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Abstract 

WO3 nanoparticles doped with Ti (W1-xTixO3) and co-doped with Ti and Zn 

(W1-xTix-YZnyO3) have been prepared on FTO/glass substrate, using wet 

chemical method (dipping in a sol-gel). The Ti molar concentration into 

W1-xTixO3 ranges 0-30 % in steps of 5%. Best electrochromic properties 

were observed for composition that has Ti nominal concentration of 5% 

(W0.95Ti0.05O3). This was evidenced from cyclic voltammetry (CV), 

chronoamperometry (CA), and transparency during CA measurements. The 

composition that gives best electrochromic properties (W0.95Ti0.05O3) was 

chosen to prepare WO3 nanocrystallite films co-doped with Zn for the first 

time (W0.95Ti0.05-yZn yO3). The Zn molar concentration in these films varied 

1-5%. From CV and CA measurements, Co- doped WO3 films showed 

better electrochromic performance than Ti single doped films. From co-

doped films, the best electrochromic properties were observed for films that 

contains 3% of Zn (W0.95Ti0.02Zn0.03O3). The transparency spectrum of 

W0.95Ti0.02Zn0.03O3 electrode shows a high improvement in coloration 

efficiency compared to the coloration efficiency of W0.95Ti0.05O3 electrode. 

The stability of the prepared materials is also tested in H2SO4 electrolyte, 

though cycling electrodes for at least 6000 cycles. 
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Chapter One 

Introduction 

1.1 Objectives 

The aim of this thesis is to improve the electrochromic properties of WO3 

based thin films by doping WO3 with Ti and/or Zn species. These thin films 

were grown on fluorine doped tin oxide (FTO) layer coated onto glass 

substrate using sol-gel method. 

To find the optimum concentration of Ti species onto WO3 thin films 

different atomic percentage of Ti (5-30% in steps of 5%) will be employed. 

Then these films with different concentration of Ti will be studied and 

analyzed by Cyclic Voltammetry, Chronoamperometry, and Optical 

experiments. After that, WO3 thin film with optimal concentration of Ti 

was used to apply co-doping of Ti and Zn. The effect of co-doping on the 

electrochromic properties for the desired films was investigated and 

analyzed for the first time. 

1.2 Why WO3 based thin films? 

Tungsten oxide is one of the gleaming substances in electrochromism it has 

been rigorously studies for its interesting electrical properties, fast response 

time, high coloration efficiency, reasonable stability and relatively low cost 

[1-3]. Physical and chemical properties make it promising material for a 

wide range of scientific application such as: optical switching devices, solar 

energy converters, smart windows, catalysis, electrocatalyst in fuel cells, 

and metal powder fabrications [4-9]. 
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1.3 Hypothesis 

Tungsten oxide thin film has a wide range of technological applications in 

various fields. Doping these films, with other substances, is known to 

modify their structure and hence affect their crystal structure and properties 

[2]. Therefore, WO3 thin film will be adjusted in their structure and 

characteristics by co-doping them with appropriate concentration of Ti and 

Zn substances. In addition influence on electrochromic properties will be 

illustrated by observing and analyzing this new substance from WO3 thin 

film. 

1.4 Previous Studies 

The electrochromic performance of Tungsten oxide is highly characterized 

thus; it attracts researcher's attention to know more about this brilliant 

material [2]. It is first reported by Deb [10], and then further studies 

published on these popular electrochromic films. 

Hyun and Kyung study the effect of Tungsten oxide nanopowders size on 

their electrical properties. They found that the particle size of the powder is 

strongly related to the electrical properties of WO3 thin films. Thus they 

suggested nano crystalline Tungsten oxide thick film to be used for gas 

sensors applications [11]. 

Bertus et al prepare smooth and homogenous Tungsten oxide thin films 

using the chemical method spray pyrolysis and found that this method 

could enhance the coloration efficiency transition modulation and cyclic 

stability of Tungsten oxide thin films [12]. On the other hand Hepel and 

Tewksburry reported that the elctrodeposition technique could enhance 
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Tungsten oxide properties in a way that is cannot be achieved by any other 

techniques [13]. 

Recent study improve the coloration efficiency of Tungsten oxide films 

using magnetron spattering method to reach maximum coloration 

efficiency of 79 cm
2
/c which is the first time observed for the film 

deposited at DC power of 150 w and pulsing frequency of 25 kHz [14]. 

Other researchers prefer to use sol-gel technique in Tungsten oxide thin 

films preparation processes, this returns to their interesting properties since 

it is cheap, low temperature technique, and used in several fields as in 

optics, energy, electronics, space, and medicine [15]. As an example, 

Badilescu and ashirt used this method to study the characterization of 

Tungsten oxide films by comparing the optical and electrochromic 

properties of different films of Tungsten oxide prepared either by thermal 

treatment or by solvent extraction [16]. On the other hand, Catalini and his 

group used sol-gel method to prepare Tungsten oxide films at different 

temperature and then analyze the characterization of the prepared films 

using scanning electron microscope and X-ray diffraction [17]. 

To improve the efficiency of Tungsten oxide films as an electrochromic 

device, researchers doped Tungsten oxide with different dopant atoms. Ahn 

and his group investigate the effect of SnO2 addition to Tungsten oxide on 

the structural, electrochemical, and electrochromic properties of Tungsten 

oxide, they found that the doped films have faster response time, improved 

memory effect, and greater coloration efficiency by 14% than Tungsten 

oxide alone [18]. Other scientists use Ti atoms as the dopant elements. This 
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comes from it is fantastic properties that make this material very resistant 

to the usual kinds of metal fatigue. It is also has a relatively high melting 

points which make them useful as refractory metal [19].  

Reich and Tsabba doped Tungsten oxide with Na atoms and then study the 

change of the films conductivity with temperature, they found that it 

exhibits sharp diamagnetic step in magnetization at 91 k [20]. While, 

Chang and his group choose Zn atoms to be the dopant atoms, they 

prepared Tungsten oxide with different concentration of Zn and different 

annealing temperature. They found that Zn addition to Tungsten oxide 

enhanced its photoelectric properties and that the photocurrent under 

visible light displayed the highest value for 2% Zn-WO3 films annealed at 

400 C [21].   

Ozer and Dogan analyze the optical properties of Ti doped WO3 (WO3:Ti) 

films in bleached and colored stats. They reported that the material color of 

Ti: WO3 films have significant advantages over WO3- based windows [22]. 

However, Bathe and Patil study the effect of Ti doping on the 

electrochromic properties of Tungsten oxide. They conclude that at higher 

Ti concentration (10 at. %) the cycle stability, charge storage capacity, and 

reversibility of the films are improved [23]. 

Various new studies choose a suitable percentage of Ti atoms and then 

analyze the effect of different doping percentage of several properties of 

Tungsten oxide, Rammana and his groups use 20% Ti as doping percentage 

and then calculate the optical constants change with gradual change of 

temperature [24]. Furthermore, Wang and Hu prepared TiO2 (10% at.) 
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doped Tungsten oxide films and investigate the effect of annealing 

temperature and water contents on the electrochromic properties of the 

prepared films using cyclic voltammograms experiments [25] 

The effect of co-doping on different properties of the electrochromic based 

films is also studied and analyzed.  Recently, Yang and his groups 

developed new WO3-based material for smart window application and 

found that co-doping of WO3 with Li and other atoms in the form of 

(Li0.083A0.083WO3, A= Na, K, Rb, and Cs) is more stable than mono-doping  

with alkali metals alone (A0.083WO3, A= li, Na, K, Rb, and Cs) [26]. In 

addition to that, Long and Run studied the electronic properties and 

photocatalytic activity of nitrogen (N) and/or tungsten (W)-doped titania, 

they found that N and W-doped titania exhibit higher visible light 

photocatalytic efficiency than N- or W-doped alone [27]. Furthermore, co-

doping NiO with Ti and Zn species was observed to give more enhanced 

properties than doping NiO with Ti alone, this is refer to better adhesion of  

co-doped NiO on the FTO substrate [28]. These studies are considered as 

indicators that co-doping with suitable species on the based films mostly 

have more enhanced and developed properties than mono-doping. 
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Chapter Two 

Fundamentals and theoretical background 

2.1 Chromism 

Chromism is reversible change in substances' color resulting from a process 

caused by some form of external stimulus [29]. The type of used stimuli 

determines the kind of chromism. There are several kinds of chromism, 

which are detailed below. 

 Thermochromism is defined as the reversible change of substances 

color caused by temperature change [30]. 

 Photochromism is the substances with reversible color change 

which result from photoirradiation [31]. 

 Halochromism is defined as the reversible color change caused by 

variance in PH, due to either acids or bases [32]. 

