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Adjusting the indoor environment to human needs is attractive and the proper 

approach for this is to adjust it in a reversible way [1-3]. Recently, adjusting the indoor 

environment has been made possible to some extent by incorporating chromogenic 

technology into many items (e.g. planes[4], automobiles[5,6], buildings[7], etc.), due to its 

optical change properties in response to a variety of external stimuli; light 

(photochromism[8]), temperature (thermochromism[9]), or external voltage 

(electrochromism[10,11]). Among the chromogenic technologies, the electrochromic 

technology enables automatic switching control of the light transmittance from the 

outside with a small voltage. Therefore, electrochromic technology has attracted 

considerable attention because it is effective for energy saving compared to other 

technologies[11,12]. In addition, the electrochromic properties provide greater optical 

contrast and adjustable memory independent of backlight and viewing angle compared 

to liquid crystal technology. Electrochromic materials are an application of special 

interest due to the need to produce energy-efficient systems that can reduce fossil fuel 

consumption in the context of the current world's energy problem[13]. 

 

 

Figure 1. 1 Illustration of (a) suspension particle device, (b) polymer dispersed liquid 

crystal, and (c) electrochromic device. 

(a) Suspension particle device (SPD) (b) Polymer dispersed liquid crystal (PDLC)

(c) Electrochromic device (ECD)
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Electrochromic devices are usually organized into five layers: transparent conductive 

electrode, anodic electrochromic layer, electrolyte layer, cathodic electrochromic layer, 

and transparent conductive electrode[3]. Electrochromic material can control 

transmittance by changing optical properties as shown in Figure 1. 1 according to the 

electrochemical reaction by the movement of ions (e.g., H+ and Li+) contained in the 

electrolyte. 

The sputtering method is a representative method of manufacturing a functional thin 

film such as an EC material[14-17]. Although this has the advantage of continuously 

fabricating a uniform thin film, it has a disadvantage that needs high cost for fabricating 

process due to a long manufacturing process such as forming a vacuum atmosphere. 

Recently, attempts have been reported for the application of coating and printing 

methods to make a large-scale functional thin film in a short time[18-20]. However, many 

challenges such as adhesive, uniformity properties remain in the production of 

functional nano-dispersion inks for thin film production for practical application of 

coating or printing methods. Therefore, in this study, we focused on the preparation of 

nanoparticles dispersed inks applicable to the coating methods, and the fabrication of 

functional thin films using them. In addition, we applied machine learning to examine 

ink and thin-film fabrication parameters (e.g., materials amount, fabrication conditions, 

thin-film properties, etc.). 
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1. 1 Chromism 

 

Chromism is a reversible change in the color of a compound caused by an external 

stimulus (electricity, light, heat, etc.)[21]. Representatively, inorganic and organic 

compounds and conductive polymers (CPs) are known as chromism materials, and they 

involve a variety of mechanisms. In recent years, as interest in global warming and carbon 

conservation has increased, research and development for low-power systems has been 

actively carried out. Typically, energy-efficient chromic technology has been developed 

in various forms for automobile rear mirrors[22], airplanes[4] and smart windows[23,24] of 

buildings. Chromism is based on changes in the electronic states of molecules, especially 

the π- and d-electronic states. Therefore, this development is triggered by various external 

stimuli that can change the electron density of the material. Table 1. 1 summarizes the 

main types of chromism. 

 

Table. 1. 1 Main types of chromism. 

 

 

 

  

Chromism Type of stimuli

Thermochromism Heat

Photochromism Light irradiation

Gasochromism Gas

Ionochromism Ions

Solvatochromism Solvent polarity

Halochromism Change in pH

Piezochromism Mechanical pressure

Electrochromism Change in potential
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1) Thermochromism 

 

Thermochromism shows a reversible change in color in response to changes in 

temperature (heating or cooling). Various substances such as organic, inorganic, organic 

metal, supramolecular, and polymer systems exhibit this behavior in thermochromic 

materials. A typical example is a composite material of VOx
[25] and cobalt 

hexacyanoferrate[26]. 

 

2) Photochromism 

 

Photochromism is a phenomenon in which the color changes when a specific 

wavelength is irradiated to a compound[27]. Various transition metal oxides such as MoO3, 

WO3, TiO2, V2O5, and Nb2O5 exhibit a color change when exposed to either sunlight or 

UV radiation[28]. 

 

3) Gasochromism 

 

Gasochromism is a phenomenon that exhibits a reversible color change when a 

compound reacts with a gas such as oxygen or hydrogen, and is typically used in gas 

sensors. The most typical gasochromism material is tungsten oxide (WO3)
[29,30], and it has 

been reported that Mg alloyed with VOx
[31], Mg-Ni[32], and alkaline earth metals[33] also 

exhibits gasochromism. 

 

4) Ionochromism 

 

Ionochromism is a phenomenon in which the addition of ions causes a reversible color 

change[34].  

 

5) Halochromism 

 

Halochromism is a phenomenon in which interaction with ionic species causes a 
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reversible color change. A wide range of color changes from colorless to colored or from 

one color to another. The most common materials are pH-sensitive materials, which have 

been used for decades as analytical pH indicators[35]. 

 

6) Solvatochromism 

 

Solvatochromism is a reversible color change caused by a solvent, often manifested by 

a change in the polarity of the solvent. Poly(3-alkyl thiophenes) are known as 

solvatochromic materials, and the color change of the compound occurs through a charge 

transfer mechanism[36]. 

 

7) Piezochromism 

 

Piezochromism is a type of mechanochromism that occurs as a result of the application 

of pressure. In general, organic polymers such as polydiacetylene and polythiophene are 

known as piezochromic materials[37]. 

 

8) Electrochromism 

 

Electrochromism (EC) is a reversible change in optical properties when a material is 

oxidized or reduced due to an electrochemical reaction. This phenomenon was known 

when Deb discovered the electrochromic properties of WO3 in 1968. WO3 can be used 

for a variety of applications because it exhibits not only visible color change at low power 

but also transmittance change at wavelengths in the NIR, thermal infrared and microwave 

regions. In recent years, interest in low-power systems has been increasing due to 

environmental problems such as global warming, and energy-efficient EC technology is 

being actively developed in various fields such as automobile rearview mirrors, 

information displays, and smart windows. Table 1. 2 listed the mainly used materials of 

electrochromism[1-8]. 
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Table 1. 2 The main materials of electrochromism. 

 

 

  

Materials

Color change

Methods Ref.Oxidation⇔
Reduction

WO3 Colorless Blue Coating 18

V2O5 Colorless Green Colloid coating 38

TiO2 Colorless Blue Colloidal dispersion 39

NiOOH Brown Colorless Sputtering 16, 17

CoOOH Brown Colorless Ionization precipitation 40

Rh2O3 Yellow
Dark 

green
Sputtering 14, 15

IrOx Dark blue Colorless Sputtering 41

Heptyl viologen
Red-

purple
Colorless Clathrate compound 42

Prussian blue Blue Colorless Coating 5

InN Yellow Gray RF ion plating 43

SnNx

Dark 

brown
Gray

chemical vapor 

deposition
44
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1. 2 Electrochromic devices (ECDs) 

 

1) Structure of ECDs 

 

Typically, ECDs consist of seven layers as shown in Figure 1. 2. In this structure, 

three active layers (anodic or cathodic EC layers, electrolyte layer) are sandwiched 

between two transparent conductor electrode layers. In addition, transparent glass and 

plastic are typically used for the substrate, and two substrate layers are placed outside to 

protect the five layers. Electroactive materials (anodic or cathodic EC layers) that 

exhibit reversible changes in optical properties are required to exhibit EC effects. 

Electrons or ions move from a EC layer (i.e. cathodic EC layer) through the electrolyte 

layer to exchange with an another EC layer (i.e. anodic EC layer) layer. Typical EC 

devices require contact between each layer to obtain good electrochemical properties.  

 

 

Figure 1. 2 Structure of electrochromic device 

 

2) Electrolyte 

 

The electrolyte may be in a liquid, gel, or solid phase. If the electrolyte layer is a 

liquid or gel, the ionic conductivity is high, but there is a risk of electrolyte leakage[45]. 

Therefore, sealing is necessary to completely prevent leakage of electrolytes. In 

contrast, solid electrolytes have high safety but low ionic conductivity. Many polymer 

electrolytes, salts are dissolved in a solution having a viscosity. In this case, NaCl and 

LiClO4 are typically used as salts, and they are widely used as general-purpose 

electrolytes in the fabrication of PET(polyethylene terephthalate)-based flexible EC 

Substrate

Conductive layer

Cathodic EC layer

Electrolyte layer

Anodic EC layer

Conductive layer

Substrate
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devices. 

 

 

Figure 1. 3 Types of ECD electrolytes 

 

 

  

Solid ECDs Gel-electrolyte

Liquid-electrolyte

Solid-electrolyte

Bulk-type

Film-type

Liquid ECDs
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1. 3 Electrochromic device application 

 

In recent years, ECD has attracted attention because of its extremely low energy 

consumption, which can realize energy savings. Figure 1. 4 shows electrochromic 

devices in practical applications. For example, architectural applications include energy-

efficient Glazing, privacy glass, skylights, etc., and automotive applications are used for 

sun routes and mirrors. Typical electrochromic smart windows include the Boeing 787, 

architectural applications include energy-efficient glazing, privacy glazing, skylights, 

and automotive applications for solar pathways and mirrors. 

 

 

Figure 1. 4 (a) smart window, (b) variable reflectance mirror, (c) information display 

and (d) variable emittance surface[3]. 

 

1) Anti-glare rearview mirrors 

 

Anti-glare rearview mirrors are EC devices that detect and eliminate rearview mirror 

glare to avoid driver glare from reflected vehicle light as shown in Figure 1. 5. The anti-

glare rearview mirror has the structure shown in Figure 1. 4 (b) and reflects light while 

maintaining the function of a regular mirror when the surroundings are dark. On the other 

hand, when glare is detected, the EC material changes to a colored state to reduce light 

reflection, optically absorbing light from the reflective surface to prevent glare[46]. 

 

Smart window Variable reflectance 

mirror
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Figure 1. 5 Regular and anti-glare rearview mirrors. 

 

2) EC information display and paper 

 

EC displays are similar to LCD technology and require external lighting. EC displays 

have the advantage of retaining color due to memory effects like batteries. However, the 

slow switching speed limits applications such as reusable price labels or billboards. In 

addition, in the case of a large-area display, the electrochemical reaction does not occur 

smoothly in the center far from the electrode, so the electrochromic characteristics may 

be non-uniform. Examples of the EC display are shown in Figure 1. 6. 

 

 

Figure 1. 6 (a) A flexible EC display, as developed by Siemens[47], and (b) EC display 

in various colors with polymer films prepared on indium-tin oxide coated glasses[48]. 

 

3) EC smart windows 

 

Recently, due to concerns about the depletion of fossil fuels and environmental 

destruction due to global warming, interest in the use and development of green energy 

materials to replace fossil fuels is increasing. Most of these energies are used for heating 

and cooling of buildings. Therefore, there is a need for an efficient energy system that 

can control the indoor environment with a pleasant and low energy at the same time. 

Electrochromic (EC) windows, which can change their optical properties following an 

electrochemical redox reaction, are attractive for energy-efficient applications in 
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architectures for reducing global consumption of limited energy resources and for 

human comfort[10]. Unlike other devices, energy is required only during the switching 

time. Once switched, a potential is applied in the reverse direction, remaining 

transparent/opaque until disturbed again. A typical application is the window of a 

Boeing 787, which is shown in Figure 1. 7. 

 

 

Figure 1. 7 EC smart window of Boeing 787  
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1. 4 Type of ECDs 

 

Three types of ECDs exist and are directly related electrochemically and classified as 

shown in Figure 1. 8. The three main EC window configurations currently demonstrated 

are solution, hybrid, and battery-like types[49]. 

 

 

Figure 1. 8 Three types of ECDs applications 

. 

The optically transparent front and back electrodes for carrying current in the 

construction of these three types of all-solid (solution), liquid/solid (hybrid) and all-

solid (battery-like) electrochromic systems are common in construction.  

The EC reaction can be written as: 

𝐸𝐶𝑛 + 𝑦𝐶𝐸𝑚(𝑏𝑙𝑒𝑎𝑐ℎ𝑒𝑑) ⟺ 𝐸𝐶𝑛−𝑎 + 𝑦𝐶𝐸𝑚+𝑎/𝑦(𝑐𝑜𝑙𝑜𝑟𝑒𝑑) 

where CE and EC are counter electrode and EC layers, respectively. 

 

Type I : Solution configuration. 

𝑀𝑉2+(𝑎𝑞) + 𝑒(𝑐𝑜𝑙𝑜𝑟𝑙𝑒𝑠𝑠) ⟺ 𝑀𝑉+∗(𝑎𝑞)(𝐷𝑎𝑟𝑘 𝑏𝑙𝑢𝑒) 

where MV is methyl viologen. 

 

Type II : Hybrid configuration. 

 

𝐶𝑃𝑄2+(𝑎𝑞) + 𝑒− + 𝑋−(𝑎𝑞)(𝑐𝑜𝑙𝑜𝑟𝑙𝑒𝑠𝑠) ⟺ [𝐶𝑃𝑄+∗𝑋−](𝑠)(𝐷𝑎𝑟𝑘 𝑏𝑙𝑢𝑒) 

Where CPQ is cyanophenylparaquat. 

 

Type III : Battery-like configuration. 

𝑀𝑂2+(𝑠) + 𝑒(𝑐𝑜𝑙𝑜𝑟𝑙𝑒𝑠𝑠) ⟺ 𝑀𝑂+∗(𝑠)(𝐷𝑎𝑟𝑘 𝑏𝑙𝑢𝑒) 
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where MO is metal oxide. 

Type III EC materials are in solid state in both bleached and colored states. Their 

structure is shown in Figure 1. 1.  

 

Solution and hybrid ECD types require continuous application of electrical energy to 

maintain EC properties. By contrast, the battery-like ECD type has battery-like 

characteristics and exhibits open circuit memory.  
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1. 5 Electrochromic materials 

 

The most representative compounds exhibiting electrochromic materials are 

Transition metal oxides (TMOs), Prussian Blue (PB) and its analogues, and viologens, 

etc[3]. The detailed materials are listed in Table 1. 3. 

 

Table 1. 3 The EC materials examples and potential uses 

 

 

1. 5. 1 Transition metal oxides (TMOs) 

 

The periodic table in the figure shows two types of transition metal oxide (cathode 

and anode) materials exhibiting EC properties. It can be classified as shown in Figure 1. 

9 according to whether the material is colored by ion charging or discharging, i.e. 

reduction or oxidation processes, respectively. Representative cathode EC materials 

(blue) are TiOx
[50] and WOx

[5,19,20], of which the first reported and widely studied 

material is tungsten oxide (WO3). The anode coloring (red) includes NiOx
[16,17] and 

IrOx
[41], and the most irradiated counter electrode of tungsten is nickel oxide (NiOx). 

Class of EC materials Example

Transition metal oxides

(TMOs)
WO3, MoO3, V2O5, Nb2O5, IrOx, and NiOx

Prussian Blue (PB) system
Fex[Fe(CN)6]y (FeHCF), Nix[Fe(CN)6]y (NiHCF), 

Znx[Fe(CN)6]y (ZnHCF), and Cux[Fe(CN)6]y (CuHCF)

Viologens
1,1′-Disubstituted-4,4′-bipyridinium salts

(being pyridinium=C5H6N).

