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ABSTRACT 

 

SOL-GEL DERIVED TUNGSTEN OXIDE BASED ELECTROCHROMIC 

COATINGS 

 

Işık, Dilek 

 M.Sc., Department of Metallurgical and Materials Engineering 

                  Supervisor: Assist. Prof. Dr. Caner Durucan 

 
 

July 2008, 102 pages 
 
 
 
 
The microstructural, electrochemical and optical properties of sol-gel derived 

tungsten oxide electrochromic coatings have been investigated. Coatings were 

formed by spinning of tungsten metal based aqueous sol on glass with native ITO 

layer.  Three sol formulations; acetylated peroxotungstic acid (APTA), 

peroxotungstic acid (PTA) and titanium-doped peroxotungstic acid (Ti-PTA) were 

employed to obtain 200-300 nm thick multi-layered coatings. Material and 

electrochromic characterization of the coatings have been performed by DSC, XRD, 

SEM, cyclic voltammetry and UV-Vis spectroscopy. The electrochromic 

performance of the WO3 coatings was influenced by calcination temperature, by sol 

chemistry and by the adsorbed water content. For all sol formulations the coatings 

calcined at 250 °C were amorphous and have shown better performance compared to 

crystalline counterparts calcined at 400 °C.  High calcination temperature also leads 

to formation of WO3 nanocrystals for APTA and PTA derived coatings, titanium 

doping retards crystallization. Presence of acetic acid as in APTA sol improved the  
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electrochromic and electrochemical performance. This was related to removal of 

organics- acetic acid and peroxo ligands- during calcination, which results in an open 

W-O network providing more ion insertion sites. The water adsorption affected the 

electrochromic performance in different ways for the coatings calcined at 250 °C and 

400 ºC. The amorphous coatings with limited structural water removal and excessive 

hydroxyl groups tend to crystallize by condensation of W-OH groups upon storage in 

open atmosphere, therefore exhibiting degrading electrochromic activity with aging.  

Conversely, hydroxyl groups enhanced Li+ ion insertion for the stable crystalline 

coatings calcined at 400 °C.  

 

Keywords: electrochromic, sol-gel, tungsten oxide. 
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ÖZ 

 

SOL-GEL TEKNİĞİYLE ÜRETİLMİŞ TUNGSTEN OKSİT ESASLI 

ELEKTROKROMİK KAPLAMALAR 

 

Işık, Dilek  

Yüksek Lisans, Metalurji ve Malzeme Mühendisliği Bölümü 

                    Tez Yöneticisi: Yrd. Doç. Dr. Caner Durucan 

 
 

Temmuz 2008, 102 sayfa 
 
 

 

 

Sol-jel tekniği ile üretilmiş tungsten oksit esaslı elektrokromik kaplamaların mikro 

yapısal, elektrokimyasal ve optik özellikleri incelenmiştir. Kaplamalar indiyum kalay 

oksit (ITO) kaplı cam yüzeylerinde oluşturulmuştur. Asetik asit ilave edilmiş 

peroksotungstik asit (APTA), peroksotungstik asit (PTA) ve titanyum ilaveli 

peroksotungstik asit olmak üzere üç farklı sol-jel esaslı çözelti hazırlanarak 200-300 

nm kalınlığında çok katlı kaplamalar hazırlanmıştır. Tüm sol formülasyonları 

tungsten tozunun hidrojen peroksit içinde çözünmesiyle elde edilmiştir. 

Kaplamaların malzeme ve elektrokromik karakterizasyonları DSC, XRD, SEM, UV-

Vis spektroskopisi ve CV teknikleri ile yapılmıştır. WO3 kaplamalarının 

elektrokromik performansı kalsinasyon sıcaklığı, sol kimyası ve adsorbe edilmiş su 

miktarı etkenlerine bağlı bulunmuştur. Tüm sol formülasyonları için 250 °C’de 

kalsine edilmiş olan kaplamalar amorf yapıda olup 400  °C de kalsine edilen kristalin 

kaplamalara göre daha etkili elektrokromik özellikler göstermişlerdir. Aynı zamanda 

APTA ve PTA solünden türetilmiş kaplamaların yüksek sıcaklıkta kalsine 
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edilmesi ile WO3 kristalleri oluşmuştur, titanyum ilavesi kristalleşmeyi azaltmıştır. 

APTA solünde olduğu gibi asetik asitin bulunduğu hallerde, elektrokromik ve 

elektrokimyasal performans artmıştır. Bu durum kalsinasyon esnasında asetik asit ve 

peroksotungstik asit gibi oragniklerin çıkışı sonucunda daha fazla Li+ iyonu girişine 

imkan tanıyan açık bir W-O ağ yapısının oluşumunudan kaynaklanmaktadır. Su 

adsorbsiyonu 250 °C  ve 400 °C’de kalsine edilen kaplamaları değişik biçimlerde 

etkilemiştir. Limitli miktarda yapısal su çıkışı gerçekleşmiş ve yoğun miktarda 

hidroksil grubu ihtiva eden amorf kaplamalar açık havaya maruz kalmaları 

durumunda W-OH gruplarının yoğunluşmasıyla kristalleşme eğilimi göstererek 

yaşlanma sonucunda elektrokromik aktivitelerinde azalma olmuştu. 400 °C ‘de 

kalsine edilmiş olan kararlı kristalin kaplamalarda ise hidroksil grupları Li+ iyonu 

girişini arttırmıştır.  

 

Anahtar Kelimeler: elektrokromik, sol-jel, tungsten oksit. 



 
 

viii

 

DEDICATION 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

To My Family 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

ix

ACKNOWLEDGEMENTS 

 
I sincerely acknowledge Assist. Prof. Dr. Caner Durucan for giving me the 

opportunity to realize this study under his guidance, also for his support and patience 

with friendly and encouraging attitude. This thesis would never be in process without 

his effort and comments. 

 

First of all, I would like to thank to Dr. Metin AK for his effort and guidance 

throughout the electrochemical and optical analysis in the electrochemistry 

laboratory of Prof. Dr. Levent Toppare. 

 

I would also like to thank to Assist. Prof.  Dr. Hüseyin Çelikkan for helping me and 

providing a comfortable, friendly working environment for this thesis in the 

electrochemistry laboratory in Gazi University and for his guidance, as well. 

 

I want to express my gratitude, to Prof. Dr. Fatma Tepehan from İTU, Prof Dr. Galip 

Tepehan from KHU, Assist Prof. Esra Zayim Özkan and Esat Pehlivan İTÜ who 

have provided me a friendly environment during the 13th International Meeting on 

electrochromism and share their knowledge which was very precious to me. 

 

I am grateful to Mehmet Ateş Parlar from thin film department, Şişecam for 

providing me the ITO coated glasses and helping me to further my studies. 

 

I feel also lucky to know Dr. M. Deepa (Electronic Materials Division from National 

Physical Laboratory, India).who shared her precious time and knowledge with me 

about their previous studies about electrochromism.  

 

I sincerely thank to Prof. Dr. Mehmet Parlak for his help about the coating 

measurements and Prof. Dr. Vedat Akdeniz for his helps in getting DSC results in his 

laboratory. 



x 
 

My friends, Özlem Altıntaş, Yankı Başaran and Seda Bilgi have helped me obtain 

the SEM images of the coatings. From the central laboratory staff,  my friends 

Seçkin Öztürk and Sedat Canlı have always treated in a kind way and helped me with 

spin coating and clean room usage at the beginning of this study. 

 

I also would like to thank Prof. Dr Şakir Bor and Prof. Dr. Naci Sevinç for their nice 

attitude towards me and Prof. Dr. Macit Özenbaş for their help with spin coating at 

the beginning of the study. 

 

Further, I would like to thank to all the staff members in the metallurgical and 

materials engineering department for their support and help throughout this study, 

especially thanks to Necmi Avcı for his helps in XRD analyses.  Also, I would like to 

thank to my lab-mates for their support during this study. 

 

I owe my deepest thanks to my family for their support and love they have shown me 

all through my lifetime. Especially, I should thank my father for picking me up late 

at night from the department. 



xi 
 

TABLE OF CONTENTS 

 

 

ABSTRACT ................................................................................................................ iv 

ÖZ ............................................................................................................................... vi 

DEDICATION .......................................................................................................... viii 

ACKNOWLEDGEMENTS ........................................................................................ ix 

TABLE OF CONTENTS ............................................................................................ xi 

LIST OF TABLES .................................................................................................... xiv 

LIST OF FIGURES ................................................................................................... xv 

1 INTRODUCTION ............................................................................................... 1 

1.1 General introduction and rationale of the thesis ............................................ 1 

1.2 Background information and literature review.............................................. 4 

1.2.1 Electrochromic devices .......................................................................... 4 

1.2.1.1 Structure and components of ECD’s .............................................. 4 

1.2.2 Coloration/bleaching mechanism ........................................................... 9 

1.2.3 Alternatives to electrochromism .......................................................... 11 

1.2.4 Problems with ECD’s ........................................................................... 12 

1.2.5 Production techniques .......................................................................... 12 

1.2.5.1 Physical vapor deposition (PVD) ................................................. 13 

1.2.5.2 Chemical vapor deposition (CVD) ............................................... 13 

1.2.5.3 Sputtering ...................................................................................... 13 

1.2.5.4 Magnetron sputtering .................................................................... 14 

1.2.5.5 Electrophoretic film deposition .................................................... 14 

1.2.5.6 Spray pyrolysis deposition (SPD) ................................................. 15 

1.2.5.7 Sol-gel method .............................................................................. 15 

1.2.6 Coating preparation by sol-gel method ................................................ 16 

1.2.6.1 Solution preparation ...................................................................... 16 

1.2.6.2 Gelation and aging of solution ...................................................... 17 

1.2.6.3 Sol-gel coating processes .............................................................. 17 

1.2.6.4 Drying and sintering ..................................................................... 18 

1.2.7 Electrochromism associated with tungsten oxide (WO3) ..................... 18 



xii 
 

1.2.7.1 Crystalline structure of tungsten oxide ......................................... 19 

1.2.7.2 Crystalline vs. amorphous tungsten oxide .................................... 25 

1.2.8 Aging of films, humidity and physisorbed water content of coatings . 27 

1.2.9 Various dopants and their effects ......................................................... 29 

1.2.10 Sol-gel routes for WO3 coatings .......................................................... 29 

1.3 Objective of the thesis ................................................................................. 31 

1.4 Structure of the thesis .................................................................................. 32 

2 MATERIAL CHARACTERIZATION AND EXPERIMENTAL METHODS 33 

2.1 Materials and experimental methods ........................................................... 33 

2.1.1 Materials ............................................................................................... 33 

2.1.2 Cleaning and preparation of glass substrates ....................................... 33 

2.1.2.1 Cleaning procedure for soda-lime-silica glass substrates ............. 35 

2.1.2.2 Cleaning and preparation procedure for ITO coated glass 

substrates    ..................................................................................................... 35 

2.2 Preparation of coating sols and thin film deposition ................................... 37 

2.2.1 Route 1: Preparation of acetylated peroxotungstic acid (APTA) sol ... 37 

2.2.2 Route 2: Preparation of peroxotungstic acid (PTA) sol ....................... 37 

2.2.3 Route 3: Preparation of Ti-doped PTA sol .......................................... 38 

2.3 Coating process and post-treatments ........................................................... 39 

2.4 Materials characterization ........................................................................... 39 

2.4.1 X-ray diffraction analyses (XRD) ........................................................ 40 

2.4.2 Scanning electron microscopy ............................................................. 40 

2.4.3 Thermal analyses: Differential scanning calorimetry (DSC) ............... 40 

2.4.4 Optical properties (UV-Vis Spectroscopy ) ......................................... 41 

2.4.5 Electrochemical properties: Cyclic-voltammetry (CV) ....................... 43 

3 RESULTS AND DISCUSSION ........................................................................ 45 

3.1 Visual investigations of the coatings ........................................................... 45 

3.1.1 Effect of spin coating parameters on film formation ........................... 45 

3.1.2 Coloration efficiency ............................................................................ 47 

3.2 Thermal analyses ......................................................................................... 50 

3.3 XRD analyses of precursor sol powders ..................................................... 52 

3.4 Structural characterization of the coatings .................................................. 56 



xiii 
 

3.4.1 XRD analyses ....................................................................................... 56 

3.4.2 SEM investigations .............................................................................. 59 

3.5 Electrochemical and optical characterization of WO3 coatings................... 69 

3.5.1 Electrochemical properties: Cyclic-voltammetry measurements......... 69 

3.5.1.1 Interpretation of CV measurements .............................................. 73 

3.5.1.2 CV performance of WO3 coatings derived from APTA sols........ 73 

3.5.1.3 CV performance of WO3 coatings derived from PTA sols .......... 75 

3.5.1.4 CV performance of WO3 coatings derived from Ti-doped PTA sols

 76 

3.5.1.5 Comparison of electrochemical properties of the coatings ........... 76 

3.5.2 Optical properties: UV-vis analyses..................................................... 77 

3.5.3 Coloration (switching) kinetics of WO3 coatings ................................ 83 

3.5.4 Coloration efficiency ............................................................................ 86 

3.6 Effect of aging on EC performance ............................................................. 86 

3.6.1 Electrochemical properties of aged coatings: Cyclic-voltammetry 

measurements ..................................................................................................... 88 

3.6.2 Optical properties of aged coatings: UV-Vis analyses ........................ 88 

4 CONCLUSIONS ................................................................................................ 94 

REFERENCES ........................................................................................................... 97 

 



xiv 
 

LIST OF TABLES 

 

TABLE 
 
Table 1.1 Electrochromic properties of some cathodically and anodically coloring 

transition metal oxides ................................................................................................. 8 

Table 1.2 Electrolytes used in sol-gel derived electrochromic cells. ........................ 10 

Table 1.3  Results for various studies made on tungsten oxide coatings with the same 

sol-gel root, using different variables humidity, dopant, temperature, coating 

technique. ................................................................................................................... 26 

Table 2.1 Materials used in the experimental part of the study and their sources .... 34 

Table 3.1 Sol-gel derived coatings prepared from APTA, PTA and Ti-doped PTA 

sols using various processing parameters and observation on the film formation 

potential. ..................................................................................................................... 46 

Table 3.2 The thicknesses of the WO3 coatings ........................................................ 66 

Table 3.3 Electrochemically determined electrochromic parameters of WO3 coatings 

produced using different routes. ................................................................................. 71 

Table 3.4 Optical data and color efficiencies of sol-gel derived electrochromic 

coatings at λ=800 nm. ................................................................................................ 81 

Table 3.5 Electrochemical properties of the air stored and vacuum stored PTA sol 

derived WO3 coatings. ................................................................................................ 90 

Table 3.6  Optical data and color efficiencies of electrochromic coatings at λ=800 

nm. .............................................................................................................................. 92 

 

 



 

xv 
 

LIST OF FIGURES 
 

FIGURES 
 
Figure 1.1 Standard seven layered electrochromic device. Transparent conductive 

oxide (TCO), working electrode (WE), ion storage layer (IS). ................................... 5 

Figure 1.2 The representative periodic table showing the transition metals  whose 

oxides exhibit anodic and cathodic coloration on an applied potential. .................... 19 

Figure 1.3 Schematic showing the corner sharing octohedras. ................................. 20 

Figure 1.4 Schematic showing the (a) corner sharing octohedra (b) the empty-

perovskite structure filled with an M+. ....................................................................... 20 

Figure 1.5 Schematic illustrating the change in the crystal structure of tungsten 

bronze (MxWO3) due to the variation of x and M+
. .................................................... 22 

Figure 1.6 The change in the conductivity of tungsten bronze due to the change in x 

value of MxWO3. ........................................................................................................ 22 

Figure 1.7 Cyclic voltammogram of tungsten oxide coating showing the change in 

the total charge insertion modulation in first five coloration/ bleaching cycles. ....... 24 

Figure 1.8 Cyclic-voltammetry recorded for WO3 films after 10, 1000, 2000 and 

3000 cycles in a 0.5 mol/L H2SO4 electrolyte, respectively. ..................................... 24 

Figure 1.9 Cyclic voltammograms of WO3 films scanned with a rate of 200 mV/sec. 