   Piezochromism is the reversible color change caused by 

mechanical grinding. This induced color change back to the original 

color when the material is dissolved or kept in dark organic solvent. 

A chemical that offer this event is diphenylflavylene. 

 Tribochromism defined as the phenomenon when crystals color 

change during mechanical grinding (as in the case of 

Piezochromism), but the induced color change doesn’t back to the 

original color if put in the dark or dissolved in an organic solvent 

[31]. 

 Solvatochromism is the reversible color change caused by the 

change of the polarity of solvent. 
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 Halosolvatochromism it is the reversible change in color upon 

increasing ionic strength of the medium without a chemical change 

of the chromophore [31]. 

 Ionochromism is the phenomenon of color change associated with 

the addition of ions [33]. 

 Electrochromism is defined as the process of reversible change in 

substances optical properties upon applied voltage. It is an old 

phenomenon which was discovered 44 years ago and potentially the 

most commercially useful form of chromism [34]. 

2.2 Electrochromism 

2.2.1 Design and operation of electrochromic devices (ECDs)  

An electrochromic (EC) material can modulate their optical properties upon 

the application of a voltage [35]. Due to Tungsten oxide superior optical 

and electrical properties, it is the preferred material for electrochromic 

device. The standard electrochromic device behaves as a thin film batteries 

which is composed of five layers backed by one substrate or positioned 

between two substrates by use of lamination (Fig. 2.1). 
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Fig. (2. 1): Schematic diagram of the electrochromic device. 

The substrates are normally of glass, but plastic works too. The central part 

is called electrolyte (ion conductor), which conducts ion but not electrons. 

This can be organic material or inorganic, solids or liquids. The ions must 

have small size to move easily in an electric field such as proton (H
+
) and 

lithium ions (Li
+
). In early devices and for cyclic voltammetry 

measurements, the used electrolytes are liquids or semi-solid (e.g. H2SO4 

solution for proton conduction and propylene carbonate with LiCIO4 for 

Li
+
 conduction). The electrolyte have to be transparent, neutral coloring, 

and shouldn't react with the two insertion electrochromic electrodes, in 

which it is sandwiched between, during deposition and cycling. Proton 

conductors are commonly associated with higher ionic conductivity while 

lithium-based electrolytes show higher stability. This electrolyte bounds on 

an active electrochromic film (WO3 is a perfect example) eligible of 

conducting electrons as well as ions. On the opposite side of the electrolyte 

there is an electrochromic film which stores ions (Counter electrode) and 

has electrochromic properties complementary to those on the first 
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electrochromic film. This central three layer structure is located between 

electrically conducting transparent films. For this purpose, transparent 

conductive oxide (TCO deposited onto glass or plastic) is used [36-38]. N-

type TCO thin films are generally based on In2O3: Sn (ITO) and SnO2: F 

(FTO) using commonly deposition techniques of PVD and CVD 

respectively, FTO has the advantage of being less costly than ITO and 

readily available on large area glass panes [28]. 

When a few volts are applied between the transparent electrical conductors, 

ions are traveled regularly between the electrochromic film and the ion 

storage film. The electrons move from the transparent conductors which 

result in a modification in the optical properties. A converted voltage, 

return the original properties. The electrochromic device coloration able to 

be modified at any intermediate scale, thus the device shows open-circuit 

memory as a battery. 

2.2.2 Applications of electrochromic devices 

There are many uses of substances which modify their optical properties 

reversibly via applying a little voltage signal. Fig. (2.2) show some 

applications of electrochromic devices like: EC windows, EC mirrors, EC 

displays, smart sunroofs, filters, and smart glass wears [28, 39]. 
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Fig. (2.2): Variety applications for electrochromic devices. 

EC windows or smart windows can automatically control the amount of 

light and solar energy passing through the windows, by modulating their 

optical properties depending on the weather. Thus its benefits exceeds it s 

importance as a transparent surface to an efficient element in energy 

saving; it can provide human with excellent climate that make them always 

relax. When EC window is in its bleached states, the visible light and part 

of solar heat penetrate the EC window to indoor. The transmitted visible 

light from electromagnetic radiation and solar heat energy can be 

minimized when the EC windows in it is colored state (Fig. 2.3). The first 

commercial device of EC window was in stadtsparkass bank in Dresden, 

Germany [40].  
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Fig. (2.3):  ECWs with illustration of visible light and solar heat energy during 

operation. 

Antithesis to smart windows, EC -+mirrors are already wide-spread 

commercially available. The construction of EC mirrors is the same as 

smart windows but one of the electrodes is composed of reflective material 

instead of transparent, to allow EC device to work as a normal mirror when 

it is in its off-state, and a darkened mirror when it is in its on-state. It is 

introduced first by Gentex in 1982 [33]; these mirrors regularize reflections 

of flashing light from following vehicles at night, so enable the driver to 

see without discomfort.  

2.2.3 Types of electrochromic devices 

Electrochromic devices are classified into three major configurations: 

solution phase, hybrid structure, and battery-like devices [28], as clarified 

in Fig. 2.4. For solution and hybrid type ECDs, at least one electrode 

should be solution or gel-type electrolyte. they are called self-erasing types, 

since a continuous passage of current is needed to keep the colored state, 
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they are more appropriate to be used as a rear-view EC mirrors in cars. 

Otherwise, battery-like devices have a good memory effect under open 

circuit potential. Coloration of the two electrodes, in battery-like devices, 

complements one another, thus it shows their electrochromic superiority to 

the solution and hybrid types [41].  

 

Fig (2. 4): Three different types of electrochromic devices (ECDs): (a) solution type, (b) 

hybrid type, and (c) battery-like type. 

2.3 Background on tungsten and Tungsten oxide 

2.3.1 Tungsten 

Tungsten is a hard, grayish white, paramagnetic element, and uncommon 

metal under standard conditions when uncombined. Tungsten occurs in 

group 6 and period 6, with atomic number of 74, atomic mass of 183.84 

g/mole [42], and electronic configuration [Xe] 4f
14

5d
4
6S

2
. the melting point 
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for tungsten is about 3422 ºC, which is the highest melting points of all the 

elements, and the boiling point is about 5930 ºC, it has also a remarkable 

high density which is 19.3 g/cm
3
. Tungsten has different oxidation numbers 

(0, 1
+
, 2

+
, 3

+
, 4

+
, 5

+
, and 6

+
), and it forms heavy alloys which have 

enormous applications, such as: rocket nozzles, automotive industries, and 

in military applications [43]. Tungsten combine with different elements as: 

Boron, Carbon, Silicon, Nitrogen, Phosphorous, Arsenic, Oxygen, Sulfur, 

Fluorine, Chlorine, Iodine, and Bromine, and  these compounds often used 

in industrial catalysis, electrochromic devices, and ceramic glazes. 

2.3.2 Tungsten oxide (WO3) 

WO3 is a chemical compound containing oxygen and the transition 

metal tungsten. This n-type semiconductor has an intermediate band gap 

(2.7 eV), it appears as a yellow powder and has a molar mass of 231.84 

g/mole, and its density is 7.16 g/cm
3
. WO3 melting point is 1473 ºC, while 

its boiling point is 1700 ºC [44].  

(a) Preparation 

There are several ways to prepare Tungsten oxide, as: 

 Allowing CaWO4 or scheelite to react with HCl to produce tungsten 

acid (H2WO4), this decomposes to WO3 and water at high 

temperature. 

CaWO4 + 2 HCl                          H2WO4 + CaCl2 

H2WO4                                        WO3 + H2O 
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 Annulment of ammonium paratungstate (APT) upon oxidizing 

conditions 

(NH4)[H2W12O42].4H2O                 12 WO3 + 10 NH3 + 10 H2O 

 Dissolving WCl6 powders in alcohols or in the presence of air, this 

result in oxidizing WCl6 by bringing O2 into the solution [45]. 

2 WCl6 + 3 O2                 2WO3 + 5 Cl2 

(b) Structures 

Tungsten oxide is made from octahedrally WO6 building blocks. In this 

structure, tungsten ions are located and surrounded by six oxygen ions, 

and each oxygen located between two tungsten ions (Fig. 2.5). In this 

stable structure, which is transparent in a thin film form, every oxygen 

ion is shared by two corner shaded blocks. Actually, single crystals of 

WO3 exhibit a various crystallographic phase structures in different 

temperature ranges, it is triclinic from -50 to 17 ºC, monoclinic from 17 

to 330 ºC, orthorhombic from 330 to 740 ºC, and tetragonal above 740 

ºC. The room temperature stable form of WO3 is Monoclinic. 

