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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.  

WO3 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 WO3 film samples were characterized using x-ray diffraction (XRD), scanning 

electron microscope (SEM), and Fourier transform infrared (FTIR) spectroscopy. The electrochromic 

properties of WO3 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 WO3 thin films. Effect of film thickness 

on the electrochromic performance of WO3 films was investigated. Subsequently, effect of the 

presence of oxygen on the sputtering process of WO3 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 oC. 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 WO3 thin films with a thickness of 36 nm. 

Firstly, WO3 thin films were prepared using radio frequency (RF) sputtering method. Subsequently, 

electrochromic properties of as-prepared WO3 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 WO3 films could be cycled for 200 times with the 

potential between -0.30 V and +0.30 V vs. Ag/AgCl reference electrode (3M KCl 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 WO3 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 WO3 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 WO3 film samples with various thickness of 36 nm, 72 nm, 

108 nm, and 180 nm, the largest transmittance modulation, ∆T550nm, was obtained from samples with 

a thickness of 108 nm, which was 66% when measured using 0.5 M H2SO4 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 WO3 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 WO3 thin film was coated on the surface of a conductive 

indium tin oxide (ITO) glass using RF sputtering under O2 and argon atmosphere (volume ratio of O2 

and argon is ca. 1:4). Subsequently, the obtained WO3 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 WO3 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 O2 during the RF sputtering 

process. Moreover, heat treatment might result in a transition of crystalline phase from amorphous to 

monoclinic of the sputtered WO3 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 WO3 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 (Tuv), visible solar transmittance (Tvis), solar transmittance (Tsol), solar material 

protection factor (SMPF), solar skin protection factor (SSPF), external visible solar reflectance 

(Rvis,ext), internal visible solar reflectance (Rvis,int), solar reflectance (Rsol), 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, BmimPF6, OmimCl, BmimFeCl4, and OmimFeCl4, 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 BmimPF6 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, BmimPF6, BmimFeCl4, 

OmimCl, and OmimFeCl4, 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 

(BmimFeCl4), 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, BmimFeCl4 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 BmimFeCl4 

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. BmimFeCl4 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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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 1, 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 4. The energy consumption distribution in the 

USA in 2011 is shown in Figure 1.1 5. Evidently, the potential for energy savings in the buildings 

sector is huge 6.  

 

 

Figure 1.1. Total energy consumption in buildings in the USA in 2011 5. 

 

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 6, 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 
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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 8. According 

to Fourier’s law, the heat flux is proportional to the temperature gradient. For one-dimensional heat 

flow, Fourier’s law is 

𝑑𝑞

𝑑𝐴
= −𝑘

𝑑𝑇

𝑑𝑥
                                                                               (1.1) 
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where q is the rate of heat flow in the perpendicular direction to surface, A 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 8-10.  

According to equation 1.1, for a typical heat transfer, the heat transfer area A, the temperature 

difference between inside and outside ΔT, and the distance perpendicular to surface x are fixed values. 

To decrease the rate of heat flow in the direction perpendicular to the surface (q), the thermal 

conductivity of the heat transfer material k 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

𝐴
= ℎ(𝑇𝑠 − 𝑇𝑓)                                                                (1.2) 

where 𝑇𝑠 is the surface temperature, 𝑇𝑓 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 8. 

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 

11: 

  

𝑊𝑏  = 𝜎 𝑇4                                                               (1.3) 

where 𝑊𝑏 is the rate of radiant energy emission per unit area, 𝜎 is the Stefan-Boltzmann constant, 

and T 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: 

𝑈 =
Φ

𝐴 ∗ (𝑇1 − 𝑇2)
                                                           (1.4) 

 

    Where U is the thermal transmittance, Φ is the heat transfer in watts, T1 is the temperature on one 

side of the structure, T2 is the temperature on the other side of the structure, and A 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 12: 

Single glazing: 5.7 W/(m2⋅K) 

Single glazed windows, allowing for frames: 4.5 W/(m2⋅K) 

Double glazed windows, allowing for frames: 3.3 W/(m2⋅K) 

Double glazed windows with advanced coatings: 2.2 W/(m2⋅K) 

Double glazed windows with advanced coatings and frames: 1.2 W/(m2⋅K) 

Triple glazed windows, allowing for frames: 1.8 W/(m2⋅K) 

Triple glazed windows, with advanced coatings and frames: 0.8 W/(m2⋅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 13. 

    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 14. 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) 15, 16. 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) 16.   

 

 

Figure 1.3. A transparent aerogel 15. 
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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 17-20. 

Material Thermal conductivity (300K) 

Units: mW/(m·K) (milliwatt per meter kelvin) 

glass 1000 

Air 26.4 

N2 25.9 

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-e) 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 21, 22.  

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 23. Compared with an ordinary single-pane window, the best low-e windows 

can reduce heat loss by around 85% 24. 
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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 26 and thermochromic smart 

windows 27, 28. Optical properties of photochromic smart windows and thermochromic smart windows 

are influenced by light intensity or surrounding temperature. Controllable smart windows include 

electrochromic windows 29, 30, gasochromic smart windows 31, suspended particle smart windows 32, 

and reversible metal electrodeposited windows 33. 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 (Tvis) as possible in the transparent 

state, and at the same time as low Tvis 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 (Tsol) or solar factor (SF, which refer to transmittance of total solar energy) in their 

transparent state and low values in colored state 34.  

    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 35 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 35. 

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 36. Doped 

VO2 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 35, 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, V2O5 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 38. 
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Figure 1.5. Schematic illustration of the thermochromic mechanism 38. 