The scan direction is shown by arrows. τa: temperature, RH: relative humidity, ta: 

time. ............................................................................................................................ 28 

Figure 2.1 Cleaning procedure for plain soda-lime-silica glass substrates. .............. 36 

Figure 2.2 Cleaning procedure for Indium tin oxide (ITO) coated glass substrates. 36 

Figure 2.3 Three electrode cell configuration was formed using platinum as 

ereference electrode, silver as counter electrode and tungsten oxide as the working 

electrode. .................................................................................................................... 42 

Figure 2.4 Schematic of the experimental set up in electrochemical studies ............ 42 

Figure 2.5 A typical CV voltammogram data exhibiting a reduction peak for optical 

coloration event and an oxidation peak for color bleaching. The  important features 



 

xvi 
 

that related to electrochromic performance such as Epc:  cathodic potential ipc: 

cathodic current, Epa: anodic potential and ipa: anodic  current can be all directly 

obtained from this data. .............................................................................................. 44 

Figure 3.1 Coloration experiment showing the degree and uniformity of dark blue 

color change for the sol-gel derived coating calcined at 250 °C(left) or 400 °C(right) 

for  1 h.  (a)-(b) APTA-derived sol , (c)-(d)PTA-derived sol, and (d)-(f)Ti-doped 

PTA sols. .................................................................................................................... 48 

Figure 3.2 DSC curves for (a)APTA, (b)PTA and (c) Ti-doped PTA precursor sol 

powders. ..................................................................................................................... 51 

Figure 3.3 XRD patterns (a) APTA, (b) PTA and (c) Ti-doped PTA precursor sol 

powders calcined at 250 °C for 1 h. ........................................................................... 53 

Figure 3.4 XRD patterns (a) APTA, (b) PTA and (c) Ti-doped PTA precursor sol 

powders calcined at 400 °C for 1 h. ........................................................................... 53 

Figure 3.5 Details of the XRD patterns in the 2θ=21°-26° for the gel precursor 

powders calcined at 400 °C for 1 h (a) APTA, (b) PTA and (c) Ti-doped PTA sols. 55 

Figure 3.6 XRD pattern of APTA sol derived coating calcined at 250 °C ............... 57 

Figure 3.7 XRD pattern of APTA sol derived coating calcined at 400 °C. .............. 57 

Figure 3.8 XRD pattern of PTA sol derived coating calcined at 250 °C. ................. 58 

Figure 3.9 XRD pattern of PTA sol derived coating calcined at 400 °C. ................. 58 

Figure 3.10 XRD pattern of Ti-doped PTA sol derived coating calcined at 250 °C 60 

Figure 3.11 Pattern of Ti-doped PTA sol derived coating calcined at 400 °C .......... 60 

Figure 3.12 EDX pattern showing the chemical species contributing from  the 

surface of the coating derived from (a) APTA sol, (b) PTA sol and (c) Ti-doped PTA 

sol calcined at 250 °C ................................................................................................. 61 

Figure 3.13 Cross sectional SEM micrograph of APTA sol derived coating calcined 

at 250 °C. .................................................................................................................... 63 

Figure 3.14 Cross sectional SEM micrograph of APTA sol derived coating calcined 

at 400 °C. .................................................................................................................... 63 

Figure 3.15 Cross sectional SEM micrograph of PTA sol derived coating calcined at 

250 °C. ....................................................................................................................... 64 



 

xvii 
 

Figure 3.16 Cross sectional SEM micrograph of PTA sol derived coating calcined at 

400 °C. ....................................................................................................................... 64 

Figure 3.17 Cross sectional SEM micrograph of Ti-doped PTA sol derived coating 

calcined at 250 °C. ..................................................................................................... 65 

Figure 3.18 Cross sectional SEM micrograph of Ti-doped PTA sol derived coating 

calcined at 400 °C. ..................................................................................................... 65 

Figure 3.19 The detailed SEM micrograph of APTA sol derived coating calcined at 

250 °C showing the multilayered nature and the thickness of the WO3 coating and 

also details of the 125 nm thick ITO layer of the substrate. This picture is a higher 

magnification image of the coating shown in Figure 3.6. .......................................... 66 

Figure 3.20 SEM images of the surfaces of sol-gel derived coatings calcined at 250 

°C (left) or 400 °C (right) for  1 h.  (a)-(b) APTA-derived sol , (c)-(d)PTA-derived 

sol, and (d)-(f)Ti-doped PTA sols. ............................................................................. 68 

Figure 3.21 A representative cyclic voltammogram, showing the oxidation and 

reduction states of WO3 coatings at the completely bleached and colored states. The 

increase in the current (mA) of oxidation peak due to an increase of the inserted Li+ 

is shown by an arrow from first to third cycle. Inexistence of reduction peak is an 

indicator of the completely reversible insertion and extraction of Li+ ions. .............. 70 

Figure 3.22 Dark brown colored sections of the substrates indicating the high 

cycling voltage leading to Ag+ ion plated substrates. The lower section of the right 

hand side substrate is showing the blue color exhibited with WO3 reduction process.

 .................................................................................................................................... 70 

Figure 3.23 Schematic showing various areas, sections and points used to calculate 

and evaluate the efficiencies of electrochromic coatings. Area shown by A1 and A2 

correspond to the total anodic charge (Qa) and total cathodic charge (Qc), 

respectively. Existences of anodic and cathodic peaks are shown with squares, the 

maxima of the anodic peak gives the oxidation peak (anodic). ................................. 72 

Figure 3.24 Cyclic voltammograms of WO3 coatings recorded between ±1.5 V 

potential range with a scanning rate of 50 mV/s. Coatings were calcined at 250 °C 

(left) or 400 °C (right) for  1 h.  (a)-(b) APTA-derived sol , (c)-(d)PTA-derived sol, 

and (d)-(f)Ti-doped PTA sols..................................................................................... 74 



 

xviii 
 

Figure 3.25 Typical transmission of WO3 coated substrates at virgin state, i.e. before 

being reduced within the electrochemical cell. .......................................................... 78 

Figure 3.26 A representative optical transmission vs. wavelength spectra of a WO3 

coating recorded in a LiClO4/PC liquid electrolyte. .................................................. 78 

Figure 3.27 Optical transmission vs. wavelength spectra of WO3 coatings recorded 

in a LiClO4/PC liquid electrolyte. Coatings were calcined at 250 °C (left) or 400 °C 

(right) for  1 h.  (a)-(b) APTA-derived sol , (c)-(d)PTA-derived sol, and (d)-(f)Ti-

doped PTA sol coatings within the 350 nm≤ λ ≤1100 nm range. .............................. 80 

Figure 3.28 ∆OD vs. Wavelength graphs showing the spectral optical density for 

WO3 films calcined at 250 °C (left) or 400 °C (right) for 1 h.  (a)-(b) APTA-derived 

sol , (c)-(d)PTA-derived sol, and (d)-(f)Ti-doped PTA sol coatings within the 350 

nm≤ λ ≤1100 nm range. ............................................................................................. 82 

Figure 3.29 Optical transmission variation (λ=800 nm) as a function of time of  a 

WO3 coating in 0.1M LiClO4/PC electrolyte on applied voltage of ±1.5 V. The tb and 

tc is determined from the left and right-hand side of the peaks from maxima to 

minima. ...................................................................................................................... 84 

Figure 3.30 Optical transmission variation (λ=800 nm) as a function of time of WO3 

coatings recorded under an input square wave potential of ±1.5 V in a LiClO4/PC 

liquid electrolyte. Coatings were calcined at 250 °C (down) or 400 °C (up) for 1 h.  

(a)-(b) APTA-derived sol, (c)-(d) PTA-derived sol, and (d)-(f) Ti-doped PTA sols. 85 

Figure 3.31 The images of (a) 250 °C and (b) 400 °C calcined APTA sol derived 

coatings after an applied voltage of -1.5 V in LiClO4/PC electrolyte. Percent 

transmittance values were determined as 48% and 56%.  (c) 250 °C and (d) 400 °C 

calcined (d) PTA sol derived coatings after an applied voltage of -1.5 V in 

LiClO4/PC electrolyte. Percent transmittance values were determined as 35% and 

57%. (e) 250 °C and (f) 400 °C calcined Ti-doped PTA sol derived coatings after an 

applied voltage of -1.5 V in LiClO4/PC electrolyte. Percent transmittance values 

were determined as Tc = 34.5% and Tc = 53%. .......................................................... 87 

Figure 3.32 Cyclic voltammograms of PTA sol derived WO3 coatings recorded 

between ±1.5 V potential range with a scanning rate of 50 mV/s. 250 °C calcined 



 

xix 
 

(left) 400 °C calcined (right) coatings stored in air atmosphere (top) under vacuum 

(bottom). ..................................................................................................................... 89 

Figure 3.33 Optical transmission variation (λ=800 nm) as a function of time of (a) 

APTA250 °C (b) APTA400 °C coatings in 0.1M LiClO4/PC electrolyte on applied 

voltage of ±1.5 V ........................................................................................................ 90 

Figure 3.34 ∆OD vs. wavelength graphs showing the spectral optical density for 

WO3 coatings calcined at 250 °C (left) or 400 °C (right) for  1 h.  (a)-(b) PTA-

derived sol, stored under vacuum for two weeks. ...................................................... 92 

Figure 3.35 The images of amorphous (left)Tc=35% and crystalline(right) Tc=52% 

PTA sol derived coatings, stored under vacuum for two weeks, after an applied 

voltage of -1.5 V in LiClO4/PC electrolyte. ............................................................... 93 

Figure 3.36 Coloration–bleaching characteristics of WO3 coatings derived from PTA 

sol calcined at 250 °C and 400 °C at 800 nm under an input square wave potential of 

±1.5 V. Coatings were stored under vacuum. ............................................................ 93 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xx

LIST OF ABBREVIATIOS 
 

 
Abbreviation 
 

 

APTA Acetylated peroxotungstic acid 
CE Counter electrode 
CV Cyclic voltammetry 
CVD Chemical vapor deposition 
D.C. Direct current 
DSC Differential scanning calorimetry 
E Electrolyte  
EC Electrochromic layer 
ECD Electrochromic device 
ECW Electrochromic window 
FTIR Fourier transform infrared  
i Current density 
I.S. Ion storage layer 
ISC Ion storage capacity 
ISE Ion storage efficiency 
ITO Indium tin oxide 
M Mole/Liter 
NIR Near infrared radiation 
OAD Oxalic acid dihydrate 
OD Optical density 
PC Propylene carbonate 
PTA Peroxotungstic acid 
PVD Physical vapor deposition 
RE Reference electrode 
SEM Scanning electron microscope 
∆t b-c Cycling time between colored and bleached states 
tb Bleaching time 
tc Coloration time 
Tb Transmission in bleached state 
Tc Transmission in colored state 
UV Ultra violet 
UV-Vis  Ultra violet visible 
WE Working electrode 
XRD X-ray diffraction 
%wt Weight percent 
∆OD Change in optical density 
∆T Change in transmission/ Transmission modulation 



 1

 

      CHAPTER 1 

 

1 INTRODUCTION 

 

1.1 General introduction and rationale of the thesis 

 

Electrochromism is the ability of a material to change its optical transmission 

percentage when exposed to a reversible electrochemical process, where an ion 

intercalation/deintercalation through the material structure takes place leading to a 

redox reaction. Electrochromic coatings are made on a suitable substrate, most of the 

time on glass, coated with a transparent conductive oxide that allows a reversible and 

a persistent modulation of spectral transmittance and reflectance of visible and near 

infrared radiation [1]. In the literature there are different speculations about the 

discovery of electrochromism. One of them is, WO3, that has a yellow or green color 

in the bulk form, has been found by the Swedish scientist Berzelius in 1815, to 

change color upon a hydrogen flow when the oxide is heated [2]. Another one says 

that electrochromism is known since 1953 when Kraus discovered that a WO3 vapor 

layer deposited on a semitransparent metal layer (Cr, Ag) was intensively blue 

colored when cathodically polarized in 0.1 N sulfuric acid solution (H2SO4). 

However, worldwide research and interest has increased after the fundamental works 

and papers of Sadyen Deb [3-4]. 

 

There are many application fields of electrochromic materials such as architectural 

window glasses, sunroofs, sun glasses, camouflage, display devices also smart 

textiles, e-papers are being considered as the further utilization points of 

electrochromic materials. Electrochromic device (ECD) production and enhancement 

of the properties have been research topics for last two decades and the demand for 

research is increasing as the possibilities and application areas of electrochromism 

and are being recognized and discovered. Electrochromism is also a research topic 
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for energy saving applications, as the need for energy is increasing and the green 

science is emerging. Electrochromism is becoming an important material property 

which may help to reduce energy consumption in daily living areas. 

Electrochromism is also a milestone for display devices, screens for visual 

applications, televisions. Today many researches all over the world are being carried 

out to develop energy saving or energy efficient products. Hydro mobiles, for 

example have been designed to decrease the use of petroleum resources. Some other 

applications allow use of alternative resources such as solar energy for producing 

energy to heat houses, or industrial usage is to produce electricity. Benefits of 

electrochromics are also significant in this respect and they can be listed as follows: 

 

i. Electrochromic materials can be colored or bleached when it is needed, their 

transmittance percentage can be controlled by passing the current in different 

time scales, when fully colored they reduce glare and daylight heating and 

cooling needs or they provide night time insulation and privacy thus keeping 

the environment cool and they need very small amount of energy to work [5]. 

 

ii. Electrochromic devices have optical memory which means that after the 

coloration is completed it will not bleach, but it will take days for them to 

bleach again, in case you do not reverse the potential.  

 

iii. Another important property is the little energy consumption which is around 

±1.5 V. 

 

iv. The control of color between transparent and colored states is possible by 

control of the voltage applied to the ECD. The contrast between colored and 

bleached states is high and makes them feasible for commercial applications. 

There is no visual dependence on viewing angle which enables them to be a 

candidate for taking the place of LCD and plasma TV’s. A comprehensive 

study on the economic benefits of electrochromic windows determined that 

they provide greater energy savings than static-control glasses [6]. 
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One clear demonstration of the advantages of electrochromism is smart windows or 

sunroofs of cars. Electrochromic smart windows are able to change their 

transmittance of light and solar energy by electrical charging/discharging, thereby 

being able to provide a comfortable indoor climate together with large energy 

efficiency [7]. Electrochromic windows can decrease the cooling expenses for 

environments such as cars under sunlight or at the home by not permitting the 

sunlight to get into the car or house by using a little voltage to color the window for 

10-30 s and the time for voltage application increases with the surface area of the 

window. The temperature in the place of interest can be controlled in this way by 

coloring the windows and this will help save energy and money. 

 

Another important application area of electrochromism is sunglasses. There are many 

people using optical glasses to improve their vision to treat a trauma. One important 

case is cataract for the later stages of human being when exposed to sunlight the eye 

with cataract does not see the things around it due to sunlight and electrochromic 

eyewear can be a possibility to help those people be more comfortable under 

sunlight.  

 

General objective of this study is to develop electrochromic coatings of tungsten 

oxide (WO3) by sol-gel method which offers a processing method that can be used 

for coating materials with large dimensions. This issue is one of the important points 

in manufacturing inorganic electrochromic coatings. Most of the future applications 

and commercialized products such as windows, sunroofs have large dimensions 

which limits use of industrial coating processes such as sputtering or vacuum 

deposition techniques. The challenge is in adapting alternative manufacturing 

methods applicable to big substrates for production of electrochromic coatings with 

uniform surface properties, morphology with controlled optical and electrochromic 

properties at low cost. So, in this study sol-gel route was chosen to obtain 

electrochromic coatings as it does not require sophisticated equipment and variation 

in the end product can be achieved by controlling process parameters and sol-gel 

chemistry. 
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1.2 Background information and literature review 

 
1.2.1 Electrochromic devices 

 

Electrochromic coatings can be considered as a device rather than a simple coating. 

Electrochromic device is defined as a rechargeable battery in which working 

electrode (WE or electrochromic layer) is separated by a suitable solid, semi-solid or 

liquid electrolyte from a charge balancing counter electrode (IS, ion storage layer) 

[8]. The focus of this thesis is the color changing electrochromic layer (EC). 

 

1.2.1.1 Structure and components of ECD’s 

 

Electrochromic devices have several layers built up between two transparent 

electrically conductive oxide layers deposited on a main substrate. Most of the time, 

the substrate is glass or flexible polymeric materials such as (PET) poly ethylene 

terephthalate, polyester materials. The structure of a electrochromic device is 

illustrated in Figure 1.1. 

 

Electrochromic layer (EC), where the color switching takes place is separated from a 

charge balancing counter electrode (ion storage layer) by an electrolyte. Electrolyte 

can be solid, semi-solid or liquid. Selected electrolyte should be optically transparent 

not to affect the overall performance of the device. Another important parameter is 

the ion size of the electrolyte. Ion size should be small enough to get inserted in an 

EC layer which is usually an oxide and reduce the electrochromic material. In this 

respect Li+ or H+ ions are considered as the best candidates to be used in 

electrochromic devices. The transition metal oxides have the general oxidation 

behavior represented by the chemical formula as: 

 

    ReOy + nM+ + xe- ↔ MnReOy                                                                            (1.1) 

 

Where Re is a metal atom (W,V, Nb, Ru, Ce, Ti, Co, In, Ir, Ni, Mn,…), M+ is an ion 

( Li+, H+, Na+), e- is an electron. 
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Figure 1.1 Standard seven layered electrochromic device. Transparent conductive 
oxide (TCO), working electrode (WE), ion storage layer (IS). 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 



 6

1.2.1.1.1 Transparent conductive oxide (TCO)  

 

Transparent conductive oxides underneath the EC layer are responsible for electrical 

conductivity of the electrochromic device. Transparent conductive oxide coatings 

should have homogeneous resistance throughout the film and should be optically 

transparent not to affect the optical properties of the electrochromic device .Typically 

(ITO) indium doped tin oxide have been used. 

 
Other than ITO there are different kinds of transparent conductive oxide’s such as 

fluorine doped tin oxide (FTO), antimony doped tin oxide (ATO),cadmium stannate 

(Cd2SnO4), zinc stannates (ZnSnO3, Zn2SnO4). ZnSnO3 and Zn2SnO4 exhibit higher 

optical transparency but several orders lower electrical conductivity than ITO and 

cadmium stannates [9]. Also different transparent conductive oxides are under 

investigation such as Al-doped ZnO, W-doped In2O3 [10]. Transparent conductive 

oxide films are being deposited by CVD, sputtering, thermal evaporation or sol-gel 

methods [11]. Due to low cost and large area application possibilities sol-gel 

researches has also gained attention in making this conductive oxide layers. 

 

1.2.1.1.2 Electrochromic (EC) layer  

 

EC layer consists of an electrochromic material itself or an electrochromic material 

doped with another element like: WO3 [12-13], WO3-TiO2 [14, 15], and WO3-V2O5 

[16], Au-WO3 [17], Nb2O5-WO3 [15], TiO2-V205 [15, 18], WO3-Ta2O5 [19]. Working 

electrodes can be made of either metal oxides or organic materials. Transition metal 

oxides are the most widely used materials. Other than transition metal oxides there 

are several electrochromic materials prussian blue, phthalocyanines, vialogens, 

buckminsterfulerene, CP’s (polyanniline, polythiophene). Radhakrishnan and 

Somani have shown that both classes of materials offer some advantages over each 

other [8]. For example polymeric materials are easy to handle in processing and they 

do not require complex deposition equipment during the preparation of coatings. 

Inorganic materials are considered as poor in processibility however sol-gel 

technique has opened a wide range of possibilities and easiness of processing for 

inorganic materials using metal alkoxides so the cost has also been dropped down. 
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Today sol-gel derived inorganic materials can also be coated by easy and cost 

effective techniques like dip and spin coating.  In one respect polymers are still better 

compared to inorganic materials, with wider spectrum for the choice of the color. But 

the chemical durability and resistance to heat and other external effects of the 

inorganic materials are way better than organic counter parts which make them 

favorable for applications which require heat and chemical resistance.  

 

EC layers may be anodic or cathodic. Cathodic means coloration takes place when 

reduction reaction occurs and anodic means coloration takes place when the layer is 

oxidized. Some cathodically and anodically coloring materials are sown in the Table 

1 adapted from available literature [8,11]. 

 

The crystal structure, phases, amount of water (physically or chemically bound), 

porosity, grain size, defects and homogeneity are the parameters which affect the 

electrochromic performance of the coating. The microstructure of coatings is 

important to achieve a good electrochromic performance. In many studies [2, 20] it 

was stated that the more disordered is the structure the more effective is the coating 

in electrochromic performance. This microstructure includes the crystalline, 

amorphous structures. Crystalline structure is not that desired as the ordered structure 

inhibits the diffusion of ions. However an amorphous structure is more disordered 

and is preferable in electrochromic applications due to a higher ion storage capacity. 