Monoclinic structure has the space group P21/n with unit cell 

parameters: a = 7.301, b = 7.539, c = 7.690 Å and β = 90.89º [46, 47]. 
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Fig. (2.5): monoclinic structure of Tungsten oxide (WO3) at room temperature. 

 

(c) Applications 

The interesting optical, electrical, and photocatalytic characteristics of 

WO3 make them promising material for modern technological 

applications, thus it is used in several fields as in electrochromic 

devices, dye-sensitized solar cells, sensors, field emission, high 

temperature super conductor, and photo catalysis [48], it is also used to 

manufacture fireproofing fabrics, pigments in ceramic and paints, and to 

produce tungstate for x-ray screen phosphors.  

2.4 Coloration mechanism of Tungsten oxide-based thin films 

Tungsten oxide is the most favorable and excessively studied 

electrochromic material. A publication by Deb in 1969 showed that color 

centers could be created in thin films of Tungsten oxide by the addition of 

an electric field [49]. Therefore, its color switches from transparent to 

opaque (blue) as a result of a little applied voltage.   

Various models have been proposed to demonstrate the electrochromic 

mechanism in WO3 films [4, 7, 49-53]. Coloration from transparent case to 
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dark blue color follows by the injection of electrons and protons (or alkali 

ions) into the WO3 film as in this reaction: 

2WO3 (transparent) + 2M
+
 + 2e

-                   
W2O5 (blue) + M2O                (2.1) 

   W
+6

                                                         W
+5 

Where (M = H, Li, Na, etc.), Eq. (2.1) indicates that an electric field will 

help injected ions (M
+
) crash some of the W=O bonds and combine with O

-

2
 to form M2O. Consequently, this will induce W

+5
 states. An inverted 

electric field will break the M-O bond and separate the M
+
 ions from the 

film. Then the W
+5

 state will liberate an electron and return to the W
+6

 

state. This operation can be described clearly in Fig. (2.6). 

 

Fig. (2.6): The reduction of W
+6

 in WO3 to a W
+5

 state and the oxidation of M
+
 to form 

M2O.    

2.5 Electrochromic properties 

2.5.1 Cyclic voltammetry (CV) 

Cyclic voltammetry is a strong analytical method for studying electrode 

operation by applying continuous cyclic potential to working electrode 

[54]. In this case the voltage is swept linearly and periodically between two 

values (V1, V2) at given potential scan rate, V1 and V2 are sometimes called 
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the switching potentials; when the voltage reaches V2 the scan voltage is 

reversed and the voltage is return to V2.  

 

Fig. (2.7): Voltage swept during CV experiments. 

Currents produced by the reduction and oxidation reactions at the working 

electrode are measured and drown versus applied potential on a cyclic 

voltammograms. Fig. (2.8.a) shows the shape of ideal CV for a single 

electron transfer operation. Cyclic voltammograms are distinguished by 

peak potentials (Ep), at which the current reaches a local maximum or 

minimum, and the value of the peak current (ip) at these points. When a 

redox reaction is 100% reversible, the measured CV has particular well 

defined properties: 

1. The positions of peak voltage do not alter as a function of voltage scan 

rate, and the peak currents increases with increasing scan rate as 

appear in Fig. (2.8.b). 

2. The ratio of the peak currents is equal to one 

ipa/ipc=1                                                                                                     (2.2) 
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Where, ipa is the anodic peak current, and ipc is the cathodic peak 

current. But, the ratio of peak currents can be significantly affected in 

irreversible reactions [55]. 

3. The peak currents are proportional to the square root of the scan rate. 

 

Fig. 2.8: A typical cyclic voltammograms recorded for a reversible single electrode 

transfer reaction a) at one scan rate b) at different scan rate. 

CV consists of cycling the potential of an electrode that is immersed in an 

unmovable solution (no stirring), and gauge the obtained current. The 

working electrode potential is modified against a reference electrode like a 

saturated calomel electrode (SCE) or a silver chloride electrode (Ag/AgCl).  

For a reversible system, the peak current (ip) is stated by the Randles-

Sevcik equation which is: 

ip=(2.69*10
5
)n

3/2
AD

1/2
Cv

1/2
                                                                      (2.3) 

Where ip is peak current, n is the number of electrons used in the redox 

event, A is electrode area, D is diffusion coefficient, C is concentration of 

active metal ion in the electrolyte (mol cm
-3

), and v is scan rate [56]. As 
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appear from Eq. (2.3), ip increases with v
1/2

. A plot of ip vs. v
1/2

 is usually 

involved to find the Diffusion coefficient from the slope of this plot. 

2.5.2 Chronoamperometry (CA) 

Chronoamperometry is defined as an electrochemical mechanism through 

which the potential of the working electrode is stepped and the obtained 

current is plotted against time [57], as in Fig. (2.9). It is usually used for 

calculating switching times, which is the time needed for an electrochromic 

device to change from its color to its bleached state and vice versa.  

 

Fig. 2.9: Chronoamperometry curve showing current (      ) response with applied 

potential (        ). 

Diffusion coefficient also can be calculated from Cottrell equation which 

clarifies the current-time reliance for linear diffusion control as in this 

relation [55]: 

i=nFACD
½
π

-½
t 

-½           
                                                                               (2.4)

         

Whereas: n = number of electrons transferred in unit reaction 
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 F = Faraday's constant (96,500 C mol
-1

) 

A = electrode area (cm
2
) 

D = diffusion coefficient (cm
2 
s

-1
)  

C = concentration of active metal ion in the electrolyte (mol cm
-3

) 

From the above relation it is appear that there is a linear relationship 

between the current and the 1/square root of time. A graph of i vs. t
-½

 is 

usually referred to as the Cottrell plot. Diffusion coefficient could be 

determined from the slope of this plot. 

2.6 Optical properties 

An electrochromic device could be evaluated with its Absorbance, A, 

which is equal to change of optical density ΔOD (λ),  

A=ΔOD(λ)=logTb/Tc                                                                               (2.5) 

Where, Tb and Tc represent transmitted light intensity in bleached and 

colored cases, respectively. Optical density change, ΔOD (λ), can also be 

expressed by [58], 

ΔOD(λ)=ηQ=CE.Q                                                                                  (2.6) 

Q is the injected electronic charge per unit area needed to switch the 

electrochromic thin film material from colored to bleached state. η 

indicates the coloration efficiency, which is also expressed as CE (cm
2
/C), 

and defined as the rate of the variation of the optical density to the injected 

charge as a function of unit area [59]. Therefore, CE is proportional to 

ΔOD and inversely proportionate to the quantity of electric charge per unit 

area, according to Eq. (2.6): 
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CE = ΔOD (λ)/ Q 

An electrochromic device with high coloration efficiency provides big 

difference in transmittance with few amount of electric charge. The most 

representative inorganic thin film electrochromic substance as WO3 and 

NiO have coloration efficiency (CE) of ~ 40 cm
2
/C, whereas organic 

electrochromic thin films, as PEDOT, show more than 100 cm2/C in CE [36].  

Electrochromic devices are also evaluated according to their response time. 

Which is the time wanted for an electrochromic apparatus to change from 

its color to its bleached case and vice versa [60]. Electrochromic devices 

show lower response times than those for liquid crystal displays (LCDs).  

Another desirable property for long life cycle is the stability of the 

electrochromic devices, which is measured by the number of repetitive 

color-bleach cycles the device able to do without degradation. Preparing 

more stable electrochromic material is an obvious goal of all 

manufacturers, since it provides the consumer with a longer life 

electrochromic device. 

2.7 Deposition technique of WO3-based thin films 

Electrochromic WO3 thin film can be prepared by many methods. The 

major methods are classified into physical, chemical, and electrochemical 

technique. 

2.7.1 Physical Techniques 

(a) Sputtering 

Sputtering is defined as a momentum transfer operation in which 

atoms from a cathode/target are driven off by bombarding ions [61]. 

Sputtered atoms move until they hit a substrate, where they deposit to 
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form the required layer. The sputtering operation involves the creation 

of gas plasma (usually an inert gas, such as argon, in order to avoid 

any chemical reaction between the sputtered atoms and the sputtering 

gas) via applying a voltage between cathode and anode. Ions of the 

plasma are accelerated at the target by a large electric field. When the 

ions impact the target, atoms (or molecules) are ejected from the 

surface of the target to the plasma, wherever they get carried away and 

then deposited on the substrate. This kind of sputtering is called DC 

sputtering. Some implementations, as the deposition of nitrides and 

oxides, a reactive gas is inserted to argon, thus the deposited film is a 

chemical compound. This kind of sputtering is named as reactive 

sputtering.  For effective momentum transport, the atomic weight of 

the sputtering gas should be near that of the target, thus for sputtering 

light elements neon is favored, whereas for weighty elements krypton 

or xenon are used. Sputtering is involved extremely in 

thin antireflection coatings on glass for optical implementations, in 

semiconductor industry to precipitate thin films of various materials 

in integrated circuit treatment, , and it is atypical method to deposit 

contact metals for thin-film transistors.   