 

    A good thermochromic window should have high values of Tvis, Tsol and SF in the transparent state, 

and low values of Tvis, Tsol and SF in the colored state. Nevertheless, most thermochromic window 

products that are currently available in the market have low values of Tvis and Tsol in their bleached 

state 39.   

 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 39.  

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 40. 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 41. 

 

    Table 1.2. Data for commercially available electrochromic windows 34.  

Manufacturer Product Size 

(cm × cm) 

Ug 

(W/(m²K)) 

Tvis Tsol SF Cycles 

SAGE 

Electrochromics 

Classic™ 180 × 304 1.59 0.62–

0.02 

0.38–

0.007 

0.47–

0.09 

100,000 

30 years 

VIEW Inc. Standard 

Dual Pane 

IGU 

152.4 × 

304.8 

1.65 0.58–

0.03 

0.37–

0.01 

0.46–

0.09 

50,000 

50 years 

 

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.) 31, 42, 43.  Yoshimura’s group at the NIRIN in 

Nagoya, Japan have investigated gasochromic switchable mirror windows for a long time 44. 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 45. PDLC windows have been utilized in offices, 

restaurants and homes. It can achieve a translucent status to protect privacy without sacrificing all 

light. 

       

 

Figure 1.7. Principle of a PDLC smart windows 45. 

 

 
 

Figure 1.8. A PDLC smart window 45. 

 



13 

 

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 32, 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 33, 47. 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. 

 

 
 

Figure 1.9. A sample of reversible metal electrodeposited window 33. 
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1.4. Ionic liquids (ILs)  

Ionic liquids (ILs) are salt. Many ILs are liquid at room temperature. In theory, there are 1018 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-, NO3
-, SO4

2-, ClO4
-, BF4

-, PF6
-, CF3COO-, 

CF3SO3
-, Tf2N

-, NO3
-, MeSO4

-. Cations of traditional ILs are shown in Scheme 1 as follows 48:  

 

        

 

 

 

 

 

 

 

Scheme 1. Six types of cations in traditional ILs: (a) imidazolium; (b) ammonium；(c) phosphonium; 

(d) pyridinium；(e) pyrrolidinium；(f) triazolium 48.  

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 et al. reported  a liquid electrochromic cell in a glass U 

tube containing two immiscible ILs as electrochromic electrode 49. 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 50. 

 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, 

1018 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. 
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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 51. However, 

Granqvist 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 52. In 1951, Brimm found reversible color change caused by electrochemical reaction 53,  54. 

In 1953, Kraus described the electrochromic phenomenon of tungsten oxide films in an unpublished 

report, which did not attract attention 55. Deb had two papers on tungsten oxide published in 1969 and 

1971, respectively 56, 57. Subsequently, electrochromic science and technology became a hot research 

topic among researchers worldwide 58. 

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 59. 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 30. 

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 60. 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 61. 
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Figure 2.1. A five-layer electrochromic device 62. 

 

 

Figure 2.2. Cross-sectional view of the layers of a typical laminated electrochromic device 61, 

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 

Granqvist. 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 (τsw). 

 

Table 2.1. Electrochromic devices based on inorganic electrochromic materials 55. Data for 

inorganic electrochromic devices investigated 1993–1998, showing materials, sample size, 

modulation range for the transmittance (T), number of color/bleach (c/b) cycles, and switching time 

(τsw). 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 

(cm2) 

T (%) c/b (cycles) τsw 

(s) 

1 G/ITO/WO3/SiO2/Au - - 106 - 

2 G/ITO/WO3/SbHP2O2۰qH2O/Au - - ˃ 104 - 

3 G/ITO/WO3/SB2O5۰qH2O/IrO2/ITO/G - - ˃ 107 - 

4 G/ITO/WO3/TiO2/TiO2-CeO2/ITO/G - 18 < T550 < 58 360 - 

5 G/ITO/WO3/ZrP۰qH2O/ZrO2/NiO/ITO/G 20 17 < T550 < 75 - 60 

6 G/ITO/NiO/Ta2O5/WO3/ITO 180 12 < Tlum < 78 ˃ 2×104 10 

7 G/ITO/V2O5/LiBO2/WO3/Au 3 3 < T815 < 38 ̴ 100 - 

8 G/SnO2/WO3/Li2O-CeO2-SiO2/V2O5/Au - 9 < Tsol < 25 - 10 

9 G/ITO/WO3/MgF2/V2O5/Au 1 ΔT ≈ 50 - - 

10 G/ITO/V2O5/LiBO2/WO3/ITO 3 13 < Tlum < 65 

9 < Tsol < 58 

- 720 

11 G/ITO/V2O5/LiBO2-LiF/WO3/ITO/MgF2 3 21 < Tlum < 60 

13 < Tsol < 52 

2000 450 

12 G/ITO/VO2/LiAlF4/WO3/ITO 3 10 < Tsol < 50 ˃ 1000 - 

13 G/ITO/WO3/LiNbO3/LiCoO2/In2O3 2 12 < T550 < 65 1.8×104 - 

14 G/ITO/CrO2/LiBO2/WO3/ITO/ZrO2 16 9 < Tlum< 74 ˃ 5000 30 
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Table 2.2. Electrochromic devices based on polymer- laminated electrochromic materials 55. 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 (τsw). G denotes glass, P denotes polymer and the subscript for T signifies the wavelength (in 

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

 

Table 2.3. Data for electrochromic devices investigated 1998–2001 60, showing materials, sample 

size and modulation range for the transmittance (T), reflectance (R) and emittance (E). Also shown 

are the number of color/bleach (c/b) cycles and the switching time (τsw). 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-WO3 signifies a crystalline state of the oxide. 