As the amount of ion insertion sites increase it is expected to have a better coloration 

in the reduced state of the material. In this respect a porous, highly disordered 

structure is preferable. In their study Deepa et al. have used an organic moiety which 

burns out before the crystalline structure is formed [20]. This leads to a better 

electrochromic performance due to a porous structure formed.  In the same fashion 

defects, substitution atoms and nano-grains are expected to give a disordered 

structure leading to an increased electrochromic performance and ion storage 

capacities of coatings. 

 

In this study WO3 has been examined as the electrochromic layer which is a 

cathodically coloring material. In its fully oxidized state, WO3 is transparent 
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throughout the visible and infrared regions of the spectrum. When it is reduced by 

injection of electrons along with neutralizing counter-ions, usually H+ or Li+, 

tungsten oxide absorbs and reflects light, taking on a deep blue color [21]. 

 

Table 1.1 Electrochromic properties of some cathodically and anodically coloring 
transition metal oxides. (Adapted from available literature [8,11]) 

 

Materials Cathodic or Anodic             Color 

WO3 
WO3-TİO2 
WO3-V2O5 
MoO3 
Nb2O5 
TiO2 
Fe2O3 
Fe2O3- TiO2 
V2O5 
V2O- TiO2 
Co(OH)2 
Co3O4 
IrO2.nH2O 
NiO.nH2O 

Cathodic                              colorless→ blue 
Cathodic                              colorless→ blue 
Cathodic 
Cathodic                              colorless→ blue 
Cathodic                              colorless→ pale blue 
Cathodic 
Cathodic 
Cathodic 
Cathodic/ Anodic                very pale blue→ brown/yellow 
Cathodic/ Anodic 
Anodic                       green→ brown 
Anodic                                 colorless→ blue/grey 
Anodic                                 colorless→ blue 
Anodic 

Ir(OH)3 Anodic                                 colorless→ blue-black 
Ni(OH)2 Anodic                             colorless→ brown 
 

1.2.1.1.3 Counter electrodes or ion storage (IS) layers 

 

Counter electrodes serve as ion storage layers; the main purpose of them is to 

provide sites to get intercalated when the voltage is reversed. In this respect they 

should accompany some properties to be effectively used in ECD’s. They should 

possess good cycling stability within the operational temperature and applied 

voltage, same ion storage capacity with electrochromic layer to be able to 

accommodate all the ions returning [22]. They have to be transparent in the visible 

region. 
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Ion storage layer could also show coloring/ bleaching property during the ion 

intercalation/ deintercalation cycles. However ion storage layers with coloring 

mechanism are not preferred because they will affect the electrochromic layer and 

they are expected to be passive layers. Two electrodes with anodic and cathodic 

behavior will lead to the coloration of one of the layers and bleaching of the other in 

the same time. CeO2, CeO2-TiO2, TiO2 are commonly studied ion storage layers.  

 

1.2.1.1.4 Electrolyte 

 

Electrolyte is the layer inserted between electrochromic (EC) and ion storage layers 

(IS) which transports ions such as Li+, Na+, H+ from IS through electrochromic layer 

and reverse. Selected electrolytes should be optically transparent not to affect the 

overall performance of the device. Another important parameter is ion size of the 

electrolyte. Ion size must be small enough to get inserted in the electrochromic layer 

(usually an oxide) and reduce the electrochromic material. In this respect Li+ or H+ 

ions are considered as the best candidates to be used in electrochromic devices [23]. 

Electrolyte can be in liquid, semi-solid or solid states. Semi-solid and solid states are 

preferred in forming devices as liquid electrolytes are not suitable for long service 

conditions. Leakage of the liquid or liquid-like electrolyte and damage of the EC or 

IS layer lead to early failure of devices. Use of liquid electrolytes is finding 

application in laboratories [11]. For example, propylene carbonate 

(PC)/0.1MLiClO4/PMMA is a solid electrolyte and in the three cell electrode for 

electrochemical investigation liquid propylene carbonate (PC)/0.1MLiClO4 can be 

used. A list of electrolytes used in electrochromic cells and devices has been reported 

in Table 2 adapted from available literature [11]. 

 

1.2.2 Coloration/bleaching mechanism 

 

Working principle of an electrochromic device is same as a Li+ ion battery; it is a 

rechargeable battery [8]. By charging and discharging the device, color change takes 

place. After coloration takes place this state persists with a little leakage, about 1 %a 
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day. This is named as ‘’memory effect’’ of electrochromics which makes them 

attractive for many electrochromic materials [5, 24-26].  

 

Intercalation of ions in the WE leads to changes in the electronic structure of the 

electrode material producing a color change. The transportation of ions in the guest 

lattice looks as if the ordinary diffusion process which is described by Fick’s first 

law. However, this law is not enough to describe the mechanism in an efficient way. 

[27]. In this manner some researches have been done on the kinetic behavior of ion 

transport through electrochromic coatings [27-31]. 

 

Table 1.2 Electrolytes used in sol-gel derived electrochromic cells. (Adapted from 
available literature [11]) 
 

Electrolytes used in sol-gel derived electrochromic cells and devices 

Electrolyte  

Li+ conduction 
LiClO4 In propylene carbonate (PC) 
LiClO4 in polyethylene oxide [P(EO)8] 
LiNbO3 
LiClO4 in acetonitrile 
LiCl/LiI in polyvinyl bytyral resin 
LiTf(lithium triflate) in polyethylene glycol (3PEG 5000) 
LiN(SO3CF3) in polyethylene oxide 
Proton conduction 
H2SO4 
H2SO4/ethylene glycol 
HCl 
Formic acid 
Ormolytes 
TiO2 
Ta2O5 
LiOH 

 

Accordingly, there may be several obstacles limiting the diffusion mechanism in the 

electrochromic devices. A barrier at the ion injecting interface of the electrolyte and 

working electrode which may be impurities or layers formed on the electrodes 

inhibiting the intercalation of ions in the films. Another one may be the hydroxyl 
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groups or the current flowing through the device which may cause the trapping of Li+ 

ions in an irreversible way.  This limitation is due to formation of tungsten bronzes 

which are irreversible. The conducting ITO layer should have low resistance to be 

able to conduct the electricity uniformly at the surface. The other possible limiting 

mechanisms are being considered as less important by most researchers such as a 

barrier at the electron injecting contact, a barrier at the counter electrode, and charge 

transport in the electrolyte. Comparison of those limitations with Fick’s Law one can 

end with a conclusion that there are other factors affecting the diffusion process other 

than velocity of the diffusing particles, which depends on the temperature, viscosity 

of the (electrolyte) fluid and the size of the particle (Li+).  

 

1.2.3 Alternatives to electrochromism 

 

There are several chromism types other than electrochromism. Halochromism is the 

reversible color change due to a change in pH of a solution. Piezochromism is the 

reversible color change caused by mechanical grinding. This induced color change 

reverts back to its original color if the material is left in the dark over time or 

dissolved in an organic solvent. Tribochromism is the same as piezochromism, 

except that the compound does not revert back to its original color in time if left in 

the dark or dissolved in an organic solvent. Solvatochromism is the reversible color 

change induced by solvents. Halosolvatochromism is the reversible change in color 

brought on by a change in ionic strength without a change in the structure of the 

chromophore. Ionochromism is the reversible color change caused by the addition of 

ions. Thermochromism and photochromism are the best known chromism types and 

are being used for different purposes. Photochromism is the reversible color change 

by absorption of electromagnetic radiation [32-34].The absorption of UV light 

change the chemical structure and the color of the photochromic layer changes. 

When the UV light source is removed it regains its initial color. A large number of 

inorganic and organic materials exhibit photochromism, inorganic materials often 

have a large band gap between 3-12 eV. When those materials are excited meta-

stable centers that absorb visible light are being formed and this gives rise to the 

color change. Most known photochromic material is AgCl ( silver chloride) which is 
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extensively used in making photochromic lenses for sunglasses.  Thermochromism is 

described as a reversible change of color and transmittance associated by a material 

when subjected to a temperature change. Vanadium oxide is an inorganic 

thermochromic material and the coloration dependency of those films were 

investigated by Guzman  et al. [35,36]  

 

1.2.4 Problems with ECD’s 

 

There are several facts to be taken into account during the processing and the usage 

of ECD’s, which are listed below: 

 

Over voltage: EC devices are easily destroyed if too much voltage is applied.  

Color-bleach cycle lifetime: Repeated chemical reactions eventually lead to 

degradation of performance 

The transition time: For electrochromic glasses to switch from one state to another 

depends upon several factors such as glazing size and temperatures. Generally the 

smaller the glazing the warmer the temperature of the glass, the faster the transition 

time will be. 

Pin holes: Very small apparent voids or pinholes in the coating may be visible in the 

glass when colored. 

Geometry: Substrates with complex geometries are hard to coat homogeneously.  

 

These limitations are to be taken into account for the processing equipment, 

technique and the service conditions. The coatings should be uniformly distributed 

across the surface of the substrates to form a homogeneously colored ECD and long 

service life. 

 

1.2.5 Production techniques 

 

Coating deposition techniques and equipments are of great interest in the area of 

ECD’s. Low cost, simple equipments, availability and low prices of the precursor 

materials, to be able to coat large dimensioned substrates and substrates with 
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different geometries in a uniform and homogeneous way are the important facts of 

the deposition techniques. There are several techniques which are being investigated 

and generally used in coating deposition processes.  

 

1.2.5.1 Physical vapor deposition (PVD) 

 

Physical vapor deposition (PVD) process is performed in a vacuum chamber. A high 

dc-voltage is applied to a tungsten filament that causes electrons to be discharged. 

The stream of electrons emitted excites the targeted solid and turns it into vapor, 

which travels to the substrate. As they reach the surface, they condense and form a 

coating. 

 

1.2.5.2 Chemical vapor deposition (CVD) 

 

CVD is a chemical process used to produce high-purity, high-performance solid 

materials. In a typical CVD process, the wafer (substrate) is exposed to one or more 

volatile precursors, which react and/or decompose on the substrate surface to 

produce the desired deposit. Frequently, volatile by-products are also produced, 

which are removed by gas flow through the reaction chamber. This method was 

found to be useful for production of FTO doped coatings on a window glass of 3 m 

width [37,38]. Also WO3 layers have been coated by this method, however the 

transmission modulation (∆T) between bleached and colored states were around 10, 

which is an indicator of the low ion storage efficiency of the films [39]. 

 

1.2.5.3 Sputtering 

 

Sputtering is a vacuum evaporation process which physically removes portions of a 

coating material called the target, and deposits a thin, firmly bonded film onto an 

adjacent surface called the substrate. The process occurs by bombarding the surface 

of the sputtering target with gaseous ions under high voltage acceleration. As these 

ions collide with the target, atoms or occasionally entire molecules of the target 

material are ejected and propelled against the substrate, where they form a very tight 
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bond. The resulting coating is held firmly to the surface by mechanical forces, 

although, in some cases alloy or chemical bond may result. Sputtering has proven to 

be a successful method of coating a variety of substrates with coatings of electrically 

conductive or non-conductive materials [40].  

 

1.2.5.4 Magnetron sputtering 

 

In diode sputtering not all of the electrons escaping the target contribute to the 

ionized plasma glow area [41]. The wasted electrons fly around the chamber causing 

radiation and other problems, for example, the heating of the target. A magnetron 

sputtering source addresses the electron problem by placing magnets behind, and 

sometimes, at the sides of the target. These magnets capture the escaping electrons 

and confine them to the immediate vicinity of the target. The ion current (density of 

ionized argon atoms hitting the target) is increased by an order of magnitude over 

conventional diode sputtering systems, resulting in faster deposition rates at lower 

pressure. The lower pressure in the chamber helps create a cleaner film. Target 

temperature is lower with magnetron sputtering enhancing the deposition of high 

quality films. 

 

1.2.5.5 Electrophoretic film deposition 

 

Electrophoretic deposition is a colloidal processing technique, under the influence of 

an electric field the colloidal particles move and get deposited as coatings and 

coatings on a substrate (electrode). A thermal post treatment is usually needed to 

enhance the mechanical properties of coatings. Advantages of EPD can be written as 

uniformity in coating thickness, cavities and complex geometries can be coated 

successfully [42]. Wang and Cao have prepared coatings of orthorhombic V2O5 by 

sol electrophoretic deposition (EPD) to investigate the electrochemical and optical 

performances for possible applications in electrochemical/electrochromic devices 

[31].  
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1.2.5.6 Spray pyrolysis deposition (SPD) 

 

Spray-pyrolysis is a technique used to deposit coatings by hydrolyzing an aerosol on 

the surface of a heated substrate and coating with droplets. Advantage of SPD 

technique is the possibility of coating large surfaces with good uniformity [43]. 

Enesca et al. has prepared a nano-structured layer of tungsten oxide, WO3, by spray 

pyrolysis deposition (SPD) method using (NH4)2WO4 precursor. The coating 

exhibited good uniformity and electrochromic properties [44].  

 

1.2.5.7 Sol-gel method 

 

Sol-gel is considered as an alternative to sputtering, physical vapor deposition (PVD) 

and chemical vapor deposition (CVD). Advantages over other techniques are mainly 

the relatively low cost equipment and low calcination temperature. Another asset of 

the sol-gel technique is the processing possibilities to coat large areas and different 

geometries by spin coating, dip coating or spray coating techniques [11]. High 

homogeneity of the end products and easy control of microstructure by changing the 

sol chemistry enables to produce the products with desired properties [45]. The 

temperatures required for all stages apart from densification are low thus thermal 

degradation of any species is minimized, high purity end products are achieved. In 

common precursors such as metal alkoxides are volatile so they are easily purified. 

Organometallic precursors are frequently miscible so homogeneous and controlled 

doping is easy to achieve. Hydrolysis and condensation reactions can be controlled 

by the addition of an acid or base in a controllable or two step process, in this way 

pH sensitive species can be entrapped and still retain their functions. Highly porous 

or nanocrystalline materials can be prepared. Control of aging and drying conditions 

may let the production of further pore size, and mechanical strength. Coatings, 

complex shaped ceramics; fibers can be produced without melting. The low 

temperature of sol-gel is generally below the crystallization temperature and lets the 

production of unusual amorphous materials [46]. There are also some limitations 

such as, precursors are often expensive and sensitive to moisture. Densification and 
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dimensional change percentage, shrinkage and stress cracking on drying are the 

major problems of sol-gel technique [46].  

 

1.2.6 Coating preparation by sol-gel method 

 

Major steps to form coatings are as follows:  

• Solution preparation  

• Gelation and aging of solution (to a viscosity suitable for coating)  

• Sol-gel coating process (spin, dip, spray coating, electrophoresis, inkjet 

printing, roll coating) 

• Drying and sintering 

 

1.2.6.1 Solution preparation   

 

To prepare a sol which will prove desired characteristics of the end product, picking 

up the right reagents through many is a must. Most of the times there are four major 

ingredients needed to prepare a sol: a suitable alkoxide, solvent (i.e. ethanol), water 

(hydrolysis) and an acid or base (catalyst) to control the rates of the reactions [45]. 

 

The solutions prepared from peroxo roots are attracting more interest in making WO3 

coatings due to the possibilities they are bringing to the sol-gel science. Especially 

different studies on peroxotitanates, peroxotungstates are being carried out by 

different research groups [47, 48]. Main advantage of using a peroxo root is the 

easiness of preparation of the precursors, the availability and low prices  of  the 

materials used in precursor preparation.  

 

When compared to chloro-alkoxides they are environmentally friendly and no 

residues are being left in the end product which may affect the properties of the 

coatings. High quality tungsten oxide coatings can be obtained using the peroxo 

roots. 
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1.2.6.2 Gelation and aging of solution 

 

Near isoelectric point (point of zero charge), neutral precursors condense indefinitely 

and form gels [49]. During gelation sol particles formed by hydrolysis and 

condensation reactions, form bonds. At this initial step of gelation the mixture has a 

high viscosity and at gel point a sudden increase can be observed. As gelation 

proceeds elasticity of the gel increases and sol particles go on linking with each other 

[46]. 

 

The formation of the gel does not signify the end of the chemical reactions. 

Polycondensation, syneresis, coarsening and phase transformation continue to take 

place. At the end of the polycondensation process transition metal makes bonds with 

oxygen and a network of metal oxide forms. After polycondensation ends, the second 

step shrinkage starts by expulsion of liquid from pores and it is named as syneresis. 

The point at which syneresis is minimum is known as the isoelectric point. 

Coarsening is known as Ostwald ripening and takes place with the increase in 

average pore size of gels and decrease in the surface area [49]. In this study the aim 

was to form uniform coatings by condensation of solutions directly into solid 

coatings by spin coating.  

 

1.2.6.3 Sol-gel coating processes  

 

Sol-gel deposition techniques are spin coating, dip coating and spraying the sol on 

the substrate. Among these techniques most widely used commercial technique is dip 

coating [50]. Spin coating has limitations; surface area should be small enough for 

the solution to be uniformly coated on the substrate. Spraying technique has also 

drawbacks, to coat the substrate a great amount of sol will be used and most of it will 

not be recyclable due to splashing around. 
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1.2.6.4 Drying and sintering  

 

Drying is a very important step in achieving crackless surface coatings. As the 

percentage of the reduced volume of the sol coated on the substrate is more than the 

amount left on the substrate huge volume shrinkage is considered in film deposition 

by sol-gel technique. If the densification of the coated film will be performed just 

after the coating process although the film is very thin it will not be able to form 

interconnected pores and fast shrinkage will lead to cracks which will affect the 

efficiency of the electrochromic device and the aesthetics of the device produced. 

Sintering is another important step in film formation because the final microstructure 

completely affects the kinetics of the electrochromic device. Good cycling, fast 

diffusion through the structure, aesthetics all depend on the final heat treatment of 

the film. Heating rate, humidity in the chamber, used atmosphere all affects the final 

product. Drying and sintering should be done in a controlled environment and 

controlled heating cooling rates. Utilization of optimum heating and cooling rates 

will end with better coatings. 