 

 

Fig. (2.10): Basic elements of sputtering system. 
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(b)   Electron beam evaporation 

A process of evaporation where a beam of electrons emitted in a way 

that it will heat and vaporize the material to be deposited. This 

technique occurs under a high vacuum to let molecules to transmitted 

freely in the chamber and thus compress on all surfaces including the 

substrate [62]. Fig. (2.11) illustrates schematic display of electron 

beam evaporation technique. At first, thermionic emission causes 

heating process of the hot filament. The hot filament will generate a 

beam of electrons that is excited as a result of heating. Then the beam 

of electrons heats the material that is to be deposited. This material is 

appeared in Fig. (2.11) as evaporant in water-cooled hearth. The 

material will be heated up to a boiling point, once the boiling point is 

reached, the molecules in the liquid (material evaporant) will shock 

and transmit energy to each other and hence the liquid would convert 

into vapor. Wherefore, the material evaporant can travel freely in the 

high vacuum area. Once the material evaporant is move, it could arrive 

to the substrate and link on it, which is the last step in this operation.  

 

Fig. (2.11): A schematic shows of the electron beam evaporation process. 
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(c)   The pulsed laser deposition technique (PLD) 

Pulsed laser deposition is defined as a mechanism where a large power 

pulsed laser beam is condensed in a vacuum chamber to hit a target of 

the substance that is to be deposited. The process uses high power 

laser pulses (commonly ~10
8
 Wcm

-2
) to melt, vaporize and ionize 

material from the surface of a target [63].  

The detailed mechanisms of PLD are very complicated including the 

ablation operation of the target material by the laser irradiation, the creation 

of a plasma plume with huge energetic ions, electrons, and the crystalline 

accretion of the film itself on the heated substrate. The procedure of PLD 

can be split into four steps: 

 Laser ablation of the target substance and production of a plasma 

 Moving of the plasma 

 Precipitation of the ablation material on the substrate 

 Growth of the film on the substance surface 

 

Fig (2. 12): A typical composition of a PLD technique chamber. 
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The main factors that affect deposition thickness and crystallinity are: 

 The target material (structure, density).  

 The laser energy 

  Target and substrate separation. 

 The gas kind and pressure in the chamber (Oxygen, Argon, etc.) 

[61]. 

2.7.2 Chemical Techniques 

(a)   Electrochemical Deposition (ECD) 

Electro-deposition technique is defined as the process of 

manufacturing a coating on a cathodic plate electrode by the addition 

of electric current inside an electrolytic cell. This kind of deposition 

(coating) have some features, as [64]: 

 Surface smoothness. 

 Good performance of protection versus corrosion. 

 Little environmental pollution. 

 Ease of processing and thickness predominance. 

 Ease of condition control as concentrations, pH and 

temperature. 

 Big area manufacturing.  

 Very low manufacturing cost. 

 Agreement with a variety of substrates. 

(b)   Chemical Bath Deposition (CBD) 
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The Chemical bath deposition is a method used to deposit thin 

films and nanomaterial. This operation usually employs the simple 

immersion of a material into a solution having both a metal salt and a 

chalcogenide precursor [65]. Thus, this technique doesn't require 

expensive capital equipment; the only apparatus needed for CBD 

process are suitable solution containers and substrate mounting 

devices.  CBD technique is simple, inexpensive, and safe method. It 

results in uniform, adherent, stable and hard films with good 

reproducibility via a relatively simple procedure. 

(c)   Sol-gel process 

The sol-gel procedure is a many sided solution operation for preparing 

advanced materials, such as ceramics and organic-inorganic hybrids. 

“Sol-gel” world originated from “sol” means the forming of a colloidal 

suspension of solid particles of ions in a solvent, and “gel” is a semi 

rigid mass result from solvent evaporation and particles joining in the 

form of a continuous network. Implementations for sol-gel method 

contain high-strength ceramics, catalysts, protective coatings, wave-

guides, piezoelectric devices, superconductors, lenses, formation of 

nanoparticles and insulating materials; it can be involved to make 

fibers, microspheres, thin films, fine powders and monoliths. Sol-gel 

method attracts particular attention as a result of its features [66], as: 

 Inexpensive technique 

low temperature method  

Avoid pollution during work 
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Create very fine powders 

High chemical homogeneity 

Enable controlling the size and morphology of particles 

For doped sol-gel material; it preserves the chemical and 

physical properties of the dopants. 

The disadvantages of Sol-gel processing include [67]: 

 Stress by shrinkage of the gel upon drying 

 Thick coatings are only achieved by adding organic 

components, or by controlling the pore size. 

 Limited life time of the sol. 

The ideal steps used in sol-gel operation are presented in the schematic 

show below (Fig. 2.13). 
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Fig. (2. 13): Schematic show of sol-gel process to synthesize nanomaterials, thin films, 

and ceramics. 

(d)   Spin Coating (SC) 

Spin coating is a method used to deposit regular thin films to 

flat substrates [67]. A coating process involving spin coater or spinner 

is clarified in Fig. (2.14). usually a few amount of coating material is 

added on the center of the substrate that is either spinning at low speed 

or not spinning at all. After that, the substrate is revolved at high speed 

to disseminate the coating material by centrifugal force. An instrument 

involved for spin coating is named a spinner or spin coater. 
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Rotation is lasted whereas the fluid spins off the edges of the substrate, till 

the required thickness of the film is done. The used solvent is 

generally volatile, and evaporates. Thus, the higher the angular speed of 

spinning, the thinner the film. However, viscosity and concentration of the 

solution and the solvent affect the thickness of the film. 

  

Fig. (2. 14): A spin coating process. 

Spin coating is applied in microfabrication of oxide layers involving sol-

gel precursors, while it may be used to produce regular thin films with 

nanoscale thicknesses, it is involved extremely in photolithography, to 

precipitate layers of photoresist around 1 micrometre thick. 

(e)    Dip Coating 

Dip coating method is a method where the coated substrate is 

immersed in a liquid and then withdrawn with a determined 

withdrawal speed at known temperature and atmospheric conditions 

[68]. Fig. (2.15) represents the substrate dipping into the coating 

solution. 

Appling the 

solvent solution 
Rotating Drying Repeating to 

prepare 

multilayer 

structure 
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Fig (2. 15): Schematic presentation of the stages of the dip coating process. 

The dip coating process can be divided into three main stages: 

 Immersion: The substrate is dropped at a constant speed in solution of 

the coating material. 

 Wet layer formation: The substrate has kept in the solution for some 

time. While the substrate is leaving the solution, thin layer precipitate 

itself on it. Then, the withdrawing is done at a fixed speed. The speed 

determines the thickness of the coating (faster withdrawal gives 

thicker coating material), and any excess liquid will drain from the 

surface. 

 Evaporation: The solvent vaporize from the liquid, forming the thin 

layer. 
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Chapter Three 

Experimental Work 

 

3.1 Materials and film preparation 

3.1.1 Chemicals and Solvents 

Chemical materials are purchased in its pure form, from different 

companies: 

1) Tungsten (VІ) chloride (WCl6) and Titanium (ІІ) Chloride (TiCl2) 

were purchased from Sigma-Aldrich. 

2) Zinc Chloride (ZnCl2) is from Chem. Samuel. 

3) Sulfuric acid (H2SO4) is from Biolab. 

4) Other materials such as ethanol, methanol, acetate, glycerol and 

hydrochloric acid (HCl) are self-packing locally. 

5) Florine-doped tin dioxide on glass (FTO/ glass) samples which used as 

substrates. They were bought from Sigma-Aldrich. 

3.1.2 Preparation of WO3 based films using sol-gel dip coating 

technique 

a)  Substrate Cleaning Process 

FTO/glass substrate which has dimensions of 5×1 cm
2
 was prepared to 

settlings WO3-based electrochromic films. So as to gain good adherence 

and uniformity for the films, it is needful to use pre-cleaned substrates, 

The FTO/glass substrate cleaning procedure was as follows: 



35 

1) Mopping FTO with acetate to remove any gluey material on it. 

2) Washing with liquinox soap in order to clean any dusts.  

3) Washing with deionized water to eliminate soap.  

4) Washing with methanol to melt any oily attachments. 

5) Vibrate in dilute HCl (10%) for 5 seconds to dissolve any un-

cleaned attaches. 