Entry Device construction Size (cm2) T (%) c/b (cycles) τsw (s) 

15 G/ITO/WO3:Mo/PPSA-H/ITO/G 6 8< Tlum < 58 

7< Tsol < 46 

 

300 20 

16 G/ITO/WO3/PAMPS/PB/ITO/G 400 5< T550 < 69 2×104 60 

17 G/ITO/PVA/PANI/ITO/G - 9 < T700 < 42 - 1 

18 P/ITO/WO3/BPEI-H+/FI/ITO/P 16 25 < Tlum < 60 - 20 

19 P/ITO/WO3-PMMA/BPEI-

H+/PANI/Au/P 

2 25 < T550 < 50 - - 

20 G/ITO/WO3/PMMA-Li+/V2O5/ITO/G 25 22 < Tlum < 73 

14 < Tsol < 60 

- 60 

21 G/ITO/WO3/PMMA-Li+/V2O5/ITO/G 64 20 < T550 < 50 - 5 

22 G/ITO/WO3/HEMA-NPG-

Li+/PB/ITO/G 

2025 20< Tlum< 77 105 120 

23 G/ITO/WO3/PMMA-PC-Li+/NiO/ITO/G - 31 < T600 < 78 

 

104 - 

24 G/ITO/K0.3WO3/PEO-PC-Li+/ WO3-

NiO/ITO/G 

9 25 < T550 < 80 

 

- 5 

25 G/ITO/WO3/PVB-Li+/TiO2-CeO2/ITO/G 100 7 < Tlum < 81 

4 < Tsol < 73 

5×104 60 

26 G/ITO/WO3/Silane-Li+/TiO2-

CeO2/ITO/G 

1225 20 < T380-800 < 80 - ˃ 100 

27 G/ITO/WO3/GLYMO-TEG-

Li+/SnO2(Mo,Sb)  /ITO/G 

5 25< T550 < 75 500 30 

28 G/ITO/WO3/PMMA-PPG-Li+/TiO2-

ZrO2/ITO/G 

 

5 20< T550 < 80 - 200 

29 G/ITO/WO3/PEO-Li+/PODS/ITO/G 15 9 < Tlum < 55 

4 < Tsol < 34 

- < 60 

30 G/ITO/WO3/PEO-ECH-Li+/PPY-

DDS/ITO/G 

2 30 < T700 < 60 1.5×104 ̴2 

31 P/ITO/WO3/PMMA-PC-Li+/V2O5/ITO/P - 8 < T600 < 65 3×104 - 

32 G/ITO/dye-TiO2/electrolyte/WO3/ITO/G - 54 < T788 <70 - - 
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For some devices, no specification was given for the transparent electrical conductor (TC), ion 

conductor (IC) and counter electrode (CE) 60. 

 

Entry Device construction Size 

(cm2) 

T (%) c/b (cycles) τsw 

(s) 

1 G/ITO/NiO/Ta2O5/WO3/ITO 2400 18 < Tlum < 73 

11 < Tsol < 55 

105 - 

2 G or P/ITO/WO3/Ta2O5/IrO2/ITO 30 18< T550 < 70 3.5×104 - 

3 G/ITO/WO3/LiAlF4/V2O5/ITO 900 23< Tlum < 55 

 

- - 

4 G/TC/WO3/IC–Li+/CE/TC - 8< Tlum < 55 

 

- 150 

5 G/ITO/WO3/ZrP·qH2O/ZrO2/NiO/ITO/G

  

25 38 < Tlum < 74 

25 < Tsol < 53 

- 60 

6 G/SnO2/WO3/PEO-H+/IrO2/SnO2/G 130 10< T550 <48 - - 

7 G/SnO2/WO3/PVSA–PVP–H+/PB/SnO2/G 155 6 < T550 <72 2×104 30 

8 G/SnO2/WO3/PAMPS/PANI/SnO2/G 8 27< T550 <64 - 26 

9 G/ITO/WO3/PAMPS/PANI–PB/ITO/G 2 23< Tsol <73 3700 30 

10 P/ITO/WO3/PMMA–PC–Li+/V2O5/ITO/P - 8< T600 <65 3×104 - 

11 G/ITO/WO3/PPY–Li+/V2O5/ITO/G - ΔT788=30 - - 

12 G/ITO/WO3/PEO–Li+/TiO2/ITO/G - ΔOD=1 106 2 

13 G/ITO/WO3/PMMA–PPG–Li+/TiO2–

ZrO2/ITO/G 

5 20< T550 <80 - 200 

14 G/ITO/WO3/Silane–Li+/TiO2–

CeO2/ITO/G 

1225 20< T380-800<80 - ˃100 

15 G/ITO/GLYMO–TEG–

Li+/SnO2(Mo,Sb)/ITO/G 

5 25< T550 <75 500 30 

16 G/SnO2/WO3/Ormolyte–

Li+/SnO2(Mo,Sb)/SnO2/G 

9 20< T550 <60 500 ̴100 

17 G/SnO2/WO3/Ormolyte–Li+/CoO–

Li+/SnO2/G 

9 20< T550 <65 - - 

18 G/SnO2/Nb2O5:Li/Ormolyte–

Li+/SnO2(Mo,Sb)/SnO2/G 

9 20< T550 <70 - - 

19 G/SnO2/WO3/PEGMA–PEO–

Li+/NiO:Li/SnO2/G  

144 27< Tlum<70 - ̴120 

20 G/SnO2/WO3/PVDF–Li+/NiO:Li/SnO2/G

  

