode), are

utilized for Fe-ion battery fabrication. The 3 cathode preparation methods are shown as follows.
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(a) Pure Fe cathode. Pure Fe (Purity is =99.99% trace metals basis) is purchased from Sigma Aldrich.

Pure Fe is utilized as cathode for Fe-ion battery directly.

(b) C-Fe cathode. The C-Fe cathode is prepared as follows. Step 1: CMC is dissolved in H>O to form
a gel-like sample by stirring for at least 2 hours. Step 2: the carbon coated Fe NPs and carbon 45 is
added into the gel-like sample. Afterwards, the sample is stirred for at least 12 hours to obtain a slurry.
Step 3: The slurry is coated on the surface of Ni foil using a doctor blade to form a 200 um thin film.
Step 4: The Ni foil with thin film is heated at 80 °C for at least 12 hours to remove the water. Step 5:
The Ni foil with thin film is cut to obtain C-Fe electrodes. Afterwards, the C-Fe electrodes are further

dried using high vacuum pump. Finally, the C-Fe electrodes are obtained for battery preparation.

(c) Fe powder cathode. The Fe powder cathode is prepared method is similar to the method for C-Fe
cathode preparation. However, in Step 2, the Fe powder reduced from Fe>Os3 by carbon 45 is added
into the gel-like sample. The reduced Fe powder is prepared as follow. The mixture of Fe2O3, sucrose,
and super C65 is burnt at 1000 °C for 1 hour to get a powder. The powder is utilized for the cathode
preparation. The rest steps of Fe powder cathode preparation are similar to that of C-Fe cathode

preparation.

Anode materials preparation. Graphite is utilized as anode in Fe-ion battery. The graphite electrode
preparation process is as follows. Step 1: CMC is dissolved in H20O to form a gel-like sample by
stirring for at least 2 hours. Step 2: graphite and carbon 45 is added into the gel-like sample.
Afterwards, the sample is stirred for at least 12 hours to obtain a slurry. Step 3: The slurry is coated
as a 150um thin film on the surface of Ni foil using a doctor blade. Step 4: The Ni foil with thin
graphite film is heated at 80 °C for at least 12 hours to remove the water. Step 5: The Ni foil with the
thin graphite film is cut into graphite electrodes. Afterwards, the graphite electrode is further dried

using high vacuum pump. Finally, the graphite electrodes are obtained for battery preparation.

Electrolyte preparation. Magnetic ILs of 1-butyl-3-methylimidazolium tetrachloroferrate
(BmimFeCly) and 1-methyl-3-octylimidazolium tetrachloroferrate (OmimFeCls) are synthesized in
the laboratory according to our previous work '°. Subsequently, the water content of the ILs is

removed in the dry room of our laboratory using high vacuum pump.

Current collector selection. The current collectors for the electrode preparation are chosen between
Cu, Ni, and Al foils. A Ni-Ni symmetric cell, Cu-Cu symmetric cell, and Al-Al symmetric cell are
prepared. The electrolyte utilized in the cells is BmimFeCla. All the symmetric cells are fabricated in
an argon-filled glovebox (MBraun UNIlab; H>O content < 0.1 ppm, Oz content < 0.1 ppm) filled with

ultrapure Argon. The cyclic voltammetry (CV) test of the three symmetric cells is performed using
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galvanostat/potentiostat VMP (Bio-Logic, France). In addition, graphite-graphite symmetric cell is
prepared. The electrolyte in the cell is pure BmimFeCls. Subsequently, the CV test of the graphite-

graphite cell is performed.

Corrosion test. The corrosion effect of BmimFeCls on Cu, Al, and Ni foils is investigated in the dry
room (water content < 25 ppm) at our laboratory. In this test, firstly, Cu, Al, and Ni foils are put into
3 experimental vials, respectively. Subsequently, 2 drops of BmimFeCly are placed on the surface of
Cu, Al and Ni foils. In addition, there are reference Cu, Al and Ni foils without BmimFeCl4 on the
surface. The foils with and without BmimFeCls are kept quiescently on laboratory bench for 40 days

at room temperature. In the end, the foil surface photos are taken during the corrosion test.

CV test of Fe-Graphite full cell. The Fe-Fe symmetric cell, C-Fe-C-Fe symmetric cell, and Fe
powder-Fe powder symmetric cells are prepared for CV tests. The electrolyte in the symmetric cells

is BmimFeCls. The test is performed using VMP.

Charge and discharge of full cell. All the galvanostatic charge discharge experiments are performed
using a Maccor Battery Tester 4300. Three full cells of Fe graphite cell, C-Fe graphite cell, and Fe
powder graphite are prepared for charge and discharge test. The electrolyte in the symmetric cells is

BmimFeCls. The reference electrode is Ag.