Conducting polymers
PEDOT (being EDOT=C6H6O2S), PPy (being Py=Pirrole=C4H5N), 

PT (being =thiophene=C4H4S), and PANI (being anyline=ANI=C6H5NH2)

Transition metal and lanthanide
poly-[RuII(vbpy)2(py)2]Cl2

(being py=pyridine =C5H5N)

Metal phthalocyanies (Pc) [Lu(Pc)2] being Pc= C32H18N8
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Figure 1. 9 Electrochromic oxides showing both cathodic and anodic coloration[3]. 

 

1) Tungsten oxide 

 

WO3 was first discovered by Deb in the 1960s and is the most studied EC material[51]. 

It changes reversely from transparent (oxidized state) to dark blue (reduced state) 

according to an electrochemical reaction. Their electrochromic properties are greatly 

affected by the composition, structure, pores, and type of electrolyte (ion size) of the 

thin film [52]. The redox process of WO3 can be represented as follows.: 

 

𝑊𝑂3 + 𝑥(𝑀+ + 𝑒−)(𝑡𝑟𝑎𝑛𝑠𝑝𝑎𝑟𝑒𝑛𝑡) ⟺ 𝑀𝑥𝑊𝑂3(𝐵𝑙𝑢𝑒) 

𝑊𝑂3 + 𝑥(𝑀+ + 𝑥𝑒−) ⟺ 𝑀𝑥𝑊𝑉𝐼
(𝑥−1)𝑊𝑉

𝑥𝑂3 

 

where M+ is usually considerable to be H+, Li+, Na+ or K+. WO3 exhibits transparent in 

the W6+ (oxidation) state and exhibits blue color in the W5+ (reduced) state. In addition, 

the color become more darker as decrease the x value of WOx. 
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H He
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K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn Ga … Kr

Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In … Xe
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1. 5. 2 Prussian Blue (PB) and PB analogs 

 

PB (FeHCF) and its analogs (PBA) have the following chemical formula. 

 

 𝐴𝑥𝑀𝐴[𝑀𝐵(𝐶𝑁)6]1−𝑦 ∙ 𝑧𝐻2𝑂 

 

where A is an intercalating ion such as that of potassium or sodium. MA and MB are 

transition metals such as Fe, Mn, Ni and Cu, and y is the number of 

[MB(CN)]6 vacancies[53] (Figure 1. 10). The CN group connects MA and MB; the MA and 

MB atoms are coordinated to 6 nitrogen and 6 carbon atoms, respectively, forming 

structures such as Metal Organic Frameworks (MOFs)[54]. In the case of PB used in 

electrochemical materials, the size of the pores in the structure varies depending on the 

size of MA and MB atoms. Therefore, an appropriate ion must be selected. 

 

 

Figure 1. 10 Structural illustration of metal hexacyanoferrate complexes (FeHCF) using 

transition metal (Fe). 

 

PB and PBA can change their physical properties through combination with various 

metal elements. Therefore, they are used in various fields and are recently attracting 

attention as memory or switching materials[55]. In particular, PB is attracting attention in 

electrochemical applications such as ECD due to the unique structure of the three-

dimensional network and tunnel structure as shown in the Figure 1. 10.  

The redox reaction of PB is described by the equation: 

Fe
Ni

Cu

Co
Fe

Transition metal Hexacyanoferrate (II, III)

Fe(CN)6
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F
e
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𝑀𝐴[𝐹𝑒𝐼𝐼𝐼(𝐶𝑁)6] + 𝑀+ + 𝑒− ⇔ 𝑀𝑀𝐴[𝐹𝑒𝐼𝐼(𝐶𝑁)6] 

 

The EC properties of PB combined with various metal elements are listed in Table 1. 4. 

 

Table 1. 4 Electrochromic properties of MHCFs. 

 

 

In particular, FeHCF is attracting attention for smart window applications as an 

anodic EC material with excellent EC properties. PB film prepared by electrodeposition 

has been reported as an EC material with high durability that shows no degradation in 

electrochemical and optical modulation from transparent to blue for 5 × 106 cycles[63,64]. 

In addition, as an anodic EC material, PB can be usefully used in the preparation of 

complementary ECDs with excellent performance in combining with WO3, a 

representative cathodic EC material.   

PB exhibits four redox states: colorless (Everitt’s salt, ES), sky blue (PB), light green 

(Berlin green, BG), and yellow (Prussian yellow, PY) as shown in the following 

equation[56,65].  

 

𝐹𝑒𝐼𝐼𝐼[𝐹𝑒𝐼𝐼𝐼(𝐶𝑁)6] + 𝑒−(Prussian Brown) → 𝐹𝑒𝐼𝐼𝐼[𝐹𝑒𝐼𝐼(𝐶𝑁)6]−(Prussian Blue) 

𝐹𝑒𝐼𝐼𝐼[𝐹𝑒𝐼𝐼(𝐶𝑁)6]− + 𝑒−(Prussian Blue) → 𝐹𝑒𝐼𝐼[𝐹𝑒𝐼𝐼(𝐶𝑁)6]2−(Prussian White) 

 

  

MHCF
Color change

Ref.
Oxidation⇔ Reduction

FeHCF Blue Colorless 56, 57

NiHCF Yellow Colorless 58

ZnHCF Colorless Colorless 59

CuHCF Yellow Reddish brown 60

CoHCF Green Reddish brown 59, 61

InHCF Yellowish Colorless 62
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1) Prussian Blue nanoparticles 

 

Recently, many attempts have been carried out for application to a functional thin 

film preparation by using a technology that uses a solution such as printing and coating 

that can prepare a thin film with low energy in a short time. Therefore, in order to 

improve the precision of printing/coating technologies for the preparation of electronic 

devices and fine patterns, the preparation of nanoparticles dispersion solution is a very 

important part. Since the conventional synthesis of PB nanoparticle dispersions uses 

organic materials, the PB particles aggregate to form agglomerates of non-uniform 

particles. Therefore, it is not suitable for producing uniform thin films for use in printing 

and stripping methods. In addition, a lot of caution is required because organic 

substances that are harmful to the human body are used in the synthesis process. 

Therefore, it is necessary to manufacture a uniform and electrochemically active PB 

thin film for application to electronic devices. That is, it is important to synthesize PB 

nanoparticles (NPs) in which the small particles are well dispersed in the solvent. 

Recently, a method for manufacturing eco-friendly and inexpensive PB solution by 

simply dispersing PB NPs in water without using such hazardous organic materials. The 

detail mechanism to synthesize PB NPs water-dispersed solution is shown in Figure 1. 

11. 

 

 

 

Figure 1. 11 Preparation of water-dispersible PB nanoparticles[66].  
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1. 5. 3 Organic materials 

 

Organic materials are easy to synthesize, have flexibility and faster reaction rate than 

TMOs and PBAs, and thus have many advantages for EC device applications. However, 

organic EC materials must be handled with caution because they use flammable and/or 

toxic organic solvents, and these safety concerns offset the advantages of organic 

electrochromic devices. However, it is not environmentally friendly and may not be 

suitable for long-term EC device manufacturing strategies due to the use of toxic 

organic substances. Therefore, many attempts have been reported recently for the 

development of water-soluble organic substances. Organic EC materials can be 

classified into two types as shown in Figure 1. 12. Type I is a material having one or 

more colored states and one or more colorless or 'colorless' states. Examples are 

PEDOT and viologens[67]. They can be colored or bleached in the neutral state of the 

materials and change color by an electrochemical reaction. Type II material does not 

change to transparent state. On the other hand, there are two or more color states by an 

electrochemical reaction, typically polythiophene, which changes from red to blue with 

oxidation. 

 

 

Figure 1. 12 Organic electrochromic materials: Type I: Bleached to colored states and 

Type II: Colored to colored states 
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1) Viologens 

 

Viologen is a representative organic compound EC material, and their 

electrochemical reaction is shown in the following formula and Figure 1. 13[68].  

 

𝑏𝑖𝑝𝑚2+(𝐶𝑜𝑙𝑜𝑟𝑙𝑒𝑠𝑠) + 𝑒− → 𝑏𝑖𝑝𝑚+∗(𝑐𝑜𝑙𝑜𝑟𝑒𝑑) 

 

 

Figure 1. 13 Electrochemical redox reaction of viologens 

 

Diquaternisation of 4.4'-bipyridyl produces 1.1'-dis-ubstituted4.4'-bipyridilium salts, 

commonly known as 'viologens'. Viologens are colorless and most stable in the dication 

state (bipm2+ + 2e− → bipm0) which is in oxidation states among the three 

electrochemical reactions (left in Figure 1. 13). When electrons are reduced (bipm0), the 

color of viologen appears, and the color at this time depends on the substituents R and 

R'(middle in Figure 1. 13). In addition, when two electrons are reduced, the viologen 

shows a different color and changes to a neutral state (bipm+● + e− → bipm0, right in 

Figure 1. 13). Viologens are attracting attention for EC display or device applications 

because it has the advantage of being able to display various colors as needed by 

changing the chemical structure. However, it has fatal disadvantages such as poor 

electrochemical safety and short lifespan.  

 

2) Conducting polymers: polypyrrole, polythiophene and PEDOT 

 

Electronically conductive polymers are used in the manufacture of EC materials that 

do not require electrolytes. Representative conductive polymers are shown in Figure 1. 

14, and all of them are characterized by having a conjugated ring structure. These are 

synthesized by doping anions or cations into a polymer material to exhibit 

conductivity[69]. The synthesized conductive polymer is mainly used for the preparation 

of thin-film by printing and coating methods, and it is used for complementary ECD 
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prepared by combining with EC materials such as a WO3 thin film.  

 

 

Figure 1. 14 Typical conjugated polymers 
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1. 6 Machine learning methods 

 

Machine learning (ML) is a technology that uses algorithms to learn and identify 

patterns in data, and can make predictions using these patterns[70]. Therefore, by applying 

it to the development of materials with innumerable parameters, the number of 

experiments required to obtain the optimum parameters can be reduced. In recent years, 

research and development using machine learning have increased dramatically in various 

fields. In particular, the deep learning method using algorithms provides optimal material 

production conditions in a short time in material research fields, enabling innovative 

development in various fields such as image analysis, data processing, and classification 

based on this.  
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1. 7 Aim and outline of this study 

 

A high-performance electrochromic material must possess fast color switching, 

reversible light modulations, high color contrast, low energy consumption, and long-term 

chemical and thermal stabilities[1-8,10-13]. 

Our research group has been studying the synthesis of the WO3 and PB NPs well 

dispersed in water without any chemical which is harmful to the human body for 

application in EC thin films fabrication by coating processes. The coating process has the 

advantage of being able to fabricate a high-quality EC thin film on a large-area ITO-

coated glass substrate in a short time and at a low cost. In the case of coating technology, 

the adhesive and wettability properties of the substrate and NPs inks are very important 

as a factor to improve the electrochemical reaction and durability for thin-film preparation.  

Therefore, we focused on the development of a wet-coatable WO3 NPs dispersed ink 

with good adhesion. Chapter 3 describes in detail the synthesis of a wet-coatable WO3 

NPs dispersed ink with improved adhesion and the correlation between the adhesive and 

electrochemical properties of the coated WO3 thin film prepared using the ink. 

Chapter 4 describes electrochemical devices of various (glass and flexible PET) 

substrates that were prepared using the WO3 ink developed in Chapters 3 and their EC 

properties were evaluated. Finally, in Chapter 5, we developed a simulation model that 

can predict the synthesis conditions for the synthesis of WO3 ink suitable for the coating 

process using machine learning. In addition, WO3 ink was prepared using the conditions 

obtained through the simulation model and verified by comparative analysis. 

This research aims to develop functional nano-dispersion ink and thin film that can be 

applied to coating process in various fields such as catalyst and battery as well as EC 

smart window material by developing adhesive WO3 ink that can be finally applied to the 

coating method. 
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2. 1 Particle-size classification 

 

When no energy is applied to a suspension in which different substances are mixed, 

the dense substance slowly sinks to the bottom under the influence of gravity, and the 

low-density substance slowly moves upward to separate[1]. This process is called 

precipitation. Substances with such a density difference cause sedimentation by gravity 

and can be separated according to the density difference over time. By artificially 

increasing the gravity acting on the suspension, sedimentation can be accelerated. In this 

case, centrifugal force can be used to accelerate the sedimentation phenomenon. This 

process is called centrifugation. The magnitude of centrifugal force can be defined by 

the following equation[2].  

 

𝐹𝑐𝑒𝑛𝑡𝑒𝑟𝑓𝑢𝑔𝑎𝑙 = 𝑚 ×
𝑉2

𝑟
                                            (2-1) 

 

where, object of mass m, a circular path or radius r, and angular velocity V.  

Thus, the magnitude of the centrifugal force can be controlled by adjusting the 

angular velocity. Angular velocity is expressed in units called rpm, which is a unit that 

indicates how many revolutions per minute. Since the rotation radius of the material to 

be centrifuged varies depending on the location of the rotor, which is the place where 

the object is placed, the unit G is mainly used instead of rpm considering the angular 

velocity and the rotation radius (1G is a force equal to gravity, 10G is 10 times the force 

of gravity) power). Centrifugation is a common technique (Figure 2. 1) used to separate 

solid particles dispersed in a liquid medium (blood cells, dispersion solutions, etc.).  
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Figure 2. 1 Particle-size classification process using centrifugation.   

 

 

Figure 2. 2 Centrifugal processes for general colloidal liquids. 
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2. 2 Particle size measurements 

 

Dynamic light scattering (DLS) is a method of analyzing the molecular weight, size, 

shape, etc. of polymer or colloidal particles using light scattering[3]. Particles dispersed 

in a solution generally have Brownian motion, and the movement of the particles 

becomes slower as the particle size increases and becomes faster as the particle size 

decreases. Using this principle, when laser light is irradiated to particles that are in 

Brownian motion, the scattered light from the particles shows a shake corresponding to 

the particle size (Figure 2. 3). 

 

 

Figure 2. 3 (a) Schematic representation of Brownian motion and (b) the relationship of 

the correlation function with time. 

 

That is, by detecting the change in the intensity of scattered light over time, the 

molecular weight can be known using an appropriate model for the relationship between 

the particle sizes, and further, the molecular weight distribution can be measured. The 

change or fluctuation of the intensity of scattered light is important information about 

the motion of the particle, and the time required for the fluctuation is determined by the 

dynamics of the particle. The translational diffusion coefficient D, which is an important 
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constant for understanding particle motion, is expressed by the Stokes-Einstein relation 

when the particle is spherical as follows[4]: 

 

𝐷 =
𝑘𝐵𝑇

𝜋𝜂𝛾
                                                         (2-2) 

 

where kB is Boltzmann’s constant, T is temperature, η is dynamic viscosity, D is the 

translational diffusion coefficient, and γ is the hydrodynamic diameter.  
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2. 3 Colloidal stability 

 

The zeta potential or ζ potential is the physical property of all particles in a 

suspension[5]. When the fine particles suspended in the liquid phase come into contact 

with a polar solvent, they are charged on the surface by 1) dissolution of constituent 

ions, 2) surface of ionization, 3) isomorphous substitution, and 4) specific adsorption of 

ion. The oppositely charged ions in the solution are attracted to the particle surface and 

the identically charged ions are repelled. At this time, an electrical double layer occurs 

within a certain distance between the particle and the liquid (Figure 2. 4). As the 

distance from the charged particle surface to the liquid phase increases, the distribution 

of oppositely charged ions and identically charged ions becomes equal, resulting in 

neutralization. On the other hand, when a voltage is applied to a suspension in which 

charged particles are dispersed, the particles have a velocity due to a potential 

difference, and this velocity is called electrophoretic mobility (EM). When a particle 

moves with speed, the double layer arranged around the particle is divided into a 

moving part (inside the stern layer) and a non-moving layer. This interface is called a 

shear layer (or slippage plane), and the observed potential at this plane is the zeta 

potential[6]. 