7 2< Tlum <75 - - 

21 G/ITO/WO3/PMMA–PC–Li+/NiO/ITO/G - 31< T600 <78 104 - 

22 P/ITO/WO3/PMMA–PPG–

Li+/NiO/ITO/P  

220 35< T550 <70 5000 ̴200 

23 P/ITO/WO3·H2O/PVDF–HFP–

Li+/PANI/ITO/P 

- 2< T800 <12 - - 

24 G/TC/WO3/IC/C-dots/TC/G 25 2< Tlum <55 3×105 ̴20 

25 G/TC/WO3/IC/CE/TC/G  4800 13 < Tlum < 58 

7< Tsol < 37 

- - 

26 P/ITO/PEDT–PSS/PEPI–PEO–Li+/PPY–

DS–IC/ITO/P 

- 23< T640 <75 - 4 

27 P/ITO/PNNDMBP–PEPI–PEO/PEPI–

PEO–Li+/PET2–PEPI–PEO/ITO/P 

- 27< T620 <64 1000 7 

28 G/ITO/PBEDOT–NCH3Cz/PMMA–PC–

Li+/PEDOT–C16H33/ITO/G  

- 8< T650 <68 104 1 

29 G/ITO/dye-TiO2/IC/WO3/ITO/G  - 54< T788 <70 - - 

30 G/TC/WO3/dye-TiO2/IC/TC 25 3< Tlum <8 - 120 



22 

 

2< Tsol <26 

31 P/ITO/dye-TiO2/PEGMA–

LiI/WO3/ITO/P  

8 30< T550 <40 - - 

32 G/TC/SiC:H/TC/V2O5:Li/LiAlF4/WO3/TC

  

16 8< Tlum <25 - 120 

33 CaF2 or Si/grid/c-WO3/IC/CE/TC - 40< R1000 <66 - - 

34 G/Al/WO3/Ta2O5/c-WO3/grid - 40< Etherm <58 - - 

35 G/grid/WO3/Ta2O5/c-WO3/grid - 64< Etherm <80 - - 

36 G/ITO/NiO/PAMPS–DMA–Li+/c-

WO3/Si/AR 

- 60< Etherm <68 - - 

37 G/ITO/WO3/PAMPS–Li+/PANI–

CSA/grid/AR/ZnSe/AR 

- 22< R12000 <65 900 9 

38 G/ITO/NiO/PMMA–TFSI–

Li+/WO3/grid/Si 

11 56< Etherm <65 - - 

 

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 10-4 Ω cm. Thin films of ZnO, SnO2, and 

In2O3, and their alloys can be utilized as transparent conducting layers 63. Haacke found materials’ 

electrical conductivity can be improved by doping these oxides, without any decrease in their optical 

transmittance 63. Aluminum-doped ZnO (AZO), tin-doped In2O3 (ITO), antimony-doped SnO2 (ATO), 

and fluorine-doped SnO2 (FTO) are among the most used transparent conducting layers in modern 

technology 64. Conducting polymers have also been studied 64, 65.   

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.  
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    There are several promising electrochromic materials, including inorganic EC materials such as 

ZnO, WO3, NiO, TiO2, V2O5, and organic and polymer EC materials such as viologens, polyaniline 

(PANI), poly(3,4 ethylenedioxythiophene) (PEDOTs). Among all inorganic materials WO3 have high 

coloration efficiency, quick response time and long life 66. 

WO3 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 WO3. 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 

WO3 thin films exhibit electrochromic coloration property due to ionic insertion 66. 

The general electrochromic phenomenon of WO3 is due to the formation of tungsten bronze 

(MxWO3) according to the following equation: 

                                 

                                               𝑊𝑂3 + 𝑥𝑀+ + 𝑥𝑒− ⇔ 𝑀𝑥𝑊𝑂3                                              (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 MxWO3, which shows a blue color.  

    WO3 electrochromic film is a working electrode. Transmittance of WO3 electrochromic film 

changes with regulation of applied electric power. WO3 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 WO3 and MxWO3. This modeling has advanced significantly during the past 

few years, but it is still not clear. Intercalation of H, Li, or Na in WO3 leads to intricate structural 

changes that are not yet fully investigated and understood 67. 



24 

 

     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 62. 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 10-4 S/cm, and its electrical conductivity should be less than 10-12 

S/cm. In addition, for electrochromic windows, the electrolyte layer should have high transmittance 

and good durability under solar radiation 55, 67, 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) 69, alkaline 

electrolytes (e.g. KOH aqueous solution) 70, or neutral electrolytes (e.g. KCl aqueous solution) 69, 71. 

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 ℃), 

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. 

Ionic liquids (ILs) can be utilized as electrolytes (ion conductor) in electrochromic devices 72. ILs 

are salts that are liquid at temperatures below 100 ℃. 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 1018 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: CO2 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 WO3 thin films in H2SO4 aqueous solution and a 

protic ionic liquid N-methyl-pyrrolidinium tetrafluoroborate 73. The results showed that PIL as 

electrolyte, instead of H2SO4, 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 73. 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. CeO2-TiO2 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 V2O5, TiO2 with or without additions of ZrO2 or 

CeO2, SnO2 doped with Mo and Sb, CoO deposited with Li, and NiO deposited with or without Li 62. 

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 55. 

 

 

 

 

 

 

 

 

 

 

 

2.2.2. Prussian blue 

Prussian blue (PB) is a dark blue pigment; its molecular formula is C18Fe7N18 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 74. 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 75.  

 

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

electrochromic layers made with tungsten oxide and Prussian blue 74. 

Oxide type Coloration type Transparency 

TiO2 cathodic Yes 

V2O5 cathodic/anodic No 

Cr2O3 anodic No 

MnO2 anodic No 

FeO2 anodic No 

CoO2 anodic No 

NiO2 anodic Yes 

Nb2O5 cathodic Yes 

MoO3 cathodic Yes 

RhO2 anodic ？ 

Ta2O5 cathodic Yes 

WO3 cathodic Yes 

IrO2 anodic Yes 
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2.2.3. Organic electrochromic materials 

Organic electrochromic materials include polyaniline 76, polypyrrole 77, polymerized polythiophene 

78, 79, violet, and carbazoles 80.  Organic electrochromic materials can be designed according to 

requirements. They exist in many colors. Figure 2.4 shows some isophthalate-based electrochromic 

materials 81. 