6) Washing with deionized water once again  

7) After that, the substrate left to dry in air to be utilized in sol-gel 

/dip- coating process. 

b)  Sol-gel solution preparation 

Two types of WO3-based electrochromic films (WO3 doped with Ti and 

WO3 doped with both Ti and Zn) were prepared by sol-gel solutions. 

For the two compositions mentioned above, two different solutions were 

prepared. 

1)  Sol-gel solution for WO3 doped with Ti (WO3:Ti) films  

In its film form, after annealing, titanium was assumed to 

compensate W in the WO3 structure according to “W1-xTixO3”. This 

assumption is due to the fact that atomic radii close to each other 

[69]. Ti concentration in the nominal composition of W1-xTixO3 

varies from atomic concentration (x) equals 0.0 to 0.3 in steps of 

0.05. For different atomic concentration of Ti, TiCl2 and WCl6, with 

appropriate molar concentration, were dissolved in 10 ml of ethanol 

and 1 ml of glycerol (used as binding material in sol-gel solution). 
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This solution was stirred continually with repeated sonificating and 

stirring for 2h. The color of the solution differs quickly from yellow 

after preparation to blue (as in Fig. 3.1).  In order to prepare 0.4 M 

sol-gel solution of W1-xTixO3 see table 3.1. 

Table (3.1): list of different nominal film composition, Tungsten (VІ) 

chloride mass, and Titanium (ІІ) Chloride mass, solutions were 

prepared in 10 ml of ethanol and 1 ml of glycerol.  

 

2)  Sol-gel solution for WO3 co-doped with Ti and Zn 

(WO3:Ti:Zn) films 

Zinc dopant was added to compensate Ti atom in the WO3 

amorphous structure. The structure formula is assumed to be “W1-

xTix-yZnyO” after annealing the films. Similar formula was 

assumed by Dae-hoon park for Zn dopant that compensate Ti in 

the NiO:Ti films [28]. For the films of WO3 doped with Ti alone 

(previously prepared), the best sample, in term of electrochromic 

properties, was found for the WO3 films that contains molar 

concentration ratio of 0.05 of Ti (W0.95Ti0.05O). Hence for the 

WO3 co-doped with Ti and Zn, we will maintain the W molar 

Sample no. Nominal 

composition 

Tungsten (VІ) 

chloride (gm) 

Titanium (ІІ) 

Chloride (gm) 

1 WO3 1.745 0 

2 W0.95Ti0.05O 1.658 0.026 

3 W0.90Ti0.10O 1.570 0.052 

4 W0.85Ti0.15O 1.483 0.078 

5 W0.80Ti0.20O 1.394 0.105 

6 W0.75Ti0.25O 1.309 0.131 

7 W0.70Ti0.30O 1.221 0.157 
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concentration ration to 0.95. Accordingly, the structure formula 

can be written as “W0.95Ti0.05-yZnyO”. 0.4 M sol-gel solution of 

W0.95Ti0.05-yZnyO was prepared in 10 ml ethanol and 1 ml 

glycerol; with Zn molar concentration varies from 0.0 - 0.05 in 

steps of 0.01 (see table 3.2). The sol-gel was prepared by adding 

ZnCl2 to the powder mixture in W0.95Ti0.05O solution, and then 

completes preparing the solution as done previously.   

Table (3.2): list of intended structure, Titanium (ІІ) Chloride mass, 

and Zinc (II) chloride mass used in the sol-gel preparation. All sol-gel 

solutions contain 1.658 gm of Tungsten (VІ) chloride. 

Sample no. 
 

Composition 
Titanium (ІІ) 

Chloride (gm) 

Zinc (ІІ) 

Chloride (gm) 

1 W0.95Ti0.05O 0.026 0 

2 W0.95Ti0.04Zn0.01O 0.021 0.006 

3 W0.95Ti0.03Zn0.02O 0.016 0.012 

4 W0.95Ti0.02Zn0.03O 0.011 0.018 

5 W0.95Ti0.01Zn0.04O 0.005 0.024 

6 W0.95Zn0.05O 0 0.030 

 

 

Fig. (3.1): Steps of preparing sol-gel solution: (a) weighting, (b) stirring, (c) 

sonificating, (d) the color change of the solution from yellow to blue. 

 

 

(a (b (c (d 
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c)  Dip-Coating Process 

The produced sol-gel solutions were deposited on the pre-cleaned 

FTO/Glass substrate using dip coating process [68].  
 

 

                       

Fig (3.2): Procedure of WO3-based films deposition by dip coating process. 

The steps of dip coating operation for WO3-based films is appeared in 

Figure 3.2 and abbreviated as follows: 

1) Dipping cleaned FTO/glass substrate in the prepared sol-gel solution 

with a speed of 0.61 mm/s. Observe that part of the substrate was not 

immersed in solution for electrical contact with FTO.  

2) The substrate left pendent in the solution for 10 min to get good 

exposure of the substrate to film.  
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3) Withdraw the FTO/Glass/film with speed of 0.61 mm/s  

4) The FTO/Glass/film was remained above the sol-gel beaker, for 10 

min. To allow homogeneous film formation, to drop any excess thick 

parts from the film surface, and to vaporize unwanted solvants.  

5) The slides were stayed for one day under air to dry. 

6) Samples were anneled at 350  C under air into the oven for 1.5 hours. 

3.2 Measurements 

3.2.1 Cyclic voltammetry (CV) 

The cyclic voltammetry test were done using three electrodes 

electrochemical cell which presented in Fig. 3.3, it includes 0.25 M H2SO4 

aqueous solution as an electrolyte (to check the stability of the prepared 

films in this strong acid). The WO3 based electrochemical films precipitate 

on FTO/Glass were involved as working electrode (WE), the silver/silver 

chloride (Ag/AgCl) was involved in the cell as reference electrode (RE), 

and the platinum was involved as counter electrode (CE). 
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Fig. (3.3): A potentiostat device with three electrodes electrochemical cell. 

a)  WO3:Ti films 

Cyclic voltammetry (CV) measurements were achieved, at room 

temperature, using the PGZ402 Universal Potentiostat. The potential 

switches between -800 and 500 mV, against Ag/AgCl reference 

electrode, at a scan rate of 100 mV/s (unless the curve that study the 

influence of scan rate on CV behavior). For every electrochromic film, 

10 cycles have been registered. During all over CV measurements, the 

film area immersed in the electrolyte was kept to be ~ 1 cm
2
. 

b)  WO3:Ti:Zn films 

To compare results of our two film types, CV measurements for co-

doped films (WO3:Ti:Zn) was done exactly as mentioned before for 

single doped film (WO3:Ti). 

3.2.2 Chronoamperometry (CA) 

Chronoamperometry (CA) measurements were achieved, at room 

temperature, using the PGZ402 Universal Potentiostat. The potential varied 
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between -0.5 V and 0.5 V, against Ag/AgCl reference electrode with 10 s 

for each potential, the potential cycles varied between 1 and 10 cycles for 

each electrochromic film. The film area which was immersed in the 

electrolyte was kept ~ 1 cm
2
. CA measurements were done for all WO3:Ti 

and WO3:Ti:Zn films. 

3.2.3 Transmittance 

The transmission of light using single wavelength was done using 

Shimadzu UV-3101PC UV-Vis-NIR scanning spectrophotometer and 

recorded against time. Moreover, the transmittance, of the best film in WO3 

doped with Ti and WO3 co-doped with Ti and Zn, during CA 

measurements (coloring and bleaching), was performed at a wavelengths of 

633 nm. 
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Chapter Four 

Results and Discussion 

Nano-particles of WO3 semiconducting electrochromic thin films, doped by 

Ti and/or Zn, have been prepared. The effects of doping and co-doping, on 

prepared films characteristics (electrochromic and optical), have been 

studied involving different measuring techniques listed below: 

1- Cyclic Voltammetry (CV). 

2- Chronoamperometry (CA). 

3- Optical transmission Spectra. 

4.1 Tungsten oxide doped with Titanium (WO3:Ti) thin films 

In previous studies, researchers try to enhance the electrochromic 

properties of Tungsten oxide, either by using different preparation 

mechanism, using different electrolyte, or by doping WO3 with various 

dopants [16-18]. The later procedure found to highly enhance 

electrochromic, optical, structural, and adhesion to substrate electrolytes 

[19-23]. 0.4 M sol-gel solution of W1-x TixO3 was prepared in chemistry lab 

(see section 3.1.2) under ambient conditions, and deposited onto FTO/glass 

substrate. After dipping, the films were annealed at 350
o
 for 1.5 hours.  