The zeta potential value indicates the stability of the dispersed suspension. For 

example, an emulsion that is electrically stabilized exhibits a high negative or positive 

zeta potential, whereas an emulsion with a low zeta potential coagulates or aggregates, 

resulting in poor dispersibility. Therefore, emulsions with a high zeta potential have a 

relatively stable system with the face repulsion force exceeding the attractive force. ZP 

values are typically in the range of +100 to −100 mV and the colloidal states were 

described in Table 2. 1[7].  
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Table 2. 1 Colloidal stability of particles as a function of zeta potential values[8,9]. 

 

 

The magnitude of ZP gives a prediction of colloidal stability. ZP of NPs with values 

>+25 mV or <−25 mV usually have a high degree of stability. Lower dispersions ZP 

values will lead to aggregation, coagulation, or flocculation due to van der Waals 

interparticle attraction[10]. 

 

Zeta potential (mV) Colloidal stability

0 to ±5 Rapid coagulation or flocculation

±10 to ±30 Incipient instability

±30 to ±40 Moderate stability

±40 to ±60 Good stability

More than ±60 Excellent stability
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Figure 2. 4 Schematic representation of zeta potential. 

 

  

+ +

+
+

+
++

+
+

+
++

+

+

+

+

−

+ +
+

−

−

Zeta potential

Diffuse layer

ions loosely 

attachedNegatively charged 

particle

Ions strongly 

bound to particle

Slipping plane

Stern layer

Surface potential

Stern potential

−100

0

−50m
V

Distance from particle surface



41 

 

2. 4 Viscosity 

 

Viscosity is a basic physical quantity that expresses the ease of flow of a fluid. For 

example, viscosity is an important parameter for understanding the physical properties 

of liquids, and it is necessary to optimally set and manage viscosity for product research 

and development and quality control in a wide range of industrial fields such as paints, 

chemistry, pharmaceuticals, cosmetics, and foods. Especially, viscosity is an important 

parameter that determines the thickness in the thin film manufacturing process using 

wet coating methods such as spin coating. When the detection terminal driven by 

piezoelectric ceramic is immersed in the liquid, the vibration is attenuated in proportion 

to the viscosity. The change in vibration is detected by the accelerometer and displayed 

as a viscosity value. The detection terminal using a piezoelectric ceramic actuator is 

vibrated in the rotational direction so that it becomes a resonance state at a constant 

frequency, the tip (detection terminal) is immersed in the liquid, and the amplitude of 

the vibration changes depending on the magnitude of the liquid viscosity. It is a 

vibrating meter that captures this as a change in angular acceleration with a 

piezoelectric accelerometer and converts it into an electrical signal for measurement. 

 

 

Figure 2. 5 Schematics and principle of viscometer.  
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2. 5 Surface treatments 

 

1) Plasma surface treatment 

 

When an electric field is applied between the two electrodes, electrons are emitted from 

the cathode to the anode, and these electrons are accelerated by the electric field and 

collide with surrounding N2 and O2 molecules. When electrons of sufficient energy (tens 

to hundreds of eV) collide with air molecules, the air molecules are ionized to form 

plasma. These electrons finally collide with the substrate between the two discharge 

electrodes to charge the substrate surface. At this time, if the energy of the colliding 

electrons is large enough (above several tens of eV), the surface molecules are broken 

and activated. Since the activated surface molecules have an unstable molecular structure, 

the property of bonding with other substances (chemical activity) becomes very strong 

(Figure 2. 6).  

 

 

Figure 2. 6 Schematic of the plasma surface treatment 

 

This plasma chemically bonds with the active molecules on the surface of the product 

to change the molecular structure of the surface. A surface modification method that 

lowers the surface tension (formation of a hydrophobic surface) through this process is 

sometimes referred to as plasma surface modification[11].  

 Figure 2. 7 shows an example of the change in the contact angle of water droplets 

before and after surface (hydrophilization) treatment.   
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Figure 2. 7 The contact angle changes according to the surface energy. 
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2) UV surface treatment 

 

The dry-cleaning method using UV is one of the representative dry-cleaning methods 

that have been introduced and utilized in the actual process as a method that has recently 

received a lot of attention. The organic matter removal mechanism using UV/O3 is as 

follows[12]. 

 

𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑠 + ℎ𝜈 → 𝐸𝑥𝑖𝑡𝑒𝑑 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑠 (200~300 𝑛𝑚 𝑈𝑉) 

𝑂2 + ℎ𝜈 → 2𝑂(184.9 𝑛𝑚 𝑈𝑉) 

𝑂 + 𝑂2 → 𝑂3 

𝑂3 + ℎ𝜈 → 𝑂 + 𝑂2(243.7 𝑛𝑚 𝑈𝑉) 

𝐸𝑥𝑖𝑡𝑒𝑑 𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑠 + (𝑂, 𝑂3) ⟶ 𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑𝑠 

 

Oxygen molecules are decomposed into oxygen atoms by ultraviolet rays, the 

decomposed oxygen atoms combine with oxygen molecules to produce ozone, and the 

generated ozone is again decomposed into oxygen atoms and molecules by ultraviolet 

rays. The concept of the UV/O3 method is to change and remove organic pollutants 

excited by oxygen atoms and ozone generated in this way into volatile compounds. In 

order to obtain such an organic matter removal effect, wavelengths of 184.9 nm 

(Absorbed by O2 and organic molecules) and 253.7 nm (Absorbed by O3 and organic 

molecules) should be used (Figure 2. 8). 

 

 

Figure 2. 8 Schematics of UV/O3 treatments 
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Surface cleaning with ozone removes organic matter and moisture generated on the 

surface of glass, film, and metal, and improves the adhesion between the substrate and 

the coating thin film by modifying the surface of the material to be hydrophilic. In 

addition, since the energy is small compared to atmospheric pressure plasma or vacuum 

plasma, the surface treatment can be performed without damage. 

 

 

Figure 2. 9 Mechanism of UV/O3 surface treatment. 
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2. 6 Film preparation 

 

1) Spin coating methods 

 

Spin coating is a method of manufacturing a thin film using centrifugal force 

generated by dropping a coating solution on a generally flat substrate surface and 

rotating it at high speed. Spin coating is a type of wet process coating that dries the 

liquid phase. Although it is limited to flat-coated objects, it is possible to produce 

simple and uniform thin films. Thin-film production is divided into three major 

processes as shown in Figure 2. 10. 

 

 

Figure 2. 10 Spin-coating processes of film preparation 

 

2. 1) Preparation of substrate and dropping of the coating solution 

 

The target is vacuum-adsorbed and fixed on the stage of the spin coater, and the 

coating solution is dropped near the center. The amount of dropping depends on the size 

of the object to be applied, but it is very small, ranging from several CCs to several tens 

of CCs. 

 

2. 2) Rotation treatment process 

 

Rotate the stage to gradually increase the rotation speed and remove the coating 

solution by centrifugal force. As the coating solution is removed by centrifugal force, 
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the viscosity increases, and the coating solution becomes immobile. The higher the 

rotation speed and the longer the time, the thinner the thin film can be produced. 

 

2. 3) Drying/curing process 

 

After the rotation treatment process, the substrate is removed from the spin coater, 

and the solvent is removed, or UV cured using a hot air drying furnace or UV curing 

device to prepare a thin film.  

Assuming that the liquid on the rotating substrate is balanced by centrifugal and 

viscous forces, the thickness of the spin-made thin film can be calculated from Newton's 

law of viscosity[13-16]. 

 

ℎ = 𝑒0 (1 +
4𝜔2ℎ0

2𝑡

3𝜂
⁄ )

1

2                                            (2-3) 

 

where, h is the film thickness, η is viscosity of the liquid solution, h0 is initial film 

thickness, ω is the angular velocity (spin speed), and t is spin time. 
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2. 7 Adhesion test 

 

1) Scratch test 

 

The scratch test is a method of measuring the critical load (Lc) when the film is 

cracked or peeled by moving the substrate while increasing the load on the surface of 

the thin film using a stylus. This method is allowed simple and fast analysis, and it can 

be applied to thin films with several hundred nm or less. In addition, it has an advantage 

that adhesion strength can be quantified[17]. 

 

 
Figure 2 .11 A schematic illustration a scratch test on a coated film 

 

Figure 2. 12 shows a typical plots of scratch test data experiment. As the load 

increases, the delamination of material coated on the substrate is observed, and the force 

at which the deformation of the peak is observed is the adhesion strength. 

 

 

Figure 2. 12 Typical scratch test data plots. 
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2) Crosscut test 

 

cross-cut test method is a test that examines the adhesion, which is the important 

quality performance of the coating. A rectangular grid pattern is applied to the coating 

film to evaluate the peel resistance of the coating film from the substrate using an 

adhesive tape with a set standard (Japanese Industrial Standards: JIS Z 1522 was used in 

this study) as shown in Figure 2. 13. 

 

Figure 2. 13 Schematics of crosscut test 

 

Adhesion is evaluated by observing the surface condition of the tested thin film 

through an optical microscope. 
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2. 8 Crystal structure 

 

1) X-Ray Diffraction 

 

X-ray diffraction is the most representative method for interpreting the crystal structure, 

and it can be used for a wide range of fields such as metals, organic and inorganic 

compounds, and biomaterials because non-destructive measurement is possible. X-ray 

diffraction is an indirect phenomenon that occurs when a crystal acts as a diffraction 

grating for X-rays. A crystal is a solid in which atoms are arranged with periodicity in 

three-dimensional space. Therefore, inside the crystal, electrons are distributed as a 

density function with the same periodicity as the arrangement of atoms. When X-rays are 

irradiated to the crystal, some of the X-rays undergo coherent scattering with electrons. 

Consistent scattering is a phenomenon in which X-ray photons are scattered without 

losing energy. Consistent scattering of X-rays has indirection. Therefore, when X-rays are 

incident in a specific direction related to the periodicity of the electron density function, 

X-rays are propagated with strong intensity in a specific direction by superposition of 

waves. This phenomenon is called X-ray diffraction. Since X-ray diffraction is a 

phenomenon that occurs because the atomic arrangement of a crystal has periodicity, X-

ray diffraction can be used to analyze the crystal structure. Figure 2. 14 shows the Bragg 

conditions for X-ray diffraction to occur in the crystal. where d is the interplanar spacing 

and λ is the wavelength. When parallel X-rays are incident on a crystal plane at an angle 

θ, in order for the reflected beams to appear as a single beam of sufficient intensity, they 

must be in phase with each other, and the path difference between the interfering beams 

must be an integer multiple of the wavelength. The path difference between the two beams 

can be expressed by Bragg's equation as follows[18]. 

 

𝑛𝜆𝑥 = 2𝑑 ∙ 𝑠𝑖𝑛𝜃                                                   (2-4) 
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Figure 2. 14 Incident X-Rays are diffracted by the layers of atoms in a crystalline 

material. 
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2. 9 Chemical composition state 

 

1) X-ray photoelectron spectroscopy  

 

X-ray photoelectron spectroscopy (XPS) makes it possible to measure the electrons 

emitted in an interval of energy according to the binding energy of the electrons. Each 

chemical element is characterized by a single spectrum, this spectroscopic method makes 

it possible to precisely analyze the chemical nature of a given material[19].  

XPS method is based on photoionization. The surface of the examined sample is 

excited by monoenergetic x-ray photons in the range of 150-1500 eV and the emitted 

photoelectrons are detected separated according to their energy. The primary photon 

energy is large enough to extract electrons even from the inner atomic electron shells thus 

ionizing the atoms of the surface. The penetration depth of photons is between 1-10 μm, 

but electrons - due to their large inelastic scattering cross section causing multiple 

scattering process - can leave the surface only from the few topmost atomic layers (Figure 

2. 15). X-ray photons can excite electrons from the valence band in the range of 0-25 eV 

and from atomic core levels with binding energy in the range of 25-1500eV. In this way 

XPS is suitable for characterizing electron structure of the surface. The X-ray photon 

excitation gives rise to photoelectron emission according to the equation[20]: 

 

KE = hν - BE - φspectrometer                                                           (2-5) 

 

where hν represents the energy of the absorbed photon, BE is binding energy of an 

electron referenced to Fermi level attracted to a nucleus, and φspectrometer is the work 

function of the spectrometer. In the above equation, the energy of exciting radiation is 

known, φspectrometer can be calibrated to the energy of a well-known photoelectron peak 

of a precious metal standard, and the value of KE is measured (Figure 2. 15). Thus, BE 

can be calculated. This characteristic energy enables the identification of the surface 

element, and in this way, the composition of the sample surface can be determined.  
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Figure 2. 15 Schematic diagram of a core-level-photoelectron emission process[21]. 

 

In XPS two materials are used most often as anodes in soft X-ray sources: magnesium 

and aluminum. The Mg Kα and Al Kα lines have sufficiently narrow widths (0.7 eV and 

0.8eV respectively) so a good resolution can be achieved, and the line energies (1253.6 

eV and 1486.3 eV) are also high enough for the detection of all elements[22]. The large 

intensity of the Mg Kα and Al Kα lines provides high sensitivity measurements. 

All XPS analyzes were completed using a PHI 5000 VersaProbe. A simplified diagram 

of the main components of the XPS instrument is shown in Figure 2. 16. 
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Figure 2. 16 Schematic of XPS system 
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2) Energy dispersive X-ray spectrometer (EDX) 

 

Energy-dispersive X-ray spectroscopy (also known as EDS, EDX, or EDXA) is a 

powerful technique that enables the user to analyze the elemental composition of the 

desired sample[36]. EDS is a method of analyzing the components and composition of 

components of a sample from characteristic X-rays generated by irradiating accelerated 

electrons to the sample. This analysis method is widely used for the analysis of sample 

components because it can non-destructively analyze the sample, quantitative analysis is 

possible, and the analysis speed is fast. Figure 2. 17 shows the principle of generation of 

characteristic X-rays. When electrons collide with a sample by accelerating them with a 

high voltage, secondary electrons are generated in the electron shell. This creates a hole 

in the electron shell. Then, the electrons in the upper orbital transition to the hole to be 

thermodynamically stable. In this process, energy is generated in the form of X-rays as 

much as the gap between the two electron orbitals. EDS is a measurement method that 

enables qualitative analysis of samples by measuring this energy. Since every atom has a 

different value for X-ray energy, it is possible to distinguish all atoms by X-ray energy. 

 

 

Figure 2. 17 Illustration of the principle of EDX. 
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2. 10 Film morphology and thickness  

 

1) Field emission scanning electron microscope 

 

Field emission scanning electron microscopy (FE-SEM) is used to observe the 

morphology of the sample surface from low to high magnification. In FE-SEM 

observation, it is possible to observe at a higher magnification than a scanning electron 

microscope (SEM)[24]. 

The principle of FE-SEM is that an electron beam generated from an electron source 

is scanned two-dimensionally on a sample, and a signal generated therefrom is imaged to 

obtain an image as shown in Figure 2. 18. At that time, signals such as secondary electrons 

(SE), backscattered electrons (BSE), X-rays, fluorescence, and absorption electrons are 

generated from the data (Figure 2. 19)[25]. In SEM, SE is mainly used to acquire surface 

information, and BSE is used to acquire images with compositional information. 

SE indicates that electrons in the material are excited by the incident electrons, and the 

retained energy is as low as several tens of eV or less regardless of the energy of the 

incident electrons. Therefore, the depth of occurrence of SE is as shallow as 10 nm, and 

thus SE brings sample surface information. BSE is an electron emitted in vacuum by 

backscattering after incident electrons cause a synthesis action inside the sample, and 

mainly has compositional information. The retained energy and the emission region are 

proportional to the incident energy and have information in the region as deep as the high 

accelerating voltage. 

Conventionally, SEM was difficult to obtain surface information compared to SE 

because a rather high acceleration voltage (several kV or more) was required from the 

characteristics of the detector. However, recently, a new emission method has been 

developed (FE-SEM) and the observation of the BSE phase at a lower accelerating 

voltage has been realized. Composition information of the sample surface was obtained. 