 

 

Figure 2.4. Some organic electrochromic materials based on isophthalate 81. 

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 76. 

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. 
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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 78, 79. Such as 3,4-Ethylenedioxythiophene (EDOT) 

is the organosulfur compound with the formula C2H4O2C4H2S. The molecule consists of thiophene, 

substituted at the 3 and 4 positions with an ethylene glycol unit. It is a colorless viscous liquid 82. 

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 83. 

2.3. Methods to prepare electrochromic WO3 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 66. 

The main methods used in electrochromic WO3 film preparation are hydrothermal synthesis 84, 

electro-deposition 85, electron beam evaporation 86, thermal evaporation 87, sol-gel 88and magnetron 

sputtering 89, 90. 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 91.  

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. 92. They report that all-solid-state ECDs glass/ITO/NiO/ZrO2/Li/WO3/ITO with 

different Li thickness were prepared by evaporation method. The layer NiO, ZrO2, WO3, ITO were 
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coated by e-beam power, while the Li layer was coated by resistive evaporation. Rao et al. 93 and 

Joraid et al. 94 also prepared WO3 film by e-beam coating technology  .  

    In addition, heat treatment can be carried to prototype of films. Agrawal and Habibi 95 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. 96 

prepared WO3 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 + O2. High pressure is applied to the chamber during the magnetron sputtering coating 

process 97, 98.  

    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. WO3 films were prepared by reactive DC sputtering from a tungsten target by 

Chananonnawathorn et al 99. In their experiment, the total pressure during deposition was 10 mTorr, 

sputtering power was 200 w. The WO3 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 



31 

 

result showed that the WO3 films were of poor crystallinity or amorphous structure, which have better 

electrochromic properties than crystal structure. The WO3 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-3, 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 100. Kalagi et al. prepared WO3 thin films by RF 

sputtering method using a WO3 target. Both oxygen and argon are supplied during the sputtering 

process, and the ratio of oxygen to argon is 40%: 60% 89. Meenakshi et al. prepared V2O5 mixed 

WO3 thin films by RF sputtering method utilizing their self-made V2O5 mixed WO3 targets with 

various compositions 101. 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 59. 

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 WO3 thin films were prepared by radio frequency (RF) method with WO3 as target. In the 

future, I plan to prepare electrochromic WO3 films using reactive RF or DC sputtering with W target 

instead of WO3 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, WO3 films were prepared by deposition from a 

solution of tungsten chloride by Habib et al. 102, and Deepa et al. prepared WO3 electrochromic thin 

films by surfactant mediated electrodeposition 103.  

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. WO3, TiO2, 

SiO2, Ta2O5, Al2O3 and ZrO2 thin film can be prepared using sol-gel method 104. 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 WO3 thin films by 

hydrothermal method 105. 

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 

a number of electrical, thermal and optical properties which depend on the structural composition and 

configuration of the electrochromic device 106. 

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 (>10-4 S cm-1) is usually achieved by using conductive materials with dissolved 

conductive materials such as gold nano- particles 107. 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” 106  . 

2.4.2. Switching time 

The switching time (τ) 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: 

𝛥𝐴(𝜆) = 𝛥OD(λ) = log (
I0

 Ib

) − log (
I0

 Ic

) = log
Tb

Tc
= ƞ𝑄               (2.2) 

 

where I0 is the intensities of the incident lights, ƞ is coloration efficiency, Tc and Tb 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 λ denotes the certain wavelength.  

2.4.4. Coloration efficiency 

Coloration efficiency (ƞ) 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: 

ƞ(𝜆) =
ΔOD(λ)

Q
= log (

𝑇𝑐

𝑇𝑏
) /𝑄                                                               (2.3) 

 

where Tb and Tc represent the transmittance in bleached and colored states, respectively. Q is the 

integration of the current versus the coloration time, and λ denotes the certain wavelength 89, 90.  

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 WO3 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 WO3 films. Sputtering method has the advantages 

as follows for WO3 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 WO3 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 WO3 thin films were ITO (tin-doped indium oxide, In2O3(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 Ω/square, and their dimensions were ca. 25 mm × 25 mm × 1.1 mm. 

When performing CV analysis ITO glass slides were cut into small pieces, with size of ca. 9.2 mm × 

25 mm × 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 WO3 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 

WO3 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  

WO3 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, WO3 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.  

 

 

Figure 3.1. Samples of 36 nm WO3 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 WO3 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 

WO3 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 WO3 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 WO3 thin films are shown in Figure 3.4. 

 

 

 

 

 

 

 

 

Figure 3.4 Prepared WO3 thin film samples after heat treatment with thickness of 36 nm, 72 nm, 108 

nm, 144 nm, and 180 nm. 
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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−Kα 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 WO3 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 WO3 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 WO3 film after heat treatment. The 

new peaks are from the crystallization of WO3 film during heat treatment. 

 

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 

20 30 40 50 60 70

 a: ITO glass original

 b: ITO glass 400°C 5h

 c: 36 nm WO
3
 on ITO glass

 d: 36 nm WO
3
 on ITO glass 400°C 5h

c

b

a



  







 

 

In
te

n
s

it
y

 (
c

o
u

n
ts

)

2 theta (°)



 d

 

 

 



40 

 

after heat treatment at 400°C for 5 hours. Open circles (ο)denote the reflections of ITO (PDF 04-019-

3926). Open triangles (Δ) denote the reflections of monoclinic WO3(PDF 00-043-1035). 