4.1.1 Cyclic Voltammetry (CV) 

Cyclic voltammograms was measured for WO3:Ti in 0.25 M H2SO4 

electrolyte. The potential was cycled between -800 and 500 mV, against 

Ag/AgCl reference electrode, at a scan rate (v) of 100 mV/s. CV 

experiments have been done for prepared WO3 films doped with different 
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Ti concentrations (W1-xTixO3). The concentrations range between 0-30 % in 

steps of 5 % (Fig. 4.1).  

 

 

Fig. (4.1): Cyclic voltammetry measurements of the undoped and 5, 10, 15, 20, 25, and 

30 at. % Ti doped WO3 films at the scan rate of 100 mV/s. 

The coloration and bleaching process were noted during CV measurements. 

The resulting current density is anodic peak current density (Jpa) associated 

with the bleaching process and cathodic peak current density (Jpc) related 

with the film coloring operation. During the coloration mechanism, which 

is in negative potential of the scan, the films have altered their color into 

blue, indicating the oxide reduction due to the intercalation of H
+
 ions. 

After the reversal of the potential, the anodic current begins into its 

bleaching process. This is refers to the electrochemical reaction presented 

in eq. (2.1).  
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As we can noticed, the anodic peak potential position changes with 

changing Ti atomic concentration, at Ti concentration of 5%, the anodic 

peak potential increases above the peak position of WO3 alone (0% of Ti). 

However, for Ti concentration above 5%, the peak position was observed 

to be lower than that for 5% of Ti. Also, as noticed in Fig.(4.2.a and 4.2.b), 

the current densities (Jpa and Jpc) were observed to have the highest values 

for Ti concentration of 5% at.. This is due to the fact that Ti was totally 

inserted within the WO3 since WO3 has solubility limit of Ti on to its 

structure ranges between 0-6%, for higher Ti concentration (10%), other 

phases related to insulating Ti compounds like, TiO2, may occur [23]. This 

describes the decrease in current density values for Ti concentration above 

10% at. Hence, WO3 doped with Ti of 5% at. is considered to have only 

one phase related to WO3 and consequently, it will have best 

electrochromic properties. 

  

Fig. (4.2): Dependence of (a) peak current density (Jpa and Jpc), and (b) anodic peak 

potential (Epa) on the Ti concentration. 

For different Ti at. concentrations within WO3 crystal, the current density 

(J) in the CV measurements was plotted versus time (t). From these graphs 
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(presented in Fig. 4.3), one can deduce the anodic charge density Qa 

(charge density associated with positive current density +J) and the 

cathodic charge density Qc (charge density associated with negative current 

density –J). The charge density can be calculated by integrating the J-t 

graph, according to: 

Q=∫Jdt                                                                                                      [4.1] 

In general, as noticed before (Fig. 4.2.a) in CV measurements, the anodic 

current density (+J) peak has higher value for WO3:Ti films compared to 

WO3 film. This indicates an increase in the anodic charge density Qa 

injected in the layer, during bleaching of the layer (change from full 

coloration to full transparent). During coloration, the cathodic current 

density value (-J) was also observed to be higher for WO3:Ti films. 
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Fig. (4.3): Current density with time for WO3:Ti with different Ti molar concentrations: 

a) WO3, b) W0.95Ti0.05O3, c) W0.90Ti0.10O3 d) W0.85Ti0.15O3, e) W0.80Ti0.20O3, f) 

W0.75Ti0.25O3, g) W0.70Ti0.30O3. Experiment was performed at a scan rate 100 mV/s. 

Typically, for fully reversible electrochromic process, for a given CV 

cycle, the ratio of the peak charges (Qa and Qc) is equal to one (Qa/Qc=1). 

In our experiments, Qc was always observed to have slightly higher value 

than Qa. This is due to quasi reversible reaction; results from slow electron 

exchange of the redox species with the working electrode. The calculated 

Qa, Qc and Qa/Qc for cycled WO3:Ti films are presented in table 4.1. Not 

that the response time presented in the table was deduced from 

chronoamperometry experiments that will be described later. 
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Table (4.1): The electrochromic properties for WO3 doped with 

different molar concentration of Ti. 

Sample Qa 

(mC/cm
2
) 

Qc 

(mC/cm
2
) 

Qa/Qc 
Response Time 

Composition tb (s)        tc (s) 

WO3 6.43 8.08 0.80 3 5.3 

W0.95Ti0.05O3 21.59 24.77 0.87 5.6 4.4 

W0.90Ti0.10O3 18.26 22.48 0.81 4.5 5.7 

W0.85Ti0.15O3 28.57 33.05 0.86 3.7 4.1 

W0.80Ti0.20O3 15.97 19.29 0.83 2.9 3.8 

W0.75Ti0.25O3 8.33 10.20 0.82 2.5 3.5 

W0.70Ti0.30O3 9.74 11.44 0.85 1.1 2.2 

The ratio Qa/Qc is higher for WO3 doped with Ti films than that of WO3 

alone. This points that the WO3:Ti films have better electrochemical 

reversible reaction, indicating it may has better electrochromic properties. 

Between Ti doped WO3, the ratio Qa/Qc was found to be the highest for 

WO3:Ti with titanium contents of 5%. Hence, we can deduce that this film 

have the best electrochromic properties in term of electrochemical 

reversibility; since it is the closest to one. This is may be attributed to the 

surface nature of 5% Ti doped WO3 that open up more channels for the 

charge insertion / de-insertion during the reduction / oxidation process [23]. 

To compare between WO3 and doped WO3, CV measurements at variable 

scan rates for WO3 and W0.95Ti0.05O3 films have been performed and are 

presented in Fig. 4.4 a and b, respectively. As expected, for both types of 

films, the magnitudes of both anodic and cathodic peak current densities 

increases with increasing scan rates. This increment in current densities is 

due to the fact that at faster voltage scan rates, the charge passed per unit 
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time is greater, which results in an increment in peak current density; the 

current is defined as the charge passed per unit time.  

In the case of WO3 film, the maximum current observed at scan rate (v) = 

300 mV/s is Jpa = 2.04 mA/cm
2
. While for W0.95Ti0.05O3 film, Jpa = 4.17 

mA/cm
2
 for same scan rate. This revealed that insertion and extraction of 

H
+
 ions is enhanced in WO3 film doped with Ti (W0.95Ti 0.05O3).  The peak 

potential Ep,a is appeared to be shifted toward higher potentials with 

increasing scan rate, this predicts that the process is quasi reversible. The 

reliance of Jpa against square root of the scan rate, illustrated in the inset of 

Fig. 4.4 (a) and (b). For both films, the graphs show a linear behavior. 
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Fig. (4.4): Cyclic voltammetry measurements for (a) WO3 film (b) W0.95Ti0.05O3 film at 

different scan rates. The inset shows the reliance of Jpa against square root of the scan 

rate. 

The extent of insertion and extraction of H
+
 ions can be studied by 

calculating the effective diffusion coefficient (Di), which could be 

calculated from the oxidation peak current dependence on square root of 

the potential scan rate v, rearrangement of eq. 2.3 results in: 

Di=0.1382.10
-10

n
-3

C
-2

(δJp/δv
1/2

)
2                                                                                                 

[4.2] 

Where, δJp and δv
1/2

 represent the slope of line in the inset graph. 

Table (4.2) shows the scan rate induced variations in peak current density 

and diffusion coefficient values of WO3 and W0.95Ti 0.05O3 films cycled in 

0.25 M H2SO4 electrolyte solution.  
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Table (4.2): Calculation of diffusion coefficient using Randles-Sevcik 

equation. 

Sample 
Scan Rate 

(mV/s) 

Peak Current 

Density 

(mA/cm
2
) 

Diffusion 

Coefficient 

(cm
2
/s) 

D* (cm
2
/s) 

WO3 

25 0.29 4.81E-11   

50 0.42 4.86E-11   

100 0.58 4.69E-11   

150 0.71 4.64E-11   

200 0.82 4.71E-11   

300 1.02 4.86E-11   

      4.80E-11 

W0.95Ti0.05O3 

25 1.60 1.42E-09   

50 2.08 1.21E-09   

100 3.13 1.36E-09   

150 3.26 9.86E-10   

200 3.45 8.29E-10   

300 3.92 7.12E-10   

      4.87E-10 

D
*
 was calculated using the slope of Jp vs. v

1/2
 plot in the inset of Fig. (4.4) 

For WO3 film the diffusion coefficient generally increases with increasing 

scan rate, as found previously for WO3 materials [70, 71], while the 

diffusion coefficient of the composite material (W0.95Ti0.05O3 film), 

generally decreases with increasing scan rate [70]. The average of diffusion 

coefficients calculated at all scan rates and the value calculated using the 

slope of Jp vs. v
1/2

 plot, are slightly different but follow the same trend. 