 



57 

 

 

Figure 2. 18 Illustration of (a) a field emission gun structure and (b) the measurement 

principles for the scanning electron microscope[26]. 

 

 

 

Figure 2. 19 The interaction of electron beam with specimen and the signal emitted 

from the sample 

 

For observation with FESEM, the sample first needs to be made conductive to an 

electric current. In this case, gold or palladium is used to coat the sample surface with an 

extremely thin layer (1.5-3.0nm) using a sputter for the sample conductivity. 

To be observed with an FESEM, objects are first made conductive for currents. This 

can be done by coating them with an extremely thin layer (1.5–3.0 nm) of gold or 

palladium[22]. The spatter coating of the sample is shown in the Figure 2. 20. 

 

Flashing power supply

V1

V0

Field emission tip

First anode

Second anode

Sample

Electron beam

Secondary

electrons SEM

Image

Detector(a) (b)

Sample

Electron beam

Auger electrons

Secondary 

electrons

Backscattered 

electrons

X-rays

Cathodoluminescence



58 

 

 

Figure 2. 20 Schematic of sputter coater for FESEM. 
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2. 11 Electrochemical and electrochromic properties 

 

1) Electrochemical measurements  

 

Recently, the electrochemical measurement method is not only used as an analytical 

method but is used for the measurement of the electron transfer process in development 

research in various fields such as new sensor development, functional film production, 

and new battery and capacitor material development. Therefore, it is a very important 

experimental method not only in the field of electrochemistry, but also in many fields 

such as polymers, biotechnology, inorganic chemistry, material chemistry, medicine, 

pharmaceuticals, and electronic engineering. Electrochemical analysis can be said to 

analyze the chemical response of a sample when an electrical stimulus is applied to the 

sample. A chemical response involves the movement of electrons (oxidation or reduction) 

accompanied by a substance in response to an electrical stimulus[27]. These oxidation and 

reduction reactions are called redox reactions. In addition, it brings a lot of information 

about a series of phenomena such as the concentration of active species in the sample, 

equilibrium constant, reaction mechanism, electron transfer reaction on the electrode 

surface, and adsorption. In electrochemical experiments, one or more of the four variables 

of potential difference (E), current (i), charge amount (Q), and time (t) are generally 

measured. In particular, in recent years, the development of electronic devices has been 

radically developed, and electrochemical measurements are also increasing in the 

research field, and it is widely used to systematically analyze the redox reaction, 

electronic state and electrochemical reaction mechanism of materials[28]. The most 

representatively used for measuring electrochemical properties is an electrochemical 

measuring method using a three-electrode cell. The electrochemical cell is composed of 

a working electrode (WE), which is the sample material being tested, a reference electrode 

(RE, typically Ag/AgCl or calomel electrodes, and a counter electrode (CE). In the three-

electrode cell, current flows between the WE and the CE, and the potential of the WE are 

controlled by a potential regulator with reference to the RE. At this time, the potential 

difference between the WE and the RE can be accurately measured regardless of the 

current value flowing by the electrode reaction. (Figure 2. 21). 
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Figure 2. 21 Illustration of a three-electrode cell structure. 
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2) Cyclic voltammetry 

 

Cyclic voltammetry is a method of measuring the current by circulating the potential 

of the working electrode at a constant speed as shown in Figure. 2. 22 (a) and a cyclic 

voltammogram can be obtained using this method as shown in Figure 2. 22 (b). Cyclic 

voltammetry is widely used as one of the methods to directly investigate what kind of 

reaction is taking place on the electrode surface. For measurement, a potential at which 

no current flows are set as the initial potential (a).  

 

 

Figure 2. 22 (a) CV excitation signal and (b) voltammogram of a single electron 

oxidation-reduction. 

It starts from the set potential and scans at a constant speed, reverses the scanning 

direction at the reverse potential (d), scans the potential at the same scanning speed as the 

forward direction, and returns to the initial potential. The single injection method (single 

CV) is the method of performing such a cycle once, and the method of repeating the same 

type of potential injection repeatedly is the multiple injection method (multiple CV). In 

the experiment, the initial potential and the reverse potential should be appropriately set 

so that the redox signal of the electrode can be observed.  

The peak current, ip, of the reversible redox process is described by the Randles-

Sevcik equation. At 298 K, the Randles-Sevcik equation is[29]: 

 

𝑖𝑝 = (2.69 × 105)𝑛3/2𝐴𝐶𝐷1/2𝑣1/2                                   (2-6) 

 

Time (s)

P
o

te
n

ti
al

 (
V

) 
v

s.
 r

ef
er

en
ce

 e
le

ct
ro

d
e

a

b

c

d

f

e

gCycle 1 Cycle 2

Cyclic Voltammogram Excitaion signal

Potential (V) vs. reference electrode

C
u

rr
en

t 
(A

)

a

g

b

f

e

c

d

Epc

ipc

ipa

Epa

Negative potentialPositive potential

A
n
o

d
ic

 c
u

rr
en

t
C

at
h

o
d

ic
 c

u
rr

en
t

Cyclic voltammogram

(a) (b)



62 

 

where n is the number of electrons, A the electrode area (cm2), C the concentration 

(mol·cm-3), D the diffusion coefficient (cm2·s-1), and v the potential scan rate (V·s-1). 
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3) Chronocoulometry 

 

Chronocoulometry (CC), as indicated by the name, is a technique in which the charge 

is measured (i.e., “coulometry”) as a function of time (i.e., “chrono”). There are various 

types of coulometry. The one discussed here is potentiostatic coulometry in which the 

potential (or voltage) is set and, as a result, charge flows through the cell. As shown in 

Figure 2. 23 the potential is changed instantaneously from the initial potential (Ei) to 

the first step potential (Ef), and it is held at this value for the first step time. Next, the 

potential changes to the second step potential (Es) after the first step time, and then 

remains at this value for the set time. 

 

 

Figure 2. 23 Chronocoulometry excitation signal. 

 

In the CC technique, the transferred charge density (Q) passing during the application 

of a step potential is recorded versus time. By integrating the current through the 

applied potential step, Q is calculated. Using Cottrell's equation, the Anson equation 

may be derived for chronocoulometric systems[29]. 

 

𝑄𝑑 = 2𝑛𝐹𝐴𝐶0𝐷0
1 2⁄ 𝑡1 2⁄ 𝜋1 2⁄⁄                                       (2-7) 

 

where D0 is diffusion constant for electroactive species (cm2/s), C0 is concentration of 

electroactive species (mol/cm3), A is electrode area (cm2), F is Faraday’s constant 

(96.485 C/equivalent), and n is stoichiometric number of electrons involved in the 

reaction. CC analysis is preferred for measuring the diffusion coefficient (D) with 
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respect to the electrode area (A). In the reverse potential step experiment, there is the 

possibility for the material to be reoxidized to the original material during the reverse 

potential step, as a reduced form of the redox reaction during the forward step remains 

in the district of the working electrode[29]. According to the data obtained from the 

chronoamperometric technique, the signal recorded in the backward step is lower than 

that recorded in the forward step.  
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2. 12 Electrochromic measurements 

 

1) Coloration efficiency 

 

The coloration efficiency (CE) of an EC material is a critical factor for demonstrating 

its performance. The CE is defined as the change in optical density (ΔOD) per unit of 

the intercalated ionic charge (Q) into an EC layer. CE and ΔOD can be obtained from 

the following equations[30] 

 

𝐶𝐸 = Δ𝑂𝐷/𝑄                                                  (2-8) 

Δ𝑂𝐷 = log (
𝑇𝜆𝑏

𝑇𝜆𝑐
)                                                (2-9) 

 

where Tλb and Tλc refer to the transmittances of the layer in its bleached and colored 

states, respectively. 

 

2) Optical modulation rate 

 

In the EC field, the color change (optical modulation) rate of the materials according 

to the electrochemical redox reaction is an important parameter. Transmission spectra 

and time-strip charts were obtained using multiple potential step (MPS) measurements, 

from which response times were calculated[30]. The optical modulation rate was 

measured by applying the potentials of colored and bleached states and was defined as 

the time required for the system to exhibit a 90% variation in total transmittance (Figure 

2. 24). 

 

 

Figure 2. 24 Optical modulation rates. 
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2. 12 Color detail information  

 

1) Chromaticity 

 

Chromaticity is a color value stipulated by The International Commission on 

Illumination (CIE) and is a color space that can be expressed numerically in a color 

difference and color space that can be detected by the human eye. 

In the past, digital color displays have displayed similar color spaces in Red, Green, 

and Blue (RGB) to the eyes of the authorized person, X, Y, and Z (CIE 1931 XYZ color 

space as shown in Figure 2. 25 (a))[31]. However, there is a problem that these color 

spaces do not match the colors perceived by humans. On the other hand, CIELAB is a 

color space that is currently standardized worldwide because it shows a very close 

difference to the eye as a uniform color space coordinate. 

In CIELAB, color coordinates are expressed as L*, a*, b*. L* stands for brightness 

(L*=0 indicates black, L*=100 indicates diffuse white, specular white may be higher), 

a* stands for red and green (a *, negative for green, positive for red), and b* stands for 

yellow and blue (b *, negative numbers represent blue, positive numbers represent 

yellow)[32]. 

The CIE 1976 developed the L*a*b* color model in 1976 is called L*a*b* color 

display system or CIELAB color display system (Figure 2. 25 (b)). 

 

 

Figure 2. 25 Defining and communication color: The (a) CIE1931 XYZ and (b) 

CIE1976 LAB systems 
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2) Haze 

 

Haze is how blurry or cloudy the appearance of a transparent material. The 

appearance of a transparent or translucent product is described by total transmittance, 

haze and clarity. They are important parameters for plastic films, glass, food packaging, 

LCD panel, automotive windshields and other transparent and translucent products. 

Total transmittance is influenced by absorption and reflection, while haze and clarity are 

interrelated which is influenced by the scattering of the diffused light[33]. The light 

before passing through the sample is called incident light, the entire light after passing 

through the sample is called transmitted light, and the scattered light with a scattering 

angle greater than 2.5 ° after the transmission sample is called scattered light, ration of 

the scattered light to transmitted light (as show in green color (bottom) of Figure 2. 26) 

and Tt is the total transmitted light (as show in pink color (top) of Figure 2. 26). 

 

 

Figure 2. 26 Measurement of transmittance, haze, and clarity. 
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Fabrication of Adhesion WO3 Nanoparticle Dispersion Ink 

and Evaluation of Electrochromic Properties of WO3 Thin 

Films   
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3. 1 Introduction 

 

WO3 was discovered by Deb[1] in the 1960s as a material exhibiting electrochromic 

properties and attracted great attention as a material for smart windows. In particular, 

materials using WO3 exhibit transmittance changes in both the visible and near-infrared 

(NIR) regions[2], which can filter out most of the incident sunlight, potentially reducing 

the building's air conditioning costs. Although there are various methods for 

manufacturing the WO3 thin film, the sputtering method is known most representatively 

among them[3]. Sputtering has several advantages, such as large-area homogeneous thin 

film production and continuous line production and is a suitable method for smart 

window manufacturing[4]. However, sputtering requires high production cost per unit 

area and low productivity. Recently, nanotechnology has developed rapidly in recent 

years due to its ability to change and adjust its chemical composition and size and 

attempts to fabricate EC thin films using inkjet printing, roll-to-roll, and coating 

technologies, which are relatively inexpensive processes[5-7]. 

However, it still remains a challenge to find suitable nanomaterials that can be 

reliably used for various coating methods. Therefore, we aimed to synthesize a wet-

coatable WO3 NP dispersion ink to form an EC thin film and to propose a suitable 

design for synthesizing the ink with optimal physicochemical properties in this study. In 

this case, polyvinyl alcohol (PVA) was added to the ink as an additive to improve the 

film forming performance. PVA has been widely studied as an additive for coating ink 

due to its good physical properties, excellent processability, optimum chemical 

resistance and easy film properties[8-12]. In addition, it has the high potential to be 

applied to a large area by using the slit coating method, which is one of the commercial 

coating technologies, by improving adhesion and wettability. However, a non-optimized 

amount of PVA in the ink causes agglomeration of WO3 NPs, which deteriorates the 

uniformity of the thin film and greatly affects the electrochemical properties. Therefore, 

in this study, the effect of PVA addition amount on dispersibility and wettability of WO3 

NP dispersion ink was investigated. In addition, the physical properties and EC 

performance of the WO3 films prepared by spin coating method using the synthesized 

inks were comprehensively investigated. 
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Therefore, in this study, we focused on the spin-coating method to fabricate WO3 thin 

films, optimized the amount of PVA added to the WO3 NP dispersed ink, which has not 

been studied to date, and evaluated the physical properties such as the wettability and 

dispersibility of the resulting ink. Moreover, we comprehensively examined the physical 

properties of thin films formed from the ink and their EC performance. 
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3. 2 Experimental 

 

1) Chemicals 

 

The following chemicals were purchased and used without additional purification: 

Potassium bis(trifluoromethanesulfonyl)imide (KTFSI, FUJIFILM Wako Pure 

Chemicals Co.), propylene carbonate (PC, 99 %, Kanto Chemicals Co., Inc.), and PVA 

(99 %, Japan Vam & Poval, Japan). Indium tin oxide (ITO)-coated glass with a surface 

resistivity of 10 Ω/sq was purchased form Geomatec Co. 

 

2) Fabrication of WO3 NP dispersed inks 

 

WO3 NPs (diameter: ~10 nm) used in thin study were obtained from Toshiba 

Materials Co. Ltd. We dispersed WO3 NPs in deionized water by stirring at 1000 rpm at 

room temperature (~20 °C) for 48 h to prepare a WO3 NP content of 25 wt.% of the 

total ink weight. The ink for film fabrication was prepared by mixing the 25wt.% WO3 

NP suspension with PVA in the range of 0 to 10 wt.%, and then filtering the ink through 

a 7 μm syringe filter (Kiriyama Glass Works Co.). 

 

3) Surface tension, viscosity, density, and pH of the WO3 NP inks 

 

Surface tension and viscosity decreased with increasing PVA content of WO3 NP ink 

from 0 to 10 wt.% (Table 3. 1). Figure 3. 1 shows a photograph of the prepared WO3 NP 

dispersion ink, in which the pH of the suspension remains constant at 3.0 regardless of 

the PVA content, while the density of the ink decreases from 4.203 to 3.254 g/cm2 with 

increasing PVA content. 

Physical properties play an important role in the fabrication of inks with optimal 

coating performance, but they are not limiting; this means that thin films can be coated 

on substrates with these inks even when the ink properties are not optimal, but in such 

cases, the desired reliability and wettability of the coated inks may not be achieved[13]. 
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Figure 3. 1 Photograph of the WO3 NP dispersed inks containing 0, 1, 5, and 10 wt.% 

of PVA[13]. 

 

Table 3. 1 Properties of the WO3 NP dispersed inks with different PVA contents of 0, 1, 

5, and 10 wt.%[13] 

 

 

4) Particle size 

 

The volume diameter of the prepared WO3 NP inks was measured by dynamic light 

scattering (DLS; Delsa Nano Submicron, Beckman Coulter Inc.). 

 

5) Film preparation 

 

WO3 NP thin films were prepared on ITO/glass substrates (size: 25 cm2) by a spin 

coater (ACT-300Aα, Active Inc.). To improve the wettability, plasma treatment was 

0 wt%.

PVA ink

1 wt%. 

PVA ink

5 wt%. 