 

The XRD signal for 36 nm WO3 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 WO3 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. 

 

Figure 3.6 XRD results of prepared WO3 thin films. (a) 36 nm (b) 72 nm (c)108 nm (d) 180 nm. 

 

WO3 thin film with thickness of 180 nm had the clearest signal peaks, as shown in Figure 3.6d. The 

peaks at 23.1º, 23.6º, and 24.4º could be assigned to (002), (020), (200) reflections of the monoclinic 

WO3 (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) WO3 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-1 to 4000 cm-1 at a spectral resolution 

of 2 cm-1.  

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 108, 109. 

Curve b in Figure 3.8 shows no new absorption peaks compared with the spectrum for the ITO glass. 

The new formed WO3 films after heat treatment showed two new absorptions at ca. 980 cm−1 and ca. 

710 cm−1 (curve c in Figure 3.8), which correspond to W = O and O-W-O stretching vibrations of 

WO3 
110.  Between 4000 cm-1 and 1600 cm-1, the samples’ spectra were almost identical. Therefore, 

the wavenumbers ranging from 4000 cm-1 to 1600 cm-1 were omitted from the curves in Figure 3.8. 

The spectra values are shown only from 400 cm-1 to 1600 cm-1 in Figure 3.8.  
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Figure 3.8. FTIR spectra of (a) ITO glass, (b) newly formed film coated on ITO glass before heat 

treatment, and (c) WO3 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 KCl) 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 KCl aqueous solution).  

3.3.4.1. Influence of scan rate 

The kinetic and thermodynamic behavior of as-prepared WO3 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: WO3 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 KCl) 

(vs. Ag/AgCl, 3 M KCl) 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 WO3 films, 

respectively. 
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Figure 3.9. CV scans of WO3 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 WO3 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 WO3 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 WO3 films. The film began to decompose after ca. 120 scans.  
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Figure 3.10. CV scans of a WO3 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 WO3 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 -

0.3 V (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 KCl) 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 4th cycle. The largest 

transmittance difference (∆T) was 59.1% at wavelength λ = 1300 nm, whereas ∆T was around 20% 

at λ = 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 KCl) . The inset shows an 

optical photo of the corresponding sample states. 

 

Figure 3.12. Transmittance of 36 nm WO3 thin film electrode response to the Autolab procedure 

chronoamperometry: potentials -0.3 V (vs. Ag/AgCl, 3 M KCl) 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 λ = 555 nm from 0 to 

12 hours. Firstly, the potential of -0.3 V (vs. Ag/AgCl, 3 M KCl) was applied in the 1st hour. 

Thereafter, the potential of +0.3 V (vs. Ag/AgCl, 3 M KCl) was applied in the 2nd 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 3rd hour to the 12th 

hour. Additionally, in situ coloration and bleaching of the samples were done, and a constant potential 

of -0.3 V and 0.3 V (vs. Ag/AgCl 3 M KCl) was utilized to color and bleach the samples, respectively. 

First, the potential of -0.3 V (vs. Ag/AgCl, 3 M KCl) was applied in the 1st hour. Subsequently, the 

potential of +0.3 V (vs. Ag/AgCl, 3 M KCl) was applied in the 2nd hour. Furthermore, the cycled 

potentials of -0.3 V and +0.3 V (vs. Ag/AgCl, 3 M KCl) were applied alternately for 1 hour. The 

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

The color of the WO3 film was changed from colorless to blue by the negative potential and the 

WO3 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 1st cycle 

to the 4th cycle. This means that the colored process had not been completed during the course of 

1 hour. The 5th transmittance value was higher than the 4th 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 WO3 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, BmimPF6, BmimCl, OmimCl, 

BmimFeCl4, and OmimFeCl4 were utilized in this work. ILs of BmimBF4, BmimPF6, BmimCl, and 

OmimCl were purchased from a chemical company. BmimFeCl4 and OmimFeCl4 were synthesized 

in our laboratory. The synthesis process of OmimFeCl4 was carried out as follows: OmimCl is added 

into a three necked flask. Subsequently, the same mole of iron (III) chloride hexa-hydrate 

(FeCl3∙6H2O) 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 

-3 mbar. Subsequently, the pre-dried IL is dried further using an extremely high vacuum (10 -7~10 -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 OmimFeCl4 is less than 25 ppm. The synthesis process 

of BmimFeCl4 is similar to that of OmimFeCl4 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, BmimPF6, OmimCl, BmimFeCl4, and OmimFeCl4, 

was measured. In addition, thermal diffusivity of pure ILs, including BmimBF4, BmimPF6, 

BmimFeCl4, OmimCl, and OmimFeCl4, 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, BmimFeCl4 is utilized as 

electrolyte in an electric device, iron-ion battery, to investigate the performance of BmimFeCl4 as ion 

conductor for reversible redox couple transformation in electrochemical reaction. The results showed 

that BmimFeCl4 has good electrochemical properties. However, BmimFeCl4 is not a perfect ion 

conductor for electrochromic devices because of the color of BmimFeC14. 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 WO3 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 WO3 films changed at around -0.15 V and bleached at around 0.05 V. 