 

1.2.7 Electrochromism associated with tungsten oxide (WO3) 

 

This part of the thesis was devoted to the electrochromic properties and various 

studies made on the electrochromism of tungsten oxide. Important material 

properties and parameters affecting the overall EC performance have been presented 

in the following sections.The oxides of many transition metals show electrochromic 

property on an applied potential. These elements were shown by Granqvist in the 

periodic table in Figure 1.2 [2]. The textured areas with the lines aligned to the right 

show the transition elements which show cathodic coloration and the oppositely 

aligned lines show the anodic elements. Amongst these electrochromic inorganic 

materials WO3 is the most studied and the best performing electrochromic transition 

metal oxide this is due to its compromising properties such as high contrast at 

bleached and colored states, high ion storage capacity compared to other oxides and 

material availability [2, 4, 11, 51]. It is also resistant to weathering at high and low 

temperatures compared to its organic analogues [4, 5]. 
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Figure 1.2 The representative periodic table showing the transition metals whose 
oxides exhibit anodic and cathodic coloration on an applied potential. (Adapted from 
available literature [2]) 
 
 

1.2.7.1 Crystalline structure of tungsten oxide 

 

It is important to know the structural aspects of this oxide to be able to understand 

the effect of the structure on the electrochromism of tungsten oxide in different 

conditions. In the crystalline state WO3 has a nearly cubic structure which is 

described as an empty-perovskite or perovskite-like like structure, with deviations 

from the ideal cubic perovskite-like structure which is controlled by the temperature. 

The structural changes due to temperature between 900−-189°C are: 

 

tetragonal → orthorhombic→ monoclinic→ triclinic→ monoclinic 

 

The structure is composed of corner sharing WO6  octohedras  and the empty sides 

formed in the centre of the cubic structures provide the interstitial sites where ions 

are being inserted during the electrochromic cycles. The structures were illustrated in 

Figure 1.3 and 1.4.  
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Figure 1.3 Schematic showing the corner sharing octohedras. 
 
 
 
 
 
 
 
 

 
 
Figure 1.4 Schematic showing the (a) corner sharing octohedra (b) the empty-
perovskite structure filled with an M+. 
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WO6 octohedras were formed by a W atom at the center of the octohedra bonded to 6 

oxygen atoms at the corners which are called the W-centered octohedras. However 

tungsten oxide may form sub-stoichiometric phases containing edge-sharing 

octohedras whose composition are expressed as WO3-x. Tungsten oxide in the 

oxidized state, where all tungsten atoms has the oxidation state 6, (W6+), it is fully 

transparent and conversely when it is completely reduced it exhibits 5 as the valance 

state. The W5+ sites are accepted as the sites for coloration [2, 8, 12]. The coloration 

mechanism is formulized as in Eqn 1.2 and 1.3. Eqn 1.2 represents more general 

formula showing the reversible electrochromic reactions. The ion M+ is chosen from 

the first column of the periodic table. The insertion of ions leads to the formation of 

tungsten bronze with the general formulae MxWO3. In Eqn 1.3 specifically Li+ ion 

insertion was illustrated. The insertion of Li+ has lead to the formation of tungsten 

bronze with W atoms which exhibit different valance states which are 5 and 6. The 

reduction of W6+ produces W5+, which is a consequence of the trapping of the 

electrons by W6+.  

 

33 WOMxexMWO x→++ −                                                       (1.2)                       

3
56

)1(3 )( OWWLieLixWO xxx −
−+ →++                                                   (1.3) 

 

The insertion of ions leads to the distortion of the lattice structure and the structural 

changes during intercalation of different kinds of ions are illustrated in Figure 1.5 

[2].  The insertion of ions also leads to the delocalization of electrons in the structure 

which changes the electronic structure of the material. This behavior of WO3 is due 

to its semiconductor nature. Semiconductors in which electrons are responsible for 

the current carriage are called n-type and in which the holes are responsible for the 

electronic properties are termed p-type. In this respect tungsten oxide is an n-type 

semiconductor. After reduction of tungsten oxide a tungsten bronze is formed and it 

becomes a highly conducting blue material. In the oxidized state it is transparent and 

insulating. The changes in the electronic structure do not depend on the ionic species 

or the structure of the material. The change in the conductivity versus x value in 

MxWO3 was shown in Figure 1.6.  
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Figure 1.5 Schematic illustrating the change in the crystal structure of tungsten 
bronze (MxWO3) due to the variation of x and M+. (Adapted from available literature 
[2]) 
 

 
Figure 1.6 The change in the conductivity of tungsten bronze due to the change in x 
value of MxWO3. (Adapted from available literature [2]) 
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The increase in the conductivity starts around x=0.2 and become larger as the value 

increases and the dependence on the structure can not be observed due to the data 

demonstrated in the Figure 1.5. Optical properties of tungsten oxide and tungsten 

bronzes formed through the insertion of alkali ions can briefly be discussed in two 

steps. 

 

i. WO3-x itself is transparent at x=0 as the x changes it starts to get colored.  

 

ii. The tungsten bronzes, MxWO3 ,  formed gets colorized as x increases this 

leads to a change in absorption and reflection of electrochromic tungsten 

oxide bronzes [8]. 

 

x is the fractional number of sites where ions are being inserted. At low x films 

exhibit a deep blue color and as the x increases the formation of tungsten bronze 

becomes irreversible and the color of the bronze is red or golden. This  fact which is 

effective on the irreversible Li+ ion intercalation was explained with  the number of 

Li+ ions inserted in the WO3 structure, if  it exceeds a certain number it will form an 

irreversible coloration of red or golden [8]. In the pristine state tungsten oxide is 

transparent with a transparency percentage of nearly 100% and pale yellow in color 

and a poor electrical conductor.  

 

The first cycles of intercalation and deintercalation of alkali ions causes an initial and 

permanent uptake of ions, this opens the root for the following fast and reversible 

cycles [8]. This effect can be observed from the first cycles of CV voltammograms. 

In Figure 1.7 the change in the current density with the cycles following each other is 

shown. The oxidation peak reaches to a higher value as the cycles proceed and the 

charge being inserted in the film grows in quantity. The kinetics of charge insertion 

increases for the first cycles. However an opposite trend is followed by the device as 

the number of the cycles increases, in Figure 1.8 a representative voltammogram is 

shown, it is shown to explain the ion insertion behavior in the increased cycles [52, 

53]. 
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Figure 1.7 Cyclic voltammogram of tungsten oxide coating showing the change in 
the total charge insertion modulation in first five coloration/ bleaching cycles (Graph 
was provided from the current study). 

 
 
 

 
 

Figure 1.8 Cyclic-voltammetry recorded for WO3 films after 10, 1000, 2000 and 
3000 cycles in a 0.5 mol/L H2SO4 electrolyte, respectively. (Adapted from available 
literature[2]) 
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As the number of the cycles increases the current density decreases which is showing 

that the amount of current passing per unit area is decreasing which is explained by 

the trapping of charge as a result of irreversible chemical reactions between the film 

matrix and the inserted H+ ions, the amount of incorporated charge decreased during 

the cycling [54]. As the number of cycle’s increases this change reaches to 

equilibrium and after ≤106 cycles the coloration becomes completely irreversible. 

This maximum cycling value and the electrochromic behavior depends on the 

processing conditions of the tungsten oxide coatings 

 

1.2.7.2 Crystalline vs. amorphous tungsten oxide 

 

As stated before in the beginning of this section the microstructure is important in the 

electrochromic properties of tungsten oxide coatings. Granqvist has reported 

amorphous WO3 coatings to exhibit a diffusion coefficient for Li+ about one order of 

magnitude higher than that of crystalline films [2]. 

 

Tungsten oxide based electrochromics has specific properties in controlling the 

passing solar radiation, polycrystalline WO3 modulates the optical transmission by 

reflection on the other hand amorphous WO3 changes optical transmission by 

absorption [5]. In many studies, the crystalline or nanocrystalline coatings of WO3 

were studied. The grain size of them should be small enough to permit fast kinetics 

and small enough to minimize electron scattering and maximize modulation by 

reflection or transmission [5, 12, 20]. 

  

The studies on the sol-gel derived tungsten oxide coatings by Deepa et al. were done 

[12, 20]. In their studies different calcination temperatures such as 250 °C and 500 

°C with different calcination times and a drying control chemical additive oxalic acid 

dehydrate was used to obtain  amorphous, crystalline and nanocrystalline coatings. 

Due to the previous research and the current research data, tungsten oxide coatings 

exhibit an amorphous structure below 350 °C and a crystalline structure is obtained 

above 350 °C. The effect of calcination time is also important; tungsten oxide 

coatings calcined at 500 °C for 3 h exhibits nano-particles of 20-50 nm average size 
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range with pseudo cubic triclinic crystalline structures and nanorods [55]. Their 

electrochromic behavior was not investigated. In another study 250 and 400 °C were 

chosen as the calcination temperatures and the calcination time was 1 h. The heating 

rate in all these studies was 5 °C/min. The final products exhibit amorphous and 

crystalline structures for 250 °C and 400 °C, respectively. By addition of oxalic acid 

dehydrate to the same solution used in the previous part they have obtained 

amorphous coatings with nano grains which were 10-40 nm. The OAD addition has 

shown an interconnected network of nano-grains with distinct boundaries and nano-

pores of 10-20 nm range distributed throughout the specimen. The efficiencies of 

these three films were listed in Table 1.3. 

 

 

Table 1.3 Results for various studies made on tungsten oxide coatings with the same 
sol-gel root, using different variables humidity, dopant, temperature, coating 
technique. 

 
Film 
specification 

Transmission 
modulation 
∆Tvis 

Coloration 
efficiency 
CEvis 

Anodic 
peak 
current 
(mA) 

Microstructure #Ref 

      
0%OAD-250 
°C 55RH 
Dip coated 
30cm/min 

59 57 1.8 Amorphous [67] 

0%OAD-250 
°C 75RH 
Dip coated 
30cm/min 

61 70 2.25 Nanocrystalline  [67] 
 

0%OAD-250 
°C  
3500rpm  
30 s 

63.2 70.2 2.5 Amorphous  [12] 

4%OAD-250 
°C 
3500rpm  
30 s 

57.5/55.7 51.0/34.7 3.3/4 Nanocrystalline  
[12] 

4%OAD-250 
°C 
Dip coated 
30cm/min 

65.7 47.6 4.6 Amorphous–
crystalline 
hybrid structure 

[68] 
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1.2.8 Aging of films, humidity and physisorbed water content of coatings 

 

The storage of the coatings is an important parameter as the aging effects were seen 

in coatings by Yoshiike et. al in their studies [58].Yoshiike and Kondo has studied 

the effect in a detailed fashion such that they have ended with some important results 

[58]. Due to their studies on the coatings of tungsten oxide the amount of 

physisorbed water increased with time but came to equilibrium within 24 h. However 

the amount of chemisorbed OH groups continued to increase for at least several 

weeks. Due to a result obtained by nuclear magnetic resonance the hydroxylation 

reaction may be according to following chemical reactions: 

                                     

 

                                                     (1.4) 

                            

                      (1.5) 

 

The cyclic voltammograms of films which were treated under different conditions 

are shown in Figure 1.9. The figure represents four different samples first one is 

tested under the as deposited state second and third one are stored under 25-50% 

humidity for 16 h and 168 h and the fourth is stored under 40-95% humidity and can 

be represented as WO3·H2O. 

 

From the voltammograms one can decide that some amount of physisorbed water 

enhances the current and the hydroxylation conversely decreases the current. 

Judeinstein and Livage obtained amorphous WO3 coatings by the sol-gel method and 

investigated these with X-ray Spectroscopic techniques [56]. Crystallization occurred 

when these films were heated above 350 °C (orthorhombic WO3). After storing in 

humid atmosphere, the hydrous phases WO3·H2O and WO3·2H2O were found and the 

data obtained from IR and DTA have shown that tungsten oxide films derived by sol-

gel technique do always contain physisorbed water until they are heated up to 350 °C 

[56, 57, 58, 59]. 
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Figure 1.9 Cyclic voltammograms of WO3films scanned with a rate of 200 mV/s. 
The scan direction is shown by arrows. τa: temperature, RH (%):relative humidity, t: 
time.(Adapted from available literature [2].) 
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1.2.9 Various dopants and their effects 

 

Some researches on doped WO3 has also been carried out such as TiO2-WO3, MoO3-

WO3, Ta2O5- WO3, Li+ doped- WO3 and the best one was found to be undoped WO3 

but for various properties of the doped WO3’s, they can be used in the applications 

where they are required. For example, Gottsche et al. in their study have studied the 

mixed compound WO3-TiO2, and after the experimentation they have concluded that 

the number of tungsten active sites is reduced and the coloration efficiency 

diminishes from about 70 cm2/C (undoped film) to 35 cm2/C, with 33% Ti doping. 

But the anti-reflective property increases by the addition of TiO2 [60]. 

 

In another research made on sol–gel coated WO3–TiO2 films, Özkan has found that 

the coloration efficiency of the coatings were decreased as the titania amount was 

increased [48]. However titania has increased the crystallization temperature above 

400 °C, leading to a more disordered structures at high temperature calcined samples 

and improved their electrochromic properties [48]. 

 

1.2.10  Sol-gel routes for WO3 coatings 

 

The deposition techniques of electrochromic coatings were mentioned earlier. In this 

section of the chapter various roots for production of sol-gel derived tungsten oxide 

is discussed. As stated previously sol-gel technique is more advantageous in costs 

and in processing.   

 

In the production of tungsten oxide coatings alkoxides, chloro-alkoxides, tungstic 

acids, sodium-tungstate solutions and several other aqueous solution precursors may 

be utilized. 

 

Tungsten ethoxides W(OEt)6 are used in several studies. However these precursors 

are expansive and sensitive to water these are the drawbacks of ethoxides [3]. 

Utilization of WCl6 and WOCl4 for this purpose was discussed by several authors. In 

her study Ozkan had prepared the deposition solution by mixing 1 g of WCl6 with 10 
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g of ethanol [48]. They have reported that the solution turns to yellow immediately 

after the addition of WCl6 to the solvent and successively becomes green and then 

blue as tungsten is reduced. These sols are very reactive and the blue coloration is 

due to their partial reduction by solvents, this leads to the formation of +5 valance 

state tungsten. One of its advantages is, it allows formation of WO3-TiO2 complexes 

by addition of titanium butoxide and addition of acetic acid as the catalyst working 

electrochromic films were produced [48]. 

 

Solutions in which WOCl4 used are cheaper compared to ethoxide roots also have 

reported that the prepared solutions were stable for several months [3]. This gives an 

advantage of controlling the viscosity of the sol and the amount of the solvent to 

produce films with different thicknesses. On the other hand they were known to 

exhibit good electrochromic properties. However processing should be under dry and 

vacuumed atmospheres and due to chloride device may encounter electrochemical 

stability problems.  

 

Peroxotungstic acid roots are various; they can be prepared by dissolving tungsten 

carbide or tungsten metal in H2O2, dissolving tungstic acid powders in H2O2 or 

addition of acids as catalysts. This root permits various dopant additions. Also, this 

method is cheap and the prepared sols are being stable for several months when 

stored about 4-10 °C. On the other hand the procedure is easy to handle and the films 

can be formed on the surface of the substrate by dipping, spin coating and spraying 

techniques. Solutions obtained may be treated with an acid by refluxing and than 

dissolving the formed powder in ethanol really good precursor sols can be obtained. 

After testing a precursor sol which was prepared by reacting H2O2 with tungstic acid 

(H2WO4),  Livage and Guzman have reported that these precursor are stable and they 

prevent the rapid precipitation of WO3·nH2O [61]. Also the films formed by this 

method have exhibit a longer coloration/bleaching life time [61]. They have 

commented that by changing the experimental condition such as pH, concentration 

and temperature different amorphous or crystalline phases can be obtained [61]. 
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During coating cycles the pores formed by the previous drying and sintering steps are 

being filled with the sol of the second layer, which is an undesired case. In the 

current study this problem will be handled by drying the WO3 sol at 100 °C where 

the first stable microstructure of the WO3 network starts to form. Coating of further 

layers does not affect the final microstructure because the out gassing process occurs 

at about 250 °C, where pore network is not disturbed.  

 

1.3 Objective of the thesis 

 

As stated in the introduction part, the objective of the thesis is to establish sol-gel 

routes which are easy and cost effective ways for preparation of tungsten oxide 

electrochromic coatings.  The potential of this technique towards obtaining uniform 

coating on transparent conductive oxide coated (TCO) glasses has been investigated.  

Along this general objective a series of approaches/methods have been tried and 

developed as follows: 

 

 Using metallic tungsten powder as precursor to achieve cheaper processing 

routes, 

 

 Changing sol formulation depending on the solvent amount to obtain better 

wetting properties and controlling coverage properties of the coatings on ITO 

coated glass substrates, 

 

 Changing the sol chemistry by doping with different species like titanium to 

obtain a more open and distorted structure by forming a higher disorder for 

the gain of  more Li+ ion insertion sites and paths used during the 

electrochemical cycles,  

 

 Using different calcination temperatures and investigating the effect of 

temperature on the microstructure (amorphous or crystalline) of 

electrochromic coatings, relating the microstructure to the coloration 

efficiency of coatings.  
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1.4 Structure of the thesis 
 
In the first chapter an introduction to the electrochromism and electrochromic 

devices have been presented. Additionally for a deeper understanding of the 

phenomena chromism and its types were briefly described. Sol-gel technique and 

alternative production methods have also been described in the following parts of the 

first chapter. As the final part of the chapter electrochromic properties of tungsten 

oxide and the findings of researchers were given. Second chapter contains the 

descriptions of the experimental procedure carried out throughout the research and 

the material characterization techniques that have been used to characterize the 

structural, optical and electrochemical properties of electrochromic coatings. In the 

third chapter results obtained by the characterization techniques are demonstrated. 

Discussions were carried out using the process variables and their affects on the 

properties and efficiencies of the electrochromic tungsten oxide coatings. Fourth 

chapter reveals the conclusions. 
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      CHAPTER 2 
 

2 MATERIAL CHARACTERIZATION AND EXPERIMENTAL 
METHODS 

 

2.1 Materials and experimental methods  

 
This part of the Chapter 2 is devoted to the materials used and the experimental 

works conducted in the thesis. In this section pretreatment of the substrates, 

preparation of tungsten oxide coating solutions using different routes and the coating 

processes are explained in detail. 

 

2.1.1 Materials 

 

The chemicals used in the thesis and their sources are listed in Table 2.1 

 

2.1.2 Cleaning and preparation of glass substrates  

 

Throughout the thesis, regular soda-lime-silica (SLS) glass substrates and special 

substrates with conductive layer- tin doped indium oxide (ITO) coated-  were used 

for applying sol-gel derived WO3 coating solutions. Soda-lime-silica glass substrates 

were used in initial coatings trials to optimize processing to achieve uniform and 

acceptable coverage on the substrate. After optimizing processing parameters 

selected coatings sols were applied to ITO substrates to obtain electrochromic layer 

and both the structural and functional characterizations of them were performed by 

different techniques as previously explained in the beginning of this chapter. So; this 

section outlines the preparation of the glass substrates for coating procedure.  
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Table 2.1 Materials used in the experimental part of the study and their sources are 
listed in the following table. 
 