PVA ink

10 wt.% 

PVA ink

Surface tension 

(mN/m)
61 59 44 41

Viscosity (cP) 16 19 17 11

Density (g/cm3) 4.203 4.071 3.642 3.254

pH 3.0 3.0 3.0 3.0

Particle diameter 

(nm)
53 79 91 105

Contact angle

(°; without

plasma 

treatment)

72.4 73.3 59.9 59.3

Contact angle

(°; with plasma 

treatment)

36.5 27.6 31.9 21.6
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performed using a plasma cleaner (PDC-001, Harrick Plasma Inc.) for 3 min to 

hydrophilize the ITO/glass substrate surface before thin film preparation[14]. For plasma 

treatment, RF glow discharge was performed by applying power of 30 W in a low 

pressure environment of 1 × 10−3 Torr using a pump. The contact angle of WO3 ink was 

measured after 50 s after it was dropped onto the ITO/glass substrate using a contact 

angle meter (DMs-400, Kyowa). In particular, the speed (rpm) of the spin coating 

process was controlled as the wettability of the ink was changed according to the PVA 

content to prepare a WO3 thin film with a film thickness of ~1 μm (spin coating 

parameters are described in Table 3. 2).  

 

Table 3. 2 Spin-coating conditions for the preparation of 1 μm thick WO3 films[13]. 

 

 

The film thickness was estimated using following equation: 

 

𝑑 = 𝑚/(𝐴 × 𝜌)                                                    (3-1) 

 

where ρ is the density of the ink, A is the area of the ITO/glass substrate, m is the weight 

of the coated WO3 NP ink, and d is the film thickness (Table 3. 3 lists the weight of the 

deposited WO3 ink and the area of the ITO/glass substrate). 

  

Viscosity (cP) Revolution (rpm) Time (s)

10–14 360 10 min

14–17 400 10 min

17–35
400 10 s

800 10 s
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Table 3. 3 Weights of the ITO substrate and coated WO3, and the calculated WO3 film 

thickness[13]. 

 

 

6) Film characterization 

 

X-ray diffraction (XRD; D8 ADVANCE, Bruker AXS Inc.) was used to investigate 

the crystal structure of WO3 nanopowders obtained from solvent (water) was evaporated 

at 120 °C in a drying oven WO3 NP inks. XRD patterns were recorded in the 2θ range 

of 20-60°, measured at 40 kV and 40 mA using Cu-Kα radiation (λ = 1.5418 Å), and 

size of primary crystallites of WO3 NPs was measured by the Pawley method using 

TOPAS V5.0 software. 

X-ray photoelectron spectroscopy (XPS; Ulvac Inc. PHI 5000 Versaprobe) was 

employed for component irradiation of the thin film surface and was performed using 

Al-Kα radiation. A total irradiation scan of the sample was performed with a pass 

energy of 117.4 eV at a resolution of 0.2 eV in the 0–1000 eV range. High-resolution 

scans for W, O, and C were performed at a pass energy of 23.5 and a resolution of 0.025 

eV, and a neutralizer filament was used to prevent sample charging. C 1s peak at 248.8 

eV was used to correct for peak shift due to charging and calibrate the XPS spectrum. 

The W 4f spectra were analyzed using MultiPak version 9.6 software (a curve fitting 

program) and Shirley background was selected for spectral deconvolution. The peak of 

WO3 was analyzed based on information from the past literature:  

The Peaks were analyzed with a mixture of 80% Gaussian and 20% Lorentzian, 

constrained by a W 4f7/2-W 4f5/2 spin-orbit separation of 2.15 eV. XPS scans of the WO3 

film were performed in the range of binding energies (Eb) of 32-42 eV, and the area 

ratio of the two peaks in each doublet was 0.75. Field emission scanning electron 

microscope (FESEM, S-4800, Hitachi) was used for the films in a voltage range of 1-3 

ITO 

substrate 

size (cm2)

ITO substrate 

before spin 

coating (g)

ITO substrate 

after spin coating (g)

(evaporated suspension)

Amount of 

coated WO3 

(g)

Calculated

Film thickness 

(μm)

25 4.3950 4.4057 0.0107 1.02

25 4.2215 4.2346 0.0131 1.29

25 4.2938 4.3048 0.0110 1.21

25 4.2651 4.2787 0.0136 1.67
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kV to investigate and thickness the surface and cross-sectional morphology of the film; 

Pt-Pd was coated on the films using an ion sputter coater (E-1030; Hitachi Ltd., Japan) 

to prevent charge of the films before measurement. In addition, energy dispersive X-ray 

spectroscopy (EDX; INCA X, Oxford) was performed to investigate the chemical 

composition of the film. Crosscut and scratch tests were used to test the adhesion 

between the ITO substrate and the WO3 particles. For the cross-cut test, a thin film was 

cut in a grid shape with an interval of 1 mm, and the adhesiveness of the thin film was 

tested using a JIS Z 1522 standard test tape. 

 

7) Electrochemical and electrochromic analysis 

 

The electrochemical and EC properties of the film were measured using CV, 

chronoamperometry (CC), and multiple potential step (MPS) measurements, and the 

investigation was conducted using an electrochemical measurement system (6115D, 

ALS/HCH) using aqueous 1.5 mol/kg KTFSI/PC solution as an electrolyte. The WO3 

films prepared on ITO/glass, Pt, and Ag/AgCl were used as the working, counter, and 

reference electrodes, respectively. A multi-channel charge-coupled device detector (DH-

2000, Ocean Optics) was used to measure in-situ transmittance changes. The EC 

switching time is defined as the time required for the total transmittance to exhibit a 

90% change. 
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3. 3 Results and discussion 

 

1) Properties of the WO3 NP inks 

 

Figure 3. 2 shows the volume diameter of WO3 NPs in ink using DLS measurement. 

53, 79, 91 and 105 nm were observed for the WO3 NPs inks with PVA content of 0, 1, 5 

and 10 wt.%, respectively. This can be attributed to the agglomeration of WO3 particles 

in diameter with increasing PVA content. Figure 3. 3 shows the contact angle of WO3 

NP ink on plasma-treated or untreated ITO/glass substrates. Contact angles of 72.4, 

73.3, 59.9 and 59.3° were obtained on untreated ITO/glass substrates with increasing 

PVA addition amount, respectively. In contrast, it decreased to 36.5, 27.6, 31.9 and 

21.6° on plasma treated ITO/glass substrates, respectively. This is because plasma 

treatment has a beneficial effect on the coating process by improving the surface 

wettability. 

 

 

Figure 3. 2 Mean particle diameters of the synthesized WO3 NP inks with PVA contents 

of 0 (yellow), 1 (blue), 5 (red), and 10 wt.% (green)[13].  

 

2) Film structure, morphology, and chemical composition 

 

Figure 3. 4 shows the XRD pattern of WO3 NPs obtained after solvent evaporation by 

drying the ink at 120 °C in an oven. The WO3 NPs exhibited broad peaks observed at 

approximately 2θ = 23.9°, which are corresponding to the envelope of the three 

characteristic peaks usually observed for the various forms of WO3
[15-17], and 7 broad  
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Figure 3. 3 Contact angles of WO3 NP dispersed inks on ITO/substrates (a–d) before 

and (e–h) after plasma treatment of the substrate: (a, e) no PVA, (b, f) 1 wt.% PVA, (c, 

g) 5 wt.% PVA, and (d, h) 10 wt.% PVA[13]. 

 

peaks observed at approximately 2θ = 26.6, 29.9, 33.9, 41.7, 45.3, 50.5 and 55.3°. The 

crystallite size of the primary particles calculated by the Pawley method was ~11 nm, 

and it is thought that very small WO3 crystallite size caused a broad peak[18]. 

 

 

Figure 3. 4 XRD patterns of WO3 nanopowders obtained from WO3 NP dispersed inks 

containing (yellow) 0, (blue) 1, (red) 5, and (green) 10 wt.% of PVA. JCPDS card no. 

72-0677 (black) is introduced in the figure for reference[13]. 

 

FE-SEM was used to investigate the effect of PVA on the film-forming properties of 

WO3 NP inks. FE-SEM images of WO3 films coated with 0, 1, 5, and 10 wt.% PVA-

added inks (hereafter denoted as WO3-0, 1, 5, and 10 wt.% PVA films, respectively) are 

(b) 73.3 o

(f) 27.6 o

(c) 59.9 o

(g) 31.9 o

(d) 59.3 o

(h) 21.6 o(e) 36.5 o

(a) 72.4 o
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shown in Figure 3. 5.  

 

 

Figure 3. 5 FESEM (a–d) cross-sectional images and (e–h) surface morphologies of 

WO3 thin films with (a, e) 0, (b, f) 1, (c, g) 5, and (d, h) 10 wt.% of PVA addition[13]. 

 

The cross-sectional images of all films had mesoporous structures as shown in Figure 

3. 5 (a–d), which are considered to enhance K+ diffusion in the films and contribute to 

the ionic conductivity. In addition, it was confirmed that the films with different PVA 

addition amounts had a thickness of about 1 μm, and excellent adhesion was observed 

between the ITO/glass substrate and the WO3 coating regardless of the PVA addition 

amount of 1 to 10 wt.%. However, many cracks were observed for the WO3 film 

without PVA addition, i.e., WO3-No PVA film, which exhibits poor film formation on 

the ITO/glass substrate as shown in Figure 3. 5 (a, e). The defects in the film are thought 

to be caused by the effect of stress that occurs when the ink is dried in the air due to the 

absence of PVA, which rolls as a binder between the substrate and the thin film. The 

surface image of the thin film in Figure 3. 5 (e–h) shows that the WO3 film is composed 

of small NPs. No agglomeration of WO3 NPs was observed in WO3-1 wt.% PVA films. 

In contrast, many aggregations were observed at low magnifications (<×10000) for 

WO3-5 and 10 wt.% PVA films. EDX analysis was performed on all thin films to 

investigate the chemical composition of the aggregates found. The agglomerates found 

in WO3-5 and 10 wt.% PVA films were found to be mainly composed of carbon (Figure 

3. 6) and this agglomeration may have occurred by resulting in the formation of 

nonuniform WO3 film due to the increase in the PVA content. 
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Figure 3. 6 FE-SEM images of WO3 thin films containing different amounts of PVA: 

(a) 0, (b) 1 (c) 5, and (d) 10 wt.% PVA. The corresponding EDS maps show the 

distribution of C, O, and W[13]. 

 

Further, the chemical composition of the surface of the WO3 film deposited on the  

 

 

Figure 3. 7 W 4f doublet core-level spectra of WO3 thin films with (yellow) no PVA, 

(blue) 1 wt.% PVA, (red) 5 wt.% PVA, and (green) 10 wt.% of PVA. Fitted XPS W 4f 

profiles of the as-deposited WO3 films with PVA contents of (a) 0, (b) 1, (c) 5, and (d) 

10 wt.%. The fitted doublets are shown for (blue) W5+ and (red) W6+. The dotted peaks 

correspond to the sum of the two different tungsten species in the films[13]. 
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ITO/glass substrate was investigated using XPS to investigate (Figure 3. 7). The peaks 

other than W, O, and C were not observed for the prepared WO3 thin films in the XPS 

profile, which indicates that no contaminants were included in the thin film. 

The W 4f and O 1s XPS profiles of WO3 films containing different amounts of PVA 

are shown in Figures 3. 7 and 3. 8. Peaks at Eb = 35.8 and 37.9 eV, corresponding to W 

4f7/2 and W 4f5/2, respectively. The XPS peaks which correspond to tungsten trioxide 

(VI) were mainly observed for the as-prepared WO3 film as shown in Figure 3. 7 [19,20]. 

Thus, it is evident that tungsten is present in W6+ in the WO3 film prepared in this study. 

In addition, a small amount of W5+ was observed for the films in the peak fitting 

analysis of W 4f, indicating that the prepared film was not completely oxidized. We 

thought that this oxygen deficiency contributed to the generation of the K+ conduction 

pathway[21]. 

  A characteristic peak of O 1s at about 530.3 eV appeared in the WO3 thin film, which 

is consistent with the results of previous studies[22]. Low-intensity peaks corresponding 

to water bound to the film structure and water molecules adsorbed to the sample surface 

were obtained at about 532.2 eV (Figure 3. 8).  

 

 

Figure 3. 8 O 1s core-level spectra of WO3 films containing with (yellow) 0, (blue) 1, 

(red) 5, and (green) 10 wt.% of PVA addition. Fitted XPS O 1s profiles of the as-

deposited WO3 films with PVA contents of (a) 0, (b) 1, (c) 5, and (d) 10 wt.%. The fitted 

doublets are shown for (blue) oxide and (red) adsorbed water. The dotted peaks 

correspond to the sum of the two types of oxygen species in the films[13]. 

 

The carbon, oxygen and tungsten concentrations of the prepared WO3 films were 
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calculated from the XPS spectra and are summarized in Table 3. 4 along with the core-

level binding energies. The C1s signal for the WO3 film observed at 284.8 eV could be 

attributed to the C–C bonding of PVA, and the carbon content of the film increased with 

increasing PVA amount (Figure 3. 9). 

 

 

Figure 3. 9 Fitted XPS C 1s profiles of the as-deposited WO3 films at PVA contents of 

(a) 0, (b) 1, (c) 5, and (d) 10 wt.%. The fitted doublets are shown for (blue) C–C and 

(red) C–O linkages. The dotted peaks correspond to the sum of the two types of carbon 

in the films[13]. 

 

Table 3. 4 XPS curve-fitting analysis of the C 1s, O 1s, and W 4f core levels in WO3 

thin films containing with 0, 1, 5, and 10 wt.% of PVA addition, and comparison with 

previously reported values[13]. 
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Figure 3. 10 shows the photos of the thin film before and after the cross-cut test. In 

the WO3-0 wt.% film, it was observed that a large part of the thin film was peeled off in 

the photos before and after the test. By contrast, the adhesion between the WO3 particles 

and the substrate was improved by adding 1 wt% or more of PVA. 

 

 

Figure 3. 10 Photos of the thin film before and after the cross-cut test. 

 

In the scratch test, peeling occurred at a low load in the 0 wt.% thin film. However, it 

was observed that the scratch resistance was improved by adding 1 wt.% or more of 

PVA (Figure 3. 11).  

 

3) Electrochemical and electrochromic properties 

 

The electrochemical and EC properties of WO3-0, 1, 5 and 10 wt.% PVA films 

deposited on ITO/glass substrates were measured in a 1.5 mol/kg KTFSI/PC solution as 

electrolyte. Cyclic voltammograms were recorded by measuring WO3 films over a 

potential range of –1.2 to +1.0 V (vs. Ag/AgCl) with a sweep rate of 5 mV/s (Figure 3. 

12). Typical CV curves were obtained for WO3-1 and 5 wt.% PVA films, and the 

cathode current peak corresponding to the K+ insertion was observed at –1.20 V[23]. 

Furthermore, the anode current peak corresponding to the injection of K+ gradually 

shifted toward the positive potential as the PVA content decreased. In contrast, no peaks 

Before test After test

0 wt.% 1 wt.%

5 wt.% 10 wt.%

0 wt.% 1 wt.%

5 wt.% 10 wt.%
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Figure 3. 11 Scratch test of WO3 thin film with (a) 0, (b) 1, (c) 5, and (d) 10 wt.% PVA 

addition. 

 

 

Figure 3. 12 CV profiles of the WO3 thin films containing with (yellow) 0, (blue) 1, 

(red) 5, and (green) 10 wt.% of PVA addition. The potential scan rate was 5 mV/s[13].  