The WO3 films could be cycled for 200 times between the potentials -0.3 V and +0.3 V (vs. Ag/AgCl, 

3 M KCl). 

Paper 2. Electrochromic properties of WO3 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 ∆T550nm was obtained from a sample 

with thickness of 108 nm, which was 66% when measured in 0.5 M H2SO4. 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 O2 on electrochromic WO3 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 λ = 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 

WO3 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 WO3 samples was improved by 

applying O2 during the RF sputtering process. Furthermore, heat treatment after RF sputtering might 

have caused a transition of crystalline from amorphous to monoclinic for WO3 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 (Tuv), visible solar transmittance (Tvis), solar transmittance (Tsol), solar material 

protection factor (SMPF), solar skin protection factor (SSPF), external visible solar reflectance 

(Rvis,ext), internal visible solar reflectance (Rvis,int), solar reflectance (Rsol), solar absorbance (Asol), 

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, BmimPF6, OmimCl, BmimFeCl4, and OmimFeCl4, 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 BmimPF6 

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-1K-1, which is much lower 

than the average measured thermal conductivity of water, namely 0.6033 Wm-1K-1. Moreover, 

thermal diffusivity of the five pure ILs was measured. All average thermal diffusivity values of ILs 

of BmimBF4, BmimPF6, BmimFeCl4, OmimCl and OmimFeCl4 were no more than 0.1185 mm2s-1. 

The thermal diffusivity of water is reported as 0.143 mm2s-1 in the literature 111.   

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 (BmimFeCl4), 

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, BmimFeCl4 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. 

The reason why BmimFeCl4 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, BmimFeCl4 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 WO3 films were prepared by RF sputtering method. Microstructures of the as-

prepared WO3 thin films were characterized using XRD, SEM, and FTIR. In addition, electrochromic 

properties of the as-prepared WO3 films were investigated using CV analysis and UV-VIS-NIR 

spectroscopy. The results showed that the prepared WO3 thin films had good electrochromic 

properties. 

WO3 thin films with various thicknesses were prepared to investigate the effect of film thickness 

on the performance of prepared WO3 thin films. WO3 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 WO3 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 O2 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 WO3 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 WO3 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 (Tuv), visible solar 

transmittance (Tvis), solar transmittance (Tsol), solar material protection factor (SMPF), solar skin 

protection factor (SSPF), external visible solar reflectance (Rvis,ext), internal visible solar reflectance 

(Rvis,int), solar reflectance (Rsol), solar absorbance (Asol), emissivity (ε), 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, BmimPF6, OmimCl, BmimFeCl4, and 

OmimFeCl4, was measured. It was found that thermal conductivity measurement values of water, 

BmimBF4, and BmimPF6 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 (BmimFeCl4), 

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, BmimFeCl4 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, BmimFeCl4 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, WO3 thin film was prepared by RF sputtering technology with an AJA E-Beam 

evaporator & Sputter. The target utilized was a WO3 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 WO3 thin film with a thickness of 108 nm 

had the best electrochromic properties compared with other WO3 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 WO3 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 WO3 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 WO3 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 

WO3 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 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 

(BmimFeCl4) and 1-methyl-3-octylimidazolium tetrachloroferrate (OmimFeCl4) 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) 

BmimFeCl4, 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 BmimFeCl4 are investigated using electrochemical instrument 

and conductivity meter. It is found that magnetic IL BmimFeCl4 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 BmimFeCl4 is 

utilized as electrolyte in this Fe-ion battery. IL BmimFeCl4 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 1,2. 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.5,6 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). 5,6 

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 7,8. ILs have been utilized as novel and 

promising materials in many research fields 9-11, 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 12, batteries 13, and supercapacitors 14, 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 BmimFeCl4 is utilized as electrolyte in rechargeable Fe-ion battery to replace traditional 

organic solvents. IL BmimFeCl4 can be easily obtained using one step synthesis method 15, 16. In 

addition, IL BmimFeCl4 is very stable and is not water or oxygen sensitive. Moreover, IL BmimFeCl4 

electrolyte is not flammable, which can increase the safety property of battery significantly. Chemical 

structure, physical and thermal properties of IL BmimFeCl4 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 BmimFeCl4 is investigated using conductivity meter. Electrochemical 

window of BmimFeCl4 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. FeCl3·6H2O and Fe2O3 

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 BmimFeCl4 and OmimFeCl4 are synthesized in 

the laboratory according to our previous work 16. 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 -3 mbar. Subsequently, the pre-dried IL is dried further using 

extremely high vacuum (10 -7~10 -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 final obtained BmimFeCl4 

and OmimFeCl4 is less than 25 ppm.  

Density measurement. Densities of BmimFeCl4 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 oC. 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 BmimFeCl4 is measured using a rheometer (MCR 102, Anton 

Paar Modular Compact Rheometer). Viscosity of BmimFeCl4 is measured at shear rates ranging from 

1 s-1 to 100 s-1 at various temperatures ranging from 10 oC to 50 oC.  

DSC (differential scanning calorimetry) curve measurement. Melting point of BmimFeCl4 is 

measured using DSC (Netzsch, Germany). Measurement procedure is as follow. A sample is loaded 

in the pan. The sample is cooled to -150 oC. Subsequently, the sample is kept at -150 oC 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 BmimFeCl4 and OmimFeCl4 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 oC 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, O2, and CO2. 

The measurement is performed at room temperature. The sample is filled into a capillary for the 

measurement.  

Ionic conductivity measurement. Ionic conductivity of BmimFeCl4 electrolyte is measured using 

conductivity meter at temperatures ranging from -30 oC to 100 oC. The temperature profile at ionic 

conductivity measurement is as follows. The temperature is increasing from -30 oC to 100 oC. 

Subsequently, the temperature is decreasing from 100 oC to 20 oC.  

Electrochemical window measurement. Electrochemical window of magnetic IL BmimFeCl4 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 cm2. Counter 

electrode is Ni (cross sectional area: 1.13 cm2). 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 Fe2O3 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 H2O 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 μm thin film. 