SEM. The morphology of the electrode materials utilized this work is characterized using SEM
(SEM, ZEISS 1550VP Field Emission Scanning Electron Microscope operated at 5 kV). The

experiments are performed at room temperature.
Results and Discussion

Density measurement. Density of BmimFeCls is measured using a density meter in this work.
Density data of the IL are shown in Figure 2 (a). It illustrates that density of the IL decreases with an
increase in temperature between 20 °C to 80 °C. In addition, it is shown that BmimFeCls has a high
density. This property is good when ILs is utilized as an electrolyte in a battery. It means that for the

same mass, BmimFeCls will take up less volume.

Viscosity and rheological property measurement. Viscosity and rheological property of
BmimFeCls, are measured at temperature of 20 °C. The results are shown in Figure 2 (b). BmimFeCly4
has the lower viscosity values compared with conventional ILs. A low viscosity is advantageous since
the ions easier can drift between the electrodes. In addition, as shown in Figure 2(b), the viscosity of
IL BmimFeCls decreases with an increasing temperature, ranging from 10 °C to 50 °C, which is in

agreement with the viscosity versus temperature trend of conventional ILs.
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Figure 2. Density and viscosity of IL BmimFeCla. (a) Density of BmimFeCls at temperatures from
20 °C to 80 °C; (b) Viscosity of BmimFeCly at temperatures ranging from 10 °C to 50 °C.

DSC curve measurement. Melting point of BmimFeCly is measured using DSC. DSC curve of
BmimFeCly is shown in Figure 3. It illustrates that BmimFeCls has very low melting point, namely
ca. -85 °C. This means that BmimFeCly electrolyte can be utilized in very low temperature areas and
applications, for example, in the harsh cold Arctic/Antarctic areas. In addition, low melting point is

also good to utilize batty for future space technology development.
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Figure 3. DSC curves for BimFeCla, crystalline temperature determination.

TGA curve measurement. Thermal stability of BmimFeCl4 electrolytes is measured using TGA.
The TGA curves are shown in Figure 4. It is shown that IL BmimFeCly4 has high thermal stability, the
decomposition temperature of which is ca. 459 °C. This means that BmimFeCls has an excellent
thermal stability for electrolyte applications, which leads to BmimFeCls based battery has an
extremely high safety property. This BmimFeCly electrolyte is not oxygen or water sensitive, and not

flammable. In addition, the cost of this BmimFeCls is low.
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Figure 4. TGA curves of IL BmimFeCla.
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Raman analysis. The chemical structure of magnetic ILs of BmimFeCls and OmimFeCls is
characterized using Raman. The results are shown in Figure 5. The spectrum of BmimFeCls and
OmimFeCls showed a strong band at 330 cm ™!, which was assigned to the totally symmetric Fe-CI
stretch variation of FeCly. It illustrates that there is a FeCls™ function group in the two ILs. This means

that BmimFeCls and OmimFeCly are synthesized and obtained.
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Figure 5. Raman analysis of magnetic ILs. (a) BmimFeCls; (b) OmimFeCla.
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Ionic conductivity measurement. Ionic conductivity of magnetic ILs electrolytes is measured using
ionic conductivity meter. The results are shown in Figure 6, which illustrates that BmimFeCl4 has a
good ionic conductivity. In addition, as shown in Figure 6, the ionic conductivity of BmimFeCly is

increasing with the increase of temperature.
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Figure 6. Ionic conductivity measurement of IL BmimFeCly.

Electrochemical window measurement. Electrochemical window of BmimFeCly is measured using
VMP. The results are shown in Figure 7. It illustrates that the electrochemical window of BmimFeCl4
is from -2.1 Vto 1.9 V versus Ag/Ag*. Consequently, electrochemical window of BmimFeCls is wide

enough to be utilized as an electrolyte for Fe-ion battery fabrication.
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Figure 7. Electrochemical window measurement of IL BmimFeCls.
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Current collector selection. A CV test of a Ni symmetric cell with pure BmimCls as the electrolyte
is performed. The CV curve are shown in Figure 8. It is shown that the IL BmimFeCly is reversible
in the Ni symmetric cell. Therefore, this means Ni foil can be an option to utilize as current collector

for Fe-ion battery electrodes preparation.
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Figure 8. CV test of Ni-Ni symmetric cell.
Corrosion test. The corrosion effect of BmimFeCls on Cu, Al, and Ni foils is investigated. The
corrosion experiment is performed in a period of 40 days in air and at room temperature. The test
results are shown in Figure 9 (a), 9(b) and 9(c). It is shown that BmimFeCls can have a chemical
reaction with Cu or Al. However, for Ni foil, only a minor chemical reaction can be seen. Therefore,

Ni is utilized in the Fe-ion battery fabrication.
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Figure 9. Corrosion test of BmimFeCls on Cu, Al, and Ni. (a) Fresh metal foil without BmimFeCl4
(upper) and with BmimFeCl4 (lower) on the surface. (b) Metal foil without BmimFeCls (upper) and
with BmimFeCls (lower) on the surface after 40 days. (c) Ni foil without BmimFeCls (upper) after
40 days and Ni foil treated with BmimFeCly for 40 days after cleaning BmimFeCls from the surface

(lower).