Material Source Chemical 
Formulae 

Tungsten Powder Alfa Aesar W (99.9%) 

Hydrogen Peroxide Merck H2O2 

Acetic Acid Merck CH3CO2H 

Ethanol Merck CH3CH2OH 

Tetraethyl orthotitanate 
Synonymes: 
Ethyl Titanate 
Titanium Ethoxide 

Merck Ti(OC2H5)4 

Lithium perchlorate Merck LiClO4 

Propylene carbonate Merck C4H6O3 

 
 

 

 

 

 

 

 

 

 

 



 35

The experimental details related to preparation of coating solutions and details on 

application of the coating solutions on the glass substrates and subsequent post 

treatments of the coatings are presented. 

 

2.1.2.1 Cleaning procedure for soda-lime-silica glass substrates  

 

Plain SLS glass substrates were cut into 2.5x2.5 cm and then cleaned following the 

procedure shown in the flowchart as illustrated in Figure 2.1 To obtain a uniform 

coating on the substrates they should be neatly cleaned, glass substrates were first 

washed with a detergent to get rid of any contaminants that might exist on them and 

than put into a container with NaOH in it agitated for 15 min, thereafter washed with 

DI water and to clean any trace of NaOH that may remain on the substrate they were 

agitated in HCl containing beaker. They were finally washed with DI water and then 

ethanol and stored in a desiccator to keep them clean until coating.  

 

2.1.2.2 Cleaning and preparation procedure for ITO coated glass substrates 

 

Indium tin oxide (ITO) coated glass substrates (obtained from Şişecam A.Ş) have 

been used to prepare electrochromic coatings. The thickness of the ITO layer was 

approximately ≈ 140 nm and the resistance was about 16Ω throughout the ITO layer. 

Prior to coating, substrates (typically 2.0x2.0 cm) were chemically treated. 

Pretreatment was performed by sonicating in DI water for 5 min followed by 

sonicating in acetone for 15 min. In the final step the substrates were further 

sonicated in 200 proof ethanol (50 °C) for 15 min and washed with ethanol and blow 

dried.  The steps of the cleaning process are shown by the flowchart in Figure 2.2.   
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Ultrasonic Bath  
15 min in NaOH 

Wash and Rinse 
with DI water 

Ultrasonic Bath  
15 min in HCl 

Wash and Rinse 
with DI water 

Wash 
with  

Ethanol

Wash with detergent 

Store in  
desiccator

 
 
Figure 2.1 Cleaning procedure for plain soda-lime-silica glass substrates. 

 
 
 
 
 

Ultrasonic Bath  
15 min in DI 

Wash and Rinse 
with DI water 

Ultrasonic Bath  
15 min in Acetone 

Ultrasonic Bath 
15 min in ETOH 

@50oC

Store in  
desiccator 

 
 
Figure 2.2 Cleaning procedure for ITO coated glass substrates. 
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2.2 Preparation of coating sols and thin film deposition 

 

Tungsten oxide electrochromic coatings were prepared by three different aqueous 

routes where an easily available source metallic tungsten source was used as the 

tungsten oxide precursor. In both cases, sols were applied to pretreated substrates 

after minimum 24 h of aging. 

 

2.2.1 Route 1: Preparation of acetylated peroxotungstic acid (APTA) sol  

 

Acetylated peroxotungstic acid sol was prepared by dissolving 13 g of tungsten metal 

in 80 ml H2O2 : 8 ml H20 following the experimental details of a prior study of M. 

Deepa et.al. [12]. Dissolution was achieved in a closed double vessel container at a 

temperature range of 0-10 °C with the help of water bath. After dissolving tungsten 

metal any residue in the peroxotungstic acid solution was filtered by a Whatman 2 

paper with the help of the vacuum. The clear solution was used to obtain the coating 

sol. First, some of glacial acetic acid was added to enhance the long term stability of 

the coating solution. The solution was further homogenized by refluxing at 55-60 °C 

for 24 h until it becomes a dense pale yellow form,  then the resulting solution was 

vacuum dried at 55-60 °C for 6 h to obtain solid powders of acetylated 

peroxotungstic acid (APTA) with the use of vacuum distillation method. Coating sols 

were then simply obtained by dissolving 1 g APTA in 3 ml of 200 proof ethanol 

(EtOH), which were further filtered using a 0.25 µm syringe filter before coating on 

ITO-substrate to be sure that no residues remained in the sol which may affect the 

smoothness of the end product. 

 

2.2.2 Route 2: Preparation of peroxotungstic acid (PTA) sol  

 

Peroxotungstic acid sol was prepared by dissolving a total of 8 g tungsten metal in 73 

ml of H2O2. This was again performed in a closed double vessel container at a 

temperature range of 0-10 °C with the help of water bath, to prevent the thermal 

changes due to strongly exothermic nature of the dissolution. After complete 

dissolution the solution was filtered through 0.2 µm opening filter with the help of a 
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vacuum pump, to separate any precipitates. Clear precipitate free peroxotungstic acid 

filtered was than diluted with 200 proof ethanol (EtOH) at different  peroxotungstic 

acid solution: ethanol (PTA: EtOH) volumetric ratios of 1:1, 1:3,1:5,1:7 to obtain 

final coating solutions which were applied to ITO glass substrates. The sol was pale 

yellow in color and stable for several months when stored at 4-10 °C. 

 

2.2.3 Route 3: Preparation of Ti-doped PTA sol 

 

Titanium ion doped PTA sol preparation has the same basis as PTA sol preparation. 

The only difference is that TeOTi4 (tetraethylorthotitanate) is added to PTA sol to 

achieve chemical doping of the WO3 forming gel. Only one particular concentration 

of PTA:EtOH (with 1:7 vol ratio) solution was doped with TeOTi4:EtOH addition. 

This specific PTA sol composition was chosen according to experimental trials on 

the coverage and thin formation properties of plain PTA sol, as it will be discussed at 

the beginning of results section. In other words, this chemically modified sol 

formulation is equivalent to best film forming plain PTA:EtOH (with 1:7 vol ratio)  

coating sol in terms of the ethanol amount but additionally contained Ti-alkoxide  

solution.   

 

In some processing trials TeOTi4 was directly added into PTA:EtOH sol where the 

mixtures turned into red and some precipitates were formed. Those precipitates can 

be eliminated by stirring for about 30 min. On the other hand dissolving TeOTi4 in 

ethanol and subsequent addition into PTA has yielded sols with red color and no 

precipitates were observed which makes the process easier. The change in the color 

from pale yellow to red is an indicator of the formation of peroxotitanates in the 

solution. In this study sond method was used to prepare precipitate-free sols. 

Initially, 0.370 ml TeOTi4 was dissolved in 40 ml EtOH by stirring for 30 min and 

then it was mixed with previously prepared PTA:EtOH sol (40 ml:240 ml) to form 

homogenous uniform coating solution. This approximately corresponds to an atomic 

ratio of Ti:W of  5:95.  
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2.3 Coating process and post-treatments  

 

A Laurell WS-400B-6NPP-LITE type spin coater was used to apply the coating 

solution on pre-cleaned substrates. All the coatings are produced at a spin rate of 

2500 rpm for time span of 45 s. Before spinning the coating sols were preheated to a 

temperature of 40-50 °C to improve the fluidity. Four subsequent spinning operations 

were performed to obtain the final coatings.  For each spinning approximately 0.12 

ml of coating sol was delivered on the substrate by using a disposable syringe.  

 

A maturing heat treatment is applied after each coating step by drying at 80-100 °C 

for 1h. The heating rate was 5 °C/min and dried samples were cooled to room 

temperature by natural cooling in the drying oven.  After depositing all four layers a 

final calcination was applied at 250 °C or 400 °C for 1 h using a heating rate of 5 

°C/min. The calcined samples were again cooled down to room temperature in 

natural cooling in the furnace.  

 

2.4 Materials characterization  

 

In this following part, the details of analytical characterization techniques used 

throughout the thesis are presented. X-ray diffraction was used for phase analysis and 

to find out the structural state of the sol-gel precursors and coatings at various stages 

of processing.  The surface morphology and the film thicknesses were detected by 

high magnification SEM analyses and thermal analyses were conducted using DSC 

and TGA to determine the crystallization behavior of the sol-gel precursors and to 

understand structural changes during calcination. Optical properties analyses were 

conducted by UV-Vis spectroscopy which gives information about the transmission 

percentages and optical densities, and therefore the coloration behavior of the 

coatings obtained with different processing routes. In addition, the electrochemical 

studies were performed by the use of a potensiostat.  The XY plots of current (mA)-

potential (V) graphs were employed in calculating the total charge densities and 

reduction/oxidation (i.e. coloration/bleaching) efficiencies of the coatings. 
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2.4.1 X-ray diffraction analyses (XRD) 

 

X-ray diffraction (XRD) analyses were done for phase identification and to 

determine the crystallinity of the WO3 forming sol-gel precursors as well as the 

coatings that are subjected to calcination treatment at 250 °C and 400 °C. Chemical 

phase identification of the powder and coating samples were performed by using a 

Rigaku X-ray diffractometer D/Max-2000 PC. X-ray source was Ni-filtered CuKα 

radiation.The X-ray source operating voltage was 40 kV and the scan rate was 

2°/min. X-ray diffractogramms were recorded in 2θ range of 15°-65°.  

 

2.4.2 Scanning electron microscopy 

 

Scanning electron microscopy was utilized to have detailed information about the 

surface morphology and to investigate the microstructure of the coatings formed by 

using different formulations and processing routes. The thickness measurements 

were also performed by the cross-sectional examinations of the coatings. SEM 

images of electrochromic coatings were obtained using a JSM-6400 electron 

microscope (JEOL) equipped with NORAN System6 with x-ray microanalysis and 

SEMAFORE digitizer. All coatings were coated with Au-Pd alloy coating by a 

HummelVII sputter coating device (ANATECH). Images with higher magnifications 

were obtained using another SEM (FEI Quanta 400F). Energy dispersive X-ray 

analysis was carried out for qualitative chemical analyses. 

 

2.4.3 Thermal analyses: Differential scanning calorimetry (DSC)  

 

DSC was used to understand thermal events during calcination of the coatings. WO3 

forming sol-gel precursor powders were examined for this purpose. The results were 

used to relate the endothermic and exothermic peaks to the organic burnout and 

crystallization behavior of the coatings. The calcination temperatures were obtained 

from the DSC data which also provided an understanding of the chemical reactions, 

the structural changes of the coatings occurring throughout the calcination process. 

TGA was used to detect the amount of gravimetric loss and gains throughout the 
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calcination process accompanying to the DSC analyses. The examinations were 

carried out with a Setaram DSC 131, and Setaram SETSYS TGA-DSC thermal 

analyzer under air atmosphere. Typically, thermal analyses were performed between 

room temperature and 500 °C or 700 °C with a heating rate of 10 °C/min. 

 

2.4.4 Optical properties (UV-Vis Spectroscopy ) 

 

The optical properties were determined based on ultraviolet-visible diffusive 

reflection spectrometer measurements. In order to obtain relative coloration 

efficiencies in situ transmittance and reflectance measurements are performed on the 

substrates immersed in a standard quartz UV-cuvette filled with 0.1 M LiClO4/PC 

electrolyte solution. In other words the UV-cuvette was utilized as the electrolysis 

cell equipped with Pt counter and Ag wire reference electrodes. Both transmittance 

and reflectance spectra for virgin and colored films (for the fifth cycle) were 

recorded in the wavelength range of 350-1100 nm using an Agilent 8453 model 

spectrophotometer after applying an oxidation/reduction potential of  ± 1.5 V for 

100-120 s.  Transmissions for bleached state (Tb) and for colored state (Tc) of 

coatings were simply determined from the corresponding spectra by recording the 

transmittance values in the visible range. More specifically transmission values at 

800 nm have been utilized in quantification of the coloration efficiency.   

 

Additionally, UV-Vis spectroscopy is employed in order to obtain the cycling times 

of various WO3 coating by time dependent in situ transmittance measurements. 

During kinetic studies, the cycling times of coatings were determined by use of a 

three electrode cell as shown in Figure 2.3 connected to a potensiostat which is 

shown in Figure 2.4. Varying the potential between ±1.5 V the coloration/bleaching 

of the coatings were conducted and at the same time (s) vs. transmittance percentage 

graphs were plotted by UV-Vis at a selected wavelength of 800 nm. 
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Figure 2.3 Three cell electrode configuration was formed using Pt as reference 
electrode, Ag as counter electrode and tungsten oxide coating as the working 
electrode. 
 

 
 

Figure 2.4 Electrochemical studies were performed using a set up as illustrated by 
the figure. (Figure was adapted from http://web.mit.edu/tester/cca.html) 
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2.4.5 Electrochemical properties: Cyclic-voltammetry (CV)  

 

Cyclic-voltammetry CV measurements typically used to calculate the efficiencies of 

reduction and oxidation cycles during the bleaching and coloration cycles. The 

direction of the potential is reversed at the end of the first scan and the coloring 

bleaching cycle is achieved. This has the advantage that the product of the electron 

transfer reaction that occurred in the forward scan can be probed again in the reverse 

scan.  In addition, it is a powerful tool for the determination of formal redox 

potentials, detection of chemical reactions that precede or follow the electrochemical 

reaction and evaluation of electron transfer kinetics. The total charge inserted and 

extracted into electrochromic films were obtained from cyclic-voltammetry 

measurements. Cyclic-voltammetry investigations of the coatings layers were 

performed by using Solartron 1285/Voltalab PST 50 potentiostats/galvanostats. 

Typically an oxidation reduction potential of  ± 1.5 V was employed with a 50 mV/s 

scanning rate.  

 

Before obtaining the CV hystresis curves, the standard electrolyte solution (0.1 M 

LiClO4/PC) was treated with nitrogen gas to get rid of access amount of oxygen to 

prevent oxidation of electrolyte ion (Li+) and to prevent the solution to contribute to 

oxidation reduction reactions thus effecting the measurements also the solution under 

study should not be stirred because the mass transport throughout the experiment 

would only be diffusion.  

 

A typical cyclic voltammogram was presented in Figure 2.5. The upper part of the 

voltammogram is associated with the oxidation of the electrochromic coatings and 

the lower part is the reduction curve. The peaks during the color bleaching 

(oxidation) and the coloration (reduction) show the extent of the reactions taking 

place during the reactions. The symmetry of the upper and the lower curves show the 

efficiency of ion intercalation and deintercalation during the electrochromic cycles. 

The integrated area between oxidation and reduction curves gives the total charge 

involved in the reactions. These voltammograms were obtained and the features of 

the cyclic voltammograms are interpreted and related to electrochromic performance.  
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Figure 2.5 A typical CV voltammogram data exhibiting a reduction peak for optical 
coloration event  and an oxidation peak for color bleaching. The important features 
that related to electrochromic performance such as Epc: cathodic potential  ipc: 
cathodic current, Epa: anodic potential and ipa: anodic current  can be all directly 
obtained from this data.   
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CHAPTER 3 
 

3                                   RESULTS AND DISCUSSION 
 

3.1 Visual investigations of the coatings 

 

3.1.1 Effect of spin coating parameters on film formation 

 

As a preliminary study, to understand the coverage efficiency and film formation  

potential on the samples, a series of coatings were prepared using the before 

mentioned sol-gel formulations. Initial trials were performed on soda-lime-silica 

substrates. The coating formulations outlined in section 2.3 were used. In the coating 

trials coating parameters such as spinning rate, application of multiple coatings, and 

effect of EtOH amount of the spinning solution have been investigated. The samples 

prepared according to different processing parameters are listed in Table 3.1. This 

table also indicates the visual observations related to proper film formulation, i.e. 

uniform and crack-free coverage after maturing calcination up to 400 °C.  The last 

column showing the remarks as positive (+) and negative (-) indicates the uniform 

crack-free coverage, and coatings with problems, respectively. 

 

First trials were done with a spinning rate of 1250 rpm. APTA sol has shown a good 

spreading up to three layers at this spinning rate, however some pile up and crack 

was observed at the edges of the glass substrate which is an undeserved result for 

electrochromic applications. PTA sol with 1:0, 1:3, 1:5, and 1:7 PTA: EtOH 

(volumetric ratio) were applied on the substrates at 1250 rpm, solutions with 1:0, 1:3 

and 1:5 ratios have shown bad spreading on the glass substrates and piled up after 

first layer. Only the sol with 1:7 ratio has formed multi-layered coatings up to four 

layers, although the number of layers were good enough for electrochromic 

applications the cracking and pile-up at the edges of the substrate was observed. 
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Table 3.1 Sol-gel derived coatings prepared from APTA, PTA and Ti-doped PTA 
sols using various processing parameters and observation on the film formation 
potential.  
 

 
 
The ratios shown in the first column with the the parentheses indicate the  
PTA: ethanol volume of the coating sol. 
  
*, **, ***  Indicates the proper coatings that have been further investigated in the 
thesis and characterized for the structural and functional properties. 

 

 

 

 

Coating sol 
formulation 

Spining 
rate 

(rpm) 

Notes 
(number of layers 

formed by spin 
coating process) 

Uniform surface 
and crack-free 
multi-layer film 

formation 

APTA 1250 Up to 3 layers - 

APTA* 2500 Up to 4 layers + 

PTA-1 
PTA:EtOH (1:0) 

1250 No film formation - 

PTA-1 
PTA:EtOH (1:0) 2500 No film formation - 

PTA-3 
PTA:EtOH (1:3) 2500 No film formation - 

PTA-3 
PTA:EtOH (1:3) 1250 No film formation - 

PTA-5 
PTA:EtOH (1:5) 1250 No film formation - 

PTA-5 
PTA:EtOH (1:5) 2500 Up to 2 layers - 

PTA-7 
PTA:EtOH (1:7) 1250 Up to 4 layers - 

PTA-7** 
PTA:EtOH (1:7) 2500 Up to 4 layers + 

Ti-PTA 
PTA:EtOH (1:7) 1250 Up to 4 layers  - 

Ti-PTA*** 
PTA:EtOH (1:7) 2500 Up to 4 layers  + 
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Titanium-doped PTA sol behaved in similar way as PTA sols. Proper film formation 

could not be achieved for the trials where sols of relatively low ethanol dilution 

ratios were employed. Ti-doped PTA sol with 1:7 ratio was also applied at 1250 rpm 

on the glass substrates, the same pile up and crack formation at the edges was 

observed for this sol after third layer.  