 

and no performance as an EC material were obtained for the WO3-10 wt.% PVA film in 

the potential range. This is possible because increasing PVA content affects the ionic 

conductivity of the film and the XPS results support this. In addition, several cathodic 

current peaks were observed for the WO3 film without PVA addition. The peaks 

corresponding to the W6+→W5+ and W5+→W4+ transitions[24] were observed at 

approximately –0.25 V and –0.65 V, respectively, and the peak observed at –1.2 V may 
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have occurred because of H2 evolution at high negative potentials[25]. However, no 

anode current peak was observed. In addition, to measure the cycling durability test, it 

was performed for 5 cycles on WO3-1 wt.% PVA film, and a fast potential sweep rate of 

25 mV/s was used for the cycling test to reduce the measurement time. No differences 

were observed in the areas of the CV curves recorded in the first and fifth cycles (Figure 

3. 13). 

 

 

Figure 3. 13 CV profiles and Q of the WO3 film with a PVA content of 1 wt.% in 1.5 

mol/kg KTFSI/PC. The potential scan rate and sample interval were 25 mV/s and 20 

mV, respectively[13]. 

 

The transferred charge density (Q) was determined by charge amount obtained by 

applying constant potentials of –1.2 and +1.0 V for 5 and 120 s, respectively, for a 

complete redox reaction and the resultant current densities are exhibited with respect to 

time (Figure 3. 14). The reversible K+ charge/discharge process obtained for the WO3-1, 

5, and 10 wt.% PVA films. In contrast, the process of discharge after charge was not 

observed for the WO3 film without PVA. This is thought to be related to the absence of 

the anodic current peak in the CV curve. The WO3-1 wt.% PVA film exhibited the 

largest Q of 24 mC/cm2 (Table 3. 5). 

The light transmittance changes of WO3 thin films in colored and bleached states 

were studied by UV-vis spectroscopy during CC and the spectra are shown in Figure 3. 

15. Redox reaction by K+ cations changes the transmittance of the film in the visible 

region and induces a reversible color transition from transparent (discharge) to blue 
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Figure 3. 14 CC of the WO3 thin films containing with (yellow) 0, (blue) 1, (red) 5, 

and (green) 10 wt.% of PVA addition. Constant voltages of –1.2 to +1.0 V (vs. 

Ag/AgCl) were applied for 5 and 120 s, respectively[13]. 

 

Table 3. 5 Transmittance (T), optical density (ΔOD), coloration efficiency (CE), and 

optical switching time of the WO3 thin films containing with 0, 1, 5, and 10 wt.% of 

PVA addition at 550 and 633 nm in the colored and bleached states in a 

1.5 mol/kg KTFSI/PC electrolyte solution[13]. 

 

 

(charge), and the related color change in the films is demonstrated in Figure 3. 15. In 

particular, it was observed that the film without PVA showed no discoloration because 

there was no deintercalation, and the film was damaged. This is thought to be due to the 

many cracks in the film in the surface FE-SEM image of this sample.  
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1 1 89 31 0.024 0.024 0.46 19.1 4.11 3.18

5 1 88 33 0.023 0.023 0.42 18.5 4.21 7.18

10 1 88 88 0.010 0.010 - - - -

0 1 633 54 8 0.032 0.032 0.81 25.3 4.13 -

1 1 90 13 0.024 0.024 0.84 35.0 3.15 4.16

5 1 89 15 0.023 0.023 0.77 33.6 3.19 9.22

10 1 88 87 0.010 0.010 0.01 0.5 - -
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Figure 3. 15 Transmittance spectra of the WO3 thin films containing with (a) 0, (b) 1, 

(c) 5, and (d) 10 wt.% of PVA addition in bleached (blue), colored (red), and as-

deposited (black) states. Constant voltages of –1.2 and +1.0 V (vs. Ag/AgCl) were 

applied for 5 and 120 s, respectively[13]. 

 

 

Figure 3. 16 Photographs of the films in colored and bleached states, captured after 

applying constant voltages of −1.2 and +1.0 V (vs. Ag/AgCl) for 5 and 120 s, 

respectively[13]. 

 

The film transmittance spectral changes in the colored and bleached state (Figure 3. 

16) indicate that WO3-1 and 5 wt.% PVA films are suitable for EC smart window 

applications. The stability test of the WO3-1 wt.% film was performed up to 100 cycles 

as shown in Figure 3. 17. Degradation was observed as the number of cycles increased. 

This is because the ion trapping/de-trapping process of the WO3 film is not smooth, and 
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there is a possibility that the optical modulation characteristics of the film may be 

deteriorated. 

 

 

Figure 3. 17 Transmittance changes in the WO3 film having a PVA content of 1 wt.% 

with cycle number during the multipotential step for 100 cycles at wavelengths of 550 

and 633 nm. 

 

There is a possibility that the process of ion trapping/detrapping due to redox 

reactions is not smooth in WO3 films, and hence these processes degrade the optical 

modulation characteristics of the films[26]. However, in a previous study[27], we used 

WO3 to develop an EC device with no degradation in transmittance change properties 

even after 100 cycles. Therefore, we believe that WO3 films can be used to solve the ion 

trapping/de-trapping problem when preparing EC devices. Therefore, we are planning to 

fabricate and combine individual EC devices and verify their stability with similar tests 

in future studies.  

The optical switching rate of the WO3 films in colored and bleached states was 

calculated based on the time required for 90% change in the transmittance (Figure 3. 

18). Very fast switching times of less than 5 s was observed at wavelengths of 550 and 

633 nm for the WO3-1 and 5 wt.% PVA films. These EC properties of the WO3 film 

were comparable to that reported in previous studies[28-34], as shown in Table 3. 6. These 

large values are thought that the number of W atoms contributing to the redox reaction 

increases as the amount of PVA addition decreases and becomes an electrochemically 

active state. 

Time (s)

T
ra

n
sm

it
ta

n
ce

 (
%

)

0

20

40

60

80

100

0 20 40 60 80 100

Time (s)

T
ra

n
sm

it
ta

n
ce

 (
%

)

0

20

40

60

80

100

0 20 40 60 80 100

(b) λ=633(a) λ=550



90 

 

 

Figure 3. 18 Change in transmittance with time at visible wavelengths of 550 and 

633 nm under constant voltages of −1.2 and +1.0 V (vs. Ag/AgCl) applied for 5 and 120 

s, respectively. The switching time of the coloring (red circle; t100 to t10) and bleaching 

(blue circle; t0 to t90) reaction was measured by converting the transmittance changes 

into percentage using the following equation: 𝑇% =
(𝑇𝜆𝑡−𝑇𝑚𝑖𝑛)

𝛥𝑇
× 100 %. 
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Table 3. 6 Performance summary of the WO3 electrochromic materials[28-34]. 

 

 

Furthermore, the optical density (ΔOD) and EC staining efficiency (CE), which are 

important EC parameters controlling the electrochemical performance of the film, were 

calculated using the following equations. 

 

Δ𝑂𝐷 = log10(𝑇𝜆𝑏/𝑇𝜆𝑐)                                                (3-2) 

𝜂 = Δ𝑂𝐷/𝑄                                                       (3-3) 

 

where Tλb and Tλc represent the transmittances of the bleached and colored WO3 films, 

respectively.  

ΔOD and CE values of the WO3 films containing with 0, 1, 5, and 10 wt.% of PVA 

addition are listed in Table 3. 5. The WO3-1 wt.% PVA film exhibited the highest ΔOD 

and CE of 0.84 and 35.0 cm2/C, respectively, and these largest values obtained in this 

study using an electrolyte containing K+, is comparable to these previously reported the 

WO3 thin films values (Table 3. 6). 

 

  

Materials
Fabrication 

method

Transmittance 

modulation

Switching 

speed tc/tb (s)

Used

electrolyte
Ref.

Adhesive WO3 Spin coating 77 %@633 nm 3.15/4.16 K+ ion This work

Self-doped WO3−x Spin coating 70 %@680 nm 7/15 Li+ ion 60

WO3 Reactive sputtering 74 %@630 nm 5.7/2.2 LixAlOz 61

WO3 Hydrothermal 78 %@630 nm 5/6 Li+ ion 62

Ti-doped WO3 Wet bath 68 %@633 nm 15/5 H+ ion 63

Co-doped WO3 Hydrothermal 75 %@680 nm 27.6/11.8 Li+ ion 64

WO3/rGO Spin coating 64 %@633 nm 9.5/4.5 Li+ ion 65

2D WO3

Solution-phase 

synthesis
63 %@700 nm 10.7/7 Li+ ion 66
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3. 4 Conclusions 

 

Wet-coatable WO3 NP inks were successfully prepared with 0, 1, 5, and 10 wt.% of 

PVA addition and EC films was prepared by spin-coating method on the ITO/glass 

substrates. The highest transmittance change in the visible and NIR regions was observed 

for the WO3-1 wt.% PVA film. Such behavior might be utilized in the future to construct 

an EC device that can control the transmittance of light in the NIR or NIR/visible region 

of smart windows. Therefore, we believe that the preparation of wet-coatable WO3NP 

dispersions and the understanding of EC properties in this study will be useful for 

developing materials and processes for smart windows in the future. In addition, the 

prepared WO3 films had a mesoporous structure, which allows potassium to be easily 

diffuse into the films while having a larger ionic radius than lithium. These results will 

give an advantage to the R&D of secondary batteries using potassium, which are 

relatively safer, cheaper than lithium, and have excellent market availability. Further, the 

coating technology of the WO3 thin film investigated in this study can be extended to 

other electrochemically active thin films such as sensing films, cathodes of thin-film 

batteries, photocatalysts, and others, as well as to EC films fabrication. 
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Chapter 4 

Fabrication of Electrochromic Devices Using a Wet-

Coatable WO3 Nanoparticle Dispersion ink  
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4. 1 Introduction 

 

Smart windows are promising in terms of energy saving and environmental impact by 

efficiently controlling the amount of light coming from outside such as buildings, 

houses and automobiles even with low electrical energy[1-4]. In particular, smart 

windows for next-generation automobiles are expected to require high optical 

modulation along with flexibility in terms of application in multi-purpose intelligent 

design[5]. We have successfully fabricated a wet-coatable WO3 ink in previous study[6]. 

In addition, the coated WO3 thin film was successfully prepared on an ITO/glass 

substrate by spin coating as laboratory level, and excellent electrochemical and EC 

properties (optical modulation, cyclic durability, and coloration efficiency, etc.) were 

obtained from the WO3 thin film containing 1 wt.% of PVA. Although, glass substrates 

have advantages such as high transmittance and electrical conductivity, they are difficult 

to deform and have heavy weight. Thus, it is necessary to develop the next-generation 

EC smart window (i.e., automobile, aircraft, building, etc.) that exhibits excellent EC 

characteristics while having various shape changes and strong strength. Therefore, in 

this study, EC devices were fabricated using a flexible PET substrate for the production 

of next-generation EC devices. For the preparation of flexible ECDs, a wet-coatable 

WO3 and PB NPs water dispersed ink investigated in our previous research[6-8] was 

used, and chromaticity and haze were investigated in detail as evaluation indicators to 

confirm the specifications for actual use in the automotive field. In addition, the 

fabricated PET EC devices was compared with the EC device prepared using 

conventional glass substrates. 
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4. 2 Experimental 

 

1) Water-dispersed WO3 and PB NP inks 

 

The preparation of the water-dispersed PB NP ink was prepared as follows[6-8]. 

Fe(NO3)3·9H2O and Na4[Fe(CN)6]·10H2O were mixed and stirred to prepare PB ink. 

PB and water were separated from this PB ink using a centrifuge, and the PB was 

washed through repeated operations. Na4[Fe(CN)6].10H2O was added to the washed PB 

to improve the dispersibility of the precipitate in water, and the suspension was stirred at 

room temperature for 1 week to prepare an aqueous dispersion PB NP ink. In addition, 

polyvinyl alcohol (PVA; 10wt%) was added to the PB ink to increase viscosity and 

adhesion of the ink to form a uniform PB film. WO3 NPs (diameter: ~10 nm) used in 

thin study were obtained from Toshiba Materials Co. Ltd. Adhesion and Interface 

Research Group at National Institute of Advanced Industrial Science and Technology 

(AIST) dispersed WO3 NPs in deionized water by stirring at 1000 rpm at room 

temperature (~20 °C) for 48 h to prepare a WO3 NP content of 25 wt.% of the total ink 

weight. The ink for film fabrication was prepared by mixing the 25wt.% WO3 NP 

suspension with PVA in the range of 1 wt.%, and then filtering the ink through a 7 μm 

syringe filter (Kiriyama Glass Works Co.). The details are listed in Table 4. 1. 

 

Table 4. 1 Properties of the PB- and WO3-NP dispersible inks with varying PVA 

contents of 10 and 1 wt.%, respectively[9]. 

 

 

  

PB-10 wt%.

PVA ink

WO3-1 wt%. 

PVA ink

Surface tension 

(mN/m)
45.1 52.3

Viscosity (cP) 19.4 7.3

Density (g/cm3) 1.08 4.07

pH 6.7 4.9

Contact angle(°)

(before UV treatment)
93.6 48.8

Contact angle(°)

(after UV treatment)
48.8 46.4
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2) Surface treatment of substrates 

 

ITO/glass and ITO/PET substrates were prepared with an area of 25 cm2, and both 

substrates were surface-treated to improve ink coating efficiency and thin film adhesion. 

UV treatment was adopted for the surface treatment of the substrate. After setting the 

moving distance of the conveyor to 50 mm, the distance between the substrate and the 

lamp was set to 10 mm, and the surface was repeatedly irradiated with ultraviolet (UV) 

light (λ = 365 nm) for 25 minutes at a conveyor speed of 10 mm/min (HLDL-

375X10U6-SP, CCS Inc.; Figure. 4. 1). 

 

 

Figure 4. 1 Illustration, photograph (a), and mechanism (b) of the UV light treatment[9].  

 

The UV dose was adjusted between 0 and 2805 mW·s·cm−2, and the temperature was 

controlled using a cooling fan and monitored using a temperature label. The contact 

angles of water, PB, and WO3 NP inks were measured 60 seconds after dropping on the 

ITO/glass and flexible substrate surface (DMs-400, Kyowa Interface Science Co., Ltd). 
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3) Electrochromic thin films prepared using water-dispersible NP inks 

 

Spin coating (POLOS Spin150i, SPS Europe, Inc.) was used to prepare WO3 and PB 

thin films on surface-treated ITO/glass and ITO/PET substrates (Figure 4. 2).  

 

 

Figure 4. 2 Illustrations of ECD preparation[9]. 

 

Spin parameters are described in Table 4. 2. The speed (rpm) of the spin coating 

process was controlled to make a film with a thickness of about 1 μm, and the film 

thickness (d) was calculated as follows[10] 

  

d = m/(A × ρ)                                                    (4-1) 

 

where ρ is the density of the ink, A is the area of the substrate, and m is the weight of the 

coated WO3 or PB NP-water-dispersible ink.  

The weights of the ITO/glass and PET substrates and WO3 and PB inks are shown in 

Table 4. 3. 

 

UV light aging

Spin coatingPreparation WO3 and PB 

nanoparticles water-dispersion ink

WO3 ink PB ink Flexible PET 

substrate

Drop the inks

UV treatment of ITO 

substrate surface 

Combining WO3 and 

PB films 

K+-based 

gel electrolyte

Coated WO3 film 

Coated PB film 

Binding

Flexible electrochromic 

device
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Table 4. 2 Spin-coating conditions for the preparation of 1 μm-thick WO3 and PB thin 

films[9]. 

 

 

Table 4. 3 Estimated thicknesses of the WO3 and PB thin films[9]. 