However, it is clear that W0.95Ti0.05O3 film has larger diffusion coefficient 

than that of WO3 alone, because of larger value of the ratio between peak 

current density and square root of the scan rate in case of W0.95Ti0.05O3 film 

(larger diffusion coefficient also explain why Qa in table 4.1 has larger 

value in case of W0.95Ti0.05O3 film). Patil et al reported that the diffusion 
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coefficient of WO3 films cycled in H2SO4 electrolyte is of the order of 10
-10

 

cm
2
/s [71]. Hence, the measured diffusion coefficient of WO3 film is 

comparable with that reported by other groups [14, 71, 72]. 
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Fig. (4.5): Cyclic Voltammetry of the W0.95Ti0.05O3 film for 2
nd

, 1000
th

, 5000
th

, and 

6000
th

 cycles at a scan rate of 200 mV/s. The inset shows stability of the anodic charge 

with cycle number. 

Fig. (4.5) illustrate the stability of W0.95Ti0.05O3 film by measuring its cycle 

life. The stability of this sample is checked in H2SO4 electrolyte by 

repeating reduction-oxidation cycles between -800 to 800 mV several times 

at a scan rate of 200mV/s. Fig. (4.5) displays the CV spectra for the film 

after 2
nd

 and 6000
th

 color- bleach cycles. For the 2
nd

 and 6000
th
 cycles the 

position of the anodic peak is slightly shifted to lower values, and the 

current density shifts to higher values.  The increase in the current density 

with cycle's number indicates that the amount of coloring sites available for 

the redox reaction increases [73]. After 6000
th
 cycles the film degrades and 
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its material appears in the solution as in Fig. (4.6). The inset in Fig. (4.5) 

clarifies the stability of the anodic charge with cycle number for 

W0.95Ti0.05O3 film. 

 

Fig. (4.6):W0.95Ti0.05O3 film degradation after 6000
th

 cycles. 

4.1.2 Chronoamperometry (CA) 

Chronoamperometry data were recorded for the undoped and Ti doped 

WO3 films, with the potential being stepped between -0.5 to +0.5 V vs. 

Ag/AgCl for 10 s, and appeared in Fig. (4.7). 

 
Fig. (4.7): Chronoamperometry of the undoped and 5, 10, 15, 20, 25, and 30 at. % Ti 

doped WO3 films at potential step ±0.5 V for 10 s. 
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The response time for bleaching (tb) and coloration (tc) were measured 

during Chronoamperometry experiments from Fig. (4.7) and listed in table 

4.1 (shown before). All samples show fast switching times, which is 

comparable with the best results reported by other groups [23]. In general, 

the coloration operation is slower than the bleaching in WO3 films, this 

results is also reported by Ozer et al [22].  

4.1.3 Optical properties 

In addition to electrochemical properties, color change in the visible light is 

one significant feature of electrochromic devices; the more transmittance in 

the bleach state (Tb) and less transmittance in color state (Tc) is a requested 

for efficient electrochromic device. The transmission of light during CA 

measurements (coloring and bleaching), was done in the three electrode 

electrochemical cell by the potential switching between -0.5 and +0.5 V vs. 

Ag/AgCl, in 0.25 M H2SO4 solution at λ = 633 nm.  

Fig. (4.8) showes the transmitance change curves for the W0.95Ti0.05O3 

electrodes as afunction of time. Optical transmitance modulation, of the 

W0.95Ti0.05O3 film, was measured to be ranges from 61.59 and 73.06 % for 

cooration and bleaching, respectively. Using the values of transmittance 

during coloration and bleaching processes, and cathodic charge density 

value (Qc = 9.98 mC/cm
2
 calculated from Fig. 4.7), the coloration 

efffeiency was calculated using eq. 2.6 and found to be 7.43 cm
2
/C. 
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Fig. (4.8): transmitance spectra for W0.95Ti0.05O3 during CA measurments at wavelength 

of 633nm. 

4.1.4 Conclusions 

Ti doping effect in electrochromic WO3 thin films synthesized via dip-

coating technique has been investigated. The reversibility, diffusion 

coefficient, and coloration process of the WO3 films were improved upon 

doping with Ti, due to better adherence. The best electrochromic properties 

were observed for films doped with 5% Ti (which show best CV and 

reversibility results). The coloration efficiency was calculated for 

W0.95Ti0.05O3 film and found to be 7.43 cm
2
/C. The stability of W0.95Ti0.05O3 

film was checked in H2SO4 electrolyte though cycling electrodes up to 

6000 reduction/oxidation cycles. Unfortunately, the response time for this 

film was not the best but still within few seconds range. 

4.2 Tungsten oxide co-doped with Ti and Zn (WO3: Ti:Zn) thin films 

Doping WO3 with 5 mol. % of Ti results enhanced electrochemical and 

electrochromic properties in H2SO4 electrolyte. However, as quoted before, 
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co-doped NiO with Ti and Zn greatly enhanced the electrochromic 

properties by increasing electrochromic coloration efficiency and durability 

for the films upon cycling [28]. Following same strategy, WO3 doped with 

both Ti and Zn electrochromic nano-particles films have been prepared 

onto FTO/glass substrate for the first time (to our knowledge). 

For the films of WO3 doped with Ti alone, the best sample, in term of 

electrochromic properties, was found for the WO3 films that contains molar 

concentration ratio of 0.05 of Ti (W0.95Ti0.05O3). Thus, for the WO3 co-

doped with Ti and Zn, the W molar concentration ratio will maintain to 

0.95; Zn will compensate Ti species only, as proposed by D. Park [28] for 

Zn dopant that compensates Ti in the NiO:Ti films. Accordingly, the 

structure formula can be formed as “W0.95Ti0.05-yZn yO3”. 

4.2.1: Cyclic Voltammetry (CV) 

Cyclic voltammograms was measured for prepared WO3 films doped with 

Ti and Zn (Fig. 4.9). The Zn was prepared with different concentrations 

that assumed to compensate Ti, as in the structure (W0.95Ti0.05-yZn yO3) with 

y changes from 0.01 to 0.05 mol. WO3:Ti:Zn has been done, during 10 

cycles in 0.25 M H2SO4 electrolyte. The potential was cycled between -800 

and 500 mV, against Ag/AgCl reference electrode, at a scan rate of 100 

mV/s. 

The resulting current densities (Jpa and Jpc) during bleaching and coloration 

(oxidation and reduction) have been measured from CV measurements. 
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Fig. (4.9): Cyclic voltammetry measurements of the W0.95Ti0.05-yZn yO3 with y values 0, 

1, 2, 3, 4 and 5 at. % Zn at the scan rate of 100 mV/s. 

The dependence of cathodic and anodic peak current density on the Zn 

doping concentration is displayed in Fig. 4.10 (a) and the corresponding 

peak potential is appeared in Fig. 4.10 (b).  

  

Fig. (4.10): Dependence of (a) peak current density (Jpa and Jpc), and (b) anodic peak 

potential (Epa) on Zn concentration. 

In the case of Zn doped samples, the cathodic and anodic current densities 

have comparable values the highest currents are those with 1,3,4 at. % Zn 
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doped samples. The anodic and cathodic charge densities (Qa and Qc 

respectively) were calculated from current density versus time graph (Fig. 

4.11). The ratio of the peak charges (Qa and Qc) is calculated for all 

WO3:Ti:Zn films and listed in table 4.3. 

 

Fig. (4.11): Current density with time for W0.95Ti0.05-yZnyO3 (WO3:Ti:Zn) with y values 

a) 0, b) 0.01, c) 0.02, d) 0.03, e) 0.04, f) 0.05. 
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As in WO3:Ti films, Qc is always higher than Qa, due to quasi reversible 

reaction. The ratio Qa/Qc is generally enhanced for WO3:Ti:Zn films than 

that of WO3 doped with Ti alone.  This predict that the WO3:Ti:Zn films 

have enhanced reversibility. The ratio Qa/Qc for WO3:Ti:Zn with Zn 

contents of 3% is found to be the nearest to one. Hence, we can conclude 

that this film have the best electrochromic properties in term of 

electrochemical reversibility. This is may be refers to the surface nature of 

3% Zn doped W0.95Ti0.05O3 film. 

Table (4.3): The electrochromic properties for W0.95Ti0.05-yZnyO3 

(WO3:Ti:Zn) with y values a) 0, b) 0.01, c) 0.02, d) 0.03, e) 0.04, f) 0.05. 

Not that the response time presented in the table was deduced from 

chronoamperometry experiments that will be described later. 