 

Due to the problems in spreading during coating process, pile-up and cracking after 

calcination or drying treatments it was decided to continue the coating process with a 

higher spinning rate of 2500 rpm which leads to thinner coverage. At 2500 rpm 

spinning rate APTA, PTA sols with 1:7 (PTA:EtOH) have formed multi-layered 

coating coatings on the glass substrates up to four layers. PTA sol with 1:0 and 1:3 

ratios have spreading problems on the glass substrate even at 2500 rpm and they do 

not form a uniform coating. The sol with 1:5 ratio has formed two layers on the 

substrate which is very thin for electrochromic applications and has shown pile up 

problem after calcination. 

 

In as-prepared condition all the coatings obtained were clear, transparent coatings. 

The general appearance and color resembled bare uncoated glass substrate. Three 

different coating that have been further investigated in the thesis for the structural 

and functional properties are shown with the marks in the first column of Table 3.1. 

 

3.1.2 Coloration efficiency 

 

After determining the coating process parameters for optimum coverage in the first 

experimental measurements related to determination of the electrochromic 

properties, selected samples tested in 0.1M LiClO4 electrolyte solution and color 

changes were observed.  Prior to this investigation coated samples from each of three 

formulations were calcined at 250 °C or 400 °C. Figure 3.1 provides some semi-

qualitative information about the coloration performances of the coatings showing 

the physical appearances of the samples as recorded by photographic camera. All 

coated samples exhibit some electrochromic potential, as they all turned into dark-

blue color from transparent form. 
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Figure 3.1 Coloration experiment showing the degree and uniformity of dark blue 
color change for the sol-gel derived coating calcined at 250 °C(left) or 400 °C(right) 
for  1 h.  (a)-(b) APTA-derived sol , (c)-(d) PTA-derived sol, and (d)-(f)Ti-doped 
PTA sols. 
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This blue color is in fact characteristic for typical reduction of tungsten oxide. 

When subjected to a cycling potential between -1.5/+1.5 V the transparent 

coatings of tungsten oxide was reduced and their color changed to a dark blue 

color and then they regain their transparent states as they were oxidized. As the 

increase in the potential leads to the deposition of silver ions on the substrate and 

the most suitable voltage range was found to be -1.5/+1.5 V for this reason. The 

photos shown in Figure 3.1 were taken after cycling the samples up to five cycles 

of coloration.  

 

As it is evident from the Figure 3.1 that coatings derived from APTA sol calcined 

at 250 °C have shown a better coloration compared to 400 °C calcined 

counterpart. The coatings are uniform and crackless to bare eye. The PTA with 

1:7 ratio sol coated substrates have a uniform and homogeneous film coated on 

them. The 250 °C calcined film is darker in color when compared to the higher 

400 °C calcined one. They are also crackless. Both 250 °C and 400 °C calcined 

coatings of PTA-Ti sol were good in coloration, but the 250 °C calcined was 

better again. They also have shown a uniform and crackless display. Two 

important conclusive observations based on this coloration experiment can be 

made.  

 

i. The samples calcined at 250 °C have shown a better coloration when 

compared to their 400 °C calcined counterparts.  
 

ii. Among the three sets APTA and PTA coating coloration efficiencies were 

comparable and there is no obvious difference in the darkening degree for 

the samples calcined at same temperature. But, for both calcination 

temperatures Ti-doped PTA coatings have shown a better coloration 

compared to two former sol formulations.  

 

The reasons for these differences between three sets will be analyzed further in 

the thesis and structural differences among the three types of coatings will be 

presented together with the quantitative coloration results obtained and EC-

performance obtained by optical and electrochemical analytical tools. 
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3.2 Thermal analyses 

 

DSC analyses were performed on gel precursor in the powder form to understand   

the structural changes during gelling and to investigate changes to during calcination 

heat treatment. DSC analyses were performed in air as drying and calcination 

treatments for powders and for coating forms were performed in air.  DSC curves 

plotted in Figure 3.2 have revealed different peaks and different thermal induced 

changes for PTA, PTA and Ti-doped PTA gel precursors.  

 

The DSC curve for APTA precursor sol powder is shown in Figure 3.2.a. The broad 

endothermic peak at 100 °C is assigned to the evaporation physisorbed water, 

decomposition of peroxo groups and removal of organic species such as acetyl 

groups by combustion. A second endotherm that ranges from about 280-325 °C is 

ascribed to chemically bound water [62]. This is most probably to the removal of 

water produced by decomposition of the W-OH groups during condensation of the 

gel to WO3. These endothermic reactions are followed by an exothermic reaction 

centering at 390 °C which is ascribed to the crystallization of WO3.  The small 

exothermic spike at around 285 °C may be due to initiation of crystallization upon a 

set of concentration of W-OH groups as suggested by Agarwal et al. [63]. 

 

The DSC result for PTA derived sol precursor is shown in Figure 3.2.b. As a general 

finding PTA-derived gel followed the same DSC curve as APTA except an 

additional 160 °C peak which was assigned to the removal of chemisorbed water. 

The endothermic peak around 70 °C is well defined for PTA powder this peak is 

ascribed to the evaluation of physisorbed water from the dried precursor sol powder. 

At about 150 °C another endothermic peak is observed for PTA root and this peak 

was assumed to be associated with the chemisorbed water evaluation. An 

endothermic peak around 300 °C was also observed for PTA precursor sol powder as 

like as APTA powder as mentioned before this peak is assigned to the loss of   
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Figure 3.2 DSC cutves for (a) APTA, (b) PTA and (c) Ti-doped PTA precursor sol 
powders. water due the condensation of W-OH groups. The crystallization of PTA 
precursor sol was found to be around 390 °C. 
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Ti-doped PTA sol-precursor showed similar structural changes as plain PTA-derived 

gel as shown in Figure 3.2.c. The endothermic peak about at around 70 °C was also 

well defined for PTA-Ti precursor sol powder. The second endothermic peak was 

observed around 195°C for PTA-Ti which is thought to be due to the elimination of 

chemically bound water. Crystallization of PTA-Ti has starts around 300 °C and it is 

finished near 450 °C.  One obvious distinction for Ti-doped gel compared to APTA 

and PTA derived counterparts is the thermal event at around 280 °C-320 °C. This 

endothermic peak event was not that obvious as the previous two gels. Not taking the 

300 °C centered endotherm into account it has followed the same path as PTA 

precursor sol.  The relatively poorly defined 300 °C peak suggests that the 

condensation of W-OH groups did not occur in this formulation or occurred at much 

lower extent compared to APTA or PTA sol precursor powders. 

 

3.3 XRD analyses of precursor sol powders 

 

XRD analyses of gel precursor in the powder form were done to understand the 

changes during the calcination treatment and to compare the results obtained from 

DSC analysis to gain a deeper understanding on the calcination and the associated 

structural changes. 

 

In Figure 3.3 the XRD patterns of all three precursor powder which were calcined for 

1 h. at 250 °C have shown two broad humps between 2θ=18°-38° and 2θ=43°-63° 

and they were amorphous. On the contrary the precursor sol powders calcined at 400 

°C were crystalline at different levels and their XRD patterns are shown in Figure 3.4 

APTA precursor powder calcined at 400 °C has shown monoclinic (JCPDS card no 

43-1035) and orthorhombic (JCPDS card no 20-1324) peaks. PTA precursor sol 

calcined at 400 °C has shown the same peaks as APTA precursor sol powder. 

However Ti-doped PTA sol precursor powder has shown a limited crystallization 

when compared to APTA and PTA precursor sol powders calcined at 400 °C. 
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Figure 3.3 XRD patterns (a) APTA, (b) PTA and (c) Ti-doped PTA precursor sol 
powder calcined at 250 °C for 1 h. 
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Figure 3.4  XRD patterns (a) APTA, (b) PTA and (c) Ti-doped PTA precursor sol 
powder calcined at 400 °C for 1 h. 
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XRD results are in agreement with DSC based findings on crystallization behavior of 

the precursor sol powders. In all cases calcination at 400 °C leads to crystallization 

of the gels to WO3.  

 

The details about the difference in crystallinity have been clearly shown by Figure 

3.5 (a-b-c) This figure shows the selected region (2θ=21°-26°) for the samples 

calcined at 400 °C for 1 h, where the first three most intense diffraction peaks for 

crystalline phase WO3 appears. 

 

Figure 3.7.a belongs to APTA precursor sol powder. The second pattern shown in 

Figure 3.7.b is for PTA and third one in Figure 3.7.c is for the Ti-doped PTA gel 

precursor powder, respectively.  The APTA precursor sol powder has shown the 

most intense and well defined diffraction peaks when compared to the PTA and Ti-

PTA precursor sol powders. The first three most intense peaks of 400 °C calcined 

powders are important to understand if the crystallization had occurred or not. 

Looking at Figure 3.7.c which belongs to the Ti-doped PTA it is obvious that the 

degree of crystallization is poor when compared to APTA and PTA sol precursor 

powders. As it was indicated in  previously in the thermal analysis of Ti-doped PTA 

300 °C endothermic peak was undefined, which is assigned to the removal of water 

produced by decomposition of the H2O formed as a by-product during condensation 

of the W-OH to WO3. Accordingly, based on the thermal analyses and the XRD 

results the crystallization has started but did not proceed further in the case Ti-doped 

PTA, forming a less crystalline WO3 network.  On the other hand DSC curves of 

APTA and PTA do possess a well-defined 300 °C peak and suggest crystallization of 

the powders which are also proven by the XRD patterns of them. 
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Figure 3.5 Details of the XRD patterns in the 2θ=21°-26° for the gel precursor 
powders calcined at 400 °C for 1h (a) APTA, (b) PTA and (c) Ti-doped PTA sols.  
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3.4 Structural characterization of the coatings 

 

3.4.1 XRD analyses 

 

As discussed earlier, PTA sol prepared using PTA:EtOH formulations of 1:1 and 1:3 

could not be applied on the substrates to obtain a coating. These particular solutions 

did not spread on the substrate but remained as droplets and peeled off after drying. 

Sols with 1:5 ratio showed better spreading and 1:7 was superior compared to others 

in terms of coverage efficiencies. Further evaluation towards structural 

characterization and electrochromic performance were performed for the PTA sols 

with the specific formulation of PTA:EtOH 1:7. 

 

Figure 3.6 and 3.7 show the XRD patterns of coatings obtained by APTA coating sol 

calcined at 250 °C and 400 °C for 1h, respectively. The XRD diffraction reveals that 

WO3 coatings of PTA sols were amorphous after calcination at 250 °C. As shown in 

Figure 3.6 a broad low intensity peak at a 2θ range of 15°-40 ° centering at a 2θ 

value around 25° and well defined diffraction peaks for a crystalline phase are 

present. The peaks for crystalline phase are marked with circles and matches with 

those for In1.88Sn0.12O3 (with JCPSDS card no 89-4598) which is in fact due the 

conductive layer beneath the amorphous WO3 coating. ITO diffraction peaks are 

marked with circles ( ) on the pattern.  Calcination at 400 °C for 1h leads to 

crystallization the WO3 coating. As shown in Figure 3.7 together with the ITO peaks 

a set of well defined diffraction peaks flagged with square marks ( ) for crystalline 

WO3 (with JCPDS card no 20-1323) can be clearly seen. There are no other 

crystalline phases besides the ITO and WO3 for the samples calcined at 400 °C. The 

low intensity broad peak (2θ=15°-40°) for amorphous phase was greatly reduced and 

almost disappeared. Figure 3.8 and 3.9 show the XRD patterns of coatings obtained 

by PTA coating sol at 250 °C and 400 °C for 1h, respectively. These are similar to 

XRD patterns for APTA derived coatings. No other phases different than ITO and 

amorphous WO3 are present for the samples calcined at 250 °C. Crystallization 

occurred after calcination at 400 °C.  



 57

Diffraction Angle (2θ) 

10 20 30 40 50 60

 

 

In
te

ns
ity

 (a
rb

itr
ar

y 
un

its
)

(In1.88Sn0.12)O3

 
 

Figure 3.6 XRD pattern of APTA sol derived coating calcined at 250 °C.     
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Figure 3.7 XRD pattern of APTA sol derived coating calcined at 400 °C.  
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Figure 3.8 XRD pattern of PTA sol derived coating calcined at 250 °C.  
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Figure 3.9 XRD pattern of PTA sol derived coating calcined at 400 °C.  
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XRD analyses of the coatings obtained from titanium-doped PTA are shown in 

Figure 3.10 and 3.11.  Ti-doped PTA coating calcined at 250 °C was exactly the 

same as APTA and PTA coatings calcined at 250 °C and the only peaks were 

belonging to ITO coating and they were amorphous. Similarly, crystalline WO3 

formation was observed after calcination at 400 °C as APTA and PTA sol derived 

coatings. The only difference for Ti-doped WO3 coatings compared to APTA and 

pure PTA counterparts is low intensity and poorly resolved diffraction peaks 

especially in the 2θ range of 21-26° for the samples calcined at 400 °C also 

suggesting poor crystallinity for the coatings in the case of chemical doping.  

 

3.4.2 SEM investigations 

 

Chemical composition: General morphology, microstructure and thickness of the 

coatings were investigated with SEM. Chemical analyses were also performed using 

EDS mode. Figure 3.12 show representative EDX analysis spectra for the coatings 

calcined at 250 °C. Similar spectra and results were obtained for all coatings. Parallel 

to XRD results, chemical elements from underlying indium tin oxide (ITO) layer as 

well as elemental components from soda-lime-silica glass substrates contribute to the 

general spectra together with evidences for WO3 presence. Indium and tin radiation 

from ITO layer, calcium and sodium radiations from bulk glass substrate all appear 

in these representative spectra.   

 

The most important difference among the three EDX spectra is the presence of 

titanium radiation for Ti-doped PTA derived coatings. The sol was prepared with 5 

atom % the data obtained through EDX analysis was in accordance with this value 

with a deviation which is acceptable and which may be due to the distribution of Ti 

atoms throughout the surface of the coating. The atomic percentages of Ti as 

determined by the systems EDX software were 6.4% and 5.8 %, for the samples 

calcined at 250 °C and at 400 °C were respectively. Previously shown XRD patterns 

of coatings and sol precursor powders of Ti-doped PTA has not revealed any 

evidence for titanium phase, however in Figure 3.12 (c) data clearly shows this 

compositional difference.  
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Figure 3.10 XRD pattern of Ti-doped PTA sol derived coating calcined at 250 °C.  
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Figure 3.11 Pattern of Ti-doped PTA sol derived coating calcined at 400 °C.  
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Figure 3.12 EDX pattern showing the chemical species contributing from the surface 
of the coating derived from (a) APTA sol, (b) PTA sol and (c) Ti-doped PTA sol 
calcined at 250 °C.    
 

a 

b 

c 
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Coating thickness: The information on the thickness of the coatings is shown in 

Figure 3.13-3-18. These figures include the representative cross sectional images of 

the APTA, PTA and Ti-doped PTA derived coatings after calcination treatments. For 

all coatings crack and defect free coverage of uniform WO3 films on ITO layer was 

achieved and in some cases details indicate a relatively rough surface topography at 

submicron length scale. Typically the approximate film thickness was 280±20 nm for 

the samples calcined at 250 °C measured from SEM micrographs shown in Figure 

3.13 for APTA derived sols. The thickness of films calcined at 400 °C shown in 

Figure 3.14 were approximately 200±10 nm.  The cross-sectional images of 250 °C 

and 400 °C calcined PTA as shown in Figure 3.15 and 3.16 coatings have revealed 

approximately 180±20 nm and 220±20 nm of coating thicknesses, respectively.  

 

Ti-doped PTA coatings exhibit coating thicknesses of 180±20 nm and 300±20 nm 

after 250 °C and 400 °C calcination treatments. In Figure 3.17 the ITO/WO3 layers 

were illustrated by a higher magnification taken image (320,000X). The lower 

magnification image does not reveal the structure properly. Figure 3.18 shows the 

image of Ti-doped PTA calcined at 400 °C, the layers can be distinguished a little, 

and however the boundary between ITO/WO3 layers is clearly visible.  The WO3 

layer thicknesses of the coatings are listed in Table 3.2. 

 

All the cross-sectional SEM images shown in Figure 3.13-3.18 also reveal about 125 

nm thick ITO layers, which is in accordance with the specifics provided by the 

supplier of the substrates. Additional information about the coating thickness and 

microstructure is provided by the Figure 3.19. This SEM image shows the detailed 

structure of the APTA sol derived WO3 coating calcined at 250 °C, which is a 

selected region of the coating shown in Figure 3.13 at a higher magnification.  The 

multi layered film morphology is due to multiple spin coating process. The interfaces 

in between the neighboring WO3 layers appear to be robust and defect free. This 

SEM image also shows that each of the individual coating step produced a layer of 

uniform film at same thickness towards building the final multilayered film. The 

thickness of single layer is about 70-75 nm for a finished coating calcined at 250 °C.  
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Figure 3.13 Cross sectional SEM micrograph of APTA sol derived coating calcined 
at 250 °C. 
 

 
 
Figure 3.14 Cross sectional SEM micrograph of APTA sol derived coating calcined 
at 400 °C. 
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Figure 3.15 Cross sectional SEM micrograph of PTA sol derived coating calcined at 
250 °C. 
 

 
 

Figure 3.16 Cross sectional SEM micrograph of PTA sol derived coating calcined at 
400 °C. 
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Figure 3.17 Cross sectional SEM micrograph of Ti-doped PTA sol derived coating 
calcined at 250 °C. 
 

 
 

Figure 3.18 Cross sectional SEM micrograph of Ti-doped PTA sol derived coating 
calcined at 400 °C. 
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Table 3.2 The thicknesses of the WO3 coatings  
 

Sample-calcination  temperature Thickness (nm) 

APTA-250 °C 280±20 

APTA-400 °C 200±20 

PTA-250 °C  180±20 

PTA-400 °C  200±20 

Ti-doped PTA-250 °C  180±20 

Ti-doped PTA-400 °C  300±20 

 

 

 

 
 

Figure 3.19 The detailed SEM micrograph of APTA sol derived coating calcined at 
250 °C showing the multilayered nature and the thickness of the WO3 coating and 
also details of the 125 nm thick ITO layer of the substrate. This picture is a higher 
magnification image the coating shown in Figure 3.13. 
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Coating morphology: The morphology of the coatings examined by SEM and 

surface images recorded with same magnification (40,000X) are all shown in Figure 

3.20. For all coatings coverage of uniform films on ITO layer was achieved and in 

some cases details indicate a relatively rough surface topography at submicron length 

scale.  