CYV test of full cells. Full C-Fe graphite cells are prepared for the CV test. The electrolyte in the full
cells is BmimFeCls. CV test results of the C-Fe graphite full cell are shown in Figures 10. It is shown
that C-Fe graphite full cell is completely reversible at -1.5 Vto 1.5 V.
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Figure 10. CV test of a C-Fe graphite full cell. (a) At the voltage ranging from -1 Vto 1 V. (b) At
the voltage ranging from -1.5 V to 1.5 V. Reference electrode: Ag.

Fe-ion Battery. Structure of a Fe-ion battery is shown in Scheme 1. Electrolyte utilized in battery is
magnetic IL BmimFeCls. Fe element containing materials are utilized as the cathode in this work.
Graphite is utilized as the anode in the Fe-ion battery. The proposed working mechanism of Fe-ion

battery is due to the movement of Fe** between the cathode and anode during charge and discharge
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processes. This mechanism is similar to Li* movement in Li-ion battery during the charge and

discharge processes. !7!8

[ BmimFeCl4 Graphite

C-Fe NPs

Scheme 1. Structure of a rechargeable Fe-ion battery.

Charge and discharge of full cell. A charge and discharge test of a full Fe-ion battery is performed.
The results are shown in Figures 11. The discharge and charge capacity of this cell is around 20-100

mAbh/g in the first 100 cycles.
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Figure 11. Charge-discharge test of a Fe ion cell.

SEM. SEM pictures of the anode are shown in Figures 12-14. As shown in Figure 12, the C-Fe NPs
are found on the surface of the electrode. However, as shown in Figure 13, after charge-discharge
cycles the C-Fe NPs are changed and instead form larger sized structures. This means the Fe in the
C-Fe NPs is active in the charge and discharge process, which also means that we can utilize C-Fe
NPs electrode as cathode. As shown in Figure 14, the surface of the C-Fe NPs anode used as counter
electrode in the Swage-type cell, almost does not change. This means that we should use C-Fe NPs

electrode as cathode, not anode.

Figure 12. SEM of fresh C-Fe electrode. (a) x 10000; (b) x 30000; (c) x 50000; (d) x 100000.
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Figure 13. SEM of used C-Fe electrode from cell after charge and discharge cycles. (a) x 1000; (b)
% 5000; (c) x 10000.
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Figure 14. SEM of a used C-Fe anode from a cell with a graphite cathode after charge and discharge
cycles. (a) x 1000; (b) x 5000; (c) x 10000; (d) x 20000.

Conclusions

ILs can be utilized as electrolytes in batteries and supercapacitors. Therefore, in this work, physical,
and electrochemical properties of IL electrolyte are investigated using density meter, rheometer,

conductivity meter, DSC, TGA, SEM, and electrochemical instrument. Based on the experimental
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results, it is found that BmimFeCls has good properties to be utilized as electrolyte. Therefore,

BmimFeCls is selected for Fe-ion rechargeable battery.

Fe-ion battery can be potentially utilized in stationary energy storage device, buildings, railways,
electrical cars, electric ships, mobile devices, space technology, and other large scale energy storage
systems. Fe is the cheapest metal among all the metallic materials. There is plenty of mineable Fe on
the earth. The cost of Fe-ion battery is potentially much lower for example Li-ion batteries. Fe-ion
battery is also an extremely safe battery. Electrodes inside Fe-ion battery are not oxygen or water
sensitive. Fe-ion battery has highly stable and there is no explosion risk. Importantly, for Fe-ion
battery obtained in our laboratory, a pure IL is utilized as the electrolyte to replace the organic solvents
in traditional batteries. ILs have many favorable physical and chemical properties such as: non-
flammable, high decomposition temperature, low vapor pressure, high ionic conductivity, and a good

electrochemical window.

Cathode of Fe-ion battery consists of Fe containing materials, including pure Fe foil, C-Fe NPs,
and Fe powder. Various types of Fe-ion full cells are obtained in the laboratory. It is found that Fe-
ion battery with C-Fe NPs cathode and BmimFeCls electrolyte showed good performance.
Electrochemical properties of Fe-ion full cell are investigated, including CV curves, and charge-
discharge capacity. In order to understand charge/discharge mechanism of the Fe-ion battery, SEM
is utilized to investigate the electrodes surface before and after utilization of the cells. Fe-ion battery
is also a magnetic battery. There may be other potential applications due to the magnetic properties

of the Fe-ion batteries and non-volatile electrolyte inside of Fe ion battery.
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