Step 4: The Ni foil with thin film is heated at 80 oC 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 Fe2O3 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 oC 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 H2O 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 150μm 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 oC 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 

(BmimFeCl4) and 1-methyl-3-octylimidazolium tetrachloroferrate (OmimFeCl4) are synthesized in 

the laboratory according to our previous work 16. 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 BmimFeCl4. All the symmetric cells are fabricated in 

an argon-filled glovebox (MBraun UNIlab; H2O content < 0.1 ppm, O2 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 BmimFeCl4. Subsequently, the CV test of the graphite-

graphite cell is performed.  

Corrosion test. The corrosion effect of BmimFeCl4 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 BmimFeCl4 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 BmimFeCl4 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 BmimFeCl4. 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 

BmimFeCl4. 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 BmimFeCl4 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 oC to 80 oC. In addition, it is shown that BmimFeCl4 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, BmimFeCl4 will take up less volume.  

Viscosity and rheological property measurement. Viscosity and rheological property of 

BmimFeCl4, are measured at temperature of 20 oC. The results are shown in Figure 2 (b). BmimFeCl4 

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 BmimFeCl4 decreases with an increasing temperature, ranging from 10 oC to 50 oC, which is in 

agreement with the viscosity versus temperature trend of conventional ILs.  
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(a) 

 

(b) 

Figure 2. Density and viscosity of IL BmimFeCl4. (a) Density of BmimFeCl4 at temperatures from 

20 oC to 80 oC; (b) Viscosity of BmimFeCl4 at temperatures ranging from 10 oC to 50 oC.  

DSC curve measurement. Melting point of BmimFeCl4 is measured using DSC. DSC curve of 

BmimFeCl4 is shown in Figure 3. It illustrates that BmimFeCl4 has very low melting point, namely 

ca. -85 oC. This means that BmimFeCl4 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 BimFeCl4, 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 BmimFeCl4 has high thermal stability, the 

decomposition temperature of which is ca. 459 oC. This means that BmimFeCl4 has an excellent 

thermal stability for electrolyte applications, which leads to BmimFeCl4 based battery has an 

extremely high safety property. This BmimFeCl4 electrolyte is not oxygen or water sensitive, and not 

flammable. In addition, the cost of this BmimFeCl4 is low.  

 

Figure 4. TGA curves of IL BmimFeCl4.  
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Raman analysis. The chemical structure of magnetic ILs of BmimFeCl4 and OmimFeCl4 is 

characterized using Raman. The results are shown in Figure 5. The spectrum of BmimFeCl4 and 

OmimFeCl4 showed a strong band at 330 cm−1, which was assigned to the totally symmetric Fe-Cl 

stretch variation of FeCl4
-. It illustrates that there is a FeCl4

- function group in the two ILs. This means 

that BmimFeCl4 and OmimFeCl4 are synthesized and obtained.  

 

(a) 

 

 

    (b) 

Figure 5. Raman analysis of magnetic ILs. (a) BmimFeCl4; (b) OmimFeCl4.  
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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 BmimFeCl4 is 

increasing with the increase of temperature.   

 

Figure 6. Ionic conductivity measurement of IL BmimFeCl4.  

Electrochemical window measurement. Electrochemical window of BmimFeCl4 is measured using 

VMP. The results are shown in Figure 7. It illustrates that the electrochemical window of BmimFeCl4 

is from -2.1 V to 1.9 V versus Ag/Ag+. Consequently, electrochemical window of BmimFeCl4 is wide 

enough to be utilized as an electrolyte for Fe-ion battery fabrication.  

 

Figure 7. Electrochemical window measurement of IL BmimFeCl4.  
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Current collector selection. A CV test of a Ni symmetric cell with pure BmimCl4 as the electrolyte 

is performed. The CV curve are shown in Figure 8. It is shown that the IL BmimFeCl4 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.   

 

Figure 8. CV test of Ni-Ni symmetric cell.  

Corrosion test. The corrosion effect of BmimFeCl4 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 BmimFeCl4 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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                                                                                                                                     (a) 

 

 

 

 

 

 

 

                                           (b)                                                                        (c) 

Figure 9. Corrosion test of BmimFeCl4 on Cu, Al, and Ni. (a) Fresh metal foil without BmimFeCl4 

(upper) and with BmimFeCl4 (lower) on the surface. (b) Metal foil without BmimFeCl4 (upper) and 

with BmimFeCl4 (lower) on the surface after 40 days. (c) Ni foil without BmimFeCl4 (upper) after 

40 days and Ni foil treated with BmimFeCl4 for 40 days after cleaning BmimFeCl4 from the surface 

(lower).  

CV test of full cells. Full C-Fe graphite cells are prepared for the CV test. The electrolyte in the full 

cells is BmimFeCl4. 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 V to 1.5 V.  

Ni Cu Al 

Ni Cu Al 

Ni 
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(a) 

 

(b) 

Figure 10. CV test of a C-Fe graphite full cell. (a) At the voltage ranging from -1 V to 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 BmimFeCl4. 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 
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processes. This mechanism is similar to Li+ movement in Li-ion battery during the charge and 

discharge processes. 17-18 

 

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 

mAh/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) × 10000; (b) × 30000; (c) × 50000;  (d) × 100000.  
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(a) 

 

(b) 

 

(c) 

Figure 13. SEM of used C-Fe electrode from cell after charge and discharge cycles. (a) × 1000; (b) 

× 5000; (c) × 10000.  
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(c) 

 

(d) 

Figure 14. SEM of a used C-Fe anode from a cell with a graphite cathode after charge and discharge 

cycles. (a) × 1000; (b) × 5000; (c) × 10000; (d) × 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 BmimFeCl4 has good properties to be utilized as electrolyte. Therefore, 

BmimFeCl4 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 BmimFeCl4 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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