 

As shown in Figure 3.20.a and b, APTA-derived coatings had a crack-free surface 

morphology and exhibit features resembling islands of distinct crystals both after 

calcination at 250 °C and 400 °C, respectively.  The size of the features was in the 

range of 200-400 nm and they are observable at different depths from the most outer 

surface. PTA films calcined at 250 °C shown in Figure 3.20.c had a featureless and 

crack-free surface at this resolution, where local longitudinal cracks were observed 

for the samples calcined at 400 °C in Figure 3.20.d. The coating surface morphology 

due to higher temperature calcination was distinctly different than that for 250 °C 

calcined counterpart and sphere-like features covers the surface with a random 

spatial distribution. The size of these features vary in the range of 20 nm-150 nm but 

does not show great variation with an average size of about 50±10 nm.  Ti-doped 

PTA films shown in Figure 3.20.e and f have a smooth and featureless surface 

observed at a magnification of 400000X without any crystals.  

 

For the APTA-derived coatings SEM findings are in accordance with the XRD data 

to some degree. SEM shows presence of island-like distinct crystals for both 

calcination temperatures.  However no diffraction peaks was observed for 250 °C 

calcined APTA coatings, although same island-like features which were observed in 

the Figure. This may be due to the relatively smaller dimensions of the crystals for 

the film calcined at 250 °C.  PTA-sol derived coatings XRD and SEM imply the very 

same results. Crystals are present only in plain PTA coating calcined at 400 °C. Both 

plain and doped PTA coatings calcined at 250 °C have a smooth surface morphology  

with XRD patterns showing only the peaks for In1.88Sn 0.12O3.  Absence of any 

crystal-like features for Ti-doped PTA even after calcination at 400 °C strengthen  

the thought that the island like features are WO3 crystals formed throughout the 

coatings and Ti addition has lowered the crystallization  tendency of  coatings. 
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   (e)     (f) 

Figure 3.20 SEM images of the surfaces of sol-gel derived coatings calcined at 250 
°C (left) or 400 °C (right) for 1 h.  (a)-(b) APTA-derived sol , (c)-(d)PTA-derived 
sol, and (d)-(f)Ti-doped PTA sols. 
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3.5 Electrochemical and optical characterization of WO3 coatings 

 

3.5.1 Electrochemical properties: Cyclic-voltammetry measurements 

 

In order to assess the reduction-oxidation dependent coloration behavior of the films 

prepared using different sols and different calcination treatments, cyclic 

voltammogram measurements were performed  within the ±1.5 V range at a scan 

speed of 50 mVs-1 in a 0.1M LiClO4-propylene carbonate (PC) electrolyte. All 

electrochemical tests were performed at room temperature. Cyclic-voltammetry is an 

important analytical tool in understanding the ion insertion/extraction efficiency, 

total charge capacity and redox reactions taking place throughout a complete cycle 

between selected positive and negative potentials. The measurements were 

performed in a three electrode cell as described in the experimental part of the thesis. 

The working electrode (WO3 thin films) active area was not same in measurements 

but this fact was taken into account in calculations.  

 

As shown by a representative cyclic voltammogram in Figure 3.21 WO3 films 

generally exhibit typical electrochromic response: There is a defined anodic peak for 

all the films, and good electrochromic reversibility is observed. Inexistence of the 

cathodic peaks ensures us of the lithium insertion / removal process is highly 

reversible. A dark blue coloration is observed under a constant voltage at -1.5 V and 

bleaching occurred at different voltages in the range of 0.5-1.5 V. This voltage range 

was chosen because electrochemical study should be stably performed without other 

reactions such as oxygen evolution and the electroplating of substrate with Ag+ ions 

due to high voltages, and when the voltage was increased to 2.0 V the substrate was 

electroplated with Ag+ ions as shown in Figure 3.22. 

 

In Table 3.3 the variations in the total charge, oxidation maxima, ion storage 

efficiency for all types of coatings are given. In order to understand the 

differentiation in overall EC performance one should refer to the values of total 

charge (inserted and extracted charge) which is calculated from the area under CV 

curves, oxidation peak maxima. 
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Figure 3.21 A representative cyclic voltammogram, showing the oxidation and 
reduction states of WO3 coatings at the completely bleached and colored states. The 
increase in the current (mA) of oxidation peak due to an increase of the inserted Li+ 
is shown by an arrow from first to third cycle. Inexistence of reduction peak is an 
indicator of the completely reversible insertion and extraction of Li+ ions. 
 

 
 

Figure 3.22 Dark brown colored sections of the substrates indicating the high 
cycling voltage leading to Ag+ ion plated substrates. The lower section of the right 
hand side substrate is showing the blue color exhibited with WO3 reduction process. 
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Table 3.3 Electrochemically determined electrochromic parameters of WO3 coatings 
produced using different routes 
 

SAMPLE 

Inserted 
Charge 
Density 
Qc 
(mC/cm2) 

Extracted 
Charge 
Density 
Qa (mC/cm2) 

Ion Storage 
Capacity 
Qt (mC/cm2) 

Ion storage 
efficiency 
(%) 
(Qa/Qc) 

Oxidation 
peak max 
(mA) 

APTA-250ºC 1.60x10-3 1.13x10-3 2.74x10-3 70 1.60 

APTA- 400 ºC 1.01x10-3 0.61x10-3 1.62x10-3 60.5 0.80 

PTA-250 ºC 0.19x10-3 0.16x10-3 0.35x10-3 84.2 0.15 

PTA-400 ºC 0.85x10-3 0.76x10-3 1.62x10-3 89.4 0.52 

PTA-Ti250 ºC 0.046 0.045 0.60 x10-3 98.5 0.26 

PTA-Ti400 ºC 0.071 0.062 0.90 x10-3 87.3 0.51 

 

Ion storage capacity values and maxima are the indicators of electrochromic 

performance. Li+ ion insertion extraction cycle’s efficiencies have been calculated 

integrating the areas under CV curves, as shown by Figure 3.23. The total area 

(At=A1+A2) under the CV curves gives the total charge inserted (Qt=At) and 

extracted in and out of the film throughout a cycle. The total charge inserted in the 

film is named as the total cathodic charge (Qc) and the total charge extracted during 

the oxidation of films is named as the total anodic charge (Qa). The ratio of amounts 

gives the ion storage efficiency (ISE) of coatings: 

 100
Q
Q

% ISE
c

a ×⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=                   (3.1) 

ISE is an indicator of the amount of Li+ ions going into irreversible reaction during 

the reduction of the electrochromic coating which leads to irreversible coloration of 

the film. The higher the ISE is the more reversible is the Li+ ion insertion extraction 

cycles. The irreversible coloration of the film is not a desired situation for 

electrochromic coatings as they are expected to be reduced and oxidized millions of 

times in service condition. After a few first cycles the charge density of the coatings 

become relatively stable when compared to as prepared coatings.   
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Figure 3.23. Schematic showing various areas, sections and points used to calculate 
and evaluate the efficiencies of electrochromic coatings. Area shown by A1 and A2 
correspond to the total anodic charge (Qa) and total cathodic charge (Qc),  
respectively. Existences of anodic and cathodic peaks are shown with squares, the 
maxima of the anodic peak gives the oxidation peak (anodic).  
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3.5.1.1 Interpretation of CV measurements 

 

The cyclic voltammograms of APTA, PTA and Ti-doped PTA coatings are 

illustrated in Figure 3.24. At the first sight, all voltammogram curves exhibit a 

gradual change indicating that no well-defined phase changes have taken place 

throughout the cycle. The current has decreased when going from positive potential 

(1.5 V) to the negative potential (-1.5 V) and the film becomes completely “dark 

blue” colored. Thereafter current increases to a positive value and it reached to a 

maximum and than approaches to zero or a where complete bleaching takes place 

and film becomes transparent.  

 

Cyclic voltammograms are non-quantitatively fingerprints of electrochemical 

processes and quantitative parameters such as charge density  and oxidation maxima 

can be determined from the voltammograms. There are two important quantitative 

results related to electrochromic performance which can be derived from the 

voltammograms first one is the ion storage efficiency and the oxidation peak maxima 

in relation to the amount of Li+ ions going into reversible and irreversible reactions. 

The peak current gives a rough evaluation of the electrochemical activity of the 

working electrode [5, 54]. 

 

3.5.1.2 CV performance of WO3 coatings derived from APTA sols 

 

APTA coatings calcined at 250 °C illustrated in Figure 3.24.a has revealed a broad 

oxidation peak with the highest oxidation maxima among all other coatings, 

indicating the highest amount of Li+ ion mobility. Actually, the mobility has ceased 

at around 0.6 V and the current flowing approached to zero level. Physically, this 

means that the complete bleaching was achieved at that point. As there were no 

defined reduction peaks the Li+ ion insertion and extraction was completely 

reversible. Amorphous, APTA coated coatings have shown 70% efficiency, 

calculated from inserted and extracted amount of charges. Complete coloration has 

occurred at  i =-2.069 mA and the oxidation peak maxima was around i= 1.59 mA. 
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Figure 3.24. Cyclic voltammograms of WO3 coatings recorded between ±1.5 V 
potential range with a scanning rate of 50 mV/s. Coatings were calcined at 250 °C 
(left) or 400 °C (right) for  1 h.  (a)-(b) APTA-derived sol , (c)-(d)PTA-derived sol, 
and (d)-(f)Ti-doped PTA sols. 
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The crystalline counterpart (Figure 3.24.b) calcined at 400 °C has shown a relatively 

different voltammogram. The oxidation peak maxima of this coating was lower than 

the amorphous coating at i=0.774 mA and the ion storage efficiency was calculated 

as and 60.5%. The complete bleaching has occurred at 1.5 V around i= 0.265 mA. 

This behavior can be referred to the ongoing Li+ ion mobility at this voltage meaning 

that the amount of voltage can be satisfactory for the electrochemical reactions 

taking place in the three electrode cell. The current at the complete coloration point 

was determined as i=-2.33 mA. This value is a little higher than the amorphous 

counterpart, showing the amount of current flow through the film being higher in the 

crystalline case. The difference between the ongoing or ceased ion mobility at 

different voltage levels is due to the difference of reduction potentials which is a 

characteristic of the materials. 

 

As a general observation, looking at the Figure 3.24, it can be concluded that the 

amorphous films of all kinds have a lower reduction potential or less electrochemical 

activity at lower anodic potentials when compared to the crystalline counterparts. 

This behavior of the coatings can be assigned their relaxed structure permitting them 

to take ions easily at lower potentials. 

 

3.5.1.3 CV performance of WO3 coatings derived from PTA sols 

 

PTA coatings calcined at 250 °C (Figure 3.24.c) was poorer in all respects when 

compared to amorphous APTA coating. The oxidation peak maxima of this coating 

was at i=0.139 mA and the lower point of the reduction curve was at i= -0.813 mA , 

are proving the lower electrochemical activity in the coatings. Conversely crystalline 

PTA coatings illustrated in Figure 3.24.d have shown a better electrochemical 

activity and ion efficiency. The ion storage efficiencies of PTA were 84.2 % for 250 

°C calcined and 89.4 % for 400 °C calcined coating Table 3.3. Oxidation peak 

maxima for crystalline PTA coating was determined as i=0.528 mA.  
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3.5.1.4 CV performance of WO3 coatings derived from Ti-doped PTA sols 

 

Ti-doped PTA coatings have shown a similar behavior as PTA coatings, 

voltammograms of amorphous and crystalline coatings are shown in Figure 3.24.e 

and 3.24 f, respectively. Ion storage efficiencies of 250 °C films were 86.9% and 400 

°C calcined film was 98.5%. Ti doping has duplicated the ion storage capacity of 

PTA coatings as follows Qt(Ti-PTA)= 0.60x10-3, Qt(PTA)= 0.350x10-3 (mC/cm2) 

 

3.5.1.5 Comparison of electrochemical properties of the coatings 

 

Generally speaking, the shapes of the voltammograms are without distinct peaks for 

250 °C and 400 °C calcined films.  It is noteworthy that the shape of the 

voltammograms for film which prepared at an calcination temperature of 250 °C are 

slightly different from that observed for calcination temperature of 400 °C. They 

exhibit characteristics that are typical for amorphous tungsten oxide coatings; they do 

not show sharp peaks for neither reduction (intercalation) nor oxidation 

(deintercalation), since they have a broad distribution of energetically different 

intercalation sites [64]. 400 °C calcined coatings have shown slight reduction peaks 

which are not examined for 250 °C calcined amorphous coatings. 

 

Films which were calcined at 400 °C have not shown the same efficiency when 

compared to 250 °C counterparts. This difference is due to the microstructural facts. 

Crystalline coatings calcined at 400 °C have less active sites for the insertion of Li+ 

ions and is demonstrated by the lower ISC values. In this respect, 250 °C  calcined 

coatings have shown a better ISC, which means that the amount of Li+ ions 

intercalated and deintercalated throughout a cycle is higher than the crystalline 400 

°C  calcined tungsten oxide coatings. However the ISC is not an indicator of the 

electrochromic performance alone as the coloration mechanism does not only depend 

on the amount of ion inserted or extracted throughout an electrochemical cycle.  

 

APTA coated substrates calcined at 250 °C revealed the best electrochemical 

performance with an oxidation maxima of 1.603 (mA) and ISC=2.74x10-3  (mC 
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/cm2). This result was assigned to the disordered structure due to amorphous nature 

of the films and the increased amount of available sites. As the amount of available 

sites increases, the amount of inserted ions increases.  

 

Coatings of PTA sols have shown lower ion storage efficiency, ratio of ions 

extracted and inserted during a cycle, compared to APTA coated substrates. However 

PTA coatings have shown ISC= 0.35x10-3 and 1.62x10-3 for 250 °C and 400 °C 

calcined coatings. Ti-doped coatings have also shown the same trend as PTA films. 

The ion storage capacities of 250 °C degree calcined coatings were less than that of 

400 degree calcined coatings. ISC’s were found to be 0.60x10-3 and 0.90x10-3 for 

amorphous and crystalline coatings of Ti-doped PTA. 

 

3.5.2 Optical properties: UV-vis analyses 

 

APTA, PTA and Ti-doped PTA sol derived coatings at the virgin state have shown a 

transmittance value of about ≈99.7% as shown in Figure 3.25. This value was same 

for all samples calcined at 250 °C and 400 °C. Similarly, transmission percentages at 

bleached and colored states can be calculated from transmittance % vs. wavelength 

spectra. This spectra provide the information about the optical density in this UV-Vis 

range. Figure 3.26 shows an example spectrum and the details of a transmission 

spectrum. At the transparent (bleached) state WO3 is not reduced yet, after the 

intercalation of xLi+ a tungsten bronze 3)1( OWWLi V
x

VI
xx −   forms and the coloration 

takes place. The difference of transmittance percentages between the colored and 

bleached states gives the transmission modulation ( ) cbnm Τ−Τ==∆Τ 800λ . 

 

Transmission values for bleached state (Tb) and for colored state (Tc) of coatings 

were simply determined from the corresponding spectra by recording the 

transmittance values in the visible range, more specifically at 800 nm.  The values 

have been used in determining the optical density change (∆OD) representing the 

ratio of transparency loss during the coloration of the coating at a given wavelength. 

Optical density is the absorbance of an optical element for a given wavelength (λ) per 

unit length. The length is ignored during the ∆OD calculation.  
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Figure 3.25 Typical transmission of WO3 coated substrates at virgin state, i.e. before 
being reduced within the electrochemical cell. 
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Figure 3.26 A representative optical transmission vs. wavelength spectra of a WO3 
coating recorded in a LiClO4/PC liquid electrolyte. 
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Optical density change is proportional to the transmission loss during each coloration cycle.  

 

Absorbance and ∆OD calculations are calculated by the equations given below: 
 

        Absorbance TA 10log−==                                                                          (3.2)                        

      Optical density change ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=∆=

c

b

T
T

OD log)(λ                                                  (3.3)                        

 

The transmittance spectra are shown in Figure 3.27 in the range of λ=350-1100 nm. 

The data shown for colored state are for the fifth electrochemical cycle. The 

corresponding values of ∆OD (λ=800 nm), cycling time (tb-c) and the thicknesses of 

the coatings are listed in Table 3.4 for APTA, PTA and Ti-doped PTA sol derived 

coatings. All the films exhibit coloration to some extent as can be seen from their 

spectra. Also ∆OD vs. wavelength graphs showing the spectral optical density 

change for WO3 films are also shown in Figure 3.28. 

 

According to Figure 3.27.a the transmission modulation of crystalline APTA sol 

derived coatings was lower than the transmittance percentage of amorphous APTA 

counterparts. The Tb was really very high for 250 °C calcined, APTA sol derived 

coating with a value of 99.6% and the Tc was 48 %. Crystalline APTA exhibit a Tb of 

88.5% and Tc of 56%. They have shown ∆T=40% for 250 °C and ∆T=28% for 400 

°C calcination treatments. The ∆OD (λ=800 nm) for the 250 °C calcined coating was 

0.4 and 0.19 for 400 °C calcined crystalline coating. 

 

PTA sol derived 250 °C calcined coatings have shown a Tc of 35% and Tb value was 

around 78%. Tc of 400 °C calcined was 57% and the Tb was 73.5%. They have 

shown ∆T=43% for 250 °C and ∆T=17% for 400 °C calcination treatments which 

are illustrated in Figure 37.b. The ∆OD (λ=800 nm) for the 250 °C calcined coating 

was 0.34 and 0.11 for 400 °C calcined crystalline coating.  