 

 

4) Fabrication of electrochromic devices (ECDs) 

 

The electrolyte solution was prepared by mixing polycarbonate (PC, 99%; Kanto 

Chemicals Co., Inc.) and potassium bis(trifluoromethanesulfonyl)imide (KTFSI, 1.5 

mol kg−1; FUJIFILM Wako Pure Chemicals Co.). Viscosity of the electrolyte solution 

was adjusted by adding 30 wt.% polymethyl methacrylate (PMMA; FUJIFILM Wako 

Pure Chemicals Co.) to prepared gel electrolyte. After the electrolyte was applied to the 

PB thin film, a UV sealing material was applied to each corner to prevent electrolyte 

leakage, and the weight of the two materials was adjusted so that the gap between WO3 

of ECD and PB was 50 μm. Next, the WO3 thin film was bonded to the PB thin film 

under vacuum, and the effective area of the finished EC device was 16 cm2. The ECDs 

prepared in this study are referred to as either a PET-based ECD and a glass-based ECD.  

Viscosity (cP) Revolution (rpm) Time (s)

1–10 300 600 s

10–14 360 600 s

14–17 400 600 s

17–35
500 10 s

1000 10 s

Substrate Sample

substrate 

area 

(cm2)

substrate 

before spin 

coating (g)

substrate 

after spin coating (g)

(evaporated 

suspension)

Amount of 

coated (g)

Estimated

film thickness 

(μm)

ITO/PET WO3 25 0.3722 0.3823 0.0101 1.24

PB 25 0.3740 0.3770 0.0031 1.11

ITO/glass WO3 25 4.4302 4.4394 0.0092 1.13

PB 25 4.3854 4.3882 0.0028 1.04
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Figure 4. 3 Structure of glass- and PET-based ECDs[9]. 

 

5) ECD characterization 

 

The ECDs were evaluated in accordance with protocols used in our previous 

studies[6,11]. The chromaticity was measured using a UV-visible (UV-vis) 

spectrophotometer(DH-2000, Ocean Optics), and the luminance (L*) and chromaticity 

coordinates (a* and b*) data of colored and bleached glass- and PET-based ECDs are 

transmittance. calculated from the spectrum. Luminance (L*) represents the change in 

brightness between 0 (black) and 100 (white), and the color of the film is determined by 

the a* and b* coordinates: Positive values of a* tend to be red and negative values are 

green, while b* values tend to be yellow in positive numbers and blue in negative 

values. Haze was measured using a haze meter (NDH 7000, Nippon Denshoku 

Industries Co. Ltd). The electrochemical and EC properties of the film were measured 

using CV, CC, and MPS measurements, and the investigation was conducted using an 

electrochemical measurement system (6115D, ALS/HCH), in combination with a multi-

channel charge-coupled device detector (DH-2000, Ocean Optics) to measure in-situ 

transmittance changes. Multiple potential step (MPS) measurements, transmission 

spectra, and time strip charts were obtained based on estimated response times. The EC 

switching time is defined as the time required for the total transmittance to exhibit a 

90% change. CC measurements were used to estimate the transferred charge density 

(Q). 
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4. 3 Results and discussion 

 

1) Surface treatment of ITO substrates 

 

Although the vacuum plasma method is commonly used for the hydrophilization of 

substrate surfaces[12], this method can induce plasma damage in organic substrates. 

Therefore, in this study, UV treatment was adopted for surface treatment. The UV light 

surface treatment reduced the content of non-polar groups, while increasing the content 

of polar components, and the formation of various photo oxides on the ITO surface led 

to increased hydrophilicity[13-15]. These modifications increase the surface energy of 

ITO. The contact angles of the PB and WO3 inks dropped on the surface-treated 

substrates were evaluated after treatment at various UV irradiation intensities (Figure 4. 

4). 

 

 

Figure 4. 4 Contact angles of the PB and WO3 inks dropped on the (a) ITO/glass and 

(b) ITO/PET substrates after UV treatment at various UV irradiation intensities[9]. 

 

The contact angles of WO3 and PB on the ITO/glass and PET substrates were found 

to decrease from 80° to 34° and from 85° to 45°, respectively, with increasing UV dose; 

the optimal effect without any damage to the flexible substrate was achieved at a UV 

dose of 2805 mW s cm−2. The UV surface treatment shows a higher effect as increase 

the UV irradiation intensity. 
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2) Effect of light-ageing on ECD properties 

 

Light-ageing of the ECDs with short-circuited electrodes afforded a transparent 

appearance due to presence of oxidised WO3 and reduced PB. UV irradiation facilitated 

the injection of K+ into the electronic states of PB for the reduction of FeIII–N to FeII–N 

as follows[16,17] 

 

 𝐹𝑒4
𝐼𝐼𝐼[𝐹𝑒𝐼𝐼(𝐶𝑁)6(𝑏𝑙𝑢𝑒) + 4𝐾− + 4𝑒− → 𝐾4𝐹𝑒4

𝐼𝐼[𝐹𝑒𝐼𝐼(𝐶𝑁)6(𝑐𝑜𝑙𝑜𝑟𝑙𝑒𝑠𝑠)   (4-2) 

 

The PB thin film in the sealed ECD was protected from oxidative degradation, 

thereby minimising its participation in the oxidation of PB[17,18]. 

 

3) Electrochemical and EC properties 

 

The CV curve recorded at an applied potential ranging from −1.2 to +1.0 V at a 

sweep rate of 5 mV s−1 is shown in Figure 4. 5. The glass-based ECD exhibited a 

significantly larger CV area than that of PET-based ECD. It is thought that the sheet 

resistance of ITO/PET (~50 sq−1) is about 4 times higher than that of ITO/glass 

substrates (~12 Ω sq−1). In addition, 0.44 and 0.23 were obtained for glass- and PET-

based ECDs, respectively, when potentials of −1.2 and +1.0 V were applied for 60 s 

(Figure 4. 5(b)). Thus, glass-based ECDs with lower electrical resistance compared to 

PET-based ECD had about twice the charge (C) for oxidation and reduction reactions. 

However, PET-based ECD showed that the estimated charge balance (Ctransparent/Ccolored) 

was greater than 98%, indicating that the reversible K+ charge/discharge process 

occurred smoothly as described in equations (4-2) and (4-3)[19,20].  

 

Cathodic reaction: 

 

𝑊𝑂3(𝑐𝑜𝑙𝑜𝑟𝑙𝑒𝑠𝑠) +  𝑥𝐾+ +  𝑒− ＝ 𝐾𝑥𝑊𝑂3 (𝑏𝑙𝑢𝑒)                        (4-

3) 
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Figure 4. 5 (a) CV and (b) CC profiles of the glass-based (red) and PET-based (blue) 

ECDs[9]. 

 

Figure 4. 6(a-b) show the transmittance spectra of glass- and PET-based ECDs 

corresponding to the colored and bleached states using UV-vis spectroscopy during CC 

analysis. The transmittance change of 80% and 79% at a wavelength of 633 nm were 

obtained for glass- and PET-based ECDs, which showed excellent EC properties. MPS 

measurement was performed to determine the switching response of the film. The 

transmittance change at a wavelength of 633 nm was measured by applying constant 

voltages of +1.0, −1.2, and +1.0 V, as Vinitial, Vstep1, and Vstep2, for 30, 60, and 60 sec, 

respectively (Figure 4. 6(c-d)).  

The switching times of the ECDs between the colored (tcolored) and transparent 

(ttransparent) states was evaluated using the time in which 90% change in transmittance 

was achieved. The PET-based ECD exhibited tcolored and ttransparent values of 16.79 and 

19.03 s, respectively, which were higher than those of the glass-based ECD. However, 

there was no significant difference in the response time between the two types of ECDs, 

as obtained in the CV and CC analyses (Figure 4. 5), despite the lower current values. 

This result shows promise for lower current drive in future applications, which could 

reduce the power consumption of a device. A shorter switching time is also expected if a 

substrate with a lower sheet resistance than ITO-coated substrates is used. 
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Figure 4. 6 Transmittance spectra of the transparent (blue lines) and colored (red lines) 

states of (a) glass-based, (b) PET-based ECDs. Optical switching speed between the 

transparent (blue lines) and colored (red lines) states of (c) glass-based and (d) PET-

based ECDs. 

 

4) Chromaticity and haze of ECDs 

 

The chromaticity and haze of ECD are shown in Figure 4. 7, which is an important 

characteristic to comply with regulations related to automobile and aircraft window 

materials. (Table 4. 4 provides details on the haze and chromaticity values). The 

CIELAB color space is a system designed to be similar to human vision and was used to 

determine the color coordinate values (L*, a*, and b*) of all ECDs in the colored and 

bleached state (Figure 4. 7(a) and (b)). When a constant voltage of −1.2V was applied, 

the a* and b* values abruptly dropped below −15 corresponding to the blue color for all 

ECDs. By contrast, when +1.0 V was applied, the ECDs all changed from blue to 

transparent (L* > 85). 

In addition, the haze values of both ECDs were as low as less than 5% in the 

transparent state. For application to windows and doors, visual transmittance >70% and 

haze <2% are desirable in a transparent state[21]. Moreover, the ECDs maintained 
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Table 4. 4 Chromaticity and haze of glass- and PET-based ECDs. 

 

 

colored and bleached states even when power was removed, indicating a promising 

energy-efficient device. 

 

 

Figure 4. 7 Variation in CIELAB color coordinates (L*, a*, b*) and photographs of the 

(a) glass-based ECD and (b) PET-based ECD in the colored and transparent states. 

 

The transmittance changes of ECDs in the colored and bleached states were evaluated 

up to 100 cycles at a wavelength of 633 nm using MPS measurements (Figure 4. 8). All 

ECDs showed no notable degradation in transmittance changes which indicate 

electrochemically very stable. In addition, the PET-based ECDs were mechanically 

robust to repeated bending and torsion experiments. 

 

Substrate colour states Real colour Haze L* a* b*

PET Coloured 3.61 47.67 -18.28 -38.89

Transparent 2.93 91.35 -2.63 3.6
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Figure 4. 8 Cycle durability at a wavelength of 633 nm up to 100 cycles of (a) glass-

based ECD and (b) PET-based ECD. MPS measurements was conducted at constant 

voltages of −1.2 and +1.0 V. 

 

The optical density (ΔOD) and EC staining efficiency (CE), which are important EC 

parameters controlling the electrochemical performance of the film, were calculated 

using the follows equations: 

 

Δ𝑂𝐷 = log10(𝑇𝑏/𝑇𝑐)                                              (4-5) 

𝜂 = Δ𝑂𝐷/𝑄                                                   (4-6) 

 

where Tc and Tb are the transmittance in colored and bleached states of ECDs, 

respectively, and Q is the amount of injected charge (Table 4. 5).  

 

Table 4. 5 Transmittance (T), optical density(ΔOD), coloration efficiency (CE), and 

optical switching time of ECDs with different substrate at 633 nm in their colored and 

bleached states. 

 

 

Figure 4. 9 shows a plot of the ΔOD at 633 nm versus the charge density observed in 

the colored state at a potential of −1.2 V, and CE was calculated the slope of the line that 

fits the linear region. The glass-based ECD exhibited a higher ΔOD of 2.40 than the 
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other ECDs due to the largest change in transmittance. However, small value of Q of the 

PET-based ECD caused exhibiting the largest CE value of 123.32 cm2 C−1. This value 

was higher than other ECDs using Li+ of cations smaller than K+. Therefore, we 

strongly believe that the results of this study will provide a new comprehensive 

foundation for the development of ECDs for applications in next-generation smart 

windows (automobiles, airplanes, buildings, etc.) that require greater flexibility than 

glass. 

 

 

Figure 4. 9 The in situ optical density change with respect to the charge density of the 

(red) glass and (blue) flexible-based ECDs. 
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4. 4 Conclusions 

 

ECD with higher flexibility than glass was prepared by spin coating methods using 

water-based inks well-dispersed WO3 and PB NPs on an ITO/PET substrates. The 

surface of ITO substrates was UV treated to improve the adhesion properties of WO3 

and PB inks to the film. PET-based ECD were fabricated using K+-based gel 

electrolytes. The PET-based ECD showed the highest CE (123.32 cm2 C−1) and 

excellent EC performance, including good cycling stability. CIE diagrams (L*, a*, and 

b*) were used to describe the color changes of the fabricated ECDs, and PET-based 

ECD showed dramatic color changes from blue to transparent. In addition, the haze of 

PET-based ECD in the bleached state was less than 3%, indicating clear transparency. 

Therefore, the excellent EC properties of ECD prepared by combining the WO3 and PB 

thin films prepared on flexible transparent PET substrates show their potential as 

candidate materials for next-generation smart windows such as automotive applications. 

However, several problems remain, such as environmental stability (e.g., resistance to 

temperature, humidity, UV rays) and the method of introduction, for the application of 

this device as automotive window materials. Thus, Adhesion and Interface Research 

Group at AIST will work with the company to conduct research and development to 

produce field-applicable samples as the next step.  
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Chapter 5 

Preparation of WO3 Nanoparticle Dispersion Ink Using 

Machine Learning  
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5. 1 Introduction 

 

Adhesion and Interface Research Group at National Institute of Advanced Industrial 

Science and Technology (AIST) has been working on the development of coated EC 

devices, which are expected to have lower cost for application in smart window 

technology as described in Chapters 4 and 5[1-5]. This device uses a thin film material 

prepared by a wet-coating methods using a functional nanoparticle dispersion ink, and 

various additives are being studied to improve the adhesion to the substrate, lifespan, and 

stability. However, the synthesis of functional nanoparticle dispersion inks involves a 

wide range of parameters, such as the number of additional materials, thickness of thin 

films, chemical composition and structure, synthesis method, or film-forming processes. 

Therefore, a lot of time and labor is required for the optimal ink preparation and thin film 

production process which shows good EC properties. Thus, in this chapter, Adhesion and 

Interface Research Group at AIST aimed to derive the optimal ink composition in a short 

time using machine learning (ML) which is one of the data-based research and 

development methods[6-10]. These various parameters were informatized through data 

processing of the results obtained through previous experiments, and a simulation model 

with predictable results was proposed using Python.  

The optical density (ΔOD) coloration efficiency (CE) is very important information for 

EC materials, and they can be calculated using the following equations. 

 

Δ𝑂𝐷 = log10(𝑇𝑏/𝑇𝑐)                                                 (5-1) 

𝐶𝐸 = Δ𝑂𝐷/𝑄                                                      (5-2) 

 

where Tc and Tt are the transmittance in colored and bleached states of ECDs, 

respectively.  

If the ΔOD and CE can be predicted by simulation, the change in transmittance 

(absorption) and electrochemical properties; transferred charge density (Q) according to 

the oxidation-reduction reaction of the EC materials can be predicted. Therefore, in this 

study, we focused on deriving the optimal ink production conditions in a short time by 

predicting the ΔOD and CE (output) from the preparation parameters of WO3 NPs 
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dispersion ink (input) using Python. In addition, in the field of EC materials, there are 

very few applied studies on machine learning. Therefore, finding the optimum WO3 NPs 

dispersed ink preparation conditions in a short time by constructing an appropriate model 

will have a great impact as a proposal for a new EC material research method. 
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5. 2 Experimental 

 

1) Machine learning  

 

Figure 5. 1 shows the schematic diagram of the ML method in this study. The amount 

of water, WO3 NPs and PVA were used as parameters for the synthesis of enhanced 

WO3 ink through ML and those were optimized for EC material production. First, 

various production conditions of previous experiments (input) and obtained results 

(output) were converted into a database for ML. Then, to obtain the optimal conditions 

for the EC materials preparation, the prepared parameter data values are input to the 

simulation model to predict the results. Finally, the accuracy of ML is verified by 

comparative analysis with the EC properties of WO3 ink obtained through simulation 

and experimental under the same conditions. 

 

 

Figure 5. 1 Schematic of machine learning in this study. 

 

2) Support Vector Machine (SVM) 

 

SVM, developed by Vapnik[11], is a relatively new machine learning technique for 

materials optimizations[12,13]. It has been shown to perform well for classification and 

regression[14,15]. SVM has two distinct features that are useful for materials optimization. 