Response Time Qa/Qc 
Qc 

(mC/cm
2
) 

Qa 

(mC/cm
2
) 

Sample 

tb (s) tc (s)    Composition 

5.6 4.4 0.87 24.77 21.59 W0.95Ti0.05O3 

2.5 4.6 0.86 17.24 14.83 W0.95Ti0.04Zn0.01O3 

3.2 4.9 0.81 18.26 14.75 W0.95Ti0.03Zn0.02O3 

2.2 3.9 0.92 18.14 16.69 W0.95Ti0.02Zn0.03O3 

3.0 4.8 0.88 18.49 16.27 W0.95Ti0.01Zn0.04O3 

2.2 4.4 0.83 16.79 13.94 W0.95Zn0.05O3 

The diffusion coefficient is calculated for W0.95Ti0.02Zn0.03O3 film using 

equation 2.3 and the slope of the graph in the inset of Fig. 4.12, it is found 

to be 9.20E-10 cm
2
/s, which is better than that of W0.95Ti0.05O3 film. Thus, 

the extent of insertion and extraction of H
+
 ions is enhanced for 

W0.95Ti0.02Zn0.03O3 film. 
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Fig. (4.12): Cyclic voltammetry measurements for W0.95Ti0.02Zn0.03O3 film at different 

scan rates. The inset shows the reliance of Jpa against square root of the scan rate. 

The stability of W0.95Ti0.02Zn0.03O3 film is tested in H2SO4 electrolyte by 

repeating color-bleach cycles between -800 to 800 mV several times at a 

scan rate of 200mV/s. Fig. (4.13) shows the CV spectra for the film for 2
nd

 

and 10000
th

 color- bleach cycles. It is appeared that the peak current 

density increases with cycle’s number. In contrast to W0.95Ti0.05O3 film, this 

increment happens without significant change in the shape or degradation 

in the film material Fig. (4.13), this predicts that addition of Zn into 

W0.95Ti0.05O3 film prevents or delays the hydrolysis reaction of Ti 

dichloride in the mixture. This provides excellent cycling stability of 

W0.95Ti0.02Zn0.03O3 film. The inset of Fig. (4.13) clarify the stability of the 

anodic charge with cycle number, which is another indicator of perfect 

cycling stability of W0.95Ti0.02Zn0.03O3 film. 
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Fig. (4.13): Cyclic Voltammetry of the W0.95Ti0.02Zn0.03O3 film for 2
nd

, 1000
th

, 5000
th

, 

and 10000
th

 cycles at a scan rate of 200 mV/s. The inset shows stability of the anodic 

charge with cycle number. 

It is observed from Fig. 4.14 that the film material doesn't degrade after 

10000
th
 cycles, thus it has longer cycle life than W0.95Ti0.05O3 film.  

 

Fig. (4.14): W0.95Ti0.02Zn0.03O3 film after 10000
th

 cycles. 

4.2.2 Chronoamperometry (CA) 

Chronoamperometry data were recorded for the undoped and Zn doped 

W0.95Ti0.05O3 film, with the potential being switched between -0.5 to +0.5 V 

vs. Ag/AgCl for 10 s, and illustrated in Fig. (4.15). 
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Fig. (4.15): Chronoamperometry of the undoped and 1, 2, 3, 4, and 5 at. % Zn doped 

W0.95Ti0.05O3 films at potential step ±0.5 V for 10 s.  

The response time for bleaching (tb) and coloration (tc) were measured 

through Chronoamperometry experiments from Fig. (4.15) and listed in 

table 4.3 (shown before). It offers quick switching times, which is faster 

than W0.95Ti0.05O3 film in the bleaching process. Between all co-doped 

samples, W0.95Ti0.02Zn0.03O3 film has the fastest response time during both 

coloration and bleaching process. The coloration process is noticed to be 

slower than the bleaching operation in all WO3:Ti:Zn films. 

4.2.3 Optical properties 

As quoted before, Color change in the visible light is one significant feature 

of electrochromic devices; the more increase in the transmission contrast 

ratio between coloration and bleaching (Tb/Tc) of the electrochromic film, 

the more efficient the electrochromic apparatus. 
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Through experimental work, films with Zn contents are observed to have 

darker blue color during coloration and become more transparent during 

bleaching process (especially film with 3 at. % Zn). Which predicts that 

WO3:Ti:Zn films are more efficient as an electrochromic device.  

To prove this observation, the transmitance during CA measurements for 

the W0.95Ti0.02Zn0.03O3 electrodes was done in the three electrode 

electrochemical cell. The potential switches between -0.5 and +0.5 V vs. 

Ag/AgCl, in 0.25 M H2SO4 solution at λ = 633 nm, and plotted in Fig. 

(4.16). Since the cathodic current is the current for a complete change 

between coloration and transparency, we can use it to calculate the charge 

(Qc) needed to color the layer. Optical transmitance modulation, of the 

W0.95Ti0.02Zn0.03O3 film, was measured to be ranges from 38.79 and 89.13 

% for coloration and bleaching, respectively. Using the values of 

transmittance during coloration and bleaching processes, and cathodic 

charge density value (Qc = 17.42 mC/cm
2
 calculated from Fig. 4.15), the 

coloration efffeiency was calculated using eq. 2.6 and found to be 20.74 

cm
2
/C. Hence, it results in an improved efficiency compared to that of 

W0.95Ti0.05O3 film. Higher coloration and consequently higher coloration 

efficiency for W0.95Ti0.02Zn0.03O3 film means larger surface area are 

exposed to electrochemical reaction which may be refers to less grain size 

[41] than that of W0.95Ti0.05O3 film. 
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Fig. (4.16): transmitance spectra for W0.95Ti0.02Zn0.03O3 during CA measurments at 

wavelength of 633nm. 

4.2.4 Conclusions 

Doping WO3:Ti with Zn was found to improve the electrochromic 

properties of the prepared electrochromic films. The reversibility, and 

coloration process of the WO3:Ti films are improved upon doping with Zn, 

due to better adherence. The best electrochromic properties were observed 

for films doped with 3% Zn (which show best CV and reversibility results). 

The coloration efficiency was calculated for W0.95Ti0.02Zn0.03O3 film and 

found to be 20.74 cm
2
/C, which is a dramatically enhanced efficiency 

compared to that of W0.95Ti0.05O3 film. W0.95Ti0.02Zn0.03O3 film was found to 

be stable in H2SO4 electrolyte up to 10000 reduction/oxidation cycles. 

4.3 General Conclusions 

To have acloser look at our results, let us summarise what we have 

measured for the three compositions (WO3, W0.95Ti0.05O3, and 

W0.95Ti0.02Zn0.03O3): 
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 The reversibility was 80 % for WO3, 87% for W0.95Ti0.05O3, and 

92% for W0.95Ti0.02Zn0.03O3 film. 

 The diffusion coefficient was 4.80E-11 cm
2
/s for WO3, 4.87E-10 

cm
2
/s for W0.95Ti0.05O3, and 9.2E-10 cm

2
/C for W0.95Ti0.02Zn0.03O3 

film. 

 The stability is checked up to 6000
th

 reduction/oxidation cycles for 

W0.95Ti0.05O3, while W0.95Ti0.02Zn0.03O3 stability is tested up to 10000 

reduction/ oxidation cycles. 

 Bleaching and coloration times (tb,tc) was measured to be (3,5.3) for 

WO3, (5.6,4.4) for W0.95Ti0.05O3, and (2.2,3.9) for W0.95Ti0.02Zn0.03O3 

film, respectively. 

 The coloration effiency was 7.43cm
2
/C for W0.95Ti0.05O3 and 20.74 

cm
2
/C for W0.95Ti0.02Zn0.03O3 film. 

From the above results, it’s clear that doping WO3 with 5% of Ti 

(W0.95Ti0.05O3) enhance the electrochemical and the electrochromic 

properties over that of the undoped WO3 films.  On the other hand, co-

doping WO3 with nominal concentration of Ti and Zn (W0.95Ti0.02Zn0.03O3) 

greatly improves the electrochemical and the electrochromic properties 

over that of the Ti single doped WO3. 

Suggestions for Further Works 

The author suggest the following for the new electrochromic electrode 

WO3:Ti:Zn for future work: 

1. Doing more analysis for the films as: XRD, PL, SEM, TEM, 

AFM, etc. 
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2. Preparing WO3 thin films using different techniques such as: 

Electrochemical Deposition (ECD), Chemical Bath Deposition 

(CBD). 

3. Studying the electrochromic properties when the films 

annealing with different temperatures. 

4. Studying the effect of thickness on electrochromic properties. 

5. Studying the previous films characteristics with different 

electrolytes and different electrolyte concentrations. 

6. Doping with different materials such as: Sn, F, Li, etc. 
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