 

 



 80

400 500 600 700 800 900 1000 1100
0

10

20

30

40

50

60

70

80

90

100

110

 %
Tr

an
sm

itt
an

ce

Wavelength[nm]

a

400 500 600 700 800 900 1000 1100
0

10

20

30

40

50

60

70

80

90

100

110

b
 B

 %
Tr

an
sm

itt
an

ce

Wavelength[nm]

400 500 600 700 800 900 1000 1100
0

10

20

30

40

50

60

70

80

90

100

110

c

%
Tr

an
sm

itt
an

ce

Wavelength[nm]

400 500 600 700 800 900 1000 1100
0

10

20

30

40

50

60

70

80

90

100

110

d

%
Tr

an
sm

itt
an

ce

Wavelength[nm]

400 500 600 700 800 900 1000 1100
0

10

20

30

40

50

60

70

80

90

100

110

f

 B

 %
Tr

an
sm

itt
an

ce

Wavelength[nm]
400 500 600 700 800 900 1000 1100

0

10

20

30

40

50

60

70

80

90

100

110

g

 B

 %
Tr

an
sm

itt
an

ce

Wavelength[nm]

 
 

Figure 3.27 Optical transmission versus wavelength spectra of WO3 coatings 
recorded in a LiClO4/PC liquid electrolyte. Coatings were calcined at 250 °C (left) or 
400 °C (right) for  1 h.  (a)-(b) APTA-derived sol , (c)-(d)PTA-derived sol, and (d)-
(f)Ti-doped PTA sol coatings within the 350 nm ≤ λ ≤1100 nm range 
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Table 3.4 Optical data and color efficiencies of sol-gel derived electrochromic 
coatings at λ=800 nm 
 

 
 

Tb of 250 °C calcined Ti-doped PTA sol derived coatings was 34.5% and the Tc was 

76%, are shown in Figure 3.27.c. The Tb of the 400 °C calcined counterpart was 53% 

and Tc was 66%. They have shown ∆T=42% for 250 °C and ∆T=13% for 400 °C 

calcination treatments. The ∆OD(λ=800 nm) for the 250 °C calcined coating was 

0.34 and 0.11 for 400 °C calcined crystalline coating, which were same as in the 

PTA sol derived coatings.   

 

All the Tb and Tc values have followed the same trend in all circumstances; the 250 

°C calcined coatings have shown a superior transmission modulation, high Tb and 

low Tc values. These results have shown that the amorphous structure has improved 

the optical density and the coloration of the coatings. Also these results were 

supported by the ∆OD spectra of the coatings. 250 °C calcined APTA sol derived 

coatings were the best in coloration performance when compared to the others. PTA 

and Ti-doped PTA have shown a similar performance. 

Sample Tb Tc 
Optical Density 
(λ=800 nm) 
log(Tb/Tc) 

 
∆T% 

 
∆tb-c 
(s) 

APTA-250 °C 
 
99.60 
 

48 0.40 40 48 

APTA-400 °C 88.5 56 0.19 28 40 

PTA- 
250 °C  78 35 0.34 43 50 

PTA- 
400 °C  73.5 57 0.11 17 50 

PTA-Ti-250 °C  76 34.5 0.34 42 50 

PTA-Ti-400 °C  66 53 0.11 13 50 
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Figure 3.28 ∆OD vs. Wavelength graphs showing the spectral optical density for 
WO3 films calcined at 250 °C (left) or 400 °C (right) for 1 h.  (a)-(b) APTA-derived 
sol , (c)-(d)PTA-derived sol, and (d)-(f)Ti-doped PTA sol coatings within the 350≤ λ 
≤1100nm range 
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3.5.3 Coloration (switching) kinetics of WO3 coatings 
 

Another critical optical parameter as determined by UV-vis analysis was the cycling 

time of the coatings. This property reflects the response time of the coatings. 

Coloration/bleaching characteristics of WO3 films were obtained from the kinetic 

spectra at 800 nm under an input square wave potential of ±1.5 V, for coatings 

calcined at 250 °C and 400 °C. An example coloration kinetic study has been shown 

in Figure 3.29 to show the determination of the switching times (tb and tc) data from 

the related graphs. The time between the maxima and the minima at the left-hand 

side of a peak gives the bleaching time of the coating and the right-hand side decay 

gives the coloration time of the coating. The summation of the two gives the total 

time to color and bleach the coating for one full cycle. The coloration time 

determined from the Figure 3.30.b of the 250 °C calcined APTA sol derived coatings 

were tb=14 s and coloration time was obtained as tc= 34 s. 400 °C calcined APTA sol 

derived coatings shown a tb of 10 s and tc of 30 s. The total switching time was tb-c= 

48 s for 250 °C calcined and tb-c= 34 s for 400 °C calcined coatings. PTA sol-derived 

250 °C and 400 °C calcined coatings performed the same switching characteristics. 

Their tb and tc were obtained as 25 s for all coatings. The total switching time (tb-c) 

for both coatings was tb-c=50 s. 250 °C and 400 °C calcined Ti-doped PTA sol 

derived coatings have shown a tb and tc of 25 s like PTA coatings did. The total 

switching time for Ti-doped sol derived coatings was tb-c=50 s. 

 

Fastest coloration kinetics was observed for 400 °C calcined APTA sol derived 

coatings with 40 s and thereafter 250 °C calcined APTA sol derived coatings have 

shown the second best cycling duration with 48 s. 250 °C calcined APTA sol derived 

coating has a cycling time of 48 s which is higher than its 400 °C calcined 

counterpart. This may be due to the lower amount of Li+ ion 

intercalation/deintercalation during the process.  PTA films and crystalline Ti-doped 

PTA sol derived coatings exhibit a tb-c of nearly 50 s. In this respect it can be said that 

the calcination temperature is not effective on the cycling time of the coatings. 
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Figure 3.29 Optical transmission variation (λ=800 nm) as a function of time of  a 
WO3 coating in 0.1M LiClO4/PC electrolyte on applied voltage of ±1.5 V. The tb and 
tc is determined from the left and right-hand side of the peaks from maxima to 
minima. 
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Figure 3.30 Optical transmission variation (λ=800 nm) as a function of time of WO3 
coatings recorded under an input square wave potential of ±1.5 V in a LiClO4/PC 
liquid electrolyte. Coatings were calcined at 250 °C (bottom) or 400 °C (top) for 1 h.  
(a)-(b) APTA-derived sol, (c)-(d) PTA-derived sol, and (d)-(f) Ti-doped PTA sols. 
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3.5.4 Coloration efficiency 
 
 
Figure 3.31 illustrate the coloration performances of the APTA, PTA and Ti-doped 

PTA sol derived WO3 coatings. These figures show the physical appearances of the 

samples as recorded by picture camera. All the films have been reduced and oxidized 

when subjected to a cycling potential between -1.5/+1.5 V. All coatings have 

performed the reduction reaction by changing their color into different degrees of 

dark blue. 

 

Typically, APTA sol derived coating exhibits a blue color which is Prussian blue 

(dark blue mixed with black), on the other hand PTA and Ti-doped PTA show a dark 

blue color. These pictures provide a semi-qualitative result of the coloration and they 

were in agreement with the results obtained from the UV-Vis spectroscopy.  

 

Again, all the amorphous coatings acquired a darker color relative to their crystalline 

counterparts. Additionally, according to visual inspections the Ti-doped  PTA sol 

derived crystalline coating has immediately  changed its color from dark blue to 

transparent, just after being taken out of the electrolyte thus the amount of real 

coloration could not be pictured effectively.   This behavior of the Ti-doped samples 

may be attributed to its high cycling efficiency which may also be ascribed to its 

more disordered structure. 

  

3.6 Effect of aging on EC performance  

 

In order to understand the affect of aging on the coatings a set of samples were 

prepared and an extra experimental study was performed on this new set. New 

coatings were prepared using the PTA sol with exactly the same coating preparation 

steps as the previous coatings. The new prepared coatings were then aged for two 

weeks in a more controlled environment (in vacuum). All the data reported so far 

were for the samples saved in ambient atmospheric conditions. CV and UV-Vis 

characterization techniques were used to determine the effects of aging on the PTA 

sol derived samples stored in vacuum. 
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Figure 3.31  The images of (a) 250 °C and (b) 400 °C calcined APTA sol derived 
coatings after an applied voltage of -1.5 V in LiClO4/PC electrolyte. Percent 
transmittance values were determined as 48% and 56%.  (c) 250 °C and (d) 400 °C 
calcined (d) PTA sol derived coatings after an applied voltage of -1.5 V in 
LiClO4/PC electrolyte. Percent transmittance values were determined as 35% and 
57%. (e) 250 °C and (f) 400 °C calcined Ti-doped PTA sol derived coatings after an 
applied voltage of -1.5 V in LiClO4/PC electrolyte. Percent transmittance values 
were determined as Tc=34.5% and Tc=53%.  
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3.6.1 Electrochemical properties of aged coatings: Cyclic-voltammetry 

measurements 

 

Figure 3.32 show the voltammograms of the 250 °C calcined (amorphous) and the 

400 °C calcined (crystalline) coatings of PTA that have been stored in vacuum, 

respectively. The figure also includes the data for air-stored samples for comparison 

purposes.  Oxidation peak maxima of 250 °C calcined is at E= -0.27V and i= 

0.45mA and 400 °C calcined is at E = -0.034 V and i= 0.427 mA. 250 °C calcined 

PTA sol derived coatings exhibit similar curves as air stored coatings had. The most 

remarkable difference for vacuum stored samples is the increase of ion storage 

capacity of 250 °C calcined coating and the decrease of the ion storage capacity of 

the 400 °C calcined coatings. 

 

The difference between 400 °C calcined coatings voltammograms is obvious. Air 

stored coatings voltammogram is associated with a higher ISC and a distinct 

reduction peak. This reduction peak is due to a higher electro-activity showing an 

irreversible reaction taking place during the reduction reaction. ISC of the 250 °C 

calcined coatings were doubled. These results suggest that the effect of storage 

environment is effective on the performance of the coatings. This issue will be 

clarified in the coming section. 

 

3.6.2 Optical properties of aged coatings: UV-Vis analyses 

 

The transmission percentages of the samples stored at different environments at 

bleached and colored states were calculated from Figure 3.33 and are listed in Table 

3.5 which provides the information used during the calculation of ∆OD’s for the 

coatings. The transmittance properties of PTA coatings stored in air and vacuum has 

shown different characteristics. PTA sol coated substrates calcined at 250 °C and 400 

°C have shown transmission modulations of 57.5% and 29%, respectively. Air stored 

PTA coatings have shown 43% and 17% for amorphous and crystalline coatings, 

respectively.  
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Figure 3.32 Cyclic voltammograms of PTA sol derived WO3 coatings recorded 
between ±1.5 V potential range with a scanning rate of 50 mV/s. 250 °C calcined 
(left) 400 °C calcined (right) coatings stored in air atmosphere (top) under 
vacuum(bottom). 
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Figure 3.33 Optical transmission variation (λ=800 nm) as a function of time of (a) 
APTA250 °C (b) APTA400 °C coatings in 0.1M LiClO4/PC electrolyte on applied 
voltage of ±1.5 V. 
 

Table 3.5 Electrochemical properties of the air stored and vacuum stored PTA sol 
derived WO3 coatings. 
 
 

SAMPLE 
Inserted 
Charge 
Density 
Qc (mC/cm2) 

Extracted 
Charge 
Density 
Qa (mC/cm2) 

Ion Storage 
Capacity 
Qt (mC/cm2) 

Ion storage 
efficiency 
(%) 
(Qa/Qc) 

Oxidation 
peak max 
(mA) 

PTA-250°C 0.19x10-3 0.16x10-3 0.35x10-3 84.2 0.153 

PTA-400ºC 0.85x10-3 0.76x10-3 1.62x10-3 89.4 0.515 

PTA-250°C* 0.44x10-3 0.33x10-3 0.77x10-3 75.0 0.443 

PTA-400ºC* 0.56x10-3 0.4x10-3 0.99x10-3 71.4 0.426 

*vacuum stored 
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Their optical density change ∆OD (λ=800 nm)  values determined from Figure 3.34 

were 0.24 for 250 °C and 0.26 for 400 °C calcined coatings. A picture of the samples 

was also taken after being reduced under potential, Figure 3.35 illustrates the 

samples. 250 °C calcined coating has shown a better coloration when compared to 

the crystalline one. The kinetic study of the vacuum stored PTA in 0.1M LiClO4/PC 

electrolyte has revealed a cycling time of 69 s for both amorphous and crystalline 

coatings. The time dependence of the optical change is shown in Figure 3.36. This 

value is higher than the air stored PTA sol derived coatings cycling time, 50 s.  

 

The change in the transmittance properties, ion storage capacities and the cycling 

time of the coatings due aging effect of the coatings were also examined. By same 

investigations In their study Wang et al. and Pecquenard et al. have explained the 

change in ISC due to the crystallization of amorphous coatings which lead to a 

decrease in the ISC of the 250 °C calcined coatings [65-66]. In their study they have 

stored the samples in air and observed that the ion storage capacity of the coatings 

get improved as the calcination temperature increases [65-66]. On the other hand the 

coatings calcined at 250 °C have degraded in this sense. In their study Pecquenard et 

al. have examined the same effect on their low degree calcined, amorphous, coatings 

and explained it as a change into a denser hydrated tungsten oxide phase [66]. They 

have concluded that the reversibility and the coloration efficiency were dependent on 

the water amount left or adsorbed in the coatings. Also Wang et al. have related the 

higher Li+ ion insertion to the adsorbed water and the ease it brings to the structure 

for ion intercalation [65].  The increase in the cycling time may be attributed to the 

adsorbed water in air stored PTA sol derived coatings which helps the 

intercalation/deintercalation process of the Li+ ions in the structure; it was also stated 

in the study of Wang et al. [65]. As a conclusion the effect of aging was related to the 

humidity and the adsorbed water by the coatings [65].  
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Table 3.6 Optical data and color efficiencies of electrochromic coatings at λ=800 nm 
 
 
 

* Stored under vacuum 
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Figure 3.34 ∆OD vs. wavelength graphs showing the spectral optical density for 
WO3 coatings calcined at 250 °C (left) or 400 °C (right) for 1 h.  (a)-(b) PTA-derived 
sol stored under vacuum for two weeks. 
 
 
 
 
 

Sample Tb Tc 
Optical Density 
(λ=800 nm) 
log(Tb/Tc) 

∆T% ∆tb-c 
(s) 

PTA-250 °C  78 35 0.34 42.73 50 

PTA-400 °C  73.5 57 0.11 17.00 50 

PTA-250 °C*  92.5 35 0.42 57.5 69 

PTA-400 °C*  80 52 0.19 29 69 
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Figure 3.35 The images of amorphous (left)Tc=35% and crystalline(right)Tc=52% 
PTA sol derived coatings, stored under vacuum for two weeks, after an applied 
voltage of -1.5 V in LiClO4/PC electrolyte. 

 
 

0 50 100 150 200

b

tc=36 sec

 

 

Tr
an

sm
itt

an
ce

 %
 (a

rb
itr

ar
y 

un
its

)

Time (seconds)

tb=33 sec

tc=36 sectb=33 sec

a

 
 

Figure 3.36 Coloration–bleaching characteristics of WO3 coatings derived from PTA 
sol calcined at (a) 250 °C and (b) 400 °C at 800 nm under an input square wave 
potential of ±1.5 V. Coatings were stored under vacuum. 
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CHAPTER 4 
 

4                                               CONCLUSIONS 
 

Sol-gel derived electrochromic WO3 coatings have been formed by three different 

sol-gel routes named as APTA, PTA and Ti-doped PTA. All three sol-gel routes 

were produced using tungsten powder precursor as a starting material and the 

calcination treatment was a variable and were conducted at 250 °C and 400 °C. 

Specific findings related to film formation and to material property controlled 

electrochromic performance can be summarized as follows: 

 

Coating process parameters and film formation 

Uniform coatings on the ITO coated glass substrates can be formed by proper 

formulation of the coating sol. PTA and Ti-doped PTA sols with 1:7 (volume based) 

PTA to ethanol composition have been found to be the most suitable for the purpose. 

APTA coating sol was prepared with a ratio of 3 g to 1 ml APTA powder to ethanol. 

The best spinning rate was found to be 2500 rpm to obtain multi-layered tungsten 

oxide coatings. Four-layered coatings were prepared with average thicknesses of 

250±50 nm. In the micro-scale they have not shown cracks or pile ups up to fourth 

layer. The coatings were homogenously distributed on the surface of ITO coated 

glass substrates.  

 

Effect of calcination temperature 

Calcination temperature greatly influenced the microstructure and electrochromic 

properties. DSC and XRD results have revealed that the crystallization temperature 

for all tungsten oxide coatings derived from APTA, PTA and Ti-doped PTA sols 

were around ~390 °C. Accordingly, the coatings calcined at 250 °C exhibit an 

amorphous structure and 400 °C calcined coatings were crystalline. In addition, the 

uniformly distributed crystallizes were observed for APTA and PTA  sol derived 

coatings. These crystallites did not form in Ti-doped sol derived coatings. These 

crystallites serve for higher amount of Li+ ion insertion in the structure due to a 

larger surface area. Also the bleaching time of the coatings were related to 
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calcination temperature and resultant microstructure. Both 250 ºC and 400 °C 

calcined APTA coatings were two times faster compared to PTA and Ti-doped PTA 

sol derived coatings. As the bleaching is diffusion controlled and depends on 

microstructure, the high amount of crystallites homogeneously distributed on the 

surface of the APTA coatings may be the reason for better cycling performance.  

 

Amorphous coatings have shown better electrochromic performance when compared 

to their 400 °C calcined counterparts. This finding is supported by the results 

obtained through UV-Vis spectroscopy. Transmission values in bleached (Tb) and 

colored (Tc) state have followed the same trend in all circumstances; the 250 °C 

calcined coatings have shown a superior transmission modulation with high 

transmission values in bleached state and low transmission values in colored state. 

 

Effect of sol chemistry  

In general, WO3 coatings of APTA sol revealed better electrochemical performance 

given to their higher total charge capacities compared to those for PTA and Ti-doped 

sol derived coatings independent of calcination temperature. This difference is 

governed by the chemical variations in the sol-gel formulations; where APTA 

derived sols provide more ion insertion sites due to its more open structure. During 

calcination of APTA sol organic components of both acetic acid and peroxo ligands 

peroxo ligands disappear after a treatment of 250 °C, which lead to a W-O network 

that coexists with water.  PTA and Ti-doped sols only include peroxo ligands and 

therefore forming relatively limited ion insertion sites. Also, titanium doping has 

lowered the crystallization tendency.  

 

Effect of physisorbed water 

Aging studies that were conducted on PTA sol derived coatings have revealed two 

results: 

i. The electrochemical performances of the crystalline PTA sol derived coatings 

increases after aging in open air due to adsorption of water, which further helps 

to the insertion of Li+ ion.  
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ii. 250 °C calcined samples followed an opposite trend during aging. The 

adsorption of water in the structure has lowered the electrochemical 

performance of the coatings. This decrease was related to the crystallization of 

the amorphous coatings by condensation of  W-OH groups. Although the ion 

storage capacities of the amorphous coatings calcined at 250 °C were decreased 

upon aging, their electrochromic performances were found to be higher than 

samples calcined at 400 °C. 
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