Firstly, it has high generalization ability. Secondly, it is especially suitable for small size 

of training sets[14]. The scikit-learn libraries for SVM in Python are listed as shown in 

Figure 5. 2. 
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Figure 5. 2 Terms of Skit-learn libraries for the ML in this study. 

 

3) Support Vector Regression (SVR) and Gaussian process regression 

 

The basic concept of SVR is to map nonlinearly the original data x into a higher 

dimensional feature space and solve a linear regression problem in this feature space[15-

19]. The feature space is determined by kernel functions. Popular kernel functions include 

the Linear kernel, Polynomial kernel, and Gaussian kernel, among many others[20]. In this 

study, we chose the radial basis function (RBF) kernel function, also called Gaussian 

kernel, to predict the EC properties of WO3 NPs dispersed ink (Figure 5. 3). The RBF 

kernel outperforms others for simple modelling process, high computation efficiency and 

easy realization[21]. 

  

 

Figure 5. 3 RBF kernel for machine learning in this study.  

 

The RBF kernel is defined as follows[22]. 

 

𝐾(𝑋, 𝑋𝑖) = exp (−𝛾 ∥ 𝑋1 − 𝑋𝑛𝑒𝑤 ∥2)                                   (5-3) 

 

where, γ is the RBF kernel parameters, and ||X₁ - Xnew|| is distance between two points 

X₁ and Xi. 

from sklearn import svm
from sklearn import ensemble

from sklearn.model_selection import train_test_split
import pandas as pd
from pandas import DataFrame
import numpy as np
import matplotlib.pyplot as plt
from sklearn.metrics import mean_squared_error
from sklearn.metrics import r2_score
import pickle
import os

if M == 0:
model = svm.SVR(C=100.0, kernel='rbf',  gamma='auto', epsilon=0)

elif M ==1:
model = ensemble.RandomForestClassifier(n_estimators=100, 

random_state=1)
elif M ==2:

pass
else:    

print(“error")



119 

 

γ can be described as: 
1

2𝜎2
 

Thus,  

 

𝐾(𝑋, 𝑋𝑖) = exp (−
∥𝑋−𝑋𝑖∥2

2𝜎2 )                                           (5-4) 

 

where, σ is the variance and our hyperparameter. 

 

The regularization parameter (C) determines the degree to which misclassification is 

acceptable, and is expressed as: 

 

min
𝛽

1

2
∥ 𝛽 ∥2+ 𝐶 ∑ 𝜉𝑖

𝑁
𝑖=1                                               (5-5) 

 

where, β denotes the normal vector, ξi denotes the distance to the current margin with ξi 

≥ 0, i =1, …, n,  

RBF kernel support vector machines (SVM) are implemented in the scikit-learn 

library and have two hyperparameters associated with them ('C' for SVM and 'γ' for 

RBF kernel). where γ is inversely proportional to σ. 

 

 

Figure 5. 4 RBF kernel support vector machines according to the change of γ or σ and C 

values[23]. 
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Figure 5. 4 shows that as γ increases (σ decreases), the model overfits; overfitting is a 

modeling error in statistics that occurs when a function is too closely aligned to a 

limited set of data points. Therefore, it is significant to find the correct γ or σ along with 

the C value to achieve the best bias-variance trade-off; the bias–variance tradeoff is the 

property of a model that the variance of the parameter estimated across samples can be 

reduced by increasing the bias in the estimated parameters.. 

 

4) WO3 NPs dispersed inks and films preparation 

 

Table 5. 1 shows the experimental data provided for machine learning. Table 5. 2 and 

Figure 5. 5 shows the conditions of WO3 inks preparation and CE obtained from 

simulation.  

 

𝑑 = 𝑚/(𝐴 × 𝜌)                                                  (5-6) 

 

where ρ is the density of the ink, A is the area of the substrate, and m is the weight of the 

coated WO3 NPs dispersed ink.  

The weights of the ITO/glass substrates and WO3 inks are shown in Table 5. 3. 

 

Table 5. 1 The experimental data provided for machine learning. 

 

 

No CE (cm2/C) H2O_wt.% WO3_wt.% PVA_wt.%

1 0.873313 74.81297 24.93766 0.249377

2 0.773333 74.07407 24.69136 1.234568

3 0.005657 73.17073 24.39024 2.439024

3 1.660732 79.84032 19.96008 0.199601

4 0.902243 79.20792 19.80198 0.990099

5 0.141647 78.43137 19.60784 1.960784

6 0.525778 84.87269 14.97753 0.149775

7 0.367506 84.36725 14.88834 0.744417

8 0.204342 83.74384 14.77833 1.477833

9 0.472268 89.91009 9.99001 0.0999

10 0.521543 89.55224 9.950249 0.497512

11 0.160329 89.10891 9.90099 0.990099

12 0.06633 94.95252 4.997501 0.049975

13 0.116861 94.76309 4.987531 0.249377

14 0.098174 94.52736 4.975124 0.497512

15 0.007951 69.79063 29.91027 0.299103

https://en.wikipedia.org/wiki/Variance
https://en.wikipedia.org/wiki/Sample_(statistics)
https://en.wikipedia.org/wiki/Bias_of_an_estimator
https://en.wikipedia.org/wiki/Estimation_theory
https://en.wikipedia.org/wiki/Statistical_parameter
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Table 5. 2 The condition of WO3 NPs dispersed inks and CE values obtained from 

simulated. 

 

 

 

Figure 5. 5 Plot of (a) ΔOD and (b) CE values obtained according to the simulation 

number. 

 

 

Table 5. 3 Randomly selected WO3 NPs dispersed ink preparation condition. 

 

 

 

 

 

No CE (cm2/C) H2O_wt.% WO3_wt.% PVA_wt.%

0 8.805386 95 5 0

1 9.195912 94.98 5 0.02

2 9.591482 94.96 5 0.04

… … … … …

69340 35.06985 74.4 24.8 0.8

… … … … …

104998 14.91341 58.14 34.9 6.96

104999 14.91341 58.12 34.9 6.98
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No. CE (cm2/C) H2O_wt.% WO3_wt.% PVA_wt.%

3508 18.151 93.84 6 0.16

9571 13.63848 89.88 7.7 2.42

36809 17.00239 83.32 15.5 1.18

50099 30.9531 79.72 19.3 0.98

58099 14.91341 71.52 21.5 6.98

69340 35.06985 74.4 24.8 0.8
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Table 5. 4 Weights of the ITO substrate and coated WO3, and the calculated WO3 film 

thickness. 

 

 

5) Electrochemical and EC characteristics of the WO3 films 

 

The electrochemical and EC properties of the film were measured using CV, CC, and 

MPS measurements, and the investigation was conducted using an electrochemical 

measurement system (6115D, ALS/HCH), in combination with a multi-channel charge-

coupled device detector (DH-2000, Ocean Optics) to measure in-situ transmittance 

changes. Multiple potential step (MPS) measurements, transmission spectra, and time 

strip charts were obtained based on estimated response times. The EC switching time is 

defined as the time required for the total transmittance to exhibit a 90% change. CC 

measurements were used to estimate the transferred charge density (Q). 

  

No. ITO 

substrate 

size (cm2)

ITO substrate 

before spin 

coating (g)

ITO substrate

after spin coating (g)

(evaporated suspension)

Amount 

of coated 

WO3 (g)

Calculated 

films 

thickness

3508 25 4.3094 4.3203 0.0107 1.24

9571 25 4.2988 4.3094 0.0106 1.23

36809 25 4.3710 4.3830 0.0120 1.39

50099 25 4.2822 4.2944 0.0122 1.41

58099 25 4.2866 4.2992 0.0140 1.46

69340 25 4.2558 4.2672 0.0114 1.32



123 

 

5. 3 Results and discussion 

 

The electrochemical and EC properties of WO3 films deposited on ITO/glass 

substrates were measured in a 1.5 mol/kg KTFSI/PC solution as electrolyte. Cyclic 

voltammograms were recorded by measuring WO3 films over a potential range of –1.2 

to +1.0 V (vs. Ag/AgCl) with a sweep rate of 10 mV/s (Figure 5. 6).  

 

 
Figure 5. 6 CV curves of the WO3 thin films prepared under condition of No. 3508 

(purple), 9571 (black), 36809 (red), 50099 (blue), 58099 (green), and 69340 (yellow). 

The potential scan rate was 10 mV/s[13]. 

 

It was observed that the area of the CV curve which indicates the electrochemical 

characteristics increased as the amount of WO3 NPs powder added increased. This is 

thought to be because the number of W atoms contributing to the redox reaction 

increases as the amount of WO3 NPs powder increases. However, there was no 

significant difference in CV area in the thin film containing more than about 20 wt.% of 

WO3 NPs powder.  

The transferred charge density (ΔQ) was determined by charge amount obtained by 

applying constant potentials of –1.2 and +1.0 V for 5 and 120 s, respectively, for a 

complete redox reaction and the resultant current densities are exhibited with respect to 

time (Figure 5. 7). The reversible K+ charge/discharge process obtained for the prepared 

WO3 films. No. 58099 (green line) showed a lower ΔQ value than that of No. 36809 

(red line), which contained a smaller amount of WO3 NPs powder. It is thought that a 

large amount of PVA added deteriorated the electrochemical properties as described 
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Chapter 3. The No. 50099 exhibited the largest ΔQ of 38 mC/cm2 (Table 5. 4). 

 

 

Figure 5. 7 CC of the WO3 thin films prepared under condition of No. 3508 (purple), 

9571 (black), 36809 (red), 50099 (blue), 58099 (green), and 69340 (yellow). Constant 

voltages of –1.2 to +1.0 V (vs. Ag/AgCl) were applied for 5 and 120 s, respectively. 

 

Table 5. 5 Transmittance (T), optical density (ΔOD), coloration efficiency (CE), and 

optical switching time of the WO3 thin films prepared under condition of No. 3508, 

9571, 36809, 50099, 58099, and 69340 at 633 nm in the colored and bleached states in a 

1.5 mol/kg KTFSI/PC electrolyte solution. 

 

 

The light transmittance changes of WO3 thin films in colored and bleached states 

were studied by UV-vis spectroscopy during CC and the spectra are shown in Figure 5. 
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3508 93.14 74.34 0.031 0.129 0.006 0.098 0.310 16.97 18.15

9571 96.24 68.91 0.017 0.162 0.010 0.145 0.414 14.43 13.64

36809 91.22 39.58 0.040 0.403 0.022 0.363 0.336 16.82 17.00

50099 90.68 7.46 0.042 1.127 0.038 1.085 1.084 28.92 30.95

58099 90.80 44.66 0.042 0.350 0.018 0.308 0.439 17.20 14.91

69340 85.76 6.50 0.067 1.187 0.029 1.120 0.745 38.21 35.07
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Figure 5. 8 Transmittance spectra of the WO3 thin films prepared under condition of 

No. 3508 (a), 9571 (b), 36809 (c), 50099 (d), 58099 (e), and 69340 (f). Constant 

voltages of –1.2 to +1.0 V (vs. Ag/AgCl) were applied for 5 and 120 s, respectively. 

 

The highest transmittance change (ΔT) of 83 % was observed for the No. 50099. 

Furthermore, ΔOD and CE, which are important EC parameters controlling the 

electrochemical performance of the film, were calculated using equations (1) and (2) 

and listed in Table 5. 5. 

The largest ΔOD value of 1.085 was obtained for the No. 50099 and the experiment 

value was very similar to the simulation value (Table 5. 5). In contrast, A large error 

range in the ΔOD values was obtained for the experiments and simulations of No. 3508 

and 9571. This is thought to be due to the sufficiently small ΔOD values. However, 

there is no problem in examining the conditions for producing the WO3 ink exhibiting 

the optimum EC characteristics. Interestingly, the highest CE value of 38.21 cm2/C was 

obtained for No. 69340, which was consistent with the simulation results (Table 5. 5). 

This is thought to be because, although No. 50099 showed a higher transmittance 

change than No. 69340, it showed a similar transmittance change at 633 nm at a low 

charge amount. Figure 5. 9 (a), (b) shows the plots of the results obtained through the 

experiments in Chapter 3 and this chapter and the results obtained through the 

simulations. As a result, ΔOD and CE values showed high accuracy of 96% and 92%, 

respectively. 
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Figure 5. 9 Plots of the (a) ΔOD and (b) CE values obtained through the experiments 

and simulations. Simulation: predicted ΔOD and CE values by simulation (dashed line). 

Experimental: ΔOD and CE values obtained by experimental (red dots). 
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5. 4 Conclusions 

 

In this study, machine learning was applied to obtain the optimal WO3 NPs dispersed 

ink preparation condition for the application of EC materials. The ΔOD and CE values 

of WO3 ink under various conditions were predicted by using SVR and RBF kernel in a 

short time, and the optimized preparation conditions for the coating process were 

reviewed. The highest predicted values of ΔOD and CE obtained through simulation 

showed high accuracy of over 90% compared to experimental values. In contrast, 

although the error range was large in the experiments and simulations which indicate 

the low ΔOD values, there was no problem in obtaining the conditions for preparing the 

WO3 ink showing the optimal EC characteristics. In addition, the highest CE value of 

38.2 cm2/C obtained through this study was improved by about 10% compared to the 

CE value (35.0 cm2/C) of Chapter 3. We believe that these results will lead and suggest 

a new development direction for EC research in the future. In addition, in future studies, 

we propose a more extensive machine learning development study by considering more 

variables such as various additives (surface active materials, binders, etc.) and 

manufacturing processes.  
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Research summary 

 

In this study, WO3 NPs dispersion ink with excellent adhesion was developed for the 

fabrication of electrochromic devices capable of wet coating, device fabrication tests were 

performed using the developed materials, and performance was predicted and 

demonstrated using machine learning. 

To improve the adhesion between the WO3 nanoparticles and the substrate of the ink, 

polyvinyl alcohol (PVA) was added as an additive. PVA was adjusted to 0-10 wt.%, and 

electrochemical properties and EC properties were studied. As a result, the WO3 thin film 

prepared with 1 wt.% PVA addition showed excellent adhesion between WO3 

nanoparticles and substrate. In addition, it was found that the composition of the WO3 

thin film exhibiting excellent electrochemical properties with the largest coloration 

efficiency of 35 cm2/C and electrochromic properties with a change in visible light (λ = 

633 nm) transmittance of 90%⇔13%. 

To fabricate the next-generation EC device, we investigated the fabrication of flexible 

ECD using a PET substrate. For the preparation of EC materials, coated WO3 and PB 

films were prepared using the WO3 synthesized in Chapter 3 and the PB ink originally 

developed by Adhesion and Interface Research Group at National Institute of Advanced 

Industrial Science and Technology (AIST), and these were assembled to prepare a flexible 

EC device. The prepared flexible PET EC device showed a dramatic color change from 

transparent to dark blue and showed higher coloring efficiency (123.32 cm2 / C) than the 

conventional glass EC device (86.44 cm2 / C). Furthermore, it showed electrochemical 

stability without deterioration up to 100 cycles, and mechanically excellent durability 

against repeated bending and twisting experiments. 

Finally, machine learning was applied to obtain the optimal WO3 NPs dispersed ink 

preparation condition for the application of EC materials. The predicted value obtained 

through simulation showed an accuracy of more than 90% with the experimental value. 

In addition, the highest coloring efficiency value of 38.2 cm2/C obtained through this 

study was improved by about 10% compared to the coloring efficiency value (35.0 cm2/C) 

of Chapter 3. Therefore, we believe that it is possible to develop an optimized process for 

the preparation of EC materials using machine learning. In the future, we will focus on 

the development of functional nano-dispersion inks optimized to prepare functional thin 

films using various parameters (materials, manufacturing conditions, atmosphere, etc.) 

through simulation prediction using more advanced algorithms. 
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